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Abstract:  Healthy term pregnancy requires precisely timed coordination of multiple 

systems, including reproductive, neuroendocrine, immune and cardiovascular.  Dynamic 

maternal alterations occur systemically as well as locally within the reproductive tract. 

Systemic cardiovascular changes during gestation are relatively conserved in mammals, 

permitting comparison.  These physiological changes are relatively acute and reversible, 

in contrast to the pathological changes seen during cardiovascular disease development.  

Gestational hypertensive disorders, such as preeclampsia, are the leading causes of 

maternal and fetal morbidity and mortality.  The pathogenesis of preeclampsia is not fully 

elucidated, but perturbation of the immune system is a fundamental component.  The 

angiogenic and vascular properties of uterine NK lymphocytes have been well studied in 

mice and women, but their relationships to gestational blood pressure regulation and 

cardiovascular adaptations have not been addressed.  In non-pregnant women and mice, T 

cells, but not B cells, have been found to alter cardiovascular functioning.  NK cells in 

humans also possess these capabilities, but no functional studies have been completed.  

The aim of this thesis was to define the role of NK and T lymphocytes in cardiovascular 

adaptations during mouse gestation.  Using chronic radiotelemetry, histology, post-

mortem and other techniques, female inbred mice of differing genotypes that lack specific 

lymphocyte subsets were compared before and across gestation.  In normal, immune 

competent mice, a five-phase gestational blood pressure profile was found.  This dynamic 

profile corresponded to stages of placental development.  In mice with a compound 

deficit in arterial modification and lymphocytes, no gestational hypertension was 

observed.  To elevate the maternal challenge of pregnancy, studies of pregnant, 

autoimmune Type 1 Diabetic mice were conducted. Impaired spiral artery remodeling, 
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dysfunctional lymphocytes and growth-restricted fetuses were identified.  From mid-

gestation, diabetic pregnant mice were hypotensive and bradycardic and showed signs of 

pre-renal failure (proteinuria and electrolyte imbalances).  In pregnant mice lacking T 

cells, tachycardia was observed despite otherwise normal gestational outcomes.  In 

pregnant mice lacking T cells with impaired NK cells, blood pressure was blunted and 

tachycardia was observed. 

These findings support the conclusion that impaired spiral artery remodeling is 

insufficient to cause gestational hypertension in mice. The data further identify a role for 

T and NK cells in cardiac function during gestation. 
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Chapter 1: General Introduction 

Successful mammalian gestation is a dynamic, highly coordinated process 

involving systemic and local changes in the maternal neuroendocrine, reproductive, 

cardiovascular and immune systems. The mothers’ roles during pregnancy are provision 

of an optimal environment for implantation and of adequate nutrition for the conceptuses’ 

changing demands until parturition. This includes removal of waste products.  Maternal 

cardiovascular homeostasis is critical during the interval of gestation; however, numerous 

circulatory changes to local and systemic vasculature are required (41, 65).   The 

significance of appropriate hemodynamic control is underscored by two complications of 

human pregnancy: preeclampsia (PE) and pregnancy-induced hypertension (208).  Both 

conditions carry serious risk for maternal and fetal morbidity and involve multiple organ 

systems, which can result in maternal and fetal death (2, 139).   

1.1 Creation of the Maternal-Fetal Interface 

 Blastocyst implantation into the maternal endometrium at 6-7 days post-ovulation 

in women (gestation day [gd]4.5 in mice (177)) is the first step in establishing the 

maternal-fetal interface.  In women, blastocyst implantation occurs during the secretory 

phase, when the uterine endothelium is in a ‘pre-decidual’ stage.  The stromal cells of the 

endometrium become rich in glycogen, mucin and glycoproteins under the influence of 

estrogen and progesterone (10, 121).  If blastocyst implantation does not occur, this 

thickened endometrial lining is shed (121-123).  In non-cycling animals, such as rats and 

mice, progesterone is the trigger for uterine decidualization (20).  Following 

implantation, stromal cells differentiate from small, densely packed cells to larger, 

loosely arranged cells that secrete large amounts of growth factors (198).  While this 
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occurs, the embryo continues to embed into decidual tissue.  The cells surrounding the 

embryo proper, trophoblast, begin to differentiate into the primitive placenta 

(cytotrophoblast). Prior to opening of placental circulation, fetal development occurs in 

relative hypoxia (2% O2) (103).  This aids in trophoblast cell upregulation of hypoxia-

sensitive growth factors and cytokines (94).   In early development, fetal extravillous 

trophoblast (EVT) cells invade into the maternal decidua (37, 164, 165).  In humans, 

EVT migrate into the maternal spiral arteries (SA) and aid in physiologic remodeling of 

these vessels (135).  SA remodeling is the process of enzymatically degrading 

extracellular matrix and smooth muscle to convert the arteries into high capacity, low 

resistance vessels.  SA remodeling begins prior to opening of placental circulation, at 8 

weeks gestation in humans and gd9 in mice.  Placental circulation opens at 12 weeks 

gestation in humans and gd9.5 in mice (177).  Maternal and fetal blood do not mix within 

the placenta, instead nutrients are transferred through villous trophoblast bathed in 

maternal blood.  In humans, the placenta is thought to continue to grow until term to meet 

fetal growth demands. Using micro-ultrasound in pregnant randombred (CD-1) mice, 

placental growth is reported to cease at gd14 (232). 

1.2 Cardiovascular Adaptations in Pregnancy 

The physiological adaptations that occur during normal pregnancy are relatively 

conserved within mammals.  These changes are dramatic, transient and can be divided 

into systemic and local.  In humans, the systemic circulation undergoes volume changes 

in 1st trimester; blood and extracellular fluid volumes increase by 10% (43).  Initially, this 

excess volume is handled by increasing cardiac output and heart rate (HR) by 20% (43, 

205).  At this time, blood pressure and total peripheral resistance declines (10%) (22, 43).  



 3 

This is in contrast to volume-loading hypertension in non-pregnant individuals. The 

reason for this critical difference in hemodynamic response is not fully elucidated.   

Pregnancy is associated with increased levels of several vasoactive substances.  

These include prostacyclins, vascular endothelial growth factor (VEGF), nitric oxide 

(NO) and products of the renin-angiotensin system (RAS).  The RAS is the principal 

regulator of hemodynamic function (Figure 1.1). The RAS works in concert with the 

autonomic nervous system, specialized baro- and chemo-receptors in the vasculature and 

with endocrine mediators to rapidly detect changes in blood volume, blood pressure or 

electrolytes. The RAS directly or indirectly returns the cardiovascular system to 

homeostasis by inducing vasoconstriction, vasodilation, retention or excretion of water 

and/or release of vasoactive compounds such as angiotensin II (Ang II) or aldosterone.  

While cardiovascular homeostasis is maintained during pregnancy, the regulatory 

mechanisms are altered.  Due to significant blood volume expansion, there is activation 

of the RAS; however the vasculature becomes insensitive to RAS products (54, 224).  

The cause of this insensitivity is unknown. 

NK cells and T cells from human blood were recently shown to respond to Ang II 

by proliferating, shifting cytokine production towards interferon-gamma (IFNG) 

synthesis and migration (97). Further study showed that NK cells (defined as CD56+) and 

T cells (defined as CD3+) expressed not only the key receptors for Ang II (AT1 and 

AT2) but all RAS components (renin, angiotensinogen, angiotensin converting enzyme). 

Expression and in vivo function of T cell-based RAS has been shown in mice. Not only 

were T cell expression of RAS confirmed, but mice genetically deficient in T and B  

Figure 1.1:  Overview of the renin-angiotensin system and its major effects. 
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Figure 1.1:  Overview of the renin-angiotensin system and its major effects.  
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cells themselves (Rag-1-/-) or transplanted by marrow from donors deleted in AT1 had, 

like pregnant women, blunted responses to Ang II infusion (81).   

The local vascular adaptations occurring upstream and within the uterus also aid 

to decrease vascular resistance by significant outward circumferential remodeling.  The 

upstream vasculature in both women and rodents provides the uterus with anastamosing 

blood supply via paired uterine and ovarian vessels (Figure 1.2). The ovarian vessels 

branch directly off of the abdominal aorta, while the paired uterine arteries branch off the 

internal iliac arteries.  Just prior to reaching the uterus, the uterine arteries branch into 

several arcuate arteries, which enter the myometrium becoming radial arteries.  The 

ovarian arteries provide collateral circulation, also forming arcuate arteries.  The radial 

arteries give off critical branches, the SA, which grow into the decidualizing uterus by 

both vasculogenesis and angiogenesis in a tortuous path (163).  During pregnancy, the 

uterine and ovarian arteries in women double in diameter without wall thickening 

(outward hypertrophic remodeling) (158).  In the mouse, 2-3 fold increases are observed 

in uterine artery diameter by mid-gestation.  However, this is accompanied by increases 

in arterial wall thickness (203).  Outward hypertrophic remodeling occurs in arcuate and 

radial arteries of both humans and rodents, typically without alterations in media 

thickness.  Longitudinal growth of uterine, ovarian, arcuate and radial arteries occurs to 

compensate for expansion of the uterus itself.  In the non-pregnant state, these vessels are 

coiled, thus, straightening of the vasculature aids in the ‘lengthening’ process.  In rodents, 

endothelial cell and myocyte hyperplasia are well documented in uterine vasculature (48, 

156).  Similar data in humans are lacking. 
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Figure 1.2 Local arterial blood supply to decidualizing endometrium. 
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1.3 Uterine Natural Killer Cells    

UNK cells are a transient, differentiated population of NK lymphocytes, defined 

by both location and specialized functions as being distinct from circulating NK cells. 

UNK cells have been especially well studied in women and in mice (34, 50, 137).  UNK 

cells differentiate within implantation sites during endometrial decidualization. This has 

been linked with the onset of interleukin (Il)15 synthesis by endometrial stromal cells 

(13, 21, 207, 223).  In mice, uNK cells appear post-implantation while in humans their 

appearance is pre-implantation and begins during the late secretory phase of each 

menstrual cycle. In both humans and mice, uNK cells are angiogenic (99, 111, 117, 197) 

and the cells decline in number from mid pregnancy (55, 111). UNK cells secrete VEGF, 

Placenta (P)GF and other angiogenic molecules (99, 111, 117, 197). Co-transplantation of 

human CD56bright NK cells and choriocarcinoma cells subcutaneously into immune 

deficient nude mice showed that uNK cells promote more vessel formation and 

trophoblast invasion than CD56bright cells from peripheral blood of the same woman (84).  

In mice, absence of uNK cells results in the failure of SA modification between gd9-10. 

A similar function has been more difficult to address in human implantation sites due to 

the more extensive invasion of these vessels by fetal trophoblastic cells (166). However, a 

number of reports are appearing confirming that as in mice (3), changes in human SA 

occur in advance of the presence of intravascular trophoblast in that region (34, 192).  

Studies from mice are suggestive that it is the secretion of Ifng by uNK cells that 

provides the signaling to transiently change SA from constricted, muscular, vasoactive 

arterioles into dilated, thin-walled vein-like structures (13, 226).  
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Recent studies strongly suggest mouse uNK cells are functionally heterogenous 

and should now be re-classified as distinct subsets.  Mouse uNK cells are commonly 

recognized histologically by one of two stains, periodic acid Schiff’s (PAS) reagent 

which reacts with glycoproteins in the cytoplasmic granules or Dolichos biflorus (DBA) 

lectin which recognizes terminal N-acetylgalactosamine expressed by the cell membrane 

as well as by the membranes of the cytoplasmic granules (155, 159). Cells displaying 

both DBA lectin reactive plasma membranes and granule membranes are not found in 

virgin uterus or outside of the uterus in virgin mice or mice pregnant between gd0.5-

7.5,(23) indicating that there is no peripheral source for cells equivalent to mature mouse 

uNK cells. PAS and DBA lectin stains are not fully coincident but only two uNK cell 

subpopulations can be defined in normal pregnant mice by dual staining for these 

markers, PAS+DBA- or PAS+DBA+ (227). Only the latter cell phenotype develops at 

implantation sites in pan-lymphocyte deficient mice of genotype Rag2-/-γc-/- grafted by 

normal bone marrow before mating and studied at gd6 (Zhang and Croy, unpublished) or 

gd12.5.  Thus, uNK cells with the phenotype PAS+DBA+, which are ~50% of the uNK 

cells at gd6 and 80-90% by mid-gestation (gd10 and 12) are thought to represent cells 

differentiated from precursors homed to the uterus. PAS+DBA- cells may arise from in 

situ progenitors. Expression of a number of angiogenic genes differs between these two 

uNK cell subsets. The PAS+DBA- cell subset appears to be regulatory and encompasses 

Ifng and Il22 producing cells while the PAS+DBA+ subset has more transcripts for Vegf 

(Chen, Zhang, Colucci, Croy, MS in preparation).  

 

 



 9 

1.4 Spiral Arteries in Pregnant Mice  

 The histological appearance of SA in pregnant normal mice is typical of most 

small arteries to at least gd8. Rapid changes are found between gd9-10. The resulting 

arteries have reduced muscular coats and greater lumen areas. Efnb2 and Ephb4 are 

molecules used to discriminate between arterial and venous vessels respectively. When 

antibodies were used against these molecular markers in normal gd6.5 and 8.5 mouse 

implantation sites, SA were Efnb2+Ephb4-, the expected arterial phenotype (226). At 

gd10.5 however, mixed expression of these molecules was seen even in single vessel 

cross-sections and by gd12.5, the SA had acquired strong Ephb4+ (venous) expression. It 

was of considerable interest that uNK cells expressed both markers. At gd6.5, uNK cells 

were Efnb2+Ephb4- but, from gd8.5, had Ephb4+ expression, which was strong at 

gd10.5-12.5. Indeed, at gd10.5, both vascular phenotyping markers were more strongly 

expressed by uNK cells than by blood vessels. The functional significance for uNK cells 

of this expression remains undefined. In alymphoid mice of genotype Rag2-/-γc-/- that do 

not experience gestational SA modification, SA remained Efnb2+Ephb4- from gd6.5 to 

12.5, suggesting retention of arterial function.  Myometrium became unusual with very 

strong expression of Efnb2 and for Ephb4 (226).   These combined results imply a role 

for uNK cells in altering the function of SA to possess a venous phenotype during 

pregnancy.   

1.5 Preeclampsia 

 PE is a uniquely human complication of pregnancy, presenting clinically any time 

after the 20th week of gestation (208).  The signs are new-onset or worsening 

hypertension (>140mmHg systolic or >90mmHg diastolic) and proteinuria (>300mg/24h 



 10 

or >3.0 random) (2).  This condition can be either mild or severe; both forms can develop 

into the HELLP syndrome (Hemolysis, Elevated Liver enzymes and Low Platelets) or 

eclampsia, which typically manifests as intracranial hemorrhage and seizures.  PE, 

eclampsia and the HELLP syndrome account for the majority of maternal and neonatal 

deaths.  There is no curative measure for these conditions, aside from delivery of the 

placenta, often prematurely.  Careful watchful management of early pre-term mild PE or 

hypertension only cases for disease progression is suggested, while severe PE, eclampsia 

and HELLP are considered medical emergencies, regardless of gestational age (2, 136).  

This often results in delivery of pre-term infants, which is associated with poorer 

outcomes.  Recent emergence of research into fetal programming of children born to 

women with PE has demonstrated elevated risk for cardiovascular disease (6, 125).  

Research also supports the concept that PE itself is a maternal risk factor for future 

development of cardiovascular disease, accentuating the need to consider PE not only as 

a gestational condition, but also as a cardio-renal syndrome (25, 139, 191).   

1.5.1 Epidemiology 

 PE affects ~5% of all gestations, but the incidence of this condition is 

significantly elevated in several populations.  Pre-existing conditions impacting the 

cardiovascular (204) or renal systems (119), such as hypertension, diabetes (Type 1 or 2) 

(161), obesity, dyslipidemias and polycystic ovarian syndrome have increased risk of 

developing PE.  Multiple gestations (i.e. twin, triplet and other multiples) are at similarly 

increased risk for PE development.  Risk for developing PE in subsequent pregnancies is 

increased if a woman has a 1st PE gestation (45).  Maternal and paternal genetics 

contribute to the heritability of susceptibility of PE; both female and male children born 
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to a PE mother have increased risk of having a child born during a PE gestation (12, 46, 

61, 190).  Hiby et al. proposed a partial explanation for genetic susceptibility to PE when 

they found women in which fetal HLA-C alleles failed to activate maternal Killer 

Immunoglobulin-like Receptors (KIR) (AA haplotype) on NK cells (88).  This haplotype 

impairs NK cell activation pathways, and was associated with increased PE development 

in women. 

1.5.2 Pathogenesis 

 The etiology of PE is incompletely understood, multifactorial with primarily 

genetic and immune contributions.   The placenta, rather than the fetus, is central to 

pathogenesis, as clinical presentation does not occur prior to placentation and typically 

remits spontaneously upon placental delivery.  The trivial role of the fetus is underscored 

by the presentation of PE during molar pregnancy, where hyperplastic trophoblast tissue 

is present without a viable fetus/embryo (31, 86, 107); however, such cases often result in 

severe pre-term PE with other co-morbid conditions.  Shallow invasion of fetal-derived 

cytotrophoblast into the maternal decidua in the first few weeks of gestation is thought to 

be an initiating factor to PE (135, 143).  This poor invasion is linked to impaired SA 

remodeling and to impaired placentation, leading to insufficient blood supply to the fetus.  

PE is believed to be a two-stage disease process.  The initial insult is poor cytotrophblast 

invasion, resulting in deficient nutrient transport across the placenta. Poor cytotrophoblast 

invasion typically accompanies incomplete remodeling of SA.  These two events alone do 

not lead directly to PE, as placental bed biopsies in normotensive gestations can have the 

same defects (95, 135, 193).  In humans, physiological remodeling of SA is accomplished 

by cytotrophoblast invasion into the arteries as well as by uNK cells.  Human trophoblast 
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invasion into SA should extend into the myometrial segment of these vessels.   In 

humans, there are ~100 SA.  Studies of placental bed biopsies from PE women indicate 

that vascular invasion is often limited to the decidual segment although interstitial 

trophoblast invasion reaches the myometrium (135, 143).  The incompletely invaded 

vessels are thought to impede the blood flow to the placenta, causing oxidative stress and 

functional placental insufficiency (92, 104, 145, 162).  As a result, “danger signals”, such 

as cytokines, are released from the placenta into maternal blood bathing the intervillous 

spaces.  Because uNK cells play a role in regulating trophoblast migration as well as in 

vascular remodeling, the immune system is functioning abnormally in PE.  Aberrant 

immune activation in response to the consequences of impaired SA remodeling and/or 

shallow invasion is regarded as the second stage of development of PE that presents 

clinically. 

 1.5.2.1 Immune Activation 

 The importance of the perturbed local immune status observed in PE is 

underappreciated as the likely initiator for the exaggerated pro-inflammatory response 

associated with clinical signs (170, 182, 208, 229).  In non-pregnant humans and during 

1st trimester, a pro-inflammatory cytokine profile is normal within the decidualizing 

endometrium and systemically (179, 180).  This changes over the course of gestation and 

normally results in anti-inflammatory responses that become dominant during 2nd 

trimester (11, 179, 180).  Normal gestation is thus associated with tight regulation of the 

intensity of the pro-inflammatory milieu. The local immune system in PE is shifted 

towards a Type 1 (pro-inflammatory) cytokine profile, rather than the normal Type 2 that 

is observed in normotensive pregnancies.  Lymphocytes isolated from PE term decidua 
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have demonstrable increases in capacity to produce Type 1 cytokines relative to those 

from uncomplicated pregnancies (179, 181, 216).  

Studies of peripheral blood lymphocytes and circulating cytokines from normal 

pregnant women indicated that a shift from Type 1 to Type 2 cytokine profile is expected 

in 2nd trimester (11, 179, 180).  It is thought that the Type 2 phenotype maintains healthy 

pregnancy by suppressing an excessive Type 1 response, as Type 2 cytokines inhibit both 

production and functions of Type 1 cytokines.  Peripheral NK cells are thought to be 

critical mediators in the shift from Type 1 to Type 2 and have been found to change 

phenotype earlier in gestation than other lymphocytes (29).  Numerous studies analyzing 

circulating cytokines in 3rd trimester in uncomplicated and PE pregnancies have 

determined striking differences relating to Type 1 and Type 2 balance.  Uncomplicated 

pregnancies have been associated with higher levels of circulating IL4, IL6 and IL10 (11, 

29, 127, 131), while PE pregnancies are consistently associated with higher circulating 

levels of IFNG, TNF-A, IL2, IL12, IL15 and IL16 (18, 40, 91).  Similar results have been 

found using flow cytometric analyses on peripheral blood lymphocyte subsets for 

intracellular cytokines; lymphocytes isolated from normotensive pregnant women 

produce higher levels of Type 2 cytokines, even when stimulated in vitro by phorbol 

myristate acetate (29, 51, 171, 179).  Conversely, in PE gestations, lymphocytes, 

particularly NK cells, are found to produce higher levels of pro-inflammatory cytokines 

such as IFNG and IL2 (29, 51, 171, 179).  T regulatory subsets, which are central to 

directing the cytokine environment, are altered in PE women compared with 

normotensive gestations (182).  The exacerbated inflammation observed both within the 

uterus and systemic circulation of preeclamptic women are hallmark findings and are 
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thought to drive downstream development of endothelial dysfunction and associated 

pathologies. 

1.5.2.2 Angiogenic Factors 

The immune system is extremely dynamic in pregnancy. It acts not only in 

prototypical surveillance, but also in vasculogenesis and angiogenesis.  Within the 

decidualizing endometrium, leukocytes and stromal cells contribute to angiogenic 

processes by secretion of pro-angiogenic factors (84, 111, 117).  Pregnancy-associated 

hormones are the main stimulus of angiogenic factors within the endometrium (5); 

following initial stimulation, the regulatory mechanism is unclear.  Trophoblast and 

placental cells express high levels of angiogenic molecules as well, participating in 

growth of fetal vasculature (102, 103).  The main family of angiogenic molecules 

involved in gestational angiogenesis is the VEGF family.  The VEGF polypeptide family 

has six members (VEGF-A, -B, -C, -D, -E and PGF); VEGF-A, -B, -C and PGF are 

critical for angiogenesis while VEGF-C and –D regulate lymphangiogenesis.  These 

polypeptides exert their actions by binding to one of three tyrosine-like kinase receptors, 

VEGFR-1 (FLT-1), VEGFR-2 (FLK-1) and VEGFR-3 (FLT-4).  VEGF-A is capable of 

binding to VEGFR-1 or -2, while VEGF-B and PGF specifically bind to VEGFR-2.  

VEGFR-3 is specific to lymphangiogenesis, binding VEGF-C and D.  All three receptors 

are capable of alternative splicing, resulting in soluble (s) isoforms.  When soluble, 

VEGF receptors retain their ligand affinity and act as angiogenesis traps, binding 

circulating VEGF and PGF and inactivating its signaling potential.  Thus, s-VEGFRs are 

known as anti-angiogenic molecules.  Imbalances of circulating anti-angiogenic factors, 

such as elevated sFLT-1, are not only found in women with clinical signs of PE, but also 
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have are been measured prior to clinical presentation (134).  The anti-angiogenic status 

prior to observable symptoms underlies development of hypertension and proteinuria, and 

contributes to endothelial dysfunction (134, 145, 206, 229, 230). 

