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ABSTRACT 

Hypertension (HT) is a major risk factor for cardiovascular diseases (CVD) and 

affects 1 billion men and women globally. The underlying cause of HT in women is far 

less studied than in men. Hence it is critically important to investigate the mechanisms of 

HT that underlie CVD in women. Recently the immune system has been shown to play a 

major role in HT; numerous studies in male animals suggest that T cells contribute to the 

pathogenesis of HT in part through renal injury as a result of T cell infiltration. Less is 

known regarding the role of T cells in animal models of HT in females. In this study, we 

found that female Rapp (Jr) salt-sensitive (SS) rats recently purchased from Envigo 

(ENV), formerly Harlan (Hsd) and maintained on a low sodium diet rapidly developed HT 

within 12 weeks (wks) of age. Radio telemetry confirmed that 1 month old (mo) SS/JrHsd 

rats obtained from ENV (referred to as SS) had normal mean arterial pressure (MAP) 

[(mmHg): 100 ± 1; n=13]. Blood pressure rapidly increased with age and was significantly 

higher in 4 mo SS rats compared to age matched normotensive salt-resistant rats 

SR/JrHsd (referred to as SR) [MAP (mmHg): SR, 103 ± 2 vs. SS, 160 ± 11; p<0.007; 

n=3/group. To further investigate the role of T cells in the spontaneous HT we compared 

the T cell profile in 1 and 4 mo SS with that of SR. The frequencies of CD4+ (1.3 fold; 

p<0.0001), CD4+ CD25+ (1.5 fold; p=0.002) T cells and the CD4+/CD8+ ratio (2 fold; 

p<0.0001; n=8/group) were significantly higher in SS compared to SR rats. These strain 
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differences were magnified by age as frequencies of CD4+ (1.4 fold; p<0.0001), CD4+ 

CD25+ (2.1 fold; p<0.0001) T cells and the CD4+/CD8+ ratio (3.5 fold; p<0.0001; 

n=8/group) were even higher in 4 mo SS compared to SR rats. Eleven wks of hydralazine 

(HDZ) treatment impeded the development of HT in SS rats compared to vehicle (VEH) 

controls [MAP (mmHg): SS-VEH, 157 ± 4 vs. SS-HDZ, 133±3; p<0.001; n=6-7/group] 

without having any effect on frequencies of CD4+, CD8+, CD4+ RORγt+ and CD4+ FoxP3+ 

T cells in the SS kidney, circulation and lymphoid tissues. Frequency of CD4+ CD25+ T 

cells HDZ treatment animals were 12% lower (p=0.0180) compared to VEH controls but 

only in the kidney. These findings suggest that spontaneously hypertensive SS rats have 

compensatory increase in renal CD4+ CD25+ T cells as compared to normotensive SR 

rats and further studies with this cell lineage can illuminate the mechanisms involved in 

female spontaneous HT. The overall impact of this research lies in the possibility that 

discovering immune regulatory phenotypes associated with resistance and susceptibility 

to HT, which could lead to improved therapeutic strategies for treating the major risk factor 

for death in women and men. 
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CHAPTER 1. INTRODUCTION 

Hypertension (HT) is the number one risk factor for cardiovascular disease (CVD) 

and death globally; over 30% of the world’s adult population had HT in the year 2010 1. 

Despite the fact that HT is more prevalent in men, significant amount of women live with 

HT as well; however, female models of HT are grossly underrepresented in pre-clinical 

research 2. As not much is known about specific HT mechanisms in females, my thesis 

research is on a female rat model of HT. Although research has helped in development 

of several drugs that help millions to keep their blood pressure (BP) under control, still 

about 45% of the American adults do not have their BP under control. Some of this is 

because of compliance issues with taking medication however there is still room for 

identifying and targeting new pathways to achieve the BP lowering goal. Recently the 

immune system has been shown to play a major role in BP modulation (7); and the 

Sandberg laboratory has demonstrated that certain immune cells like T cells have sex-

specific effects on HT induced by angiotensin II (Ang II) (10). Since the vast majority of 

preclinical biomedical research has been done on male animal models of HT, my thesis 

research focuses on the immune effects involved in the HT of a female rat model. 

 

1.1 Hypertension: The Leading Global Risk for Mortality 

The center for disease control and prevention regards HT as the "silent killer" 

because it often has no warning signs or symptoms, and many people do not know they 

have it (http://www.cdc.gov/bloodpressure). It is a major health care concern because HT 

impairs functioning of critical organs like brain, heart blood vessels and kidney and 
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therefore increasing the risks for stroke, heart attack and kidney failure dramatically. 

Which is why it is a major risk factor for CVD; and CVD itself is the number one cause of 

death in men and women 3. According to the 2010 global burden of disease study, high 

BP is the leading contributor to death globally with 9.4 million deaths in that year itself 4. 

In two decades HT went from being the 4th leading risk factor to 1st leading risk factor for 

mortality5. The number of adults living with HT was 1.39 billion people comprising of 597 

million men and 529 million women; 349 million in high-income countries and 1.04 billion 

in low and middle-income countries 6. In addition HT is financially burdensome condition 

as its associated direct and indirect costs are more than $50 billion1. Although several 

decades of research has made it possible to control high BP, it still leads to life threating 

conditions as every 20 mmHg increase in systolic BP (SBP) and 10 mmHg increase in 

diastolic BP (DBP) doubles the risk of death by stroke and heart disease7. 

 

1.1.1 Current Statistics 

These statistics are based on the clinical definition of HT being SBP ≥ 140 mmHg 

or DBP ≥ 90 mmHg that were established in The Seventh Report of the Joint National 

Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure 

(JNC 7). Recently the National Heart, Lung, and Blood Institute (NHLBI) transferred the 

responsibility of updating and maintaining the clinical practice guidelines for CVD 

prevention to the American College of Cardiology (ACC) and the American Heart 

Association (AHA). After conducting a structured review of the literature in November 

2017, the ACC and the AHA released a clinical practice guideline for the prevention, 

detection, evaluation, and treatment of high BP in adults. Although the definition of normal 
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BP remained average SBP < 120 mmHg and average DBP < 80 mmHg as in JNC 7, the 

clinical definition of HT changed to average SBP ≥ 130 mmHg and average DBP ≥ 80 

mmHg. Moreover, they suggested that the diagnosis of HT should be based on the 

average of BP measurements taken ≥ two times at ≥ two separate visits 1, 8. Their 

recommendation is to medicate when SBP ≥ 140 mmHg or DBP ≥ 90 mmHg and to keep 

BP goal SBP < 130 mmHg and DBP < 80 mmHg. The guideline also replaces the term 

pre-HT with elevated BP which is defined by SBP between 120 to 129 mmHg and DBP < 

80 mmHg 8. According to these new guidelines 45.6% of the adults in America have HT 

which is estimated to be around 103.3 million US adults1. Previously as per the National 

Health and Nutrition Examination Survey (NHANES) 2011 – 2014 the prevalence of HT 

in US adults over 20 years of age was 34%; 34.5% for males and 33.4% for females. As 

per NHLBI, under the age of 64 years more men than women have HT but after the age 

of 65 more women than men have HT1.  

 

1.2 Different Forms of Ovarian Hormone Loss 

 Sex disparities in HT exist between men and women only till they have regular 

menstruation; after menopause women become more prone to BP fluctuations and 

CVDs9-13.  In late 1970s Roberts and Maurer reported that sex difference in BP is not 

detected in children but only start to appear during their adolescence, between the ages 

of 12 to 1714.  This is around the same age when puberty starts, which marks the 

beginning of physical and biological changes, initiated by hormonal signals. This 

observation supports that the hormones contribute to the sex differences in HT between 
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men and women and when the ‘protective’ female hormones are lost, the difference is 

diminished. 

 Ovarian hormone loss occurs when women who were born with ovarian hormones 

either go through amenorrhea or menopause. Amenorrhea is classified into primary or 

secondary and can be caused by multiple reasons. Genetic defects, including estrogen 

deficiency or dysfunctional ovaries lead to primary amenorrhea15 and so women with this 

disorder may not represent ovarian hormone loss because their menstrual cycle never 

started. Eating disorders like anorexia and excessive physical activity done by gymnasts, 

ballet dancers or some athletes put them at high risk for secondary amenorrhea that is 

characterized by loss of established menstruation15.  In contrast to what we see in 

postmenopausal women, those individuals who have exercise-associated-

hypoestrogenism demonstrate decreased, and not increased, resting BP16, 17 and long-

term effects of these conditions are unknown. This intriguing report of reduced BP in the 

exercising pre-menopausal women suggests that there is a more complicated mechanism 

involved in BP modulation than only the levels of estrogen.   

 Premature ovarian failure, also referred to as, primary ovarian insufficiency is 

multifactorial quiescence of ovarian function which is observed in women of the age less 

than 4018. This condition is a compilation of several heterogeneous conditions caused by 

autoimmune malfunction, genetic defects, and iatrogenic factors such as chemotherapy 

or radiotherapy18, 19. Another ovarian hormone loss state is the bilateral oophorectomy. 

Also referred to as surgical menopause, selective oophorectomy is a surgical removal of 

the ovaries which results in acute withdrawal of ovarian hormones20.  A lot of times this 

procedure is done as a prophylactic surgery in women at high risk of cancer. A 
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hysterectomy combined with surgical removal of ovaries would also lead to ovarian 

hormone ablation.  

 Last but definitely not the least is the state of natural menopause. As mentioned 

earlier, menopause is the cessation of menstruation in women after 55 years of age. In 

all these diverse kinds of ovarian loss, the loss-of-ovarian-function due to one or the other 

condition renders them vulnerable to cardiovascular insults. Since CVD is one of the 

highest contributors to morbidity and mortality, efforts should be put to understand the 

mechanism of ovarian hormone loss on cardiac diseases.  

 

1.3 Implications of Ovarian Hormone Loss on Cardiovascular Diseases in 

Women 

 Premenopausal women have a ‘biological advantage’ compared to age matched 

men in having the protective effects of estrogen; however, with menopause the decline in 

ovarian function escalates CVD risks21. Lerner and Kannel reported a population based 

survey for a 26 year old follow up of the Framingham population to assess sex specific 

patterns in coronary heart disease. They found that men had double the no. of incidences 

as compared to women; however, this sex difference diminished in the later years, by the 

age of 45 around when female morbidity escalated22. Early population studies have 

shown that menopause causes steeper increase in BP in women as compared to age-

matched premenopausal individuals23-25. Moreover, HT is similarly prevalent in women 

with premature ovarian failure and women with surgical menopause, but the onset is a 

few years early in women with surgical menopause18. The aforementioned study is further  
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Figure 1. Prevalence of hypertension (HT) in men and women as a function of age.  

Shown are the frequencies of HT in A) men during 1988 to 2012, B) women during 1988 to 2012 
and C) both men and women during the years 2009-2012, from ages 20 to >=75, from a multiracial 
population sample.  Data are expressed as mean ± SEM; sample size not reported. Graph plotted 
from the data reported in the annual report of health trends in United States - Health, United 
States, 2013 26. 
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evidence of the ‘protective nature’ of ovarian hormones towards delayed onset of CVDs 

in premenopausal women; however, these studies fail to differentiate the effect of age 

from that of menopause on HT. It is known that BP increases with age in both men and 

women26, 27. However, recent health statistical information from ‘The National Center for 

Health and Statistics’ suggests that the rate of age-associated HT in women precedes 

that of men in their sixth and seventh decade of life  (Figure 1)26. 

 

 Cross sectional studies report25 that post-menopause susceptibility to HT 

increases in women; however, most elaborate longitudinal studies like the Framingham 

Study 28, have not been able to disassociate the effect of aging from that of menopause. 

While differentiating the consequences of ageing from menopause on HT remains a 

challenge, the ‘age at menopause’ – the age at which menopause occurred and the 

knowledge of how it affects the cardiovascular system would give us some perspective 

about the interconnection between age and menopausal mechanisms.   A multiethnic 

study of atherosclerosis studied the incidences of heart failure in close to 3000 

participants of ages 45 to 84. They found that early menopause posed higher risk of 

incident heart failure, and that every one year increase in the age of menopause was 

associated with a decreased risk of incident heart failure29. Therefore, premature 

menopause either by selective oophorectomy or hysterectomy puts women on high CVD 

risk. A case-control interview study was carried out in 858 participants to study the ‘age 

at menopause’ effects on myocardial infraction risk. When compared to women who get 

menopause at 50 years, those who reached menopause at 45 years were at increased 

risk of heart attack30. Later, Hu et al. supported this finding based on the analysis done 
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on data from women with natural menopause who participated in the Nurses’ Health 

Study. They observed a significant association between younger age at (natural) 

menopause and high risk of coronary heart disease among current smokers who never 

used hormone therapy31. So loss of ovarian hormones at an early age can further 

aggravate the cardio vascular risk for women.   

 It is a known fact that transition from ‘pre to peri to post-menopause’ is 

accompanied by many ailments; sleep disorders are one of such widely reported 

complaints during this transition32, 33. A follow up study on participants of the Women's 

Health Initiative observational study reported that post-menopausal women with high 

insomnia had elevated risks or coronary heart disease and CVD 34.  The understanding 

is that other health conditions experienced during menopause-transition amplifies the 

CVD risk. Atherosclerosis and CVD risk was higher in postmenopausal women with 

vasomotor symptoms as compared to asymptomatic women35. Another detrimental result 

of ovarian hormone loss is bone loss and osteoporosis36, 37. Like insomnia, osteoporosis 

has been found to exacerbate the ill-effects of ovarian hormone loss. About 83% of 

postmenopausal women with osteoporosis had greater risk to CVD38. 

 

1.3.1 Ovarian Hormone Loss Induces Body Weight Gain 

 Although most women at the age of menopause are either overweight39 or 

experience progressive weight-gain, it is difficult to assert if the weight gain is solely due 

to menopause or is an effect of aging. An extravagant cross-sectional study conducted 

by telephone surveys of all the multiethnic participants of the program ‘Study of Women's 
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Health Across the Nation’ (SWAN), found no difference in body mass index (BMI) 

between women reporting a natural menopause and pre-menopausal women; however, 

women reporting surgical menopause and perimenopausal women did have higher BMI 

40. Similarly, we see that ovariectomy treated rodents have increased rate of body weight 

(BW) gain and bodyweight gain itself is a risk factor for HT and associated CVD. 

 

1.3.2 Contradicting Opinion about Hormone Replacement Therapy 

 Estrogen is the most researched ovarian hormone in the field of postmenopausal 

HT there are conflicts in opinion about pro- or anti-hypertensive effects of estrogen.  Early 

studies showed that oral contraceptives are pro-HT especially in women of ages 25-4041. 

Studies done by Pfeffer, Kurosaki, and Charlton on female residents of a retirement 

community in California could neither confirm nor deny any association of estrogen use 

and HT42. A decade later a survey conducted on the same retirement community 

residents reported that an increased number of deaths occurred from stroke in non-users 

as compared to estrogen users and that this protection was found in all age groups but 

the youngest43.  Fifteen years later, Mercuro and colleagues, documented that surgical 

menopause caused HT and increase vascular resistance and these symptoms were 

recovered by estrogen replacement therapy20. Other studies have reported beneficial 

effect of estrogen therapy and that partial users or non-users may be disposed to 

increased susceptibility to HT44, 45. Our laboratory has shown that estradiol replacement 

initiated right after the surgical removal of ovaries prevents increases in BMI and MAP; 

when the animal has been devoid of ovarian hormones for long estradiol replacement has 

fewer benefits46. Far less is known about progesterone’s effects on HT than that of 
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estrogen. Current hormone therapies for menopausal women include individual and 

combined therapies of both hormones.  

 Although the incidence of HT occurs earlier in men, women catch-up soon and get 

high BP between ages of 50 to 60 – which is around the time of menopausal transition 47. 

Population studies have shown that menopause causes steeper increase in BP in women 

as compared to age-matched premenopausal individuals 24, 48. This suggests that 

menopause increases the risk of HT in women, which could be why more than 75% of 

women in the US older than 60 years of age have high BP 49. 

