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Abstract 

Preeclampsia (PE) is a significant gestational disorder affecting 3-5% of all human 

pregnancies. In many PE pregnancies, maternal plasma is low in the placentally-produced 

angiokine “placental growth factor” (PGF). Offspring of PE (PE-F1) compared to uncomplicated 

pregnancies have higher risks for hypertension, cognitive impairment, and stroke. However, 

mechanisms explaining these risks are poorly understood. This thesis aimed to explore the 

mechanistic links between deficient gestational PGF expression, PE, and brain structural and 

functional development in PE-F1s. It was hypothesized that PGF deficiency, which often 

manifests in PE, diminishes brain vascular development, leading to impaired cognition and 

elevated stroke risk postpartum. 

Uteroplacental angiogenesis was assessed in pregnant mice expressing or lacking 

maternal and/or conceptus derived PGF by whole-mount immunohistochemistry or paraffin 

histology. Pgf-/- and Pgf+/+ adult mouse brain vasculature and structural anatomy were examined 

by arterial polymer casting and magnetic resonance imaging (MRI), respectively. Cognition and 

behaviour were assessed in these mice by standard paradigms that tested depression, spatial 

learning, short and long term memory, activity and anxiety. PE-F1 and control children aged 7-

10 were assessed for cognitive functions through psychometric testing and eye tracking of 

saccadic eye movements. Brain structural and vascular anatomy were assessed in the same 

children through MRI. 

Pgf-/- mice displayed reduced and aberrant uteroplacental vascular structure, particularly 

when conceptus-derived PGF was absent. Pgf-/- brain vasculature was deficient and abnormally 

patterned compared to Pgf+/+ controls. Cognitive and behavioural testing revealed numerous 

impairments in Pgf-/- mice, with sexually dimorphic differences. MRI revealed structural 
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anatomic differences between the brains of Pgf-/- and Pgf+/+ mice, again with sexually dimorphic 

differences. In children, PE-F1s displayed deficits in working memory and oculomotor control 

compared to controls. PE-F1s additionally exhibited altered brain structural and vascular 

anatomy compared to controls. 

This work has uncovered a previously unknown link between deficient PGF expression, 

PE, and brain development in mice and humans. These results have implications for the clinical 

management of women with PE, as well as their offspring, and underscore the importance of PE 

prevention.  
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Chapter 1 

General Introduction 

 

1.1 Angiogenesis in Pregnancy 

Continuous blood flow to the maternal-fetal interface is vital for healthy pregnancies. 

Shortly after implantation in species with hemochorial placentation, decidual neoangiogenesis 

begins. In humans, capillary growth around the syncytiotrophoblast is reported at the 7th-11th day 

of pregnancy (383). In mice, primary decidualization and angiogenesis around the embryonic 

crypt begins at gestation day (GD) 5, about 12 hours after implantation (58, 80, 333). Growth of 

these vessels during early endometrial decidualization is followed quickly by vessel linkage, 

maturation and pruning. These events occur well in advance of maturation of the hemochorial 

placenta with opening of the utero-placental circulation occurring about gestational age (GA) 

12wks in humans and about GD9.5-10.5 in the mouse (1, 8, 154). 

Once the interval of decidual angiogeneis and embryonic development is complete, 

pregnancies enter the gestational interval of rapid fetal growth. This phase places even greater 

demands upon the maternal cardiovascular system. In both humans and mice, transition to the 

growth phase coincides with opening of the placental circulation. This is achieved through 

mechanisms that include remodelling spiral arteries (SA), the terminal branches of the major 

maternal right and left uterine arteries (192). Impaired decidual vascular development during 

early angiogenesis, or myometrial SA remodelling, has been linked with pregnancy 

complications (recurrent spontaneous abortion (RSA; (280)) , preeclampsia (PE; (208)) and fetal 

growth restriction (FGR; (370))). Although these are common problems (RSA and PE affect 

~1% of women and ~3-5% of pregnancies respectively), treatment approaches are limited (15, 
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102). A thorough understanding of the mechanisms underlying these disorders would advance 

treatment innovation. As such, understanding the regulation of early, normal decidual 

neoangiogenesis and vascular remodelling is essential. 

In humans, large numbers of SA supply the intervillous space; most but not all are 

typically remodelled. Scoring of remodelling in placental bed biopsies depends upon gestational 

time, relative position along the length of the vessel as well as position relative to the placental 

midline with the vessels most distal to the conceptus the last to be remodelled (39). SA 

remodelling normally occurs between GA 7-18wks in human pregnancy (185, 269). In mice, 5-

10 SA converge at the layer of the trophoblast giant cells to form a small number of central 

arterial canals leading to the exchange area of the placental labyrinth (8). SA remodelling 

accompanies opening of the placental circulation at ~GD9.5 in mice (8, 43, 80, 192). 

While fetal extravillous trophoblasts (EVTs) contribute to SA remodelling in both 

humans and mice, earlier preparation of the vessels is mediated by immune cells, especially 

uterine natural killer (uNK) cells. It is now held that both maternally-derived and conceptus-

derived mechanisms as well as physical properties such as mechano-sensing by endothelial cells 

(161), contribute to the apoptosis in vascular smooth muscle cells and endothelial cells lining 

these high-resistance vessels (19, 364). This phase is becoming known as “trophoblast-

independent remodelling” (298, 320, 364). In humans, loss of vascular smooth muscle cells is 

accompanied by the influx of EVTs to envelope the arteries. These vessel-associated EVTs 

deposit extracellular matrix called fibrinoid that stabilizes the dilated, venous-like vessels (56, 

79, 140, 298, 320, 364). 

It is currently held that modified human SA are no longer under maternal vasomotor 

control. Intravital microscopic studies comparing spiral arterial responses in mice to vasoactive 
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compounds before (GD8) and after (GD12) modification challenge this idea since 

vasoconstrictive responses were unaltered by modification despite much larger arterial lumen 

diameters and the absence of detectable (by IHC) vascular smooth muscle (192). Interestingly, 

intravital microscopy studies on mouse brain vessels in an Alzheimer’s model implicate 

monocytes in the deposition of extracellular matrix around arteries (233). With simultaneous use 

of three different fluorescent gene tags, these authors observed normal continuous clearance of 

vascular debris by monocytes in veins. In pathology, this mechanism is overwhelmed and 

extracellular material is deposited in excess around arteries. Venous monocyte clearance might 

be a physiological mechanism in decidua with the gain in SA amyloid a parallel, oversupply 

process. Amyloid deposition may be a mechanism for strengthening dilated vessels to 

accommodate the increased systemic maternal cardiovascular output needed to support mid 

pregnancy (73, 151). SA amyloid deposition may occur in a dynamic fashion, making detection 

by traditional histological techniques difficult. The continued adaptation and use of live imaging 

systems to address questions surrounding vascular, immune cell and trophoblast interactions in 

mice and in human explant cultures holds great promise for refining, modifying and improving 

current understanding of the maternal-fetal interface (304). 

 

1.1.1 Angiogenic Factors 

 During human pregnancy, numerous angiogenic factors are expressed in large quantities 

to support the growth and development of the conceptus. In particular, vascular endothelial 

growth factor (VEGF) and its related family member placental growth factor (PGF) are 

expressed at high levels during predictable intervals of pregnancy. VEGF is highly expressed in 

human pregnancy by the placenta during early pregnancy (71), although free VEGF in maternal 
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plasma is relatively low (197). Mirroring VEGF expression is high expression of its main 

receptor VEGFR2 (KDR/FLK1) (167, 169). From mid-pregnancy onwards, PGF is expressed in 

high quantities in maternal plasma and in placenta homogenate, while VEGF expression is 

reduced substantially (167, 169, 197). Unlike VEGF expression, PGF is abundant in maternal 

plasma, peaking between GA 29-32wks (197). In late pregnancy, angiogenesis is effectively 

halted by high expression of soluble FMS-like tyrosine kinase-1 (sFLT1), which is a soluble 

form of a shared receptor for VEGF and PGF (197). 

 

1.1.1.1 Vascular Endothelial Growth Factor (VEGF) 

Among the angiokines produced during pregnancy, the VEGF family is of central 

importance. It encodes seven distinct proteins (VEGFA, B, C, D, E, F and PGF) with VEGFA 

the main regulator of angiogenesis in numerous tissues. VEGFA is highly expressed in the 

uteroplacental unit in mice, particularly during early pregnancy, and is an essential mediator of 

decidual angiogenesis (171). Indeed, VEGFA is the only family member characterized as 

embryonic lethal when genetically ablated in mice (28, 50, 136, 166). Further, lethality ensued 

when only one allele was deficient (i.e. heterozygote) (103). Three VEGF receptors are 

characterized: VEGFR1 (FLT1), VEGFR2 (KDR), and VEGFR3 (FLT4). VEGFA signals 

through VEGFR1 and VEGFR2. Independent knockout of each of the three VEGF receptors is 

lethal during mouse development (107, 136, 311). However, mice lacking the tyrosine kinase 

domain but retaining the ligand binding portion of VEGFR1 are viable (145). UNK cells 

contribute greatly to early decidual expression of VEGFA, primarily from the CD56brightCD16- 

subset in humans (137) and in mice from the DBA+ subset (66). It should be noted however, that 

others have reported less production of VEGFA by uNK cells (185, 365). Like angiogenic 
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processes in other tissues, expression of VEGFA in uNK cells is induced by hypoxia (57).  

Implantation site VEGFA is also contributed to by trophoblasts (63, 312), uterine stromal cells 

(61, 64, 343), and endothelial cells (36, 195); thus, the specific contributions of uNK cell-derived 

VEGFA to implantation sites are estimated indirectly and imprecisely from rodent NK cell 

depletion and reconstitution experiments. 

 

1.1.1.2 Placental Growth Factor (PGF) 

PGF, another member of the VEGF family, is highly expressed by the placenta and in 

maternal plasma during both human and mouse pregnancies (336, 345). Although PGF levels are 

highest during mid-pregnancy, and its deficiency in humans is linked with PE (197), mice 

genetically deleted for Pgf are viable and fertile (50). It was initially postulated that PGF 

functioned as an angiogenic factor by displacing VEGFA from the decoy receptor VEGFR1, 

allowing VEGFA to signal through VEGFR2 (265). However, accumulating evidence suggests 

PGF participates in angiogenesis by numerous additional mechanisms. PGF up-regulates the 

expression of angiogenic factors such as VEGFA, basic fibroblast growth factor, platelet derived 

growth factor beta, and matrix metalloproteinases (MMPs) (221, 300). PGF also stimulates 

mesenchymal fibroblast proliferation (377), and recruits myeloid progenitor cells (138, 281) and 

macrophages (308) to sites of neoangiogenesis. In humans, PGF is highly expressed by fetal 

trophoblasts, and also by CD56brightCD16- uNK cells (185, 199), decidualized stromal cells (124) 

and endothelial cells (139). Similarly, mouse DBA+ uNK cells express PGF (66). 

Low plasma PGF in early to mid-pregnancy was recently postulated to be the central 

marker for distinguishing between two distinct pathogenic processes leading to clinical PE 

presentation (276, 326). Although deficiency in PGF during pregnancy is implicated in the more 
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severe PE phenotype, the mechanisms by which low PGF contributes to these effects remain 

unclear (198, 361). Also unclear are potential roles for low gestational PGF in the elevated 

postpartum cardiovascular risks seen in women and children who experienced PE pregnancies 

(81, 228, 287, 350). Studies of pregnancies in Pgf-/- mice found that PGF regulates uNK cell 

cytokinesis (336). Ultrastructural analyses of GD8.5 Pgf-/- uNK cells additionally identified 

aberrant features such as irregularly shaped granules and looping endoplasmic reticulum (285). 

Importantly, the ultrastructural appearance of Pgf-/- uNK cells differs from that of mature, 

senescent secretory NK and uNK cells which promote angiogenesis (258, 283). 

 

1.1.1.3 NOTCH 

 Along with VEGF family signaling, NOTCH family signaling has multiple roles in both 

normal vascular development and pathological angiogenesis, including regulation of VEGFR1 

(160, 178, 257). NOTCH is involved in differentiation of endothelial tip cells and vascular 

smooth muscle cells and regulates cell-fate decisions in arteriovenous differentiation (133). The 

NOTCH receptor family has four members in mammals (NOTCH1-4) that bind five ligands 

encoded by Delta-like (DLL1, DLL3 and DLL4), and Jagged (JAG1 and JAG2) gene families 

(133). NOTCH receptors and ligands are expressed throughout the human placenta during 

pregnancy and play roles in placental cell fate determination (85). These proteins are down-

regulated in PE placentas (72). NOTCH1 and NOTCH2 are expressed on human uNK cells, 

which secrete interferon gamma (IFNG) upon NOTCH activation (217). NOTCH1 is essential 

for stromal decidualization in mice and its expression over pregnancy closely parallels the time 

course of uNK cell abundance (9). In mice, only some DBA+ uNK cells express DLL1. The 
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DBA+DLL1+ cells are at the center of the DB where they may serve as exogenous sources for 

DLL1, inducing endothelial tip cell differentiation (88). 

 

1.1.1.4 Other Factors 

In human uNK cells, angiopoietin-1 (ANGPT1) and angiopoietin-2 (ANGPT2) are highly 

expressed and regulate normal spiral artery remodeling and placentation (185, 199). Isolated 

uNK cells express more ANGPT1 and ANGPT2 at GA 8-10wks compared with GA 12-14 wks, 

however ANGPT2 is expressed significantly more than ANGPT1 (185). In vitro models of 

human placental angiogenesis suggest that ANGPT1 and ANGPT2, along with IFNG and 

VEGFC disrupt vascular smooth muscle cell integrity to contribute to early angiogenesis and 

spiral artery remodeling (298). In other tissues and models of angiogenesis, ANGPT1 and 

ANGPT2 act by stabilizing endothelial cell tight junctions, and may counteract the vascular 

leakage induced by VEGFA (114, 174, 331). This latter function of ANGPT1 and ANGPT2 has 

yet to be validated in mouse or human uteroplacental angiogenesis. 

Transforming growth factor-β (TGF-β) is another factor highly expressed at the 

fetomaternal interface, which regulates angiogenesis (130). Expression of TGF-β induces 

angiogenesis through VEGF-mediated apoptosis (104). TGF-β also appears to function by 

stabilizing capillary endothelial cells (216). Signals arising from TGF-β are antagonized during 

pregnancy by a soluble form of its co-receptor endoglin (sENG). Circulating levels of sENG are 

highly elevated in PE placentas (196), and thought to contribute to the pathogenesis of PE by 

amplifying vascular damage (360). 
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1.2 Preeclampsia (PE) 

PE is a significant clinical disorder which affects 3-5% of all human pregnancies (296). 

PE is one of the leading causes of maternal and fetal morbidity and mortality, accounting for up 

to 12% (>70,000) of all annual maternal deaths globally (204), and up to 25% (>500,000) of all 

annual fetal and neonatal deaths globally (97). First described in ancient Egyptian medical 

literature about 2200 BCE, and further elaborated upon in the writings of Hippocrates in the 5th 

century BCE, PE was identified as a syndrome of rapid onset which would precede eclamptic 

seizures if not treated promptly (202). This would often lead to adverse outcomes including 

death for both the mother and fetus. PE continues to affect women across the globe, regardless of 

socioeconomic status (SES), geographic region, or underlying health status. Globally, more than 

15,000 births per day are complicated by PE, and in Canada 15,000 births per year are affected 

(55). Individual subpopulations may be affected more than others. For example, pregnant women 

of African-American descent are approximately twice as likely to develop PE as Caucasian 

women (35). Additionally, women are considerably more likely to develop PE in a first 

pregnancy, if they are carrying multiple fetuses, if they are overweight or obese, or if they have 

undergone assisted reproductive technologies in order to conceive (254, 264, 334). Despite 

advancing knowledge concerning the pathogenesis of PE, these rates have remained relatively 

stable over time. To date effective treatment options remain extremely scarce; the only truly 

effective treatment is delivery of the placenta and fetus, often prematurely. 

 

1.2.1 Diagnostic Criteria of PE 

 The clinical definition of PE has changed dramatically over time, coinciding with 

advances in the understanding of the origins and pathogenesis of PE. Complicating matters is the 
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existence of clinically related, and symptomatically overlapping syndromes such as gestational 

hypertension, PE superimposed on chronic hypertension, and hemolysis, elevated liver enzymes, 

low platelets (HELLP) syndrome. Often studies found in the scientific literature use different 

clinical definitions of PE or fail to make a distinction between related syndromes and PE. This 

makes interpretations and comparisons of findings difficult. Additionally, when accessing 

historical literature, it is important to note outdated terms for PE such as pregnancy-induced 

hypertension (PIH), and toxemia (202). The varying definitions and overlapping conditions have 

led to wildly varying estimates of the prevalence of PE, with figures ranging from 1-8% of all 

pregnancies affected, although today’s consensus suggests 3-5% to be the most likely correct 

estimate (294). 

 The current clinical definition of PE was updated in 2013, and reached a consensus 

between the American College of Obstetricians and Gynecologists (ACOG) Task Force on 

Hypertension in Pregnancy and the International Society for the Study of Hypertension in 

Pregnancy (ISSHP) (14, 346). PE is now diagnosed clinically by new-onset hypertension 

(>140/90mmHg) and at least one of proteinuria (>300mg/day), thrombocytopenia (platelets <105 

/μl), renal insufficiency (serum creatinine >1.1mg/dl), impaired liver function (blood liver 

transaminases 2x normal), pulmonary edema, or cerebral or visual disturbances occurring after 

GA 20wks (14, 346). Prior to this updated definition, PE was commonly defined as new onset 

hypertension (>140/90mmHg) and proteinuria (>300mg/day or ≥2+ on a repeat dipstick) 

occurring after GA 20wks, but some ambiguity still remained (13). In some practices, a rise in 

blood pressure during pregnancy of ≥30mmHg systolic or ≥15mmHg diastolic was sufficient for 

the diagnosis of PE in the absence of frank hypertension. This definition persists to today when 
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defining PE superimposed on chronic hypertension, which may also be defined with only new-

onset proteinuria (244). 

 

1.2.2 Etiology of PE 

When originally described by ancient physicians, PE was thought to be caused by an 

overabundance of fluid, which would lead to edema commonly seen in PE (202). This popular 

but incorrect theory had the unfortunate effect of informing therapeutic guidelines, such that 

bloodletting remained a common treatment for PE into the 19th century. Later, circulating toxins 

were postulated to be the cause of PE (hence the outdated term “toxemia”), which had the 

unfortunate effect of further promoting bloodletting as a rational treatment (202). Many, 

including ancient physicians, have identified the placenta as the source of PE since delivery of 

the placenta will most often alleviate maternal symptoms. This theory persists to today, but has 

been elaborated considerably. 

Numerous theories exist today about the origins of PE, but a precise mechanism and 

single etiology have not been proven and indeed may be unlikely (189). This is due to the varied 

nature of PE, which can take the form of numerous pathologies, in widely varying degrees of 

severity. Most likely, PE exists as a spectrum of disorders with many different mediating factors 

producing similar clinical signs. Causes of PE may include genetic, environmental, and 

immunological factors with wide-ranging origins. Genetics clearly play a major role in PE, since 

the likelihood of developing PE is considerably higher when a family history of PE is present 

(101). Rates of PE are 20-40% higher in the daughters of PE mothers, while sisters of PE 

mothers exhibit rates 11-37% higher than women with no family history of PE (348). 

Furthermore, studies of twin sisters have suggested that up to 47% of PE risk is attributable to 
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genetic rather than environmental factors (251, 340). For example, human populations display a 

reciprocal relationship between human leukocyte antigen (HLA)-C2 and the AA genotype of the 

killer immunoglobulin receptors (KIRs), expressed by NK cells. When these genes are 

mismatched, an increased risk of developing PE is reported (144, 236). Nonetheless 

environmental factors still play a large role in the development of PE, and have been suggested 

to contribute roughly equivalent effects to PE risk as compared to heritability (301). 

Additionally, interactive effects between genetics and environment have been demonstrated (40, 

245). Immunological factors may also contribute heavily to the origins of PE. Maternal immune 

accommodation of paternal antigens expressed by the conceptus has long been proposed as a 

mediating factor for PE. This theory is bolstered by studies showing that first pregnancies exhibit 

a much higher rate of PE compared to subsequent pregnancies, unless the woman conceives her 

second or later child with a new partner (89, 297). Similarly, the use of donor oocytes or sperm 

also increases risk of PE among previously pregnant women (89, 297).  

The most popular theory regarding the origin of PE is that of disrupted placental 

formation and/or function during early pregnancy (327). Numerous individual cellular processes 

regulate placental formation and function, so this theory does not propose a single, simple 

abnormality. However, one axis thought to be central to the process of placentation is the 

interaction between fetal trophoblasts and uNK cells (128, 137, 188, 236). An impaired 

trophoblast invasion into uterine arteries as directed by uNK cells usually results in improper 

formation of placental blood vessels, thus limiting the overall size of the placenta, leading to 

FGR (44). Significant disruption of this process can result in impaired placental blood flow as 

early as GA 12wks (270). However, increased placental blood flow can stimulate this process 

from GA 15wks onward (268), and so the precise causal relationship underlying impaired 
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placentation leading to PE remains difficult to elucidate. Later in the progression of PE, systemic 

disease is associated with endothelial dysfunction, and a generalized hyper-inflammatory state 

(289). This can lead to destruction of placental tissue (152), and release of various components 

into the intervillous space and thus into the systemic maternal circulation (290). Released 

molecules may include anti-angiogenic factors such as sENG and sFLT1 (167). Further, maternal 

inflammation coupled with impaired placental angiogenesis and endothelial dysfunction leads to 

exacerbation of symptoms and a progressing expansion of the pathogenesis. 

Although theories as to the precise cause(s) of PE are numerous, the regulation of 

uteroplacental vascular function has garnered much attention as a potential mediating factor (49, 

176, 362, 368, 380). Impaired uteroplacental vascularisation is a logical mediating pathway for 

the generation of a hypertensive (and perhaps preeclamptic) profile during pregnancy; however, 

it has been shown in mice that remodelling of uterine SA is not essential for the normal dynamic 

hemodynamic pattern to occur (42). Numerous animal models of PE exist. None is 

comprehensive; rather each model targets unique functional deficiencies exhibited during PE 

(330). Thus, study of cause and effect relationships in PE is hindered not only by the existence of 

numerous independent pathways for inducing the disorder but also by the absence of readily 

accessible, convenient representative animal models. Recent work sub-classifying PE patients by 

the individual features of their disorder appear to provide better contexts for understanding how 

PE arises and progresses (13, 78, 201, 205, 212). 

 

1.2.3 Animal Models of PE 

 The spontaneous development of PE is mostly limited to humans, although isolated 

occurrences have been reported in non-human primates (179). Typical laboratory species such as 
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mice and rats do not exhibit spontaneous PE. Given the sensitive ethical nature of human fetal 

tissue collection for research, coupled with the rapid onset and unpredictability of PE, studies of 

PE pathogenesis in humans has limitations. Certainly, sampling human maternal, placental, or 

fetal tissue during a PE pregnancy would be improbable to achieve prior to delivery or 

termination and likely impossible over multiple time-points. Similarly, given the ethical issues, 

technical challenges, and costs associated with non-human primate research, development of 

reliable non-primate models of PE would be a key advancement for the field. However, given the 

lack of spontaneous PE occurring in conventional laboratory and domestic animal species, the 

best alternative has been to create models which mimic specific features of PE, rather than 

reproducing the entire syndrome. 

The most commonly employed animal model of PE is the reduced uterine perfusion 

pressure (RUPP) model in rodents. This model employs a surgical intervention to partially 

occlude blood flow into the uterus of an animal in late pregnancy, resulting in new-onset 

hypertension and proteinuria. This is most commonly achieved by the placement of clamps or 

sutures around the lower abdominal aorta and/or uterine/ovarian arteries (12, 98, 272). Although 

usually performed using rats, the RUPP model can be employed in other species, including mice 

(156), rabbits (6), dogs (7), rhesus monkeys (74), and baboons (54). The RUPP model 

recapitulates numerous other features of PE in addition to hypertension and proteinuria, such as 

decreased glomerular filtration rate (GFR), endothelial dysfunction, intrauterine growth 

restriction (IUGR), oxidative stress, decreased cardiac output, enhanced endothelin-1 (ET1) 

expression, and decreased nitric oxide (NO) bioavailability (131). However, the RUPP model 

remains an imperfect representation of PE, since typically the surgical intervention is performed 

at GD14 in rats or mice, which fails to recapitulate the early insult occurring in human PE 
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pregnancies (98, 131). Additionally, the intervention commonly leads to a variable proteinuric 

response in pregnant rats, which is hypothesized to be caused by the relatively short (4-5d) 

RUPP intervention (131). 

 A more recently developed model of PE utilizes the commonly described “angiogenic 

imbalance” phenotype of PE through the overexpression of sFLT1 in pregnant rats or mice, 

normally achieved by transfection with a lentiviral vector expressing sFLT1 (223). Upon 

transfection of the mice or rats at GD9, this model results in new-onset hypertension, 

accompanied by glomerular endotheliosis and proteinuria, which manifests within 5d after the 

transfection (200, 222). Similarly, direct infusion of sFLT1 into pregnant rats or mice induces a 

PE-like state (38, 243). The PE-like state achieved in the sFLT1 model is likely caused by a 

greatly reduced bioavailability of VEGF, since concomitant administration of VEGF with sFLT1 

results in a smaller increase in blood pressure, and less evidence of abnormal renal function 

compared to infusion of sFLT1 alone (29, 243). This model also has the advantage of being 

somewhat less invasive than the RUPP model, eliminating the need for a painful and stressful 

surgical procedure. However, this model imperfectly mimics the maternal angiogenic imbalance 

exhibited in human PE pregnancies by inducing an imbalance at mid-pregnancy. In humans, 

alterations in angiogenic factor expression in maternal plasma are detectable during the first 

trimester (197). Additionally, the sFLT1 model only utilizes over-expression of a single factor, 

whereas in human PE, numerous factors are over- or under-expressed including sENG, PGF and 

VEGF (189, 196, 197). 