1.5.2.3 Renin-Angiotenin System 

In contrast to previous discussion of normotensive gestations, the vasculature of 

women with PE is sensitive to the actions of the RAS (54).  The basis for this critical 

difference is unknown, but is likely linked to changes induced through systemic 

endothelial dysfunction and inflammation.  Ang II has pleiotropic effects, but primarily 

acts as a potent vasoconstrictor; the action key to blood pressure elevation.  Ang II 

increases sodium retention, further amplifies sympathetic nervous system signaling, and 

prompts aldosterone secretion.  In addition to these effects, with interaction through its 

receptors, Ang II stimulates cell growth through production of growth factors (VEGF and 

epidermal growth factor), particularly of cardiac and endothelial cells, leading to 

hypertrophy.  Reactive oxygen species (ROS) are produced, which further act to produce 

Ang II.  Production of ROS can overwhelm endogenous antioxidant defenses, leading to 

oxidative stress.  ROS have detrimental effects on cell functions; can interfere with gene 

expression and change extracellular matrix components.  Vascular reactivity and growth 

is often altered, as well as expression of surface molecules and signaling enzymes.  ROS 

and Ang II induce expression of several proinflammatory chemoattractants (monocyte 

chemoattractant protein-1 and vascular cell adhesion molecule-1; VCAM-1).  These 

molecules promote migration of leukocytes and inflammation: this upregulates nuclear 

transcription of NF-κB, which is critical for inflammatory processes in leukocytes.  
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1.6 Complications of Pre-Gestational Diabetes 

 Pregnancies complicated by diabetes are at increased risk of fetal/neonatal 

morbidities and mortalities.  These include macrosomia (161, 221), intrauterine growth 

restriction (IUGR) (82), neural tube defects, premature birth and death (221).  Maternal 

risks from pre-gestational diabetes (Type 1 or Type 2) include spontaneous miscarriage, 

worsening of vascular complications (retinopathy, nephropathy, hypertension) (112), 

further impairment of glucose handling (24), pregnancy-induced hypertension and death.  

Diabetes is estimated to increase risk for PE 4-12 fold (62, 161), depending on population 

studied.  Risk for PE in diabetic women is directly related to the severity of vasculopathy 

present; this is typically related to duration of woman’s disease (90).  Interestingly, 

diabetic women with co-morbid vascular disease are more likely to develop PE and have 

IUGR infants than macrosomic infants (82, 90).     

1.7 Physiological Monitoring of Mice during Gestation 

 The advent of miniaturized, surgically implantable radiotelemetry probes suitable 

for chronic hemodynamic monitoring of small laboratory animals has significantly 

advanced physiologic research.  This novel technology, first available from DataSciences 

International (DSI, St. Paul, MI), allows continuous monitoring of multiple hemodynamic 

parameters in conscious, freely moving animals for several weeks or months (38).  Data 

are continuously acquired throughout a 24-hour period without disturbing the animal, 

avoiding stress-induced handling artifacts.  Prior to radiotelemetry, the options for 

measuring blood pressure in rodents involved anesthesia, external catheters or tail-cuff 

plethysmography.  These three methods measure discrete periods of time that do not 

reflect the natural state of the animal.  Tail-cuff plethysmography is used widely in 
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rodents to indirectly measure blood pressure at pre-determined times.  The distinct 

advantage of this method is it is non-invasive and requires restraint only during 

measurement.  Pre-conditioning to acclimatize the animals to restraint and measurement 

is routine to prevent erroneous results.  Tail-cuff is nonetheless highly susceptible to 

stress artifacts, particularly in the case of mice, which exhibit higher blood pressures and 

heart rates via this method (212).  After comparing tail-cuff and radiotelemetry methods, 

Gross et al. have determined that the former method is best reserved for studies expecting 

>20mmHg difference (77).   

Direct blood pressure measurement can be utilized in anesthetized or conscious 

animals by external catheterization.  Anesthesia is typically used because this is a 

terminal procedure, providing acute data.  Anesthetic agents generally depress circulatory 

function.  Duration of anesthesia is also a major contributor to hemodynamic variability; 

without adequate fluid and temperature homeostasis, animals can become rapidly 

unstable, contributing to erroneous results.  While catheterization of arteries in an 

anesthetized animal is a direct method of measuring blood pressure, the results are not 

representative of a conscious, mobile animal.  When using conscious post-surgical 

animals, external catheterization has the advantage of using awake, unrestrained animals, 

however, the design requires handling care to ensure they do not become infected.  The 

external fluid-filled catheters must also be flushed to prevent blood clotting in the line, 

similar to an intravenous line.  Aside from meticulous catheter care, data acquisition 

requires pressure transducers next to the cage if continuous monitoring is needed.  Data 

acquisition is completed while animals are ‘tethered’ (pressure transducer lines running 

from the animal to the outside of the cage), but freely moving.  Comparisons have been 
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made to validate tail-cuff and external catheterization in conscious mice, noting good 

agreement (106): although HR between the two methods was significantly different.  The 

high positive correlation between blood pressure and HR may invalidate the claims made 

by Krege et al.  Because poor correlation between tail-cuff and radiotelemetry is 

established, the relationship of the reliability of external catheterization methods relative 

to radiotelemetry can be challenged.  The accuracy, precision and automation of 

radiotelemetry with return to normal behaviors, truly establish this method as the 

technical ‘gold standard’ (110). 

1.8 Experimental Models of Gestational Complications 

 The complexity of human pregnancy disorders and liabilities for experimental 

therapeutic studies in pregnant women, combined with a desire of patients for a live birth, 

necessitates use of animals to model aspects of pathophysiological processes in human 

pregnancy.  Rodents, such as rats and mice, are ideal choices for due to their short 

gestation, small size, availability of targeted reagents, and our extensive knowledge of 

their genetics.  In particular, inbred rat and mouse strains provide essentially identical 

individuals for control of genetic variability.  They are also available as genetic knock-

outs or inserted with transgenes that have been created specifically for cardiovascular 

(hypertension) research.  For pregnancy-specific applications, rats and mice have short, 

multiparous gestations (21 and 20 days respectively) and hemochorial placentation that is 

similar to humans (178).  However, in mice, trophoblast invasion into the decidua is 

normally relatively shallow compared to rat, penetrating only the distal region of the 

decidua basalis (3).  As previously discussed, uNK cells are largely responsible in mice 

for SA remodeling via cytokine secretion.   
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 A well-studied transgenic rat model of PE utilizes human RAS genes; female rats 

expressing human angiotensinogen are mated to males expressing human renin (27).  

This cross results in pregnant female rats developing hypertension at gd13 with 

proteinuria and fetal losses.  Surviving fetuses are smaller than controls.  Interestingly, 

the mating of the genotypes reversed by sex (RM) does not have these complications.  

Geusens et al. examined histology of late-gestation implantation sites of these dams to 

quantify depth of trophoblast invasion and SA remodeling (68, 69).  Surprisingly, despite 

growth restriction and fetal loss in this model, trophoblast invasion was much deeper into 

the mesometrial triangle than control and RM rats.  Even more surprising, PE rats had 

extensive SA remodeling.  These findings were supported by Doppler ultrasound studies, 

demonstrating decreased resistance in uterine arteries of PE rats compared with control 

and RM rats.  This model was adapted for mice, with similar phenotypic results; 

however, no detailed morphometry is yet reported (195). 

 One of the first studies to experimentally model the immune aspects of PE was 

Zenclussen et al., who injected activated Th1 cells into gd10-12 allogenically-mated 

BALB/c mice (225).  Pre-treated Th1 cells secreted Ifng, Tnfa and Il12, thought to mimic 

the pro-inflammatory state of PE. They found rapid (within two days) onset of 

hypertension and proteinuria in pregnant mice (225).  There were no effects when Th1-

activated cells were administered to non-pregnant females.  Significant renal and 

placental inflammation was found by histopatholgy in Th1-treated pregnant mice, along 

with high fetal loss rates compared with PBS-treated pregnant mice (225).  The authors 

acknowledge this treatment had further adverse reactions in pregnant females; animals 

showed spontaneous labor (numbers not stated) and some were euthanized due to poor 



 20 

condition. The inflammation, hypertension, and adverse fetal outcomes observed in this 

model appear similar to those that follow administration of lipopolysaccharide (189).  

Further, the acute nature of this model does not resemble PE; Th1 cell administration to 

pregnant mice provokes maternal reaction, while PE is a placenta-based pathologic 

process.  The Th1 administration model has only been examined two days post-injection.  

Animals are not observed into late gestation.  It is possible that complete fetal resorption 

and end-organ damage would be seen at later times. 

 Gene expression profiling of PE patients implicated sFLT-1 and sENG in the 

pathogenesis of PE and led to development of novel animal models (134, 206).  Pregnant 

rats were given adenoviral vectors expressing sFlt-1 and/or sEng and studied across 

gestation (100).  Blood pressure was measured under anesthesia via intracarotid 

catheterization.  Pregnant rats expressing sFlt-1 and/or sEng had elevated blood pressure 

and proteinuria compared with adenovector only control pregnant rats (206).  

Unfortunately, non-pregnant animals overexpressing sFlt-1 and/or sEng also become 

hypertensive, calling into question the specificity of this model for pregnancy.  The 

combination of both sFlt-1 and sEng additionally produced HELLP syndrome-like signs; 

low platelets, elevated liver enzymes and growth restricted fetuses.  Free Vegf was 

significantly decreased; thus identifying a suitable therapeutic target.  VEGF121 was given 

subcutaneously to sFlt-1 overexpressing pregnant rats, at a low dose that did not cause 

significant hemodynamic alteration in non-pregnant or control vector-infected pregnant 

rats (118).  VEGF121 treatment normalized PE-like signs of hypertension and proteinuria 

and restored fetal growth (118).    
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A series of studies has been conducted in a different rat model to attempt to 

replicate the placental insufficiency observed in PE: the reduced uterine perfusion 

pressure (RUPP) model (93).  Normal pregnant rats undergo surgery at gd14 to 

significantly restrict arteries supplying the uterus (aorta proximal to internal iliac 

bifurcation and both ovarian arteries).  The vascular clips do not occlude the vessels, but 

limit blood flow, similar to Goldblatt kidney clip procedure to induce renovascular 

hypertension (hypertension of renal origin; secondary hypertension) (72). The RUPP 

model produces hypertension, fetal growth restriction, fetal loss and decreased 

glomerular filtration rates relative to control pregnant rats (7).  In some cases, complete 

litter resorptions are reported, but analyses of these specimens are not included.  The 

RUPP model induces elevated circulating sFlt-1 (70).  Chronic VEGF121 treatment using 

osmotic minipumps during gestation was attempted to rescue the phenotype (71).  As 

demonstrated by Li et al., VEGF treatment of RUPP rats reduced sFlt-1 levels, 

normalized free VEGF, prevented hypertension and fetal complications (71).   

 A mouse model has been used to examine the findings of agonistic auto-

antibodies directed against AT1 (AT1-AA).  AT1-AA isolated from PE women were 

injected into gd13 pregnant mice, which were assessed until gd18 (231).  The pregnant 

mice developed hypertension and proteinuria, which could be abrogated by losartan.  

Control antibodies (isolated from normotensive gestations) had no effect.  Administration 

of AT1-AA to non-pregnant mice gave a similar hypertensive response. 

Merrill and Davisson pioneered use of radiotelemetry for circulatory analyses in 

pregnant mice (38). They have examined BPH/5 mice a mildly hypertensive strain. In 

later pregnancy, BPH/5 mice develop elevated blood pressure. In comparison to controls, 
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pregnant BPH/5 mice had equivalent uNK cell numbers but poor SA remodeling (57). 

BPH/5 placentas were significantly smaller at mid-gestation (i.e. placental insufficiency) 

but normalized by term.  Despite their unusual late placental growth, BPH/5 fetuses were 

growth restricted throughout gestation and litters were smaller than in controls due to 

mid- and late gestation resorptions.  The limitation of this model is that BPH/5 mice have 

significantly higher blood pressure prior to pregnancy relative to controls, representing 

pre-gestational hypertension.   

 Experimental studies of PE involving these and other models have undoubtedly 

furthered the knowledge of the pathogenesis of this enigmatic disease.  However, to date, 

no model has adequately recapitulated all features of PE; this relates to the multifactorial 

nature and unpredictable course of disease progression.  Being a condition that solely 

affects humans, it may not be possible to reproduce in other species.  In order to fully 

comprehend this condition, researchers must be able to dissect the mechanisms, 

contributing to it in vivo. This is best accomplished in animal models.  Based on the 

substantial evidence that immune system dysfunction is central to the pathophysiology of 

PE, I sought to understand immune system functions in hemodynamic regulation during 

pregnancy.  I addressed this in normal mice and in mice with impaired SA remodeling, to 

independently assess whether SA remodeling impacts blood pressure in the absence of 

lymphocytes (Table 1.1 and Figure 1.3).  Knowing that pre-gestational diabetes elevates 

risk for PE and other pregnancy complications, I examined a well-established Type 1 

Diabetic mouse model for complications during pregnancy.  After refining hypotheses, I 

additionally studied two inbred mouse strains with T and B cell deficiencies with 
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different NK cell functionalities.  This thesis establishes that lymphocytes participate in 

circulatory regulation in mouse pregnancy.   
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Table 1.1:  Summary of original expected outcomes in normal and immune-

compromised mice during gestation. 

 Wild-

Type 

(C57Bl6 

& 

BALB/c) 

Alymphoid 

Rag2-/-γc-/-  

 

Normoglycemic 

NOD 

 

Diabetic 

NOD 

 

NOD.scid 

 

Rag2-/- 

 

Immune cell 

phenotype 

T+, B+, 

NK+ 

T-, B-, NK- T+, B+, NK 

impaired 

Autoimmune 

T, B+, NK 

impaired 

T-, B-, NK 

impaired 

T-, B-, 

NK+ 

uNK cells Normal Absent Normal Decreased Normal Normal 

SA 

remodeling 

Complete Incomplete Complete Incomplete Complete Complete 

Placental 

insufficiency/ 

Hypoxia 

None Present None Present None None 

IUGR None Present None Present None None 

Hypertension None Present None Present None None 

Comments   Despite NK cell 

impairment in 

NOD strain, no 

gestational 

effects are 

expected in 

normoglycemic 

females who will 

have insulitis  

Due to T and 

NK cell 

activation in 

active 

diabetic 

mice, PE-

like signs are 

expected 

As with 

disease-free 

NOD mouse, 

no 

abnormalities 

are expected 
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Figure 1.3:  Schematic diagram of study hypotheses. 
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Chapter 2: 

 

Spiral Arterial Remodeling Is Not Essential For Normal Blood Pressure Regulation 

In Pregnant Mice 
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2.1  Abstract 

Maternal cardiovascular adaptations occur in normal pregnancy, systemically and within 

the uterus. In humans, gestational control of blood pressure is clinically important. 

Transient structural remodeling of endometrial spiral arteries normally occurs in human 

and mouse pregnancies. In mice, this is dependent on uterine Natural Killer cell function. 

Using normal and immune deficient mice, we asked whether spiral artery remodeling 

critically regulates gestational mean arterial pressure and/or placental growth.  

Radiotelemetric transmitters were implanted in females and hemodynamic profiles to a 

dietary salt challenge and to pregnancy were assessed. Implantation sites from non-

instrumented females were use for histological morphometry. Both normal and immune 

deficient mice had normal sensitivity to salt and showed similar five-phase gestational 

patterns of mean arterial pressure correlating with stages of placental development, 

regardless of spiral artery modification. After implantation, mean arterial pressure 

declined during the pre-placental phase to reach a mid-gestation nadir. With gestation day 

9 opening of placental circulation, pressure rose, reaching baseline before parturition 

while heart rate dropped. Heart rate stabilized before parturition.  Placental sizes deviated 

during late gestation when growth stopped in normal mice but continued in immune 

deficient mice. As an indication of the potential for abnormal hemodynamics, two 

pregnant females delivering dead offspring developed late gestational hypertension.  This 

study characterizes a dynamic pattern of blood pressure over mouse pregnancy that 

parallels human gestation.  Unexpectedly, these data reveal that spiral artery remodeling 

is not required for normal gestational control of blood pressure or for normal placental 

growth.  
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2.2  Background 

Well defined, systemic cardiovascular adaptations occur during normal 

pregnancy. These include significant increases in heart rate, cardiac output and blood 

volume.  These changes often accompany physiological cardiac hypertrophy, which, in 

non-pregnant individuals, would lead to hypertension. In pregnancy, however, despite 

blood volume gain, mean arterial pressure (MAP) is maintained or declines.  This 

gestational anti-hypertensive mechanism is postulated to involve systemic vasodilation as 

well as transient insensitivity of the vasculature to vasoactive substances (such as 

products of the renin-angiotensin system; RAS).   Hemodynamic alterations occur during 

the 1st trimester of human pregnancy, prior to completion of placental development and 

are thought to be critical for the support of the high metabolic demands of a growing 

fetus (43). 

Regional and local structural changes that ensure adequate perfusion of the early 

maternal-fetal interface are also required for pregnancy success. These are less well 

defined.  In humans, rats and mice, uterine arteries and veins undergo substantial outward 

circumferential remodeling.  Coincidently, the endometrial vascular bed enlarges via 

vasculogenesis and angiogenesis, supporting endometrial decidualization and uterine 

enlargement.  Spiral arteries (SA), the major vessels participating in endometrial 

remodeling at implantation sites, arise from the uterine arteries. SA begin as high-

resistance, low-capacity arteries and remodel to low-resistance, high-capacity venous-like 

structures (166, 226). In women, SA remodeling is initiated by invasive trophoblast and 

uterine Natural Killer (uNK) cells and is completed by mid-gestation  (166, 192).  In 

mice, uNK cells are solely responsible for SA modification (50). UNK cells are a 
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specialized, terminally-differentiated NK cell subset that are poorly cytotoxic but secrete 

large amounts of angiogenic, chemotactic and inflammatory cytokines (84). 

Important human pregnancy complications are linked with inadequate local 

vascular adaptations including fetal loss (196), intrauterine growth restriction, gestational 

hypertension and preeclampsia (PE) (170, 174). We sought to determine the relative 

importance of physiological remodeling of SA on systemic hemodynamics of pregnant 

mice, using continuous assessment by radiotelemetry and on growth of the placenta 

subsequent to SA remodeling.  We compared hemodynamic and placental morphometric 

data from normal mice to NK cell- T cell- B cell- (Rag2-/-γc-/-; immune deficient) mice 

that lack SA remodeling.  Neither gestational hypertension nor deficient placental growth 

was an outcome of impaired SA remodeling.  
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2.3 Methods 

Animals  

C57BL/6J mice (B6) were purchased from the Jackson Laboratory (Bar Harbor, 

ME) and conventionally housed. BALB/cAnNCrl mice (BALB/c) were purchased from 

Charles River Canada (St. Constant, QU) and housed under barrier husbandry. BALB/c-

Rag2-/-γc-/- were bred under barrier husbandry at Queen’s University from pairs 

generously donated by Dr. Mamuro Ito, Central Institute for Experimental Animals, 

Kawasaki, Japan. All mice had free access to food and water and entered studies at 10 

weeks of age.  Animal usage complied with protocols approved by Queen’s University’s 

Animal Care Committee.  

 

Telemetry Implant Surgery and Data Acquisition 

TA11PA-C10 radiotransmitters (Data Sciences International; DSI, St. Paul, MN) 

were implanted via the common carotid, as reported by others (38). Briefly, weighed 

virgin females were anesthetized with isoflurane.  The cervical ventral midline was 

incised (2cm) and the submandibular glands were separated with sterile cotton swabs. 

The left common carotid artery was visualized, retracted and temporarily occluded with a 

microvessel clamp. The artery was punctured with a 26-gauge needle, the catheter tip of 

the transmitter was advanced to the aortic arch using cannulation forceps, and the catheter 

was sutured in place.  A subcutaneous pocket was excavated over the right flank, the 

transmitter body was inserted into this and the incision was closed (4-0 Vicryl). Mice 

were individually housed and received buprenorphine (0.1mg/kg, bid s.c. as required). At 

day 10 after surgery, continuous, 24-hr data collection began using the Dataquest 



 31 

A.R.T.™ Acquisition System (DSI, version 4.1).  Collected parameters were MAP, 

systolic arterial pressure (SAP), diastolic arterial pressure (DAP), heart rate (HR), pulse 

pressure (PP) and activity.  

 

Study Protocol 

Hemodynamic data were collected for 30 seconds every four minutes. For the salt 

challenges, immune competent controls (allogenic B6, n=5; congenic BALB/c, n=4) and 

Rag2-/-γc-/- (n=4) were fed four days each with diets containing normal salt (0.67%), low 

salt (0.43%), high salt (8.5%), then normal salt (Purina, Richmond, IN). Food 

consumption, water intake and body weight were measured daily. Then, females were 

selected for estrus and paired with genetically-matched males for timed matings. No data 

were collected during mating. At copulation plug detection, males were removed and 

pregnancy dated as gestation day (gd) 0.5. Mated females (B6, n=4; BALB/c, n=5; and 

Rag2-/-γc-/-, n=9) were recorded until birth when neonates were removed.  

 

Histology 

For placental morphometry, non-transmitter implanted Rag2-/-γc-/- (n=3/timepoint) 

and immune competent BALB/c (n=3/timepoint) females were deeply anesthetized at 

gd10, gd12, gd14, gd16 and gd18 using tribromoethanol (250mg/kg) prior to euthanasia 

(cervical dislocation) and dissection. For spiral artery morphometry, other gd12 females 

were perfused with 30mL 4% neutral buffered paraformaldehyde (PFA; Sigma-Aldrich, 

Oakville, ON, Canada) with 0.1M sucrose (Sigma) pH7.4. Uteri were removed after 30 

minutes. Tissues were fixed (non-perfused samples) or post-fixed (perfused samples) 6 hr 
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in PFA, rinsed in 70% ethanol, processed automatically into paraffin and embedded using 

routine methods (169). Implantation sites were serial sectioned at 7µm, stained with 

H&E. To estimate placental size, three placentas per dam were scored, 15 sections from 

each placenta; selecting the centre (largest) section and moving outward. SA were scored 

as previously described (36). Lumen diameters (LD) were derived from circumferential 

(C) determinations for each vessel cross-section (LD=C/π).  Wall thicknesses were 

calculated by (wall diameter – LD)/2.  Calculations were made using Zeiss AxioVision 

Software (V4.6, Oberkochen, Germany).  

 

Statistics 

Data were analyzed using Prism 4.03 Statistical Software (GraphPad, San Diego, 

CA), and are presented as means ± SEM.  All hemodynamic data were analyzed using 

24-hr means.  Salt challenge data were analyzed using the lowest day MAP for each 

animal on low salt and the highest day MAP on high salt. Because MAP from gd0-3 was 

stable in preliminary studies, this MAP was averaged to define baseline and each 

subsequent gd was compared to obtain the delta value. Data were analyzed by paired 1-

way repeated measures ANOVA with Dunnett’s post hoc test within strain and 1-way 

ANOVA with Bonferroni’s post hoc test between strains.  When sample sizes were 

unequal, Bartlett’s correction was used.  Morphometric measurements were compared 

between groups using 2-tailed t-tests.  P<0.05 was considered significant. 
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2.4  Results 

Dietary Salt Challenge  

Baseline MAP was not different between B6 (109.1±1.26 mmHg), BALB/c 

(113.0±1.41 mmHg) or Rag2-/-γc-/- mice (116.4±1.28 mmHg).  Dietary salt challenge 

indicated that arterial pressures of unmated females of each genotype were similarly 

sensitive to changes in dietary salt.  All mice showed a decrease in MAP with low salt 

that did not differ between genotypes: B6 -4.8%±0.88 mmHg; BALB/c -4.8%±1.31 

mmHg; Rag2-/-γc-/- -5.7%±1.74 mmHg. Similarly, the three strains exhibited increases in 

MAP with salt loading; B6 8.3%±1.30 mmHg; BALB/c 7.1%±1.95 mmHg; Rag2-/-γc-/- 

4.5%±0.75 mmHg, P>0.05 between strains. The amplitude of change in MAP between 

low and high salt diets was not different between B6 and BALB/c or between the 

genotypes of BALB/c, indicating similar degrees of salt sensitivity: B6 10.2±1.58 mmHg; 

BALB/c 13.3±1.70 mmHg; Rag2-/-γc-/- 11.5±2.18 mmHg.  Further, no hemodynamic 

differences were observed between virgin females of these genotypes in any other 

parameters (SAP, DAP, HR, PP or activity; not shown). 

