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Abstract 

Numerous leukocyte populations are essential for pregnancy success. Uterine natural 

killer (uNK) cells are chief amongst these leukocytes and represent a unique lineage with limited 

cytotoxicity but abundant angiokine production. They possess a distinct phenotype of activating 

and inhibitory receptors that recognize major histocompatibility complex (MHC) molecules, such 

as the killer immunoglobulin like receptors (KIRs; mouse Ly49), and MHC-independent 

activating receptors, including the aryl hydrocarbon receptor (AHR) and natural cytotoxicity 

receptor 1 (NCR1). While the roles of MHC-dependent receptors are widely addressed in 

pregnancy, MHC-independent receptors are relatively unstudied. This thesis investigated the roles 

of MHC-independent receptors in promotion of mouse pregnancy and characterized early 

leukocyte interactions in the presence and absence of NCR1. It was hypothesized that loss of 

MHC-independent receptors impairs uNK cell development resulting in aberrations in leukocyte 

function and decidual vasculature.  

Implantation sites from Ahr
-/- 

and Ncr1
Gfp/Gfp 

mice were assessed using whole mount in 

situ immunohistochemistry (WM-IHC) and histochemical techniques. Leukocyte interactions 

identified during preliminary WM-IHC studies were confirmed as immune synapses. The novel 

identification of immune synapses in early mouse pregnancy compelled further examination of 

leukocyte conjugates in wildtype C57BL/6 and Ncr1
Gfp/Gfp 

mice.  

In Ahr
-/-

 and Ncr1
Gfp/Gfp 

mice, receptor loss resulted in reduced uNK cell diameters, 

impaired decidual vasculature, and failures in spiral artery remodeling. Ahr
-/-

 mice had severe 

fertility deficits whereas Ncr1
Gfp/Gfp 

mice had increased fetal resorption indicating differing 

receptor requirements in pregnancy success. NCR1 loss primarily affected uNK cell maturation 

and function as identified by alterations in granule ultrastructure, lytic protein expression, and 

angiokine production. Leukocyte conjugates were frequent in early C57BL/6 decidua basalis and 

included uNK cells conjugating first with antigen presenting cells and then with T cells. Overall 
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conjugate formation was reduced in the absence of NCR1, but specific uNK cell conjugations 

were unaffected by receptor loss.  

While KIR-MHC interactions are associated with numerous pregnancy complications in 

humans, the role of other uNK cell receptors are not well characterized. These results illustrate 

the importance of MHC-independent receptors in uNK cell activation during early pregnancy in 

mice and encourage further studies of pregnancy complications that may occur independently of 

maternal KIR-MHC contributions.  
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Chapter 1 

General Introduction 

1.1 Mammalian Placentation  

Multicellular organisms (metazoans) with primitive innate immune systems evolved 600 

million years ago. Over time this system gained complexity and an adaptive immune system, 

which depends on diverse cell surface receptors on two distinct lymphocyte lineages with 

numerous subsets, evolved alongside the innate immune system (1-3). Throughout evolution of 

the immune system, reverse transcribed cDNA copies of retroviral genomes were inserted into 

host cells. If the infected cell belonged to the germline, the retrovirus genome became part of the 

host genome and was passed to progeny through Mendelian inheritance. Syncytin genes, products 

of this retroviral integration, are conserved in many eutherian mammals, expressed in all 

trophoblast lineages and are required for placental development and embryo survival (4). 

Hundreds of millions of years after the immune system evolved, viviparity, or the ability to bear 

live young, arose in many independent vertebrates at different times. In viviparous eutherian 

mammals, such as humans and rodents, the fetus depends on maternal nutrients transported by a 

complex placenta. Evolution of the placenta depended upon specific alterations to the adaptive 

immune systems of eutherian mammals to allow the growth and development of a semi-

allogeneic fetus (5). The definitive evolutionary step towards creation of a eutherian placenta was 

the appearance of syncytin gene-bearing trophoblast cells that arose as a unique cell type from the 

extra-embryonic chorion membrane of the amniote egg (6). In all eutherian species, the 

trophoblast and placenta arise from the outer layer of the pre-implantation blastocyst known as 

the trophectoderm (TE), while the embryo proper arises from the inner cell mass (ICM) (7,8). The 

placenta is the interface between mother and fetus and its functions are wide-ranging and include 

anchoring the developing fetus to the uterine wall, acting as a site for the exchange of gas, 

supplying nutrients, removing toxic fetal waste, mediating immune tolerance, releasing steroids, 
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hormones and cytokines, and serving as a barrier to protect the fetus against xenobiotics and 

pathogens (7-9).  

Placentas vary across mammalian species and are distinguished by their anatomical 

shape, histological structure and invasiveness. Humans and rodents have a discoid placenta 

characterized by a single, roughly circular interaction with the uterus (8,10). The embryonic side 

of the placenta contains an outermost layer of trophoblast cells that overlies fetal capillaries. In 

highly invasive hemochorial placentation, which occurs in humans and rodents, the trophoblast 

cells invade through maternal epithelium and vessel walls to come into direct contact with 

maternal blood (6). Accompanying hemochorial placentation is the transformation of uterine 

endometrium into a specialized tissue known as the decidua (6,11).  

1.1.1 Placental Structures in Humans and Mice 

A number of key similarities exist between mouse and human placentas. In addition to 

both species having a discoid, hemochorial placenta, the placental components are remarkably 

similar. The region of the placenta closest to the fetus is the human fetal placenta or the labyrinth 

in the mouse. This region acts as the primary site of exchange in both species. The human fetal 

placenta has a villous structure wherein the chorionic villi (containing fetal vessels) form a tree-

like pattern with multiple branches terminating in blunt-ended extremities. The chorionic vessel 

branches in the mouse placenta are interconnected, disorganized and interdigitated with maternal 

vessels, hence the term placental labyrinth. In humans, this structural difference creates a large 

intervillous space that permits bathing of the fetal villi in maternal blood. The analogous areas in 

the mouse placental labyrinth are a series of interconnected cavities termed maternal blood spaces 

or lacunae (9). The area bordering the maternal and fetal surfaces is known as the basal plate in 

humans and the junctional zone in mice. In each species, this region is devoid of fetal blood 

vessels but houses maternal blood vessels that carry blood to the fetal placenta/labyrinth. The 

final area of the placenta is the maternal uterine tissue, which is invaded by trophoblast cells in 
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both species and collectively called the placental bed. The placental bed consists of the decidua 

basalis (DB) and the portion of the myometrium, or uterine musculature, directly adjacent to the 

DB (9,12,13). 

 

1.2 Mouse Pregnancy 

1.2.1 Fertilization to Implantation  

In mice, the morning of vaginal copulation plug detection, indicating successful mating, 

is designated gestational day (gd)0.5 of a 19.5-day pregnancy (Figure 1-1). Fertilization of the 

mouse ovum produces a zygote that undergoes a series of cleavages to produce increasing 

numbers of blastomeres (14). At the 8-cell stage, the embryo undergoes a process called 

compaction, which increases adhesion between blastomeres and is crucial to initiate processes 

leading to proper segregation of subsequent embryonic lineages. The compacted 8-cell mouse 

morula undergoes two subsequent rounds of cleavage resulting in formation of a 32-cell morula at 

gd3.5 (14). From the 32-cell stage onwards, two cell populations arise with distinct 

developmental fates: cells on the outside of the embryo contribute to the TE, and cells on the 

inside form the ICM, which gives rise to the epiblast and primitive endoderm in a second lineage 

decision (7,14). Only the epiblast will give rise to the embryo proper; the TE and primitive 

endoderm give rise to extra-embryonic structures including the fetal placenta and yolk sac, 

respectively (14-16). Proper development of the ICM depends on cavitation that results in the 

formation of a fluid filled cavity, the blastocoel, within the 32-cell morula. The embryo, now 

known as a blastocyst, matures for a further 24 hours, hatches from the zona pellucida (17) and is 

ready to implant at gd4.5 (14).  

Implantation can only occur in the putative endometrial implantation window when the 

endometrium is receptive to and prepared to support implantation of a hatched blastocyst. 

Implantation is a complex process requiring extensive bidirectional communication between the 
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embryo and the endometrium and the support of cytokines, chemokines, growth factors, glandular 

secretions and adhesion molecules (17-19). Implantation in mice occurs deep in embryonic crypts 

at the antimesometrial side of the uterus opposite to the major maternal blood vessels. Blastocyst 

implantation in mice occurs with the embryonic, ICM pole of the blastocyst positioned towards 

the uterine lumen, away from the endometrium (17,20-22). Upon blastocyst attachment, the TE 

forms primary trophoblast giant cells (TGCs) that invade into the basement membrane and 

uterine stroma. TGCs are initially invasive in all directions and phagocytic (23). This coupled 

with apoptotic events occurring in the uterine mucosa degrades maternal tissue and permits the 

embryo to lodge itself in the uterine stroma (17).  

1.2.2 Decidualization 

In mice, decidualization begins after implantation as the uterine lumen closes (Figure 1-

1). Decidualization is initiated by interactions between the blastocyst and endometrium but can 

also be triggered artificially in the absence of an embryo, resulting in a deciduoma (19,24,25). 

Decidualization is restricted to the area of the uterus surrounding the embryo and does not occur 

in the interimplantation endometrium (25). It is regulated by estrogen and progesterone through 

receptors present on endometrial cells (26). By gd5.5, the uterine stromal cells immediately 

adjacent to the implanted embryo proliferate and differentiate to form an avascular primary 

decidual zone at the antimesometrial side of the uterus. Stromal cells next to the primary decidual 

zone continue proliferating and decidualizing towards the mesometiral uterine pole, resulting in a 

well-vascularized secondary decidual zone by gd7.5 (19,27). The decidualization process turns 

small, spindle-shaped uterine stromal cells to large, round, closely packed decidual cells with bi- 

or polyploid nuclei (24,25,28,29). Around gd7.5-8.5, in a process called involution, many 

decidual cells, particularly those in antimesometrial regions, reach the end of their lifespan, cease 

proliferation and undergo apoptosis. Trophoblast cells phagocytose the apoptotic decidual cells, 

allowing the embryo to expand into the regions of antimesometrial decidual recession. 
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Concomitantly, decidual cells differentiate at the periphery of the decidual zone until about 

gd8.5-9.5 (25). While the antimesometrium involutes until gd12.5, the mesometrial decidua 

expands and becomes the DB of the placenta. An additional mesometrial structure rich in 

maternal leukocytes, the mesometrial lymphoid aggregate of pregnancy (MLAp), develops 

between two layers of myometrium beginning at gd8.5 (23,30). Coinciding with mesometrial 

decidualization is a major enrichment in uterine leukocytes that does not occur antimesometrially 

(23). The dominant leukocyte lineage in early decidua are known as uterine natural killer (uNK) 

cells and have been shown to influence decidualization processes (19,29,31,32).  
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4

Figure 1-1. Timeline of mouse pregnancy. Mouse pregnancy is 19.5 days long beginning with copulation plug detection at gd0.5. Key 

events during pregnancy are highlighted on the timeline. Prior to conception and blastocyst implantation, immature leukocyte populations 

are diffuse throughout the uterus. After implantation and decidualization, leukocytes proliferate and undergo maturation events towards 

midgestation. After midgestaion, leukocytes cease proliferation with some populations undergoing apoptosis and releasing their granule 

contents.   



 

 

 

7 

 

1.2.3 Trophoblast 

The first trophoblast lineage to arise and terminally differentiate from TE are primary or 

mural TGCs, which arise from TE at the lateral abembryonic pole opposite the ICM. These cells 

line the implantation chamber, phagocytose uterine cells to promote blastocyst invasion and 

anastomose to form a network of blood sinuses (33,34). The polar TE overlying the ICM 

proliferates to give rise to all other cell types in the murine placenta. These cells initially form the 

extraembryonic ectoderm, which gives rise to the ectoplacental cone (EPC). The EPC appears at 

gd6.5 and is the first sign of placental formation. The inner trophoblast cells of the EPC continue 

proliferating and display characteristics of undifferentiated cells that are capable of self -renewal. 

Thus, they are typically referred to as trophoblast stem cells that give rise to various trophoblast 

lineages (33) including the spongiotrophoblast of the junctional zone and syncytiotrophoblast of 

the placental labyrinth (34). The outer edge of the EPC is composed of secondary TGCs that are 

non-proliferative, polyploid and highly invasive. In mice, trophoblast invasion does not extend 

past the DB (9,35), but many TGCs migrate into the mesometrial DB where they acquire 

numerous cytoplasmic projections and become large and irregularly shaped. These parietal TGCs 

form junctions with endothelial cells to displace them from capillary walls, thus facilitating 

maternal blood flow through early DB. The parietal TGCs eventually contribute to the creation of 

the placental labyrinth and junctional zone as a thin layer between the maternal DB and the 

spongiotrophoblast (13,17,34).  

1.2.4 Implantation Site Vasculature 

Maternal uterine vasculature changes dramatically during pregnancy through 

modification of pre-existing vessels and formation of new vascular networks. Adequate blood 

flow at the maternal-fetal interface is essential for normal development and growth of the 

placenta and fetus and for sustaining the maternal physiological cardiac adaptations of healthy 
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pregnancy (36,37). Around gd5, just after blastocyst implantation (20) and primary 

decidualization of uterine stroma (19), angiogenesis begins around the embryonic crypt. The 

number of decidual vessels increases, endothelial tip cells differentiate and widespread sprouting 

angiogenesis occurs. Broad vascular webs begin to form in the DB and lateral decidua that persist 

until midgestation. As gestation progresses, and prior to opening of the placental circulation, 

vessels grow, form linkages and undergo pruning and maturation (23,38). By gd10.5, the 

placental structure is mature, circulation opens into the placenta and the fetus begins a rapid 

growth phase, having completed its major structural development. Opening of the placental 

circulation and conceptus growth increases demands on the maternal cardiac system (36,39).  

Maternal arterial supply to the uterus enters through the mesometrial side as radial 

arteries. In mice, branches of radial arteries continue laterally through the myometrium or enter 

into the MLAp and DB where they branch into five to ten spiral arteries (SA). After crossing the 

DB, SA converge at the TGC layer of the placenta junctional zone to form between one and four 

central arterial canals that become lined with trophoblast. The arterial canals continue along the 

base of the placenta and lead into the blood spaces of the labyrinth (39). Remodeling of the 

maternal SA in the myometrium, DB and MLAp accompanies opening of the placental 

circulation around gd9.5-10.5 (37,38,40,41). A combination of maternal and conceptus-derived 

cells, including uNK cells and trophoblast, respectively, and factors such as interferon gamma 

(IFNG) contribute to this process (31,32,42-44). During SA remodeling, vascular smooth muscle 

cells are lost either by apoptosis, de-differentiation or migration away from the vessel, and arterial 

lumens dilate to permit flow of increasing blood volumes (35,41,45,46). While deficits in SA 

remodeling in mice do not result in hypertension (40), impaired human SA remodeling is linked 

to gestational complications including preeclampsia (PE) and fetal growth restriction (FGR) (47-

50).  

1.2.4.1 Angiogenic Factors 
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A number of angiogenic factors are expressed in mouse pregnancy that contribute to 

vascular development and promote fetal growth and development. These factors include vascular 

endothelial growth factor (VEGFA, VEGFC), placenta growth factor (PGF), delta-like ligand 1 

(DLL1), transforming growth factor (TGF)β, angiopoietin-1 (ANGPT1) and ANGPT2, matrix 

metalloproteinases (MMPs) and inducible nitric oxide synthase (iNOS) (38,51-56). VEGFA is 

highly expressed in the early decidua and is an essential mediator of decidual angiogenesis (57). 

It is the only VEGF family member that is embryonic lethal when ablated in mice (38,58). 

VEGFA signals through two of three characterized VEGF receptors: VEGFR1 (FLT1) and 

VEGFR2 (KDR). VEGF is produced by a number of cells within the implantation site including 

uNK cells, trophoblast, uterine stromal cells and endothelial cells (38,54,56,58,59). Another 

member of the VEGF family, PGF, is highly expressed during pregnancy. PGF binds only to 

VEGFR1, upregulates VEGFA and MMP expression and recruits myeloid progenitor cells and 

macrophages to sites of angiogenesis (38,52,60,61). PGF is expressed at high levels by mouse 

uNK cells and fetal trophoblast (52,54) and is required for early angiogenesis, proper vessel 

branching in decidua and placental labyrinth (62), and appropriate fetal brain development (63).  

 

1.3 Maternal Uterine Leukocytes 

The immune paradox of successful pregnancy (5), wherein a fetus expressing foreign 

paternal antigens grows and develops within the mother’s uterus, depends on inherent properties 

of trophoblast, factors produced by the placenta, maternal hormonal regulation and functions of 

maternal immune cells. In mice, leukocyte populations are diffuse throughout the non-pregnant 

uterus (64,65) (Figure 1-1). Upon induction of pregnancy, implantation and decidualization, there 

is a large increase in leukocyte numbers and enrichment within DB of implantation sites where 

they account for 30-40% of decidual stromal cells (65,66) (Figure 1-1). In early post-implantation 
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pregnancy, leukocyte populations are primarily uNK cells, monocytes/macrophages and dendritic 

cells (DCs), with smaller proportions of T cells and B cells (23,67-69).  

1.3.1 UNK Cell Overview 

UNK cells were first described in rabbit decidua by histologists over a century ago 

(70,71). For many years these cells were not recognized as being a hematopoietic lineage and 

were referred to as granulated metrial gland cells that were typically studied in rats. Upon 

identification of this population as a natural killer (NK)-like cell lineage, mouse studies and 

transition to uNK cell nomenclature gained popularity (7,71). UNK cells are the most abundant 

group of decidual leukocytes in mice representing ~70% of all decidual leukocytes in early 

pregnancy (23,66,71). Small, agranular uNK cells are present prior to implantation, but 

decidualization appears to initiate proliferation, enrichment, and terminal differentiation of large, 

mature, granulated uNK cells in both pregnant uterus and in artificial deciduoma (65,67). UNK 

cells are generally confined to the decidua and are particularly abundant in the DB and MLAp 

when the latter forms at gd8.5 (65). Mouse uNK cells differ in many respects from typical 

peripheral NK (pNK) cells. UNK cells possess a surface receptor phenotype distinct from pNK 

cells (72), have limited cytotoxicity and greater pro-angiogenic capabilities (54,73-75).  

1.3.2 Macrophages  

Similar to other mucosal sites, DB contains many major histocompatibility complex 

(MHC) class II
+
 antigen presenting cells (APCs), which represent~10-20% of the decidual 

leukocyte population (19,23). Uterine macrophages represent a large proportion of these APCs. 

Uterine macrophages are typically skewed towards an anti-inflammatory phenotype similar to 

M2-macrophages associated with tissue remodeling, scavenging, and tolerance (67,76,77). Mouse 

macrophages are identified by their surface expression of F4/80, but also express CD11b, CD68, 

and either high or low levels of MHCII depending on their tissue distribution (65,67,78). MHCII
lo 

macrophages commonly reside in the myometrium surrounding the implantation site where they 
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likely accumulate due to high expression of macrophage colony stimulating factor (M-

CSF/CSF1) leading to the extravasation and differentiation of blood-borne monocytes. MHCII
hi 

macrophages are common throughout decidualized tissue but typically decline in density towards 

midpregnancy since their numbers do not expand to match tissue growth, and CSF1 is expressed 

at low levels in DB (65,67,79-81). Uterine macrophages are present prior to implantation and 

their tissue density may change across the estrous cycle depending on hormonal fluctuations 

(65,66). Uterine macrophage numbers stay relatively consistent across early pregnancy, but they 

become scarce after gd12.5 (65). The functions of macrophages during pregnancy are more 

poorly defined than for uNK cells. Mouse decidual macrophages are implicated in phagocytosis 

of cellular debris during implantation and placental growth, preventing inflammation in early 

decidua (66,76,81,82). Other studies implicate decidual macrophages in the production of 

angiogenic factors and MMPs that promote decidual and uterine wall angiogenesis around the 

time of implantation (56,76).  

1.3.3 Dendritic Cells 

An additional, relatively abundant group of decidual APCs, uterine (u)DCs, accumulate 

in the murine decidua around the time of implantation, amass near the implanting embryo and 

increase in number from gd3.5 to 5.5 (83-85). UDCs in the peri-implantation uterus express 

CD11c, the mucosal DC marker CD103, CD209 (formerly DCSIGN), a marker of immature or 

inactivated DC, low levels of MHCII and the maturation markers CD86 and CD40 

(78,83,84,86,87). Using markers to identify the two main subsets of conventional splenic DCs 

(myeloid and lymphoid), uDCs were found to be primarily type 2 immunity-promoting myeloid 

DCs expressing CD11c, and CD11b, but not CD8α, a marker of type 1 immunity-promoting 

lymphoid DCs. The phenotype of mouse uDCs shifts at gd12.5 when expression of MHCII, 

CD86, CD40, and CD8α increases indicating maturation of the uDC lineage and a transition 

towards the lymphoid subset at midpregnacy (83-85,88). Many studies postulate roles for uDCs 
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in promoting decidualization and vascularization during implantation and in modulating immune 

tolerance at the maternal-fetal interface (87,89,90). UDCs are often observed in association with 

decidual vasculature and are able to produce VEGF, VEGFR1 and VEGFR2 (83,89,91). The 

absence of uDCs during the peri-implantation period in mice results in impaired differentiation of 

angiogenic TGCs, increased vascular permeability, reduced vascular development and impaired 

blood flow at the site of implantation (83,89,91). Additionally, absence of uDCs in allogenic 

mouse matings impairs implantation due to uterine non-receptivity recognized as failures of 

blastocyst attachment and initiation of invasion (83,89). Syngeneic mouse pregnancies are not 

impacted by uDC ablation, suggesting uDCs are required to establish allotolerance (83) but 

several studies support a role for uDCs in peripheral tolerance based on their immature and 

inactive state (78,84,86,90,92,93). UDCs cooperate with other decidual leukocytes to promote 

pregnancy success. UDCs are able to promote uNK cell recruitment, proliferation, activation, 

cytokine production and inhibitory receptor expression. Transient diphtheria toxin-induced 

systemic UDC depletion reduces mature uNK cell populations (19,94). Reciprocally, uNK cells 

can modulate uDC cytokine production, induce apoptosis or inhibit uDC maturation, preventing 

the formation of immunogenic type 1 promoting DCs (95-98). Furthermore, interactions between 

uNK cells and uDCs result in immunosuppressive T regulatory cell (Treg) induction (99) and 

uDC production of factors suppressing cytotoxic T cell activity (86,93,100). 

1.3.4 T cells 

T cell leukocyte lineages are very underrepresented in early mouse decidua compared 

with blood, spleen or bone marrow, accounting for only 3% of gd8.5 decidual leukocytes. At this 

time CD4 and CD8 T cells are present in equal abundance (23). CD4 T cells recognize MHCII-

associated antigens to initiate antigen-specific immune responses. Uterine CD4
 
T cell 

differentiation into subsets expressing either T helper type 1 (Th1) inflammatory cytokines or T 

helper type 2 (Th2) anti-inflammatory cytokines depends on cytokines produced upon antigen 
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exposure by DCs (65,101). Additionally, CD4 T cells differentiate into immunosuppressive 

Tregs, defined by Foxp3 transcription factor expression and a CD4+CD25
hi
 surface phenotype 

(102). CD4-derived Th17 effector T cells that mediate immunity towards bacteria and fungi, are 

present in gd14.5 decidua in small proportions. If required, these Th17 effector T cells mediate 

acute inflammatory responses against pathogens, but their roles in uninfected pregnancies are 

relatively unknown (101).  

CD8 T cells recognize antigens associated with MHC class I (MHCI) molecules and 

possess direct cytolytic activity through perforin and granzyme (65,101). Th1 CD4 T cells and 

CD8 T cells are potential major threats to fetal survival due to their inflammatory cytokines and 

cytolytic profiles and are largely excluded from the mouse decidua (101,103). Invasive 

trophoblast cells in both humans and mice have restricted classical MHCI molecule expression, 

which limits the ability of CD8 T cells in the uterus to directly target the developing placenta 

(101,104). Indeed, the question of whether decidual T cells have specificity for paternally or 

fetally derived antigens remains largely unanswered. In mice, the uterine draining lymph nodes 

are sites for placental antigen presentation, but antigens are presented by APCs residing in 

secondary lymph tissues rather than DCs originating from the uterus. Thus, antigen presentation 

is largely non-immunogenic and the target T cells are ultimately destroyed (100,101). In situ uDC 

antigen presentation remains possible but the outcomes within the T cell lineage are unknown 

(76,101,105). Th2 CD4 T cells represent less of a threat to the fetus since they prevent Th1 

differentiation and promote an immunosuppressive Th2 biased environment, typical of later 

pregnancy (101,106,107). The primary immune tolerant T cell phenotype at the maternal-fetal 

interface, CD4+ Tregs, may play a role in priming the endometrium for implantation and 

trophoblast invasion (101,108), although this is not supported by studies of T cell deficient 

“nude” or “scid” mice (7,32). CD4+ Tregs also limit effector T cell activity (101,109-111), 

control Th1 activity (111,112) and regulate uNK cell activities (113) to promote fetal tolerance.  
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1.4 NK Cell Development 

NK cells are key regulators of the innate immune system able to kill foreign cells and 

produce chemokines and cytokines without prior immune recognition or pre-activation (114). In 

adults, the first step towards NK cell differentiation is commitment of CD34+ hematopoietic stem 

cells (HSCs) in the bone marrow to common lymphoid progenitors (CLPs). CLPs give rise to the 

NK cell precursor (NKP) that has the potential to develop into mature NK cells but not to any 

other hematopoietic lineage. The transition from CLP to NKP occurs through the development of 

a Lin-c-kit-Flk2-CD27+CD244+IL-7R+CD122- intermediate cell type (115). Commitment to 

NKP differentiation depends on expression of interleukin (IL)2Rβ (CD122), which allows NK 

cells to respond to interleukin (IL)15 stimulation (116,117). NKPs have also been identified in 

mouse fetal thymus (116). The only mouse NK cell-restricted subset is identified as Lin-CD49b-

CD161-CD122+. Only about one in ten of these NKPs give rise to an NK cell in vitro and Lin-

CD49b-CD161-CD122+ cells are heterogeneous for NKG2D expression. This suggests that true 

NKPs are likely NKG2D+ (116,118). NKPs become immature (i)NK cells that express some, but 

not all surface markers typical of mature (m)NK cells. Mouse iNK cells express CD161 

(recognized by the anti-NK1.1 in H-2b strains) (119) and a family of natural cytotoxicity 

receptors (NCRs). In humans, NCRs include NKp30, NKp44, and NKp46, but only the NKp46 

homologue NCR1 is expressed by mice (114,116,118,120). INK cells do not express CD49b, 

(recognized by anti-DX5), or CD11c but express low levels of CD43 and CD11b. Differentiating 

NK cells begin to express CD94 and MHC-specific Ly49 receptors (analogous to killer 

immunologublin-like receptors (KIRs) in humans) upon stromal cell interaction. INK cells are not 

capable of lysis and do not produce IFNG (114,116,118). As iNK cells develop further into mNK 

cells, they gain expression of DX5, CD11b, CD43, the Fc receptor CD16 and a selection of both 

activating and inhibitory Ly49 receptors that engage in NK cell education (114,116,118) (Figure 
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1-2). NK cell education in the form of exposure to self-MHCI molecules is important for full NK 

cell competence. NK cells that have encountered a self-MHC molecule possess at least one 

inhibitory receptor and are fully mature, licensed NK cells that are tolerant to self. NK cells that 

have not encountered a self-MHC molecule do not express self-specific inhibitory receptors and 

are hyporesponsive to activation signals (118). Both educated and uneducated mNK cells have 

almost identical surface receptor phenotypes, secrete high levels of IFNG and possess cytolytic 

ability through release of perforin and granzyme-expressing lytic granules. NK cell activation and 

killing are triggered through activating receptors within minutes and without prior priming in the 

absence of MHCI molecule expression on target cells (118,121,122).  
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Figure 1-2. Development of NK cells. NK cell development begins in the bone marrow with 

uncommitted CD34+ progenitors. Cell maturation and commitment to the NK cell lineage is 

dependent on cytokine stimulation, transcription factor expression and cell surface receptor 

acquisition. As NK cells mature they develop the capacity for cytotoxicity. HSC, hematopoietic stem 

cell; CLP, common lymphoid progenitor; NKP, NK-cell precursor; iNK, immature NK cell; mNK, 

mature NK cell. Adapted from Di Santo et al, 2006 (116). 
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1.5 NK Cell Synapse Formation  

NK cells frequently form immune synapses with target cells of interest, including DCs 

and T cells. During synapse formation, NK cells are able to mediate cytotoxicity and immune 

responses. Through contact between adhesion molecules and activating and inhibitory receptors, 

NK cells engage target cells and are either triggered or restrained in their cell killing ability (123-

128). In lytic synapses, NK cell activating receptors dominate resulting in rearrangement of the 

actin cytoskeleton at the synapse and polarization of the NK cell microtubule organizing center 

(MTOC), which acts as a docking site for lytic granules (123,128,129). In inhibitory synapses, 

NK cell inhibitory receptors dominate resulting in inhibition of actin rearrangement and failure to 

polarize lytic proteins (128). A third type of NK cell synapse dominates NK-DC cell interactions. 

This regulatory synapse promotes cross-talk between the two cell lineages to promote cytokine 

secretion and proliferation in both cell types, and to inhibit NK cell killing of DCs through 

engagement of inhibitory receptors. Regulatory synapses last much longer than more transient 

lytic and inhibitory NK cell synapses (128,130). Using a cell culture system containing human 

uNK cells and MHCI deficient target cells or trophoblast cell lines, uNK cells were shown to 

form NK cell activating (lytic) synapses. UNK cells in activating synapses clustered adhesion 

molecules and surface receptors and rearranged their actin cytoskeleton, but the MTOC and lytic 

granules failed to polarize to the synapse. Thus, uNK cells are capable of forming immune 

synapses but there is no cytolytic outcome (131,132) (Figure 1-3). Recent reports also suggest 

that uNK cells may form regulatory synapses with invading human trophoblast cells (73), but 

more investigation is required to delve into uNK cell synapse formation and outcomes during 

early pregnancy.  
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Figure 1-3. Immune synapse formation by pNK and uNK cells. NK cells often form immune 

synapses with target cells. Activating synapses in pNK cells are characterized by rearrangement of the 

actin cytoskeleton and accumulation of adhesion molecules at the site of synapse formation. Following 

this, the microtubule organizing center (MTOC) and lytic granules polarize to the site of cell contact 

and the target cell is killed. In uNK cells, actin and adhesion molecules cluster at the synapse, but the 

MTOC and lytic granules fail to polarize resulting in impaired target cell lysis. Modeled after Mace et 

al, 2011(128) and Kopcow et al, 2005. 
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1.6 Innate Lymphoid Cells 

Innate lymphoid cells (ILCs) are an emerging lymphocyte grouping that is similar in 

phenotype and function to NK cells and T cells, but represent distinct lineages that do not express 

rearranged antigen receptors (133-135). ILCs differentiate from the CLP via the common helper 

ILC precursors (ChILPs) into three distinct groups: ILC1, ILC2 and ILC3 (136-138). ILC1s are 

found in the spleen, liver and intestine and are similar in many regards to conventional NK cells 

(135,139). As in certain populations of pNK cells including bone-marrow-derived conventional 

NK cells (140), ILC1s depend on the transcription factor Tbet for their development. Unlike 

conventional NK cells however, ILC1s do not express eomesodermin (Eomes) (139). This is quite 

dissimilar to uNK cells that preferentially express Eomes over Tbet (141). ILC1s are also 

characterized by their IFNG production (139,142-144). ILC2s produce a humoral response 

including the production of cytokines similar to Th2 cells, such as IL5 and IL13, that mediate 

allergic inflammation. Their development is dependent on retinoic acid receptor-related orphan 

receptor α (RORα) and GATA-binding protein 3 (GATA3) (139,142,144). Group 3 ILCs (ILC3s) 

are heterogeneous and contains cells formerly referred to as lymphoid tissue inducer cells, which 

promote lymphoid organogenesis, and gut NK22 cells that express NCR1 and produce IL22, but 

not IL17A. A third cell population of the ILC3 subset is described that produces IL22, IL17A, 

and IFNG. All subclasses of ILC3s depend on RORγt and aryl hydrocarbon receptor (AHR) for 

their differentiation (137,139,142,145,146). ILCs are present in the mouse uterus prior to 

implantation (139). Upon decidualization, all three ILC groups remain in the myometrium and 

MLAp, but only ILC1s are reported to reside in DB and produce IFNG (139).  

