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ABSTRACT 

 
 
 

SEX-SPECFIC CARDIOMETABOLIC RESPONSES TO CHRONIC STRESS AND THE 

IMPACT OF PREFRONTAL-MEDULLARY REGULATION 

 

Globally, cardiovascular and metabolic disease are leading causes of death and years 

lived with disability. Chronic stress is an etiologic factor in both diseases and biologic sex plays 

an important role in the progression and prognosis of each. However, the neurobiological basis 

of how chronic stress exposure intersects with sex, cardiovascular, and metabolic function to 

impact systemic physiology is poorly understood. Prior studies from our group indicate that, in 

rats, the prefrontal infralimbic cortex (IL)-rostral ventrolateral medulla (RVLM) circuit inhibits 

sympathetic and endocrine responses to stress. Therefore, we aimed to address the 

overarching hypothesis that the IL-RVLM circuit is necessary for homeostatic function and 

mitigation of deleterious changes to metabolic, cardiac, and microvascular function following 

chronic stress. To this end, an intersectional genetic approach was used to induce Cre-

dependent expression of tetanus toxin light chain and inhibit neurotransmitter release from 

RVLM-projecting IL neurons in male and female rats. Rats were then exposed to 2 weeks of 

chronic variable stress (CVS). Metabolic function was assessed with a fasted glucose tolerance 

test. Cardiovascular function was examined with echocardiography and non-invasive 

hemodynamics. Additionally, microvascular function was quantified via ex-vivo resistance 

arteriole pressure myography. Our results indicate that glucose tolerance, left ventricular 

structure, and vascular function are all impacted in a sex-dependent manner. Following chronic 

stress, circuit-intact females show glucodysregulation characterized by decreased glucose 

clearance, elevated corticosterone, and insulin insensitivity. Regardless of stress, circuit 

inhibition in females also impaired glucoregulation but was characterized by elevated glucagon 
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with no compensatory insulin response. Circuit inhibition also increased relative heart size, 

increased endothelial-dependent vasodilation at both normotensive and hypertensive pressures, 

and increased myogenic tone and diastolic wall strain. These changes indicate that chronic 

stress in females leads to broad endocrine-autonomic dysregulation of glucose homeostasis 

and microvascular function that is exacerbated by IL-RVLM inhibition. While chronic stress in 

males resulted in an adaptive metabolic response and no changes in normotensive vasodilation, 

circuit inhibition in chronically-stressed males lead to glucodysregulation and increased 

endothelial-dependent vasodilation at hypertensive pressures. Additionally, these animals had 

reduced ventricular wall thickness in diastole. Broadly, these results support the hypothesis that 

the IL-RVLM circuit is necessary for appropriate glucose homeostasis and vascular function and 

that circuit inhibition and chronic stress lead to sex-specific responses that may differentially 

impact the progression of cardiovascular and metabolic disease. 
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CHAPTER 1: SEX DIFFERENCES IN AUTONOMIC RESPONSES TO STRESS: 

IMPLICATIONS FOR CARDIOMETABOLIC PHYSIOLOGY1 

 

1. Introduction 

Chronic stress exposure is increasingly prevalent in modern society. Whether 

interpersonal, economic/occupational, sociocultural, environmental, or a combination of these, 

stress is a fundamental part of daily life for many people. Subsequently, chronic stress is a 

significant contributor to cardiometabolic and psychiatric disorders including the global leading 

causes of death, cardiovascular disease (1, 2), and years lived with disability, depression (3). 

While the detrimental effects of stress are well documented, the majority of physiological studies 

have been conducted in males. Emerging evidence indicates that females respond to stress 

differently (4); therefore, this review focuses on the current understanding of how sex impacts 

stress-related physiologic outcomes. 

Stress can be operationally defined as any real or perceived stimulus that challenges 

homeostasis or well-being (5) and results in both perception and subsequent physiologic 

responses (6). Exposure to acute stress initiates a homeostatic response that promotes 

adaptation (5, 7). However, chronic stress, defined as long-term exposure to real or perceived 

threats leading to repeated activation of physiologic systems, can tax adaptive capacity (8, 9). 

While chronic exposure to stressors and subsequent allostatic load have increased in society 

(10), certain populations are impacted to a greater extent than others. In particular, 

socioeconomic disadvantage associates with increased perceived stress (11, 12), higher 

 

1Dearing, C., Handa, R. J., & Myers, B. (2022). Sex differences in autonomic responses to 
stress: implications for cardiometabolic physiology. American Journal of Physiology-
Endocrinology and Metabolism, 323(3), E281-E289. 
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allostatic load (13), flattened diurnal cortisol profiles (14), inflammation (15), changes in DNA 

methylation (16), and, consequently, increased risk of psychiatric (17), cardiovascular (18, 19), 

and metabolic disease (20).  

Metabolic syndrome is characterized by a set of clinical signs including insulin 

resistance, hyperlipidemia, abdominal obesity, and hypertension that creates predispositions for 

type-two diabetes mellitus and cardiovascular disease (21). While the development of metabolic 

disease is multifactorial, stress is widely recognized as a causative agent (22). Specifically, 

chronic stress positively correlates with the development of metabolic syndrome in both children 

(20, 23) and adults (24). Similarly, chronic stress worsens the progression of cardiovascular 

disease (25).   

Cardiometabolic disorders are frequently co-morbid with mood disorders (3). 

Additionally, the reciprocal relationship between cardiometabolic and depressive disorders 

further contributes to years lived with disability (3, 26). While depressive disorders are also 

complex and multifactorial, chronic stress commonly exacerbates mood symptoms (27). In 

addition, depression has inflammatory and immunomodulatory components related to increased 

cortisol (28, 29). Importantly, mood and cardiometabolic comorbidity disproportionately affect 

females (30). However, basic physiologic investigations into the consequences of chronic stress 

have only recently taken female subjects into account.  

 

2.  Autonomic and endocrine stress responses 

The autonomic nervous system (ANS) modulates the physiology of organ systems to 

maintain homeostasis through the integration of sympathetic norepinephrine and vagal 

parasympathetic acetylcholine signaling (31). In response to stressors, the ANS prepares the 

body to respond to real or perceived threats. The prototypical acute stress response is 
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characterized by rapid activation of the sympathetic nervous system to prime the body for 

action, resulting in a wide range of physiologic changes including: epinephrine and 

norepinephrine release, increased heart rate and respiration, glucose mobilization, peripheral 

vasodilation, and visceral vasoconstriction (32).  

The hypothalamic-pituitary-adrenal (HPA) axis aids in homeostatic regulation of stress 

responses over a longer timeframe through the release of glucocorticoids (cortisol in humans, 

corticosterone in rats and mice) from the adrenal cortex (9). Broadly, glucocorticoids act to 

increase gluconeogenesis through the promotion of a catabolic state that is essential for stress 

responding (5). The HPA axis response is initiated by corticotropin releasing hormone (CRH) 

neurons in the paraventricular hypothalamus. CRH then acts on the anterior pituitary to cause 

the release of adrenocorticotropic hormone (ACTH), which stimulates synthesis and release of 

glucocorticoids from the adrenal cortex into systemic circulation. Glucocorticoids then bind 

mineralocorticoid (MR) and glucocorticoid receptors (GR) to inhibit further release of CRH via 

negative feedback. Further, HPA axis activity is regulated through multiple mechanisms 

including descending neural inputs (33), the recruitment and synchronicity of CRH neurons 

during acute stress (34), and rhythmicity on both ultradian and circadian timescales (35). 

Importantly, acute autonomic and endocrine stress responses dynamically interact to integrate 

physiologic states and promote adaptation. 

In contrast to adaptive acute stress responses, chronic stress produces different 

physiologic outcomes, both autonomically and hormonally. Chronic stress leads to prolonged 

sympathetic stimulation, vagal withdrawal, and subsequent autonomic imbalance. Dysregulation 

of sympathetic/parasympathetic balance results in cardiovascular changes including baroreflex 

blunting (36), reduced heart rate variability (37), decreased blood pressure variability (38), and 

diminished neurovascular coupling (39). Importantly, chronic stress-induced autonomic 

imbalance is impacted by hormonal signaling. For example, inhibition of CRH receptors 1 and 2 
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in the limbic bed nucleus of the stria terminalis increases arterial pressure and impairs 

baroreflex (40). Chronic stress also leads to prolonged HPA axis activation which can manifest 

in adrenal hyperplasia and hypertrophy, suggesting greater cumulative exposure to 

glucocorticoids and epinephrine (41). While chronic stress disrupts glucocorticoid rhythmicity, 

multiple studies have reported differing effects on diurnal cortisol profiles. A flattening of diurnal 

cortisol curves is common (42); however, a study of chronic stress in adolescents found that 

those with the highest genetic risk for HPA axis-linked disease, such as mood disorders, had a 

pattern of lower morning cortisol coupled with a flatter diurnal curve. Those with lower genetic 

risk had elevated morning cortisol and a steep diurnal curve. Ultimately, these variable 

outcomes indicate a genetic component to the consequences of chronic stress (43).  

 

3. Gonadal hormones: estrogens and progesterone  

Historically, rodent stress research has focused largely on male subjects or has not 

considered the effect of sex on physiological outcomes. Therefore, sex-dependent autonomic 

regulation during chronic stress is an emerging area for understanding sex differences in 

disease incidence, as well as potential clinical targets. While the rate of metabolic syndrome is 

similar in males and females (44), females are at greater risk for developing cardiovascular and 

depressive disorders despite high variability in the prevalence of these disorders across the 

lifespan (45, 46). In addition to cardiovascular disease being the primary cause of death in 

women (47), women are at twice the risk for developing major depressive disorder (48). 

Underscoring these disease predilections are a number of uniquely female experiences 

including pregnancy, parturition, and conditions, like polycystic ovarian syndrome, that affect 

female reproductive physiology (30, 49).  
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Although female sex hormones, centrally estrogens and progesterone, are not unique to 

females, they are cyclically variable due to menstrual or estrous cycling and change with age. 

Evidence suggests that female-specific responses to stress are cycle phase-dependent with 

greater HPA axis reactivity in early proestrus, a period characterized by high estrogens and low 

progesterone (50). The effects of estrogens are primarily mediated by three estrogen receptors 

(ERs): ER𝛼, ER𝛽, and g-protein coupled ER (GPER). While there are several estrogens that 

bind ERs, estradiol predominates in cycling females and estrone predominates following 

reproductive senescence (51). The production of estradiol primarily occurs through the 

aromatization of testosterone. Progesterone effects are mediated by intracellular and 

membrane-bound progesterone receptors (PRs) and GABAA receptors. Importantly, ERs and 

PRs are found throughout the body (Fig. 1) and have wide-reaching effects on most physiologic 

systems (52–56). Generally, estrogens are thought to convey protective cardiometabolic effects 

in females (57–64), as well as males (65, 66). While many of these effects are activational and 

life-stage dependent, there is also evidence of sex-dependent organizational effects of steroid 

hormones (67). Sex steroid receptors are also found in select cells throughout the brain and 

gonadal hormone action in the central nervous system is an ongoing field of study.  

Importantly, neurons that activate autonomic and endocrine stress responding are 

regulated by a network of cortical and limbic structures, allowing for emotional-regulatory 

regions to modulate stress responses (68). Ovarian hormones have widespread effects on the 

activity of these corticolimbic regions, potentially accounting for sex differences in stress 

physiology (69, 70). In fact, estradiol administration in ovariectomized female rats mediates 

chronic stress-induced morphological plasticity (71) and brain-derived neurotrophic factor 

expression in the prefrontal cortex (72), a region that has sexually divergent modulatory effects 

on HPA axis, cardiovascular, and glucoregulatory stress responses (73). Interestingly, a study of 

gonadectomized and intact rats found that chronically stressed ovariectomized females had 
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increased plasma estradiol compared to unstressed controls (74), suggesting that extra-ovarian 

estradiol synthesis may be recruited by chronic stress. Further, aromatase-dependent ERα 

signaling in the prefrontal cortex of ovariectomized female rodents prevents neurobehavioral 

changes following repeated stress (75). 

 

 

Figure 1: Stress and gonadal hormone receptor expression across neuroendocrine and 
cardiovascular organs. CRH neurons in the paraventricular nucleus (PVN) of the 
hypothalamus initiate both autonomic and HPA axis responses to stress. CRH acts on anterior 
pituitary corticotropes to cause the release of ACTH and the subsequent synthesis and release 
of glucocorticoids (cortisol in humans, corticosterone in rats and mice) from the adrenal cortex. 
Glucocorticoids have systemic action on cardiovascular responses and provide negative 
feedback on the PVN and anterior pituitary. CRH neurons also synapse in the sympathetic 
intermediolateral nucleus (IML) and the parasympathetic dorsal motor nucleus of the vagus 
(DMX). Efferents of the DMX innervate both the carotid body and heart to influence cardiac and 
baroreflex activity but are generally not found in the systemic vasculature. Efferents of the IML 
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act through sympathetic ganglia to stimulate cardiovascular activity and the release of 
epinephrine from the adrenal medulla, which acts systemically. Additionally, stress and gonadal 
hormone receptors regulate activity in a tissue-dependent manner. It is important to note that 
receptor distribution has not been completely characterized and further study is warranted. 
Thus, the absence of reports on expression does not indicate that receptors are not present. 
CRH neurons express estrogen receptors β (ERβ), G protein-coupled estrogen receptor 
(GPER) (76), and androgen receptors (AR) (77), as well as glucocorticoid receptors (GR) (78) 
and mineralocorticoid receptors (MR) (79). Similarly, the anterior pituitary expresses ERα, ERβ 
(80), GPER (81), AR (82), GR, and MR (83). The adrenal cortex expresses ERα, ERβ, GPER, 
and AR (84). The IML is known to express ERα (85) and AR (86). The DMX shows ERα, ERβ 
(87), GPER (88), and AR (86) expression. Sympathetic ganglia express ERα, ERβ (89), and AR 
(90). Cardiac tissue (91–93) and systemic vasculature (94–98) express ERα, ERβ, GPER, and 
AR, as well as GR and MR. The carotid body shows ERβ (99), GPER (100), GR (101), and MR 
expression (102). While many of the mechanistic interactions are yet to be elucidated, the 
integration of these systems modulates stress responses in  sex-, age-, and tissue-dependent 
manners that impact the physiologic outcomes of chronic stress. Created with BioRender.com.   

 

The hippocampus, a key limbic structure that moderates stress responding (103), is also 

a site of estrogen action. Hippocampal ER𝛼 agonism is protective against chronic stress-

induced depressive behaviors in female rats (104). Thus, potential protective effects of central 

nervous system ER𝛼 signaling against the negative outcomes associated with chronic stress 

require further exploration. There is also sexual dimorphism in the hypothalamic rostral 

anteroventral periventricular nucleus which expresses CRH receptor 1 in female but not male 

mice (105). These cells also co-express both ER𝛼 and GR, indicating the presence of a sex-

specific stress hormone-responsive nucleus in female mice that may contribute to sexually-

divergent homeostatic responses (105). Additionally, injection of estradiol into the nucleus of the 

solitary tract or rostral ventrolateral medulla, brainstem preautonomic nuclei, of ovariectomized 

rats enhances baroreflex sensitivity and reduces arterial pressure (106). Further, in both the 

paraventricular nucleus and rostral ventrolateral medulla, ER𝛽, but not ER𝛼, contributes to 

protection against aldosterone/salt-induced hypertension in female rats (107). Thus, ovarian 

hormones act in multiple brain regions in a receptor-specific manner to modulate cardiovascular 

physiology.   
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The sexually dimorphic distribution of gonadal steroid receptors and their activation by 

circulating estrogens impacts the development of hypertension, likely through 

sympathoinhibitory effects (108). This is supported by the increase in hypertension seen in 

postmenopausal women compared to premenopausal women that is, in part, due to a loss of 

the protective effects of estrogens, centrally estradiol (109). These protective effects are also 

seen following chronic stress. Chronically stressed cycling female rats maintain vasoactive 

metabolite profiles, higher NO and lower H2O2, and vascular reactivity compared to both 

chronically stressed ovariectomized female and male rats. Thus, ovarian hormones mitigate the 

proinflammatory and prooxidant effects of chronic stress that mediate vascular dysfunction 

(110).  

Taken together, sex-specific physiologic responses to chronic stress are impacted by the 

organizational and activational actions of sex steroids. These responses are integrated across 

neuroendocrine, autonomic, and cardiovascular systems. This places additional importance on 

determining how these interactions are mediated and how they affect long-term health 

outcomes in both females and males.  

 

4. Gonadal hormones: testosterone 

Although testosterone is not unique to males, it plays an important role in male-specific 

responses to chronic stress. The central effects of androgens are mediated by androgen 

receptors (AR) by binding either testosterone or dihydrotestosterone. Generally, androgens are 

protective against the development of metabolic syndrome, while male testosterone deficiency 

associates with signs of metabolic dysfunction such as insulin resistance (111). Further, 

hypotestosteronemia in rats, via orchidectomy, leads to a progressive rise in systolic and 

diastolic blood pressure that is reduced by the administration of exogenous androgens (112). 
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The anti-hypertensive effects of endogenous testosterone in male rats are mediated by 

estrogen-independent genomic and non-genomic mechanisms that reduce kidney renin-

angiotensin expression and subsequently reduce fluid retention and increase systemic 

vasodilation (113). Additionally, androgen deficiency is thought to increase the risk of 

hypertension through increased visceral adiposity, which promotes chronic inflammation that 

contributes to endothelial dysfunction and hypertension. This cardiometabolic susceptibility is 

seen in both men and postmenopausal women, who have a reduction in adrenal and ovarian 

androgens (114). Similarly, testosterone prevents the development of depressive-like symptoms. 

For instance, testosterone treatment following chronic variable stress reduces passive coping 

behaviors as well as basal corticosterone and adrenal mass (115). However, research on the 

mechanistic consequences of AR signaling during chronic stress is limited with more work 

needed to determine the basis for cardiometabolic regulation. 

While causal effects of androgens on autonomic stress regulation are not well 

understood, chronic stress decreases expression of the cytochrome P450 protein CYP11A1, 

subsequently reducing testosterone (116). The reduction in testosterone may play a role in male 

neuroendocrine regulation, including glucocorticoid secretion, as testosterone inhibits HPA axis 

stress responses in male rats. Specifically, implantation of testosterone in the hypothalamic 

medial preoptic area reduces ACTH responses to acute stress, an effect that may be mediated 

through AR or ER due to the presence of aromatase. Additionally, elevated testosterone 

increases GR binding in the medial preoptic area, possibly contributing to negative feedback 

inhibition of the HPA axis (117). Taken together, reduced testosterone following chronic stress 

likely factors into HPA axis dysregulation. However, it is unclear how cardiovascular outcomes 

may be impacted.  

 

5. Sex differences in autonomic integration 
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In addition to the acute actions of gonadal hormones, sex differences in stress 

responding may also arise from organizational and/or chromosomal effects that lead to 

variations in autonomic signaling. This is particularly evident in cardiovascular physiology. While 

blood pressure and muscle sympathetic nerve activity are directly related in males, these two 

physiologic measures are unrelated in actively cycling young women (118). This is attributed to 

increased 𝛽-adrenergic relative to 𝛼-adrenergic activity. However, postmenopausal women 

show the positive relationship between blood pressure and muscle sympathetic nerve activity 

observed in males. Further, premenopausal women undergoing an acute stress event such as 

maximal exercise have cardioprotective effects that originate from lower resting sympathetic 

tone and a more rapid vagal response compared to age-matched males (119). Additionally, 

women have increased parasympathetic activity in response to acute painful stimuli compared 

to men (120).  

Generally, vagal activity increases heart rate variability and lowers both heart rate and 

blood pressure. However, this regulation varies across sex, cycle, and life stage. In females, 

cycle phases characterized by low estrogens are associated with increased basal heart rate and 

arterial pressure, as well as decreased baroreflex sensitivity (121). Conversely, high estrogenic 

phases are associated with increased cardiovascular autonomic modulation (121). 

Postmenopausal women also show decreased vagal responses and heart rate variability (122, 

123) that are reversed by estrogen replacement therapy (124). Interestingly, vagal activity 

influences 𝛽-adrenergic signaling in the rat hippocampus (125), indicating that interplay of both 

central and peripheral neural activation may contribute to the cognitive and vascular protective 

effects of estrogens. It remains to be determined how these protective effects impact responses 

to chronic stress; although,  recent studies found cycling female rats were resilient to cardiac 

hypertrophic remodeling  (73), and baroreflex impairment following chronic stress 



 
11 

(126).Additionally, female rodents show decreased vascular impairment (110), and resilience to 

systemic vascular inflammation following chronic stress (127). 

Autonomic imbalance also impacts immune regulation. Importantly, inflammatory 

cytokines have been proposed to link cardiovascular and mood outcomes (128). Further, the 

regulation of interleukin-1 beta during chronic stress, an inflammatory cytokine elevated in 

depressive disorders (129) and chronic stress (130), is influenced by 𝛽-adrenergic signaling in 

male, but not female rats (131).Moreover, chronic stress enhances immune reactivity in a sex-

dependent manner whereby male rats have excessive innate immune signaling and females 

show excessive hippocampal immune reactivity (132). Additionally, intact female rats exposed to 

social defeat stress also show increased interleukin-1 beta in the central amygdala and 

circulation plasma cytokines (133). These sex-dependent changes, among others, are indicative 

of broad differences in HPA axis activity and sympatho-vagal balance, likely accounting for sex 

differences in behavior and physiology.  

While a large body of literature indicates that chronic stress sensitizes male HPA axis 

stress responses to promote glucocorticoid hypersecretion (9), recent studies in female rodents 

have yielded equivocal results (126). A study focusing on the effects of chronic stress in 

adolescent rats found that female rats had enhanced HPA axis stress reactivity in adulthood that 

was attenuated by a GR modulator (134). However, a similar adolescent chronic stress study 

found decreased HPA axis activation in adult female rats (135). More recently, a longitudinal 

rodent study found that, compared to male littermates, chronically-stressed female rats have 

increased HPA axis responses to both psychological and glycemic stressors, as well as 

impaired glucose tolerance (4). Further, the enhanced glucocorticoid responses to glycemic 

stress persisted into late adulthood. Taken together, the data to date suggest that chronic stress 

results in numerous sex-specific physiological changes linked to endocrine and autonomic 

dysregulation that impact long-term health and disease susceptibility. Conflicting results across 
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studies indicate that our current understanding of female endocrine regulation during and after 

chronic stress is incomplete. Additional studies to parse organizational, reproductive cycle, and 

life-stage effects are likely to uncover significant new information about basic stress biology.  