 

Gestational Studies-Spiral Arterial and Placental Morphometry 

We previously reported that pregnant B6 and BALB/c experience mid-gestational SA 

remodeling whereas B6-Rag2-/-γc-/- do not (13). To confirm that pregnant BALB/c-Rag2-/-

γc-/- lack remodeled SA, gd12 histological studies were undertaken. For remodeled SA in 

BALB/c females, the wall:lumen ratio was nearly half that observed in Rag2-/-γc-/- 

(0.21±0.009 vs. 0.39±0.020, P<0.0001, Figure 2.1A). In BALB/c mice, SA lumens were 

dilated to 90.3±3.57µm (Figure 2.1B) compared to 79.1±2.72µm (P<0.05) in Rag2-/-γc-/- 
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Figure 2.1:  Spiral artery modification in immune competent (white bar; n=3) and Rag2-/-

γc-/- mice (black bar; n=3) at gd12.  A) Spiral artery wall thickness to arterial lumen ratio, 

B) spiral artery lumen diameters and C) spiral artery wall media thickness.  D) Placental 

area over gestation in immune competent (open symbols; n=3 per gestation day) and 

Rag2-/-γc-/- mice (closed symbols; n=3 per gestation day).  Data is presented as mean ± 

SEM. *P<0.05, **P<0.001.   
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mice, (12.4% narrower).  Vessel walls in BALB/c were thin with minimal smooth muscle 

(wall thickness, 10.1±0.40µm; Figure 2.1C) compared with Rag2-/-γc-/-, with thicker 

muscle walls (16.2±0.55µm; P<0.0001) that contained extracellular matrix deposits.  

Based on Poiseuille’s Law (R=1/r4), the impact of the lack of SA remodeling on vascular 

resistance (R) was calculated to be ~1.7 fold greater in Rag2-/-γc-/- SA than in gd-matched 

immune competent BALB/c.   

To determine if differences in SA modification might alter placental growth and 

thus confound our planned hemodynamic study, a time course study of placental cross-

sectional areas was conducted comparing Rag2-/-γc-/- and BALB/c mice.  At gd9-9.5, 

placental development is completed by fusion of the allantois to the chorion (trophoblast 

component), establishing fetal circulation within the placenta.  Thus, mid-sagittal 

placental surface areas were measured from gd10-18 (Figure 2.1D).  In both strains, 

placental growth was equivalent and linear from gd10-14.  At gd16, placental surface 

area was greater in BALB/c than in Rag2-/-γc-/- mice (6.16mm2±0.17 vs. 5.40mm2±0.14; 

P<0.001).  Between gd16-18 BALB/c placentas showed no growth while Rag2-/-γc-/- 

placentas exhibited further growth.  At gd18, BALB/c placentas were smaller than those 

of Rag2-/-γc-/- (5.99mm2±0.29 vs. 7.02mm2±0.26; P<0.01). 

 

MAP Profile of Pregnant Immune Competent Mice with Gestational SA 

Modification 

We employed two strains of immune competent mice; B6 to enable comparisons 

with data published by others and BALB/c, congenic to the experimental immune 

deficient mice. Continuous data collection enabled detection of subtle hemodynamic 
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changes.  Following mating, no difference was detected between pre-pregnancy baseline 

MAP and that of gd0-3 (pre-implantation) for B6 or BALB/c mice.  Thus, a gd0-3 MAP 

was calculated for each group and used as its baseline value for later gestational 

comparisons. For both strains, MAP remained constant until gd5 then declined, reaching 

a nadir at gd9 (Figure 2.2A, B). MAP returned to baseline by gd12 and remained stable 

until peri-partum (gd18+).  Continuous data are only presented to gd18 due to variation 

in the timing of parturition between females. The final day of study that included 

parturition and maternal care until 7AM are presented as (P) in the figures. Statistical 

comparisons are not reported for the 24hr preceding parturition.  MAP values were not 

statistically different between B6 and BALB/c at any gd.  Further, there were no 

statistically significant differences in SAP, DAP, PP, HR and activity between these 

strains (data not shown).  Thus, B6 and BALB/c data were pooled as the immune 

competent control for comparisons with gestational data from the immune deficient mice. 

 

MAP Profile in Pregnant Immune Deficient Mice Lacking SA Modification 

 Pregnant Rag2-/-γc-/- mice exhibited a nearly identical MAP profile to that of 

immune competent mice (Figure 2.2C).  Specifically, in pregnant Rag2-/-γc-/-, MAP was 

stable until gd5, after which a small but statistically significant decline in MAP occurred 

between gd6 and 9 (gd6; -2.04±0.72, gd9; -5.57±0.57, P<0.01).  MAP then increased 

back towards baseline by gd12 and was relatively stable until just before parturition.  No 

statistically significant differences were found in MAP profiles between Rag2-/-γc-/- and 

immune competent mice. 
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Figure 2.2:  ΔMAP and HR of mice across gestation. A) ΔMAP of B6, n=4 and B) 

BALB/c, n=5. C) ΔMAP of immune competent mice (n=9; open circles) and Rag2-/-γc-/- 

mice (n=9; closed circles); D) ΔHR across gestation. No difference observed between 

groups for gd0-3 baseline MAP for BALB/c (113.3±1.19 mmHg), B6 (114.0±3.78 

mmHg) and Rag2-/-γc-/- (112.6±0.90 mmHg) mice or HR for BALB/c (595.1bpm±10.13), 

B6 (596.5bpm±17.05) or Rag2-/-γc-/- (613.4bpm±10.96) mice. Values are represented as 

mean ± SEM of 24hr continuous recordings.  ΦP<0.05 vs. baseline within immune 

competent group, *P<0.05 vs. baseline within Rag2-/-γc-/- group.  
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Heart Rate during Mouse Pregnancy  

Figure 2.2D presents gestational HR profiles for immune competent strains and 

Rag2-/-γc-/- mice.  The HR pattern of pregnant immune competent mice was relatively 

constant to gd4, rose (+25-30bpm) to peak values between gd7-9, then declined until 

parturition.  HR was slightly lower in Rag2-/-γc-/- than in immune competent mice 

(significantly different only at gd7, P<0.05).  Despite this, HR declines similarly in both 

groups beginning at mid-gestation.  This decrease in HR from is -25bpm in both groups 

during late gestation. The decline in Rag2-/-γc-/- HR was significant compared to baseline 

at gd13, 16 and 17 (P<0.05).   

 

Systolic, Diastolic and Pulse Pressures during Mouse Pregnancy  

The general trend of gestational profiles of SAP and DAP in immune competent 

and Rag2-/-γc-/- were similar to MAP (Figure 2.3A, B).  For immune competent mice, 

SAP declined significantly at gd8-9 (-6-7mmHg; P<0.01), but returned to baseline by 

gd12.  Changes in DAP were of less magnitude at these times.  For Rag2-/-γc-/-, SAP 

declined significantly. At gd9 SAP had dropped 6-7 mmHg (P<0.001) while DAP had 

fallen 4.50±0.51 mmHg (P<0.001).  As in immune competent mice, both values returned 

to baseline at gd12.  There were no differences in SAP or DAP between immune 

competent and Rag2-/-γc-/- mice at any time point. 

PP, a more recent predictor of cardiovascular risk, had a similar pattern in immune 

competent and Rag2-/-γc-/- mice (Figure 2.3C).  In general, early gestational PP was 

stable; there was a small, significant decline (2-3 mmHg) between gd8-9, and a  
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Figure 2.3: A) ΔSAP, B) ΔDAP and (C) Δ pulse pressure (PP) of immune competent 

(n=9; open circles) and Rag2-/-γc-/- mice (n=9; closed circles) across gestation.  No 

differences observed for gd0-3 baseline for SAP, DAP or PP between immune competent 

(126.7±2.60 mmHg; 100.0±2.33 mmHg; 26.6±3.24 mmHg) and Rag2-/-γc-/- (127.1±1.28 

mmHg; 97.0±0.98 mmHg; 30.1±1.34 mmHg) mice. Values are represented as mean ± 

SEM of 24hr continuous recordings.  ΦP<0.05 vs. baseline within immune competent 

group, *P<0.05 vs. baseline within Rag2-/-γc-/- group.  
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return to baseline by gd12.  No differences between groups were detected at any time 

point. 

 

Activity during Mouse Gestation  

Others have demonstrated that mutations in the mouse Rag2 gene result in fatigue and 

lower activity than in control animals (73).  In our immune competent mice, activity was 

relatively constant during the gd0-3 baseline then rose to a peak between gd5-7 (Figure 

2.4).  Following this, activity declined slowly, passing baseline at gd12, and reaching a 

statistically significant lower level at gd16-17 (-30%; P<0.05).  This pattern is identical to 

that of HR in immune competent mice, coincident with the timing of increased HR and 

activity.  Rag2-/-γc-/- mice showed less activity early in pregnancy then it declined at a 

similar rate from gd8 as in immune competent mice to reach -40% at gd16-17 (P<0.001).   

 

Reproductive Outcomes and Complications  

Birth data for the animals in this study, including pups found dead, were 4.9±0.7 

Rag2-/-γc-/- pups (15 litters), and 4.6±0.8 BALB/c pups (5 litters), P>0.05.  Rag2-/-γc-/- pup 

weights averaged 1.48g, which is within normal range for congenic pups (currently, no 

comparative syngeneic data exist).  Previous studies report BALB/c pup weights as 1.39g 

for 9 litters (157) and 1.53g for 11 litters (39). 

In addition to surgical and equipment failures, reproductive complications 

occurred in radiotransmitter-implanted females.  As in other mouse populations, some 

females failed to copulate while others failed to conceive after mating. The latter are 

endocrinologically pseudopregnant until day 7 after mating, when estrus returns. The  
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Figure 2.4: Percent change in activity of immune competent (n=9; open circles) and 

Rag2-/-γc-/- mice (n=9; closed circles) across gestation. No gd0-3 baseline activity 

differences observed between immune competent (9.5±1.38) and Rag2-/-γc-/- (11.3±1.22) 

mice. Values are represented as mean ± SEM of 24hr continuous recordings. φP<0.05 vs. 

baseline within immune competent group, *P<0.05 vs. baseline within Rag2-/-γc-/- group.  
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pseudopregnancy MAP profile was compared to pregnant Rag2-/-γc-/- mice to gd11, when 

pseudopregnancy was confirmed by absence of weight gain or palpable fetuses (Figure 

2.5A).  In pseudopregnancy, MAP was stable, suggesting that post-implantation 

conceptuses rather than hormonal changes (i.e. ovarian effects without a conceptus) 

account for the early gestational drop in MAP of pregnant mice (P<0.05).  

Dystocia, the inability to vaginally deliver newborns at term, was seen in two 

radiotransmitter implanted Rag2-/-γc-/- females.  Loss of condition and mobility onset 

acutely at gd16-17. These distressed females were euthanized and examined. The litters 

were 5 and 10 and all fetuses, including the ones entered into the pelvic inlet, were of 

normal size and viable. These females had identical hemodynamic profiles to Rag2-/-γc-/- 

mice with normal pregnancy (Figure 2.5B), suggesting there is no prodromal 

hemodynamic event to dystocia.  

Two additional Rag2-/-γc-/- gave birth to small litters of dead pups. One female 

gave birth to a single stillborn while the other gave birth to one viable and two dead pups. 

MAP profiles for these animals were distinctly different and showed hypertension in later 

gestation (Figure 2.5B).  No etiology for these late gestation deaths was found by 

histological or bacterial analyses (Laboratory Animal Pathology, University of Guelph, 

Guelph, ON). 
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Figure 2.5:  Effect of gestational complications on MAP in radiotransmitter-implanted 

mice compared to Rag2-/-γc-/- pregnant mice with normal outcomes, (n=9; closed circles). 

A) ΔMAP profile of pseudopregnant mice (n=3; open diamonds), B) ΔMAP of mice that 

experienced dystocia beginning at gd16 (n=2; open squares) and mice who gave birth to 

dead pups (open triangles).  Mean ± SEM of 24-hour continuous recordings. †P<0.05 

between groups. 

 

 
A 
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2.5  Discussion 

This study identified a distinct, five-phase pattern of arterial pressure in successful 

pregnancies of two distinct strains of normal, immune competent mice that have SA 

remodeling (Figure 2.6).  Phase I of the pattern had stable arterial pressures with pre-

pregnancy baseline hemodynamic values. This gd0-5 interval is the stage of pre-

implantation development that ends with gd3.75 blastocyst hatching and implantation at 

~gd4.0.  During phase II (gd5-9), maternal MAP declined, corresponding to the interval 

of pre-placental conceptus development.  By this stage, blastocyst trophoectoderm has 

differentiated into the placental primordium called ectoplacental cone and endometrial 

decidualization has occurred on the anti-mesometrial side of the uterus.  Decidualization 

then spreads to the mesometrial side where, at gd6, uNK cells suddenly appear in 

abundance as rapidly dividing cells (159). A decline in MAP during this early post-

implantation/pre-placental stage has not been previously delineated in rodents but is 

known in women (43). Phase III onset at gd9, extended to gd14, and coincided with 

histologically recognized remodeling of SA in immune competent mice. This is also an 

interval of placental growth (28, 80, 232). During Phase III, MAP rose gradually back 

towards the pre-pregnancy baseline while HR declined.  In Phase IV (gd14-18), a time of 

rapid fetal growth after placental maturation, these patterns of change continued at a more 

modest rate (28, 80, 232). Phase V covered the peri-partum interval, which was not 

remarkably distinct (217). Similar profiles were found during radiotelemetry monitored 

2nd pregnancies in study animals (data not shown).   

Unexpectedly, the pattern of gestational MAP in Rag2-/-γc-/- mice, which do not 

undergo SA remodeling, was indistinguishable from normal mice.  Although we  
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Figure 2.6:  Representative profile for mean arterial pressure (MAP) of normal mice 

across gestation showing a 5-phase, placental development related pattern. 
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estimated that the lack of remodeling of individual spiral arteries increased vascular 

resistance in Rag2-/-γc-/- implantation sites by 60% relative to those in normal females, 

pregnant Rag2-/-γc-/- females had no predisposition towards hypertension, placenta growth 

restriction or fetal loss.  This suggests that under normal conditions, the upstream 

maternal vasculature can compensate for inadequate SA remodeling without causing 

placental insufficiency.  This outcome likely results from the absence of lymphocyte 

responses, which, in human placental insufficiency, are thought to promote strong Type 1 

inflammatory responses and cell killing.  While inadequately remodeled SA may be a 

predisposing factor to placental insufficiency, it does not itself trigger hypertension.  Our 

data support a novel distinction between SA remodeling versus placental signals as the 

initiating factor for gestational hypertension.  Placental insufficiency and/or conceptus 

stress signals initiate downstream effectors.  Placental tissues release microparticles, 

angiogenic and vasoactive compounds, chemokines and cytokines (vascular endothelial 

growth factor; VEGF, placental growth factor; PGF, soluble fms-like tyrosine kinase-1; 

sFLT-1), which all act upon the maternal vasculature to restrict the volume of SA flow 

and further exacerbate placental hypoxic and/or reperfusion injury.  This continuing cycle 

is amplified by the maternal immune system until a severe systemic inflammation 

manifests as clinical hypertension and proteinuria.  The importance of circulating 

molecules in PE has been found clinically and experimentally; sFLT-1 is higher in PE 

women prior to clinical signs and it induces PE-like symptoms in rodent models (100, 

115). Many uterine cell types express angiogenic and hemodynamic molecules, including 

human and murine uNK cells. Thus, we expect differences the angiogenic environment of 

implantation sites in pregnant Rag2-/-γc-/- compared with controls  (decreased PGF and 
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VEGF due to lack of uNK cells and a possible relative elevation in sFlt-1 due to 

decreased ligand availability) (197, 209). These factors were not assayed in this study, as 

no differences in primary outcomes (hypertension or placental insufficiency) were 

detected between strains. 

Pregnant Rag2-/-γc-/- females must utilize as yet unknown adaptive responses 

including alterations in circulatory control pathways or vasculogenesis to provide 

adequate placental perfusion and conceptus growth.  These adaptations may involve 

systemic changes including increased vasodilatory capacity, particularly of the 

vasculature upstream of the uterine vascular bed.  This would permit decreased arterial 

resistance upstream of non-remodeled SA.  We postulate that due to immune deficiency, 

Rag2-/-γc-/- mice do not have damaging responses to hypoxia or oxidative stress and thus 

retain greater organ and endothelial cell function during pregnancy.  Studies are in 

progress to validate these concepts using micro-ultrasonography and 

immunohistochemical detection of tissue oxygenation.  The as yet undefined, 

lymphocyte-independent adaptive responses of pregnancy must be highly successful 

because the sizes of the placentae of Rag2-/-γc-/- fetuses just prior to birth exceeded those 

of gd-matched congenic fetuses and Rag2-/-γc-/- pups had no evidence of growth 

restriction.   

Chapman et al. monitored hemodynamic parameters of healthy cycling women 

who became pregnant and reported several 1st trimester time points.  They found a 

decline in gestational MAP earlier than had been previously appreciated (43). A nadir in 

MAP occurred at 8 weeks, prior to opening of the placental circulation (37). Arterial 

pressure in women remained low at 12 weeks, when the uteroplacental circulation opens, 
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then increased but remained below or near baseline.  This pattern is similar to what we 

describe here in mice and supports the hypothesis that in both species, the hemodynamic 

changes in pregnancy are integrated temporally with specific events in placental 

development (177). We postulate that in both women and mice, systemic blood pressure 

drops prior to opening of the uteroplacental circulation to enhance local hypotension and 

protect fragile new developing decidual capillaries, vascular structures and nascent fetal 

villi.  When the placental circulation opens, the maternal vessels are mature and the 

placental tissue has matured to withstand higher pressures and makes greater metabolic 

demand. During late gestation, when placental blood flow is high, minor variation is seen 

in MAP between groups (~gd14-term).  This variation, which is not marked, may be due 

to differences in placental growth and metabolic demand. The concept that placental 

development regulates gestational MAP is further supported by the stable profiles 

obtained from mated females that did not conceive. This observation shows hormones do 

not trigger the early drop in gestational MAP but does not assess the role of endometrial 

decidualization.   

Others have examined the patterns of MAP during rodent pregnancy.  Gestational 

hemodynamic data from radiotelemetric studies have been reported for normal rats (33, 

53) and normal B6 mice (52, 89) but none of these publications provide fully 

characterized hemodynamic profiles for normal animals, particularly using continuous 

radiotelemetry.  Nishizawa et al. compared SAP and DAP using indirect tail-cuff 

measures between syngenically (B6 x B6) and allogeneically mated (B6 x BALB/c) mice 

from gd7-17. Their control groups that received twice daily placebo injections from gd6 

showed drops in pressures between gd7 and gd10 followed by rebound to baseline for 
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both groups and continued to decline for DAP in the syngeneically-mated group.  

However, these changes were not indicated as significantly different (146). Zenclussen et 

al. employed tail-cuff recording on alternate days in a study of BALB/c mice receiving 

transfers of either unstimulated or Type 1 cytokine-activated T cells (225). In non-

pregnant females, neither treatment altered MAP.  In pregnant females receiving non-

activated cells, MAP was reported as stable between mating and gd14. In contrast, 

females receiving cytokine activated (i.e. non-antigen specific) T cells at gd9 and gd12 

increased MAP by 93 mmHg at gd13 and almost half of the fetuses were resorbing. Our 

studies reveal that the fetal loss induced in this model complicates the resolution of 

immune from non-immune mediated effects on MAP.  Our finding that two Rag2-/-γc-/- 

females became hypertensive prior to delivering small litters of dead pups implies that 

resorbing/dead fetuses may have a dramatic effect on MAP as early as mid-gestation.  

This finding again implies that conceptus tissue affects maternal hemodynamic control 

during pregnancy.  

Because there is limited pathology subsequent to the deficit in SA modification 

and normal blood pressure regulation in Rag2-/-γc-/- pregnancy, a central role for the 

maternal immune system in the pathogenesis of PE can be postulated.  Lymphocytes, 

through expression of a functional RAS, have been linked with generation of 

hypertension in non-pregnant rodents and humans. Human T and NK cells proliferate in 

vitro and modulate their cytokine production response to Ang II. In contrast, animal 

studies have addressed effects from T and B cell but not NK cell deficiencies (97). For 

example, in radiotelemetric studies of male Rag-1-/- mice (T-, B-, NK+), Guzik et al. 

found absence of T cells blunted the ability to induce hypertension by challenge with Ang 
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II or dietary salt.  Adoptive transfer of purified T cells but not B cells restored the Ang II 

response (81). The T cells’ role was attributed to production of Tnfa.  The recent 

development of a genetically-defined T+, B+, NK- mouse will now permit similar studies 

addressing the functional roles of the RAS in NK cells (67). However, it is predicted from 

our experiments that immune responses to placental signals are critical amplifiers of 

pathogenic processes leading to pregnancy complications. 

 

2.6  Perspectives 

  Our overall definition of the gestational pattern of MAP in normal mice and its 

linkage to stages of placental development is the major contribution of this study. By 

focusing on changes in human gestational MAP at times of specific developmental events 

(such as presence or absence of change in MAP at the time of opening of the placental 

circulation, or days or rate of gain to achieve pre-pregnancy baseline MAP), it may be 

possible to more specifically identify the time at which a developmental programming 

errors onset that then trigger clinically significant complications. This temporal 

characterization should also aid in identification of causation. We also provide clear 

evidence that normal SA remodeling is not essential for normal pregnancy outcomes in 

mice. Further, we have provided the pregnant Rag2-/-γc-/- mouse as a hemodynamically, 

well-defined animal platform lacking SA remodeling but having normal placental growth. 

This makes it an ideal animal for subsequent reconstruction studies in which specific 

molecules, such as Tnfa, sFlt-1, PGF or the AT1 agonist antibodies, molecules that are 

postulated to have major roles in pregnancy complications, can be independently and 

incrementally assessed for induction of hypertension, placental pathology and fetal loss 
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(53). This platform also potentially permits assessment of highly targeted therapeutic 

approaches. 
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Chapter 3: 

Aberrant Endometrial Features of Pregnancy in Diabetic NOD Mice 
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3.1 Abstract  

Objective:  Pregnancies in diabetic women are at 4-12 more risk for pre-eclampsia, an 

urgent, acute onset complication of mid to late gestation, than pregnancies in normal 

women. Hallmarks of pre-eclampsia are hypertension, proteinuria and incomplete 

modification of endometrial spiral arteries. Transient, pro-angiogenic lymphocytes called 

uterine Natural Killer (uNK) cells are implicated in human and rodent spiral artery 

modification. We studied mid to late gestations in spontaneously type 1 diabetic NOD 

mice to ask if diabetes alters uNK cell homing and/or function.  

