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ABSTRACT OF THE DISSERTATION

Effects of Gestational Corticosteroids and Caloric Restriction on the Neonatal
Cerebrovasculature

by
Patsy Naomi Franco
Doctor of Philosophy, Graduate Program in Physiology
Loma Linda University, December 2019
Dr. William Pearce, Chairperson

The prenatal environment plays a major role in influencing the health of adult
offspring. Maternal food restriction (MFR) during pregnancy is a common stressor that
correlates to long-term consequences, including increased risk of cardiovascular and
metabolic diseases in adult offspring. Numerous studies report persistent changes
following MFR, with an emphasis on the heart and kidney. These consequences are
thought to occur via programming, in which a stressor, during critical developmental
windows, permanently alters the structure and function of selective fetal tissues.
Furthermore, the elevation of maternal glucocorticoids associated with intrauterine
stressors is a proposed mechanism of several programming events, including MFR.
Although cerebral blood vessels in the context of MFR and glucocorticoids are
understudied, our group recently showed that adult rat cerebrovasculature is negatively
altered by MFR. The existence of comorbidities, such as obesity and hypertension, in
MFR adult rats led us to develop a mild hypoxic-ischemia (HI) injury model to test
cerebrovasculature responses in non-obese and normotensive MFR neonates. Our first
study examined the role of gestational glucocorticoids alone on neonatal
cerebrovasculature and HI vulnerability. Four groups of Sprague-Dawley neonates were

included: 1) Untreated-Sham; 2) MET-Sham; 3) Untreated-HI; 4) MET-HI. Metyrapone
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(MET), a corticosteroid synthesis inhibitor, was administered via drinking water from
gestational day 11 to term in rats fed an ad libitum diet. The second study examined the
role of MFR and gestational glucocorticoids on neonatal cerebrovasculature and HI
vulnerability. Four groups of Sprague-Dawley MFR neonates were studied: 1)
Untreated-Sham; 2) MET-Sham; 3) Untreated-HI; 4) MET-HI. At day 10 of gestation,
MFR rats, in a pair-fed model, underwent 50% caloric restriction. MET was administered
via drinking water from gestational day 11 to term. These studies demonstrate that both
changes to nutrition and glucocorticoid levels during gestation differentially impact basal
physiology and responses to HI injury in neonates. Future studies will further investigate
the role of MFR on cerebral and cerebrovasculature structure as well as probe into the

role of epigenetic regulation on cerebrovasculature function.
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CHAPTER ONE

INTRODUCTION

Fetal Programming

The epidemiologist David James Barker pioneered the idea that an adverse early
life environment led to chronic diseases later in life. The term fetal programming was
developed from Barker’s epidemiological studies in England and Wales which showed
that low birth weight was correlated with hypertension, diabetes, and cardiovascular
disease (3). By definition, fetal programming is a persistent adaptation which results from
increased stress during critical developmental windows. While the adaptation is
important for survival in the suboptimal environment, tissues are permanently remodeled
in a way that predisposes the offspring to disease later in life. Barker’s work with the
concept of fetal programming was further corroborated by epidemiological studies
around the world (19, 72). Birth characteristics, such as birth weight, placental weight,
and body size ratios, were correlated with increased disease risk factors, such as elevated
blood pressure and glucose intolerance in children (45). However, persistent changes in
molecular structure, biological systems, and disease risk driven by intrauterine stressors
could be present without change in birth weight, giving rise to the possibility of subtle yet

significant programming changes.

Maternal Food Restriction and Programming
Maternal food restriction (MFR) during pregnancy, one of many possible in utero

stressors and of great interest to my lab, creates a suboptimal environment for the



developing fetus by reducing nutrient availability through maternal caloric restriction and
thus limiting fetal growth. Numerous epidemiological and animal studies have shown
how perturbations that decrease nutritional status have adverse consequences that persist
into adulthood (26, 59, 76) and increase susceptibility to different diseases, such as
hypertension and heart disease (46). Other long-lasting effects of MFR include increased
risk of insulin resistance and type 2 diabetes, behavioral alterations, and immune system
dysfunction. However, the timing, severity, and species in which malnutrition occurs
during gestation determine the nature of the long-term effects in the offspring (57).

Unfortunately, conditions that may lead to MFR are not a phenomenon of the
past. The Food and Agriculture Organization of the United Nations states that in 2017,
more than 700 million people across the globe experienced severe levels of food
insecurity, implying reduced food consumption and probable hunger. In some regions,
such as Africa and Latin America, the incidence has risen in recent years. In addition,
according to the United States Department of Agriculture, in 2018 over three million
households in the US suffered from very low food security, defined as decreased food
intake and disrupted eating patterns. Women are more likely to experience food
insecurity and within this vulnerable population are woman of reproductive age.
Providing these at-risk populations with adequate nutrition during pregnancy is ideal but
remains a present challenge. This underscores the importance of understanding the
mechanisms of food restriction during pregnancy in hopes of reverting or diminishing
adverse developmental effects post-partum.

One of the key challenges of studying MFR involves the need to consider the

contribution of various factors to disease outcome. Species selection, the particular



nutrient restriction (protein, carbohydrate, fat, vitamin), timing and duration of
restriction, and the severity of the diet collectively play a role in defining MFR models
and influencing the measured outcomes. Overall, the MFR model produces offspring

with reduced birth weight and adult hypertension (25).

Fetal Programming Mechanisms

A number of mechanisms by which a gestational perturbation, such as MFR,
imparts its long-lasting effects have been reported. These include placental dysfunction,
intrauterine growth restriction, epigenetic modifications, and, recently, microbiome
alterations (6, 13, 28, 35, 44). Another popular mechanism of how maternal food
restriction may mediate its effects is through elevated maternal glucocorticoids (GCs),
which belong to the class of molecules that produce long-term effects: hormones (54).
This theory stems from research demonstrating that increased maternal stress (i.e.
hunger) leads to excess levels of circulating maternal GCs that cross the placenta (64).
The placenta has enzymatic (11p-hydroxysteroid dehydrogenase 2) (24) and transport
barriers (P-glycoprotein) that inhibit GC overexposure in the fetus as GC levels are
generally higher in the mother; this protection, however, is compromised during food
restricted pregnancies (54, 75). 11B-hydroxysteroid dehydrogenase 2, through oxidation,
catalyzes the conversion of active corticosterone into is inactive form,
dehydrocorticosterone. In addition, reports demonstrate that this enzyme can be reduced
in the placentas of food-restricted mothers (14). The portion of GCs that are not

inactivated by the placenta then bind to ubiquitously-expressed GC and mineralocorticoid



receptors (27) affecting the transcription of various genes, ultimately altering the
structure and function of several organs during specific windows of development.

In addition, there are reports that exposure to high levels of synthetic
glucocorticoids during gestation result in intrauterine growth restriction, a common
feature of MFR, in animals and humans (53, 62, 69), and may lead to adult hypertension
in rat offspring (70). However, some of these results are controversial and may vary as a
result of dosing frequency, glucocorticoid type (endogenous or exogenous), timing of the

dosing, and species (40).

Glucocorticoids and the Hypothalamic-Pituitary-Adrenal Axis

The actions of glucocorticoid (GCs) hormones are manifold. GCs are primary
stress hormones, possess potent anti-inflammatory actions, and play crucial roles in
pregnancy and development (5, 64, 67). GC deficiency leads to death, while long-term
overexposure in adults may result in increased risk of disease, including Cushing’s
syndrome, hypertension, and osteoporosis (65). The hypothalamic-pituitary-adrenal axis
controls the secretion of GCs in both a circadian and stress-induced manner through the
hypothalamic release of corticotropin-releasing hormone (CRH) that stimulates the
release of adrenocorticotrophic hormone (ACTH) from the pituitary gland, which triggers
the production of GC hormones by the adrenal cortex (50, 56). Various stressors, both
physiological and psychological, trigger an increase in GC release (16, 50, 60). Through
binding with mineralocorticoid and glucocorticoid receptors, glucocorticoids exert their
wide-ranging actions and regulate their own release through inhibition of CRH and

ACTH in classical negative feedback loops (52, 71).



Additionally, there is evidence that in utero dietary restriction altars the
hypothalamic-pituitary-adrenal axis (HPA) during fetal and postnatal periods (33, 47,
49). To further corroborate this, in the model of MFR used in our studies (50% caloric
restriction during the latter half of gestation), corticosterone levels were elevated before
birth and depressed postnatally (42). The fetal hypothalamic pituitary adrenal axis is also
activated in response to stress producing fetal-derived GCs and thus contributes to the
GC excess (15). While the literature shows that GC levels are altered by prenatal stress
and that synthetic GC maternal administration produces effects similar to MFR and other
stress models, there is much controversy surrounding this theory (36). The role of GCs in
programming may be secondary to a more key player. However, because adequate levels
of GCs are necessary for normal fetal development (i.e. cell differentiation and organ
maturation), understanding the mediators in the mechanism of GC signaling in the

context of MFR will be important.

Epigenetics: microRNA

GCs have been implicated in epigenetic modification such as DNA methylation
and histone modification which act on the DNA structure. One emerging form of
epigenetic regulation is microRNAs (miRNAs), which are short, non-coding RNA
molecules that function to either degrade mRNAs or repress protein translation. miRNAS
play an important role in normal and pathological physiology. Furthermore, up to 30% of
protein-coding genes are thought to be regulated by miRNA (61).

While the role of miRNAs in fetal programming is understudied, our group has

shown that MFR alters the miRNA profile of offspring. Among the miRNAs altered by



MFR, miR-29c drew our interest as it was downregulated in animal models of MFR,
influenced by increasing GCs levels, and reduced the expression of Col3A1, Col4A5,
ELN, and MMP2, all integral components of the extracellular matrix (ECM) (10). The
miR-29c-induced downregulation of these ECM proteins associated with the vasculature,

suggests that vascular structure and function may be altered by both GCs and miR-29c.

Metyrapone

Studying the effects of glucocorticoids can be done via the introduction or
withdrawal of the hormone. Glucocorticoid withdrawal can be accomplished via
adrenalectomy or mifepristone (a glucocorticoid receptor antagonist), both of which are
not without complications during pregnancy (8, 9). Metyrapone (MET), a corticosteroid
synthesis inhibitor, plays a key role in the elucidation of glucocorticoid-dependent
effects. Other names by which MET has been referred to include SU-4885 and
metopirone. MET acts by inhibiting 11-p hydroxylase and aldosterone synthase activity,
which are important for the conversion of 11-deoxycorticosterone in corticosterone in
rodents, or cortisol in humans, and in the conversion of corticosterone to aldosterone
(Figure 1). Blockage of these steroidogenic activities creates an effective reduction in
corticosterone (37, 41) and aldosterone activity (30) but may increase the activity of
precursors, such as 11-deoxycorticosterone and progesterone. MET also readily crosses
the placenta (73). In light of these effects, MET has also been used in a model of
congenital adrenal hyperplasia (29).

In addition, MET is used clinically to diagnose adrenal insufficiency and treat

Cushing’s syndrome (17, 31). Like many other drugs, MET also produces off-target



effects that are independent of glucocorticoids, such as altered temperature regulation

(22) and neuronal protection (38). Importantly, several animal studies have employed

metyrapone to examine the effects of glucocorticoids in various stress pathologies (11,

39, 42, 48, 55),
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Figure 1. Schematic diagram of corticosteroid synthesis. Metyrapone (MET) blocks the
enzymatic activities of CYP11B1 and CYP11B2 in the adrenal glands thus reducing the
synthesis of the corticosteroids: corticosterone, cortisol, and aldosterone.



Cerebrovasculature

One of the effects of maternal food restriction is vascular remodeling in the
offspring. Impairments in the vascular function of the kidneys, heart and skeletal muscle
have been well-documented but cerebrovasculature alterations in relation to fetal
nutritional programming is understudied. Additionally, the cerebrovasculature merits
further study within the field of perinatal cerebrovascular disease research which has
given much attention to neurons, glia and astrocytes. The cerebral vessels may be a main
player in perinatal cerebrovascular disease given that the cerebrovasculature plays an
important role in the perfusion of brain tissue and maintenance of normal brain function
(78).

In young rats, in other mammals, and in preterm human babies the
cerebrovasculature continues developing post-partum and is thus immature and sensitive
to fluctuations in blood pressure. Furthermore, throughout the early postnatal period the
cerebral microvascular bed (arterioles, venules, and capillaries) is actively under
remodeling and changes in the neonatal brain microenvironment may alter the
establishment of adequate metabolic-vascular coupling (32). It is possible that fetal stress,
such as caloric restriction, program an altered postnatal brain microenvironment,
including changes in the expression of vascular endothelial growth factor (43), and thus
modulate neonatal cerebrovascular structure and function under normal and stressed
conditions (4).

Additionally, corticosteroids, such as corticosterone and aldosterone, are known
to modulate arterial function (68, 74, 77). Glucocorticoids have been known to increase

vascular stiffness and reduce angiogenesis; however, the developmental stage in which



glucocorticoids are manipulated, along with the duration and severity of the
manipulation, may produce differing results. Aldosterone has been documented to reduce
cerebral vessel dilation and increase vascular remodeling (21). The receptor that
aldosterone preferentially binds, the mineralocorticoid receptor, appears later in
development than the more ubiquitous glucocorticoid receptor (20). This may imply that
corticosterone, relative to aldosterone, has a more pronounced role in the fetal
developmental period. How MFR may influence aldosterone expression and activity may
be important in fully understanding vascular function.

Our group also found that MFR decreased cerebral vessel compliance in adult
rats, thus increasing arterial stiffness and reducing vessel contractility and that some of
these effects were ablated by MET (23). These changes suggest heightened vascular
ischemic vulnerability, which may be influenced by corticosteroids. Studies involving the
neonatal brain blood vessels may be pivotal in developing therapies for perinatal

cerebrovascular disease.

Vascular Smooth Muscle Cells
Vascular smooth muscle cells (vSMCs) are an important part of the
cerebrovasculature. They exist in a variety of phenotypes (i.e. contractile, synthetic,
proliferative, migratory) (63). SMC phenotypic modulation, the ability to change
phenotype based on tissue demand, is an important part of SMC function. For instance,
tissue injury induces a phenotypic shift toward synthetic vSMCs which produce
extracellular matrix proteins to aid in tissue restoration. Importantly, a shift from

contractile to non-contractile phenotype is usually indicative of a diseased state (51).



Furthermore, biological factors, such as age, environmental factors and epigenetics (12)
play a role in determining the phenotypic distribution of SMCs. For example, immature
vSMCs, which predominate at a younger age, have a large synthetic population and
smaller contractile population than the profile of vSMCs found in adults. This age-related
difference contributes to variances in regulation of contraction (7).

The contractile function is mediated mainly through calcium-dependent pathways
via regulation of intracellular calcium and myofilament calcium sensitivity (18). The
phosphorylation and dephosphorylation of the contractile protein, myosin light chain,
controls the level of contraction, which in turn, along with vSMC profile, affects the
myogenic response in the cerebrovasculature. The myogenic response allows SMCs to
react to changing arterial pressures. As blood pressure increases, blood vessels constrict;
as blood pressure drops, blood vessels dilate. This occurs to maintain a constant flow of
blood to the brain. This is inherent to smooth muscle cells and occurs independently of
neuronal, hormonal, or metabolic influence. The myogenic response is a key indicator of
vascular health and can thus be studied, especially in the context of ischemia. The
cerebrovascular response to fluctuations in cerebral blood flow and metabolic demand
following the ischemic insult determines the extent of damage. In neonatal infants,
particularly those born prematurely, myogenic response can be compromised due to a
lower proportion of contractile vSMCs performing the contractile work (7). The
mechanisms by which maternal food restriction may alter both myogenic response and
vSMC phenotype of the cerebrovasculature merits further study to advance the outcome

of perinatal vascular diseases, such as stroke and hypoxic-ischemic encephalopathy (HI).
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HI Model

In order to test vascular programming effects of MFR and MET, we developed a
novel mild model of HI injury, understanding that vessel function and structure are
altered in response to HI (34, 51, 58). Modified from the Rice-Vannucci protocol (66),
our new model requires the performance of unilateral carotid ligation in P9 or P10 pups,
and after a 24-hour recovery period, exposure to 8% oxygen for 90 minutes. This differs
from the traditional Rice-Vannucci protocols in both the recovery time following carotid
ligation (4-8 hours) and the exposure length to hypoxic gases (3.5 hours).

Our mild model allows for quantifying injury in the most susceptible regions
while a more severe model would produce injury in several regions. Through this milder
model we hope to identify the proverbial “canary in the coal mine,” to gauge the most
sensitive responders for P11 rats. Currently, various animal models are used to study
neonatal hypoxic-ischemia. They involve different species (rat, mouse), different ages
(P7 and P10), and different lengths of hypoxic exposure (1.5-3 hours). While these
models produce differing levels of ischemic damage (2), the basic characteristics of brain
injury are present, such as damage to the hippocampal area. Understanding that each
species undergoes age-sensitive developmental events is also very important in

understanding normal cerebral physiology and vulnerability to HI injury (1).

Clinical Significance
Through better understanding of how in utero stress and gestational alterations of
corticosteroid levels influence the neonatal vasculature, especially through identification

of the most vulnerable cells, new approaches can be developed to treat perinatal

11



cerebrovasculature diseases. Additionally, world hunger is on the rise and about one in
every nine people in the world suffer from hunger. By answering the questions of how
maternal food restriction affects the offspring and what role corticosteroids play in
development, these studies may aid in identifying modifiable perinatal mechanisms
whereby food restriction modulates the cerebrovasculature and other cerebral targets, and
thus offer targets for the development of future treatment options in neonates affected by

food insecurity.

Purpose and Central Hypothesis

The following studies tested the hypothesis that in utero stress via maternal food
restriction alters cerebrovasculature structure and function thus altering neonatal ischemic
vulnerability. We propose that the programming effects occur in part through
glucocorticoid-dependent and independent pathways, highlighting the importance of
corticosteroids in vascular and non-vascular development. Metyrapone, a corticosteroid
synthesis inhibitor, was used to assess the effects of corticosteroids.

Chapter Two, entitled, “Prenatal metyrapone treatment modulates neonatal
cerebrovascular structure, function and vulnerability to mild hypoxic-ischemic injury,”
focused primarily on the sole effects of gestational corticosteroid reduction on HI-
induced vulnerability in the cerebrovasculature, as well other cerebral tissues. The results
of that study demonstrated that corticosteroids during gestation play a key role in normal
cerebrovascular development and glial activation, induce persistent changes that in

neonates manifest beneficially as preservation of post-ischemic contractile

12



differentiation, but worsen cerebrovascular compliance following ischemia, and increase
ischemic neuronal injury, and compromise neurobehavior.

Chapter Three, entitled, “Maternal food restriction modulates neonatal
cerebrovascular structure, function and vulnerability to mild hypoxic-ischemic injury:
effects of metyrapone,” focused on examining the role of maternal food restriction on the
cerebrovascular, neurobehavioral, HPA axis responses to mild HI injury in neonatal rats.
The role of corticosteroids, such as glucocorticoids, in MFR was also examined through
gestational MET dosing. These studies will be expanded to examine cerebral histology
and vSMC phenotype.

