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Abstract Hypoxia is thought to be critical in regulating
physiological processes within the female reproductive
system, including ovulation, composition of the fluid in the
oviductal/uterine lumens and ovarian follicle development.
This study examined the localisation of exogenous
(pimonidazole) and endogenous [hypoxia inducible factor
lo and 2o (HIFla, -201), glucose transporter type 1
(GLUTI1) and carbonic anhydrase 9 (CAIX)] hypoxia-
related antigens within the oviduct and uterus of the rat
reproductive tract. The extent to which each endogenous
antigen co-compartmentalised with pimonidazole was also
assessed. Female Wistar Furth rats (n = 10) were injected
intraperitoneally with pimonidazole (60 mg/kg) 1 h prior
to death. Reproductive tissues were removed immediately
following death and fixed in 4% paraformaldehyde before
being embedded in paraffin. Serial sections were cut
(67 pm thick) and antigens of interest identified using
standard immunohistochemical procedures. The mucosal
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epithelia of the ampulla, isthmus and uterus were immu-
nopositive for pimonidazole in most sections. Co-com-
partmentalisation of pimonidazole with HIFla was only
expressed in the mucosa of the uterus whilst co-compart-
mentalisation with HIF2o was observed in the mucosa of
the ampulla, isthmus and uterus. Both GLUT1 and CAIX
were co-compartmentalised with pimonidazole in mucosa
of the isthmus and uterus. This study confirms that mucosal
regions of the rat oviduct and uterus frequently experience
severe hypoxia and there are compartment specific varia-
tions in expression of endogenous hypoxia-related anti-
gens, including the HIF isoforms. The latter observation
may relate to target gene specificity of HIF isoforms or
perhaps HIF2o’s responsiveness to non-hypoxic stimuli
such as hypoglycaemia independently of HIF 1.

Keywords Oviduct - Uterus - Pimonidazole - Hypoxia -
GLUT - Carbonic anhydrase

Introduction

Many studies have examined the relationship between
oxygen availability and reproductive success, and the
occurrence of hypoxia in normal physiological situations
within the female reproductive tract is a well established
phenomenon; for example, hypoxic stimuli are thought to
be critical for ovulation to occur (Kim et al. 2009) and both
embryogenesis and organogenesis depend on hypoxic
environments (reviewed in Webster and Abela 2007). A
variety of approaches to investigate the oxygen environ-
ment of the reproductive tract in various species (for
example, rhesus monkeys, rabbits and rodents) have been
employed. Oxygen probe recordings have been utilised to
examine the oviductal lumen and intrauterine environments
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with low pO, concentrations consistently reported in both
(albeit with some menstrual/oestrous cycle stage variations
in certain instances) and, particularly, in the uterus (Mas-
troianni and Jones 1965; Maas et al. 1976; Fischer and
Bavister 1993; Kaufman and Mitchell 1994).

More recent studies have focussed on oxygen-sensitive
molecular mechanisms to determine oxygen status within
the oviduct and uterus as responses to hypoxia are medi-
ated via alterations in the expression of a number of genes
controlled by the hypoxia inducible factor (HIF) family of
proteins. These act as transcription factors for genes with
hypoxia response elements (HREs) via formation of a
heterodimer of HIFo and HIFf subunits (HIFo subunits
have three isoforms, HIF1a, 200 and 3o HIF3« is not as
well studied as the former isoforms). HIFlo usually sta-
bilises in instances of hypoxia [reviewed in Semenza
(2004)] and rapidly degrades in a normoxic environment
(although not always: for example, Fukushima et al. 2008),
while HIF1f is constitutively expressed. Some major
physiological functions that HIF regulates include angio-
genesis, cell migration, hormonal regulation and energy
metabolism, while examples of the target genes it controls
these processes by are vascular endothelial growth factor
(VEGF), some glucose transporter (GLUT) subtypes, some
carbonic anhydrases (CAs) and erythropoietin (EPO)
[reviewed in Semenza (2004)].