 Although spontaneous development of PE is primarily a primate-specific affliction, there 

is a genetic model with spontaneous PE-like symptoms in mice. The BPH/5 mouse model, a 

substrain of the BPH/2 (borderline hypertensive) mouse, exhibits spontaneous development of a 
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PE-like state during pregnancy (84). However, the model remains imperfect, since the mice 

display mildly elevated blood pressure throughout their adult lifespan, so the model more closely 

mimics PE superimposed on chronic hypertension. On the other hand, the BPH/5 mice 

demonstrate acute late pregnancy elevations in blood pressure (~25mmHg), accompanied by 

proteinuria, endothelial dysfunction, IUGR, and increased fetal death (84). Further study of the 

BPH/5 mice has revealed additional features of PE, such as impaired trophoblast invasion and 

placental abnormalities (93), in addition to angiogenic imbalance and oxidative stress (147, 374). 

Of course these mice retain the added advantage of requiring no surgical or pharmacological 

intervention to induce the PE-like state during pregnancy. 

 

1.3 Complications Following PE 

If not treated promptly, a PE pregnancy can lead to dire circumstances for both the 

mother and fetus. Most immediately, PE can lead to eclampsia, a syndrome characterized by the 

onset of convulsions (seizures). If not effectively treated, this syndrome can lead to death of both 

the mother and fetus. Eclampsia was recognized as the major clinical complication of PE from 

the very earliest descriptions, and much of the clinical management of PE has centered on the 

prevention of eclamptic convulsions (69, 202). Eclampsia is now a rare outcome of PE, since 

advancements in obstetrical care have limited its appearance. However, eclampsia still occurs in 

approximately 1% of all pregnancies (3), although rates in the developed world may be as low as 

0.02% (294). Fortunately, most cases of PE can be clinically managed to avoid these adverse 

outcomes, with maternal symptoms usually resolving following delivery. However, emerging 

evidence shows that PE leaves an indelible mark on the long-term health of the mother and 

offspring, affecting numerous domains of health. 
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1.3.1 Maternal Complications 

Chief among the maternal detriments caused by PE are cardiovascular and renal 

deficiencies which can continue to manifest long after the pregnancy is completed (209, 231, 

237). Normal pregnancy itself places a significant cardiovascular burden on the mother in order 

to adequately supply the developing fetus (274). In normal pregnancy, the maternal heart and 

vasculature adapt through structural and functional changes to adequately manage the increased 

cardiovascular burden (274, 314). However, in the PE state, as a result of increased vascular 

resistance caused by impaired placental angiogenesis, the heightened cardiac demand can 

overwhelm adaptive mechanisms (155, 230, 282, 314). This can lead to a further exacerbation of 

the PE condition, causing significant fetal and maternal morbidity and mortality (211). 

 Similarly, normal pregnancy places a tremendous burden on the kidney, resulting in an 

increase in GFR of 40-60% in the first trimester (83, 316). However, in PE pregnancies, GFR 

and renal blood flow actually decrease by 30-40% over the same interval (182, 238). 

Additionally, PE is associated with glomerular capillary endotheliosis, a glomerular lesion 

characterized by endothelial and mesangial cell swelling and hypertrophy (106, 273). This 

condition is associated with focal segmental glomerulosclerosis in more than half of all PE cases, 

further contributing to renal insufficiency in these patients (117, 141).  

 Beyond pregnancy, PE has been shown to at least double the future risk of heart disease 

for the affected mothers (293, 303). Mothers experiencing PE pregnancies have a similar 

elevated lifetime risk for coronary artery disease (157), cardiovascular disease (157), and stroke 

(45). Numerous physiological mechanisms may underlie these elevations in lifetime risk for 

future cardiovascular morbidity. Women experiencing a PE pregnancy display cardiometabolic 

risk factors such as dyslipidemia (215), elevated blood pressure (214), and endothelial 
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dysfunction (10). Similarly, women experiencing a PE pregnancy have elevated insulin and 

blood glucose, in addition to an elevated risk of developing metabolic syndrome and type 2 

diabetes mellitus (209, 319). These risk factors are found in women prior to, during, and after a 

PE pregnancy, so drawing a causal link between PE and future maternal morbidity has remained 

difficult. Nonetheless, consensus asserts that PE occurs more often in women exhibiting an 

elevated pre-pregnancy cardiovascular risk profile, but the experience of a PE pregnancy will 

further exacerbate lifetime risk. 

 

1.3.2 Fetal Complications 

 Perinatal mortality is significantly higher for the offspring of PE pregnancies (PE-F1s), 

and mortality increases with the maternal severity of both blood pressure and proteinuria (271). 

PE-F1s also appear to experience elevated lifetime risk for significant health disorders. PE-F1s 

have elevated risks for developing cardiovascular disease and stroke. During childhood and 

young adulthood, PE-F1s display a body mass index (BMI) 0.6kg/m2 higher than children born 

to uncomplicated pregnancies (81). These PE-F1s also display 2.5mmHg higher systolic and 

1.4mmHg higher diastolic blood pressure during the same timeframe (81). Although these 

increases would translate to an approximate 12% elevated risk of stroke if maintained into 

adulthood (65, 82), in reality PE-F1s display an approximate 2-fold increased risk of stroke into 

adulthood (164). In all likelihood these elevated risks of future morbidity are caused by the 

experience of a gestation in a PE pregnancy, rather than shared genetic factors, since PE-F1s, but 

not their siblings born to uncomplicated pregnancies displayed evidence of vascular dysfunction 

(162). Interestingly, PE-F1s do not display an elevated risk of coronary artery disease (164), 

although cardiac structural alterations have been documented (113). 
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 PE-F1s also exhibit functional deficits in numerous domains throughout their lifetime. 

Similarly to mothers of PE pregnancies, PE-F1s also display increased arterial stiffness, 

dyslipidemia, and impaired glucose metabolism as children and adults (187, 307, 337). 

Furthermore, in line with the cerebrovascular impairments exhibited among PE-F1s (164), these 

offspring also display deficits in numerous domains of cognitive functioning. As children, PE-

F1s have been shown to be exhibit deficits in verbal reasoning (23), total intelligence quotient 

(IQ) score (220, 240), and mental development index (MDI) (325, 332). Many of these deficits 

carry over into adolescence and young adulthood, with PE-F1s exhibiting deficits in verbal 

reasoning (352), and total IQ score (99, 352), in addition to a deficit in arithmetic reasoning 

(352). In adulthood up to old age, PE-F1s display increased depressive symptoms (353), and 

greater cognitive impairment and in rate of decline in cognitive impairment (350, 352). 

 To shed light on the mechanisms underlying these physiological and functional deficits 

among PE-F1s, numerous animal models of PE have been employed to study the effects on the 

offspring. Studies employing the RUPP model in rats have demonstrated elevated blood pressure 

(225), increased arterial stiffness (17, 225), endothelial dysfunction (225), dyslipidemia (250), 

and altered glucose metabolism (250, 315) among the offspring. Similar alterations have been 

demonstrated among the offspring of a mouse sFLT1 overexpression model of PE (46, 206, 229). 

Additionally, the offspring of a sFLT1 model displayed impairments in sensorimotor functional 

outcomes (52), as well as brain structural development (51). Interestingly, these fetal outcomes, 

as well as the maternal PE-like symptoms induced by this model could be partially corrected 

through the administration of pravastatin, a 3-hydroxy-3-methyl-glutaryl-CoA reductase 

inhibitor, to the dams (51, 52, 180). Similar brain structural and functional deficits have been 
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demonstrated in the offspring of rats treated with Nω-nitro-L-arginine methyl ester (L-NAME), a 

potent endothelial nitric oxide synthase inhibitor, to induce a PE-like syndrome (203). 

 

1.4 Brain Development 

 A clear understanding of the process of brain development is essential to assess whether 

deviations are present amongst PE-F1s. The process of human brain development begins very 

early during gestation, and continues throughout postnatal life until young adulthood (16). In 

fact, the human brain does not reach its fully developed state until approximately 25yrs (18, 

125). From this age onwards, the brain begins a process of decline, although this process may 

occur at different rates for different individuals (382). This timeline of human brain development 

is mirrored in experimental species such as the mouse (70, 309). Throughout brain development, 

numerous factors, both internal and external, have huge potential impacts on present and future 

functions. Thus when examining brain development and cognitive function in a population, it is 

important to note the myriad of confounding factors which may affect the outcome of the study. 

Indeed, studies in children are less biased to inclusion of lifestyle choices made by study 

participants.  

 

1.4.1 In Utero 

 The first key event in the process of brain development is the formation of the neural 

tube. In humans, this process is completed around GA 3-4wks of 37-42wk term pregnancies, 

while in mice this occurs at approximately GD9-9.5 of 19.5d term pregnancies (90, 309). All 

other events of nervous system development depend on the proper formation of the neural tube, 

and failure of this process can lead to devastating birth defects such as spina bifida and 
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meningomyelocele (191). Immediately following formation of the neural tube, the rostral portion 

of the neural tube differentiates into three vesicles that will eventually form the forebrain, 

midbrain and hindbrain (335). This period of rapid neuronal proliferation continues in humans 

until approximately GA 12wks, at which point the general architecture of the nervous system has 

formed (191). In mice this process is completed around GD15 (309). At this point, neurons begin 

to migrate towards their final destinations along glial cell scaffolds. This process peaks between 

GA 12-20wks in humans, and is largely complete by GA 29wks, but may continue until shortly 

after birth in humans and mice (191, 309, 335). During this same period, approximately GA 15-

28wks, the human brain folds into gyri and sulci, forming the characteristic anatomy that will 

mature in postnatal life (191). In mice this process is largely absent, and the mature mouse brain 

is nearly devoid of gyri and sulci (309). 

 From approximately mid-gestation until shortly after birth in humans, a period of rapid 

cell death occurs. During this period approximately half of the neurons present in the developing 

brain will undergo apoptosis and die (191). At about the same time, proliferation and 

organization of synaptic connections begin to occur. During synaptogenesis, adjacent neurons 

make physical connections in order to aid communication and transmission of signals. The initial 

period of synaptogenesis involves formation of surplus connections, which will be pruned later 

to form the mature neural network (191, 309). Concurrently, beginning at about GA 29wks in 

humans, the process of myelination occurs, which aids in the rapid propagation of neural signals 

(191, 335). This process begins in the brainstem region, and continues in an inferior to superior, 

posterior to anterior direction (191). In mice, this process occurs primarily postnatally, beginning 

shortly after birth (309). Further underscoring the importance of the brain to the developing 

fetus, the growth of the fetal brain takes priority over other tissues, with evidence of the 
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existence of a brain sparing effect during instances of maternal stress in mice and humans (21, 

48). 

 

1.4.2 Birth to Adolescence 

 Following birth, the human brain undergoes a period of both progressive and regressive 

events which results in relatively rapid growth. At the time of birth, the human brain experiences 

its peak growth spurt, defined as the greatest brain weight gain relative to its full adult weight 

(92). In mice, this peak brain growth spurt occurs around postnatal day (PND) 7 (92, 309). By 

age 2yrs, the human brain has reached 80% of its final adult weight, and by age 5yrs, the brain is 

at 90% of adult weight (191). In mice, this growth milestone occurs at approximately PND20-21 

(309). By magnetic resonance imaging (MRI), total brain volume in humans peaks around 

10.5yrs for females, and 14.5yrs for males (126, 191). During the postnatal period, the processes 

of synaptogenesis and myelination continue to occur, progressing through childhood and into 

adolescence (191, 309). At around age 2yrs of age in humans and PND21 in mice synaptic 

density reaches its maximum level, with these young brains containing approximately 50% more 

synapses than an adult brain (191, 309). At approximately the same time period, brains in both 

humans and mice experience their greatest rates of myelination (191, 309). 

 Brain anatomical changes in humans and mice occur simultaneously with changes in 

cognitive and behavioural functions. The visual system in humans is functional at birth, but 

continues to mature thereafter, achieving 20/20 visual acuity around 4-6 months, and further 

maturing sensitivity for several years. In mice, responses to phototactic stimuli can be detected as 

early as PND5, although the eyes remain closed until PND10-15 (309, 371). Furthermore, adult-

like motor function is achieved in humans around ages 3-4yrs, while in mice it occurs around 
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PND15-16 (309, 371). Higher level cognitive functions also begin to mature during childhood. In 

humans, working memory displays drastic improvement between ages 4-7yrs, while inhibitory 

control improves substantially between ages 5-11yrs (349). It remains unclear, however, when 

these processes mature in mice (349). During childhood, social behaviours also begin to arise, 

serving as the precursors to adult social functioning. At approximately age 2.5yrs in humans, 

children begin to imitate and pretend play, and they begin interacting socially around age 4yrs 

(371). In mice, similar amicable and playful behaviours are prevalent between PND15-25, which 

is commonly designated as the “socialization period” (338). 

 

1.4.3 Adolescence to Adulthood 

 During adolescence and into adulthood, the brain continues to undergo both structural 

and functional maturation. Synaptic density in humans continues to decrease from peak 

childhood levels, with the surplus connections formed earlier in development being pruned to 

allow for greater efficiency in signal transmission. This process of synaptic pruning occurs over 

a prolonged period, with synaptic density finally reaching a plateau to adult levels around age 

16yrs (127). In mice this process is much shorter, with synaptogenesis occurring until about 

PND30, culminating in adult levels of synaptic density, without the need for pruning (309). In 

humans, the process of myelination continues to progress throughout adolescence and into young 

adulthood, completing around ages 20-25yrs (126, 309). In mice, this process has been shown to 

occur until at least PND30-40, but may in fact occur through PND45-60 (22, 60, 309). 

 In parallel to the structural refinement and maturation of the brain occurring during 

adolescence and early adulthood, a similar refinement and maturation of functional processes 

also occurs. In both humans and mice, adolescence is characterized by the onset of puberty and 
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sexual maturity, occurring between ages 12-18yrs in humans, and PND35-56 in mice (309). In 

both humans and mice, adolescence also coincides with an increase in risk-taking behaviour 

(186, 329). Humans and mice also experience further maturation in cognitive control capacities 

during this period (186, 288). These behaviours continue to mature into adulthood, as both 

humans and mice exhibit a decrease in risk-taking behaviour and impulsivity, while also 

exhibiting an increase in parental tendencies (186, 309). These behaviours fully mature after age 

20yrs in humans, and PND60 in mice (309). 

 

1.4.4 Cerebrovascular Development 

 In order for the developing brain to grow properly, it requires access to oxygen and 

nutrients provided by the circulation. Thus, as the primitive brain develops, the cerebral 

circulation develops in parallel in order to meet the metabolic demands of the neural tissue. The 

circulatory and nervous systems have co-evolved in many species, and share many common 

biological pathways and signalling molecules, including VEGF and PGF (279). Development of 

the human arterial tree begins with the appearance of the 6 pairs of primitive branchial arch 

arteries which occurs at approximately GA 18d (232, 239). At GA 24d in humans the internal 

carotid arteries, which will supply the anterior portion of developing brain, begin to appear (168, 

232). In mice this process occurs at approximately GD8.5-9 (146). At GA 28d in humans, the 

internal carotid arteries split into anterior and posterior divisions, which is driven by the 

formation of the occipital lobe and brainstem (168, 232). In mice, this process is completed 

around GD9.5-10 (146). At later stages, the anterior division will supply the anterior cerebral 

artery, the middle cerebral artery, and anterior choroidal artery. The posterior division will 

supply the posterior cerebral artery and the posterior choroidal artery (232, 239). 
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From GA 28-35d in humans the posterior cerebral circulation further develops through 

progressive and regressive events. At first the hindbrain is supplied by 2 parallel neural arteries 

which are supplied by anastomoses given by the trigeminal, otic, hypoglossal, and proatlantal 

arteries. The neural arteries consolidate to form the basilar artery which then connects to the 

posterior communicating arteries, at which point the trigeminal, otic, and hypoglossal arteries 

regress. The vertebral artery then develops more fully, incorporating the proatlantal artery into its 

distal portion (232, 239). At GA 35d in humans the middle cerebral arteries first begin to emerge 

from the anterior division of the internal carotid arteries. By GA 45d in humans, the middle 

cerebral arteries become more prominent, serving as the major blood source for the cerebral 

hemispheres (168, 232). Around this same time the posterior portion of the circle of Willis (cW) 

fully forms as the posterior cerebral arteries fuse with the basilar artery and the posterior 

communicating arteries connect to the posterior cerebral arteries. This process typically occurs 

around GD11 in mice (146), although in many strains the posterior communicating arteries are 

absent (277). At approximately GA 42-49d in humans,  the anterior cerebral arteries grow 

medially towards each other, eventually forming the anterior communicating artery and 

completing the cW (168, 232). In mice the anterior communicating artery connects the anterior 

cerebral arteries around GD11.5-13.5 (376). From this point onwards in gestation, the cerebral 

vasculature continues to develop through further fine branching, but the major vascular pattern 

has been completed. The development of the cerebral blood supply is depicted in Figure 1-1. 
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Figure 1-1 Development of the human cerebral blood supply. For simplicity, only the left 

division of the cerebral blood supply is shown in panels A-C, the right division develops 

similarly as a mirror image. Panel D displays both left and right divisions. In all panels rostral is 

to the top, and caudal is to the bottom. A) At GA 24-28d the longitudinal neural arteries (LNA) 

and internal carotid arteries (ICA) have emerged from the 3rd and 4th branchial arch arteries 

(BrA). Each ICA has additionally split into anterior and posterior divisions. Each LNA is 

supplied by anastomoses given by the trigeminal (TA), otic (OA), hypoglossal (HA) and 

proatlantal (ProA) arteries. B) At GA 28-35d the posterior division of each ICA has anastomosed 

with the cranial end of each LNA to form the posterior communicating arteries (PComA). Each 

ProA forms an anastomosis with the caudal end of each LNA, which will eventually form the 

vertebral arteries (VA). At this stage each OA and HA begin to regress. C) At GA 35-45d the 

primitive middle cerebral arteries (MCA) and anterior cerebral arteries (ACA) emerge from the 

anterior division of the ICA. The posterior cerebral arteries (PCA) and superior cerebellar 

arteries (SCbA) emerge from the PComA. The parallel LNAs begin to form anastomoses with 

each other, which will result in the formation of the basilar artery (BA). D) At term, the full 
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cerebral vascular pattern has been established. The right and left ACAs will have grown medially 

together to form the anterior communicating artery (AComA) and complete the cW at around 

GA 42-49d. The parallel LNAs have fully anastomosed to form the BA. AChA, anterior 

choroidal artery; AICbA, anterior inferior cerebellar artery; ASA, anterior spinal artery; HyA, 

hyoid artery; MandA, mandibular artery; MaxA, maxillary artery; OptA, ophthalmic artery; PAs, 

pontine arteries; PICbA, posterior inferior cerebellar artery; VPT, ventral pharygenal trunk. 

Adapted from (132, 239). 
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1.5 Rationale, Hypotheses, and Objectives 

 The following experimental and clinical research chapters focussed on the well-

established link between deficient expression of the angiogenic protein PGF and the subsequent 

generation of PE in pregnant mothers (183, 197, 345). Early experimentation addressed 

implantation site angiogenesis and was to be followed by hemodynamic measurements in Pgf-/- 

mice throughout pregnancy by radiotelemetry. The latter experiment failed due to a high 

incidence of stroke in the Pgf-/- mice following carotid placement of the probes. Given the strong 

links between PE and higher risks of stroke (164) and cognitive deficits (23, 99, 240, 350, 351) 

in the offspring, the focus of my subsequent research was to examine the role of PGF deficiency 

in altering brain structural and vascular development, and cognitive function in the offspring. 

This research, initially conducted in mice, was then extended to a population of pediatric PE-F1s. 

 The overarching hypothesis for this doctoral thesis was that deficient PGF expression 

during pregnancy leads to impaired angiogenesis in the implantation site and that these include 

the placental and fetal components of the conceptus. This impaired angiogenesis then manifests 

in: 1) the clinical signs of PE in the mother, and 2) altered brain structural and vascular 

development in the offspring. The altered brain development in the offspring subsequently would 

lead to impaired cognitive function. The specific research hypotheses that were tested are: 

i) PGF deficiency in mice leads to impaired implantation site angiogenesis and vascular 

development early in pregnancy, preceding the common time for the emergence of 

clinical signs of PE in humans (i.e. mid-gestation). 

ii) PGF deficiency in mice leads to impaired vascular development in late pregnancy 

placentae. 



 28  

 

iii) PGF deficiency in mice leads to altered brain structural anatomy, and impaired 

cognitive function. 

iv) PE-F1s will mimic phenotypes observed in Pgf-/- mice, and exhibit deficits in 

cognitive function. 

v) PE-F1s will exhibit alterations in brain structural and vascular anatomy. 

 

The objectives of this thesis were to: 

i) Determine the effect of PGF deficiency on maternal and fetal uteroplacental 

angiogenesis. 

ii) Determine which source of PGF during pregnancy (i.e. maternal versus conceptus) is 

key to proper implantation site angiogenesis and vascular development. 

iii) Characterize behavioural and cognitive functions in Pgf-/- mice. 

iv) Characterize brain structural anatomy in Pgf-/- mice. 

v) Characterize cognitive function in PE-F1s using highly sensitive and unbiased 

assessment tools, such as psychometric and eye-tracking testing. 

vi) Assess brain structural and vascular anatomy of PE-F1s through non-invasive MRI. 
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Chapter 2 

Impact of PGF Deficiency on Early Mouse Implant Site Angiogenesis 

 

2.1 Abstract 

Effects of PGF, an angiokine product of fetal trophoblasts and maternal decidual 

cells, on early decidual angiogenesis are undefined. I used whole-mount 

immunofluorescence analyses to compare uterus and GD4.5-9.5 mouse implantation sites 

that differed genetically in fetal or maternal PGF deficiency. Implant site number and 

embryonic development were similar in Pgf-/- and Pgf+/+ females although Pgf-/- 

lymphatic vessels were anomalous. Correct, fine branching angiogenesis of anti-

mesometrial vessels required both conceptus and maternal PGF; correct mesometrial 

branching angiogenesis depended solely upon conceptus PGF. Thus, PGF is non-

redundant for optimizing branching angiogenesis in early decidua. 
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2.2 Introduction 

In healthy human pregnancies, PGF in maternal plasma increases to ~week 30 then 

declines. Early maternal PGF deficiency is prodromal for approximately half of pregnancies 

progressing to PE (276, 326). Although decidual cells (uNK, stromal, and endothelial cells) 

produce PGF, maternal plasma deficits are usually attributed to poor placental production (185, 

199, 336). To identify the roles of maternal versus conceptus PGF in early decidual 

neoangiogenesis, Pgf-/- mice were studied. Pgf-/- mice are fertile and previous study of their GD8-

12 implant sites reported  stalled uNK cell maturation and minor delays in spiral arterial 

remodeling and placental development (336). Here, whole-mount immunohistochemistry (WM-

IHC) (80, 121, 149) was applied to virgin and variously-mated GD4.5-9.5 uteri from normal and 

Pgf-/- mice to characterize and compare vascular structure during the pre-placental phases of 

early pregnancy.  

 

2.3 Materials and Methods 

129/SvJ (Pgf+/+) mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA); 

CD-1 (Pgf+/+) from Charles River Laboratories (St-Constant, QC, Canada). Homozygous B6-

Tg(UBC-GFP)/30SchaJ (Gfp+/+) mice were used as studs to tag conceptus-derived cells (148). 

129-Pgf-/- were barrier husbandry reared at Queen’s University (50). All matings were 

transplantation antigen compatible (H-2b). Five CD-1 females were ovariectomized (isoflurane 

anesthesia) and orthotopically transplanted with Pgf-/- ovaries (CD-1OvTx) (313), rested 3wk, and 

mated. Two conceived and were examined at GD8.5. WM-IHC was conducted (80, 121) using 3 

or more implant sites from 3 or more pregnancies (except CD-1OvTx) per genotype between 

GD4.5-9.5. Hemisected implantation sites were stained with anti-CD31-PE (EC13.3 #553373; 
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BD Pharmingen, Mississauga, ON, Canada), anti-CD45-APC (30-F11 #557235; BD 

Pharmingen, Mississauga, ON, Canada) and anti-LYVE1-FITC (#FAB2125G; R&D 

Minneapolis, MN, USA) examined and photographed as viable tissue. Photomicrographs 

were analysed by a single investigator (MTR). Animals were used under institutionally-

approved protocols that complied with Canadian guidelines. Anti-mesometrial lacunarity 

was measured using ImageJ software (NIH, Berthesda, MD, USA) and analyzed by one-

way ANOVA with Tukey’s post-hoc test using GraphPad Prism v5 (GraphPad, La Jolla, 

CA, USA). Differences were considered statistically significant at p<0.05. 

 

2.4 Results and Discussion 

To identify the source of PGF influencing early decidual neoangiogenesis, Pgf-/- 

and Pgf+/+mating combinations were studied that isolated maternal (M) and conceptus 

(C) contributions. The matings (female x male) were: M+C+ (Pgf+/+ x Pgf+/+, Pgf+/+ x 

Gfp+/+), M+C½ (CD-1 x Pgf-/-), M-C½ (Pgf-/- x Gfp+/+), M+C- (CD-1OvTx x Pgf-/-), and 

M-C- (Pgf-/- x Pgf-/-) where +, ½, - refer to Pgf genotypes. In non-pregnant uteri, 

numerous large sub-serosal vessels of the external uterine wall were confirmed to be 

lymphatic vessels by LYVE1 immunoreactivity. These vessels were thin and well defined 

in Pgf+/+, but large and irregularly shaped in Pgf-/-, suggesting a role for PGF in uterine 

lymphatic development (Figure 2-1 G-H). Uterine lymphatic anomalies have been 

reported in PE women (190). Internal mucosal vessels of virgin uteri lacked detectable 

LYVE1, were thin, well defined and indistinguishable between Pgf-/- and Pgf+/+ (data not 

shown). 
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Figure 2-1 Mesometrial decidual angiogenesis is deficient only when conceptus-derived 

PGF is absent. Whole mount immunofluorescence photomicrographs of CD31 stained GD8.5 

mesometrial decidua of Pgf+/+ x Pgf+/+ (A), Pgf+/+ x Gfp+/+ (B), CD-1 x Pgf-/- (C), Pgf-/- x Gfp+/+ 

(D), CD-1OvTx x Pgf-/- (E) and Pgf-/- x Pgf-/- (F) mated mice. Distinct vascular plexuses 

representing active angiogenesis were seen in the Pgf+/+ x Pgf+/+, Pgf+/+ x Gfp, CD-1 x Pgf-/-, 

Pgf-/- x Gfp mated mice (A-D; illustrated in left middle panel). These were very infrequent in the 

CD-1OvTx x Pgf-/- and Pgf-/- x Pgf-/- mated mice where the vessels remained uniform in width and 

lacked branching (E, F; illustrated in left bottom panel). The top left panel illustrates the 

differences in maternal vs. conceptus derived PGF expression and resulting effect on 

mesometrial decidual (MD) vessel branching. Lymphatic vessels on the external serosal surface 

of the uterus were identified using CD31 (red) and LYVE1 (green) in Pgf+/+ (G) and Pgf-/- (H) 

virgin mice. Virgin serosal lymphatic vessels were very straight and regularly spaced in Pgf+/+ 

mice (G) but displayed anomalous morphology in Pgf-/- mice (H). GD8.5 decidual CD45+ 

leukocytes (green) were relatively larger in Pgf-/- x Pgf-/- (J) mated mice, compared to each of the 

other matings (Pgf+/+ x Pgf+/+ shown in panel I). Similar proportions of leukocytes stained 

CD31+ (red) in each mating combination. Images are representative of 3 implant sites from each 

of 2-3 litters per mating combination. The bottom left panel illustrates a representative sagittally 

hemisected whole mounted GD8.5 implant site showing conceptus (green) and CD31+ 

endothelium (red). Scale bars represent 100μm all panels.  
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Grossly, GD-matched implant site sizes were similar for all mating combinations. 

