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ABSTRACT
Background: Uterine natural killer (uNK) cells are the most abundant leukocytes in preimplantation endometrium and early pregnancy deciduas in humans and rodents. They are
associated with structural changes in maternal spiral arteries but regulation of their recruitment and activation is incompletely understood. The major subpopulation of uNK
cells in humans expresses CD56, the neural cell adhesion molecule (NCAM)-1 while their
counterpart in mouse expresses asialoGM1, a brain ganglioside. Sympathetic nerves express NCAM-1 which mediates homotypic binding. Sympathetic fibers innervate the mesometrial vasculature but their relationship to the myometrial and decidual uNK cell recruitment is unknown. Objective: The present study aims to explore positional relationship between natural killer cells and distribution of nerves in decidualized mouse uterus.
Methods: Immunohistochemistry and mRNA expression for the enzyme tyrosine hydroxylase were used to map sympathetic nerve fibre distribution within C57BL/6 implantation sites and to address a relationship with uNK cells. Results: Tyrosine hydroxylase
positive neurons were identified in the mesometrium closely associated with uterine arteries. Staining became gradually vanished as the nerves crossed the myometrium and entered the decidualized uterus. No neuronal stain was associated with the spiral arteries.
Periodic Acid Schiff’s reactive uNK cells were absent from the mesentery, but abundant
in decidua basalis where they are associated with non-innervated vessels. Conclusion:
Data suggest that the recruitment of uNK progenitor cells to the uterus is unlikely to be
dependent on signaling by the sympathetic nervous system
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INTRODUCTION
Uterine Natural Killer (uNK) cells are the predominant leukocytes (more than 70% of decidual lymphocytes) in implantation sites of a wide variety of species, including mice and
humans and are strongly associated with endometrial decidualization (1- 6). The lymphocyte composition of early human decidua differs significantly from that of peripheral blood
with only 10% of blood lymphocytes (PBL) being NK cells. Most blood NK cells are characterized by high expression of the CD16 receptor (FcγRIII) and moderate to low expression of CD56, the neural cell adhesion molecule (N-CAM). In contrast, decidual NK cells
are CD56brightCD16dim. Studies in mice have shown that self-renewing precurors of NK cells
do not reside in the uterus but home from primary and secondary lymphoid organs once
implantation has been initiated (7- 8). Homed progenitors proliferate, differentiate and become activated within restricted mesometrial regions of implantation sites. In the decidua
basalis, they are central in location and associated with arteries, including the major spiral
arteries from gestation day (gd) 6. In the wall of the uterus, they form a structure between
the two uterine smooth muscle coats from gd8 which will surround the vessels supplying
each implantation site. This structure, known variously as the mesometrial lymphoid aggregate of pregnancy (MLAp); metrial gland (MG) and mesometrial decidua, is enriched with
less mature uNK cells that are smaller, less heavily granulated and actively proliferating.
The cytoplasmic granules acquired by differentiating uNK cells are glycoprotein-rich and
react with Periodic Acid-Schiff’s (PAS) reagent (9). About gd8, as cytoplasmic granules
begin to accumulate in mouse uNK cells, the cells acquire the marker asialo GM1, a brain
ganglioside, indicative of their activation (10). The mechanisms regulating uNK cell homing, positioning, accumulation and activation within the decidua basalis and MLAp are still
largely unknown. uNK cells, through interferon (IFN)-γ production, are essential for spiral
arterial modification (11), a normal physiological process of pregnancy that structurally
changes the major arteries that feed into the placenta.
Neural cell adhesion molecules, which mediate homophilic binding, are important in
embryonic development. CD56 (Leu 19/ NKH-1) and asialo GM1 are expressed on
sympatheic nerves as well as on uNK cells (12- 16). This suggests that a component of
uNK cell recruitment, positioning and activation could be due to homotypic interactions between these lymphocytes and the sympathetic axons and fibres that innervate
the uterus. The uterus is supplied by the sympathetic nervous system that travels with
the uterine arteries and veins. To determine whether sympathetic innervation reaches
the regions where uNK cells accumulate, we compared the distribution of PAS positive
uNK cells to the distribution of uterine sympathetic neurons with tyrosine hydroxylase
(TH), a marker for noradrenergic sympathetic innervation in C57BL/6 mice (17).