The presence of HIF and some of its major target
genes has been demonstrated in the uterus. Critchley
et al. (2006) have shown that both HIF1a and HIF1f are
expressed in the human endometrium, and expression
levels vary throughout the menstrual cycle. As men-
tioned, some GLUT subtypes are regulated by HIF, such
as GLUTI and 3, and an adequate supply of glucose to
provide cells with nutrition for processes of differentia-
tion is essential for normal endometrial function. GLUT1
is essential for maintaining basal levels of cellular glu-
cose uptake and storage in all cells (Miickler 1990) and
plays a pivotal role in many aspects of reproduction.
GLUTI1 is involved in transporting glucose from the
oviductal epithelium into the fluid-filled lumen to main-
tain an appropriate glucose environment for embryonic
development (Tadokoro et al. 1995). Transfer of glucose
from the maternal to fetal circulation is vital for proper
fetal development as inferred from the correlation of
increases in mouse placental and decidual GLUTI1
mRNA expression with advancing day of gestation
(Yamaguchi et al. 1996). Von Wolff et al. (2003) also
discuss the crucial role of glucose metabolism in the
successful establishment of pregnancy, which accordingly
is particularly intensive in stromal cell decidualisation
(their results imply GLUT1 is central to this process) and
endometrial cell proliferation and differentiation, which
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take place around the time of implantation/early preg-
nancy. Positive immunohistochemical staining of GLUT1
and 3 (but not GLUT2, 4 and 8) in human endometrium
during the secretory phase has been reported (Von Wolff
et al. 2003; Goldman et al. 2006) and GLUT1 is also
present in uterine adenocarcinomas (Goldman et al.
2006). Several CA subtypes are present in the uterus of
mice, including CAIX which has an HRE (Hynninen
et al. 2004). Hypoxia (as determined by expression of an
exogenous hypoxic marker, see below) correlates
strongly with VEGF expression within the mouse endo-
metrium during phases of neovascularisation (Fan et al.
2008). By contrast, studies investigating the role (if any)
of HIF in the oviduct are lacking, although the roles of
HIF target genes have been examined, such as Masuda
and colleagues (2000) mimicking of oestrogen (E;)
induced EPO production that occurs in the oviduct (as
well as the uterus and ovaries) of mice via exposure to
hypoxia. Similarly, Friedley and Rosen (1975) demon-
strated CA activity in the oviduct and uterus of several
mammalian species, although they did not focus on any
specific CA subtype.

In addition to the examination of expression of HIF/HIF
target genes, investigations of tissue hypoxia have been
facilitated through the use of pimonidazole, a 2-nitroimi-
dazole that following administration to humans and other
animals, forms highly reactive adducts which accumulate
in living cells experiencing concentrations of pO, less than
10 mmHg (Arteel et al. 1995; Raleigh et al. 1999). These
adducts can be detected by immunohistochemistry [for
example, Ljunkvist et al. (2000)]. Pimonidazole has been
used in a variety of different tissues and species to dem-
onstrate the presence of a hypoxic environment: for
example, during various phases of mammalian and non-
mammalian embryological development [reviewed in
Webster and Abela (2007)]; in colocalisation studies with
HIF and its target genes (Jankovic et al. 2006); and to study
hypoxia in various tumours including carcinomas of the
oviduct and uterus (Olive et al. 2010). Thus, pimonidazole
is a powerful investigative tool for examining the degree
and spatial distribution of hypoxia in different tissues
across a wide range of species in vivo.

The aim of this study was to characterise pimonidazole
adduct formation in the rat oviduct and uterus and assess to
what degree that intrinsic markers of hypoxia (HIFla,
HIF2¢, GLUT1, GLUT4 and CAIX) co-compartmentalise
with pimonidazole adduct formation within those same
regions. We conducted this study as a descriptive study in
order to provide a basis for formulating hypotheses for future
studies about the causative physiological role(s) region-
specific associations of hypoxia and hypoxia-regulated gene
products may play in reproductive function.
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Methods
Animals

Ten adult female Ludwig Wistar rats were used in this
study. Rats were housed in individual cages in a room kept
on a 12 h/12 h light/dark cycle. They were given ad libi-
tum access to food and water. Experimental procedures
were approved by a local ethical review committee and
carried out in accordance with the Animals (Scientific
Procedures) Act (1986).

