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Abstract The epidermal growth factor (EGF) plays a crucial
role in the control of uterine cell proliferation, growth and
differentiation. This study was designed to investigate the
spatiotemporal expression pattern and localization of the
EGF receptor/ligand system during the process of uterine in-
volution using immunohistochemistry. Our results indicated
that the expression of the ErbB/HER receptors and their li-
gands varied with structural changes in the uterus at different
days of involution. Supranuclear punctate ErbB1 immuno-
staining was observed in the luminal and glandular epithelial
cells and endometrial fibroblasts. Moderate ErtbB2/HER2 im-
munoreactivity was observed in the lateral membrane and
cytoplasm of the epithelial cells on the 1st, 3rd and 5th days
and was decreased on the other days of involution. The
amount of nuclear and cytoplasmic ErbB3/HER3 and
ErbB4/HER4 immunostaining remained constant throughout
the postpartum period. The EGF immunoreaction was weak in
the luminal and glandular epithelium throughout the involu-
tion period. Although the cytoplasmic AREG immunoreactiv-
ity in the glandular epithelium was stronger on the 1st and 3rd
days compared with the other days of involution, NRG1 im-
munostaining was weak on the 1st and 3rd days and was
moderate in the apical cytoplasm on the 10th and 15th days
of involution. The macrophages displayed strong cytoplasmic
immunoreactivity for ErbB3/HER3, ErbB4/HER4, EGF,
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AREG and NRG. Strong, moderate and weak immunostain-
ing for ErbB2/HER2, ErbB4/HER4 and other proteins
(ErbB1, ErbB3, AREG and NRG), respectively, was present
in the myometrial smooth muscle cells. These findings sup-
port the hypothesis that the EGFsystem plays a role in the
development of various physiological changes associated with
uterine involution.
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Introduction

The postparturient period, which is also termed also puerperi-
um or postpartum, is characterized by uterine involution and
the restoration of ovarian functions. Uterine involution in
mammalian species is necessary for the establishment of the
next pregnancy (Esslemont and Kossaibati 2000). Uterine in-
volution is the process by which the uterus returns to its pre-
pregnant state by retrogressive processes including substantial
tissue destruction and subsequent tissue repair and remodel-
ling. A reduction of in uterine size, morphological and histo-
logical changes, uterine contraction, autolysis of myometrial
cells, epithelial regeneration and proliferation occurs during
this process (Blackburn 2007). Tissue repair is a strategic step
in uterine involution and therefore uterine involution has fea-
tures in common with events that occur during the repair of
other tissues (Salamonsen 2003). The tissue repair and remod-
elling in the uterus are regulated by several mediators such as
cytokines, matrix-degrading enzymes and growth factors
(Salamonsen 2003). Growth factors activate cell proliferation
and differentiation by binding to their attendant tyrosine ki-
nase receptors that are expressed in the plasma membrane.
These factors exert their effects on cells through endocrine,
paracrine, autocrine, or intracrine mechanisms. The epidermal
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growth factor (EGF) family is one group of growth factor that
plays a role in normal development, differentiation, migration,
proliferation, embryogenesis, wound healing and apoptosis,
which are essential for the viability of multicellular organisms
(Bazley and Gullick 2005). The epidermal growth factor
(EGF) system is a type I growth factor family consisting of
four receptors: human EGF receptor 1 (HER1) (also called
EGF-receptor/EGFR/ErbB1), HER2 (also called ErbB2/
Neu), HER3 (also called ErbB3) and HER4 (also called
ErbB4). These four receptors are widely expressed in epithe-
lial, mesenchymal, and neuronal tissues. They share a com-
mon structural feature, but differ in their ligand specificities
and kinase activities. The EGF receptors are transmembrane
glycoproteins with an extracellular ligand-binding domain, a
transmembrane region, a protein tyrosine kinase domain, and
a C-terminal autophosphorylation domain. The intracellular
domains of ErbB1/HER1, ErbB2/HER2 and ErbB4/HER4
display tyrosine kinase activity. Like other growth factor re-
ceptors, the molecules of the ErbB family form dimers when
stimulated by a ligand, and they phosphorylate other mole-
cules to activate certain signalling pathways. ErbB1 and
ErbB4 form either homo- or heterodimers, whereas ErbB2
functions as a cofactor for the other receptors, and ErbB3
requires heterodimerization because of its lack of tyrosine
kinase activity (Niikura et al. 1996; Ejskjaer et al. 2005).

Many ligands, or EGF-related peptide growth factors,
trigger an intracellular signalling cascade upon binding to
their receptors, causing changes within the target cells. Cur-
rently, seven ligands for EGFR have been identified: epider-
mal growth factor (EGF), transforming growth factor-o
(TGF-«), heparin-binding EGF-like growth factor (HB-
EGF), amphiregulin (AREG), betacellulin (BTC), epiregulin
(EREG), and epigen. In mammals, these ligands and four
receptors comprise the EGFR/ligand system. EGF, TGF«,
AREG and epigen bind to EGFR. HB-EGF, EREG and
BTC bind equally to EGFR and ErbB4. ErbB2 does not
have a known ligand, but recent structural studies suggest
that ErbB2 is most likely regulated by some ligand
(Schneider and Wolf 2008). ErbB3 and ErbB4 are also tar-
gets of a group of structurally related cell-cell signalling
proteins known as neuregulins (NRG) [Neu differentiation
factor (NDF) or heregulins]. NRG-1 and NRG-2 bind to
ErbB3 and ErbB4, and NRG-3 and NRG-4 bind to ErbB4
but not ErbB3 (Falls 2003).