 

1.4 Women and Female Animal Models are Under-represented in Hypertension 

Research  

Epidemiological studies indicate that the prevalence of HT is greater in men than 

women regardless of race, ethnicity or country of origin; still according to the center for 

disease control and prevention (CDC) the lifetime risk of getting HT is the same in men 

and women. Although life style changes and medications help in controlling BP, 

approximately 40-50% of women in the USA do not have their BP under control 1. Despite 

the fact that more women than men are aware they have HT and women are more likely 

to seek treatment for their HT than men, high BP related mortality is higher in women than 

mean 1, 50. Although inclusion of women in clinical trials has gone up from <20% to ~45%, 

inclusion still varies by the indication and currently is least in CVDs 51. The underlying 

cause of HT in women is far less studied than in men, hence it is critically important to 

investigate the mechanisms of HT that underlie CVD in women. Elucidating the molecular 
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mechanisms that are involved in female HT could lead to the development of novel and 

improved antihypertensive therapeutics for better treatment outcomes and reduced HT 

mortality in women and men.  

 

1.5  Animal Models of Hypertension Instigated by Ovarian Hormone Loss 

 Since the early 1900s sexual dichotomy in BP has been observed in canines and 

chickens; female dogs had significantly lower MAP than that of males 47. Other animals 

like mice, rats, dogs, rabbits, pigs, and sheep 52 have been considered as animal models 

for postmenopausal diseases and each of them have their benefits and drawbacks that 

should be considered before selecting a model. For example even though a sex 

difference exits in canine BP, they would not be a good model for postmenopausal HT as 

they only cycle twice in a year and with low amounts of endogenous estrogen 53.  In an 

Ovid Medline search performed on April 15th 2018, 315 manuscripts were retrieved for 

keywords ‘menopause/ ovariectomy/ oophorectomy and HT/ high BP and rats’, 56 for 

‘menopause/ ovariectomy/ oophorectomy and HT/ high BP and mice’ and 15 for an 

intersection of all keywords ‘menopause/ ovariectomy/ oophorectomy and HT/ high BP 

and rats and mice’. Considering these numbers maximum work on postmenopausal HT 

has been reported in rats, a few have been reported in mice, and 13 of them pertains to 

both species. These figures suggest that rats are the current choice of animal model for 

postmenopausal HT studies. Mouse models are also used in menopause-associated-HT 

studies and their biggest asset is their transgenic capacity 52. Even though much of female 

reproductive ageing process in non-human primates (particularly rhesus, baboons, 

cynomolgus, and chimpanzees) is in accordance with the human counterpart processes 



12 
 

53, animal size and costing issues make them less attractive models. Due to the scarcity 

in animal models of naturally occurring postmenopausal HT, ovariectomy appears to be 

the frequently chosen procedure to introduce ovarian hormone loss in rodents. However 

most ovariectomy based menopause models in reality represent ovarian hormone loss in 

young adults rather than ovarian loss in middle-aged or older adults 53. Mindfulness of the 

age-at-ovarian intact/deficient state and its effects on cardiovascular system in any animal 

model is critical.  

 

1.5.1 The Dahl Salt-sensitive and Resistant Rat Model of Hypertension 

 Salt sensitivity has been extensively reported in population survey reports. 

Essentially, if a relatively high salt diet causes a 5-10% increase in BP then the 

phenomenon would be regarded as salt-induced HT and the person would be sensitive 

to salt intake 54. Dissecting the etiology of SS HT in humans has been a difficult task, 

largely because of the genetically heterogeneous nature of the human population 55. 

Several experimental rat models have been developed to investigate the genesis and 

pathophysiology of HT 47, 56. In 1962, selective breeding of Sprague Dawley rats by Lewis 

Dahl based on susceptibility and resistance to a high sodium diet (8%) gave rise to the 

outbred salt-sensitive (SS) and salt-resistant (SR) rat strains 57. A couple decades later, 

inbred Dahl (D) SS and SR strains were developed by John Rapp (Jr). Harlan (Hsd) 

received these rats from Dr. Rapp in 1986 and began distributing them commercially. 

Many investigators have used SS/JrHsd (SS) and SR/JrHsd (SR) rats to study 

physiological, biochemical and genetic mechanisms of susceptibility and resistance to SS 

HT. Numerous studies showed that 2.5 mo SS rats exhibited normal yet higher BP as 
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compared to age-matched SR when maintained on a low sodium (0.13%) diet. Whereas 

on a high sodium (8% diet), BPs rapidly rose within a couple weeks in the SS rats while 

remaining in the normal range in the SR 58, 59. The SS on a high sodium diet was also 

used as a model of renal injury as these animals rapidly developed proteinuria, 

glomerulosclerosis and tubulointerstitial damage 58, 60. 

  

Figure 2. Effect of ovariectomy and high sodium diet on BP and BW gain in SS and 
SR rats.  

Shown are A) systolic BP in mmHg and B) body weight in g between for SS and SR rats fed 
different sodium content diets. Data are expressed as mean ± SEM; n = 4-6 animals/ group. * 
p<0.05 vs SHAM controls. These graphs were drawn using data reported in reference #61 61. 
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The SS rat model has also been applied by many researchers to study effect of 

ovariectomy on HT. Otsuka et al. found that in 4 weeks of salt loading, the ovariectomized 

(OVX) SS rats’ BP had a significant hike compared to the sham-operated (SHAM) SS 

rats (Figure 2) 61; these SS rats were obtained from Eisai’s Laboratory Animal Research 

Center, Tsukuba, Japan. 

 Otsuka and colleagues reported that high salt and ovarian hormone loss causes 

HT; but the effect of low salt in such a setting wasn’t studied until 4 years later when 

Hinojosa-Laborde and colleagues showed that ovariectomy in 4 mo SS rats induce HT 

even though they were maintained on low sodium diet 62. In 2004, Hinojosa-Laborde in 

collaboration with our laboratory showed that ovariectomy rapidly increased MAP in these 

animals whereas treatment with 17β-estradiol prevented this effect of ovariectomy 63. On 

a low-sodium diet, 4 mo SS/JrHsd rats had an average MAP of 120 mmHg whereas the 

animals which were OVX one month prior at 3 mo, had MAP in the 130 mmHg range. 

This ovariectomy-induced increase in MAP was magnified with age. At 7 mo, MAP in the 

SHAM controls increased to 135 mmHg whereas MAP in the OVX group surpassed 155 

mmHg (Figure 3) 63. Thus, the OVX female SS/JrHsd became a useful model to 

investigate mechanisms of HT associated with ovarian hormone loss 62, 64-68. 
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Figure 3. Long term effect of ovariectomy and estradiol replacement in the 
development of hypertension in aging female SS rats.  

Shown are mean arterial pressure in female ovariectomized (OVX; circles), intact (SHAM; square) 
and OVX + estradiol supplemented (OVX+E; triangle) SS rats from 3 to 12 mo.  * p < 0.05 vs 
same-age intact and OVX+E; † p< 0.05 vs same-age OVX+E; # p< 0.05 vs 3 mo in same group. 
Figure adapted from reference #6363. 

 Both OVX and intact aged rats had higher BW compared to their 4 mo counterparts 

and estradiol treatment attenuated this increase in BW gain (Figure 4). In both age groups 

OVX rats had higher BW as compared to Intact and estradiol treated rats (Figure 4B).  
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Figure 4. Effect of age, ovariectomy and estrogen replacement on mean arterial 
pressure and body weight. 

Shown are changes in A) mean arterial pressure (SS-SHAM, n= 11; SS-OVX, n = 12; SS-OVX+E, 
n =11) and B) Body weight (SS-SHAM, 4 mo n= 6, 12 mo n=9; SS-OVX, 4 mo n= 6, 12 mo n=10; 
SS-OVX+E, 4 mo n= 7, 12 mo n=9). * p <0.05 vs 4mo same group; # p <0.05 vs same-age OVX+E 
and SHAM; $ p <0.05 vs same-age OVX+E and OVX; ϕ p <0.05 vs same-age SHAM and OVX; 
ψ p <0.05 vs same-age OVX+E. These graphs were drawn using data reported in reference #6363. 

 Radioligand binding assay confirmed that OVX upregulated AT1R numbers in the 

glomeruli and adrenal cortex in 4 mo SS rats; aging did not further increase AT1R 

expression in either the glomeruli or adrenal cortex 63. This study proved that the SS 
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female rats when on extended periods of low sodium diet develop HT and that 

ovariectomy increases MAP possibly by activating the Renin-Angiotensin-Aldosterone-

System (RAAS) in the kidney.  As an extension to this research in my dissertation 

research I wanted to see if ovariectomy causes an imbalance in the immune cells which 

may add to HT.  

 

1.6 Why the Immune System? 

The sexual dimorphism in the susceptibility to infectious diseases between males 

and females has been well recognized 69, 70. Women have high serum antibody 

concentrations and are ~3 times more prone to autoimmune malfunctions as compared 

to males 71-73. These reports suggest that females in general have superior immune 

vigilance and a hyperactive immune system, compared to male immune system. This is 

true in premenopausal women but loss of ovarian function diminishes this sex difference 

in immunocompetence. Post-menopause incidences of infectious diseases become 

either equal or more than that of age matching-men. Similarly, with ovarian hormone loss 

incidences of autoimmunity in women reduce to match that observed in men of the same 

age 71-73. Another notable sex steroid modulation of immune system occurs during 

pregnancy when the levels of steroid hormone change to maintain immune tolerance to 

the fetus 74-77. Thus the immune system of men and women behave differently between 

puberty and menopause 14. Also, the fact that most immune system cells express 

receptors for gonadal hormones like estrogen 78-82 confirms the capability of hormones to 

alter immune responses. Consequently, any significant increase or decrease in ovarian 

hormone levels would have a significant impact on immune system functioning. It appears 
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as though without their gonadal hormones female immune system gets modified and 

possibly sets the foundation for BP dysregulation and CVDs 71, 72. 

 

1.7 Immune System Regulation of Hypertension  

 The role of the immune system in the development of HT has been investigated 

for over 5 decades. Early transplant experiments were the first to demonstrate a direct 

link between the immune system and BP. In 1982, Ba et al. 83 reported that BP was 

reduced in the male spontaneously hypertensive rat (SHR) after receiving male organ 

transplants from thymus, lymph nodes or spleen from a normotensive Wistar Kyoto 

(WKY) rat or after thymus grafts from Fischer F344 rats and C57BL/6 mice. The finding 

that BP in the SHR was reduced after transplants from lymphocytic beds but not from the 

liver provided evidence that the immune system modulates BP. Later studies in rats using 

the immune-suppressive agent mycophenolate mofetil (MMF) demonstrated that 

inhibiting lymphocyte proliferation attenuated the development of salt-sensitive 84-88 and 

spontaneous 89 HT. These immunosuppressive agents, however, are not specific to T 

cells as many other immune cell types are affected. The involvement of T cells in BP 

regulation gained broad acceptance after Guzik et al. 90 showed male mice lacking the 

recombinant activating gene (Rag1-/-) exhibited blunted pressor responses to Ang II while 

adoptive transfer of T but not B cells from male wild type (WT) mice restored pressor 

sensitivity to Ang II. 
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1.7.1 Sex-specific T cell Modulation of Blood Pressure 

 The findings of Guzik et al. 90 have been reproduced by several laboratories 

including ours 91, 92; however, we also found that adoptive transfer of female T cells into 

the male Rag1/- mouse did not restore pressor sensitivity to Ang II in the host 91. 

Furthermore, adoptive transfer of male T cells from WT mice into the female Rag1-/--/- host 

did not increase the pressor sensitivity to Ang II 92. The two major T cell populations, CD4 

and CD8, have been investigated as possible contributors to the pathophysiology of HT 

in rodents 93-96. Our studies show that adoptive transfer of either male CD4 or CD8 cells 

restored the pressor response to Ang II in male Rag1-/- mice; however, these effects were 

sex-specific since adoptive transfer of either CD4 or CD8 cells from female WT mice did 

not restore the pressor response to Ang II in male Rag1-/- mice 94.   

Recently, studies from our lab as well as others showed the pressor dose response to 

Ang II in the male Rag1-/- mouse purchased from Jackson Labs between 2015-2016 was 

identical to their WT litter mates 97. These findings suggest mutations have occurred in 

this mouse line that mask the role of T cells in the pathophysiology of Ang II-induced HT. 

This conclusion is supported by our previous work showing that resistance to Ang II-

induced HT in the male Rag1-/- mouse was dependent on the dose of Ang II 91. At low 

doses (200 – 490 ng/kg/min), the magnitude of Ang II-induced increases in MAP was less 

in the male Rag1-/- mouse compared to male WT littermates whereas at a higher dose 

(1000 ng/kg/min), no differences were observed in the time course of Ang II-induced HT 

between Rag 1-/- mice and their WT littermates.  

 Similarly to the findings in male Rag1-/- mice 90, 91, 94, the Mattson laboratory 

demonstrated that male SS rats bred in Milwaukee (SS/Mcwi) and in which the Rag1 
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gene was deleted (SS-Rag1em1Mcwi; SSRag1-/-), have lower MAP responses when switched 

to a high sodium diet compared to WT SS/Mcwi 98. Moreover, this group found that dietary 

sodium-induced increases in MAP were also attenuated in male SS/Mcwi rats expressing 

non-functional T cells due to a deletion in the CD3 zeta chain (CD247-/-) 99.  These studies 

suggest that T cells contribute to the pathophysiology of salt-sensitive HT in male 

SS/Mcwi rats; however, they also found that the resistance to developing salt-sensitive 

HT was time-dependent; the MAP in male SSRag1-/- rats continued to rise over three weeks 

on the high sodium diet and the MAP reached approximately 155 mm Hg by the end of 

the study period 98. These observations indicate that both T cell-dependent and T cell-

independent mechanisms contribute to the development of HT in the male SS/Mcwi rat. 

Thus, future studies need to determine the contribution of T cell-dependent and T cell-

independent mechanisms in the pathogenesis of HT. This knowledge would guide 

prioritization of drug targets for intervention and clinical development. 

 

1.8 Preliminary Data 

 As we learnt that T cells can have sex-specific effects on BP91, we were curious to 

know if ovariectomy manifests its changes in BP by modulating T cell infiltration.  In order 

to test this our laboratory took advantage of the SS-OVX rat model in which rats 

maintained on low-sodium diet get HT after ovariectomy. In order to have a normotensive 

control we performed ovariectomy experiments with age matched SR rats and acutely 

measured MAP. We found that only the SS rats get HT post ovariectomy and the SR 

don’t (Figure. 5 A).  
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Figure 5. Effect of ovariectomy on mean arterial pressure and body weight. 

Shown are (A) mean arterial pressure and (B) body weight in OVX and SHAM treated SS and 
SR rats. Data are expressed as mean ± SEM. * p<0.05 vs SHAM controls; # p<0.05 vs SR rats.  

 Ovariectomy also increased the rate of body weight gain in both rat strains (Figure. 

5 B). Thus, we had an animal model that enabled the dissociation of HT (SS-OVX) from 

body weight gain (SR-OVX), each induced by ovarian hormone loss. This model 

represents the human population as some women get HT with ovarian hormone loss 
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while others are resistant; but most women experience an increased rate of body weight 

gain with ovarian hormone loss 

To discover novel genes involved in immune regulation of HT due to ovarian 

hormone loss, we conducted a microarray study on T cell genes from the spleen (major 

source of T-cells in the body) of SHAM and OVX SS and SR rats. On comparing the gene 

expression of the T cells from these four groups, we found that 163 genes were 

differentially expressed between the hypertensive and normotensive rats (Figure. 6).  

Screening through these 163 genes could through some light on which genes related to 

T cells could be involved in BP regulation after ovariectomy in the SS rats.  

Figure 6. Venn diagram representation of the microarray analysis on OVX and 
SHAM treated SS and SR rat T cells. 