Experimental procedures

Pimonidazole [HPI Inc., Burlington, MA (US)] was
administered (60 mg/kg, i.p. injection) 1 h prior to sacri-
ficing the rats by cervical dislocation. A vaginal smear was
taken before the reproductive tract was removed and the
oestrous cycle of each rat was staged using a protocol
described by Marcondes et al. (2002). The reproductive
organs were then rapidly excised and fixed in 4% formalin
prior to being prepared for sectioning. Once fixed, the
reproductive tracts were hemisected, dehydrated through
an alcohol gradient, cleared with xylene, incubated in
infiltrating wax (1:1 paraffin wax/xylene) then embedded
in paraffin wax and allowed to set before being stored at
4°C until ready for use. Sections were cut from the wax
blocks using a microtome at a thickness of 6—7 um and
placed on gelatine coated glass slides. The sections were
thoroughly dried before being stored at room temperature
(RT) prior to being processed for immunohistochemistry.

Antibodies

Six different primary antibodies were used in this study for
immunohistochemical staining. A monoclonal hypoxyp-
robe-1 antibody against pimonidazole adducts was pur-
chased from Chemicon International and used at a
concentration of 1:100. HIF1« (1:100, monoclonal), HIF2a
(1:200, polyclonal) and CAIX (1:1,000, polyclonal) were
purchased from Novus Biologicals. GLUTI1 antibody
(1:1,000, polyclonal) was purchased from Abcam and
GLUT4 antibody (1:200, monoclonal) was purchased from
AbD Serotec. Each antibody was optimised for use in this
study.

Immunohistochemistry

Sections were dewaxed with 2 x 5 min rinses in xylene
then rehydrated through an alcohol gradient followed by
3 x 5 min washes in Phosphate Buffered Saline (PBS).
Sections were then treated with 3% H,0O, in methanol for
10 min at RT to quench endogenous peroxidases. Antigen

retrieval was done using proteinase K treatment (20 ng/ml,
Fisher Scientific) for 20 min at 37°C followed by 10 min at
RT. After washing 3 x 5 min in PBS, the sections were
placed in 10% normal serum in 0.1% Triton X-100 (TX-
100) PBS for 30 min at RT. Sections were then placed in a
humidified chamber and incubated in the relevant primary
antibody for 1 h at RT followed by an overnight incubation
at 4°C. The following morning sections were washed
3 X 5 min in PBS then incubated for 1 h at RT in the
appropriate biotinylated secondary antibody (all obtained
from Vector Laboratories, UK). Sections were then washed
3 x 5 min in PBS followed by a 1 h RT incubation in
Vector A + B solution (Vector Laboratories, UK). Fol-
lowing this, sections were washed in PBS for 2 x 5 min
followed by 5 min in Tris buffer (10 mM, pH 7.4) then
incubated in 3,3-diaminobenzidine (DAB) solution (Vector
Laboratories, UK) for 8 min to visualise the antigen—anti-
body complex. Sections were washed in Tris buffer,
counterstained with Gill’s hematoxylin (Vector Laborato-
ries UK) before being run through an alcohol dehydration
gradient, cleared with xylene then mounted using DPX
mounting media with glass coverslips.

Two sections from each hemisection for each animal
were immunostained for each antigen: this was done for the
ampulla, isthmus and uterus (a total of 72 sections per
animal excluding control sections). Sections immuno-
stained in the absence of primary antibodies were also done
for each hemisection of each animal and were incubated in
TX-100 PBS containing either horse or goat (depending on
which primary antibody was being controlled against) non-
immune serum (1%) under the same conditions as the
experimental sections: these were the negative controls.

Analyses

Processed sections were visualised using a Leica DM2000
light microscope with a Leica DFC420 camera attachment.
Positive or absent DAB staining was determined for
the mucosal layer, lamina propria and muscularis of the
ampulla and isthmus regions of the oviduct as well as in the
uterine endometrial, lamina propria and myometrial layers.
Staining was assessed as — (no staining), £+ (weak-mod-
erate and/or sporadic staining) and 4+ (strong-very strong
and widespread staining). Pictures were captured using
Leica Application Suite software.