Chapter Four, entitled, “Optimization of confocal colocalization of contractile
proteins in neonatal middle cerebral arteries,” primarily focused on refining a heavily-
employed method of determining protein proximity from confocal imaging. The goal of
this study was to standardize the methods used to determine colocalization to increase
statistical sensitivity and efficiency.

Chapter Five, entitled, “Conclusions and Future Directions,” included a
foundation for future studies as well as concluding remarks. Overall, this dissertation

should advance studies on fetal programming and the neonatal cerebrovasculature.
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Abstract

This study explored the hypothesis that late gestational reduction of
corticosteroids transforms the cerebrovasculature, and modulates postnatal vulnerability
to mild hypoxic-ischemic (HI) injury. Four groups of Sprague-Dawley neonates were
studied: 1) Untreated-Sham; 2) MET-Sham; 3) Untreated-HI; 4) MET-HI. Metyrapone
(MET), a corticosteroid synthesis inhibitor, was administered via drinking water from
gestational day 11 to term. In Shams, MET administration: 1) decreased reactivity of the
Hypothalamic-Pituitary-Adrenal (HPA) axis to surgical trauma in P9 pups by 37%; 2)
promoted cerebrovascular contractile differentiation in middle cerebral arteries (MCA);
3) decreased compliance up to 46%, and increased depolarization-induced calcium
mobilization n MCAs by 28%; 4) mildly increased hemispheric cerebral edema by 5%,
decreased neuronal degeneration by 66% and increased astrogial and microglial
activation by 10-fold and 4-fold, respectively; and 5) increased righting reflex times by
29%. Regarding HI, metyrapone-induced fetal transformation: 1) diminished reactivity
of the HPA axis to HI-induced stress in P9/P10 pups; 2) enhanced HI-induced contractile
de-differentiation in MCAs; 3) lessened the effects of HI on MCA compliance and
calcium mobilization; 4) decreased HI-induced neuronal injury but unmasked regional
HI-induced depression of microglial activation; and 5) attenuated the negative effects of
H1 on open field exploration, but enhanced the detrimental effects of HI on negative
geotaxis responses by 79%. Overall, corticosteroids during gestation appear essential for
normal cerebrovascular development and glial quiescence, but induce persistent changes

that in neonates manifest beneficially as preservation of post-ischemic contractile
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differentiation, but detrimentally as worsened ischemic cerebrovascular compliance,

increased ischemic neuronal injury, and compromised neurobehavior.
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Introduction

Vital for life corticosteroids influence diverse physiological functions by binding
to ubiquitous mineralocorticoid and glucocorticoid (GC) receptors to exert their wide-
ranging effects. Corticosteroid levels are regulated by hypothalamic release of
corticotropin-releasing hormone (CRH) that stimulates release of pituitary
adrenocorticotrophic hormone (ACTH), which triggers the production and secretion of
corticosteroid hormones by the adrenal cortex. Corticosteroid release increases in
response to physiological circadian rhythms as well as stresses such as those caused by
food deprivation or fear. Corticosteroid release is also regulated through feedback
inhibition of hypothalamic CRH and pituitary ACTH release (43). Whereas
glucocorticoid release is regulated primarily through ACTH levels, the major
mineralocorticoid, aldosterone, is principally regulated by the renin-angiotensin system.
Careful regulation of aldosterone is important to maintain fluid homeostasis, blood
pressure control (34), and arterial stiffness (4, 49). GCs are potent inhibitors of
inflammation, and thus are used clinically to treat autoimmune diseases (44). and to
accelerate lung development in fetuses at high risk for premature birth (16). GC therapy,
however, is not without risks; sustained supra-physiological levels of GCs, whether
endogenous or exogenous, can lead to adverse health consequences including
hypertension, osteoporosis, and metabolic syndrome (44).

Owing to their anti-inflammatory and anti-proliferative effects, GCs are also
employed to treat multiple vascular pathologies, including those that involve altered
patterns of angiogenesis (65), contractile reactivity (16), wall stiffness (50), and arterial

restenosis, particularly following stent implantation (14). Many of the vascular effects of
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GCs are attributable to their ability to modulate smooth muscle phenotype, which is
highly dynamic and readily transitions among migratory, proliferative, synthetic, and
contractile characteristics (37). These transitions typically culminate in altered vascular
structure, compliance and contractile reactivity (24, 37).

Given the significant vascular effects of corticosteroids, the present study
investigated the sustained effects of altered corticosteroid levels during gestation, on
postnatal cerebrovascular structure and function as a model of fetal cerebrovascular
transformation (43), defined here as the consequences of adverse intrauterine events that
influence fetal vascular development and persist after birth. As such, this fetal vascular
transformation includes the effects of both genomic and non-genomic fetal vascular
programming. Abundant experimental evidence supports the hypothesis that late
gestation is a critical developmental window, during which increased GC exposure
modulates developmental trajectories that lead to altered reactivity to stress and
compromised cardiovascular, metabolic, and psychological fitness in adult life (35).
Conversely, decreased levels of GCs during gestation promote impaired growth (52),
disruption in cerebral neurotransmitter synthesis (31), alterations in Hypothalamic-
Pituitary-Adrenal (HPA) axis function and reactivity to stress (69). Decreased levels of
corticosteroids during gestation also impact cerebrovasculature structure and function in
adult offspring (13).

Corticosteroid levels can be decreased by adrenalectomy which creates
complications during pregnancy (7, 8). Corticosteroid levels also can be decreased by
metyrapone (MET), an agent commonly used to treat Cushing’s syndrome (21). MET

blocks the production of cortisol in humans, and corticosterone in rodents, as well as
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mineralocorticoids, by inhibiting 11B-hydroxylase (27, 46) with few detrimental side
effects, and has been useful in elucidating the effects of corticosteroids in multiple stress
pathologies (10, 13, 29). Like many other drugs, MET can produce multiple diverse
effects attributable to elevated levels of corticosteroid precursors, such as progesterone,
and downstream consequences of reduced glucocorticoid and aldosterone availability
including altered temperature regulation (12) and enhanced inflammation (44). In light
of this spectrum of effects, MET has been employed to induce symptoms of congenital
adrenal hyperplasia (17). The work presented here uses a well-tolerated gestational MET
dosing regimen (daily oral administration of 0.5 mg/ml from gestational day 11 to term)
previously shown to alter plasma corticosterone levels in rat offspring, and to reduce
corticosteroid-induced effects in lung and vascular tissues (10, 13).

To probe the early consequences of fetal transformation caused by corticosteroid
reduction, the present study employs a novel model of cerebral injury caused by mild
hypoxic-ischemia (HI). Whereas severe models of HI rapidly and extensively injure
multiple cerebral cell types (11), these models also can obscure identification of the cell
types most vulnerable to even mild ischemic insults (3), including cell types of the
cerebrovasculature (42). The model of mild HI injury developed for the present study
was modified from the Rice-Vannucci model (45) to enhance detection of ischemia-
induced injury to the cerebrovasculature (70). The hypothesis tested is that attenuation of
corticosteroid levels during the second half of gestation transforms the
cerebrovasculature, modulates the structure and function of cerebral arteries, and alters

their vulnerability to mild postnatal HI insults.
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Methods

General Preparation

The Loma Linda University Institutional Animal Care and Use Committee
approved all experimental procedures used in these studies. The Animal Care Facility
housed first-time pregnant Sprague-Dawley rats (Charles River Laboratories, Hollister,
CA,; Envigo Laboratories, Placentia, CA) at constant temperature and humidity with a
12:12-h:light-dark cycle with food and water ad libitum. From day 11 of gestation until
term (21 days), approximately half of the rats’ drinking water contained MET (cat#
14994 Cayman Chemical Company, Ann Arbor, MI), freshly dissolved each day at a
final concentration of 0.5 mg/ml (Figure 1). Previous studies have demonstrated this
concentration of MET to block maternal corticosterone synthesis and significantly reduce
plasma corticosterone levels in both fetal and neonatal blood (29). Daily water
consumption did not differ between Untreated (standard filtered water) and MET treated
dams. All rats delivered spontaneously, and pups remained with their dams until the day
of surgery. The overall study design included four groups of Sprague-Dawley rats: 1)
Sham-operated animals (Untreated-Sham), 2) Animals that underwent unilateral carotid
ligation surgery followed by hypoxia 24 hours later (Untreated-HI), 3) Sham animals that
were administered MET during gestation (MET-Sham), and 4) HI animals that received

MET during gestation (MET-HI).
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Blood Collection and Corticosterone Analysis

A time course study of corticosterone levels relative to the timing of the hypoxic
insult quantified changes in corticosterone levels in each of the experimental groups
(Figure 1). The collection of whole trunk blood into Lithium Heparin blood collection
tubes (Greiner Bio-One, Kremsmunster, Austria) occurred at the time of sacrifice,
according to four time course endpoints: immediately before surgery (pre-treatment
baseline; GC Endpoint 1), 2 hours after unilateral carotid ligation (post-surgical
baseline; GC Endpoint 2); 2 hours after HI injury (early ischemic endpoint; GC
Endpoint 3); and 24 hours after HI injury (late ischemic endpoint; GC Endpoint 4). To
reduce variability due to circadian oscillations in corticosterone levels, blood collection
always occurred during a 4-hour block in the morning. Plasma samples then underwent
centrifugation at 2000 RPM at 4 °C for 15 minutes to yield aliquots frozen at -20 °C.

In preparation for ELISA assays, the sample extraction procedure included
treatment with perchloric acid followed by potassium hydroxide, which released any
corticosterone bound by protein in thawed plasma samples. Twice repeated additions of
ethyl acetate followed by centrifugation extracted corticosterone in the samples into the
supernatant. A Savant SpeedVac Concentrator (ThermoFisher Scientific, Waltham, MA),
then evaporated the supernatants. This step of the extraction concluded with capping and
freezing the dried samples at -80 °C until the time of assay.

Corticosterone quantification employed an ELISA kit (cat#: ADI-900-097, ENZO
Life Sciences, Farmingdale, NY) and a Gen5 1.11 BioTek microplate reader to read the
samples (run in duplicate) at 405 nm. Known standards, provided and run with each Kit,

enabled construction of standard curves that determined the quantity of corticosterone in
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each sample in picograms per milliliter. The Kits detected a minimum concentration of 27

pg/ml and provided intra-assay variations no greater than 4%.

Carotid Ligation and Hypoxic Exposure: A Model of Mild Hypoxic-Ischemia
On postnatal days 9 and 10 (P9, P10), which correspond to the brain development

of a full-term human infant (39), randomly selected pup littermates received surgical
treatment (Figure 1). Following the induction of anesthesia with 3% isoflurane
inhalation, the pups underwent right carotid ligation using 5-0 surgical silk (Ischemia
surgery) or dissection without ligation (Shams). All surgeries typically lasted less than 15
minutes, which minimized the potential neuroprotective effects of isoflurane exposure
(5). Post-surgical pups recovered with their dam for 24 hours, after which pups
designated for hypoxia experienced exposure to a commercially prepared mixture
containing 8% oxygen with balance nitrogen for 90 minutes in a sealed, humidified
chamber maintained at 37 °C. An oxygen monitor continuously displayed oxygen levels
in the chamber to assure consistency of the hypoxic exposure. After hypoxic exposure,
the pups recovered 15 minutes under normoxic conditions (room air) in the chamber, and
then continued recovery with their dam. Sham pups, which had no carotid ligation, were

exposed to normoxia (room air) for 90 minutes at 37 °C.

Neurobehavior
Three neurobehavioral assessments (righting reflex, open field, and the negative
geotaxis reflex) quantified behavioral responses 24 hours after hypoxic exposure in

P11/P12 pups from each of the experimental groups. Each test consisted of two trials that
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were averaged for analysis. To eliminate time of day differences in behavior, testing
always occurred within the same 3-hour block in the morning. A heating pad set at 37 °C
prevented loss of body heat and pups rested between trials on the heating pad. The time
each pup was separated from its dam did not exceed 20 minutes. Wiping down all
surfaces of the behavioral apparatus with 70% ethanol between trials helped remove pup
scent and reduce bacterial transfer.

The righting reflex examined the ability of each pup to return to its four paws
after being placed in a supine position. Observations of exploratory activity in the open
field test enabled quantification of the number of times a rat’s head (specifically, the
point between the ears) moved into a new 2 cm by 2 cm square in an enclosed acrylic
arena (38x40x40cm) during a 45-second interval. The negative geotaxis reflex tested the
amount of time, up to 60 seconds, required for a pup placed head-downward on a 25°

mesh incline to turn 180° (indicated by position of its head and front paws).

Perfusion-Fixation

Following behavioral testing, transcardial perfusion-fixation enabled subsequent
measurement of HI injury via MRI and histology. After the induction of anesthesia with
3% isoflurane inhalation, the perfusion procedure began with exposure of the heart
followed by the passage of a 25-gauge butterfly needle through the left ventricle and into
the aorta. A peristaltic pump (Model EP-1 Econo Pump; Bio Rad, Hercules, CA)
connected to the needle infused phosphate-buffered saline into the vasculature for the
removal of blood through an incision in the right atrium. After this, perfusion with a

solution containing 4% paraformaldehyde at 8 ml/min fixed the brain. The entire
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procedure, not including induction time, lasted approximately 15 minutes. Following
perfusion fixation, post-fixation of the extracted brains was accomplished overnight in

4% PFA in PBS at 4 °C.

Post-mortem MRI

An 11.7T Bruker Avance instrument (Bruker Biospin, Billerica, MA, USA.)
generated images from whole perfusion-fixed brains. Two imaging sequences (T2-
weighted (T2WI) and diffusion weighted imaging (DWI)) assessed HI injury for changes
in water content and water mobility, respectively. Each sequence collected 20 coronal
slices with a slice thickness of 0.75 mm. The T2 sequence used the following parameters:
TR/TE =3000/10 ms, matrix = 192 x 192 zero-filled to 256 x 256 at reconstruction, field
of view (FOV) = 1.5 cm, and a total of 2 averages. The DWI sequence employed these
parameters: TR/TE = 5000/31.2 ms, b-value = 200 s/mm?, matrix = 64 x 64 zero-filled to
128 x 128 at reconstruction, FOV = 1.5 cm, and a total of 2 averages. MATLAB, along
with in-house processing software utilizing Hierarchical Region Splitting (HRS),
generated T2 maps, and JIM, a medical imaging analysis software (Xinapse Systems Ltd;
West Bergholt, Essex; United Kingdom) processed the DWIs to produce ADC maps.
Manually drawn regions of interest (R) sampled quantitative values in right (ipsilateral),
left (contralateral to the side of carotid ligation), cortical (R2-4, 6-8 in Figure 4A), and
striatal (R1 and 5 in Figure 4A) hemispheres for each slice of all ADC and T2 maps.
Figure 3 depicts R2 and R6 of the middle cerebral artery territory and the average of
each region by hemisphere. Complete regional analysis data is included in Supplemental

Figure 1. For comparisons across groups, posterior/anterior analyses utilized the R
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averages from 10 coronal slices per animal for each group, starting from where the

hippocampal formation is prominent to where the olfactory bulbs begin to appear.

Histological Quantification of Ischemic Injury

After MRI, saturation of whole brains in PBS with 30% sucrose provided
cryoprotection prior to the embedding of 2-mm thick slices in OCT compound (Fischer
Scientific, Waltham, MA) at -80 °C. Coronal sections cut into 25 um brain sections
enabled analysis of brain injury in the same regions (R1-8; see Figure 4) used in MRI
measurements. Figure 4C-E depicts R2 and R6 representative data from the middle
cerebral artery territory and the averages of each region by hemisphere. Full regional
analysis data is included in Supplemental Figure 2. All staining runs included a slide cut
from a standard block of brain tissue, and the same standard block was used for all runs
for a given stain. At the beginning of each imaging session, the standard section was
imaged first, and used to set the key parameters for imaging, selected to provide between
1% and 5% saturation, as confirmed off-line. All slides in the same staining run were
imaged using exactly the same imaging parameters. The software analysis routines used
to analyze images from stained brain sections quantified areas beneath the distributions of
pixel numbers versus pixel intensity. The routines automatically varied minimum
intensity thresholds for inclusion to maximize the statistical sensitivity for each marker in
group-wise comparisons. The markers analyzed included FluoroJade C (FJC, Histo-
Chem, 0.0001% in 0.1% acetic acid at 22 °C for 10 minutes), c-Fos (EMD Millipore,
PC05-100UG @ 1:20 in PBS containing 2% normal goat serum (NGS)), Glial Fibrillary

Acidic Protein (GFAP, EMD Millipore, MAB3402 @ 1:1000 in PBS containing 0.5%
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BSA and 0.5% Triton-X at 4 °C for 19 hours) and Ibal (Wako Pure Chemical Industries,
019-1974 @ 1:400 in PBS containing 2% BSA at 4 °C for 18 hours).

Validation of the titers for each of the antibodies used to quantify brain tissue
markers relied on the results of immunoblots of PAGE gels performed with at least 5
different titers to probe standards prepared from adult brain homogenates. By definition,
optimum primary titers identified only one major band. Optimum secondary antibody
titers, by definition, produced a blank image after IHC staining in the presence of

secondary but not primary antibodies.

Confocal Microscopy

The confocal microscopy protocol used MCAs from separate cohorts of P11/12
pups in the four treatment groups. Overnight fixation of these MCA segments in 4% PFA
preceded the embedding of arteries in paraffin and subsequent cutting into 5 pm coronal
sections. All IHC staining runs included a slide cut from a standard block of an adult
cerebral artery, and the same standard block was used for all runs for a given stain.
Double-staining the sections with antibodies against smooth muscle aActin (Sigma-
Aldrich, A5228 @ 1:300 in PBS containing 2% NGS, 1% BSA at 4 °C for 18 hours) and
either smooth muscle myosin heavy chain (Abcam, Ab53219 @ 1:400 in PBS containing
2% NGS, 1% BSA at 4 °C for 18 hours) or non-muscle myosin heavy chain (BioLegend,
Poly19099 @ 1:300 in PBS containing 2% NGS, 1% BSA at 4 °C for 18 hours) allowed
for identification of smooth muscle phenotype. The visualization procedure used
secondary antibodies (Dylight-488 and Dylight-633 @ 1:300) in PBS containing 2%

NGS, 1% BSA incubated at 22 °C for 2 hours. An Olympus FVV1000 confocal microscope
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produced coronal images using a lens with a numerical aperture of 1.4 to yield lateral
resolutions between 146 and 185 nm, and axial resolutions between 545 and 693 nm,
depending on the wavelengths of illumination. For imaging, the standard section was
imaged first, and used to set the key parameters for imaging including scan time, gain,
illumination intensity, and photomultiplier voltage, as appropriate to provide between 1%
and 5% saturation, which was confirmed off-line. All images were captured on the same
day under identical conditions. Analyses of the confocal images of the artery sections
employed CoLocalizer Pro (Version 2.6.1, CoLocalization Research Software) to
calculate the extent of colocalization between the markers in each pair. Each pixel (above
a set threshold) in each double-stained image fell into one of three categories: Low
Marker#1 and Low Marker #2, Low Marker #1 and High Marker #2, and High Marker #1
and High Marker #2 (Marker 1 represented one of the two myosin heavy chain isoforms
and Marker 2 represented smooth muscle aActin). The analysis involved calculation of
the number of colocalized pixels in each category as a percentage of the total number of
colocalized pixels for both markers across all 3 categories (defined as 100%). Previous
publications include detailed descriptions of all these methods (13, 40) and validation by
comparison to other established methods for quantitation of protein colocalization via
confocal microscopy (63).