Shown is a Venn diagram representation of differential T cell gene expression in resistance and 
susceptibility to HT induced by ovarian hormone loss.  
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 Considering the differentially expressed genes suggested by our microarray data 

and the effect of ovariectomy only on SS MAP, in my dissertation research I wanted to 

see which T cells in which tissue systems were key players in modulating BP in SS rats 

and ultimately leading to HT.  
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CHAPTER 2. HYPOTHESIS AND SPECIFIC AIMS 

2.1 Hypothesis 

 T helper 17 cells (Th17; CD4+ RORγt+ T cells) positively correlate and T regulatory 

cells (Treg; CD4+ CD25+ FoxP3+ T cells) negatively correlates with susceptibility to 

spontaneous development of HT. 

 

2.2 Specific Aims 

2.2.1 Aim I 

To determine if BP positively correlates with CD4+ T cell frequencies & negatively 

correlates with Treg frequencies in the SS and SR rats 

 

2.2.2 Aim II 

To determine if preventing the development of HT changes the frequencies of 

helper T cells and Tregs in the ‘spontaneously hypertensive’ female SS rats 

 

2.2.3 Aim III 

To determine if renal injury positively correlates with high BP in the ‘spontaneously 

hypertensive’ female SS rats 
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CHAPTER 3.  MATERIALS AND METHODS 

3.1 Animals 

Female SS/JrHsd (referred to as SS throughout the dissertation) and SR/JrHsd 

(referred to as SR throughout the dissertation) inbred rats were purchased between 2015 

and 2017 from ENV (Indianapolis, IN) at 1 mo. Animals were maintained on a low salt 

diet (0.1% sodium) (#7034; Teklad; Madison, WI) at ENV since weaning and on a purified 

phytoestrogen free low salt diet (0.128% NaCl) (#120597; Teklad) (13) once at 

Georgetown University. Rats were housed in temperature and humidity controlled rooms 

with a constant light/dark cycle (12/12 hours). Food and water was provided ad libitum. 

Body weight and food and water intake were measured weekly. All methods were 

approved by the Georgetown University Animal Care and Use Committee. 

 

3.2 Experimental Design  

Different cohorts of rats were studied. In one cohort, SS and SR rats were 

subjected to sham surgery or ovariectomy at 3 mo and their MAP was followed by radio 

telemetry from 4 mo until 7-8 mo. In a second cohort, ovariectomy or sham surgeries were 

conducted at 1.5 mo in SS and SR rats and MAP was measured terminally when they 

were 10 mo. The third cohort consisted of 4 mo SS and SR rats whose right kidneys were 

used for renal histology studies. In the last cohort juvenile SS rats were instrumented with 

radio transmitters and MAP was measure when they were 1 mo. 
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3.3 Ovariectomy and Sham Surgeries 

In the OVX groups, rats were anesthetized with 2.5% isoflurane at 1L/min oxygen 

(Isoflurane, USP; Piramal Healthcare; Medak, Andhra Pradesh, India) and ovaries were 

exposed via bilateral flank incisions and excised as we described previously (13). In the 

SHAM groups, bilateral flank incisions were made and the ovaries were manipulated but 

not removed. All rats subjected to ovariectomy or sham surgeries were administered the 

analgesic carprofen (5 mg/kg; RIMADYL® - #10000319; Zoetis; Parsippany, NJ) 

subcutaneously for up to 24 hours post-surgery and allowed to recover for 7-14 days. 

Uterus and body weights were measured at the end of each experiment. 

 

3.4 Mean Arterial Pressure (MAP) and Heart Rate (HR) 

Blood pressure was measured acutely by indwelling catheters or by radio-

telemetry. Terminal BP measurements were conducted in 10 mo animals as described 

(1). Briefly, animals were anesthetized with 2.5% isoflurane and placed on a heated table 

to maintain body temperature at 37°C. An indwelling vascular catheter was placed in the 

femoral artery and MAP was determined using a Blood Pressure Analyzer (Digi-Med, Inc., 

Louisville, KY). MAP & heart rate (HR) data were collected every 30 seconds over 40 

minutes and the data from 15 to 40 minutes was averaged.  

In 4 mo rats, radio transmitters (#HD-S10; Data Sciences International (DSI); St. 

Paul, MN) were implanted in the left femoral artery as we previously described (8). The 

analgesic carprofen (5 mg/kg; RIMADYL® - #10000319; Zoetis; Parsippany, NJ) was 

administered subcutaneously for up to 2 days post-surgery. After recovery from surgery 
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(7-10 days), MAP and HR recordings were taken every 5 minutes for 10 sec from 6 pm 

to 6 am and presented as daily averages using a Data Acquisition and Analysis System 

(Dataquest ART v4.36 (now replaced by Ponemah); DSI, St. Paul MN). The active and 

dormant periods were defined as 6 pm to 6 am and 6 am to 6 pm, respectively. During 

this period, some transmitters started failing after 7 mo; therefore, we present the chronic 

BP data up-until 7 mo. 

Four wk old SS rats were implanted with radio transmitters (#PA-C10; DSI) in a 

modified version of a previously described method for measuring MAP & HR in young 

rats (8). The catheter was implanted in the left femoral artery and the battery pack was 

placed subcutaneously in the left flank. Postsurgical analgesic was given as above and 

the rats were closely followed during the one week recovery period. MAP and HR 

recordings during the active period were then averaged from measurements taken every 

5 minutes for 10 sec from 6 pm to 6 am and also during the dormant period from 6 am to 

6 pm. 

 

3.5 Hydralazine Treatment 

Seven wks old SS rats were randomized to receive either drinking water as vehicle 

(VEH) or HDZ (#H1753; Sigma-Aldrich; St. Louis, MO) dissolved in the drinking water. 

The concentration of HDZ was titrated as needed to maintain the dose at 25 mg/kg/day 

(34), which was calculated from water intake data collected during the prior wk. HDZ was 

prepared fresh every other day. SS rats were treated with VEH or HDZ for 11 wks before 

tissues were harvested for further processing at 4 months of age. 
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3.6 Tissue Harvest 

Four and 10 mo rats were anesthetized with isoflurane as described in the MAP 

measurement section. Axillary, brachial, inguinal and lumbar (near abdominal aorta) 

lymph nodes were collected, as described previously (15). Briefly, a midline incision was 

made to open the skin from the pericardium to the bladder, which exposed the lymph 

nodes close to the arms (axillary, brachial) and legs (inguinal). After the skin was 

separated from the peritoneum, lymph nodes were gently isolated using forceps taking 

care to avoid the fat while keeping the cortex of the lymph nodes intact. Isolated lymph 

nodes were placed in ice cold autoMACS® Running Buffer (Miltenyi Biotec Inc.; Auburn, 

CA) which was used as the flow cytometry buffer. Blood was collected for serum, plasma, 

and flow cytometry analysis. The spleen was weighed and split in two parts; one half was 

placed in ice cold autoMACS® Running Buffer for flow cytometry processing and the other 

half was snap frozen in liquid nitrogen. The right kidney was processed for histology and 

flow cytometric analysis. Both the kidneys of 1 mo juvenile rats and right kidney poles of 

4 mo adult rats were used for flow cytometric analysis. Left kidney, thymus and heart were 

harvested, weighed, sectioned and snap frozen in liquid nitrogen. 

 

3.7 Kidney Tissue Homogenization, Lysis and Protein Extraction 

Required amount of left kidney from 10 mo rats was weighed and mixed with RIPA 

lysis and extraction buffer (#89900; ThermoFisher Scientific; Waltham, MA) premixed with 

Halt™ protease inhibitor cocktail (#78430; ThermoFisher Scientific) in a 2 mL Eppendorf 

tube. The sample was homogenized and incubated on ice for 2 hours with intermittent 
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vortexing. Samples were then centrifuged at 12000 rpm for 30 mins at 4˚C. The 

supernatant was collected and protein was estimated by Pierce™ BCA Protein Assay Kit 

(#23225; ThermoFisher Scientific) as per manufacturers recommended protocol.  

 

3.8 ELISA 

Interleukin 17 a (IL17a) (#437904; BioLegend; San Diego, CA) and Tumor 

necrosis factor alpha (TNFα) (#438204; BioLegend; San Diego, CA) serum and kidney 

tissue concentrations were measured by sandwich ELISA as per the manufactures 

recommendation.   

 

3.9 Histological Analysis of Kidneys 

The right kidney was harvested from anesthetized rats at the time of euthanasia. 

After decapsulation, the kidney was weighed and dissected transversely into 3 sections. 

The middle section of each kidney was fixed in HistoChoice® (Amresco LLC; Solon, OH) 

for 16-24 hours at room temperature. Fixed renal tissue was then stored in 70% ethanol 

before being paraffin-embedded. Masson's trichrome staining of transverse tissue 

sections (3-5 µm) was performed by the Histopathology & Tissue Shared Resource 

(Georgetown University). Slides were observed and photographed using an Olympus 

BX43 camera at 4X and 20X magnification using the cellSens software (Olympus 

Lifesciences; Waltham, MA). A semi-quantitative index was used to score glomeruli in 

each section (~100 per rat) from 0 (best, 0% glomerular damage) to 4 (worst, 100% 

glomerular damage) on the basis of severity of glomerulosclerosis, as described 
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previously 100. A score was obtained by multiplying the degree of damage by the 

percentage of glomeruli affected, leading to a percentage of glomerular injury. The 

grading of glomerular damage was performed in a blinded manner (CB). 

 

3.10 Isolation of Kidney Cells for Flow Cytometry 

Whole kidneys or right kidney poles were stored in ice cold Hank's Balanced Salt 

Solution containing calcium and magnesium (#14025076; ThermoFisher Scientific) until 

further processing for flow cytometry analysis. Enzyme digestion of the stored kidney 

sections was followed by percoll centrifugation as described previously (14, 19). Briefly, 

kidney sections were minced with scissors, placed in 1 ml of HBSS containing 1.6 mg/ml 

collagenase type I-S (#C1639; Sigma-Aldrich) for 40 min at 37˚C with intermittent 

agitation. The digested tissue was transferred to a 70 µm cell strainer (Miltenyi Biotec 

Inc.) placed on a 50 ml tube and the plunger end of a syringe was used to press the tissue 

through the strainer. Kidney samples were then centrifuged at 400 x g for 10 minutes at 

4°C.  Samples were re-suspended in 4 ml of 40% isotonic Percoll® solution (#GE17-

0891-02; GE Healthcare Bio-Sciences; Pittsburgh, PA) and then gently overlaid onto 80% 

Percoll solution. Samples were then centrifuged at 1500 x g for 30 minutes at room 

temperature with the centrifuge brake turned off. Following centrifugation, adipocytes and 

debris were aspirated off the top layer and mononuclear cells were collected at the 

interface of both solutions. Isolated cells were washed and re-suspended in ice cold 

autoMACS® Running Buffer. Cell count was then determined using the LUNA-FL™ Dual 

Fluorescence Cell Counter (Logos Biosystems; Annandale, VA) as per the 

manufacturer’s recommendation. 
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3.11 Isolation of Splenocytes, Lymphocytes and Peripheral Blood Mononuclear 

Cells for Flow Cytometry 

The spleen and lymph nodes were processed to form single cell suspensions 

before flow cytometric analysis. In brief, the spleen and lymph nodes were individually 

minced with scissors and transferred on top of a 70 μm cell strainer (Miltenyi Biotec Inc.) 

placed on a 50 ml tube. The plunger end of a syringe was used to push the tissue pieces 

through the filter. This process was repeated at least 3 or 4 times with intermittent washes 

in ice cold autoMACS® Running Buffer until a homogeneous suspension of single cells 

was achieved. These cells were then centrifuged at 400 x g for 10 minutes at 4°C and 

resuspended in ice cold autoMACS® Running Buffer. Red blood cell lysis was performed 

on spleen single cell suspensions and on heparinized blood samples using the Red Blood 

Cell Lysis Buffer (#420301; BioLegend) to isolate splenic and peripheral blood 

mononuclear cells (PBMC) as per the manufacturer’s recommendation. Cell count was 

then determined using the LUNA-FL™ Dual Fluorescence Cell Counter (Logos 

Biosystems; Annandale, VA) as per the manufacturer’s recommendation. CD3+ T cells 

were isolated by negative magnetic sorting (Rat Pan T Cell MicroBeads, #130-090-320; 

Miltenyi Biotec Inc.) from single cell suspensions of splenocytes of 10 mo rats as per 

manufacturer’s recommendation and as also previously described 91. 

 

3.12 Analytical Flow Cytometry 

 Phenotypic and intracellular analyses of PBMC, spleen, lymph nodes and renal 

cells were performed as described previously for mice 91. Briefly, one million cells from 
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each tissue type were stained for 20 min on ice in the dark with antibodies for surface 

markers including CD3 (T cells marker), CD4 (helper T cell marker), CD8 (cytotoxic T cell 

marker), CD25 (Interleukin-2 receptor alpha chain; IL2RA) and CD11b/c (pan antigen 

presenting cells marker). After the cells were washed, they were fixed and permeabilized 

using a FOXP3 Fix/Perm Buffer Set (#421403; BioLegend) before incubating with 

antibodies for intracellular proteins including forkhead box P3 (FoxP3), the master 

regulator transcription factor commonly used to identify T regulatory cells (Treg: CD3+ 

CD4+ FoxP3+) 101 and related orphan receptor gamma t (RORγt), the master regulator 

transcription factor commonly used to identify T helper 17 cells (Th17: CD3+ CD4+ 

RORγt+) 101, 102. All antibodies were titrated to optimize multicolor flow cytometric staining. 

Details of antibodies used for staining is provided in Table 1. 

 OneComp eBeadsTM Compensation Beads (#01-1111-42; ThermoFisher 

Scientific, then eBioscience) were used for positive and negative staining controls and to 

avoid spillover signals from fluorochromes. Dead cells were excluded by using the 

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (#L34966; ThermoFisher Scientific). 

Prepared samples were run on an eight color flow cytometer (LSRFortessa; BD 

Biosciences; San Jose, CA) by the Lombardi Comprehensive Cancer Center Flow 

Cytometry and Cell Sorting Shared Resource (Georgetown University) and data were 

collected using FACSDIVA™ software (BD Biosciences). A lymphocyte gate was first 

created based on known characteristics of lymphocyte size and granularity, to eliminate 

other cell types from the analysis (Figure. 7 A). In some analyses, the lymphocyte gate 

was followed by single cell selection (Figure. 7 B) and exclusion of dead cells (Figure. 7 

C). CD3+ T cells were gated based on either live cells or directly from the lymphocyte gate 
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(Figure. 7 D) and further characterized into CD4+ and CD8+ T cells based on antibody 

staining (Figure. 7 E). Gating and flow cytometry analysis was performed in a blinded 

manner on either FCS Express 5 Flow Cytometry Software (De Novo Software; Glendale, 

CA) or FlowJo® software (FLOWJO, LLC; Ashland, OR). Representative gating 

strategies for intracellular marker like FoxP3 is shown in Figure 7F-H. 

 

Table 1. Details of antibodies used for multicolor flow cytometry immune-
phenotyping 

Antibody  Fluorochrome Reactivity Clone Catalog # Vendor 

CD3 VioBlue Rat REA22

3 

130-102-

677 

Miltenyi 

CD4 APC/Cy7 Rat W3/25 201518 Biolegend 

CD8a PE-Cy7 Rat OX-8 25-0084-82 eBioscience 

CD25 PerCP-eFluor® 

710 

Rat OX-39 46-0390-82 eBioscience 

CD11b/c FITC Rat OX-42 201805 Biolegend 

FoxP3 PE Human/Mouse/R

at 

376209 IC8970P R&D 

Systems 

RORγt APC Human/Mouse 600380 IC6006A R&D 

Systems 
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Figure 7. Flow cytometry gating representative images used as gating strategy. 

Flow cytometric analysis was performed by first gating on lymphocytes in the granularity vs size 
plot [A], followed by gating on single cells [B] and then live cells [C], followed by gating on CD3+ 
cells in histogram [D], from which CD4+ and CD8+ stained cells [E] were selected. FoxP3+ staining 
[F] was confirmed by comparing FoxP3 stained cells to Fluorescence minus one (Fmo) control 
[G] cells and their overlay. 