The basic leucine zipper transcription factor nuclear factor IL3 (NFIL3, also called 

E4BP4) is considered to be the master regulator of NK cell differentiation. NFIL3 is required for 

development of most ILCs. In the virgin mouse uterus, ILC2s, but not ILC1s or ILC3s depend on 

NFIL3 for development (136,139,147). Similarly, uNK cells differentiate in a normal time course 
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but at half the normal frequency in decidua of mice genetically-deficient in NFIL3 (148). Mice 

lacking NFIL3 show reductions in placental compartment sizes and impairments in SA 

remodeling (147,148). Reexamination of the classifications of uNK cells and uILC populations is 

needed to attribute the basis for these implantation site pathologies. For this thesis, the general 

term uNK cell will be used to encompass decidual cells similar in morphology, but likely to 

include ILC subtypes.  

 

1.7 Aryl Hydrocarbon Receptor 

AHR is a transcription factor involved in the regulation and differentiation of many 

leukocyte lineages, including Th17 cells, Tregs, and ILC3 cells (149,150). It is highly conserved 

across species and expressed in many cell types and tissues including NK cells and the mouse 

placenta (151,152). AHR is expressed on mouse chromosome 12 and its promoter contains many 

transcriptional start sites. Upon ligand binding, the receptor is activated, leading to 

conformational changes in its protein structure and nuclear translocation where it dimerizes with 

its partner protein the AHR nuclear translocator (ARNT). This complex binds the xenobiotic 

responsive element (XRE) DNA motifs in promoter regions of target genes. The best known 

target gene for AHR activation is CYP1A1, a xenobiotic exposure biomarker (151,153) that is 

also involved in many normal systems (154). Known ligands for AHR include xenobiotics, such 

as halogenated aromatic hydrocarbons, polycyclic aromatic hydrocarbons and polychlorinated 

bisphenyls that are bioaccumulative environmental pollutants with toxic effects (151,155). 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), also known as dioxin, is the most prominently 

recognized environmental pollutant known to signal through AHR (151). Modulation of AHR can 

also occur through food and plant constituents such as resveratrol, a component in red wine (156), 

-carboline alkaloid rutaecarpine found in Szechuan peppers (151), and endogenous compounds 

such as indole derivatives including tryptophan (149,151). The effect of xenobiotics and AHR 
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signaling on mouse fertility is fairly well characterized. This is likely due to the intricate 

relationship between AHR and estrogen receptor (ER) pathways. ER, like AHR, is targeted by 

exogenous chemical compounds due to its promiscuous ligand-binding domain. AHR functions 

as a co-receptor for ER, which can lead to transcriptional activity in the absence of estradiol or, 

conversely, inhibition of estrogenic signaling in the presence of AHR agonists such as TCDD 

(153,157). In early murine implant sites, AHR is expressed by implanting blastocysts, luminal 

epithelium, decidualized stromal cells, trophoblast and decidual vasculature (158,159). AHR is 

also required for the proper development of ovarian antral follicles (160,161). Exposure to TCDD 

or other xenobiotic compounds does not impair early embryo development to the blastocyst stage 

(158,162) but does result in embryo loss post implantation (159), reductions in placenta 

vasculature leading to FGR (163) and diminished ovarian follicle reserves (164).  

 

1.8 NK Cell Receptors  

A balance of activating and inhibitory surface receptors regulates NK cell activity. 

Investigations of the receptor phenotypes of human and mouse uNK cells show that uNK cells 

have a distinct receptor repertoire from pNK cells (72,165). In mice, both pNK and uNK cells 

express differing collections of the Ly49 lectin receptor family (analogous to human KIRs that 

are members of the immunoglobulin (Ig) molecular superfamily) as well as NCR1, NKG2D, 

CD94/NKG2, and CD16. (72,166,167). Ly49 receptor expression is acquired by uNK cells prior 

to CD94/NKG2 expression, a time course distinct from classical pNK cell development (72,114). 

Mouse pNK and uNK cells are further separated by their expression of NK cell development 

markers CD122, NK1.1 and DX5 (Figure 1-2). Two distinct subsets of uNK cells are defined by 

NK1.1 and DX5 expression. CD122+NK1.1+DX5+ uNK cells are similar in size and granularity 

to splenic NK cells, while CD122+NK1.1-DX5- are larger, more granular and are the 

predominant uterine population at gd9.5 (72). In contrast to pNK cells, unique NK1.1-DX5- uNK 
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cells do not express the differentiation markers CD27 or CD43, and express CD11b only on more 

granular cells. UNK and pNK cells are positive for the activation marker KLRG1, but only uNK 

cells express CD69 at gd9.5 (Figure 1-4). Expression of uNK cell activation markers is not stable 

across early gestation (23,72).  
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Figure 1-4. Surface receptor phenotypes of mouse pNK and uNK cells. NK cells express a vast 

array of cell surface receptors. The unique, decidual NK1.1-DX5- uNK cell lineage is distinguished 

from NK1.1+DX5+ pNK cells by reactivity with Dolichos biflorus agglutinin (DBA) lectin, 

expression of the activating receptor CD69 and a distinct collection of Ly49 receptors. NK1.1-DX5- 

uNK cells have varied expression of CD11b depending on cell granularity, and lack CD27 and CD43 

expression on their surfaces. All other receptors are conserved between uNK cells and pNK cells in 

mice. Modeled after Yadi et al, 2008 (72). 
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1.9 MHC-Dependent NK Cell Receptors in Human Pregnancy 

Interactions between MHCI molecules on invasive human trophoblast and uNK cells 

with distinct KIR phenotypes have been studied at great length in the context of healthy 

pregnancy. Trophoblast cells express the classical MHCI human leukocyte antigen (HLA)-C as 

well as non-classical HLA-G and low levels of HLA-E (165,168). UNK cells, conversely, possess 

a unique KIR repertoire that is altered from pNK during pregnancy. A higher frequency of 

KIR2D expression biases uNK cells towards recognition of the distinct and highly polymorphic 

HLA-C molecules expressed by invading trophoblast (166,167,169). Trophoblast and uNK cell 

interactions can alter the success of implantation (170,171) and the depth of trophoblast invasion 

(166,172,173) depending on the expression of KIR and HLA-C haplotypes (174). KIR and HLA 

interactions are critical mediators during the peri-implantation period and their dysregulation is 

implicated in many pregnancy complications. For instance, women with PE generally have an 

increase in the KIR2DL1 haplotype in combination with paternally inherited HLA-C2 expressed 

by fetal cells (73,75,169-171). In contrast, mothers who express the KIR2DS1 haplotype in 

addition to HLA-C2 are protected from many pregnancy complications (73,171). HLA-G is 

known to interact with KIR2DL4 on uNK cells (73,175). HLA-G expression is associated with 

improved pregnancy outcomes partly due to its ability to induce uNK cell senescence and 

increase vascular remodeling (175). Further reports indicate that HLA-G and uNK cell 

interactions may involve circulating trophoblastic exosomes and microparticles (73,176) that can 

alter uNK cell activation and functionality (73). Additionally, the inhibitory CD94/NKG2 

receptor on human uNK cells is the primary ligand for HLA-E on trophoblast. The inhibitory 

nature of this interaction may prevent trophoblast lysis (165,177). 

 

1.10 UNK Cells 

1.10.1 Origins and Lifespan 
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UNK cells are a unique NK cell subset residing in the uterus. NK cells are present in the 

mouse uterus throughout the estrous cycle, but terminally differentiated, fully activated uNK cells 

appear only with decidualization (178). Whether these cells migrate from the periphery or mature 

from uNK cell progenitors in situ is still debated (74,140,178,179). UNK cells express receptors 

specific for chemokines upregulated in the pregnant uterus (178). Adoptive transfer of bone 

marrow containing NKPs and NK cells into alymphoid mice establishes a distinct uNK cell 

subset in the uterus shortly after decidualization, although overall uNK cell numbers are 

somewhat reduced (179). This suggests that at least one subset of mature uNK cells arises from 

circulating progenitors. However, the presence of immature uNK cell populations in the uterus 

prior to conception (74) and the recent discovery of NK cell precursors in pregnant mouse uteri 

(59), suggests in situ differentiation of a second uNK cell subset, but much remains unknown. 

UNK cells accumulate, proliferate and function independently of conceptus tissues, including 

trophoblast (180,181), and reside in the DB and MLAp. In the absence of uNK cells, the MLAp 

fails to develop (7,182,183). Soon after implantation, uNK cells are small, agranular cells (71) 

that begin to proliferate, increase in size and acquire granularity as gestation progresses. It is 

estimated that at gd8.5, at least 5% of mouse uNK cells are undergoing mitosis. Proliferative cells 

are restricted to the MLAp once it develops (7,71). Peak uNK cell numbers occur around 

midpregnancy (gd10.5-12.5) and some cells continue to proliferate until gd15.5 (7,71) after which 

time uNK cells begin to degenerate and release their cytoplasmic organelles and granular 

contents. A small proportion of residual, senescent uNK cells are shed with the placenta at 

parturition (23,30,71,183-186).  

1.10.2 Maturation  

UNK cell maturation is characterized by increases in size and granularity of the leukocyte 

population. As uNK cells mature, they enlarge from small cells approximately 10μm in diameter 

to cells with an average diameter of 40-50μm, sometimes reaching dimensions of up to 100μm 
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(7). Larger, more mature uNK cells typically reside in DB, while more immature uNK cells are 

present in the MLAp. The development of cytoplasmic granules is a hallmark of both pNK and 

uNK cells. UNK cells possess secretory-lysosome granules with a characteristic double 

compartment phenotype (187,188). This type of granule has two distinct regions: a small, cortical 

lysosomal cap containing lysosomal hydrolytic proteins and a larger central secretory core 

containing lytic proteins (188-191). Muc-1, serine esterases and hydrolytic enzymes are common 

in uNK cell granules (7,71,188,191,192), and perforin and granzyme are expressed in the 

secretory core despite the limited cytolytic potential of uNK cells (30,74,188). In histological 

specimens, uNK cells have been classified into four morphological subtypes depending on 

diameter and granularity. Subtype I are small, aganular cells typically found in early post-

implantation DB or later MLAp. Subtype II and III uNK cells are successively larger and more 

granulated. Subtype IV uNK cells are the largest type and represent a static, senescent uNK cell 

state typical of gd12.5 onwards. Types IV uNK cells are not found in the MLAp, only within DB 

(185).  

1.10.3 Subsets 

Historically, uNK cells were regarded as a single leukocyte population and any 

discrimination within the lineage was on the basis of maturity (71,185). Refinement in 

histochemical techniques identified two distinct mouse uNK cell subsets: PAS+DBA- and 

PAS+DBA+ uNK cells. UNK cell granules contain abundant glycoproteins that can be identified 

by periodic acid Schiff (PAS) staining (71). Since PAS reacts with cytoplasmic granules and not 

the cell membrane, immature, agranular uNK cells are not readily identified by this technique 

(179). Dolichos biflorus agglutinin (DBA) lectin specifically binds to terminal N-

acetylgalactosamine. In the murine uterus, DBA lectin reacts with the membranes and 

cytoplasmic granules of uNK cells, but not with other lymphocytes or pNK cells, providing a 

sensitive identification reagent (179,185). Dual staining of PAS and DBA lectin (see Appendix A 
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for protocols) identifies all uNK cells as either PAS+DBA- uNK cells or PAS+DBA+ uNK cells. 

The former are similar to the previously described splenic-like NK1.1+DX5+ uNK cells, and the 

latter to the unique decidual NK1.1-DX5- uNK cells (72,185). PAS+DBA-, but not PAS+DBA+, 

uNK cells are present in virgin uterus. By gd6.5, PAS+DBA- and PAS+DBA+ uNK cells are 

present in equal proportions but by midgestation, PAS+DBA- uNK cells represent a very small 

proportion of all PAS+ uNK cells. This is due to a large expansion in the PAS+DBA+ uNK cell 

subset (72,179) rather than a decline in absolute PAS+DBA- uNK cell numbers. Subsequent to 

engraftment of wildtype bone marrow into an alymphoid mouse, the pregnant uterus contains 

abundant PAS+DBA+, but not PAS+DBA-, uNK cells. Thus, PAS+DBA+ uNK cells represent a 

transplantable subset of mouse uNK cells (179). The two uNK cell subsets appear to have 

different roles throughout pregnancy based on their differing cytokine profiles. PAS+DBA- uNK 

cells produce the majority of IFNG responsible for midgestational SA remodeling (42,54), while 

PAS+DBA+ uNK cells produce abundant angiokines involved in decidual vasculogenesis 

(54,55).  

1.10.4 Functions 

1.10.4.1 Implantation and Initiation of Trophoblast Invasion 

Since uNK cells in mice differentiate after decidual induction, only post-implantation 

functions are predicted. However, genetic knockdown of the mouse Ly49 receptor family results 

in abnormal uterine crypt formation and impaired blastocyst implantation (193). Since uterine 

DCs as well as uNK cells express Ly49 receptors (194), the implantation failures in this strain 

may not be entirely attributable to alterations in uNK cells. TGCs in culture express proteins 

recognized by murine uNK cells, including MHCI molecules, and co-culture of TGCs with pNK 

cells results in pNK-induced IFNG production, required for normal implantation site 

development. Thus, mouse NK cells may interact with trophoblast in peri-implantation uteri to 

facilitate implantation (195). Further, PAS+DBA+ uNK cells produce IL22, a cytokine known to 
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promote trophoblast survival and invasion (54). The most detailed studies investigating human 

uNK cell roles during implantation and trophoblast invasion are genetic association-based as 

previously discussed (See section 1.9). 

1.10.4.2 Uterine Lumen Closure 

A second key finding from analyses of gd3.5 to 4.5 uteri of mice with genetic knockdown 

of Ly49 was a wide uterine lumen (193). Delayed uterine lumen closure is also reported at gd6.5 

in alymphoid mice (196) and Nfil3
-/-

 mice (148). Uterine lumen closure typically accompanies 

implantation and permits the development of secondary decidua, including DB, to continue the 

pregnancy (197). Reconstitution of alymphoid mice with NK cells, but not T or B cells, from 

bone marrow restores appropriate timing of lumen closure (196). The mechanism by which uNK 

cells promote timely closure of the uterine lumen is undefined but the delay compromises 

trophoblast invasion and early embryonic development (148,196).  

1.10.4.3 Decidual Cell Maturation 

Studies of implantation sites from mice deficient for NK cells show hypomorphic 

decidual development (32,179,198). Decidual cells lack their normal uniform, rounded 

appearance and, despite being normal in number, are smaller and less mature, retaining an 

irregular fibroblast like shape (179,198,199). The midsagittal surface area of the central DB is 

smaller in the absence of NK cells, and the MLAp fails to develop. Preconception reconstitution 

of alymphoid mice with NK cells normalized decidual cells, DB, and MLAp (148,179). This 

suggests that uNK cells support the maturation and proliferation of decidual stromal cells. 

1.10.4.4 Early Decidual Angiogenesis 

In mice, uNK cells express various angiogenic factors including, but not limited to, 

VEGFA, VEGFC, PGF, DLL1, TGFβ, ANGPT1, ANGPT2 and MMPs (38,52-55,200). The 

PAS+DBA+ uNK cell population is the primary uNK cell subset responsible for angiokine 
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production (54). Compared to normal controls, alymphoid mice show delayed onsets of decidual 

angiogenesis, nascent blood vessel pruning and impaired development of lateral vascular sinuses 

before the onset of placental circulation. These features are normalized by preconception 

reconstitution of NK cells (196). Early decidual angiogenesis has also been addressed in 

implantation sites of mice containing uNK cells with disturbed functions due to experimental 

silencing of key activating receptors. Silencing of NKG2D in mice leads to decreased decidual 

vessel density and prevention of lateral vascular sinus formation (57,201). Pan Ly49 family 

receptor knockdown decreased VEGF production and delayed decidual vascular development 

(202). Thus, receptors on uNK cells appear to have key roles in regulation of angiokine 

production and decidual vascular development.  

1.10.4.5 Spiral Artery Remodeling  

The most widely appreciated role for uNK cells is their critical involvement in initiation 

of SA remodeling. Studies in alymphoid mice (32,37,203) suggest that uNK cells are essential for 

physiologic remodeling of SA, which occurs between gd9.5 and 12.5 in mice (39). This 

hypothesis was more firmly established by preconception bone marrow transplants that re-

established both uNK cells and SA remodeling (31) in the absence of T or B cells (32). Studies 

using IFNG and IFNG receptor deficient mice strongly implicated IFNG production by uNK cells 

as essential for initiating SA remodeling (31,42). IFNG is produced primarily by the PAS+DBA- 

uNK cell subset (54), but it is important to note that non-lymphoid cells are also able to produce 

this protein (31,42,43). IFNG is initially detected in DB at gd6.5, peaks at gd10.5 when SA 

remodeling occurs and drops dramatically from gd12.5-14.5 after SA remodeling is complete 

(31,43,44). More recent studies in mice with impaired uNK cell functions (Ly49 knockdown 

mice, heme-oxygenase 1 deficient mice) (202,204) have supported the fundamental role for uNK 

cells in SA remodeling. A key interpretation of this work is that trophoblast invasion alone cannot 

remodel mouse SA. It is likely that the mesometrial ends of SA are modified and dilated under 
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uNK cell influences prior to trophoblast-mediated modifications of the fetal ends of the vessels. 

Both uNK cell and trophoblast actions are needed to fully complete SA modification. Although 

deficits in human SA remodeling are linked to many obstetric complications including PE, FGR 

and preterm labor (205,206), mouse gestational pathologies, including mid to late gestational 

onset of hypertension or late gestational FGR, cannot be directly attributed to incomplete SA 

remodeling (37,203). 

 

1.11 Natural Cytotoxicity Receptor 1 (NKp46, NCR1) 

NCRs are activating NK cell receptors belonging to the Ig superfamily (207). They are 

expressed by both human and mouse NK cells beginning at early stages of NK cell development. 

NCR surface density positively correlates with NK cell cytolytic ability (120,208) and NCR 

expression is restricted to NK cells making this receptor family the most accurate marker for NK 

cell detection (122). In humans, the NCR family includes NKp30, NKp44, and NKp46 (122,209). 

The murine homologue of NKp46 is NCR1 (formally mouse activating receptor 1 (MAR1)). The 

gene encoding NCR1 is expressed on mouse chromosome 7, synthetic to human chromosome 19 

that encodes NKp46. The open reading frame of NCR1 has 69% identity with NKp46 and the two 

predicted proteins have 58% identity. As with human NKp46, mouse NCR1 is characterized by 

two extracellular C2-type Ig-like domains and a short intra-cytoplasmic tail. The receptor is 

associated with CD3ζ and FcεRIγ adaptor proteins containing immunoreceptor tyrosine-based 

activating motifs (ITAM) (121,209-211) that, upon receptor engagement, become tyrosine 

phosphorylated (121,207) (Figure 1-5). Very few ligands are described for NCR1. Known ligands 

include, but are not limited to, influenza virus hemagglutinin, Sendai virus and Newcastle disease 

virus hemagglutinin-neuraminidase and an uncharacterized bacterial ligand expressed by 

Fusobacterium nucleatum, a bacterium associated with periodontal disease (209).  
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Figure 1-5. NCR1 receptor structure. NCR1 is a member of the Ig superfamily characterized by two 

extracellular C2-type Ig-like domains and a short intracytoplasmic tail. NCR1 is associated with 

FcεRIγ and CD3ζ adaptor proteins containing single or multiple immunoreceptor tyrosine-based 

activating motifs (ITAM). Upon ligation of NCR1, ITAM become phosphorylated to commence 

downstream signaling. There are few known ligands for NCR1. Adapted from Biassoni et al, 2003 

(207) and Moretta et al, 2001 (121).  
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1.11.1 Ncr1
Gfp/Gfp 

Mouse Model 

To investigate the in vivo functions of NCR1, Gazit et. al. generated a mouse model 

containing a non-functional Ncr1 gene (212). To create this mouse, a green fluorescent protein 

(Gfp) cassette was knocked into the Ncr1 gene locus. The Ncr1
Gfp/Gfp 

mouse transcribes the gene 

encoding GFP under control of endogenous Ncr1 regulatory elements. Initially, these mice were 

maintained on a 129/Sv background because preliminary gene targeting was performed on 

embryonic stem cells from this strain. 129/Sv Ncr1
Gfp/Gfp 

mice were then backcrossed to the 

C57BL/6 (B6) background for ten generations. In both 129/Sv and B6 strains, pups were born in 

normal ratios and appeared healthy. In this thesis the latter B6 loss of function mice 

(UkCa:B6.Ncr1
Gfp/Gfp

) were used for studies of implantation sites in the absence of NCR1. 

Additional mouse models of altered NCR1 function exist and may be useful for investigation of 

NCR1 roles, but were not utilized for the work presented herein. These include mice with point 

mutations in the Ncr1 gene locus resulting in modified NCR1 proteins (Ncr1
Noé/Noé

) (209,213) and 

mice with iCre inserted into the 3’ untranslated region of Ncr1 (Ncr1
iCre/iCre

) resulting in deficient 

surface expression of NCR1 (209,214). 
 

1.11.2 NCR1 Functions 

NKp46/NCR1 has many defined roles in NK cells of non-pregnant humans and mice. 

Human NKp46 is required for in vitro lysis of cancer cell lines (215-217) and recognition of cells 

infected with herpes simplex virus (218). Additionally, NKp46/NCR1 is expressed in white 

matter lesions of patients with multiple sclerosis, but significance of this finding is unknown 

(219). Using the Ncr1
Gfp/Gfp 

mouse model, NCR1 was shown to be essential for prevention of 

tumor spread (212) and for control and clearance of the influenza virus through recognition of the 

viral hemagglutinin (212,220,221). Ncr1
Gfp/Gfp 

mice also had reduced development of type 1 

diabetes after streptozotocin injection, since they were unable to recognize NCR1 specific ligands 

on pancreatic beta cells and lyse them (222,223). NKp46 is also implicated in intercellular 
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communications by NK cells, contributing to immune synapse formation (129) and target cell 

killing (121,132). 

The roles of NKp46/NCR1 in pregnancy promotion are not well described and include 

only a few exclusively human studies. Human clinical findings show that NKp46 expression is 

elevated on NK cells prior to conception in women experiencing recurrent pregnancy loss (224), 

but NKp46 is not implicated in high Doppler uterine artery resistance pregnancies that are at 

increased risk for PE (225). In vitro studies implicate NKp46 expressed on first trimester human 

uNK cells in polarization of perforin and subsequent cellular degranulation due to antibody cross-

linking (132,211,226). Cross-linking also induced VEGF and PGF production (75,132) 

suggesting a potential role for this this non MHC-ligating receptor in the promotion of decidual 

angiogenesis.  

 

1.12 Hypothesis, Rationale and Objectives. 

The overarching hypothesis of this thesis is that engagement of MHC-independent 

receptors on uNK cells is essential for uNK-cell mediated promotion of healthy mammalian 

pregnancy. It is highly probable that the roles of MHC-independent and MHC-dependent 

receptors are coordinated and integrated in uNK cells for optimal pregnancy promotion. To date, 

genetic studies addressing MHC-dependent receptors in human fertility strongly support a role for 

these receptors, but little information is available regarding roles for MHC-independent activation 

of uNK cells in human or mouse decidua. The following experimental research chapters address 

the roles of NK cell receptors that bind to ligands other than MHC during early mouse 

implantation site development. Two strains of mice with independent ablation of AHR or NCR1, 

both MHC-independent receptors expressed by NK cells, were available for study (212,227). At 
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the outset of this research program, no implantation site investigations were reported in either 

strain.  

Fecundity, implantation site development, decidual angiogenesis, uNK cell population 

dynamics and targeted functional analyses were performed in Ahr
-/- 

and Ncr1
Gfp/Gfp 

mice and 

compared with congenic B6 normal mice. Breeding of Ncr1
Gfp/Gfp 

mice at Queen’s University 

permitted detailed time course studies of intact, live implantation sites using whole mount in situ 

immunohistochemistry (WM-IHC) (see Appendix B). Observations made during the WM-IHC 

study of Ncr1
Gfp/Gfp 

and wildtype B6 mice focused subsequent experiments towards the 

investigation of leukocyte-leukocyte conjugate formation in early DB. Initial investigations on 

conjugate formation were conducted in implantation sites of B6 mice. Follow-up studies used 

implantation sites of Ncr1
Gfp/Gfp 

mice to address whether NCR1 participated in leukocyte-

leukocyte pairing within pre-placental decidua. 

 

The objectives of this thesis were to: 

 

i) Determine the effect of AHR or NCR1 loss on mouse fertility  

ii) Investigate uNK cell populations, overall implantation site anatomy, decidual 

vasculature development and SA remodeling in Ahr
-/- 

and Ncr1
Gfp/Gfp 

mice 

iii) Assess uNK cell maturation, granulogenesis and angiokine production in Ncr1
Gfp/Gfp 

mice 

iv) Establish the time course of development, frequency and composition of leukocyte 

conjugates during early pregnancy in B6 mice  

v) Characterize any deviations in leukocyte conjugate formation in the absence of 

NCR1 
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Chapter 2 

Receptors for Non-MHC Ligands Contribute to uNK Cell Activation During Mouse 

Pregnancy  

2.1 Abstract 

Activated uNK cells are abundant in early human and mouse DB. In mice, distinct uNK 

cell subsets support early endothelial tip cell induction, the pruning of new vessels and initiation 

of SA modification. While genetic studies indicate that NK/uNK cell activation via receptors 

recognizing MHCI-derived peptides promotes human pregnancy, roles for other activation 

receptors expressed by NK cells, such as AHR and NCRs are undefined in human or mouse 

pregnancies. Expression of AHR and NCR1 (orthologue of human NKp46) by gd10.5 CD1 

mouse uNK cell subsets was measured by quantitative real-time polymerase chain reaction. Early 

implantation sites from mice lacking expression of either receptor were examined histologically. 

Gd10.5 uNK cell subsets, separated by reactivity to DBA lectin, differed in relative transcript 

abundance for Ahr and Ncr1. Quantitative histology revealed that, in comparison to B6 controls, 

implant sites from gd10.5 Ahr
-/- 

and gd6.5-12.5 Ncr1
Gfp/Gfp 

mice had normal uNK cell abundance 

but the uNK cells were smaller than normal and unable to trigger SA remodeling. WM-IHC 

comparisons of viable, gd6.5-8.5 Ncr1
Gfp/Gfp 

and B6 implant sites revealed deficits in implant site 

angiogenesis and conceptus growth in Ncr1
Gfp/Gfp

. In mice, engagement of AHR and of NCR1 by 

endogenous, as yet undefined ligands, contributes to uNK cell activation/maturation and 

angiogenic functions during early to mid-gestation pregnancy. MHC-independent activation of 

uNK cells may also make critical contributions to human pregnancy success. 
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2.2 Introduction 

Endometrial decidualization is a hallmark of hemochorial placentation, a placentation 

type found in many species including humans and rodents (203,228). During the period of early 

pregnancy marked by decidualization, the endometrium experiences an influx of a large number 

of leukocytes. The most dominant cell population amongst these is a distinctive population of NK 

cells known as uNK cells (71,199,229). In mice, uNK cells first appear as small, agranular cells 

around gd5 and preferentially localize to the mesometrial DB (30,178,228,229). UNK cells reach 

peak numbers at mid-pregnancy (gd10-12) then decline numerically as pregnancy progresses 

toward term (7,30,71). Concurrent with mounting numbers towards mid-gestation, uNK cells 

enter a state of activation in which their size increases dramatically and they acquire numerous 

cytoplasmic granules (71,178,229). The majority of uNK cells, but not peripheral NK cells, 

display surface N-acetylgalactosamine as a terminal sugar, which can be detected by DBA lectin 

(43,72,185). Reactivity with this lectin, which also stains the membranes of uNK cell granules 

and some endothelial cells, divides uNK cells into DBA+ and DBA- subsets, each with distinct 

functions and intervals of dominance between early to mid-gestation (54,72,179). DBA+ uNK 

cells are dominant at mid-gestation and angiogenic with heightened expression of Vegf, Pgf (54) 

and Dll1 (55). The DBA- uNK cells are dominant immediately post implantation, declining to 

approximately 10% at mid-gestation (54,179). DBA- uNK cells phenotypically resemble 

peripheral NK cells and are responsible for most Ifng production within early decidua (54,230). 

IFNG is a key agent responsible for triggering SA modifications (31,230), which produces a more 

vein-like vessel (231).   

Our recent studies suggest that uNK cells promote proper uterine lumen closure through 

promotion of very early decidual angiogenesis and thereby regulate the rate of pre-placental 

conceptus development (196). Studies on MHCI molecules expressed by human trophoblast 

indicate that key interactions between uNK cells and trophoblast regulate human pregnancy 

success. Class I HLA-C is the only polymorphic MHC molecule expressed by trophoblasts. HLA-
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C is the major ligand for NK cell receptors of the KIR family (166,168). KIR haplotypes are 

diverse, displaying both inhibitory and activation biases (165,232) and maternal KIR activation 

by fetal HLA-C enhances depth of trophoblast invasion (166) and the success of implantation 

(165,170).  