 

6. Implications 

The study of sex-specific autonomic responses to stress is a developing area with many 

unanswered questions. Determining the underlying mechanisms that promote sex-specific 

differences in disease occurrence is essential for improving clinical outcomes and may lead to 

targeted sex-specific preventative care. Additionally, these physiological processes have broad 

implications for aging pre-, peri-, and post-menopausal women, particularly those with higher 

allostatic loads due to adverse life events. The higher female incidence of comorbid 

cardiometabolic and mood disorders, coupled with sexually dimorphic responses to stress, are 

hypothesized to contribute to increased risk of Alzheimer’s disease, which also 

disproportionately affects women (136). Thus, understanding how the endocrine and autonomic 

consequences of chronic stress affect health across the lifespan is highly important for 

improving cardiovascular, metabolic, emotional, and cognitive outcomes. 
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CHAPTER 2: GLUCOREGULATION AND COPING BEHABIOR AFTER CHRONIC STRESS IN 

RATS: SEX DIFFERENCES ACROSS THE LIFESPAN2 

 

1. Introduction 

The neuroendocrine stress response, initiated by threats to homeostasis (7), is essential 

for mobilizing energy necessary for adaptation and survival (5). However, dysregulated or 

prolonged stress responses are linked to cardiometabolic dysfunction and neuropsychiatric 

disorders (8). Globally, metabolic dysfunction contributes to leading causes of death such as 

cardiovascular disease (1) and diabetes mellitus (2). Additionally, metabolic and depressive 

disorders have a bi-directional relationship, further contributing to years lived with disability (3, 

26).  

While the development of metabolic dysfunction is multifactorial, stress is widely 

recognized as a causative agent (22). Central stress responses influence the neuroendocrine 

hypothalamic-pituitary-adrenal (HPA) axis, as well as the sympathetic-adrenal-medullary (SAM) 

axis. Thus, stressful events initiate a cascade of neural and endocrine responses that mobilize 

energy to alter both physiologic and psychologic states (137). Aberrant activation of these 

systems by prolonged early life stress is linked to the development of metabolic dysfunction in 

adulthood (138, 139), as well as psychiatric conditions, including depressive disorders (140, 

141). In rodent models, chronic early-life stress increases HPA axis reactivity (139, 142) and 

impairs neuronal survival and cognition in adulthood (143). Additionally, chronic variable stress 

(CVS) in young adult rats increases fasting insulin and corticosterone in males (144).  

 

2Dearing, C., Morano, R., Ptaskiewicz, E., Mahbod, P., Scheimann, J. R., Franco-Villanueva, A., 
Wulsin, L., & Myers, B. (2021). Glucoregulation and coping behavior after chronic stress in rats: 
Sex differences across the lifespan. Hormones and behavior, 136, 105060.  
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Although pre-clinical studies have found immediate and long-term effects of early life 

stress on cognitive function (143, 145–149) and endocrine stress reactivity (139, 150–152), 

these studies have largely focused on males. While there are significant sex differences in the 

development of psychiatric disorders (153, 154), we are just beginning to learn how biological 

sex impacts behavioral and metabolic health. Further, studies examining potential sex 

differences in coping and HPA axis responses after stress in adolescence have generated 

equivocal results (134, 135), possibly related to group variation and/or timing of assessments.  

In the current study, we employed a longitudinal design to test the hypothesis that 

females may have differential behavioral and metabolic susceptibility to adolescent chronic 

stress. Furthermore, we sought to examine how early life measures may predict an individual’s 

behavioral and endocrine outcomes later in life. To this end, we assessed the effects of chronic 

stress during adolescence on coping behavior and glucoregulation in a large cohort of male and 

female rats both immediately following stress exposure and at 15 months of age. This approach 

permitted the analysis of stress, sex, and age interactions on coping behaviors, as well as 

glucocorticoid and glucose responses to psychological and physiological challenges.  

 

2. Methods 

2.1 Subjects 

Rats were kept on a 12 on 12 off light-dark cycle. Males were kept on a 6:00-18:00 cycle 

and females were kept on a 9:00-21:00 cycle to maintain the same circadian time during 

experimentation. Specifically, male assessments were done prior to female assessments on the 

same day, with both occurring at the same relative time of the light cycle for each sex. Food and 

water were available ad libitum. All experiments were approved by the Institutional Animal Care 

and Use Committee of the University of Cincinnati (protocol 04-08-03-01) and complied with the 
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National Institutes of Health Guidelines for the Care and Use of Laboratory animals. All rats had 

daily welfare assessments by veterinary and/or animal medical service staff. 

 

2.2 Design 

As illustrated in Fig. 2, a single cohort of rats was generated through in-house breeding 

of 12 litters of 10 Sprague-Dawley rats each to produce 120 pups (60 rats/sex). Pups were 

cross fostered as necessary to maintain uniform litter size and equal sex distribution (5 

pups/sex/litter). All pups were weaned at postnatal (PN) day 24. At 5 weeks of age, pups were 

separated into treatment-specific same sex pairs so that 3 rats/sex/litter were assigned to the 

CVS group and 2 rats/sex/litter were assigned to No CVS. Pairings were randomized and not 

limited to littermates. In total, 36 rats/sex were exposed to CVS and 24 rats/sex remained as 

unstressed controls. All rats were handled regularly with body weight monitored throughout the 

course of the experiment. Males and females were housed separately in adjacent rooms with 

light cycles shifted so that all stressors and assessments occurred at the same time each day 

for both sexes. Due to the scale of the experiment, equal portions of all 4 groups went through 

sample collection and testing on consecutive days. CVS began at PN 43 with baseline blood 

samples taken 14 days later. After 20 days of CVS, rats went through the forced swim test (FST) 

followed 3 days later by a fasted glucose tolerance test (GTT). These early assessments were 

considered the ‘young’ phase for analyses. Rats then aged for 13 months prior to another 

baseline blood sample, FST, and GTT. Tissues were then collected for analysis 3 days later at 

just over 15 months of age. Assessments from this period were considered ‘aged’ for analysis. 

 

2.3 CVS 

Exposure to CVS began at PN 43, which is considered late adolescence (142). CVS 

continued for 20 days to include the transition to adulthood.  Rats were exposed to stressors 
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twice daily (AM and PM) presented in a randomized manner (142, 155, 156). Stressors included 

restraint (plexiglass tube, 30 min), shaker (100 RPM, 1 hr), damp bedding (1 hr), cold room (4 

˚C, 1 hr), and hypoxia (8% oxygen, 30 min). Rats were also exposed to overnight stressors 

twice a week. These included housing with an unfamiliar cage mate and single housing for 

social instability and social isolation, respectively.  

 

 

Figure 2: Experimental design and timeline. A single cohort of rats was separated into 4 
experimental groups consisting of male and female unstressed controls (No CVS, n = 24/sex) 
and chronically stressed males and females (CVS, n = 36/sex). These groups underwent 
endocrine and behavioral assessments immediately following CVS. After aging for 13 months, 
they were re-tested prior to tissue collection. Created with BioRender. 
 

2.4 Blood collection and analysis 

Blood samples (approximately 100 µL) were collected by tail clip in tubes containing 10 

µL of 100 mmol/L ethylenediamine tetraacetate (155). Baseline blood was collected on the 

morning of day 15 in the CVS paradigm prior to daily stressors. Following CVS, rats were 
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exposed to novel acute stressors that acted as psychologic (FST) and glycemic (GTT) 

challenges. All 3 assessments (baseline, FST, and GTT) were repeated 13 months later. Blood 

glucose was determined from tail blood using Bayer Contour Next glucometers and test strips 

(Ascensia, Parsippany, NJ). Collected blood samples were centrifuged at 3000× g for 15 

minutes at 4°C and plasma was stored at -20°C until analysis. Triglyceride and cholesterol 

levels were determined by the Mouse Metabolic Phenotyping Center at the University of 

Cincinnati. Plasma corticosterone was measured using an ENZO Corticosterone ELISA (ENZO 

Life Sciences, Farmingdale, NY) with an intra-assay coefficient of variation of 8.4% and an inter-

assay coefficient of variation of 8.2% (157).  

 

2.5 FST 

The FST was used as psychological stressor to assess active versus passive coping 

(158) and endocrine reactivity. As previously described (159), rats were placed in an open-top 

cylinder (61 cm high x 19 cm diameter) filled with 40 cm of water (23-27 ˚C, 10 minutes). 

Behavior was recorded with an overhead mounted camera and scored by a blinded observer. 

The video was analyzed every 5 s for observations of immobility (passive coping) or activity 

(swimming, climbing, and diving). Additionally, blood was collected at 15, 30, 60, and 120 

minutes after the beginning of FST. For females, vaginal swabs were taken after each FST and 

analyzed for estrous phase by blinded observers.  

 

2.6 GTT 

Three days after the FST, rats were fasted for 4 hours prior to a GTT to assess glucose 

homeostasis and glucocorticoid responses to glycemic challenge (160, 161). A baseline blood 

sample was collected prior to glucose injection (1.5 g/kg, 20% glucose, i.p.). Blood was then 
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collected at 15, 30, 45, and 120 minutes post injection. For females, vaginal swabs were taken 

after each GTT and analyzed for estrous phase by blinded observers. 

 

2.7 Tissue collection  

 Two days after the final GTT, rats were rapidly anesthetized (5% inhaled isoflurane) and 

euthanized via rapid decapitation. Mesenteric white adipose tissue (mWAT), inguinal white 

adipose tissue (iWAT), and adrenal glands were collected and weighed. mWAT was collected to 

sample visceral adiposity and iWAT to sample subcutaneous adiposity (162, 163).  All raw organ 

weights were corrected for bodyweight. 

 

2.8 Data analysis 

Data are expressed as mean ± standard error of the mean. All rats were included in all 

analyses. All data were analyzed using Prism 8 (GraphPad, San Diego, CA), with statistical 

significance set at p < 0.05 for all tests. Body weight during CVS, as well as plasma 

corticosterone and blood glucose during FST and GTT were analyzed by 3-way mixed effects 

analysis with sex, stress condition, and time (repeated) as factors. For significant main or 

interaction effects, Tukey multiple comparison post-hoc tests were used to compare groups at 

specific times. Baseline plasma measures, FST behavior, hormonal area under the curve 

(AUC), aged body weight, and organ weights were analyzed with 2-way ANOVA with sex and 

stress condition as factors. In the case of main or interaction effects, Tukey multiple comparison 

post-hoc tests were employed. For inclusion in corticosterone AUC analysis, all time points for 

each rat were required. Thus, if a blood sample at one time point was of insufficient volume for 

analysis, that subject was excluded from the AUC calculation. Within-group data were compared 

across life stages by 1-way ANOVA with age as a factor followed by Tukey multiple comparison 

post-hoc tests. Additionally, partial eta squared (ηp
2) was calculated as a measure of effect size 
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following all ANOVA or mixed effects analyses. Pearson correlation two-tailed analyses were run 

to examine associations between young and aged data within each group. To compare 

associations across groups, Fisher transformed r values were compared by two-tailed analyses. 

 

3. Results 

3.1 Body weight and baseline plasma measures during CVS 

Body weight analysis over the course of CVS (Fig. 3A) found main effects of sex [F(1, 

116) = 480.5, p < 0.0001, ηp
2 = 0.796], CVS [F(1, 116) = 6.866, p = 0.01, ηp

2 = 0.052], and day 

[F(1.590, 184.5) = 3216, p < 0.0001, ηp
2 = 0.611], as well as sex x day [F(5, 580) = 341.7, p < 

0.0001, ηp
2 = 0.143] and CVS x day [F(5, 580) = 4.439, p < 0.0006, ηp

2 = 0.002] interactions. 

Post-hoc testing indicated that males had greater body weight than females within stress 

conditions on all days. Although CVS x day interactions were present across sexes, no 

significant effects of CVS were observed within sex on specific days. Baseline corticosterone 

(Fig. 3B) had main effects of sex [F(1, 113) = 10.19, p = 0.0018, ηp
2 = 0.085] and CVS [F(1, 

113) = 5.410, p = 0.0218, ηp
2 = 0.047]. Post-hoc analysis found that, within CVS, females had 

greater (p < 0.01) corticosterone than males. Although, the CVS effect in females was not 

significant (p < 0.07). Triglycerides (Fig. 3C) showed effects of sex [F(1, 114) = 92.19, p < 

0.0001, ηp
2 = 0.453] and sex x CVS interaction [F(1, 114) = 6.161, p = 0.0145, ηp

2 =0.052]. 

Specifically, males had higher triglycerides than females (p < 0.0001) in both stress conditions 

and CVS decreased (p < 0.05) triglycerides in females. For plasma cholesterol (Fig. 3D), there 

was a main effect of sex [F(1, 114) = 17.61, p < 0.0001, ηp
2 = 0.136] where females had 

elevated cholesterol (p < 0.05) compared to males in both stress conditions. Taken together, 

these data indicate stress-independent sex differences in triglyceride and cholesterol regulation 

while CVS increases corticosterone and lowers triglycerides in females. 
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3.2 Young FST 

 Behavior during the FST was quantified to determine coping responses to acute 

psychological stress. Immobility (Fig. 4A), a passive behavioral response, showed effects of sex 

[F(1, 116) = 32.06, p < 0.0001, ηp
2 = 0.216] and CVS [F(1, 116) = 3.944, p = 0.0494, ηp

2 = 0.032] 

where females were more immobile (p < 0.01) than males in both stress conditions. Although 

there was a main effect of CVS, within sex there were no significant differences in immobility 

(males p = 0.061). No significant sex or stress effects were found for climbing or diving 

behaviors; however, swimming (Fig. 4B) showed both sex [F(1, 116) = 16.62, p < 0.0001, ηp
2 = 

0.151] and CVS [F(1, 116) = 8.895, p = 0.0035, ηp
2 = 0.087] effects. Post-hoc analysis found 

that, in the No CVS groups, females had less (p < 0.01) swimming behavior. CVS decreased 

swimming in males (p < 0.05) with no significant difference (p = 0.078) from females. 

Corticosterone (Fig. 4C) was measured to determine sex and stress effects on HPA axis 

reactivity to an acute behavioral challenge. Although all other data are represented by n = 

24/sex No CVS and n = 36/sex CVS, a shipping error resulted in lost blood samples for the 

young FST corticosterone measurement (1/4 randomly across all groups and time points). 

Consequently, the reduced sample sizes are: n = 10-24 male No CVS, n = 12-24 female No 

CVS, n = 17-36 male CVS, and n = 18-36 female CVS. Mixed effects analysis found main 

effects of sex [F(1, 116) = 32.16, p < 0.0001, ηp
2 = 0.182], CVS [F(1, 116) = 55.03, p < 0.0001, 

ηp
2 = 0.281], and time [F(2.413, 174.3) = 462.2, p < 0.0001, ηp

2 = 0.782] with sex x time [F(4, 

289) = 11.79, p < 0.0001, ηp
2 = 0.127] and CVS x time [F(4, 289) = 13.77, p < 0.0001, ηp

2 = 

0.098] interactions. Post-hoc analysis indicated CVS females had higher corticosterone than  
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Figure 3: Young metabolic measures. Body weight was measured throughout the course of 
CVS for both CVS (n = 36/sex) and No CVS (n = 24/sex) controls (A). On the morning of CVS 
day 14, a baseline blood sample was taken to determine plasma corticosterone (B), plasma 
triglycerides (C), and plasma cholesterol levels (D). Data are expressed as mean ± SEM. * 
represents sex differences within stress condition, # represents CVS effects within sex, † 
represents sex differences within CVS over time. *,# p < 0.05, ** p < 0.01, and ****,†††† p < 
0.0001.  
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CVS males 15 min post-FST, while CVS increased corticosterone (p < 0.05) in males at 30 and 

60 min. Additionally, females had higher corticosterone (p < 0.01) at the 90 min recovery time 

point. AUC analysis of cumulative corticosterone exposure during the FST (Fig. 4D) found 

effects of sex [F(1, 48) = 11.95, p = 0.0012, ηp
2 = 0.219] and CVS [F(1,48) = 27.49, p < 0.0001, 

ηp
2 = 0.392]. Specifically, CVS increased total corticosterone (p < 0.05) in both sexes but to a 

greater extent (p < 0.01) in females than males. 

Glucose mobilization is a component of the stress response reflecting metabolic 

integration of sympathetic-mediated glucagon release, gluconeogenesis, and glycogenolysis, in 

addition to longer-term glucocorticoid effects on gluconeogenesis and glycolysis (32, 164). FST 

exposure (Fig. 4E) led to effects of sex [F(1, 116) = 44.30, p < 0.0001, ηp
2 = 0.175] and time 

[F(2.47, 284.4) = 151.8, p < 0.0001, ηp
2 = 0.379], with sex x time [F(3, 346) = 59.55, p < 0.0001, 

ηp
2 = 0.190] and CVS x time [F(3, 346) = 10.74, p < 0.0001, ηp

2 = 0.044] interactions. From 15-

60 min, females had lower (p < 0.05) blood glucose than males regardless of stress condition. 

This was reflected by significant sex effects [F(1,114) = 48.94, p < 0.0001, ηp
2 = 0.304] in the 

AUC analysis (Fig. 4F). Collectively, the young FST data indicate that, compared to males, 

females more passively cope with behavioral challenge and have greater CVS-induced 

glucocorticoid hypersecretion. 

 

3.3 Young GTT  

The GTT was utilized to examine sex and CVS effects on glucose tolerance, as well as 

glucocorticoid responses to a systemic hyperglycemia stressor. Blood glucose responses to i.p. 

glucose (Fig. 5A) had effects of time [F(2.41, 279.1) = 387.8, p < 0.0001, ηp
2 = 0.667], sex x 

CVS [F(1, 116) = 5.15, p = 0.025, ηp
2 = 0.017],sex x time [F(4, 464) = 12.10, p < 0.0001, ηp

2 = 

0.058], and sex x CVS x time [F(4, 464) = 2.796, p = 0.0257, ηp
2 = 0.014] interactions. Post-hoc 

analysis found that peak glucose (15 min) was greater (p <0.001) in CVS females than CVS 
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males. Further, CVS males had enhanced glucose clearance (p <0.01) 45 min post-injection. 

Cumulative glucose exposure (Fig. 5B) also showed sex x CVS interaction [F(1, 116) = 4.703, p 

= 0.0322, ηp
2 = 0.038] where CVS decreased total glucose in males (p < 0.05) and, within CVS, 

females had greater (p < 0.05) total glucose. 

 

 

Figure 4: Young FST. During FST, behavioral coping was assessed as passive (A) or active (B) 
in No CVS (n = 24/sex) and CVS (n = 36/sex) rats. Blood was taken at 15, 30, 60, and 120 min 
after the initiation of the 10-min FST. Plasma corticosterone was measured (C) and the 
integrated total corticosterone response was calculated from the AUC (D). Blood glucose was 
also measured at each time point (E) and total blood glucose calculated (F). Data are expressed 
as mean ± SEM. * represents sex differences within stress condition, # represents CVS effects 



 
24 

within sex (indicated by color for time-dependent measures), † represents sex differences within 
CVS over time. *,#,† p < 0.05, **,##,†† p < 0.01, ***,###,††† p< 0.001, and ****,†††† p < 0.0001. 
 

In response to glycemic challenge, corticosterone (Fig. 5C) had sex [F(1, 115) = 4.012, p 

= 0.0475, ηp
2 = 0.029], CVS [F(1, 115) = 6.002, p = 0.0158, ηp

2 = 0.017], and time [F(2.292, 

199.4) = 165.7, p < 0.0001, ηp
2 = 0.625] effects with a CVS x time interaction [F(4, 348) = 3.108, 

p = 0.0156, ηp
2 = 0.014]. Post-hoc analysis revealed that, within CVS, females had higher (p < 

0.05) fasting baseline corticosterone than males; additionally, CVS females had higher 

corticosterone (p < 0.0001) at 15 min than CVS males. Analysis of total corticosterone (Fig. 5D) 

indicated a sex effect [F(1, 35) = 5.687, p = 0.0226, ηp
2 = 0.208]; however, females were not 

significantly different from males within either stress condition. Altogether, data from the GTT 

indicate that CVS improves male glucose clearance without affecting glucocorticoid responses. 

In contrast, CVS exposed females have impaired glucose tolerance and elevated glucocorticoid 

reactivity compared to their male counterparts. 

 

3.4 Aged body weight, corticosterone, and somatic measures 

 With aging and increased body weight (Fig. S1A), the sex difference in body 

weight persisted (Fig. 6A). ANOVA indicated effects of sex [F(1,115) = 1115, p < 0.0001, ηp
2 = 

0.907] with males weighing more (p < 0.0001) than females in both stress conditions. 
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Figure 5: Young GTT. Baseline blood samples (0 min) were taken before glucose injection (1.5 
g/kg, i.p.). Blood was taken at 15, 30, 45, and 120 min post injection in No CVS (n = 24/sex) and 
CVS (n = 36/sex) rats. At each time point, blood glucose was measured (A) and total blood 
glucose was calculated from the AUC (B). Plasma corticosterone was also measured (C) and 
cumulative corticosterone determined from the AUC (D). Data are expressed as mean ± SEM. ↓ 
represents glucose bolus, * represents sex differences within stress condition, # represents CVS 
effects within sex (indicated by color for time-dependent measures), † represents sex differences 
within CVS over time. *,#,† p < 0.05, ## p < 0.01, ††† p< 0.001, and †††† p < 0.0001. 
 

While baseline corticosterone (Fig. 6B) robustly increased in all groups (Fig. S1B), ANOVA 

found sex effects [F(1, 115) = 26.04, p < 0.0001, ηp
2 = 0.186] where females had higher (p 

<0.01) resting corticosterone than males regardless of stress exposure. Somatic measures 

were determined at the conclusion of the study to investigate potential effects of sex and/or 

stress on adrenal weight, as well as body composition in terms of visceral mWAT and 

subcutaneous iWAT. Body weight-corrected adrenal indices (Fig. 6C) had a sex effect [F(1, 113) 

= 251.6, p < 0.0001, ηp
2 = 0.736] with females having greater (p <0.001) relative adrenal mass. 

There were no effects on body weight-corrected mWAT (Fig. 6D); in contrast, iWAT (Fig. 6E) 

had sex effects [F(1, 112) = 93.06, p < 0.0001, ηp
2 = 0.461] where females had less (p < 0.001) 
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subcutaneous adiposity. In all, there were no effects of CVS on baseline corticosterone or 

somatic measures. However, sex effects were present where females had lower body weight 

and less subcutaneous fat while their adrenal glands were larger and secreted more 

corticosterone.  