WM-IHC revealed no differences in angiogenesis before GD6.5. At GD6.5, M-C- 

implant sites had wider, less distinct anti-mesometrial blood vessels than M+C+ and 

M+C- indicating maternal PGF optimizes early anti-mesometrial angiogenesis. In all 

matings, CD31 reactivity was acquired by non-vascular embryonic crypt stromal cells 

and leukocytes, suggesting cell activation (80, 148, 210). No mesometrial differences 

were observed (data not shown).  

By GD8.5, differences were more distinct. Anti-mesometrially, all groups were 

similar except M-C- which had deficient branching (Figure 2-2), indicating that 

conceptus PGF joins maternal PGF in importance for anti-mesometrial angiogenesis as 

pregnancy progresses. Image analysis revealed that M-C- matings had ~3x greater 

lacunarity than each of the other matings (p<0.001). Anti-mesometrial vessel branching 

was likely not influenced by leukocyte-derived PGF, since leukocytes were infrequent 

anti-mesometrially. Mesometrially, in decidua highly enriched for leukocytes, 

abnormally straight, unbranched vessels were seen in M+C- and M-C- matings (Figure 

2-1), indicating conceptus-derived PGF regulation of mesometrial decidual angiogenesis. 

In all matings, many leukocytes present in the mesometrial decidua basalis acquired 

CD31 expression and formed conjugates, suggesting PGF deficiency does not impair 

major leukocyte functions. Ultrastructural studies (data not shown) confirmed our 

previous finding of altered uNK cell cytokinesis in M-C- sites (336). Since anti-

mesometrial decidua regresses in later pregnancy, our data suggest that maternal plasma 

PGF fluctuations over mid-to-late pregnancy characterize conceptus rather than maternal 

biology.  
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Figure 2-2 Anti-mesometrial decidual angiogenesis is deficient when maternal- and 

conceptus-derived PGF is absent. Whole mount immunofluorescence photomicrographs of 

CD31 stained GD8.5 anti-mesometrial decidua of Pgf+/+ x Pgf+/+ (Ai-ii), Pgf+/+ x Gfp+/+ (Bi-ii), 

CD-1 x Pgf-/- (Ci-ii), Pgf-/- x Gfp+/+ (Di-ii), CD-1OvTx x Pgf-/- (Ei-ii) and Pgf-/- x Pgf-/- (Fi-ii) 

mated mice. Anti-mesometrial decidual blood vessels were highly branched and tightly packed 

in the Pgf+/+ x Pgf+/+, Pgf+/+ x Gfp+/+, CD-1 x Pgf-/-, Pgf-/- x Gfp+/+, and CD-1OvTx x Pgf-/-  mated 

mice, while significantly less branched in the Pgf-/- x Pgf-/- mated mice. Panels Ai, Bi, Ci, Di, Ei 

and Fi are un-annotated photomicrographs showing CD31+ decidual blood vessels, while panels 

Aii, Bii, Cii, Dii, Eii and Fii are annotated to highlight spaces between vessels. The larger spaces 

annotated in Fii indicate reduced vascular density and reduced branching of vessels. The top left 

panel illustrates the differences in maternal vs. conceptus derived PGF expression and resulting 

effect on anti-mesometrial decidual vessel branching. The middle left panel displays quantitative 

analysis of the lacunarity in each mating, with the Pgf-/- x Pgf-/- mating having approximately 3x 

greater lacunarity than each of the other 5 mating combinations (p<0.001). Images are 

representative of 3 implant sites from each of 2-3 litters per mating combination. The bottom left 

panel illustrates a representative sagittally hemisected whole mounted GD8.5 implant site 

showing conceptus (green) and CD31+ endothelium (red). The boxed areas in the bottom left 

panel represents the approximate area of the anti-mesometrial (1; displayed in figure 3-2) and 

mesometrial (2; displayed in figure 3-1) decidua used for analysis. Scale bars represent 100μm in 

panels A-F, 1mm in lower left panel.  



 35  

 

At GD9.5, vessels continued to grow and develop in M-C- decidua, but remained 

distinctly delayed in maturation of pruning mesometrially versus all other matings (data 

not shown). PGF deficiency had no detected impact on trophoblast invasion into decidua 

basalis (GD6.5) or into its vessels (GD9.5). Thus PGF expression by trophoblast or 

decidual cells is not required to initiate or sustain trophoblast invasion.  

Maternal plasma PGF concentration patterns are similar in mouse and human pregnancies 

(197, 336), suggesting analogous function  A dominant action of PGF is as a decoy ligand for 

VEGFR1, allowing VEGFA to bind and signal through VEGFR2, promoting angiogenesis (86, 

91, 173). PGF deletion would thus lead to available VEGFR1 for VEGFA binding which would 

decrease angiogenic signaling through VEGFR2 and result in a phenotype characteristic of 

VEGF deficiency. In humans, VEGFA and VEGFR2 are highly expressed by early placentas, 

while PGF and VEGFR1 are more highly expressed from mid-gestation until term (169, 181). 

Low plasma PGF in women progressing to PE, may reflect a functional rather than absolute 

VEGF deficiency. PGF is considered to be redundant during development since Pgf-/- mice are 

viable without overt pathology (50). My data refute this tenet by showing that PGF, particularly 

from conceptuses, is essential for normal early decidual angiogenesis.  
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Chapter 3 

Effects of PGF Deficiency on Cognition, Behaviour and Brain Structure in Mice 

 

Preamble 

Following analysis of decidual angiogenesis during early pregnancy in mice lacking 

maternal or conceptus derived PGF, I conducted studies to examine decidual SA remodelling and 

placental morphology in Pgf-/- x Pgf-/- and Pgf+/+ x Pgf+/+ mice. Pgf-/- x Pgf-/- matings displayed 

delayed decidual SA remodelling as compared to Pgf+/+ x Pgf+/+ matings (Appendix C, Figure 

A-1). Decidual SA remodelling in Pgf-/- x Pgf-/- matings occurred between GD15.5 and GD18.5, 

whereas decidual SA remodelling in Pgf+/+ x Pgf+/+ matings occurred between GD12.5 and 

GD15.5. Analysis of placental morphology revealed significantly larger vascular spaces in the 

labyrinthine region of Pgf-/- x Pgf-/- placentas as compared to Pgf+/+ x Pgf+/+ placentas at GD15.5 

and GD18.5 (Appendix C, Figure A-2). These placental structural alterations are commonly 

linked to the hemodynamic consequences of PE pregnancies (208, 269). Thus, I attempted to 

measure hemodynamic variables in the two genotypes by radiotelemetry. Upon placement of 

radiotelemeters in the left common carotid artery, 27/34 Pgf-/- mice exhibited overt signs of 

stroke, and required euthanasia before any study. To examine the potential basis for this stroke 

phenotype, resin arterial casts were produced in Pgf-/- and Pgf+/+ mice. Pgf-/- mice displayed an 

incomplete cW in 7/8 casts. Additionally, Pgf-/- brain vasculature was overtly different compared 

to Pgf+/+, with Pgf-/- brain arterial casts displaying highly disorganized and abnormally patterned 

vascular structure (Appendix C, Figure A-3). This finding of impaired brain vascular 

development in Pgf-/- mice drove my development of the subsequent experiments presented in 

this thesis. In Chapter 3, I conducted behavioural and cognitive testing of Pgf-/- mice. The brains 
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of these mice were then examined by post-mortem structural MRI. In Chapters 4 & 5, I applied 

these findings to a human population, and examined cognitive function, as well as brain 

structural and vascular anatomy in a pediatric population of PE-F1s. 

 

3.1 Abstract 

Across many PE pregnancies, maternal plasma levels of the placentally-produced 

angiokine PGF are low. For reasons poorly understood, PE-F1s are at greater risk for 

hypertension, cognitive impairment, and stroke. As reported in Chapter 2 and by others, reduced 

and aberrant vascular branching occurs in certain organs of Pgf-/- mice, including brain, in 

comparison to normal congenic control mice. I hypothesized that PGF deficiency in mice is 

accompanied by impaired cognition and alterations to brain structural anatomy and that these 

findings may be relevant to low PGF-PE-F1s. Cognitive function and behavior were assessed in 

adult Pgf-/- and Pgf+/+ mice by five standard paradigms that evaluate depression, spatial working 

memory, object recognition, locomotor activity, and anxiety. Brain structural anatomy of these 

tested mice was then examined by post mortem MRI. Male Pgf-/- mice showed impairments in 

spatial working memory, increased locomotor activity and depressive signs, while female Pgf-/- 

mice displayed reduced anxiety. The neuroanatomy of Pgf-/- mice was greatly altered compared 

to controls. Male Pgf-/- mice displayed smaller entorhinal cortex volume, and female Pgf-/- mice 

displayed widespread reductions in numerous brain regions compared to controls. Pgf-/- mice of 

both sexes displayed greatly enlarged lateral ventricles. PGF expression is essential for normal 

brain development and expression of normal cognitive function in male and female mice. These 

data suggest that cerebral outcomes of PE-F1s may be due to direct or indirect deficits in PGF 

expression in fetal organs other than placenta.  
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3.2 Introduction 

PGF, a member of the VEGF family, is a pleiotropic growth factor capable of stimulating 

numerous cell types, particularly cells participating in angiogenesis (91). PGF was initially 

postulated to function as an angiogenic factor by displacing VEGFA from the decoy receptor 

VEGFR1 (also known as FLT1), allowing VEGFA to then signal through VEGFR2 (265). 

However, accumulating evidence suggests that PGF participates in angiogenesis by numerous 

additional mechanisms. PGF up-regulates the expression of angiogenic factors such as VEGFA, 

basic fibroblast growth factor, platelet derived growth factor β, and MMPs (221, 300). 

Furthermore, PGF appears to stimulate more than just endothelial cells (50, 381). Current studies 

indicate PGF additionally stimulates proliferation of mesenchymal fibroblasts (377), and recruits 

myeloid progenitor cells (138, 281) and macrophages (308) to sites of neoangiogenesis. 

 During normal human pregnancy, PGF is highly expressed in maternal plasma, peaking 

towards the end of the second trimester then declining until term. The pattern of PGF expression 

in mouse pregnancy resembles that of humans. In murine maternal plasma, PGF concentrations 

peak over mid-gestation (GD10-14; (2)) while RNA expression is highest in relative abundance 

at GD16.5 then declines (336) until term at GD19.5. We previously reported that PGF deficiency 

in mice results in abnormal angiogenesis in early decidua (GD6.5-9.5) and in mid to late 

pregnancy placenta (GD12.5-18.5) (285, 286) and showed dominance of conceptus-derived 

rather than maternally-derived PGF for normal vascular development within early decidua 

basalis. In many human pregnancies complicated by PE, an acute, urgent care hypertensive 

syndrome, PGF expression is low for many weeks before onset of clinical signs (170, 183, 197, 

345). Expression of sFLT1, the soluble form of the receptor for PGF and VEGF becomes highly 

elevated in PE at about GA 25wks (197, 276). Low PGF was recently postulated to be the central 
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marker able to distinguish between two distinct pathogenic processes that lead to clinical PE 

presentation (276, 326). Although deficiency in PGF during pregnancy was associated with the 

more severe pregnancy presentations, the mechanisms by which PGF has these effects remain 

unclear (198, 361). 

 A growing body of evidence suggests that PE-F1s are more likely to experience 

cerebrovascular and cognitive related disorders than age-matched offspring born to non-PE 

pregnancies. Comparisons within the Helsinki Birth Cohort Study found that PE-F1 had smaller 

head circumferences at birth compared to offspring of uncomplicated pregnancies (164). 

Furthermore, PE-F1 achieve lower IQ scores at age 3yrs compared to offspring who were 

similarly growth restricted, but did not experience PE (220). Additionally, PE-F1 displayed an 

approximately 2x greater risk of stroke (164), as well as approximately 30% higher depressive 

symptom scores (353), lower cognitive ability, and greater cognitive decline in old age, with 

follow-up to age 70yrs (350, 352). Each of these associations was strongest when examining PE-

F1, with associations being considerably weaker, or non-existent, when examining offspring who 

were growth restricted, or experienced maternal hypertension without proteinuria. Because the 

Helsinki Birth Cohort Study recorded births between 1934 and 1944, maternal plasma PGF 

measurements are not available. Thus, the relationships between human PGF deficiency, 

cognitive disorders and brain development remain unknown.  

In previous studies I had prepared arterial casts of the brains of adult Pgf-/- and congenic 

control mice of both sexes. Pgf-/- casts were anomalous compared to controls (longer and 

narrower, disorganized pattern frequently with an incomplete cW, reduced capillaries and wider 

diameters of major vessels). These features suggested developmental errors that could impact 
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upon brain structure and function. Using mice, I evaluated the hypothesis that PGF is essential 

for normal development of the brain and of cognitive function. 

 

3.3 Materials and Methods 

3.3.1 Animals 

Male and female C57BL/6 (Pgf+/+) (B6) mice were purchased from Charles River 

Canada (St-Constant, QC). B6-Pgf-/- mice were bred under barrier husbandry at Queen’s 

University from foundation stock provided by Dr. Peter Carmeliet, Vesalius Research Centre, 

Leuven, Belgium. All animals were maintained under a 12h: 12h reversed light: dark cycle 

(lights on at 01:00h and lights off at 13:00h) and provided with ad libitum access to food and 

water. Mice were single housed and acclimated to the reversed light: dark cycle for 7d prior to 

beginning behavioral testing. All procedures were conducted under protocols approved by the 

Queen’s University Animal Care Committee and were compliant with national Canadian 

guidelines. The same adult mice (n=4 males and 4 females of each genotype; 4-5mo) were used 

for each of the cognitive and behavioral testing protocols. The brains from the same animals 

were then prepared for MRI as described below. 

 

3.3.2 Cognitive and Behavioral Testing: 

Each test was performed on the same study set of animals (n=4 males and 4 females per 

genotype). Testing was carried out in a darkened, dedicated testing room, which animals were 

introduced and habituated to in their home cages for 1h late in their illumination interval before 

testing began. The testing room had minimal background noise, was maintained at 22°C, and 

was dimly lit for the investigator using a single 60W light bulb in one corner of the room. All 
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tests were conducted between 13:30h and 18:00h, which corresponded to the night period of the 

reversed light cycle. Each mouse performed each test once, unless otherwise stated. Testing for 

all mice was performed in the following order: 1) y-maze, 2) tail suspension test, 3) novel object 

recognition test, 4) serial dishabituation, and 5) open field test. Only one test was conducted per 

day, and testing for each mouse was completed over a 3wk interval. 

 

3.3.2.1 Open Field Test (OFT) 

Beginning at 4mo of age, male and female Pgf+/+ and Pgf-/- mice were assessed for 

spontaneous locomotor activity and anxiety behavior using the OFT. Mice were placed 

individually in a Plexiglass® open field apparatus (45cm x 45cm x 25cm), with surrounding 

infrared beams to measure horizontal and vertical movements using a software data acquisition 

system (TSE Actimot, Scientific Products and Equipment, Concord, ON). Each mouse was 

placed in the middle of the open field apparatus and left undisturbed for 10min. The distance 

traveled, total rearings, and time spent in the middle versus periphery of the open field were 

recorded. Each mouse completed the protocol once per wk for 3wks and data from all sessions 

were averaged. 

 

3.3.2.2 Novel Object Recognition (NOR) Test 

To test recognition memory, mice performed the NOR test as described previously (30, 

100). The arena used for the test was a Plexiglass® open-field apparatus (45cm x 45cm x 25cm), 

and the objects used were unique constructions of Lego® blocks, varying both in color and 

shape. On day 1 of testing, each mouse was individually released into the middle of the arena 

and allowed to explore for 10min. On day 2, for the sample phase, each mouse was again 
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released into the middle of the arena, which now contained 2 identical objects, placed near the 

center. On day 3, for the choice phase, each mouse was again released into the middle of the 

arena, which now contained one of objects previously seen in the sample phase, and a novel 

object. The location of the novel object was counterbalanced among mice to control for side 

biases. Each phase of the testing was video recorded for offline analysis. Each mouse was 

defined as exploring an object if its nose was oriented in the direction of the object and the 

mouse was within a 4cm zone around the object. Total visits to each object and total time spent 

exploring each object were analyzed. Discrimination index (DI) was calculated as the percentage 

of time spent exploring the novel object as a function of the total amount of exploration time 

(duration spent with novel object/ (duration spent with novel object + duration spent with 

familiar object) x 100). 

 

3.3.2.3 Tail Suspension Test (TST) 

To assess depression behavior of the mice, the TST was performed as described 

previously (328). Mice were individually suspended by the tail with a clamp (2cm from the tip of 

the tail) in a white opaque chamber (25cm x 25cm x 30cm) with the head 5cm from the bottom. 

Each mouse was suspended for a total of 6min and testing was video recorded for offline 

analysis. Mice were considered to be immobile only when they hung passively and completely 

motionless. The initial time to immobility, total time spent immobile, and immobile episode 

number were recorded for analysis. 
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3.3.2.4 Y-Maze Spontaneous Alternation Test (YMSAT) 

To assess spatial learning, mice performed the YMSAT. The YMSAT apparatus 

consisted of three identical opaque plastic arms (40cm x 8cm x 12cm), with each arm oriented 

120° apart. The walls of each arm were decorated with a unique design of masking tape to 

provide visual cues. Mice were individually placed in the center of the maze and allowed to 

freely explore the 3 arms of the maze for 10min. The testing session was video recorded for 

offline analysis. The arm entries were scored and the successful alternation was defined as 

consecutive entries into a new arm before returning to the two previously visited arms. Percent 

alternation was calculated as: % Alternation = (number of successful alternations / total arm 

entries – 2) x 100. 

 

3.3.2.5 Serial Dishabituation Test (SDT) 

To assess sex-specific strategies for object recognition, the SDT was performed as 

described previously (30). The arena used for testing was a Plexiglass® open-field apparatus 

(45cm x 45cm x 25cm), and the objects used were unique constructions of Lego® blocks. Each 

mouse performed 11 consecutive 6min trials, which were separated by a 3min inter-trial period 

during which the mouse was returned to its home cage. In trial 1 (Open Arena) the mouse is 

habituated to the open arena. In trials 2-4 (Habituation) the mouse was habituated to a square, 

symmetrical array of 5 objects. In trials 5 and 6 (New Location), the center object in the array 

was moved to a position outside the square. In trials 7 and 8 (Spatial Switch), two objects were 

switched in location, such that the shape of the array remained unchanged. In trials 9 and 10 

(Substitution), one familiar object was substituted with a novel object. In trial 11 (Addition), a 

new object was added to the array, for a total of 6 objects. Each configuration (except trial 11) of 
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the array is repeated in consecutive trials so that the repeated trial serves as a habituated control 

trial for the subsequent next configuration. The entire testing session was video recorded for 

offline analysis. Each mouse was defined as exploring an object if its nose was oriented in the 

direction of the object and the mouse was within a 4cm zone around the object. The total visits to 

each object and total time spent exploring each object were analyzed. 

 

3.3.3 Sample Preparation for MRI 

 Following the completion of all cognitive and behavioral testing, mouse brains were 

prepared using a method optimized for MRI (47). Mice were anaesthetized with sodium 

pentobarbital (75mg/kg, i.p.) and then perfused through the heart with 30mL phosphate buffered 

saline (PBS, pH 7.4, 25°C) containing 10U/mL heparin and 2mM ProHance® (Bracco 

Diagnostics Inc., Princeton, NJ) followed by 30mL 4% paraformaldehyde (PFA, 25°C) 

containing 2mM ProHance at a rate of 1mL/min. Following perfusion, bodies, along with the 

skin, lower jaw, ears, eyes, and cartilaginous nose tip were removed. The remaining skull 

containing the brain was allowed to postfix in 4% PFA containing 2mM ProHance at 4°C for 

12h. Samples were subsequently stored in PBS containing 0.01% sodium azide and 2mM 

ProHance at 4°C for a minimum of 28d prior to imaging. 

 

3.3.4 MRI Acquisition 

 A multi-channel 7.0 Tesla MRI scanner (Varian Inc., Palo Alto, CA, USA) was used to 

image the brains within skulls. Sixteen custom-built solenoid coils were used to image the brains 

in parallel (33). Parameters for the anatomical MRI scans were as follows: T2-weighted, 3D fast 

spin-echo sequence, with a TR of 2000ms and TEs of 14ms per echo for 6 echoes, two averages, 
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field-of-view of 14mm x 14mm x 25mm and matrix size = 250 x 250 x 450 giving an image with 

0.056mm isotropic voxels. Total imaging time was approximately 11h per specimen (194). 

 

3.3.5 MRI Data Analysis 

 To visualize and compare any changes in the mouse brains, the images were linearly (6 

parameter followed by a 12 parameter) and non-linearly registered towards a pre-existing atlas 

(94). All scans were then resampled with the appropriate transform and averaged to create a 

population atlas representing the average anatomy of the study sample. The result of the 

registration was to have all scans deformed into alignment with each other in an unbiased 

fashion. This allowed for the analysis of the deformations needed to take each individual mouse's 

anatomy into this final atlas space, the goal being to model how the deformation fields relate to 

genotype (193, 247). The Jacobian determinants of the deformation fields were then calculated 

as measures of volume at each voxel. Integrating these local volume changes over anatomical 

regions defined on a pre-existing classified MRI atlas (94), the volumes of 62 neuroanatomical 

structures including the cortical lobes, corpus callosum, ventricles, cerebellum, brain stem, and 

olfactory bulbs were assessed in all brains. These local volume changes were also examined on a 

voxel-wise basis in order to identify differences found within structures or spanning multiple 

structures. Multiple comparisons in this study were controlled for using the False Discovery Rate 

(120). 

 

3.3.6 Statistical Analysis 

 All data are expressed as means ± SE. Cognitive and behavioral testing data and volume 

measurements of specific brain structures derived from MRI analysis were analyzed by 2-way 
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ANOVA, with consideration to sex and genotype, followed by Tukey’s post-hoc tests. All 

analyses were considered to be statistically significant at a p-value <0.05 and multiple 

comparisons were corrected using a False Discovery Rate (FDR) <0.1. All analyses were 

conducted using SAS 9.3 (SAS Institute Inc., Cary, NC, USA). 

 

3.4 Results 

3.4.1 OFT 

 Two-way ANOVA of time spent in the center of the open field revealed a significant 

main effect of genotype ((F1,12)= 5.40, p=0.0385). Post-hoc analyses demonstrated that the effect 

was driven by the fact that Pgf-/- female mice spent significantly more time in the center of the 

open field than Pgf+/+ female mice, but there was no difference in time spent in the center of the 

open field between Pgf-/- male mice and Pgf+/+ male mice (Figure 3-1 A). Two-way ANOVA of 

the number of rearings revealed a significant main effect of genotype ((F1,12)=4.88, p=0.0474), 

and a significant interaction between genotype and sex ((F1,12)=16.23, p=0.0023). Post-hoc 

analyses demonstrated that the interaction was driven by the fact that Pgf-/- female mice reared 

significantly less than Pgf+/+ female mice, but there was no difference in number of rearings 

between Pgf-/- male mice and Pgf+/+ male mice (Figure 3-1 B). Two-way ANOVA of distance 

traveled in the open field revealed a significant interaction between genotype and sex 

((F1,12)=6.00, p=0.0307). Post-hoc analyses demonstrated that the interaction was driven by the 

fact that Pgf-/- male mice travelled significantly farther than Pgf+/+ male mice, but there was no 

difference in distance traveled between Pgf-/- female mice and Pgf+/+ female mice (Figure 3-1 C). 
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Figure 3-1 OFT. Female Pgf-/- mice spent significantly more time in the center of the open field 

vs. the periphery, but no difference was observed among males (A). Additionally, female Pgf-/- 

mice reared less often than Pgf+/+ female mice, but no difference was observed between males of 

either genotype (B). Male Pgf-/- mice traveled significantly farther during the testing interval 

compared to Pgf+/+ male mice, but no difference was observed between females of either 

genotype. Filled bars represent Pgf+/+ mice and open bars represent Pgf-/- mice. Data are the 

averages of three 10-min testing intervals and are expressed as mean ± SE. *p<0.05, **p<0.01 

compared to Pgf+/+ of the same sex.  
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3.4.2 NOR 

 Two-way ANOVA of discrimination index did not reveal significant effects of genotype 

or sex (Figure 3-2 A). Pgf-/- mice of both sexes tended to have higher DIs, a measure of stronger 

recognition of the novel object, but these differences were not statistically significant. 

 

3.4.3 TST 

 Two-way ANOVA of time spent immobile in the TST revealed a significant main effect 

of genotype ((F1,12)=5.61, p=0.0355). Post-hoc analyses demonstrated that the effect was driven 

by the fact that Pgf-/- male mice spent significantly more time immobile than Pgf+/+ male mice, 

but there was no difference in time spent immobile between Pgf-/- female mice and Pgf+/+ female 

mice (Figure 3-2 B). There were no significant differences in immobile latency, or number of 

immobile episodes between Pgf-/- and Pgf+/+ mice of either sex. 