Validation of the titers for each of the antibodies used to image cerebrovascular
contractile proteins relied on the results of immunoblots of PAGE gels performed with at
least 5 different titers to probe standards prepared from homogenates of adult cerebral
arteries. By definition, optimum primary titers identified only one major band. Optimum

secondary antibody titers, by definition, produced a blank image after IHC staining in the
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presence of secondary but not primary antibodies. These approaches have been standard

practice for many years (1, 41).

Vessel Myography

To determine the contractile characteristics of MCAsS, experiments with adjacent
MCA artery segments included serial recordings of arterial diameter, first in
physiological saline solution (PSS) and then in 120 mM K™ solution to determine
maximum contractile capacity. Fura-2-AM (ThermoFisher Scientific) loaded at 1 pM,
enabled simultaneous measurement of smooth muscle calcium concentration. The
protocol included measurements in PSS and then 120 mM K™ at 20, 40, 60 and 80 mm
Hg. After the final pressure step, addition of a zero calcium, 3 mM EGTA solution
quenched cytosolic calcium to enable measurement of passive diameters at each pressure
level used for contractility measurements. Previous publications detail all methods

employed in these measurements (6, 13, 40).

Statistics
In all cases, N refers to the number of animals studied. For measurements of
plasma corticosterone and all neurobehavioral assessments, Behren’s-Fischer analyses
with pooled variance compared values between groups. One-way ANOVA analyses with
post-hoc comparisons using the Fisher Paired Least Significant Difference tested
significance among the MRI endpoints, among all four brain histology markers, and for
vessel myography by using area under the curve for each myography parameter (artery

diameter, wall calcium, and calcium sensitivity). Behren’s-Fischer analysis with pooled
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variance compared values for the colocalization coefficient and detected group-wise
differences in the percentages of total pixels in each of the three categories for each
marker pair. A D’Agostino-Pearson K2 test confirmed normal distributions of all data
sets, and within ANOVA analyses, Levene’s test of equality verified homogeneity of

variance.

Results

General findings

These protocols used 112 animals divided into three cohorts: 1) corticosterone
time course (57 pups from 8 litters); 2) behavior, MRI and histology (31 pups from 5
litters); and 3) myography and confocal colocalization (24 pups from 10 litters). Each
cohort included four experimental groups: 18 Untreated-Sham and 25 Untreated-HI pups
from 10 litters whose mothers received normal drinking water during gestation, as well as
15 MET-Sham and 16 MET-HI pups from seven litters that had undergone MET-induced
fetal transformation produced by administration of MET in maternal drinking water
during the latter half of gestation (Figure 1). In addition, the corticosterone time course
cohort involved 10 additional groups from six litters: four Untreated Pre-Surgery (GC
Endpoint 1), four Untreated Sham-Ligated (GC Endpoint 2), four Untreated Ligated (GC
Endpoint 2), four Untreated 2-hour Post Normoxia (GC Endpoint 3), and four Untreated
2-hour Post Hypoxia pups (GC Endpoint 3), as well as three MET Pre-Surgery (GC
Endpoint 1), three MET Sham-Ligated (GC Endpoint 2), four MET Ligated (GC

Endpoint 2), four MET 2-hour Post Normoxia (GC Endpoint 3), and four MET 2-hour
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Post Hypoxia pups (GC Endpoint 3). On average, each rat mother gave birth to 12 pups
whose sex was determined by urogenital distance. Across all pups, approximately 50%
were male and 50% were female. Pups were randomly selected for all experiments. For
the 14 endpoints reported in this study, and an additional 10 endpoints with larger rat pup
populations than reported in this study, ANOVA revealed no sexually dimorphic
differences, consistent with other studies of the neonatal cerebrovasculature (33).
Supplemental Table 1 summarizes these statistical results.

Birth weight was significantly less (11%) in pups transformed by gestational
MET (5.7+0.1 g) when compared to Untreated pups (6.4+0.2 g). At P11/P12, the weights
of Untreated-Sham and MET-Sham pups did not differ significantly. At 24-hours
following the hypoxic insult, Untreated-HI pups (17.6£0.7 g) weighed significantly less
(10%) than Untreated-Sham pups (19.6+0.5 g). Gestational MET ablated this difference;
pup weights in the MET-Sham (20.3+1.2 g) and MET-HI groups (19.8+0.9 g) did not

differ significantly.
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(Figure 2A) (Figure 2B)
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Untreated or MET Untreated-Sham or Untreated-HI

MET-Sham or MET-HI

Myography and Confocal Endpoint:
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Perform Behavioral Tests, Perfuse, and

Harvest Brains for 24-hour Post £ HI
(Figures 3 & 4)

GC Endpoint 4:
Harvest for 24-hour
Post + HI GC Endpoint
(Figure 2C)

Figure 1. Experimental Overview of Embryonic and Postnatal Events. As indicated in
the above diagram (not to scale), half of the pregnant Sprague-Dawley rats received a
daily oral dose of 0.5 mg/ml of metyrapone (MET) in the drinking water beginning at
E11 through term, yielding two groups: the Untreated group (untreated water), and the
MET group (MET-treated water). After birth, designated pups were euthanized at four
specific timepoints after which trunk blood was collected to determine the plasma
glucocorticoid (GC) levels. At P11, one cohort of rats was harvested for the final GC
endpoint, a second was harvested to obtain arteries for myography and confocal
measurements, and a third cohort underwent behavioral testing followed by perfusion

fixation, ex vivo MRI evaluation, and histological analysis.
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Blood Collection and Corticosterone Analysis

The ELISA assay used in these studies could detect a difference of 42.9% with a
power > 0.8 for the number of pups used (n=57). In P9 pups prior to surgery (see Figure
1, GC Endpoint 1), baseline plasma corticosterone did not differ significantly between
Untreated pups (5.3£2.7 ng/ml), and those transformed by gestational MET (3.4£1.6
ng/ml) given this absence of effect, the experimental design excluded corticosterone
sampling at any time points earlier than P9. Two hours after surgery but 22 hours prior to
hypoxic exposure in Untreated pups (see Figure 1, GC Endpoint 2), unilateral carotid
ligation significantly elevated plasma corticosterone to approximately 2-fold greater than
in Sham-Ligated Untreated pups (Figure 2A). However, in pups transformed by
gestational MET, plasma corticosterone did not differ significantly between pups that
underwent carotid ligation and Sham surgeries (Figure 2A). At this time point (post-
surgery, pre-hypoxia), MET-induced fetal transformation significantly decreased
neonatal plasma corticosterone in both Sham (Untreated: 7.0+0.6 ng/ml; MET: 4.4+1.3
ng/ml) and carotid ligated (Untreated: 13.9£5.3 ng/ml; MET: 5.5£0.7 ng/ml) pups
(Figure 2A).

At 2 hours post-hypoxia in Untreated pups (see Figure 1, GC Endpoint 3),
plasma corticosterone averaged to values significantly less in Carotid-Ligated (1.5£0.5
ng/ml) than in Sham (3.4+0.9 ng/ml) pups (Figure 2B). Again, in pups transformed by
gestational MET, plasma corticosterone did not differ significantly between pups that
underwent carotid ligation (3.6+1.9 ng/ml) and Sham (2.7+1.4 ng/ml) surgeries. At this

time point (2 hours post-hypoxia, or 26 hours post-surgery), values in Untreated and
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MET-transformed Sham animals did not differ significantly, nor did values in Untreated
and MET-transformed pups with carotid ligation (Figure 2B).

At 24 hours post-hypoxia (see Figure 1, GC Endpoint 4), plasma corticosterone
did not differ significantly among any of the groups (Figure 2C). Over the time course
of all measurements, plasma corticosterone decreased progressively in all experimental
groups. Superimposed on this trend, plasma corticosterone differed significantly between
Sham and ligated, pre-hypoxic Untreated pups, but not between Sham and ligated, pre-
hypoxic pups transformed with gestational MET. This pattern infers that transformation

with MET during the last half of gestation depressed neonatal reactivity to stress.
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Figure 2. Effects of metyrapone-induced fetal transformation on the time course of
plasma corticosterone in a neonatal model of mild hypoxic-ischemic encephalopathy.
Plasma corticosterone measurements were collected at the time of sacrifice in the four
treatment groups at three time points (see Figure 1). Figure 2A: Corticosterone
concentrations were measured at 2 hours post-carotid ligation or Sham-surgery, which
was also 24 hours pre-hypoxia. N=4 animals per group except in the MET-HI group
where N=3. Figure 2B: Corticosterone levels were assessed 2 hours post-hypoxia or
normoxia in animals that were ligated or Sham-operated 24 hours prior, respectively.
N=4 per group. Figure 2C: Plasma corticosterone was measured 24 hours post-hypoxia
or normoxia in Ligated or Sham-operated pups. N=4 per group except in the Untreated-
HI group where N=7. Note that the vertical scale for each time point is different due to
decreasing corticosterone levels with advancing age. Data are presented as mean £ SEM.
Statistically significant differences determined via Behren’s-Fischer with pooled variance
are indicated by: * = Sham vs Ligated.; #= Sham vs. MET-Sham; § = Ligated vs. MET-
Ligated.
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MRI

T2 and ADC results demonstrated the mild effects of the HI model introduced in
this paper, as well as the influence of MET-induced fetal transformation on neonatal
cerebral tissue integrity under both basal conditions and after a mild HI insult (Figure
3A). The methods used to measure these results could detect a difference of 1.8% (T2)
and 4.5% (ADC) with a power > 0.8 for the number of pups used (n=19). A total of 8
regions (see Figure 4A) were analyzed (Supplemental Figure 1), but emphasis was
given to regions 2 and 6 which represent the MCA territory. T2 values, which generally
identify cerebral edema, exhibited significantly greater values between Untreated-Sham
and MET-Sham pups, particularly on the right side of the brain (ipsilateral to the side of
carotid ligation) but not individually within regions 2 or 6. T2 values did not differ
significantly between Untreated-Sham and Untreated-HI pups, or between MET-Sham
and MET-HI pups, in any region examined (Figure 3B).

ADC values, which typically indicate changes in water mobility and cell swelling,
did not differ significantly between Untreated-Sham and MET-Sham pups. ADC values
also did not differ significantly between Untreated-Sham and Untreated-HI pups, or
between MET-Sham and MET-HI pups, in any region examined (Figure 3B). In
aggregate, the imaging results revealed that MET-induced fetal transformation increased

neonatal T2 values, but not ADC values.
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Figure 3. Effects of metyrapone-induced fetal transformation on brain injury in HI and
Sham P11 pups. Figure 3A: The images shown indicate representative T2-weighted
imaging (T2) and apparent diffusion coefficient (ADC) maps from post mortem pups
euthanized 24 hours post HI injury or Sham surgery. Figure 3B: Region of interest
sampling of the MR images produced 8 separate values, designated with the letter R and
corresponding region number as shown in Figure 4A. The upper halves of the T2 and
ADC panels labelled R2 and R6, summarize the regional results, whereas the lower
halves of these panels represent hemispheric averages (Left Averaged, Right Averaged).
Supplemental Figure 1 includes complete results for all regions. Hashmarks (#, P<0.05)
denote significant group-group differences, as determined via ANOVA with a post-hoc-
Fischer’s LSD analysis for Untreated-Sham vs. MET-Sham; no other group-group
comparisons yielded significant differences. The columns and error bars indicate the
mean + SEM for N=4 in Untreated-Sham and N=5 in all other groups.
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Brain Histology

A panel of marker stains (FIC, GFAP, Ibal, c-Fos) revealed cerebral structural
changes induced by MET-induced fetal transformation and HI in multiple regions of
serial, neonatal coronal sections, with emphasis on regions 2 and 6 that represent the
MCA territory (Figure 4A). The supplementary data includes a full regional analysis data
of all four markers (Supplemental Figure 2). The methods used to measure these
changes in FJC, GFAP, Ibal, and c-Fos, could detect differences of 29.9%, 46.8%, 21.3
% and 35.4%, respectively with a power > 0.8 for the number of pups used (n=21). FIC
staining, which typically indicates neuronal degeneration (51), was not significantly
different in Untreated-Sham and MET-Sham brains in R2 or R6; however, the FJC signal
of the combined average of all right regions was significantly higher in Untreated-Sham
than in MET-Sham. Regional FJC staining intensity was significantly less in Untreated-
Sham brains than in Untreated-HI brains (R2, R6), but not between MET-Sham and
MET-HI brains (Figure 4B & 4C).

GFAP, which stains intermediate filaments in activated astrocytes (22), was
significantly less in Untreated-Sham than in MET-Sham brains on the side of injury
(right side) when all regions were combined (Figure 4D). GFAP values did not differ
between Sham and HI pups in Untreated or gestational MET-transformed dams in R2 and
R6, or in the left or right hemispheric averages. Overall, MET-induced fetal
transformation increased the neonatal GFAP signal independent of the HI insult across all
brain regions. Ibal levels, a marker of activated microglia (26), were generally less in
Untreated-Sham than in MET-Sham brains, at both the regional and hemispheric levels

(Figure 4E). Ibal levels varied little between Untreated-Sham and Untreated-HI groups
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at both the regional and hemispheric levels. However, local but not hemispheric Ibal
levels in R2 were significantly greater in MET-Sham than in MET-HI brains.

Levels of c-Fos, an early marker of cellular stress across many cell types (53),
varied highly and did not provide consistent discrimination between groups. Data for this
marker is only shown in the supplementary data section (Supplemental Figure 2).
Across all markers, HI induced significant changes only in FJC staining of Untreated pup
brains, and gestational MET inhibited these neonatal differences. In addition, gestational
MET significantly increased neonatal astrocyte activation and microglial activation
throughout the brain. These results emphasize the cell-type specificity of the effects of

gestational MET and mild HI injury in neonatal rat pup brains.
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Figure 4. Effects of metyrapone-induced fetal transformation on Hl-induced brain tissue
injury. Figure 4A represents the location of the region of interest (R) examined, marked
by a numbered red box. Figure 4B shows representative images of FJC for each of the
four experimental groups in R6. The remaining panels depict signal intensities for FIJC
(Figure 4C), GFAP (Figure 4D), and Ibal (Figure 4E)) for the four experimental groups
in R2 and R6. Supplemental Figure 2 includes complete results for all regions. For all
groups, N=5 except the Untreated-HI group where N=6. The following symbols indicate
statistically significant differences (P<0.05) determined via ANOVA with a post-hoc-

Fischer’s LSD analysis:

#=Untreated-Sham vs. MET-Sham;

Untreated-HI; ¥ =MET-Sham vs. MET-HI.
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Confocal Microscopy

The experimental approach included confocal microscopy to assess contractile
protein organization of Smooth Muscle aActin (aActin) with two different myosin heavy
chain isoforms: a) Smooth Muscle Myosin Heavy Chain (SM-MHC), and b) Non-Muscle
Myosin Heavy Chain (NM-MHC) (Figure 5). In relation to smooth muscle phenotype, a
leftward shift in pixel counts (e.g. decrease in High-High and increase in Low-Low) for
colocalization of aActin with MHC, suggests contractile de-differentiation. The methods
used to measure aActin -SM-MHC colocalization values could detect differences of 6.0%
(Low-Low), 12.4% (Low-High), and 35.9% (High-High) with a power > 0.8 for the
number of pups in each quadrant (n=24). In comparison with Untreated-Sham values,
MET-Sham values were significantly less in the Low-Low category and were
significantly greater in Low-High and High-High categories, indicating gestational MET
produced a rightward shift in pixel distributions, and correspondingly greater contractile
differentiation in neonatal Sham arteries (Figure 5B). In comparison with Untreated-
Sham arteries, Untreated-HI arteries exhibited no significant differences in aActin -SM-
MHC colocalization. In contrast, in neonatal arteries transformed by gestational MET, HI
induced a leftward shift in pixel distributions that implied contractile de-differentiation,
intimating that gestational MET unmasked a mild de-differentiating effect of HI in
neonates.

The methods used to measure aActin -NM-MHC colocalization values could
detect differences of 5.6% (Low-Low), 12.0% (Low-High), and 41.9% (High-High) with
a power > 0.8 for the number of pups in each quadrant (n=24). As revealed by

comparison of Untreated-Sham and MET-Sham values of colocalization of NM-MHC
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with aActin, gestational MET significantly decreased neonatal colocalization in the High-
High category indicating a leftward shift in pixel distributions and contractile de-
differentiation (Figure 5C). Similarly, comparison of values for colocalization of NM-
MHC with aActin in Untreated-Shams and Untreated-HIs indicated that HI caused a
significant loss of colocalization in the High-High category and a leftward shift in pixel
distributions consistent with contractile de-differentiation. However, in arteries from
animals transformed with gestational MET animals, HI had no significant effect on
neonatal colocalization of NM-MHC with aActin in the High-High category, but
reduced colocalization in the Low-High category and increased colocalization in the
Low-Low category, revealing a leftward shift in pixel distributions and contractile de-
differentiation in moderately differentiated smooth muscle.

During the early stages of smooth muscle differentiation, NM-MHC (also referred
to as SMemb) is the first isoform of myosin heavy chain to be expressed (25, 38). As
vascular maturation proceeds, NM-MHC is gradually replaced by SM-MHC, which has
approximately twice the contractile efficiency as reflected by the higher rate of its
phosphorylation by myosin light chain kinase (2). Correspondingly, changes in
contractile phenotype can involve simultaneous changes in the colocalization of both
SM-MHC and NM-MHC with aActin, particularly in immature arteries. From this
perspective, in Sham arteries MET-induced fetal transformation induced greater
contractile differentiation for SM-MHC, but contractile de-differentiation for NM-MHC,
consistent with enhanced functional maturation. In Untreated arteries, HI was without
effect for SM-MHC differentiation, but caused contractile de-differentiation for NM-

MHC, consistent with moderately reduced contractile function. In arteries transformed by
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gestational MET, HI produced contractile de-differentiation for both SM-MHC and NM-
MHC, revealing marked contractile de-differentiation. Overall, the colocalization results
emphasized that gestational MET and HI had opposing but non-additive effects on

neonatal contractile differentiation, as indicated by colocalization of SM-MHC and NM-

MHC with aActin.
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Figure 5. Effects of metyrapone-induced fetal transformation on confocal colocalization
of smooth muscle contractile proteins in MCA from Sham and HI pups. Figure 5A: The
images shown originated from middle cerebral arteries stained for Smooth Muscle a-
Actin (aActin) and Smooth-Muscle Myosin Heavy Chain (SM-MHC) (topmost row) or
for aActin and Non-Muscle Myosin Heavy Chain (NM-MHC) from each of the four
treatment groups. Figures 5B and 5C: Confocal coefficients of colocalization for both
marker pairs sorted into three distribution groups: Low MHC/Low aActin, Low
MHC/High aActin, High MHC/High oActin. Within each experimental group, all
subgroups totaled to 100%. Note that the vertical scale for each of the three distribution
groups differ (100% vs. 40% vs. 10%). In relation to smooth muscle phenotype, a
leftward shift in pixel counts (e.g. decrease in High-High and increase in Low-Low)
suggests contractile de-differentiation, and vice versa. Error bars indicate SEM with N=6
animals in all groups. The following symbols indicate statistical significance (P<0.05)
determined via Behren’s-Fischer analyses with pooled variance: #=Untreated-Sham vs.
MET-Sham; * =Untreated-Sham vs. Untreated-HI; ¥+ =MET-Sham vs. MET-HI.
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Passive Diameter and Compliance

Across all groups, the average passive outer MCA diameter ranged from 165+5
pm at 20 mm Hg to 207+7 pum at 80 mm Hg (Figure 6A, 6B). For passive diameter
measurements, these methods could detect a difference of 2.8% with a power > 0.8 for
the total number of pups used (n=24). Passive diameters between 20 and 60 mm Hg
averaged to values that were significantly greater in MET-Sham compared to Untreated-
Sham arteries, and in Untreated-HI compared to Untreated-Sham arteries. Conversely,
passive diameters did not vary significantly between MET-Sham and MET-HI arteries,
except at high pressures. Overall, both MET-induced fetal transformation and mild HI
independently increased neonatal passive diameters and this effect was additive only at
the highest pressures.