 

Figure 6: Aged FST. During FST, behavioral coping was assessed as passive (A) or active (B) 
in No CVS (n = 24/sex) and CVS (n = 36/sex) rats. Blood was taken at 15, 30, 60, and 120 min 
after the initiation of the 10-min FST. Plasma corticosterone was measured (C) and the total 
corticosterone response was calculated from the AUC (D). Blood glucose was also measured 
(E) and total blood glucose calculated (F). Data are expressed as mean ± SEM. * represents 
sex differences within stress condition and † represents sex differences within CVS over time. *,† 
p < 0.05, **,†† p < 0.01, *** p< 0.001, and ****,†††† p < 0.0001.  
 

3.5 Aged FST 

In contrast to young behavior, females were more active than males in the FST at 15 

months. Immobility (Fig. 7A) showed sex effects [F(1, 115) = 36.98, p < 0.0001, ηp
2 = 0.282] 

with males more immobile (p <0.001) than females in both stress conditions (Fig. S2A). 

Swimming (Fig. 7B) also had a sex effect [F(1, 115) = 15.81, p < 0.001, ηp
2 = 0.146]. While 
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there was no significant difference in No CVS groups (p = 0.085), CVS females swam more (p < 

0.01) than CVS males. 

Corticosterone responses to FST (Fig. 7C) had time [F(2.52, 246.4) = 114.7, p < 0.0001, 

ηp
2 = 0.306] and sex x time [F(4, 391) = 38.08, p < 0.0001, ηp

2 = 0.215] effects. Females in both 

stress groups generated more rapid corticosterone responses with elevated levels at 15 (p < 

0.05) and 30 (p < 0.01) min. However, delayed male recovery from the stressor led to females 

having lower (p < 0.05) corticosterone at 120 min. Given that females had greater 

corticosterone responses immediately after the stressor and that males showed delayed 

responses, AUC analysis (Fig. 7D) indicated similar total corticosterone exposure in all groups.  

Glucose responses to FST in aged rats (Fig. 7E) had sex [F(1, 116) = 77.58, p < 0.0001, 

ηp
2 = 0.322] and time effects [F(2.022, 233.1) = 44.90, p < 0.0001, ηp

2 = 0.099] with a sex x time 

[F(3, 346) = 61.63, p < 0.0001, ηp
2 = 0.132] interaction. As seen in young rats, males had higher 

glucose (p < 0.001) at 15-60 min in both stress groups. This was reflected in the AUC (Fig. 7F) 

where main effects of sex [F(1, 114) = 72.41, p < 0.0001, ηp
2 = 0.392] were present in both 

stress conditions. In summary, females had less immobility in the FST with CVS females more 

actively coping. This was coupled with an age-related shift in the temporal dynamics of male 

and female glucocorticoid responses where females had more rapid stress responses. 
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Figure 7: Aged FST. During FST, behavioral coping was assessed as passive (A) or active (B) 
in No CVS (n = 24/sex) and CVS (n = 36/sex) rats. Blood was taken at 15, 30, 60, and 120 min 
after the initiation of the 10-min FST. Plasma corticosterone was measured (C) and the total 
corticosterone response was calculated from the AUC (D). Blood glucose was also measured 
(E) and total blood glucose calculated (F). Data are expressed as mean ± SEM. * represents 
sex differences within stress condition and † represents sex differences within CVS over time. *,† 
p < 0.05, **,†† p < 0.01, *** p< 0.001, and ****,†††† p < 0.0001.  
 

3.6 Aged GTT 

After aging, the GTT was repeated and analysis of glucose clearance (Fig. 7A) found 

time effects [F(1.66, 192.4) = 407.9, p < 0.0001, ηp
2 = 0.639] with no significant group 
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differences. There were also no significant differences in total glucose (Fig. 8B); although, aging 

decreased male glucose clearance (Fig. S3B). Examination of glucocorticoid responses to 

glycemic challenge (Fig. 8C) indicated stress [F(1, 115) = 5.184, p = 0.0246, ηp
2 = 0.002] and 

time [F(2.83, 251.2) = 253.6, p < 0.0001, ηp
2 = 0.665] effects with stress x time [F(4, 355) = 

6.055, p = 0.0001, ηp
2 = 0.008] interactions. Specifically, females exposed to CVS had elevated 

corticosterone at 15 min compared to CVS males. Although, there were no significant 

differences in AUC (Fig. 8D). Thus, there were no group differences in aged glucose tolerance, 

but chronically stressed females maintained greater glucocorticoid reactivity relative to their 

stressed male counterparts. 

 

3.7 Estrous cycle 

Estrous cycle was determined for females following each acute stress test (Table 1). 

Given the single cohort design of the study, cycling was random and not staged. However, 

lifelong cohabitation increased synchronization. For instance, 46 of 60 females were in estrus 

for young FST. With aging, there was more spread across cycles, especially in the CVS group. 

As most assessments included rats in all phases, cycle phase was included in correlational 

analyses to investigate potential effects on behavior and endocrine outcomes. 
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Figure 8: Aged GTT. Baseline blood samples (0 min) were taken before glucose injection (1.5 
g/kg, i.p.). Blood was taken at 15, 30, 45, and 120 min post injection in No CVS (n = 24/sex) and 
CVS (n = 36/sex) rats. At each time point, blood glucose was measured (A) and total blood 
glucose was calculated from the AUC (B). Plasma corticosterone was also measured (C) and 
cumulative corticosterone determined from the AUC (D). Data are expressed as mean ± SEM. ↓ 
represents glucose bolus, † represents sex difference within CVS (p < 0.05).  

 

Surprisingly, estrous cycle phase did not correlate with coping behavior or endocrine 

responses; although, cycle phase during each assessment correlated with phase during other 

assessments. Ultimately, the clustering of females largely into the same cycle phase led to 

lower sample numbers in the other 3 phases. This limited spread of subjects across phases 

may have reduced the power to discern cycle-dependent effects. 
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Table 1: Percentage of rats in each estrous cycle phase during acute tests.  

 Phase Young FST Young GTT Aged FST Aged GTT 

No CVS 

Proestrus 16.66 33.33 20.83 8.33 

Estrus 75 45.83 62.5 75 

Metestrus 4.16 20.83 8.33 8.33 

Diestrus 4.16 0 8.33 8.33 

CVS 

Proestrus 16.66 13.88 27.77 22.22 

Estrus 77.77 69.44 44.44 38.88 

Metestrus 5.55 8.33 22.22 16.66 

Diestrus 0 8.33 5.55 22.22 

 

3.8 Regression analysis: CVS males 

In males exposed to chronic stress (Fig. 9B), numerous associations emerged that were 

not present in unstressed males. Among data collected in young rats, immobility in the FST 

positively correlated with corticosterone responses to FST (r = 0.612, p = 0.019). In contrast, 

immobility negatively correlated with glucose in the GTT (r = -0.372, p = 0.025). Baseline 

corticosterone in young CVS males correlated with multiple outcomes including a positive 

association with diving behavior (r = 0.392, p = 0.018) and negative associations with climbing (r 

= -0.337, p = 0.044) and cholesterol (r = -0.354, p = 0.034).  

Data collected from aged CVS males indicated that immobility in the FST positively 

correlated with glucose responses to FST (r = 0.428, p = 0.009) and corticosterone responses 

to glycemic challenge (r = 0.611, p = 0.026). Additionally, aged baseline corticosterone related to 

adrenal weight (r = 0.354, p = 0.046) and FST corticosterone responses (r = 0.567, p = 0.018), 

while negatively correlating with iWAT (r = -0.359, p = 0.037). Overall, both young and aged 

CVS males had positive associations between passive coping and glucocorticoid responses to 

stressors.  
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As far as data collected in young rats immediately following CVS that predicted 

outcomes in aged rats, glucose in the young GTT correlated positively with aged GTT (r = 

0.495, p = 0.002) and climbing behavior (r = 0.407, p = 0.013) but negatively with FST glucose 

(r = -0.438, p = 0.007). Young triglycerides predicted iWAT (r = 0.371, p = 0.018) and negatively 

associated with glucose in the aged GTT (r = -0.386, p = 0.019). Additionally, young baseline 

corticosterone during CVS predicted GTT glucose (r = 0.448, p = 0.006) and diving behavior in 

aged rats (r = 0.349, p = 0.037). While unstressed males did not have associations at any age 

between glucocorticoid responses to psychological and physiological stressors, CVS males had 

a negative correlation between young FST corticosterone responses and aged corticosterone 

responses to hyperglycemia (r = -0.873, p = 0.023). Overall, baseline corticosterone in males 

during CVS not only predicted behavior during the young FST but also aged behavior and 

glucose tolerance. 

 

3.9 Regression analysis: No CVS females 

  In young female controls (Fig. 9C), triglycerides positively correlated with FST climbing 

(r = 0.48, p = 0.021). Additionally, baseline corticosterone positively associated with glucose 

mobilization during the FST (r = 0.466, p = 0.022), which associated with corticosterone 

responses to GTT (r = 0.79, p = 0.004). Together, these findings indicate that, in contrast to 

males, female endocrine responses to swim and glycemic stressors are positively related. 

 In aged No CVS females there were numerous relationships between glucocorticoids 

and coping behaviors. Specifically, aged baseline corticosterone positively correlated with diving 

(r = 0.436, p = 0.038) and FST corticosterone responses (r = 0.593, p = 0.007). Further, aged 

FST glucocorticoid responses correlated with climbing behaviors (r = 0.538, p = 0.018). The 

aged FST glucocorticoid response also related positively to adrenal weight (r = 0.495, p = 

0.031) and negatively to body weight (r = -0.635, p = 0.003) and iWAT (r = -0.473, p = 0.041). 
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Ultimately, these correlations suggest that adrenal glucocorticoid release is related to active 

coping in aged females. 

 Young female data that predicted aged outcomes include corticosterone responses to 

both glycemic and psychogenic stressors negatively correlating with active coping behaviors 

after aging. Specifically, young corticosterone responses to hyperglycemia were negatively 

correlated with aged climbing behavior (r = -0.630, p = 0.037), while corticosterone responses to 

forced swim were negatively correlated with diving behavior (r = -0.636, p = 0.047). In addition, 

young triglycerides were negatively correlated with immobility after aging (r = -0.431, p = 0.040). 

Collectively, these correlations suggest that the female relationship between HPA axis activity 

and coping behavior changes with age. That is, increased glucocorticoid responses immediately 

after CVS negatively associate with active coping later in life; in contrast, aged females show a 

positive relationship between active coping and corticosterone responses.  

 

3.10 Regression analysis: CVS females 

In young chronically-stressed females (Fig. 9D), there were no associations between 

behavioral and endocrine measures. In fact, the only correlations among data collected 

following CVS were positive relationships between baseline corticosterone and corticosterone 

responses to FST (r = 0.652, p = 0.005) and immobility in the FST relating to body weight (r = 

0.37, p = 0.026). When compared to No CVS females, these data suggest that prolonged stress 

exposure may disrupt the female-specific relationships between endocrine responses to 

psychological and physiological stressors. 

 With aging, more relationships arose including passive coping negatively relating to body 

weight (r = -0.36, p = 0.031) and adiposity (mWAT: r = -0.355, p = 0.034, iWAT: r = -0.403, p = 

0.017). Additionally, glucose in the FST and GTT correlated (r = 0.502, p = 0.002), although 

there was no relationship between glucocorticoid responses in these tests. Moreover, diving 
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during the FST positively correlated with baseline corticosterone (r = 0.453, p = 0.006) and 

negatively correlated with GTT glucose (r = -0.362, p = 0.03). 

Young measures that predicted aged responses included glucose during the young GTT 

correlating with aged active coping (swim: r = 0.375, p = 0.024) and glucose during aged FST (r 

= 0.342, p = 0.044) and GTT (r = 0.535, p = 0.0007). Swimming during the aged FST was also 

positively associated with young triglycerides (r = 0.361, p = 0.03). In contrast to both No CVS 

females and chronically-stressed males, CVS females had correlates of aged visceral adiposity. 

In fact, young immobility correlated positively (r = 0.41, p = 0.013) and young GTT 

corticosterone negatively (r = -0.628, p = 0.009) with mWAT. Collectively, these findings indicate 

that chronic stress has sex-specific effects on the relationships between passive coping, 

glucose tolerance, and visceral adiposity over the lifespan. 

 

3.11 Regression analysis: group comparisons 

While within group regression analyses are useful for examining associations between 

behavioral, hormonal, and somatic measures across time, it is important to note that direct 

comparisons across groups are needed to determine if these associations relate to sex or 

stress. Furthermore, the presence of a significant correlation in one group does not indicate that 

the correlation is significantly different from another group. Therefore, correlations were 

transformed and statistically compared across groups (Fig. S4). 
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Figure 9: Regression analysis. Pearson correlations were run within each group [No CVS (n = 
24/sex) and CVS (n = 36/sex)] for all measures taken throughout the study. Significant 
associations (p < 0.05) are bolded. 
 

4. Discussion  

Broadly, this study sought to examine the behavioral and metabolic consequences of 

adolescent chronic stress in male and female rats across the lifespan. Compared to males 

immediately after CVS exposure, females exhibited elevations in baseline corticosterone, passive 

coping behavior, corticosterone responses to behavioral stress, and hyperglycemia-evoked 

corticosterone, in addition to impaired glucose tolerance. 
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While there were prominent sex by age interactions, enduring sex differences in the 

effects of chronic stress were present in coping behavior and corticosterone responses to 

glycemic challenge. Interestingly, age impacted sex differences in coping behavior, as young 

females had more passive coping while males were more passive after aging. In fact, 

regression analysis indicated that young and aged coping behaviors had little relation in any 

group, suggesting this behavior may represent more of a state than trait variable. In contrast, 

glucose tolerance was a stable trait across the lifespan in all groups. Collectively, the results 

indicate that adolescent chronic stress exposure has sex-specific impacts on behavior and 

metabolic health, partially contributing to differential outcomes later in life. 

Adolescent chronic stress exposure leads to a number of physiological changes (134, 

135, 139, 142, 150, 165–167), which held true in this study. Particularly, chronically stressed 

females had increased glucocorticoid responses across the life span which may indicate a 

broad sensitization of the HPA axis. Additionally, chronically stressed young females had 

impaired glucose clearance. Taken together, this phenotype may represent impaired metabolic 

capacity and/or overall dysregulation of endocrine homeostasis. Further, regression analysis 

indicated that, in chronically stressed females, metabolic indicators including triglycerides and 

blood glucose were positively correlated with active coping behaviors after aging.  

Although numerous studies have reported increased passive coping in females at 

varying time points after adolescent chronic stress, effects on glucocorticoid responses have 

been mixed (134, 135, 168). Specifically, adolescent chronic stress in female rats has produced 

both hypoactivity (135) and sensitization (134) of the HPA axis. The present results found 

female HPA axis sensitization to both behavioral and glycemic stressors immediately after 

chronic stress that persisted, in part, into late adulthood. Age differences in stress exposure and 

data collection, as well as the length of recovery between adolescent stress and adult 

assessments may contribute to these divergent results. However, the current study 

simultaneously investigated male and female littermates at multiple time points and found 
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female glucose intolerance combined with widespread HPA axis sensitization, indicating greater 

overall endocrine and autonomic reactivity in stressed females across the lifespan.  

Interestingly, chronic stress exposure improved glucose tolerance in young males. This 

associated negatively with young FST immobility and positively with body weight-corrected 

subcutaneous adiposity at the end of the study, correlations that did not exist in No CVS males. 

It remains to be determined whether relative differences in adiposity following CVS play a role in 

the increased rate of glucose clearance. Androgen effects are also possible as testosterone 

improves glucose tolerance in men (169), and increases active coping in male rats (170). 

In both young male and female rats, CVS impacted behavioral and endocrine measures, 

including elevated glucocorticoid responses to behavioral stress. However, sex differences in 

the effects of aging more prominently impacted long-term outcomes than CVS. Regardless of 

stress status, males and females differed in baseline glucocorticoid tone, subcutaneous 

adiposity, coping behavior, and stress-induced glucose mobilization. In fact, the increased 

immobility observed in young females was contrasted by an age-related increase in male 

immobility. This increased male immobility did not relate to bodyweight or adiposity but may 

reflect androgen decline in males and/or stress resilience in aged females (171). Further, the 

central processing of stress would be expected to contribute to sex- and stress-specific effects. 

In fact, 6 weeks after adolescent CVS, FST-induced Fos expression shows sex differences in 

chronic stress responses. Here, male rats have decreased neural activation in the medial and 

basolateral amygdala, while females do not (134). 

Although glucose tolerance is a well-accepted measure of metabolic function (172), 

numerous other hormones are critical, most notably insulin. Given the design of sampling blood 

5 times each in 2 experiments during the same week, we were limited in the volume we were 

able to collect. That combined with the demands of processing 2,400 total blood samples across 

the study, meant sample measurements were prioritized to prominent indicators of both stress 

reactivity and metabolic regulation. More targeted analysis of insulin in future studies would be 
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expected to better illuminate sex differences in glucose handling, as well as potential effects on 

insulin sensitivity. Another design consideration relates to allowing rats to age to 15 months, 

which should near reproductive senescence (173). This was chosen as a relative translational 

equivalent of late middle-age. Expanding the age range beyond 18 months would ensure 

reproductive senescence and may yield differences due to the reduced levels of gonadal 

hormones at advanced age. Despite the limitations, this study provides novel insights into the 

longitudinal effects of adolescent chronic stress and a basis for understanding sex-specific 

pathologies. 

Epidemiologic data indicate that males and females develop metabolic syndrome at 

similar rates (44). However, metabolic syndrome is a predisposing factor to cardiovascular 

disease (21), which is an increasingly prevalent cause of death in women after midlife (47, 174). 

Our data suggest that prolonged stress exposure may potentiate physiological and behavioral 

changes associated with the development of metabolic syndrome and subsequent disease 

sequelae. These animal data also suggest the possibility that human females may react 

differently from males to chronic stress in adolescence, and the divergent pathways to metabolic 

syndrome may require sex-specific interventions. Further investigation may indicate that sex-

specific predictive correlations support biomarker development to predict or intervene in future 

pathology. Given the role of chronic stress in psychiatric and metabolic disorders (22, 24, 25, 

27), mitigating the consequences of chronic stress exposure in adolescence has the potential to 

improve health and quality of life.  
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CHAPTER 3: SEX-SPECIFIC CARDIAC REMODELING IN AGED RATS AFTER EARLY-LIFE 

CHRONIC STREESS: ASSOCIATIONS WITH ENDOCRINE AND BEHAVIORAL OUTCOMES3  

 

1. Introduction 

Cardiovascular disease (CVD) is a leading cause of death both globally (1) and, specifically, 

a leading cause of death in women (175). However, the rates of cardiovascular disease through 

the lifespan differ wildly between males and females (176). While rates of CVD steadily increase 

with age in men, women generally experience lower rates until menopause, at which point rates 

of CVD increase to, or even exceed, that of men (45). These differences are largely attributed to 

the protective effects of female reproductive hormones (96, 177), centrally estradiol, on the 

cardiovascular system that are lost with reproductive senescence (51, 178). Aging associated 

changes in physiology, like hypertension and increased cholesterol, impact the pathogenesis of 

CVD in a number of ways and are often used as markers of heart health (26). Centrally, 

concentric hypertrophic remodeling reduces ventricular volume and increases the workload of 

the heart (179). Thus, concentric left ventricular hypertrophy (LVH) increases the risk of major 

cardiovascular events and heart failure (180). However, little is understood about how early life 

behavior, stress exposure, and autonomic responses impact LVH and the cardiovascular 

system throughout aging. Differences in these responses may increase susceptibility to 

cardiovascular remodeling in a sex specific manner.  

While stress responses are essential to appropriate homeostatic balance in the face of 

adversity (5), prolonged stress responses are associated with cardiometabolic dysfunction and 

 

3 C. Dearing, E. Sandford, N. Olmstead, R. Morano, L. Wulsin, B. Myers. (2024). Sex-specific 
Cardiac Remodeling in Aged Rats after Early-life Chronic Stress: Associations with Endocrine 
and Behavioral Outcomes. (Submitted to Biology of Sex Differences). 
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the development of neuropsychiatric disorders (8). Particularly, early-life stress has been shown 

to have immediate and long-term impacts on cognition and endocrine reactivity in pre-clinical 

studies (139, 148, 152). Rodent models of chronic early-life stress mirror these impacts with 

increased stress reactivity in males (144). Additionally, our research has shown that following 

Chronic Variable Stress (CVS), female rats become hyper-reactive to acute stress with 

increased corticosterone and impaired glucoregulation. They also exhibit a sex-specific change 

in coping style with young females exhibiting greater passive coping and young males exhibiting 

greater active coping during a Forced Swim Test (FST) (4). However, how early-life chronic 

stress affects cardiovascular remodeling, and consequently CVD risk, after aging in both males 

and females is unknown.  

Following our previously published longitudinal study (4) examining the coping behavior and 

metabolic impacts of early-life chronic stress exposure in both male and female rats, we used 

histological analysis to examine cardiac remodeling and test the hypothesis that sex-specific 

behavioral and endocrine responses impact cardiac susceptibility. To this end, we used 

assessments of behavioral coping and glucoregulation both immediately following chronic stress 

exposure and at 15 months of age in a large cohort of male and female rats to assess the 

effects of both chronic stress and aging on LVH. These analyses shed light on how behavior 

impacts future cardiac health in a sex-specific manner. 

 

2. Methods 

2.1 Subjects 

Initial experiments were previously published (4) and were approved by the Institutional 

Animal Care and Use Committee of the University of Cincinnati (protocol 04-08-03-01) and 

complied with the National Institutes of Health Guidelines for the Care and Use of Laboratory 
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Animals. All rats had daily welfare assessments by veterinary and/or medical service staff. 

Animals were kept on 12 on 12 off light cycles with food and water available ad libitum. 

2.2 Design  

Following on prior experiments, cardiac tissue from all animals was collected and histologically 

analyzed to look at heart size and relative left ventricular hypertrophy (Fig. 10A). Briefly, 120 

adolescent rats were randomly assigned to Chronic Variable Stress (CVS) (n = 36/sex) and 

stress naïve (No CVS) (n = 24/sex) groups. These animals then underwent a 14 day CVS 

paradigm (142, 155) followed by acute psychogenic (Forced Swim Test [FST]) and metabolic 

(Glucose Tolerance Test [GTT]) stressors. Animals were then aged to 15 months and acute 

stressed again. Blood glucocorticoid, somatic, and behavioral measures were quantified (4).  

2.3 Cardiac Tissue Collection 

Following the final acute stress test rats, rats were anesthetized (5% inhaled isoflurane) and 

euthanized via rapid decapitation. Hearts were immediately arrested in diastole via an 

intracardiac injection of 15% potassium chloride. Hearts were removed from the thoracic cavity 

and great vessels were trimmed to the trunk. Post-mortem clots were extracted, and the hearts 

were weighed. Tissue was then placed in 4% paraformaldehyde for 24 hours and transferred to 

3% sucrose for storage. Raw organ weights were corrected for bodyweight at the time of 

euthanasia. 
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Figure 10. Experimental design. A single cohort of male and female rats underwent chronic 
stress (No CVS n = 24/sex; CVS n = 36/sex) followed by acute challenge and aging (A). Mid-
sections of each heart were stained with H&E and wall and ventricular thickness were measured 
(B) Scale bar 1mm. Created with BioRender. 