 

3.4.4 YMSAT 

 Two-way ANOVA of % alternation in the YMSAT revealed a significant main effect of 

genotype ((F1,12)=15.79, p=0.0018), and a significant interaction between genotype and sex 

((F1,12)=17.08, p=0.0014). Post-hoc analyses demonstrated that the interaction was driven by the 

fact that Pgf-/- male mice exhibited significantly lower % alternation than Pgf+/+ male mice, but 

there was no difference in % alternation between Pgf-/- female mice and Pgf+/+ female mice 

(Figure 3-2 C). 
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Figure 3-2 NOR, TST, and YMSAT. (A) In the NOR test, no differences in DI were observed 

between Pgf-/- and Pgf+/+ mice when analyzed separately by sex (A). In the TST, male Pgf-/- mice 

spent significantly more time immobile compared to Pgf+/+ males, but there was no significant 

difference when comparing females (B). In the YMSAT, only male Pgf-/- mice exhibited 

significantly lower % alternation compared to Pgf+/+ males, while no difference was observed 

between females of either genotype. Filled bars represent Pgf+/+ mice and open bars represent 

Pgf-/- mice. Data are expressed as mean ± SE. *p<0.05 compared to Pgf+/+ of the same sex.  
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3.4.5 SDT 

 The results of the SDT displayed sexually dimorphic behavior for both genotypes. 

However, no difference existed between the behavior of Pgf-/- and Pgf+/+ male mice or between 

Pgf-/- and Pgf+/+ female mice. In the new location paradigm, Pgf-/- and Pgf+/+ males displayed 

greater preference for the displaced object versus the non-displaced object while females of both 

genotypes displayed equal preference for the displaced and non-displaced objects. For all other 

paradigms (spatial switch, substitution, and addition), no preference for the displaced or non-

displaced objects was displayed between Pgf-/- and Pgf+/+ mice of either sex. Comparisons of 

each testing paradigm of the SDT are shown in Table 3-1 (males) and Table 3-2 (females). 
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Table 3-1 SDT results (male) – difference in exploration time per object (sec) 

Trial 

Pgf+/+  Pgf-/- 

Displaced Non-displaced p-value  Displaced Non-displaced p-value 

New Location 14.0 ± 4.0 -0.2 ± 1.3 0.0151*  12.4 ± 2.9 -1.4 ± 3.4 0.0208* 

Spatial Switch -4.7 ± 5.4 1.0 ± 6.6 0.5294  2.5 ± 2.9 3.7 ± 2.7 0.7705 

Substitution 10.2 ± 6.7 -0.7 ± 1.7 0.1633  17.1 ± 13.8 -0.4 ± 2.8 0.2614 

Addition 2.6 ± 2.4 3.6 ± 2.2 0.7855   8.4 ± 5.0 3.2 ± 0.6 0.3340 

 

Table 3-2 SDT results (female) – difference in exploration time per object (sec) 

Trial 

Pgf+/+  Pgf-/- 

Displaced Non-displaced p-value  Displaced Non-displaced p-value 

New Location 5.4 ± 3.8 -3.1 ± 3.7 0.1608  0.4 ± 1.1 -3.7 ± 4.1 0.3733 

Spatial Switch -0.3 ± 1.5 2.2 ± 2.5 0.4314  -7.5 ± 5.1 1.5 ± 2.6 0.1648 

Substitution 13.2 ± 6.7 2.6 ± 1.3 0.1730  13.1 ± 10.5 -0.7 ± 8.4 0.3439 

Addition 12.9 ± 7.3 7.4 ± 2.5 0.5005   14.9 ± 11.8 11.1 ± 4.1 0.7730 
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3.4.6 MRI Analysis 

 Anatomical MRI of Pgf-/- and Pgf+/+ mouse brains revealed widespread differences in 

regional volume distributions between sexes. Percent differences comparing Pgf-/- to Pgf+/+ for 

each of the 62 brain regions quantified are displayed in Figure 3-3 (males) and Figure 3-4 

(females). When comparing brain regional volume differences separately by sex, total brain 

volume appeared smaller among male Pgf-/- mice compared to Pgf+/+, but this difference was not 

significant (432.22 versus 445.18mm3; p=0.1246; FDR=0.6623). Among females, Pgf-/- total 

brain volume was significantly smaller compared to Pgf+/+ female mice (427.25 versus 

464.21mm3; p=0.0109; FDR=0.0629). After correcting for FDR <0.1, male Pgf-/- brains 

exhibited one brain region that was significantly smaller than in Pgf+/+ – the entorhinal cortex 

(9.47 versus 10.60mm3; p=0.0005; FDR=0.0333). On the other hand, female Pgf-/- mice 

exhibited 25 brain regions which were significantly smaller at a p-value <0.05 and FDR <0.1. 

The largest volume reductions were seen in the pre-para subiculum (1.92 versus 2.46mm3; 

p=0.0034; FDR=0.0515), the occipital lobe (5.69 versus 7.19mm3; p=0.0273; FDR=0.0899), and 

the entorhinal cortex (9.11 versus 10.92mm3; p=0.0070; FDR=0.0551). 
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Figure 3-3 Brain regional volume differences comparing male Pgf-/- to male Pgf+/+ mice. 

Male Pgf-/- mice exhibited statistically significant differences in 1/62 brain regions analyzed, 

compared to male Pgf+/+ mice. Filled bars represent statistically significant differences (p<0.05, 

FDR<0.1) and open bars represent statistically non-significant differences. 
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Figure 3-4 Brain regional volume differences comparing female Pgf-/- to female Pgf+/+ mice. 

Female Pgf-/- mice exhibited statistically significant differences in 25/62 brain regions analyzed, 

compared to female Pgf+/+ mice. Filled bars represent statistically significant differences 

(p<0.05, FDR<0.1) and open bars represent statistically non-significant differences.  
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3.5 Discussion 

 This study has defined for the first time, outcomes from PGF deficiency in mice on 

cognitive function and neurodevelopmental anatomy. PGF deletion impacted cognitive function 

and anatomical structure in sex-specific patterns. The major deficits in cognitive function were 

seen in males, but, somewhat unexpectedly, far more widespread brain regional volume 

reductions were present in females. A “sparing effect” in male brain growth has been well 

documented in humans (24) and in utero developmental insults are reported to affect male 

cognitive function preferentially over female (218, 219, 359). However, the lack of apparent 

agreement between multiple cognitive tests and a single anatomically reduced region in males is 

somewhat puzzling, since only one brain region – the entorhinal cortex – displayed a statistically 

significant volume reduction among Pgf-/- male mice. This apparent contradiction may be a result 

of asymmetrical brain growth, which has disrupted the fine balance of the brain’s exquisite 

architecture to result in cognitive deficits. On the other hand, female Pgf-/- mice display 

numerous reductions in brain regional volumes, as well as significantly smaller total brain 

volume, suggesting that brain growth has been impaired globally resulting in smaller overall 

size, but with less disruption to function. 

 My mouse model exhibits global Pgf deletion in all conceptus tissues and at all stages of 

development. In humans and mice, all stages of preimplantation embryos express PGF, 

predicting that aberrant regulation of this gene will be displayed in both trophectodermal and 

inner cell mass derived tissues (172, 375, 379).  Since PGF levels are lower than normal rather 

than absent in preeclamptic women (170, 183, 197, 345), pregnancy outcomes in Pgf-/- x Pgf-/- 

matings should be informative albeit in an exaggerated state regarding human conceptus 

outcomes in low PGF pregnancies. With colleagues, I detected Pgf and PGF expression in all 



 56  

 

developing brain regions of normal B6 fetuses between GD10.5-18.5 (Luna, Kay, Rätsep, 

Khalaj, Bidarimath, Peterson, Jin & Croy, submitted). We also found in comparisons between 

normal B6 and B6-Pgf-/- fetuses that brain vascular structure and growth are impaired by mid-

gestation when PGF is deficient (Luna, Kay, Rätsep, Khalaj, Bidarimath, Peterson, Jin & Croy, 

submitted). Carver and colleagues, using a sFLT1-induced model of PE in CD-1 mice, also 

report cognitive dysfunction, and brain structural anomalies in the offspring (51, 52). These 

deficits were partially corrected through pravastatin administration, a statin that has been shown 

to induce PGF expression by another group using the same sFLT1-induced model of PE (180). 

These authors hypothesized that neither sFLT1 nor pravastatin would cross the placenta to 

directly influence brain growth and development and that the brain outcome effects were entirely 

due to altering the intrauterine environment (51).  

  Cognitive defects seen in male Pgf-/- mice included impairments in spatial working 

memory, depression, and hyperactivity. These defects were accompanied by an anatomic 

reduction in entorhinal cortex volume, an area of the brain involved in memory formation and 

spatial navigation (115, 158). This defect should translate into poor performance in the y-maze, 

as well greater distance travelled and exploration of the open field due to deficits in spatial 

navigation and working memory. Increased immobility time in the TST may reflect defects in 

projections from the entorhinal cortex to adjacent regions, or simply impaired functional activity 

in the absence of volume reduction. In female Pgf-/- mice, volume reductions were seen in 25 

distinct regions compared to Pgf+/+ mice. These included relatively large reductions in the pre-

para subiculum (-21.9%), occipital lobe (-20.9%), and entorhinal cortex (-16.6%). These volume 

reductions would imply impairments in spatial navigation (32), visual processing (object 

recognition) (252), and memory formation (115, 158), respectively. However, no impairments 
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were found in cognitive and behavioral testing. This might be explained by a proportional 

compensation in functional activity and increased neuronal efficiency. Given that 22 additional 

regions displayed significant volume reductions, female fetuses may have a different 

developmental program than males that biases towards a smaller, but more functionally active 

brain. 

 My data provide new insights into the importance of PGF expression during pregnancy 

and development, particularly in relation to cognitive function and brain structural anatomy. I 

previously reported that PGF deletion resulted in reduced and aberrant brain vascular structure 

(Appendix C, Figure A-3; (286)). Additionally, during pregnancy, PGF deletion results in sub-

optimal uteroplacental angiogenesis, particularly when the conceptus is PGF deficient (285). 

Similarly to my study, antagonism of PGF and VEGFA by sFLT1 administration during 

pregnancy results in impaired brain structural anatomy (51), and sensorimotor outcomes in the 

offspring (52). These combined results strongly suggest that angiogenic disturbances during 

pregnancy that result in relative PGF deficiency impair fetal brain vascular development. Since 

PGF is detected in fetal neurons as well as in endothelium (Luna, Kay, Rätsep, Khalaj, 

Bidarimath, Peterson, Jin & Croy, submitted; (234)), mechanisms that limit PGF could have 

direct neuronal or combined indirect vascular and neuronal impacts that diminished brain 

function in multiple domains. Effective normalization by PGF supplementation during 

pregnancy may be difficult to achieve, since PGF is a large glycoprotein (25 kDa), likely too 

large to cross the placental barrier, and would require direct delivery to the fetal compartment. 

Since development of the major cerebral vascular structures are completed by GA 8-10wks of 

human pregnancy, PGF delivery to amniotic fluid would be dangerous (risk of trauma to first 

trimester fetuses) and unlikely to deliver site specific PGF replacement to cells in developing 
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brain. Pravastatin administration can partially improve outcomes of PGF antagonism during 

pregnancy (51, 52), but may be ineffective if the conceptus is genetically or epigenetically 

unable to express PGF (180). Further studies are required to provide solutions that will support 

normal vascular and neuronal development for fetuses or offspring of pregnancies affected by 

suboptimal expression of PGF.  
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Chapter 4 

Impact of PE on Cognitive Function in the Offspring 

 

4.1 Abstract 

PE is a significant clinical disorder occurring in 3-5% of all human pregnancies. PE-F1s 

are reported to exhibit greater cognitive impairment than offspring from uncomplicated 

pregnancies. Previous studies of PE-F1 cognitive ability used tests with bias that do not assess 

specific cognitive domains. To improve cognitive impairment classification in PE-F1s, 

standardized clinical psychometric testing and eye tracking studies of saccadic eye movements 

were used. 

PE-F1s (n=10) and sex/age matched control participants (n=41 for psychometrics; n=59 

for eye-tracking) were recruited from the PE-NET study or extracted from the NeuroDevNet 

study databases. Participants completed a selected array of psychometric tests which assessed 

executive function, working memory, attention, inhibition, visuospatial processing, reading, and 

math skills. Eye-tracking studies included the prosaccade, antisaccade, and memory-guided 

saccade tasks. 

Psychometric testing revealed an impairment in working memory among PE-F1s. Eye-

tracking studies revealed numerous impairments among PE-F1s including additional saccades 

required to reach the target, poor endpoint accuracy, and slower reaction time. However, PE-F1s 

made faster saccades than controls, and fewer sequence errors in the memory-guided task. 

This study provides a comprehensive assessment of cognitive function among PE-F1s. 

The development of PE may be seen as an early predictor of reduced cognitive function in 

children, specifically in working memory and oculomotor control. Future studies should 
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extended to a larger study populations, and may be valuable for early studies of children born to 

pregnancies complicated by other disorders, such as gestational diabetes or IUGR. 
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4.2 Introduction 

 PE is a significant clinical disorder that occurs in 3-5% of all human pregnancies (296). 

PE is clinically diagnosed by new-onset hypertension (>140/90mmHg) and at least one of 

proteinuria (>300mg/day), thrombocytopenia (platelets <105 /μl), renal insufficiency (serum 

creatinine >1.1mg/dl), impaired liver function (blood liver transaminases 2x normal), pulmonary 

edema, or cerebral or visual disturbances occurring after GA 20wks (14). Although several 

biomarkers predictive of PE are known, precise causes and pathogenic mechanisms for this 

syndrome are not fully understood. Options for effective treatment are sparse, such that prompt 

delivery of the placenta and fetus are normally required to alleviate maternal signs and 

symptoms. This frequently means premature birth with its associated complications for the 

offspring. 

PE-related complications do not end at delivery. Numerous studies have shown that 

mothers who experience a PE pregnancy have significantly elevated lifetime risks for 

cardiovascular disease, hypertension, metabolic syndrome, diabetes, and stroke (26, 209, 227, 

246). PE-F1s also exhibit elevated lifetime risks for cardiovascular disease and stroke (81, 164), 

but are additionally reported to show cognitive impairments (220, 351-353). While some studies 

of cognitive function in PE-F1s used large samples (23, 99, 142, 307, 367) or very long follow-

up (350, 352), most studies have relied on general or superficial measures of cognitive ability 

such as IQ tests. IQ tests provide estimates of cognitive ability that may be biased by the 

participant’s ethnicity (31, 291), SES (31, 299), the person administering the test (226), or 

individual cognitive strategies (163). 

A superior approach to assess cognitive function in children is through the use of 

standardized psychometric tests, such as the Neuropsychological Assessment (NEPSY). These 
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tests, designed specifically for children, assess specific domains of cognitive function through 

simple tasks, without relying on learned abilities. Through this approach, these psychometric 

tests are better able to identify cognitive deficits, which might be masked during IQ testing in 

higher functioning forms of specific disorders, such as autism (25). To complement 

psychometric testing, a further unbiased approach to cognitive assessment is through eye 

tracking (165, 324). Eye tracking is a simple, non-invasive, computer-regulated test which 

measures eye movements or saccades. It does not rely on language, motor coordination, or any 

other learned ability to assess sensory-motor and cognitive function. Additionally, because the 

neural circuitries controlling voluntary and automatic eye movements are very well understood, 

defects in the function of specific brain structures can be identified, even in very young children 

(165, 241). Eye tracking has been previously used to identify specific neural deficits in children 

and adolescents associated with fetal alcohol spectrum disorder (FASD) (260, 261).  In the 

current study I hypothesized that standardized psychometric tests and eye movement control 

tasks, that assess specific domains of cognitive function, would identify overlapping, specific 

brain regions altered during brain development in PE-F1s compared to sex and age matched 

typically developing control children.  

 

4.3 Materials and Methods 

4.3.1 Participants 

 All experimental procedures were reviewed and approved by the Human Research Ethics 

Board at Queen’s University and Kingston General Hospital. Participants were recruited from 

the Pre-eclampsia New Emerging Team (PE-NET) study database (319). Briefly, pregnant 

women were recruited to the PE-NET study at Kingston General Hospital between September 
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2003 and October 2009. Women were diagnosed with PE if blood pressure was >140/90mmHg 

and proteinuria >300mg/24 h or ≥2+ on a repeat dipstick. Control women, with uncomplicated 

pregnancies, were enrolled and matched to test subjects for age, race and parity. Women with a 

history of chronic hypertension, diabetes (including gestational diabetes), or renal disease were 

excluded. For this pilot study, women from the PE-NET database were contacted between July 

2014 and February 2015 to request participation of their child. PE-F1s aged 7-10yrs (n=10) were 

matched as closely as possible for age and sex to a child born to an uncomplicated pregnancy 

(n=10). Data for additional age 7-10yrs control children were extracted from the NeuroDevNet 

study database (n=31 for psychometric measures; n=49 for eye-tracking measures) who had 

previously undertaken the identical study protocol (292). Following parental consent and 

participant assent, children underwent psychometric and eye-tracking studies as described below 

during a single 2h session. During the same session, the child’s parent or guardian completed a 

questionnaire encompassing demographic variables (Appendix B, pp. 176-189). SES was 

calculated according to Hollingshead’s four factor index of social status (150). Participants 

received a $25 gift card upon completion of the testing session. 

 

4.3.2 Psychometric Measures 

4.3.2.1 Neuropsychological Assessment, 2nd Edition (NEPSY-II) 

 The NEPSY-II tool is used to assess multiple cognitive domains in children aged 3-16 

years (177). The tool consists of 32 subtests, of which 5 were chosen for this study to minimize 

the duration of testing of each participant. Each subtest included a teaching example and practice 

round. All subtests have an age-corrected standard score of 10 with standard deviation of 3. The 

5 subtests used in this study were:  
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i) Memory for names which assesses the participant’s ability to retain names in short- 

and long-term memory. The child is shown 8 cards with drawings of children on them 

while being read the name of the imaged child. Immediately thereafter, the cards are 

randomized and the participant is asked to remember each name. This is repeated 

three times. Following a delay of 25-35min, the child is shown the cards again and 

asked to recall as many names as possible. 

ii) Animal sorting which assesses the participant’s ability to formulate basic concepts 

and successfully use those concepts to shift between categories. The child is shown 8 

cards with drawings of different animals in various scenes. The child is asked to sort 

the cards into 2 groups of 4 cards using various self-initiated sorting criteria. 

iii) Auditory attention and response set assesses selective attention, shifting, and 

vigilance. The child listens to a series of words and touches variously colored circles 

on a placard upon hearing a target word. 

iv) Inhibition which assesses the participant’s ability to inhibit automatic responses and 

switch between response types. The child looks at a series of black and white shapes 

or arrows and is instructed to name the correct shape/direction, the opposite 

shape/direction, or a combination of the two depending on the color of the 

shape/arrow. 

v) Arrows assesses visuospatial processing of line orientation. The child looks at an 

array of arrows arranged around a target, and indicates the arrow(s) that points to the 

center of the target. 
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4.3.2.2 Working Memory Test Battery for Children (WMTB-C) 

 The WMTB-C is a standardized test battery for children aged 5-15yrs, which assesses 

working memory through 9 subtests (118). For this study, 2 subtests were chosen: 

i) Digit Recall which measures verbal working memory. The child listens to a string of 

numbers, and attempts to repeat these numbers in the identical order. 

ii) Block Recall which measures spatial working memory. The child observes the 

experimenter touch a sequence of blocks arranged in a three-dimensional array, and 

attempts to repeat this sequence in the identical order. 

 

4.3.2.3 Woodcock Reading Mastery Test – Revised (WRMT) 

 The WRMT is a test battery for participants aged 5-75yrs which assesses reading ability 

through 6 subtests (372). For this study, 1 subtest (Word Identification) was chosen, which 

assessed basic reading skills. 

 

4.3.2.4 Woodcock-Johnson (WJ) III Tests of Achievement 

 The WJIII is a test battery for participants aged 5-75yrs which assesses a broad range of 

cognitive skills through 22 subtests (373). For this study, 1 subtest (Quantitative Concepts) was 

chosen, which assessed mathematical ability. 

 

4.3.3 Saccadic Eye Movement Recordings 

 Eye position was recorded with the Eyelink 1000 (SR Research, Kanata, Ontario, 

Canada) while children were seated in a quiet, darkened room. Children viewed targets on a 17” 

LCD monitor while an infrared camera tracked position of the left eye, each mounted 58-64cm 
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from the child. Performance was assessed in the prosaccade, antisaccade, and memory-guided 

saccade tasks. Prior to each task, eye movements were calibrated to ensure that the angle of error 

between fixation and the target was less than 2° and that no loss of eye tracking occurred. 

 

4.3.3.1 Behavioural Tasks 

 In the prosaccade and antisaccade tasks, each child completed one block of 60 trials. 

Each trial began with appearance of a central fixation point (FP) for 800-1200ms. The FP 

disappeared, and following a delay of 200ms, a new target appeared randomly 10° to the left or 

right of the FP. The child was instructed to look towards the target (prosaccade) or away from 

the target to the mirrored location on the opposite side of the screen (antisaccade). 

 In the memory-guided task, each child completed one block of 72 trials. For each trial, 

children were instructed to maintain fixation on the central FP, while 2 peripheral targets 

appeared sequentially for 100ms each in random locations. Following a randomly varied delay of 

0-1800ms, the central FP disappeared, and the child was instructed to look to the remembered 

locations of the peripheral targets in the same sequence in which they appeared. 

 

4.3.4 Data Analyses 

 For psychometric measures, age-corrected scaled or standard scores were calculated 

using scoring tools designed for, and packaged with each assessment tool. For eye movement 

recordings, data were analyzed using custom software developed in MATLAB (R2009b, 

Mathworks, Natick, MA, USA). Analysis of various measures extracted from each trial were 

conducted as previously described (260, 261). Saccades were defined as having a speed of >2.5x 

the standard deviation of the background noise (measured during fixation). Trials in which the 
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participant was not fixating on the FP at the appropriate time or broke fixation inappropriately, or 

where eye tracking was lost, were excluded from analyses.  

In the prosaccade and antisaccade tasks, saccadic reaction time (SRT) was defined as the 

time from the appearance of the peripheral target to the initiation of the first saccade during a 

correct trial. In the memory-guided task, the SRT of both the first and second saccade were 

calculated from the disappearance of the central FP during a correct trial. Additional saccades 

were defined as the percentage of trials that contained more than one saccade generated toward 

the target or mirrored location.  Endpoint accuracy was defined as the angle between the ideal 

path to the target and the trajectory of the first saccade toward the goal. Saccade amplitude (°) 

was defined as the distance of the saccade and velocity (°/s) was defined as the peak speed of the 

eye movement. In the prosaccade and antisaccade tasks, express saccades were defined as any 

saccade initiated 90-120ms after the appearance of a peripheral target. Anticipatory saccades 

were defined as any saccade initiated prior to 90ms after the appearance of a peripheral target. In 

the antisaccade task, a direction error occurred if the participant looked toward the peripheral 

target. In the memory-guided task, a timing error occurred if the participant looked toward a 

target location before the FP disappeared. A sequence error occurred if the participant looked to 

the target locations in the wrong order. For all measures except velocity (which does not change 

with age), age-corrected standard t-scores were calculated and applied to the data based on 

previously determined equations (260). 

 

4.3.5 Statistics 

Equality of variances of continuous variables between groups was assessed by the F-test. 

Differences in continuous variables between groups were analyzed by two-tailed Student’s t-tests 
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employing Satterthwaite’s approximation for unequal variances where appropriate. Differences 

in categorical variables between groups were analyzed by Chi-square test, or Fisher’s exact test 

when expected counts were less than 5. All data are expressed as mean ± SE, unless stated 

otherwise. Differences were considered statistically significant at a p-value <0.05. All statistical 

analyses were conducted using SAS v9.3 (SAS Institute Inc., Cary, NC, USA). 

 

4.4 Results 

 The characteristics of the study sample are displayed in Table 4-1. The PE-F1 and control 

groups did not differ in any demographic variable examined. Among the controls, 41 of 69 had 

sufficient data to calculate SES values. All 10 of the PE-F1 children examined completed both 

the psychometric and eye-tracking protocols. Of the 69 control children examined in this study, 

31 completed both the psychometric and eye-tracking protocols. Of the remaining 38 controls, 

10 completed only the psychometric testing, and 28 completed only the eye-tracking studies. 

There were no significant differences in the demographic variables examined between the 

children who completed the psychometric testing, eye-tracking studies, or both (data not shown). 
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Table 4-1 Study population characteristics 

Characteristics at testing Control PE p-value 

  (n=69) (n=10)   

Age (yrs), mean (SD) 9.11 (1.07) 9.66 (1.07) 0.13c 

Male sex, n (%) 34 (49.3) 5 (50.0) 1.00d 

Caucasian, n (%) 68 (98.6) 10 (100) 1.00d 

Household SESa, mean (SD) 48.04 (9.67)b 51.10 (9.10) 0.37c 

aCalculated according to Hollingshead's four-factor model   
bn=41    
cStudent's t-test    
dFisher's exact test    
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 The psychometric testing battery revealed impairments among the PE participants in the 

Memory for Names test, with the PE-F1s scoring lower in both the immediate (mean difference: 

3.0 (95% CI: 1.8, 4.2), p<0.001; Figure 4-1 A) and delayed tasks (mean difference: 1.9 (95% CI: 

0.1, 3.7), p=0.04; Figure 4-1 B). Differences in all other tests were not statistically significant 

and are presented in Table 4-2. 
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Figure 4-1 Memory for Names test. Results of the psychometric testing revealed lower scores 

among PE-F1s compared to controls in the memory for names test, in both the immediate (A) 

and delayed tasks (B). Whiskers indicate mean ± SE. *p<0.05, ***p<0.001 comparing group 

means by Student’s t-test. 
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 The eye movement tasks revealed numerous deficits among the PE-F1s. In the 

prosaccade task, the PE-F1s had significantly more trials in which they used additional saccades 

to reach the target compared to control participants (mean difference: 7.9 (95% CI: 0.4, 15.4), 

p=0.04; Figure 4-2 A). PE-F1s made saccades at significantly faster peak velocity compared to 

controls (mean difference 24.8°/s (95% CI 6.8, 42.8), p=0.009; Figure 4-2 B), but displayed a 

greater angle of error towards the endpoint (mean difference: 10.5 (95% CI: 4.0, 17.0), p=0.002; 

Figure 4-2 C). Differences in all other prosaccade task parameters examined were not 

statistically significant, and are presented in Table 4-3. 
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Figure 4-2 Prosaccade task. Results of the prosaccade task revealed PE-F1s made significantly 

more saccades to reach the peripheral target compared to controls (A). PE-F1s made saccades 

toward the peripheral target significantly faster (B), but with poorer accuracy (C) compared to 

controls. Whiskers indicate mean ± SE. *p<0.05, **p<0.01 comparing group means by Student’s 

t-test. 
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 In the antisaccade task, PE-F1s had significantly slower reaction time compared to 

control participants (mean difference: 6.7 (95% CI: 0.6, 12.8), p=0.03; Figure 4-3 A). 