Research design and method:  Normoglycemic, prediabetic and diabetic NOD mice and 

controls were mated. Lymphocytes and endometrial endothelium and decidua were 

studied histologically and in functional assays. 

Results: Conception accelerated progression to overt diabetes in NOD females who had 

limited spiral artery development, heavier placentae and lighter fetuses displaying 

numerous birth defects compared with controls. UNK cell numbers were reduced in the 

decidua basalis of diabetic females while interferon-γ production was elevated. In 

diabetic NOD mice, decidual expression of the endothelial cell addressin MAdCAM-1 

was aberrant in position while VCAM-1 expression was reduced. Assays of lymphocyte 

adhesion to tissue sections under shear forces indicated that diabetes compromises the 

potential homing functions of both endometrial endothelium and peripheral NK cells. 

Conclusions: In diabetes, gestational endometrium has immune and vascular defects that 

likely to contribute to murine fetal loss and birth defects. Analogous problems and pre-

eclampsia in diabetic women may involve similar mechanisms.  
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3.2  Background 

The NOD mouse is a well-characterized model of type 1 diabetes  (reviewed in (113)).  

NOD mice develop spontaneous, T-cell mediated autoimmune insulitis, followed by 

diabetes that is clinically and genetically similar to human disease (reviewed in (214, 

215)). Disease progression is associated with a gain in islet expression of leukocyte 

homing molecules such as mucosal vascular addressin cell adhesion molecule 1 

(MAdCAM-1) and vascular cell adhesion molecule 1 (VCAM-1) (85). Immune 

dysfunctions in NOD mice include altered regulatory T cells (4, 186, 218) and functional 

as well as numerical deficits in NK and NKT cells (83, 168).  Despite a wealth of 

information on NOD mice, study of their reproductive biology is limited.  Fetal 

consequences of maternal diabetes are described.  These include death, birth defects, and 

potential for early development of type 2 diabetes in offspring (140, 141, 153).  While 

normoglycemic NOD mice are excellent breeders (113), features of mid-gestation 

implantation sites in overtly diabetic mice are unknown.   

Human pregnancies complicated by diabetes have a three to nine-fold increased 

risk of fetal/neonatal morbidity and mortality (221). These risks include death, 

intrauterine growth restriction (IUGR), neural tube defects, premature birth, and 

macrosomia (49).  Risks are reduced but not eliminated by optimal maternal glycemic 

control, indicating a complex etiology.  Histologically, placentae from diabetic women 

show evidence of hypoxia (increased nucleated fetal red blood cells), and immature villi 

with increased fibrinoid deposition (63).  The supporting maternal vasculature is 

increased in length (133), but shows wall hyperplasia with lumen stenosis (133) and 

incomplete spiral artery modification (95).   Diabetes increases the risk of pre-eclampsia 
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(PE), a serious complication of pregnancy of unknown etiology, 12-fold (62).  PE 

presents as hypertension and proteinuria and, without intervention, can develop into 

HELLP syndrome (hemolysis, elevated liver enzymes, and low platelets) and eclampsia 

(convulsions). HELLP syndrome has significant maternal morbidity and mortality.  

Currently, the only successful treatment for PE is delivery of the placenta.   PE is a 

multifactorial disease with immune, genetic, and environmental contributions.  

Histologically, hallmarks of PE are poor placentation, with hypoxic signs, and incomplete 

spiral artery modification (208).   

Uterine Natural Killer (uNK) cells are a terminally differented NK cell subset that 

proliferate in the uteri of many species early in pregnancy (50). Functions of uNK cells 

are still under investigation, but include production of angiogenic factors (84, 117).  In 

mice, uNK cell-derived interferon-gamma (Ifng) is the established initiator of gestational 

spiral artery modification. The structural changes called, “spiral artery modification”, 

create large volume, low pressure vessels feeding into placentae.  These changes are 

completed histologically in mice by midpregnancy (gestation day (gd)10 of 19-20 day 

term (75)).  Transplantable uNK progenitor cells are not found in mouse uteri, but occur 

in all peripheral lymphoid tissues (42). Although hematopoeitic stem cells occur in 

human uteri (126), in vitro assays show that human CD56bright blood NK cells, the minor 

blood NK cell type, gain in functional interactions with endothelium of the decidua 

basalis at the pre-ovulatory menstrual cycle surge in luteinizing hormone (LH). This gain 

in potential for NK cell egress into decidua predicts uterine receptivity for transferred 

embryos (201) and is consistent with the dominance of CD56bright NK cell subset in 

decidua (101).  
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Diabetes is associated with defects in NK cell function and alterations in 

lymphocyte chemotaxis. We hypothesized that the incomplete spiral arterial remodeling 

of diabetic human pregnancies is due, at least in part, to decoy homing of uNK cells to 

the inflamed pancreas and/or reduced uNK cell function.  The goal of this study was to 

characterize implantation sites in normoglycemic, prediabetic and diabetic NOD mice at 

mid-gestation.  
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3.3  Methods  

Mice.  NOD/LtJ, NOD.CB17-Prkdcscid/J (NOD.scid), C56Bl/6J (B6), and FVB/NJ (FVB) 

male and female mice were purchased from The Jackson Laboratory (Bar Harbor, ME). 

C57BL/6N (B6) mice and BALB/c mice were purchased from Taconic Farms, Inc. 

(Germantown, NY).  NOD and NOD.scid mice were housed in a barrier facility; B6 and 

FVB mice were housed conventionally.  From nine weeks of age, NOD mice were 

monitored weekly for hyperglycemia using tail venipuncture and One Touch Ultra 

Glucose meter and strips (LifeScan, Burnaby, BC).  NOD mice were classified as 

normoglycemic (<11 mmol/L), prediabetic (11.1-14.9 mmol/L), and diabetic (≥15 

mmol/L on sequential measurements).  Experimental design precluded developing a 

diabetes incidence curve for females in our NOD colony.  The diabetes incidence for 

males was >50% at 30 weeks of age (n=8), consistent with published work (113).   

Female NOD and NOD.scid mice with known blood glucose were paired with 

normoglycemic NOD males to obtain pregnancies. Copulation plug detection was named 

gd0. Gd-matched pregnancies in syngeneically mated B6, NOD.scid, FVB and BALB/c 

mice were used as controls. Mice were sacrificed at gd6 and 8 for immunohistochemistry, 

gd7 for adhesion assays or gd10 for morphometric analyses and quantification of Ifng.  

Peri-partum placentae and offspring were weighed. 

Avertin-anaesthetized mice were euthanized by cervical dislocation.  For 

histology, pancreas and uterus were dissected and fixed in fresh 4% neutral buffered 

paraformaldehyde (PFA) (Sigma-Aldrich, Oakville, ON). For adhesion assays, these 

tissues plus multiple peripheral lymph nodes (LN; cervical, submandibular, axial, 

mesenteric, iliac, superficial inguinal, and popliteal) were dissected, embedded in 
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cryomatrix (Shandon Cryomatrix, Thermo Fisher Scientific, Inc. Waltham, MA) and 

snap-frozen in liquid nitrogen. All animal usage complied with protocols approved by 

Queen’s University’s Animal Care Committee. 

 

Histology  

Morphometry.  PFA-fixed implantation sites were processed using an automatic tissue 

processor (Triangle Biomedical Sciences, Inc, Durham, NC) and paraffin embedded 

using standard methods (169). For each group, three implantation sites from three dams 

were serial sectioned at 7µm.  At least 77 sections were cut at the centre of each 

implantation site and mounted to glass slides. Alternate slides were stained with H&E for 

vessel morphometry, or Periodic Acid Schiff (PAS) reagent for uNK cell ennumeration.  

Eleven sections, at least 42µm apart (to avoid duplicate enumeration of uNK cells), were 

scored per implantation site. UNK cells were enumerated within a standardized surface 

area in each of decidua basalis and mesometrial lymphoid aggregate of pregnancy 

(MLAp), a transient lymphoid structure between the circular and longitudinal smooth 

muscle coats of the uterus. Spiral artery wall and lumen diameters were measured and 

expressed as wall to lumen diameter ratios. When present in the tissue, three spiral artery 

cross sections were measured on each of the eleven sections from each implantation site.  

All analyses were performed using an AxioImager M.1 microscope and Axiovision 

software (Carl Zeiss, Oberkochen, Germany).  

 
Immunohistochemistry.  Indirect antibody staining was performed for peripheral lymph 

node addressin (PNAd), MAdCAM-1 and VCAM-1 on paraffin-embedded sections of 

pancreas and uterus from virgin, gd6, or gd8 normoglycemic NOD mice, diabetic NOD 
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mice and B6 mice. Three viable implantation sites and six representative sections per 

antibody were used, plus isotype controls.  Sections were deparaffinized, followed by 

antigen retrieval for MAdCAM-1 and VCAM-1 (citrate buffer and Proteinase K methods, 

respectively).  Endogenous peroxidase was quenched with 0.3% H202 (30 min), followed 

by blocking with 10% normal rabbit serum in 1% BSA (1h).  Primary antibodies were 

incubated overnight at 4°C (biotinylated rat anti-mouse PNAd, 1:100, MECA-79, 

Biolegend, San Diego, CA; LEAF™-purified rat anti-mouse MAdCAM-1, 1:100, MECA-

367, Biolegend; rat anti-mouse VCAM-1, 1:20, MK-2, Antigenix America, Huntington 

Station, NY).  MAdCAM-1 and VCAM-1 sections were incubated with rabbit anti-rat 

IgG biotinylated secondary antibody (1:100, Vector Labs, Burlingame, CA) (30 min).  

All sections were subjected to amplification with Vectastain® Elite ABC kit (Vector 

Labs), and diaminobenzidine substrate for visualization.  

 

Lymphocyte adhesion to frozen tissue under shear forces.  12µm cryostat sections of 

substrate tissue (mouse LN, pancreas, and gd7 uterus) were cut immediately before use in 

the modified Stamper-Woodruff adhesion assay. Two sources of indicator lymphocytes 

were used; human peripheral blood lymphocytes (PBL) or mouse splenocytes. Human 

blood in ACD anticoagulant (BD Biosciences, San Jose, CA) was provided by a healthy, 

nulliparous, non-cycling adult female using depot-medroxyprogesterone acetate 

contraception. This donor had normal random and fasting blood glucose, insulin, and 

lipid profiles.  PBL were isolated as previously described (42, 211), adjusted to 5x106 

cells/µL in serum-free RPMI, and incubated with anti-CD56 mAb (1:100, Coulter 

Immunology, Hialeah, FL).  
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 Mouse splenocytes were dissociated mechanically, erythrocytes were lysed and 

lymphocytes were harvested following centrifugation over Lympholyte-M® (Cedarlane 

Laboratories, Burlington, ON). Aliquots of 5x106 cells/µL in RPMI, and labeled with 

either anti-CD49b mAb (DX5, 1:100, eBioscience, San Diego, CA) or CellTracker Blue 

CMAC (Molecular Probes from Invitrogen, Burlington, ON), a fluorescent intravital dye 

without effects on adhesive function (219).  

To assess changes in endothelial cell function induced by diabetes, aliquots of PE-

Cy5-CD56 labeled human PBL were overlaid onto sections of normoglycemic or diabetic 

NOD pancreas, LN, or gd7 uterus or matched B6 tissues on a rotating table (112 rpm) 

and incubated (30 min, 4°C).  Non-adherent cells were removed by dipping the slides into 

PBS; slides were then fixed (4% PFA, 30 min), rinsed (PBS then dH2O) and mounted.  

Fluorescent adherent cells were scored in 25 high power fields (HPF)/specimen at 400x 

magnification.  

To assess changes in lymphocyte function with progression to diabetes, B6 

substrate tissues were incubated with splenocytes from normoglycemic or diabetic NOD 

mice, or B6 mice. The experiment was conducted as above. 

 

Ifng quantification.  Uteri were collected from virgin or gd10 normoglycemic, 

prediabetic or diabetic NOD mice and from a gd10 BALB/c mouse. The MLAp and 

decidua basalis were dissected from healthy implantation sites; each was pooled by uterus 

in a microcentrifuge tube containing 100µL RPMI, and homogenized by Kontes 

micropestle (Fisher Scientific Inc. Waltham, MA). Mesometrial tissue was dissected from 

virgin mice and handled similarly. Following centrifugation (800g; 5 min), supernatants 
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were collected and stored at -20°C until assayed for Ifng by ELISA as previously 

described (15).The limit of detection of this assay was 0.01 IU Ifng. 

 

Statistical analysis.  Data were analyzed using Prism 4.03 Statistical Software package 

(GraphPad, Inc., San Diego, CA), and are presented as mean ± SEM.   Blood glucose 

values were analyzed by repeated measures ANOVA, followed by both linear trend and 

Bonferroni’s Test.   Fetal and placental weights were analyzed by independent 1-tailed t-

tests.  Resorption rates, MLAp uNK counts, spiral artery lumen diameters and adhesion 

assays were analyzed using ANOVA with Bonferroni’s post-test.  Kruskal-Wallis tests 

were used to analyze uNK counts within the decidua basalis, Ifng quantification and 

spiral artery wall:lumen ratios, followed by Dunn’s post-test.  A p-value of <0.05 was 

considered statistically significant. 
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3.4 Results 

Pregnancy accelerates progression to overt diabetes.  Pregnant mammals develop mild 

glucose intolerance at mid-gestation to elevate fetal glucose availability.  In normal mice, 

blood glucose increases at gd4.5 (124).  All pregnant NOD mice (normoglycemic, n=5; 

prediabetic, n=7; diabetic, n=7) displayed significant increases in blood glucose from 

their individual baselines (three prior measurements; Figure 3.1), p<0.005.  Mean gd10 

blood glucose values were significantly increased only in overtly diabetic mice 

(19.30±4.35mmol/L vs. normoglycemic, 6.89±0.89mmol/L and prediabetic, 

7.95±1.70mmol/L) prior to mating (p<0.005). 

   

Fetal outcomes during diabetic pregnancy.  The impact of diabetes on NOD fetuses 

was scored grossly (Table 3.1). Diabetic mice (n=4) had significantly more resorption 

sites than normoglycemic (n=3), prediabetic (n=6), and NOD.scid (n=3) mice at gd10 

(p=0.021). However, gross study underestimated losses in diabetic NOD mice since 

additional resorptions were found histologically.  Weights of gd18 fetuses and placentas 

from one overtly diabetic NOD dam (n=1) were compared to fetal weights from FVB 

dams (n=3). NOD placental weight was significantly greater than FVB placental weight 

(0.13±0.0080g vs. 0.086±0.0031g, p<0.0001).  Although NOD placental weights were 

greater, morphometry revealed a smaller, more compact placental area than FVB 

placentae (data not shown).   

Fetuses from the diabetic NOD dam were smaller than those from FVB dams 

(0.98±0.065g vs.1.22±0.068g, p<0.05). FVB fetuses included one very underweight fetus 

that had no gross abnormalities and another fetus with agnathia.  In contrast, NOD fetuses  
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Figure 3.1:  Blood glucose values of mated NOD mice.  Mice were classified as 

normoglycemic (n=5; squares; <11 mmol/L), prediabetic (n=7; triangles; >11.1 – 14.9 

mmol/L), or diabetic (n=7; diamonds; >15 mmol/L) based on values measured at gd10.  

Pregnancy elevated blood glucose values in all animals with the largest increase in 

diabetic mice before conception.  Diabetic NOD mice showed an increase in blood 

glucose from three previous measurements (p<0.005). 
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Table 3.1:  Fetal loss rate in NOD mice.   

  Blood glucose at gd10 # Dams Total embyos % Resorption 

NOD.scid 9.6 3 31 6.3 

Normoglycemic NOD 10.2 3 32 4.0 

Prediabetic NOD 13.3 6 71 9.5 

Diabetic NOD 26.9** 4 40 30.3* 

*p=0.021, **p<0.0005 compared to prediabetic, normoglycemic, and NOD.scid mice. 
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had gross neural tube defects (spina bifida and exencephaly, n=3), and growth restriction 

(Figure 3.2).  Further necropsy revealed additional defects including situs inversus, 

diaphragmatic hernia, agnathia, anopthalmia, cardiac hypertrophy, pancreatic 

hyperplasia, asplenia and an occult spina bifida. Each NOD fetus had at least one defect, 

while most, as reported by others (140, 141), had multiple defects.  

  

UNK cells in NOD pregnancy.  In NOD.scid (n=3) and normoglycemic NOD mice 

(n=3), uNK cell numbers in the MLAp (site of most uNK cell proliferation) and decidua 

basalis (site dominated by post-mitotic uNK cells) were consistent with published 

numbers in normal mice (60).  Prediabetic (n=3) and diabetic NOD mice (n=3) had 

reduced uNK cell numbers in the MLAp (81.9±1.18; 80.8±1.02) compared to NOD.scid 

mice (87.5±2.22), p<0.05, Figure 3.3.  Diabetic NOD mice had drastically reduced 

decidual uNK numbers compared to all other groups (26.1±0.67), p<0.001.  Decidual 

uNK cells were small and had with limited cytoplasmic granularity, suggesting 

immaturity.   

To further assess uNK cell function in NOD mouse implantation sites, Ifng was 

quantified in the MLAp and decidua basalis.  Gd10 BALB/c (n=1) MLAp and decidua 

basalis were positive controls, and Ifng concentrations matched a previous report for 

immune-competent mice (9.04 and 12.92, respectively) (15).  Mesometrial uterus from 

virgin, normoglycemic NOD (n=1) mouse lacked Ifng, a finding typical of virgin uteri 

from normal mice.  Ifng concentrations in decidua basalis and MLAp from 

normoglycemic (n=3) and prediabetic NOD (n=3) mice did not differ.  However, Ifng 

concentration within the decidua basalis of diabetic NOD mice (n=3) was significantly 
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Figure 3.2:  Litter of gd18 fetuses born to overtly diabetic NOD dam.  Three neural tube 

defects (*) and widely variable fetal size were noted.  At necropsy only 50% had the 

potential to survive; all exhibited congenital defects.

* * * 
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Figure 3.3:  UNK cell counts within the A) mesometrial lymphoid aggregate of 

pregnancy (MLAp) and B) decidua basalis of NOD.scid, normoglycemic, prediabetic and 

diabetic NOD implantation sites.  *p<0.05 compared to NOD.scid implantation sites.  

**p<0.001 compared to normoglycemic and prediabetic NOD implantation sites.  Data 

are mean ± SEM from n=3 mice per group (3 viable implantation sites per mouse).  
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higher than in decidua basalis from normoglycemic NOD mice (34.01±4.47 vs. 

9.35±3.74, p<0.05).  No difference in Ifng concentration within the MLAp was found 

between normoglycemic NOD, prediabetic NOD, and diabetic NOD mice.  

 

Spiral artery modification in diabetic NOD mice.  Fewer spiral arteries were found in 

implantation sites from prediabetic (n=3) and diabetic NOD (n=3) mice than in 

normoglycemic NOD (n=3) or NOD.scid mice (n=3). Spiral artery lumen diameters 

shortened as blood glucose increased. For arteries in prediabetic (26.45±0.62µm) and 

diabetic dams (23.36±0.57µm), values were statistically different compared with 

normoglycemic NOD (36.82±1.04µm) or NOD.scid mice (34.43±0.81µm), p<0.001 

(Figure 3.4A).  Spiral arterial wall:lumen diameter ratios for normoglycemic NOD mice 

and NOD.scid mice were greater than reported for B6 mice (13).  This may indicate a 

basal arterial defect in the NOD strain.  Spiral arteries from prediabetic (3.33±0.092) and 

diabetic NOD mice (3.82±0.11) had even greater wall:lumen ratios than normoglycemic 

NOD (2.39±0.058) and NOD.scid mice (1.82±0.044), suggesting progressive loss of 

capacity for spiral artery modification with increasing hyperglycemia, p<0.01 (Figure 

3.4B).   

 
Localization of endothelial cell addressins.  To determine if decidua basalis of diabetic 

NOD mice expressed addressins aberrantly, PNAd, MAdCAM-1, and VCAM-1 were 

localized at gd6 and gd8. PNAd was not significantly detected in any implantation sites. 

MAdCAM-1 was localized to the lateral sinusoids in B6 (n=3) while, in NOD mice 

(n=3), reactivity was found in anti-mesometrial decidua.  VCAM-1 was strongly 

expressed in the central decidua, mesometrial and anti-mesometrial decidua of B6 mice 
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Figure 3.4:  A) Spiral artery lumen diameter (µm) in NOD.scid, normoglycemic, 

prediabetic, and diabetic NOD mice at gd10.  B) Wall:lumen ratios of spiral arteries in 

NOD.scid, normoglycemic, prediabetic, and diabetic implantation sites.  All groups are 

significantly different, p<0.05, except for NOD.scid vs. normoglycemic NOD mice.  Data 

are mean ± SEM from n=3 mice per group (3 viable implantation sites per mouse). 
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(Figure 3.5A).  VCAM-1 was similarly localized in NOD mice, but staining intensity 

was weaker (Figure 3.5B).    

 PNAd, MAdCAM-1, and VCAM-1 expression was absent from pancreatic islets 

from pregnant B6 mice (Figure 3.5C).  Moderate expression of PNAd, MAdCAM-1, and 

VCAM-1 was observed in islets from pregnant normoglycemic NOD mice. These 

molecules were strongly expressed in some of the islets remaining in pregnant diabetic 

NOD mice (Figure 3.5D).  

 

Endothelial cell function in NOD uterus and pancreas.  To assess endothelial homing 

receptor function, CD56-tagged indicator lymphocytes were evaluated for adhesion to 

various tissues. Adhesion to LN was used as a positive control and was similar for 

normoglycemic NOD (n=8), diabetic NOD (n=10) and B6 (n=6) substrates (Figure 3.6). 

Adhesion to diabetic NOD pancreas (5.28±1.03 cells/HPF) was greater than to B6 

pancreas (1.58±0.19 cells/HPF), p<0.05. Low adhesion to B6 pancreas is consistent with 

published data. Adhesion to B6 uterus was localized to decidua basalis and low, 

concurring with previous reports for donors not at the ovulatory stage of their menstrual 

cycle (202).   Adhesion to normoglycemic NOD uterus (13.9±3.3 cells/HPF) was greater 

than to diabetic NOD (6.7±0.50 cells/HPF) or B6 uterus (3.46±0.54 cells/HPF), p<0.05.  

CD56+ cells showed less localized binding to decidua basalis in decidual sections from 

diabetic NOD mice; cells bound to uterine glands, antimesometrial decidua, and 

myometrium.  Comparisons to controls used only cells bound to decidua basalis.   
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Figure 3.5:  Representative VCAM-1 staining in gd8 mouse tissues.  Endothelium in 

vessels of decidua basalis consistently appeared more reactive in B6 mice (arrow) A), 

than in diabetic NOD mice (arrow) B).  Pancreatic islets of B6 mice were unreactive C), 

but were strongly reactive in diabetic NOD mice (arrow) D).  The latter showed 

leukocyte infiltration (arrowhead), consistent with insulitis observed in overt diabetes.  

Tissues illustrated are from paired single donors.  Counterstained with Hematoxylin.  Bar 

= 20µm. 
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Figure 3.6:  Human CD56+ cells bound to peripheral lymph node (LN) from B6, 

normoglycemic NOD, prediabetic NOD, or diabetic NOD mice per high-powered field 

(400x magnification).  Data are presented from replicate experiments using the same 

blood donor.   *p<0.05 vs. B6, **p<0.05 vs. B6 and diabetic NOD mice. 
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NOD lymphocyte recognition of vascular addressins.  Fluorescently tagged splenic 

NK cells from diabetic NOD mice (n=2) showed significantly more adhesion to normal 

B6 (n=2) peripheral LN (6.28±0.24 vs. 3.46±0.38 cells/HPF), p<0.05 (Figure 3.7A). 