 

2.4 Histologic Processing 

Prior to histological evaluation the cardiac tissue was sectioned, dehydrated, and embedded 

in paraffin in order to allow efficient slicing, imaging, and analysis. The heart tissue was sliced 

horizontally into 3 increments, the midsection of the heart was placed in a labeled cassette to be 

dehydrated. Mid-sectioned tissue was placed into a 60% ethanol bath for 10 minutes. It was 

transferred into a 70% ethanol bath for two 20 minute increments in two different baths. The 

tissue was soaked in two 95% ethanol baths for 20 minutes increments. The cassette was 

transferred to a 100% ethanol bath for a total of 60 minutes, transferring the tissue to a new 

ethanol bath every 20 minutes. Tissue was transferred to a 100% xylene bath for a total of 90 

minutes, in 30 and 60 minutes increments. After dehydrating the hearts, the cassettes were 
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dried and placed into a paraffin soak overnight. The cassettes were removed from the paraffin 

reservoir and embedded for slicing. The tissue was sliced using a Microm HM 330 microtome at 

35 𝞵m. Slices were stained with Hematoxylin and Eosin before drying, cover-slipping, and 

imaging.  

2.5 Imaging and Analysis 

Bright Field imaging was performed using a Ziess Axio Imager Z2 microscope. An image 

was taken for 9 tissue sections per animal to be analyzed. FIJI Image processing was used to 

analyze these images. For each image three different parameters were measured: left ventricle 

diameter, left ventricular free wall thickness, and interior wall thickness (Fig. 10B). 3-6 

measurements were made per image when measuring the free wall and interior wall. The 

interior wall measurements were made from the endocardium of the left ventricle wall straight to 

the endocardium of the right ventricle. The free wall measurements were made from starting at 

the endocardium of the left ventricle out to the serosa. The ventricular diameter was measured 

at 0, 45, -45, and 90 degrees spanning the entirety of the ventricle. These measurements were 

then averaged across tissue slice and animal (n = 36-54 biologic replicates/animal). 

2.6 Data Analysis 

Data are expressed as mean ± standard error of the mean. All rats were included in all 

analyses. Data were analyzed using Prism 10 (GraphPad, San Diego, CA), with statistical 

significance set at p<0.05 for all tests. Heart size and hypertrophy ratio were analyzed by 2-way 

ANOVA with sex and stress as factors. Internal comparison of hypertrophy within group was 

analyzed by 3-way ANOVA with sex, stress, and hypertrophy ratio as factors. All other 

comparisons of behavioral, somatic, and physiologic responses to Forced Swim and Glucose 

Tolerance Testing were analyzed by 3-way ANOVA with sex, stress, and left ventricular 

hypertrophy as factors. Tukey multiple comparisons post-hoc tests were used for all main and 
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interaction effects. Area under the curve (AUC) analysis was calculated as previously reported 

(4). Effect size is reported as eta squared (η2). Pearson correlation two-tailed analyses were 

used to examine relationships between hypertrophy and acute responses within groups. See 

supplemental table (S.1) for all ANOVA analysis results. 

 

3. Results 

Statistical results are focused on effects that are impacted by left ventricular hypertrophy for 

clarity. In concordance with our prior publication on the effects of stress and sex in these 

experiments, post-hoc analysis showed many of the same group differences. Therefore, while 

main effects are stated below, sex and stress specific group differences are outlined in the 

supplemental material. 

3.1 Heart size and hypertrophy 

Heart size was considered with 3 measurements: left ventricular diameter, interior wall, and 

free wall size (Fig. 11). 2-way ANOVA comparison of the ventricular diameter found a main 

effect of stress [F(1, 111) = 11.62, p = 0.0009, η2 = 9.326] with post-hoc analysis indicating the 

No CVS females had greater left ventricles than both No CVS males (p = 0.0437) and CVS 

males (p = 0.005). Interior and free wall measurements both exhibited main effects of sex [F(1, 

110) = 13.71, p = 0.0003, η2 = 11.0] and [F(1, 111) = 19.08, p < 0.0001, η2 = 14.58] respectively. 

Post-hoc analysis of the interior wall measurements indicated CVS males had smaller interior 

walls than both the No CVS females (p = 0.045) and CVS females (p = 0.0144). This was also 

reflected in the free wall analysis with CVS males again showing a smaller free wall than No 

CVS (p = 0.0043) and CVS (p = 0.0082) females. Additionally, No CVS males showed 

significantly smaller free walls than both No CVS (p = 0.0177) and CVS females (p = 0.0367). 

There were no significant differences within sex for any heart size measurement. 
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Left ventricular concentric hypertrophy (LVH) was determined by a Hypertrophy Ratio (HR) 

of the left ventricular diameter to the free wall thickness. Analysis indicated a main effect of sex 

[F(1, 111) = 14.39, p = 0.0002, η2 = 11.0] where CVS females showed significantly increased 

inward remodeling compared to both CVS (0.0009)  and No CVS (p = 0.003) males. No 

differences were seen within sex. An internal comparison of the low, mid, and high hypertrophy 

groups for each sex and stress condition indicated main effects of hypertrophy [F(2, 103) = 

118.1, p < 0.0001, η2 = 50.77], sex [F(1, 103) = 49.89, p < 0.0001, η2 = 10.72], and stress [F(1, 

103) = 4.717, p = 0.0322, η2 = 1.014].  Additionally, interactions of hypertrophy by sex [F(2,103) 

= 5.932, p = 0.0036, η2 = 2.550] and sex by stress [F(1, 103) = 5.520, p = 0.0207, η2 = 1.186] 

were present with the high hypertrophy group being significantly higher in all cases (Table 2). 

The only groups that were not significantly different were the male CVS and both male and 

female No CVS low and mid hypertrophy (Fig. 11E).  

 

Figure 11. Heart and hypertrophy measurements. The Left ventricle (A), Interior wall (B), and 
Free wall (C) were measured and corrected for bodyweight at the time of tissue collection. 
Hypertrophy (HR) is represented by a ratio of the free wall to the left ventricular diameter (D). 
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Each group was then separated into subpopulations, and these were compared to determine 
differences between subpopulations (E). Data are expressed as mean ± SEM. * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001. 

 

Table 2: Statistical comparison of hypertrophy subpopulations by group. 

 P value between hypertrophy groups 

 Female Male 

 High > Mid High > Low Mid > Low High > Mid High > Low Mid > Low 

No CVS p = 0.0147 
p = < 

0.0001 
p = 0.0728 p = 0.0411 

p = < 

0.0001 
p = 0.7317 

CVS 
p = < 

0.0001 

p = < 

0.0001 
p = 0.0008 

p = < 

0.0002 

p = < 

0.0001 
p = 0.7704 

 

3.2 Behavior 

Behavioral coping style (Fig. 12) differently impacted future cardiac hypertrophy depending 

on the age of the animals. When separated into low, mid, and high LVH groups, young passive 

coping, represented by immobility during FST, impacted LVH with main effects of sex [F(1,103) 

= 31.18, p < 0.0001, η2 = 20.26], stress [F(1, 103) = 4.641, p = 0.0335, η2 = 3.015] and LVH 

[F(2, 103) = 4.786, p = 0.0103, η2 = 6.218] and an interaction between LVH and stress [F(2, 

103) = 3.148, p = 0.0471, η2 = 4.09]. Young active coping, represented as swimming during 

FST, did not significantly impact LVH. However, analysis did show main effects of sex [F(1, 103) 

= 17.82, p < 0.0001, η2 =12.88] and stress [F(1, 103) = 10.04, p = 0.002, η2 = 7.258] with the 

high LVH no CVS males showing significantly more active coping than their CVS counterparts 

(p = 0.0462).  
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Figure 12. Behavioral analysis. Animals were challenged with a forced swim test immediately 
following chronic stress and after aging. Coping style was assessed as passive (A, C) or active 
(B, D). These were then ranked and compared across hypertrophy subpopulation. Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

Interestingly in aged animals, immobility did not significantly impact LVH but maintained a 

main sex effect [F(1, 102) = 30.75, p < 0.0001, η2 = 22.15]. However, within the low LVH 

animals, stressed males show significantly more active coping than stressed females (p = 

0.0467). Active coping in aged animals exhibited both a main of sex [F(1, 102) = 14.52, p = 

0.0002, η2 = 11.36] and an interaction between stress exposure and hypertrophy [F(2, 102) = 

3.565, p = 0.0319, η2 = 5.583].  

3.3 Glucocorticoid responses to metabolic stress 

Overall, glucocorticoid responses during FST in both young and aged animals and GTT 

responses in young animals did not impact LVH (see supplemental material). Glucocorticoid 

response to the metabolic stress of a glucose tolerance test impacted LVH in an age and sex 
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dependent manner (Fig. 13). Baseline corticosterone in aged animals showed a main sex effect 

[F(1, 85) = 4.912, p = 0.0293, η2 = 0.0293] and an interaction between sex, stress, and LVH 

[F(2, 85) = 3.283, p = 0.0423, η2 = 0.0423]. Interestingly, when looking at peak corticosterone 

levels 30 minutes following intraperitoneal injection of glucose aged animals show a main effect 

of sex [F(1, 86) = 6.772, p = 0.0109, η2 = 6.818] on peak corticosterone levels. Similarly aged 

animals show an interaction between LVH and sex [F(2, 35) = 5.042, p = 0.0119, η2 = 20.66]. 

There were no significant differences in the total glucose responses of young or aged animals. 

Importantly, on regressive analysis, left ventricular hypertrophy was significantly positively 

correlated to baseline corticosterone in aged unstressed male rats (r = 0.449, p = 0.041) (Fig. 

15A).  

3.4 Adiposity 

Measures of both Peripheral (inguinal) and visceral (mesenteric) adiposity significantly 

impacted LVH (Fig. 14). Peripheral adiposity had a main effect of sex [F(1, 100) = 94.98, p < 

0.0001, η2 = 41.97] and an interaction effect between LVH, sex, and stress [F(2, 100) = 3.09, p = 

0.499, η2 = 2.731]. 
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Figure 13. GTT glucocorticoid responses. Aged animals were metabolically challenged 
following chronic stress. Total blood glucose (A) and plasma corticosterone (B) were calculated 
from an AUC analysis. Baseline corticosterone was measured at T0 taken prior to glucose 
injection (C). Peak corticosterone response was measured 30 minutes following glucose 
injection (D). Groups were analyzed according to hypertrophy subpopulations. Data are 
expressed as mean ± SEM. * p<0.05. 

 

Within the low LVH group, male CVS animals have greater peripheral adiposity than female 

CVS animals (p = 0.0038). Additionally, male animals in the mid LVH group have greater 

adiposity than females in both the CVS (p = 0.0005) and no CVS (p < 0.0001) groups. This is 

reflected in the high LVH group with the CVS males having higher adiposity than CVS females 

(p < 0.0001). Mesenteric adiposity reflected a main effect of LVH [F(2, 101) = 3.916, p = 0.023, 

η2 = 6.755]. Regressive analysis showed LVH being positively correlated to mesenteric adiposity 

(r = 0.387, p = 0.026) in stress exposed aged males (Fig. 15B).  
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Figure 14. Adiposity following chronic stress. Following aging at euthanasia, mesenteric 
white adipose (A), inguinal white adipose (B). Groups were analyzed according to hypertrophy 
subpopulations. Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 

 

Figure 15. Correlations. Regressive analysis of aged No CVS male baseline corticosterone (A) 
and aged CVS male visceral adiposity (B). 

 

4. Discussion 

4.1 Sex-specific hypertrophy 

Broadly, this study sought to expand on prior work and examine the effects of aging and 

stress on cardiac structure in male and female rats. While early life chronic stress appears to be 

a modulatory influence on cardiac structure later in life, these effects are broadly eclipsed by the 

aging process. The impact of these factors is largely sex dependent.  
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 While heart size and LVH ratio indicate that females regardless of stress status have 

significant changes in cardiac structure, these changes are associated with fewer deleterious 

physiologic changes than in males. Importantly, this difference is likely due to these females 

being reproductively active. These results are in accordance with clinical data that show the 

rates of cardiovascular disease in cycling women are lower than that of age matched men (176). 

While the mechanism behind these clinical changes are not completely elucidated, our results 

support the consensus that female reproductive hormones have protective effects on the 

cardiovascular system (96, 177). It is likely that these females would experience greater 

dysfunction following reproductive senescence. Importantly, significantly increased left 

ventricular hypertrophy in females exposed to early chronic stress indicates that early life stress 

impacts cardiovascular structure throughout the lifespan in a sex-specific manner and is not 

dependent on the loss of reproductive hormones. These results may help to explain the clinical 

finding of female CVD rates rapidly overtaking and exceeding that of males following 

menopause if they are predisposed to structural changes that are masked prior to menopause.  

4.2 Male susceptibility  

It is known that exposure to chronic stress causes sex-specific cardiac remodeling 

immediately following stress exposure (156). However, this broader effect seems to resolve with 

age. While males did not experience overall higher rates of LVH, those animals with the highest 

amount of LVH showed evidence of higher cardiometabolic dysfunction in a stress specific 

manner. This susceptibility indicates that the long-term deleterious effects of chronic early life 

stress exposure differentially impacts individuals of the same population. Additionally, 

susceptible individuals show different behavioral responses to acute stress that then predict 

levels of LVH later in life. 

Particularly, the interaction of LVH and stress within the young passive coping response 

indicates that, in males, later cardiac remodeling is predicted by coping response to acute stress 
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in a stress dependent manner. Further, unstressed males with the greatest LVH show 

significantly increased active coping compared to their CVS counterparts. The increase in active 

coping may be an adaptive response to acute stress in naïve animals that then increases 

susceptibility to cardiac remodeling. Chronic stress exposure appears to dampen these changes 

and adaptive responses. These results indicate that, in males, early life stress and consequent 

coping behavior predict later cardiac changes. Interestingly, coping style later in life does not 

correlate to cardiac remodeling and is instead primarily a function of sex.  

While the metabolic analysis of the FST did not show the same male susceptibility in 

either young or aged animals, acute metabolic stress in aged animals again emphasized a 

stress and sex specific susceptibility in males. Particularly, baseline corticosterone 

measurements in aged animals showed an inverse relationship between stress condition and 

LVH. Additionally, regressive analysis shows a positive correlation of LVH and baseline 

corticosterone in unstressed males. These results suggest that increased glucocorticoid 

responsivity in chronic stress naïve males predicts greater cardiac remodeling and that chronic 

stress exposure changes these relationships. Further, the positive correlation in unstressed 

males implicates a deleterious association between metabolic responsivity and cardiac 

remodeling that becomes apparent with age.  

The association between metabolic and cardiac changes with age is also apparent in 

somatic measures of peripheral and visceral adiposity. Visceral adiposity is strongly correlated 

with the development of multiple cardiometabolic diseases in humans (181). The correlation 

between peripheral adiposity and these disease processes is less clear. However, an overall 

increase in adiposity is persistently associated with increased risk for cardiometabolic disease 

(182). Interestingly, exposure to chronic stress leads to a positive correlation in visceral 

adiposity and LVH, indicating that early life chronic stress exposure may impact metabolic 

capacity and consequently cardiac remodeling. The effects of peripheral adiposity indicate that 
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an increase in overall adiposity that is not specific to the abdomen is likely still impacting left 

ventricular hypertrophy. However, it is interesting to note that the amount of LVH may be 

conversely impacting the adiposity of an individual through complex interactions of metabolism 

and behavior.  

Interestingly more traditional measures of cardiovascular health, triglycerides and 

cholesterol (183), did not show significant associations with LVH regardless of sex or stress 

status. However, these measures were taken when the animals were young – immediately 

following chronic stress exposure. So while young measurements of these traditional markers 

did not predict later hypertrophy, they are not indicative of cardiac function at the time of 

hypertrophy measurement.  

4.3 Bimodal dysfunction 

 Exposure to chronic stress and consequent repeated activation of the HPA axis and 

autonomic systems are likely impacting cardiac work (184). It is clear that in some animals this 

has led to increased left ventricular hypertrophy. However, the group of animals that present 

with low LVH may also show some level of dysfunctionality. This is apparent in stress specific 

changes in glucocorticoid release. Particularly, young females show an increase in total FST 

glucose mobilization within the mid LVH group, but a significant decrease when compared to the 

high LVH group. This stress specific bimodal change occurs in a number of metabolic markers 

and may be indicative of dysfunctionality in both extremes of LVH hypertrophy. This coincides 

with research indicating rats with low glucocorticoid responsiveness have similar sympathetic 

dysregulation to highly responsive animals following stress (185).  

 

5. Conclusions                                                               
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The results of this study indicate that while chronic stress exposure in adolescents impacts 

cardiometabolic physiology immediately following exposure, the effects of age have a greater 

impact particularly in female rats. However, in male rats, responses to acute stress are 

predictive of later cardiac hypertrophy, indicating the potential for susceptible subpopulations to 

be identified. Importantly, these results indicate sex-specific responses following chronic stress 

differentially impact later individual cardiac health. Thus, while some animals show resiliency, 

those that are susceptible may be at an increased risk for CVD. Consequently, responses to 

early life stress may predict later CVD risk in a sex-specific manner.       
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CHAPTER 4: PREFRONTAL-MEDULLARY CIRCUIT INHIBITION DYSREGULATES SEX-

SPECIFIC ENDOCRINE RESPONSES TO METABOLIC STRESS  

      

1. Introduction 

Metabolic diseases, such as diabetes mellitus, increasingly impact mortality and years lived 

with disability (186). A greater population percentage also experiences symptoms of metabolic 

dysfunction, referred to as metabolic syndrome, at a subclinical level (187). Symptoms of 

metabolic syndrome increase subsequent disease risk and are characterized by abdominal 

obesity, hypertension, hyperlipidemia, and insulin resistance (21).  While the etiology of 

metabolic diseases and metabolic syndrome is multifactorial (187–189), environmental factors, 

such as stress, strongly contribute to the pathogenesis of these conditions (20, 22, 190). 

Broadly defined, stress is any real or perceived threat to homeostasis and results from a variety 

of life events (7). Cumulative life stressors reduce organismal adaptive capacity (5). Importantly, 

these disease processes have sex-specific variations that are important for both prognosis and 

treatment outcomes (191, 192).  

Exposure to chronic stress is strongly associated with deleterious changes across many 

physiologic systems that impact metabolic function (22, 193). Particularly in adolescents, 

chronic stress can impact cognitive and emotional development and contribute to abdominal 

obesity and metabolic syndrome (20, 23). Additionally, chronic stress has been shown to 

increase the risk of hypertension and myocardial infarction (25, 194), increase chronic pain 

(195) and inflammatory responsiveness (196), and alter circadian rhythmicity (14). These 

changes are part of a complex homeostatic dysregulation that impacts metabolic function and 

adaptive capacity.  
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While stress appraisal occurs in multiple brain regions, our understanding of the 

neurobiological basis of how stress impacts systemic physiology and subsequent disease 

pathogenesis is still largely unknown. The human ventromedial prefrontal cortex (vmPFC) and 

rodent homolog, the infralimbic cortex (IL), are important in limiting stress reactivity (68), 

influencing coping behavior (159), and have sex-specific impacts on motivational behaviors 

(73). However, this region does not directly innervate stress-reactive neuroendocrine cells – 

indicating more complex circuitry likely underlies these effects. Activation of projections to the 

rostral ventrolateral medulla (RVLM), an important regulator of sympathetic activity and 

glucoregulation (197, 198)), were recently shown to have sex-specific reductions in stress 

responsivity (199). 

Therefore, to test the necessity of the IL-RVLM circuit in glucoregulation following chronic 

variable stress (CVS) in males and females, we used an intersectional genetic approach to 

selectively inhibit this circuit and then glycemically challenge animals with an acute metabolic 

stress test. Specifically, we hypothesized that the inhibition of this circuit will exacerbate the 

glucodysregulation associated with chronic stress with females showing greater susceptibility to 

metabolic dysfunction. 

 

2. Methods 

2.1 Subjects   

Age-matched young adult (PND ~42) male and female rats were obtained from Charles 

River (Wilmington, MA). Animals were kept on a 12-hour light cycle with food and water ad 

libitum. Following stereotaxic surgery, rats were housed individually in a temperature- and 

humidity-controlled room. All experiments were approved by the Colorado State University 

Institutional Animal Care and Use Committee (Protocol:1392) and complied with the National 
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Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All rats had daily 

welfare checks by veterinary and/or animal resource staff. 

 

2.2 Design 

 Cohorts of young adult male and female rats (PND ~42, 2 cohorts/sex) were assigned to 

a 2X2 group of either CVS or No CVS and circuit-intact or circuit-inhibited (Fig. 16). These 

animals were randomly assigned to both viral group and CVS group within sex (n = 6-

10/group/sex). CVS and No CVS groups within sex were weight-matched to ensure no 

significant differences in animal size. Male and female cohorts were run consecutively, 

preventing between-sex analyses. CVS began 5 weeks after viral injection (D0-D14). Fasted 

glucose tolerance testing (GTT) took place on day 15 followed by tissue collection on day 18.  

 

Figure 16. Experimental design and injection placement. Two distinct cohorts of male (n = 6-
10/group) and female (n = 8-10/group) underwent viral injection followed by chronic stress 
exposure. Rats were then acutely challenged with GTT and tissue collected (A). Representative 
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images (B) of viral injection placement in both IL and VLM for males and females (C). Created 
with BioRender. 

 

2.3  Microinjections  

An intersectional genetic approach was used to selectively inhibit RVLM projecting IL 

neurons. Animals were first anesthetized with isoflurane (1-5%) followed by subcutaneous 

administrations of analgesic buprenorphine-SR (0.5 mg/kg). Unilateral RVLM injections 

(Female: 12.25 mm posterior to bregma, 1.9 mm lateral to midline, 9.95 mm ventral to skull; 

males: 12.25 mm posterior to bregma, 1.9 mm lateral to midline, 10.2 mm ventral to skull) were 

administered with a retrograde adeno-associated viral (AAV) Cre-construct (Female: 0.3 ul, 

male: 0.5ul) (Addgene, Watertown, MA). Injection lateralization was randomized and balanced 

among group and sex. Subsequently, bilateral IL injections (Female: 2.3 mm anterior to bregma, 

0.5 mm lateral to midline, and 4 mm ventral from dura; males: 2.7 mm anterior to bregma, 0.6 

mm lateral to midline, and 4.2 mm ventral from dura) of either a Cre-dependent Tetanus toxin 

Light Chain (TeLC) (Stanford Gene Vector and Virus Core, Stanford, CA) or Cre-dependent 

Green Fluorescent Protein (GFP) (Addgene, Watertown, MA) were administered (female: 0.6 ul, 

male: 0.8ul). TeLC acts to cleave synaptobrevin and inhibit neurotransmitter release, thereby 

inhibiting the IL-RVLM circuit (200, 201). Viral expression and recovery lasted for 5 weeks. 