Additionally, PE-F1s had a significantly greater percentage of trials with additional saccades 

compared to control participants (mean difference: 23.3 (95% CI: 4.0, 42.6), p=0.02; Figure 4-3 

B). Differences in all other antisaccade task parameters examined were not statistically 

significant, and are presented in Table 4-4. 
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Figure 4-3 Antisaccade task. Results of the antisaccade task revealed PE-F1s exhibited 

significantly slower reaction time to the peripheral target compared to controls (A). PE-F1s also 

required significantly more additional saccades to reach the peripheral target compared to 

controls (B). Whiskers indicate mean ± SE. *p<0.05 comparing group means by Student’s t-test. 
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 In the memory-guided task, PE-F1s made fewer sequence errors compared to control 

participants (mean difference: 13.8 (95% CI: 4.5, 13.1), p=0.004; Figure 4-4 A). Similar to the 

results of the prosaccade task, PE-F1s had significantly increased peak velocity towards the 2nd 

target compared to control participants (mean difference: 50.9°/s (95% CI: 6.4, 95.4), p=0.03; 

Figure 4-4 B), but displayed significantly poorer accuracy towards both the 1st (mean difference: 

8.7 (95% CI: 1.4, 15.9), 0.02; Figure 4-4 C) and 2nd targets (mean difference: 11.5 (95% CI: 2.9, 

20.2), p=0.01; Figure 4-4 D). Differences in all other memory-guided task parameters examined 

were not statistically significant, and are presented in Table 4-5. 
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Figure 4-4 Memory-guided task. Results of the memory-guided task revealed PE-F1s made 

significantly fewer sequence errors compared to controls (A). PE-F1s made saccades toward the 

2nd peripheral target significantly faster than controls (B), but exhibited poorer accuracy towards 

both the 1st (C) and 2nd peripheral targets (D) compared to controls. Whiskers indicate mean ± 

SE. *p<0.05, **p<0.01 comparing group means by Student’s t-test. 
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4.5 Discussion 

 My study is the first to employ saccadic eye movement tasks to classify neural deficits 

among PE-F1s. I combined this approach with more traditional paper-based psychometric testing 

to provide integrated pilot data to address cognition among 7-10 year old PE-F1s. My data align 

well with previously published work that reported mild cognitive impairment in PE-F1s when 

compared to children born to uncomplicated control pregnancies (142, 220, 351). My study 

expands upon these previous reports by linking deficits to specific cognitive domains. Others had 

previously reported lower IQ scores and generalized deficits in functions such as verbal 

reasoning or arithmetic. Psychometric testing in my cohort revealed a significant impairment in 

working memory among PE-F1s compared to control participants. This impairment was seen in 

both the immediate and delayed components of the memory for names test. Similar deficits have 

been observed in children born very preterm (GA <30wks) and in children who have experienced 

mild traumatic brain injuries (305, 306, 317, 357). My study sample did not include any children 

born prior to GA 34wks, and none of the parents reported any participant having experienced 

brain injury, or any other severe neurological disorder. This apparent impairment in working 

memory assessed by psychometric testing was not supported by the eye-tracking studies on the 

same subjects examined on the same day. The eye movement measures indicated that PE-F1s 

made fewer sequence errors in the memory-guided task. The lack of agreement between results 

may lie in two important distinctions between the testing paradigms. First, the memory for names 

task assesses memory of 8 different names, whereas the memory-guided task assesses memory of 

only 2 target locations, so cognitive load would be greater in the memory for names test. Second, 

the memory for names test assesses memory of specific phonological sounds (i.e. names) 

associated with visual stimuli (i.e. faces), whereas the memory-guided task assesses spatial 
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memory of visual stimuli (i.e. target locations). I also assessed verbal and spatial working 

memory through digit recall and block recall tests, respectively, which revealed no impairments 

among PE-F1s, agreeing with the memory-guided data. 

 The eye movement task results revealed numerous impairments among PE-F1s compared 

to control participants. In both the prosaccade and antisaccade tasks, PE-F1s had significantly 

more trials in which multiple saccades were required to reach the target compared to control 

participants. This impairment is similar to one identified previously in children with FASD 

(262), and is suggestive of dysfunction in the cerebellum (119, 129). Studies in some rodent 

models of PE have shown that offspring display impairments in development of the cerebellum, 

and in performance of cerebellum-related behavioural tasks (51-53). Additionally, treating mice 

with high doses of magnesium sulfate, a common treatment administered to PE mothers, results 

in apoptotic cell death in the neonatal brain, with lesions in multiple regions including the 

cerebellum (95). To my knowledge, no studies have addressed the occurrence of cerebellar 

specific anomalies amongst human PE-F1s. Indeed, there are no brain imaging studies reported 

for this population. 

 In both the prosaccade and memory-guided tasks, PE-F1s displayed greater saccade 

velocity, but poorer endpoint accuracy. Impaired endpoint accuracy has been previously 

demonstrated amongst children with FASD (259, 262). However, my results from PE-F1s differ 

from those in children with FASD. The children with FASD had slower peak velocity compared 

to controls, whereas PE-F1s had greater peak velocity. This so-called “speed accuracy tradeoff “ 

has been described in patients with cerebral palsy (134), although the precise neural mechanisms 

responsible for this phenomenon are not well understood (143). Combined with my findings of 

additional saccades necessary to acquire the target, the speed accuracy tradeoff may implicate an 
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impaired development of the neuromuscular circuitry involved in eye movement control among 

PE-F1s. 

 The strengths of my study are that it provides a more thorough analysis of the specific 

cognitive domains altered amongst PE-F1s, and has implicated specific neural regions that may 

underlie these functional alterations. Furthermore, by recruiting PE-F1s from the recently 

established PE-NET database, I ensured consistent and known criteria for diagnosis of PE for the 

mothers, and eliminated recall bias in this important characteristic. I also assessed young 

children rather than adults, identifying cognitive deficits relatively early, at a time when potential 

interventional strategies may have a greater impact. However, my study is limited in its relatively 

small sample size for PE-F1s. This reflects not only loss to follow-up inherent in all prospective 

cohort designs but also funding constraints that limited recruitment of PE-F1 and matched 

control participants to 10 children in each group. 

 

4.6 Conclusion 

 This study identified deviations in specific cognitive domains among PE-F1s at age 7-

10yrs using two different methods of evaluation, psychometric tests and eye tracking. These 

analyses implicate disturbances in the cerebellum and in neuromuscular control of the eye as 

outcomes in children whose gestation was complicated by PE. Future studies should focus on 

increasing participant recruitment, and expanding imaging studies of brain structure among PE-

F1s. These approaches could also be applied to children born to pregnancies complicated by 

other conditions, such as gestational diabetes or intrauterine growth restriction.  
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Chapter 5 

Brain Structural and Vascular Anatomy is Altered in PE-F1s 

 

5.1 Abstract 

PE is a significant clinical gestational disorder occurring in 3-5% of all human 

pregnancies, and characterized by maternal endothelial dysfunction and vascular complications. 

PE-F1s are reported to exhibit deficits in cognitive function, higher incidence of depression, and 

increased susceptibility to stroke. However, no brain imaging reports exist on PE-F1s. I assessed 

brain structural and vascular anatomy in age 7-10yrs PE-F1s compared to matched controls. 

PE-F1s and matched controls (n=10 per group) were recruited from an established 

longitudinal cohort examining the effects of PE. Children underwent magnetic resonance 

imaging to identify brain structural and vascular anatomic differences. Maternal plasma samples 

collected at birth were assayed for angiogenic factors by enzyme-linked immunosorbent assay 

(ELISA.) 

PE-F1s exhibited enlarged brain regional volumes of the cerebellum, temporal lobe, 

brainstem, and right and left amygdalae. PE-F1s displayed reduced cerebral vessel radii in the 

occipital lobe and temporal lobe. ELISA analysis revealed under-expression of placental growth 

factor among PE samples. Brain vascular and anatomical measurements did not correlate with 

maternal plasma angiogenic protein expression. 

This study is the first to report brain structural and vascular anatomic alterations in a PE-

F1 population. Brain structural alterations shared similarities to those seen in autism, and are 

associated with higher levels of anxiety and fear. Vascular alterations may have preceded these 
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structural alterations. Further study of a larger population is now warranted to provide stronger 

estimates of brain structural and vascular outcomes among PE-F1s.  
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5.2 Introduction 

 PE, a significant clinical gestational disorder, occurs in approximately 3-5% of all 

pregnancies (296). The current clinical definition of PE involves new-onset hypertension 

(>140/90mmHg) and at least one of proteinuria (>300mg/day), thrombocytopenia (platelets 

<105/μL), renal insufficiency (serum creatinine >1.1mg/dL), impaired liver function (blood liver 

transaminases 2x normal), pulmonary edema, or cerebral or visual disturbances occurring after 

GA 20wks (14). PE is a severe acute disorder, requiring immediate action. Unfortunately, no 

effective treatments are available for PE, and the only course of action is delivery of the fetus 

and placenta, often prematurely, which terminates maternal symptoms. Although many theories 

have been proposed for the origins of PE, specific causes and mechanisms of pathogenesis are 

poorly understood. A very popular theory is centered on deficient uteroplacental angiogenesis 

and maternal vessel remodeling, leading to increased vascular resistance, resulting in clinical 

signs. Many have posited systemic vascular endothelial dysfunction as the main factor 

underlying this deficient angiogenesis to explain the occurrence of the wide range of organs 

involve in clinical indications beyond hypertension (37, 355). 

 Given the strong association of PE with angiogenesis and vessel remodeling, numerous 

angiogenic biomarkers of PE have been proposed (326). Most importantly, deficient expression 

of PGF (197, 275), or over-expression of sENG (87, 275), or sFLT1 (197, 275) are strongly 

linked with the development of PE. In many cases, aberrant expression of these factors will 

precede clinical signs (339), and may predict a more severe form of the disorder (276). 

Furthermore, women who experience a PE pregnancy with aberrant angiogenic factor expression 

will continue to exhibit an increased lifetime risk for cardiovascular disease (231, 256). The 

lifetime risk outcomes are also suboptimal for PE-F1s, who display elevated risk of 
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cardiovascular disease and stroke (81, 164), as well as impaired cognitive function (351, 354), 

and increased depressive signs (353). This raises the possibility that impairment in cerebral 

angiogenesis in PE-F1 fetuses leads to deficits in cognitive function, while simultaneously 

increasing stroke risk. However, to my knowledge there has never been a report on 

cerebrovascular anatomy in a PE-F1 population. 

 Imaging of cerebral blood vessels can be achieved non-invasively with excellent quality, 

for example, using time-of-flight (TOF) magnetic resonance angiography (MRA). Using this 

method, high resolution images of cerebral vasculature with a good blood-to-background 

contrast can be acquired without the administration of an exogenous contrast agent. In the 

current study, I employed high-resolution T1-weighted MRI to investigate regional brain volume 

alterations in combination with TOF-MRA for a quantitative analysis of the regional cerebral 

vasculature of children aged 7-10yrs who were born to PE or uncomplicated pregnancies. 

 

5.3 Materials and Methods 

5.3.1 Participants 

 All experimental procedures were reviewed and approved by the Human Research Ethics 

Board at Queen’s University and Kingston General Hospital. Participants were recruited from 

the Pre-eclampsia New Emerging Team (PE-NET) study database (319). Briefly, pregnant 

women were recruited to the PE-NET study at Kingston General Hospital between September 

2003 and October 2009. Women were diagnosed with PE if blood pressure was >140/90mmHg 

and proteinuria >300mg/24h or ≥2+ on a repeat dipstick. Control women, with uncomplicated 

pregnancies, were enrolled and matched to test subjects for age, race, and parity. Women with a 

history of chronic hypertension, diabetes (including gestational diabetes), or renal disease were 
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excluded. For this pilot study, women from the PE-NET database were contacted between July 

2014 and February 2015 to request participation of their child. PE-F1s aged 7-10yrs (n=10; 5 

male, 5 female) were matched as closely as possible for age and sex to a child born to an 

uncomplicated pregnancy (n=10; 5 male, 5 female). Following parental consent and participant 

assent, children underwent brain MR imaging as described below. During the same session, the 

child’s parent or guardian completed a questionnaire encompassing demographics, 

socioeconomic variables, pregnancy and birth information, the child’s current health status, and 

family history variables. The accuracy of pregnancy and birth information were confirmed 

through access of medical records. SES was calculated according to Hollingshead’s four factor 

index of social status (150). Participants received a $25 gift card upon completion of the testing 

session. 

 

5.3.2 MRI 

 All MR imaging was performed on a 3T Siemens MAGNETOM Trio MRI scanner 

(Siemens, Erlangen, Germany) without administration of contrast media or sedation. Among 

others, a high-resolution TOF-MRA and a high-resolution anatomical T1-weighted 

magnetization-prepared rapid gradient-echo (MP-RAGE) sequence were acquired for each 

participant. TOF-MRA imaging was acquired using 4 slabs, each consisting of 40 slices with a 

thickness of 0.5mm, a TE of 3.59ms, a TR of 20ms, a flip angle of 18°, and a spatial resolution 

of 0.26  0.26mm². Since TOF-MRA imaging provides a good blood-to-background contrast of 

arteries but little anatomical information, high resolution T1-weighted MP-RAGE images were 

used as the basis for the regional vessel and brain volume analysis. The MP-RAGE sequence was 
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acquired in a single 160 slice slab, using a TE of 3.45ms, a TR of 2180ms, a flip angle of 15°, 

and an isotropic spatial resolution of 1.0mm3. 

 

5.3.3 Data Analyses 

 For the vessel analyses, the cerebrovascular system was segmented in each TOF-MRA 

dataset using an advanced multi-step segmentation framework (110-112). Based on the resulting 

vessel segmentation, the 3D vessel centerline representation and corresponding vessel radius for 

each voxel of the vessel centerline was then calculated using the method described by Forkert et 

al. (109) (Figure 5-1). Due to different field-of-views of the TOF MRA acquisition and to enable 

an analysis of the regional vascular alterations, parcellation of each brain into anatomical 

substructures was required. The registration procedure used for this purpose is shown in Figure 

5-2. First, the well-established Montreal Neurological Institute (MNI) adult brain atlas (224) was 

registered to the MNI pediatric atlas (7-11 years) (108) by optimizing the non-linear 

transformation φA. Next, the MNI pediatric atlas was registered to each MP-RAGE dataset by 

optimizing the non-linear transformation φP. Finally, each MP-RAGE dataset was registered to 

the corresponding TOF-MRA dataset of the same participant by optimizing the rigid 

transformation φM. All registrations were performed using the Nifty Reg software (235) and 

visually checked for quality control. A full intracranial brain volume segmentation, the MNI 

brain regions, as well as the Harvard-Oxford (HO) subcortical brain regions as defined in the 

MNI adult brain atlas were then transformed to each MP-RAGE dataset by concatenating the two 

non-linear transformations (φA° φP) as well as to the TOF-MRA dataset by concatenating the two 

non-linear and the rigid transformations (φA° φP ° φM) using a nearest-neighbor interpolation.  
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Figure 5-1 Visual 3D representation of the vessel radii calculated for a segmented TOF-

MRA dataset of a single PE-F1 participant. The cerebrovascular system in each TOF-MRA 

dataset was segmented using an advanced multi-step segmentation framework (110-112). Based 

on each segmentation, the vessel radius for each voxel part of the vessel centerline was 

calculated using the method described by Forkert et al (109). 
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Figure 5-2 Schematic diagram of the registration procedure used to allow parcellation of 

the each brain into anatomical substructures. First, the MNI adult brain atlas (224) was 

registered to the MNI pediatric atlas (7-11 years) (108) by optimizing the non-linear 

transformation φA. Next, the MNI pediatric atlas was registered to each MP-RAGE dataset by 

optimizing the non-linear transformation φP. Finally, each MP-RAGE dataset was registered to 

the corresponding TOF-MRA dataset of the same participant by optimizing the rigid 

transformation φM. All registrations were performed using the Nifty Reg software (235) and 

visually checked for quality control. 
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After registration, the subject-specific full intracranial brain volume as well as the 

volume of each of the MNI and HO subcortical brain regions was extracted in T1 space. The full 

intracranial volume was used to calculate normalized regional brain volumes to account for 

different head geometries. Normalized regional brain volumes are expressed as a percentage of 

full intracranial volume. The MNI brain regions extracted and quantified were the cerebellum, 

frontal lobe, occipital lobe, parietal lobe, and temporal lobe. The HO brain regions extracted and 

quantified were the brainstem, caudate, cerebral cortex, cerebral white matter, lateral ventricles, 

pallidum, putamen, and thalamus. The volumes of the HO subcortical brain regions were 

calculated separately for the left and right hemisphere, except for the brainstem. 

For the regional vessel analysis, the mean vessel radius as well as the vascular density 

were calculated only for the larger MNI and HO brain regions, since smaller regions are too 

susceptible to noise artefacts. The MNI brain regions used for vessel analysis were the 

cerebellum, frontal lobe, occipital lobe, parietal lobe, and temporal lobe. HO brain regions used 

for vessel analysis were the cerebral white matter, and cerebral cortex. Vascular density within 

each region was calculated and expressed as a percentage of each region occupied by vascular 

tissue (i.e. blood). 

 

5.3.4 ELISAs 

 Pregnant women recruited to the PE-NET study were asked to give peripartum blood 

samples. Of the participants used in this study n=4 PE women and n=8 control women consented 

to blood sample donation. Samples were collected into heparin, and stored at -80°C until used for 

analysis. Blood samples were assayed by ELISA for PGF, sFLT1 and sENG using purchased kits 
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(Quantikine, R&D Systems, Minneapolis, MN, USA). ELISAs were conducted according to the 

manufacturer’s instructions. PE and control samples were diluted 1:1 for PGF, 1:25 for sFLT1, 

and 1:4 for sENG. 

 

5.3.5 Statistical Analysis 

 Equality of variances of continuous variables between groups was assessed by the F-test. 

Differences in continuous variables between groups were analyzed by two-tailed unpaired t-tests 

for demographic and plasma protein data employing Satterthwaite’s approximation for unequal 

variances where appropriate. Differences in categorical variables between groups were analyzed 

by the Chi-square test or Fisher’s exact test when expected counts were less than 5. Differences 

in parameters extracted from the MRI between groups were analyzed by multivariate analysis of 

covariance (MANCOVA) with consideration to age, height, and weight of the participants as 

covariates. The multivariate effect of each independent variable was assessed by Wilks’ lambda 

(l), which is a measure of the proportion of variance of the dependent variables that is accounted 

for by the independent variable. Adjusted means were calculated for each parameter based on the 

linear models produced in the MANCOVA analysis. Pairwise comparisons were corrected for 

multiple comparisons by the Bonferroni method. All data are expressed as mean ± SE, unless 

stated otherwise. Differences between groups were considered statistically significant at a p-

value <0.05. Statistical analyses were conducted using SAS v9.3 (SAS Institute Inc., Cary, NC, 

USA) and SPSS v22 (IBM, Armonk, NY, USA). 
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5.4 Results 

5.4.1 Study Participant Characteristics 

 The characteristics of the study samples are displayed in Table 5-1. The PE-F1 and 

control groups did not differ in current parameters at the time of study. At birth, the PE-F1s 

differed significantly in birth weight (Control: 3419.9 ± 361.2g versus PE: 2665.2 ± 788.7g, 

p=0.013) but all other characteristics including gestational age at birth were not significantly 

different between the PE-F1 and control groups. 
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Table 5-1 Study population characteristics 

Characteristics at testing Control PE p-valueb 

  (n=10) (n=10)   

Age (yrs), mean (SD) 9.79 (0.89) 9.66 (1.07) 0.769c 

Male sex, n (%) 5 (50.0) 5 (50.0) 1.000d 

Height (m), mean (SD) 1.37 (0.09) 1.39 (0.14) 0.644c 

Weight (kg), mean (SD) 30.12 (5.68) 30.66 (9.19) 0.875c 

BMI (kg/m2), mean (SD) 16.08 (1.93) 16.17 (5.45) 0.962c 

Caucasian, n (%) 10 (100) 10 (100) 1.000d 

Household SESa, mean (SD) 49.15 (9.07) 51.10 (9.10) 0.637c 

Psychiatric disorder, n (%)   0.303d 

Anxiety 0 (0) 2 (20)  

Depression 0 (0) 1 (10)  

ADHD 1 (10) 2 (20)  

    

Characteristics at birth       

GA (wks), mean (SD) 39.47 (1.38) 37.16 (3.34) 0.055c 

Birth weight (g), mean (SD) 3419.9 (361.2) 2665.2 (788.7) 0.013c 

Length (cm), mean (SD) 51.38 (3.39) 48.50 (4.36) 0.146c 

Head circumference (cm), mean (SD) 34.31 (0.59) 32.65 (3.01) 0.120c 

Abdominal girth (cm), mean (SD) 32.69 (2.22) 29.81 (3.10) 0.051c 

Delivery type, n (%)   0.070d 

Vaginal 8 (80) 3 (30)  

C-section 2 (20) 7 (70)  

Maternal height (m), mean (SD) 1.64 (0.07) 1.65 (0.09) 0.716c 

Maternal weight (kg), mean (SD) 80.44 (14.31) 84.80 (16.96) 0.556c 

Maternal BMI (kg/m2), mean (SD) 30.06 (6.26) 30.99 (5.41) 0.735c 

Maternal age (y), mean (SD) 32.27 (4.58) 30.59 (3.23) 0.355c 
aCalculated according to Hollingshead's four-factor model   
bBonferroni corrected    
cStudent's t-test    
dFisher's exact test    
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5.4.2 Brain Regional Volume Analysis 

Overall the MANCOVA analysis showed no overall effect of PE status (l=0.058, 

p=0.649). Similarly, none of the covariates displayed a significant overall effect on the extracted 

parameters (Age: l=0.024, p=0.448; Height: l=0.020, p=0.416; Weight: l=0.041, p=0.566). 

Post-hoc analyses did reveal significant differences among pairwise comparisons of individual 

extracted parameters. The MP-RAGE imaging revealed no significant difference in total 

intracranial volume between the control and PE groups (Control: 1431.7 ± 33.6mL versus PE: 

1495.5 ± 33.6mL, p=0.201; Supplemental Table 5-1). The PE group displayed statistically 

significant larger adjusted mean normalized volumes in 5 brain regions: cerebellum (Control: 

8.72 ± 0.21% versus PE: 9.58 ± 0.21%, p=0.010; Figure 5-3 A), temporal lobe (Control: 8.98 ± 

0.15% versus PE: 9.65 ± 0.15%, p=0.007; Figure 5-3 B), left amygdala (Control: 0.09 ± 0.003% 

versus PE: 0.10 ± 0.003%, p=0.023; Figure 5-3 C), right amygdala (Control: 0.11 ± 0.002% 

versus PE: 0.12 ± 0.002%, p=0.012; Figure 5-3 D), and brainstem (Control: 1.27 ± 0.04% versus 

PE: 1.40 ± 0.04%, p=0.015; Figure 5-3 E). None of the other 21 brain regions analyzed displayed 

statistically significant differences (Table 5-2). 
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Figure 5-3 Brain regional volume analysis. PE-F1s displayed enlarged brain regional volumes 

of the cerebellum (A), temporal lobe (B), brainstem (C), right amygdala (D), and left amygdala 

(E) compared to cohort-matched controls. Values are expressed as volumes normalized to each 

participants’ full intracranial volume and adjusted for mean values of age (9.72yrs), height 

(1.38m), and weight (30.39kg). Bars represent mean ± SE. *p<0.05, **P<0.01 between groups; 

n=10 per group. 
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Table 5-2 Adjusted mean brain regional volumes (% of full intracranial volume). 

Brain Region Control (n=10) PE (n=10) p-valuec 

  Mean (SE) Mean (SE)   

Full Intracranial Volume (mL) 1431.7 (33.6) 1495.5 (33.6) 0.201 

Cerebelluma 8.72 (0.21) 9.58 (0.21) 0.010 

Frontal Lobea 16.62 (0.39) 17.08 (0.39) 0.422 

Occipital Lobea 6.25 (0.18) 6.58 (0.18) 0.213 

Parietal Lobea 9.41 (0.26) 9.75 (0.26) 0.364 

Temporal Lobea 8.98 (0.15) 9.65 (0.15) 0.007 

Left Accumbensb 0.03 (0.001) 0.03 (0.001) 0.993 

Right Accumbensb 0.03 (0.001) 0.03 (0.001) 0.986 

Left Amygdalab 0.09 (0.003) 0.10 (0.003) 0.023 

Right Amygdalab 0.11 (0.002) 0.12 (0.002) 0.012 

Brainstemb 1.27 (0.04) 1.40 (0.04) 0.015 

Left Caudateb 0.20 (0.01) 0.21 (0.01) 0.843 

Right Caudateb 0.20 (0.01) 0.21 (0.01) 0.490 

Left Cerebral Cortexb 23.25 (0.41) 24.39 (0.41) 0.071 

Right Cerebral Cortexb 24.42 (0.46) 25.39 (0.46) 0.158 

Left Cerebral White Matterb 13.42 (0.37) 13.96 (0.37) 0.320 

Right Cerebral White Matterb 12.17 (0.33) 12.85 (0.33) 0.168 

Left Hippocampusb 0.21 (0.01) 0.23 (0.01) 0.166 

Right Hippocampusb 0.22 (0.01) 0.23 (0.01) 0.247 

Left Lateral Ventricleb 0.34 (0.07) 0.36 (0.07) 0.873 

Right Lateral Ventricleb 0.31 (0.05) 0.32 (0.05) 0.941 

Left Pallidumb 0.11 (0.004) 0.12 (0.004) 0.327 

Right Pallidumb 0.12 (0.004) 0.12 (0.004) 0.257 

Left Putamenb 0.31 (0.01) 0.32 (0.01) 0.446 

Right Putamenb 0.34 (0.01) 0.34 (0.01) 0.594 

Left Thalamusb 0.36 (0.01) 0.38 (0.01) 0.335 

Right Thalamusb 0.41 (0.01) 0.42 (0.01) 0.396 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cBonferroni corrected 

All means adjusted for Age (9.72yrs), Height (1.38m), and Weight (30.39kg) 
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5.4.3 Brain Regional Vascular Radius Analysis 

The analysis of the TOF-MRA datasets revealed significant differences in two regions: 

the occipital lobe and parietal lobe. In the occipital lobe, the mean vessel radius was significantly 

smaller in the PE group (Control: 0.50 ± 0.01mm versus PE: 0.45 ± 0.01mm, p=0.004; Figure 5-

4 A). Similarly, in the parietal lobe, the mean vessel radius was significantly smaller in the PE 

group (Control: 0.55 ± 0.01mm versus PE: 0.52 ± 0.01mm, p=0.025; Figure 5-4 B). There were 

no significant differences in vessel radius between the PE and control groups for any of the other 

brain regions analyzed (Table 5-3). Additionally, there were no significant differences in 

vascular density between the PE and control groups for any of the 7 brain regions analyzed 

(Table 5-4). 
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Figure 5-4 Brain regional vessel radius analysis. PE-F1s displayed significantly smaller vessel 

radius in the occipital lobe (A) and the parietal lobe (B) compared to cohort-matched controls. 