Average values of arterial compliance (Figure 6C, 6D) calculated from the slopes
of normalized pressure-diameter curves, significantly decreased for all arteries with
increasing pressure and ranged from 0.19+.03% diameter/mm Hg at 20 mm Hg to
0.04£.01% diameter/mm Hg at 80 mm Hg. For compliance measurements, these
methods could detect a difference of 21.3% with a power > 0.8 for the total number of
pups used (n=24). Compliance in Untreated-Sham and MET-Sham arteries were similar
at low and intermediate pressures, but at high pressures MET-Sham values were
significantly less than Untreated-Sham values; MET depressed compliance at high
pressure in sham arteries. HI also depressed compliance at high pressure, given that
compliance was significantly less in Untreated-HI than in Untreated-Sham arteries at
intermediate and high pressures. In contrast, in arteries transformed by gestational MET,

HI had no significant effect on neonatal compliance at low and intermediate pressures,
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but significantly increased compliance relative to MET-Sham arteries at high pressures.
Thus, at high pressure only, both gestational MET and mild HI alone independently
decreased neonatal arterial compliance. However, when these effects were combined,

compliance in MET-HI arteries was significantly greater than in MET-Sham arteries.
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Figure 6. Effects of metyrapone-induced fetal transformation on passive arterial diameter
and compliance in MCAs from Sham and HI pups. Figure 6A and 6B: For middle
cerebral arteries from P11 pups, incubation in 3 mM EGTA buffer eliminated all active
tone, and enabled measurement of passive vessel diameters as a function of transmural
pressure. Figure 6C and 6D: Calculations from the slopes of passive diameter-pressure
plots allowed for the determination of arterial compliance. Error bars indicate SEM for N
= 6 in all groups. The following symbols indicate statistical significance (P<0.05)
determined via Behren’s-Fischer analyses with pooled variance: #=Untreated-Sham vs.
MET-Sham; * =Untreated-Sham vs. Untreated-HI; ¥+ =MET-Sham vs. MET-HI.
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Vessel Myography

Measurements of pressure-induced active changes in artery diameter (AD)
enabled assessment of myogenic reactivity from 20 to 80 mm Hg. Plots of these changes
against intraluminal pressure allowed calculation of the areas beneath the AD-pressure
curves (AUC), which in turn facilitated group-wise comparisons. For diameter
measurements, these methods could detect a difference of 17.0% with a power > 0.8 for
the total number of pups used (n=24). Values of pressure-induced AD did not differ
significantly among any of the groups (Figure 7A).

The methods used to measure intracellular wall calcium could detect a difference
of 7.7% with a power > 0.8 for areas beneath the AWall Calcium-pressure curves (AUC)
for the number of pups used (n=24). For pressure-induced changes in wall calcium
concentration (AWall Calcium), MET-Sham values did not significantly differ from
Untreated-Sham arteries (Figure 7B). In contrast, compared to Untreated-Sham values of
AWall Calcium, Untreated-HI values were significantly greater (12.1%). In arteries from
animals transformed with gestational MET, HI had no significant effect on neonatal
AWall Calcium. In parallel, estimates of myofilament calcium sensitivity did not vary
significantly across the groups as a function of transmural pressure (Figure 7C). The
methods used to estimate of myofilament calcium sensitivity, calculated as the ratios of
AD/A Wall Calcium could detect a difference of 19.6% with a power > 0.8 for the
number of pups used (n=24).

To complement measurements of myogenic reactivity, which largely reflect
physiological activation of smooth muscle contraction, the experimental approach

included assessments of depolarization-induced contractile reactivity produced by 120
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mM potassium, to indicate maximum receptor-independent contractile capacity. As for
measurements of myogenic reactivity, AUC calculations facilitated statistical
comparisons across groups (Figure 7D-F). For potassium-induced contractions, group-
wise comparisons yielded no significant differences in potassium-induced AD values.
Regarding potassium-induced values of AWall Calcium, the values were significantly
greater in MET-Sham arteries than in Untreated-Sham arteries (28.1%). Relative to
Untreated-Sham arteries, Untreated-HI arteries also exhibited significantly greater values
of potassium-induced AWall Calcium (29.3%), but calcium values did not differ between
MET-Sham arteries and MET-HI arteries. For estimates of myofilament calcium
sensitivity, values did not differ significantly between Untreated-Sham and MET-Sham
arteries. In addition, Sham and HI arteries were not significantly different in arteries from
either Untreated pups or those transformed with gestational MET.

In aggregate, mild HI did not induce changes in AD or calcium sensitivity
responses to either physiological changes in transmural pressure or potassium
depolarization in either Untreated or MET-transformed animals (Figure 7A, 7C, 7D, 7F).
Conversely, mild HI significantly increased AWall Calcium in response to either
physiological changes in transmural pressure or potassium depolarization in Untreated
but not MET-transformed arteries (Figure 7B, 7E). For potassium-induced contractions,

gestational MET also increased neonatal AWall Calcium in Sham arteries (Figure 7E).

54



Pressure-Induced Potassium-Induced

A. Contraction D. Contraction
6000 6000
. - Sham
N
4500 4500 |
RS |
Qe
E £ 3000+ 3000 T
[l T
a3 T 1 L
1500 - 1500
0 04
Untreated Metyrapone Untreated Metyrapone
8000 8000
—* #
6000 - - 6000 T
g . I #
52 — !
3 E 4000 4000 -
="
=<
<1 2000 2000
i o
Untreated Metyrapone Untreated Metyrapone
C.., F.
50

40 40

30 4 30 4

20 4 204

A Diameter / A Wall Calcium
{um - mm Hg)
o )
4|
_'
P
L 1 L
_‘
_'

0
Untreated Metyrapone Untreated  Metyrapone

Figure 7. Effects of metyrapone-induced fetal transformation on changes in diameter,
wall calcium, and calcium sensitivity induced by pressure and K* in MCA of Sham and
HI pups. Middle cerebral artery measurements of contractile responses to changes in
intraluminal pressure enabled assessment of responses in PSS alone (Figure 7A-C) and in
PSS with 120 mM K* (Figure 7D-F). Plots of these changes against intraluminal pressure
on the abscissa allowed calculation of the areas beneath the curves for three different
parameters on the ordinate: outside diameter (A Diameter), wall calcium concentration (A
Wall Calcium), and calcium sensitivity (A Diameter / A Wall Calcium). Error bars
indicate SEM for N = 6 animals in all groups. The following symbols indicate statistical
significance (P<0.05) determined via Behren’s-Fischer analyses with pooled variance:
#=Untreated-Sham vs. MET-Sham; * =Untreated-Sham vs. Untreated-HI; + =MET-Sham
vs. MET-HI.

55



Neurobehavior

Across the neurobehavioral assessments used in P11/P12 pups, the statistical
sensitivity of the righting reflex test was 19.6% with a power > 0.8 for the number of
pups used (n=31). Righting reflex results revealed that MET-Sham pups took
significantly longer than Untreated-Sham pups to return to an upright position.
Significant differences for the righting reflex were not evident for any other comparisons.
The open field assessment could detect differences of 12.6% with a power > 0.8 for the
number of pups used (n=31). Untreated-HI pups explored significantly fewer boxes
(31.4+1.9) than Untreated-Sham pups (39.8+4.0). Field exploration values did not differ
significantly for any other group-wise comparisons. Our negative geotaxis measurements
could detect a significant difference of 27.9% with a power > 0.8 for the number of pups
used (n=31). For the negative geotaxis tests, MET-HI pups (17.0£4.1s) took significantly
longer to turn 180° than MET-Sham pups (9.5+2s). Negative geotaxis values did not

differ significantly for any other group-wise comparisons.
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Discussion

The present study explores the hypothesis that late gestational reduction of
corticosteroids transforms the long-term structure and function of the cerebrovasculature.
A main corollary of this hypothesis is that this MET-induced fetal transformation
modulates HI vulnerability during postnatal life. The present results demonstrate in
unstressed neonates that MET during late gestation: 1) promoted cerebrovascular
contractile differentiation through selective changes in the organization of myosin heavy
chain isoforms; 2) increased passive diameters, selectively decreased compliance, and
increased depolarization-induced mobilization of contractile calcium in middle cerebral
arteries; 3) mildly increased hemispheric cerebral edema with decreased basal neuronal
degeneration and increased astrogial and microglial activation; and 4) increased the time
required to complete the righting reflex. The results also demonstrate in stressed (HI
treated) neonates that gestational MET: 1) decreased reactivity of the HPA axis to
stressful stimuli in P9/P10 rats; 2) enhanced the myosin isoform-specific contractile de-
differentiation induced by HI; 3) reduced the effects of HI on passive diameter,
compliance and calcium mobilization in middle cerebral arteries; 4) diminished the
effects of HI on neuronal injury and unmasked regional HI depression of microglial
activation; and 5) attenuated the negative effects of HI on open field exploration but
enhanced the detrimental effects of HI on negative geotaxis responses. Together, these
results argue that a deficit in gestational corticosteroid availability causes a mixture of
beneficial effects on ischemic neuronal injury and cerebrovascular contractility, but
detrimental effects on edema formation, glial and microglial activation, cerebrovascular

compliance, and neurobehavior.
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Given that alterations in prenatal GC levels can induce long-term changes to HPA
function (35, 69), the present experiments first determined if fetal transformation induced
by gestational reduction of GCs had a lasting impact on postnatal HPA axis function.
Whereas baseline GC levels did not differ significantly in Untreated and MET-
transformed P9 pups prior to surgery, carotid ligation and hypoxia produced significant
GC transients that were absent in pups that experienced MET-induced fetal
transformation (Figure 2A and 2B). This elimination of postnatal GC transients may
have resulted from alterations in glucocorticoid feedback, or alternatively, increased
degradation or decreased release of GC secondary to decreased release of, or sensitivity
to, ACTH or CRF (35). At the molecular level, this attenuation could reflect decreased
ACTH receptor levels, or depressed coupling of ACTH receptors to GC release; such
mechanisms are highly dynamic (35, 36, 47). However, GC levels at 24 hours following
hypoxia did not differ among any of the groups, revealing that both the transient effects
of acute hypoxia, and the persistent effects of gestational MET, on the neonatal HPA axis
primarily influenced reactivity to stress (Figure 2C). Additional measurements of acute
responses to stress at later postnatal ages would be required to confirm any lasting effects
of gestational MET on GC reactivity. Equally important, basal GC levels at 24 hours after
exposure to either normoxia or hypoxia did not differ significantly among any of the four
experimental groups, which emphasizes that all differences observed between groups
(Figures 3-7, including behavior) cannot be explained by differences in basal postnatal
levels of circulating GC.

The present experiments also explored the effects of gestational MET on neonatal

cerebral tissue using MRI. Gestational MET in Sham animals led to increased T2 values
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suggesting increased water content and presumably cerebral edema (Figure 3B:
Untreated-Sham vs MET-Sham), implying that corticosteroid reduction during late
gestation may compromise blood-brain-barrier (BBB) development, and thereby
postnatal function (60). In support of this interpretation, glucocorticoids can inhibit the
synthesis of extracellular matrix proteins, including matrix metalloproteinases that can
influence vascular permeability (9). Corticosteroids can also influence expression of
cerebral aquaporins, which in turn can influence BBB function and edema formation
(64). In contrast to gestational MET, acute mild HI had no significant effect on neonatal
brain edema.

To complement the MRI results, additional measurements quantified cell-type
specific histological changes in three distinct brain markers: FJC for degenerating
neurons (51), GFAP for activated astrocytes (22), and Ibal for activated microglia (26)
(Figure 4). Across the whole brain, MET-induced fetal transformation mitigated the
number of FJC positive neurons in Sham animals (Figure 4C), despite the finding that
GC levels were similar in Untreated-Sham and MET-Sham pups (Figure 2C).
Gestational MET also increased activation of astrocytes (GFAP, Figure 4D) and
microglia (Ibal, Figure 4E) in Sham animals. One possible explanation for these
findings is that gestational MET included epigenetic changes that influenced postnatal
expression of genes such as VEGF that influence cerebral capillary density and tissue
perfusion (65). In turn, long-term changes in capillary density and tissue perfusion could
influence cellular metabolism and turnover. Increased astrocyte activation could also
contribute to the effects of gestational MET on edema, as observed in Sham animals

(Figure 3A, 3B) (59). These possible effects of gestational MET-on the cerebral
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parenchyma appear worthy of further examination, particularly in the context of
epigenetic changes in the expression of genes that influence the activation and turnover
of neurons, astrocytes, and microglia in the postnatal brain.

Across all brain regions, mild HI had no significant effect on the activation of
either astrocytes (Figure 4D) or microglia (Figure 4E) in either Untreated pups, or those
transformed by gestational MET. In contrast, HI markedly increased FJC staining in
Regions 2 and 6 of Untreated pups, but not in pups transformed by gestational MET
(Figure 4C). These findings reinforce the view that gestational corticosteroids, or their
precursors such as progesterone (18), can influence postnatal vulnerability to HI (20, 48,
58). More specifically, these novel results support the view that gestational MET can be
neuroprotective in neonates. Because these effects were independent of postnatal GC
levels, the neuroprotection observed was probably a consequence of epigenetic changes
in genes that remain to be identified, but probably influence neuronal growth and
metabolism.

Another cell-type strongly affected by gestational MET was the vascular smooth
muscle of middle cerebral arteries, which is a critical component of cerebrovascular
structure and function (37). To explore the effects of gestational MET, the present study
assessed phenotypic modulation of neonatal cerebral artery smooth muscle via confocal
colocalization of two protein marker pairs: (1) aActin and SM-MHC, indicative of a
high-efficiency contractile phenotype, and (2) aActin with NM-MHC, indicative of a
low-efficiency contractile phenotype (2, 13, 25) (Figure 5). Comparisons of
colocalization values in MET-Sham and Untreated-Sham arteries revealed that

gestational MET enhanced neonatal aActin colocalization with SM-MHC, but reduced
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aActin colocalization with NM-MHC, indicating that gestational MET promoted
differentiation into a more mature, high-efficiency contractile phenotype in postnatal
pups. This finding infers that normal gestational levels of corticosteroids retard
contractile maturation in middle cerebral arteries. Whereas this observation corroborates
previous findings (13, 66), other reports communicate that antenatal dexamethasone also
can accelerate vascular differentiation in the short-term for some fetal smooth muscle
(19). These inconsistencies may reflect the differences between short-term and long-term
effects of corticosteroids on vascular smooth muscle, but other factors such as age,
species and artery type probably also play some role.

In the context of mild HI, gestational MET unmasked an HI-induced de-
differentiation of high-efficiency contractile smooth muscle (Figure 5B), and promoted
de-differentiation of low-efficiency smooth muscle (Figure 5C), as indicated by a
leftward shift in pixel distributions for both protein marker pairs in neonatal arteries.
These changes in vascular smooth muscle phenotype argue that the lasting effects of
gestational MET result in a greater level of contractile differentiation that is more
vulnerable to the de-differentiating effects of HI in postnatal pups. At the genomic level,
these effects may reflect interactions between gestational corticosteroids and epigenetic
changes that influence postnatal responses to hypoxia inducible factors and transcription
of genes encoding contractile proteins (56, 71). Functionally, this pattern of effects
implies that gestational MET-alone would yield greater cerebrovascular contractility, and
possibly improved contractile function such as that necessary for the autoregulation of
cerebral blood flow (37). Conversely, gestational MET also could enhance HI-induced

compromise of cerebrovascular contractile function in neonates.
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To assess the functional consequences of altered smooth muscle phenotype, the
experimental design included measurements of passive arterial diameter as a function of
increasing transmural pressure to enable calculation of arterial compliance
(Avolume/Apressure), a risk factor for cardiovascular disease (32, 72). Structurally,
passive arterial compliance is dominated by the net contributions of: (1) compliance-
decreasing extracellular matrix (ECM) proteins, including collagens and the collagen
crosslinking enzyme, lysyl oxidase (LOX); and (2) compliance-increasing ECM proteins,
such as elastin and collagenolytic matrix metalloproteinases (MMPSs) (67, 72). Increased
fetal GC levels induced by maternal food-restriction can depress cerebral artery
compliance, due at least in part to increased expression of collagens in the ECM (13, 28,
29). Importantly, these effects of maternal food-restriction on cerebral artery compliance
were markedly dampened by MET during the last half of gestation, as in the present
studies.

In light of findings that chronically elevated GCs during gestation can depress
cerebrovascular compliance in adult offspring, the present study examined the
transformative effects of reductions in corticosteroids during gestation on compliance in
both unstressed pups, and in pups exposed to the acute postnatal stresses induced by HI.
In Sham pups, gestational MET generally increased postnatal passive diameters and
reduced compliance at the highest pressure (Figure 6C vs. 6D). In light of evidence that
acute treatment with GCs can suppress expression of multiple ECM proteins (9), the
present results hint that gestational reduction of corticosteroids also can influence
postnatal expression of compliance-decreasing ECM proteins, such as collagens and

possibly LOX, most probably through epigenetic mechanisms. By itself, HI significantly
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increased passive diameters and decreased passive compliance, although these effects
were largely absent in arteries transformed by gestational MET (Figure 6). Importantly,
gestational MET reversed the effects of HI on neonatal compliance, revealing that the
effects of gestational MET and HI were not simply additive. Indeed, these results offer
another example of how gestational MET unmasked neonatal cerebrovascular effects of
hypoxia, which in this case manifested as a modest ability of HI to increase compliance
(Figure 6D). One mechanism through which HI possibly might increase compliance
could be through contractile de-differentiation (Figure 5B) followed by arterial
remodeling that increased expression of compliance-increasing ECM proteins such as
MMPs or elastins (67). Conversely, hypoxia has been reported to increase expression of
lysyl oxidase (68), and acute GCs can increase LOX activity (54), which would be
expected to decrease compliance (67). How gestational MET shifts the postnatal effects
of HI on compliance remains a topic for further investigation.