2.4  Stress Paradigm 

 Rats were exposed to CVS 5 weeks following viral injection. CVS lasted for 14 days and 

consisted of twice daily (AM and PM) randomized stressors and interspersed overnight 

stressors (4, 155, 156). Stressors included restraint (plexiglass tube, 1 h), shaker (100 rpm, 1), 

cold room (4˚ C, 1 h), brightly lit open field (1 m2, 1 h), forced swim (23-27˚ C, 10 min), elevated 

platform (0.5 m, 1 h), predator odor (fox, coyote, 1 h), bright light exposure (overnight, 12 h), 
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and damp bedding (overnight, 12 h) (4, 156). All rats were fed ad libitum throughout CVS. Food 

was removed the morning of day 15 4 h prior to GTT. 

 

2.5  Glucose tolerance testing 

Following chronic stress on the morning of day 15, endocrine metabolic reactivity and 

glucose homeostasis was assessed using a 4h fasted GTT (4, 161). GTT was completed more 

than 12 h following the final stressor and took place between hours 3 - 6 of the light phase. A 

baseline blood sample was taken via tail clip prior to glucose injection (1.5 g/kg, 25% glucose, 

i.p.). Blood was then collected at 15, 30, 45, and 90 min. post injection and placed in tubes with 

10 µl of 100 mmol/L ethylenediamine tetraacetate. Blood glucose was quantified in duplicate 

with Bayer Contour Next Glucometers and test strips (Ascensia, Parsippany, NJ). Blood was 

centrifuged at 3000 x g for 15 min at 4˚ C and stored at -20˚ C until analysis. Plasma 

corticosterone (C. V. = 6.6 – 8,0 %; ENZO Life Sciences, Farmingdale, NY), plasma glucagon 

(C. V. < 10 %; Crystal Chem, Elk Grove Village, IL), and plasma insulin (C. V. ≤ 10 %; Crystal 

Chem, Elk Grove Village, IL) were determined by ELISA. Vaginal swabs were taken for estrous 

analysis in females. 

2.6  Tissue collection 

 Two days day following GTT, animals were injected with sodium pentobarbital (100 

mg/Kg) and perfused transcardially with 0.9% saline followed by 4.0% paraformaldehyde in 0.1 

M phosphate buffer solution. Brain tissue was collected for technical validation. Tissue was 

post-fixed in 4.0% paraformaldehyde for 24 hours at room temperature before storage in 30% 

sucrose at 4˚ C. Adrenal glands were collected and weighed. Vaginal swabs were taken for 

estrous analysis in females. 

2.7  Statistical analyses 
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All data are presented as mean ± standard error of the mean (SEM). Animals were 

excluded from analyses if injection placement was determined to be greater than 0.5 mm from 

region boundary. All data were analyzed using Prism 10 (GraphPad, San Diego, CA), with a 

significance of p < 0.05 for all tests. All analyses were completed within sex. Body weight during 

CVS was analyzed by 3-way repeated measures ANOVA within sex with stress, viral condition, 

and time as conditions. Food intake and adrenal weight were compared via 2-way ANOVA with 

stress and viral condition. Hormones analyses were completed via 2-way ANOVA within stress 

with viral condition and time (repeated measure) as conditions. Tukey post-hoc analysis was 

used for within group comparisons. Correlative measures were determined by Pearson’s r two-

tailed analyses. See supplemental table (S.2) for all ANOVA analysis results. 

 

3. Results 

3.1 Body weight, food intake, and adrenal weight 

 Body weight analysis over the course of CVS (Fig. 17) showed main effects in females 

of day [F(4, 132) = 6.825, p < 0.0001] and stress [F(1, 33) = 6.641, p = 0.0146] and an 

interaction of day and stress [F(4, 132) = 23.80, p < 0.0001]. In females, food intake also 

reflected a main effect of stress [F(1, 33) = 13.58, p = 0.0008] where TeLC CVS females had 

significantly decreased food intake compared to TeLC No CVS females (p = 0.0402). When 

corrected for body weight, there were no significant differences in adrenal weight in females.   

 The body weights of male animals over the course of CVS showed a main effect of day 

[F(4, 124) = 44.01, p < 0.0001] and an interaction of day and stress [F(4, 124) = 49.58, p < 

0.0001]. There were no significant differences in food intake over CVS. There was a main effect 

of stress on adrenal weight [F(1, 28) = 20.32, p = 0.0001]. Both GFP CVS males (p = 0.0469) 
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and TeLC CVS males (p = 0.0069) had significantly increased adrenal weights compared to 

their unstressed counterparts. 

 

Figure. 17. Somatic measures following CVS. Female and male (n = 6-10/group/sex) body 
weight (A, D) and food intake (B, E) were measured over the course of CVS. Adrenal weight 
corrected for body weight (C, F) were measured at tissue collection. Data are expressed as 
mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

3.2 Hormone responses to GTT 

Acute responses to metabolic challenge varied greatly between sex, stress, and viral 

condition. In females, the impacts of IL-RVLM (TeLC) inhibition mirrored chronic stress-induced 

glucocorticoid hypersecretion (Fig. 18) but had diverging impacts on metabolic reactivity when 

coincident with chronic stress. Unstressed TeLC females both decreased glucose clearance 

[F(1, 79) = 10.36, p = 0.0019] and increased corticosterone secretion [F(1, 79) = 14.41, p = 
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0.0003] compared to circuit-intact GFP controls with corticosterone being significantly increased 

45 minutes after glucose injection (p = 0.0083). Interestingly, these animals showed no 

differences in plasma insulin or glucagon following GTT.  

 

Figure 18. Female GTT hormonal responses. Following CVS, animals were challenged with 
GTT (n = 6-10/group/sex). Animals were compared within stress history: No CVS GFP (n = 10), 
No CVS TeLC (n = 8), CVS GFP (n= 10), CVS TeLC (n = 9). Blood was taken at 0, 15, 30, 45, 
and 90 min. At each time point total blood glucose (A, E), plasma insulin (B, F), plasma 
glucagon (C, G), and plasma corticosterone (D, H) were quantified over the 90-minute time 
course. Data are expressed as mean ± SEM. ↓ represents glucose bolus. ** p<0.01, *** 
p<0.001, **** p<0.0001. 

 

The effects of chronic stress in female GFP rats corroborate our previously reported 

effects of dysfunctional glucoregulation (4). Interestingly, TeLC CVS females showed no 

significant differences from CVS GFP female blood glucose, plasma corticosterone, insulin, or 

glucagon. However, these animals still show glucodysregulation with high blood glucose and 

corticosterone values. This indicates that IL-RVLM inhibition does not interact with CVS to 

exacerbate the deleterious metabolic effects of chronic stress in females. 

In No CVS males, circuit inhibition did not overtly change glucose tolerance or 

corticosterone responses to GTT (Fig. 19). However, these animals did have differences in the 
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underlying metabolic regulation that are reflected in their metabolic responsivity. No CVS TeLC 

males showed significantly increased glucagon compared to GFP controls [F(1, 63) = 4.015, p = 

0.0494]. There were no significant differences in plasma insulin across the time course. 

 

Figure 19. Male GTT hormonal responses. Following CVS, animals were challenged with 
GTT (n = 6-10/group/sex). Animals were compared within stress history: No CVS GFP (n = 10), 
No CVS TeLC (n = 6), CVS GFP (n= 11), CVS TeLC (n = 7). Blood was taken at 0, 15, 30, 45, 
and 90 min. At each time point total blood glucose (A, E), plasma insulin (B, F), plasma 
glucagon (C, G), and plasma corticosterone (D, H) were quantified over the 90 minute time 
course. Data are expressed as mean ± SEM. ↓ represents glucose bolus. * p<0.05, ** p<0.01, 
**** p<0.0001. 

 

Following chronic stress, TeLC males showed significant deviations from the metabolic 

profile usually seen following chronic stress where males seem to have improved metabolic 

responses (4). TeLC males both significantly decreased glucose clearance [F(1, 81) = 7.018, p 

= 0.0097) and decreased corticosterone [F(1, 80) = 4.078, p = 0.0468]. There were no 

significant differences in insulin or glucagon across the time course.  

3.3 Metabolic responsivity: females 

To examine metabolic responsivity, we looked at relative pancreatic islet cell responsivity 

using a ratio of plasma insulin:plasma glucacon (I:G). This measure provides relative 
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sympathetic:parasympathetic input to the endocrine cells of the pancreas, which is vital for 

downstream glucoregulation and homeostatic adaptation (202). Additionally, we used regressive 

correlations to examine associations between glucoregulation and hormone efficacy over the 

course of the GTT. These combined analyses give insight into relative metabolic responsivity 

and pathway relationships. 

 In females, there were no significant differences in I:G between the unstressed TeLC and 

GFP animals (Fig. 20A). However following chronic stress, GFP females showed a main effect 

of time X virus interaction on I:G [F(4, 77) = 2.57, p = 0.0444]. The TeLC CVS females more 

closely represented the unstressed females (Fig. 20B).  

These pathway differences are reflected in correlative data (Fig. 21). In unstressed GFP 

females, plasma insulin at 90 min. is negatively correlated to blood glucose at 15 min. (r = - 

0.92, p = 0.009), 45 min. (r = - 0.896, p =  0.016), and 90 min. (r = - 0.85, p = 0.032) post-

injection. Baseline glucagon is positively correlated to blood glucose at 45 min (r = 0.72, p = 

0.019) and glucagon 15 min. post-injection is negatively correlated to glucose 15 min. post-

injection (r = - 0.853, p = 0.003). Glucose levels at 15 min. positively correlated to plasma 

corticosterone at 30 min. (r = 0.644, p = 0.044). 
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Figure 20. Insulin:Glucagon ratio over GTT. The ratio of I:G was quantified at each time point 
for both females (A, B) and males (C, D) by stress history (n = 6-10/group/sex). Data are 
expressed as mean ± SEM. * p<0.05. 

 

Following CVS, these relationships change dramatically. Importantly, baseline plasma 

insulin is positively correlated to blood glucose at 15 min. (r = 0.75, p = 0.032) indicating 

changes in glucoregulation are associated with insulin insensitivity. Additionally, glucagon levels 

15 min. post-injection are positively correlated to baseline glucose (r = 0.699, p = 0.024) and 

corticosterone at 15 min. (r = 0.927, p < 0.0001) and 30 min. (r = 0.756, p = 0.018) positively 

correlated to blood glucose at 15 min. 
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Figure 21. Regressive analysis: females. Pearson correlations were run within each group to 
examine the relationship between glucose and insulin, glucagon, and corticosterone. Significant 
associations (p < 0.05) are bolded. 

 

 IL-RVLM inhibition in unstressed females leads to a positive correlation between 

baseline glucose levels and insulin at 30 min. (r = 0.853, p = 0.007). Following the GTT, 

glucagon levels at 90 min. positively correlated to blood glucose at 90 min. (r = 0.791, p = 

0.034). Interestingly, baseline glucose positively correlated to corticosterone at 45 min. (r = 

0.908, p = 0.002) and glucose at 15 min. correlates to corticosterone at 15 min. (r = 0.745, p = 

0.034). 
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 In chronically stressed females, circuit inhibition again changes the metabolic profile. 

Baseline glucose correlated to insulin levels at 15 min. post-injection (r = 0.681, p = 0.043). 

Insulin levels at 30 minutes then negatively correlated to blood glucose at 45 min. (r = -0.886, p 

= 0.008) and 90 min. (r = -0.854, p = 0.014). There were no major correlations between 

glucagon and blood glucose. Blood glucose at 15 min. correlated to corticosterone at 30 min. (r 

= 0.666, p 0.05).  

3.4 Metabolic responsivity: males 

 Male metabolic reactivity was vastly different from their female counterparts. While there 

was no difference in the I:G ratio between the unstressed GFP and TeLC males (Fig. 20C), 

TeLC males that have undergone chronic stress have a significantly increased I:G ratio 

compared to GFP animals [F(1, 76) = 5.048, p = 0.0276] (Fig 20D). This is in opposition to the 

effect on I:G seen in their female counterparts.  

 There were fewer endocrine correlations across all male groups (Fig. 22). In No CVS 

male GFP rats, baseline glucose positively correlated to insulin 45 min. post-injection (r = 0.71, 

p = 0.031). Baseline glucose also correlated to glucagon at 45 min. (r = 0.79, p =0.021). 

Additionally, baseline glucagon correlated to glucose at 30 min. (r = 0.61, p = 0.031) and 

glucagon levels at 45 min. correlate to glucose 90 min. post-injection (r = 0.74, p = 0.036). 

There were no significant correlations with corticosterone. Additionally, in chronically stressed 

GFP males there were no correlations with insulin, glucagon, or corticosterone. However, in 

TeLC unstressed males, insulin levels at 15 min. post-injection positively correlate to glucose 

levels at 30 min. (r = 0.83, p = 0.04). There were no significant correlations with glucagon or 

corticosterone. TeLC chronically stressed males had no significant correlations with either 

insulin or corticosterone. Importantly, baseline glucose was negatively correlated to baseline 

glucagon (r = -0.08, p = 0.032) and glucagon levels at 45 min. (r = -0.81, p = 0.026). 
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Figure 22. Regressive analysis: males. Pearson correlations were run within each group to 
examine the relationship between glucose and insulin, glucagon, and corticosterone. Significant 
associations (p < 0.05) are bolded. 

 

3.5 Estrous cycle cytology 

Vaginal cytology was done to determine estrous phase following GTT and at tissue 

collection (Table 3). These animals were allowed to free cycle and were not staged across 

group to prevent bias toward one reproductive hormone profile. 

 

 



 
69 

Table 3: Estrous stage at GTT and tissue collection. 

 GTT Tissue Collection 

 
Proestrus 

(%) 
Estrus 

(%) 
Metestrus 

(%) 
Diestrus 

(%) 
Proestrus 

(%) 
Estrus 

(%) 
Metestrus 

(%) 
Diestrus 

(%) 
GFP  
No 

CVS 
20 20 10 50 0 30 40 30 

GFP 
CVS 

40 20 40 0 10 50 20 20 

TeLC 
No 

CVS 
63.63 9.09 27.27 0 9.09 54.54 9.09 27.27 

TeLC 
CVS 

54.54 18.18 18.18 9.09 18.18 27.27 36.36 18.18 

 

4. Discussion 

4.1  IL-RVLM sympathetic dysregulation: females 

 Glucoregulation is a complex and dynamic process that is impacted by sex and prior 

stress history. These data indicate that IL-RVLM circuitry is necessary for glucoregulation in 

females. Circuit inhibition in these animals lead to decreased glucose clearance and increased 

corticosterone secretion regardless of stress history, further supporting the evidence that the IL-

RVLM acts as a sympathetic inhibitor. Loss of this input leads to broad sympathetic 

dysregulation that stimulates hypothalamic-pituitary-adrenal axis activation. Further, this 

activation likely leads to the upregulation of gluconeogenic process that are reflected in the 

positive correlation of glucose to both corticosterone and glucagon in the TeLC No CVS 

females. In unstressed females, these changes are impacting metabolic regulatory systems, 

and consequently glucose regulation, seemly without changing pancreatic activity. This 

collateral effect on homeostatic function potentially acts as a detriment to adaptive capacity. 

 Interestingly, when IL-RVLM inhibition is combined with chronic stress exposure in 

females, gross glucodysregulation does not seem to be exacerbated. While these animals also 

show decreased glucose clearance and increased corticosterone release, it is not significantly 
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worse following chronic stress. However, pancreatic activation in these animals indicates an 

increase in gluconeogenic processes compared to GFP CVS females. This is further reflected in 

the positive correlative relations between glucose and insulin. Initially, the positive correlation 

between baseline glucose and the 15 min insulin response is indicative of an early 

compensatory response. However, the inverse correlation at 45 and 90 min with higher glucose 

relating to lower insulin indicates that this compensatory response is likely overridden by 

gluconeogenesis.  

4.2  Insulin sensitivity following chronic stress 

 While glucodysregulation in females following chronic stress has been previously shown 

(4), the underlying mechanisms driving these changes has not been investigated. In these CVS 

GFP females, the increase in insulin over the GTT combined with the positive correlation 

between baseline insulin and glucose indicate that there is an insulin-resistant glucose 

intolerance in these animals. Therefore, chronic stress in females leads to dysregulation of 

counterregulatory mechanisms that maintain glucose homeostasis. Consequently, these results 

support clinical data indicating early life stress predisposes females to metabolic syndrome that 

can lead to further metabolic disease (23). 

4.3  IL-RVLM homeostatic dysregulation: males 

 In male rats, the impact of inhibiting the IL-RVLM circuit is reduced. Unstressed animals 

do not show glucose intolerance or corticosterone hypersecretion. However, these animals do 

show increased glucagon throughout the GTT indicating an increase in gluconeogenic 

processes. This increase in gluconeogenesis is likely reflective of an increase in sympathetic 

activation, similar to their female counterparts. However, the lack of corresponding changes in 

glucoregulation could be indicative of increased metabolic homeostatic capacity.  



 
71 

 Interestingly, when coincident with chronic stress Il-RVLM inhibition in males decreases 

glucose clearance. However, these animals show an increased I:G ratio and decreased 

corticosterone secretion. The positive correlation between glucagon and glucose in these 

animals indicates that circuit inhibition is still leading to sympathetic disinhibition. However, the 

shift in pancreatic activation toward insulin production and the decrease in corticosterone 

release may be characteristic of an adaptive response to metabolic stress. This complex 

interplay of homeostatic processes and sympathetic dysregulation in these animals suggests 

they may have a wider metabolic homeostatic range.  

4.4  Sex-dependent homeostatic function 

 The relationships between glucoregulatory hormones and glucose vary immensely 

based on sex, stress history, and circuit disruption. Interestingly, these relationships were less 

pronounced in males, with GFP CVS males showing no significant relationships. One potential 

explanation of this phenomena is each counterregulatory mechanism is acting to dampen each 

individual mechanism. These interactions are vital in maintaining glucoregulation but act to 

mask statistical relationships. This is emphasized in the circuit-inhibited males where very few 

correlations present as significant. This further supports the idea that as homeostatic 

perturbations increase, the influence of counterregulatory mechanisms is altered. In females, 

these mechanisms become dysregulated and as feedback becomes uncoupled more 

relationships become statistically significant. It is important to note that in control animals, these 

relationships are present because of a lack of homeostatic challenge. Interestingly, these control 

relationships are different between males and females indicating that baseline metabolic 

responses are sex dependent. This suggests that sex plays an important role in determining 

metabolic function (192). 

 The current study aimed to examine the necessity of the IL-RVLM circuit in metabolic 

stress responding following chronic stress exposure. These data support the hypothesis that the 
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IL-RVLM is necessary for appropriate metabolic homeostasis and the inhibition of the circuit 

leads to sex-dependent glucodysregulation and the impingement of homeostatic regulation. 

While the analysis of these results is limited to within sex, further experiments to directly 

compare male and female function could elucidate specific metabolic changes that lead to 

dysfunction. Additionally, further analysis of metabolic function by protein analysis of peripheral 

insulin signaling may reveal downstream effects of metabolic dysfunction. Overall, this study 

provides novel insight into the glucoregulatory function of the RVLM and how chronic stress 

interacts in a sex-specific manner to change metabolic function. This understanding is vital to 

developing a foundation for sex-specific prevention and treatment of metabolic disease. 
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CHAPTER 5: PREFRONTAL-MEDULLARY INHIBITION LEADS TO SEX-SPECIFIC CARDIAC 

AND MICROVASCULAR DYSFUNCTION FOLLOWING CHRONIC STRESS 

 

1. Introduction  

Cardiovascular disease (CVD) is the leading cause of death worldwide (176) and is the 

leading cause of death in women (175). The development of CVD has multiple etiologies and is 

characterized by a range of physiologic changes across multiple organ systems that influence 

cardiac and vascular function (1, 26, 183). Many of these changes precede pathologic 

progression and additionally contribute to the development of comorbid conditions such as 

diabetes mellitus and hypertension (26). Therefore, understanding how these pathways are 

regulated and the mechanistic changes they undergo is essential to better understanding and 

mitigating CVD progression. 

Chronic stress is a precipitating factor in the development of CVD, with detrimental changes 

to both cardiovascular structure and function (184). Particularly, exposure to chronic stress 

leads to left ventricular hypertrophy, decreased aortic compliance, and fibrotic changes (203, 

204), as well as atherosclerotic change (205) and diastolic dysfunction (206, 207), an early 

predictor of cardiac disease. Importantly, vascular and microvascular function following stress 

exposure is an emerging area of CVD treatment. Stress exposure is known to contribute to 

systemic cardiovascular dysfunctionality that indirectly impacts endothelial function, such as 

hypertension and peripheral resistance (208), as well as having direct action on vascular 

function (209). The mechanisms through which chronic stress leads to vascular dysfunction are 

likely varied and multifaceted. However, evidence suggests these changes may be mediated by 

alterations in vasoactive receptors that impact oxidative mediators like nitric oxide (NO) (209, 

210). It is important to note that this vascular dysfunction is largely considered through the lens 

of large conducting vasculature. However, microvascular dysfunction, that is often characterized 
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by reduced endothelium-dependent relaxation and exaggerated vasoconstriction (211, 212), 

likely preempts wider dysfunction. Therefore, elucidating the effects of chronic stress on 

microvascular function and the neurobiologic basis for these changes is vital. 

While there are several brain regions responsible for cardiovascular regulation and stress 

appraisal, how these regions interact to regulate and mitigate deleterious changes is largely 

unknown. The prefrontal infralimbic (IL) cortex, which is known to sex-specifically impact stress 

reactivity (155, 159), to rostral ventrolateral medullary (RVLM) circuit likely plays an important 

role in the autonomic regulation of the cardiovascular system through the actions of 

catecholaminergic neurons (198, 199). Therefore, we sought to isolate the impact of the IL-

RVLM circuit in the autonomic regulation of cardiovascular reactivity. To test the necessity of this 

circuit following chronic variable stress (CVS), we used a genetic approach to selectively inhibit 

the IL-RVLM circuit (199, 201) and examine in vivo and ex vivo measures of cardiac structure 

and vascular reactivity. Specifically, we hypothesized that IL-RVLM inhibition would lead to 

autonomic imbalance that alters microvascular reactivity and cardiac structure dependent on 

chronic stress exposure and sex.  