Adhesion of splenic NK cells from NOD mice (diabetic NOD, 4.80±0.0050; 

normoglycemic NOD, 3.39±0.43 cells/HPF) to B6 pancreatic endothelium, regardless of 

blood glucose, was increased over NK cells from B6 mice (1.84±0.0040 cells/HPF), 

p<0.05.  There were no differences between the three splenic NK cell populations in 

adhesion to gd7 B6 uterus. 

 In these experiments, total (CMAC-stained) splenocyte binding was enumerated 

on adjacent tissue sections to enable calculation of NK cell enrichment (Figure 3.7B). 

About 10% of the splenocytes from B6 and normoglycemic NOD mice adhering to B6 

LN and pancreas were DX5+ NK cells. In diabetic NOD mice, the proportional binding 

of NK cells increased to B6 LN (30.7±4.27%), and was significant in pancreas 

(51.5±18.1%), p<0.05.  The proportion of DX5+ B6 splenocytes binding to B6 uterine 

endothelium was high (67.0±0.88%).  This proportion was lower for splenocytes from 

normoglycemic NOD mice (33.4±9.12%) and was significantly different for diabetic 

NOD mice (27.1±2.81%), (p<0.05).  This suggests that NK cells from diabetic mice are 

reduced in ability to engage with uterine endothelium for extravasation and that other cell 

types compete for these receptors.  This may skew the immune cell populations at a 

diabetic maternal-fetal interface. 
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Figure 3.7:  A) FITC-DX5+ splenic NK cells or B) DX5+/CMAC+ splenic 

NK/lymphocytes bound to peripheral lymph node (LN), pancreas, or gd7 uterus from 

normal B6 mice per high-powered field (400x magnification).  Splenocyte donors are B6, 

normoglycemic NOD, or diabetic NOD mice.  *p<0.05 vs. B6, **p<0.05 vs. B6 and 

normoglycemic NOD splenocyte binding. 
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3.5  Discussion  

 
This study addressed whether reduced uterine homing and/or function of NK cells occurs 

in diabetic pregnancy that would impair pregnancy-associated spiral arterial modification 

and link endometrial lymphocytes to the pregnancy complications of diabetic women. 

Spontaneous disease in type 1 diabetic NOD mice was used as a model for gradual 

disease progression. Unexpectedly, defective spiral arterial development and 

modification were found in normoglycemic NOD and NOD.scid mice. This pathology is 

absent in implantation sites of pregnant scid mice, which lack T and B cells (80).  

NOD.scid mice have similar NK cell defects to NOD mice, but do not develop insulitis or 

diabetes.  Of particular note was the paucity of spiral arteries, which are major vessels, in 

NOD implantation sites.  This has not been reported in other strains. Reduced 

neovascularization has been reported in NOD mice subjected to femoral artery ischemia.  

This was attributed to lower induction of vascular endothelial growth factor (Vefg) in 

ischemic NOD tissue (173).  VEGF (210) and the VEGF family member placental 

growth factor (PGF) (197) are major uNK cells products. In other tissues, VEGF 

regulates the expression of chemokine ligands that position recruited bone marrow-

derived circulating cells (79) and promote flexible (i.e. not developmentally hard wired) 

angiogenesis. Endometrium requires flexible angiogenesis since the number of arriving 

blastocysts is variable between reproductive cycles. The vascular histopathology was 

more severe in pre-diabetic and diabetic NOD mice (186, 188).   

Progesterone, the essential hormone of pregnancy, and Ifng are among the 

regulators of Vegf transcription (5, 26).  Progesterone is absolutely required for terminal 

uNK cell differentiation and uNK cells are the major source of mouse implantation site 
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Ifng during the first half of gestation. Since spiral artery modification in mice is normally 

initiated by Ifng released from uNK cells (16, 80), this cytokine was quantified in 

implantation sites. As in other strains, Ifng was not detected in virgin uterus but was 

present between gd6-10 in NOD implantation sites. Levels were comparable to those in a 

normal mouse and consistent with our earlier published data (15), except in the decidua 

basalis of overtly diabetic gd10 females. This tissue, in which uNK cells are reduced, 

unexpectedly showed elevated Ifng.  This finding suggests that the primary deficit in 

spiral artery development in NOD mice that is not overcome by the influx of Ifng 

producing uNK cells. The elevated Ifng we saw may relate to the disease stage we 

studied. Rodacki et al. (176) showed in type 1 diabetic patients, numbers and activation 

status of blood NK cells vary with disease stage. At onset, NK cells are reduced but 

unusually activated producers of IFNG.  With longer standing disease, both patients and 

NOD mice lose NK cell activation receptors (149, 176). Because spontaneously diabetic 

NOD mice are fragile, usually older than mice used for first pregnancy studies and 

prescribed for removal from breeding colonies, we bred our mice as soon as they became 

diabetic. This may have been in the interval of elevated NK cell activation. We attempted 

support of diabetic females by subcutaneously implanted slow release insulin rods before 

mating. This normalized blood glucose only until mating. By gd10, all insulin-treated 

females had reverted to hyperglycemia (n=6; unpublished).   

Changes in patterns of vascular addressins are found in diabetic NOD mice (85, 

222) but effects of pregnancy on these molecules have not been addressed nor have 

comparisons of expression been made between gestational endometrium and pancreas. 

We found alterations in the normal pattern of MAdCAM-1 and VCAM-1 expression 
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within the early gestational uterus of diabetic NOD mice.  MAdCAM-1 was expressed in 

an aberrant location, and VCAM-1 expression was less intense.  VCAM-1 is thought to 

be the key addressin in early uNK cell recruitment to deciduas basalis (108).  The 

successful localization of many uNK cells in diabetic NOD pregnancy supports this 

postulate (108).  Homing receptor elevation underlies insulitis, which is present in all 

adult NOD mice, regardless of diabetic state. Assays of lymphocyte adhesion using NOD 

pancreas showed that, in pregnancy as in non-pregnant NOD mice, hyperglycemia 

elevates islet adhesion (56). The pattern of lymphocyte adhesion to decidualized uterus 

was less straightforward. There was a striking increase in the level of adhesion to uterus 

from normoglycemic NOD mice relative to control. One interpretation of these data is 

that endometrial endothelium in gestational uterus compensates against pancreatic 

endothelial cell recruitment signals early in disease, but cannot sustain this state as 

disease progresses.  Adhesion assays using NOD splenocytes on B6 tissue, showed 

diabetes-promoted gains in the ability of lymphocytes to adhere to pancreas and 

peripheral LN but not to uterus. This is consistent with the relatively normal numbers of 

uNK cells quantified within gd6-8 implantation sites. It also suggests there is a large 

reserve of circulating NK cells with tissue homing potential enabling NK cell elevation in 

one tissue without decoy homing from another tissue. Previous studies of normal 

lymphocytes reported NK cell enrichment among cells adhering to gd7 uterus (201).  

Similar enrichment was not observed in assays using splenocytes from diabetic NOD 

mice.  Splenic NK cells from diabetic NOD mice were enriched, however, by adhesion to 

pancreas, suggesting preferential homing to this organ over pregnant uterus.    
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 In human diabetic pregnancy, placental and neonatal sizes are usually correlated; 

diabetic women frequently having abnormally large placentae with macrosomic infants.  

The diabetic NOD placentae were abnormally heavy, but fetal trophoblastic areas were 

greatly reduced relative to maternal decidua basalis, in all pregnant NOD and NOD.scid 

mice.  Human pregnancies complicated by both diabetes and IUGR or PE often display 

hypercellular placental histopathology accompanying small size. Human pregnancies 

complicated by diabetes have various vasculopathies, which tend to perturb spiral artery 

modification.  Most frequently, long, non-spiraling arteries persist that remain responsive 

to vasoactive substances.  In pathological diabetic pregnancies (i.e. co-morbid PE or 

IUGR), spiral arteries are incompletely modified resulting in placenta hypoxia.  

Depending on the timing of the insult, placental insufficiency and/or hypoxia can result in 

growth restriction, or abnormal organ development, intrauterine death or fetally-

programmed risk for post-natal health impairment.  Fetuses of overtly diabetic NOD 

dams showed early and late resorption, growth restriction, and a high rate of 

developmental defects.  Our study shows there are major endometrial contributions 

associated with pathogenesis that include poor vascular bed development, and altered 

endometrial lymphocyte recruitment and function, particularly of pro-angiogenic uNK 

cells.  Thus, gestation in spontaneously diabetic NOD females appears to model IUGR 

and PE in human diabetic pregnancy.  Links between NK cells and autoimmunity are 

beginning to be understood. Their relationships during physiological stress such as 

pregnancy require further study. 
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Chapter 4: 

 

Circulatory and Renal Consequences of Pregnancy in Type 1 Diabetic Mice 
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4.1  Abstract 

Women with diabetes have elevated gestational risks for severe hemodynamic 

complications, including hypertension-associated preeclampsia in mid- to late pregnancy.  

This study employed continuous, chronic radiotelemetry of arterial pressure, heart rate 

and activity to compare and contrast the hemodynamic pattern in NOD mice, which were 

overtly diabetic or normoglycemic throughout gestation.  Telemeter-implanted, age-

matched NOD females with and without diabetes were assessed for six hemodynamic 

parameters (mean, systolic, diastolic, pulse pressures, heart rate and activity) prior to 

mating, over pregnancy and for 72 hr post-partum. Urinalysis, serum biochemistry and 

renal histopathology were also conducted.   The pregnant, normoglycemic NOD mice had 

a hemodynamic profile similar to other inbred strains, despite insulitis. This pattern was 

characterized by an interval of pre-implantation stability, post implantation decline in all 

arterial pressure parameters to mid gestation, and then a rebound to baseline during later 

gestation. Overtly diabetic NOD mice had a MAP profile that was normal until mid-

gestation then become mildly hypotensive, severely bradycardic and showed signs of pre-

renal failure. Pups born to diabetic dams were growth restricted but live-born, despite the 

failing maternal condition which persisted post-partum.  Pregnancy accelerates 

circulatory and renal pathologies in overtly diabetic NOD mice, characterized by 

depressed arterial pressure during the latter phases of gestation that is accompanied by 

birth of growth-restricted offspring. 

Key words: Type 1 Diabetes, Pregnancy, Radiotelemetry, Hemodynamics  
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4.2  Background 

Cardiovascular complications are common and progressive in Type 1 Diabetes 

(T1D), often leading to significant morbidity and death.  Pregnancy has been described as 

a physiological stress and early predictor of cardiovascular disease when outcomes are 

abnormal (191).  Women with pre-existing diabetes are considered high-risk obstetrical 

patients with significantly increased risks for a myriad of complications. These maternal 

complications include worsening of pre-existing diabetic sequelae (diabetic nephropathy, 

retinopathy and altered glycemic control), pregnancy-induced hypertension with 

preeclampsia and thromboembolic events (90, 98, 112, 161). Severity of the pre-existing 

diabetic disease status rather than glycemic control is used to stratify risk for these 

women. Risks for the fetuses and children of mothers with diabetes include congenital 

defects, growth restriction due to placental insufficiency, pre-term birth, macrosomia and 

elevated risk for adult development of Type 2 Diabetes (T2D) and cardiovascular 

diseases (82, 90, 161).   

Normal mammalian gestation is characterized by progressive gains in blood volume 

and extracellular fluid, which must be appropriately handled by the maternal 

cardiovascular system.  Such physiological adaptations during gestation include 

symmetric (reversible) cardiac hypertrophy, increased cardiac output, heart rate and 

decreased blood pressure and vascular resistance (41, 65, 66, 204). Vascular changes in 

the uterine bed include significant expansion of the capacity of the uterine arteries, veins 

and downstream vessels.   In women, mice and the other species with hemochorial 

placentation, spiral arteries (SA), branches from the radial arteries (fed from uterine 

arteries), expand via angiogenesis and structural remodeling into the decidualizing uterus 
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to supply the fetal placenta.  By mid-pregnancy, SA typically complete their transient 

remodeling, a process mediated, at least in part, by molecules produced by uterine (u)NK 

cells and trophoblast cells.  SA remodeling is thought to transform this arterial tree to a 

high capacity, low resistance conduit that is unresponsive to vasoactive substances and 

thus provides continuous placental perfusion.  In human pregnancies complicated by 

T1D, placental insufficiency is seen more frequently, implicating inadequate remodeling 

of SA (24, 95). Here, we extend our examination of the non-obese diabetic (NOD) mouse 

as a model of gestational T1D.  We previously reported mid-gestational features in 

implantation sites of overtly diabetic NOD dams (36).  Comparisons between diabetic, 

normoglycemic NOD and congenic NOD.CB17-Prkdcscid (NOD.scid) mice during 

pregnancy, revealed that diabetic NOD mice had significantly impaired spiral artery 

remodeling and a numerical deficit in uNK cells.  Diabetes-induced placental 

insufficiency was postulated because gestation day (gd)18 fetuses were growth restricted.  

We additionally showed that only diabetic NOD dams displayed dysfunctional 

interactions in vitro between endothelial cells and lymphocytes that are characteristic of 

human T1D.  A weakness in this model was that glycemic control during pregnancy 

using insulin treatment could not be established. Subcutaneous implantation of slow 

release insulin rods gave glycemic control until gd6, when all of the females reverted to 

hyperglycemia (unpublished). Because non-pregnant, overtly diabetic NOD female mice 

have relatively stable hemodynamic profiles (78), we asked, using chronic continuous 

radiotelemetry, how pregnancy modifies hemodynamic regulation in these animals. The 

dynamic pattern of normal gestational MAP has been defined in wild type (+/+) C57BL/6 

and BALB/c mice (35). We hypothesized there would be an appearance of hypertension 
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in overtly diabetic NOD females between mid- to late gestation; a consequence that 

would permit subsequent modeling of pharmacologic interventions. A different outcome 

was found. 
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4.3  Methods 

Mice.  NOD/ShiLtJ (NOD) mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and maintained on irradiated chow (Purina, Richmond, IN) and autoclaved, 

acidified water under specific pathogen-free conditions.  At 10 wks of age, female NOD 

mice were surgically implanted with TA11PA-C10 radiotelemeter units (Data Sciences 

International; DSI, St. Paul, MN). Catheters were placed into the left common carotid 

artery.  Anesthetic, surgical and post-surgical protocols were as previously described 

(35). At 12 wks of age, twice weekly blood glucose levels were measured in female and 

male mice using tail vein samples and One Touch Glucometer and strips (LifeScan, 

Burnaby, BC).  Overt diabetes was defined as blood glucose >15mmol/L on two 

consecutive measures.  Only normoglycemic (blood glucose <9.0mmol/L) males were 

used as studs.  Transmitter-implanted females that developed diabetes were immediately 

entered into study with an age-matched (12-20 wks) normoglycemic NOD female.  All 

animal usage and protocols were approved by Queen's University Animal Care 

Committee. 

Study Design.  A continuous, 3-day baseline recording was obtained from paired (age-

matched) diabetic and normoglycemic females upon study entry.  These pre-mating data 

provided the normal hemodynamic baseline and were compared against early (gd0-3) 

pregnancy measures of MAP.  In normal mice, gd0-3 MAP does not to differ from pre-

pregnancy baselines permitting comparisons against the multiday mean of all of these 

points.  Data were acquired using Dataquest A.R.T.™ Acquisition System (DSI, version 

4.1).  Data were collected for MAP, systolic arterial pressure (SAP), diastolic arterial 

pressure (DAP), heart rate (HR), pulse pressure (PP) and activity. Readings were 
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obtained for 30 sec every four min for each 24-hrs.  At 11AM daily, study mice were 

placed in modified metabolic cages without food or water for spot-urine collection.  They 

were checked for urine output every 30 min for up to 2 hrs then returned to their home 

cages to continue recording.  Feces-free urine samples were collected into sterile 

Eppendorf tubes using aseptic techniques and stored at -80°C until assayed.  After the 

acquisition of baseline data, transmitters were turned off, and females were paired with 

NOD studs.  Visualization of a copulation plug was called gd0. At gd0, males were 

removed and transmitters were re-activated.  Recordings were made throughout gestation, 

birth and the first three post-partum days with neonates removed the morning of birth, 

weighed and euthanized.  During pregnancy, females were observed daily; blood glucose 

and body weight measurements were made frequently.  Diabetic females were 

supplemented with moist chow, Napa Nectar™ and s.c. fluids (Lactated Ringer’s 

Solution, 0.5-1ml) as required.  Administration of fluids had no acute effect on 

hemodynamic measurements (data not shown). 

Histopathology.  Transmitter-implanted normoglycemic and diabetic NOD females and 

some non-transmitter implanted NOD females were euthanized post-partum by deep 

anesthesia (tribromoethanol 250mg/kg) followed by cardiac puncture for large-volume 

blood collection.  Blood was allowed to clot (30 min, room temperature in serum 

separator tubes; BD, Mississauga, ON), then centrifuged (1200g, 15 min).  Serum was 

transferred to a sterile cryotube and stored at -80°C until assayed.  NOD organs were 

examined grossly for pathology, and then kidneys were dissected, fixed (8h) in fresh, 4% 

neutral buffered paraformaldehyde (Sigma-Aldrich, Oakville, ON) and paraffin-
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embedded using standard techniques. Sections were cut at 5µm, stained with hematoxylin 

and eosin and observed using a Zeiss AxioVision photomicroscope. 

Urinalysis and Serum Biochemistry.  Urinary microalbumin and creatinine were 

assayed using Albuwell M and Creatinine Companion ELISA kits (Exocell Inc., 

Philadelphia, PA).  Frozen samples were thawed and centrifuged to pellet particulate 

matter.  Supernatants were diluted and assayed according to manufacturers’ directions.  

Each sample was run in duplicate, using appropriate standards and blanks in each run 

with a minimum of 3 animals assayed per time point.  ELISA plates were read at 450nm 

(albumin) and 500nm (creatinine).  Standard biochemistry of serum samples was 

conducted at Kingston General Hospital Clinical Laboratory using a Beckman Coulter 

UniCel® DxC 800 System (Mississauga, ON).  Serum phosphate levels were measured 

using a modified malachite green method described in (87) except that the ammonium 

molybdate stock was prepared in dH2O.  A 100µM stock solution of K2HPO4 was used 

for standard curves; 0-50µL was added to wells of a microplate to produce standards of 

0-5nmol, respectively.  Samples and standards were diluted up to 200µL with dH2O 

water then 30µL malachite green working reagent were added.  Samples and standards 

were run in duplicate.  Absorbance (650nm) was read at 10 min using a microplate 

reader.  R2 values of 0.998 and higher were consistently achieved. 

Statistics.  Data were analyzed using Prism 4.03 Statistical Software Package (GraphPad, 

San Diego, CA), and are presented as means ± SEM.  Hemodynamic data were analyzed 

using 24-hr means from individual animals.  Baseline, post-partum and gestational 

hemodynamic data (between groups) were analyzed using 1-way ANOVA with 

Bonferroni’s post hoc test.  Within group gestational hemodynamic data were analyzed 
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by paired 1-way repeated measures ANOVA with Dunnett’s post hoc test.  When sample 

sizes were unequal, Bartlett’s correction was used.  Neonatal outcomes and serum 

biochemistry were compared between groups using unpaired 2-tailed t-tests.  

Albumin:creatinine ratios were grouped (non-pregnant, gd1-9, gd10-19) and analyzed 

using 1-way ANOVA with Bonferroni’s post hoc test.  P<0.05 was considered 

significant. 
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4.4  Results 

Pre-conception and post-partum hemodynamic measurements in overtly diabetic 

and normoglycemic NOD females. 

Before mating, age-matched diabetic and normoglycemic NOD females had 

similar blood pressures (MAP, SAP and DAP), HR, PP and activity levels, P>0.05 

(Table 4.1).  After term delivery, removal of living pups and a 24 hr hemodynamic 

stabilization interval, post-partum measures were collected and compared to pre-

conception baselines to determine if the cardiovascular system had post-partum 

alterations.  In post-partum normoglycemic NOD females, there were no changes in 

blood pressure assessments, HR, PP or activity levels compared to pre-conception 

(P>0.05).  In contrast, post-partum diabetic NOD mice had consistently lower MAP 

(P<0.01), SAP (P<0.05) and DAP (~10%, P<0.01), reduced HR (~9%, P<0.01) and 

reduced activity levels (75%, P<0.01).  Despite these changes, PP remained unaltered 

during the post-partum interval.   

 

Offspring of diabetic NOD females are growth compromised.   

Overtly diabetic NOD females are usually removed from breeding programs due 

to their fragile health and poor reproductive fitness (113).  However, with diligent 

supportive care (see methods), our diabetic dams now deliver live pups.  Consistent with 

published data, normoglycemic NOD dams delivered and nursed large healthy litters 

(8.44 ± 0.71 pups/litter, Figure 4.1A).  Normoglycemic dams had blood glucose that 

remained within normal range (between 4.5-9.5mmol/L) throughout gestation, while all 

diabetic dams had blood glucose values >33.3mmol/L past gd6 (data not shown).  When  
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Table 4.1:  Hemodynamics of normoglycemic and diabetic NOD mice prior to pregnancy 

(baseline) and minimum 24 hours following delivery and removal of pups.  Data (mean 

arterial pressure, MAP; systolic arterial pressure, SAP; diastolic arterial pressure, DAP; 

heart rate, HR; pulse pressure, PP and activity) are presented as mean (±SEM).  *P<0.05 

compared to baseline.  #P<0.05 compared to post-partum normoglycemic NOD. 

 

 Normoglycemic NOD Diabetic NOD 

 
Baseline 

(n=9) 

Post-Partum 

(n=4) 

Baseline 

(n=5) 

Post-Partum 

(n=5) 

MAP 

(mmHg) 
113.2 (1.3) 115.7 (0.5) 107.9 (0.7) 100.4 (3.3)*# 

SAP (mmHg) 121.2 (1.7) 128.6 (0.2) 118.5 (1.1) 111.0 (4.4)# 

DAP 

(mmHg) 
99.3 (0.9) 101.3 (0.9) 97.0 (0.9) 88.9 (2.5)*# 

HR (bpm) 665.2 (11.5) 683.6 (14.5) 647.2 (7.7) 586.6 (11.0)*# 

PP 21.9 (0.9) 27.3 (0.7) 21.4 (1.2) 22.1 (2.3) 

Activity 11.3 (2.0) 9.6 (0.7) 20.0 (2.1) 5.3 (0.6)* 
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Figure 4.1:  Neonatal outcomes of normoglycemic and diabetic NOD dams.  A) Average 

litter size for normoglycemic (n=9, black bar) and diabetic (n=5, white bar) NOD dams.  

B) Average weight at birth for normoglycemic (n=76, black bar) and diabetic (n=31, 

white bar) pups.  *P<0.01. 

 
 
 
 

A 

B 
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permitted to deliver pups, a surprising number of the diabetic dams in this study had live-

born offspring who nursed appropriately (6.20 ± 1.16 pups/litter, P=0.10 vs. 

normoglycemic, Figure 4.1A). These pups weighed less than pups from normoglycemic 

dams (1.20g ± 0.21 vs. 1.44g ± 0.17 respectively, P<0.01, Figure 4.1B).   

 

From mid-gestation to parturition, diabetic NOD females have aberrant MAP.   