Gestational MET also significantly altered the contractile characteristics of MCAs
from postnatal pups. Although MET had no consistent effects on changes in diameter or
myofilament calcium sensitivity, it did enhance calcium mobilization responses in
potassium-induced, but not pressure-induced, contractions in Sham arteries (Figure 7B,
7E). These results imply that gestational corticosteroids are important for development of
postnatal calcium homeostasis, possibly through long-lasting (epigenetic) modulation of
the expression or function of L-type and other membrane calcium channels that influence
intracellular calcium responses to potassium-induced depolarization (24). Additional

effects of gestational MET on calcium sequestration by SERCA pumps (15), release from
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the sarcoplasmic reticulum (30), or extrusion into the extracellular space (57) cannot be
excluded, but remain largely unexplored.

In parallel with the effects of gestational MET on neonatal MCA contractility,
mild HI also had little influence on changes in diameter or myofilament calcium
sensitivity, but elevated changes in wall calcium associated with both pressure- and
potassium-induced contractions (Figure 7). These findings imply that HI altered
mechanisms governing calcium mobilization associated with contraction, including
calcium influx, release, extrusion or sequestration (23, 61). Given that other studies (61)
have reported an ability of hypoxia to enhance influx and release in rat MCA, these
mechanisms could potentially explain the observed results, although effects on
sequestration or extrusion cannot be excluded. Gestational MET ablated these effects of
HI in postnatal pups, inferring again that gestational corticosteroids play a critical
developmental role in establishing calcium homeostasis in MCAs. In light of evidence
that HI had no phenotypic effect on the fraction of arterial smooth muscle with high
contractile efficiency (Figure 5B), it appears likely that the effects of HI on calcium
mobilization were short-term and acute, and that these same effects underwent long-term
modulation by gestational MET.

Measurements of neurobehavior revealed the composite consequences of global
(Figure 3) and cellular (Figure 4) changes in the cerebral parenchyma, together with the
changes in cerebrovascular structure (Figures 5 and 6) and function (Figure 7)
attributable to the long-term effects of gestational transformation with MET, and the
short-term effects of HI. In Sham animals, MET-induced gestational transformation

significantly impaired the righting reflex, indicating a significant role for gestational
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corticosteroids in the normal development of the sensorimotor functions required for the
righting reflex. Conversely, mild HI alone significantly inhibited only open field
exploration, and this effect was absent in pups transformed by gestational MET. In
addition, gestational MET unmasked a significant effect of HI on negative geotaxis, such
that MET-HI values were significantly greater, and thus worse, than MET-Sham values.
This pattern of behavioral results implies that gestational corticosteroids are essential for
reducing vulnerability of the negative geotaxis reflex to HI, and as such reinforce
previous studies of the effects of cerebral ischemia on these behaviors (62). Although the
present neurobehavioral assessments were limited by high variability, the results
highlight the mild severity of our HI model and reveal that long-term effects of
gestational MET, and the short-term effects of HI, exert differential effects on regional
cell types and brain structure that ultimately influence discrete sensorimotor functions.
Overall, the present experiments demonstrate that reduction of corticosteroids
during the latter half of gestation can induce mixed patterns of fetal vascular changes that
include both beneficial and detrimental effects on neonatal cerebrovascular physiology.
In Sham animals, gestational MET dampened HPA reactivity to stress secondary to
anesthesia and surgical trauma in postnatal pups (Figure 2A). Gestational MET also
decreased MCA compliance (Figure 6C, 6D), promoted contractile differentiation
(Figure 5), and increased calcium mobilization during depolarization-induced
contractions (Figure 7B, 7E). Gestational MET also enhanced basal activation of
cerebral astrocytes and microglia (Figure 4D, 4E), promoted formation of cerebral
edema (Figure 3), and ultimately impaired the righting reflex in P11 pups. As such,

these findings support the main hypothesis that attenuation of corticosteroid levels during
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the second half of gestation transforms the cerebrovasculature, and modulates the
structure and function of postnatal cerebral arteries.

To assess the effects of MET-induced fetal vascular transformation on
vulnerability to postnatal HI insults, the experimental design included development of a
model of mild HI injury to test the corollary hypothesis that the neonatal
cerebrovasculature is a key target of HI injury. This model revealed that mild HI initially
caused a transient decrease in circulating GC levels (Figure 2B), and then subsequently
decreased MCA compliance (Figure 6C), promoted de-differentiation of low-efficiency
smooth muscle, preserved differentiation of high-efficiency smooth muscle (Figure 5),
and increased MCA calcium mobilization during both myogenic and depolarization-
induced contractions (Figure 7B, 7E), resulting in preserved post-HI contractility
(Figure 7A, 7D). Our model of mild HI also increased neuronal injury in the territory of
the MCA (Figure 4B, 4C) and a corresponding compromise in open-field exploration.

In studies of the interactions between MET-induced vascular transformation and
mild HI, MET-induced transformation during late gestation abrogated HI-induced
reactivity of the HPA axis (Figure 2B). Gestational MET also ablated HI-induced
depression of MCA compliance (Figure 6C, 6D), enhanced the contractile de-
differentiation of smooth muscle following mild HI (Figure 5), and attenuated the effects
of HI on calcium mobilization responses during both myogenic and depolarization-
induced contractions (Figure 7B, 7E). In addition, HI-induced neuronal degeneration
was abolished in the territory of MCAs harvested from pups transformed by gestational
MET (Figure 4B, 4C). In terms of neurobehavior, MET-induced fetal transformation

suppressed the effects of HI on open field exploration but unmasked an effect of HI on
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the negative geotaxis reflex. Together, these findings strongly support our corollary
hypothesis that MET-induced fetal vascular transformation produces a mixture of
beneficial and detrimental effects that significantly alters the cerebrovascular,

parenchymal, and neurobehavioral responses to mild HI.

Perspectives and Significance

In the present study, MET was administered to the dam in the drinking water,
which presumably reduced corticosterone and aldosterone availability to all maternal and
fetal tissues and cells. Correspondingly, the effects of gestational MET potentially could
include both direct and indirect, as well as genomic and non-genomic, effects on both the
vasculature and other non-vascular tissues and organs. In addition, it is possible that
MET-induced inhibition of 11-B hydroxylase increased tissue levels of corticosteroid
precursors, such as progesterone or 11-deoxycorticosterone, that may have contributed to
the observed spectrum of altered vascular physiology in maternal and neonatal tissues.
Measurements of ACTH, aldosterone, and adrenal mass would be required to elucidate
the organismal impact of gestational MET administration on the HPA axis. Similarly,
studies of the effects of MET on the release of paracrine mediators and cytokines from
multiple cell types of the brain parenchyma would be required to fully identify the
indirect effects of MET on cerebrovascular and endothelial structure and function (55)
(70). MET also may have modulated maternal and fetal fluid balance and cardiovascular
homeostasis, which our model did not assess. Despite this broad potential range of direct
and indirect effects, the present experiments offer novel evidence that MET administered

during late gestation can induce some form of fetal cerebrovascular transformation that
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persists through neonatal life and significantly influences how both vascular and non-
vascular cerebral tissues function under basal conditions and after HI stress.

From a translational perspective, the present findings predict that neonates from
pregnancies with low maternal corticosteroid levels, due possibly to a mutation or
deficiency in CYP11[J1 or some form of adrenal insufficiency, are at greatly increased
risk for developing mild cerebral edema and impairments in neurobehavioral function
possibly mediated by persistent fetal vascular transformation that compromises structure-
function relations in neonatal cerebral arteries. This type of fetal vascular transformation
includes both beneficial and detrimental consequences for postnatal responses to Hl
insults. Without doubt, maintenance of corticosteroids within a normal range during
pregnancy is critical; either too much or too little dramatically compromises both

structural and functional cerebrovascular development.
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Supplemental Figures and Table
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Supplemental Figure 1. Effects of metyrapone-induced fetal transformation on brain
injury in HI and Sham P11 pups. Region of interest sampling of MR images produced 8
separate values, designated with the letter R and corresponding region number as shown
in Figure 4A. Each marker shows summarized group-group differences within region
(R1-R8). Between region differences are indicated by bolded region numbers above
brackets that list the regions that were significantly different (e.g. [1,3,5,7]*). Hash marks
(#, P<0.05) denote significant group-group differences, as determined via ANOVA with a
post-hoc Fischer’s LSD analysis for Sham-Control vs. Sham-MET; no other group-group
comparisons yielded significant differences. The columns and error bars indicate the
mean £ SEM for N=4 in Sham-Control and N=5 in all other groups.
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Supplemental Figure 2. Effects of metyrapone-induced fetal transformation on brain
injury. The panels above depict signal intensities for FJC (Figure 2A), c-Fos (Figure 2B),
GFAP (Figure 2C) and Ibal (Figure 2D) for the four experimental groups. Shown for
each markers are group averages within each region (R1-R8). Within region differences
(P<0.05) determined via ANOVA with a post-hoc Fischer’s LSD analysis are indicated
by the following symbols: #=Sham-Control vs Sham-MET; *=Sham-Control vs. HI-
Control; = Sham-MET vs HI-MET. Between region differences are indicated by bolded
region numbers above brackets that list the regions that were significantly different (e.g.
[1,3,5,7] *). For all groups, N=5 except the HI-Control group where N=6/ Error bars
indicate SEM.
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Supplemental Table 1. Male-female analysis.

Endpoint Aggregate Mean Aggregate N Male vs Female P-Value
GC Timecourse 5018+777 ng/mL corticosterone a1 0.301
T2 Left 84.7+0.7 ms 19 0.359
T2 Right 86.5£0.7 ms 19 0.092
ADC Left 3.40+.076%10° mm?/s 19 0.897
ADC Right 3.39£.077*10° mm’/s 19 0.881
FIC Left 21.5+3.5 Pixel Intensity 21 0.846
FIC Right 24.8+3.5 Pixel Intensity 21 0.132
GFAP Left 18.3+4.9 Pixel Intensity 21 0.855
GFAP Right 20.+4.4 Pixel Intensity 21 0.836
lbal Left 0.708+0.077 Pixel Intensity 21 0.506
IbalRight 0.678+0.072 Pixel Intensity 21 0.871
Righting Reflex 6.77+0.2s 25 0.582
Openfield 32.5+2.1 boxes 25 0.941
Negative Geotaxis 10.7+1.4s 25 0.329

Values from Aggregate P11 Rat Pup Population

Passive Diameter at 20 mmHg 168+4 um 64 0.561
Passive Diameter at 40 mmHg 17244 pm 64 0.548
Passive Diameter at 60 mmHg 178+4 um 64 0.504
Passive Diameter at 80 mmHg 183+4 um 64 0.459
Pressure-Induced A Diameter 12504108 pm*mmHg 63 0.103
Pressure-linduced A Wall Calcium 14534163 %*mmHg 64 0.727
Pressure-Induced A Calcium Sensitivity 29.0+8.0 um*mmHg 63 0.354
Potassium-Induced A Diameter 2573.0+202 pm*mmHg 64 0.648
Potassium-Induced A Wall Calcium 94441546 %*mmHg 64 0.277
Potassium-Induced A Calcium Sensitivity 15.5+1.2 ym*mmHg 64 0.186

Descriptive statistics and corresponding P-values of rat pup male-female analysis
obtained via ANOVA for the experimental endpoints listed below. Data are presented as
mean + SEM. Passive diameters and myography endpoints represent a subset selected
from aggregate values pooled from a larger population of P11 rat pups used for multiple
studies.
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Abstract

Prenatal undernutrition alters adult cerebrovasculature. How these effects are
manifested in the neonatal cerebral circulation, however, remain unstudied. This study
explored the hypothesis that prenatal maternal food restriction (MFR) programs the
neonatal cerebrovasculature and thereby alters vulnerability to mild hypoxic-ischemic
(HI) injury. This study also examined the corollary hypothesis that altered
corticosteroids help mediate the effects of MFR on the immature cerebrovasculature.
At day 10 of gestation, pair-fed Sprague-Dawley rats experienced 50% caloric
restriction. Metyrapone (MET), a corticosteroid synthesis inhibitor, was given via
drinking water from prenatal day 11 to term to half of the MFR mothers. To test
cerebrovascular function, we employed a model of mild HI injury in P9 MFR offspring.
These pups underwent unilateral carotid ligation or sham surgery, followed 24h later by
8% or 21% O2 for 90 min in a Bell jar. These procedures yielded 4 groups of MFR
neonates: 1) MFR Untreated-Sham; 2) MFR MET-Sham; 3) MFR Untreated-HI; 4) MFR
MET-HI where Untreated specifies pups who were not exposed to MET during gestation.
Plasma corticosterone (GC) levels were measured just before surgery, 2h after surgery,
and at 2h and 24h after Bell jar exposure. Behavioral measures of the Negative Geotaxis
Reflex, Open Field assessment, and the Righting Reflex also were collected 24h after
Bell jar exposure. At this time point, middle cerebral arteries (MCAs) were harvested for
vessel myography studies that provided measurements of compliance and pressure-
dependent contractility.

In MFR-Untreated pups 2h after hypoxia, HI increased GC levels in females only.

In MFR-MET pups 2h after hypoxia, HI had no significant effect on GC levels in either
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sex. MET increased passive diameters in both MFR Sham and MFR HI pups. In MFR-
Untreated pups 24h after hypoxia, HI increased pressure-induced changes in diameter
secondary to myofilament calcium sensitivity. In addition, in MFR-MET pups, HI
significantly increased the magnitude of potassium-induced changes in diameter, possibly
due to a parallel significant increase in myofilament calcium sensitivity. In MFR-
Untreated pups 24h after hypoxia, HI had no significant effects on neurobehavior, but in
MFR-MET pups, HI significantly worsened Negative Geotaxis times. In addition,
relative to MFR Untreated-HI pups, MFR MET-HI pups exhibited worsened Negative
Geotaxis times and Open Field Exploration.

In MFR neonates, mild HI increased GC levels only in females, and altered
myogenic responses in both sexes. MET reduction of corticosteroid levels produced
detrimental changes in MCA structure and function, along with worsened neurobehavior
in MFR pups. These results show that corticosteroids are essential for homeostatic
adaptation to mild HI, particularly in the immature cerebrovasculature. In addition, MFR
values were compared to Ad libitum, or Control-Diet (CD), values from Chapter 2 to
elucidate the effects of MFR programming; essentially MFR leads to HPA axis
dysregulation, modulates cerebrovasculature structure, reveals HI-induced vulnerability

in MCA function, and worsens neurobehavioral outcome.
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Introduction

Epidemiological research revealed a link between low birth weight and increased
risk of cardiovascular and metabolic diseases in adulthood (1). Born from this
relationship, the fetal programming hypothesis states that gestational stressors, which
may impair fetal growth, act on sensitive fetal tissues to permanently alter the course of
development and result in increased risk of postnatal pathologies (44). As the global
prevalence of undernourishment increases, maternal undernutrition, which can result in
low birth weight, may be an important in utero stressor in the development of postnatal
diseases (4, 5, 44).

Maternal undernutrition has been largely studied epidemiologically through the
meticulously kept records of pregnant women during the Dutch Famine (41, 46, 47) and
experimentally (15, 25, 53) in models of maternal food restriction (MFR) focusing on the
kidney and heart (9). Numerous studies report MFR-induced changes to vasculature
tissues (23, 24, 49), though studies on cerebral vessels are scarce. Novel
cerebrovasculature studies from our lab demonstrate MFR-induced stiffening, vascular
smooth muscle cell (vSMC) phenotype de-differentiation, and altered contractile
function; some of these effects were attenuated by gestational corticosteroid reduction
(10).

The significant increase in glucocorticoid levels in food restricted mothers
supported a mechanistic role for glucocorticoids in programming (28), further supported
by changes in both glucocorticoid hormone and its receptors in maternal, fetal, and
postnatal tissues (27, 51). Glucocorticoids, a class of corticosteroid hormone, play an

essential role in normal physiology and in pathophysiology, as their receptors are found
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in nearly every cell. One such role is fetal development (3, 31). However, the role of
glucocorticoids in MFR-induced fetal programming is controversial and other
programming mechanisms, including placental, epigenetic, and microbiome alterations,
are also likely involved (16, 19, 20, 38).

Using a rat model that reduced caloric intake by 50% during the latter half of
gestation enabled the study of MFR on neonatal cerebrovasculature. The model also
utilized metyrapone, a corticosteroid synthesis inhibitor, during the last 10 days of
gestation to determine corticosteroid dependent and independent effects. Additionally, a
mild model of neonatal hypoxic-ischemia (HI) was also employed to test structural and
functional integrity of the middle cerebral artery between the groups following injury.
The present study explored the hypothesis that late gestational maternal food restriction
(MFR) and reduction of corticosteroids transform the cerebrovasculature, and modulate

postnatal vulnerability to mild hypoxic-ischemic (HI) injury.

Methods

General Preparation
The Loma Linda University Institutional Animal Care and Use Committee
approved all experimental procedures used in these studies. The Animal Care Facility
housed first-time pregnant Sprague-Dawley rats (Charles River Laboratories, Hollister,
CA; Envigo Laboratories, Placentia, CA) at constant temperature and humidity with a
12:12-h:light-dark cycle. At day 10 of gestation, non-food restricted rats were provided

an ad libitum diet of standard laboratory chow (Lab Diet 5001, Brentwood, MO: protein
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23%, fat 4.5%, metabolizable energy 3030 kcal/kg), while MFR and MFR-MET rats
received a diet of the same chow restricted to 50% of the intake measured by weight in
paired non-food restricted rats. From day 11 of gestation until term (21 days),
approximately half of the rats’ drinking water contained MET (cat# 14994 Cayman
Chemical Company, Ann Arbor, MI), freshly dissolved each day at a final concentration
of 0.5 mg/ml (Figure 1). Previous studies have demonstrated this concentration of MET
to block maternal corticosterone synthesis and significantly reduce plasma corticosterone
levels in both fetal and neonatal blood (23). All rats delivered spontaneously, and all
MFR and MFR-MET pups were cross-fostered to rats fed ad libitum. The overall study
design included four groups of MFR Sprague-Dawley rats: 1) Sham-operated animals
that were gestationally exposed to MFR but not MET (MFR Untreated-Sham), 2)
Animals that were gestationally exposed to MFR but not MET and that underwent
unilateral carotid ligation surgery followed by hypoxia 24 hours later (MFR Untreated-
HI), 3) MFR Sham animals that were administered MET during gestation (MFR MET-

Sham), and 4) MFR HI animals that received MET during gestation (MFR MET-HI).
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Baseline GC Post Surgery GC Endpoint Post £ HI GC Endpoint
(Figure 2A) (Figure 2B) (Figure 2C)

MFR Groups: Group Assignment following HI:
Untreated or MET MFR Untreated-Sham or MFR Untreated-HI

MFR MET-Sham or MFR MET-HI

Myography and Confocal Endpoint:
Harvest MCAs for 24-hour Post + HI
(Figures 5-7)

MRI and Histelogy Endpoint:
Perform Behavioral Tests, Perfuse, and

Harvest Brains for 24-hour Post £ HI
(Figures 3 & 4)

GC Endpoint 4:
Harvest for 24-hour
Post + HI GC Endpoint
(Figure 2D)

Figure 1. Experimental Overview of Embryonic and Postnatal Events. As indicated in
the above diagram (not to scale), all pregnant Sprague-Dawley rats received a diet of
50% caloric reduction beginning at E10 until term and half received a daily oral dose of
0.5 mg/ml of metyrapone (MET) in the drinking water beginning at E11 through term,
yielding two groups: the Untreated group (untreated water), and the MET group (MET-
treated water). After birth, designated pups were euthanized at four specific timepoints
after which trunk blood was collected to determine the plasma glucocorticoid (GC)
levels. At P11, one cohort of rats was harvested for the final GC endpoint, a second was
harvested to obtain arteries for myography and future confocal measurements, and a third
cohort underwent behavioral testing followed by perfusion fixation, for future ex vivo

MRI evaluation and histological analysis.
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Blood Collection and Corticosterone Analysis

A time course study of corticosterone levels relative to the timing of the hypoxic
insult quantified changes in corticosterone levels in each of the experimental groups
(Figure 1). The collection of whole trunk blood into Lithium Heparin blood collection
tubes (Greiner Bio-One, Kremsmunster, Austria) occurred at the time of sacrifice,
according to four time course endpoints: immediately before surgery (pre-treatment
baseline; GC Endpoint 1), 2 hours after unilateral carotid ligation (post-surgical
baseline; GC Endpoint 2); 2 hours after HI injury (early ischemic endpoint; GC
Endpoint 3); and 24 hours after HI injury (late ischemic endpoint; GC Endpoint 4). To
reduce variability due to circadian oscillations in corticosterone levels, blood collection
always occurred during a 4-hour block in the morning. Plasma samples then underwent
centrifugation at 2000 RPM at 4 °C for 15 minutes to yield aliquots frozen at -20 °C.