3.13 Isolation of RNA, cDNA Synthesis and Real-time PCR (RT-PCR) 

Rna extraction and real-time PCR was performed on the splenic T cells isolated 

from SS and SR rats as previously described 91. Briefly, isolated CD3+ T cells were lysed 

in TRIzol (#15596026; ThermoFisher Scientific, then Invitrogen) before total RNA was 

isolated by chloroform extraction. First strand cDNA was made from total RNA using the 

iScript cDNA synthesis kit (#1708891; BIO-RAD; Hercules, CA). Quantitation of mRNA 

was performed by RT-PCR using the StepOne Plus RT-PCR System (Applied 

Biosystems Inc., Foster City, CA). The PCR reaction mixture consisted of SYBR green 

Universal PCR Master Mix (Promega, Madison, WI), cDNA and 300 nM of specific primers 

for: 18S, IL10, IL6, IL17a, IL1β, Cell division cycle 73 (CDC73), interferon γ (IFNγ), C-
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reactive protein (CRP), Cluster of differentiation (CD) 80 (CD80), Engulfment Adaptor 

PTB Domain Containing 1 (GULP1) and GTP Cyclohydrolase 1 (GCH1) (ThermoFisher 

Scientific); primers are listed in Table 2. Some primers were chosen based on literature 

survey and others were designed using National Center for Biotechnology Information’s 

(NCBI) Primer-BLAST: a tool for finding specific primers 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome). PCR 

reactions without reverse transcription were included to control for contamination by 

genomic DNA. mRNA were expressed as ΔCT relative to 18S rRNA. After the genes of 

interest were normalized to 18s rRNA, the ΔΔCT method was used to compare mRNA 

expression between groups. The data were expressed in arbitrary units (AU), relative to 

the SR-SHAM treated rat, as recommended by the Applied Biosystems 2008 Guide to 

Performing relative Quantitation of Gene Expression Using Real-Time Quantitative PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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Table 2. List of forward and reverse primers used in the study 

Gene Name Primers: Forward & Reverse 

IL1β103 forward primer - 5‘-CACCTCTCAAGCAGAGCACAG-3‘ 

reverse primer  - 5'- GGGTTCCATGGTGAAGTCAAC -3‘  

IL6104 forward primer - 5'-GCCCTTCAGGAACAGCTATGA-3‘ 

reverse primer  - 5'-TGTCAACAACATCAGTCCCAAGA-3‘ 

IL10 forward primer - 5’-GTTGCCAAGCCTTGTCAGAAA-3’ 

reverse primer - 5’- TTTCTGGGCCATGGTTCTCT-3’ 

IL17a forward primer - 5‘-ATCCATGTGCCTGATGCTGTT-3‘ 

reverse primer  - 5'- AAGTTATTGGCCTCGGCGTT-3‘ 

IFNγ forward primer- 5’-CACGCCGCGTCTTGGT-3’ 

reverse primer- 5’-TCTAGGCTTTCAATGAGTGTGCC-3’ 

TNFα103 forward primer - 5‘-CCAGGAGAAAGTCAGCCTCCT-3‘ 

reverse primer  - 5'- TCATACCAGGGCTTGAGCTCA -3‘ 

CD80105 Forward primer - 5′-TGGTGCTGGCTGGTCTTTC-3’  

reverse primer - 5′-CTGTGCCACTTCTTTCACTTCC-3’ 

CDC73 forward primer - 5‘-GGGAAGCATCAACATCAGCA-3‘ 

reverse primer  - 5'- ATCAAGGCGCACACACTCTT-3‘ 

GCH1 forward primer - 5‘-TGGGAAGGGTCCATATTGGTT-3‘ 

reverse primer  - 5'- GCCACTGCAATCTGTTTGGT-3‘ 

GULP1 forward primer  - 5'- CGACCGCATCCCTCTACAAA-3‘ 

reverse primer  - 5'- CCATGTTTTGTCTTTCTTCCTGCT-3‘ 

 

 

3.14 Literature Search 

 All papers published in the year 2017 between January and July in the American 

Journal of Physiology-Renal Physiology, which publishes “information on kidney and 
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urinary tract physiology, epithelial cell biology, and control of body fluid volume and 

composition” (http://ajprenal.physiology.org), were reviewed as previously described 2. 

Articles that reported data in animals were stratified based on the sex of the animals 

studied. In addition to reviewing the methods, figure and table legends for each article, 

the entire article was electronically searched for the terms: male, man, men, female, 

woman, women, sex, and gender. Similar searched were performed for papers published 

in the year 2017 between January and July in two other prominent journals, Kidney 

International and the Journal of the American Society of Nephrology, which also publish 

key findings in renal physiology and pathophysiology. In another search, all papers 

published in Hypertension in 2007 and 2017 between the months of January and July 

were reviewed as described above. Data were collected and analyzed for trends.  

 A systematic literature search on Ovid MEDLINE was conducted through April 

2018 using keywords including T cell(s) OR T-cell(s) OR T lymphocyte(s) AND HT OR 

hypertensive OR BP OR arterial pressure AND rat(s) AND CD4(+) AND CD8(+). We 

found 20 reports. Twelve of these 20 reports were relevant to our search; the remaining 

articles either did not study HT or did not report the effect of CD4 or CD8 T cell numbers 

and/or frequencies. 

   

3.15 Statistical Analyses 

 Prism 7.0 (GraphPad Software Inc; La Jolla, CA) was used to analyze all data. 

Two-way analysis of variance (ANOVA) followed by Sidak’s or Tukey’s multiple 

comparison analysis was used as post hoc text to analyze  
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1. differences in the effects of treatments between rat groups (OVX vs SHAM)  

2. the effect strain of the animal model (SS vs SR) 

3. the effect of age in between rat groups and  

4. the effect of year of publication on the sex of the animal model used in research 

  Unpaired parametric t test was used to analyze differences between groups. 

Paired t test was used to analyze chronic MAP, BW, food and water intake data. All data 

are expressed as scatter plots showing the mean ± SEM unless otherwise described. The 

significance threshold was defined as 0.05. 
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CHAPTER 4. RESULTS 

4.1 Why Study a Female Model of Disease? 

The ultimate goal of scientific research is to gather knowledge about nature that 

allows us to enhance healthy living, prevent/reduce illness and disability. In order to 

achieve this goal basic science researchers take advantage of animal models to model 

human diseases in an effort to learn about molecular pathways involved in disease 

mechanism which can be later targeted for therapy. However, there has been a male bias 

in the scientific community and female models of diseases have been grossly 

underrepresented in scientific research.  Not including female models of diseases and not 

reporting findings stratified by sex has contributed to lack of reproducibility106. Few 

investigators study HT pathophysiology in female even though High BP afflicts both men 

and women. A review of paper published in 2017 at top journals such as American Journal 

of Physiology – Renal Physiology, Kidney International and the Journal of the American 

Society of Nephrology showed that the male: female ratios for the sex of the animal model 

in research ranges from 5:1 (M:F) to 16:1 (Figure. 8).  

The National Institutes of Health (NIH) recognized this gap in research practice 

and in 2016 it mandated all grant applicants to consider sex as a biological variable. I also 

reviewed papers published in the year s2007 and 2017 in the journal Hypertension 

(supported by American Heart Association) that publishes research pertaining to BP 

regulation, HT pathophysiology, prevention and treatment strategies. In 10 years the 

frequency of papers that publish research in females models have doubled from 7 to 

~14% (Figure. 9 inset); however, the male bias is still huge with >60% of papers reporting 

data in only male animal models. Realizing the possible scientific and therapeutic 
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discoveries that may arise from studies female gender, I decided to focus my thesis 

research on a female rat model of HT.  

Figure 8. Literature review reveals marked male bias in choice of animal model 
system. 

The number of articles published monthly between January-July 2017 in A) the American Journal 
of Physiology-Renal Physiology (Am J Physiol Renal Physiol) B) Kidney International (Kidney Int), 
and C) the Journal of the American Society of Nephrology (J Am Soc Nephrol) as a function of 
the sex of the animals studied in the published papers.  Data are represented as mean ± SEM.  
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Figure 9. Sex of animal models that were part of the research published in the 
journal Hypertension. 

Shown are the number of animal studies and percentage of articles that use animal models (inset) 
published per month ± SEM between January and July in 2007 and in 2017 in the journal 
Hypertension that cited the use of both sexes and those that solely reported data in one sex. 
Articles that did not specify the sex of the animals studied is also included. *p < 0.05 vs 2007; 
two-way ANOVA (time, sex studied) followed by Sidak’s multiple comparison test. 

4.2 Do Certain T cell Genes Regulate Ovariectomy Induced Hypertension in the 

Salt-Sensitive Female Rats? 

 The next thing I did when I started working on this project was to screen through 

the microarray analysis to look for genes that may be of significance in the ovariectomy 

induced HT model. To discover novel genes involved in immune regulation of HT due to 

ovarian hormone loss, a microarray study was conducted on T cell genes from the spleen 

(major source of T cells in the body) of SHAM and OVX treated SS and SR rats. 
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Differentially expressed genes were represented in a Venn diagram to depict effect of 

ovariectomy or strain in the T cell gene expression (Figure 6).  About 3000 genes were 

differentially expressed between the OVX SS and SR rats. Similarly about 2400 genes 

were differentially expressed between SHAM controls SS and SR rats. About 840 and 

1000 genes were different between OVX and SHAM SS and SR rats, respectively. The 

microarray analysis showed that from these genes163 were differently expressed only 

between the hypertensive and normotensive rats (Figure 6).  Of these 163 genes, ~30 

genes had >3 fold increase in expression. Of these 30 genes, the two genes, GCH1 and 

GULP1 were of particular interest because- first, these two genes were expressed at-

least 3 folds higher in the hypertensive rats as compared to the normotensive animals. 

Second, their known physiological functions are associated with the immune system and 

BP maintenance. The GCH1 gene product and associated proteins are involved in nitric 

oxide (a vasodilator) production and are also thought to modulate T cell activation. GCH1 

gene products act as cofactors in the production of neurotransmitters including dopamine 

and serotonin, which control physical movements, mood, appetite, emotion and sleep. 

The other gene, GULP1’s, gene products are involved in apoptotic processes, which are 

critical for inflammation clearance. The high expression levels of GULP1 indicates the 

presence of high inflammation in the hypertensive animal. Thus, increased expression of 

these genes indicates that these play a role in the HT induced by ovarian hormone loss 

either as a cause or consequence. To see if these genes were differentially regulated by 

ovariectomy, I conducted quantitative polymerase chain reaction (qPCR) assays on T-

cells from these animals and found that the expression of both GCH1 and GULP1 were 

doubled in quantity in the hypertensive animals compared to the normotensive rats 
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(Figure. 10). So, I found that the GCH1 and GULP1 genes were differentially regulated 

by ovariectomy in the SS but not in the SR rat.  

Figure 10. Ovariectomy upregulates mRNA expression of GCH1 and GULP1 only in 
SS rats. 

Shown are bar graphs comparing mRNA expression of [A] GTP Cyclohydrolase 1 (GCH1) and 
[B] Engulfment Adaptor PTB Domain Containing 1 (GULP1) in OVX and SHAM treated SS and 
SR rats; * p<0.05 vs SHAM controls; # p<0.05 vs SR rats; n=6-7/group. 

Some other genes that were highlighted in the microarray analysis and were tested by 

qPCR included IL10, IL6, IL17a, IL1β, CDC73, IFNγ, CRP and CD80 (Figure. 11). 

Although certain gene expressions suggested trends associated with ovariectomy 
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induced HT or ovariectomy induced increased BW gain, these were not significant 

because of high variability in the expression data. 

Figure 11. Other genes suggested to be affected by ovariectomy in the microarray 
analysis were found to be non-significant trends by the qPCR assay. 

Shown are bar graphs comparing mRNA expression of [A] CRP, [B] IFNγ, [C] IL10, [D] IL6, [E] 
IL1β, [F] IL17a, [G] CD80 and [H] CDC73 between the OVX and SHAM treated SS and SR rats; 
n=6-7/group. 



45 
 

4.3 Does Ovariectomy Affect Body Weight in the Salt-Sensitive And Salt-

Resistant Rats? 

Although the microarray suggested several genes that could be associated with 

ovariectomy induced HT, while screening and confirming the gene expression pattern by 

qPCR I wanted to confirm our model of ovariectomy induced HT in the female SS rat still 

holds true. I investigated effects of ovariectomy and age on SS and SR female rats 

purchased from Hsd (now ENV) during 2015-2017 and maintained on a low salt diet since 

weaning. This was important specially because recent studies on the ENV SS rats have 

reported BPs on a low salt diet, which were markedly higher than previously observed107, 

108.  

The loss in ovarian hormones after ovariectomy causes sizeable reductions in rat 

uterus wet weights due to the loss of estrogen109, 110. Therefore, I measured uterine wet 

weights to confirm that surgical removal of the ovaries was complete. In all of the OVX 

rats, there was more than a 50% reduction in uterine wet weight compared to SHAM 

controls (Tables 3 & 4). Uterine atrophy was greater in SR (70% reduction) compared to 

SS (50-60% reduction) rats. In contrast, ovariectomy had no effect on other tissue weights 

including the heart and kidneys when normalized to BW (Table 3). 

Ovariectomy increased the BW in the SR rats by 27%. In comparison, although 

there was a tendency for the SS-OVX rats to be heavier than the SS-SHAM rats, this 

tendency did not reach statistical significance (Tables 3 & 4). Regardless of the gonadal 

status, the SS were 7-14% heavier than SR rats in all age groups (Table 4). 
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Table 3. Body weight (BW) along with total and 100g normalized tissue weights of 
ENV’s SHAM and OVX treated SS and SR rats at 10 months. 

Measurement 
SR-SHAM 

(n=7) 

SR-OVX 

(n=6) 

SS-SHAM 

(n=7) 

SS-OVX 

(n=5) 

Age at Ovariectomy 

(months) 
1.5 1.5 1.5 1.5 

Age at Euthanasia (months) 10 10 10 10 

Initial BW (g) 149 ± 5 136 ± 5 161 ± 5 158 ± 3 # 

Final BW (g) 275 ± 5 351 ± 19 * 322 ± 8 # 337 ± 8 

Left Kidney (g) 0.8 ± 0.02 0.8 ± 0.01  1 ± 0.01 1 ± 0.07 * 

Left Kidney (g) normalized 

to 100(g) BW 
0.3 ± 0.007 

0.31 ± 0.007 

* 
0.3 ± 0.005 0.3 ± 0.03 

Right Kidney (g) 0.8 ± 0.03 0.9 ± 0.01  1 ± 0.01 1 ± 0.07 * 

Right Kidney (g) normalized 

to 100(g) BW 
0.3 ± 0.008 0.3 ± 0.01 * 0.3 ± 0.007 0.3 ± 0.06  

Heart (g) 0.8 ± 0.02 0.9 ± 0.03  1 ± 0.03 1 ± 0.06  

Heart (g) normalized to 

100(g) BW 
0.3 ± 0.008 0.3 ± 0.01 * 0.3 ± 0.007 0.3 ± 0.03  

Uterus (g) 0.6 ± 0.02 0.2 ± 0.07 * 0.6 ± 0.04 0.4 ± 0.03 * 

Uterus (g) normalized to 

100(g) BW 
0.2 ± 0.01 0.06 ± 0.03 * 0.2 ± 0.02 

0.1 ± 0.008 

* 

 

Data showed as mean ± SEM. Two way ANOVA and Sidak’s post hoc analysis applied to 
compare groups; # p< 0.05 vs SR in same ovarian treatment; * p<0.05 vs SHAM in same strain. 
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Table 4. Body Weights and Tissue Weights in SHAM and OVX 1 mo & 8 mo SS and 
SR female rats. 