While KIR-associated uNK cell activation is strongly linked to pregnancy success, roles 

for non MHC-related NK cell activation receptors have not been well addressed. Since syngeneic 

matings in mice stimulate uNK cell activation and trigger SA remodeling, receptors other than 

MHC-binding KIR orthologues must participate in mouse uNK cell activation and function. AHR 

(233) and NCR1 (human orthologue NKp46) (30,118,234) are known, MHC-independent, 

activation receptors found on mouse NK cells. AHR is a transcription factor that responds to 

xenobiotics and endogenous metabolites (235). It is found on the surface of Th17 T cells and of 

IL22 producing NK and uNK cells (233,235). IL22 is a leukocyte-derived cytokine with key roles 

in intestinal defense and mucosal wound healing; some DBA+ mouse uNK cells transcribe and 

translate Il22 (54). NCR1 is a stress-activated receptor found on NK cells and some T cell subsets 

(212,236) that signals downstream via the transcription factor ETS1 (237). Studies in mice with 

heterozygous loss of NCR1 function showed this receptor is essential in NK cell-mediated 

gastrointestinal mucosal immunity (236). Studies using mice homozygous for NCR1 loss 

revealed NCR1’s role in the recognition and destruction of tumors, clearance of influenza virus 

infection (212) and in development of type 1 diabetes (209,223).  

Here I address the contribution of AHR and NCR1 to the promotion of uNK cell 

differentiation, function and implantation site development by histological examination of 

implantation sites from mice lacking receptor expression. Each receptor was characterized as 

making an independent contribution to uNK cell maturation, activation and angiogenic function. 
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2.3 Materials and Methods 

2.3.1 Mice 

Randombred CD1 males and females (Charles River, St. Constant, QU) at 8-10 weeks of 

age were mated for uNK cell subset isolation by flow cytometry. Ahr
-/- 

mice on a B6 background 

(227) were mated by Ahr
-/-

 males at McMaster University, Hamilton, ON for histological study. 

B6-Tg(UBCGFP)/30SchaJ(Gfp+/-) mice having ubiquitous GFP expression, were purchased 

from The Jackson Laboratory (Bar Harbor, ME), bred to be homozygous Gfp/Gfp at Queen’s 

University, and used as stud males to breed B6 and Ncr1 loss of function females. Heterozygous 

Ncr1 loss of function breeding pairs (UkCa:B6.Ncr1
+/Gfp 

(Ncr1
+/Gfp)

) (212) were provided by Dr. 

O. Mandelboim (Hebrew University - Hadassah Medical School, Jerusalem, Israel, through the 

laboratory of Dr. F. Colucci (University of Cambridge, Cambridge UK)) and bred to 

homozygosity (Ncr1
Gfp/Gfp

) at Queen’s University. Matings were timed from copulation plug 

detection (gd0.5). Mice were euthanized and uteri were removed and dissected as described 

below. All mouse handling was in accordance with approved animal care procedures at the 

respective institutions.   

2.3.2 Cell Subset Separation and qRT-PCR 

Cell separation and qRT-PCR were performed on gd10.5 as previously described and 

validated (54). Briefly, CD1 DB and MLAp were pooled and mechanically separated into cell 

suspensions that were incubated in 1% bovine serum albumin (BSA), stained with conjugated 

antibodies (PE-IL2RB, FITC-DBA, CY5-CD3E), and separated by flow sorting (EPICS Altra 

Flow Hy-PerSort Cytometer (Beckman Coulter, Mississauga, ON)). The first gate was set for 

CD3E-CD122+ cells. These cells were then sorted as DBA+ or DBA- NK cells. Cells were lysed 

and RNA was isolated, reverse transcribed, and amplified to template cDNA. QRT-PCR used the 

ABI Prism 7500 system and Bio-Rad iTaq™Fast Supermix with ROX. PrimeTime
®
 qPCR 

Assays containing probes and primers were purchased from Integrated DNA Technologies, Inc. 
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as follows: Mm.PT.53a.11116644 (Ahr), Mm.PT.53a.32103644 (Ncr1), Mm.PT.53a.16270650.g 

(Ets1), and Mm.PT.39a.22214828 (hypoxanthine guanine phosphoribosyl transferase; Hprt). RT-

PCR volume was 20μL and conditions were initial incubation (2 min at 95°C) and 40 cycles of 3 

sec at 95°C and 34 sec at 60°C. Relative expression of target transcripts was normalized to Hprt 

transcripts.  

2.3.3 WM-IHC 

For WM-IHC (23)(Appendix B), at least 3 Ncr1
Gfp/Gfp

 females syngeneically mated by 

either Ncr1
Gfp/Gfp

 or Gfp/Gfp males (for visualization of GFP+ conceptus-derived cells) were 

studied on each of gd6.5, 8.5 and 9.5. Uterine dissections were performed under microscopic 

magnification as previously reported (23). Uteri were transected into individual implantation 

sites. The myometrium was incised along the anti-mesometrial side using fine forceps, and gently 

retracted, leaving the DB attached. Excess myometrium was trimmed away, leaving only a small 

landmark remnant at the decidual attachment site. Implantation sites were then halved 

midsagitally or transversely using a scalpel blade to expose the embryonic crypt. Implant site 

halves were incubated in 200μL PBS-1%BSA-0.1% sodium azide (PBA) for 1h at 4°C with 

10ug/mL of blocking antibody to the IgG Fc receptor (anti-CD16/CD32; supernatant of 

hybridoma 2.4G2, ATTC, Manassas, VA) and 4ug/mL of fluorescently conjugated primary 

antibodies (CD45-FITC, CD31-PE; BD Pharmingen, Mississauga ON). Directly conjugated 

isotype controls (4ug/mL) were utilized in preliminary experiments to confirm specific antibody 

staining. After incubation and addition of 1mL PBA, tissues were placed onto microscope slides 

with myometrium towards the slide, coverslipped, viewed by fluorescence microscopy, and 

photographed using Axiovision 4.8 software on an AxioCam-equipped Zeiss M1 imager (Zeiss; 

Toronto, ON, Canada). Using ImageJ software, three randomly selected whole mount images 

from each Ncr1
Gfp/Gfp 

and B6 pregnancy studied were selected for quantification of 

antimesometrial vessel width and area between vessels. Vessel width was measured across the 
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thickest point between two branch points. The area between vessels was measured by outlining 

the dark spaces created in the image due to vessel branching and calculating the surface area of 

the inscribed space. 

2.3.4 Histopathology and Morphometry 

For routine immunohistochemistry (IHC), implantation sites were collected from two 

Ahr
-/- 

females at gd10.5 and Ncr1
Gfp/Gfp

 mice on gd6.5, 8.5, 10.5, and 12.5 with three pregnancies 

per time point. Three implant sites were studied per litter when available. For smaller litters, all 

implant sites were examined. Implant sites were immersion fixed with 4% paraformaldehyde 

(PFA), processed, embedded in paraffin and cut as serial sections of 6μm. Slides were stained 

using published protocols for hematoxylin and eosin (H&E) (238) for arterial morphometric 

measurements, and DBA lectin or DBA lectin/PAS double staining (Appendix A) for uNK cell 

quantification, measurement, and subset quantification (179,185). Using ImageJ software, the 

diameter of 20 randomly selected DBA+ or DBA- uNK cells (subtypes I or II from each of three 

implant sites from the DB only)(185) were measured at 400x magnification for each specimen 

across their longest and shortest axes. An average of both values was used for statistical analysis. 

Multiple measurements of 3 round SA in each section (2-3 sections per specimen; n=3 implant 

sites) were also taken at 200x magnification. A SA wall-lumen ratio was calculated using 

measurements of the largest arterial diameter and the largest lumen diameter in the following 

calculation: (DTotal – DLumen)/DLumen. The DBA+/DBA- phenotype of uNK cells was scored in DB 

on eight or more sections/implant site at 400x magnification as previously described (179). Cells 

included in the count had visible nuclei and were scored as PAS+DBA- (purple) or PAS+DBA+ 

(orange to rust) after careful examination. Archived, identically prepared paraffin block samples 

from gd6.5-12.5 B6 females mated with B6 males were also sectioned and stained as above as 

control tissue. All scoring was conducted on blinded samples by a single individual (AMF).  

2.3.5 Statistical Analysis  
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QRT-PCR data are expressed as means±SEM. Statistical significance for qRT-PCR was 

assessed by unpaired Student’s t-test; p <0.05 was considered significant. UNK cell data are 

expressed as means±SD. For uNK cell data, Mann-Whitney tests were used to assess statistical 

significance between two samples. SA data are expressed as means±SEM. For SA data, Student’s 

t-test assessed statistical significance of the difference between two means. One-away ANOVA 

with Tukey’s post hoc multiple comparisons test assessed statistical significance across multiple 

means. Statistical analyses were performed using Prism5 Software (GraphPad Software, Inc.). 

P<0.05 was considered significant. 

 

2.4 Results  

2.4.1 Expression of Ahr and Ncr1 by uNK Cell Subsets 

DBA+ and DBA- uNK cells from gd10.5 randombred CD1 mice were flow sorted for 

RNA isolation. Use of this strain with large litter sizes was necessary to obtain sufficient RNA 

from the minor DBA- uNK cell subset for study. QRT-PCR analyses revealed distinct differences 

between the uNK cell subsets. Ahr expression was essentially undetectable in DBA+ uNK cells 

and appeared to be exclusive to DBA- uNK cells (~638x higher relative expression than by 

DBA+ cells; Figure 2-1A). Ncr1 transcripts were ~8 fold relatively more abundant in DBA+ than 

in DBA- uNK cells (Figure 2-1B). Relative expression of the NCR1 downstream transcription 

factor Ets1 was ~2 fold higher in DBA+ than in DBA- uNK cells (Figure 2-1C).  

2.4.2 AHR is Associated with uNK Cell Maturation and SA Remodeling 

Difficulties in obtaining matings and implant sites from Ahr
-/-

 females limited my study 

to multiple implant sites from only two gd-matched samples collected over three months of 

constant pairing. Since loss of AHR function in mice was previously linked to aberrant follicular 

selection, blastocyst formation and implantation (160,239), Ahr
-/-

 x Ahr
-/-

 pairings are not 
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normally used. Even Ahr
+/- 

dams mated by Ahr
-/- 

males are reproductively deficient (Dr. W. 

Foster, personal communication). Over a 3-year period, our Ahr
+/-

 dams from the colony studied 

who were mated by Ahr
-/-

 males gave birth to 84 live and 41 dead litters; 12 pups died shortly 

after birth and the average litter size (4.7 pups/litter) was smaller than in B6 controls. Within live 

litters, the sex ratio of male to female pups was normal (1.09:1) (Appendix D, Table A-1).   

 Histological comparisons between gd10.5 Ahr
-/-

 and gd10.5 B6 controls (n=3) showed 

that mean numbers of total PAS+ uNK cells were similar (p=0.213) but the proportion of 

DBA+PAS+ uNK cells amongst total uNK cells was significantly different. In Ahr
-/-

 mice, the 

proportion of DBA+PAS+ uNK cells was 86.5% of total uNK cells. This was greater than the 

79.8% DBA+PAS+ uNK cells in B6 (p=0.0180) (179). Thus, in the absence of AHR, there are 

fewer DBA-PAS+ uNK cells (the Ahr-expressing subset). DBA- uNK cells in DB were 

significantly shorter in diameter in gd10.5 Ahr
-/- 

(10.15 μm) versus B6 (11.51μm) (p<0.0001) 

(Figure 2-2A). This suggests retarded maturation and/or activation in the DBA- Ahr
-/-

 uNK cells 

compared with controls. Diameters of DBA+ Ahr
-/-

 cells were also significantly shorter (11.33μm 

in Ahr
-/-

 vs. 13.67μm in B6; p<0.0001) (Figure 2-2B), suggesting retarded maturation and/or 

activation is also present in the non-Ahr expressing DBA+ uNK cell subset. To determine 

whether the normal numbers of seemingly less mature uNK cells could initiate SA remodeling, 

arterial morphometry was conducted. The SA wall-lumen ratio was significantly greater in Ahr
-/- 

(0.326) than in B6 (0.211); p=0.0019 (Figure 2-2C). This observation suggests that despite 

normal total uNK cell numbers, uNK cells of Ahr
-/- 

mice are deficient in function. 
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Figure 2-1. Expression of Ahr, Ncr1 and Ets1 by uNK cell subsets. QRT-PCR data comparing the 

relative expression of Ahr (A), Ncr1 (B), and Ets1 (C) in DBA+ and DBA- uNK cell subsets from 

CD1 mice. (A) Ahr expression by DBA- uNK cells was 638x higher than by DBA+ uNK cells 

(*p<0.05). (B) Ncr1 and (C) Ets1 expression was predominantly by DBA+ uNK cells (***p<0.001). 

Ncr1 transcripts were 8x and Ets1 transcripts were 2x more abundant in DBA+ compared to DBA- 

uNK cells. Data are represented as means±SEM. P<0.05 was considered significant. Data compiled 

from three replicate experiments.  
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Figure 2-2. uNK cell phenotype and SA remodeling in Ahr
-/-

 mice. Histological observations made 

at gd10.5 in B6 and Ahr
-/- 

mice. (A) DBA/PAS double stained implant sites from B6 (A1) and Ahr
-/-

 

(A2) mice. White arrows indicate DBA-PAS+ uNK cells. (A3) DBA- uNK cells in Ahr
-/- 

mice are 

significantly shorter (*p<0.05) than in B6 indicating impaired maturation/activation of DBA- uNK 

cells. (B) DBA lectin stained implant sites from B6 (B1) and Ahr
-/-

 (B2) mice. DBA+ uNK cells 

appear brown. (B3) DBA+ uNK cells in Ahr
-/- 

mice are significantly shorter (*p<0.05) than in B6 

indicating impaired maturation/activation of DBA+ uNK cells. UNK cell data are expressed as 

means±SD. Scale bars represent 20μm (A1, A2, B1, B2). (C) H&E stained implant sites showing SA 

from B6 (C1) and Ahr
-/- 

(C2) mice. (C3) SA wall to lumen ratio is increased (*p<0.05) in Ahr
-/- 

mice 

compared to B6 indicating impaired SA remodeling. SA data are expressed as means±SEM. Scale bars 

represent 50μm (C1, C2). P<0.05 was considered significant.  



 

 

 

45 

2.4.3 NCR1 is Required for uNK cell Maturation, Decidual Angiogenesis, and SA 

Remodeling 

Despite the loss of NCR1 function, Ncr1
Gfp/Gfp

 mice had breeding performances similar to 

B6 controls. Between October 2011 and October 2012, my Ncr1
Gfp/Gfp 

breeding pairs produced 9 

live litters with an average of 6.8 pups/litter. The sex ratio of male to female pups at birth was 

1.2:1 (n=9 litters). For Ncr1
Gfp/Gfp

 euthanized during pregnancy (n=11), the average litter size was 

7.2 pups/litter and implantation sites were more common in the right than left uterine horn (1.8:1; 

n=11) while resorbed fetuses were twice as common in the right as in the left horn. The overall 

rate of resorption was 18% in Ncr1
Gfp/Gfp

 mice (n=11 litters), and appeared higher compared to a 

resorption rate of <10% in control matings (43)(Appendix D, Table A-1).  

2.4.3.1 WM-IHC of Gd6.5 Ncr1
Gfp/Gfp

 Implant Sites 

H&E stained, gd6.5 Ncr1
Gfp/Gfp

 implantation site sections were similar in overall 

appearance to gd-matched B6 controls. The proportion of DBA+PAS+ uNK cells among the total 

population of PAS+ uNK cells was decreased in gd6.5 Ncr1
Gfp/Gfp

 (42.7%) compared to B6 

(47.3%) mice (p=0.0511) (179), which indicates that loss of NCR1 function has no effect on 

either total uNK cell or DBA+PAS+ uNK cell numbers in implantation sites. Ncr1
Gfp/Gfp 

DBA+ 

uNK cell diameter, however, was significantly shorter at gd6.5 (10.6μm in Ncr1
Gfp/Gfp 

vs. 12.45μm 

in B6; p=0.0005; Table 2-1). DBA- uNK cell diameter was also significantly shorter at gd6.5 

between Ncr1
Gfp/Gfp 

(8.13μm) and B6 controls (10.22μm; p<0.0001; Table 2-1).  

Reported results from B6 whole mount staining provide benchmarks for comparisons of 

the mutant mice (23)(Figure 2-3). In gd6.5 B6,  

i) leukocytes, including many expressing CD31 (Figure 2-3C), are localized to the 

mesometrial side of implants sites, 

ii) invasion of individual trophoblast cells has commenced from the EPC (Figure 2-3B), 

iii) CD31+ superbright staining appears surrounding the embryonic crypt (Figure 2-3A),  
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iv) active decidual angiogenesis is widespread, as evidenced by wide, fuzzy vessels 

indicative of endothelial tip cell formation (Figure 2-3C). 

Whole mount staining at gd6.5 in Ncr1
Gfp/Gfp

 mice revealed that  

i) CD31+ leukocytes were abundant and had localized to DB (Figure 2-3F)  

ii) trophoblast invasion had begun (Figure 2-3E), as in B6 controls.  

In contrast to B6, gd6.5 Ncr1
Gfp/Gfp 

implant sites and fetuses appeared smaller. There was 

no elevation in CD31+ reactivity around the gd6.5 Ncr1
Gfp/Gfp

 embryonic crypt (Figure 2-3D) and 

decidual vessels were narrow and well defined (Figure 2-3F). This appearance suggested delayed 

endothelial tip cell induction and was quite unlike the angiogenic vessels in B6. 
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Table 2-1. DBA+ and DBA- uNK cell diameters 
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Figure 2-3. WM-IHC of gd6.5 B6 and Ncr1
Gfp/Gfp

 implant sites. WM-IHC comparing implant sites from gd6.5 B6 (A-C) and Ncr1
Gfp/Gfp 

(D-F) mice. CD31-PE expression is shown in red; GFP-conceptus expression is shown in green. (A,D) CD31-PE superbright expression 

is visible around the embryonic crypt (*) in B6 controls (A), but is absent in Ncr1
Gfp/Gfp

 implant sites (D). (B,E) Trophoblast invasion 

begins at gd6.5 in both B6 (B) and Ncr1
Gfp/Gfp

 (E) mice. (C,F) CD31+ leukocytes (arrows) are abundant in both B6 (C) and Ncr1
Gfp/Gfp

 (F) 

implant sites. (C) Active angiogenesis and tip cell formation is occurring in the mesometrial decidua of B6 mice. (F) Ncr1
Gfp/Gfp

 implant 

sites have thinner mesometrial vessels than B6 suggesting delayed decidual angiogenesis. Scale bars represent 500μm in A,B,D,E and 

50μm in C and F. 
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2.4.3.2 WM-IHC of Gd8.5 and 9.5 Ncr1
Gfp/Gfp

 Implant Sites 

Scoring of total PAS+ uNK cells in paraffin sections revealed no differences in uNK cell numbers 

between Ncr1
Gfp/Gfp

 and B6 at gd8.5 (p=0.285). DBA+ gd8.5 Ncr1
Gfp/Gfp 

and B6 uNK cell numbers were 

also not significantly different (p=0.274) but the proportion of DBA+PAS+ cells among total PAS+ uNK 

cells was significantly increased in Ncr1
Gfp/Gfp

 (85.0%) compared to B6 (76.7%; p=0.0003). DBA+ 

Ncr1
Gfp/Gfp

 uNK cell diameters were shorter than B6 diameters (11.77μm in Ncr1
Gfp/Gfp

 vs. 15.11μm in B6; 

p<0.0001; Table 2-1). In both Ncr1
Gfp/Gfp 

and B6, there was a significant increase in the size of DBA+ 

uNK cells between gd6.5 to gd8.5. This indicates that uNK cell maturation is occurring in Ncr1
Gfp/Gfp

 as 

gestation proceeds but not at the rate expected in normal pregnancy. Similarly, DBA- uNK cell diameters 

increased between gd6.5 to gd8.5 but were shorter in Ncr1
Gfp/Gfp

 mice than in B6 (9.29μm vs. 11.24μm 

respectively; p<0.0001; Table 2-1).  

The benchmark features for whole mount stained gd8.5 B6 implant sites (23) are: 

i) many wide vessels with a webbed appearance in central DB, indicative of angiogenesis involving 

intussusception and endothelial progenitor cell recruitment, 

ii) long, wide arching vessels appearing in lateral decidua, 

iii) only a small, narrow residual uterine lumen, 

iv) frequent leukocyte-leukocyte conjugated pairs and changes in leukocyte shape (loss of roundness; 

gain in irregularity suggestive of activation and/or migration (Figure 2-4A)). 

Ncr1
Gfp/Gfp

 gd8.5 implant sites were smaller than controls though angiogenesis in the central DB 

and lateral decidua qualitatively resembled B6 angiogenesis. The residual uterine lumen appeared similar 

in size to B6 controls. CD45+ leukocytes were abundant in Ncr1
Gfp/Gfp

 DB but were smaller than in B6 

(Figure 2-4B), consistent with the morphometric data obtained from paraffin sections (Table 2-1). 

Ncr1
Gfp/Gfp

 leukocytes remained round and had not acquired the irregular shapes seen in B6 (Figure 2-4B). 

As in B6 however, conjugated pairs of CD45+ leukocytes were present in gd8.5 Ncr1
Gfp/Gfp

 implantation 
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sites, suggestive of immune synapse formation, an event that leads to cell activation. Conjugation 

occurred exclusively between CD45+CD31+ cell pairs in both Ncr1
Gfp/Gfp

 and B6 (Figure 2-4A,C).  

An unexpected difference between gd8.5 B6 and Ncr1
Gfp/Gfp

 was present in the antimesometrial 

decidua, a region that physiologically lacks uNK cells. Here a honeycomb-like vasculature (Figure 2-

4C,D) was present only in Ncr1
Gfp/Gfp

. Antimesometrial vessels in gd8.5 B6 implant sites were more than 

twice as wide as in Ncr1
Gfp/Gfp

 (41.3μm vs. 15.8μm respectively; p<0.0001). There was also a decreased 

area of space between antimesometrial vessels in Ncr1
Gfp/Gfp

 (1134.9μm
2
) compared to B6 controls 

(2346.6μm
2
; p=0.0134) that appeared to represent disorganization of vascular branching in the Ncr1

Gfp/Gfp 

antimesometrial vasculature (Figure 2-4C,D). 

Whole mount studies in B6 mice identified gd9.5 as the earliest time of trophoblast transit across 

decidual vascular endothelium and entry into vessel lumens (23). Since uNK cells are hypothesized to 

promote trophoblast invasion, whole mount staining of gd9.5 Ncr1
Gfp/Gfp

 mice was undertaken. In 

Ncr1
Gfp/Gfp

 implant sites, trophoblast cells were co-localized with vessel endothelium and many 

trophoblasts were apparent in the lumens of decidual vessels. Thus, NCR1 does not appear to be utilized 

for regulation of intravascular trophoblast invasion.
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Figure 2-4. WM-IHC and SA remodeling in B6 and Ncr1
Gfp/Gfp 

mice. WM-IHc of gd8.5 implant sites and histological analysis of SA 

remodeling at gd10.5 and 12.5 in B6 and Ncr1
Gfp/Gfp 

mice. CD31-PE expression is shown in red; CD45-FITC expression is shown in 

green. (A) At gd8.5 in B6 mice, leukocytes increase in size, become activated, and acquire irregular shapes (circled). There is also 

abundant conjugation between CD31+CD45+ leukocytes (arrows). (B) Cell-cell conjugation is unchanged in Ncr1
Gfp/Gfp 

mice and occurs 

between CD31+CD45+ cells (arrows), but leukocytes are smaller in size and retain their round, inactivated appearance seen at earlier gd. 

Scale bars represent 100μm. (C) Antimesometrial vasculature in B6 implant sites shows wide vessels with large areas between branch 

points. (D) Ncr1
Gfp/Gfp 

antimesometrial vasculature appears to have a disorganized honeycomb structure with thinner vessels and decreased 

area between vessels. Scale bars represent 500μm. (E) SA in B6 (E1) and Ncr1
Gfp/Gfp

 (E2) stained with H&E. The muscular wall of the 

artery is outlined in yellow. Scale bars represent 50μm. (F) SA wall to lumen ratio was increased at gd10.5 and 12.5 in Ncr1
Gfp/Gfp 

compared to B6 controls (*p<0.05) indicating an impairment in mid-gestation SA remodeling in Ncr1
Gfp/Gfp 

mice.  Data are expressed as 

means±SEM. P<0.05 was considered significant. 
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2.4.3.3 Gd10.5 and 12.5 Ncr1
Gfp/Gfp

 Implant Site Histology  

Scoring of total PAS+ uNK cells in paraffin sections revealed that total cell numbers in 

Ncr1
Gfp/Gfp

 and B6 were similar at gd10.5 (p=0.287) and gd12.5 (p=0.316). At both gd10.5 and 

12.5 DBA+PAS+ uNK cell numbers were also similar in Ncr1
Gfp/Gfp

 and B6 (gd10.5 (p=0.352); 

gd12.5 (p=0.247)). The proportion of DBA+PAS+ uNK cells among total PAS+ cells was now 

equivalent for Ncr1
Gfp/Gfp

 and B6 mice (gd10.5, 78.9% in Ncr1
Gfp/Gfp

 vs. 79.8% in B6; p=0.391; 

gd12.5, 83.3% in Ncr1
Gfp/Gfp

 vs. 85.3% in B6; p=0.217) (179). Thus, the gain in proportion of 

DBA+ uNK cells with progress of early pregnancy, as previously reported for B6, is an NCR1 

independent process. DBA+ uNK cell diameters, however, continued to differ between the strains 

at both gd10.5 (12.31μm in Ncr1
Gfp/Gfp

 vs. 13.67μm in B6; p=0.0001) and gd12.5 (14.94μm in 

Ncr1
Gfp/Gfp

 vs. 18.73μm in B6; p<0.0001; Table 2-1). This suggests about a 48 hr delay in 

maturation of Ncr1
Gfp/Gfp

 versus B6 DBA+ uNK cells. DBA- uNK cell diameter was also shorter 

in Ncr1
Gfp/Gfp

 mice compared to B6 controls at gd10.5 (10.80μm in Ncr1
Gfp/Gfp

 vs. 11.51μm in B6; 

p=0.0041) and gd12.5 (11.26μm in Ncr1
Gfp/Gfp

 vs. 13.19μm in B6; p<0.0001; Table 2-1). These 

data are the first to indicate that B6 DBA- uNK cells in normal mice are smaller throughout 

pregnancy than DBA+ uNK cells. The overall rate of change in uNK cell diameter per day for 

each subset in both Ncr1
Gfp/Gfp

 and B6 was approximately 5%, representing a 15% increase in 

volume per day.  

Impairments in SA modification became more defined in mid-pregnancy Ncr1
Gfp/Gfp 

mice. 

In comparison to controls, Ncr1
Gfp/Gfp

 mice had smaller vessel diameters, thicker arterial walls 

(Figure 2-4E) and significantly greater wall to lumen ratios at gd10.5 (0.394 in Ncr1
Gfp/Gfp

 vs. 

0.211 in B6; p<0.0001) and gd12.5 (0.195 in Ncr1
Gfp/Gfp

 vs. 0.113 in B6; p<0.0001; Fig. 2-4F). At 

gd10.5, Ncr1
Gfp/Gfp

 SA wall to lumen ratio did not differ significantly from Ahr
-.-

 (p=0.0742), 
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however there were significant differences in DBA+ (p=0.0089) and DBA- (p=0.0255) uNK cell 

diameters between the strains with smaller uNK cells in Ahr
-/-

 mice.  

2.5 Discussion  

In humans, genetic relationships between mother and fetus that activate NK cell KIR 

receptors, promote pregnancy. Syngeneic pregnancies in inbred mice also activate uNK cells, 

suggesting that endogenous ligands are present at the maternal-fetal interface that bind NK cell 

activation receptors. Mouse uNK cell activation is reflected by gestational gains in cell size and in 

numbers of cytoplasmic granules, expression of activation markers such as CD69 (23) and 

production of IFNG and VEGF (54,188). Consequences of uNK cell activation are induction of 

endothelial tip cells in vessels of early DB, pruning of neoangiogenic vessels (196,240), and 

initiation of SA remodeling. It is probable that uNK cell-promoted angiogenesis underlies the 

beneficial effect of KIR activation in human pregnancy because human uNK cells express 

molecules associated with angiogenesis such as VEGF, and PGF (75,241). 

To address the roles of MHC-independent NK cell receptors in pregnancy, inbred 

pregnancies are required. The MHC-independent NK cell activation receptors AHR and NCR1 

have been identified on the surface of stage 3 and stage 4 NK cells in human uterine mucosa 

(233,242) and were therefore chosen for study. However, it is important to note that more recent 

studies of stage 3 and 4 NK cells suggest these cells may belong to an ILC3 lineage (139,149). 

Since mouse uNK cells have been divided, based on reactivity with DBA lectin, into a blood-like 

subset (DBA-) and a specialized decidual mucosal population (DBA+), that appears to be more 

angiogenic (54), data were collected by subset based on DBA lectin expression. Adoptive transfer 

studies have shown that DBA+ uNK cells arise from bone marrow precursors that home to the 

uterus; DBA- uNK cells arise from as yet undefined sources (54). Ahr and Ncr1 had differential 
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expression on uNK cell subsets classified by DBA lectin expression; Ahr expression was 

restricted to DBA- uNK cells while Ncr1 expression was heightened in DBA+ uNK cells. The 

availability of mice lacking functional AHR and NCR1 permitted further studies that addressed 

whether absence of AHR or NCR1 altered uNK cells in number, size or DBA- to DBA+ cell 

ratios. Additionally, implantation sites were assessed to mid-pregnancy for evidence of changes 

in uNK cell-promoted events that might indicate altered functions due to a deficit in either 

receptor. Absence of either receptor had damaging effects on uNK cell maturation/activation and 

on the progression of normal gestational changes in the decidual vasculature.  

Mice with the functional lack of either Ahr or Ncr1 had the same total numbers of PAS+ 

uNK cells compared to gd-matched B6 controls at each time point studied. Loss of Ahr resulted 

in a greater proportion of DBA+PAS+ uNK cells present in gd10.5 DB (179) and indicates 

decreased numbers of DBA-PAS+ uNK cells. Since Ahr is expressed by the DBA- uNK cell 

subset, these data suggest that AHR has roles in recruitment and proliferation of DBA- uNK cells 

and that AHR may be the first useful phenotypic marker to be defined for this subset since IFNG 

(230). While the overall number of uNK cells in Ahr
-/- 

mice was unchanged from B6, Ahr
-/- 

implant sites were distinct because uNK cells were smaller and SA remodeling was deficient. 

Endogenous ligands for uNK cell-expressed AHRs are not known. The modulation of AHR 

during pregnancy, however, has been linked to maternal steroid hormones, particularly 17β 

estradiol (153,160,239,243). Estradiol has been shown to regulate Ahr mRNA and AHR protein 

levels in rats (157,239). There is also evidence of crosstalk between AHR and ER in the 

reproductive tract (153,239). AHR is a particularly important receptor for further study since it 

identifies a link between the environment and pregnancy disease pathogenesis that could be 

caused by disturbances in lymphocyte-promoted angiogenesis.  
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 Histological time course studies were possible in Ncr1
Gfp/Gfp

 mice due to their fertility. 