Results
Positive immunohistochemical staining for pimonidazole,

HIF1o, HIF20, GLUT1, GLUT4 and CAIX was detected in
the rat oviduct (both ampulla and isthmus) and uterus.
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Example micrographs for each antigen for the ampulla,  from the same individual, the 3 figures are from different
isthmus and uterus are presented in Figs. 1, 2 and 3 (please  individuals). Examples of immunohistochemical staining
note, although within each figure the micrographs are taken  in the glandular epithelia of the uterus of one rat are

Fig. 1 a—f Sections taken from a representative rat showing the CAIX, respectively. The boxed diagrams in a—f show a higher
results for immunohistochemical staining in the ampulla region of the magnification detail for each stain. Scale bars 100 um (a—f) or 30 pm
oviduct for pimonidazole, HIFle, HIF2o, GLUT1, GLUT4 and (detail pictures in a—f)
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Fig. 2 a-f Sections taken from a representative rat showing the
results for immunohistochemical staining in the isthmus region of the
oviduct for pimonidazole, HIFla, HIF2o, GLUT1, GLUT4 and

presented in Fig. 4. A summary of the main observations is
also presented in Table 1. Comparisons were not made
between different stages of the oestrous cycle because of
the low number of animals at some stages.

CAIX, respectively. The boxed diagrams in a—f show a higher
magnification detail for each stain. Scale bars 100 um (a—f) or 30 pm
(detail pictures in a—f)

Mucosa

Within the tunica mucosa of the ampulla, isthmus and uterus,
the epithelial cell layer was the most immunoreactive for
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Fig. 3 a—f Sections taken from a representative rat showing the
results for immunohistochemical staining in the uterus for pimoni-
dazole, HIF1o, HIF20, GLUT1, GLUT4 and CAIX, respectively. The

all 6 antigens (see all figures). The epithelia of the ampulla,
isthmus and uterus were, in the majority of animals, immu-
nopositive for pimonidazole (Fig. 5a, b, c¢). In both the
ampulla and the isthmus positive immunostaining for
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boxed diagrams in a—f show a higher magnification detail for each
stain. Scale bars 100 pm (a—f) or 30 pm (detail in a—f)

HIF1o and GLUT4 was absent in the majority of animals
(Fig. 5a, b, c). HIF2x was expressed in a majority of sections
in both the ampulla and isthmus. Of these two regions only
the isthmus was positive for the majority of sections for
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Fig. 4 a—f Sections taken from a representative rat showing examples of immunohistochemical staining in glandular epithelia for pimonidazole,
HIF1a, HIF20, GLUT1, GLUT4 and CAIX, respectively. Scale bar 50 pm

GLUT1 and CAIX. In the uterine mucosa, immunopositive
staining was observed in 50% or greater sections for all 6
antigens.

Co-compartmentalisation of the 5 endogenous antigens
with pimonidazole was also examined within the mucosal

layer of the ampulla, isthmus and uterus. In the ampulla,
the number of instances of co-compartmentalisation of
most antigens with pimonidazole is very low, particularly
for HIF1a (Fig. 5d). In contrast, HIF2a co-compartmenta-
lises with pimonidazole in 45% of cases (Fig. 5d). In the
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Table 1 Summary of the major

Antigen present (>50%) Co-compartmentalised with

pimonidazole (>50%)

findings for the 3 Re]?roductive tract Compartment
region

subcompartments of each

reproductive tract region Oviduct (ampulla) Mucosa

Lamina propria

Column 3 highlights gene
products that were present
(scored as either & or +) in
>50% of sections for each of
the respective compartments.

Oviduct (isthmus) Mucosa

Column 4 highlights Muscularis
endogenous gene products that Uterus Mucosa
showed a co-

compartmentalisation with Lamina
pimonidazole in >50% of propria
sections in the respective Myometrium

reproductive tract compartments

Muscularis

Lamina propria

Pimo, HIF2a None

None None

None None

Pimo, HIF2«, GLUT1, CAIX HIF2«, GLUTI1, CAIX
Pimo, HIF2« HIF2o

HIF2«, GLUT1, CAIX None

Pimo, HIFla, HIF2a, GLUTI, HIF1a, HIF20, GLUTI,

CAIX CAIX
HIF2a, GLUT1 None
None None

isthmus there were a very high proportion of sections in
which pimonidazole was expressed in the same cell types
as HIF2o and GLUTI, as well as, but to a slightly lesser
extent, CAIX. The epithelium of the endometrial layer of
the uterus displays a high degree of co-compartmentalisa-
tion with pimonidazole for all 5 endogenous antigens, with
values of at least 50% in all cases (Fig. 5f).