Measurement 
SS 

(n=13) 

SR-SHAM 

(n=3) 

SR-OVX 

(n=2) 

SS-SHAM 

(n=3) 

SS-OVX 

(n=4) 

Age at Ovariectomy 

(months) 
- 3 3 3 3 

Age at Euthanasia 

(months) 
1 8 8 8 8 

Initial BW (g) - 229 ± 3 221 ± 4 261 ± 6 # 261 ± 4 # 

Final BW (g) 125 ± 4  275 ± 7 308 ± 9 315 ± 13 #   361 ± 7 # * 

Left Kidney (g) 0.5 ± 0.02 0.9 ± 0.04 0.8 ± 0.04 1 ± 0.05  1 ± 0.06 # 

Left Kidney (g) 

normalized to 

100(g) BW 

0.4 ± 0.01  0.3 ± 0.01 0.3 ± 0.01 * 0.3 ± 0.01  0.3 ± 0.02  

Right Kidney (g) 0.6 ± 0.01  0.8 ± 0.02 0.8 ± 0.03 1 ± 0.04 # 1 ± 0.07  

Right Kidney (g) 

normalized to 

100(g) BW 

0.5 ± 0.01 
0.3 ± 

0.002 
0.3 ± 0.008 0.3 ± 0.02  0.3 ± 0.02  

Heart (g) 0.5 ± 0.01  0.8 ± 0.03 0.8 ± 0.02 1 ± 0.03 # 2 ± 0.05 # 

Heart (g) 

normalized to 

100(g) BW 

0.5 ± 0.01  
0.3 ± 

0.005 
0.3 ± 0.004 

0.5 ± 0.009 

# 

0.4 ± 0.01 

# 
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Uterus (g) - 0.5 ± 0.09 0.2 ± 0.02 * 0.6 ± 0.08  
0.3 ± 0.07 

* 

Uterus (g) 

normalized to 

100(g) BW 

- 0.2 ± 0.03 
0.06 ± 0.007 

* 
0.2 ± 0.03  

0.08 ± 

0.02 *  

  

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown are body and 
tissue weights of 1 mo & 8 mo SS and SR female rats after OVX or SHAM surgeries were 
conducted at 3 mo.  The data in are expressed as mean ± SEM; # p<0.05 vs SR, same gonadal 
status; *p<0.05 vs SHAM, same strain; two-way ANOVA and Sidak's post hoc analysis (gonadal 
status & strain or age & strain). 

4.4 Does Ovariectomy at Three Months Affect Mean Arterial Pressure and Heart 

Rate in Salt-Sensitive and Salt-Resistant Rats? 

Removing the ovaries of sexually mature young adult (3 mo) SR rats had no effect 

on the MAP of these rats from 4 mo to 7 mo (Figure. 12 A). After maintenance on a low 

sodium diet for 7 mo, the MAP of SR-SHAM was 96 ± 4 mmHg while SR-OVX was 99 ± 

3 mmHg. Although the MAP was more than 84 mmHg higher in the SS-SHAM compared 

to SR-SHAM, ovariectomy at 3 mo had no impact on MAP in SS from 4 mo to 7 mo. At 7 

mo, the MAP of SS-SHAM was 180 ± 5 mmHg while the MAP in SS-OVX was 

indistinguishable.  

Ovariectomy on sexually mature young adult (3 mo) SR rats had no effect on the 

HR of SS from 3 mo to 7 mo while maintained on a low sodium diet since weaning (Figure. 

12 B). In contrast, ovariectomy lowered HR in the SR group. Although the HR was more 

than 80 beats/min higher in the SS-SHAM compared to SR-SHAM, ovariectomy at 3 mo 
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had no impact on HR in either the SR or SS at 7 mo. The HR of SS-SHAM was 426 ± 8 

beats/min while SS-OVX was 421 ± 7 beats/min.  

Figure 12. Mean Arterial Pressure (MAP) and Heart Rate (HR) in SHAM and OVX SR 
and SS rats from 4 mo to 7 mo. 

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown is the MAP (A) & 
HR (B) measured by radio telemetry in SS and SR female rats after OVX or SHAM surgeries 
were conducted at 3 mo. The data in SR-SHAM (n=3), SR-OVX (n=2), SS-SHAM (n=3), SS-OVX 
(n=4) are expressed as the mean ± SEM; * p = non-significant vs SHAM, same strain; # p<0.0001 
vs. SR, same gonadal status, by Tukey’s multiple comparison in two-way ANOVA (gonadal status 
or strain & age). 
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4.5 Does Early Ovariectomy at Six Weeks Affect Mean Arterial Pressure and 

Heart Rate in Salt-Sensitive and Salt-Resistant Rats? 

To further explore the effect of ovariectomy on MAP and HR, ovariectomies were 

conducted on juvenile (6 weeks (wks) old; 1.5 mo) sexually immature SS rats and MAP 

was measured terminally when they reached 10 mo. Ovariectomy had no effect on MAP 

in either the SR or SS rats (Figure. 13 A). After 10 mo on a LS diet, the MAP of SR-

SHAM was 102 ± 3 mmHg while SR-OVX was 114 ± 1 mmHg. Although the MAP was 

more than 75 mmHg higher in the SS-SHAM compared to SR-SHAM, ovariectomy at 6 

wks had no impact on MAP in SS at 10 mo; the MAP of SS-SHAM was 177 ± 6 mmHg 

while SS-OVX was 190 ± 12 mmHg. 

Ovariectomy on juvenile SR rats also had little effect on the HR of these rats 

(Figure. 13 B). At 10 mo, the HR of SR-SHAM was 335 ± 17 beats/min while SR-OVX 

was beats/min. Although the HR was 63 beats/min higher in the SS-SHAM compared to 

SR-SHAM, ovariectomy at 6 wks had no impact on HR in SS at 10 mo; the HR of SS-

SHAM was 398 ± 13 beats/min while SS-OVX was 413 ± 15 beats/min. 
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Figure 13. MAP and HR in SHAM and OVX 10 mo SS and SR female rats. 

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown are terminal MAP 
(A) & HR (B) measurements in SS and SR female rats after OVX or SHAM surgeries were 
conducted at 6 wks of age. The data in SR-SHAM (n=7), SR-OVX (n=6), SS-SHAM (n=7), SS-
OVX (n=5) are expressed as the mean ± SEM; # p<0.001 vs. SR, same gonadal status; two-way 
ANOVA (gonadal status & strain). 
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4.6 Does Early Ovariectomy Affect Survival in Salt-Sensitive and Resistant 

Rats? 

All of the SR-SHAM and SR-OVX rats lived up to 10 mo (Figure. 14). In contrast, 

the SS-SHAM and SS-OVX rats had worse survival rates of 89% and 62% respectively; 

there was one death in the SS-SHAM cohort and 3 deaths in the SS-OVX group. 

Figure 14. Survival curves in SHAM and OVX SS and SR female rats. 

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown are survival curves 
of SS and SR female rats after OVX or SHAM surgeries were conducted at 6 wks of age. The 
data in SR-SHAM (n=7), SR-OVX (n=6), SS-SHAM (n=7), SS-OVX (n=5) are expressed as 
percentage of survival. 

4.7 Does Ovariectomy or Aging Affect the Sleep Cycle in Salt-Sensitive and Salt-

Resistant Rats? 

Arterial pressure, like many physiological functions, exhibit circadian rhythm due 

to which healthy individuals experience a 10-20% drop in their BP when they sleep. 
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Individuals who do not show such ‘BP dipping’ pattern are called non-dippers and they 

are at higher risk to kidney disease and adverse CVD111. In order to see the dipping 

pattern of ENV’s female SS and SR rats I plotted continuous 48 hours of MAP recording 

and calculated the % dip in MAP between day (dormant phase) and night (active phase 

for rats) for 1 mo SS, 4, and 7 mo SS and SR rats. I observed that at 1 mo, the female 

SS rats were normotensive with a MAP of 104 ± 1 mmHg and HR of 492 ± 7 beats/min. 

The MAP was 7 mmHg higher during the active phase compared to the dormant phase 

(Figure. 15 A). In contrast, by 4 mo, the female SS rats were hypertensive and there was 

no significant drop in MAP between the active and dormant phase in the SHAM SS rats. 

The OVX treated rats however had statistically significantly lower MAP during the dormant 

phase compared to the active (Figure. 15 B). At 7 mo both SS-OVX and SS-SHAM rats 

had lower MAPs in the dormant phase (Figure. 15 C). Although the SS rats had 

significantly different MAP in the dormant phase the drop in MAP wasn’t more than 10% 

(1 mo SS rats were <7%, 4 and 7 mo SS rats were < 4%) so by definition they were still 

considered no-dippers.  

 The SR rats on the other hand were strict non-dippers even though they were 

normotensive with MAP ~100 mmHg. At both 4 and 7 mo the difference between the 

dormant and active phase MAP was merely 3 or 4 mmHg MAP (Figure. 15 E & F). In fact 

the continuous data clearly shows that SS rats with or without ovarian hormones still have 

a wave like pattern of BP cycle (Figure. 16 A) however SR rats have completely straight 

MAP curve (Figure. 16 B). This suggest that the normotensive SR rats are non-dippers 

and may have s risk to certain kidney or cardiac problems.  
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Figure 15. MAP during the active and dormant phases in SS and SR female rats as 
a function of age. 

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown is average MAP 
in the dormant and active phase in 1 mo (A), 4 mo (B), 7 mo (C) female SS rats, 4 mo (D) and 7 
mo (E) female SS rats that have been SHAM or OVX treated; $ p<0.0001 vs. dormant phase. 
Data are expressed as the mean ± SEM. 
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Figure 16. Continuous MAP recording for 48 hours in 4 and 7 mo SS and SR rats.  

3 mo OVX and SHAM treated SS and SR rats, which were maintained on low sodium diet, were 
implanted with radio transmitters and MAP was recorder from 4 to 7 mo continuously. Here, a 
snippet of continuous MAP recording for 48 hours is shown for (A) 4mo and (B) 7 mo OVX and 
SHAM SS and SR rats. Data are expressed as the mean ± SEM. 
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4.8 Does Ovariectomy or Aging Affect Glomerular Injury in Salt-Sensitive and 

Salt-Resistant Rats? 

Kidney injury is a comorbidity that is highly associated with severe HT. In order to 

see if the kidney injury phenotype has also changed along with the BP phenotype in these 

female ENV SS rats I performed pathological analysis on the kidneys of 4 mo and 8 mo 

female SS and SR rats. Female hypertensive SS rats at 4 mo exhibited more glomerular 

damage compared to the normotensive SR rats (Figure. 17 A & C, Table 5); however, 

the amount of overall renal tubular damage observed was exceptionally mild with only 

minor focal tubule-interstitial fibrosis observed in the SS rats. By 8 mo, the SS rats 

exhibited more glomerular injury compared to 4 mo old age SS rats or the age matched 

SR rats (Figure. 17 B & C, Table 5); however, the amount of overall renal tubular damage 

was moderate with some focal tubule-interstitial fibrosis in 8 mo SS (Figure. 17 B, Table 

5). All SS rats had a higher number of casts around their renal tubules whereas none 

were observed in the SR rats.  The number of casts were counted without considering 

the area of casts; consequentially number of casts were not compared between 4 mo and 

8 mo SS rats. Renal sections of OVX treated 8 mo SS rats were visually analyzed but not 

quantified. Based on visual examination the mild glomerular and tubular injury observed 

was very similar to that seen in SHAM controls. 
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Figure 17. Renal pathology in 4 mo 8 mo SS and SR rats. 
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After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown are representative 
images of renal pathology (A & B) and quantification of glomerular injury (C) in the transverse 
sections of right kidneys from 4 mo (A) and 8 mo (B) female SS and SR rats. Images were taken 
at 4x and 20x magnification of glomeruli and interstitial tubular space. The data in 4 mo SR (n=8) 
& SR (n=7), and in 8 mo SS (n=7) & SS (n=6) are expressed as mean ± SEM; # p<0.0001 vs. 
SR, same age; ‡ p<0.006 vs. 4 mo, same strain; two-way ANOVA and Sidak's post hoc analysis 
(strain & age). 

Table 5. Renal Histology in 4 mo & 8 mo SS and SR female rats. 

Injury Grade 0 1+ 2+ 3+ 4+ Tubular 

injury 

Number 

of casts 

4 mo SR 101 ± 2 1 ± 0.3 0 ± 0 0 ± 0 0 ± 0 None 0 ± 0 

4 mo SS 88 ± 5 7 ± 1 

# 

0.1 ± 0.1 

# 

0.1 ± 0.1 0.8 ± 0.3 

# 

Mild 9 ± 1 

# 

8 mo SR 98 ± 1 4 ± 1 0 ± 0 0 ± 0 0 ± 0 Minimal 0 ± 0 

8 mo SS 92 ± 8 7 ± 1 

 

1 ± 0.6 

# ‡ 

0.7 ± 0.7 2 ± 0.7 

# ‡ 

Mild 6 ± 0.3 

# 

  
After weaning, all rats were maintained on a low sodium (<0.13%) diet. Data are expressed using 
a 0 - 4 + glomerular injury scale: 0, no damage; 1+, focal damage involving < 25% of the 
glomerulus; 2+, focal damage, between 25-50% of the glomerulus; 3+, widespread damage 
involving 50-75% of the glomerulus; 4+, widespread damage involving 75-100% of the glomerulus 
and includes obsolescent glomeruli. Description of tubular injury and the number of casts are also 
tabulated. Area of casts were not taken into consideration because number of casts were not 
statistically compared. # p<0.05 vs SR, same age group; ‡ p<0.05 vs. 4 mo, same strain; two-
way ANOVA (age & strain). 

 

4.9 Are T cells associated with the Accelerated Hypertension that 

Spontaneously Develops in Female Salt-Sensitive Rats? 

With these new phenotypic observations in MAP and renal injury I wanted to see 

if ovariectomy affects the frequencies of T cells in the female SS and SR rats. As a pilot 
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experiment I only looked at T cells in spleen. I chose the powerful technique of multicolor 

flow cytometry that allows me to specifically study T cells with quantification capabilities 

and to designing a panel that allows studying several T cell markers at a time. Surface 

antibodies such as CD3, CD4, and CD8 along with intracellular antibodies such as IL17a 

and TNFα were used to stain splenocytes from SS and SR rats that were OVX and SHAM 

treated at 1.5 mo and euthanized at 10 mo. Flow cytometry analysis revealed that 

hypertensive SS rats had markedly lower percentage of CD8+ T cells as compared to SR 

rats (Figure. 18 C). No significant differences were observed between frequencies of 

splenic CD3+ and CD4+ T cells of SS and SR rats (Figure. 18 A & B). This distinct pattern 

cytotoxic CD8+ T cells results in a greater than 2-fold higher CD4/CD8 ratio in SS 

compared to SR rat spleen (Figure. 18 D). Furthermore ovariectomy did not change the 

frequency of any of the CD3, CD4 or CD8 T cells in the spleen (Figure. 18). 

Further conversation with our collaborator Dr. Shannon Dunn from University of 

Toronto revealed that the flow cytometric analysis for rats would need further optimization 

in order to deliver rigorous and reproducible results. Even though the surface stained 

antibodies fairly worked; however, in the absence of proper compensation, controls and 

gating strategies analysis of intracellular stained antibodies was impossible. The 

challenge was that flow cytometry has been well studied for mice models, but standard 

operating procedures for flow cytometry in rats have not been well established. My next 

step in my research was to optimize and established flow cytometry techniques in my 

chosen animal model. 
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Figure 18. Frequencies of CD4+ and CD8+ T cells in 10 mo SS and SR rats. 

Shown are frequencies of CD3+ (A),  CD4+ (B), CD8+ T cells (C) and CD4/CD8 ratio (D) in the 
sleeps of OVX and SHAM treated SS and SR female rats obtained from ENV and maintained at 
a low sodium diet. The data are expressed as the mean ± SEM; # p < 0.05 SR; n=5-8/ group. 