DBA+ uNK cells were the minority uNK cell subset at gd6.5 (42.7%) but the dominant uNK cell 

subset at mid-gestation (gd10.5 (78.9%) and gd12.5 (83.3%)), a pattern that is typical of normal 

mice (179). Preliminary flow cytometric analyses of decidual cells from gd10.5 B6 and Ncr1
Gfp/Gfp 

decidua, revealed that approximately half of all CD45+ cells in each strain expressed DBA lectin 

(data not shown). both histological and flow cytometric approaches suggest that homing of 

DBA+ uNK cells to the uterus is not dependent on NK cell receptor activation; homing more 

likely results from changes to uterine stromal environments (118). Thus, even in the absence of 

Ncr1, which is heavily expressed by DBA+ uNK cells, recruitment, localization and proliferation 

of the DBA+ uNK cell population remained unchanged. This finding is supported by studies of 

intestinal mucosa that show NCR1 is not essential for maintaining cell numbers or tissue 

distribution of NKp46+ cell subsets (236).  

UNK cells in Ncr1
Gfp/Gfp

 mice were consistently smaller than in B6 between early to mid-

gestation. DBA+ and DBA- uNK cell diameters increased throughout gestation at a rate of 

approximately 5%/gd in both strains. Over this interval, DBA+ and DBA- Ncr1
Gfp/Gfp

 uNK cells 

were consistently 80% of the size of B6 uNK cells, even when the DBA-/DBA+ uNK cell ratios 

became normalized at gd10.5 and 12.5. The smaller size suggests that terminal 

maturation/activation of both uNK cell subsets is impaired but not blocked in Ncr1
Gfp/Gfp

. The 

absence of SA remodeling in Ncr1
Gfp/Gfp 

mice supports the conclusion that uNK cells in this strain 

are not fully functional. However, leukocyte-leukocyte conjugates were identified in gd8.5 

Ncr1
Gfp/Gfp 

and B6 implant sites. These conjugations never involved trophoblasts at gd8.5 

(unpublished observation). In both Ncr1
Gfp/Gfp

 and B6 implant sites, conjugations appeared to be 

between CD31+ leukocytes. CD31 expression in B6 decidual leukocytes is first detected in whole 
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mounts at gd6.5 (23) and the same time course was seen for Ncr1
Gfp/Gfp 

leukocytes. GD8.5 

Ncr1
Gfp/Gfp 

leukocytes, although able to form conjugates, appeared less activated than control 

leukocytes due not only to their small size but also their retention of a round shape. Several 

leukocyte populations, including NK cells and T cells, express CD31. Expression of CD31 

promotes transmigration of CD31+ leukocytes through endothelial cells and endothelial cell 

basement membranes (244,245) and designates circulating angiogenic and vasculogenic cells 

(246). CD31+, but not CD31-, T cells are known to contribute to angiogenic functions including 

endothelial repair and the secretion of angiogenic cytokines (244)  

Whole mount studies indicated that lumen closure and trophoblast invasion appeared 

normal in gd6.5 Ncr1
Gfp/Gfp

 mice, suggesting NCR1 is not mediating these events. However, a 

deficiency in onset of decidual angiogenesis was observed, suggesting that one or more of the 

endogenous ligands for NCR1 promote early steps in angiogenesis, including tip cell induction, 

within the DB. The striking difference between Ncr1
Gfp/Gfp

 mice and their wildtype counterparts in 

antimesometrial vasculature is a novel finding. Endothelial cells, vascular smooth muscle cells 

and endometrial fibroblasts are not known to express NCR1 (236) and uNK cells are not present 

in this area of change. If this difference is truly mediated by activation of NCR1 in the uNK cells 

of normal mice, an interpretation would be that angiogenic events involving or resulting from 

uNK cell activation in the DB have inductive consequences on antimesometrial angiogenesis that 

may decrease tip cell induction and promote pruning. Although erythrocytes are seen in the 

antimesometrial vessels during dissection and study, it will be important to determine whether 

these vessels support blood flow and may represent a compensatory mechanism for anti-

angiogenic activities of uNK cells. At this time, I can only conclude that normal maturation and 

function of uNK cells in implantation site requires engagement of NK cell activating receptors 
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that have ligands other than MHC molecules. These findings necessitate further investigation into 

the roles of MHC-independent receptors expressed by uNK cells in human pregnancies.  
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Chapter 3 

UNK Cell Partnerships in Early Mouse DB 

3.1 Abstract 

DB of developing mouse implantation sites is highly enriched in CD45+ leukocytes. In 

intact, syngeneically-mated B6 DB examined at gd8.5 by WM-IHC, leukocyte but not trophoblast 

conjugations are reported. Nothing is known regarding time-course, frequency, composition or 

importance of physiological decidual CD45+ cell pairing. Here I confirmed that CD54+/CD11a+ 

immune synapses are present in CD45+ decidual cell conjugates and I addressed the phenotypes 

of the conjugated cells. Conjugated CD45+ cell pairs are virtually absent prior to implantation 

(virgin, gd3.5, 4.5), infrequent at gd5.5, but involve 19% of all CD45+ cells by gd8.5, then 

decline. By gd8.5, almost all CD45+ cells co-express CD31 and 2 CD45+CD31+ cells compose 

most conjugates. Conjugation partners were defined for two non-overlapping uNK cell subsets 

(Ly49C/I +/DBA lectin- and Ly49C/I -/DBA lectin+). Ly49C/I+ uNK cells are the major subset 

before mating to gd6.5. At gd5.5/6.5, uNK cell conjugates involving Ly49C/I+ cells are more 

abundant. By gd8.5/9.5, DBA+ uNK cells are the dominant subset with DBA+/DBA+ 

homologous conjugates and DBA+/DBA-CD45+ heterologous conjugates dominating uNK cell 

pairings. At gd6.5, both Ly49C/I+/CD45+ and DBA+/CD45+ heterologous conjugate pairs 

largely engage APCs (CD11c+, CD68+ or MHCII+). By gd8.5, dominant partners of 

Ly49C/I+/CD45+ and DBA+/CD45+ heterologous conjugates are T cells (CD8+ > CD4+). 

Heterologous conjugates that did not involve uNK cells occurred but did not suggest antigen 

presentation to T cells. These data identify gd6.5-8.5 of mouse pregnancy as a critical window for 

leukocyte interactions that may establish immune regulation within implantation sites. 
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3.2 Introduction 

Endometrial decidualization accompanies embryo implantation in species with 

hemochorial placentation, including humans and mice. Almost half the cells in the developing 

microdomain called DB are CD45+ leukocytes amongst which highly proliferative uNK cells 

(71,247) are the most enriched, expanding cell lineage (23,248). Other leukocyte lineages within 

DB are less frequent and stable in proportion between gestation day (gd)5.5-9.5 in mice(23). 

MHCII+ APCs, macrophages, and DCs each represent ~15-20% of all CD45+ cells 

(19,23,67,83,249). Less frequent leukocyte lineages include CD4+ and CD8+ T cells (<than 2% 

each) (23,101). 

Not only is the overall pattern of CD45+ cell frequency consistent over early pregnancy 

(23,67), but predictable dynamic changes occur within lineage subsets. Histologically, two 

distinct subsets of uNK cells develop within mouse DB that are distinguished by reactivity with 

DBA lectin. DBA+ and DBA- uNK cells appear to be functionally distinct (54,72,179) and differ 

from circulating NK cells because their differentiation is independent of the transcription factor 

NFIL3 (E4BP4) (140,148). Flow cytometry of decidual cell suspensions identified multiple uNK 

cell subsets. Using mice of B6 background, CD122+ uNK cell subsets can be distinguished using 

reactivity with NK1.1 and DBA. NK1.1-CD122+DBA+ uNK cells appear to be unique to decidua 

and functionally biased towards regulation of angiogenesis (54,55,196). They are absent from 

virgin and pre-implantation uteri (implantation occurs at gd4.0-4.5 in mice)(21,27,185,250). 

Uterine NK1.1+CD122+DBA- cells are present prior to implantation and decidualization 

(59,185), are more similar to splenic NK cells (72), and produce most of the IFNG found in DB 

(31,54). IFNG is critical for physiological modification of maternal SA, a process completed 

between gd9.5-12.5 in mice (31,251). SA are the major conduits that bring nutrient rich maternal 
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blood towards the placental labyrinth, the maternal-fetal exchange area within the placenta that is 

present from gd10.5 (252,253). 

  Although many authors postulate that uNK cells interact with placentally-derived 

trophoblast cells that invade the maternal DB during its development (254,255), our studies of 

live, intact implantation sites at peri-implantation and early post-implantation times (gd4.5-8.5) 

do not support that hypothesis (23). Using WM-IHC to study hemisected implantation sites from 

murine matings that tagged all conceptus-derived cells with GFP, leukocyte interactions with 

trophoblast did not occur prior to gd9.5 (23). At gd9.5, anti-CD45+ stained cell interactions with 

GFP+ fetal cells represented <0.35% of the total visualized CD45+ cell interactions (Appendix D, 

Figure A-2); CD45+/CD45+ cell pairings were dominant (23,256). Since many decidual CD45+ 

cells are highly proliferative (71,257,258) CD45+/CD45+ cell pairs could represent cell division. 

However, the first 5 days following implantation is also the time frame expected for immune 

interactions that would result from recognition of post-hatching and post-implantation conceptus-

derived antigens.  

Leukocyte activation results from prolonged intervals of contact between cells that form 

an immunological synapse (125,259,260). Such conjugations, as observed between T cells and 

APCs or NK cells and their targets, are maintained by cell adhesion molecules that include the 

lymphocyte function-associated antigen (IGTB2, CD11a, formerly LFA1) and intercellular 

adhesion molecule (ICAM)1 (CD54). Concentric adhesion rings form at the points of cell contact 

and give synapses a characteristic flattened appearance (123-127,260). Here I report studies of 

CD45+ cell conjugation in live, hemisected virgin and gd3.5-9.5 B6 mouse uterus. Time-course, 

frequency, and identity of CD45+ cells interacting with DBA- and DBA+ uNK cell subsets are 

included to investigate the occurrence of leukocyte interactions in early pregnancy.  
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3.3 Materials and Methods 

3.3.1 Mice 

B6 males and females were purchased at 7-10wk of age from Charles River Laboratories 

(St-Constant, QU). CByJ.B6-Tg(UBC-GFP)30Scha/J(Gfp+/-) mice with ubiquitous GFP 

expression, were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred to be 

homozygous Gfp/Gfp at Queen’s University. CByJ.B6-Tg(UBC-GFP)30Scha/J(Gfp+/+) or B6 

males were used as studs to breed B6 females. Matings were timed from copulation plug 

detection (gd0.5). Females (virgin or pregnant at gd3.5, 4.5, 5.5, 6.5, 8.5, or 9.5 (n=at least 3 per 

group) were euthanized by cervical dislocation. Mouse handling was in accordance with the 

guidelines of the Canadian Council on Animal Care and conducted under animal care protocols 

approved by Queen’s University.  

3.3.2 WM-IHC 

Implantation sites were studied using WM-IHC as previously described (23)(Appendix 

B). Any sporadic, abnormally pale or small implantation sites were excluded from study. Briefly, 

virgin and gd3.5 to 9.5 pregnant uteri were trimmed of mesenteric fat and dissected under 

microscopic magnification using a scalpel blade. Virgin, gd3.5 and 4.5 uteri were bisected at the 

cervix and each uterine horn was halved longitudinally along the antimesometrial-mesometrial 

plane. At gd5.5, individual implant sites were separated and each was bisected midsagittally. 

From gd6.5-9.5, antimesometrial myometrium was incised using fine forceps, retracted away 

from the decidual capsule and trimmed off leaving a tag of uterine wall for specimen orientation. 

Then, the decidual capsule and residual mesometrial uterine wall were bisected midsagittally. 
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Samples were incubated in 200μL PBA for 1h with 10μg/mL of blocking antibody to the IgG Fc 

receptor (anti-CD16/CD32; supernatant of hybridoma 2.4G2, ATTC, Manassas, VA) and 2-

10μg/mL of up to three differently conjugated fluorescent primary antibodies (Table 3-1). For 

staining with DBA lectin, implantation sites were transferred to 200μL fresh PBA after the initial 

1h incubation, and incubated for a further 10min with 30μg/mL FITC- or 15μg/mL TRITC-

conjugated DBA lectin (Table 3-1). All antibody combinations are outlined in Table 3-2. Directly 

conjugated isotype controls (4ug/mL) were utilized in preliminary experiments to confirm 

specific antibody staining. Finally, 1mL PBA was added and samples were moved onto 

microscope slides with the cut surface facing upwards to expose the embryonic crypt, and 

coverslipped. Slides were viewed by epifluorescence microscopy and photographed using an 

AxioCam-equipped Zeiss M1 imager (Zeiss; Toronto, ON, Canada) with Axiovision 4.8 software 

or a Quorum Wave FX Spinning Disc confocal microscope equipped with Metamorph software 

(Quorum; Guelph, ON, Canada). Different antibody staining combinations were used to study 

littermates except at gd5.5/6.5 when several implantation sites were needed from each litter to 

provide a sufficient number of conjugates for analysis. 
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Table 3-1. Reagents used for B6 WM-IHC 

Primary antibody/reagent Fluorochrome Company Antibody/reagent 

concentration 

Working 

concentration 

Anti-mouse CD4 APC eBioscience 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD8a PE BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD8a APC BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD11c PE eBioscience 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD11a PE BioLegend 0.2 mg/mL 3-4 μg/mL 

Rat anti-mouse CD31 PE BD Pharmingen 0.2 mg/mL 4 μg/mL 

Anti-mouse CD31 FITC BioLegend 0.5 mg/mL 10 μg/mL 

Anti-mouse CD45 APC BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD45 FITC eBioscience 0.5 mg/mL 7.5 μg/mL 

Anti-mouse CD54 FITC BioLegend 0.5 mg/mL 7.5 μg/mL 

Anti-mouse CD68 PE BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse Ly49C, Ly49I PE BD Pharmingen 0.2 mg/mL 3-4 μg/mL 

Anti-mouse MHC II (I-A) PE eBioscience 0.1 mg/mL 2 μg/mL 

DBA lectin FITC Vector 

Laboratories 

2 mg/mL 30 μg/mL 

DBA lectin (Horse Gram) TRITC EY Laboratories 1 mg/mL 15 μg/mL 
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Table 3-2. Reagent combinations used in B6 WM-IHC 

Reagent 1 Reagent 2 Reagent 3 

CD45 APC DBA FITC 

CD8 PE 

CD11c PE 

CD31 PE 

CD68 PE 

Ly49C/I PE 

MHCII PE 

CD45 APC Ly49 FITC 

CD8 PE 

CD11c PE 

CD68 PE 

MHCII PE 

CD45 FITC CD11c PE 

CD8 APC 

CD4 APC 

CD45 FITC CD4 APC 

DBA TRITC  

Ly49C/I PE 

CD45 APC Ly49C/I PE CD31 FITC 

CD45 APC CD54 FITC CD11a PE 
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3.3.3 Conjugate Assessment  

Epifluorescence images captured at 200x magnification were analyzed for leukocyte 

conjugates. Leukocyte-leukocyte pairs were scored as conjugates when two CD45+ cells were in 

close contact, in the same plane of focus and the cells’ membranes were flattened at the point of 

intercellular contact. Occasional clusters of CD45+ leukocytes were observed in DB but were not 

counted as conjugates because the cells comprising them were in different planes of focus and 

lacked flattened surfaces indicative of cell contact. For pairs scored as conjugates, at least 50 

CD45+ cell pairs were counted for each specific antibody combination in uteri (virgin, gd3.5-4.5) 

or implantation sites (gd5.5-9.5) from three different mice. Each cell of a conjugated pair was 

scored for antibody reactivity. Conjugates were of two primary types: homologous conjugates 

consisting of two CD45+ cells that shared expression of the surface marker of interest or 

heterologous conjugates consisting of two CD45+ cells that did not share the surface marker of 

interest.  

3.3.4 IHC 

Implantation sites collected from gd8.5 B6 females (n=3) were immersion fixed using 4% 

PFA, processed, embedded in paraffin, cut into 6μm sections and mounted onto glass slides. After 

staining (outlined below) slides were viewed with a Zeiss M1 imager and photographed at 400x 

magnification using Axiovision 4.8 software. 

3.3.4.1 Dual Staining with DBA Lectin and PAS  

Slides were stained for uNK cell subset visualization using published protocols for DBA 

lectin and PAS dual staining (179,185)(Appendix A). Cell phenotypes in DB were scored based 

on PAS reactivity (all uNK cells) and DBA reactivity (unique decidual uNK cells) to identify the 

PAS+DBA- (purple) or PAS+DBA+ (brown) uNK cell lineages.  
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3.3.4.2 Detection of Apoptosis (TUNEL Stain) 

 For detection of apoptosis and nuclear fragmentation in implantation sites, TUNEL 

staining was conducted following the protocol provided with the TACS®2 TdT-DAB In situ 

Apoptosis Detection Kit (4810-30-K, Trevigen).  

3.3.5 Statistical Analysis 

Statistical significance for conjugated cell counts was assessed by Student’s t-test or one-

way ANOVA with Tukey’s post hoc multiple comparison test. P<0.05 was considered 

significant. Data are expressed as means±SD. Statistical analysis was performed using Prism5 

Software (GraphPad Software, Inc.).  

 

3.4 Results 

3.4.1 Synapse Formation in CD45+ Leukocyte Conjugates  

Previous studies employing anti-CD45 WM-IHC observed that CD45+ cells in gd8.5 DB 

of B6 and Ncr1
Gfp/Gfp

 mice paired with other CD45+ cells rather than with trophoblast cells 

(256)(Chapter 2). CD45+/CD45+ cell pairs were in the same plane of focus and each cell was 

flattened over their shared points of contact, which fluoresced more intensely. This appearance 

(Figure 3-1A-B) suggested immunological synapse formation. To confirm this interpretation, 

implant sites co-stained with anti-CD45 APC, anti-CD54 FITC, and anti-CD11a PE were 

examined by confocal microscopy. All of the CD45+ cells participating in conjugation expressed 

either CD54 or CD11a (65% of all conjugates), or expressed both CD54 and CD11a (35% of all 

conjugates) at the site of cell contact (Figure 3-1A). These data indicate the observed 

CD45+/CD45+ cell conjugates are adhesion molecule-expressing, immune synapse-coupled cells. 
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3.4.2 Time Course and Frequency of CD45+ Cell Conjugates 

 To address when CD45+/CD45+ cell conjugates occur and if their frequencies are stable, 

a time course study was conducted using virgin and pregnant mice from gd3.5 to 9.5. 

CD45+/CD45+ conjugates were extremely rare in virgin and gd3.5-4.5 uteri (1.4±0.5%, 

1.5±0.1%, 1.9±0.1% respectively of all CD45+ cells counted (at least 500 CD45+ cells 

scored/uterus)), but increased slightly to 3.3±0.8% on gd5.5, the first day after embryo 

implantation (Figure 3-1C). After implantation, conjugated cells (Figure 3-1B) were present only 

in DB and were never observed in lateral or anti-mesometrial decidua. The frequency of 

CD45+/CD45+ cell conjugates increased significantly from virgin and gd3.5-5.5 values to 

7.8±1.0% by gd6.5 (p<0.001). The frequency of CD45+/CD45+ conjugates reached its peak at 

gd8.5 (19.0±1.8% all CD45+ cells) then fell to 9.8±1.6% by gd9.5 (Figure 3-1C). CD45+ 

leukocytes increased in diameter across early gestation regardless of conjugation status. Thus, 

CD45+/CD45+ leukocyte conjugates are present in low numbers in virgin, pre-implantation and 

peri-implantation uteri, increase significantly in frequency within 24h of blastocyst implantation, 

and decline in frequency after gd8.5.  
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Figure 3-1. CD45+ cell conjugates and their frequency in B6 uteri during early pregnancy. (Ai) 

Confocal microscopy of gd8.5 B6 decidua stained with anti-CD45 APC (blue), anti-CD54 FITC 

(green) and anti-CD11a PE (red). Immunological synapse formation was apparent between CD54+ 

and CD11a+ leukocytes (CD45+) (yellow arrow). Contact between CD45+ leukocytes equally 

reactive for CD11a were considered dividing cells (white arrow). (Aii) 3D reconstruction of the 

confocal image in (Ai). CD45+ heterologous conjugates (yellow arrow) and homologous conjugates 

(white arrow) are indicated. (B) Representative black and white WM-IHC of a gd8.5 implant site 

stained with anti-CD45 APC. A CD45+ leukocyte conjugate is circled in yellow. (C) Proportions of 

CD45+ cell conjugates among 100 CD45+ cells at each day studied. Data are shown as means± SD. 

One-way ANOVA results are shown at the top of the graph. Letters indicate significance of Tukey’s 

post hoc multiple comparison test between time points as listed (p<0.05).  
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3.4.3 CD31 Expression by CD45+ Leukocytes 

 CD31, an adhesion molecule of the Ig gene superfamily formerly known as PECAM-1, is 

expressed by endothelial cells, platelets, and some immune cells (261). In lymphocytes, CD31 

expression is linked to cell activation, inhibition, promotion of transmigration, and angiogenesis 

(244-246). Widespread CD31 expression by decidual CD45+ cells is detectable by WM-IHC and 

dually expressing CD45+CD31+ cells contribute to conjugates (23,256)(Chapter 2). To determine 

if CD31 expression is a prerequisite for decidual CD45+ cell conjugation, implantation sites were 

co-stained with anti-CD45 APC and anti-CD31 PE; the latter additionally stained endothelial 

cells within vessels, which become more complex as gestation progresses. Conjugated and 

unconjugated decidual leukocytes co-express CD31+CD45+ on the post-implantation gd studied 

(gd5.5-9.5) (Figure 3-2A and Appendix D, Figure A-3). When all CD45+ cells were considered, 

regardless of conjugation status, 47.3±9.1% of gd5.5 leukocytes co-express detectable CD31. 

Frequencies of CD45 cells co-expressing CD31 increased significantly between gd5.5 and 6.5 

(76.7±5.1%; p<0.01), and remained stable at gd8.5 (89.3±0.6%), and gd9.5 (80.7±5.0%; 

p=0.0997) (Figure 3-2B).   

 When separated by conjugation status, the proportion of unconjugated CD45+CD31+ 

cells was stable over early gestation. Over the same interval, proportions of conjugated 

CD45+CD31+ cells changed (Figure 3-2C). The majority of these partnerships involved two 

phenotypically identical CD45+CD31+ cells, referred to as homologous conjugates. Fewer 

conjugates were heterologous i.e. occurred between a CD45+CD31+ cell and a CD45+CD31- cell 

(Figure 3-2D). At gd5.5, 6.0±3.0% of conjugated CD45+ leukocytes involved at least one 

CD45+CD31+ cell. This percentage increased to 29.3±5.8% at gd6.5, peaked 44.7±7.4% at gd8.5 

and declined to 31.5±11.9% at gd9.5 (Figure 3-2C). Thus, the time course pattern of conjugation 
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for CD45+CD31+ cells resembles that observed for CD45+/CD45+ cell conjugate frequencies 

(Figure 3-1C) and CD31 expression neither prevents nor is required for decidual CD45+ cell 

pairing. 

 

3.4.4 Two uNK Cell Populations Identified by WH-IHC  

 To assign lineage relationships amongst cells participating in conjugate formation and to 

determine if these interactions are random, it was necessary to define the frequencies of the most 

common CD45+ cell lineages in DB that could be phenotyped using WH-IHC. I expected uNK 

cells to be the dominant lineage but only had reagents for WM-IHC that identified DBA lectin+ 

uNK cells, the transplantable uNK cell subset (179). Studies were first undertaken to identify 

reagents reactive with the early, abundant PAS+DBA- uNK cell subset found in histological 

sections (Figure 3-3A). Gd8.5 implant sites were used because both uNK cell subsets 

(PAS+DBA-; PAS+DBA+) are found at high abundance in histological sections at this time. 

NK1.1, an NK cell marker commonly used for flow cytometry of B6 lineage mice, worked well 

in WM-IHC, although it is not a useful reagent for staining histological sections. NK1.1+ 

reactivity was seen on <1% of DBA+ cells in WM-IHC (Figure 3-3B). Ly49C/I, an uNK cell 

receptor classified as having inhibitory activity, was also non-reactive on DBA+ uNK cells. 

Triple staining with DBA and both of these possible DBA- uNK cell markers revealed that, of 

DBA- cells, 72% dually expressed NK1.1 and Ly49C/I (Figure 3-3B). Minor DBA- uNK cell 

subsets were also observed that exclusively expressed either NK1.1 or Ly49C/I. While either 

marker seemed suitable for identification of the DBA- uNK cell subset using WM-IHC, anti-

Ly49C/I was chosen because background fluorescence was much lower than when anti-NK1.1 

was used (unpublished observations).  
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Figure 3-2. CD45+ cells co-express CD31 from gd5.5-9.5 in B6 DB. (A) WM-IHC of B6 

implantation sites co-stained with anti-CD45 APC (blue) and anti-CD31 PE (red). CD31 expression is 

prevalent on both endothelial cells and CD45+ leukocytes at gd5.5 (i), 6.5 (ii), 8.5 (iii), and 9.5 (iv). 

Blood vessels become more complex and co-expression of CD31 by CD45+ leukocytes increases as 

gestation progresses. (B) Proportion of CD45+ leukocytes co-expressing CD31 among 100 CD45+ 

leukocytes. (C) CD31+ expression by CD45+ leukocytes differs between conjugated and 

unconjugated cells at gd5.5 and 6.5. (D) Within the population of conjugated CD45+ leukocytes that 

co-express CD31, the majority represent homologous conjugation of two CD31+CD45+ cells. 

Heterologous conjugates of one CD31+CD45+ and one CD31-CD45+ cell are less common across 

early gestation. Data represent means± SD. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3-3. Detection and frequencies of two uNK cell subsets in early B6 DB. (A) DBA/PAS dual 

staining of paraffin embedded sections show PAS+DBA- (purple, white arrow) and PAS+DBA+ 

(brown, yellow arrow) uNK cells in close proximity. (B) WM-IHC triple staining with anti-NK1.1 

APC (blue), anti-Ly49C/I PE (red), and DBA lectin FITC (green). Little overlap was observed between 

either anti-NK1.1 or anti-Ly49C/I and DBA lectin expression. Ly49C/I+ cells represent the DBA- 

subset of uNK cells. (C) Examination of Ly49C/I and DBA lectin expression by CD45+ leukocytes. 

DBA+ uNK cells are not present prior to implantation but overtake Ly49C/I+ uNK cells in frequency 

at gd8.5. Data are shown as means± SD. *P<0.01, **P<0.001 (D) WM-IHC using anti-CD45 APC 

(blue), anti-Ly49 PE (red), and DBA lectin FITC (green), reveals conjugate formation between 

Ly49C/I+ and DBA+ uNK cells (circled in yellow). 
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Ly49C/I+ uNK cells were present at a stable frequency prior to conception (virgin: 

10.7±1.5%) and throughout the peri-implantation period (gd3.5: 12.0±1.7%; gd4.5: 13.7±3.2%). 

The DBA+ subset was absent at these times. DBA+ uNK cells appeared in the DB on gd5.5 but 

were less frequent than Ly49C/I+ cells (7.0±1.7% vs. 23.7±1.5% of total CD45+ cells; p<0.001). 

Ly49C/I+ cells increased significantly in frequency between gd4.5 and 5.5 (p=0.008). By gd6.5, 

the frequencies of both Ly49C/I+ cells and DBA+ cells had increased within DB with Ly49C/I+ 

cells remaining statistically dominant (Ly49C/I+: 32.7±3.1% vs. DBA+: 17.0±3.4%; p=0.001). 

By gd8.5, DBA+ uNK cells represented half of all CD45+ decidual cells (49.0%±8.7%), while 

Ly49C/I+ uNK cell frequency was 20.3±3.5%, a statistically significant drop from gd6.5 

(p=0.01). At gd9.5 DBA+ uNK cell frequency remained higher than Ly49C/I+ uNK cell 

frequency (43.5±6.2% vs. 20.5±5.0% respectively; p=0.005) (Figure 3-3C). Thus, Ly49C/I+ cells 

in WM-IHC show the same dynamic pattern reported for PAS+DBA- uNK cells in tissue sections 

(179) and are the dominant NK cell subset in DB to gd8.5. At gd8.5, summation of cells 

expressing Ly49C/I or DBA provides a uNK cell estimate of ~70% of all CD45+ decidual cells, a 

value similar to that reported for early human decidua.  

3.4.5 Conjugate Formation by uNK Cell Subsets 

PAS+ DBA- and PAS+ DBA+ uNK cells have been identified in very close proximity in 

PAS and DBA dually stained tissue sections from early mouse implant sites, but this method is 

inferior to live cell WH-IHC for recognition and quantification of conjugated cell pairs. Thus, the 

frequency of conjugates involving Ly49C/I+ or DBA+ uNK cells was addressed using WM-IHC. 

Ly49C/I+/Ly49C/I+ homologous conjugates, that could represent dividing cells, were present in 

small numbers in virgin (2.2±1.9% of all CD45+ cell conjugates) and in gd3.5 (2.2±3.8%) uteri 

(Figure 3-4A). These conjugates increased non significantly to gd4.5 (5.6±1.9%) and gd5.5, 
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(10.0±2.0%), and then rose significantly to peak at gd6.5 (16.6±8.4% of all CD45+ cell 

conjugates). After this time Ly49C/I+ homologous conjugates declined significantly to peri-

implantation levels at gd8.5 (4.0±3.3%) and gd9.5 (4.0±0.0%) (Figure 3-4A). Ly49C/I+ uNK 

cells also conjugated with CD45+ cells that were nonreactive for Ly49C/I+ (heterologous 

conjugates). Ly49C/I+ heterologous conjugates represented 15.6±5.1% of all CD45+ cell 

conjugates in the virgin uterus and 21.1±5.1% of cell conjugates at gd3.5. The number of 

Ly49C/I+ heterologous conjugates rose significantly at gd4.5 (34.4±6.9%) and remained constant 

at gd5.5 (26.0±3.5%) and gd6.5 (34.7±4.2%) before declining at gd8.5: (20.0±3.3%; p<0.001 vs. 

gd6.5) and gd9.5 (18.7±1.2%; p=0.003 vs. gd6.5, p=0.537 vs. gd8.5) (Figure 3-4B). 

DBA+ uNK cells were absent in virgin, gd3.5 and gd4.5 uteri (Figure 3-3C and Figure 3-

4C-D). At gd5.5 DBA+ uNK cells were were found in all CD45+/CD45+ cell pairs but were 

never observed as DBA+/DBA+ homologous conjugates (Figure 3-4C-D), suggesting DBA+ 

cells had migrated into or differentiated within the uterus, but cell division had not commenced. 

By gd6.5, DBA+/DBA+ homologous conjugates represented 1.4±1.5% of all CD45+ cell 

conjugates while heterologous DBA+CD45+/DBA-CD45+ conjugates represented 18.3±6.6%. 

Between gd6.5 and 8.5, DBA+/DBA+ homologous conjugates increased to 14.8±5.9% (p<0.001 

vs. gd6.5) while DBA+ heterologous conjugates increased to 36.9±5.2% (p<0.001 vs. gd6.5). 