Multiple research papers have demonstrated that EGFRs/
ErbB/HER and their ligands play a crucial role in the control
of uterine cell growth and differentiation during the menstrual
or sexual cycle, pregnancy and implantation (Mukku and
Stancel 1985; DiAugustine et al. 1988; Smith et al. 1991;
Zhang et al. 1992; Das et al. 1995; Boomsma et al. 1997;
Lennard et al. 1998; Tamada et al. 2000; Yue et al. 2000;
Klonisch et al. 2001; Wollenhaupt et al. 2004; Brown et al.
2004; Sagsoz and Ketani 2010; Kida et al. 2010). The EGF
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family of ligands and their receptors are expressed in the uter-
us and the embryo in a temporal and cell type-specific fashion
(Lim et al. 1998). The rat uterus contains specific, high-
affinity EGF receptors. These receptors are present in the ep-
ithelial, stromal and myometrial cells of the uterus (Stancel
et al. 1987). The EGF receptors localize in both the plasma
membrane and in the cytoplasm of all cell types, and EGFRs
may stimulate the growth of epithelial cells (Onagbesan et al.
1994). The uterine epithelial cell proliferation directed by
EGF-like ligands or steroid hormones (oestrogen) is mediated
either indirectly via EGFR in the uterine stromal cells in a
paracrine manner or via other members of the ErbB family
in uterine epithelial cells (Lim et al. 1997). Ligands, such as
EGF, TGF-«, AREG, HB-EGF, EREG, BCL and NRG/
heregulin are produced by both uterine epithelial and stromal
cells (Gharib-Hamrouche et al. 1995; Kim et al. 1995; Das
etal. 1997; Tsark et al. 1997; Reese et al. 1998) and secreted
into the uterine lumen (Nelson et al. 1992; Kim et al. 1995).

The binding of EGF to the EGFR induces the proliferation
of uterine epithelial cells in an autocrine manner, but stromal
cell count was not affected by oestradiol or EGF in some
mammals. EGF expression changes with the oestrous cycle
in the adult uterus (Huet-Hudson et al. 1990); oestrogen may
therefore be required for EGF synthesis in the adult uterus,
and changes in uterine EGF expression in adult female mice
are thought to be caused by cyclic changes in blood oestrogen
levels (DiAugustine et al. 1988). Gardner et al. (Gardner et al.
1987) reported that EGF stimulated contractions in uterine
tissues removed from immature and adult rats. EGF and
TGF-« are known to be important for early embryonic growth
and differentiation (Werb 1990).

AREQG is a member of the epidermal growth factor family
and is known to be expressed in the luminal epithelium of the
mouse uterus. It appears that amphiregulin may participate in
cellular infiltration in the process of implantation (Lee et al.
2006). AREG is known to be regulated by the progesterone
induced by oestrogen. However, it has been shown that AREG
mRNA is expressed throughout the oestrous cycle in the
mouse uterus (Lee et al. 2005).

Of the neuregulins, the NRG-1 isoforms (Neu differentia-
tion factor, NDF; sensory and motor neuron-derived factor,
SMDF) are implantation-specific genes that are generated at
the stage when the embryo attaches to the uterus and are re-
quired for the implantation of the blastocyst (Brown et al.
2004). The expression patterns of EGF, TGF-«, AREG and
HB-EGEF in the uterus during the peri-implantation period and
their responsiveness to sex steroid hormones have been exam-
ined (Huet-Hudson et al. 1990; Das et al. 1995; Tamada et al.
2002). Ligand-receptor signalling through the EGF family of
growth factors in the uterus and embryo is thought to be im-
portant for implantation, but there is currently no knowledge
about its activity or that of the EGF receptors and their ligands
during uterine involution. Furthermore, the mechanisms that



Vet Res Commun (2015) 39:115-135

117

regulate uterine involution are not completely understood.
The uterus is a heterogeneous tissue consisting of different
cell types. The uterus is lined with a thick mucosa, the endo-
metrium, which is surrounded by a thick wall of smooth mus-
cle, the myometrium. Both the endometrium and myometrium
are characterized by ongoing proliferation and differentiation
throughout almost half of the lifespan of a female, and it is
tempting to hypothesize that the EGFR/ligand system plays a
pivotal role in controlling these reactions during tissue repair
and remodelling of the postpartum uterus. To elucidate the
reason for this, we initiated studies using a rat model to exam-
ine the expression patterns of the ErbB receptors and ligands
in the uterus during postpartum involution (days 1-15 of the
postpartum period).