Furthermore, I decided to dedicate my dissertation research in studying the role of 

T cells that are associated with the spontaneous HT that we observe in young 4 mo 

female SS rats.  As MAP did not change post-ovariectomy in these rats and neither did it 

modify the frequency of T cells, in order to make better use of the animal lives involved in 

the experiment I decided not to follow the ovariectomy story any further. 
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4.10 Are Multicolor Flow Cytometry Standard Operating Procedures Established 

for Female Rats? 

Physiologists investigating mechanisms of T cell modulation of BP (BP) are 

particularly interested in studying T cells in rats, since rat models of HT and associated 

disease have been widely studied and are well characterized 47, 112, 113. In contrast, 

immunologists predominantly study T cells in mice because of the abundant availability 

and variety of transgenic mice with phenotypic mutations in immune cell function. As a 

result, the powerful technique of multicolor flow cytometry for analyzing T cell populations 

is well worked out for mouse T cells but not for rat T cells. By optimization I was able to 

establish critical flow cytometry ground rules that physiologists need to follow to ensure 

rigor and reproducibility when investigating the role of T cells in rat models of HT and 

associated disease. 

 

4.10.1 Antibody Availability and Validation 

The availability of flow cytometry antibody panels in rats is far more limited than 

found for mice and humans. A search conducted on March 7, 2018 of flow cytometry 

antibodies to the T cell marker CD3 using the Biocompare antibody search tool 

(https://www.biocompare.com/Antibodies/; San Francisco, CA) returned 1,778 anti-

mouse antibodies sold by 47 commercial vendors and 2,757 anti-human antibodies sold 

by 58 suppliers whereas only 431 anti-rat antibodies through 29 vendors were currently 

available. 

https://www.biocompare.com/Antibodies/
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A major challenge to physiologists investigating the rat immune system is the lack 

of antibody validation. Most rat antibody vendors will provide proof of staining and 

recommend a specific antibody dilution; however, it is imperative to titrate antibodies 

before use. Serial dilutions of the rat anti-CD3 antibody (Clone REA223, #130-102-677; 

Miltenyi Biotec Inc.; Auburn, CA) showed the 1:40 dilution (75 ng/100 µl) provided the 

same level of detection in 106 rat splenocytes as the manufacturer recommended 1:10 

dilution, whereas further dilution to 1:80 resulted in a 32% lower signal. Using less 

antibody not only saves cost, it also reduces the risk of non-specific binding. Thus, titration 

is one of the first steps in antibody validation studies. 

Validation of antibodies in mice is facilitated by the myriad of T cell mutant mice, 

which can be used as non-specific controls to demonstrate antibody specificity. A few 

commercially available anti-rat CD3 antibodies were validated in PBMC and spleen using 

Rag1-/- rats, which lack mature T and B cells, as a negative control (Table 6). The Rag1-

/- rat is one of the few commercially available knockout rats that have phenotypic 

impairments in T cell populations. This paucity of knockout rats is a major contributor to 

why antibody specificity and cross-reactivity are not reported for most anti-rat antibodies. 
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Table 6. Representative list of anti-rat CD3 antibodies that are validated for 
specificity in wildtype and T cell null rats 

Anti-rat 

antibody 

Clone Supplier Catalog 

number 

Tissues 

stained 

% of T cells in 

Wildtype 

rats 

T cell null 

rats 

CD3 / CD4 114 IF4 / 

W3/25 

BioRad DC041 PBMC 60% 5% 

CD3 Complex; 

T3 115 

G4.18 BD 

Pharmingen 

554832 Spleen 32% 23% 

CD3 / CD45RA 

/ CD161a 116 

1F4 : 

OX-33 

: 10/78 

Beckman 

Coulter 

A32910 PBMC 45% 10% 

 

Given the limitations in rat antibody availability and specific T cell knockout rats, 

physiologists studying the immune system in rats often resort to using anti-mouse 

antibodies, especially when designing multicolor panels for flow cytometry. For this 

purpose, it is critical to show that each antibody is specific for the protein of interest 102. 

Specificity of intracellular antibodies (e.g. antibodies towards cytokines) can be shown via 

in vitro expansion and flow cytometry studies. After the cells are differentiated to a specific 

lineage, the antibody is tested to determine if it recognizes the protein of interest in 

polarized cells. Figure 19 shows an example of a mouse IL17a antibody recognizing 

polarized rat T helper (Th) 17 cells that I established, however the in vitro studies still 

need to be further optimized.  
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Figure 19. Gating strategy example for intracellular staining of IL17a. 

Shown are representative flow cytometry images of specificity testing for anti-rat IL17a 
intracellular antibody. Rat splenocytes and lymph node cells were cultured in vitro for 3 days under 
conditions that expand Th17 (T helper cells that produce IL17) cells. Flow cytometric analysis was 
performed by first gating on lymphocytes in the granularity (side scatter) vs area (forward scatter) 
plot (A), followed by gating on single cells (B), followed by gating on CD3+ cells in histogram (C), 
from which CD4+ and CD8+ stained cells were selected (D). Positive anti-IL17a staining (E) was 
confirmed by comparing to fluorescence minus one (Fmo) control (F) cells lacking the IL17a 
antibody. 

4.10.2 Gating 

Compensation is vital when performing multicolor flow cytometry to avoid false 

readings. The emission spectrum of fluorescent dyes cover wide ranges which can cause 

spillover of one color into the other channel. To minimize emission spectra overlap, right 

voltage adjustments need to be made for fluorescence channels using cells or 

compensation beads stained with individual antibodies 117. I have found in the Sandberg 
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laboratory that OneComp eBeadsTM, (# 01-1111-42; Thermo Fisher Scientific; Waltham, 

MA) are compatible with the FACSDIVA™ software (BD Biosciences; San Jose, CA) 

compensation, especially for rat proteins that are not abundant. 

Flow cytometric analysis on cultured rat cells was conducted by first selecting 

lymphocytes on a granularity (side scatter) vs area (forward scatter) (Figure. 19 A), 

followed by selecting single cells (Figure. 19 B), and then gating for CD3 (T cell marker) 

(Figure. 19 C), helper (CD4) and cytotoxic (CD8) (Figure. 19 D) T cells. CD4+ IL17a+ T 

cells (Figure. 19 E) were then positively selected based on fluorescence minus one 

(Fmo) control cells (Figure. 19 F). The Fmo control cells contain all flurochromes in the 

flow panel, except for the one that is being measured. Fmo controls were required to 

ensure accurate gating for immune-phenotyping experiments involving multiple 

antibodies. 

An important step in flow cytometric analysis is to gate for single cells, since 

including doublets or triplets can result in capturing erroneous signals resulting in blotchy 

analysis.  Cell clumps can be eliminated by plotting the forward scatter height against the 

forward scatter area. Figure. 19 B shows that clumped cells (in red) have double or more 

area as compared to single cells even though they have the same height. Excluding these 

cells results in cleaner flow cytometry analysis. 

An additional critical step is to include a marker that distinguishes live from dead 

cells (Figure. 20 A) since dead cells have leaky membranes and can non-specifically 

take up antibodies. Figure. 20 B, C, D & E shows that the CD3, CD4 and CD8 populations 

were under estimated when the live/dead distinguishing marker was not considered. This 

under estimation error caused by not removing dead cells from the flow cytometric 
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analysis could further magnify during intracellular flow cytometry as dead cells have 

permeable membranes and can non-specifically bind to antibodies. 

 

Figure 20. Distinction of live from dead cells. 

Shown are representative flow cytometry images using a marker that distinguishes between live 
and dead cells (A) in order to exclude dead cells from flow cytometry analysis. Gating on dead 
cells resulted in lower frequencies of CD3+ (45%) (B), CD4+ (78%) and CD8+ (9%) (C) T cells that 
would skew CD4:CD8 ratios (8.7) compared to gating on live cells, which resulted in higher 
frequencies of CD3+ (57%) (D), CD4+ (81%) and CD8+ (16%) (E) T cells and lower CD4:CD8 
ratios (5.1). 

 

4.11 Are the Frequencies of T cells Associated with Hypertension in Eight Month 

Old Salt-Sensitive Rats? 

In order to study the role of T cells in the HT developed spontaneously in female 

SS rats, multicolor flow cytometry was performed by incorporating compensation controls 

along with live/dead marker, Fmo controls and single cell selection. Flow cytometry 

analysis revealed that hypertensive SS rats had markedly higher frequency of CD4+ 
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(Figure. 21 B, F, & J) T cells in splenocytes (Figure. 21 A to D), lymph nodes (Figure. 

21 E to H), and PBMC (Figure. 21 I to L) as compared to normotensive SR rats. Similarly 

SS rats had strikingly lower frequency of CD8+ (Figure. 21 C, G, & K) T cells in 

splenocytes, lymph nodes, and PBMC as compared to age-matched SR rats. Frequency 

of CD3+ T cells was significantly low in SS compared to SR rats in PBMC and lymph 

nodes; splenocytes had similar frequencies of CD3+ T cells. 

This distinct pattern of CD4+ and CD8+ T cells resulted in a greater than 2-fold 

higher CD4/CD8 ratio in SS compared to SR rat tissues [(CD4/CD8) Spleen: SR 1.8 ± 

0.07 vs. SS 4.9 ± 0.1; p < 0.0001, n=8; lymph nodes: SR 2.2 ± 0.1 vs. SS 7.3 ± 0.3; p < 

0.0001, n=8; PBMC: SR 1.8 ± 0.04 vs. SS 4.9 ± 0.2; p < 0.0001, n=8]. 
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Figure 21. Frequencies of CD3+, CD4+, CD8+ T cells and CD4/CD8 in 8 mo SS and 
SR rats. 

Shown are frequencies of CD3+ T cells (A, E, & I), CD4+ T cells (B, F, & J), CD8+ T cells (C, G, & 
K) and CD4/CD8 ratio (D, H & L) expressed as percentage of cells in the spleen (A to D), lymph 
nodes (E to H), and PBMC (I to L) from SS and SR female rats at 8 months of age. The data are 
expressed as the mean ± SEM; # p < 0.05 SR; n=8/ group. 
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 Applying the optimized flow cytometry standard procedures I was able to analyze 

differences in the CD4+ T cells in the different tissues which weren’t apparent the previous 

flow cytometry experiment in the 10 mo rats which did not use the optimized protocols. I 

had also performed flow cytometry with manually disrupted kidney cells however the 

homogenization process was not adequate and that was the next step that I optimized.   

 

4.12 T Cell Isolation from Kidney of Salt-Sensitive and Salt-Resistant Rats  

T cell isolation methods for spleen, lymph nodes and PBMC are similar to methods 

used in mice. T cells are isolated from lymph nodes and spleen after mechanical 

dissociation and sequential sieving of the tissues into single cell suspensions 91. Osmotic 

shock is used to lyse red blood cells in splenocyte preparations as well as in PBMC 

isolated from heparinized abdominal aortic blood. Some tissues like the kidney require an 

additional step of enzymatic digestion followed by density gradient centrifugation. I 

optimized T cell isolation from SS rat kidneys by following the yield of CD3+ T cells. I found 

that 1.6 mg/ml collagenase type I-S (#C1639; Sigma-Aldrich; St. Louis, MO) for 40 min at 

37°C produced the best yield (Figure. 22 A, B & C). Collagenase digestion has also been 

used for C57BL6 mouse kidneys along with additional enzymatic digestion steps such as 

hyaluronidase118 or DNase119 treatments. Tissue optimization steps; however, might be 

strain specific. T cells from SHR kidneys were effectively isolated by mechanical 

disruption alone89 while I found this method produced few if any positive T cells from Dahl 

rat kidneys (Figure. 22 D, E & F).  
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Figure 22. Enzyme digestion step for kidney flow cytometry. 

Shown are representative flow cytometry images of (A, B & C) rat kidney cells processed by 
enzymatic digestion that allow positive staining and detection of CD3+ T cells (30%) and (D, E & 
F) rat kidney cells that were not digested by enzyme and have a very different area vs granularity 
(forward vs side scatter) graph and do not reveal the presence of CD3+ T cells (1.4%). 

 

Following these critical steps in flow cytometry will promote rigor, reproducibility 

and thus facilitate researchers investigating T cells in rats. Furthermore, it will enable 

physiologists to reliably compare T cell findings between laboratories in well characterized 

rat models of HT and associated disease. 
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To further investigate the role of T cells in the spontaneous HT observed in female 

SS rats (that were maintained on a 0.13% sodium diet) obtained from ENV, I applied the 

standard operating procedures to analyze T cells in different tissues including kidney.  

 

4.13 Does Age and Strain Affect the Frequencies of Helper, Cytotoxic and 

regulatory (Tregs) T cells in the Kidney of Female Salt-Sensitive and Salt-

Resistant Rats 

To further investigate the striking differences seen in the frequencies of T cells 

between the 8 mo SS and SR rats, I performed flow cytometry analyses on kidneys of 1 

mo juvenile and 4 mo ‘adult’ SS and SR rats. No strain differences were observed in the 

frequencies of CD3+ renal T cells; however, frequency of CD3+ T cells increased with age 

(Figure. 23 A). Similarly the number of CD3+ T cells were same in the SS and SR strains 

at both age groups; however, with age the number of CD3+ T cells increased in both 

strains [CD3+ T cells (# of kidney lymphocytes): 1 mo SR 22350 ± 2708, n=7; 1 mo SS 

13919 ± 2815, n=8; 4 mo SR 104721 ± 24163, n=8; $;  4 mo SS 124606 ± 27130, n=7; 

$; significant effect of age but not strain; $ p < 0.05 vs 1 mo same strain].  

CD11b/c was used as a marker to detect pan Antigen presenting cells (APC) 

including dendritic cells and macrophages. No significant strain differences were 

observed in the frequency of CD11b/c+ APC cells in the 4 mo ‘adult’ SS compared to SR 

rats [CD11b/c+ (% of kidney lymphocytes): SR 0.42 ± 0.06, n=8; SS 0.41 ± 0.05, n=7; 

p=0.9]. CD11b/c+ APC were under detection limits in the 1 mo juvenile kidneys.  
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As seen in the circulation and lymphoid tissues of the 8 mo rats (Figure. 18 B & 

C), the frequencies of CD4+ T cells in renal lymphocytes was markedly higher in the SS 

compared to the SR female rats in both age groups while the frequencies of CD8+ T cells 

was significantly lower in SS compared to SR animals regardless of age (Figure. 23 B & 

C). Moreover, percentage of CD4+ T cells increased with age and that of CD8+ T cells 

decreased with age, in each strain. Subsequently, the CD4/CD8 ratio was higher in the 

SS rats in both age groups; however, the ratio was considerably higher in the 

hypertensive 4 mo SS rat and was more than 2-fold higher than the normotensive 1 mo 

SS rat (Figure. 23 D). 

Three markers of regulatory T cells (CD4+ CD25+, CD4+ FoxP3+, and CD4+ CD25+ 

FoxP3+) were applied to analyze their frequencies in 1 and 4 mo rats. FoxP3 is the master 

regulator transcription factor of Tregs and CD25+, apart from being a Treg marker has 

oftentimes also been referred to as marker of suppressor 120 or activated 121 T cells. 

Frequencies of CD4+ CD25+ T cells were higher in SS rats compared to SR rats in both 

age groups and adult rats had greater percentage of CD4+ CD25+ T cells in each strain 

(Figure. 23 E). There were no effect of strain or age on the frequencies of CD4+ FoxP3+ 

Tregs between female SS and SR rats in either age group (Figure. 23 F). For Tregs that 

co-express CD25 and FoxP3, the adult hypertensive 4 mo SS rats had significantly higher 

frequency of CD4+ CD25+ FoxP3+ T cells compared to normotensive 4 mo SR, although 

no strain differences were observed in normotensive juvenile rats in (Figure. 23 G). In 

addition, aging had a significant effect in SS but not SR rats; higher frequency of CD4+ 

CD25+ FoxP3+ T cells were observed only in adult SS rats compared to juveniles and not 

in SR rats. 
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Figure 23. Frequencies of Helper, Cytotoxic T cells and Tregs in kidney of 1 mo and 
4 mo SS and SR rats. 