DBA+ uNK cells were therefore incorporated into more than half of all gd8.5 CD45+ cell 

conjugates (Figure 3-4C-D) and this frequency was similar at 9.5, (homologous: 13.0±7.2%, 

p=0.541; 35.3±9.0%, p=0.596 vs. gd8.5) (Figure 3-4C-D).  
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Figure 3-4. UNK cell subsets contribute to CD45+ leukocyte conjugates in early B6 DB. (A) 

Ly49C/I+ uNK cells in homologous conjugates in virgin and gd3.5 to 9.5 uteri. (B) Ly49C/I+ uNK 

cells in heterologous conjugates in virgin and gd3.5 to 9.5 uteri. (C, D) DBA+ uNK cells are not 

present in pre-implantation uteri but are common in homologous conjugates (C) at gd8.5 and 9.5. (D) 

DBA+ uNK cell heterologous conjugates are initiated at gd5.5 and increase from gd6.5 to gd8.5 as 

DBA+ uNK cell numbers increase. Data represent means± SD. One-way ANOVA results are shown at 

the top of each graph. Letters indicate significance of post hoc Tukey’s multiple comparison test 

between time points as listed (p<0.05).   
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3.4.6 Composition of uNK Cell Conjugates  

Since heterologous conjugates involving a single Ly49I/C+ uNK cell or a single DBA+ 

uNK cell are relatively abundant at gd6.5 and 8.5, these time points were studied further to 

identify the CD45+ partners of uNK cells. Preliminary studies defined the frequencies of five 

leukocyte lineages detectable by WM-IHC (Figure 3-5). APCs reactive with MHCII antibodies 

were constant in frequency between gd6.5 (12.0±1.7%) and 8.5 (12.7±0.6%; p=0.561) as were the 

frequencies of CD68+ decidual macrophages (6.0±1.4% at gd6.5, 6.0±0.0% at gd8.5; p=1.00). A 

third group of potential APCs, CD11c+ DCs, appeared to decrease between gd6.5 (19.5±6.0%) 

and 8.5 (10.3±3.1%) but this drop was not statistically significant (p=0.062). T lineage cells were 

less frequent than APCs with CD8+ cells accounting for 7.0±2.0% and 7.0±1.7% of all CD45+ 

cells at gd6.5 and 8.5 respectively (p=1.00). CD4+ T cells represented 5.3±1.2% of CD45+ cells 

at gd6.5 and 8.7±2.9% at gd8.5 (p=0.137). Thus, with the exception of Ly49C/I+ and DBA+ uNK 

cells, major CD45+ decidual leukocyte populations appear to be stable between gd6.5 and 8.5 

(Figure 3-5). 

Heterologous conjugation of cells expressing one of the five surface markers with either 

Ly49C/I+ or DBA+ uNK cells was assessed using samples co-stained for anti-CD45, anti-

Ly49C/I or DBA lectin, and a 3
rd

 reagent (Table 3-2, Figure 3-6). The two uNK cell subtypes 

were primary partners for each other in heterologous conjugates with one cell identified as either 

Ly49C/I+ or DBA+ (Figure 3-3D, Figure 3-7). Ly49C/I+/DBA+ pairs formed 26.7±11.5% of 

heterologous uNK cell conjugates at gd6.5 (Figure 3-7A). At gd6.5 Ly49C/I+ or DBA+ uNK 

cells were conjugated with MHCII+ cells (19.0±12.3% and 13.5±18.0% respectively), CD11c+ 

DCs (26.8±7.8% and 14.4±18.1% respectively) and CD68+ decidual macrophages (10.7±2.5% 

and 12.3±10.3% respectively) (Figure 3-6A-C, Figure 3-7A). Conjugation with CD8+ cells was 
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more limited for both Ly49C/I+ (4.7±4.2%) and DBA+ (3.7±6.4%) uNK cells. No conjugates 

were detected with CD4+ T cells for either uNK cell subset at gd6.5 (Figure 3-7A; Note: anti-

CD3 is not an effective reagent in mouse decidual WM-IHC). There were no significant 

differences between Ly49C/I+ or DBA+ uNK cells in the frequencies of different heterolgous 

conjugates formed at gd6.5 (Figure 3-7A). 
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Figure 3-5. Leukocyte lineages other than uNK cells are constant from gd6.5 to 8.5. 

Expression of leukocyte markers by CD45+ cells at gd6.5 and 8.5. Ly49C/I+ leukocytes 

decrease from gd6.5 to 8.5 while DBA+ leukocytes increase in number between these two 

time points. All other leukocyte lineages remained unchanged from gd6.5 to 8.5. Data 

represent means± SD. *P<0.05, **P<0.001. 
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Figure 3-6. Leukocytes are observed in conjugates with uNK cells at gd6.5 and 8.5. (A-C) 

WM-IHC images of heterologous conjugates with Ly49C/I+ uNK cells at gd6.5. Implant sites 

were stained with anti-CD45 APC (blue), anti-Ly49C/I FITC (green) and (A) anti-MHCII PE 

(red), (B) anti-CD11c PE (red), or (C) anti-CD68 PE (red). Conjugations between Ly49C/I+ 

uNK cells and APCs are circled in yellow. (D-E) WM-IHC images of heterologous conjugates 

with DBA+ uNK cells at gd8.5. Implant sites were stained with (D) anti-CD45 FITC (green), 

DBA Lectin TRITC (red), and anti-CD4 APC (blue), or (E) anti-CD45 APC (blue), DBA 

Lectin FITC (green), and anti-CD8 PE (red). Conjugations between DBA+ uNK cells and T 

cells are circled in yellow.  
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Figure 3-7. Proportion of leukocytes forming conjugates with uNK cells at gd6.5 and 8.5. 

(A) At gd6.5, conjugations between Ly49C/I+ and DBA+ uNK cell subsets account for 26.7% 

of CD45+ heterologous conjugates. APCs (CD11c+, CD68+, MHCII+) are the dominant 

CD45+ cell populations found in conjugation with Ly49C/I+ (pale gray) and DBA+ (dark 

gray) uNK cells at gd6.5. CD8 T cells represent a smaller population of heterologous 

conjugates and no conjugations were observed between CD4+ T cells and either uNK cell 

subset. (B) At gd8.5, conjugations between Ly49C/I+ and DBA+ uNK cell subsets account for 

24.9% of heterologous conjugates. T cells (CD4+, CD8+), are the dominant populations found 

in conjugation with Ly49C/I+ (light gray) and DBA+ (dark gray) uNK cells at gd8.5. 

Conjugations still occur with APCs (CD11c+, CD68+, MHCII+), but to a lesser extent than at 

gd6.5. There was no significant difference in conjugate composition between the two uNK cell 

subsets at either gd6.5 or 8.5. Data represent means± SD. 
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At gd8.5, conjugations between the two uNK cell subsets represented 24.9±6.7% of all 

heterologous uNK cell conjugates (Figure 3-7B). This was not significantly different from the 

frequency of these interactions at gd6.5 (p=0.808) despite the significant increase in the DBA+ 

uNK cell population between these two timepoints. Although frequenices of CD45+ leukocytes 

phenotypically classified as non-uNK cells were stable between gd6.5 and 8.5, contributions of 

these lineages to Ly49C/I+/CD45+ or DBA+/CD45+ heterologous conjugates changed 

dramatically between gd6.5 and 8.5. At gd8.5, fewer pairings were observed with potential APCs 

and more were seen with T cells, including for the first time conjugates that involved CD4 T cells 

(Figure 3-6D-E, Figure 3-7B). At gd8.5, frequencies of Ly49C/I+ or DBA+ uNK cells conjugated 

with MHCII+ cells were 11.5±5.9% (p=0.401 vs. gd6.5) or 5.6±6.4% (p=0.507 vs. gd6.5) 

respectively. Similar Ly49C/I+ or DBA+ conjugations with CD11c+ cells were 3.3±5.2% 

(p=0.012 vs. gd6.5) or 6.5±7.7% (p= 0.452 vs. gd6.5) respectively and those with CD68+ cells 

were 5.9±5.2% (p=0.223 vs. gd6.5) or 7.5±9.0% (p=0.508 vs. gd6.5) respectively (Figure 3-7B). 

At gd8.5, CD8+ T cells were present in 18.5±8.3% of Ly49C/I+/CD45+ conjugates (p=0.064 vs. 

gd6.5) and 26.7±13.7% of DBA+CD45+ conjugates (p=0.058 vs. gd6.5) (Figure 3-6E, Figure 3-

7B). CD4+ T cells were partners in 10.0±2.9% of Ly49C/I+ conjugates (p=0.004 vs. gd6.5) and 

12.5±4.0% of DBA+ conjugates (p=0.006 vs. gd6.5) (Figure 3-7B). TUNEL staining of tissue 

sections from gd8.5 implantation sites revealed no evidence of apoptosis in stromal cells or 

leukocytes within the DB (Figure 3-8), suggesting that heterologous leukocyte conjugations in the 

early decidua do not result in cell killing.  
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Figure 3-8. TUNEL staining of serial sectioned implantation sites from gd8.5 B6 mice. (A) A 

positive control B6 implantation site pretreated with DNase 1 prior to labeling. DNAse 1 induces DNA 

breaks giving a positive signal (brown) during TUNEL staining. (Ai) Lower power image of pretreated 

implantation site. The black box corresponds to the region of fetal-maternal interface between 

trophoblast in the EPC and DB. This region is shown in higher magnification in (Aii) where polyploid 

trophoblast in the DNase 1 treated EPC display very strong positive signals (black arrowheads). (Aiii) 

Higher power image of the central DB (outlined in yellow in (Ai)) including the residual uterine lumen 

(RL). The inset image taken at a higher magnification confirms positioning at the RL. (Bi-iii) 

Untreated, experimental serial section from a B6 implantation site. (Bi) Lower power image showing 

evidence of physiological apoptosis in peri-implantation regions including within the ectoplacental 

cone (shown at higher power in (Bii); trophoblast denoted by arrowhead). No TUNEL reactivity was 

present in the central DB (inset), where cell conjugations occur, or in the lateral decidua (shown at 

higher power in (Biii).  
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3.4.7 CD45+ Cell Conjugates Independent of uNK Cells 

 As suggested by the stability of other phenotyped leukocyte lineages within gd6.5 and 8.5 

decidua (Figure 3-5), no homologous conjugates (putative proliferating cells) were observed 

between CD4+, CD8+ and CD68+ cells at gd6.5. MHCII+ and CD11c+ homologous conjugates 

were present at low frequencies (0.5±1.0% and 0.7±1.2% respectively). At gd8.5, CD8+ and 

CD68+ homologous conjugates were still absent, MHCII+ homolgous conjugates remained low 

(0.5±0.9%) and CD11c+ homologous conjugate frequency was 2.0±2.0% (p=0.374 vs. gd6.5). 

CD4+ homologous conjugates appeared at a frequency of 0.7±1.2% of all CD45+ conjugates 

accounting for the slight but non significant increase in CD4+ leukocytes between gd6.5 and 8.5.  

 The cell lineages investigated in this study also participated in heterologous CD45+ 

conjugations that did not involve uNK cells (Figure 3-9A-D). Analyses of these uNK cell 

independent heterologous conjugates focused on T cells interactions with CD11c+ DCs. 

Although some murine decidual DCs express CD8a (85,88,100), coexpression of the two markers 

had a frequency of <1% in our WM-IHC, permitting analyses using costaining with anti-CD45 

FITC, anti-CD11c PE and either anti-CD4 (Figure 3-9E) or anti-CD8 APC (Figure 3-9F). No 

conjugations were observed between CD11c+ DCs and either T cell subset at gd6.5 (Figure 3-9E-

F) or 8.5. Thus, while heterologous conjugates not involving uNK cells are frequent between 

CD45+ decidual leukocytes, these conjugates are not between T cells and CD11c+ DCs. Because 

of the low frequencies of CD4+ cell homologous and heterologous conjugates and of Foxp3 

expressing cells at these time points (2.5-3.2% by FACS; Appendix D, Figure A-4), the 

participation of Tregs in conjugate formation could not be estimated.   
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Figure 3-9. CD45+ cell lineages are involved in heterologous conjugates at gd6.5 and 8.5. 

(A-B) Many heterologous conjugates were observed with CD45+ cells that do not express 

Ly49C/I at gd6.5 (A) and gd8.5 (B), and (C-D) with CD45+ leukocytes that do not express 

DBA at gd6.5 (C) and gd8.5 (D). Data represent means± SD. (E-F) WM-IHC images of gd6.5 

implant sites stained with anti-CD45 FITC (green), anti-CD11c PE (red) and anti-CD4 APC 

(E; blue) or anti-CD8 APC (F; blue). No conjugates were observed between CD11c+ (sample 

cells denoted by white arrows) and either CD4+ (E) or CD8+ (F) cells (yellow arrows).  
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3.5 Discussion 

The goal of this study was to determine the frequency, time course and composition of 

leukocyte conjugates observed in mouse decidua due to the unique and novel appearance of 

immune synapses during early pregnancy. Although CD45+ leukocytes are present in the uterus 

prior to implantation and throughout early decidua, conjugated cell pairs appear only in DB, the 

site of leukocyte enrichment, during early to mid-pregnancy in mice. As a live, intact tissue stain 

WM-IHC allows imaging of the in situ uterine environment. In this way it provides a more 

sensitive method for conjugate visualization than IHC studies of paraffin sections that cannot 

confirm direct leukocyte-leukocyte contact (98) due to the possible transient nature of such 

conjugates (127). Leukocyte conjugates were present infrequently in the pre- and peri-

implantation period and increased within one day of blastocyst implantation (gd4.0-4.5) (21), 

reaching peak numbers at gd8.5. Phenotypes of conjugated leukocyte pairs were complex but 

almost all conjugates included at least one cell, and most had two cells, with high expression of 

CD31. Acquisition of the CD31
high 

phenotype by CD45+ cells is reported in T, B and NK cells as 

well as in granulocytes, DCs and macrophages (262-266), and reflects activation and regulation 

of leukocyte immune responses (261-263,266). Dual staining with anti-CD31 and either anti-

Ly49C/I or DBA lectin, confirmed that uNK cells express high levels of surface CD31. Many 

CD31+ decidual leukocytes remained as singlets, which suggest that cell activation occurs 

independently of synapse formation and that CD31 expression is not required for conjugate 

formation. Rather, acquisition of CD31 appears to reflect broad changes across the entire CD45+ 

cell population shortly after implantation and may represent endocrine or stromal influences. 

The assessment of CD45+ leukocyte phenotypes by WM-IHC identified the majority (at 

least to 70%) of decidual leukocytes as uNK cells reactive to Ly49C/I or DBA lectin (185,250). 
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These findings are consistent with data from previous FACS analyses (23) and IHC studies (186). 

Both uNK cell lineages appear to be highly proliferative as assessed by the presence of 

homologous conjugates, which are rare in the other leukocyte lineages analyzed and likely 

represent dividing cells. The other leukocyte lineages have frequencies that are stable between 

gd6.5 and 8.5 and at levels similar to those previously reported using other techniques. APCs, 

including DCs and macrophages, are the second most populous leukocytes (23,84,249) while T 

cell frequencies are low (67,101).  

Throughout early gestation conjugations were observed between Ly49C/I+ and DBA+ 

uNK cells. Both uNK cell subsets are present in the uterus from gd5.5-12.5 and have relatively 

similar distribution patterns (179). Indeed, DBA- and DBA+ uNK cells frequently reside adjacent 

to one another in histological sections of DB (Figure 3-3)(179), although this has not been 

observed within the MLAp. Heterologous uNK-uNK cell conjugates may represent important 

intra-lineage interactions between gd6.5 to 8.5 since they are sustained as uNK cell subset 

dominance shifts and they are equivalent or greater in frequency than the interactions with any 

other leukocyte lineage. ILCs are currently undergoing intensive reclassification studies. Not only 

are tissue resident NK cells recognized as distinct from conventional NK cells in many tissues, 

including virgin uterus (140), but ILCs have been transcriptionally separated into ILC1, 2, or 3 

(134). The position of uNK cells within this newer classification system is not yet fully 

understood and it remains possible that DBA- and DBA+ uNK cells are distinct cell lineages 

(139) whose conjugation may be regulatory or stimulatory. An alternate hypothesis is that 

division of DBA- uNK cells gives rise to DBA+ uNK cell progeny. Absence of established 

methods to support mouse uNK cell proliferation in culture makes this latter hypothesis difficult 

to assess at present. 
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APCs of the DC or macrophage lineage appear to be the primary partners of both 

Ly49C/I+ and DBA+ uNK cells in early gd6.5 mouse DB. In late CD11c
+
 lineage development, 

certain cells gain CD8α expression. CD8α
+
 DCs (lymphoid lineage) help direct the development 

of type 1 CD4+ helper T cell responses and promote cytotoxic T cell responses from CD8+ T 

cells (88). Conversely the CD8α
-
 myeloid lineage DCs drive Th2 type CD4+ T cell responses. A 

study of mouse decidual DCs between gd1.5 and 17.5 reported low numbers of CD11c
+
CD8α

+
 

DCs with a peak frequency occurring at gd5.5. Much higher numbers of CD11c
+
CD8α

- 
DCs were 

present across this time (84). I found a virtual absence of CD11c
+
CD8α

+ 
DCs in early decidua and 

conclude uNK cell conjugations are with myeloid DCs. Interactions between decidual NK cells 

and DCs have been previously observed somewhat later in mouse and human pregnancies (87,95-

98,267) and they are seen in other organs (268) where a variety of outcomes are described. Since 

no decidual cell death could be detected in DB, early decidual DC-NK cell interactions are more 

likely to result in cytokine production, for example trans-presentation of IL15, which may drive 

either uNK cell proliferation (269) or DC maturation (270). Contact interactions mediated by 

receptor-ligand interactions are also recognized between monocytes/macrophages and NK cells 

often in the context of enhancing NK cell responses to tumors or microbial pathogens (271). 

Interactions between these lineages have not been well studied in either mouse or human decidua 

but it is postulated that they dampen uNK cell cytotoxicity (95,96,272). The recent documentation 

of trogocytosis of HLA-G by human uNK cells (73) enlarges the scope of potential outcomes for 

uNK cells that may result from interactions with other cell types. Published evidence also 

supports that uNK/DC interactions are regulatory for other cell lineages including T cells 

(99,273). 
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By gd8.5, uNK cell partners in conjugates shift away from APCs towards T cells. This 

timing is inconsistent with a role for T cell conjugation in either activation or deactivation of uNK 

cells since uNK cells express CD31 by gd6.5 and do not show degenerative signs until gd12.5 

(274). Many model systems, however, show cross-regulatory activities between NK cells and T 

cells. For example, activated NK cells limit T cell expansion following hematopoietic stem cell 

transplantation by cytokine-based rather than lytic mechanisms (275-277). Also, NK cell-T cell 

interactions are often addressed in the context of microbial infections or carcinogenesis where 

NK-cell mediated killing of activated CD4+ or CD8+ T cells is reported and associated with 

transient T cell acquisition of NK cell targets during the activation process (278,279). 

Reciprocally, CD4+CD25+ Treg cells suppress NK cell functions (113,280). Absence of 

detectable cell death in DB (Figure 3-8) is consistent with studies in humans, which found that 

uNK cells lack the ability to polarize perforin granules to their surfaces (131), and suggests 

different outcomes for NK cell-T cell interactions. Regulation of T cell activity is considered 

essential for promotion of fetal tolerance (87,101). Our data, however, suggest that neither CD8+ 

nor CD4+ T cells are primed by APCs, particularly CD11c+ DCs, in early DB because no 

conjugations are detectable between these lineages, at least over gd6.5-8.5, when maximum 

numbers of immune synapses occur. While uterine draining lymph nodes are sites in which 

paternal antigen presentation occurs (100), conjugation of T cells by decidual CD45+ cells may 

have distinctly different physiological roles. One role that should be considered is in the 

modulation of blood pressure, which declines in mice between gd5.5-9.5 and then rebounds to 

baseline (37). Key roles for several CD45+ cell lineages are described in vascular regulation, with 

regulatory bypass culminating in hypertension. 
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The decidual leukocyte interactions described in this study reflect events occurring 

immediately after blastocyst implantation. This time of initial decidual differentiation and 

maturation is not generally accessible for study in humans and its complexity is not yet captured 

in decidua culture systems (281,282). Multiple lineages of CD45+ cells appear to interact with 

one another and with blood vessels (23) prior to significant trophoblast invasion into the DB. The 

outcomes from these interactions and their importance for optimizing placental bed development 

to support pregnancy are important areas for continued study due to the intricate relationships 

between and essential roles for decidual leukocytes in human and mouse pregnancy.  
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Chapter 4 

Ncr1 in Mouse uNK Cell Maturation and Function 

4.1 Abstract 

Implantation sites from mice genetically ablated for expression of the NK cell receptor 

NCR1 (Ncr1
Gfp/Gfp

 mice) have atypically small uNK cells and restricted angiogenesis in early and 

midgestational decidua. I hypothesized that NCR1 inactivation disturbed uNK cell maturation and 

angiokine production. Here, using morphological and morphometric approaches, I report that 

implantation sites in Ncr1
Gfp/Gfp

 but not in control B6 mice sustain a population of immature, non-

granulated uNK cells into midpregnancy. Mouse uNK cells can be subclassified by their 

reactivity with DBA lectin. DBA+ uNK cells with enriched Ncr1 expression were investigated. 

DBA+ uNK cells from Ncr1
Gfp/Gfp

 mice are delayed in their maturation as evidenced by shorter 

diameters and lower frequency of cytoplasmic granules. Granules in mature Ncr1
Gfp/Gfp

 uNK cells 

are abnormal ultrastructurally and levels of granule-associated proteins (perforin, granzyme) and 

of cytoplasmic proteins (VEGF, PGF) are deviated from controls. Leukocyte-leukocyte conjugate 

formation in gd6.5 and 8.5 Ncr1
Gfp/Gfp

 decidua was less frequent than in B6; this difference was 

attributed to leukocytes other than DBA+ uNK cells. These studies strongly support roles for 

NCR1 and its ligands in the promotion of normal pregnancy.  
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4.2 Introduction 

Successful human and mouse pregnancy involves contributions from a large, 

multilineage population of decidual leukocytes. Chief amongst these linages in early decidua are 

proliferative uNK cell populations (23,283). Human uNK cell populations are globally identified 

by their CD56
bright

CD16
-
 surface expression (284). In mice, two major uNK cell subsets are 

histologically distinguished by reactivity with DBA lectin (185). Most of the DBA- uNK cell 

population (72%) can also be distinguished from the DBA+ uNK cell subset by Ly49C/I or 

NK1.1, which are typically co-expressed on the cell surface (283)(Chapter 3). Both DBA+ and 

DBA- uNK cells differentiate independently of the transcription factor NFIL3 (E4BP4) while 

pNK cells do not (140,148). DBA+ and DBA- uNK cells appear to be functionally biased 

(54,72,179). In normal mice, only DBA+ uNK cells repopulate the uterus after adoptive marrow 

transplantation (179) although Nfil3
-/-

 marrow contains transplantable DBA- uNK cell progenitors 

(148). Mature DBA+ and DBA- uNK cells contain large numbers of cytoplasmic granules with 

contents that include perforin and granzyme (74,75,188,191) but uNK cells have limited 

cytotoxicity in vitro (74). This has been attributed in human uNK cells to failed microtubular 

assembly preventing polarization of perforin-containing granules during immune synapse 

formation (73,131). Rather than being cytotoxic, mouse and human uNK cells are recognized as 

important producers of cytokines and angiokines within DB (42,54,57,75,284-286).  

Engagement of cell surface receptors drives uNK cell function. As in pNK cells, uNK 

cells express numerous activating and inhibitory receptors. Human uNK cells have constitutive 

expression of KIRs that interact with classical and non-classical MHC molecules expressed by 

invading trophoblast cells (104,166,170). In mice, uNK cells utilize the LY49 lectin receptor 

family to recognize MHC antigens. LY49 receptor family usage contributes to uNK cell granule 
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biogenesis, synthesis of VEGF, early decidual angiogenesis and midgestational SA remodeling 

(202). 

 Ligands other than MHC molecules bind to NK cell receptors. NCRs are expressed by 

human and mouse pNK and uNK cells. In humans, NKp46/NCR1, NKp44/NCR2, and 

NKp30/NCR3 are expressed with different splice variants of NKp44 and NKp30 used by pNK 

and uNK cells. The uNK cell NKp30 and NKp44 receptor isoform profile is associated with 

decreased cytotoxicity, impaired immune synapse formation and activation of downstream 

signaling pathways, and with an altered secretome (132). The murine homologue of NKp46, 

NCR1, (210) is expressed on pNK and uNK cells (30), with dramatically higher expression levels 

by DBA+ than by DBA- uNK cells (256)(Chapter 2).   

NCRs have multiple roles in non-pregnant humans and mice. In humans, NCRs are 

essential for in vitro lysis of cancer cell lines (215,216) and recognition of herpes simplex virus-

infected cells (218). In mice, NCR1 is implicated in influenza virus clearance (212,221) and in 

intestinal mucosal defense (236). In both species, NKp46/NCR1 is implicated in development of 

type 1 diabetes (222,223) through recognition of ligands on and subsequent killing of pancreatic β 

cells (287).  

Human clinical investigation identified NKp46+ uNK cell elevation in decidual cell 

suspensions collected from mid-secretory phase endometrial biopsies of women experiencing 

recurrent pregnancy loss (224). Others report NKp46+ pNK cells are less frequent in human 

pregnancies complicated by gestational diabetes (288). However, no difference in NKp46+ uNK 

cell frequency was found in first trimester pregnancies differing in Doppler artery resistance 

index. A high Doppler resistance index is correlated with failed SA remodeling and increased PE 

risk (225). In vitro studies of first trimester human uNK cells found that antibody-dependent 
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engagement of NKp46 induced perforin polarization and degranulation (132,226). Cytotoxicity, 

however, was normally blocked by co-engagement of the uNK cell inhibitory receptor NKG2A 

(226). NKp46 cross linking of first trimester human uNK cells also induces dose-dependent 

production of cytokines that include VEGF and PGF (75,132).  

I have previously addressed NCR1 contributions during mouse pregnancy using an Ncr1 

deficient mouse in which a GFP reporter cassette replaced Ncr1 (MAR1) (Chapter 

2)(210,212,256). Ncr1 loss delayed conceptus growth and elevated fetal resorption frequency. 

Histological and WM-IHC studies of the implantation sites in these mice additionally revealed 

smaller uNK cells, impaired antimesometrial angiogenesis, and delayed SA remodeling (256). In 

the present study of early mouse decidua, roles of NCR1 were addressed in uNK subtype 

differentiation, the ability of uNK cells to synthesize cytoplasmic granules and angiokines and 

frequencies of DBA+ uNK cell interactions with leukocytes of other lineages. 

 

4.3 Materials and Methods 

4.3.1 Mice 

Heterozygous Ncr1 loss of function breeding pairs on a B6 background 

(UkCa:B6.Ncr1
+/Gfp 

(Ncr1
+/Gfp)

) (212) were provided by Dr. O. Mandelboim (Hebrew University - 

Hadassah Medical School, Jerusalem, Israel, through the laboratory of Dr. F. Colucci (University 

of Cambridge, Cambridge UK)), bred to homozygosity (Ncr1
Gfp/Gfp

) at Queen’s University and 

housed in a monitored, pathogen-free environment. Control B6 males and females were 

purchased at 7wk of age from Charles River Laboratories (St-Constant, QU). B6 or Ncr1
Gfp/Gfp

 

studs were mated to B6 or Ncr1
Gfp/Gfp

 females, respectively. Matings were timed from copulation 

plug detection (gd0.5); euthanasia was by cervical dislocation at gd6.5, 8.5, 10.5, or 12.5. Mouse 
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handling was in accordance with the guidelines of the Canadian Council on Animal Care and 

conducted under animal care protocols approved by Queen’s University.   

4.3.2 Immunostaining and Morphometry 

Implantation sites from gd6.5-12.5 Ncr1
Gfp/Gfp

 and B6 mice were dissected, immersion 

fixed in 4% PFA, processed, and embedded in paraffin. At least two healthy implantation sites 

from each pregnancy (n=3 pregnancies per genotype) were cut as serial sections of 6μm and 

mounted onto glass slides. After staining (outlined below), slides were viewed with a Zeiss M1 

imager and photographed using Axiovision 4.8 software. Morphometric analyses were 

undertaken by a single blinded observer (AMF) using serial sections at least 42μm apart to avoid 

duplicate enumeration of uNK cells.  

4.3.2.1 DBA Lectin Staining 

Slides were stained for DBA lectin-reactive uNK cells using published protocols (185) 

(Appendix A). DBA lectin-reactive uNK cells were scored for maturation stage using previously 

published classifications based upon uNK cell diameter, numbers of cytoplasmic granules and 

nuclear morphology (185). All nucleated uNK cells not residing in vascular spaces were 

enumerated and scored for maturity in at least five images captured at 400x magnification of DB 

(Gd6.5-12.5) and/or MLAp (gd10.5-12.5) per specimen (n=4-6 specimens/gestation 

day/genotype).  

4.3.2.2 Detection of Apoptosis (TUNEL Stain) 

 For detection of nuclear fragmentation, TUNEL staining was conducted on gd10.5 and 

12.5 implantation sites from Ncr1
Gfp/Gfp

 and B6 mice (n=2 pregnancies/time point) following the 

protocol provided with the TACS
®
2 TdT-DAB In situ Apoptosis Detection kit (4810-30-K, 
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Trevigen). Five images captured at 200x from different regions of DB (adjacent to placenta or 

MLAp; central, and left/right lateral areas) were analysed for evidence of apoptosis in nucleated 

cells. Sections pretreated with DNase 1 to induce DNA breaks were used as positive staining 

controls.   

4.3.2.3 Immunofluorescence Staining for uNK Cell Products 

 For immunofluorescence (IF) staining (Appendix C), sections were deparaffinized and 

treated by heat-activated antigen retrieval with either Tris-EDTA (10mM) pH9.0 (VEGF, 

Perforin, Granzyme A) or Citrate buffer (10mM) pH 6.0 (PGF) for five to ten minutes. Sections 

were blocked with 1% BSA for 30min at room temperature and subsequently incubated either 

overnight at 4°C with 5μg/mL rabbit anti-mouse VEGFA (Abcam; ab46154) or 40μg/mL rat anti-

mouse Perforin (Abcam; ab16074) and 4μg/mL goat anti-mouse Granzyme A (Santa Cruz 

Biotech; sc5510), or for 2h at room temperature with 5μg/mL rabbit anti-PGF (Abcam; ab9542). 