 

2. Materials and methods 

2.1 Subjects 

Age matched young adult male and female rats (PND ~ 42) were obtained from Charles 

River (Wilmington, MA). Animals were housed with a 12 on-12 off light cycle, water ad libitum, 

and food ad libitum depending on experimental protocol. Following stereotaxic injection, animals 

were housed individually. All experiments were approved by the Colorado State University 

Institutional Animal Care and Use committee (protocol: 1392) and complied with the National 
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Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All animals had daily 

welfare checks by veterinarian and/or animal resource staff.  

2.2 Experimental design 

2.2.1 Experiment 1: Cardiac analysis 

Cohorts of young adult male and female rats (PND ~42, 2 cohorts/group) were randomly 

assigned to a 2x2 group of either CVS or No CVS and circuit intact or circuit inhibited (n = 6 - 

11/group/sex) (Fig. 23). CVS and No CVS animals were weight matched to account for 

variability in body weight. All animals were fed ad libitum throughout the experiment. Male and 

female cohorts were run consecutively, preventing comparison directly between sex. CVS 

began 5 weeks post viral injection (D0-D14), metabolic analyses were run on day 15 as 

previously reported (Chapter 4), echocardiogram and aortic velocity analysis were completed 

(D16-17), followed by tissue collection on day 18.  

 

Figure 23. Experiment 1 design and injection placement. Two distinct cohorts of male (n = 6-
10/group) and female rats (n = 8-10/group) underwent viral injection followed by chronic stress 
exposure. In vivo measures of cardiac function, echocardiography and pulse wave analysis, 
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were then completed prior to tissue collection (A). Representative images (B) of viral injection 
placement in both IL and VLM for males and females (C). Created with BioRender. 

 

2.2.2 Experiment 2: Vascular analysis 

Staggered cohorts of young adult male and female rats (PND ~42) were randomly assigned 

to the 2x2 organization above (n = 4 – 6/group/sex) (Fig. 24). Each cohort was evenly 

distributed between groups and was sex-specific. Animals were randomly assigned within each 

cohort. CVS and No CVS animals were weight matched prior to the start of CVS. However, No 

CVS animals were food restricted at a 10% reduction of the average control food intake for each 

sex during experiment 1 over the course CVS (M: 19.13 g/day, F: 15.29 g/day) to account the 

impact of body composition on vascular function (156, 213). CVS animals had ad libitum food 

access. Because of the running nature of this design, some weight differences between CVS 

and No CVS animals remained. CVS began 5 weeks post viral injection (D0 – D14). Pressure 

myography, non-invasive hemodynamics, and tissue collection occurred on day 15, immediately 

following the completion of CVS. 
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Figure 24. Experiment 2 design and injection placement. Cohorts of male and female (n = 4-
6/group/sex) underwent viral injection followed by chronic stress. The day following stress 
exposure (D15), blood pressure was measured, tissue collected, and mesenteric arterioles used 
in pressure myography (A). Representative images (B) of viral injection placement in both IL and 
VLM for males and females (C). Created with BioRender. 

 

2.3 Microinjections 

An intersectional genetic approach was used in both experiments to selectively inhibit RVLM 

projecting IL neurons (199). In both experiments, animals were anesthetized (isoflurane, 1-5%) 

and given subcutaneous analgesic (buprenorphine-SR, 0.5 mg/Kg). Animals then received a 

unilateral RVLM microinjection (Female: 12.25 mm posterior to bregma, 1.9 mm lateral to 

midline, 9.95 mm ventral to skull; males: 12.25 mm posterior to bregma, 1.9 mm lateral to 

midline, 10.2 mm ventral to skull) with a retrograde adeno-associated viral (AAV) Cre-construct 

(Female: 0.3 ul, male: 0.5ul) (Addgene, Watertown, MA). Subsequently, bilateral IL injections 

(Female: 2.3 mm anterior to bregma, 0.5 mm lateral to midline, and 4 mm ventral from dura; 

males: 2.7 mm anterior to bregma, 0.6 mm lateral to midline, and 4.2 mm ventral from dura) of 

either a Cre-dependent Tetanus toxin Light Chain (TeLC) (Stanford Gene Vector and Virus Core, 

Stanford, CA) or Cre-dependent Green Fluorescent Protein (GFP) (Addgene, Watertown, MA) 

were administered (female: 0.6 ul, male: 0.8ul). Lateralization of RVLM injections were randomly 

alternated to reduce bias. TeLC acts to cleave synaptobrevin and to inhibit neurotransmitter 

release, thereby inhibiting the IL-RVLM circuit (200, 201). Viral expression and recovery lasted 

for 5 weeks. 

2.4 Chronic stress paradigm 

In both experiments (as described in Chapter 4), male and female CVS animals were 

exposed to twice daily (AM and PM) randomized stressors with intermittent overnight stressors 

(4, 155, 156). Stressors included (plexiglass tube, 1 h), shaker (100 rpm, 1), cold room (4˚ C, 1 

h), brightly lit open field (1 m2, 1 h), forced swim (23-27˚ C, 10 min), elevated platform (0.5 m, 1 
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h), predator odor (fox, coyote, 1 h), bright light exposure (overnight, 12 h), and damp bedding 

(overnight, 12 h) (4, 156). 

2.5 Echocardiography, pulse wave velocity 

In experiment 1, two days following CVS animals were anesthetized with 5% isoflurane and 

maintained at 1.5% isoflurane. A transverse echocardiogram was used to assess left ventricular 

functional and structural measures. Within 5 minutes of induction, a Phillips XD11 ultrasound 

system with a pediatric transducer was used to image 4-chamber angles in addition to M-mode 

measures of left ventricular diameter and wall thickness (73). 

The following day, rats were again anesthetized with isoflurane (5% induction, 2% 

maintenance) and aortic flow velocity was measured using a 10 Hz pulse wave doppler. Velocity 

was determined from doppler measures of the right carotid and femoral artery. Each trial was 

completed within 15 minutes of induction with n = 6-8 biologic replicates/animal. Diastolic wall 

strain was calculated as [ (𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑠𝑦𝑠𝑡𝑜𝑙𝑒)−𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒))𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑠𝑦𝑠𝑡𝑜𝑙𝑒) ] (217). 

Analysis was completed with DSPW doppler software (Indus Instruments, Houston, Tx). 

2.6 Pressure myography and non-invasive hemodynamics 

The day following CVS in experiment 2, animals were anesthetized with 5% isoflurane. 

Systolic and diastolic blood pressure was measured using a CODA tail cuff monitor (Kent 

Scientific, Torrington, CT). These measures were taken within 5-7 minutes of induction and 

maintenance at 1.5% isoflurane. 3-5 repeated measurements were taken per animal to reduce 

variability (201). 

Following blood pressure measurements while under 5% isoflurane, animals were rapidly 

decapitated. The mesentery was then removed and placed in warm physiologic saline solution 

(PSS). 3rd order mesenteric arterioles were then dissected and returned to 37 ˚ C PSS. One 
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vessel was then mounted into a single chamber blind-ended pressure myography system 

(Living Systems, Fairfax, VT) (214, 215).  

Following acclimation, the vessel was pressurized to 70 mmHg and function was tested 

using an endothelial-independent constrictor, Phenylephrine (PE), ranging from [1E-9] to [1E-5], 

an endothelial-independent dilator, Sodium Nitroprusside (SNP), from [1E-10] to [1E-4], and an 

endothelial-dependent dilator, Acetylcholine (ACh), from [1E-9] to [1E-5]. The vessel diameter 

was measured and averaged across the 30 seconds following equilibrium. The vessel was then 

pressurized to 120 mmHg, mimicking higher blood pressures recorded following stress, and the 

pharmacology was repeated to examine vascular function (216). Myogenic tone was also 

calculated as [  (𝑉𝑒𝑠𝑠𝑒𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝐶𝑎2+−𝑓𝑟𝑒𝑒 𝑃𝑆𝑆)−𝑉𝑒𝑠𝑠𝑒𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝐶𝑎2+ 𝑃𝑆𝑆))𝑉𝑒𝑠𝑠𝑒𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝐶𝑎2+−𝑓𝑟𝑒𝑒 𝑃𝑆𝑆) 𝑋100] from vessel 

diameters measured across 20 to 120 mmHg in both PSS (active tone) and Calcium free PSS 

(passive tone).  

2.7 Tissue Collection 

In experiment 1 following acute measurements, animals were injected with sodium 

pentobarbital (100 mg/Kg) and perfused transcardially with 0.9% saline followed by 4.0% 

paraformaldehyde in 0.1 M phosphate buffer solution. Brain tissue was collected for technical 

validation. Hearts and adrenals were collected and weighed. Female vaginal cytology was 

completed. Tissue was post-fixed in 4.0% paraformaldehyde for 24 hours at room temperature 

before storing in 30% sucrose at 4˚ C.  

Prior to and following CVS, whole blood was collected via a tail clip, placed in an EDTA 

tube, and plasma removed and stored following centrifugation at -20˚ C. Plasma Angiotensin II 

was determined via ELISA (C.V =  4.7-7.3 %; ENZO Life Sciences, Farmingdale, NY). 

For experiment 2 following CVS, animals were anesthetized with 5% isoflurane. Following 

rapid decapitation and myography preparation, brain tissue was collected for technical 
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validation. Hearts and adrenals were collected and weighed. Tissue was post-fixed in 4.0% 

paraformaldehyde for 24 hours at room temperature, followed by paraformaldehyde for 48 hours 

at 4˚ C, and storage in 30% sucrose at 4˚ C. Mesenteric arteries not used in Myography prep 

were post-fixed in paraformaldehyde for 24 hours at room temperature prior to storage in 30% 

sucrose at 4˚ C. In females, vaginal cytology was taken for estrous staging. 

2.8 Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). In both experiments, 

analyses were completed within sex due to the nature of the experimental designs. Body weight 

was analyzed via 3-way ANOVA with time (repeated), stress, and virus as conditions. Somatic 

data, echocardiography, and hemodynamics were analyzed by 2-way ANOVA with stress and 

virus as conditions. Myography was analyzed by 2-way ANOVA within stress condition using 

virus and either pressure or concentration as conditions. Post-hoc analysis was done with a 

Tukey correction. See supplemental table (S.3) for all ANOVA analysis results. Myography data 

were sorted using a Savitzky-Golay FIR filter and GESD outlier test to remove noise and 

tracking error.  

 

3. Results 

3.1 Experiment 1: Somatic measures 

As previously reported (Chapter 4), somatic measures (Fig. 25) of body weight in females 

over the course of CVS showed main effects of time [F(4, 132) = 6.825, p < 0.0001], stress [F(1, 

33) = 6.641, p = 0.0146], an interaction of time and CVS [F(4, 132) = 23.80, p < 0.0001]. Food 

intake reflected a main effect of stress [F(1, 33) = 13.58, p = 0.0008] with TeLC CVS females 

having significantly decreased food intake compared to TeLC No CVS females (p = 0.0402). 

While females showed no differences in adrenal weight, there was a main viral effect on heart 
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index [F(1, 31) = 7.554, p = 0.0099] with No CVS TeLC females having significantly larger 

hearts than their GFP counterparts (p = 0.0468) (Fig. 26). Additionally, females showed no 

difference in plasma angiotensin II levels or aortic pulse wave velocity. 

Male animals over the course of CVS showed no differences in food intake and changes in 

body weight reflected a main effect of day [F(4, 124) = 44.01, p < 0.0001] and an interaction of 

day and stress [F(4, 124) = 49.58, p < 0.0001]. Following CVS, males showed a main effect of 

stress on adrenal weight [F(1, 28) = 20.32, p = 0.0001] with GFP CVS males (p = 0.0469) and 

TeLC CVS males (p = 0.0069) having significantly increased adrenal weights compared to their 

unstressed counterparts. A main effect of stress was also seen in male plasma angiotensin II 

[F(1, 48) = 5.321, p = 0.0254]. These animals showed no differences in heart index or aortic 

pulse wave velocity following chronic stress. 

 

Figure 25. Somatic measures following CVS in experiment 1. Female and male body weight 
(A, D) and food intake (B, F) (n = 6-11/group/sex) were measured over the course of CVS. 



 
82 

Adrenal weight (C, G) corrected for bodyweight was measured at tissue collection. Data are 
expressed as mean ± SEM. * p<0.05, *** p<0.001, **** p<0.0001. 

 

 

Figure 26. Cardiac measures. Female and male heart weight corrected for body weight (A, D) 
was measured at tissue collection (n = 6-11/group/sex). Plasma angiotensin II was quantified 
before and after CVS (B, D) (n = 6-17/group/sex). Aortic velocity (C, F) was quantified via pulse 
wave doppler. Data are expressed as mean ± SEM. # Effect of virus. * p<0.05. 

 

3.2 Echocardiography 

 Interestingly, echocardiographic analysis of left ventricular structure and function 

following chronic stress showed sex-specific changes that were primarily represented in TeLC 

animals (Fig. 27). There were no significant differences in left ventricular diameter during 

systole or diastole in males or females. However, female animals showed a main interaction of 

stress and circuit in the thickness of the left ventricular posterior wall during systole [F(1, 33) = 

4.422, p = 0.0432] that is also present in a calculation of diastolic wall strain [F(1, 33) = 4.710, p 
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= 0.0373] (217). TeLC males showed a decrease in left ventricular wall thickness in both systole 

and diastole with a main effect of [F(1, 29) = 4.460, p = 0.0434] and [F(1, 29) = 4.943, p 

=0.0341] respectively. Importantly, these males showed no significant differences in diastolic 

wall strain. Additionally, no differences were seen in fractional shortening or ventricular filling in 

any group. 

 

 

Figure 27. Echocardiography measures. Following CVS, left ventricular structure and function 
were quantified by echocardiography in males and females (n = 6-11/group/sex). Left ventricular 
diameter (A, E), left ventricular posterior wall thickness in systole (B, F), and diastole (C, G) 
were measured. Diastolic wall strain, a measure of diastolic function, was quantified (D, H). 
Data are expressed as mean ± SEM. * p<0.05. 

 

3.3 Experiment 2: Somatic Measures 

 Over the course of CVS, the body weight of female animals did show main effects of 

time [F(5, 80) = 5.470, p = 0.0002], virus [F(1, 16) = 5.958, p = 0.0267], and an interaction of 
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time and stress [F(5, 80) = 3.126, p = 0.0125) despite food restriction of the CVS animals (Fig. 

28). These differences were likely due to the small sample size between these groups. Male 

body weight over the course of CVS showed only a main effect of time [F(5, 94) = 6.889, p< 

0.0001). 

 

Figure 28. Somatic measures following CVS in experiment 2. Female and male body weight 
(A, E) were measured over the course of CVS. Adrenal weight (B, F) and heart weight (C, G) 
corrected for bodyweight were measured at tissue collection (n = 4-6/group/sex). Systolic and 
Diastolic blood pressure were measured prior to myography prep (D, H). Data are expressed as 
mean ± SEM. * p<0.05, *** p<0.001, **** p<0.0001. 
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 There were no significant effects between any group when analyzing both adrenal 

weight and heart index. The absence of these effects may, again, be due to a small sample size, 

differences in body composition, or food intake. Anesthetized blood pressure measurements 

taken prior to myography preparation did not yield any significant differences in systolic or 

diastolic pressure. However, the mean systolic pressures in each group of 110-130 mmHg while 

anesthetized support testing vascular reactivity across a range of pressures. 

3.4 Pressure myography myogenic tone 

 The myogenic tone of mesenteric resistance arterioles was calculated across of range of 

pressures from 20-120 mmHg (Fig. 29). In No CVS females, TeLC increased myogenic tone 

with a main effect of virus [F(1, 52) = 7.717, p = 0.0076) while TeLC No CVS females had 

significantly higher myogenic tone at 120 mmHg (p = 0.0304). This result was mirrored in the 

CVS animals. TeLC females had increased myogenic tone with a main effect of virus [F(1, 36) = 

13.02, p = 0.0009].  

 Interestingly, vessels from male animals did not resemble the females. In No CVS 

males, there were no differences between the TeLC animals and the GFP controls. However, in 

the CVS groups, TeLC animals showed reduced myogenic tone with a main effect of virus [F(1, 

42) = 5.147, p = 0.0285.  
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Figure 29. Myogenic tone. Female and male myogenic tone was quantified from active and  
passive vessel diameter within both the No CVS (A, C) and CVS (B, D) groups (n = 4-
6/group/sex). Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001. 
 

3.5 Pressure myography pharmacology: females 

 At 70 mmHg, females responded to PE constriction with main effects of concentration in 

both the No CVS animals [F(4, 45) = 33.09, p < 0.0001] and CVS females [F(4,35) = 17.64, p < 

0.0001] (Fig. 30). However, there were no effects of either stress or circuit on endothelial-

independent constriction. During endothelial-independent relaxation with SNP, No CVS females 

showed concentration-dependent dilation [F(6, 63) = 3.383, p = 0.0025]. Interestingly, 

regardless of circuit inhibition, CVS females had no concentration-dependent SNP relaxation. 

Additionally, stress and circuit did not significantly affect SNP relaxation at 70 mmHg.  
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Figure 30.  Female pressure myography pharmacology at 70 mmHg. PE endothelial-
independent constriction (A, D), SNP endothelial-independent relaxation (B, E), and ACh 
endothelial-dependent relaxation (C, F) of mesenteric arterioles were quantified (n = 4-
6/group/sex). Maximal vessel diameter was measured at each concentration. Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01, **** p<0.0001. 

 

Looking at endothelial function with ACh, both No CVS [F(4,40) = 3.101, p = 0.0259] and 

CVS females [F(4,32) = 3.198, p= 0.0257] showed dilation responses to increasing 

concentrations. Circuit inhibition had no effect on this response in No CVS animals. However, in 

CVS females, TeLC had a main effect on dilation [F(1, 32) = 13.06, p = 0.001] with circuit 

inhibited animals having increased relaxation. 

 These responses are altered by increasing the pressure on the vessel to 120 mmHg 

(Fig. 31). PE-dependent constriction still resulted in a concentration dependent response in both 

No CVS females [F(4,40) = 15.19, p < 0.0001] and CVS females [F(4, 35) = 18.38, p < 0.0001]. 
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Similar to 70 mmHg, there was no effect on PE constriction with CVS or circuit inhibition. SNP 

endothelial-independent relaxation again showed a concentration response in No CVS animals 

[F(6, 56) = 3.369, p = 0.0066]. Interestingly, while there was significant concentration response 

in the CVS animals, circuit inhibition reduced dilation with a main effect of virus [F(1, 42) = 

5.352, p = 0.0257].  

Acetylcholine relaxation was reduced in all groups. The No CVS animals showed no 

significant response at the higher pressure. Similarly, the CVS animals also showed no 

significant response to increasing ACh concentration. However, in opposition to the SNP 

relaxation, TeLC animals showed increased ACh relaxation with a main effect of virus [F(1, 30) = 

12.32, p = 0.0014]. 

 

Figure 31. Female pressure myography pharmacology at 120 mmHg. PE endothelial-
independent constriction (A, D), SNP endothelial-independent relaxation (B, E), and ACh 
endothelial-dependent relaxation (C, F) of mesenteric arterioles were quantified (n = 4-
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6/group/sex). Maximal vessel diameter was measured at each concentration. Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01, **** p<0.0001. 

  

3.6 Pressure myography pharmacology: males 

 Vascular reactivity in males was impacted less by both stress exposure and circuit 

inhibition. At 70 mmHg, PE constriction showed a concentration response in both the No CVS 

[F(4, 45) = 36.19, p <0.0001] and CVS animals [F(4, 25) = 18.42, p < 0.0001] (Fig. 32). 

Additionally, No CVS and CVS animals showed a concentration response to SNP with main 

effects of concentration [F(6, 55) = 2.835, p = 0.0178] and [F(6, 35) = 5.115, p = 0.0007] 

respectively. The endothelial-independent responses in these males at 70 mmHg were not 

significantly impacted by either stress exposure or circuit inhibition. Endothelial-independent 

ACh relaxation in these animals was reduced with no effects of concentration, stress, or circuit 

inhibition at 70 mmHg. 
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Figure 32. Male pressure myography pharmacology at 70 mmHg. PE endothelial-
independent constriction (A, D), SNP endothelial-independent relaxation (B, E), and ACh 
endothelial-dependent relaxation (C, F) of mesenteric arterioles were quantified (n = 4-
6/group/sex). Maximal vessel diameter was measured at each concentration. Data are 
expressed as mean ± SEM. * p<0.05, *** p<0.001, **** p<0.0001. 

 

 When pressure was increased to 120 mmHg, endothelial-independent responses were 

reduced (Fig. 33). Interestingly, the PE constriction maintained a significant response to 

increasing concentration in both the No CVS [F(4, 45) = 11.14, p < 0.0001] and CVS animals 

[F(4, 25) = 14.98, p < 0.0001]. However, stress and circuit inhibition had no significant effect. 

While there were no main effects of concentration following SNP administration, within the No 

CVS animals there was main effect of circuit inhibition [F(1, 63) = 6.051, p = 0.0167] with TeLC 

animals showing increased relaxation. This effect was eliminated in the CVS animals with no 

significant differences between circuit intact and inhibited animals. 
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Figure 33. Male pressure myography pharmacology at 120 mmHg. PE endothelial-
independent constriction (A, D), SNP endothelial-independent relaxation (B, E), and ACh 
endothelial-dependent relaxation (C, F) of mesenteric arterioles were quantified (n = 4-
6/group/sex). Maximal vessel diameter was measured at each concentration. Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01, **** p<0.0001. 

 

 These results were similar in the endothelial-independent ACh responses. There were 

no significant concentration responses in any group. Within the No CVS animals, there was a 

main circuit effect [F(1, 45) = 10.09, p = 0.002]; however, circuit-inhibited animals showed less 

relaxation than GFP controls. Similarly, CVS animals did not show this effect with no difference 

between circuit groups.  

3.7 Estrous cycle cytology 

Vaginal cytology was done to determine estrous phase at myography preparation (Table 

4). These animals were allowed to free cycle and were not staged across group to prevent bias 

toward one reproductive hormone profile. However, due to the small sample size not all estrus 

stages are present. 

Table 4: Estrous stage at myography preparation. 

 Myography preparation 

 Proestrus (%) Estrus (%) Metestrus (%) Diestrus (%) 

GFP No CVS 40 20 40 0 

GFP CVS 20 60 20 0 

TeLC No CVS 60 40 0 0 

TeLC CVS 50 25 0 0 

 

4. Discussion 

4.1 Sympathetic tone alters female peripheral resistance 
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Total peripheral resistance is often characterized as the force exerted by vasculature on 

blood and is vital for the regulation and maintenance of blood pressure. An increase in 

peripheral resistance is considered to be characteristic of hypertension and cardiac dysfunction. 