Values are expressed as mean vessel radius (mm), adjusted for mean values of age (9.72yrs), 

height (1.38m), and weight (30.39kg). Bars represent mean ± SE. *p<0.05, **P<0.01 between 

groups; n=10 per group. 
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Table 5-3 Adjusted mean brain regional vascular diameters (mm). 

Brain Region Control (n=10) PE (n=10) p-valuec 

  Mean (SE) Mean (SE)   

Cerebelluma 0.56 (0.01) 0.55 (0.01) 0.417 

Frontal Lobea 0.54 (0.01) 0.52 (0.01) 0.112 

Occipital Lobea 0.50 (0.01) 0.45 (0.01) 0.004 

Parietal Lobea 0.55 (0.01) 0.52 (0.01) 0.025 

Temporal Lobea 0.63 (0.01) 0.60 (0.01) 0.128 

Cerebral Cortexb 0.57 (0.01) 0.55 (0.01) 0.085 

Cerebral White Matterb 0.44 (0.02) 0.42 (0.02) 0.454 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cBonferroni corrected 

All means adjusted for Age (9.72yrs), Height (1.38m), and Weight (30.39kg) 
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Table 5-4 Adjusted mean brain regional vascular density (% of region). 

Brain Region Control (n=10) PE (n=10) p-valuec 

  Mean (SE) Mean (SE)   

Cerebelluma 0.55 (0.04) 0.58 (0.04) 0.575 

Frontal Lobea 1.26 (0.05) 1.19 (0.05) 0.343 

Occipital Lobea 0.49 (0.04) 0.42 (0.04) 0.294 

Parietal Lobea 2.09 (0.19) 2.10 (0.19) 0.998 

Temporal Lobea 1.28 (0.06) 1.29 (0.06) 0.955 

Cerebral Cortexb 1.52 (0.06) 1.52 (0.06) 0.930 

Cerebral White Matterb 0.09 (0.01) 0.07 (0.01) 0.287 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cBonferroni corrected 

All means adjusted for Age (9.72yrs), Height (1.38m), and Weight (30.39kg) 
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5.4.4 ELISA Analysis 

Analysis of maternal plasma samples by ELISA revealed PE samples expressed 

significantly lower levels of PGF (Control: 221.0 ± 46.6pg/mL versus PE: 37.2 ± 21.5pg/mL, 

p=0.024). PE samples did not display statistically significantly different concentrations of sFLT1 

(Control: 12272 ± 3302pg/mL versus PE: 23596 ± 13630pg/mL, p=0.479) or sENG (Control: 

13.34 ± 3.40ng/mL versus PE: 40.43 ± 21.10ng/mL p=0.294) compared to controls. Correlation 

analyses between angiogenic factors and brain or vascular measures were conducted. No 

statistically significant correlations were identified (Appendix C, Tables A-1, A-2 & A-3). 

 

5.5 Discussion 

 Although numerous reports exist regarding cognitive function (351), risk of depression 

(353), or stroke (164) among PE-F1s, my study was designed to assess these outcomes to 

potential defects in structure occurring during development. Prematurity, a status common for 

many PE-F1s, has long been known to adversely affect brain growth and development, and is 

linked to increased likelihood of variation of the cW (358). Although effects of prematurity 

cannot be completely ruled out in my study, the PE-F1s I examined were not born significantly 

earlier in gestation than their cohort-matched controls (Table 5-1). Additionally, children of each 

group were not significantly different with respect to height or weight at the time of testing. 

Thus, long-term effects of PE on growth trajectory were not apparent in my study participants. 

The effects seen in the PE-F1s in my study can be attributed to the experience of gestation in a 

PE pregnancy. This interpretation is consistent with previous findings of cognitive impairment 

among PE-F1s when compared to offspring born to pregnancies complicated by gestational 

hypertension (351, 354). 
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 As expected, the maternal plasma samples displayed an aberrant expression pattern of an 

angiogenic factor, i.e. lower concentrations of the pro-angiogenic molecule PGF. Unexpectedly, 

however, the PE-F1s displayed larger volumes in five brain regions (cerebellum, temporal lobe, 

brainstem, left and right amygdalae). Smaller vessel radii were found in different regions, the 

occipital and parietal lobes. In line with this latter data, all other regions examined also displayed 

a non-significant trend for smaller vessel radii for PE-F1s compared to controls. This suggests 

that the aberrant maternal angiogenic signaling milieu common among PE pregnancies adversely 

affects brain vascular growth in the offspring. However, the reduction in brain vessel radii 

among PE-F1s does not appear to affect brain growth. This raises the question how PE gestation 

leads to deficits in cognitive function and increased susceptibility to stroke in the offspring. The 

answer may lie in the disrupted general architecture of the brain, potentially causing imbalances 

in the signaling between adjacent regions. This is a phenomenon seen in autism spectrum 

disorder (ASD) and attention deficit hyperactivity disorder (ADHD), in which the growth 

trajectory of the brain is disrupted, particularly in early life (77, 175). 

 The regional brain volumetric alterations seen in this study may further shed light on the 

specific cognitive functional profile of PE-F1s. The enlarged left and right amygdalae are also 

commonly seen in ASD (248), and are associated with increased incidence of temporal lobe 

epilepsy (207, 323). Interestingly, the temporal lobe was also enlarged in PE-F1s compared to 

controls. A commonly prescribed anti-epileptic, valproic acid, can also induce hypertrophy of the 

amygdalae, leading to autistic-like behaviors in a rat model (253). Additionally, early life stress 

has been shown to have an effect on amygdalae hypertrophy in a macaque model, acting through 

serotonin signaling (75). This is mirrored in a study of children, showing that enlarged 

amygdalae are associated with increased anxiety (278).  
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Cerebellar and brainstem enlargements as noted in my study of PE-F1s are common 

among small for gestational age fetuses at term (302). These enlargements have been correlated 

significantly with cluster scores from the Neonatal Behavioral Assessment Scale (302). 

Additionally, children born very pre-term display delays in cortical thinning compared to 

children born at term (242). Thus the brain anomalies observed among PE-F1 children in the 

present study may be caused by a combined effect of a PE gestation, in addition to prematurity 

and fetal growth restriction. Further study will be necessary to separate the effects of each factor 

on brain development in the children.  

My data also agree well with studies of animal models of PE. In a mouse model of PE 

induced by pregnancy-specific lentiviral over-expression of sFLT1, offspring displayed 

structural alterations in numerous brain regions (51). In this case, many of the structural 

alterations were enlargements, with patterns of alterations differing between sexes. Furthermore, 

this model induced impairments in vestibular function, balance, and coordination in the offspring 

(52). In both cases, maternal treatment with pravastatin prevented the structural and functional 

impairments seen in the offspring. Furthermore, brain developmental and functional impairments 

were displayed in the offspring of a rat model of PE induced by maternal treatment with L-

NAME, a potent nitric oxide synthase inhibitor (203). The authors found that the L-NAME 

treated rat offspring displayed impaired neurogenesis, but increased gliogenesis, which acted to 

compensate for the reduction in neurogenesis to normalize brain weight. So, although brain 

structural anatomy was essentially normal in the offspring of this model, the treatment led to 

functional deficits in spatial learning and memory (203). 

My thesis pilot study provides fresh insight into the well-documented cognitive 

functional outcomes among PE-F1s. By examining children rather than adults – although 
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somewhat more technically challenging – I have provided estimates of how the brain developed 

during early life with relatively little influence from external confounding factors. Additionally, I 

detected anomalies in specific brain regions at a time in life when interventional strategies may 

have more beneficial long-term effects. Although my sample size was limited, the validity of my 

findings is confirmed by numerous previously published works showing consistently impaired 

cognitive function among PE-F1s (351). My study provides a foundation upon which future 

studies can build. The focus within the Croy laboratory is to increase participant recruitment for 

this study protocol to provide clearer estimates of how brain vascular and structural alterations 

may lead to functional deficits. Within this context, the results of this thesis need to be 

considered exploratory because of the rather small sample size. Based on the clear differences 

found in the vascular anatomy, it appears most fruitful to investigate the cerebrovascular system 

in more detail, e.g. by investigating the branching index of vessels in different brain regions or 

even developing vascular network analysis methods (135). Based on the data obtained in this 

study, to detect a statistical difference at the 0.05 level of significance and 80% power in a 

majority of the MNI brain regional volume and vascular radius parameters explored in this study 

would require a minimum sample size of 56 participants per gestational outcome (i.e. 56 PE-F1s 

and 56 controls). To separate the effects of prematurity and PE, recruitment should be further 

stratified into term and pre-term strata, yielding a total study sample of 56 x 4 = 224 participants. 

 

5.6 Conclusions 

 I found that PE-F1 children display significant enlargements of the cerebellum, 

brainstem, temporal lobe, right and left amygdalae. Additionally, PE-F1s display a significantly 

reduced vessel radius in the occipital and parietal lobes. These structural and vascular anomalies 
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may underlie the common cognitive deficits reported in PE-F1 populations, as well as contribute 

to elevated lifetime risk of depression and stroke. 
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Chapter 6 

General Discussion 

6.1 General Findings 

 Despite numerous studies over many years demonstrating the link between deficient PGF 

expression and risk of developing PE (87, 170, 183, 197, 198, 275, 276, 326, 345, 361), the 

mechanistic link between low PGF and PE remained unclear. This thesis provides the first 

evidence of deficient uteroplacental angiogenesis as a result of deficient PGF expression in mice 

(Chapter 2 & preamble to Chapter 3). Mice genetically deleted for Pgf display reduced and 

aberrant decidual vascular development during early pregnancy (GD6.5-9.5), prior to the 

development of a functional placenta. Moreover, this deficiency in decidual angiogenesis was 

most apparent when the conceptus lacked Pgf, demonstrating that maternal expression alone is 

not sufficient to promote normal decidual angiogenesis. This is a very important point, since 

many clinical studies linking low PGF expression to PE have detected PGF in maternal plasma 

(183, 197, 276, 345). This has contributed in part to a misconception that deficient PGF 

expression is primarily a maternal issue that affects the conceptus, when in fact the opposite is 

true. PGF is expressed in great excess by the placenta during pregnancy, which is then secreted 

into maternal blood (181, 342, 344). Thus, combined with the findings of this thesis, it is much 

more likely that deficient PGF expression leading to clinical manifestation of PE reflects a 

conceptus-specific defect, rather than a maternal issue. 

It remains possible that deficient PGF expression is a placenta-specific issue, which has 

secondary effects on the fetal compartment. In this scenario/condition, deficient PGF expression 

in the placenta causes deficient uteroplacental angiogenesis, which then has a negative impact on 

the developing fetus through impaired delivery of oxygen and nutrients. This has been shown in 
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animal models of PE, where the induced defect is placenta-specific, yet the effects carryover to 

the fetus (51, 52, 203). Additionally, PGF has been shown to act as a potent vasodilator, so its 

expression may serve to reduce vascular resistance and ensure maximal blood delivery to the 

conceptus (255). Similarly, it is possible that placenta-specific expression of PGF signals to the 

fetal compartment through a paracrine or endocrine route. Such a signalling route has been 

demonstrated in placenta-specific expression of serotonin, which then signals to the fetal brain in 

utero (34). This possibility remains remote however, since unlike the monoamine serotonin, PGF 

is a large N-glycosylated protein, which would greatly limit its ability to diffuse and signal at 

great distances (213). 

On the other hand, just as PGF is expressed by the placenta during pregnancy supporting 

tremendous uteroplacental angiogenesis, it is just as likely that PGF is expressed by the fetus to 

support fetal angiogenesis. Although human fetal PGF has not been assayed throughout 

pregnancy, in both humans and mice, PGF is expressed by oocytes and embryos from the 1-cell 

to blastocyst stages (172, 375, 379). Thus, there is no reason to believe that deficient PGF 

expression observed in many PE pregnancies is limited to the placenta. Deficient PGF expression 

during PE may also manifest in deficient fetal angiogenesis and vascular development. Mice 

lacking Pgf do indeed exhibit impaired vascular structure in the brain (preamble to Chapter 3), 

although Pgf-/- mice were initially reported to have no defects in normal vascular development 

(50). This thesis demonstrated that the deficient brain vascular structure in Pgf-/- mice correlates 

with impaired cognitive function and altered brain structural anatomy (Chapter 3). Since brain 

vascular and structural anatomy develop concurrently in mice and humans, it is possible that 

deficient brain vascular development in Pgf-/- mice has caused altered brain structural anatomy 

and deficits in cognitive function. However, it is just as likely that deficient PGF expression in 



 111  

 

the fetal brain has led to both vascular and neural tissue alterations. Thus it is possible that 

deficient gestational PGF expression in the absence of clinical signs of PE could lead to altered 

brain vascular and structural anatomy, as well as deficits in cognitive function in the offspring. 

The findings of altered brain vascular and structural anatomy, in combination with 

deficits in cognitive function among Pgf-/- mice also have implications for PE-F1s. The findings 

of this thesis are strongly linked to published reports of altered brain structural anatomy and 

deficits in cognitive function in animal models of PE (51, 52, 203). These findings also link 

strongly with numerous published reports of deficits in cognitive function among human PE-F1s 

(23, 99, 220, 240, 307, 350-353, 367). This thesis has additionally extended the findings of those 

previous reports, by providing more detailed and specific descriptions of cognitive function 

among PE-F1s (Chapter 4). The findings of this thesis have also added mechanistic insights to 

these reports, positing deficient gestational PGF expression as the nidus upon which the clinical 

outcomes in PE-F1s are formed. Since PGF is a pleiotropic growth factor expressed by many 

tissues including blood vessels and neurons (50, 59, 67, 91, 96, 377, 381), it is possible that 

deficient gestational PGF expression has had negative effects on both vascular and nervous 

tissue growth and development. The findings outlined in Chapter 5 extend this hypothesis further 

by providing the first report of altered brain structural and vascular anatomy among PE-F1s. 

Overall the cognitive deficits exhibited by PE-F1s studied during preparation of this 

thesis are relatively mild. My cognitive testing of PE-F1s revealed deficits in working memory 

and oculomotor control (Chapter 4). Previous studies of cognitive function in PE-F1s have 

reported deficits in general IQ, as well as arithmetic and verbal reasoning (23, 99, 220, 240, 352, 

367). The assessment tools employed in those earlier studies were substantially less sensitive 

than the tools I employed. Thus, deficits in specific cognitive domains may appear as more 
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general impairment when using older, less sensitive tests. Nonetheless, the findings of this thesis, 

as well as the combination of all previous reports of cognitive function in PE-F1s, suggest 

relatively minor impairment, no matter the assessment tool employed. As such it should be noted 

that drastic intra-gestational intervention to prevent these cognitive deficits likely would not be 

worth the potential risks involved. It is much more likely that PE-F1 children may overcome 

these deficits through extra scholastic attention and hard work. On the other hand, when 

manifesting in older adults, mild cognitive impairment can be classified clinically as an 

intermediate condition along the continuum from normal functioning to Alzheimer’s disease and 

dementia (266, 267). Thus PE-F1s may represent a clinical population that exhibits elevated risk 

of developing Alzheimer’s disease and dementia later in life. As such it may be prudent to 

employ primary prevention strategies for Alzheimer’s disease and dementia among PE-F1s 

throughout the life-course to prevent further cognitive decline (295, 366). 

In addition to cognitive deficits exhibited by PE-F1s, there is also a link between PE-F1s 

and increased risk of stroke later in life (164). The findings outlined in Chapter 5 provide a 

strong anatomical basis for this association, as PE-F1s display reduced brain vascular width 

compared to controls. Similarly, brain vascular anatomy is altered in Pgf-/- mice (Luna et al. 

submitted; preamble to Chapter 3), which led to high incidence of stroke upon carotid 

cannulation to place radiotelemetric blood pressure probes. Interestingly, direct treatment of 

experimentally-induced mouse brain ischemia with PGF induced robust revascularization 

following brain injury, while leading to less inflammation or vascular leakage compared with 

other angiogenic factors (VEGFA, VEGFB, VEGFC, chimeric cartilage oligomeric matrix 

protein-ANGPT1, ANGPT2, VEGF-ANGPT1 chimeric protein, or human serum albumin) (116). 

This finding could have dire consequences for PE-F1s experiencing a stroke, if deficient 
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gestational PGF expression is caused by a Pgf gene or gene regulatory defect, rather than a 

pregnancy-specific alteration in PGF signalling. This would mean that PGF-deficient PE-F1s are 

unable to produce normal levels of PGF at any time during their life, not just during pregnancy. 

If this were the case, PE-F1s would not only exhibit an increased risk of experiencing a stroke, 

but likely have a poorer outcome due to their inability to express PGF to aid in revascularization. 

This may have implications for injuries in other tissues and organs besides brain, since PGF has 

a well-documented role in wound healing (50, 91). Additionally I found that femoral placement 

of radiotelemeters led to foot gangrene and foot loss within 48hr in 7/7 female 129-Pgf-/- mice. 

Although not addressed specifically in the studies outlined in this thesis, the altered brain 

vascular structure exhibited both by Pgf-/- mice (preamble to Chapter 3) and PE-F1s (Chapter 5) 

may also underlie vascular functional alterations. An established function of PGF as an 

angiogenic factor is in the recruitment of pericytes and mesenchymal fibroblasts to surround and 

stabilize the newly formed endothelial vascular structures (27, 91, 377). If this aspect of 

cerebrovascular development is in fact impaired in Pgf-/- mice and PE-F1s, there are implications 

for proper autoregulation of cerebral blood flow (20). This impairment could then have 

implications in many clinical situations including orthostatic hypotension (249), traumatic brain 

injury (356), stroke (318), and adaptation to physiological stress such as pregnancy (62, 68). 

Additionally, such a potential impairment would have implications for the formation and 

stability of the blood-brain barrier (4, 153). In the context of PE-F1s, the potential impairments 

in cerebral blood flow autoregulation and blood-brain barrier permeability may represent a 

subclinical disorder that manifests only upon physiological challenge. This is certainly a line of 

research worth exploring in PE-F1s that may shed light on our full understanding of the origins 

of a plethora of cerebrovascular and neurological disorders. 
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6.2 Clinical Relevance 

 The findings of this thesis have many applications to clinically relevant issues. The 

findings of this thesis have implicated deficient PGF expression during pregnancy as a 

mechanistic link between the development of PE, and future cognitive deficits among PE-F1s. 

This would identify PGF supplementation as a potential novel therapeutic strategy for women at 

risk of developing PE. This option may be unlikely to succeed, however, since PGF is a large N-

glycosylated protein which would be doubtful to reach the fetal compartment if administered to 

the mother (213). Delivery of PGF directly to the amniotic fluid may also be ineffective in 

targeting PGF to fetal brain tissue, in addition to adding unnecessary risk, especially considering 

the relatively mild cognitive impairment outcomes among PE-F1s. Thus it might be more 

prudent to pursue small molecules capable of crossing the placenta and activating molecular 

pathways which overlap with PGF. In this regard, pravastatin, a 3-hydroxy-3-methyl-glutaryl-

CoA reductase inhibitor, has been identified to ameliorate PE-like symptoms in an animal model, 

while also improving metabolic, brain structural, and cognitive outcomes in the offspring (51, 

52, 180, 229). Most interestingly, when administered to pregnant mice, pravastatin induces 

expression of PGF, which appears to mediate its beneficial effects (180). Although pravastatin is 

currently contraindicated during pregnancy, phase III clinical trials in the United Kingdom and 

United States are underway to evaluate its safety and efficacy as a prophylactic for PE (76, 284). 

Thus, the use of other small molecules which induce angiogenic pathways during pregnancy may 

have therapeutic benefits for both PE mothers and PE-F1s. 

 Although the association between PE and cognitive deficits in the offspring was first 

reported in 1967 (23), and subsequently reported many times since (99, 142, 220, 240, 307, 350-

352, 367), the precise biological basis for this association has not been proven. The findings of 
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this thesis would implicate impaired fetal brain vascular development, caused by deficient PGF 

expression as an underlying factor responsible for the outcomes in PE-F1s. Moving past a 

general “developmental origins” mechanism underlying the deficits in PE-F1s may further 

uncover new therapeutic strategies for PE-F1s. By identifying impaired brain vascular anatomy, 

and perhaps function, as the underlying cause of cognitive deficits among PE-F1s, this may push 

the adoption of vascular or hemodynamic modifying drugs for the prevention of cognitive 

decline. Alternatively, the experience of a PE gestation may be identified as an additional risk 

factor for mild cognitive impairment and the development of more serious cognitive issues such 

as Alzheimer’s disease. In this vein, PE-F1s may be identified very early as candidates to benefit 

from a life-course approach to prevent cognitive decline leading to Alzheimer’s disease (295, 

366). 

 In a similar fashion to the primary prevention of cognitive decline and Alzheimer’s 

disease, the experience of a PE gestation may also identify individuals at risk for cerebrovascular 

complications such as stroke. Given the reduction in brain vascular width exhibited by PE-F1s in 

this thesis (Chapter 5), and the demonstrated deficits in brain vascular collateralization in Pgf-/- 

mice (Luna et al. submitted), PE-F1s may be good candidates to receive prophylactic therapy for 

stroke at a relatively young age. Antithrombotic and thrombolytic therapies such as low-dose 

aspirin are established prophylactics for ischemic stroke among at-risk adult populations (184). 

The in utero experience of a PE gestation may identify individuals who should receive these 

prophylactics as young adults, rather than delaying until middle-age or later. Among PE-F1s who 

do experience a stroke, the gestational information of a PE experience may help inform clinical 

management. Since PE-F1s may have a diminished capacity for cerebral neo-angiogenesis 

following an ischemic stroke, these patients may be candidates for aggressive thrombolytic or 
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recanalization therapy. On the other hand, direct treatment with PGF may prove to be beneficial 

to these patients as well, if in fact they are incapable of producing adequate quantities of PGF 

post-stroke to stabilize newly formed cerebral vessels (116). 

 

6.3 Limitations 

 The largest limitation of this thesis is the relatively small sample size of human PE-F1s 

that could be studied in Chapters 4 and 5. The human studies reported in this thesis represent 

pilot studies upon which future studies should build. The cost associated with human MRI 

studies is significant and the funding for these studies was limited and fully spent accounting for 

the small sample size. Also, recruiting patients from a relatively small population – Kingston, 

ON population is 120,000 – has made the availability of suitable PE-F1s relatively scarce. 

Although 63 potential PE-F1s were available in the 2003-2009 PE-NET database and all were 

approached, only 10 could be located and then recruited. Additionally, recruiting PE-F1s from an 

historical cohort initially contacted during gestation poses additional challenges of loss to follow-

up, further limiting the recruitment pool from which to draw. Another drawback of recruiting 

from this area is the homogeneous racial background (Caucasian) of the participants. This is 

especially problematic considering that African-American women experience PE pregnancies at 

roughly twice the rate of Caucasian women (35). This limits the applicability of my studies to the 

general population. On the other hand it is a great strength of this study to have PE-F1 

participants with verified obstetrical histories, and not relying on recall memory of the parents. 

 Furthermore, as a result of the small sample size, it is not possible to adequately control 

for key co-variates. Although attempts were made to match control and PE-F1 participants by 

GA at birth, current age, and sex, PE-F1 participants were nonetheless smaller at birth. Although 
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gestational age at birth was not statistically significantly different, PE-F1s were born on average 

approximately 2wks earlier than controls (Chapter 5). This may play a role in some of the 

outcome measurements, since prematurity has been shown to be associated with impaired brain 

development (242, 363), poorer cognitive performance (159, 310), as well as cerebellar and 

brainstem enlargement (302). Thus, it is not possible to fully separate the effects of prematurity 

and fetal growth restriction from PE in my limited sample. Another drawback was my inability 

to resolve differences between male and female PE-F1s. Studies of cognitive performance and 

regional brain volume in Pgf-/- mice displayed significant differences between males and 

females, but no such difference was detectable among male and female PE-F1s. It has been 

hypothesized that male fetuses allocate resources in utero differently than female fetuses, and are 

at greater risk for impaired brain development following a pregnancy complication (24). Thus, it 

is possible that a real difference exists between male and female PE-F1s with regard to brain 

development and cognitive performance, but a larger sample will be necessary for this difference 

to be resolved. 

 

6.4 Future Directions 

 The studies presented in this thesis yielded novel insights into the mechanistic links 

between gestational PGF deficiency and cognitive defects, and between PE and cognitive deficits 

in PE-F1s and suggest areas of future investigation. Human PE pregnancies in which PGF 

expression is deficient do not normally exhibit zero expression of PGF (197), which is the case 

for Pgf-/- mice. Thus, comparing Pgf-/- versus Pgf+/+ mice would represent an extreme model of 

human PE. To address this, I conducted behavioural testing on Pgf+/- mice, in addition to 

preparing the brains of these mice for MRI analyses identical to that presented in Chapter 3. 