Additional sections were covered with 1% BSA to provide a negative control, or appropriate 

isotype controls in equal concentration to primary antibodies to detect nonspecific background 

staining. Following primary antibody incubation, fluorescently conjugated secondary antibodies 

(10μg/mL goat anti-rabbit Alexa fluor® 594 (ThermoFisher; A-11012), 10μg/mL goat anti-rat 

Alexa Fluor® 594 (Abcam; ab150160), or 7.5μg/mL donkey anti-goat Alexa Fluor® 647 

(Jackson ImmunoResearch; 705-605-147) and 10μg/mL DBA lectin FITC (Vector Laboratories; 

FL-1031)) were added to sections for 1h at room temperature. The nuclei were visualized by 

DAPI staining with ProLong® Gold anti-fade reagent with DAPI (ThermoFisher, Burlington, 

ON, Canada). For VEGF and PGF staining, the multidimensional acquisition feature in 

Axiovision 4.8 software was used. Exposure times for DAPI and DBA FITC channels were 

manually adjusted, while the third channel of interest was set to auto-exposure, thus producing an 
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unbiased image based on staining intensity detected by the software. Images captured at 400x 

magnification (n=10/gestation day/genotype) were analyzed for pixel intensity using GNU Image 

Manipulation Program (GIMP 2.8.10 software). For perforin and Granzyme A dual staining, at 

least seven images captured at 400x magnification were analyzed for expression of perforin and 

granzyme A in all uNK cells in the field of view. DBA+ granules were also scored in each 

nucleated, granulated uNK cell (n=3 pregnancies/gestation day/genotype).  

4.3.3 Ultrastructure 

For electron microscopy, 1 mm
3
 pieces of gd6.5, 8.5 and 10.5 Ncr1

Gfp/Gfp
 and B6 DB 

(n=2-3 litters per genotype with multiple implantation sites used from each litter) were immersion 

fixed in 2% PFA, 2.5% glutaraldehyde in dH2O for 24-48h. Post-fixation tissues were washed in 

70% ethanol and incubated in 1% osmium tetroxide in dH2O for 1h at room temperature. 

Standard procedures for dehydration and embedding (Embed 812 resin; Electron Microscopy 

Science-EMS) were performed following manufacturer’s recommendations. Semi-thin sections 

(1μm) were stained with toluidine blue and ultra-thin sections (50nm) were contrasted with 

uranyl acetate and lead citrate; micrographs were taken on a Hitachi H-7000 transmission 

electron microscope.  

4.3.4 WM-IHC  

Gd6.5 and 8.5 implantation sites from at least 3 different Ncr1
Gfp/Gfp

 litters per gd were 

studied using WM-IHC as previously described (23)(Appendix B). Any sporadic, abnormally 

pale, small or resorbing implantation sites were excluded from study. Implantation sites were 

separated from each other then, under microscopic magnification, incised antimesometrially and 

myometrium was retracted away from the decidual capsule. The decidual capsule was then 

bisected midsagittally using a scalpel blade. Each implant site half was incubated in 200μL PBA 
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for 1h with 10μg/mL of blocking antibody to the IgG Fc receptor (anti-CD16/CD32; supernatant 

of hybridoma 2.4G2, ATTC, Manassas, VA) and 2-10μg/mL of up to three differently conjugated 

fluorescent primary antibodies (Table 4-1). For staining with DBA lectin, implantation sites were 

transferred to 200μL fresh PBA after the initial 1h incubation, and incubated for a further ten 

minutes with 30μg/mL FITC- or 15μg/mL TRITC-conjugated DBA lectin (Table 4-1). Antibody 

combinations are outlined in Table 4-2. Directly conjugated isotype controls (4ug/mL) were 

utilized in preliminary experiments to confirm specific antibody staining. Labeling was 

terminated by addition of 1mL PBA. The intact, live tissue was placed on a microscope slide with 

the cut surface facing upwards, coverslipped, viewed by epifluorescence microscopy and 

photographed using an AxioCam-equipped Zeiss M1 imager (Zeiss; Toronto, ON, Canada) with 

Axiovision 4.8 software. Different antibody staining combinations were used in studies of 

littermates.  

4.3.5 Conjugate Assessment for WM-IHC 

Leukocyte conjugates were analyzed using epifluorescence images captured at 200x 

magnification. Leukocyte-leukocyte pairs were scored as described in (283)(Chapter 3). Briefly 

conjugation was scored when two CD45+ cells were observed in close contact in the same plane 

of focus with a slight flattening of both cells’ membranes at the point of contact. At least 50 

CD45+ conjugates were counted for each antibody combination in implantation sites from three 

different litters and each cell in the pair was scored for antibody reactivity. Conjugates were 

scored as homologous when the two CD45+ cells shared expression of surface marker under 

study or heterologous when the two CD45+ cells expressed dissimilar surface markers.  

4.3.6 Statistical Analysis 

Statistical significance for IF analyses and conjugated cell counts were assessed by 
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Student’s t-test or one-way ANOVA with Tukey’s post hoc multiple comparison test. P<0.05 was 

considered significant. Data are expressed as means±SD. Statistical analysis was performed using 

Prism5 Software (GraphPad Software, Inc.). 
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Table 4-1. Reagents used for WM-IHC in Ncr1
Gfp/Gfp 

mice   

Primary antibody/reagent Fluorochrome Company Antibody/reagent 

Concentration 

Working 

Concentration 

Anti-mouse CD4 APC eBioscience 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD8a PE  BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD11c PE eBioscience 0.2 mg/mL 3-4 μg/mL 

Rat anti-mouse CD31 PE BD Pharmingen 0.2 mg/mL 4 μg/mL 

Anti-mouse CD45 APC BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse CD45  FITC eBioscience 0.5 mg/mL 7.5 μg/mL 

Anti-mouse CD68  PE BioLegend 0.2 mg/mL 3-4 μg/mL 

Anti-mouse Ly49C, Ly49I PE BD Pharmingen 0.2 mg/mL 3-4 μg/mL 

Anti-mouse MHC II (I-A) PE eBioscience 0.1 mg/mL 2 μg/mL 

DBA lectin FITC Vector 

Laboratories 

2 mg/mL 30 μg/mL 

DBA lectin (Horse Gram) TRITC EY Laboratories 1 mg/mL 15 μg/mL 
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Table 4-2. Reagent combinations used for WM-IHC in Ncr1
Gfp/Gfp 

mice 

Reagent 1 Reagent 2 Reagent 3 

CD45 APC DBA FITC 

CD8 PE 

CD11c PE 

CD31 PE 

CD68 PE 

Ly49C/I PE 

MHCII PE 

CD45 FITC CD4 APC DBA TRITC  
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4.4 Results 

4.4.1 Fecundity and Fertility in Ncr1
Gfp/Gfp 

Mice 

By April 2016, the Ncr1
Gfp/Gfp 

x Ncr1
Gfp/Gfp 

breeding pairs that were continuously housed 

in animal care facilities at Queen’s University during the course of this thesis, produced 41 live 

litters, which allowed enhanced assessment of Ncr1
Gfp/Gfp

 breeding success. Litters contained an 

average of 5.1 pups/litter, with a male:female pup ratio of 1.04:1 (n=41 live litters). In 14.6% of 

litters (n=41), pups were found dead shortly after parturition. For Ncr1
Gfp/Gfp 

females euthanized 

during pregnancy (n=51), the average number of pups/pregnancy was 8.1 and pups were equally 

distributed between right and left uterine horns. The rate of sterile mating (i.e. a copulation plug 

was observed but no pregnancy occurred) in Ncr1
Gfp/Gfp

 mice was 25.5%. These values are in line 

with those previously reported in B6 mice (202) and observed by our group (Appendix D, Table 

A-1). Fetal resorptions occurred in 26.3% of Ncr1
Gfp/Gfp

 pregnancies and were two times more 

common in the right uterine horn than the left uterine horn. Combined, resorbed implant sites 

represented 7.8% of all implant sites (n=333). This is higher compared to B6 pregnancies (n=20) 

where fetal resorptions occurred in only 15.0% of pregnancies and represented just 2.4% of all 

implant sites (n=165). All fetal resorptions observed in B6 mice occurred in the right uterine horn 

(Appendix D, Table A-1).  

4.4.2 UNK Cell Maturation in Ncr1
Gfp/Gfp 

Mice  

Previous studies indicated that loss of Ncr1 functionality did not alter the overall number 

of uNK cells or the proportion of DBA+ and DBA- uNK cells from gd6.5-12.5. However, loss of 

Ncr1 did result in smaller DBA+ and DBA- uNK cells over these time points (256)(Chapter 2). 

To determine if the smaller sizes of Ncr1
Gfp/Gfp

 uNK cells reflected delayed maturation, 

maturation subtypes I-IV of DBA+ uNK cells residing in the decidua (Figure 4-1) were scored 
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using morphologically-defined criteria (diameter, number of cytoplasmic granules and nuclear 

morphology) (Figure 4-2, Figure 4-3)(148,185). At gd6.5, the majority of DBA+ uNK cells in 

both strains of mice were small, agranular Type I uNK cells. A significantly smaller proportion of 

cells in both B6 and Ncr1
Gfp/Gfp

 mice were Type II uNK cells with slightly larger diameters and 

few DBA+ cytoplasmic granules. No type III or IV cells were present in gd6.5 decidua in either 

strain. The proportion of Type I uNK cells was higher in Ncr1
Gfp/Gfp

 compared to B6 mice 

(83.2±1.8% vs. 72.9±8.2%; p=0.047) and this was accompanied by a relative deficit in the 

proportion of Type II uNK cells in Ncr1
Gfp/Gfp

 compared to B6 (Figure 4-2A). At gd8.5, Type I 

and Type II uNK cells were present in high numbers. Heavily granulated Type III uNK cells were 

observed but senescent type IV cells were absent in both genotypes. There were no significant 

differences between B6 and Ncr1
Gfp/Gfp 

mice in the proportions of Type I (p=0.379), Type II 

(p=0.412), or Type III (p=0.553) uNK cells at gd8.5 (Figure 4-2B).   
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Figure 4-1. DBA lectin stained gd6.5-12.5 implant sites collected from Ncr1
Gfp/Gfp 

mice. 

Low power magnification of gd6.5 (A), 8.5 (B), 10.5 (C), and 12.5 (D) implant sites stained 

with DBA lectin. Brown staining represents uNK cells reactive with DBA lectin (DBA+ uNK 

cells). At gd10.5 (C) and 12.5 (D), there are two distinct regions that contain DBA+ uNK 

cells: DB; (above yellow line) and MLAp (above red line). Scale bars 200μm. 
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Figure 4-2. uNK cell maturation subtypes identified by DBA lectin reactivity in gd6.5 and 8.5 

Ncr1
Gfp/Gfp 

mice. The morphology and proportions of four distinct uNK cell subtypes are shown at gd6.5 

(A) and 8.5 (B). At gd6.5 (A), small, agranular Type I uNK cells (blue circle) are prevalent in the 

decidua of both B6 and Ncr1
Gfp/Gfp

 mice, but a significant enrichment in Type I uNK cells is present in 

Ncr1
Gfp/Gfp

. At gd8.5 (B), Type I and Type II cells (pink circle) are present in high proportions and no 

differences were observed between frequencies of B6 and Ncr1
Gfp/Gfp

. *** Represents statistical analysis 

of all uNK cell subtypes (within and between mouse strains) using One-way ANOVA with Tukey’s post 

hoc multiple comparisions test. Data represent means±SD.  
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Figure 4-3. uNK cell maturation subtypes identified by DBA lectin reactivity in gd10.5 and 12.5 

Ncr1
Gfp/Gfp 

mice. The morphology and proportions of four distinct uNK cell subtypes are shown at gd10.5 

(A) and 12.5 (B). At gd10.5 (A), the DB (i) and MLAp (ii) represent distinct regions with different uNK cell 

subtypes. UNK cell populations in MLAp are typically less mature than in DB in either strain. In DB (i), 

Type III uNK cells (green circle) were observed in both strains, but occurred with less frequency in 

Ncr1
Gfp/Gfp

 mice. In MLAp (ii), Type I (blue circle) and Type II (pink circle) were present in similar 

proportions between B6 and Ncr1
Gfp/Gfp

 mice. At gd12.5 (B) in DB (i), Type I cells were absent in B6 mice 

but persisted in Ncr1
Gfp/Gfp

. Type IV uNK cells (yellow circle) were observed for the first time in both strains 

but were less frequent in Ncr1
Gfp/Gfp

. In MLAp (ii), uNK cells remained immature compared to DB 

populations; Type I-III uNK cells were observed (circled), but Type IV uNK cells were absent in MLAp. In 

Ncr1
Gfp/Gfp 

MLAp, there were more Type I and fewer Type III uNK cells compared to B6. *** Represents 

statistical analysis of all uNK cell subtypes (within and between mouse strains) using One-way ANOVA 

with Tukey’s post hoc multiple comparisions test. Data represent means±SD.  
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By gd10.5, the MLAp is a fully differentiated region distinct from DB (Figure 4-1) and 

typically contains different proportions of uNK cell subtypes than DB. Gd10.5 Ncr1
Gf/p/Gfp

 and B6 

DB mice had similar proportions of Type I uNK cells (20.9±5.6% in Ncr1
Gfp/Gfp 

vs. 18.4±5.7% in 

B6; p=0.505) (Figure 4-3A). Ncr1
Gfp/Gfp

 mice Type II uNK cells are more frequent compared to 

B6 (54.4±7.9% vs. 46.0±1.8%; p=0.033). In Ncr1
Gfp/Gfp

 DB, this change was accompanied by less 

frequent subtype Type III (more mature) uNK cells than in B6 (24.7±10.3% vs. 35.6±5.1%; 

p=0.054) (Figure 4-3A). The MLAp typically has a higher proportion of immature Type I uNK 

cells compared than DB. This was observed at gd10.5 in both B6 (50.6±17.8% in MLAp vs. 

18.4±5.7% in DB; p=0.002) and Ncr1
Gfp/Gfp

 (62.3±6.4% in MLAp vs. 20.9±5.6% in DB; 

p<0.001). In B6 mice, similar proportions of Type II uNK cells were present in the MLAp and 

DB (47.3±16.4% vs. 46.0±1.8%; p=0.849), but Type III cell proportions in B6 MLAp versus DB 

was low (2.1±2.0% vs. 35.6±5.1%; p<0.001) and type IV cells were absent from both regions 

(Figure 4-3A). In Ncr1
Gfp/Gfp 

mice both Type II (37.3±6.4% in MLAp vs. 54.4±7.9% in DB; 

p=0.015) and Type III (0.4±0.8% in MLAp vs. 24.7±10.3% in DB; p=0.003) uNK cell subtypes 

were less frequent in the MLAp. There were no significant differences in uNK cell subtype 

proportions in the MLAp between the two genotypes at gd10.5 (Figure 4-3A).  

 At gd12.5, Type I uNK cells were absent from B6 DB but represented 7.2±2.4% of 

Ncr1
Gfp/Gfp

 DBA+ uNK cells (p<0.001). The proportion of Type II uNK cells was also greater in 

Ncr1
Gfp/Gfp

 than B6 DB (36.6±2.1% vs. 29.1±3.6%; p=0.009). Type III uNK cell frequencies were 

similar between Ncr1
Gfp/Gfp

 and B6 (49.2±7.3%; vs. 53.9±5.0%; p=0.285), but fully mature Type 

IV uNK cells, which are first observed in normal decidua at gd12.5, tended to be less frequent in 

Ncr1
Gfp/Gfp

 than B6 (7.0±4.3% vs. 17.0±8.1%; p=0.063) (Figure 4-3B). Gd12.5 uNK cells 

remained more immature in the MLAp than DB for both mouse genotypes. Type I uNK cells 



 

 

 

112 

continued to be absent from B6 MLAp but were present in Ncr1
Gfp/Gfp

 MLAp and DB (16.2±8.6% 

vs. 7.2±2.4%; p=0.090). The Type II uNK cell subtype was more frequent in MLAp than DB in 

both B6 (46.7±12.0% vs. 29.1±3.6%; p=0.014) and Ncr1
Gfp/Gfp 

mice (50.4±11.3% vs. 36.6±2.1%; 

p=0.053) while Type III uNK cell frequencies did not differ significantly between the MLAp and 

DB in either B6 (53.3±12.0% vs. 53.9±5.0%; p=0.927) or Ncr1
Gfp/Gfp

 mice (33.4±13.4% vs. 

49.2±7.3%; p=0.085). Type IV cells were not detected in the MLAp of either B6 (p=0.002 vs. 

DB) or Ncr1
Gfp/Gfp

 mice (p=0.017 vs. DB). Compared to B6 mice, the MLAp of Ncr1
Gfp/Gfp

 mice 

had significantly more Type I (p=0.004) and fewer Type III (p=0.052) uNK cells. MLAp-

associated Type II cells were not significantly different between strains (p=0.653) (Figure 4-3B).  

Since higher proportions of immature uNK cell subtypes were observed in Ncr1
Gfp/Gfp

 

mice, I asked if programmed cell death, which typically begins around gd12.5 (186), is delayed in 

Ncr1
Gfp/Gfp 

mice. TUNEL staining of gd10.5 and 12.5 implantation sites in B6 and Ncr1
Gfp/Gfp 

mice 

revealed very little evidence of apoptosis in nucleated decidual cells, including uNK cells, in 

either strain (Appendix D, Figure A-5). 

4.4.3 UNK Cell Granulogenesis and Lytic Protein Expression in Ncr1
Gfp/Gfp 

Mice 

Acquisition of cytoplasmic granules that contain lytic proteins is characteristic of uNK 

cell maturation (185,188). Ultrastructural analyses of B6 and Ncr1
Gfp/Gfp

 decidua at gd6.5 revealed 

low numbers of uNK cells with cytoplasmic granules that were round and immature in both 

strains. The granules were markedly smaller in Ncr1
Gfp/Gfp 

uNK cells (Figure 4-4A-B). By gd8.5, 

granules became more abundant but remained smaller and more immature in Ncr1
Gfp/Gfp

 than in 

B6 (Figure 4-4C-D). By gd10.5, B6 uNK cell granules had acquired their classical mature 

phenotype; i.e., rounded, relatively large and with a characteristic secretory-lysosome double 

compartment with a defined cortical cap and solid, uniformly electron dense core (289)(Figure 4-
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4E). In contrast, Ncr1
Gfp/Gfp 

uNK cell granules displayed abnormal shapes and many lacked a 

double compartment phenotype or had anomalous variability reflected as electron dense and 

electron light regions (Figure 4-4F). 

To determine if impaired development of cytoplasmic granules in Ncr1
Gfp/Gfp 

uNK cells 

altered expression of perforin or granzyme A, IHC was undertaken to assess expression of these 

proteins in DBA+ uNK cells between gd6.5-12.5. Importantly, there were no differences in the 

number of DBA+ granules expressed by matched uNK cell subtypes between the strains at any 

gd. At gd6.5 when the majority of DBA+ uNK cells are Type I agranular cells (see results above), 

63.4±9.9% of B6 and 37.6±6.1% of Ncr1
Gfp/Gfp 

DBA+ uNK cells diffusely expressed both perforin 

and granzyme A (p=0.018). An additional 13.2±7.9% of B6 and 13.9±4.3% of Ncr1
Gfp/Gfp 

of 

DBA+ uNK cells expressed perforin without evidence for granzyme reactivity (p=0.893). When 

both dually and singly expressing uNK cells were considered, there were diminished numbers of 

uNK cells with lytic protein expression in Ncr1
Gfp/Gfp 

mice compared to B6 (p=0.026)(Figure 4-

5A, Figure 4-7). Neither genotype at gd6.5 or any later gd had DBA+ uNK cells solely reactive 

for granzyme A. Additionally, there were populations of DBA+ uNK cells nonreactive for both 

perforin and granzyme A present at all gd.  

The proportions of gd8.5 DBA+ uNK cells that expressed both perforin and granzyme A 

were similar to those at gd6.5 for both genotypes although Type II and III uNK cells (evident 

granules) had become more abundant. Expression of both proteins was less diffuse at gd8.5 and 

more localized to DBA+ uNK cell granules. As at gd6.5, gd8.5 Ncr1
Gfp/Gfp

 mice had fewer dually 

expressing DBA+ uNK cells than B6 (45.8±2.0% vs. 62.6±4.2%; p=0.003). By gd8.5, the 

proportion of DBA+ uNK cells reactive with only perforin differed between the genotypes and 

was significantly higher in Ncr1
Gfp/Gfp

 mice than in the controls (27.1±2.0% vs. 8.3±1.4%; 



 

 

 

114 

p<0.001). Despite the observed differences in the proportions of dual or singly expressing uNK 

cells, the overall number of DBA+ uNK cells expressing lytic proteins of any kind was not 

different between the two genotypes at gd8.5 (p=0.551)(Figure 4-5B, Figure 4-7).   

At gd10.5, when the DB and MLAp are distinct regions, the proportion of decidual 

DBA+ uNK cells co-expressing perforin and granzyme A remained lower in Ncr1
Gfp/Gfp 

DB than 

B6 DB (58.5±2.3% vs. 76.7±10.0%; p=0.038) and the statistical difference in DBA+ uNK cells 

with sole expression of perforin was sustained between the genotypes (27.8±2.9% in Ncr1
Gfp/Gfp

 

vs. 14.4±7.3% in B6; p=0.042). DBA+ uNK cells were less frequent in the MLAp than DB of 

both genotypes (Figure 4-6A) and those expressing both perforin and granzyme A were less 

frequent in the MLAp than in DB (B6: 18.8±8.0% vs. 76.7±10.0%; p=0.001, Ncr1
Gfp/Gfp-

: 

24.8±3.2% vs. 58.5±2.3%; p<0.001). Conversely, the proportion of DBA+ uNK cells expressing 

only perforin was greater in the MLAp than DB (B6: 39.8±12.0% vs. 14.4±7.3%; p=0.035, 

Ncr1
Gfp/Gfp-

: 40.3±11.3% vs. 27.8±2.9%; p=0.137). Between strains there were no significant 

differences observed in the proportions of dually (p=0.296) or singly (p=0.964) expressing DBA+ 

uNK cells in MLAp. Overall, there was no difference in the proportion of total lytic protein 

expression by uNK cells between genotypes in DB (p=0.060) or MLAp (p=0.630) (Figure 4-6A, 

Figure 4-7). 

At gd12.5, DBA+ uNK cell expression of both lytic proteins was not significantly 

different between Ncr1
Gfp/Gfp

 and B6 uNK cells in the DB (58.0±6.6% vs. 69.0±4.6%; p=0.076). 

Similarly, no differences were observed in the number of perforin only expressing uNK cells 

between strains (17.0±3.0% in Ncr1
Gfp/Gfp

 vs. 19.7±3.1% in B6; p=0.341). As at gd10.5, the 

proportion of dually positive uNK cells was lower in the MLAp than in DB (B6: 48.7±4.6% vs. 

69.0±4.6%; p=0.006, Ncr1
Gfp/Gfp

: 44.7±13.3 vs. 58.0±6.6%; p=0.195) while the proportion of 
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singly positive uNK cells was not significantly different between the MLAp and DB (B6: 

25.3±4.2% vs. 19.7±3.1%, p=0.130; Ncr1
Gfp/Gfp

: 27.3±7.0% vs. 17.0±3.0%; p=0.079). No 

differences were observed between B6 and Ncr1
Gfp/Gfp

 mice regarding either the number of dually 

(p=0.649) or singly (p=0.693) positive uNK cells in the MLAp. Overall, there were significantly 

fewer uNK cells in Ncr1
Gfp/Gfp

 DB that had any lytic protein expression (p=0.009), but overall 

expression levels were similar in the MLAp of both genotypes (p=0.554) (Figure 4-6B, Figure 4-

7). Thus, the morphological alterations in granule biogenesis are accompanied by a lower 

frequency of expression of granule-contained cytolytic proteins by DBA+ uNK cells of Ncr1
Gfp/Gfp 

mice.  
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Figure 4-4. Ultrastructure of uNK cell granules from gd6.5-10.5 B6 and Ncr1
Gfp/Gfp 

mice. 

Granules in gd6.5 B6 (A) and Ncr1
Gfp/Gfp

 (B) uNK cells are infrequent, rounded and immature. 

Granules appear smaller in Ncr1
Gfp/Gfp

 mice (B). At gd8.5 (C, D) granules increase in 

frequency but remain immature in both B6 (C) and Ncr1
Gfp/Gfp

 (D) mice. At gd10.5 (E, F), 

uNK cell granules in B6 mice (E) have acquired a mature phenotype. They remain round but 

are larger with a well-defined cortical cap and solid, electron dense core (outlined in Ei and at 

higher power in Eii). In Ncr1
Gfp/Gfp

 mice (F), granules show variability in their structure, as 

evidenced by anomalous electron light regions in their core (Fi; arrowheads), and are 

frequently irregularly shaped with atypical cortical caps (Fii).  
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Figure 4-5. Perforin and granzyme A expression in gd6.5 and 8.5 Ncr1
Gfp/Gfp

 DBA+ uNK 

cells. Immunostaining with DBA lectin (green), anti-perforin (red), anti-granzyme A (orange) 

and DAPI (blue) at gd6.5 (A) and 8.5 (B). At gd6.5 (A), Ncr1
Gfp/Gfp

 mice had fewer DBA+ 

uNK cells expressing any lytic proteins. This difference was particularly evident with dual 

perforin, granzyme expression, which was significantly lower in Ncr1
Gfp/Gfp

 mice compared to 

B6 controls. At gd8.5 (B), Ncr1
Gfp/Gfp

 mice had significantly fewer uNK cells with dual 

perforin and granzyme A expression but more DBA+ cells that solely expressed perforin 

compared to B6 (circles). This equated to similar proportions of total DBA+ uNK cells 

expressing lytic proteins between the strains. Neither genotype at any gd studied had DBA+ 

uNK cells that singly expressed granzyme A. Data represent means±SD.  
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Figure 4-6. Perforin and granzyme A expression in gd10.5 and 12.5 Ncr1
Gfp/Gfp

 DBA+ 

uNK cells. Immunostaining with DBA lectin (green), anti-perforin (red), anti-granzyme A 

(orange) and DAPI (blue) at gd10.5 (A) and 12.5 (B). At gd10.5 (A) in DB (i), overall 

proportions of lytic protein expressing DBA+ uNK cells were similar between Ncr1
Gfp/Gfp

 and 

controls, but singly perforin expressing DBA+ uNK cells represented a larger fraction of these 

cells in Ncr1
Gfp/Gfp

 than in B6. In MLAp (ii), co-expression of perforin and granzyme A was 

less common than in DB of either strains and no differences in lytic protein expression were 

seen between strains. At gd12.5 (B) there were no significant differences in Ncr1
Gfp/Gfp 

expression patterns between DB (i) and MLAp (ii). Within the DB (i), there was a significant 

deficit in the overall number of lytic DBA+ uNK cells in Ncr1
Gfp/Gfp

 compared to controls. 

Neither genotype at any gd studied had DBA+ uNK cells that singly expressed granzyme A. 

Data represent means±SD.  
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Figure 4-7. Perforin and granzyme expression in DBA+ uNK cells from B6 and 

Ncr1
Gfp/Gfp

 mice. Immunostaining with DBA lectin (green), anti-perforin (red), anti-granzyme 

A (orange) and DAPI (blue) in B6 (A) and Ncr1
Gfp/Gfp

 (B) implant sites at gd6.5 (i), 8.5 (ii), 

10.5 (iii, iv;) and 12.5 (v, vi). Ncr1
Gfp/Gfp

 images were cropped for better visualization of 

individual cells and presented in Figures 4-5 and 4-6.  
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4.4.4 Angiokine Expression in Ncr1
Gfp/Gfp 

Mice 

In normal mice, VEGF is secreted from cytoplasmic vesicles in both agranular (Type I) 

and granular (Types II-IV) DBA+ uNK cells (54,188,202). PGF is also a major angiokine 

produced by uNK cells (52,54,75). To determine if the deficit in NCR1 signaling impacted 

production of molecules not stored in secretory lysosome granules, time course, quantitative IF 

studies of VEGF and PGF reactivity of DBA+ uNK cells and of total DB was undertaken. At 

gd6.5 when the DBA+ uNK cell subset is a minor population, VEGF-reactive cells were rare in 

Ncr1
Gfp/Gfp

 and B6 implant sites. Analysis of VEGF fluorescence intensity within the whole DB 

revealed elevated VEGF expression in gd6.5 Ncr1
Gfp/Gfp

 compared to B6 implant sites (p<0.0001) 

(Figure 4-8A) as measured by shorter exposure times. Higher levels of VEGF intensity were also 

observed in whole decidua of Ncr1
Gfp/Gfp

 mice compared to B6 at gd8.5 (p<0.001), 10.5 (p<0.001) 

and 12.5 (p=0.016). At gd8.5 when DBA+ uNK cell numbers have increased, VEGF expression 

within DBA+ uNK cells could be measured in addition to whole decidual quantification. Higher 

VEGF levels were present in gd8.5 DBA+ uNK cells of Ncr1
Gfp/Gfp 

than B6 mice (p=0.021). The 

difference in VEGF immunoreactivity of uNK cells was more pronounced at gd10.5 (p=0.011). 

By gd12.5 immunoreactivity had equalized between Ncr1
Gfp/Gfp 

and B6 DBA+ uNK cells 

(p=0.175) (Figure 4-9).  
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Figure 4-8. Immunoreactivity of VEGF and PGF in decidua at gd6.5. VEGF (A) and PGF 

(B) expression at gd6.5 was measured as the mean time for auto exposure of fluorescently 

labeled VEGF or PGF. (A) A shorter mean exposure time in Ncr1
Gfp/Gfp

 mice indicate more 

expression of VEGF in gd6.5 decidua compared to controls. (B) No differences were observed 

between stains in PGF expression at gd6.5. ***P<0.001. Data represent means±SD.  
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Figure 4-9. Immunoreactivity of VEGF and PGF in DBA+ uNK cells at gd8.5-12.5. (A-B) 

Representative images of VEGF staining in B6 (A) and Ncr1
Gfp/Gfp

 (B) decidua at gd8.5 (i), 10.5 (ii) 

and 12.5 (iii). (C) VEGF expression was significantly increased in Ncr1
Gfp/Gfp

 uNK cells compared to 

B6 at gd8.5 and 10.5. (D-E) Representative images of PGF staining in B6 (D) and Ncr1
Gfp/Gfp

 (E) 

decidua at gd8.5 (i), 10.5 (ii) and 12.5 (iii). (F) PGF expression in DBA+ uNK cells was significantly 

less in Ncr1
Gfp/Gfp

 compared to B6 at gd8.5 and 10.5. *P<0.05, **P<0.01, NS: not significant. Data 

represent means±SD.  
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PGF expression within gd6.5 decidua did not differ between B6 and Ncr1
Gfp/Gfp 

implant 

sites (p=0.331) (Figure 4-8B). However, less total PGF expression within the decidua was 

observed in Ncr1
Gfp/Gfp

 mice compared to B6 at gd8.5 (p=0.01), 10.5 (p=0.029) and 12.5 

(p<0.001). When gd8.5, DBA+ uNK cells were analyzed for PGF expression, significantly less 

PGF reactivity was detected in Ncr1
Gfp/Gfp 

uNK cells (p=0.002 compared to B6 controls). This 

trend continued at gd10.5 (p=0.034). Then at gd12.5, and in contrast to total decidua, PGF levels 

in DBA+ uNK cells were normalized between the genotypes (p=0.187) (Figure 4-9). This 

suggests that Ncr1 gene inactivation inversely dysregulates VEGF and PGF in decidua and within 

uNK cells.  