Lamina propria

Within the lamina propria of the ampulla, isthmus and
uterus, instances of immunopositive staining were
observed for all 6 antigens. Whilst the vast majority of
sections showed an absence of pimonidazole in the ampulla
and uterus, the majority of sections for the isthmus were
immunopositive for pimonidazole (Fig. 6a, b, c). In almost
all sections HIF1a and GLUT4 were absent in the lamina
propria of all 3 reproductive tract regions. In the isthmus
and uterus the majority of sections were positive for HIF2«
and GLUT1 expression (Fig. 6a, b, c).

In regards to co-compartmentalisation of the 5 endoge-
nous antigens with pimonidazole in the ampulla, isthmus
and uterus, there were either no or virtually no instances of
this for all 5 endogenous antigens in the ampulla (Fig. 6d).
Co-compartmentalisation was also limited in the lamina
propria of the isthmus, with only HIF2« co-compartmen-
talising in a majority of sections, while in the lamina
propria in the uterus co-compartmentalisation occurred in
25% of sections or fewer for all 5 endogenous antigens.

Muscularis/myometrium

Examination of the muscular layers of the ampulla, isthmus
and uterus showed pimonidazole to be absent from the
majority of sections in all 3 regions (Fig. 7a, b, c). Of the
endogenous antigens, HIF1la and GLUT4 were virtually
absent in the ampulla, isthmus and uterus and the isthmus
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was again the only region to show a majority of immu-
nopositive sections for any of the remaining endogenous
antigens, with HIF2o, GLUT1 and CAIX all showing an
expression rate of 50% of section or greater (Fig. 7a, b, c).
In terms of co-compartmentalisation of the endogenous
antigens with pimonidazole, none of the muscular regions
of the ampulla, isthmus and uterus showed a majority of
sections where this was observed to occur and in both the
ampulla and uterus no instances of this happening were
observed for some of the antigens (Fig. 7d, e, f).

Glandular epithelium

The glands of the uterus were also examined, with
instances of staining observed for all 6 antigens. Staining
intensity was variable both within and between antigens in
individual animals, although the examples given in Fig. 4
show robust pimonidazole, HIFla, HIF2o and GLUTI1
staining and weak/sporadic GLUT4 and CAIX staining.
Staining was primarily restricted to the glandular epithelia,
although both GLUT1 and HIF2a showed evidence of
staining in the surrounding uterine stroma too.

Discussion

The epithelial cell layers of the ampulla, isthmus and uterus
frequently experience severe hypoxia as part of their nor-
mal physiology as demonstrated by the detection of
pimonidazole adducts in these cells. A second major set
of findings of this study are the high frequency of
expression of HIF 1o within the uterus, but not the ampulla
and isthmus, the high prevalence of HIF2« immunostaining
within the mucosal layers of the ampulla, isthmus and
uterus, as well as a high frequency of GLUTI1 and CAIX
expression within the same layer of the isthmus and uterus
only. Finally, our data also highlight that, although
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Fig. 5 Charts showing the staining intensity of the 6 hypoxia-related
antigens in the mucosa of a the ampulla, b the isthmus and c¢ the
endometrium as a percentage of the total number of sections
examined (n = 20). (4) denotes strong-very strong positive staining,
(£) denotes weak/moderate or sporadic staining and (—) denotes an
absence of staining. Charts d—f show the proportions of co-compart-
mentalisation of the 5 endogenous hypoxia-related antigens with
pimonidazole in the mucosa of the ampulla, isthmus and endome-
trium, respectively. Percentages are relative to the total number of

co-compartmentalisation of the 5 endogenous antigens
with pimonidazole is limited within the mucosa of the
ampulla, HIF2«, GLUTI1 and CAIX extensively co-com-
partmentalise with pimonidazole in the isthmus mucosa,
while the same is true for HIF1a, HIF2«¢, GLUT1 and
CAIX in the uterine mucosa. Taken together, these data
suggest potential mechanisms by which portions of the
reproductive system respond to severe hypoxia as well as