Shown are frequencies of CD3+ cells (T cells) (A), CD4+ T cells (B), CD8+ T cells (C), CD4+/CD8+ 
ratio (D), CD4+ CD25+ T cells (E),  CD4+ FoxP3+ T cells (F), CD4+ CD25+ FoxP3+ T cells (G) and 
CD4+ RORγt+ T cells (H) in the kidney of SS and SR female rats at 1 and 4 mo. The data are 
expressed as the mean ± SEM; # p < 0.05 vs SR; $ p < 0.05 vs 1 mo; statistical comparison by 
two-way ANOVA (age and strain) followed by Sidak’s multiple comparisons test; n=7-8/ group. 
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RORγt, the master regulator transcription factor for Th17 cells, was used as the 

marker to analyze Th17 cells. No significant strain differences were observed in the 

frequency of CD4+ RORγt+ T cells in the 4 mo SS compared to SR rats [Th17 (% of CD3+ 

CD4+ cells): 4 mo SS 8.5 ± 3, n=7; SR 6.2 ± 3, n=8; p=0.55]. Hardly any Th17 cells were 

detected in the kidney of 1 mo juvenile rats (Figure. 23 H). 

 

4.14 Did Hydralazine Change Physiological Parameters in Salt-Sensitive Female 

Rats? 

I investigated the effect of preventing the development of HT on T cell frequencies 

by treating 1 mo normotensive SS rats bred at ENV with HDZ. My hypothesis was that 

impeding the development of HT would attenuate T cell infiltration in the kidney and result 

in lower frequencies of CD4+ T cells and Th17 cells in lymphoid tissues. Seven wks old 

SS rats were randomized to either get VEH (drinking water) or 25 mg/kg/day HDZ 

dissolved in drinking water.  

Juvenile SS female rats purchased from ENV at 5 wks (1 mo) of age were 

normotensive. The MAP rapidly increased with age even though these animals were 

maintained on a low sodium diet since they were weaned (Figure. 24 A). HDZ treatment 

from 7 to 18 wks attenuated this age-associated increase in MAP (Figure. 24 A). At 18 

wks, the MAP in the HDZ-treated SS rats was 24 mmHg less than the MAP of VEH-

treated rats [MAP (mmHg): SS-VEH, 157 ± 4 vs. SS-HDZ, 133 ± 3; by unpaired t-test 

p<0.0004; two-way ANOVA (effect of time (p<0.0001), treatment (p<0.0001) and 

interaction (p<0.0001))].  
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HR was reduced with increasing age in both VEH- or HDZ-treated SS rats (two-

way ANOVA (effect of time) p<0.0001) (Figure. 24 B); however, no significant differences 

in HR were observed between these two groups.  

 

Figure 24. Eleven weeks (wks) of hydralazine (HDZ) lowers mean arterial pressure 
(MAP) and attenuates spontaneous development of HT in SS rats. 

After weaning, all rats were maintained on a low sodium (<0.13%) diet. Shown is the MAP (A) 
and heart rate (HR) (B) measured by radio telemetry in SS rats treated with either vehicle (VEH) 
or HDZ for 11 wks. The data are expressed as the mean ± SEM; * p <0.0001 vs SS-VEH by two-
tailed paired t-test; significant effect of age, hydralazine and interaction (p <0.0001) by two-way 
ANOVA for MAP; n=6-7/ group. 

The HDZ-treated SS rats had slightly lower BW than the VEH-treated (Figure. 25) 

(p<0.0001 by paired t-test and two way ANOVA); however, by the end of the study, the 
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BW between these two groups were indistinguishable (Table 7). In addition, the wet 

weights of the right kidney, heart and spleen were slightly heavier in the HDZ-treated SS 

rats compared to the VEH-treated animals. SS-HDZ rats ate less and drank less 

compared to the SS-VEH rats (Table 7). 

 

Figure 25. Hydralazine (HDZ) treated SS rats weigh slightly less than vehicle (VEH) 
treated controls. 

Shown is BW data for SS rats that were either administered HDZ or VEH for 11 weeks (wks) orally 
in drinking water, while maintained on a low sodium diet. The data are expressed as the mean ± 
SEM; * p <0.0001 vs SS-VEH; by two-tailed paired t-test; significant effect of age and HDZ (p 
<0.0001) by two-way ANOVA; n=6-7/ group. 
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Table 7. Effect of HDZ on BW, tissue weights, food and water intake of female SS 
rats compared to VEH controls. 

Measurement SS-VEH SS-HDZ p value 

Initial BW (g) 114 ± 2 118 ± 2   = 0.2 

Final BW (g) 240 ± 4 250 ± 6   = 0.2 

Thymus (g)/ 100(g) 0.14 ± 0.01, n=7 0.15 ± 0.01, n=6   = 0.3 

Left Kidney (g)/ 100(g) 0.32 ± 0.01, n=7 0.39 ± 0.01, n=6  < 0.0001 * 

Right Kidney (g)/ 100(g) 0.32 ± 0.01, n=7 0.39 ± 0.01, n=6  < 0.0001 * 

Spleen (g)/ 100(g) 0.26 ± 0.004, n=7 0.28 ± 0.01, n=6  = 0.01 * 

Heart (g)/ 100(g) 0.37 ± 0.01, n=7 0.40 ± 0.01, n=6  = 0.04 * 

Food intake (g/day) 15 ± 2, n=7 14.5 ± 2, n=6  = 0.006 * 

Water intake (ml/day) 20 ± 0.8, n=7 13 ± 0.7, n=6  < 0.0001 * 

Hematocrit (%) 48.6 ± 0.6, n=5 47.8 ± 2, n=4  = 0.7 

Data showed as mean ± SEM. * p< 0.05 vs SS-VEH; n=6-7/ group. 

 

4.15 Did Preventing the Development of Hypertension Changes the Frequencies 

of Helper T cells and Tregs in the ‘Spontaneously Hypertensive’ Female Salt-

Sensitive Rats 

HDZ treatment for 11 wks had no effect on the frequencies of CD3+ T cells in 

kidney cells (Figure. 26 A), lymph nodes (Figure. 26 E) and splenocytes (Figure. 26 I) 

compared to VEH-treated SS rats. To determine if the higher CD4+ T cell frequencies and 

higher CD4/CD8 ratio correlate with elevated BP, seven SS rats were treated with HDZ 
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at a juvenile age when they were still normotensive. There were no detectable effects of 

11 wks of HDZ treatment on the frequency of CD4+ (Figure. 26 B, F, & J) or CD8+ 

(Figure. 26 C, G, & K) T cells in kidney cells (Figure. 26 B & C), lymph nodes (Figure. 

26 F & G) and splenocytes (Figure. 26 J & K) and HDZ had no effect on the ratio of 

CD4:CD8 in these tissues (Figure.  26 D, H & L). 

There was no effect of 11 wks of HDZ administration on the frequency of FoxP3+ 

Tregs in kidney cells (Figure. 27 B) and lymph nodes (Figure. 27 E) in female SS rats 

compared to the VEH-treated animals. There was a trend for less FoxP3+ Tregs in the 

splenocytes (Figure. 27 H) of HDZ administered SS rats as compared to VEH-controls, 

although this difference was not statistically significant (p = 0.056). Similarly, no 

differences were observed in the frequency of Tregs that co-express CD25 and FoxP3 in 

kidney cells (Figure. 27 C), lymph nodes (Figure. 27 F) and spleen cells (Figure. 27 I) 

between HDZ and VEH-treated ENV female SS rats. 

Except for the kidney which showed 11 wks of HDZ caused a 12% decrease in the 

frequency of activated CD4+ CD25+ T cells (Figure. 27 A), no other tissue including 

splenocytes (Figure. 27 G) and lymph nodes (Figure. 27 D) showed an effect of HDZ on 

CD4+ CD25+ T cell frequencies. 
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Figure 26. Eleven weeks (wks) of hydralazine (HDZ) attenuates HT independent of 
CD3+, CD4+ and CD8+ T cell frequencies. 

Shown are frequencies of CD3+ T cells (A, E & I),  CD4+ T cells (B, F & J), CD8+ T cells (C, G & 
K) and CD4+/CD8+ ratio (D, H & L) in the kidney (A, B, C & D), lymph nodes (E, F, G & H) and 
spleen (I, J, K & L) from SS-VEH and SS-HDZ female rats at 4 months of age. The data are 
expressed as the mean ± SEM; *p < 0.05 SS-VEH; unpaired t test; n=6-8/ group. 
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Figure 27. HDZ treated animals have attenuated HT and lowered frequencies of 
regulatory and activated T cells. 

Shown are frequencies of CD4+ CD25+ T cells  (A, D & G), CD4+ FoxP3+ T cells (B, E & H) and 
CD4+ CD25+ FoxP3+ T cells (C, F & I) expressed as a percentage of CD4+ helper T in the kidney 
(A, B & C), lymph nodes (D, E & F), and spleen (G, H & I) from SS-VEH and SS-HDZ female rats 
at 4 months of age. The data are expressed as the mean ± SEM; *p < 0.05 SS-VEH; unpaired t 
test; n=6-8/ group. 

 

No differences were observed in the frequency of Th17 cells in the lymph nodes 

(Figure. 28 A) and kidney cells (Figure. 28 B) [Th17 (% of CD3+ CD4+ cells): lymph 
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nodes: SS-VEH, 9.2 ± 1.8, n=7 vs. SS-HDZ, 8.4 ± 3.1, n=6; p = 0.82; Kidney: SS-VEH, 

5.1 ± 1.2, n=7 vs. SS-HDZ, 5.9 ± 2.5, n=6; p = 0.78] between HDZ and VEH-treated 

female SS rats. The frequency of Th17 cells were below detection limits in the spleen. 

 

Figure 28. Eleven wks of HDZ attenuates HT independent of CD4+ RORγt+ helper T 
cell (Th17) frequencies.   

Shown are frequencies of Th17 cells in lymph nodes (A) and kidney (B) from SS-VEH and SS-
HDZ female rats at 4 months of age. The data are expressed as the mean ± SEM; *p < 0.05 vs 
SS-VEH; unpaired t test; n=6-8/ group. 

 

4.16 Did Preventing the Development of Hypertension Reduce the Kidney Injury 

in Salt-Sensitive Rats? 

The HDZ-treated female SS rats appeared to exhibit slightly more overall 

glomerular damage than the VEH-treated controls though this trend did not reach 

statistical significance (Figure. 29 B, Table 8). Furthermore, the amount of overall renal 

tubular damage observed was exceptionally mild with only minor focal tubule-interstitial 

fibrosis (Figure. 29 A). Even though most kidneys in both cohorts had granular surfaces, 
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the amount of renal injury was minimal compared to what is observed in the kidney of SS 

rats treated with a high sodium diet88. 

 

 

Figure 29. Eleven wks of HDZ administration does not significantly change the 
glomerular injury in SS rats. 

Shown are representative images of renal pathology (A) and quantification of glomerular injury 
(B) in the transverse sections of right kidneys. Images were taken at 4x and 20x magnification of 
glomeruli and interstitial tubular space from 4 month old female SS rats treated with VEH or with 
HDZ for 11 wks while maintained on a low sodium diet. The data are expressed as mean ± SEM; 
* p < 0.05 vs SS-VEH; unpaired t test; n=6-7/ group. 
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Table 8. Summary of histologic glomerular injury in HDZ vs VEH treated Female SS 
rats. 

Data are expressed in terms of the 0 - 4+ glomerular injury scale: 0, no damage; 1+, focal damage 
involving < 25% of the glomerulus; 2+, focal damage, between 25-50% of the glomerulus; 3+, 
widespread damage involving 50-75% of the glomerulus; 4+, widespread damage involving 75-
100% of the glomerulus and includes obsolescent glomeruli. Description of tubular injury and the 
number of casts are also tabulated; area of casts were not taken into consideration. Data showed 

as mean ± SEM. Unpaired Student’s t-test analysis applied to compare groups; * p< 0.05 vs SS. 

 

 

 

 

 

  

Injury Grade 0 1+ 2+ 3+ 4+ Tubular 

injury 

Number 

of casts 

SS-VEH 88.3 ± 

4.6 

6.7 ± 

1.2 

 

0.14 ± 

0.14 

 

0.14 ± 

0.14 

0.9 ±  

0.3 

 

Very 

Mild 

9.1 ±    1 

 

SS-HDZ 86 ± 6.1 4.7 ± 

1.3 

 

0.5 ±  0.5 

 

0.5 ±  

0.5 

2.3 ±  

0.4 * 

 

Very 

Mild 

6.5 ± 0.8 
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CHAPTER 5. DISSCUSSION 

Many studies in male animal models of HT suggest T cell infiltration into target 

tissues contribute to the pathogenesis of HT122, 123. The major finding of this dissertation 

research is that the SS rat purchased between 2015 and 2017 has become a new model 

of spontaneous HT. In fact, the SS rat more closely resembles the phenotype of the SHR 

than the inbred SS rat originated by John Rapp124, 125. Similar to the SHR, the SS is 

normotensive as a juvenile (Figure 24) but spontaneously develops HT on a low sodium 

diet within 4 months of age. The second major finding of this research is that CD4+ CD25+ 

T cells positively correlate with high BP in the hypertensive model of female SS rats 

maintained on low sodium diet; it is possible that CD4+ CD25+ T cells are upregulated in 

the kidney as a consequence of HT in these female SS rats (Figure 27).  These findings 

support a previous study in female SHR that showed the combination of the diuretic HCTZ 

with the vasodilator reserpine lowered MAP but did not alter the extent of renal infiltration 

of CD4+ or CD8+ T cells101; however, these SHRs had compensatory increase in 

frequency of renal CD4+ FoxP3+ Tregs. Thus Tregs like CD4+ CD25+ or CD4+ FoxP3+ T 

cells could be involved in essential HT in females and further research would reveal the 

intricate pathways involved in the compensatory increase in this subset of cells during 

HT.  

Recently, inconsistencies in the low salt BP phenotype were reported in female SS 

rats including those from Hsd (now ENV) 108. We found that the SS rats purchased from 

ENV between 2015 – 2017 developed HT spontaneously at a very early age of 4 mo. The 

most striking change is that the new female ENV SS rats have MAP of 160 mmHg when 

they were 4 mo as opposed to after 12 mo in the old Hsd SS rats that were purchased 
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prior to 2004. My laboratory had previously shown that 4-5 mo old female SS rats obtained 

from Hsd (prior to 2004 and maintained on a low sodium diet) have MAPs lower than 125 

mmHg 63. In this study, SS rats maintained on a low sodium diet had a MAP that exceeded 

160 mmHg at 4 mo and over 180 mmHg by 7 mo while the SR remained normotensive 

up to 7 mo (Figure 12 A). By demonstrating the spontaneous development of HT in the 

female SS at an early age, this current work supports and extends a recent study by 

Zimmerman & Lindsey 108, who reported that SS rats maintained on 0.1% low sodium diet 

have high BP at 4 mo of age (~155 mmHg via radio-telemetry) and that the addition of 

dietary sodium had no additional effect on their BP.  

A third major finding of this study is that the SS rat on a low sodium diet is no longer 

a model of ovariectomy-induced HT. In 2004, my laboratory showed removal of the 

ovaries at 3 mo induced HT and 17β-estradiol replacement prevented this effect of 

ovariectomy 63. Here I show that ovariectomy does not further elevate MAP in the SS 

females (Figures 12 A & 13 A). Thus, this is no longer a model to study mechanisms of 

ovarian hormone regulation of BP. Despite this loss of the OVX-induced HT phenotype, 

survival in the SS-OVX cohort was reduced to 62% compared to 89% in the SS-SHAM 

cohort or 100% in the SR-SHAM and SR-OVX cohorts (Figure 14). This finding suggests 

even though ovariectomy did not increase MAP, the sudden loss of ovarian hormones 

altered other pathways that contribute to death presumably via stroke or heart failure. 