4.4.5 CD45+ Cell Conjugate Formation in Ncr1
Gfp/Gfp 

Mice 

4.4.5.1 Overall Leukocyte Frequencies  

UNK cells of both the DBA+ and DBA- (nearly fully defined in Chapter 3 at 72% as 

Ly49C/I+ or NK1.1+) are observed in high numbers in B6 mice at gd6.5 and 8.5 by WM-IHC 

(283). Compared to B6 controls, the overall proportion of DBA+ uNK cells in Ncr1
Gfp/Gfp

 DB is 

unaffected by Ncr1 loss at either gd6.5 (p=0.261) or gd8.5 (p=0.207). The frequency of the 

Ly49C/I+ subset, however, is diminished at both gd6.5 (17.3±3.1% vs. 32.7±3.1% in B6 mice; 

p=0.004) and gd8.5 (13.3±1.5% vs. 20.3±3.5% in B6; p=0.034). The proportions of both uNK 

cell subsets change drastically between gd6.5 and 8.5 in B6 DB with LY49C/I+ (i.e. DBA-) uNK 

cells decreasing and DBA+ uNK cells increasing during this interval. In Ncr1
Gfp/Gfp

 DB DBA+ 

uNK cell frequencies increased between gd6.5 and 8.5 (p=0.038), but Ly49C/I+ (DBA-) uNK 

cells were unchanged in frequency between these two gd (p=0.112) (Figure 4-10A-B). 

Leukocytes other than uNK cells are present in early decidua and therefore their frequencies were 

also assessed in Ncr1
Gfp/Gfp 

DB. CD8+ T cells, while not significantly different between genotypes 
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at gd6.5 (p=0.886), were present in slightly higher proportions at gd8.5 in Ncr1
Gfp/Gfp 

mice 

compared to B6 (11.7±3.2% vs. 7.0±1.7%; p=0.091). CD4+ T cells were less frequent in 

Ncr1
Gfp/Gfp 

mice than B6 at gd6.5 (2.7±0.6% vs. 5.3±1.2%; p=0.023), similar to B6 at gd8.5 

(8.0±1.7% vs. 7.0±8.7%; p=0.749) and increased significantly between gd6.5 and 8.5 in 

Ncr1
Gfp/Gfp 

mice (p=0.007). All other leukocyte populations remained unchanged compared to B6 

at gd6.5 and 8.5 (Figure 4-10A-B).  
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Figure 4-10. Leukocyte frequency, conjugate formation and expression of activation 

markers. (A) Leukocyte populations at gd6.5 in B6 and Ncr1
Gfp/Gfp

 mice. Frequencies of 

Ly49C/I+ uNK cells and CD4+ T cells were lower in the absence of Ncr1. *P<0.05, **P<0.01 

vs. B6. (B) At gd8.5, only Ly49C/I+ uNK cells were affected by loss of Ncr1. DBA+ uNK 

cells in both B6 and Ncr1
Gfp/Gfp

 mice increased from gd6.5 to 8.5 and Ly49C/I+ uNK cells 

decreased in frequency in B6. CD4+ T cells were unchanged in B6, but increased from gd6.5 

to 8.5 in Ncr1
Gfp/Gfp

 mice. *P<0.05 vs. B6; 
#
P<0.05 vs. gd6.5. (C) The overall proportion of 

CD45+ conjugates increased from gd6.5 to 8.5 in both mouse strains. Conjugate frequencies 

were lower in Ncr1
Gfp/Gfp

 mice at both gd **P<0.01, ***P<0.001. (D) The proportion of 

CD45+ leukocytes with surface expression of the activation marker CD31 was significantly 

reduced by loss of Ncr1 at gd6.5 and 8.5. Co-expression of CD45 and CD31 was greater at 

gd8.5 than 6.5 in Ncr1
Gfp/Gfp

 mice, but no different between gd in B6 mice. *P<0.05, **P<0.01 

vs. B6; 
#
P<0.05 vs. gd6.5. Data represent means±SD.  
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4.4.5.2 CD45+/CD45+ Conjugates 

To determine whether loss of NCR1 expression altered the frequency of CD45+ 

leukocyte conjugate formation, WH-IHC was used to examine gd6.5 and gd8.5 Ncr1
Gfp/Gfp

 

implant sites. A lower overall frequency of CD45+/CD45+ conjugates occurred in Ncr1
Gfp/Gfp 

compared to B6 DB at gd6.5 (5.2±0.6% vs. 7.8±1.0%; p=0.001) and at gd8.5 (11.7±1.4% vs. 

19.0±1.8%; p<0.001). As in B6 controls, a significant increase in the proportion of CD45+ cells 

forming conjugates occurred between gd6.5 to 8.5 (p=0.001) in Ncr1
Gfp/Gfp

 mice (Figure 4-10C). 

4.4.5.3 CD45+/CD31+ Conjugated Cells 

Gains in expression of CD31, an adhesion molecule expressed by endothelial cells, 

platelets, and immune cell subsets (290), were previously shown to occur on decidual leukocytes 

by gd6.5. By gd8.5, 90% of CD45+ decidual leukocytes in normal mice express CD31 (283) 

(Chapter 3). Co-staining of Ncr1
Gfp/Gfp

 implant sites with anti-CD45 APC and anti-CD31 PE 

revealed that the overall number of CD45+ leukocytes co-expressing CD31 was reduced by about 

20% compared to B6 controls. At gd6.5, 58±8.7% of Ncr1
Gfp/Gfp

 CD45+ decidual cells co-

expressed CD31 compared to 76.7±5.1% in B6 implant sites (p=0.033). At gd8.5, 78±3.5% of 

Ncr1
Gfp/Gfp

 leukocytes expressed CD31 compared to 89.3±0.6% in B6 mice (p=0.005) (Figure 4-

10D). There was a statistically significant increase in the proportion of CD31+CD45+ cells in 

Ncr1
Gfp/Gfp

 but not in B6 mice between gd6.5 to 8.5 (p=0.021). When CD31+ CD45+ decidual 

cells were analysed by conjugation status, the observed decrease in overall CD31 expression at 

gd6.5 was due to decreases in the expression of this molecule by unconjugated CD45+ cells 

(p=0.030 vs. B6). Conjugated CD31+CD45+ cells were in similar frequency to controls at gd6.5 

(22.3±4.2% vs. 29.3±5.8%; p=0.164) (Figure 4-11A). By gd8.5, neither the proportions of 

conjugated nor unconjugated CD31+CD45+ Ncr1
Gfp/Gfp

 cells were significantly different than in 
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B6 controls (p=0.361 and 0.334 respectively). Additionally, the proportion of conjugated CD31+ 

cells in either homologous (CD31+CD45+/CD31+CD45+) or heterologous 

(CD31+CD45+/CD31-CD45+) conjugates was similar to B6 (p=0.165) (Figure 4-11B).   
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Figure 4-11. Conjugation involving activation markers, uNK cells and other leukocyte lineages. 

(A) CD31 is expressed by both conjugated and unconjugated CD45+ leukocytes. The proportion of 

unconjugated CD45+ leukocytes coexpressing CD31 is lower in the absence of Ncr1. (B) Within the 

population of conjugated leukocytes coexpressing CD45 and CD31, there are higher proportions of 

homologous CD45+CD31+/CD45+CD31+ conjugates than heterologous CD45+CD31+/CD45+CD31- 

conjugates. (C-D) No differences were observed in the composition of DBA+ uNK cell heterologous 

conjugates forming with other leukocyte lineages at gd6.5 (C) or 8.5 (D). (E-F) Leukocytes form 

heterologous leukocyte conjugates with cells other than DBA+ uNK cells at both gd6.5 (E) and 8.5 (F). 

*P<0.05. Data represent means±SD.  
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4.4.5.4 DBA+ uNK Cell Conjugations  

NCR1 ligands are not yet fully defined but thus far include molecules presented at target 

cell surfaces. UNK cells participate in homologous and heterologous leukocyte conjugate 

formation in early DB. Despite the loss of Ncr1, DBA+ uNK cells formed conjugates at similar 

frequencies to those in B6 at gd6.5 and 8.5. Comparable to observations in B6 controls, the 

frequency of Ncr1
Gfp/Gfp

 DBA+ uNK cells entering into heterologous conjugates increased 

between gd6.5 (13.3±2.3%) and 8.5 (36.7±0.9%; p=0.003). LY49C/I conjugates were not studied. 

Examination of leukocytes forming heterologous conjugates with DBA+ uNK cells indicated no 

differences in the composition of DBA+ heterologous conjugates at gd6.5 or 8.5 (Figure 4-11C-

D). With the exception of CD4+ T cells, there was no change in Ncr1
Gfp/Gfp

 DBA+ leukocyte 

conjugate frequencies between gd6.5 and 8.5. CD4+ T cells had no participation in heterologous 

conjugates with DBA+ uNK cells at gd6.5 but accounted for 11.6±4.6% of these conjugates at 

gd8.5 (p=0.012 vs. gd8.5) (Figure 4-11C-D). 

4.4.5.5 Conjugates Independent of uNK Cells 

Leukocytes were also involved in heterologous conjugation events independent of DBA+ 

uNK cells at both gd6.5 and 8.5 (283) (Chapter 3). The only observed differences between 

Ncr1
Gfp/Gfp 

and B6 mice in non-uNK cell leukocyte heterologous conjugate formation occurred in 

CD11c+ dendritic cells at gd6.5 (Figure 4-11E). At this time, CD11c+ dendritic cells formed 

heterologous conjugates independent of DBA+ uNK cells at a frequency of 17.3±2.3% in 

Ncr1
Gfp/Gfp

 compared to 24.5±3.0% in B6 mice, a 20% reduction (p=0.019). Fewer non-uNK cell 

heterologous CD4+ and CD8+ T cell conjugates were also observed in Ncr1
Gfp/Gfp

 mice at gd6.5, 

but these did not reach significance (CD4+: p=0.067; CD8+: p=0.078 vs. B6). No differences 
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were observed in non-uNK cell heterologous conjugate formation between strains at gd8.5 

(Figure 4-11E-F).  

 

4.5 Discussion 

 This study builds on an initial report that documented biased expression of NCR1 by 

DBA+ uNK cells and reported essential roles for NCR1 in murine pregnancy (256)(Chapter 2). In 

the initial study, normal numbers of DBA+ and DBA- uNK cells were described in Ncr1
Gfp/Gfp

 

mice, but uNK cells, particularly DBA+, were smaller than typical in gestation-stage matched 

control mice. Early Ncr1
Gfp/Gfp 

implant sites displayed limited angiogenesis and a mild delay in 

embryonic development while midgestation sites lacked physiological SA modification (256) 

(Chapter 2). These features resulted in increased fetal resorption rates but did not limit overall 

pregnancy success in breeding pairs. To further understand the importance of NCR1 in uNK cell 

maturation and function, in depth studies of these processes were undertaken. Although NCR1 

(NKp46) is a highly conserved transmembrane receptor specific to NK cells and expressed at all 

stages of mouse and human NK cell development (120,129), the gestationally-unique, 

angiogeneic DBA+ uNK cell subset expresses 8-fold more Ncr1 RNA than the splenic-NK cell-

like DBA- uNK cell subtype (256)(Chapter 2). Therefore our study focused on the DBA+ uNK 

cell subset.  

 Morphological assessments of uNK cell maturity are based upon cell diameter, numbers 

of cytoplasmic granules and nuclear morphology (185). Ncr1
Gfp/Gfp 

mice had consistently higher 

proportions of immature uNK cell subtypes across early and mid pregnancy than gd-matched 

controls. This was particularly apparent at gd12.5 when uNK cells in DB of control mice are fully 

mature, senescent cells that are thought to be stationary, cytokine secreting cells that will 
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subsequently enter apoptosis (175,186,291). In Ncr1
Gfp/Gfp

 mice, however, populations of the most 

immature Type I agranular uNK cells persisted at gd12.5 in both the DB and MLAp and fully 

mature Type IV uNK cells were infrequent in DB. Implant sites in mice lacking the peripheral 

NK cell transcription factor NFIL3 also have an increased frequency of less mature uNK cell 

subtypes at gd12.5, but gd12.5 Nfil3
-/-

 implant sites lack Type I uNK cells (148). These data 

support the conclusion derived from cell diameter measurements that NCR1 participates in the 

stepwise maturation of uNK cells. NCR1 is not required for commitment to the NK cell lineage 

but is expressed by all immature NK cells during development and remains constitutively 

expressed in lymph node, lung, liver, blood (120,292) and uterine mucosa. Acquisition of human 

NKp46 follows expression of CD56 and constitutive NKp46 expression occurs in human 

endometrial NK cell populations prior to pregnancy (233) and in early decidua (234). Thus, 

NKp46 may also have key roles in human uNK cell maturation. 

 Ultrastructural studies identified biosynthetic roles for NCR1 within mature uNK cells. 

Fewer uNK cells were granulated at gd6.5 and 8.5 in Ncr1
Gfp/Gfp

 mice but the few immature 

granules present had typical ultrastructure. However, as gestation progressed, more uNK cells 

become granulated and granule numbers per cell increased. Ncr1
Gfp/Gfp

 granules, although similar 

in number per cell to B6, became atypical and frequently failed to develop the characteristic two-

compartment, solid core form seen in mature uNK cells from normal mice (186-188). Granule 

functionality was assessed using measurements of immunoreactivity of two granule-associated 

proteins, perforin and granzyme A. As early as gd6.5 and 8.5, when granules are still developing, 

Ncr1
Gfp/Gfp 

decidua contained fewer uNK cells co-expressing perforin and granzyme A. At gd8.5, 

the total number of perforin containing granules did not appear to be reduced but induction of 

granzyme synthesis appeared to be impaired since uNK cells solely expressing perforin were at a 
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much higher frequency in Ncr1
Gfp/Gfp

. At gd10.5 when ultrastructural differences were apparent 

between Ncr1
Gfp/Gfp

 and B6 granules, the number of DB and MLAp uNK cells expressing perforin 

did not differ between strains, but there were significant alterations in the proportions of dually or 

singly expressing cells in DB. Granzyme A expression by Ncr1
Gfp/Gfp 

uNK cells was significantly 

reduced at gd10.5 in DB, which contained higher proportions of terminally-differentiated uNK 

cell subtypes than the MLAp (Figure 4-3) (185). Acquisition of granules containing lytic proteins 

represents a transition from immature to mature NK cells, and occurs in uNK cells despite their 

poorly cytotoxic state (188). Thus, the diminished proportion of DBA+ uNK cells that expressed 

at least one lytic protein mirrors the immaturity suggested by the DBA subtyping of Ncr1
Gfp/Gfp 

uNK cells. In cytotoxic NK cells, perforin enables granzyme-mediated apoptosis through the 

formation of membrane pores and delivery of the serine protease to the cytoplasm (293,294). 

During pregnancy, perforin induction in uNK cells residing in decidua results occurs as a result of 

maternal stimulation but is independent of circulating pregnancy hormones (190). Identity of the 

maternal decidual factors responsible for perforin induction remains unknown but treatment of 

first trimester human uNK cells with decidual stromal cell derived IL33 significantly attenuated 

uNK cell perforin and granzyme and impaired cytotoxicity (295). Thus, local paracrine signals 

from maternal decidua can alter cytolytic protein expression in uNK cells. In the same study, 

IL33 was found to decrease expression of the activating receptors NKp30 and NKG2D (NKp46 

expression was not measured) (295). Others report that gains in NKp30 and NKp46 expression by 

human NK cell precursors increase NK cell cytolytic activity (292). Together these data implicate 

NCRs in acquisition of lytic proteins by NK cells, including typically, lytically-inert uNK cells.  

DBA+ uNK cells are potent regulators of vascular development within early decidua 

(38,54). In addition to producing a wide range of angiogenesis-promoting cytokines (38,54,75), 
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DBA+ uNK cells contribute to nascent blood vessel pruning (196) and modify existing maternal 

arteries to increase blood supply into the placenta (42,54). VEGF and PGF, hallmark molecules 

produced by uNK cells, are not granule-associated proteins and were used to address whether 

NCR1 signaling is required for angiokine synthesis. Reciprocal outcomes of elevated VEGF and 

reduced PGF were found that we hypothesize reflect changes in angiokine synthesis rather than 

alterations in angiokine consumption. The latter cannot be ruled out because overlaps in VEGFR1 

(FLT1), its soluble form (sFLT1) or other components in the VEGFR signalling family were not 

measured experimentally. The imbalance of VEGF and PGF in Ncr1
Gfp/Gfp

 DBA+ uNK cells 

would be expected to disturb angiogenesis in early decidua. Indeed, earlier studies reported that 

Ncr1
Gfp/Gfp

 decidual vessels are narrower than in normal controls and lacked the appearance of 

active angiogenesis such as tip cell formation at gd6.5 and 8.5 (256)(Chapter 2). Mice lacking 

PGF have very similar impairments in decidual angiogenesis (62) to Ncr1
Gfp/Gfp

 mice that have 

significantly reduced production of PGF (256) (Figure 4-9), suggesting maternal VEGF is unable 

to substitute for PGF in normal implantation sites. This may be relevant to the pathophysiology of 

PGF deficient PE in women (296). Mice with deficient Ly49 receptor family expression have 

impaired uNK cell maturation and decidual vasculogenesis resembling that in Ncr1
Gfp/Gfp

 but 

VEGF expression by uNK cells in this strain is reduced (202). These data implicate complex 

regulation of angiokine synthesis and secretion (188) from uNK cells that involves multiple, 

independently acting, MHC-dependent and MHC-independent NK cell surface receptors. 

Decreased expression of NKp46 (NCR1) by human uNK cells correlates with decreased VEGFA 

production (288) and ligation of NKp46 (NCR1) on cultured human uNK cells correlates with 

increased VEGFA (75,132) and PGF expression (75). Multiple reports suggest that PGF 

stimulates VEGF activity (38,58,61,297). PGF can also antagonize VEGF activity when produced 
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by the same population of cells (298) through formation of PGF/VEGF structural heterodimers 

that signal through VEGFR2 (61,298,299). Future studies will be needed to understand more fully 

the regulatory pathways controlling angiokine production and secretion by uNK cells and their 

importance in promotion of uncomplicated pregnancy.  

 Immune synapse formation engages NK cell receptors and is most widely studied in the 

context of human target cell lysis in vitro. Prior to synapse formation, NKp46 (NCR1) is 

distributed homogenously on human NK cell membranes. After target cell contact, NKp46 

segregates rapidly into large clusters at the point of contact. This affects cytoskeletal 

rearrangement, influences F-actin assembly and directs granule polarization at the synapse (129). 

Human uNK cells in contrast, form immature immunological synapses that cluster F-actin and 

adhesion proteins necessary for cell contact, but fail to polarize granules to the cell surface (131). 

Interestingly, of the NCRs, only NKp46 is able to induce granule polarization in human uNK 

cells upon receptor ligation (132). These studies suggest that conjugate formation may be 

impaired in mouse uNK cells lacking surface NCR1. Indeed, significantly fewer CD45+/CD45+ 

conjugates were present at gd6.5 and 8.5 in intact Ncr1
Gfp/Gfp

 decidua, but the proportion and 

composition of DBA+ cell conjugates was not significantly altered from control B6 at either 

gd6.5 or 8.5.  

At gd6.5, the proportion of CD11c+ DCs forming heterologous conjugates that did not 

include DBA+ uNK cells accounted fully for the overall deficits in CD45+/CD45+ conjugate 

formation. While these conjugates likely included DBA- (Ly49C/I+, NK1.1+) uNK cells, their 

numbers are unlikely to be affected since Ncr1 is expressed at lower levels on DBA- than DBA+ 

uNK cells (256)(Chapter 2), and no alterations were observed in CD11c+/DBA+ heterologous 

conjugates in the absence of NCR1. NKp30, rather than NKp46 or NKp44 is used by human NK 
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cells in lytic recognition of DCs (128,300), while inhibitory synapses use KIRs (128). A third 

regulatory DC-NK cell synapse reported at the human maternal-fetal interface, involves 

engagement between DC-SIGN on immature DCs and ICAM-3 on uNK cells (96). Thus, all 

known DC-NK cell interactions appear to occur independently of NCR1, suggesting that DC 

interactions with non-uNK CD45+ cell lineages, poorly described in early decidua, are reduced in 

Ncr1
Gfp/Gfp

. An alternative explanation would be that early DC interactions with DBA+ and DBA- 

Ncr1
Gfp/Gfp

 uNK cells do not convey typical signals to DCs that occur in B6 implantation sites. 

Since conjugate formation is transient, post-NK cell educated DCs in Ncr1
Gfp/Gfp

 decidua may 

then be limited in subsequent interactions at gd8.5 with other leukocytes that were not identified 

by our staining protocol, and this may contribute to the deficits in conjugate formation and mild 

infertility seen in this strain.   

 This study highlights the importance of NCR1 for uNK cell maturation and function. 

While many studies of uNK cell dysregulation in human pregnancy complications focus on 

interactions between mismatched maternal KIRs and fetal HLA molecules (73,104), our in vivo 

work along with that of others investigating NCRs on human uNK cells in culture, highlights the 

significance of MHC-independent receptors in murine pregnancy and predicts this receptor 

family plays important roles in human pregnancy promotion.   
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Chapter 5 

General Discussion 

5.1 General Findings 

Based on the results of this thesis, a model of normal mouse pregnancy was prepared 

outlining key events in successful pregnancy, changes in the proportion of uNK cell subsets, and 

timing of leukocyte interactions (Appendix D, Figure A-1). 

Despite numerous studies investigating the roles of MHC and receptors for MHC ligands 

on leukocytes in promotion of healthy human and murine pregnancy (170,171,301) Tilburgs 

2015}(49,167,172,173,291,302-306), roles for non MHC ligands and their leukocyte-expressed 

receptors are unclear. This thesis provides the first evidence of in vivo roles for AHR and NCR1 

in the context of mouse pregnancy. Mice depleted for Ahr had severe breeding difficulties with 

many pups dying soon after birth and reduced litter sizes among live births. Ncr1
Gfp/Gfp

 mice, 

while not significantly impaired when kept as breeding pairs, had an increased rate of fetal 

resorption, particularly in the right uterine horn, and delayed conceptus growth, indicating that 

loss of either of these MHC-independent receptor leads to fertility impairment (Chapter 2 and 

4)(Appendix D, Table A-1). Another key aspect of murine and human fertility, remodeling of 

maternal SA, permits opening of the placental circulation and increases blood supplies to 

supplement fetal growth (35,41,206). I found significant impairments in SA remodeling in both 

Ahr
-/- 

and Ncr1
Gfp/Gfp 

mice compared to controls. Preliminary telemetry studies in non-pregnant 

Ncr1
Gfp/Gfp

 females revealed potential strain insensitivity to changes in dietary salt. Telemetry 

recordings in pregnant Ncr1
Gfp/Gfp 

females followed a similar pattern to that observed in pregnant 

control animals (40) with no signs of hypertension despite impaired SA remodeling (data not 

shown). While impairments in SA remodeling are not linked to hypertension in mice (40), 
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deficiencies in humans are implicated in many pregnancy disorders (47,50). Similar impairments 

in SA remodeling were observed in mice with knockdown of the MHC-dependent Ly49 receptor 

(202). Thus, this thesis shows that MHC-independent receptors may have parallel roles to MHC-

dependent receptors in the promotion of vascular remodeling.  

 My investigations in Ncr1
Gfp/Gfp

 mice using WM-IHC, identified distinct deficiencies in 

vasculogenesis, manifesting mesometrially at gd6.5 and antimesometrially at gd8.5 (Chapter 2). 

The alterations in vascular development at the antimesometrial side of the implant site are 

particularly interesting because this region is devoid of uNK cells or enrichment of other CD45+ 

cells (23). While other leukocytes are reported to have angiogenic functions in early pregnancy 

(19,51,91), their contributions to vasculogenesis should not be affected by NCR1 deletion. One 

possible explanation for disturbance of antimesometrial angiogenesis is that NK cells, upon 

interaction, alter DC functions including DC cytokine production (307,308). Thus, uNK cells may 

promote DC angiokine production upon cell contact in the absence of NCR1 expression by DCs. 

Indeed as this thesis shows, CD11c+ DCs have significantly impaired conjugate formation at 

gd6.5 in Ncr1
Gfp/Gfp 

mice (Chapter 4). This impairment may be a consequence of deficient uNK 

cell priming. Alternately, NCR1 may be expressed on other cell types including other leukocyte 

lineages, endothelial cells or stromal cells. My preliminary studies of NCR1 expression by WM-

IHC in gd5.5-9.5 B6 mice appeared to show restriction of the receptor to DBA+ uNK cells, 

however background fluorescence provided a level of uncertainty in this experiment (Appendix 

D, Figure A-6). Additionally, in Ncr1
Gfp/Gfp 

mice Gfp transcription is under control of Ncr1 

regulatory elements resulting in GFP expression in locations where Ncr1 is characteristically 

expressed. Preliminary staining with anti-GFP and DBA lectin, showed limited reactivity of anti-

GFP on cells other than DBA+ uNK cells (Appendix D, Figure A-6). ILC1 and some subsets of 
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ILC3 are known to express NCR1 (143,145,309,310) and were previously described in the 

murine uterus (139). However, the angiogenic properties of these cells are currently unknown. 

GFP gene-tagged NCR1+ cells also reside in inter-implantation sites devoid of uNK cells (Dr. D. 

Sojka, personal communication), suggesting their dissimilarity to the uNK cells I investigated in 

this thesis. Inter-implantation NCR1+ cells likely belong to the ILC lineage, but could also 

represent a novel NCR1+ cell subset.  

 The alterations in overall fertility and implant site vascular development outlined in this 

thesis appear to result from immaturity in the receptor-deleted uNK cells that were studied. This 

thesis is the first to address expression of Ahr and Ncr1 by murine uNK cell subsets. The two 

receptors are differentially expressed; Ahr is exclusively a DBA- uNK cell receptor, while Ncr1 is 

expressed at higher levels by DBA+ uNK cells. Interestingly, however, the absence of a single 

receptor impairs the phenotype of both uNK cell subsets resulting in significantly shorter 

diameters between gd6.5-12.5 (Chapter 2). Since DBA- uNK cells are consistently smaller than 

DBA+ uNK cells from early to midgestation, it is likely that DBA+ uNK cells represent a more 

mature phenotype than DBA- uNK cells as reported in other studies (54,72). Using the inhibitory 

receptor Ly49C/I, that I identified as a marker for DBA- uNK cell in WM-IHC studies, 

conjugations were consistently observed between uNK cell subsets (Ly49C/I+ or DBA+) at gd6.5 

and 8.5 in B6 mice (Chapter 3). This suggests potential cross-regulatory events between the two 

subsets leading to cell maturation, which is impaired, but not blocked by loss of NCR1 (Chapter 

4). Additionally, this thesis shows that the numbers and subset proportions of both uNK cell 

subsets were not altered by loss of either receptor (Chapter 2). While DBA- uNK cells are present 

in the uterus prior to conception and implantation (59,74), DBA+ uNK cells accumulate in the 

uterus subsequent to decidualization (178,179,250). The presence of normal numbers of DBA+ 
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uNK cells in both of my knockout models indicates that homing to the uterus does not require 

MHC-independent receptor functions. Further, my results showing homologous conjugate 

formation in Ly49C/I+ uNK cells throughout early gestation but only in DBA+ uNK cells after 

gd5.5, supports the idea that DBA+ uNK cells proliferate and differentiate in situ from cells that 

migrate into the uterus (179).  

 Further exploration into alterations within the DBA+ uNK cell subset showed that 

increased proportions of immature DBA+ uNK cell subtypes (185), classified by size as well as 

granularity, persist from gd6.5-12.5 in Ncr1
Gfp/Gfp 

mice (Chapter 4). Increased numbers of 

immature uNK cells have been previously identified in IFNG (31) and NFIL3 knockout mice 

(148), suggesting that while NCR1 is required for proper uNK cell maturation, it is not the only 

factor regulating this process. Indeed, NCR1 is expressed early in NK cell development 

indicating its importance in the step-wise maturation of NK cell lineages (116,118,120) (Figure 1-

2). In addition to reductions in the quantity of fully mature, heavily granulated uNK cells, 

significant alterations in the granule structure and content were observed in the absence of NCR1 

(Chapter 4). Despite their limited cytotoxicity, uNK cells retain distinct two compartment 

secretory-lysosome granules that express lytic proteins including perforin and granzyme (187-

189). This thesis shows that in the absence of NCR1, uNK cell granules acquire abnormal 

structure, lacking the distinct cortical cap and solid core typically observed in B6 mice (187,188). 

Granule functionality was measured by expression of perforin and granzyme A within DBA+ 

uNK cells (Chapter 4), using a novel IF triple staining (plus DAPI) protocol that I developed for 

this thesis (Appendix C). In the absence of NCR1, fewer DBA+ uNK cells co-expressed perforin 

and granzyme, and a higher proportion were solely reactive with perforin compared to controls. 

No DBA+ uNK cells were solely granzyme A reactive, a novel finding not previously reported. 
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At all time points studied, the DBA+ uNK cell subset included cells that lacked immunoreactivity 

for either lytic protein. Acquisition of lytic proteins in uNK cell granules mirrors the transition 

from immature to mature NK cells (188), suggesting that the diminished expression is associated 

with general impairments in uNK cell maturation. Interestingly, while changes in granule 

ultrastructure resemble those observed with pan knockdown of the Ly49 receptor family, no 

differences were observed in the levels of perforin expression in Ly49 receptor family 

manipulated mice (202). Hence, while both MHC-dependent and MHC-independent receptors 

appear to contribute to granule structure, it is NCR1 that contributes to lytic protein expression in 

uNK cells. Human studies of umbilical cord blood NKp46+ cells show that gains in expression of 

this receptor correlate with increased NK cell cytolytic activity (292). In cytotoxic NK cells, 

perforin forms pores in target cell membranes to enable granzyme-mediated apoptosis (293,294). 

In uNK cells, perforin and granzyme reside in the solid core of two different granule types and 

the two proteins have distinct secretory kinetics with perforin persisting for prolonged durations 

following its release (188). Human uNK cells are capable of polarizing and releasing perforin 

upon NKp46 ligation (132) but, in healthy pregnancy, uNK cell granule contents do not appear to 

be released until cell degradation after midgestation senescence (71,186). Therefore, while NCR1 

is involved in lytic protein acquisition and release, the roles for these lytic proteins during normal 

early pregnancy are currently unknown. 

 An unusual finding from this thesis is that NCR1 loss inversely dysregulates uNK cell 

production of VEGF and PGF. Higher VEGF and lower PGF levels were observed in Ncr1
Gfp/Gfp 

mice compared to controls (Chapter 4). Previous studies in mice deficient in Ly49 showed 

impaired VEGF production (202) but PGF was not studied. My own preliminary staining of 

VEGF expression in Ahr
-/- 

mice also indicated that loss of AHR reduced VEGF production in DB 
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(Appendix D, Figure A-7), but PGF was not stained for. Since AHR is not restricted to NK cells, 

however, the primary cause for reduced VEGF reactivity in Ahr
-/- 

implantation sites could arise 

from signaling networks that do not include uNK cells, but have secondary impacts on uNK cells. 