sections examined (n = 20). (P+/A+) denotes the presence of both
pimonidazole and the respective endogenous antigen within the same
compartment in a section: (P+/A—) is as before, but with the absence
of the respective antigen; (P—/A+) is as for the 1st criterion, but with
the absence of pimonidazole and (P—/A—) denotes that both
pimonidazole and the respective antigen were absent from the same
compartment. X axis labels: P pimonidazole, Hlo HIF1a, H20 HIF20,
G1 GLUTI and G4 GLUT4

putative physiological roles hypoxia may be involved in.
As highlighted in the introduction, hypoxia is known to be
involved in ovulation (Kim et al. 2009), but it is also
involved in other localised events in the reproductive tract
of various species, such as corpus luteum formation
(Nishimura and Okuda 2010), initiation of endometrial cell
apoptosis and menstruation via ischaemia—reperfusion
cycles (Okazaki et al. 2005), driving post-menstrual
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Fig. 6 Charts showing the staining intensity of the 6 hypoxia-related
antigens in the lamina propria of a the ampulla, b the isthmus and
c the endometrium as a percentage of the total number of sections
examined (n = 20). (4) denotes strong-very strong positive staining,
(£) denotes weak/moderate or sporadic staining and (—) denotes an
absence of staining. Charts d—f show the proportions of co-compart-
mentalisation of the 5 endogenous hypoxia-related antigens with
pimonidazole in the lamina propria of the ampulla, isthmus and
endometrium, respectively. Percentages are relative to the total

endometrial neoangiogenesis (Fan et al. 2008) and stimu-
lation of EPO in the oviduct and uterus, which controls
E(2)-dependent angiogenesis (Masuda et al. 2000).
Combining antibodies against exogenous and endoge-
nous antigens, and targetting more than one HIF isoform,
has overcome some of the limitations of previous studies
with a similar format to this one. Although endogenous
hypoxia markers such as HIF are frequently associated with
physiological responses to low O, environments, there are
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number of sections examined (n = 20). (P+/A+) denotes the
presence of both pimonidazole and the respective endogenous antigen
within the same compartment in a section: (P+/A—) is as before, but
with the absence of the respective antigen; (P—/A+) is as for the 1st
criterion, but with the absence of pimonidazole and (P—/A—) denotes
that both pimonidazole and the respective antigen were absent from
the same compartment. X axis labels: P pimonidazole, H/« HIFla,
H2o HIF2a, G1 GLUTI and G4 GLUT4

instances where they are also associated with normoxic
environments and processes (e.g. Fukushima et al. 2008;
Chae et al. 2011). Similarly, many studies focus on one
member of the HIFo family (e.g. Tomes et al. 2003; Nico
et al. 2007) despite the fact that other isoforms can
potentially be active within the same tissue (e.g. Rosen-
berger et al. 2002) and can have unique targets and
expression patterns (Elvert et al. 2003; Hu et al. 2003).
Therefore, pimonidazole adduct formation provides a more
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Fig. 7 Charts showing the staining intensity of the 6 hypoxia-related
antigens in the muscularis/myometrium of a the ampulla, b the
isthmus and c the endometrium as a percentage of the total number of
sections examined (n = 20). (4) denotes strong-very strong positive
staining, (4) denotes weak/moderate or sporadic staining and (—)
denotes an absence of staining. Charts d—f show the proportions of
co-compartmentalisation of the 5 endogenous hypoxia-related anti-
gens with pimonidazole in the muscularis/myometrium of the
ampulla, isthmus and endometrium, respectively. Percentages are

direct confirmation of the severe hypoxic status of the
regions examined and, unlike HIF, its expression is
cumulative and is not degraded following the cessation of
the hypoxic stimulus. Additionally, since HIF1« is usually
thought to degrade in states of normoxia, it is also worth
noting that the phenomenon of episodic endometrial
ischaemia—reperfusion occurs in primates prior to men-
struation, resulting in elevations in TNFa and apoptosis of
endometrial cells, and similar effects have been seen in a
rodent model of uterine ischaemia—reperfusion (Okazaki