While these studies do not directly measure total peripheral resistance, many of the reported 

measures are indicative of changes in peripheral resistance following circuit inhibition and may 

telegraph dysregulation (218). 

In circuit-inhibited females, mesenteric arterioles show increased endothelial-dependent 

relaxation following acetylcholine administration as well as overall increased myogenic tone 

following chronic stress. This increase in vascular reactivity may lead to an increase in cardiac 

afterload that is then reflected in the changes in diastolic wall strain seen in the female 

counterparts of experiment 1. Additionally, the circuit-inhibited females in experiment 1 show an 

increase in heart index, which is likely reflective of increased ventricular wall thickness during 

systole and increased afterload.  

While the changes in afterload in circuit-inhibited females are subtle, the changes in 

diastolic wall strain are indicative of a change in diastolic function. This is an important shift 

because diastolic dysfunction is often the first indicator of cardiovascular dysfunction in people 

(219). While typical measures of systolic function, namely fractional shortening and ventricular 

filling velocity, did not indicate gross systolic dysfunction, the changes in afterload and diastolic 

function signify changes in the autonomic regulation of flow and cardiac output in circuit-

inhibited females. The IL-RVLM circuit seems to act as a sympathetic regulator (199) and its 

inhibition allows for an increase in sympathetic output that may account for these changes in 

females. This is further supported by the reduction in endothelial-independent relaxation at 

higher pressures. 

While the mechanism underlying these changes is unknown, the disturbances in 

autonomic regulation of both cardiac and vascular function as well as changes in hematology 
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could lead to receptor expression changes in the endothelium and vascular smooth muscle. 

Interestingly, there were no differences in endothelial-independent, or smooth muscle 

dependent, vascular constriction or relaxation. Consequently, the changes may be reflected in 

an upregulation of endothelial muscarinic M3 receptors or a change in the sensitivity of L-type 

calcium channels in the smooth muscle. Either of these changes would result in greater 

reactivity to acetylcholine in both enhanced relaxation and increased tone.  

However, when circuit-inhibition interacts with chronic stress exposure many of the 

cardiac-specific effects seem to diminish. This may be because animals in experiment 1 were 

not food restricted. The energy deficit experienced by animals undergoing CVS has been shown 

to mask the cardiovascular impact of chronic stress because of the decrease in body 

composition that lessens overall cardiac work (156, 213). 

4.2 Adaptive dysregulation of male cardiac function 

 The effects of circuit-inhibition in males indicates an adaptive response that is further 

impacted by chronic stress exposure. Namely, while circuit-inhibition reduces ventricular wall 

thickness during both systole and diastole, diastolic wall strain is not impacted. Interestingly, 

plasma angiotensin II is increased following chronic stress in these animals. While angiotensin II 

acts through numerous mechanisms to increase blood pressure and alter autonomic function, 

the increase is not strongly reflected in overall cardiac function and may represent an 

angiotensin II-mediated reduction in sympathetic input to the heart (209, 220). This is supported 

by the reduction in vascular tone seen in circuit-inhibited males exposed to chronic stress.  

 This response is further supported in the pharmacologic data that shows at high 

pressure, circuit-inhibited males show increased endothelial-independent relaxation that is 

dependent on NO action. Endothelial-independent relaxation through the action of SNP, and 

subsequently NO, alters vasodilation through the increase of cGMP and protein kinase 
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activation (221). Upregulating cGMP may cause an increase in β2 adrenergic receptor 

activation through crosstalk with cAMP (222, 223), consequently further promoting relaxation. 

Conversely, this vasculature has reduced endothelial-dependent relaxation that is acetylcholine 

mediated. This may reflect moderate endothelial dysfunction at higher pressures. Importantly, 

the mechanism driving these changes may occur at receptor, cellular, and system level to alter 

vascular reactivity in response to autonomic dysregulation. 

4.3 IL-RVLM influence on sex-specific cardiovascular function 

 Overall, cardiac function and vascular reactivity are impacted by IL-RVLM inhibition, 

indicating that its function is necessary for normal cardiovascular function. Additionally, the 

regulatory changes seen with circuit-inhibition are sex-dependent. While changes in female 

physiologic responses reflect an overall increase in sympathetic activation that is consistent with 

data indicating that the IL-RVLM circuit acts to inhibit sympathetic activation, males show 

broader disorganization of autonomic regulation and endothelial function that is stress history-

dependent. Many of the responses indicate males exhibit cardiovascular compensation for 

autonomic imbalance. However, the oppositional responses that are underlied by chronic stress 

exposure indicate an uncoordinated homeostatic microvascular response. Consequently, the 

impact of IL-RVLM function in the maintenance of cardiovascular activity is both sex- and 

stress-dependent. The necessity of this circuit in maintaining cardiovascular autonomic balance 

is a vital part of understanding how autonomic dysregulation leads to CVD progression. 
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CHAPTER 6: THE IMPLICATIONS OF STRESS REGULATION ON SYSTEMIC PHYSIOLOGIC 

FUNCTION 

 

1. Chronic stress as a precipitating factor in disease 

Broadly, this research supports the tenet of chronic stress having deleterious effects on 

physiology and that these changes play an important role in the etiology of cardiometabolic 

disease. Importantly, these studies elucidate sex-differences in the effects of early-life chronic 

stress, both in early adulthood and following aging, and how the regulation of these stress 

responses is both sex and physiologic system dependent.  

Early-life chronic stress exposure affected both physiologic responses and behavioral stress 

responses in often opposing directions in males and females. Then in late life, females show 

dysregulated glucocorticoid responses, increased hypertrophic remodeling, and sex-specific 

behavioral responses to acute stress, but none of these changes indicate gross individual 

susceptibility to pathologic changes. However, these animals may not reflect the individual 

susceptibility of reproductively senescent women, because the rats were still reproductively 

active. Reproductive hormones are known to impact cardiovascular and metabolic function and 

their absence is associated with changes in female CVD rates. Our studies were not statistically 

powered to elucidate cycle specific effects. 

The overall impact of chronic stress on cardiometabolic function in males seems to be 

smaller than in females. As a group, chronic stress leads to fewer changes in cardiac structure 

and glucocorticoid responsivity after aging. However, these males show individual susceptibility 

or resiliency to cardiac remodeling. Interestingly, the positive correlation seen between passive 

coping and glucose responses in aged males likely relates to cardiac susceptibility. The 
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interplay between behavioral, metabolic, and cardiovascular function is both individual and 

stress history dependent. 

 The adaptive capacity of an individual is determined by a vast number of factors. Here we 

focus on sex and age, but in practice, the impact of stress on an individual is mediated by their 

entire history. Therefore, it is difficult to say that males or females as a group are better or worse 

at adapting to chronic stress exposure. However, the impact of sex and age on these responses 

is prominent. These factors should consequently be accounted for in the risk assessment of and 

treatment plan for cardiometabolic disease. Considering stress history, lifestyle, reproductive 

status, and glucocorticoid responsivity in an individual care plan will improve long term 

outcomes and reduce the burden of cardiometabolic disease. 

 

2. Sex-specific stress regulation 

 When the IL-RVLM circuit is inhibited in females, stress responses are further 

dysregulated; however, the physiologic consequences of circuit inhibition and chronic stress 

exposure are not consistently additive. In females, the patterns of dysregulation indicate a broad 

increase in sympathetic inputs to cardiovascular and metabolic function. Particularly in the 

measures of cardiovascular function, IL-RVLM inhibition promoted cardiovascular dysfunction 

and resulted in increased afterload and diastolic dysfunction. In measures of metabolic function, 

the inhibition of this circuit altered glucoregulatory pathways. While metabolic dysfunction did 

not drastically worsen with inhibition and chronic stress, the influence of sympathetically-

mediated gluconeogenic processes overcame the insulin-resistant changes seen in animals 

exposed to chronic stress. 

These results support the data indicating this circuit is a sympathetic regulator and that, in 

females, its inhibition reduces the adaptive capacity of the animal to respond to chronic stress 
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exposure. This sex-specific response is essential in understanding how stress differentially 

impacts the overall health and disease risk of individuals. 

Interestingly, inhibiting this circuit in male rats does not consistently alter physiology to 

indicate changes in sympathetic regulation. More broadly, male responses indicate a 

dysregulation of autonomic function and potentially disjointed regulatory mechanisms. While the 

initial data in males showed a greater ability to adaptively respond to stress, when stress 

exposure is combined with circuit inhibition, these animals show both adaptive and maladaptive 

metabolic and cardiovascular responses. This may indicate that functional responses and 

adaptive capacity are system dependent. There are signs that this circuit still acts as a 

sympathetic regulator in males, with inhibition increasing gluconeogenic processes in males. 

However, either the regulatory function of this circuit or the response to its loss in males leads to 

complex interactions that confound physiologic function. 

The sex-specific nature of these physiologic responses may be mediated by cell-specific 

responses in the RVLM. Changes in both excitatory and inhibitory signaling that are potentially 

caused by stress-induced transcriptional alterations may underlie the broad changes seen with 

circuit-inhibition. Particularly, changes in glutamatergic signaling that is altered transcriptionally 

may result in functional differences of IL-RVLM output that consequently influence physiologic 

responding to chronic stress. 

Overall, the impact of IL-RVLM function on cardiometabolic physiologic is vital to appropriate 

stress responding and influences both glucoregulation and vascular function in males and 

females. While the results of IL-RVLM inhibition are sex- and stress history-dependent, the 

overarching function of autonomic homeostasis is essential to system regulation. More research 

into the cell-specific protein expression and activation during stress would need to be done to 

determine if RVLM catecholaminergic neurons could be a viable drug target for sympathetic 

control. However, it is unlikely that this brain region could be specifically targeted with minimal 
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non-specific action. Therefore, increasing treatment capabilities for the impacts of chronic stress 

are more likely to be successful systemically. 

Further research in understanding the systemic implications of chronic stress should focus 

on sex-specific changes in autonomic and endocrine receptor expression that result in end-

organ functional changes. Particular to this research, understanding how autonomic receptor 

expression in the endothelium changes with chronic stress exposure could provide a 

mechanistic explanation of endothelial dysfunction. Further, investigating how chronic stress 

influences blood flow dynamics as an integrator across cardiovascular and microvascular 

function would improve our ability to moderate the negative cardiovascular consequences of 

chronic stress through multiple treatment avenues. It would also be beneficial to examine 

metabolic end-organ receptor expression and activation, such as insulin receptor and insulin 

receptor substrate activation or other metabolic mediators, to examine how stress is impacting 

both downstream regulators and initial endocrine activation as described above. Being able to 

tease apart the where the most significant changes in metabolic function occur with chronic 

stress would improve treatment plans by increasing the number of treatment targets. 

Importantly, understanding the downstream receptor effects in both the autonomic and 

endocrine systems following chronic stress would further allow for multi-system integration in 

treatment because of the broad systemic effects seen with many pharmacologic interventions. 

Current understanding of chronic stress impacts on individual physiologic systems deters 

broadly acting treatments because of the potential of unintended dysfunction. Integrating across 

systems and end-organs would overcome many of these challenges.  

Understanding how the IL-RVLM circuit influences the autonomic regulation of stress 

responses increases our capability to influence autonomic dysregulation in disease. While this 

circuit is not a viable treatment target with current technology, understanding its activation and 

influence on physiology provides a basis for altering individual care plans and creating 
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regiments that will improve health outcomes and mitigate the deleterious changes associated 

chronic stress. 
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APPENDIX 

 

1. Chapter 2 supplemental material 

1.1 Age effects: baseline 

 Age impacted body weight and baseline corticosterone (Fig. S.1.1). Specifically, ANOVA 

indicated an age effect on body weight [F(7, 231) = 670.5, p < 0.0001, ηp
2 = 0.953] with post-hoc 

analysis finding that aged rats, regardless of group, weighed significantly more (p < 0.0001). 

There was also an age effect on baseline corticosterone [F(7, 228) = 8.681, p < 0.0001, ηp
2 = 

0.210] with unstressed females having significantly higher corticosterone after aging (p < 0.001), 

indicating a sex-specific change in glucocorticoid tone. 

 

Figure S.1.1: Baseline measures. The effects of age on body weight (A) and baseline 
corticosterone (B) for both CVS (n = 36/sex) and No CVS (n = 24/sex) controls. Data 
are expressed as mean ± SEM. *** p < 0.001, **** p < 0.0001 within group. 
 

1.2 Age effects: FST 

Aging affected both behavioral and hormonal responses to acute psychologic stress (Fig. 

S.1.2). Specifically, passive coping [F(7, 231) = 20.54, p < 0.0001, ηp
2 = 0.383] and active 

coping [F(7, 231) = 12.04, p < 0.0001, ηp
2 = 0.267] had age effects. Post-hoc analysis indicated 

aged males had increased passive coping (p < 0.0001) and decreased active coping (p < 
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0.0001) regardless of stress status. Additionally, effects of aging were present in total 

corticosterone [F(7, 120) = 6.629, p < 0.0001, ηp
2 = 0.278] and total glucose [F(7, 228) = 22.13, 

p < 0.0001, ηp
2 = 0.404], where sensitized responses in young chronically stressed females 

were reduced (p < 0.0001). Thus, age impacted FST responses in a sex- and stress-specific 

manner.  

 

1.3 Age effects: GTT 

 Aging increased total corticosterone responses [F(7, 81) = 3.031, p = 0.007, ηp
2 = 0.207] 

to GTT (Fig. S.1.3) without group-specific effects. Additionally, aging affected glucose tolerance 

[F(7, 232) = 5.239, p < 0.0001, ηp
2 = 0.136] with post-hoc analysis indicating both unstressed (p 

< 0.05) and chronically-stressed males (p < 0.0001) had impaired glucose clearance after aging.  

 

 

Figure S.1.2: FST. CVS (n = 36/sex) and No CVS (n = 24/sex) controls were assessed for both 
active (A) and passive (B) coping. Total corticosterone (C) and blood glucose responses (D) 
were calculated from the AUC. **** p < 0.0001 within group. 
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Figure S.1.3: GTT. Total corticosterone (A) and blood glucose responses (B) were calculated in 
No CVS (n = 24/sex) and CVS (n = 36/sex) rats from the AUC. Data are expressed as mean ± 
SEM. * p < 0.05, **** p < 0.0001 within group. 
 

1.4 Regression analysis: group comparisons 

Pearson correlations across measures were analyzed for significant differences between 

groups (Fig. S.1.4). These analyses compared stress condition within sex (A, B) and sex within 

stress condition (C, D).  
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Figure S.1.4: Group comparison of correlation significance. To compare correlations across 
groups, group correlations were Fisher transformed followed by a two-tailed test. The resultant p 
values are plotted on the colored scale with significant differences between groups (p < 0.05) 
bolded. 
 

2. Chapter 3 supplemental material 

2.1 Glucocorticoid responses: psychogenic stress and metabolic stress 

Analysis of FST responses showed numerous sex and stress effects (Fig. S.2.1). Baseline 

corticosterone measures indicated main effects of sex [(1, 103) = 8.650, p = 0.004, η2 = 7.006] 

and stress [F(1, 103) = 4.706, p = 0.0324, η2 = 3.812] in young animals and a main effect of sex 

[F(1, 102) = 24.03, p < 0.0001, η2 = 17.7] in aged animals. This is perpetuated in the young total 
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corticosterone response with both main effects of sex [F(1, 38) = 13.66, p = 0.0007, η2 = 14.78] 

and stress [F(1, 38) = 27.81, p < 0.0001, η2 = 30.09]. However, aged total corticosterone 

response to FST shows no significant effect. Significant sex differences were noted in both the 

young and aged total blood glucose response to FST with a main effect of sex [F(1, 101) = 

48.31, p < 0.0001, η2 = 29.31] and [F(1, 102) = 67.10, p < 0.0001, η2 = 37.81] respectively. 

Interestingly, within the young mid LVH group, young no CVS females mounted a smaller 

glucose response than both CVS females (p = 0.0253) and no CVS males (p = 0.0007). Within 

the high LVH young animals, CVS males had a greater glucose response than CVS females (p 

= 0.0047). Aged animals also showed sex-specific differences with the low LVH no CVS males 

have a greater glucose response than no CVS females (p = 0.0076) and CVS males showing a 

greater glucose response than their female counterparts in both the mid LVH (p = 0.0019) and 

High LVH (p = 0.0212) groups.  

While GTT glucocorticoid responses in aged animals impacted LVH, GTT responses in 

young animals showed only sex effects (Fig. S.2.2). Young baseline corticosterone measures 

showed a main sex effect [F(1, 90) = 32.51, p < 0.0001, η2 = 24.63]. When looking at peak 

corticosterone levels 30 minutes following intraperitoneal injection of glucose, young animals 

show no significant differences. Similarly, young animals show no significant effects in total 

corticosterone response to metabolic challenge.   
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Figure S.2.1. FST glucocorticoid analyses. Total blood glucose and total plasma 
corticosterone were calculated from the AUC for both the young (A, B) and aged (D, E) animals. 
Baseline plasma corticosterone was measured (C, F) two days prior to FST. Groups were 
analyzed according to hypertrophy subpopulations. Data are expressed as mean ± SEM. * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

 



 
134 

Figure S.2.2.  Young GTT glucocorticoid analyses. Young animals were metabolically 
challenged following chronic stress. Total blood glucose (A) and plasma corticosterone (B) were 
calculated from an AUC analysis. Baseline corticosterone was measured at T0 taken prior to 
glucose injection (C). Peak corticosterone response was measured 30 minutes following 
glucose injection (D). Groups were analyzed according to hypertrophy subpopulations. Data are 
expressed as mean ± SEM. **** p<0.0001. 

 

2.2 Somatic Measures 

Somatic measures of body and organ weights showed sex and stress specific effects (Fig. 

S.2.3). Measures of bodyweight corrected spleen [F(1, 100) = 13.05, p = 0.0005, η2 = 10.06] 

and adrenal weight [F(1, 101) = 230.4, p < 0.0001, η2 = 66.19] showed main effects of sex. Main 

effects of sex were also reflected in young cholesterol [F(1, 101) = 16.01, p = 0.0001, η2 = 

12.36] and triglyceride levels [F(1, 101) = 84.15, p < 0.0001 , η2 = 38.71]. Additionally, young 

triglycerides showed a main interaction of sex and stress [F(1, 101) = 5.10, p = 0.0261, η2 = 

2.346]. Body weight analysis showed main effects of sex both at tissue collection [F(1, 103) = 

1032, p < 0.0001, η2 = 86.23] and immediately following chronic stress [F(1, 103) = 819.0, p < 

0.0001, η2 = 84.04]. 
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Figure S.2.3 Somatic measures following chronic stress. spleen weight (A), and adrenal 
weight (B) were measured. Triglycerides (C) and cholesterol (D) were measured following 
chronic stress from baseline blood samples. Body weight was measured and analyzed at both 
euthanasia (E) and immediately following CVS (F). Groups were analyzed according to 
hypertrophy subpopulations. Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. 

 

Table S.1: ANOVA table of group comparisons 

 ANOVA Table F(DFn,DFd) P Value 

    

Figure 11 

Ventricular diameter Interaction F (1, 111) = 0.5525 P=0.4589 

 Sex F (1, 111) = 1.902 P=0.1706 

 Stress F (1, 111) = 11.62 P=0.0009 
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Interior wall thickness Interaction F (1, 110) = 0.02195 P=0.8825 

 Sex F (1, 110) = 0.0009537 P=0.9754 

 Stress F (1, 110) = 13.71 P=0.0003 

Free wall thickness Interaction F (1, 111) = 0.09016 P=0.7645 

 Sex F (1, 111) = 0.2343 P=0.6293 

 Stress F (1, 111) = 19.08 P<0.0001 

Hypertrophy ratio Interaction F (1, 111) = 1.238 P=0.2682 

 Sex F (1, 111) = 1.641 P=0.2028 

 Stress F (1, 111) = 14.39 P=0.0002 

HR tertile comparison HR F (2, 103) = 118.1 P<0.0001 

 Sex F (1, 103) = 49.89 P<0.0001 

 Stress F (1, 103) = 4.717 P=0.0322 

 HR x Sex F (2, 103) = 5.932 P=0.0036 

 HR x Stress F (2, 103) = 2.308 P=0.1046 

 Sex x Stress F (1, 103) = 5.520 P=0.0207 

 HR x Sex x Stress F (2, 103) = 1.905 P=0.1540 

Figure 12 

Young passive coping HR F(2, 103) = 4.786 P=0.0103 

 Sex F(1, 103) = 31.18 P<0.0001 

 Stress F(1, 103) = 4.461 P=0.0335 

 HR x Sex F (2, 103) = 0.8113 P=0.4471 

 HR x Stress F(2, 103) = 3.148 P=0.0471 

 Sex x Stress F (1, 103) = 4.224 P=0.1414 

 HR x Sex x Stress F (2, 103) = 0.5283 P=0.5912 

Young active coping HR F (2, 103) = 2.557 P=0.0825 

 Sex F (1, 103) = 17.82 P<0.0001 

 Stress F (1, 103) = 10.04 P=0.0020 

 HR x Sex F (2, 103) = 0.4918 P=0.6130 

 HR x Stress F (2, 103) = 1.509 P=0.2260 

 Sex x Stress F (1, 103) = 2.257 P=0.1361 

 HR x Sex x Stress F (2, 103) = 1.506 P=0.2266 

Aged passive coping HR F (2, 102) = 0.4353 P=0.6483 

 Sex F (1, 102) = 30.75 P<0.0001 

 Stress F (1, 102) = 0.01359 P=0.9074 

 HR x Sex F (2, 102) = 0.9002 P=0.4097 

 HR x Stress F (2, 102) = 0.8090 P=0.4482 

 Sex x Stress F (1, 102) = 0.7146 P=0.3999 

 HR x Sex x Stress F (2, 102) = 0.07626 P=0.9266 

Aged active coping HR F (2, 102) = 0.8430 P=0.4334 

 Sex F (1, 102) = 14.52 P=0.0002 

 Stress F (1, 102) = 0.07055 P=0.7911 

 HR x Sex F (2, 102) = 0.4101 P=0.6647 

 HR x Stress F (2, 102) = 3.565 P=0.0319 

 Sex x Stress F (1, 102) = 0.09457 P=0.7591 

 HR x Sex x Stress F (2, 102) = 0.5070 P=0.6038 

Figure 13 
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Aged GTT glucose AUC HR F (2, 102) = 2.511 P=0.0862 