In preparation for ELISA assays, the sample extraction procedure included
treatment with perchloric acid followed by potassium hydroxide, which released any
corticosterone bound by protein in thawed plasma samples. Twice repeated additions of
ethyl acetate followed by centrifugation extracted corticosterone in the samples into the
supernatant. A Savant SpeedVac Concentrator (ThermoFisher Scientific, Waltham, MA),
then evaporated the supernatants. This step of the extraction concluded with capping and
freezing the dried samples at -80 °C until the time of assay.

Corticosterone quantification employed an ELISA kit (cat#: ADI-900-097, ENZO
Life Sciences, Farmingdale, NY) and a Gen5 1.11 BioTek microplate reader to read the
samples (run in duplicate) at 405 nm. Known standards, provided and run with each kit,

enabled construction of standard curves that determined the quantity of corticosterone in
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each sample in picograms per milliliter. The kits detected a minimum concentration of 27

pg/ml and provided intra-assay variations no greater than 4%.

Carotid Ligation and Hypoxic Exposure: A Model of Mild Hypoxic-Ischemia
On postnatal days 9 and 10 (P9, P10), which correspond to the brain development

of a full-term human infant (42), randomly selected pup littermates received surgical
treatment (Figure 1). Following the induction of anesthesia with 3% isoflurane
inhalation, the pups underwent right carotid ligation using 5-0 surgical silk (Ischemia
surgery) or dissection without ligation (Shams). All surgeries typically lasted less than 15
minutes, which minimized the potential neuroprotective effects of isoflurane exposure
(2). Post-surgical pups recovered with their dam for 24 hours, after which pups
designated for hypoxia experienced exposure to a commercially prepared mixture
containing 8% oxygen with balance nitrogen for 90 minutes in a sealed, humidified
chamber maintained at 37 °C. An oxygen monitor continuously displayed oxygen levels
in the chamber to assure consistency of the hypoxic exposure. After hypoxic exposure,
the pups recovered 15 minutes under normoxic conditions (room air) in the chamber, and
then continued recovery with their dam. Sham pups, which had no carotid ligation, were

exposed to normoxia (room air) for 90 minutes at 37 °C.

Neurobehavior
Three neurobehavioral assessments (righting reflex, open field, and the negative
geotaxis reflex) quantified behavioral responses 24 hours after hypoxic exposure in

P11/P12 pups from each of the experimental groups. Each test consisted of three trials
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that were averaged for analysis. To eliminate time of day differences in behavior, testing
always occurred within the same 3-hour block in the morning. A heating pad set at 37 °C
prevented loss of body heat and pups rested between trials on the heating pad. The time
each pup was separated from its dam did not exceed 20 minutes. Wiping down all
surfaces of the behavioral apparatus with 70% ethanol between trials helped remove pup
scent and reduce bacterial transfer.

The righting reflex examined the ability of each pup to return to its four paws
after being placed in a supine position. Observations of exploratory activity in the open
field test enabled quantification of the number of times a rat’s head (specifically, the
point between the ears) moved into a new 2 cm by 2 cm square in an enclosed acrylic
arena (38x40x40cm) during a 45-second interval. The negative geotaxis reflex tested the
amount of time, up to 60 seconds, required for a pup placed head-downward on a 25°

mesh incline to turn 180° (indicated by position of its head and front paws).

Perfusion-Fixation

Following behavioral testing, transcardial perfusion-fixation enabled subsequent
measurement of HI injury via MRI and histology. After the induction of anesthesia with
3% isoflurane inhalation, the perfusion procedure began with exposure of the heart
followed by the passage of a 25-gauge butterfly needle through the left ventricle and into
the aorta. A peristaltic pump (Model EP-1 Econo Pump; Bio Rad, Hercules, CA)
connected to the needle infused phosphate-buffered saline into the vasculature for the
removal of blood through an incision in the right atrium. After this, perfusion with a

solution containing 4% paraformaldehyde at 8 ml/min fixed the brain. The entire
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procedure, not including induction time, lasted approximately 15 minutes. Following
perfusion fixation, post-fixation of the extracted brains was accomplished overnight in

4% PFA in PBS at 4 °C.

Vessel Myography

To determine the contractile characteristics of MCAs, experiments with adjacent
MCA artery segments included serial recordings of arterial diameter, first in
physiological saline solution (PSS) and then in 120 mM K™ solution to determine
maximum contractile capacity. Fura-2-AM (ThermoFisher Scientific) loaded at 1 uM,
enabled simultaneous measurement of smooth muscle calcium concentration. The
protocol included measurements in PSS and then 120 mM K™ at 20, 40, 60 and 80 mm
Hg. After the final pressure step, addition of a zero calcium, 3 mM EGTA solution
quenched cytosolic calcium to enable measurement of passive diameters at each pressure
level used for contractility measurements. Previous publications detail all methods

employed in these measurements (7, 10, 43).

Statistics
In all cases, N refers to the number of animals studied. For measurements of
plasma corticosterone and all neurobehavioral assessments one-way ANOVA analyses
with post-hoc comparisons using the Fisher Paired Least Significant Difference tested
significance among experimental groups. Behren’s-Fischer analysis with pooled variance
compared values for passive diameter, compliance, and each vessel myography parameter

(artery diameter, wall calcium, and calcium sensitivity). Pearson K2 test confirmed
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normal distributions of all data sets, and within ANOVA analyses, Levene’s test of

equality verified homogeneity of variance.

Results

General findings

These protocols used 148 MFR animals from 19 litters in the following
experiments: 1) corticosterone time course 2) behavior; and 3) myography. Each
experimental endpoint included four experimental groups whose dams underwent 50%
caloric restriction (~11.3 g of rat chow) during the final 11 days of gestation: 41 MFR
Untreated-Sham and 40 MFR Untreated-HI pups from 9 litters whose mothers received
normal drinking water during gestation, as well as 32 MFR MET-Sham and 35 MFR
MET-HI pups from 10 litters that had undergone MET-induced fetal transformation
produced by administration of MET in maternal drinking water during the latter half of
gestation (Figure 1). In addition, the corticosterone time course cohort involved 10
additional groups from 11 MFR litters: nine Untreated Pre-Surgery (GC Endpoint 1),
eight Untreated Sham-Ligated (GC Endpoint 2), eleven Untreated Ligated (GC Endpoint
2), nine 2-hour Untreated Post Normoxia (GC Endpoint 3), and eleven Untreated 2-hour
Post Hypoxia pups (GC Endpoint 3), as well as ten MET Pre-Surgery (GC Endpoint 1),
nine MET Sham-Ligated (GC Endpoint 2), nine MET Ligated (GC Endpoint 2), ten 2-
hour MET Post Normoxia (GC Endpoint 3), and ten MET 2-hour Post Hypoxia pups
(GC Endpoint 3). On average, each rat mother gave birth to 12 pups whose sex was

determined by urogenital distance. From each litter, pups were paired by sex to undergo
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either sham-surgery or HI-surgery for all experiments. ANOVA revealed sexual
dimorphic differences for the corticosterone time course but not for behavior or
myography, consistent with other studies of the neonatal cerebrovasculature (33).

In addition to assessing the effects of HI and MET within MFR groups, the
comparisons of effects of MFR relative to ad libidium, or Control Diet (CD) offspring
were made for all endpoints (See Table 1). Only CD results for the GC assay are
included in a figure within the results, due to the pooling of sexes for this comparison.
For more details on the CD group, please see Chapter 2.

Birth weight was significantly less (22%) in pups programmed by gestational
MFR (5.2+0.2 g) when compared to CD pups (6.7+0.1 g), which demonstrated that our
model of MFR induced intrauterine growth restriction in the rat. The presence of MET in
MFR dams did not ablate this difference (5.2+£0.2 g). At P11/P12, MFR Untreated-Sham
weighed significantly less (8.7%) than CD Untreated-Sham. Also, at this age, the MFR
Untreated-Sham pups weighed significantly less (10%) than MFR MET-Sham pups. At
24-hours following the hypoxic insult, the weights of MFR Untreated-HI pups and MFR
Untreated-Sham pups did not differ. Gestational MET, however, unmasked a significant
difference between the MFR MET-Sham (20.3+£0.2 g) and MFR MET-HI pups (17.7+£0.4
9).

Blood Collection and Corticosterone Analysis

We first compared MFR offspring GC values to CD offspring (the cohort
presented in Chapter 2) at each time point. No group-wise differences existed at pre-
surgery measurements between MFR and CD plasma GC levels (Figure 2). In addition,

baseline GC levels between CD Untreated and CD MET pups did not differ. However,

92



gestational MET significantly decreased baseline levels of plasma GCs between MFR
MET and MFR Untreated pups (Figure 2).

Again, at 2h after surgery, no significant differences were found between MFR
and CD GCs levels (Figure 3A). While ligation in CD offspring led to a significant
increase in GC levels of CD Ligated-Untreated pups that was ablated by MET, MFR
programming produced a contrasting pattern. GC levels did not vary between MFR
Untreated-Ligated and MFR Untreated-Sham pups, but varied significantly between
MFR MET-Ligated and MFR MET-Sham pups (Figure 3A).

At 2h post-bell jar exposure, HI resulted in an increase of plasma GCs in MFR
Untreated-HI pups relative to CD Untreated-HI pups (Figure 3B). At this same time
point, HI resulted in lowered plasma GC levels in CD Untreated pups and gestational
MET ablated this effect. Once again, MFR produced a contrasting pattern whereby HI
resulted in elevated plasma levels in MFR Untreated-HI pups relative to MFR Untreated-
Sham. Similar to the CD cohort, gestational MET ablated this HI-induced difference in
MFR MET-transformed pups (Figure 3B).

At 24h post-hypoxia, MFR resulted in higher levels of plasma GCs in MFR
Untreated-Sham, MFR MET-Sham, and MFR MET-HI pups relative to plasma GCs in
CD Untreated-Sham, CD MET-Sham pups, and CD MET-HI, respectively (Figure 3C).
At this time point, no group-wise differences existed between CD pups. In MFR pups, HI
did not yield significant differences between MFR Untreated-Sham and MFR Untreated-
HI; however, MET-transformation resulted in a significant increase in MFR MET-HI

relative to MFR MET-Sham plasma GC levels (Figure 3C).
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Figure 2. Effects of maternal food restriction and metyrapone-induced fetal
programming on baseline (pre-surgical) plasma corticosterone in neonatal pups. Plasma
corticosterone measurements were collected at the time of sacrifice in the four treatment
groups immediately before surgery as a baseline value. CD values were previously
reported in Chapter 2. N=3 for CD values. N=11 for MFR Untreated and N=8 for MFR
MET. Data are presented as mean £ SEM. Statistically significant differences (P<0.05)
determined by ANOVA are denoted by *.
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Figure 3. Effects of maternal food restriction and metyrapone-induced fetal
programming on the time course of plasma corticosterone in a neonatal model of mild
hypoxic-ischemic encephalopathy. Plasma corticosterone measurements were collected at
the time of sacrifice in the eight treatment groups at three time points. CD values were
previously reported in Chapter 2. Figure 3A: Corticosterone levels were determined 2
hours post-carotid ligation or Sham-surgery, which was also 24 hours pre-hypoxia. N
values are listed left to right for each of the eight groups:4,4,4,3,8,11,9,9. Figure 3B:
Corticosterone levels were assessed 2 hours post-hypoxia or normoxia in animals that
were ligated or Sham-operated 24 hours prior, respectively. N values are listed left to
right for each of the eight groups:4,4,4,4,9,9,9,9. Figure 3C: Plasma corticosterone was
measured 24 hours post-hypoxia or normoxia in Ligated or Sham-operated pups. N
values are listed left to right for each of the eight groups:4,7,4,4,13,11,12,10. Data are
presented as mean + SEM. Statistically significant differences, denoted in the figure,
were determined via ANOVA.
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Statistical analysis using an ANOVA revealed sexual dimorphic differences
(p=0.02) of MFR offspring within this experimental endpoint, prompting additional
analysis of males and females within the MFR cohort (Figure 4). In MFR P9 pups prior
to surgery (see Figure 1, GC Endpoint 1), baseline plasma corticosterone did not differ
significantly between male Untreated pups (4.3+1.1 ng/ml), and those transformed by
gestational MET (2.7+0.4 ng/ml). However, in females, corticosterone levels decreased
significantly in MET-transformed MFR pups (3.1+1.0 ng/ml) when compared to MFR
Untreated pups (7.5£1.0 ng/ml). In addition, MFR male Untreated plasma samples
yielded a significantly lower corticosterone concentration when compared to MFR
females. No other sex-based differences existed for this baseline time point (Figure 4A).

Two hours after surgery but 22 hours prior to hypoxic exposure in MFR
Untreated pups (see Figure 1, GC Endpoint 2), unilateral carotid ligation produced no
significant differences when compared to MFR Sham-Ligated Untreated pups for either
males or females. However, in MFR female, but not MFR male, pups transformed by
gestational MET, carotid ligation elevated plasma corticosterone levels to approximately
3.4-fold greater relative to MFR Untreated Sham-Ligated pups (Figure 4B).
Additionally, MET-induced fetal transformation significantly increased corticosterone
levels (17.5 £2.1 ng/ml) when compared to MFR Untreated Ligated in female pups
(6.3+1.3 ng/ml) and also when compared to MFR MET Ligated male pups (8.2.5 £3.2
ng/ml).

At 2 hours post-hypoxia in MFR Untreated pups (see Figure 1, GC Endpoint 3),
plasma corticosterone did not vary significantly between MFR Carotid-Ligated pups and

MFR Sham pups. At this same time point in MFR Untreated females, hypoxia

96



significantly elevated corticosterone levels in pups that underwent carotid ligation when
compared to MFR Sham pups, and gestational MET transformation ablated this effect.
No other differences existed for this time point. (Figure 4C).

At 24 hours post-hypoxia (see Figure 1, GC Endpoint 4), plasma corticosterone
did not differ significantly among any of the MFR groups (Figure 4D). This pattern
infers that transformation with MET during the last half of gestation differentially altered
neonatal reactivity to stress in MFR females, and that sexual dimorphic differences were

present.
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Figure 4. Effects of maternal food restriction, metyrapone-induced fetal programming,
and sex on the time course of plasma corticosterone in a neonatal model of mild hypoxic-
ischemic encephalopathy. Plasma corticosterone measurements were collected at the time
of sacrifice in the four treatment groups at four time points in both male and female MFR
pups. Figure 4A: Corticosterone concentrations were measured immediately before
surgery as pre-treatment baseline. Figure 4B: Corticosterone levels were determined 2
hours post-carotid ligation or Sham-surgery, which was also 24 hours pre-hypoxia.
Figure 4C: Corticosterone levels were assessed 2 hours post-hypoxia or normoxia in
animals that were ligated or Sham-operated 24 hours prior, respectively. Figure 4D:
Plasma corticosterone was measured 24 hours post-hypoxia or normoxia in Ligated or
Sham-operated pups. The N number for each group is shown in a white box within or
above each bar. Data are presented as mean = SEM. Statistically significant differences
determined via ANOVA are indicated by: * = Untreated Pre-surgery vs MET Pre-surgery
and for Sham vs Ligated and; #= Sham vs. MET-Sham; § = Ligated vs. MET Ligated; ¥
= Male vs. Female.
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Passive Diameter and Arterial Compliance

Across all MFR groups, the average passive outer MCA diameter ranged from
15249 um at 20 mm Hg to 200+5 pm at 80 mm Hg (Figure 5A, 5B). Male and female
pups were pooled due to lack of significant differences between them (p=0.46). Passive
diameters between Sham and HI MCAs did not differ for either MFR Untreated or MFR
MET groups. At all pressures passive diameters averaged to values that were
significantly greater in MFR MET-Sham compared to MFR Untreated-Sham arteries.
This was also true for MFR MET-HI relative to MFR Untreated-HI. Overall, MET-
induced fetal transformation increased neonatal passive diameters in MFR MCAs.

Average values of arterial compliance (Figure 5C, 5D) calculated from the slopes
of normalized pressure-diameter curves, ranged from 0.20£.05% diameter/mm Hg at 20
mm Hg to 0.05+.01% diameter/mm Hg at 80 mm Hg. HI did not produce changes
between Untreated MCAs, but in MET-transformed MFR arteries, HI resulted in
increased compliance at the highest pressures. Additionally, MET-transformation
lowered compliance values in MFR MET-Sham MCAs relative to MFR Untreated-Sham
MCAs at the highest pressures. MET-transformation also increased compliance in MFR
MET-HI relative to MFR Untreated-HI at mid pressures. Comparisons between CD and

MFR groups are in Table 1.
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Figure 5. Effects of maternal food restriction and metyrapone-induced fetal
programming on passive arterial diameter and compliance in MCAs from Sham and HI
pups. Figure 5A and 5B: For middle cerebral arteries from P11 MFR pups, incubation in 3 mM
EGTA buffer eliminated all active tone, and enabled measurement of passive vessel diameters as
a function of transmural pressure. Figure 5C and 5D: Calculations from the slopes of passive
diameter-pressure plots allowed for the determination of arterial compliance. Male and female
pups were pooled due to the lack of significant differences between them. Error bars indicate
SEM for N = 12 in all groups. The following symbols indicate statistical significance (P<0.05)
determined via Behren’s-Fischer with pooled variance: *=MFR MET-Sham vs. MFR MET-HI;
#=MFR Untreated-Sham vs. MFR MET-Sham; § =MFR Untreated-HI vs. MFR MET-HI.
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Vessel Myography

Measurements of pressure-induced active changes in artery diameter (AD)
enabled assessment of myogenic reactivity from 20 to 80 mm Hg also for intra MFR
comparisons. Again, male and female pups were pooled due to lack of significant
differences between them. Plots of these changes against intraluminal pressure allowed
calculation of the areas beneath the AD-pressure curves (AUC), which in turn facilitated
group-wise comparisons. Relative to MFR Untreated-Sham, mild HI significantly
elevated pressure-induced AD and myofilament calcium sensitivity but depressed AWall
Calcium. (Figure 6A-C). In addition, mild HI also led to increased pressure-induced AD
between MFR MET-Sham and MFR MET-HI. When examining the effects of gestational
MET between MFR Untreated-Sham and MFR MET-Sham, no changes were observed
for any pressure-induced parameter; however, gestational MET led depressed AD and
myofilament calcium sensitivity in MFR MET-HI arteries relative to MFR Untreated-HI
arteries.