The five-phase gestational pattern of MAP previously established in normal mice 

correlates with key steps in placental development (35).  The MAP of pregnant 

normoglycemic NOD females matched this pattern.  That is, MAP was stable from gd0-5, 

declined to a nadir at gd9, then rose to gd14 and remained near the pre-conception 

baseline until term (Figure 4.2A). The MAP of diabetic dams was identical until gd10. 

However, from this point, MAP, SAP and DAP, but not PP, of diabetic mice all remained 

low and were significantly below the pre-conception baseline until term (P<0.05, Figure 

4.2) and at 24-72 hr post partum (Table 4.1).   

 

Diabetic NOD mice have progressive gestational bradycardia.   

Previously, gestational increases in maternal HR have been reported in mice and 

in humans, an effect that appears to offset the decrease in peripheral vascular resistance 

(35).  In the present study, normoglycemic NOD mice had HR increases in early 

gestation that returned to baseline by term (Figure 4.3A).  In contrast, HR in diabetic 

dams declined sharply from gd9 to term, resulting in severe bradycardia (P<0.01, Figure 

4.3A).  
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Figure 4.2:  Pressures of normoglycemic (n=6, black circles) and diabetic (n=5, white 

circles) NOD mice over gestation.  A) Mean arterial pressure (MAP).  B) Systolic arterial 

pressure (SAP).  C) Diastolic arterial pressure (DAP).  D) Pulse pressure (PP).  Data are 

averaged over a 24-hour period, presented as mean±SEM.  *P<0.01 compared to baseline 

(both groups), #P<0.05 compared to diabetic NOD baseline. 

 

 
 



 94 

 

Figure 4.3:  A) Heart rate (HR) and B) activity level of normoglycemic (n=6, black 

circles) and diabetic (n=5, white circles) NOD mice over gestation.  Data are averaged 

over a 24-hour period, presented as mean±SEM.  *P<0.01 compared to baseline. 
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HR also correlates positively with activity level, which typically rises initially in 

pregnancy then slowly declines to term.  The level of activity in normoglycemic and 

diabetic mice was similar throughout gestation (Figure 4.3B).  

 

Pregnancy in spontaneously diabetic NOD females promotes renal dysfunction.  

Because the kidney has significant roles in hemodynamic regulation, renal 

function was assessed.  Due to the association of microalbuminuria and proteinuria with 

diabetes, this gestational time-course study assessed whether pregnancy impacts 

significantly on established renal impairment. Normoglycemic NOD dams had no 

alterations in albumin:creatinine ratios. These were within normal limits in age-matched 

non-pregnant mice, throughout gestation and post-partum (Figure 4.4).   Aged control 

non-pregnant diabetic NOD mice had a similar albumin:creatinine ratio to 

normoglycemic NOD mice.  However, in diabetic pregnant dams there was a marked 

mid-gestation increase in this ratio reflecting the anticipated challenge to the kidneys 

resulting from the onset of the diabetes and its associated metabolic consequences. Serum 

biochemistry at 72 hr post-partum revealed significant electrolyte imbalances in diabetic 

NOD mice confirming the presence of metabolic disturbance (Table 4.2).  Sodium and 

chloride concentrations were decreased, with the sodium imbalance likely mediated by a 

pseudohyponatremia, consequent to the uncontrolled hyperglycemia.  Serum urea and 

phosphate, markers of renal impairment, were significantly elevated while total serum 

protein was decreased.  Of note, lipemic serum samples from diabetic dams precluded 

accurate colorimetric measurement of creatinine.   

Renal histopathology supported the laboratory findings in diabetic dams. While  
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Figure 4.4:  Microalbumin:creatinine from spot urine samples from normoglycemic 

(black bar) and diabetic (white bar) NOD mice.  Time points examined are non-pregnant 

(NP), early gestation (gd1-9) and late gestation (gd10-19), minimum n=3 per time point.  

*P<0.01 vs. normoglycemic NOD mice, #P<0.05 vs. NP diabetic NOD mice. 
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Table 4.2:  Serum biochemistry of normoglycemic and diabetic NOD mice.  Data are 

presented as mean (±SEM).  P values as indicated. 

 

Electrolyte 
Normoglycemic NOD 

(n=6) 

Diabetic NOD 

(n=7) 
P value 

Sodium (mmol/L) 156 (4.6) 138 (4.8) 0.0001 

Chloride (mmol/L) 121 (6.1) 106 (7.9) 0.01 

Urea (mmol/L) 5.3 (1.2) 10.4 (3.0) 0.01 

Total Protein (g/L) 40 (5.2) 31 (0.6) 0.04 

Phosphate (mmol/L) 1.67 (0.24) 2.08 (0.24) 0.02 
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kidneys from 72 hr post-partum, normoglycemic NOD mice were grossly and 

histologically normal (Figure 4.5), those from post-partum diabetic NOD mice were not.  

In one of these dams, a gross renal calcification was seen involving the superior pole of 

one kidney.  This calcification was attributed to infarction of an interlobular artery.  In 

another dam, one entire kidney was grossly pale. No histopathologic cause for this could 

be established.  In general, the kidneys from post-partum diabetic mice were 

morphologically normal; however, several early pathological processes were identified.  

Glomeruli tended to be larger than those of the normoglycemic controls and showed mild 

mesangial and macula densa hypertrophy.  Red blood cell and hyaline casts were 

frequently observed within tubules.  In all diabetic specimens, significant lipid 

vacuolization was seen within the tubules, consistent with Armanni-Ebstein lesions.  

Such lesions are consequent to diabetic hyperglycemia and found in the proximal tubules 

(199).  Sloughing of tubular endothelial cells was frequently observed.  In some diabetic 

specimens, diffuse tubular necrosis and small thrombi were also observed. 



 99 

Figure 4.5:  Renal histology of post-partum NOD mice.  A, C, E) normoglycemic mouse 

showing normal features.  B, D, F) vacuolization of tubules from diabetic NOD mice.  

All images were from different animals and are representative of each group.  Bar = 

100µm. 
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4.5 Discussion 

We sought to define the gestational cardiovascular phenotype of diabetic and 

normoglycemic NOD mice to determine if diabetic dams model human diabetic 

pregnancies. Examination of overtly diabetic NOD mice throughout pregnancy revealed a 

decompensating cardiovascular phenotype with progressive renal abnormalities.  

Apparently at the cost of maternal health, live offspring were born but with significant 

growth restriction.  Unexpectedly, no hypertensive features were observed in diabetic 

dams; however, the cardiovascular and renal systems were clearly impacted by pregnancy 

confounded by pre-existing diabetes.  Of interest, the maladaptive cardiovascular changes 

characterized by both decreased blood pressure and heart rate persisted post-partum, 

potentially indicating that pregnancy exacerbated vascular damage.   

Previous hemodynamic studies of non-pregnant diabetic animals have not 

provided a consensus in cardiovascular phenotype.  Indeed, characteristics of published 

blood pressure profiles depend, in part, on model selection and on the assessment 

methodology used (152, 172, 213).  The majority of available work has utilized 

streptozotocin (STZ), a β-cell toxin, to induce T1D diabetes in mutant or gene knock-out 

rodents.  STZ-induced models frequently exhibit moderate hypertension, proteinuria and 

renal damage, aspects that mimic the human T1D.  However, Farah et al. found that STZ-

treated AT1-/- mice showed no change in MAP with increasing blood glucose compared 

to wild-type mice, which developed hypertension (213). The rapid-onset of STZ-induced 

diabetes and clinical disease (7 days, depending on dosing) is however not characteristic 

of the chronic, progressive human pathology.  In the present investigation, spontaneous 

diabetes in the NOD mouse was selected to most closely represent human disease 
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progression.  Gross et al. studied diabetic and normoglycemic NOD mice using 

radiotelemetry over 19 weeks (beginning at 15-20 weeks); they found age-related 

declines in MAP and HR in both groups (78).  A significant drop in HR with stable MAP 

was found following long-standing diabetes (five weeks), which the authors postulated 

was due to an imbalance in the autonomic nervous system.   While Gross et al. studied 

much older mice, our results concur, finding no acute changes in normoglycemic mice, 

even with the additional stress of pregnancy.  However, in diabetic mice, we not only 

found bradycardia, but also hypotension.  The acute hypotension, combined with the 

persistence of the hemodynamic changes, confirms this phenotype is a result of 

pregnancy with co-morbid diabetes.  The increasing proteinuria over gestation in diabetic 

NOD mice reinforces the pathological nature of these alterations, a conclusion further 

supported by the post-partum electrolyte changes.  Proteinuria underlies renal 

dysfunction, however, only minimal changes were observed on histology, indicating a 

substantial adaptive capacity of the diabetic NOD renal system during pregnancy.  This 

histopathology corroborates previous reports of mild renal histopathology with 

significant clinical markers in non-pregnant treated or untreated hyperglycemic NOD 

mice (96, 129).  We anticipate the mild renal changes observed in this model are to due 

hyperglycemia and impaired glucose metabolism, particularly in the absence of 

hypertension. 

The mechanisms involved in the cardiac decompensation found in this model will 

be complex and must take into account the transient, but marked, structural and 

functional cardiac and vascular changes that occur during pregnancy.  For example, 

during normal gestation, in addition to structural cardiovascular adaptations, there is 
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increased sympathetic activity and increased activation of the renin-angiotensin system 

(RAS).  Sympathetic nervous system (SNS) activity is likely to be linked mechanistically 

to increases in heart rate and vascular tone, while RAS enhancement would primarily 

promote sodium and water retention.  Despite these factors, during gestation in diabetic 

NOD mice, the circulation appears to be somewhat refractory to RAS and adrenergic 

signaling.  Normoglycemic NOD mice proceeded through pregnancy without 

complication, suggesting in the disease-free state, neural, cardiovascular and endocrine 

adaptations are intact.  In pregnant diabetic NOD mice, bradycardia precedes 

hypotension, indicating an early change in the trajectory of the circulatory adaptations.   

Impaired capacity for the requisite fluid retention and associated blood volume expansion 

during critical intervals throughout gestation may be a root cause of the observed 

bradycardia.  In addition, overtly diabetic mice are both polyuric and polydipsic and 

normal regulatory mechanisms may have been further complicated by damage to the 

kidneys as revealed by proteinuria.  Interestingly, we found a significant elevation of 

proteinuria during late gestation compared to early or non-pregnant diabetic mice; this 

time point coincides with the major cardiovascular aberrations.  Proteinuria, as an 

indicator of renal function, combined with elevations in serum phosphate and urea 

suggests the onset of pre-renal failure.  This severe form of renal injury can be 

accompanied by widespread microvascular disease, endothelial dysfunction, tissue 

calcification and vascular leakage, which can significantly deplete blood volume (9, 148, 

183). We attempted to examine the relationship between renal arterial pressure and renal 

interstitial hydrostatic pressure (RAP-RIHP, as in Komolova et al. (154)) in a small group 

of mid-gestation normoglycemic and diabetic NOD mice.  Preliminary findings indicated 
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that diabetic dams had blunted responses to changes in RAP (Komolova and Burke, 

unpublished observations).  However, the study could not be completed due to the length 

of time required under anesthesia (two hours); diabetic dams usually became 

hemodynamically unstable precluding further study. 

The lack of recovery of MAP in diabetic NOD females from gd10-18, is likely 

exacerbated by the downward trajectory of the HR profile, and probably reflects the 

inadequate maintenance of blood volume.  Despite these mid to late gestational 

maladaptations there were significant numbers of live births. A decrease in blood volume 

would normally be compensated for by activation of various fluid retention mechanisms 

including the SNS, RAS and anti-diuretic hormone.   Given the discordance in the 

diabetic hemodynamic profile, the magnitude of the neurohormonal activation was 

insufficient.   An acute decline in cardiac function is seen in only a few specific clinical 

conditions: circulatory shock and cases of nephrotic syndrome with co-morbid disease 

(44, 150).  The former refers to a state of inadequate systemic tissue perfusion and leads 

to widespread hypoxic injury. It often results from non-cardiac factors (decreased blood 

volume, impaired venous return, vasodilation), is progressive, phasic and is relieved 

primarily by SNS reflex.  While both the nephrotic syndrome and circulatory shock are 

extremes, pregnant diabetic NOD mouse shares common features without becoming 

fulminant.  With the SNS likely already activated in early gestation to effect fluid 

retention, the mid to late gestation metabolic demands may overwhelm maternal 

regulatory systems, resulting in maladaption.   

Perhaps one of the most notable observations regarding this severe model of 

diabetic pregnancy is the high survival rate of the offspring.  While we have previously 
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reported high fetal resorption rates with accompanying morbidities (including mostly 

neural tube defects and patterning disturbances), the majority of diabetic dams in this 

study delivered normal sized litters of growth-restricted pups.  We also established, by 

spiral artery morphometry, that when diabetic, NOD mice have significantly impaired 

spiral artery remodeling that could mediate placental insufficiency leading to fetal growth 

restriction (36).  These findings certainly concur with clinical literature of growth 

restriction, particularly in diabetic gestations.  However, considering the maternal 

adaptations that occurred to permit live births, the maternal hemodynamic phenotype 

becomes more striking.   

This study underscores the concept of pregnancy as a physiological stress test, and 

illustrates that consequences of impaired cardiovascular adaptation are not simply 

hypertensive responses.  Persistence of the abnormal phenotype post-partum strongly 

supports the concept of permanent, gestationally induced vascular dysfunction.  Such 

vascular changes are likely to occur in humans, as described in preeclampsia studies (74, 

191).  However, at this time, few studies have been conducted in post-partum diabetic 

women to assess the vasculature, although advancing retinopathy and renal lesions have 

been documented in some studies (82, 98, 112, 161).  Pregnant, diabetic NOD mice 

represent a model that exhibits progressive failure of both cardiovascular and renal 

systems after mid-gestation, changes that persist following successful delivery of live 

pups.  While the full scope of the alterations occurring in the maternal circulatory system 

and those required for preservation of the fetal circulation remain to be comprehensively 

studied, the findings from this animal model provide key insights into diabetes 

complicated pregnancy and cardiovascular complications in diabetes. 
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5.1 Abstract 

Aims:  The pathophysiology of gestational hypertensive disorders is incompletely 

defined. T lymphocytes have been implicated in the pathogenesis of hypertension. NK 

and T cells express RAS and in implantation sites, NK cells are highly enriched. We 

hypothesized that NK cells and/or T cells contribute to circulatory control during 

pregnancy.  

Methods and Results:  Using radiotelemetry and postmortem studies, mice without T 

and B cells (genotypes BALB/c-Rag2-/- and NOD.scid) were examined at baseline and 

across pregnancy. These strains differ in NK cell competency, with Rag2-/- being normal 

and NOD.scid impaired. Circulatory features differed between these inbred strains. Rag2-

/- had blood pressure responses to pregnancy that did not differ from congenic normal 

mice. NOD.scid had a blunted gestational blood pressure compared with normoglycemic 

NOD mice. In comparison to controls both T-B- strains had much higher heart rates after 

first trimester that did not remit until parturition. NOD.scid had additional anomalies 

including mid-gestational depletion of circulating NK cells and elevated proliferation of 

NK cells within implantation sites.  

Conclusions:  These data suggest that in gestation, absence of T cells modulates heart 

rate by inducing tachycardia. Under circumstances in which NK cell functions are 

limited, the implantation site is prioritized over the circulation as a site requiring NK cell 

function.  The blunting of gestational blood pressure observed in NOD.scid mice implies 

a role for NK cells and macrophages in gestational circulatory regulation. 
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5.2  Background 

Hypertension is a common complication of human pregnancy, typically 

manifesting as gestational hypertension or preeclampsia (PE) after the 20th week of 

gestation.  While the pathophysiology of gestational hypertensive disorders is 

incompletely defined, these syndromes are associated with adverse maternal and fetal 

outcomes, including increased risk for later development of cardiovascular diseases (139, 

191).   Strong evidence links gestational complications, cardiovascular disease and 

immune perturbations other than inflammation (25, 142).  For example, women at the 

time of PE diagnosis were found to have imbalanced T cell subset ratios (182) and middle 

aged, medicated individuals (~55yr) with type 2 diabetes and hypertension had over a 3-

fold increase in plasma Il17, product of a T helper cell subset (128).  

A unique lymphocyte subset, the uterine Natural Killer (uNK) cell, develops in 

abundance in decidualizing endometrium. These cells are terminally differentiated and 

generally accepted as necessary for normal human pregnancy (198).  UNK cells differ 

from most peripheral blood NK cells in both phenotype and function, being 

CD56brightCD16-, compared with CD56dimCD16+.  UNK cells secrete large amounts of 

cytokines and other molecules, including angiogenic factors, but are poorly cytotoxic.  A 

small population of CD56brightCD16- NK cells exists in the periphery (~10% of total NK 

cells; ~1% of circulating leukocytes). It is possible that these cells include circulating 

uNK progenitor cells.  However, the origins of uNK cells are not yet fully defined in 

humans or in rodents where similar cells accumulate at sites of decidualization.  Studies 

in mice suggest that transplantable uNK progenitor stem cells do not exist within the 

uterus but occur in lymph nodes, spleen, bone marrow and thymus (42).  Chemokine 
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receptors, cell adhesion molecules and vascular addressins that would promote uNK 

progenitor cell homing to decidualizing uterus have also been identified (42, 84, 108, 

160).  UNK cells are highly proliferative only within early decidua, reach peak numbers 

at mid-gestation (~16-20 week in humans (34); gestation day (gd)10-12 in mice(50)), 

then decline.  Postulated functions of uNK cells are to promote decidual integrity, to 

monitor trophoblast invasion and to participate in immune surveillance and in remodeling 

of maternal spiral arteries (SA), the principal vessels that feed into each placenta (50, 

209, 220). 

Lymphocytes have recently received attention as contributors to circulatory 

regulation. Jurewicz et al. showed that human T and NK cells express all functional 

components of the renin-angiotensin system (RAS), molecules used by the kidney for 

regulation of blood pressure (97).  Human and mouse T cells, B cells and monocytes 

proliferate in response to angiotensin II (Ang II) (97, 109, 144) but NK cell proliferation 

has not been addressed.  Guzik et al. found that Rag1-/- male mice (lacking T and B cells 

but having normal NK cells i.e. T-B-NK+) had blunted responses to high-salt diet and Ang 

II infusion (81). Short-term adoptive transfer of T cells, but not B cells restored normal 

pressor responses.  Support of such studies from investigations in patients drives 

emerging interest in lymphocyte-cardiovascular system interactions. Research into 

physiological roles of lymphocytes and particularly for NK cells in cardiovascular 

regulation is relatively lacking.   

We hypothesized that NK cells contribute to circulatory regulation during mouse 

pregnancy and used mutant strains and continuous, chronic radiotelemetry to address 

gestational blood pressure regulation.  Two inbred mouse models with absent adaptive 
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immunity (i.e. T- and B-) were examined, BALB/c-Rag2-/- (Rag2-/-) and NOD.scid. The 

Rag2-/- mouse (knock-out of the recombinase activating gene 2) does not have normal 

V(D)J rearrangement during T and B cell maturation. In these mice only immature, non-

functional T and B cell precursor cells circulate (138, 187).  In contrast, scid is a 

spontaneous mutation in a DNA protein kinase that maps to chromosome 16 and 

promotes V(D)J recombination but not to its completion(30). Scid mutants also lack 

functional T and B cells (30).  Rag2-/- mice have normal NK cell functions while the 

NOD strain is characterized as having deficits in NK cell and macrophage function and 

impaired complement activation (149, 185, 188).  Recently, Suwanai et al. attributed the 

functional deficit in NOD NK cells to an allelic deficiency in Il15 (194), a cytokine 

critical to NK and uNK cell survival (15). In our previous, mid-gestation study of 

NOD.scid females as non-diabetic controls for pregnant, diabetic (i.e. hyperglycemic) 

NOD mice, we reported that uNK cell numbers and SA modification in NOD.scid were 

equivalent to those in non-diabetic (i.e. normoglycemic) NOD mice (36). However, SA 

remodeling was anomalous in both NOD background strains.  Subsequent study has 

shown that impaired SA remodeling in alymphoid (genotype BALB/c-Rag2-/-γc-/- (Rag2-/-

γc-/-)) mice does not deviate the normal dynamic pattern of mean arterial pressure (MAP) 

over pregnancy (35).  

Using chronic radiotelemetry for data collection, we identified a dynamic, 5-phase 

pattern of gestational MAP in inbred (C57Bl/6; BALB/c and NOD (MS submitted)) and 

randombred (CD-1; unpublished data) mice as well as for Rag2-/-γc-/ (35).  This pattern 

can be linked to specific changes in placental development; however, the regulatory steps 

initiating the drop and subsequent gain in gestational MAP are not defined and could be 
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due to maternal effects such as decidualization or decidual cytokine production (19, 147, 

200). Further, the results in Rag2-/-γc-/- do not preclude lymphocytes from having 

regulatory effects on the circulation during pregnancy since cross-regulatory mechanisms 

and independent T- or NK-cell based mechanisms were not assessed.  In the current study 

we hypothesized that the pregnant Rag2-/- females would have normal circulatory 

regulation due to normally functioning NK/uNK cells while pregnant NOD.scid females 

would have a blunted pattern due to their deficit in NK cell function.   
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5.3 Materials and Methods 

Animals  

C.129S6(B6)-Rag2tm1Fwa (Rag2-/-) and NOD.CB17-Prkdcscid/J (NOD.scid) mice were 

purchased from Taconic Farms (Germantown, NY) and Jackson Laboratory (Bar Harbor, 

ME). Mice were housed in a specific pathogen-free facility, provided with autoclaved 

water and mouse chow ad libitum.  All animals in these studies were bred and used as age 

and gd-matched.  The morning of copulation plug detection was called gd0. All 

procedures were approved by Queen's University Animal Care Committee, which 

conform to the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH Publication No. 85-23, revised 1996). 

Radiotelemetry 

10-week-old female mice (Rag2-/- and NOD.scid) were surgically implanted with 

TA11PA-C10 radiotransmitters (Data Sciences International; DSI, St Paul, MN) via the 

common carotid under isoflurane anesthesia as previously described (35).  Following 10 

days recovery and return to normal circadian rhythm, baseline hemodynamic recordings 

(minimum three days) were collected.  Recording was stopped and females were mated 

with syngeneic males.  On gd0, males were removed and gestational recording 

commenced.  Data were collected every four minutes for 30 seconds continuously 

throughout pregnancy, including mean arterial pressure (MAP), systolic arterial pressure 

(SAP), diastolic arterial pressure (DAP), heart rate (HR), pulse pressure (PP) and activity 

using Dataquest A.R.T.™ Acquisition System (DSI, version 4.1).  Following parturition, 

neonates were removed and weighed.  Recording was stopped, and females were re-bred 

for morphometric study at gd12. 
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Histology and Morphometry 

The transmitter implanted Rag2-/- and NOD.scid females were euthanized at gd12 

of second pregnancy for morphometric analysis. The Rag2-/- and NOD.scid were 

anesthetized with tribromoethanol (250mg/kg). The uteri were dissected and fixed in 4% 

PFA. Tissues were washed in 70% ethanol and then processed into paraffin and 

embedded (169).  Implantation sites were serially sectioned at 7µm and alternatively 

stained with hematoxylin and eosin (H&E) or Periodic Acid Schiff’s (PAS). Eight 

sections were scored from three implantation sites in each of three Rag2-/- and NOD.scid 

females for uNK cell numbers and for spiral arterial structure. Sections were from the 

centre of each implantation site and 42µm apart to prevent duplicate counting of uNK 

cells. The centre of the implantation site was identified by the presence of mesentery 

containing radial branches from the uterine artery and of the mesometrial lymphoid 

aggregate of pregnancy (MLAp), a transient lymphoid structure that develops between 

the uterine wall muscles and is centered above each placenta.  