relative to the total number of sections examined (n = 20). (P4+/A+)
denotes the presence of both pimonidazole and the respective
endogenous antigen within the same compartment in a section:
(P+/A—) is as before, but with the absence of the respective antigen;
(P—/A+) is as for the lIst criterion, but with the absence of
pimonidazole and (P—/A—) denotes that both pimonidazole and the
respective antigen were absent from the same compartment. X axis
labels: P pimonidazole, Hlo HIF1a, H20o HIF2o, GI GLUT1 and G4
GLUT4

et al. 2005). Transient changes in perfusion may also result
in rapid degradation of HIF1o expression; however, since
pimonidazole is not degraded by reoxygenation, it is less
affected by any intermittent blood flow. Due to adduct
formation being induced only by severe hypoxic stimuli,
pimonidazole is not suitable as a marker for regions
experiencing more moderate hypoxia (hypoxia where
pO, > 10 mmHg).

It is probably unsurprising that we have observed indi-
cations of severe hypoxia within the epithelial cell layer of
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the mucosa as, in addition to the studies cited in the
introduction, it has been seen that hypoxia in cultured
human oviductal epithelial cells induces VEGF expression,
a process that may result in increased vascular permeability
of the oviductal epithelium (Itoh et al. 2006), allowing
movement of proteins into the oviductal lumen, enabling
changes in the composition of the oviductal fluid to occur
(this is important due to the variety of processes that the
oviductal fluid is thought to help regulate, including final
oocyte maturation, fertilisation and early embryonic
development). Additionally, in the bovine oviduct, VEGF
expression is relatively stable throughout the oestrous
cycle, although expression of its receptors varies with cycle
phase as does its release into the oviductal lumen (Gabler
et al. 1999). This may explain why we observed consistent
indications of hypoxia regardless of oestrous cycle stage in
certain regions as it may be essential in maintaining a
constant production of VEGF to allow for regulation of
vascular permeability.

Our results suggest there may also be a degree of HIF
isoform functional specificity, as (for example) the isthmus
oviductal mucosa compartment shows a high proportion of
instances of HIF2« expression, whereas HIFla expression
is very limited. As mentioned, it is known that tissues and
cells can differ in respect to which isoform is dominant.
Our results suggest that HIF2o is the primary means of
mediating hypoxia responses within this compartment of
the oviduct. Conversely, both HIF1o and 2o were prevalent
in the endometrial epithelium. This may suggest that either
isoform is capable of mediating responses to hypoxia
within this region. Alternatively they may activate different
target genes within the endometrium or work in conjunc-
tion with each other to control responses to hypoxia, which
has also been observed in other organs such as the kidney
(Rosenberger et al. 2002). Finally, another plausible
explanation for the presence of HIF2« is that, rather than
(or in addition to) being hypoxic, the mucosal regions are
hypoglycaemic. Brusselmans et al. (2001) have shown that
HIF2« regulates apoptotic responses to low glucose con-
centrations, but is not involved in hypoxia-linked apopto-
sis. This may potentially mean that within the epithelial
cells of the mucosa HIF2« drives responses to meet glucose
demands.

It is notable that pimonidazole expression seems to be
rather limited in the lamina propria and muscular com-
partments of the oviduct and uterus. Despite this, in the
case of both the uterus and the isthmus there are still a
majority of sections that show positive HIF2o expression
within the lamina propria. This perhaps means that these
regions do experience hypoxia but possibly not to the same
extent or severity as the mucosa does. Alternatively, as
discussed above, the connection between HIF2o and

@ Springer

hypoglycaemia may mean that HIF2« is involved in the
delivery of glucose to these regions. In contrast, HIF1«
expression was again limited in both segments of the ovi-
duct and in the uterus for the respective lamina propria and
muscular layers. This would again point to scenarios such
as target gene specificity being of importance in the
physiological regulation of these regions.