To complement measurements of myogenic reactivity, which largely reflect
physiological activation of smooth muscle contraction, the experimental approach
included assessments of depolarization-induced contractile reactivity produced by 120
mM potassium, to indicate maximum receptor-independent contractile capacity. As for
measurements of myogenic reactivity, AUC calculations facilitated statistical
comparisons across groups (Figure 6D-F). For potassium-induced contractions, HI
produced a significant increase AD values in when compared to MFR MET-Sham. No
other group-wise differences existed. Regarding AWall Calcium, group-wise comparisons

yielded no significant differences in potassium-induced values. For estimates of
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myofilament calcium sensitivity, values differed significantly only between MFR MET-
Sham and MFR MET-HI groups. In aggregate, mild HI increased AD responses to
physiological changes in transmural pressure in both MFR Untreated and MFR MET-
transformed animals, and mildly reduced AWall Calcium while increasing calcium
sensitivity in MFR Untreated MCAs (Figure 6A-C). Additionally, mild HI significantly
increased AD and myofilament sensitivity in response to potassium depolarization in
MFR MET-transformed but not MFR Untreated arteries (Figure 6D, 6F). Comparisons

between CD and MFR groups are in Table 1.
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Figure 6. Effects of maternal food restriction and metyrapone-induced fetal
programming on changes in diameter, wall calcium, and calcium sensitivity induced by
pressure and K* in MCA of Sham and HI pups. MFR middle cerebral artery measurements of
contractile responses to changes in intraluminal pressure enabled assessment of responses in PSS
alone (Figure 6A-C) and in PSS with 120 mM K" (Figure 6D-F). Plots of these changes against
intraluminal pressure on the abscissa allowed calculation of the areas beneath the curves for three
different parameters on the ordinate: outside diameter (A Diameter), wall calcium concentration
(A Wall Calcium), and calcium sensitivity (A Diameter / A Wall Calcium). Male and female pups
were pooled due to the lack of significant differences between them. Error bars indicate SEM for
N = 12 animals in all MFR groups. The following symbols indicate statistical significance
(P<0.05) determined via Behren’s-Fischer with pooled variance: *= MFR Sham- vs. MFR HI; § =
MFR Untreated-HI vs. MFR MET-HI.
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Neurobehavior

With regards to comparisons within MFR-programmed pups, MFR MET-HI pups
(18.4+1.7s) took significantly longer to turn 180° than MFR MET-Sham pups
(13.6%1.7s) in the negative geotaxis test (Figure 7). Additionally, MET-induced fetal
transformation delayed the negative geotaxis reflex when compared to MFR Untreated-
HI pups. Negative geotaxis values did not differ significantly for any other group-wise
comparisons. MFR MET-HI pups explored fewer boxes (31.4+1.9) than MFR MET-
Sham pups (39.8+4.0), although this downward trend was not significantly different
(p=0.057) (Figure 7). In MFR pups who had undergone MET-induced fetal
transformation, mild HI significantly decreased the number of explored boxes between
MFR MET-HI and MFR Untreated-HI groups. Field exploration values did not differ
significantly for any other group-wise comparisons. Righting reflex results revealed no

significant differences between any MFR groups (Figure 7).
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Figure 7. Effects of maternal food restriction and metyrapone-induced fetal
programming on neurobehavior in Sham and HI pups. Neurobehavioral assessments
conducted in neonatal MFR rats examined, negative geotaxis response, open field exploration,
and righting ability. Lack of significant differences between males and females led to pooling of
the two sexes. Error bars indicate SEM. N=20 in Untreated-Sham, N=19 in Untreated-HI and N =
12 animals in both MET groups. The following symbols indicate statistical significance (P<0.05)
determined via ANOVA analyses: * =MET-Sham vs. MET-HI and § = Untreated-HI vs. MET-
HI.
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Discussion

The present study explores the hypothesis that late gestational caloric restriction
programs the long-term structure and function of the neonatal cerebrovasculature, thereby
altering postnatal vulnerability to mild HI, through mechanisms mediated in part by
reduction of gestational corticosteroids. The present studies demonstrate that in MFR
Untreated pups 2h after hypoxia, HI increased GC levels in MFR females only. In MFR-
MET pups 2h after hypoxia, HI had no significant effect on GC levels in either sex. MET
increased passive diameters in both MFR Sham and MFR HI pups. In MFR-Untreated
pups 24h after hypoxia, HI increased myogenic reactivity secondary to myofilament
calcium sensitivity. In addition, in MFR MET pups, HI significantly increased the
magnitude of K+-induced decreases in diameter, possibly due to a parallel significant
increase in myofilament calcium sensitivity. In MFR Untreated pups 24h after hypoxia,
HI had no significant effects on neurobehavior, but in MFR MET pups, HI significantly
worsened Negative Geotaxis times. In addition, relative to MFR Untreated-HI pups, MFR
MET-HI pups exhibited worsened Negative Geotaxis times and Open Field Exploration.

We also observed that MFR relative to CD: (1) reduced birth weights and (2)
differentially altered HPA axis reactivity under basal and stressed conditions. As the CD
data has already been presented separately in Chapter 2, additional comparisons for all
other endpoints will be briefly referenced within this discussion and are documented in

Table 1.
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The Effects of MFR Programming on Neonatal Plasma GC Levels

Gestational glucocorticoids may mediate several programming effects of fetal
undernutrition (45). Additionally, in utero dietary restriction alters the hypothalamic-
pituitary-adrenal axis (HPA) during fetal and postnatal periods (14, 28, 32). In light of
these findings, plasma GCs from MFR pups were compared to levels in CD pups to
assess the effects of MFR programming. The CD measurements are obtained from
Chapter 2. Baseline values of plasma GCs in P9 pups demonstrated that our model of
50% caloric restriction during the last half of gestation did not lead to altered levels of
basal plasma GCs; however, MET treatment unmasked a decreased levels of plasma GCs
in MFR pups that was not present in the CD group (Figure 2). This MET-induced
alteration suggests that gestational corticosteroids are essential in maintaining baseline
plasma GCs in P9 MFR pups. MFR also altered GC responses to carotid ligation. In CD
pups, carotid ligation led to a MET-dependent elevation of plasma GCs (Figure 3A). In
contrast, levels of plasma GC were not affected by this stressor in MFR Untreated,
suggesting reduced sensitivity to carotid ligation. Additionally, gestational MET
abolished this hyporeactivity in MFR pups, implying the involvement of a corticosteroid-
dependent mechanism.

In response to the acute effects of HI in CD pups (Figure 3B), HI resulted in
decreased levels of plasma GCs 2h after exposure, and this was abrogated by gestational
MET. In MFR pups, acute HI resulted in increased levels of plasma GCs 2h after
exposure and this was also abolished by gestational MET. These results suggest that
MFR programs HPA hyperactivity following HI through mechanisms that are

corticosteroid-dependent. At 24h following HI, neither CD or MFR Untreated had
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altered GC levels (Figure 3C). However, gestational MET unmasked an HI-induced
increase in plasma GC levels, which was not present in the CD MET group. This again
suggests that corticosteroid-dependent mechanisms are likely involved in MFR
programming of suppression of HI-induced changes to plasma GCs 24h after hypoxia.
Also at this time point, all MFR groups, with the exception of MFR Untreated-HI, had
significantly higher levels of plasma GCs relative to their CD counterparts, reinforcing

the idea that MFR alters the postnatal HPA axis (29).

The Effects of Gestational MET on Neonatal Plasma GC Levels within MFR Pups

In addition, these first set of experiments sought to determine the effects of
gestational MET on HPA axis function within MFR neonates before and after HI injury
in a sex-based manner. In general, male and females followed similar trends in HPA
responsiveness for all time points assayed (Figure 4), although the differences were only
significant in females. Baseline plasma corticosterone levels decreased in MET-
transformed pups when compared to Untreated pups. This trend was only significant in
females (Figure 4A). This MET-induced drop in corticosterone levels may have resulted
from increased degradation or decreased release of GC secondary to decreased release of,
or sensitivity to, ACTH or CRF, possibly through epigenetic regulation (39, 40).

Two hours after surgery but 22 hours prior to HI exposure in Untreated pups,
unilateral carotid ligation produced no significant differences when compared to Sham-
Ligated Untreated pups for either males or females. However, in female, but not male,
pups transformed by gestational MET, carotid ligation greatly elevated plasma

corticosterone levels relative to Sham-Ligated Untreated pups (Figure 4B). This result
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suggested that gestational MET led to an exaggerated HPA axis response following an
acute stressor, hinting again at changes in inactivation of GCs, release, or sensitivity to,
CRF or ACTH (8, 13, 18, 29).

At 2 hours post-hypoxia in Untreated pups, hypoxia elevated corticosterone levels
in pups that underwent carotid ligation relative Sham pups. This result was only
significant for females (Figure 4C). Whereas gestational MET produced a
corticosterone-elevating response to carotid ligation, gestational MET transformation
ablated the corticosterone-elevating response to HI. This suggests that gestational MET
differentially transforms HPA reactivity based on stress type (ligation vs HI). At 24 hours
post-hypoxia, plasma corticosterone did not differ significantly among any of the groups
(Figure 4D), revealing: (1) that transient effects of carotid ligation and hypoxia primarily
influenced HPA reactivity to acute stress; and (2) that these effects are likely mediated by
transformation via gestational MET in a sex-dependent manner consistent with other
findings, where males are less reactive (6, 21, 37). These changes may specifically
involve 11-beta-hydroxysteroid dehydrogenase 2, which is an enzyme that converts GCs
into its inactive form and has been reported to be altered by prenatal undernutrition in a
sex-dependent manner (12). Additionally, MFR-induced epigenetic changes of this gene
may account for these sexual dimorphic differences. While our data do not attempt to
define a specific mechanism of HPA reactivity but rather focus on the endpoint of HPA
axis activity, GC concentration, these results do demonstrate that MFR programs HPA

axis alterations in a stress and sex-specific manner.
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The Effects of MFR Programming on Passive Diameters and Arterial Compliance

To assess the structural consequences of MET transformation in MFR offspring
MCAs in response to HI injury, the experimental design included measurements of
passive arterial diameter as a function of increasing transmural pressure to enable
calculation of arterial compliance (Avolume/Apressure), a risk factor for cardiovascular
disease (30) (54). Structurally, passive arterial compliance is determined by the net
balance of: (1) compliance-decreasing extracellular matrix (ECM) proteins, including
collagens and the collagen crosslinking enzyme, lysyl oxidase (LOX); and (2)
compliance-increasing ECM proteins, such as elastin and collagenolytic matrix
metalloproteinases (MMPs) (52). We have previously reported that MFR can depress
cerebral artery compliance in adult offspring, mediated in part by mechanisms that
increased expression of collagens in the ECM (10,22, 23). These effects of MFR on adult
cerebral artery compliance were significantly reduced by gestational MET-
transformation.

In light of findings that overexposure of the fetus to GCs can decrease
cerebrovascular compliance in adult offspring, the present study examined the effects of
corticosteroid reduction during gestation on compliance in MFR pups exposed to mild
postnatal stresses induced by HI (Figure 5). No changes in compliance were observed
between Untreated-Sham and Untreated-HI MFR groups; however, MET-transformation
resulted in increased compliance in MFR MET-HI relative to MFR MET-Sham at the
highest pressures. This was opposite to what was observed in CD pups where HI
depressed compliance in MET-dependent manner (11). In addition, MFR Untreated-HI

compliance values were significantly lower than CD Untreated-HI compliance values
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(See Table 1). No differences existed between MFR Untreated-Sham and CD Untreated-
Sham. This suggests that MFR programming reduced HI vulnerability to mild HI with
regards to compliance. Given that MET that MFR MET-Sham and MFR MET-HI were
only different at high pressures, it is likely that both MET-independent and MET-
dependent epigenetic mechanisms were at play to alter the ECM in manner that was most

evident under stress.

The Effects of MFR Programming on Contractile Function

We previously reported changes in contractile function of MCAs from MFR adult
offspring (10); pressure-induced contractions were depressed secondary to myofilament
calcium sensitivity in a manner that was glucocorticoid independent. In light of the
ability of MFR to produce MCA contractile change in adults, we set out to assess MFR
changes in neonates. Under pressure-induced contractions, mild HI significantly elevated
AD secondary to increases in myofilament calcium sensitivity in MFR Untreated arteries
(Figure 6A-C). Similarly, mild HI elevated AD in MET-transformed MCAS; however,
this increase was not accompanied by significant changes in myofilament calcium
sensitivity or A Wall Calcium. This suggests that MFR programming may cause
epigenetic changes in proteins affecting myofilament calcium sensitivity, including
myosin light-chain kinase, myosin light-chain phosphatase, and Rho-kinase (48). These
data also suggest that, similar to adult MFR offspring, gestational GCs do not largely
influence myogenic contraction in neonates, but may mildly, influence myofilament

calcium sensitivity.
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In contrast, CD Untreated pups only displayed hypoxia-induced elevations in A
Wall Calcium (11) with no changes to AD. In addition, MFR Untreated-HI A Wall
Calcium values were significantly lower when compared to CD Untreated-HI, but no
differences existed between MFR Untreated-Sham and CD Untreated-Sham (See Table
1). This suggests that MFR programming inhibited this postnatal HI-induced increase of
calcium mobilization through epigenetic mechanisms that mediate calcium mobilization,
including calcium influx, release, extrusion and sequestration (17, 36, 50). It is unlikely
that gestational corticosteroids influenced this effect as MFR MET-Sham and MFR
MET-HI were not significantly different from each other. Given that these A Wall
Calcium changes were unaccompanied by changes in contraction or myofilament calcium
sensitivity, the exact functional significance remains in question. It may be possible that
with a more severe form of HI, or even with an older animal, changes in contraction
might be evident between MFR and CD arteries. However, MFR-programmed arteries
are more vulnerable to HI, as seen by the increases in vasoconstriction following HI.

Under potassium induced contractions, HI did not influence any parameter within
MFR Untreated pups (Figure 6D-F). Again, this contrasted from CD pups, in which HI
increased calcium mobilization (11). Interestingly, both MFR Untreated-Sham and MFR
Untreated-HI displayed significantly increased values of potassium-induced A Wall
Calcium and depressed myofilament calcium sensitivity when compared to CD
Untreated-Sham and CD Untreated-HI, respectively (See Table 1). This finding implies
that MFR influenced mechanisms that mediate calcium mobilization, including calcium
influx, release, extrusion and sequestration (35) and myofilament calcium sensitivity,

including myosin light chain kinase or myosin light chain phosphatase (48). In addition,
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the offsetting effects of increased A Wall Calcium with decreased myofilament calcium
sensitivity may explain lack of changes in diameter between MFR and CD groups.

In MFR arteries transformed by MET, HI increased potassium-induced changes in
diameter secondary to heightened myofilament calcium sensitivity in the MFR MET-HI
group relative to MFR MET-Sham group (Figure 6D and F). This effect was absent in
CD arteries and suggests that gestational MET transformation led to changes in
myofilament calcium sensitivity specifically in MFR arteries. Generally, in response to
hypoxia, cerebral arteries will vasodilate in order to promote oxygen delivery (34). This
suggests that in MFR neonatal arteries, gestational corticosteroid transformation is
essential in minimizing the potassium-induced vasoconstrictive responses in hypoxic
conditions that allows for the maintenance of adequate tissue oxygenation. While this
MET-induced response in MFR arteries under potassium-induced contractions would
appear detrimental, more analysis is required to understand the significance of this

change, including changes in vSMCs, neurons, and other cerebral cell types.

The Effects of MFR Programming on Neurobehavior
We also performed measurements of neurobehavior, which revealed the long-term
consequences of MFR programming and gestational transformation with MET and the
short-term effects of HI. Within group comparisons of MFR pups for the negative
geotaxis assessment revealed that HI had no effect in MFR Untreated pups (Figure 7A).
However, in MFR pups transformed by gestational MET, mild HI led to worsened
negative geotaxis performance. This suggests an important role of gestational

corticosteroids in the development of behavioral functions required for the negative
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geotaxis performance. In addition, MFR Untreated-Sham and MFR Untreated-HI pups
took significantly longer to complete the negative geotaxis assessment when compared to
CD Untreated-Sham and CD Untreated-HI, respectively (See Table 1). This suggests that
MFR worsened negative geotaxis performance.

Open field exploration within MFR groups revealed a subtle effect of mild HI
injury between MFR Untreated-HI pups and MFR MET-HI, in which gestational MET
transformation led to reduced exploratory behavior (Figure 7B). These results imply that
within MFR programmed pups, gestational corticosteroids are important in preserving
exploratory behavior following mild HI. In contrast, open field results in CD pups
revealed that HI reduced exploration between CD Untreated-Sham and CD Untreated-HI
in a corticosteroid-dependent manner (11). Additionally, both MFR Untreated-Sham and
MFR Untreated-HI exhibited significantly less exploration than CD Untreated-Sham and
CD Untreated-HlI, respectively (See Table 1). Together these results imply that relative to
CD pups, MFR programming altered the normal development of exploratory behavior in
Sham and HI pup a manner that was likely glucocorticoid independent.

With regards to righting ability, no differences existed within MFR groups. We
previously observed that within CD groups, righting reflex ability was also unchanged. In
addition, gestational nutrition had no effect on righting reflex ability (See Table 1). The
righting reflex does not appear sensitive enough to discern the programming effects of

diet or of mild hypoxia in P11 rats.
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Conclusion

Overall, the present experiments characterize the groupwise effects within MFR
neonatal pups (Figure 3-7), focusing more on the long-term gestational role of MET and
the short-term effects of acute HI, and the groupwise effects between MFR and CD
neonatal pups (Figure 1 and 2, Table 1), emphasizing the role of gestational diet on
cerebrovascular, neurobehavioral, and glucocorticoid responses.

Regarding the groupwise effects within MFR neonates, we observed a sexual
dimorphic and acute effect of mild HI on HPA axis reactivity that was dependent on
transformation by gestational corticosteroids; structural changes manifested as increased
passive diameters in MET-transformed MFR arteries; general resistance to HI with
regards to compliance; compromised myogenic contraction secondary to myofilament
calcium sensitivity following HI; HI-induced vasoconstriction during potassium-induced
contractions secondary to an increase in myofilament calcium sensitivity that appeared
dependent on levels of gestational corticosteroids; and worsened neurobehavioral
outcome, with regards to exploration and negative geotaxis performance, following HI in
MET-transformed pups.