Materials and methods
Animals and tissue preparation

The female Rattus norvegicus (Wistar) rats (250-300 g, 6—
8 weeks) used in the study were obtained from a holding that
performs regular production, and did not have any problems
related to flock health (Experimental Animals Center, Univer-
sity of Erciyes, Kayseri). The animals were housed under
controlled temperature (20+£2 °C) and photoperiod
(12:12 h L:D) conditions. The midpoint of the light period
was 12.00 h. Rats were given food and water ad libitum.
Vaginal smears were taken daily from the rats in the morning
(09.00-10.00 h) to identify their oestrus cycles. Male rats
housed in similar conditions were allowed to mate with female
rats at oestrus. The day on which sperm was first observed in a
vaginal smear was counted as day 1 of pregnancy. The day of
delivery of pups was designated as day 1 postpartum. For the
determination of postpartum changes in the EGF receptor and
ligands, uteri were collected on days 1, 3, 5, 10, and 15 post-
partum (five rats per group) under deep anaesthesia (urethane
1.5 g/kg i.p). Adherent fat and blood vessels were trimmed
from the uteri. The uteri were fixed in a 10 % formol-alcohol
solution for 18 h, dehydrated, cleared, and embedded in
Paraplast. This study was approved by the Department of
Experimental Animals Ethic Committee, University of
Erciyes (approval number 08/23).

Histology and Immunohistochemistry

Twelve slides were prepared from each sample, and each slide
contained a minimum of three sections cut to be 5 pm thick.
The tissue sections were mounted on glass slides coated with
3-aminopropyl-ethoxy-silane (APES) (Sigma-Aldrich
Chemicals, St. Louis, MO, USA) and dried at 37 °C. To ex-
amine the general structure of the uterus during the involution
period, the first slide was stained with Crosman’s triple stain

(Crossman 1937). The second slide was stained with
Dominici’s stain for the determination of mast cells (Aker
1954). The following adjacent slides were immunostained
for macrophage markers (CD68, Macrophage Marker Ab-3,
1:50 dilution, Cat No: MS-397, Thermo Scientific and CD163
antibody (ED2), 1:50 dilution, sc-58965, Santa Cruz Biotech-
nology), vimentin (Leica Biosystems, Novacastra, Kat no:
NCL-L-VIM-V9, 1:200 dilution), and EGF receptors [EGFR
(1005, Santa Cruz Biotechnology, USA, sc-03, 1:50 dilution),
ErbB2 (Neu) (F-11, Santa Cruz Biotechnology, sc-7301,
USA, 1:300 dilution), ErbB3 (C-17, Santa Cruz Biotechnolo-
gy, sc-285, USA, 1:50), ErbB4 (C-18, Santa Cruz Biotechnol-
ogy, USA, sc-283, 1:100)] and ligands [(EGF (Z-12, Santa
Cruz Biotechnology, USA, sc-275, 1:50), NRG-1 (H-210,
Santa Cruz Biotechnology, USA, sc-28916, 1:50) or AREG
(H-155, Santa Cruz Biotechnology, USA, sc-25436, 1:50)].

Immunohistochemistry was performed using a
streptavidin—biotin—peroxidase detection system (Thermo
Fisher Scientific Lab Vision Corporation, Fremont, CA,
USA). Briefly, sections were de-paraffinized in xylene,
rehydrated through a graded series of ethanol, and then rinsed
several times with phosphate-buffered saline (PBS; pH 7,4).
Endogenous peroxidase activity was blocked by incubating
the slides in 3 % H,O, in methanol for 15 min at room tem-
perature, and the slides were then washed with PBS two times.
Antigen retrieval was performed by boiling in 0.01 M citrate
buffer (pH 6.0) for 30 min at 80 °C using a water bath, and the
samples were cooled for 20 min prior to immunostaining
(Liman et al. 2013). Sections were then washed in PBS and
incubated in a blocking serum (Ultra V Block, Thermo Fisher
Scientific Lab Vision Corporation, Fremont, CA, USA; TA-
125UB) for 5 min at room temperature to block non-specific
binding. The blocking solution was removed by tapping the
slides, which were then incubated with primary antibodies
overnight at 4 °C. This was followed by incubation with bio-
tinylated goat anti-rabbit IgG (for EGFR, ErbB3, ErbB4, EGF,
NRG and AREG) or biotinylated rabbit anti-mouse 1gG (for
CD68, CD163, Vimentin and ErbB2) for 20 min, followed by
incubation with the avidin-biotin-peroxidase complex for
20 min. Between each step, sections were washed four times
in PBS. The reaction was visualized using 3, 3'-diaminoben-
zidine tetra hydrochloride (DAB; Thermo Fisher Scientific
Lab Vision Corporation, Fremont, CA, USA). After
counterstaining with Gill’s hematoxylin the slides were
dehydrated through an alcohol series, cleared with xylene,
and mounted with coverslips using a permanent mounting
medium (entellan).

The EGF receptor and ligand antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), which
guarantees that the antibodies are specific for rat tissues. The
specificity of immunohistochemical procedures was also ver-
ified by using negative and positive control sections. As pos-
itive controls, sections of breast carcinoma and rat mammary
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gland were incubated with primary antibodies because EGFRs
and their ligands have been localized in the epithelial cells
lining the secretory alveoli and ducts (Sagséz and Ketani
2010). Negative control staining was performed by omitting
the primary antibody and using normal rabbit IgG (Santa cruz
sc-2027) instead of anti-EGFR, anti—ErbB3, anti-ErbB4, an-
ti-EGF, anti-NRG and anti-AREG antibodies or normal
mouse IgG (Santa cruz sc-2025) instead of anti-ErbB2, an-
ti—-CD68, anti-CD163, and anti—Vimentin antibodies. Non-
specific staining was not detected in tissue samples from dif-
ferent days of the involution period. Examination was con-
ducted using a conventional light microscope (BX51; Olym-
pus, Tokyo, Japan).