Two of the HIF target genes we examined, GLUT1 and
CAIX, were both expressed within the endometrium and
isthmus mucosa although not in the mucosa of the ampulla.
Glucose is a major oviductal fluid component and is
secreted by the oviductal epithelium. The consistent pres-
ence of GLUT1 staining in the mucosa of the isthmus in
our study complements previous work by Tadokoro et al.
(1995), although in contrast to their results we detected
GLUT! expression in the mucosa of the ampulla in com-
paratively few sections. In the endometrium, previous
studies have shown the presence of GLUT1 in endometria
from human hysterectomy patients, although its expression
is higher in cases of endometrial cancer than in the normal
endometrium (Goldman et al. 2006). However, Wang et al.
(2000) were unable to detect GLUTI1 in non-cancerous
endometrial tissue. The differences in results can plausibly
be explained by protocol differences between the studies.
We also examined GLUT4 expression, as although some
studies have shown that GLUT4 can be responsive to
hypoxic stimuli [for example, Royer et al. (2000)], there is
no evidence to suggest that it possesses an HRE. Only the
endometrium and isthmus mucosa layers displayed a sub-
stantial number of samples with positive GLUT4 expres-
sion while regions such as the lamina propria of the
ampulla showed a near absence of GLUT4 expression.

CAIX may help with maintaining high bicarbonate
content in tubal and uterine fluid to facilitate processes
such as increasing the capacitance of sperm and the sepa-
ration of the corona radiata from the oocyte, and is main-
tained by the tubal epithelial cells. We believe that this is
the first time CAIX’s expression has been demonstrated in
the rat endometrium and in the oviduct of any species (Ge
and Spicer (1988) had demonstrated the presence of other
CA isoforms within the oviduct), which is consistent with
its presence in the endometrium of mice (Hynninen et al.
2004), although samples from human patients showed an
absence of CAIX (and GLUT1) in non-metaplastic inactive
endometrium (Horree et al. 2007). This difference can
again be explained by protocol differences, although it is
also feasible that there are species differences between
rodents and humans. As very little work on the role of
CAIX within the endometrium and oviduct has been con-
ducted, it presents an interesting target for further research.

It may also be of further interest to examine expression
patterns relative to oestrous cycle stage. However, having
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also determined the cycle stage of each of our rats, it
appears that severe hypoxia occurs within the reproductive
tract irrespective of cycle stage. Additionally, some studies
have shown hypoxia-regulated genes like VEGF to main-
tain a relatively stable expression profile throughout the
oestrous cycle (Gabler et al.1999), and others have reported
no cyclical variation in intrauterine pO, in certain species
(Fischer and Bavister 1993). Conversely, as mentioned in
the introduction, other studies have shown variation in
oviductal lumen pO, in some species with cycle phase, so
this may be worth investigating further. As mentioned
earlier, transient ischaemia-reperfusion is involved in
certain critical stages of the reproductive cycle, so it would
also be interesting to examine the effect of time of reper-
fusion on HIFla expression to assess if perfusion-depen-
dent variation occurs. This experiment could either be done
by arterial clamping or by incubation of the reproductive
tract ex vivo in a hypoxia chamber. Comparisons of
pregnant with non-pregnant animals may also be of future
research interest as it has also been shown that HIF target
genes (e.g. VEGF) facilitate fertilisation and maturation in
embryos developed in culture (Luo et al. 2002). Finally,
although the rat does provide a good model for human
reproduction given the basic tissue organisation of the
reproductive tract (i.e. the muscular, lamina propria and
mucosal layers), and hypoxia in the lumen in both species
impacts reproduction and fertility, we would also be
interested in extending our methods to species other than
rats for comparative purposes.

Conclusions

It has been seen that many subcompartments of the oviduct
and uterus experience severe hypoxia, as supported by the
presence of pimonidazole adducts. In particular, it appears
that a severe hypoxic state is common in the mucosal layers
and as these regions are vital for secretion of proteins and
other relevant molecules into the oviductal and uterine
lumens in order to facilitate a variety of reproductive
processes, it may be that hypoxia plays a key role in
facilitating this, perhaps via controlling changes in vascular
permeability. Additionally, hypoxia may contribute to the
regulation of the oviductal and uterine fluid environments
via production of proteins such as GLUTI and CAIX
within the mucosal layers. Our results suggest that the key
mediator of these responses within the oviduct is HIF2a,
while both HIF1o and HIF2a appear to be involved within
the endometrium.
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