MATERIALS AND METHODS
Animals. Adult male and female C57BL/6 (B6) mice were mated for timed gestations. The
day of plug detection was called as 0.5 gd. Two pregnant mice were studied at each gd 6.5,
8.5, 10.5 and 12.5 using 3 healthy implantation sites for each mother. Uteri from two virgin
females were also investigated. All procedures were conducted under animal utilization protocols approved by the Animal Care Committee of Queen’s University (Canada).
UNK Cell Isolation by Magnetic Bead Separation Method. To obtain uNK cells, decidua basalis were dissected from PBS-perfused gestation day (gd) 12.5 B6 females.
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Tissues were finely minced and briefly dissociated in 1000 IU DNase in 2% BSA. The
suspension was filtered through an 80-µm mesh fillter and washed two times with
Hank’s balanced salt solution containing 2% BSA. The cells were counted by trypan
blue dye exclusion method. Beads (4x108 / ml) were conjugated to biotinilated Dolichos
biflorus (DBA) lectin (a ligand specific for uNK cells) (18), for 30 minutes. The cell
suspension was incubated for 30 min with these DBA lectin-conjugated magnetic beads.
The retained cells were washed three times using PBS and detached from the beads using a rinse of 0.1 M N-acetyl-D-galactosamine (Sigma, USA), which is a specific sugar
ligand of DBA lectin. The purity of uNK cells isolated by this method was >98%. RNA
was extracted from uNK cells as described below.
Histological Studies. Mice were anaesthesized followed by perfusion with 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer saline (PBS). Two hundred ml were
perfused at 20 ml/min, with drainage from the right atrium. Uteri were then removed
and immersed in the same fixative overnight (20oC). Uteri were transferred to 30% sucrose in 0.1 M PBS for 3 days (20oC). Uteri were transected between each implantation
site, and each was mounted in OCT compound (Fisher Scientific, Ottawa, ON) and frozen using Methylbutane cooled by dry ice. Frozen specimens were wrapped and stored
at –80oC until study. Specimens were cryosectioned at 10µm mounted onto Superfrost
gelatin coated slides (Fisher Scientific, Ottawa, ON) for the study. Primary antibody
was rabbit anti- Th42 (Chemicon International; AB1542; 1/1000), a sympathetic nerve
marker. Standard procedures were followed for avidin-biotin—horseradish peroxidase
immunohistology using no primary antibody as the negative controls and no counterstains(19). uNK cells were stained in adjacent frozen sections (to those immunostained)
using a standard PAS reaction followed by counterstaining with methylene blue.
Gene Expression Studies. RNA prepared from dissociated decidua basalis or highly purified gd12.5 B6 uNK cells harvested from dissociated decidua basalis using magnetic beads
coated with Dolichos biflorus lectin, was evaluated for transcription of NCAM-1.NK1.1
(Klrb1c), was used as a positive NK cell amplification control. Primers for NCAM-1 were
F-ACGTCCGGTTCATAGTCCTG; R-CACACACCAGGGTGACAGAC; giving a 219
bp product and primers for NK1.1 (Klrb1c) were F-TGACCCTGATTGGGATGAGT; RTTGAATGAGCAGCAAAGTGG; giving a 224 bp product. Negative controls lacked
cDNA (see18).
RESULTS
Antibodies identified sympathetic nerve fibers in all sections of virgin and pregnant
uteri gd 6.5, 8.5, 10.5 and 12.5. The nerves were embedded in the walls of uterine artery branches located in the mesometrium (Figure 1C). As the vessels crossed the myometrium, reactive fibers were noticibly reduced within vessel cross-sections. No reactive nerve fibres were present in decidualized endometrium (Figure 1D). PAS reactive
uNK cells were present in decidua basalis and many assocatiated with non-innervated
segments of uterine artery branches (Figure 1B) gd 6.5, 8.5, 10.5 and 12.5. uNK cells
were absent from the uterine mesentery (not shown). uNK cell distribution in the MLAp
was uniform and did not appear to be altered by the infrequent nerve bundles seen in
some myometrial segments of the uterine vessels. To evaluate whether murine uNK
cells are capable of NCAM-1 transcription, RT-PCR was employed. Figure 1F illustrated the RT-PCR results of NCAM-1 and NK1.1 (Klrb1c), the positive control marker
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for murine NK cell identification. As it is shown in figure 1F, the dissociated decidua
basalis and highly purified uNK cells express NCAM-1 and NK1.1 markers.