Quantitative analysis

Immunohistochemical staining was performed in duplicate to
verify results. The immunostaining was evaluated semi-
quantitatively using an intensity score (IS). (Brown and
Lamartiniere 2000; Alan and Liman 2012). The intensity
score reflected the intensity of positive staining in the cell
membranes, cytoplasm and nucleus. In this method, the inten-
sity score (IS) was evaluated in the following manner: —, neg-
ative; +, weak staining; ++, moderate staining; and +++,
strong staining.

The intensity score of the immunostaining reactions in the
cells was determined by two independent researchers (E.A.,
N.L.), and the mean score of the two observers was calculated.
The expression of the ErbB/HER receptors and their ligands
(EGF, NRG, AREQG) in the uterus was examined microscop-
ically at 40%, 100%, 200 and 400 magnification. Five dif-
ferent cell groups were evaluated: the luminal epithelium,
glandular epithelium cells, stromal cells, myometrial smooth
muscle cells and blood vessels.

Results

The structural changes of the uterus during the postpartum
involution period

On postpartum day 1, a thickened endometrium and
myometrium were observed. The large lumen of the uterus
was surrounded with mucosal folds, and the crypts were deep
and irregular. The luminal epithelium, including different cell
types together with intraepithelial capillary vessels, showed
properties of a pseudostratified columnar epithelium. Many
of the luminal epithelial cells were undergoing supranuclear
vacuolation, as exhibited by small, pyknotic nuclei. The lam-
ina propria or endometrial stroma consisted of expanded
hypocellular oedematous loose connective tissue with little
discernible extracellular matrix (ECM) and contained a few
enlarged endometrial glands. On postpartum day 3, the
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intraepithelial vessels disappeared, the depth crypt decreased,
and the cell density within the lamina propria increased. The
endometrial thickness decreased as a result of reduction in
extracellular space between the stromal fibroblasts and the
distance between the endometrial glands. A marked increase
in ECM staining was observed in the lamina propria.
Myometrial thickness also decreased. On postpartum day 5,
the lumen became narrow and shaped like the letter T. The
luminal lining epithelial cells were columnar, and the
vacuolization in the epithelium disappeared. A few crypts
existed. The glands appeared smaller and the height of the
glandular epithelium was increased compared with postpar-
tum days 1 and 3. The thickness of the collagen fibres around
the gland groups increased. On postpartum days 10 and 15,
the uterus was structurally similar to that of non-pregnant
females. The thickness of the endometrium and myometrium
reached a minimum. The crypts disappeared completely, and
the luminal epithelium consisted of columnar epithelial cells.
The density of endometrial fibroblasts in the lamina propria
increased and the fibroblasts showed two different locations in
the endometrial stroma: subepithelial and deep stromal. The
amount of fibroblasts in the subepithelial stroma was higher
than in the deep stroma (Fig. 1).

In the present study, the endometrial stromal cells were
typed based on their morphology and localization, using
histochemical and immunohistochemical techniques. In the
stroma, the vimentin-positive cells (Koumas et al. 2001),
endometrial fibroblasts, and CD68- and CD163-positive
cells localized particularly to the subepithelial and
periglandular stroma were identified as macrophages
(Fig. 2), whereas the cells that stained with Dominici’s stain
and were localized to the periphery of the stromal vascula-
ture and the blood vessels in the stratum vasculare of the
myometrium were identified as mast cells. The amount of
endometrial macrophages increased with the advance of
postpartum days.

The immunohistochemical localization of receptors and their
ligands

ErbB1 immunoreactivity was detected as punctate staining in
the supranuclear region of the endometrial luminal, glandular
epithelium and endometrial fibroblasts in the lamina propria
during the postpartum period. During days 1 and 3 of the
postpartum involution process, staining of the luminal epithe-
lium was observed in some regions; on day 5 no such staining
was observed in the prismatic epithelium, and on days 10 and
15 the entire luminal epithelium produced positive staining.
As the number of endometrial fibroblasts in the oedematous
mucosa on the first day of involution was lower compared
with the other phases, the number of ErbB1-positive cells
was also low, whereas on the other days of the postpartum
involution period, an increased number of ErbB1-positive



Vet Res Commun (2015) 39:115-135

119

Fig. 1 General structure of rat
uterus in day 1 postpartum (PP1),
day 3 postpartum (PP3), day 5
postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15). L lumen, ¢
crypt, Le luminal epithelium, g
endometrial gland, v blood vessel,
s stroma, Crossman’s triple stain

cells was detected owing to the increase in the number of
endometrial fibroblasts that occurred with the structural
changes. In blood vessels, the expression of ErbB1 was con-
centrated in the membrane of red blood cells in the lumen of
the vessels but was not present in endothelial and smooth
muscle cells of the vessels. In the myometrium, the smooth
muscle cells showed a very weak ErbB1 expression during the
postpartum period (Fig. 3, Table 1).