 118  

 

Analysis of the behavioural testing revealed Pgf+/- mice display cognitive deficits identical to 

those seen in Pgf-/- mice (Rätsep, Hickman, Croy, unpublished). MRI analyses for the brains of 

these Pgf+/- mice are yet to be completed.  

Furthermore, brain vascular analysis in my mouse genotypes can be improved, since the 

methods of investigation and data analysis I used are likely to reveal only partial relationships. 

The vascular casting procedure utilized in the preamble to Chapter 3 is a qualitative assessment 

of overall brain vascular structure. The fragile nature of the casts, and variation in the manual 

perfusion technique employed limit their value for quantitative assessment. To rectify this, Pgf-/-, 

Pgf+/-, and Pgf+/+ mouse brain specimens have been prepared for micro-computed tomography 

(μCT) scanning and analysis of vasculature. These samples were prepared using a procedure 

demonstrated to achieve consistent and optimized perfusion of the brain vasculature (123), and 

are ready to be analyzed by automatic segmentation and labelling methods that outperform 

manual techniques (122). These data will aid in determining precise estimates of mouse brain 

vascular structure, and provide further insights into specific brain regions that may be affected by 

PGF deficiency. 

The data presented in Chapter 5 reveal an impairment in brain vascular development in 

PE-F1s that closely mirrors impaired brain vascular development in Pgf-/- mice presented in the 

preamble to Chapter 3. In parallel to the mouse brain vascular analyses, further examination of 

brain vascular structure in PE-F1s may be conducted. The data presented in Chapter 5 only 

examined vascular width and density, and potentially could be extended by more thorough 

characterization of vascular tree architecture using advanced methods (135). Additionally the 

vascular anatomical analyses presented in Chapter 5 could be combined with an arterial spin-

labelling technique to provide a model of hemodynamic flow and perfusion of the brain 
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vasculature (105). These analyses will require the development and validation of new analysis 

programs, but are intriguing options. 

 The studies of brain vasculature presented in this thesis have focussed on anatomical 

structure, but have not thoroughly explored vascular function. Given the established function of 

PGF in pericyte and mesenchymal fibroblast recruitment to surround and stabilize newly formed 

blood vessels (27, 91, 377), it remains a distinct possibility that Pgf-/- mice and PE-F1s will 

exhibit impaired vascular wall formation. This may have huge impacts on cerebral blood flow 

autoregulation and blood-brain barrier permeability (4, 20, 153). To address these questions, 

studies are currently underway to assess brain vascular wall structure in Pgf-/- mice.  

 The studies of Pgf-/- mice presented in this thesis have provided insights into the role of 

PGF in development, and implicated PGF as essential for proper brain vascular and structural 

development. However, the genetically modified mice utilized in these studies are totally ablated 

for Pgf/PGF expression throughout their life-course (50). As such, it is impossible to determine 

if there is a critical period of PGF expression during development that might otherwise reverse 

the impaired brain vascular structure exhibited in these mice. In order to address this, 

experiments designed to replace endogenous PGF expression with an exogenous source may 

yield tremendously important results. However, there remain technical limitations to this 

approach since PGF is a large N-glycosylated protein with limited diffusion capabilities, which 

would require delicate manipulation to achieve targeted expression (213). Additionally, 

recombinant PGF would be prohibitively expensive, particularly in the amounts that would be 

necessary to restore normal endogenous gestational levels. Thus, a more fruitful strategy might 

be to employ a lentiviral expression system such that the animal may express PGF in a tissue 
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specific fashion. It would also be necessary to utilize an inducible expression system, since 

normal endogenous PGF levels fluctuate greatly throughout gestation (197, 276, 345). 

 The human studies reported in this thesis present analyses of only part of the data 

collected on PE-F1 participants. The study protocol also included other imaging sequences such 

as resting-state functional MRI and diffusion tensor imaging. These imaging sequences have yet 

to be examined due to the difficulty and complexity of the analysis techniques. However, the 

data from these imaging sequences should provide valuable further results as correlated by others 

studying children with FASD (263). Resting-state functional MRI can detect areas of activity 

within the brain when not occupied with a specific task (default mode network), and may provide 

insight into how an individual’s brain processes information (322). This technique has been 

utilized extensively in pediatric populations as well as the Human Connectome Project, so data 

describing function in normal as well as clinical populations exist that may serve as a basis of 

comparison for PE-F1s (321, 369). Diffusion tensor imaging allows for the visualization of white 

matter tracts within the brain, providing insight into the way in which an individual’s brain is 

functionally connected (11). As with resting-state functional MRI, diffusion tensor imaging has 

been implemented extensively in pediatric populations and large-scale studies of brain 

development and function (347, 378). Thus, analysis techniques and robust libraries of imaging 

from participants exhibiting normal and deviated function exist, and are available to be 

exploited. With the data already collected, these analyses in PE-F1s lack only the personnel and 

expertise necessary to complete the study. 

 Although the studies reported in this thesis indicate specificity in the relationship between 

deficient gestational PGF, PE, and cognitive deficits in PE-F1s, the techniques employed can be 

applied to other gestational disorders as well. For instance, gestational diabetes, which affects up 
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to 14% of all human pregnancies (341), shares common pathological signs with PE, such as 

aberrant maternal inflammation and endothelial dysfunction (5). Additionally, gestational 

diabetes, like PE, exhibits long-term health consequences for both the mother and child 

following pregnancy (41). Thus, it is at least plausible that some of the outcomes of PE-F1s 

reported in this thesis may be present in offspring born to pregnancies complicated by gestational 

diabetes. On the other hand, further specification may still be done within the population of PE-

F1s. Recent work has highlighted the heterogeneity of PE, with microarray data derived from 

patient samples revealing at least three distinct molecular sub-classifications of PE (189). By 

applying a similar classification strategy to PE-F1s, it may be possible to further delineate how 

the gestational environment of PE can effect fetal brain development. 

 In conclusion, the experience of a PE gestation should serve as an early warning sign for 

impaired brain development and deficits in cognitive function. Within this context, deficient 

expression of gestational PGF may be the mechanistic link which connects impaired brain 

angiogenesis and vascular development into the pathway of cognitive dysfunction and stroke for 

PE-F1s. The studies presented in this thesis highlight the urgency of fully understanding and 

preventing PE to promote normal offspring development and health. Scientific and clinical 

advancement in these areas should remain a priority. 
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Kingston General Hospital  

 

Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research Associate, Division of 

Cancer Care and Epidemiology, Queen's Cancer Research Institute  

 

Dr. A. Singh, Professor, Department of Psychiatry, Queen's University  

 

Dr. J. Walia, Assistant Professor and Clinical Geneticist, Department of Paediatrics, Queen's University and  

Kingston General Hospital  

 

Ms. K. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics)  
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Appendix B – Consent and Information Forms 

Documents: 

Parent/ Guardian Consent Form 

Participant Assent Form (<12 years) 

Participant Assent Form (12-18 years) 

Participant Information Form 
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INFORMATION/CONSENT FORM  

 

TITLE OF PROJECT: Influences of Placental Growth Factor  

Deficiency and Pre-eclampsia on the Vascular, Neurological 

and Cognitive Development of Brain 
 

BACKGROUND INFORMATION: 

 

Your child is being invited to participate in a research project directed by Dr. James N. 

Reynolds, Professor in the Department of Biomedical and Molecular Sciences and Centre for 

Neuroscience Studies at Queen’s University; Dr. Anne Croy, Professor in the Department 

ofBiomedical and Molecular Sciences at Queen’s University; Dr. Graeme Smith, Professor in the 

Departments of Obstetrics and Gynecology, Kingston General Hospital and Department 

ofBiomedical and Molecular Sciences at Queen’s University and Dr. Patrick Stroman, Associate 

Professor in the Departments of Diagnostic Radiology, Kingston General Hospital and Physics, 

Queen’s University.  

 

The aim of this project is to study typical childhood and adolescent brain development and to 

understand the changes that may occur due to potential restriction of brain blood vessel 

development during fetal life. Importantly, with a better understanding of typical development, 

brain changes related to exposure during gestation to the mother’s pregnancy complication “pre-

eclampsia” can be measured.  Thus, we can determine the relationships between structural 

alterations in the brain caused by prenatal exposure to pre-eclampsia and the adverse outcomes 

that are reported statistically but have not been studied anatomically.  

 

Dr. Reynolds, Dr. Croy, Dr. Smith or a member of their research team will read through this 

consent form with you and describe the procedures in detail and answer any questions you may 

have. This study is funded by competitive awards from Kingston General Hospital Research 

Foundation and the Canadian Institutes of Health Research. This study has been reviewed for 

ethical compliance by the Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board.  

  

DETAILS OF THE STUDY:  

 

The purpose of this research project is to measure differences in brain function in typically 

developing children born to women with normal blood pressure over pregnancy and in 

childrenwhose mother’s experienced physician-diagnosed early, severe pre-eclampsia during the 

child’s gestation. These data can then be compared to give us important information about the 

types ofchanges in brain development that may be associated with early severe pre-eclampsia. 

We anticipate recruiting a total of 72 participants, from the Kingston ON region.  

 

 

Centre for Neuroscience Studies 
Room 237, Botterell Hall 
Queen’s University 
Kingston, Ontario, Canada K7L3N6 
Tel 613 533-6360 
Fax 613 533-6840 
www.queensu.ca/neurosci/ 
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Your child will be considered for this study if they can follow simple instructions.  Experimental 

sessions will take place over one (1) days (3 hours total). Your child will be asked to perform the 

following:  

 

 Complete a neuropsychological test battery to assess brain function (~2 hours)  

 Complete saccadic eye movement tests that measure how children move their eyes to 

explore the visual environment (~2 hours) 

 Participate in imaging studies* at a magnetic resonance imaging (MRI) facility to provide 

pictures of brain structures and connections (~1 hour)  

 

*Separate consent forms will be obtained.  

 

In addition, to ensure that we have complete data sets from each participant, we are asking 

forconsent to access medical (i.e., date of birth as year and month, medication, corrective 

eyewear prescriptions, auditory assessments) and psychological assessment records that were 

obtained by personnel at a diagnostic clinic or school. This information is needed for us to do the 

appropriate statistical analyses. The personal health information collected will be kept in locked 

cabinets and electronic data files will be password protected and access restricted to Dr. 

Reynolds, Dr. Croy, Dr. Smith and members of their research team.  

 

Description of Tests to be performed as part of the study 

 

Neuropsychological Battery 

Selected games and questionnaires that provide information on brain function will be 

administered to your child.   

 

Saccadic Eye Movements 

Saccadic eye movements are measured using video-based eye tracking equipment.  Your child 

will be seated comfortably in front of a computer screen and a small sticker will be placed on 

their forehead.  The camera is located within the screen and will use the position of the sticker to 

help locate and follow eye movements as your child watches short video clips or small dots that 

move around the screen.  This is a non-invasive technique for recording eye movements and 

should produce no discomfort.  The sticker may leave a small area of redness but this should fade 

in a few hours.  

 

Imaging Studies 

Pictures of your child’s brain will be obtained on a magnetic resonance imaging (MRI) scanner. 

Pillows will be used to minimize head motion and movies/cartoons can be shown during the 

MRI sessions to help maintain the child’s attention. We will take pictures of the brain, as well as 

images that depict how different parts of the brain are connected and how blood flows through 

the brain.  Each participant will use ear plugs to minimize the noise of the scanner.   

 

Risks/Side Effects  

There are minimal risks involved in participating in this study.  Your child may feel tired after 

and/or during the tests. At any point, the tests can be paused without destroying the data 

collection process, and participants can be given a rest and refreshments.   
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Benefits  

While your child may not benefit directly from this study, results from this study may improve 

the understanding of the changes that occur during development and as a result of altered brain 

blood vessel architecture. This may in turn benefit patients with clinical disorders in the future 

and lead to an early and accurate diagnosis. 

 

Exclusion  
Children with severe developmental disabilities and/or brain injury will be excluded from the 

study.  

 

Confidentiality  
All information obtained during the course of this study is strictly confidential and your child’s 

anonymity will be protected at all times. Your child will be identified using an alphanumeric 

code. Data will be stored in locked files and will be available only to Dr. Reynolds, Dr. Croy, Dr. 

Smith, Dr. Stroman and their research team. Your child will not be identified in any publication 

or report.  

 

Although MRI scan is not a diagnostic scan and any images obtained are for research purposes 

only (you will not receive a copy of the pictures and you will not receive a report of their 

analyses), it is possible that the MRI scan may disclose an unknown abnormality. In this event, a 

medical imaging specialist will be asked to review the images and we would send a report to 

your (or your child’s) physician. The researchers directly involved with this procedure do not 

have the credentials to diagnose neurological conditions.  

 

Voluntary nature of study/Freedom to withdraw or participate  
 

Your child’s participation in this study is voluntary.  Your child may withdraw from this study at 

any time and without prejudice or effects to their future care.  

 

Withdrawal of subject by principal investigator  
 

The principal investigators may decide to withdraw your child from this study if they feel they 

are unable to complete the tests appropriately.  

 

Liability  
 

In the event that your child is injured as a result of the study procedures, medical care will be 

provided to your child until resolution of the medical problem.  By signing this consent form, 

you do not waive your child’s legal rights nor release the investigator(s) from their legal and 

professional responsibilities.  

 

Payment  
 

For participants residing within the city limits of Kingston, Ontario, we will reimburse 

yourparking expenses (upon presentation of a receipt).  If you do not have access to personal 
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transportation, other modes of transportation will be made available to you (i.e., bus tickets or 

taxi vouchers), if requested, on a case-by-case basis.  

 

For participants residing outside of the city limits of Kingston, Ontario but within a radius of 50 

kilometers, we will reimburse your travel expenses (i.e., train fare or mileage based on Queen’s 

travel policy) and parking, bus or taxi expenses (upon presentation of a receipt). 

 

PARTICIPANT STATEMENT AND SIGNATURE SECTION  
 

I have read and understand the consent form for this study.  I have had the purposes, 

proceduresand technical language of this study explained to me.  I have been given sufficient 

time to consider the above information and to seek advice if I chose to do so.  I have had the 

opportunity to ask questions which have been answered to my satisfaction.  I am voluntarily 

signing this form.  I will receive a copy of this consent form for my information.  

 

If at any time I have further questions, problems or adverse events, I can contact Dr. James 

Reynolds (613-533-6946), Dr. Anne Croy (613-533-2959) or Dr. Graeme Smith (613-5482405). 

If I have questions regarding my rights as a research participant I can contact Dr. Albert Clark, 

Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics 

Board at 613-533-6081.  

 

By signing this consent form, I am indicating that I agree to participate in this study.  

 

_____________________________________________________________________________ 

Signature of Participant        Date 

 

_____________________________________________________________________________ 

Signature of Parent/ Guardian        Date 

 

_____________________________________________________________________________ 

Signature of Person Conducting the Consent Discussion    Date 

 

May we keep your contact information on file for potential participation in future studies?  

YES____________ NO____________ 

 

INVESTIGATOR 

 

I, or one of my colleagues, have carefully explained to the participant the nature of the above 

research study. I certify that, to the best of my knowledge, the participant understands clearly the 

nature of the study and demands, benefits and risks involved to participants in this study 

 

_____________________________________________________________________________ 

Signature of Principal Investigator (or delegate)     Date 
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ASSENT FORM (<12 years)  

 

TITLE OF PROJECT: Influences of Placental Growth Factor 

Deficiency and Pre-eclampsia on the Vascular, Neurological 

and Cognitive Development of Brain  

 

Investigators:  Dr. James Reynolds, Dr. Anne Croy, Dr. Graeme Smith, Dr. Patrick Stroman  

 

The investigators and their research team want to tell you about a study about development.  

They want to see if you would like to be in this study. This form tells you about the study. If 

there is anything you do not understand, please ask your parent, your guardian or the research 

team staff.   

 

  

Why are they doing this study?  
 

They want to learn more about how the brain changes as children grow up and what goes wrong 

when brain structures change before a baby is born. They also want to see if these changes might 

alter how children perform using different tests and games.  

 

  

What will happen to you?  
 

If you want to be in the study it should take approximately 3 hours over 1 day. These things will 

happen:  

 

 You will play some games and answer some questions to see how your brain works (~1.5 

hours).  

 You will watch dots or pictures on a computer screen.  A small sticker will be placed on 

your forehead so that the camera knows where your eyes are.  

 We will take pictures of your brain using a big computer that is shaped like a tube.  It can 

get loud so you will have to wear ear plugs.  

 

  

Will the study hurt?  
 

The study should not hurt you at all. You may feel a little tired at times. Just tell the research 

staff and they will give you breaks and snacks. 

 

Centre for Neuroscience Studies 
Room 237, Botterell Hall 
Queen’s University 
Kingston, Ontario, Canada K7L3N6 
Tel 613 533-6360 
Fax 613 533-6840 
www.queensu.ca/neurosci/ 
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Will you feel different if you are in the study?  

 

This study won’t make you feel any different.  But the research team might find out something 

that will help other children later.  

 

 

What if you have any questions?  

 

You can ask questions any time, now or later. You can talk to the researchers: Dr. James 

Reynolds (613-533-6946), Dr. Anne Croy (613-533-2959) or Dr. Graeme Smith (613-5482405), 

your family or someone else.    

 

 

Who will know what I did in the study?  

Any information you give to the research staff will be kept private (or secret). Your name will 

not be on any study paper and no one but the research staff will know that it was you who was in 

the study.  

 

 

Do you have to be in the study?  

 

You do not have to be in the study. No one will be unhappy with you if you don’t want to do 

this. If you don’t want to be in this study, just say so.  We will also ask your parents if they 

would like you to be in the study. Even if your parents want you to be in the study you can still 

say no. Even if you say yes now you can change your mind later. It’s up to you.  Saying no will 

not change how you are treated by anyone at Queen’s University and the local hospitals.   

 

 

Do you have any questions?  

 

 

What questions do you have?  
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Assent  

 

I want to take part in this study. I know I can change my mind at any time.  

 

For children < 7 years old:  

 

Verbal assent:  

 

_________________________  Verbal assent given  Yes □ 

Print name of child  

 

Or  

 

Written assent if the child chooses:   

 

__________________________  __________   ____________ 

Signature of child     Age     Date  

 

 

 

For children 7-12 years old: 

 

Written assent if the child chooses to sign the assent:  

 

__________________________  __________   ____________ 

Signature of child    Age    Date  

 

 

May we keep your contact information on file for potential participation in future studies? 

YES____________ NO____________  

 

 

I confirm that I have explained the study to the participant to the extent compatible with the 

participant’s understanding, and that the participant has agreed to be in the study.  

 

 

_____________________   __________________ ____________ 

Printed name of     Signature of    Date    

person obtaining assent    person obtaining assent  
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ASSENT FORM (12-18 years)  

  

TITLE OF PROJECT: Influences of Placental Growth Factor  

Deficiency and Pre-eclampsia on the Vascular, Neurological and 

Cognitive Development of Brain  

  

Why are they doing this study?  

 

You are being invited to participate in a research project because we want to study typical 

childhood and adolescent development and development in children and adolescents with 

unsuspected developmental anomalies due to exposure to a hypertensive disease in their mother 

during pregnancy.  

 

The project is directed by Dr. James N. Reynolds, Professor in the Department of Biomedical 

and Molecular Sciences and Centre for Neuroscience Studies at Queen’s University, Dr. Anne 

Croy, Professor in the Department of Biomedical and Molecular Sciences at Queen’s University; 

Dr. Graeme Smith, Professor in the Departments of Obstetrics and Gynecology, Kingston 

General Hospital and Department of Biomedical and Molecular Sciences at Queen’s University 

and Dr. Patrick Stroman, Associate Professor in the Departments of Diagnostic Radiology, 

Kingston General Hospital and Physics, Queen’s University. 

 

Dr. Reynolds, Dr. Croy, Dr. Smith or a member of their research team will read through this 

assent form with you and describe the procedures in detail and answer any questions you may 

have.  

 

  

What will happen to you?  

 

If you want to be in the study it should take approximately 3 hours over 1 day. These things will 

happen:  

 You will be asked a few questions about your health and your blood pressure will be 

measured x You will play some games and answer some questions to see how your brain 

works (~1.5 hours).   

 Eye movements will be recorded as you watch dots or pictures on a computer screen. A 

small sticker will be placed on your forehead so that the camera knows where your eyes 

are moving.  

 To take pictures of your brain, you will enter a large computer that is shaped like a tube. 

While you watch movies and keep still, we will take pictures of your brain.  You will 

have to wear small ear plugs because the sound can get loud. 

 

Centre for Neuroscience Studies 
Room 237, Botterell Hall 
Queen’s University 
Kingston, Ontario, Canada K7L3N6 
Tel 613 533-6360 
Fax 613 533-6840 
www.queensu.ca/neurosci/ 
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Description of Tests to be performed as part of the study  

 

Neuropsychological Battery  
You will be asked to play some games and answer some questions that provide information on 

how your brain works. Your parents/guardians will also answer some questions too. These 

games and questions will tell us about your cognitive skills (i.e., memory, attention, flexible 

thinking etc.).  

 

Saccadic Eye Movements  
Saccadic eye movements are measured using video-based eye tracking equipment.  You will be 

seated comfortably in front of a computer screen and a small sticker will be placed on your 

forehead.  The camera is located within the screen and will use the position of the sticker to help 

locate and follow your eye movements as you watch short video clips or small dots that move 

around the screen. This is a non-invasive technique for recording eye movements and should 

produce no discomfort. The sticker may leave a small area of redness but this should fade in a 

few hours.  

 

Imaging Studies  
Pictures of your brain will be obtained using a magnetic resonance imaging (MRI) scanner (a 

very large computer). We have pillows and blankets available to make you comfortable and 

movies/cartoons can be shown during the MRI session to keep it interesting for you. We will 

take pictures of your brain, as well as pictures that show how different parts of the brain are 

connected and how blood flows through your brain. You will use ear plugs to minimize the noise 

of the scanner because it can be loud.  

 

 

Will the study hurt?  
 

There are minimal risks involved in participating in this study.  You may feel tired after and/or 

during the tests. At any point, the tests can be paused without destroying the data collection 

process, and you can have a rest and snack.  

 

 

Will you feel different if you are in the study?  
 

This study won’t make you feel any different.  But the research team might find out something 

that will help other children in the future.  

 

 

What if you have any questions?  
 

You can ask questions any time, now or later. You can talk to the researchers: Dr. James 

Reynolds (613-533-6946), Dr. Anne Croy (613-533-2959) or Dr. Graeme Smith (613-5482405), 

your family or someone else. 
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Who will know what I did in the study?  
 

Any information you give to the research staff will be kept private (or secret). Your name will 

not be on any study paper and no one but the research staff will know that it was you who was in 

the study.  

 

 

Do you have to be in the study?  
 

You do not have to be in the study. No one will be unhappy with you if you don’t want to do 

this. If you don’t want to be in this study, just say so. We will also ask your parents if they would 

like you to be in the study. Even if your parents want you to be in the study you can still say no. 

Even if you say yes now you can change your mind later. It’s up to you. Saying no will not 

change how you are treated by anyone at Queen’s University and the local hospitals.  

 

 

Do you have any questions?  

 

 

What questions do you have?  
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Assent  
 

Written assent if the child chooses to sign the assent.  

 

 

__________________________  ____________  _____________ 

Signature of Child     Age     Date  

 

May we keep your contact information on file for potential participation in future studies? 

YES____________ NO____________  

 

 

I confirm that I have explained the study to the participant to the extent compatible with the 

participant’s understanding, and that the participant has agreed to be in the study.  

 

 

 

 

_____________________   __________________ ____________ 

Printed name of     Signature of    Date    

person obtaining assent    person obtaining assent  
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C E N T R E  F O R  N E U R O S C I E N C E  S T U D I E S  

Room 237, Botterell Hall 

Queen’s University 

Kingston, Ontario, Canada K7L 3N6 

Tel  613 533-6360   

Fax 613 533-6840 

www.queensu.ca/neurosci/ 

PARTICIPANT INFORMATION FORM 

 

The following information is being collected, following consent, as part of the study 

‘Influences of Placental Growth Factor Deficiency and Preeclampsia on the Vascular, 

Neurological and Cognitive Development of the Brain.’ For complete details on this study, 

please refer to the Information/Consent form provided to you. 

The aim of this project is to study typical childhood and adolescent brain 

development and to understand the changes that may occur due to potential restriction of 

brain blood vessel development during fetal life. In relation to this aim, we are collecting 

standardized information on maternal health, child health and development, pregnancy 

complications, and family medical history from all participants.  

All information obtained during the course of this study is strictly confidential, and 

yours and your child’s anonymity will be protected at all times. Your child will be 

identified using an alphanumeric code, and the personal health information and data will 

be stored in locked files and will be available only to Dr. Reynolds, Dr. Croy, Dr. Smith, Dr. 

Stroman and their research team. Your child will not be identified in any publication or 

report. 

Please answer the questions to the best of your ability. A member of the research 

team will work through the questions with you to provide clarification where needed. If 

you are completing this form on behalf of a participant in the study, please answer the 

questions with respect to the participant. Information that cannot be recalled at this time 

will be retrieved from available medical records, following your consent. 

Yours and your child’s participation in this study and the answering of this 

questionnaire is voluntary, and you may choose to withdraw or decline answers at any 

point. If, for any reason, you choose to not answer any of these questions, please feel free to 

skip ahead to the next question(s) that you are willing to answer.  

If at any time you have further questions, problems or adverse events, you can 

contact Dr. James Reynolds (613-533-6946), Dr. Anne Croy (613-533-2959) or Dr. Graeme 

Smith (613-548-2405).  If you have questions regarding your rights as a research 

participant you can contact Dr. Albert Clark, Chair, Queen’s University Health Sciences 

and Affiliated Teaching Hospitals Research Ethics Board at 613-533-6081. 

 

Thank you very much for your participation! 
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A. GENERAL INFORMATION OF PARTICIPANT 

 

1. Sex (M/F):____________ 

 

2. Birth date (dd/mm/yyyy):______________ 

 

3. Age (years): __________ 

 

4. Height (cm): 

 

5. Weight (kg): 

 

6. Dominant Hand (left or right or both): _______________________________ 

 

7. Ethnicity: ____________________________________________________________ 

 

8. Singleton birth (yes/no): _____________ 

 

 

B. PARTICIPANT’S MEDICAL HISTORY 

 

Has the participant ever been diagnosed with any of the following?  Check those that 

apply.  If yes, indicate when the first diagnosis occurred, and whether criteria for the 

diagnosis are currently met. 