FIGURE 1. Photomicrographs (A-E) of cryostat sections of gd10.5 B6 implantation sites.
A: Illustrates the mesometrium in relation to the myometrium, decidua basalis and placenta for orientation (PAS counterstained with methylene blue). B: Illustrates the numerous PAS-reactive uNK cells
(example illustrated by arrow) in the central decidua basalis. Asterisks mark cross sections of the noninnervated coils of the spiral artery (SA) branches from the innervated arcuate branches of the uterine
artery. Intravascular uNK cells are found within these non-innervated endometrial arterial coils.
C: Illustrates immunoreactivity to anti-tyrosine hydroxylase in the walls of the uterine artery
branches (UA) in the mesentery (arrows) as they approach the myometrium (lower right of image). D: Shows the central decidua basalis of the same tissue section where no immunoreactivity to anti-tyrosine hydroxylase was found. The spiral artery (SA) in (D) is a branch from the immunoreactive uterine artery imaged in (C). E: Illustrates uNK and trophoblast cells, co-localized
in a spiral artery. F: Illustrates the electrophoresis of amplicons from gd12.5 B6 uNK cells and
decidua basalis (Dec) probed for expression of NCAM-1(Left panel) and NK1.1 (Right panel).
Neg indicates the negative water amplified control.

DISCUSSION
Dynamic, ovarian hormone-related changes in location, distribution and density of
nerve bundles have been previously reported in rats and mice during the estrous cycle,
pregnancy and parturition. Uterine sympathetic nerve bundles are associated with arteries. In rats, the highest nerve fiber density has been reported in the mesometrial triangle
of the caudal uterus (20-23). We localized the sympathetic fibers to arterial walls within
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the mesentery and myometrium. The nerve fibers were absent from modifying and fully
modified spiral arteries, where uNK cells were abundant both surrounding and within
the vessels. This suggests that uNK cells within decidua basalis are not sympathetic
neurotransmitter regulated.
Mouse uNK cell progenitors are thought to home from blood (24). Their point of
uterine entry is unknown but pro-uNK cells would flow through innervated mesometrial arteries and, if marginating, could experience concentration-dependent
neurotransmitter regulation. The sympathetic mediator norepinephrine blocks target
cell lysis by human NK and IL-2 stimulated lymphocytes but promotes migration
(25). Immature, proliferative uNK cells congregate in the MLAp, a transient structure in the uterine wall that separates the myometrial layers. Here, occasional arterial
wall-associated nerve bundles were found but histological differences could not be
identified in uNK cells between regions of MLAp having arterioles with and without
immunoreactive nerve fibers. Intravascular uNK cells are reported to be extremely
rare in MLAp (26) making it possible that pro-, pre- or immature stages of uNK
cells, like decidual stages, do not experience neurotransmitter regulation. Alternatively, current techniques may not adequately identify earlier cell stages committed
to uNK cell differentiation and intravascular neurotransmitter activation of these
cells may promote their terminal differentiation and activation. It is also possible
that uNK cells contribute to the cyclic, ovarian steroid-related regression of arterial
nerve fiber bundles during their promotion of structural changes within gestational
spiral arteries. Study of possible neurotransmitter contributions during uNK cell differentiation could be undertaken in mice with specific chemical or genetic neurotransmitter blockade.
Early gestational endometrium is a site of elevated angiogenesis. In other tissues, the
pattern and branching of new arterial tissue is guided and regulated by the release of
vascular endothelial cell growth factor (VEGF) from nerves (27). Because uNK cells
produce VEGF (28-31), we hypothesize from our study that uNK cells provide the
guidance for arterial growth and branching in early gestational endometrium where
there is a lack of neuronally-produced VEGF (29). The mobile uNK cells carry receptors that recognize molecules expressed by trophoblast. Thus, uNK cells would be able
to guide maternal vascular development towards each implantation site.
This study suggests that mouse uNK cells transcribe CD56, the neural cell adhesion
molecule and have the potential to participate in homotypic binding with sympathetic
nerve fibres using this molecule and/or others. However, the absence of sympathetic
nerve fibres at the sites in which uNK cells were located suggested that sympathetic
nerves are unlikely associated with the positioning and activation of these transient
uterine cells.
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