Nevertheless, this is the first report of increased VEGF production in the absence of an NK cell 

receptor. Analyses of NKp46-mediated angiokine production by human uNK cells show that in 

vitro ligation of NKp46 increases VEGFA (75,132) and PGF expression (75). Thus, while my 

study is the first to show that VEGF production is concomitant to NCR1 activation in vivo, the 

diminished PGF expression is anticipated given that human studies link NCR1 to PGF production 

in vitro. Elevation of VEGF suggests a role for NCR1 in controlling and limiting lymphocyte-

based VEGF production in mice. The vascular impairments observed in Ncr1
Gfp/Gfp 

mice (Chapter 

2) resemble those seen in mice deficient in PGF
 (62)

. This suggests that VEGF, even when 

overexpressed, cannot substitute for PGF in early decidual vascular development. Multiple 

reports suggest that PGF can stimulate or antagonize VEGF activity (58,61,297,298). 

Accordingly, decreases in PGF expression in Ncr1
Gfp/Gfp

 may diminish PGF’s antagonistic activity 

towards VEGF production, and thereby contribute to the increases I measured in VEGF 

expression. Supraphysiological levels of VEGF are linked to hypotension in mice (311), which is 

observed in four-month old Ncr1
Gfp/Gfp 

mice (Dr. M. Ormiston, personal communication). If the 

local uterine increases in VEGF are conserved systemically, this finding may also explain the 

cardiac maladaptations observed late in gestation in Pgf
-/-

 females (312).  

 This thesis provides the first comprehensive examination of leukocyte conjugates in early 

pregnancy and provides the only adhesion marker data to support a conclusion of immune 

synapse formation. WM-IHC provides a novel, sensitive method for detection of leukocyte 

conjugation and emulates an in vivo environment due to the absence of tissue dissociation and the 
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use of a rapid staining method for intact tissue (see Appendix B for WM-IHC protocol). This 

thesis also presents the important finding that leukocytes, including uNK cells, do not form 

conjugates with trophoblast cells prior to gd9.5. In fact, even at gd9.5, trophoblast and leukocyte 

conjugates represent <0.35% of CD45+ cell conjugates (Appendix D, Figure A-2). This is in 

contrast to the prior assumption that mouse maternal leukocytes contact trophoblast cells in a 

manner reported for human studies of KIR/HLA interactions (73,168,171,313,314). A key 

difference is the human samples represent a relatively much later gestational timepoint. My 

studies point out that leukocytes form numerous conjugates with other leukocytes. This occurs 

both within and between lineages. Homologous conjugates likely represent dividing cells and are 

absent in all decidual leukocyte lineages except uNK cells. This conclusion coincides with the 

findings of others that most leukocyte populations other than uNK cells are stable populations 

across early gestation (23) (Figure 3-5). Ly49C/I+ leukocytes frequently form homologous 

conjugates that peak in proportion at gd5.5 and 6.5 in line with overall increases in this cell 

population (Figure 3-4). DBA+ uNK cell division did not commence until after gd5.5 when the 

progenitors of these cells are expected to have homed to the uterus (179).  

Heterologous conjugates between two CD45+ cell lineages of distinct phenotypes were 

common in both uNK cell subsets. In B6 and in Ncr1
Gfp/Gfp

 the initial primary binding was to 

APCs at gd6.5. This is an important finding since the literature suggests that primary, transient, 

synaptic contacts between APCs and uNK cells could reciprocally prime both cells towards 

immunotolerance and inhibition of cytotoxicity upon subsequent contact with other leukocytes. In 

gd8.5 mouse decidua, these subsequent contacts for uNK cells include T cells (87,95-98). 

Although I did not observe CD11c+ DC interactions with CD4+ or CD8+ T cells at gd6.5 or 8.5, 

antigen presentation to T cells by other APCs within the DB is not excluded (100,101). An 
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immature, tolerogenic DC population primed by uNK cells could be important at gd8.5 

(87,95,96,99) as trophoblast cells are crossing vessel walls by this time and enter maternal 

vascular lumens within the next day (23). Decidual and peripheral T cells must be tolerized to 

fetal antigens to prevent allorejection (108,111,315-318).  

In the absence of NCR1, I observed no significant differences in the proportion of APC 

conjugates with DBA+ uNK cells. There were, however, significantly reduced CD11c+ 

heterologous conjugates with cells other than DBA+ uNK cells at gd6.5 (Chapter 4, Figure 4-11). 

This deficit may be due to decreased DBA+ uNK cell conjugate formation prior to gd6.5, or 

altered signaling within the DC-uNK cell conjugates observed at gd6.5. Either alteration could 

impair DC priming and decrease conjugate formation. Ultimately this change may produce a 

more immunogenic DC subtype with the potential to induce fetal loss, upon future conjugation 

with T cells. This idea is supported by the elevated fetal loss observed in Ncr1
Gfp/Gfp

 homozygous 

matings (77,97,316). Indeed, expression of CD31, which is a co-inhibitory receptor on DCs that 

promotes T cell tolerance (263), is reduced on CD45+ leukocytes in Ncr1
Gfp/Gfp

 mice (Figure 4-

10). Thus, NCR1 appears to have distinct roles in uNK cell-mediated tolerance at the maternal-

fetal interface. NCRI appears to act independently of trophoblast interactions that are typically 

characterized as requiring MHC-dependent receptor ligation. Increased fetal loss and overall 

alterations in uNK cell functionality in Ncr1
Gfp/Gfp 

mice highlight the importance of MHC-

independent receptors in the promotion of healthy pregnancy.  

 

5.2 Strengths 

This thesis represents the first and only documented report highlighting the importance of 

AHR and NCR1 in reproductive outcomes investigated using in vivo murine models of receptor 
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loss. Previous studies on AHR’s role in reproduction focused on ovarian function and follicle 

development (161,239,319), and the detrimental effects of exogenous toxins such as TCDD on 

AHR signaling, blastocyst development, and fertility (158,159,162,163,320-323). This is the first 

report to document NCR1’s role in uNK cell development and vascular remodeling during 

midpregnancy. Prior to my work, in vivo studies of NCR1 functions were made exclusively in 

intestine (236,324), pancreas (222,223,287) and lymphoid organs affected during viral infection 

(212,220). The only documented reports of NCR1 and its roles during pregnancy come from 

correlative clinical findings (49,224,288,325) or in vitro human cell culture studies 

(75,132,211,226,314). This is the first report supporting in vivo roles for NCR1 throughout 

pregnancy, independent of receptor and uNK cell manipulation in a cell culture system.   

Additionally, a key strength of this thesis is its extensive scope across murine pregnancy. 

Conjugate data from control mice spans from virgin to pre- and peri-implantation uteri until mid 

pregnancy. The outcomes of MHC-independent receptor deletion were considered from just after 

implantation (gd6.5) (21, 14) when trophoblast invasion commences (23), across midpregnancy 

when uNK cell numbers are greatest (7,71) and up until gd12.5 when SA remodeling is complete 

and the placenta circulation has opened (37,39,41). This broad undertaking allowed for thorough 

examination of leukocyte subtypes and functions during mouse pregnancy.  

The use of WM-IHC in this project also permitted new discoveries that could not have 

been achieved using more conventional techniques. For instance, WM-IHC allowed for improved 

resolution of decidual vascular networks permitting measurements of vessel width both 

mesometrially and antimesometrially. Breeding with a ubiquitously expressing GFP male created 

a GFP conceptus that would lose fluorescence upon histological examination, but fluoresced in 

every conceptus cell when studied by WM-IHC. In this way, trophoblast invasion and trophoblast 
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interactions with CD45+ leukocytes, and with blood vessel endothelium could be examined and 

scored. Further, WM-IHC, as a rapid dissection and staining method, is an in vitro staining 

method that fully symbolizes an in vivo environment. This allowed identification and 

characterization of leukocyte conjugates that are detached by fixation and rarely identified in IHC 

(98). Using this technique I also discovered a novel marker, Ly49C/I, for the histologically 

identified DBA- uNK cell subset (71,179), which was unreactive on DBA+ cells but was co-

expressed with the known NK cell marker NK1.1. on 72% of DBA-CD45+ decidual cells. Since 

NK1.1 is only reactive in certain mouse strains (119,120), and is not an effective reagent in 

cytostat frozen or paraffin-embedded section IHC, Ly49C/I is an superior strain-independent 

marker for certain uNK cell subsets.   

 

5.3 Limitations 

Although my studies covered a broad time-course, each experiment was a snapshot of a 

larger, more complex and continuous process. The timing of each selected study day was also 

imprecise. All WM-IHC dissections were conducted in the morning, however differences were 

present in the time of copulation that introduced variability between “gd-matched” uteri. This 

appeared to affect leukocyte population frequencies and conjugate formation frequencies. When 

significant variability was discovered by conjugate assessment, additional pregnant mice were 

studied to improve accuracy of my estimation of the variables.  

The use of Ly49C/I as a marker for the PAS+DBA- uNK cell subset in WM-IHC, while 

novel and valuable for my studies, may not have identified all DBA- uNK cells present in gd8.5 

DB. Only 72% of DBA-CD45+ cells co-expressed Ly49C/I and NK1.1, and only a small 

additional number were solely reactive with Ly49C/I or NK1.1. Thus, a population of DBA-
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CD45+ cells remains unidentified. While these cells may include uNK cells nonreactive for both 

Ly49C/I and NK1.1, it is also possible that they represent ILC cells or cells of different leukocyte 

lineages. Staining with an additional DBA- uNK cell maker would confirm whether the 

CD45+DBA-Ly49C/I-NK1.1- cells include additional uNK cell subsets. Another limitation of the 

WM-IHC staining technique is that only three antibodies can be used simultaneously. This is due 

to limitations in the detection of multiple fluorochromes by the microscope in my research-

training laboratory. Consequently, while this thesis endeavored to use many different antibody 

combinations, many conjugates remain incompletely or fully uncharacterized. A number of 

decidual leukocyte populations were also omitted from study in this thesis. B cells, for instance, 

are very poorly characterized during pregnancy. They are present in the virgin uterus and early 

DB in small proportions (23,64,69,326) and are not required for healthy pregnancy (32,327-329), 

but may contribute to antibody-mediated protective immunity of the fetus (328,330). 

Granulocytes including neutrophils are also present in small numbers in the virgin uterus and 

early DB (23,69,326,331) and neutrophils are emerging as potential regulators of tolerance at the 

maternal-fetal interface (78,332,333). Using paraffin-based sections, however, neutrophils are not 

observed in implantation sites of any strain of mice from our barrier-maintained, pathogen-free 

colonies. Additionally, the consequence of conjugate formation, including the effects on cell 

activation and downstream signaling pathways were incompletely addressed in this thesis. Early 

in the development of the WM-IHC protocol, multiple attempts were made to adapt intracellular 

WM-IHC staining protocols refined in human studies (334,335) to the mouse implant site. 

Despite multiple troubleshooting attempts using different tissues, fixation and permeablization 

techniques and numerous antibodies including anti-p-STAT, ERK, AHR, EOMES, and FOXP3, 

background fluorescence was high and staining signals were unspecific.  
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With regard to the MHC-independent receptor studies conducted for this thesis, a primary 

limitation was the severe infertility of the Ahr
-/- 

breeding colony that limited our study to only two 

animals at gd10.5. This prevented a more in-depth study of AHR function across pregnancy. 

Additionally, the endogenous ligands for both AHR and NCR1 are unknown. During a six-month 

exchange at the University of Campinas in Campinas, SP, Brazil, I attempted primary uNK cell 

culture to establish an in vitro model to test receptor ligation (336). Despite my successful 

isolation of uNK cells, the inability of uNK cells to proliferate in culture (337,338) resulted in the 

death of cultured cells within one to two days. The identification of endogenous MHC-

independent receptor ligands in the uterus remains an incredibly important area for future study.  

 

5.4 Future Directions 

Although my attempts at primary uNK cell culture were not successful in establishing an 

assay to address ligation of AHR and NCR1, this remains an essential area for future research. 

The exogenous environmental and dietary ligands for AHR are well characterized (151,155,156), 

as are numerous endogenous tryptophan metabolites (149,151,339-345). Interestingly, 

indoleamine 2,3-dioxygenase, a key enzyme in tryptophan catabolism, is detected at high levels 

in murine placental syncytiotrophblast (346,347) and is thought to modulate leukocyte tolerance 

in the decidua (99,346,348). This indicates that tryptophan metabolites are present in the decidua 

and may act as primary endogenous ligands for AHR. Mouse hepatoma (Hepa-1c1c7) cells 

expressing AHR have been used for previous discoveries of AHR ligands (341,349) and could 

represent an alternative to primary uNK cell culture. Commercially available AHR antagonists 

(343) and numerous environmental toxin agonists (i.e. TCDD), would provide valuable controls 

for measures of AHR receptor engagement as measured by downstream CYP1A1 protein levels 
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(341), calcium signaling (350,351), or cytokine production. NCR1 ligands are less well 

characterized than AHR (209), but first trimester human uNK cell culture (132,226,352), may be 

an alternative to murine primary cell culture for detection of endogenous NCR1 ligands.  

 The conjugate assessments presented in this thesis represent the first comprehensive 

report of leukocyte interactions in early murine pregnancy, but much remains unknown. Intravital 

imaging and two photon microscopy is a unique method to visualize cellular contact dynamics as 

they occur (353,354) and has proved successful in studies at the maternal fetal interface in mice 

(354-356). This method would address leukocyte migration kinetics, formation and duration of 

leukocyte conjugates, which are likely transient in nature (127). Live cell imaging such as this 

would also confirm the assumption made in this thesis that homologous conjugates represent 

dividing cells. In addition to discovering the dynamics of conjugate formation, the effects of 

conjugation on downstream leukocyte signaling must be addressed in future studies. More 

experimentation on permeabilization of cells for intracellular WM-IHC would permit staining 

using cell activation makers and transcription factors. NK cell adhesion to target cells has also 

been previously investigated using flow cytometric assays (357) in conjunction with 

measurements of intracellular calcium mobilization (351). This would be a useful method to 

measure cellular activation upon conjugate formation, particularly in uNK cell conjugates lacking 

NCR1, since intracellular calcium mobilizaiton is induced upon engagement of NKp46 in human 

uNK cell cultures (226).  

 Identification of Ly49C/I as a marker of DBA- uNK cells in WM-IHC, raises multiple 

questions regarding the function of this receptor family during pregnancy. Firstly, Ly49C/I+ uNK 

cell conjugates should be addressed in Ncr1
Gfp/Gfp 

mice. Although deficits in DBA+ uNK cell 

conjugate formation were not observed with loss of NCR1, other evidence from this thesis 
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suggests that the cross-regulatory events between uNK cell subsets may alter the DBA- uNK cell 

subset. Thus, it would be interesting to observe conjugate frequencies in DBA- uNK cells that 

lack NCR1 but express the inhibitory NK cell receptor Ly49C/I. Studies of pregnancy in Ly49 

receptor family knockdown mice showed impairments in implantation, decidual angiogenesis and 

SA remodeling, uNK cell granulogenesis and VEGF production (193,202). Since it is known that 

other members of the Ly49 receptor family are expressed on uNK cells and non-uterine DCs, 

macrophages, and T cells (194,358-360), it would be interesting to address leukocyte conjugation 

in Ly49 knockdown mice. Additionally, since a large proportion of uNK cells express Ly49C/I, it 

would be beneficial to explore its role in pregnancy independent of the rest of Ly49 receptor 

family. Studies in tumor cells show that blockade of Ly49C/I alone enhanced tumor activity due 

to unimpeded NK cell activating receptor activity (361,362). Likewise, blockade of the inhibitory 

receptor made T cells more vulnerable to NK cell mediated lysis upon recognition (361). The 

effect of blocking Ly49C/I receptor signaling during pregnancy would be interesting to 

investigate in the context of immune tolerance and potential increases in fetal loss due to 

increased activating receptor signaling. The expression of inhibitory Ly49 receptors by NK cells 

is also known to impact the signal strength of the MHC-independent NKG2D activating receptor 

(363), indicating that Ly49 receptors may directly impact the cytotoxicity of NK cells. NKG2D, 

like other MHC-independent NK cell receptors, is not widely studied in pregnancy. It is 

associated with IFNG production (195), increased cytokine production (314) and cytoxicity 

against human cytomegalovirus infection (364). Outside of pregnancy, NKG2D is involved in the 

recognition of DCs and T cells upon NK cell immune synapse formation (278,365,366). Thus, it 

would be interesting to study this receptor in the context of healthy pregnancy and conjugate 

formation.  
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 In conclusion, it is widely accepted that uNK cells play critical roles in the promotion of 

healthy pregnancy in both humans and mice. Extensive research is available on the significance 

of MHC-dependent KIRs and their interactions with fetal HLA molecules. My report emphasizes 

the hitherto underappreciated role for MHC-independent ligands and uNK cell receptors in the 

promotion of healthy pregnancy. The studies presented in this thesis provide another dimension to 

the understanding of uNK cell function and leukocyte interactions at the maternal fetal interface 

and underscore the importance of MHC-independent receptor activation during the critical 

window of early pregnancy.  
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Appendix A 

DBA and dual Staining 

1. Deparaffinization/Hydration: 

Xylene 1 – 10 minutes 

Xylene 2 – 10 minutes 

Xylene 3 – 10 minutes 

100% Ethanol – 5 minutes 

100% Ethanol – 5 minutes 

95% Ethanol – 5 minutes 

80% Ethanol – 5 minutes 

70% Ethanol – 5 minutes 

Distilled H2O (dH2O) – 1 minute 

2. Wash with PBS (x3) 

For DBA/PAS staining: 

-- Incubate in 1% α-amylase (Sigma-Aldrich; BCBG9314V, St. Louis, MO, USA: 0.1g 

amylase    in 10mL PBS) – 20 minutes at 37°C 

-- Wash well with dH2O 

-- Quick wash with PBS 

-- Continue to step 3 

3. Incubate with 0.3% H2O2 (10μL of 30% H2O2 in 990μL PBS) – 30 minutes at room 

temperature 

4. Wash with PBS (x3) 

5. Incubate with 1%BSA/PBS (Bovine Fraction Albumin, BioShop, Burlington, ON, Canada: 
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0.5g in 50mL PBS) – 30 minutes at room temperature  

6. Incubate with biotinylated DBA lectin (Sigma-Aldrich; L6533, St. Louis, MO, USA: 1μL in 

200μL 1%BSA/PBS (1:200))– 1 hour at room temperature, or overnight at 4°C 

7.  Wash with PBS (x3) 

8.  Incubate with ExtrAvidin Peroxidase (Sigma-Aldrich; E2886, St. Louis, MO, USA: 2.5μL in 

1mL PBS) – 1 hour at room temperature  

9.  Wash with PBS (x3) 

10. Incubate with DAB (Abcam; ab64238, Toronto, ON, Canada) – 1 minute (watch under the 

microscope to observe reaction) 

11. Stop reaction by immersing in dH2O – 1 minute  

For DBA single staining: 

-- Stain with Harris’ Hematoxylin (Electron Microscopy Sciences; 26108-01, Hatfield, 

PA, USA) –1.5 minutes  

-- Continue to step 12 

For DBA/PAS dual staining: 

-- Incubate in 1% periodic acid (Sigma-Aldrich; BCBB7710V, St. Louis, MO, USA: 0.5g 

periodic acid in 50mL dH2O) – 5 minutes 

-- Wash with dH2O – 1 minute 

-- Cover with Schiff’s reagent (Sigma-Aldrich; 3952016, St. Louis, MO, USA) – 3 

minutes 

-- Wash with dH2O – 1 minute 

-- Wash with sulphurous acid solution – 5 minutes 

-- Wash with dH2O – 1 minute 
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-- Stain with Harris’ Hematoxylin -10 seconds 

-- Continue to step 12 

12. Wash with tap water – 5 minutes 

13. Dehydration and Clearing: 

70% Ethanol – 5 minutes 

80% Ethanol – 5 minutes 

95% Ethanol – 5 minutes 

100% Ethanol I – 5 minutes 

100% Ethanol II – 5 minutes 

Xylene I – 3 minutes 

Xylene II – 3 minutes 
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Appendix B 

Whole Mount in situ Immunohistochemistry 

Prepare fresh PBA incubation and washing solution and store at 4°C 

 1L PBS 

 10g BSA (Bovine Fraction Albumin, BioShop, Burlington, ON, Canada) 

 1g sodium azide (BioShop, Burlington, ON, Canada) 

 

1. Euthanize mouse and immediately dissect uterine tissue and place in a small petri dish 

containing PBA to keep tissues moist 

2. For virgin and gd2.5-4.5 uteri, bisect uterine horns at the cervix, and halve each horn 

longitudinally along the antimesometrial-mesometrial plane 

3. For gd5.5 uteri, separate each implant site and bisect midsagittally  

4. From gd6.5 onward, separate each implant site and, with the aid of a dissection scope, 

incise antimesometrial myometrium using fine forceps and retract myometrium from the 

decidual capsule. For specimen orientation it is helpful to leave a small myometrium tag 

at the mesometrial pole.  

5. Place samples in 200μL PBA and add 10μg/mL of blocking antibody to the IgG Fc 

receptor (anti-CD16/CD32; supernatant of hybridoma 2.4G2, ATTC, Manassas, VA, 

USA) and 2-10μg/mL of up to 3 differently conjugated fluorescent primary antibodies 

6. Cover samples and incubate for 1h at 4°C on a shaking platform  

7. For staining with DBA lectin, transfer implant sites to 200μL fresh PBA and incubate for 

a further 10min with 30μg/mL FITC (Vector Laboratories; FL-1031, Burlington, ON, 
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Canada)- or 15μg/mL TRITC (EY Laboratories; R-1201-2, San Mateo, CA, USA) -

conjugated DBA lectin 

8. Add 1mL of PBA to each tube  

9. Trim the tip off a P1000 pipette tip and gently transfer tissues and a small volume of PBA 

to a glass microscope slide  

10. With the cut surface facing upwards, place a coverslip over the samples, and gently push 

down  

11. Remove excess PBA and visualize using a fluorescent microscope. Ensure the shutter 

remains closed when not viewing tissues to prevent fluorescent bleaching. 
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Appendix C 

Immunofluorescence  

1. Deparaffinization/Hydration: 

Xylene 1 – 10 minutes 

Xylene 2 – 10 minutes 

Xylene 3 – 10 minutes 

100% Ethanol – 5 minutes 

95% Ethanol – 5 minutes 

80% Ethanol – 5 minutes 

70% Ethanol – 5 minutes 

Distilled H2O (dH2O) – 5 minutes 

2. Heat-mediated antigen retrieval – 5 minutes  

 10mM TrisHCL with 1mM EDTA (pH 9.0) –VEGFA, perforin, and granzyme A 

 10mM Citrate buffer (pH 6.0) –PGF 

3. Wash with PBS (x3) 

4. Incubate with 1% BSA/PBS (Bovine Fraction Albumin, BioShop, Burlington, ON, Canada: 

0.5g in 50mL PBS) – 30 minutes at room temperature 

5. Wash with PBS 

6. Primary antibody incubation: 

 Overnight at 4°C 

- Rabbit anti-mouse VEGFA (Abcam; ab46154, Toronto, ON, Canada: 

1mg/mL) diluted in 1% BSA/PBS (1:200, 5μg/mL) 

- Rat anti-mouse Perforin (Abcam; ab16074: 1mg/mL) diluted in 1% 
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BSA/PBS (1:25, 40μg/mL) 

- Goat anti-mouse Granzyme A (Santa Cruz Biotech; sc5510, Dallas, TX, 

USA: 200 μg/mL), diluted in 1% BSA/PBS (1:50, 4μg/mL) 

2h at room temperature 

- Rabbit anti-PGF (Abcam; ab9542: 1mg/mL) diluted in 1% BSA/PBS (1:200, 

5μg/mL) 

7.  Wash with PBS (x3) 

8. Secondary antibody incubation – 1h at room temperature  

- DBA lectin FITC (Vector Laboratories; FL-1031, Burlington, ON, Canada: 2mg/mL) 

diluted in PBS (1:200, 10μg/mL) 

- VEGFA and PGF: goat anti-rabbit Alexa fluor® 594 (ThermoFisher; A-11012, 

Burlington, ON, Canada: 2mg/mL) diluted in PBS (1:200, 10μg/mL) 

- Perforin: goat anti-rat Alexa Fluor® 594 (Abcam; ab150160: 2mg/mL) diluted in PBS 

(1:200, 10μg/mL)  

- Granzyme A: donkey anti-goat Alexa Fluor® 647 (Jackson ImmunoResearch; 705-605-

147, West Grove, PA, USA: 1.5mg/mL) diluted in PBS (1:200, 7.5μg/mL) 

9. Wash with PBS (x3) 

10. Mount slides with ProLong® Gold anti-fade reagent with DAPI (ThermoFisher; P-36931). 
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Appendix D 

Supplementary Data 

Tables: 

Table A-1. Fertility outcomes in B6, Ncr1
Gfp/Gfp 

and Ahr
-/- 

mice 

 

Figures: 

Figure A-1. Model of uNK cell population dynamics across mouse pregnancy  

Figure A-2. CD45+ leukocytes form extremely rare conjugations with trophoblast at gd9.5 

Figure A-3. Unmerged WM-IHC images of gd5.5-9.5 anti-CD45 and anti-CD31 stained B6 DB  

Figure A-4. TUNEL staining of implantation sites from gd10.5 and 12.5 B6 and Ncr1
Gfp/Gfp 

mice. 

Figure A-5. Flow cytometry of decidual cell suspensions from gd6.5 and 8.5 implantation sites 

Figure A-6. NCR1 co-expression with DBA+ uNK cells 

Figure A-7. Decidual VEGF expression in gd10.5 Ahr
-/- 

mice
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# C57BL/6 mice were acquired from Charles River Laboratories, thus no breeding data is available  

* Ahr
-/- 

mouse breeding conducted using Ahr
+/- 

dams and Ahr
-/- 

studs, experimental mouse data is from Ahr
-/-

 x Ahr
-/- 

matings 

** Note: only pregnant animals were shipped from McMaster University for study at Queen’s University

 C57BL/6 Ncr1
Gfp/Gfp 

Ahr
-/- * 

Breeding mouse data 

Total number of litters  N/A
# 

41 125 

Live litters -- 35 (85.4%) 84 (67.2%) 

Stillbirths -- 6 (14.6%) 41 (32.8%) 

Average litter size -- 5.1 4.7 

Male:Female pup ratio -- 1.04:1 1.09:1 

Experimental mouse data 

Total number of animals 20 51 2 

Pregnant animals 14 (70.0%) 38 (74.5%)    2
** 

(100%) 

Non-pregnant animals 6 (30.0%) 13 (25.5%) 0 (0%) 

Average number of pups/pregnancy 8.3 8.1 9.0 

Total number of implant sites 165 333 18 

Viable implant sites 

Right:left uterine horn 

161 (97.6%) 307 (92.2%) 10 (55.6%) 

1.3:1 1.19:1 2.3:1 

Resorbed implant sites 

Right:left uterine horn 

4 (2.4%) 26 (7.8%) 8 (44.4%) 

Exclusively in right horn 1.88:1 7:1 

Table A-1. Fertility outcomes in B6, Ncr1
Gfp/Gfp 

and Ahr
-/- 

mice 
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Figure A-1. Model of uNK cell population dynamics across mouse pregnancy. Prior to 

implantation the mouse uterus contains only Ly49C/I+ (DBA-) uNK cells (blue). Soon after 

implantation and endometrial decidualization DBA+ uNK cells arise from NK cell precursors 

that home to the uterus from the bone marrow and/or in situ from uterine progenitors. As 

pregnancy progresses, uNK cells mature and conjugate with each other and other leukocyte 

lineages; antigen presenting cells at gd6.5 and T cells at gd8.5. DBA+ uNK cells becomes the 

dominant subset by gd8.5 but Ly49C/I+ uNK cells produce the majority of IFNG that peaks at 

gd10.5 and is required for spiral artery remodeling, which is complete by gd12.5. Some 

senescent uNK cells persist until term while others undergo apoptosis and release their granule 

contents.  
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Figure A-2. CD45+ leukocytes form extremely rare conjugations with trophoblast at gd9.5. WM-

IHC staining of a gd9.5 B6 female mated by a male ubiquitously expressing GFP resulting in GFP+ 

conceptus tissues. GFP+ trophoblast cells (green) are seldom (<0.35%) observed in conjugation with 

CD45+ leukocytes (blue) at gd9.5 (circled in yellow), and not observed in CD45+ cell conjugates prior 

to gd9.5.  
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Figure A-3. Unmerged WM-IHC images of gd5.5-9.5 anti-CD45 and anti-CD31 stained B6 DB. 

Unmerged images of gd5.5 (A), 6.5 (B), 8.5 (C), and 9.5 (D) decidua basalis stained with anti-CD45 

APC (blue, i) and anti-CD31 PE (red, ii). Merged images (Aiii, Biii, Ciii, and Diii) appear as shown in 

Figure 3-2.  
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Figure A-4. Flow cytometry of decidual cell suspensions from gd6.5 and 8.5 implantation sites. 

Decidual cell suspensions were co-stained with anti-CD45 PE-CY7 and anti-Foxp3 Biotin with 

Streptavidin-PE secondary antibody at gd6.5 (A) and gd8.5 (B). The overall number of decidual cells 

and proportion of CD45+ leukocytes is lower at gd6.5 but the proportion of CD45+Foxp3+ Tregs 

remains constant between the two timepoints.  

 



 

 

 

197 

Figure A-5. TUNEL staining of implantation sites from gd10.5 and 12.5 B6 and Ncr1
Gfp/Gfp 

mice. Positive control implantation sites 

were pretreated with DNase 1 prior to labeling. DNAse 1 induces DNA breaks giving a positive signal (brown) during TUNEL staining. 

Very few TUNEL positive (apoptotic cells) were evident in B6 and Ncr1
Gfp/Gfp

 mice at gd10.5 and 12.5 (circled).  
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Figure A-6. NCR1 co-expression with DBA+ uNK cells. (A) WM-IHC image of a gd8.5 B6 implant 

site stained with anti-CD45 APC (blue), anti-NCR1 (green), and DBA TRITC (red). High NCR1 

background staining prevents precise analysis, but NCR1 and DBA signals appear to co-localize on 

CD45+ cells (white arrowheads). (B) Image of a gd8.5 Ncr1
Gfp/Gfp

 implant site stained with anti-GFP 

(red), DBA FITC (green), and DAPI (blue). In Ncr1
Gfp/Gfp

 mice, Gfp is transcribed by the Ncr1 

promoter region, thus anti-GFP identifies locations of NCR1 expression in these mice. GFP expression 

appears to be almost exclusively restricted to DBA reactive cells (yellow arrowheads).  

  



 

 

 

199 

 

Figure A-7. Decidual VEGF expression in gd10.5 Ahr
--/-

 mice. Representative images of gd10.5 B6 

and Ahr
-/- 

implant sites stained with anti-VEGF (red), DBA FITC (green), and DAPI. VEGF 

expression is significantly decreased in Ahr
-/-

 decidua compared to B6. ***P<0.001. Data represent 

means±SD.  
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