PAS+ lymphoid cells with visible nuclei were enumerated as uNK cells. A 

minimum of 100 cells was counted per section in the MLAp and in the decidua basalis 

under 400X magnification using a 1mm2 ocular grid (219). All image analyses were 

performed using an AxioImager M.1 microscope and Axiovision software (Carl Zeiss, 

Oberkochen, Germany). 

Three spiral arteries were measured per cross-section. Lumen diameters (LD) 

were derived from the circumference (C) measurements of each vessels cross-section 

(LD=C/π). Wall thickness was then determined by (wall diameter-LD)/2. Measurements 

were made using ImagePro Software (Media Cybernetics, Inc. Bethesda, MD). 
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 To evaluate uNK cell proliferation, sections from three viable implantation sites 

from each of three Rag2-/- and NOD.scid dams were reacted with mouse proliferating cell 

nuclear antigen (PCNA; clone PC10, Abcam, Cambridge, MA) as previously described 

(58).  Slides were counterstained with PAS to identify uNK cells and counted as above.  

A proliferation index (proliferating uNK cells/total uNK cells X 100) was calculated.   

Flow Cytometry, Organ Weight Measurements and Ifng ELISA 

Virgin and mated, non-instrumented female Rag2-/- and NOD.scid mice were used 

to assess peripheral blood leukocytes.  Mice were anesthetized as above, euthanized via 

cardiac puncture and their blood was immediately transferred into ACD anti-coagulant 

(BD Biosciences, Mississauga, ON), mixed, and diluted 1:1 in sterile PBS.  This was 

layered onto Lympholyte M (Cedarlane Laboratories, Burlington, ON) and lymphocytes 

were separated according to manufacturer’s directions.  Lymphocytes were counted and 

assessed for viability using trypan blue dye exclusion.  Aliquots of lymphocytes in 2% 

BSA/PBS were added to rat α-mouse FITC-NKp46 (CD335, clone 29A1.4, BD 

Pharmingen) and Armenian hamster α-mouse PE-Cy5-CD3ε (clone 145-2C11, 

eBioscience, San Diego, CA) and incubated on ice for 30 minutes.  Rat α-mouse FITC-

DX5 (CD49d) and rat α-mouse PE-CD122 (clone 5H4) were also used (substituted for 

NKp46) to confirm of NK cell findings (eBioscience). Cells were washed in 1% 

BSA/PBS and resuspended in buffer.  Antibodies were previously titred using peripheral 

blood lymphocytes from immune competent mice.  Each acquisition included an 

unstained sample and appropriate isotype controls.  50,000 events per sample were 

acquired on a Beckman Coulter FC500 Cytometer (BC, Mississauga, ON).  
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Compensation and data analysis were completed using FlowJo software (Tree Star Inc., 

Ashland, OR). 

Organs from the above, non-instrumented virgin and gd12 Rag2-/- and NOD.scid 

females were dissected. Hearts were dissected, trimmed from adipose and connective 

tissue and weighed.  The atria and ventricles were separated and weighed.  Kidneys and 

whole uterus (with ovaries and mesentery removed) were weighed.  For pregnant 

females, placentas and deciduas were dissected from each implantation site and 

separately weighed.   

Tissue homogenates were prepared from the uterus for quantification of Ifng. For 

non-pregnant females, the mesometrial side of the uterus was collected. For gd12 mice, 

MLAp and decidua basalis were dissected as separate tissues and pooled by litter. 

Samples were placed into Eppendorf tubes containing 100µl RPMI medium 

supplemented with 10% fetal bovine serum, immediately disrupted using a Kontes 

micropestle (Fisher Scientific, Mississauga, ON), then centrifuged at 800g (5 minutes, 

4°C).  The supernatant was collected and frozen at -20°C until assayed.  The high-

sensitivity Ifng mouse ELISA (eBioscience) was performed according to manufacturer’s 

directions. Samples were run in duplicate.  The standard curve gave an r2=0.99. 

Statistics 

Data were analyzed using Prism 4.03 Statistical Software (GraphPad, San Diego, 

CA), and are presented as means ± SEM.  Hemodynamic data (between and within 

group) were analyzed using 2-way repeated measures ANOVA followed by Dunnett’s 

multiple comparison test.  Baseline hemodynamics (between strain), flow cytometric data 

and uNK cell proliferation were analyzed using 1-way ANOVA followed by Bonferroni’s 
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post hoc test.  All other data were compared between groups using unpaired 2-tailed t-

tests. When variances were unequal, Welch’s correction was used. P<0.05 was 

considered significant. 
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5.4 Results 

Hemodynamics in Virgin Rag2-/- and NOD.scid Females 

 Pre-pregnancy baseline hemodynamic data for the two T and B cell deficient 

strains were compared with female data previously collected in our laboratory from their 

appropriate congenic strains (35) (Table 5.1).  Rag2-/- females had a higher MAP than 

either wildtype or alymphoid Rag2-/-γc-/- BALB/c females (P<0.02).  This was not 

associated with a lower Rag2-/- HR; all three BALB/c genotypes had equivalent HR, PP 

and activity levels.  NOD.scid females had significantly lower MAP and SAP (P<0.01) 

compared with non-diabetic NOD females while DAP, HR, PP and activity levels were 

equivalent.   

The impact of the combined T and B cell deficits was not equivalent for these two 

inbred backgrounds. Rag2-/- females had significantly higher pressures than NOD.scid 

females (MAP, SAP and PP, all P<0.001) except for DAP (P=0.06) and Rag2-/- HR was 

significantly lower (P<0.005).  The level of activity in Rag2-/- virgin females was similar 

to virgin NOD.scid females.   

Hemodynamic Changes During Gestation 

As previously reported, the baseline hemodynamic parameters of virgin mice are 

not altered significantly during pre-implantation stages of pregnancy (35). This 

observation was also made for both Rag2-/- and NOD.scid females.  Thus, a gd0-3 mean 

was calculated and changes from this are illustrated over the remainder of pregnancy 

(Figure 5.1). For pregnant Rag2-/- mice, MAP, SAP and DAP followed the 5-phase 

pattern we have observed for normal murine pregnancy (Figure 5.1A-C).  Specifically, 

from gd0-5 no changes were observed whereas a significant decline in MAP, SAP and  
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Table 5.1:  Baseline hemodynamic parameters of BALB/c (n=7), BALB/c-Rag2-/-γc-/- 

(n=15), BALB/c-Rag2-/- (n=9), normoglycemic NOD (n=10) and NOD.scid (n=9) mice.  

Data presented are mean arterial pressure (MAP), systolic arterial pressure (SAP), 

diastolic arterial pressure (DAP), heart rate (HR), pulse pressure (PP) and activity as 

mean ± (SEM).  *P<0.05 compared with NOD.scid.  ΦP<0.05 compared with Rag2-/-. 

 
 

 BALB/c Rag2-/-γc-/-  Rag2-/- NOD NOD.scid 

MAP (mmHg) 113.3 (1.1)*Φ 113.6 (0.8)*Φ 117.5 (1.1)* 111.8 (1.0)*Φ 106.4 (1.2) 

SAP (mmHg) 127.5 (1.4)* 127.7 (1.0)* 130.9 (1.0)* 123.3 (1.0)*Φ 116.8  (1.6) 

DAP (mmHg) 98.8 (1.0) 98.5 (1.1) 101.2 (2.0) 99.3 (1.5) 95.1 (1.0) 

HR (bpm) 592.5 (6.8)* 596.6 (7.5)* 603.2 (8.2)* 677.1 (13.6)Φ 660.5 (10.2) 

PP (mmHg) 28.6 (1.4)* 29.2 (1.1)* 29.4 (2.0)* 24.0 (1.5) 21.6 (1.0) 

Activity 9.9 (0.7) 12.8 (1.0) 13.7 (1.4) 17.0 (5.3) 12.4 (3.7) 
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Figure 5.1:  Hemodynamics of Rag2-/- (n=6, white circles) and NOD.scid (n=5, black 

circles) and wild type (gray line, composite of previously published data) mice 

throughout pregnancy.  A) Δ Mean arterial pressure (ΔMAP).  B) Δ Systolic arterial 

pressure (ΔSAP).  C) Δ Diastolic arterial pressure (ΔDAP).  D) Δ Heart rate (ΔHR). E) 

Δ Pulse pressure (ΔPP). F) Δ Activity.  Data are averaged over a 24-hour period, 

normalized to gd0-3 baseline and presented as mean±SEM.  *P<0.05 compared to within 

strain baseline, ΦP<0.01 compared to within strain baseline. 
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DAP followed until gd9.  Pressures increased to the Rag2-/- pre-pregnancy baseline at 

~gd14, and this was followed by minor variations to parturition.  There were no statistical 

differences between the Rag2-/- blood pressure patterns and BALB/c wildtype or 

BALB/c-Rag2-/-γc-/- across gestation.   

In contrast, pregnant NOD.scid mice had an unusually stable pattern of blood 

pressure (Figure 5.1A-C).  MAP and DAP did not decline in NOD.scid at mid-gestation 

although SAP decreased at gd8-9.  The NOD.scid gestational blood pressure pattern 

differed significantly from that observed in NOD mice. The pattern of the latter matched 

the blood pressure pattern seen in BALB/c, Rag2-/-γc-/-, and now Rag2-/- mice.  

Comparisons with gestational blood pressures of NOD mice revealed that NOD.scid had 

significantly higher MAP and DAP at gd8-10 (P<0.01) while SAP was not different 

between the strains. 

 In the congenic control strains (BALB/c, Rag2-/-γc-/- and NOD) changes in HR 

patterns are similar across pregnancy. There is an initial rise in HR that peaks at gd8 then 

HR declines until term.  Pregnant Rag2-/- and NOD.scid females both deviated from this 

pattern; HR increased to gd9 then remained above baseline until gd15 (Figure 5.1D).  

There were no HR differences between the two T- B- strains. Both had significantly 

higher HR than their respective control strains from gd8 until term (P<0.05).  

 In pregnant Rag2-/- females, PP declined slightly but significantly at gd8 and 9 

(Figure 5.1E).  In pregnant NOD.scid females, PP was more variable throughout 

gestation.  By gd7, NOD.scid PP declined reaching nadir at gd9.  PP in NOD.scid mice 

remained lowered until gd12, when it returned to baseline (Figure 5.1E).  These 
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gestational changes were consistent with those previously reported for WT strains and no 

significant between-strain differences were detected.   

 In mice, levels of activity and HR typically have a positive correlation (35).  The 

characteristic pattern of activity we previously observed in mated mice (BALB/c, Rag2-/-

γc-/- and NOD) is an initial rise (which may be minor) followed by a steep decline to 

below basal activity levels after mid-gestation.  This activity pattern was also observed in 

pregnant Rag2-/- mice at gd17, accompanied by a decline in HR (Figure 5.1F, P<0.01).  

In NOD.scid mice, sporadic significant increases in activity were seen over gestation; 

specifically gd7-9 and gd11 (Figure 5.1F, P<0.01).  These times corresponded to 

elevations in HR. NOD.scid females did not exhibit the decline in activity or HR seen in 

most other strains during late gestation.  During the latter half of gestation, the level of 

activity of NOD.scid mice was higher than in NOD mice (P<0.02). However, gestational 

activity level was not different between Rag2-/- and NOD.scid mice. 

Cardiac and Renal Changes with Pregnancy 

To better understand the differences in the gestational circulatory changes 

between Rag2-/- and NOD.scid, body and organ weights were compared for virgin and 

gd12 females.  Gd12 was selected because the major circulatory adaptations of pregnancy 

have occurred (i.e. increases in fluid volume, HR and decline in MAP), placentation is 

complete and SA remodeling has occurred.  Virgin Rag2-/- did not differ in body weight 

from age-matched virgin NOD.scid.  However, Rag2-/- females had heavier organ weights 

(total heart weight, total ventricular weight, left ventricular weight, kidney weight) and 

their ratios normalized to body weight were all significantly higher than for NOD.scid 

females (Table 5.2, P<0.05).  For gd12 pregnant Rag2-/- females, the only weights that  
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Table 5.2:  Body and organ weights of Rag2-/- and NOD.scid mice while non-pregnant 

(NP) and at gestation day (gd)12.  Data is presented as mean ± (SEM).  *P<0.05 between 

strain at the same time point.  ΦP<0.05 vs non-pregnant.   

 

 
Rag2-/- 

(NP) 

Rag2-/- 

(gd12) 

% 

Change 

NOD.scid 
(NP) 

NOD.scid 
(gd12) 

% 

Change 

Body weight (g) 23.4 (0.7) 28.3 (0.4)Φ 21.2%Φ 22.3 (0.8) 28.6 (1.6)Φ 28.4%Φ 

Total implantation 

sites 
-- 10.0(0.6)  -- 8.5 (0.3)  

Viable implantation 

sites 
-- 5.8 (1.1)  -- 7.5 (0.7)  

Resorption sites -- 4.2 (0.5)*  -- 1.0 (0.41)  

Uterine weight (g) 0.13 (0.03) 2.1 (0.3)Φ  0.096 (0.02) 2.45 (0.30)Φ  

Placenta/Decidua 

weight (g) 
-- 

0.068 

(0.004) 
 -- 0.061 (0.011)  

       

Cardiac       

Total Heart Weight 

(mg) 
12.0 (0.2)* 13.2 (0.6) 10.7% 9.1 (0.4) 11.4 (1.0)Φ 25.4% 

Total Ventricular 

weight (mg) 
10.7 (0.2)* 11.5 (0.5)* 8.1% 8.2(0.4) 9.3 (0.31)Φ 14.9% 

LV weight (mg) 8.0 (0.1)* 8.2 (0.5) 3.2%  5.8 (0.4) 7.14 (0.37)Φ 23.3%* 

RV weight (mg) 2.18 (0.20) 2.37 (0.31) 8.9% 1.83 (0.10) 1.82 (0.19) -0.4% 

LV:BW (mg/g) 0.34 (0.02)* 0.29 (0.018) -15.1% 0.26 (0.013) 0.25 (0.007) -3.7% 

RV:BW (mg/g) 0.093(0.007) 
0.084 

(0.010) 
-10.2% 0.082(0.004) 0.065 (0.009) -20.9% 

HW:BW (mg/g) 0.51 (0.01)* 0.47(0.021)* -8.9% 0.41 (0.014) 0.40 (0.013) -2.7% 

       

Renal       

Total Kidney 

Weight 
31.9 (0.9)* 32.6 (1.1) 1.9% 25.5 (1.4) 31.3 (3.1) 22.7% 

Left Kidney (mg) 16.3 (0.7)* 16.7 (0.8) 2.1% 12.1 (0.6) 15.2 (1.0)Φ 25.4%* 

Right Kidney (mg) 15.6 (0.2)* 15.9 (0.4) 1.8% 13.4 (0.9) 16.1 (2.1) 20.2% 

KW:BW (mg/g) 1.4(0.04)* 1.1(0.03)Φ -16.0% 1.1 (0.05) 1.1 (0.05) -5.0%* 
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increased significantly over non-pregnant weights were body weight, uterine weight and 

the kidney weight:body weight ratio (P<0.05). Gd12 NOD.scid mice also had the 

expected increases in body and uterine weights compared to virgin NOD.scid (P<0.05) 

but also had striking cardiac changes. Pregnant NOD.scid mice had increased total heart 

weight, total ventricular weight and left ventricular weight, as well as left kidney weight 

compared to virgin NOD.scid females (P<0.01).  The differences between the strains 

were reduced in pregnancy. Only ventricular weights, and heart weight:body weight 

ratios differed (P<0.02). In this study set, Rag2-/- dams had significantly higher numbers 

of resorption sites (4.2/10 implantation sites of smaller size and black color) than 

NOD.scid dams (1/8.5 implantation sites; P<0.01) (Table 5.2).  The neonatal outcomes 

of the first pregnancies in the transmitter-implanted mice did not show a difference in 

mean litter size between Rag2-/- (n=9 litters, 6.69 pups/litter ± 0.84) and NOD.scid mice 

(n=6 litters, 4.5 pups/litter ± 0.72; P=0.067). However, neonates born to Rag2-/- were 

smaller (n=9 litters, 1.48g ± 0.023) than neonates born to NOD.scid (n=6 litters, 1.74 ± 

0.53, P<0.0001).   

Blood Lymphocytes  

Blood lymphocytes were compared between virgin and gd12 Rag2-/- and 

NOD.scid females. No CD3+ T cells were detected above isotype levels in any animal 

(data not shown).  Virgin Rag2-/- (n=3) and NOD.scid (n=5) females had equivalent 

numbers of NKp46+ blood NK cells (11.40% ± 3.63 vs. 15.48% ± 1.55, Figure 5.2).  At 

gd12, Rag2-/- females (n=5) had similar numbers of NKp46+ cells to virgin females 

(10.50% ± 2.03) but NOD.scid (n=3) females had a significant reduction (1.63% ± 0.27,  
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Figure 5.2:  Representative histograms of NKp46 expression on peripheral blood 

lymphocytes from non-pregnant and gestation day (gd)12 Rag2-/- and NOD.scid mice.  

Lymphocytes were previously gated based on forward and side scatter properties 

following lymphocyte isolation.  Isotype controls were run in each series (unshaded). 
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P<0.001). This finding was confirmed using two other NK cell markers (DX5 and 

CD122; not shown). Thus, pregnancy in NOD.scid mice depletes the blood of NK cells. 

Implantation Site Assessment 

 UNK cells were enumerated in the MLAp and decidua basalis of Rag2-/- and 

NOD.scid at gd12. In the MLAp, no differences were found in PAS+ uNK cell numbers 

between Rag2-/- and NOD.scid (98.58 ± 3.27 vs. 90.50 ± 10.10, P=0.49).  Similarly, no 

differences in uNK cell numbers were found in decidua basalis (Rag2-/- 38.15 ± 0.96 vs. 

NOD.scid 38.25 ± 1.37, P=0.95). NOD.scid uNK cell numbers were similar to those we 

reported for gd10 implantation sites (36), suggesting uNK cell numbers peak in 

NOD.scid females between gd10-12. The proliferative status of uNK cells was assessed 

in the T-B- strains and in BALB/c and NOD females at gd12 (Figure 5.3).  The 

proliferation index of uNK cells within Rag2-/- MLAp (25.9% ± 4.8) and decidua basalis 

(31.0% ± 2.3) did not differ from BALB/c (28.9% ± 3.2; 28.8% ± 3.2; Figure 5.3C, D). 

However, the NOD.scid and NOD uNK cell proliferation indices of 61.7% ± 2.2 and 

56.7% ± 2.4 for the MLAp and 48.3% ± 1.8 and 51.7% ± 2.0 for the decidua basalis were 

significantly elevated compared to both BALB/c genotypes (P<0.001; Figure 5.3C, D). 

UNK cell proliferation between the NOD strains was not different. 

 Gd12 Rag2-/- SA were modified. They had thin smooth muscle walls (10.2µm ± 

0.4) and dilated lumens (108.7µm ± 0.3).  SA of NOD.scid dams had significantly thicker 

walls (24.6µm ± 1.1; P<0.0001) that incorporated extracellular matrix deposits and uNK 

cells.  NOD.scid SA diameters were also significantly shorter than Rag2-/- (69.0µm ± 2.7; 

P<0.001).  Rag2-/- dams had significantly lower wall:lumen ratios than NOD.scid dams 

(P<0.001) indicating more extensive SA remodeling. 
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Figure 5.3:  UNK proliferation assessed by PCNA immunohistochemistry in gd12 

implantation sites.  A) mesometrial lymphoid aggregate of pregnancy (MLAp; left side) 

and decidua basalis (DB; right side) of Rag2-/- implantation site.  B) Similar micrograph 

of NOD.scid implantation site with increased uNK cell PCNA staining.  Bar = 50µm.  

Proliferation indices of uNK cells in C) MLAp and D) decidua basalis at gd12.  *P<0.002 

compared with other strains.	  
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Because uNK cell numbers were equivalent in Rag2-/- and NOD.scid implantation 

sites but the extent of SA remodeling differed, Ifng, a product largely derived from uNK 

cells in normal implantation sites, was quantified.  All samples of non-pregnant 

mesometrial uterus (Rag2-/-, n=5; NOD.scid, n=5) lacked detectable Ifng, consistent with 

previous studies (15).  At gd12 (n=5 dams/genotype), Ifng concentrations within the 

MLAp did not differ between the strains (4.9 ± 1.8 IU/Rag2-/- implantation site vs. 6.8 ± 

1.9 IU/NOD.scid implantation site).  However, within decidua basalis, Rag2-/- 

implantation sites had higher concentrations of Ifng (15.9 ± 1.8 IU/implantation site) than 

NOD.scid implantation sites (8.0 ± 2.2 IU/implantation site; P<0.02). 
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5.6 Discussion  

 To advance understanding of the regulatory influences of NK and T cells on 

gestational hemodynamics, this study compared systemic and local features of pregnancy 

in two inbred NK cell sufficient, T and B cell deficient mouse strains. Despite their 

similar immune phenotypes, the two strains differed significantly in their circulatory and 

uterine adaptations to pregnancy. Rag2-/- females had slightly higher baseline blood 

pressures than other strains we have studied, including congenic females of wildtype or 

alymphoid genotypes. Despite this, the Rag2-/- pattern of blood pressure change over 

gestation did not differ from that in the congenic mice.  No cardiac or renal hypertrophy 

was detected in pregnant compared to non-pregnant Rag2-/- females nor was there a 

detectable change in numbers of circulating NK cells. Rag2-/- females had normal 

numbers of uNK cells in both the MLAp and decidua basalis. SA remodeling was 

completed and although some mid-gestational fetal losses and smaller neonatal weights 

were seen, the overall neonatal outcomes were considered to be normal, given the small 

numbers of litters examined. Thus, on the BALB/c background, genetic depletion of T 

cells, or T cells and NK cells has no influence on blood pressure or the local circulatory 

adaptations to pregnancy. These adaptations must therefore be due to fetal-placental, 

hormonal or decidual stromal regulation. 

NOD.scid mice had lower MAP and SAP than congenic NOD females before 

mating.  Further, the gestational hemodynamics of NOD.scid mice were more stable. 

There was no nadir in MAP or DAP at gd9, but SAP did decline mid-gestation, 

suggesting disproportionate cardiac function. Cardiac hypertrophy was present by mid-

gestation, accompanied by an increase in renal mass, although no histopathologic changes 
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were detected.  These findings were accompanied by a profound, pregnancy-induced 

decrease in circulating NK cell numbers. While we did not exclude marginalization of 

flowing NK cells and their adhesion to vascular endothelium as an explanation for this 

loss, we did show that normal uNK cell numbers were present in both the MLAp and 

decidua basalis. These cells were highly proliferative. In all other strains studied, uNK 

cell proliferation has decreased significantly by gd12 (55, 155, 159).  In the telemeter-

implanted mice, gd12 SA remodeling was incomplete during second pregnancy and 

similar in values reported from histological studies of first pregnancy in non-manipulated 

NOD.scid females (36).  In spite of these observations, neonatal outcomes were normal 

and display the effective compensatory mechanisms available in mice to promote 

gestational success.   