It was determined that the ErbB2 immunoreactivity on was
localized to the cytoplasm and lateral membrane of the lumi-
nal and glandular epithelial cells. In the luminal epithelium,
the cytoplasmic reactivity was of a moderate intensity on days
1, 3 and 5 of the postpartum period, and weak on postpartum
days 10 and 15. The endometrial fibroblasts also showed
moderate ErbB2 expression. The macrophages that were de-
termined to be positive for CD68 and CD163, which are mac-
rophage markers, produced a strong cytoplasmic reaction

(Fig. 2). Furthermore, on all of the postpartum days investi-
gated, the ErbB2 immunoreactivity in the myometrial
myocytes, vascular endothelium and vascular smooth muscle
cells was more strongly positive than that in the luminal and
glandular epithelial cells (Fig. 4, Table 2).

Throughout the postpartum period, it was observed that the
ErbB3 immunoreactivity was localized particularly to the api-
cal and basal cytoplasm of the luminal and glandular epithelial
cells, but some cell nuclei were also determined to be ErbB3-
immunopositive. During the entire postpartum involution pe-
riod, whereas the majority of the endometrial fibroblasts pre-
sented with a weak cytoplasmic and moderate nuclear stain-
ing, the macrophages produced a strong cytoplasmic staining.
The mast cells found in the connective tissue surrounding the
blood vessels in the endometrial stroma and the stratum
vasculare of the myometrium displayed ErbB3-positive cyto-
plasmic staining. Blood vessels exhibited moderate ErbB3
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Fig.2 CD 68 and CD 163
immunoreactivity in rat uterus of
day 1 postpartum (PP1), day 5
postpartum (PP5), and day 15
postpartum (PP15). L lumen, Le
luminal epithelium, g endometrial
gland, v blood vessel, s stroma,
arrows: CD 68 and CD 163
positive the macrophages

CD 68

expression in the endothelial cells. In the myometrium, the
smooth muscle cells showed weak ErbB3 expression during
the postpartum period (Fig. 5, Table 3).

Throughout the postpartum period, ErbB4 was localized to
the cytoplasm and membrane and was also found in the nu-
cleus of some luminal and glandular epithelial cells, and the
immunoreactivity did not vary during the postpartum period.
The endometrial fibroblasts presented with moderate cyto-
plasmic ErbB4 immunoreactivity. The stromal macrophages
produced a strong cytoplasmic reaction (Fig. 6, Table 4).

During the postpartum period, in general, the EGF immu-
noreactivity was weak in the luminal and glandular epithelial
cells and endometrial fibroblasts. In the stroma, EGF expres-
sion was concentrated in macrophages, with the most intense
expression throughout the postpartum involution period.
There was no EGF expression in blood vessels or in
myometrial smooth muscle cells (Fig. 7, Table 5).

@ Springer
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The AREG immunoreactivity was localized to the cyto-
plasm of the luminal and glandular epithelial cells, and the
staining in the apical cytoplasm of the glands was stronger
on postpartum days 1 and 3 compared with the other days.
The AREG immunreactivity was also observed in the nuclei
of most (but not all) luminal and glandular epithelial cells.
Whereas endometrial fibroblasts presented with a nuclear re-
activity (nuclear membrane), macrophages displayed an in-
tense cytoplasmic reaction. In the myometrium, the AREG
immunoreaction was very weakly positive in the nucleus
and cytoplasm of the muscle cells. Blood vessels exhibited a
moderate AREG expression in endothelial cells (Fig. 8,
Table 6).

On postpartum days 1, 3, and 5 the luminal and glandular
epithelial cells produced a weak cytoplasmic NRG1 immuno-
reaction, whereas on postpartum days 10 and 15, this immu-
noreaction intensified in the apical cytoplasm and reached a
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Fig. 3 EGFR immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, ¢ crypt, Le
luminal epithelium, g endometrial
gland, v blood vessel, s stroma,
arrow head: ErbB1 positive
punctate staining in the
supranuclear region of the stromal
fibroblasts, arrows: ErbB1
positive punctate staining in the
supranuclear region of the
endometrial luminal and
glandular epithelium

moderate intensity. Stromal macrophages exhibited strong
NRG1 expression during the postpartum period, whereas
blood vessels showed moderate NRG1 expression in the en-
dothelial cells. In the myometrium, the NRG 1 immunoreac-
tion was very weakly positive in the cytoplasm of the muscle

cells (Fig. 9, Table 7).