Therefore, the SS-OVX animal may be worth investigating as a model of BP-independent 

effects of ovarian hormone loss on mechanisms of stroke or heart failure. Interestingly, 

ovariectomy does not markedly increase MAP in SHR 126, which further supports our 
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supposition that the SS rat behaves more similarly to the SHR than the original Rapp SS 

rat.  

This change in the BP phenotype is not only observed with commercial vendors 

like Hsd/ENV and Charles River Laboratories 108 but also within academic colonies 127. 

Moreover, such a SH phenotype is not only observed in females, but has also been 

reported for male SS inbred rats 128, 129. According to ENV’s 2010 BP data, the male SS 

rats have average systolic BPs >150 mmHg by 7-8 weeks (~2 mo). They choose their 

breeders based on tail cuff BP readings that are over 160 mmHg (*personnel 

communication with J. McClellan, ENV). Using this breeding approach, ENV is selecting 

for a SS strain with aggressive HT and it is well known that maternal diet and preexisting 

HT affects the offspring’s BP 127, 130, 131. It is the vendor’s ethical responsibility to employ 

scientifically sound breeding programs and keep required checks in place to confirm the 

animal model hasn’t drifted from its alleged phenotype. Point mutations that occur in 

inbred strains are missed until they affect the phenotype of interest. We have recently 

reported one such example in the Rag1 null mouse, which is no longer resistant to Ang 

II-induced HT 97. For these reasons, it is imperative that commercial vendors adopt the 

Genetic Stability Program 132 that Jackson Labs established and that investigators report 

in each paper explicit details concerning the experimental animals including the purchase 

date, breeding conditions and husbandry environment. Furthermore, scientists need to 

be reminded of the inevitability of genetic drift 133 and validate their animal model in each 

experiment, which will promote the reproducibility of data across several laboratories with 

similar research interests. Considering this change in BP phenotype in mind; my thesis 
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focused on the role of T cells in this accelerated spontaneous development of HT in these 

ENV’s SS female rats. 

HT is often associated with chronic kidney disease. In this study, however, I found 

that the glomerular injury in the ENV SS rats was minor at 4 mo and only slightly different 

from SR rats at both age groups (Figure. 17 C). There was a small increase in the 

glomerular injury in the SS rats from 4 (11%) to 8 mo (29%). Moreover, I only found mild 

evidence of tubular injury at 8 mo of age when they reached a MAP over 180 mm Hg 

(Figure. 12 A). In contrast, SS rats maintained on a high sodium diet for 3 wks exhibited 

severe renal injury at similar levels of HT (180-190 mmHg) 98, 134 to what is observed in 

SS at 7 mo (Figure. 13 A). In these previous studies, the animals also exhibited severe 

renal injury including blocked and dilated tubules in the outer medulla, significant 

glomerular and tubular damage. Thus, the mild renal injury phenotype in the presence of 

significant HT lends further support to the premise that sodium rather than the HT drives 

the renal injury in SS rats. The modest levels of renal pathology observed in the ENV’s 

SS even with elevated BP is very similar to glomerular injury observed in 4 mo intact Hsd 

SS rats67. Sullivan et al. showed that female SHR at 4 mo exhibited no evidence of overt 

renal injury or glomerulosclerosis although the MAP reached nearly 150 mmHg135. 

In an effort to study the role that T cells play in the HT observed in OVX and SHAM 

treated SS rats, I performed flow cytometry on spleen cells of 10 mo SS and SR rats. 

With the minimally optimized protocol, intracellular staining analysis was inconclusive; 

however, this experiment still highlighted that SS rats, regardless of ovarian status, have 

strikingly lower frequencies of CD8+ T cells in their spleen (Figure. 18 C). Even more 

interesting was the fact that CD4/CD8 ratio in the SS rats was more than two-fold higher 
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than the SR rats in both groups. In order to better analyze the T cells in different tissues 

of the hypertensive and normotensive females rats, I optimized our rat multicolor flow 

cytometry protocol to improve our compensation, controls and gating strategies (Figures 

19 and 20). With these optimized protocols I was able to analyze flow cytometry data with 

more precision and the next set of experiments revealed that along with strikingly low 

CD8+ T cells, SS rats also have markedly higher frequency of CD4+ T cells in their spleen, 

lymph nodes and PBMC (Figure. 21 B, F and J). Both the high CD4+ and low CD8+ T cell 

pattern leads to an unusually high CD4/CD8 ratio in all tissues including spleen, lymph 

nodes and PBMC (Figure. 21 D, H and L). Similar experiment was also performed on 

the renal tissue however manual disruption wasn’t appropriate for further flow cytometry 

staining. Enzyme digestion step was needed to properly create renal single cell 

suspension from SS and SR rat kidneys that is appropriate for flow cytometry processing 

(Figure 22).  

To further investigate the association of the CD4/CD8 ratio with HT, I used 

multicolor flow cytometry 91, 136 to study T cell profiles in the kidney of 1 and 4 mo female 

SS and SR rats purchased from ENV (2015-2017). I found that frequencies of CD3+ T 

cells did not differ between SS and SR rats at either age group, but 4 mo rats had more 

T cells as compared to 1 mo rats in both strains (Figure 23 A). The frequency of CD4+ T 

cells in SS was higher than SR rats at both 1 and 4 mo (Figure 23 B) while the frequency 

of CD8+ in SS was lower than SR rats at both time points (Figure 23 C). As a result, the 

ratio of CD4/CD8 was higher in SS compared to SR rats at both 1 and 4 mo (Figure 23 

D). While the ratio increased over the 3 mo period in both strains, the increase in the ratio 

was 7-fold greater in the SS strain [ΔCD4/CD8 (4 mo - 1 mo): SR, 0.5 ± 0.15 vs. SS, 3.5 
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± 0.7, p<0.001 by t-test; n=7-8] (Figure 23 D). At 1 mo, both the juvenile SS and SR rats 

were normotensive 137. Thus, the striking increase in the CD4/CD8 ratio was associated 

with the marked increase in BP observed in the 4 mo SS female rat 137. A recent study in 

male SS/Mcwi rats showed that increased renal perfusion pressure, induced by a high-

sodium diet, drives infiltration of CD4+ and CD8+ T cells into the kidney 138. Reduced renal 

perfusion pressure does not, however, alter the CD4/CD8 ratio. In addition, preventing 

the increase or lowering the renal perfusion pressure did not change the ratio either. Thus, 

unlike our findings in female SS rats, the CD4/CD8 ratio in male SS/Mcwi rats did not 

increase with higher BP.  

 A high CD4/CD8 ratio is gaining interest as a potential biomarker of HT and 

associated disease. Recent clinical studies reported that an increase in the CD4/CD8 

ratio in peripheral blood from men and women was associated with essential HT 139 and 

an increased risk of coronary artery disease in men and women 140. In addition, Youn et 

al. 96 reported that both CD4+ and CD8+ T cell infiltration was significantly higher in the 

tubulointerstitium of patients with hypertensive nephrosclerosis compared to healthy 

participants. Based on reported T cell values, the CD4/CD8 ratio in individuals with HT 

was higher than observed in healthy subjects [Kidney (CD4/CD8): Control, 1.15 ± 0.0 vs. 

HT, 1.32 ± 0.03, p<0.0001 by t-test; n=7-9]. Likewise, a clinical study found that patients 

with pulmonary arterial HT (PAH) had a 2-fold higher CD4/CD8 ratio in the circulation 

compared to healthy participants 141. To gain further insights into the potential use of a 

CD4/CD8 ratio as a biomarker of hypertensive disease, investigators have studied this 

ratio in various animal models of HT disease. The male SHR has higher BP and a higher 

renal CD4/CD8 ratio [Kidney (CD4/CD8): Female SHR, 0.8 ± 0.02 vs. Male SHR, 1.8 ± 
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0.07, p<0.03 by t-test; n = 11-13] than the age-matched female SHR 101.  These studies 

indicate sex-differences exist in the CD4/CD8 ratio and the higher ratio along with the 

higher BPs in male SHR supports the idea that the CD4/CD8 ratio is a biomarker of 

hypertensive disease. Even though HT afflicts both men and women, few investigators 

study mechanisms of HT in female animals. This is evident from a ten year review of the 

articles published in leading journals including HT (Figure 9) and from top journals that 

focus on renal diseases (Figure 8) 2. It is not scientifically sound to assume results found 

in one sex can be extrapolated to the other sex. Thus, more research needs to be 

conducted in models of HT in female animals. 

I performed flow cytometry analysis in the kidneys of normotensive 1 mo rats (SS 

& SR), normotensive 4 mo SR and hypertensive 4 mo SS rats in order to query if the 

specific Treg profiles were an effect of strain and/ or BP. I found that SS rats in each age 

group had higher frequencies of CD4+ CD25+ T cells in their kidneys compared to SR rats 

and aging increased these frequencies in the kidney regardless of strain (Figure 23 E). 

Moreover, I found that CD4+ CD25+ FoxP3+ T cells are only elevated in the hypertensive 

4 mo SS rats as compared to the 3 normotensive rat groups (Figure 23 G). Adoptive 

transfer of Tregs has been shown to lower BP in wild type mice infused with Ang II or 

aldosterone142, 143. Moreover, CD4+ CD25+ FoxP3+ T cells have been found to attenuate 

cardiac fibrosis associated with hypertensive heart disease in mice 144. Tipton et al. has 

shown a positive correlation between the frequencies of CD4+ FoxP3+ Tregs and the 

spontaneous development of HT in the female; the frequency of Tregs increases along 

with the rising BP101. Taken together, these studies suggest the higher frequencies of 
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CD4+ CD25+ Tregs are a compensatory response to the spontaneous development of HT 

in SS. 

In hypertensive rat models, Treg frequencies in spleen, lymph nodes, PBMC and 

kidney vary significantly. These differences could in part be due to different gating and 

compensation strategies for flow cytometry145. Few details are provided in article methods 

sections so it is difficult to determine the role of gating strategies in these differences. The 

largest factor may be the definition of Tregs. Phenotypical characterization of Tregs varies 

among investigators studying rats. While some investigators report the frequency of CD4+ 

CD25+ FoxP3+ Tregs, not all Tregs express CD25. In fact, roughly 40% of Tregs do not 

express CD25 in the blood, lymph nodes and spleen of male* (personal communication*) 

Wistar rats120. Furthermore, Rodriguez-Perez et al.120 reported there was a strong 

correlation (r>0.7) in the frequencies of CD25+ FoxP3+ Tregs and CD4+ FoxP3+ Tregs in 

the spleen, PBMC and lymph nodes of rats indicating that these markers are likely the 

best way to identify the major population of Tregs in rat tissues. 

I assessed frequencies of CD4+ RORγt+ Th17 cells in order to test the hypothesis 

that these cells contribute to HT in the female SS rat. There were no significant strain 

differences between the SS and SR rats at both age groups; however, aging increased 

the frequency of renal Th17 cells and this could mean these cells are positively correlated 

with increases in BP (Figure 23 H). In summary I observed that strain differences exist in 

juvenile as well as adult CD4/CD8 ratios and CD4+ CD25+ T cells which h get exaggerated 

with age. This suggest that CD4/CD8 ratios and CD4+ CD25+ T cells could be positively 

correlated with high BP.  
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In order to see if preventing the increases in BP could prevent the increases in T 

cell profile, juvenile SS rats were treated with 25mg/Kg/day or HDZ or VEH for 11 weeks. 

This treatment attenuated development of HT and at euthanasia VEH rats had ~20 mmHg 

higher MAP compared to HDZ treated SS rats (Figure 24 A). HDZ impeded the rapid 

development of HT in the ENV female SS rat without having any major effect on renal 

infiltration of T cells or the accumulation of T cells in lymphoid tissue; in the kidney only 

one subset of T cells - CD4+ CD25+ T cells were lower as compared to hypertensive VEH 

controls. These findings support a previous study in female SHR that showed the 

combination of the diuretic HCTZ with the vasodilator reserpine lowered MAP but did not 

alter the extent of renal infiltration of CD4+ or CD8+ T cells101.In this SHR study treatment 

with diuretic and vasodilator reduced the frequency of CD4+ FoxP3+ T cells which 

suggested that in these female SHRs renal Tregs increase as a compensation 

mechanisms for HT. Taken together, these studies suggest that HT can be prevented in 

spontaneously hypertensive female rats even in the presence of renal T cell infiltration. 

Most studies in male animals suggest T cells contribute to the BP lowering effects of 

hydralazine. The combination of hydralazine and HCTZ prevented the accumulation of T 

cells in the aortas and lymph nodes in a humanized mouse model of Ang II-induced HT146. 

Furthermore, in addition to lowering systolic BP, hydralazine was also shown to attenuate 

the Ang II-induced increase in circulating activated T cells and vascular accumulation of 

inflammatory cells in male C57/BL6 mice147. These findings in male mice differ from the 

results of a study of Ang II-induced HT in male Wistar rats, which reported HDZ didn’t 

have much effect on T cell infiltration in the kidney even though it prevented the 60 mm 

Hg increase in systolic BP induced by Ang II148. These different effects of hydralazine on 
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T cells in different animal models may be due in part to sex differences in immune cell 

function. We previously showed sex-specific T cell effects in a model of Ang II-induced 

HT91. While adoptive transfer of male T cells could exacerbate the magnitude of HT-

induced by Ang II in the male B6.Rag1-/- mouse, equivalent numbers of female T cells did 

not. Both CD4+ and CD8+ T cell subsets showed this same sex-specific effect on Ang II-

induced HT94. Again this is more evidence that studying sex as a biological variable is 

critically important for rigor and reproducibility of scientific data.  

At 18 wks, the hypertensive female SS rat exhibited minimal amounts of renal 

injury. Although HDZ markedly attenuated the development of this HT, the vasodilator 

tended to increase rather than reduce the amount of renal injury; however, this effect did 

not reach statistical significance. A previous study in female SS rats maintained on a high 

sodium (4%) diet reported far more glomerulosclerosis than what we observed149. Taken 

together, these findings suggest high sodium is more damaging to the female SS kidney 

than the high BP.  In fact, the kidneys of the Envigo spontaneously hypertensive female 

SS rat maintained on a low sodium diet since weaning look more similar to male and 

female SHR kidneys, which exhibit no evidence of overt renal injury or glomerulosclerosis 

at 16 wks of age even when the MAP reaches nearly 150 mm Hg135.  

In summary our findings indicate that the ENV’s normotensive juvenile female SS 

rat maintained on a low sodium diet develops HT within 10 to 12 wks of age. Furthermore, 

even though the MAP exceeds 150 mm Hg at 18 wks, there is minimal renal injury. 

Infiltration of CD4+, CD8+, CD4+ FoxP3+ and CD4+ RORγt+ T cells do not play a major role 

in the spontaneously developed HT since HDZ impeded the development of HT without 

having any effect on T cell frequencies in the kidney and lymphoid tissues. However, the 
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frequency of CD4+ CD25+ T cells were lower in the HDZ treated rats vs VEH controls 

suggesting that the CD4+ CD25+ T cells increase in compensation for increasing BP. 

Further research would reveal the intricate pathways involved in the compensatory 

increase in this subset of cells during HT. 

 

5.1 Perspectives 

 The most important aspect of this research is the finding that impeding the development 

of HT by treating spontaneously hypertensive female SS rats with a vasodilator did not 

prevent the infiltration of CD4+ T cells into the kidney nor alter the frequencies of CD4+ 

and CD8+ T cells, CD4+ CD25+ FoxP3+ and CD4+ FoxP3+ Tregs and Th17 cells in 

lymphoid tissues and kidney; only exception to this is the CD4+ CD25+ renal Tregs. These 

findings indicate T helper, Tregs and cytotoxic T cells are differentially regulated in female 

SS and SR rats and this strain difference is likely independent of BP. Second most 

important aspect of this research is the possibility of discovering new genetic model of 

HT. I am currently working on the sequencing the whole genome of the rats that will help 

us pin point where the animals drifted apart genetically from those who still have the 

preserved BP phenotype.  
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