 Examination of different circulatory parameters during gestation provides insight 

into the interrelationships between heart function and the circulation.  Typically, in 

strains we have studied, the gestational PP pattern has been the one observed in Rag2-/- 

females with a PP decline at mid-gestation. The greater PP decline seen in pregnant 

NOD.scid females suggests a greater emphasis on cardiac compensation; a concept 

consistent with the development of left ventricular hypertrophy. This indicates that 

NOD.scid females utilize different strategies to adapt to gestational challenge than Rag2-/- 

females.   The systemic vasculature in NOD.scid mice must become more compliant 

during mid to late gestation, as measured by declining PP, which would increase the 

heart’s workload and promote the observed left ventricular hypertrophy and relative 

decline in SAP.  This is the most plausible explanation for the observed mid-gestation 

decline in SAP but not in MAP or DAP in NOD.scid females.  Whether this cardiac 
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response to pregnancy is strain-specific or due to immune impairment is as yet unknown. 

However, neither non-diabetic nor diabetic (representing autoimmune, T cell-diseased) 

NOD mice respond to gestation in this manner. 

The major circulatory difference detected during gestation between wildtype and 

both of the T and B deficient strains was HR.  In mice and humans, HR change is one of 

the earliest alterations of pregnancy. We previously reported, in mice, that HR rises early 

in gestation and normalizes prior to term.  In both Rag2-/- and NOD.scid, HR remained 

elevated until term and this was not attributable to activity level.  Central mechanisms 

have been postulated to dually regulate blood pressure and inflammation.  Marvar et al. 

created lesions within the anteroventral third ventricle of C57Bl/6 mouse brains and 

found this abolished not only the Ang II-induced pressor response but also its induced 

inflammatory response of endothelial production of O2
- and T cell expression of CD69 

(an early activation marker) (130).  Their study supports the idea that the immune system 

is linked to CNS-based blood pressure control.  In another study by the same authors, 

deletion of superoxide dismutase (SOD) within the circumventricular organs resulted in 

increased blood pressure and T cell activation (120).  Increased sympathetic outflow was 

found with SOD deletion, accounting for hemodynamic shift.  The authors also noted the 

increased T cell infiltration of the vasculature. Whether T cell recruitment was a cause or 

consequence of hypertension is yet to be determined.  Global sympathetic outflow does 

not typically change with normal pregnancy, likely due to re-setting of baroreceptors by 

early blood volume increase and salt and water retention.  However, clinical studies on 

pregnancy-induced hypertension have demonstrated sympathetic activity increases first 

manifesting as increasing HR variability and tachycardia (76, 184).  Although in this 
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study we did not observe elevated MAP, increased cardiac sympathetic activity could 

drive the gain in HR seen in both strains in the absence of T cells.   

The blood pressure differences observed between the pregnant Rag2-/- and 

NOD.scid mice suggest a regulatory role for macrophages, another immune cell type that 

expresses RAS and angiogenic molecules that show RAS-regulated expression (151, 

228).  As previously established, T- B-NK- mice do not differ in circulatory control from 

wildtype congenic mice over gestation.  This is also true for Rag2-/- mice, while 

NOD.scid mice show an unusually stable MAP.  NOD.scid mice have impaired NK cells 

and macrophages, in addition to lack T and B cells.  In NOD strains, mature macrophages 

have impaired protein kinase C activity, a critical intracellular second messenger pathway 

(185).  Thus, macrophages from NOD.scid mice respond poorly to cytokines, and exhibit 

delayed maturation from bone marrow precursors. Macrophages are the principal 

decidual source for Il15, which is regulated by progesterone (59, 105).  Delayed 

macrophage maturation combined with suboptimal production of Il15 (194), the essential 

growth factor for uNK cells (13), likely accounts for continued late mid-gestational 

division of uNK cells. The uNK cells might also be delayed in their maturation or have 

functional limits within implantation sites that could account for the poor SA remodeling 

seen in implantation sites of mice on the NOD background. The remarkable number of 

proliferative uNK cells within the implantation sites of both NOD.scid and NOD females 

may also represent inadequate regulatory feedback on NK cells. To date, the only 

apoptotic signal known to regulate the uNK cell population is autocrine Ifng (14). A 

deficit in this pathway is consistent with the low concentration of decidual Ifng and the 

lack of arterial modification in mid-gestation NOD.scid mice.   
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This study has demonstrated that in the absence of adaptive immunity (T and B 

lymphocytes), blood pressure differences without altered HR can be observed in mice.  

During gestation in such animals, HR becomes significantly elevated until term, a finding 

suggestive of a role for autonomic sympathetic regulation of T cells.  While Rag2-/- 

females showed a pattern of gestational blood pressure change typical of normal 

pregnancy, NOD.scid mice did not.  NOD.scid mice, that have significant genetic 

impairment of NK cell and macrophage functions, had a blunted gestational blood 

pressure phenotype. This establishes a role for NK cells, macrophages and/or 

macrophage-derived cytokines such as Il15 in blood pressure regulation over pregnancy. 
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Chapter 6: 
 
Discussion 

The overall goal of this thesis was to define relationships between T and NK 

lymphocytes, decidual vascular remodeling and systemic blood pressure control during 

pregnancy in mice. Because uNK cells trigger SA remodeling in mice (13), and both NK 

and T cells in women express all components of the RAS (97), the studies addressed NK 

and T cell contributions locally and systemically. In humans, diabetes (Type 1, Type 2 or 

gestational) significantly enhances the incidence of PE (90). Therefore, studies were also 

conducted in the NOD mouse, a spontaneously T1D strain. Key observations made by 

this thesis were that a five-phase pattern of changes in MAP is normal in mouse 

pregnancy, and this is independent of whether or not SA remodeling has occurred (Table 

6.1 and Figure 6.1). This pattern was altered towards hypertension only in mice with late 

gestational fetal loss. A normal MAP pattern was also seen in normoglycemic NOD mice 

although these mice also had impairment in SA development as well as in modification. 

Studies in diabetic NOD revealed fetal anomalies predicted from outcomes of human TID 

pregnancies. However, diabetic pregnant NOD mice became hypotensive after mid-

gestation, the opposite outcome to that predicted. This was attributed to renal failure and 

a decline in heart rate. Further study of the roles of T and NK cells in these gestational 

patterns linked T cells to gestational regulation of HR and NK cells with blunting of 

systemic hemodynamic effects, renal and cardiac hypertrophy. The overall conclusions 

are that SA modification per se is not a contributor to systemic blood pressure regulation 

in mouse pregnancy and that lymphocyte contributions are predominantly observed on 

the heart. 
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Table 6.1:  Summary of completed findings in normal and immune-compromised mice 

during gestation. 

 Wild-

Type 

(C57Bl6 

& 

BALB/c) 

Alymphoid 

Rag2-/-γc-/-  

 

Normoglycemic 

NOD 

 

Diabetic 

NOD 

 

NOD.scid 

 

Rag2-/- 

 

Immune cell 

phenotype 

T+, B+, 

NK+ 

T-, B-, NK- T+, B+, NK 

impaired 

Autoimmune 

T, B+, NK 

impaired 

T-, B-, NK 

impaired 

T-, B-, 

NK+ 

uNK cells Normal Absent Abnormal Decreased Abnormal Normal 

SA 

remodeling 

Complete Incomplete Mild impairment Incomplete Mild 

impairment 

Complete 

Placental 

insufficiency/ 

Hypoxia 

None None None Present None None 

IUGR None None None Present None None 

Hypertension None None None Hypotension Stable MAP None 

Comments  Impaired 

SA 

remodeling 

did not 

alter 

normal 

MAP 

Despite NK 

impairment in 

NOD strain, no 

gestational 

effects were 

found  

Mild 

hypotension 

and 

bradycardia 

with 

lymphocyte 

and 

endothelial 

dysfunction 

MAP was 

stable with 

elevated 

HR, 

significant 

systemic 

NK 

depletion 

Elevated 

HR, 

otherwise 

normal 

outcomes 
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Figure 6.1: Schematic diagram of study observations in contrast to hypotheses. 

 



 136 

The hemodynamic parameters in two different inbred strains of WT mice were 

characterized across gestation using chronic radiotelemetry.  This pattern is similar to that 

observed in human pregnancies (43).  Additionally, gestational MAP in mice appears to 

change with placental development.  This linkage of blood pressure pattern to placental 

development has not been defined in women.  These patterns were compared to a strain 

lacking lymphocytes (T, B and NK cells) that also had no physiologic remodeling of SA.  

Unexpectedly, the mouse lacking SA remodeling had identical gestational hemodynamic 

regulation to WT.  This finding was potentially the most important result from these 

studies, because it is contrary to the accepted clinical paradigm for PE that impaired SA 

remodeling leads to hypertension (32).  Not only did impaired SA remodeling not alter 

hemodynamics in these mice, but subsequent studies also found that no adverse 

pregnancy effects occurred at all.  Pregnant alymphoid mice had no proteinuria (Burke, 

unpublished data), no evidence of hypoxic organs (placenta or maternal organs) (114) and 

fetal outcomes were consistent with WT.  These studies comparing WT to alymphoid 

mice over multiple days of gestation illustrate an essential point: there likely is a 

requirement for an intact immune system to develop the constellation of pathologies 

observed in preeclampsia.    

The participation of the immune system in cardiovascular processes is clear, both 

in normal physiology and disease.  However, the understanding of the basic relationship 

between these two systems is lacking.  The use of the Rag2-/-γc-/- mouse provided the 

opportunity to examine the cardiovascular adaptations of gestation in the absence of 

lymphocytes and their cytokine products.  This strain lacks the receptor for Il2 (gamma 

chain), thereby being unresponsive to Il2, Il4, Il7, Il9, Il15 and Il21 (175).  Several 
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cytokines are reported to have hemodynamic functions, but the mechanisms for the 

induction of cardiovascular responsiveness remain to be elucidated.  Two of these 

cytokines, Il10 and Il15, are strongly implicated in pathogenesis of hypertension and PE 

(19, 91, 200).   

Late gestational hypertension was observed in two alymphoid mice that delivered 

small litters of term, dead pups.  The pattern of blood pressure in these two females 

deviated from normal at mid-gestation, suggesting fetal resorption impacts upon blood 

pressure.  This suggestion is supported from studies of patients with PE that report 

placental-derived ‘stress signals’ lead to endothelial dysfunction and hypertension (115, 

206, 229).  Regrettably, in this small sample of hypertensive alymphoid mice, we were 

unable to assess proteinuria or endothelial function as this pattern was only detected post-

mortem, after data analysis.   

Given that in utero death can elicit a hypertensive response in an otherwise 

normotensive pregnant mouse, a number of experimental rodent models of PE should be 

re-assessed.  These are models of PE that have significant reduction in litter sizes and 

include RUPP (8), Th1 lymphocyte injection (225) and the BPH/5 mouse (57).  

Regardless of the pathways resulting in fetal loss, significant fetal death may trigger 

hypertension.  This could be a critical difference between humans and litter-bearing 

species.  Women typically carry one fetus at a time.  From an evolutionary standpoint, if 

the mother cannot sufficiently support the conceptus or if the conceptus is of poor quality, 

miscarriage is the most appropriate option with little impact on the mother.  However, in 

litter-bearing species where fetal resorption to a certain degree is common, miscarriage is 

a less attractive evolutionary option.  This is because miscarriage of a non-viable fetus 
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would simultaneously abort all of the viable fetuses.  Thus, rodents and other species (i.e. 

pig) have adapted to conserve reproductive resources by resorbing individual failing 

implantation sites.  The significance of this may be that adverse maternal reactions do not 

normally develop to ‘stress signals’ released from dying conceptuses.  Examination of 

mouse resorption sites reveals an apparent step-wise degradation via apoptosis and 

internal hemorrhage restrained by trophoblast giant cells that potentially limits cytokine 

release and necrotic debris.  This may be the basis for the absence of PE-like symptoms 

in litter-bearing animals with spontaneous partial litter loss.  If so, the question arises of 

whether the system can become overwhelmed?  When the majority of mid-gestation 

implantation sites are failing, the amounts of cytokines and debris released could reach a 

critical ‘tipping-point’, leading to maternal symptoms, as observed in the failed 

pregnancies of our alymphoid mice or in the rodent PE models.  This concept would 

explain why treatment with VEGF121 or Tempol (a free radical scavenger) could alleviate 

these phenotypes; these treatments target the excess sFlt-1 and ROS released by stressed 

conceptus tissue and correct the imbalance.  Further study into these models is warranted 

to determine if their hypertensive phenotypes are due to fetal loss.   

The studies of the overtly diabetic, pregnant NOD mouse were used to develop a 

model of diabetic complications.  In mid-gestational studies, significant fetal loss was 

found in uncontrolled hyperglycemic mice.  Further studies using radiotelemetry during 

pregnancy, found that these diabetic mice had cardiac decompensation past mid-gestation 

(hypotension and bradycardia).  In contrast to the ideas presented above, despite 

significant maternal impairment, live offspring were delivered.  The pups were growth-

restricted, some with congenital anomalies, but live birth rates were not reduced 
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compared with normoglycemic NOD mice.  These data support an interesting 

evolutionary concept regarding survival.  It appeared these generally healthy conceptuses 

were able to control aspects of nutrient transfer to ensure appropriate growth.  This was 

despite poor maternal vascular remodeling.  In this example, conceptus growth was at the 

expense of maternal health.  It is not known why, in these mice, total litter resorption did 

not occur to recover maternal function. 

The hypotheses that led to the studies in this thesis predicted late gestational 

hypertensive models due to the absence of NK and T lymphocytes and impaired SA 

remodeling.  This was not observed.  Mice deficient in T and B or T, B and NK cells with 

or without SA remodeling had normal gestational blood pressure, similar to WT.  Only 

diabetic NOD and NOD.scid mice had blood pressure profiles that differed from WT 

during gestation.   Thus, absence of SA remodeling, presence of Type 1 Diabetes or T 

and B deficiencies do not result in mouse gestational hypertension.  However, the 

consistency of these results in these mice strengthen the conclusion of that we have fully 

defined the normal blood pressure phenotype of pregnant mice.  Additionally, we have 

addressed the relative impact, more broadly, of lymphocytes in circulatory function.  We 

found the NOD background strain to have impaired SA remodeling, due to dysfunctional 

uNK cells.  This was attributed to published defects in Il15 (194) and immaturity of 

macrophages (185), which normally secrete high levels of Il15 within the decidua in 

response to progesterone (223).  Il15 is critical for NK cell viability and function (13, 

223).  Despite this, normoglycemic NOD dams have large, healthy litters and have no 

cardiovascular impairments.  The majority of the mouse strains examined had 

comparable hemodynamics during gestation and normal neonatal outcomes, despite 
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genetic, immune and implantation site differences.  These findings highlight the need to 

better understand the cardiovascular adaptations of normal pregnancies, particularly, with 

respect to the role of the immune system. 

 The local and systemic adaptations to pregnancy in women are physiological, but 

unique. These adaptations differ greatly from non-gestational physiology; the circulatory 

system is hyperdynamic, with increased blood volume, cardiac output and heart rate with 

decreased blood pressure, peripheral resistance and arterial and venous compliance.  

Products of the RAS are increased in the circulation due to sodium and water retention, 

but the role of the RAS in pregnancy is unclear.  Studies of normotensive pregnant 

women given intravenous Ang II showed blunted pressor responses compared to non-

pregnant women (47).  However, when normotensive pregnant women were given 

captopril, an angiotensin converting enzyme inhibitor, they had greater decreases in blood 

pressure than normotensive non-pregnant women (17).  The findings of these two studies 

are contradictory and illustrate that the RAS has an important yet poorly elucidated role 

in hemodynamic control in pregnancy.  Greater understanding of the complex 

cardiovascular adaptations to normal pregnancy is an essential component in dissection of 

the mechanisms of PE.  As this work has demonstrated, cardiovascular regulation is 

integrated in many systems: reproductive, endocrine, neural and immune.   

Study of the NOD.scid mouse was originally designed as a congenic non-diabetic 

control for studies of the NOD mouse.  Preliminary data elevated investigation of the 

NOD.scid strain to one of particular interest.  NOD.scid baseline MAP was lower than 

normoglycemic NOD mice.  However, MAP was equivalent to new onset diabetic NOD 
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mice.  The implications of the blood pressure differences are not clear, but could be due 

to impaired NK cells in the absence of T cell interference.   

In new onset diabetes, both NK and T cells are infiltrating the pancreas (1, 176).  

In Chapter 3, in vitro adhesion assays demonstrated that NK cells from diabetic mice 

preferentially adhere to normal pancreatic endothelium.  We also demonstrated that the 

pancreatic endothelium from these mice highly express VCAM-1, MAdCAM-1 and 

PNAd, and will preferentially bind NK cells from non-diabetic women.  NOD strains 

have significant NK cell impairment and diabetic NOD mice additionally have 

destructive T cell insulitis.  The hemodynamics of diabetic mice may be impacted by 

significant lymphocyte homing to the pancreas, accounting for lowered MAP in non-

pregnant diabetic mice relative to normoglycemic females.  It remains to be determined if 

pregnant normoglycemic and diabetic NOD mice exhibit the same systemic NK depletion 

as pregnant NOD.scid mice.   Likely the results would be similar, as uNK cell numbers 

and proliferation indices within the implantation sites of NOD mice are equivalent to 

NOD.scid.  However, it is not known if there is a gestational interaction between NK and 

T cells that would correct this phenomenon, potentially accounting for the normal blood 

pressure and heart rate observed in normoglycemic NOD gestations.   

Comparisons of heart weights and kidney weights between strains also revealed 

intriguing differences.  Weights of all strains and genotypes of adult female mice studied 

were similar.  However, adult NOD.scid females had significantly smaller hearts and 

heart weight:body weight ratios compared to NOD, BALB/c or Rag2-/- females.  Our data 

are supported by data from The Jackson Laboratory (phenome.jax.org/).  Few studies 

relate heart size to its functionality.  Most reports state size is relatively conserved within 

a species (167) and function is preserved unless hypertrophic (64).  The smaller heart size 

observed in NOD.scid mice does not appear to be related to the NOD background or to 

the scid mutation, as published data on heart weights in scid mice do not differ from WT, 
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regardless of background (116, 132).  Neither NOD.scid nor NOD mice were examined 

in these previous studies.  This would imply the size of the heart in NOD.scid mice is 

strain-specific and is likely to be genetically predetermined.  Whether this is linked to 

immune deficiency or cytokine impairment is unknown and warrants further study.  

However, hearts of NOD.scid mice should be evaluated functionally prior to and during 

gestation; echocardiographic study and histology would be useful before extensive 

developmental analyses. 

The pre-pregnancy differences in organ structure in NOD.scid mice are linked 

with different responses to the physiological ‘stress’ of pregnancy.  More rapid organ 

growth (heart and kidneys) occurred in pregnant NOD.scid mice than in Rag2-/- or WT 

strains.  At mid-gestation, heart size in NOD.scid mice was significantly increased, 

showing left ventricular hypertrophy (LVH).  No pathology was observed in the 

NOD.scid mice due to the relative LVH, indicating cardiac hypertrophy was a necessary 

adaptive response to gestational challenge.  NOD.scid mice maintained a steady blood 

pressure in early pregnancy while significantly elevating cardiac output and heart rate.  

Pregnant NOD.scid mice also significantly increased renal mass relative to Rag2-/- mice.  

Organs of pregnant NOD.scid mice grew to equivalent size of the organs of non-pregnant 

Rag2-/- mice.  This indicates the two strains employed very different cardiovascular 

adaptive mechanisms during pregnancy.  Rag2-/- mice appeared to adapt structurally for 

the stresses of pregnancy, whereas NOD.scid mice appeared to adapt physiologically.  

Their cardiac and renal remodeling and blood lymphocyte population shifts could account 

for the blunted blood pressure profile observed in NOD.scid mice.  There was remarkable 

consistency in the elevated heart rate profile observed in the Rag2-/- and NOD.scid mice 
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during gestation.  In the absence of adverse events (thymoma, proteinuria, significant 

fetal loss), only genetics appears to account for the alteration in heart rate.  The common 

feature shared by these strains is their lack of T and B cells.  Because short-term B cell 

transplants did not modify the pressor response in the work of others (81), we postulated 

that T cells have a role in modulation of heart rate that may be linked with central 

sympathetic regulation (120, 130).  Further study to advance this hypothesis in non-

pregnant and pregnant animals is required.   

6.1 Future Directions 

To further elucidate the role of T lymphocytes in modulating heart rate, 

physiological monitoring during gestation needs to be investigated in the E4bp4-/- (T+, 

B+, NK-) mouse.  This would provide gestational data on the hemodynamic regulation of 

functional T cells in the absence of functional NK cells.  Gestational time course analysis 

of in vivo circulatory function using micro-ultrasound should be utilized, including 

echocardiography to assess cardiac function.  The addition of echocardiography to 

serially monitor pre-gestational, gestational and post-partum cardiac adaptations in 

immune competent and immune compromised mice would enhance radiotelemetric 

analysis.  To further these studies, reconstitution of telemeter-implanted Rag2-/-, 

NOD.scid and E4bp4-/- mice with T cells or NK cells, respectively, would be 

confirmatory of lymphocyte-induced circulatory alterations if blood pressure or heart rate 

patterns normalized.  Transplantation of NOD.scid mice with transgenic green-

fluorescent protein labeled (WT or NOD.scid) NK cells would not only permit study of 

this strain with functional NK cells, but would also allow visualization of peripheral NK 

cell egress during gestation in the strain.  This would confirm the postulate that 
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gestational immune suppression in NOD.scid is due to preferential homing to the uterus.  

With normal gestational physiology well phenotyped in these models, mechanistic roles 

require attention.  Comparison of the uteroplacental RAS and vascular reactivity between 

pregnant WT and alymphoid mice, as well as serum RAS may reveal significant 

differences.  In immune compromised mice (Rag2-/-, NOD.scid and E4bp4-/-), serum 

cytokine and RAS profiles before and during pregnancy may yield critical differences, 

potentially in T1/T2 balance.  In-depth flow cytometric analyses of peripheral, decidual 

and renal NK or T cells (as relevant) with co-expression of AT1, AT2 and intracellular 

cytokine staining and activation markers would detect abnormalities or shifts during 

gestation relative to WT.   Other potential studies to more directly assess contributions of 

NK or T cells would involve radiotelemetry in AT1-/- and AT2-/- mice that have been 

grafted with normal (i.e. Ang II responsive) lymphocytes.  Ablation of existing immune 

cells would be required for this experiment; our laboratory routinely uses a 

chemotherapeutic treatment, rather than irradiation, to preserve fertility (13, 227).  Prior 

to gestational challenge, pressor and depressor responses to pharmacological agents, both 

in vivo and as vascular studies would be valuable to assess the validity of this hypothesis.   

 

The studies presented in this thesis provide novel, fundamental knowledge of the 

circulatory adaptations of mice during pregnancy.  The findings were consistent in three 

normal inbred strains examined, and they were not modified by absence of SA 

remodeling, except when T cells are absent.  Tachycardia was observed in absence of T 

cells, which was postulated to be due to sympathetic dysregulation.  When NK cells are 

abnormal, gestational blood pressure is blunted, a finding that warrants further study.  



 145 

These data offer substantial evidence for a modulating role for lymphocytes in systemic, 

as well as local regulation of hemodynamics during gestation.  Aberrant lymphocyte 

responses have been implicated in PE development, as well as in hypertension and 

cardiovascular disease.  What remains undefined is how lymphocytes function in normal 

cardiovascular regulation and gestational cardiovascular adaptation.  Only through 

comprehension of normal lymphocyte-cardiovascular interactions, may insight be gained 

into how these mechanisms can be perturbed by disease.   
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