Discussion

Our data show for the first time the localization of the recep-
tors of the EGF system, ErbB1/HER1, ErbB2/HER2, ErbB3/
HER3 and ErbB4/HER4 and three ligands (AREG, NRG and
EGF) in the uterus of rats on days 1, 3, 5, 10 and 15 of the

Table 1  Scoring for specific staining of EGFR in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution days ~ Luminal epithelium  Glandular epithelium  Stromal cells ~Myometrial smooth muscle cells ~ Blood vessel wall
PP1 sp/+++ sp/A++ F: sp/+++ c/+ -
PP3 sp/+++ sp/+++ F: sp/+++ c/+ -
PP5 sp/+ sp/+++ F: sp/+++ c/+ -
PP10 sp/+++ sp/+++ F: spH++ c/H -
PPI15 sp/+++ sp/+++ F: spH++ c/Ht -

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: sp supranuclear punctate staining, ¢ cytoplasmic staining, /' stromal fibroblasts
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Fig. 4 ErbB2 immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. Le luminal epithelium, g
endometrial gland, v blood vessel,
s stroma, m myometrium, arrow:
ErbB2 positive the endothelial
cells, arrows head: ErbB2
positive the lateral memrane

postpartum involution period by immunohistochemistry.
Moreover, the results, which showed that the organization
and distribution of these molecules in the endometrial and
myometrial components of the uterus varied with the morpho-
logical changes that occurred during the involution process,

suggest that these molecules undergo ovarian hormonal con-
trol and likely participate in the preparation of the uterus that is
necessary for the establishment of the next pregnancy as pre-
viously reported in the mammalian uterus during the menstru-
al or oestrous cycle (Smith et al. 1991; Wang et al. 1992; Imai

Table 2 Scoring for specific staining of EtbB2/HER?2 in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution days ~ Luminal epithelium  Glandular epithelium  Stromal cells =~ Myometrial smooth muscle cells ~ Blood vessel wall
PP1 c/++, Im/++ ¢/++, alm/++ F:c/++ c/+++ e:c/+++, sic/+++
PP3 c/++, Im/++ ¢/++, alm/++ Fic/H+ c/H++ e:c/+++, sic/+++
PP5 c/+, Im/++ ¢/++, alm/++ Fic/HH+ c/H++ e:c/+t+, sic/H++
PP10 c/+, Im/++ ¢/++, alm/++ Fic/H+ c/H++ e:c/+t+, sic/H++
PP15 c/+, lm/++ ¢/++, alm/++ Fic/H+ c/H++ e:c/+t+, sic/H++

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, /m lateral membrane staining, a/m apicolateral membrane staining, F' stromal fibroblasts, e

endothelium, s vascular smooth muscle cells
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Fig. 5 ErbB3 immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, ¢ crypt, Le
luminal epithelium, g endometrial
gland, v blood vessel, s stroma,
arrow: ErbB3 positive the
macrophages

et al. 1995; Wollenhaupt et al. 1997; Miturski et al. 1998;
Srinivasan et al. 1999; Tamada et al. 2000; Ejskjaer et al.
2005; Kida etal. 2010; Sagsoz et al. 2012; Sagsoz et al. 2014).

Endometrial repair after parturition is a critical process of
uterine involution. This process consists of the regeneration
and proliferation of both the epithelium and endometrial

stroma (Blackburn 2007). Warbrick (1955) stated that in the
rat, at the time of parturition, the uterine mucosa is lined with
epithelium everywhere except at the placental sites and that re-
epithelialization of the placental sites is completed within
36 h. This author suggested that this rapid regeneration is
likely related to the early post-partum oestrus; in the rat the

Table 3  Scoring for specific staining of ErbB3/HER3 in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution days Luminal epithelium Glandular epithelium Stromal cells

Myometrial smooth muscle cells Blood vessels

PP1 c/++, n/++ c/++, n/++
PP3 c/++, n/++ c/++, n/++
PP5 c/++, n/++ c/++, n/++
PP10 c/++, n/++ c/++, n/++
PP15 c/++, n/++ c/++, n/++

F: ¢/+, n/++; M/MC:c/+++ c¢/+, n/+ e: ¢/++, n/+
F: ¢/+, n/++; M/MC:c/+++ c¢/+, n/+ e: ¢/++, n/+
F: ¢/+, n/++; M/MC:c/+++ ¢/+, n/+ e: ¢/++, n/+
F: ¢/+, n/++; M/MC:c/+++ c¢/+, n/+ e: ¢/++, n/+
F: ¢/+, n/++; M/MC:c/+++ ¢/+, n/+ e: ¢/++, n/+

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, » nuclear staining, F' stromal fibroblasts, MC mast cells
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Fig. 6 ErbB4 immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, Le luminal
epithelium, g endometrial gland, v
blood vessel, s stroma, m
myometrium

first postpartum ovulation occurs at approximately 18 h. Fur-
thermore, Warbrick (1955) reported that during involution,
areas of the uterine epithelium show a vacuolation of the co-
lumnar cells that is particularly marked 36 h post-partum. In
our study, a microscopic examination of the involuting uterine

mucosa of rats showed that on postpartum day 1, the luminal
epithelium including different cell types together with
intraepithelial capillary vessels had properties of
pseudostratified columnar epithelium. Many of the luminal
epithelial cells were undergoing supranuclear vacuolation, as

Table 4  Scoring for specific staining of ErbB4/HER4 in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution Luminal Glandular Stromal cells Myometrial smooth muscle cells Blood vessel wall
days epithelium epithelium

PP1 ¢/+++, n/+, Im/+++ ¢/+++, n/+, am/+++  F: c/++, n/++, M: ¢/+++ c¢/++, n/+ e: ¢/t+, n/+