The effects of MFR relative to CD revealed that 50% caloric restriction during the
latter half of gestation resulted in MFR-induced intrauterine growth restriction. MFR also
altered GC levels in both basal and stress-induced (carotid ligation and mild HI)
conditions that were largely dependent on gestational corticosteroid levels. In addition,
MFR resulted in subtle, yet significant effects on MCA structure and function, suggesting

that MFR influences neonatal compliance in response to mild HI while influencing
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calcium mobilization and myofilament sensitivity under basal conditions. MFR also
resulted in animals that performed worse neurobehaviorally.

There are limitations to this study and future work will need to determine the
extent of HI injury, such as measuring changes in neurons, astrocytes, and microglia, as
well changes in cerebral edema. In addition, changes in vascular phenotype may shed
more light on how MFR affects neonatal cerebrovasculature and what role gestational
corticosteroids play. Cerebrovascular changes involving the myogenic response and
calcium homeostasis are evident in the neonatal period, and epigenetic mechanisms
should be explored to explain some of the long-term effects of MFR on cerebral arteries.

From a translational perspective, the present findings predict that neonates born
with intrauterine growth restriction secondary to prenatal stress, including maternal
undernutrition, may be subject to heightened vulnerability to cerebrovascular diseases,
such as hypoxic-ischemic encephalopathy and to an increased risk for developing

neurobehavioral impairments.
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Abstract

Cellular activity in both normal and pathological physiology are determined by
protein interactions, which require proteins to be in close proximity to one another.
Colocalization measures proximity between proteins, and requires labeling target proteins
with antibody-fluorophore probes, and imaging via confocal microscopy. The methods
used to quantify colocalization through image analysis, however, are vastly diverse and,
to some extent, controversial. This project compares 36 different strategies of analysis.
Three primary parameters were varied: 1) minimum acceptable intensity; 2) masking
methods; and 3) image segmentation, to analyze images from P11,12 rat pup cerebral
arteries exposed to either sham surgery (Sham), or to unilateral carotid ligation followed
by 90 minutes of 8% O2 (HI). The analysis quantified contractile protein colocalization
between Smooth Muscle aActin with two Myosin isoforms: SM-MHC and NM-MHC.
Six methods of determining minimum acceptable intensity were employed, including 3
fixed and 3 variable methods, across all images. Fixed methods were applied manually,
and variable methods were automated via software. Optimum statistical sensitivity was
obtained by setting a fixed minimum intensity at 10% of maximum. High precision
image masking, which set all pixels to an intensity of zero except those within the Region
of Interest, did not increase statistical sensitivity, but reduced the false-positive rate.
Analysis of segmented images revealed that maximum statistical sensitivity between
Sham and HI groups was observed in the 20% of pixels with the highest intensity.
Together, these results promote use of a fixed low level of minimum baseline (10% of
maximum), application of high precision masking, followed by segmentation to restrict

analysis to the 20% of pixels with the highest intensity. This study is the first
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comprehensive and systematic comparison of methods used to quantify confocal

colocalization, particularly for vascular contractile proteins.
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Introduction

Proteins are an essential part of cellular biology. While a number of proteins
function independently, most proteins interact with other proteins to perform cellular
activity, and this interaction requires proximity. A common approach to measure protein
proximity is through confocal colocalization (13). This requires imaging two or more
fluorescently tagged proteins each with separate emission wavelengths. Once this image
is captured an analysis method is used to quantify the proximity between the
fluorescently labeled proteins. The high prevalence of confocal colocalization usage has
also resulted in a high diversity of analysis methods (1). Some of these methods involve a
degree of subjectivity, which has produced controversy in the field (5).

Quantification of protein colocalization involves a number of different
parameters. One such parameter is minimum intensity of pixels, which aims to reduce
noise by excluding low-intensity pixels. The minimum intensity can be set manually at a
fixed value, consistent for each image, (i.e. 5%) or automatically through analysis
software. Automatic selection of minimum intensity is based on analysis of pixel
distributions of intensity and contrast and varies between each image. Another method of
reducing noise is through the method of “masking,” which removes pixels outside of the
region of interest. Common methods of masking include manual techniques to remove
pixels in Photoshop or semiautomatic removal through imaging software such as FIJI.
Segmentation is another important parameter, which requires restriction of analysis to
either a region of interest or to a specific range of pixel intensities (i.e. only the brightest

20% of pixels).
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The interaction of the vascular proteins smooth muscle aActin and myosin
enables smooth muscle contraction, which is important for regulation of blood pressure
and blood flow (3). Both of these proteins express different isoforms dependent on
developmental stage, cell type, and disease state (10). The pattern of isoform expression
defines the phenotype of vascular smooth muscle. Significant shifts in phenotype occur
following an ischemic event (9). We previously used a model of mild hypoxic-ischemic
injury in neonatal rats to analyze the phenotype of the vascular smooth muscle cells
through the colocalization of Smooth muscle aActin with myosin isoforms and
discovered dramatically different colocalization profiles following HI (7) (See also
Chapter 2).

The goal of this study was to optimize the colocalization analysis of previously
imaged middle cerebral arteries from neonatal rats exposed to HI injury. We sought to
reduce noise and increase signal by enhancing selection of minimum pixel intensity,

masking methods, and segmentation procedures.

Methods

Images
The confocal microscopy protocol used MCAs from separate cohorts of P11/12
pups from Sham or HI groups (described in Chapter 2). Overnight fixation of these MCA
segments in 4% PFA preceded the embedding of arteries in paraffin and subsequent
cutting into 5 pum coronal sections. All IHC staining runs included a slide cut from a

standard block of an adult cerebral artery, and the same standard block was used for all
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runs for a given stain. Double-staining the sections with antibodies against smooth
muscle aActin (Sigma-Aldrich, A5228 @ 1:300 in PBS containing 2% NGS, 1% BSA at
4 °C for 18 hours) and either smooth muscle myosin heavy chain (Abcam, Ab53219 @
1:400 in PBS containing 2% NGS, 1% BSA at 4 °C for 18 hours) or non-muscle myosin
heavy chain (BioLegend, Poly19099 @ 1:300 in PBS containing 2% NGS, 1% BSA at 4
°C for 18 hours) allowed for identification of smooth muscle phenotype. The
visualization procedure used secondary antibodies (Dylight-488 and Dylight-633 @
1:300) in PBS containing 2% NGS, 1% BSA incubated at 22 °C for 2 hours. An Olympus
FV1000 confocal microscope produced coronal images using a lens with a numerical
aperture of 1.4 to yield lateral resolutions between 146 and 185 nm, and axial resolutions
between 545 and 693 nm, depending on the wavelengths of illumination. For imaging,
the standard section was imaged first, and used to set the key parameters for imaging
including scan time, gain, illumination intensity, and photomultiplier voltage, as
appropriate to provide between 1% and 5% saturation, which was confirmed off-line. All
images were captured on the same day under identical conditions. Analyses of the
confocal images of the artery sections employed CoLocalizer Pro (Version 2.6.1,
CoLocalization Research Software) to calculate the extent of colocalization between the
markers in each pair. Previous publications include detailed descriptions of all these
methods (4, 6, 8) and validation by comparison to other established methods for

quantitation of protein colocalization via confocal microscopy (11).
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Masking

Artery images were masked to zero-out all pixels outside of the adventitial layer,
or within the lumen using either manual methods in Photoshop (labeled as Before) or
semi-automatic methods in FIJI (labeled as After). The purpose of this is to remove the
background and define the region of interest. In addition, for each marker pair, six
commonly used coefficients of colocalization were used to determine maximal statistical
significance for each method of minimum pixel intensity. These include: Pearson’s
Correlation, Overlap Coefficient, Overlap k1, Overlap k2, Mander’s M1, and Mander’s

M2 (12).

Minimum Pixel Intensity
To optimize the removal of low-intensity pixels, we assayed a total of six methods
for images obtained from two marker pairs: SM-MHC & SM aActin; and NM-MHC &
SM oaActin. Manual methods included setting values to: 12-12, 25-25, and 75-75, which
correspond to 5%, 10%, and 30% of the maximum intensity of 256. Automatic methods
included setting values to: weak contrast, low average for both contrast and intensity, and
distribution of intensity determined by FI1JI. Again, six commonly used coefficients were

used to assess maximal statistical significance between Sham and HI arteries

Segmentation
Histogram data from each FIJI-masked image was processed using custom-
written software routines to identify the intensity that served as the border between the

brightest 20% and all remaining pixels; this intensity was defined as the Threshold-20
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(T20) intensity. Once determined, the T20 values were averaged across all images of
each group. Similarly, the software determined average values for T25, T30, T35, and
T40, which represent the upper 25, 30, 35, and 40% of pixels with the highest intensity
for each protein, as determined by semi-automated analysis of the intensity distribution
for each marker in each image. Analyses of the confocal images of the artery sections
employed CoLocalizer Pro (Version 2.6.1, CoLocalization Research Software) to
calculate the extent of colocalization between the markers in each pair. Again, six
coefficients were used to assess maximal statistical significance between Sham and HI

arteries

Statistics
For all images, the areas beneath the frequency-intensity curves were calculated
from the maximum intensity to each threshold value (T20, T30, T40, etc.). The
corresponding values for area beneath the curve were then compared via ANOVA among
the experimental groups at each Threshold value (T20, T30, T40, etc.). The T-value used
for the final statistical comparisons was that which produced the maximum statistical

sensitivity for comparisons between Sham and Hypoxic-lschemic groups.

Results and Discussion

Optimization of Minimum Intensity
With regards to SM-MHC and SM aActin pairing, manual 12-12 settings yielded

significant differences with Pearson’s Correlation, Overlap, and Overlap k1 coefficients
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between Sham and HI values of colocalization (Figure 1). At the 25-25 settings, only
Pearson’s Correlation revealed that Sham and HI groups were statistically different. The
manual 75-75 settings did not discriminate between Sham and HI colocalization values
for any coefficient. Both WC and AVG settings produced a significant difference only
when using Pearson’s correlation. When employing FJ parameters for optimizing
minimum intensity, significant changes were present between Sham and HI groups with
Overlap, Overlap k2, and Mander’s M2. Significant differences were more prevalent with
NM-MHC and SM aActin pairing. All manual settings and the automatic setting AVG
resulted in significant differences between Sham and HI groups for all six coefficients of
colocalization, whereas WC and FJ parameters produced significant differences with all
coefficients except Overlap k2. The results from minimum selection intensity revealed
that the 25-25 setting yielded the best form of differentiation for the myosin isoforms
under manual conditions, while AVG provided the best differentiation under automatic

conditions.
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Figure 1. The Effects of Baseline Correction Method on Colocalization Coefficients.
N=6 pups for both Sham and HI groups. Data are presented as mean = SEM for each of
the six coefficients. Statistically significant differences are denoted by yellow
background coloration.
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Optimization of Masking

In SM-MHC and SM- aActin pairing manual Photoshop masking revealed a
significant change between Sham and HI values in the Overlap, Overlap k1, and
Mander’s M1 coefficients (Figure 2). After masking with FIJI, no statistical differences
remained. In NM-MHC and SM- aActin pairing, both manual and FIJI masking resulted
in significant differences between Sham and HI for each coefficient. Additionally, FIJI
masking generally increased values of all colocalization coefficients. The results from
masking suggest that manual masking is susceptible to generating false-positives and that

F1JI is more robust in noise removal.
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Figure 2. The Effects of Masking Method on Colocalization Coefficients.

N=6 pups for both Sham and HI groups. Data are presented as mean + SEM for each of
the six coefficients. Statistically significant differences are denoted by yellow
background coloration.
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Optimization of Segmentation

For SM-MHC and SM- aActin pairing, significant differences were found at all
thresholds sampled only with the Pearson’s Coefficient (Figure 3). Between NM-MHC
and SM- aActin, both T20 and T30 showed significant differences between Sham and HI
groups for all coefficients except Overlap k2. The T25 setting provided significance in all
coefficients except Overlap k2 and Mander’s M2. T35 and T40 produced significant
differences for all coefficients. Segmentation through defining thresholds, show that
Pearson’s Coefficient and Overlap k2 were poor differentiators for SM-MHC and NM-

MHC pairing.
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Figure 3. The Effects of Segmentation Method on Colocalization Coefficients.

N=6 pups for both Sham and HI groups. Data are presented as mean £ SEM for each of
the six coefficients. Statistically significant differences are denoted by yellow
background coloration.
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Colocalization is an important application in the field of cell and molecular
biology. This tool aids in better understanding structural and functional relationships.
However, on its own, confocal colocalization should not be used to define function, as
functional assays are necessary to provide certainty (12). The subjective nature often
used in colocalization analysis (i.e. qualitatively observing yellow pixels, which represent
colocalization) can render this application controversial. Through these experiments we
sought to refine our analysis methods and increase objectivity in our study of neonatal
HI. Mild HI significantly influences contractile protein colocalization in cerebral arteries
of neonatal pups. In particular, NM-MHC is more vulnerable to HI injury when
compared to SM-MHC. This may allude to an adaptive mechanism which confers
protection to the less abundant, but more contractile-efficient SM-MHC isoform in

neonatal arteries in order to maintain contractile ability following HI (2).

Conclusion

This study provides novel data on optimization of three parameters involved in
colocalization analysis using six coefficients that describe the degree of overlap. Based
on results presented herein for middle cerebral arteries in neonatal pups, we would
recommend the use of: (1) masking via FIJI; (2) fixed manual intensities set at 10% of the
maximum intensities, thereby using the 90% of pixels with the highest intensity for
analysis; (3) pairing fixed minimum intensities of 25-25 with pixel segmentation at the
T20 level (the 20% of pixels with the highest intensity); (4) the Mander’s coefficients,
which quantify colocalization as a measure of co-occurrence, rather than correlation, as in

Pearson’s correlation. More specifically, the Mander’s coefficients quantify the fraction
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of one probe relative to the other probe. The optimizations presented in this study
introduced objective methods for analysis to characterize the overlap of fluorescently-

labeled vascular proteins, and thus present a greater advantage by the reduction of

subjective methods.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS

Abundant evidence in both human and animal studies demonstrate that altered
nutritional status during gestation, often associated with intrauterine growth restriction,
programs increased incidence of postnatal disease and impairments. While the number of
diverse models of gestational nutritional manipulation may produce subtle differences in
offspring phenotype, each of these adverse conditions influence critical periods of fetal
development in a manner that permanently alters its developmental trajectory.
Collectively, these developmental changes define postnatal structures and function
throughout the body. The work presented within these chapters demonstrate for the first
time the effects of 50% caloric restriction during the last 10 days of gestation on
cerebrovasculature changes and HI vulnerability in P11/12 rats.

Chapter One set the foundation of this study. It addressed the global rise in food
insecurity. It also presented both epidemiological and experimental studies that detailed
the consequences of MFR in the offspring, thus introducing the concepts of intrauterine
growth restriction and fetal programming. Possible mechanisms of MFR were addressed,
with a general focus on the glucocorticoid theory. Epigenetic mechanisms were also
considered. In addition, this chapter highlighted the importance of studying
cerebrovascular responses to MFR in neonates.

The work addressed in Chapter Two established the effects of gestational
corticosteroid reduction on mild HI-induced vulnerability in the cerebrovasculature, as
well as other cerebral tissues in neonatal offspring from ad libitum fed mothers. The

results of that study demonstrated that corticosteroids during gestation play a key role in
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normal cerebrovascular development and glial activation, induce persistent changes that
in neonates manifest beneficially as preservation of post-ischemic contractile
differentiation, but worsen cerebrovascular compliance following ischemia, and increase
ischemic neuronal injury, and compromise neurobehavior. These data allowed us to
characterize the responses of mild HI in CD pups; use of gestational MET enabled
determination of corticosteroid dependent mechanisms in this population.

Chapter Three includes ongoing studies that focus on examining the role of
maternal food restriction on the cerebrovascular, neurobehavioral, HPA axis responses to
mild HI injury in neonatal rats. The role of corticosteroids, such as glucocorticoids, in
MFR was also examined through gestational MET dosing. To date, it appears that
cerebral vessels in MFR are more vulnerable to HI injury than CD groups. Additionally,
marked changes appear in HPA reactivity and neurobehavioral outcome is worsened by
MFR. These studies will be expanded to examine cerebral histology. We plan to survey
changes in neuronal degeneration and astrocyte and glial activation. MRI will also be
used to analyze cellular swelling and edema. In addition, vSMC phenotype (MHC
isoforms colocalized with SM- aActin) will be investigated.

Chapter Four presented the optimization of confocal colocalization of contractile
proteins in neonatal middle cerebral arteries. The goal of this work primarily focused on
refining a heavily-employed method of determining protein proximity from confocal
imaging. The goal of this study was to standardize the methods used to determine
colocalization to increase statistical sensitivity and efficiency. From our examination of
three parameter analyses, we would recommend the use of: (1) fixed manual intensities

set at 10% of the maximum intensities, thereby keeping 90% of pixels with the highest
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intensity; (2) pairing fixed minimum intensities of 25-25 with pixel segmentation at the
T20 level (the 20% of pixels with the highest intensity); (3) the use of the Mander’s
coefficients.

Ongoing and future studies involve elucidating the role of microRNA in HI injury
in neonatal rats. Using RNA-Seq, we generated preliminary results of RNA expression
profiles following mild hypoxic-ischemic brain injury to reveal how mild hypoxic-
ischemia alters the transcriptome of neonatal middle cerebral arteries of CD rats. We
surveyed over 29000 transcripts and found that more than 7000 transcripts increased or
decreased by at least 1.5-fold 24h following mild HI injury. Among these changes were
alterations to several microRNAs (miRs), and transcripts associated with ECM,

cytoskeleton, and myosin families (Figure 1).
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Figure 1. Transcriptomic changes in miRNAs, ECM, Cytoskeleton, and Myosin
Families 24h following mild HI injury in P11 CD rats.

In addition, analysis of the 10 most affected miRs also revealed predicted targets

associated with vascular smooth muscle cells, angiogenesis, the ECM, and glucocorticoid
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activation (Table 1). We hope to repeat this analysis with more animals to better
characterize transcriptome changes following mild HI and identify possible molecular
and epigenetic targets. How miRs influence the neonatal cerebrovasculature is of great
interest to our lab. RNA-Seq studies will allow us to determine target miRs, as well as
non- miR targets that change in response to a number of perturbations, including neonatal
HI, gestational MET, or MFR.

Through these studies we hope to advance the fields of fetal programming and
neonatal vascular injuries with the translational goal of improving the health of offspring
from abnormally stressed pregnancies, as in undernutrition, and also the health of

neonates at risk for cerebrovasculature injuries secondary to HI.

Table 1. Predicted target miRs that are most affected by mild HI in CD neonates.

miRNA Fold Change Predicted Target Genes of Interest
Mir181a2 11.6 Smoothelin

Mir21 9.6 Wound healing;M-RIP

Mir6326 9.1 Cellular processes in over 169 genes
Mir325 8.7 Cellular processes in over 62 genes
Mir322-1 8.7 MLCK; VEGFA; MMP1; MMP17
Mir134 -8.4 COL17A1; COL2A1

Mir346 -8.5 COLGALT1

Mir6331 -9.2 COL1A1: MLC6

Mir758 -16.1  11b-HSD1

Mird31 -19.2  MMP16

Fold change [HI-Control/Sham-Control]. Positive numbers signify greater
expression in HI-Control relative to Sham-Control and negative
numbers signify the opposite.
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