       

Age diagnosed  Current? (No/Yes) 
 

1. Anxiety Disorder                      ☐ ____________ ______________ 

2. Depression    ☐ ____________ ______________ 

3. Bipolar Mood Disorder  ☐ ____________ ______________ 

4. Schizophrenia       ☐ ____________ ______________ 

5. Other Psychotic Disorders  ☐ ____________ ______________ 

 

Specify:________________________________________________________ 

6. Autism Spectrum Disorder    ☐ ____________ ______________ 

(ie. Asperger’s, Autistic Disorder) 

7. Attention Deficit Hyperactivity ☐ ____________ ______________ 

Disorder (ADHD) 
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8. Conduct Disorder   ☐ ____________ ______________ 

9. Oppositional Defiant Disorder  ☐ ____________ ______________ 

10. Tourette Syndrome   ☐ ____________ ______________ 

11. Fetal Alcohol Spectrum   ☐ ____________ ______________ 

Disorder (FASD)  

12. Major Congenital Anomalies  ☐ ____________ ______________ 

 

Specify:________________________________________________________ 

 

13. Neurological Disorder   ☐ ____________ ______________ 

 

Specify:________________________________________________________ 

 

14. Other     ☐ ____________ ______________ 

 

Specify:________________________________________________________ 

 

 

C. DELIVERY AND NEONATAL SUMMARY 

 

 

1. Gestational Age:___________ 

 

2. Weight:_______________gm 

 

3. Length:_______________cm 

 

4. Abdominal Girth:____________cm 

 

5. Head Circumference:_____________cm 

 

6. Apgar Score  1min: _______ 5min:________ 10min:________  
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7. Was the participant diagnosed with any of the following at birth (check any that 

apply): 

☐ Respiratory Distress Syndrome  

☐ Bronchopulmonary Dysplasia  

☐ Intraventricular Hemorrhage  

☐ Necrotizing Enterocolitis 

☐ Intrauterine Growth Restriction (IUGR) (below 10th percentile for GA)  

☐ Severe IUGR (below 3rd percentile for GA)  

☐ Other; Specify: 

 

8. Type of Delivery:      ☐Vaginal        ☐C-section 

 

9. For vaginal delivery: 

 Type of delivery: 

☐ Spontaneous 

☐ Vacuum  

 

☐ Low Forceps  

☐ Mid Forceps 

 

10. For Cesarean delivery: 

Was the C/S urgent or an emergency? ☐Yes        ☐No 

 

Indications for C/S (check all that apply): 

 

Fetal Indications: 

☐ Fetal Anomalies  

☐ Placental 

Abruption  

☐ Chorioamnionitis  

☐ Non Reassuring 

Fetal Heart 

☐ Failed Vacuum/Forceps  

☐ Malpresentation  

☐ Multiple Gestation  

☐ Cord Prolapse 
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☐ Other; Specify: 

 

 

Maternal Indications: 

☐ Cephalopelvic 

Disproportion  

☐ Diabetes  

☐ Elective or 

Repeat C/S  

☐ Failure to 

Progress 

☐ Failed Induction  

☐ Herpes  

☐ Placenta Previa 

☐ Preeclampsia  

☐ Antepartum Hemorrhage  

 

  

☐ Other; Specify: 

 

 

 

 

11. Complications during labour and delivery: 

☐ None  

☐ Cord Prolapse 

☐ Meconium  

☐ Maternal Fever 

☐ Uterine Rupture  

☐ Shoulder Dystocia  

☐ Loose Nuchal Cord  

☐ Tight Nuchal Cord 

☐ Placental Abruption  

☐ Post Partum Hemorrhage 

 

 

☐ Other; Specify:  
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D. PARTICIPANT’S MEDICATION HISTORY 

 

Please answer all of the questions that you can.  If you are completing this form on behalf 

of a participant in the study, please answer the questions with respect to the participant.  

Feel free to ask for clarification of any items.  If, for any reason, you choose not to answer 

some of these questions, please skip ahead to the next question that you are willing to answer. 

 

Please list all medications that the participant is currently taking (prescription, over the 

counter, supplements)? 

Medication Dosage Frequency (OD, 

bid, tid, qid, prn) 

   

   

   

   

 

Has the participant ever been prescribed any of the following prescription medication?  (If 

yes, indicate at what age the medication was started and stopped and the reason for the 

prescription.) 

 

    Age started Age stopped Reason? 

 

Ritalin 

(Methylphenidate)  _________ __________ ________________________ 

 

Dexedrine 

(Dextroamphetamine)  _________ __________ ________________________ 

 

Cylert 

(Pemoline)   _________ __________ ________________________ 

 

Other stimulants   _________ __________ ________________________ 

(ie. Adderall) 

 

Anticonvulsants  _________ __________ ________________________ 

 

Antihistamines  _________ __________ ________________________ 

 

Antidepressants  _________ __________ ________________________ 

 

Sedatives (Antianxiety) _________ __________ ________________________ 
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Antipsychotics  _________ __________ ________________________ 

 

Other (specify)  _________ __________ ________________________ 

 

 

 

E. MATERNAL HEALTH HISTORY 

 

Please answer all of the questions that you can.  These questions relate to the birth mother 

of the participant in the study. Feel free to ask for clarification of any items.  If, for any 

reason, you choose not to answer some of these questions, please skip ahead to the next 

question that you are willing to answer. 

 

BEFORE THE PARTICIPANT’S PREGNANCY 

  

 

Please indicate if any of the following apply to the mother of the participant: 

 

1. Hypertension - not treated              ☐ 

2. Hypertension - controlled with medication     ☐ 

3. Clinical Obesity (BMI ≥ 30 kg/m2)      ☐ 

4. Thrombophilia (ie. DVT, phlebitis, other clotting disorders)   ☐ 

5. Type 1 diabetes (insulin dependent)      ☐ 

6. Type 2 diabetes (non-insulin dependent)     ☐ 

7. Past or present smoking history       ☐ 

8. Illicit drug use         ☐ 

Specify: 

9. Asthma - regularly treated with medications     ☐ 

10. Hyperthyroidism        ☐ 

Year of diagnosis:_____________ 

11. Hypothyroidism                ☐ 

Year of diagnosis:_____________ 

12. Kidney disease        ☐ 
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13. A diagnosed autoimmune disease (ie. Lupus)    ☐ 

Specify:___________________________ 

14. Organ transplantation        ☐ 

15. Previous normal pregnancy       ☐ 

16. Previous pregnancy with gestational diabetes    ☐ 

17. Previous pregnancy with IUGR      ☐ 

- Fetus whose estimated weight is below the 10th percentile for its gestational age 

and whose abdominal circumference is below the 2.5 percentile 

- At term, the cut off birth weight is 2,500g (5lb, 8 oz) 

18. Previous pregnancy with placental abruption     ☐ 

- Documented premature placental separation with hemorrhage 

19. Previous pregnancy with stillbirth/IUFD     ☐ 

- Birth of a baby after 20.1 weeks gestation that does not have any signs of life 

20. Recurrent Miscarriages  ≥2       ☐ 

- Loss of a pregnancy less than 20 weeks gestation (or weighing less than 500g) 

 

21. Other Chronic Illness:_____________________________________________________ 

 

 

Does the mother of the participant have any history of any of the following types of 

Hypertension as defined below?  

If yes please indicate: 

1. Preeclampsia in any pregnancy (other than the participant’s):  ☐ 

 

- Development of hypertension with proteinuria (≥ 0.3g/L in 24 hr urine or 1+ on 

dipstick) 

- Diastolic ≥90 mmHg or an increase of 15 mmHg from mother’s baseline* 

- Systolic ≥140 mmHg or an increase of 30 mmHg from the mother’s baseline* 

 

*The increase must be present at 2 measurements taken 6 hours apart 

 

2. Hypertension in any pregnancy (other than the participant’s):  ☐ 

 

- Diastolic ≥90 mmHg or an increase of 15 mmHg from mother’s baseline* 

- Systolic ≥140 mmHg or an increase of 30 mmHg from the mother’s baseline* 

 

*The increase must be present at 2 measurements taken 6 hours apart 
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3. Chronic Hypertension:       ☐ 

- Present and observable prior to or after pregnancy, or is diagnosed before the 20th 

week of gestation 

- BP greater than 140/90 mmHg 

- Persists >42 days postpartum 

  

When was the onset of the hypertension:_________________________ 

 

4. Gestational Hypertension in any pregnancy (other than the participant’s):☐ 

- BP greater than 140/90 mmHg, which develops after the 20th week of gestation 

- Does not persist >42 days postpartum 

- Protein excretion in 24 hr urine collection is <0.3g/L 

 

 

 

F. MATERNAL HEALTH DURING PREGNANCY 

Please answer all of the questions that you can.  These questions relate to the birth mother 

and gestation of the participant in the study. Feel free to ask for clarification of any items.  

If, for any reason, you choose not to answer some of these questions, please skip ahead to the 

next question that you are willing to answer. 

 

 

Maternal height at birth of participant (from medical records):______________cm 

 

Maternal weight at birth of participant (from medical records):______________kg 

 

 

 

Pregnancy: 

 

     

 

Gravida 

 

Term 

Abortion 

(Spontaneous 

or Therapeutic) 

 

Preterm 

 

# Of Living 

Children 

 

 

Please indicate if any of the following were present during pregnancy: 

☐ Placental Insufficiency 

- Unexplained elevated maternal alpha-fetoprotein level 

- Idiopathic preeclampsia  
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☐ Abnormal Placentation 

- Abruptio Placentae 

- Infarction 

- Circumvallate Placenta 

- Placenta Previa 

- Placenta Accreta 

- Hemangioma 

☐ Infections  

- Toxoplasmosis 

- Syphilis 

- Varicella Zoster (chicken pox, shingles) 

- Parvovirus B19 

- Rubella 

- Cytomegalovirus 

- Herpes  

☐ Metabolic complications 

- Phenylketonuria 

- Poor maternal nutrition  

☐ Genetic Disorders 

- Family History 

- Turner’s Syndrome 

- Trisomy 13, 18, 21 

- Other? List: 

☐ None 

 

The health of the participant’s mother during the participant’s pregnancy (check all that 

apply): 

 

1. Assisted Reproductive Technology was used  (IVF or fertility Rx) ☐ 

 

2. Took prenatal vitamins       ☐ 

 

Name of prenatal vitamins:___________________________ 

Vitamins Started:  ☐ Pre Conception ☐ Week 0 - 12+6 ☐ Week 13+0 - 25+6  

☐ Week 26+0 - 40 

Taken:   ☐ Daily ☐ Less than 4x/week  
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3. Took regular multivitamins       ☐ 

Vitamins Started:  ☐ Pre Conception ☐ Week 0 - 12+6 ☐ Week 13+0 - 25+6  

☐ Week 26+0 - 40 

Taken:   ☐ Daily ☐ Less than 4x/week  

 

4. Took Folic Acid (not as part of a prenatal vitamin)   ☐ 

Vitamins Started:  ☐ Pre Conception ☐ Week 0 - 12+6 ☐ Week 13+0 - 25+6  

☐ Week 26+0 - 40 

Taken:   ☐ Daily ☐ Less than 4x/week 

 

Daily total:______________mg (1mg, 4mg, and 0.4mg dosage) 

 

 

5. Took Vitamin C         ☐ 

Vitamins Started:  ☐ Pre Conception ☐ Week 0 - 12+6 ☐ Week 13+0 - 25+6  

☐ Week 26+0 - 40 

Taken:   ☐ Daily ☐ Less than 4x/week 

 

Daily total:______________mg (Usual dose is 500mg) 

 

 

6. Took Vitamin E         ☐ 

Vitamins Started:  ☐ Pre Conception ☐ Week 0 - 12+6 ☐ Week 13+0 - 25+6  

☐ Week 26+0 - 40 

Taken:   ☐ Daily ☐ Less than 4x/week 

 

Daily total:______________mg (Usual dose is 200IU, but available from 100-1000IU) 

 

 

7. Alcohol consumed during this pregnancy     ☐ 
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8. Smoking during this pregnancy      ☐ 

9. Drug-assisted smoking cessation during pregnancy   ☐ 

10. Gestational Diabetes        ☐ 

11. Preeclampsia         ☐ 

 

- Development of hypertension with proteinuria (≥ 0.3g/L in 24 hr urine or 1+ on 

dipstick) 

- Diastolic ≥90 mmHg or an increase of 15 mmHg from mother’s baseline* 

- Systolic ≥140 mmHg or an increase of 30 mmHg from the mother’s baseline* 

*The increase must be present at 2 measurements taken 6 hours apart 

 

12. Gestational Hypertension       ☐ 

 

- BP greater than 140/90 mmHg, which develops after the 20th week of gestation 

- Does not persist >42 days postpartum 

- Protein excretion in 24 hr urine collection is <0.3g/L 

 

13. Celestone/dexamethasone usage      ☐ 

  

Dose #:______ 

  

Dosage (mg):____________ 

 

Route (IV/IM/po):_______ 

  

 

 

Any medications (prescription, over the counter, supplements) during pregnancy: 

 

Medication Dosage Frequency (OD, 

bid, tid, qid, prn) 

   

   

   

   

   

 



Influences of Placental Growth Factor Deficiency and Preeclampsia in the Vascular, 

Neurological, and Cognitive Development of the Brain 

 

PARTICIPANT NUMBER: _____________________ 

 

 

 186  

 

G. FAMILY DEMOGRAPHICS 

 

Please answer all of the questions that you can.  If you are completing this form on behalf 

of a participant in the study, please answer the questions with respect to the participant.  

Feel free to ask for clarification of any items.  If, for any reason, you choose not to answer 

some of these questions, please skip ahead to the next question that you are willing to answer. 

 

  

Maternal age at birth:____________ 

 

Does the child reside with (please circle one): 

 

Biological family   Foster Care   Adopted 

(Please indicate relationship) 

 

______________________ 

 

Household income of child’s residence: 

☐ Less than $29,999  

☐ $30,000 - $59,000  

☐ $60,000 - $89,999  

☐ $90,000 and over 

 

 

 

Please indicate biological mother’s (if known): 

 

 i) type of employment: _________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 

 

Please indicate biological father’s (if known): 

   

i) type of employment: __________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 

 

Please indicate foster/adoptive mother’s (if applicable): 

 

 i) type of employment: _________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 
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Please indicate foster/adoptive father’s  (if applicable): 

   

i) type of employment: __________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 

 

Please indicate guardian’s (if applicable): 

 

Relation to child (i.e., grandmother, aunt):___________________________________ 

 

i) type of employment: __________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 

 

Relation to child (i.e., grandfather, uncle):___________________________________  

 

i) type of employment: __________________________________________________ 

ii) highest grade completed, or degree: _____________________________________ 

 

 

H. FAMILY MEDICAL HISTORY 

 

Please indicate if the participant has a family history of any of the following.  When yes, 

place a check next to the item and indicate the relationship of the family member(s) to the 

participant (e.g. maternal uncle=uncle on mother’s side).  Include relatives by marriage 

and siblings.  (If participant is adopted, only complete for biological family members) 

 

 

Diagnosis     Family member (relation to participant) 

 

1. Anxiety disorder:    ☐ ____________________________________ 

2. Major Depressive Disorder:   ☐ ____________________________________ 

3. Bipolar mood disorder:   ☐ ____________________________________ 

4. Schizophrenia or other  

psychotic disorder:   ☐ ____________________________________ 

5. ADHD or ADD:    ☐ ____________________________________ 

6. Intellectual Disability:   ☐ ____________________________________ 

7. Learning Disability:    ☐ ____________________________________ 

8. Did not graduate from high school:  ☐ ___________________________________ 
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9. Childood problems with  

aggressiveness or  

oppositional behaviour :   ☐ ____________________________________ 

10. Childood problems with attention,  

activity, and impulse control:  ☐ ____________________________________ 

11. Tourette syndrome:    ☐ ____________________________________ 

12. FASD:     ☐ ____________________________________ 

13. Alcohol or substance abuse:   ☐ ____________________________________ 

14. Angina:     ☐ ____________________________________ 

15. Congestive Heart Failure:   ☐ ____________________________________ 

16. MI/Heart Attack:    ☐ ____________________________________ 

17. Hypertension:     ☐ ____________________________________ 

18. Hypertension during pregnancy:  ☐ ____________________________________ 

19. Hyperlipidemia:    ☐ ____________________________________ 

20. Stroke/Cerebrovascular disease:  ☐ ____________________________________ 

21. Thrombosis:     ☐ ____________________________________ 

22. Diabetes:     ☐ ____________________________________ 

23. Other (specify):   ☐ ____________________________________ 

 

 

 

Thank you very much for your time and co-operation! 
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Appendix C – Supplementary Data 

Figures: 

Figure A-1 Decidual SA remodeling is delayed in Pgf-/- x Pgf-/- compared to Pgf+/+ x Pgf+/+ 

implantation sites. 

Figure A-2 Pgf-/- x Pgf-/- placentas are deficient in labyrinthine vascular branching. 

Figure A-3 Resin casts of cerebral arterial system. 

Tables: 

Table A-1 Spearman correlations of normalized brain regional volumes and maternal plasma 

angiogenic factor concentrations. 

Table A-2 Spearman correlations of brain regional vascular radii and maternal plasma 

angiogenic factor concentrations. 

Table A-3 Spearman correlations of brain regional vascular densities and maternal plasma 

angiogenic factor concentrations. 
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Figure A-1 Decidual SA remodelling is delayed in Pgf-/- x Pgf-/- compared to Pgf+/+ x Pgf+/+ 

implantation sites. Pgf+/+x Pgf+/+ and Pgf-/- x Pgf-/- mice at GD12.5, 15.5 and 18.5 were 

anesthetized with sodium pentobarbital and transcardially perfused with 4% paraformaldehyde. 

Placentas were harvested, processed for paraffin embedding, sectioned at 6μm, and stained with 

haematoxylin and eosin. Photomicrographs in the DB region were taken and SA wall thicknesses 

and lumen diameters were quantified. Upper panels display representative sections of DB from 

mice of each genotype and timepoint. Lower panels display quantification of SA wall thickness 

(left) and wall:lumen ratio (right). Three implantation sites from each of 3 

pregnancies/genotype/GD were studied. For each implantation site, 3-5 sections were measured. 

Photomicrographs were captured using a Zeiss epifluorescence microscope with Axiovision 

SE64 Rel 4.8 (Carl Zeiss, Oberkochen, Germany) and analyzed using ImageJ software (NIH, 

Bethesda, MD, USA). ** represents p<0.01 vs. Pgf+/+ genotype at the corresponding timepoint. 

Scale bars represent 100μm. 
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Figure A-2 Pgf-/- x Pgf-/- placentas are deficient in labyrinthine vascular branching. Pgf+/+x 

Pgf+/+ and Pgf-/- x Pgf-/- mice at GD12.5, 15.5 and 18.5 were anesthetized with sodium 

pentobarbital and transcardially perfused with 4% paraformaldehyde. Placentas were harvested, 

processed for paraffin embedding, sectioned at 6μm, and stained with haematoxylin and eosin. 

Photomicrographs were taken and vascular spaces in the labyrinth region quantified. Top panels 

display representative sections of the labyrinth region from mice of each genotype and timepoint. 

Bottom panels display quantification of the vascular space area. Three implantation sites from 

each of 3 pregnancies/genotype/GD were studied. For each implantation site, 3-5 sections were 

measured. Photomicrographs were captured using a Zeiss epifluorescence microscope with 

Axiovision SE64 Rel 4.8 (Carl Zeiss, Oberkochen, Germany) and analyzed using ImageJ 

software (NIH, Bethesda, MD, USA). ***represents p<0.001 vs. Pgf+/+ genotype at the 

corresponding timepoint. Scale bars represent 50μm. 
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Figure A-3 Resin casts of the cerebral arterial system. Non-pregnant adult Pgf+/+ and Pgf-/-  

females were anesthetized with sodium pentobarbital and transcardially perfused using 140mM 

NaCl, 10mM KCl and 5mM EDTA solution (pH 7.5) to remove intravascular blood. Mice were 

subsequently injected through the thoracic aorta with 2mL Batson’s #17 polymer (Polysciences 

Inc., Warrington, PA, USA) which was allowed to polymerize for 24h. Surrounding tissue was 

subsequently digested away in 1M NaOH and 5% Contrad 70 detergent (Fisher Scientific, 

Pittsburgh, PA, USA) for ~8wks. Resulting vascular casts (7/genotype) were photographed with 

a Zeiss dissecting microscope (Carl Zeiss, Oberkochen, Germany). Pgf-/- brain vasculature was 

disorganized and deficient in fine branching compared to controls. Commonly (>80%) Pgf-/- 

brain vasculature had incomplete cW (compare between the line drawings representing the major 

vessels in each cast to the right). The Pgf-/- vascular field is narrower and more elongated than 

Pgf+/+ suggesting alterations to normal brain anatomy and to skull shape. Pgf-/- casts show an 

unusual central prominence of large vessels. Scale bars represent 1cm. ACA, anterior cerebral 

artery; BA, basilar artery; IC, internal carotid; MCA, middle cerebral artery, PCA, posterior 

cerebral artery; SCA, superior cerebellar artery; VA, vertebral artery. 
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Table A-1. Spearman correlations of normalized brain regional volumes and maternal plasma 
angiogenic factor concentrations 

Brain Region PGF (n=12) sFLT1 (n=12) sENG (n=12) 

  rs (p-valuec) rs (p-valuec) rs (p-valuec) 

Full Intracranial Volume -0.235 (0.927) -0.056 (0.982) -0.119 (0.981) 

Cerebelluma -0.441 (0.782) -0.380 (0.782) -0.371 (0.782) 

Frontal Lobea -0.193 (0.960) -0.416 (0.782) -0.406 (0.782) 

Occipital Lobea -0.413 (0.782) -0.486 (0.782) -0.336 (0.782) 

Parietal Lobea -0.175 (0.961) -0.092 (0.981) -0.049 (0.984) 

Temporal Lobea -0.487 (0.782) -0.063 (0.981) 0.091 (0.981) 

Left Accumbensb 0.102 (0.981) -0.310 (0.782) -0.524 (0.782) 

Right Accumbensb -0.340 (0.782) -0.550 (0.782) -0.578 (0.782) 

Left Amygdalab -0.123 (0.981) -0.437 (0.782) -0.483 (0.782) 

Right Amygdalab -0.315 (0.782) -0.613 (0.782) -0.385 (0.782) 

Brainstemb -0.116 (0.981) -0.394 (0.782) -0.329 (0.782) 

Left Caudateb -0.004 (1.000) 0.317 (0.782) 0.343 (0.782) 

Right Caudateb -0.137 (0.981) 0.373 (0.782) 0.161 (0.961) 

Left Cerebral Cortexb -0.312 (0.782) -0.232 (0.927) -0.028 (0.989) 

Right Cerebral Cortexb -0.448 (0.782) -0.268 (0.880) -0.217 (0.944) 

Left Cerebral White Matterb -0.634 (0.782) -0.331 (0.782) -0.259 (0.884) 

Right Cerebral White Matterb -0.329 (0.782) -0.021 (0.989) 0.000 (1.000) 

Left Hippocampusb -0.315 (0.782) -0.113 (0.981) -0.245 (0.909) 

Right Hippocampusb -0.462 (0.782) -0.317 (0.782) -0.175 (0.961) 

Left Lateral Ventricleb -0.018 (0.989) 0.380 (0.782) 0.308 (0.782) 

Right Lateral Ventricleb -0.130 (0.981) 0.387 (0.782) 0.196 (0.960) 

Left Pallidumb 0.067 (0.981) -0.394 (0.782) -0.259 (0.884) 

Right Pallidumb 0.007 (0.999) -0.345 (0.782) -0.245 (0.909) 

Left Putamenb -0.105 (0.981) -0.521 (0.782) -0.392 (0.782) 

Right Putamenb -0.284 (0.831) -0.725 (0.782) -0.636 (0.782) 

Left Thalamusb -0.088 (0.981) 0.042 (0.986) -0.098 (0.981) 

Right Thalamusb -0.035 (0.986) -0.190 (0.960) -0.385 (0.782) 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cFDR corrected       
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Table A-2 Spearman correlations of brain regional vascular radii and maternal 
plasma angiogenic factor concentrations 

Brain Region PGF (n=12) sFLT1 (n=12) sENG (n=12) 

  rs (p-valuec) rs (p-valuec) rs (p-valuec) 

Cerebelluma 0.333 (0.782) -0.077 (0.981) -0.217 (0.944) 

Frontal Lobea 0.350 (0.782) -0.049 (0.984) 0.175 (0.961) 

Occipital Lobea 0.329 (0.782) 0.021 (0.989) 0.119 (0.981) 

Parietal Lobea 0.039 (0.986) -0.007 (0.999) 0.112 (0.981) 

Temporal Lobea 0.021 (0.989) -0.211 (0.950) -0.119 (0.981) 

Cerebral Cortexb 0.161 (0.961) -0.169 (0.961) -0.070 (0.981) 

Cerebral White Matterb -0.473 (0.782) -0.535 (0.782) -0.559 (0.782) 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cFDR corrected 
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Table A-3 Spearman correlations of brain regional vascular densities and 
maternal plasma angiogenic factor concentrations 

Brain Region PGF (n=12) sFLT1 (n=12) sENG (n=12) 

  rs (p-valuec) rs (p-valuec) rs (p-valuec) 

Cerebelluma 0.039 (0.986) -0.507 (0.782) -0.573 (0.782) 

Frontal Lobea 0.543 (0.782) -0.056 (0.982) -0.112 (0.981) 

Occipital Lobea -0.102 (0.981) -0.296 (0.814) -0.175 (0.961) 

Parietal Lobea -0.067 (0.981) 0.225 (0.940) -0.119 (0.981) 

Temporal Lobea 0.343 (0.782) -0.197 (0.960) -0.161 (0.961) 

Cerebral Cortexb 0.287 (0.831) -0.063 (0.981) -0.112 (0.981) 

Cerebral White Matterb 0.063 (0.981) -0.204 (0.960) -0.070 (0.981) 

aDerived from the MNI brain atlas 

bDerived from the HO sub-cortical atlas 

cFDR corrected 

 