PP3 c/+++, n/+, Im/+++  ¢/+++, n/+, am/+++  F: ¢/++ n/++ M: ¢/+++ ¢/++ n/+ e: ¢/++, n/+

PP5 c/+++, n/+ lm/+++ ¢+, n/+, am/+++  F: ¢/, n/+, Mz oA+ o/ n/A+ e: ¢/[t+, n/+
PP10 c/+++, n/+ lm/+++ ¢+, n/+, am/A++ F: o/ n/+, Mz oA+ o/ n/+ e: ¢/[t+, n/+
PP15 C/+++, n/+ lm/+++ ¢/, am/+ F: ¢+, n/+, M: ¢/+++  ¢/++, n/+ e: ¢/[t+, n/+

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, n nuclear staining, /m lateral membran staining, am apical membran staining, F' stromal

fibroblasts, M Macrophage, e endothelium of blood vessels
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Fig. 7 EGF immunoreactivity in
rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, ¢ crypt, Le
luminal epithelium, g endometrial
gland, v blood vessel, s stroma, m
myometrium, arrows: EGF
positive the macrophages

exhibited small, pyknotic nuclei. In the luminal epithelium,
the intraepithelial vessels and vacuolization disappeared on
postpartum days 3 and 5, respectively. On postpartum day 5,
the luminal epithelial cells were columnar and on the 10th day
postpartum, the crypts disappeared completely and the epithe-
lium showed the features of a high columnar epithelium that

was similar to that of non-pregnant females at the diestrus
stage of oestrous cycle (Komarek 2000).

To date, the results of studies have shown that the expres-
sions and localizations of epidermal growth factor receptors
and ligands in the luminal and glandular epithelium of endo-
metrium are different from each other and vary according to

Table 5  Scoring for specific staining of EGF in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution days Luminal epithelium Glandular epithelium Some stromal cells Smooth muscle cells Blood vessels
PP1 c/+ c/+ M: c/+++ - -
PP3 c/+ c/+ M: c/+++ - -
PP5 c/+ c/+ M: c/+++ - -
PP10 c/+ c/+ M: c/+++ - -
PP15 c/+ c/+ M: c/+++ - -

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, M Macrophage
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Fig. 8 AREG immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, ¢ crypt, Le
luminal epithelium, g endometrial
gland, v blood vessel, s stroma, m
myometrium, arrows: AREG
positive the macrophages, arrow
heads: AREG positive the
nucleus

the mammalian species and the sexual cycle. In the rat uterus
during the postpartum involution period, ErbB1 was localized
to the luminal and glandular epithelia in the endometrium,
confirming earlier observations in the human (Smith et al.
1991; Miturski et al. 1998; Ejskjaer et al. 2005), pig

Table 6  Scoring for specific staining of AREG in the endometrium of the rat uterus during the postpartum involution period

(Wollenhaupt et al. 1997), goat (Tamada et al. 2000), bitch
(Kida et al. 2010; Sagsoz et al. 2014) and cow (Sagsoz et al.
2012). In contrast to the findings obtained in the present study,
ErbB1 was reported not to be expressed in the uterine epithe-
lial cells in the mouse by Das et al. (1994) and in the human

Postpartum involution days ~ Luminal epithelium  Glandular epithelium  Stromal cells Myometrial muscle cells ~ Blood vessels
PP1 c/+, n/+ ac/+++, n/+ F: n/4++, M: ¢/+++ c/+, n/+ e: c/t++
PP3 c/+, n/+ ac/+++, n/+ F: n/++, M: ¢/[+++ ¢/+, n/+ e: ¢/++
PP5 c/+, n/+ ac/+, n/+ F: n/++, M: ¢/[+++ c/+, n/+ e: ¢/t
PP10 c/+, n/+ ac/+, n/+ F: n/++, M: ¢/[+++ c/+, n/+ e: ¢/t
PP15 c/+, n/+ ac/+, n/+ F: n/++, M: ¢/[+++ c/+, n/+ e: ¢/t

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, ac apical cytoplasmic staining, » nuclear staining, F stromal fibroblasts, M Macrophage, e

endothelium of blood vessels
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Fig. 9 NRG-1 immunoreactivity
in rat uterus of day 1 postpartum
(PP1), day 3 postpartum (PP3),
day 5 postpartum (PP5), day 10
postpartum (PP10) and day 15
postpartum (PP15) and negative
control. L lumen, Le luminal
epithelium, g endometrial gland, v
blood vessel, s stroma, m
myometrium, arrows: NRG-1
positive the macrophages, arrows
heads: hemosiderine-load
macrophages

uterine glands by Wang et al. (1992). In accordance with mi-
croscopic findings, our immunohistochemical results, showed
ErbBI/HER! immunoreactivity in only some regions of the
luminal epithelium on days 1 and 3 of the postpartum involu-
tion period and the absence of the reaction in the prismatic
epithelium on postpartum day 5. These results were similar to

previous reports in humans (Imai et al. 1995) that reported that
ErbB1/HERI is expressed at low levels during the early fol-
licular phase. Furthermore, in the rat uterus, the histological
findings and the immunoreactivity of ErtbB1/HER1 in the en-
tire luminal epithelium on postpartum days 10 and 15 as re-
ported in the luteal phase of sexual cycle of other mammals