 Sex F (1, 102) = 1.299 P=0.2571 

 Stress F (1, 102) = 0.6832 P=0.4104 

 HR x Sex F (2, 102) = 2.238 P=0.1119 

 HR x Stress F (2, 102) = 0.7060 P=0.4960 

 Sex x Stress F (1, 102) = 0.01734 P=0.8955 

 HR x Sex x Stress F (2, 102) = 0.4892 P=0.6145 

Aged GTT cort AUC HR F (2, 35) = 1.132 P=0.3339 

 Sex F (1, 35) = 0.03862 P=0.8453 

 Stress F (1, 35) = 0.03655 P=0.8495 

 HR x Sex F (2, 35) = 5.042 P=0.0119 

 HR x Stress F (2, 35) = 2.065 P=0.1420 

 Sex x Stress F (1, 35) = 2.002 P=0.1659 

 HR x Sex x Stress F (2, 35) = 0.002035 P=0.9980 

Aged GTT cort baseline HR F (2, 85) = 0.5794 P=0.5624 

 Sex F (1, 85) = 4.912 P=0.0293 

 Stress F (1, 85) = 0.04995 P=0.8237 

 HR x Sex F (2, 85) = 1.967 P=0.1462 

 HR x Stress F (2, 85) = 2.200 P=0.1171 

 Sex x Stress F (1, 85) = 0.5371 P=0.4657 

 HR x Sex x Stress F (2, 85) = 3.283 P=0.0423 

Aged GTT cort peak HR F (2, 86) = 0.5056 P=0.6050 

 Sex F (1, 86) = 6.772 P=0.0109 

 Stress F (1, 86) = 1.758 P=0.1884 

 HR x Sex F (2, 86) = 0.3869 P=0.6803 

 HR x Stress F (2, 86) = 0.8288 P=0.4400 

 Sex x Stress F (1, 86) = 0.1867 P=0.6668 

 HR x Sex x Stress F (2, 86) = 0.03880 P=0.9620 

Figure 14 

Mesenteric white adipose HR F (2, 101) = 3.916 P=0.0230 

 Sex F (1, 101) = 0.3737 P=0.5424 

 Stress F (1, 101) = 2.124 P=0.1481 

 HR x Sex F (2, 101) = 2.131 P=0.1240 

 HR x Stress F (2, 101) = 0.1082 P=0.8975 

 Sex x Stress F (1, 101) = 0.1740 P=0.6774 

 HR x Sex x Stress F (2, 101) = 0.1049 P=0.9006 

Inguinal white adipose HR F (2, 100) = 2.136 P=0.1235 

 Sex F (1, 100) = 94.98 P<0.0001 

 Stress F (1, 100) = 0.5734 P=0.4507 

 HR x Sex F (2, 100) = 1.945 P=0.1484 

 HR x Stress F (2, 100) = 1.990 P=0.1421 

 Sex x Stress F (1, 100) = 1.554 P=0.2155 

 HR x Sex x Stress F (2, 100) = 3.090 P=0.0499 
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3. Chapter 4 supplemental material 

Table S.2: ANOVA table of group comparisons 

 ANOVA Table F(DFn,DFd) P Value 

Figure 17 

Female body weight Day F (4, 132) = 6.825 P<0.0001 

 Virus F (1, 33) = 0.05442 P=0.8170 

 Stress F (1, 33) = 6.641 P=0.0146 

 Day x Virus F (4, 132) = 0.1295 P=0.9714 

 Day x Stress F (4, 132) = 23.80 P<0.0001 

 Virus x Stress F (1, 33) = 0.2910 P=0.5932 

 Day x Virus x Stress F (4, 132) = 0.8380 P=0.5034 

Female food intake Interaction F (1, 33) = 0.1905 P=0.6653 

 Virus F (1, 33) = 0.5219 P=0.4751 

 Stress F (1, 33) = 13.58 P=0.0008 

Female adrenal glands Interaction F (1, 33) = 1.712 P=0.1998 

 Virus F (1, 33) = 1.829 P=0.1854 

 Stress F (1, 33) = 0.002132 P=0.9634 

Male body weight Day F (4, 124) = 44.01 P<0.0001 

 Virus F (1, 31) = 0.2922 P=0.5927 

 Stress F (1, 31) = 2.043 P=0.1630 

 Day x Virus F (4, 124) = 0.4410 P=0.7787 

 Day x Stress F (4, 124) = 49.58 P<0.0001 

 Virus x Stress F (1, 31) = 0.5418 P=0.4672 

 Day x Virus x Stress F (4, 124) = 1.680 P=0.1588 

Male food intake Interaction F (1, 31) = 0.1795 P=0.6748 

 Virus F (1, 31) = 5.539 P=0.251 

 Stress F (1, 31) = 0.9533 P=0.3364 

Male adrenal glands Interaction F (1, 28) = 1.273 P=0.2688 

 Virus F (1, 28) = 1.112 P=0.3007 

 Stress F (1, 28) = 20.32 P=0.0001 

Figure 18 

Female No CVS glucose Interaction F (4, 79) = 1.816 P=0.1340 

 Time F (4, 79) = 16.47 P<0.0001 

 Virus F (1, 79) = 10.36 P=0.0019 

Female No CVS insulin Interaction F (4, 77) = 0.6094 P=0.6571 

 Time F (4, 77) = 4.104 P=0.0046 

 Virus F (1, 77) = 0.6074 P=0.4381 

Female No CVS glucagon Interaction F (4, 75) = 0.7674 P=0.5498 

 Time F (4, 75) = 1.103 P=0.3616 

 Virus F (1, 75) = 3.015 P=0.0866 

Female No CVS cort Interaction F (4, 79) = 2.042 P=0.0965 

 Time F (4, 79) = 19.18 P<0.0001 

 Virus F (1, 79) = 14.41 P=0.0003 

Female CVS glucose Interaction F (4, 85) = 0.3202 P=0.8637 

 Time F (4, 85) = 20.13 P<0.0001 

 Virus F (1, 85) = 0.008482 P=0.9268 
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Female CVS insulin Interaction F (4, 82) = 1.005 P=0.4098 

 Time F (4, 82) = 1.546 P=0.1965 

 Virus F (1, 82) = 0.06800 P=0.7949 

Female CVS glucagon Interaction F (4, 80) = 1.183 P=0.3246 

 Time F (4, 80) = 0.8370 P=0.5057 

 Virus F (1, 80) = 0.8857 P=0.3495 

Female CVS cort Interaction F (4, 83) = 0.5061 P=0.7313 

 Time F (4, 83) = 17.21 P<0.0001 

 Virus F (1, 83) = 0.3916 P=0.5332 

Figure 19 

Male No CVS glucose Interaction F (4, 70) = 0.5888 P=0.6718 

 Time F (4, 70) = 19.82 P<0.0001 

 Virus F (1, 70) = 2.461 P=0.1212 

Male No CVS insulin Interaction F (4, 67) = 0.4124 P=0.7991 

 Time F (4, 67) = 1.569 P=0.1928 

 Virus F (1, 67) = 2.308 P=0.1334 

Male No CVS glucagon Interaction F (4, 63) = 0.6312 P=0.6420 

 Time F (4, 63) = 1.385 P=0.2492 

 Virus F (1, 63) = 4.015 P=0.0494 

Male No CVS cort Interaction F (4, 68) = 0.4077 P=0.8025 

 Time F (4, 68) = 23.67 P<0.0001 

 Virus F (1, 68) = 1.901 P=0.1725 

Male CVS glucose Interaction F (4, 81) = 1.623 P=0.1763 

 Time F (4, 81) = 31.22 P<0.0001 

 Virus F (1, 81) = 7.018 P=0.0097 

Male CVS insulin Interaction F (4, 78) = 1.356 P=0.2570 

 Time F (4, 78) = 1.431 P=0.2315 

 Virus F (1, 78) = 1.270 P=0.2632 

Male CVS glucagon Interaction F (4, 78) = 0.3960 P=0.8109 

 Time F (4, 78) = 0.8988 P=0.4689 

 Virus F (1, 78) = 2.237 P=0.1388 

Male CVS cort Interaction F (4, 80) = 0.4972 P=0.7378 

 Time F (4, 80) = 37.56 P<0.0001 

 Virus F (1, 80) = 4.078 P=0.0468 

Figure 20 

Female No CVS I:G Interaction F (4, 74) = 1.197 P=0.3192 

 Time F (4, 74) = 1.351 P=0.2594 

 Virus F (1, 74) = 0.7814 P=0.3796 

Female CVS I:G Interaction F (4, 77) = 2.570 P=0.0444 

 Time F (4, 77) = 1.415 P=0.2370 

 Virus F (1, 77) = 1.862 P=0.1764 

Male No CVS I:G Interaction F (4, 63) = 0.8112 P=0.5227 

 Time F (4, 63) = 0.9507 P=0.4409 

 Virus F (1, 63) = 0.01388 P=0.9066 

Male CVS I:G Interaction F (4, 76) = 0.5922 P=0.6693 

 Time F (4, 76) = 1.414 P=0.2373 

 Virus F (1, 76) = 5.048 P=0.0276 
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4. Chapter 5 supplemental material 

Table S.3: ANOVA table of group comparisons 

 ANOVA Table F(DFn,DFd) P Value 

Figure 25 

Female body weight Day F (4, 132) = 6.825 P<0.0001 

 Virus F (1, 33) = 0.05442 P=0.8170 

 Stress F (1, 33) = 6.641 P=0.0146 

 Day x Virus F (4, 132) = 0.1295 P=0.9714 

 Day x Stress F (4, 132) = 23.80 P<0.0001 

 Virus x Stress F (1, 33) = 0.2910 P=0.5932 

 Day x Virus x Stress F (4, 132) = 0.8380 P=0.5034 

Female food intake Interaction F (1, 33) = 0.1905 P=0.6653 

 Virus F (1, 33) = 0.5219 P=0.4751 

 Stress F (1, 33) = 13.58 P=0.0008 

Female adrenal glands Interaction F (1, 33) = 1.712 P=0.1998 

 Virus F (1, 33) = 1.829 P=0.1854 

 Stress F (1, 33) = 0.002132 P=0.9634 

Male body weight Day F (4, 124) = 44.01 P<0.0001 

 Virus F (1, 31) = 0.2922 P=0.5927 

 Stress F (1, 31) = 2.043 P=0.1630 

 Day x Virus F (4, 124) = 0.4410 P=0.7787 

 Day x Stress F (4, 124) = 49.58 P<0.0001 

 Virus x Stress F (1, 31) = 0.5418 P=0.4672 

 Day x Virus x Stress F (4, 124) = 1.680 P=0.1588 

Male food intake Interaction F (1, 31) = 0.1795 P=0.6748 

 Virus F (1, 31) = 5.539 P=0.251 

 Stress F (1, 31) = 0.9533 P=0.3364 

Male adrenal glands Interaction F (1, 28) = 1.273 P=0.2688 

 Virus F (1, 28) = 1.112 P=0.3007 

 Stress F (1, 28) = 20.32 P=0.0001 

Figure 26 

Female heart index Interaction F (1, 31) = 1.117 P=0.2988 

 Virus F (1, 31) = 7.554 P=0.0099 

 Stress F (1, 31) = 1.152 P=0.2915 

Female angiotensin II Interaction F (1, 45) = 0.6188 P=0.4356 

 Virus F (1, 45) = 1.981 P=0.1662 

 Stress F (1, 45) = 1.749 P=0.1927 

Female pulse wave velocity Interaction F (1, 33) = 0.01263 P=0.9112 

 Virus F (1, 33) = 0.003221 P=0.9551 

 Stress F (1, 33) = 0.004723 P=0.9456 

Male heart index Interaction F (1, 29) = 0.1529 P=0.6987 

 Virus F (1, 29) = 0.1498 P=0.7016 

 Stress F (1, 29) = 2.317 P=0.1388 

Male angiotensin II Interaction F (1, 48) = 0.4317 P=0.5143 

 Virus F (1, 48) = 1.400 P=0.2425 

 Stress F (1, 48) = 5.321 P=0.0254 
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Male pulse wave velocity Interaction F (1, 29) = 0.9390 P=0.3405 

 Virus F (1, 29) = 0.05101 P=0.8229 

 Stress F (1, 29) = 0.1216 P=0.7298 

Figure 27 

Female LV diameter systole Interaction F (1, 33) = 2.024 P=0.1642 

 Virus F (1, 33) = 1.434 P=0.2397 

 Stress F (1, 33) = 0.01217 P=0.9128 

Female LV diameter diastole Interaction F (1, 33) = 0.1055 P=0.7474 

 Virus F (1, 33) = 0.009727 P=0.9220 

 Stress F (1, 33) = 1.001 P=0.3242 

Female LV posterior wall 
systole 

Interaction F (1, 33) = 4.422 P=0.0432 

 Virus F (1, 33) = 0.01762 P=0.8952 

 Stress F (1, 33) = 0.01203 P=0.9133 

Female LV posterior wall 
diastole 

Interaction F (1, 33) = 0.002436 P=0.9609 

 Virus F (1, 33) = 0.5288 P=0.4723 

 Stress F (1, 33) = 4.365e-005 P=0.9948 

Female LV diastolic wall 
strain 

Interaction F (1, 33) = 4.710 P=0.0373 

 Virus F (1, 33) = 0.3813 P=0.5412 

 Stress F (1, 33) = 0.1053 P=0.7476 

Male LV diameter systole Interaction F (1, 29) = 0.2323 P=0.6334 

 Virus F (1, 29) = 0.01714 P=0.8967 

 Stress F (1, 29) = 0.2416 P=0.6268 

Male  LV diameter diastole Interaction F (1, 29) = 0.2589 P=0.6148 

 Virus F (1, 29) = 0.1014 P=0.7524 

 Stress F (1, 29) = 0.1112 P=0.7412 

Male  LV posterior wall 
systole 

Interaction F (1, 29) = 1.279 P=0.2673 

 Virus F (1, 29) = 4.460 P=0.0434 

 Stress F (1, 29) = 2.849 P=0.1022 

Male  LV posterior wall 
diastole 

Interaction F (1, 29) = 0.03108 P=0.8613 

 Virus F (1, 29) = 4.943 P=0.0341 

 Stress F (1, 29) = 0.1142 P=0.7379 

Male  LV diastolic wall strain Interaction F (1, 29) = 1.261 P=0.2706 

 Virus F (1, 29) = 0.001706 P=0.9673 

 Stress F (1, 29) = 3.064 P=0.0906 

Female fractional shortening  Interaction F (1, 33) = 2.639 P=0.1138 

 Virus F (1, 33) = 1.970 P=0.1698 

 Stress F (1, 33) = 0.1695 P=0.6832 

Female ventricular filling Interaction F (1, 24) = 0.01451 P=0.9051 

 Virus F (1, 24) = 0.2578 P=0.6163 

 Stress F (1, 24) = 0.9523 P=0.3389 

Male fractional shortening  Interaction F (1, 29) = 1.404 P=0.2456 

 Virus F (1, 29) = 0.3463 P=0.5607 

 Stress F (1, 29) = 1.285 P=0.2663 

Male ventricular filling Interaction F (1, 24) = 1.875 P=0.1835 
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 Virus F (1, 24) = 2.317 P=0.1411 

 Stress F (1, 24) = 0.3708 P=0.5483 

Figure 28 

Female body weight Day F (5, 80) = 5.470 P=0.0002 

 Virus F (1, 16) = 5.958 P=0.0267 

 Stress F (1, 16) = 0.4969 P=0.4910 

 Day x Virus F (5, 80) = 0.5658 P=0.7259 

 Day x Stress F (5, 80) = 3.126 P=0.0125 

 Virus x Stress F (1, 16) = 0.5121 P=0.4845 

 Day x Virus x Stress F (5, 80) = 0.4776 P=0.7920 

Female heart index Interaction F (1, 18) = 3.477 P=0.0786 

 Virus F (1, 18) = 2.376 P=0.1406 

 Stress F (1, 18) = 0.9817 P=0.3349 

Female adrenal glands Interaction F (1, 18) = 0.8939 P=0.3569 

 Virus F (1, 18) = 1.229 P=0.2822 

 Stress F (1, 18) = 0.02801 P=0.8690 

Male body weight Day F (5, 94) = 6.889 <0.0001 

 Virus F (1, 19) = 0.5276 0.4765 

 Stress F (1, 19) = 0.6657 0.4247 

 Day x Virus F (5, 94) = 0.8107 0.5449 

 Day x Stress F (5, 94) = 2.040 0.0801 

 Virus x Stress F (1, 19) = 0.1292 0.7232 

 Day x Virus x Stress F (5, 94) = 0.6988 0.6257 

Male heart index Interaction F (1, 21) = 0.7928 P=0.3833 

 Virus F (1, 21) = 1.412 P=0.2480 

 Stress F (1, 21) = 0.1554 P=0.6974 

Male adrenal glands Interaction F (1, 19) = 0.5485 P=0.4680 

 Virus F (1, 19) = 1.640 P=0.2157 

 Stress F (1, 19) = 0.3929 P=0.5383 

Figure 29 

Female No CVS myogenic 
tone 

Interaction F (5, 52) = 2.025 P=0.0903 

 Virus F (5, 52) = 1.137 P=0.3527 

 Stress F (1, 52) = 7.717 P=0.0076 

Female CVS myogenic tone Interaction F (5, 36) = 0.1537 P=0.9776 

 Virus F (5, 36) = 0.9265 P=0.4752 

 Stress F (1, 36) = 13.02 P=0.0009 

Male No CVS myogenic tone Interaction F (5, 53) = 0.1150 P=0.9885 

 Virus F (5, 53) = 0.9890 P=0.4333 

 Stress F (1, 53) = 1.441 P=0.2352 

Male CVS myogenic tone Interaction F (5, 42) = 0.09002 P=0.9934 

 Virus F (5, 42) = 0.2496 P=0.9377 

 Stress F (1, 42) = 5.147 P=0.0285 

Figure 30 

Female No CVS PE 70 Interaction F (4, 45) = 0.3596 P=0.8360 

 Virus F (4, 45) = 33.09 P<0.0001 

 Stress F (1, 45) = 3.983 P=0.0520 

Female No CVS SNP 70 Interaction F (6, 63) = 0.2421 P=0.9607 

 Virus F (6, 63) = 3.838 P=0.0025 
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 Stress F (1, 63) = 1.931 P=0.1695 

Female No CVS ACh 70 Interaction F (4, 40) = 0.3727 P=0.8267 

 Virus F (4, 40) = 3.101 P=0.0259 

 Stress F (1, 40) = 3.496 P=0.0689 

Female CVS PE 70 Interaction F (4, 35) = 0.3387 P=0.8500 

 Virus F (4, 35) = 17.64 P<0.0001 

 Stress F (1, 35) = 0.04889 P=0.8263 

Female CVS SNP 70 Interaction F (6, 47) = 0.3442 P=0.9098 

 Virus F (6, 47) = 1.560 P=0.1798 

 Stress F (1, 47) = 2.239 P=0.1412 

Female CVS ACh 70 Interaction F (4, 32) = 2.230 P=0.0878 

 Virus F (4, 32) = 3.198 P=0.0257 

 Stress F (1, 32) = 13.06 P=0.0010 

Figure 31 

Female No CVS PE 120 Interaction F (4, 40) = 0.1198 P=0.9746 

 Virus F (4, 40) = 15.19 P<0.0001 

 Stress F (1, 40) = 0.1808 P=0.6729 

Female No CVS SNP 120 Interaction F (6, 56) = 0.07851 P=0.9980 

 Virus F (6, 56) = 3.369 P=0.0066 

 Stress F (1, 56) = 1.712 P=0.1961 

Female No CVS ACh 120 Interaction F (4, 40) = 0.2262 P=0.9221 

 Virus F (4, 40) = 0.4847 P=0.7468 

 Stress F (1, 40) = 1.931 P=0.1724 

Female CVS PE 120 Interaction F (4, 35) = 1.472 P=0.2317 

 Virus F (4, 35) = 18.38 P<0.0001 

 Stress F (1, 35) = 2.923 P=0.0962 

Female CVS SNP 120 Interaction F (6, 42) = 0.5425 P=0.7728 

 Virus F (6, 42) = 0.9339 P=0.4810 

 Stress F (1, 42) = 5.352 P=0.0257 

Female CVS ACh 120 Interaction F (4, 30) = 0.2776 P=0.8901 

 Virus F (4, 30) = 0.4834 P=0.7477 

 Stress F (1, 30) = 12.32 P=0.0014 

Figure 32 

Male No CVS PE 70 Interaction F (4, 45) = 0.8632 P=0.4934 

 Virus F (4, 45) = 36.19 P<0.0001 

 Stress F (1, 45) = 2.230 P=0.1423 

Male No CVS SNP 70 Interaction F (6, 55) = 0.5124 P=0.7964 

 Virus F (6, 55) = 2.835 P=0.0178 

 Stress F (1, 55) = 3.076 P=0.0850 

Male No CVS ACh 70 Interaction F (4, 45) = 0.1974 P=0.9385 

 Virus F (4, 45) = 1.103 P=0.3668 

 Stress F (1, 45) = 0.006874 P=0.9343 

Male CVS PE 70 Interaction F (4, 25) = 0.9660 P=0.4435 

 Virus F (4, 25) = 18.42 P<0.0001 

 Stress F (1, 25) = 0.4439 P=0.5114 

Male CVS SNP 70 Interaction F (6, 35) = 0.04507 P=0.9996 

 Virus F (6, 35) = 5.115 P=0.0007 

 Stress F (1, 35) = 0.7330 P=0.3977 

Male CVS ACh 70 Interaction F (4, 25) = 0.2418 P=0.9119 
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 Virus F (4, 25) = 2.132 P=0.1065 

 Stress F (1, 25) = 2.982 P=0.0965 

Figure 33 

Male No CVS PE 120 Interaction F (4, 45) = 0.8531 P=0.4993 

 Virus F (4, 45) = 11.14 P<0.0001 

 Stress F (1, 45) = 0.2821 P=0.5979 

Male No CVS SNP 120 Interaction F (6, 63) = 0.3807 P=0.8887 

 Virus F (6, 63) = 0.6691 P=0.6749 

 Stress F (1, 63) = 6.051 P=0.0167 

Male No CVS ACh 120 Interaction F (4, 45) = 0.6820 P=0.6081 

 Virus F (4, 45) = 0.1974 P=0.9385 

 Stress F (1, 45) = 10.09 P=0.0027 

Male CVS PE 120 Interaction F (4, 25) = 0.7566 P=0.5632 

 Virus F (4, 25) = 14.98 P<0.0001 

 Stress F (1, 25) = 1.087 P=0.3071 

Male CVS SNP 120 Interaction F (6, 35) = 0.2139 P=0.9699 

 Virus F (6, 35) = 2.232 P=0.0629 

 Stress F (1, 35) = 1.966 P=0.1696 

Male CVS ACh 120 Interaction F (4, 25) = 0.3386 P=0.8493 

 Virus F (4, 25) = 0.2632 P=0.8987 

 Stress F (1, 25) = 3.637 P=0.0681 

 

 

 

 

 

 