Table 7  Scoring for specific staining of NRG-1 in the endometrium of the rat uterus during the postpartum involution period

Postpartum involution days Luminal epithelium Glandular epithelium Stromal cells Smooth muscle cells Blood vessels
PP1 c/+ c/+ F: c/+, M: c/[+++ ¢/t e: ¢/t
PP3 c/+ c/+ F: c/+, M: c/+++ c/H+ e: ¢/t
PP5 c/+ c/Ht F: c/+, M: c/4+++ c/t e: e/t
PP10 ac/++ ac/++ F: c/+, M: c/[+++ c/H+ e: ¢/++
PP15 ac/++ ac/++ F: ¢/+, M: ¢/+++ c/+ e: c/t++

Staining intensity: — negative, + weak, ++ moderate, +++ strong

Subcellular localization of staining: ¢ cytoplasmic staining, ac apical cytoplasmic staining, F* stromal fibroblast, M Macrophages
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(Smith et al. 1991; Miturski et al. 1998; Ejskjaer et al. 2005;
Wollenhaupt et al. 1997; Tamada et al. 2000; Kida et al. 2010;
Sagsoz et al. 2014; Sagsoz et al. 2012) demonstrate that the
repair and remodelling processes of the luminal epithelium
were already completed by day 10 postpartum and that the
expression of ErtbB1/HERI in the epithelium varies with mor-
phological changes in the luminal epithelium during the post-
partum period.

ErbB1/HERI has been reported tolocalize at the basal re-
gion of the luminal epithelial cells (Ejskjaer et al. 2005), the
surface of the glandular epithelial cells in the human uterus
(Smith et al. 1991), the apical and basal membranes of the
luminal epithelium and only the apical membrane of the glan-
dular epithelium in the bovine uterus (Sagsoz et al. 2012),
whereas membrane, cytoplasmic and nuclear immunoreactiv-
ity has been determined in the bitch uterus (Sagsoz et al.
2014). In contrast to other mammalian species, the present
study that in the rat, the uterine localization of ErbB1/HER1
was of a supranuclear punctate pattern in the endometrial lu-
minal and glandular epithelial cells. ErbB1/HER1 is a proto-
typical receptor tyrosine kinase. The binding of ligands, such
as EGF, to the extracellular portion of ErtbB1/HER1 on the cell
surface induces ErbB1/HER1 dimerization and tyrosine ki-
nase activation. After receptor activation, ErbB1/HER1 is typ-
ically downregulated via an endocytic pathway that results in
receptor degradation or recycling. Therefore, the endocytic
pathway is the primary molecular mechanism that maintains
the balance of EGFR (Haley and Gullick 2008). Activated
ErbB1/HERT1 is internalized into endosomes. Endosomal
ErbB1/HERL1 is translocated to the endoplasmic reticulum
(ER) directly or indirectly via the Golgi. Subsequently, ErbB1
is retrotranslocated from the ER to the cytosol (Sorkin and
Goh 2008). It has been reported that the Golgi apparatus is
localized in the supranuclear region of the luminal and glan-
dular epithelium in the rat uterus (Glasser et al. 1988). In view
of'these literature reports, although the subcellular localization
of ErbB1/HER1 was not examined by electron microscopy in
the present study, the observation of the ErbB1/HER 1 immu-
noreactivity in a punctate pattern in the supranuclear region
suggested that the Golgi body and the associated endosomal
vesicles were ErbB1-positive. This finding supports the pres-
ence of endosomal ErbB1 signalling (Wang et al. 2002) in the
rat endometrial epithelial cells. Because EGFR signalling af-
fects various cellular processes such as proliferation, differen-
tiation, survival, growth, and migration and because
endosomal EGFR signalling promotes the activation of major
signalling pathway such as ERK1/2 and Akt, leading to cell
proliferation and cell survival (Wang et al. 2002), we propose
that ErbB1 may act in an autocrine and/or paracrine manner to
regulate the proliferation, differentiation and viability of en-
dometrial epithelial cells during uterine involution.

The ErbB2 (HER2/Neu proto-oncogene) plays an impor-
tant role in normal cell growth and differentiation in the uterus
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several mammals and ErbB2/HER2 expression in different
uterine components varies with the phases of the sexual cycle
(Wang et al. 1992; Miturski et al. 1998; Lim et al. 1997; Idris
et al. 2001; Klonisch et al. 2001; Sagsoz et al. 2012; Sagsoz
et al. 2014). In agreement with the reports available for the
mouse (Lim et al. 1997), rabbit (Klonisch et al. 2001), human
(Miturski et al. 1998; Ejskjaer et al. 2005), cat (Misirlioglu
et al. 2006), cow (Sagsoz et al. 2012) and dog (Sagsoz et al.
2014), in the present study, it was ascertained that throughout
the postpartum period, a moderate reactivity was observed in
the cytoplasm and membrane of the luminal and glandular
epithelial cells. The cytoplasmic reactivity in the luminal
epithelium was observed to be weaker on postpartum days
10 and 15 compared with the other days. Lim et al. (1997)
reported that ErbB2 may be a potential candidate receptor
subtype for interaction with the EGF-related ligands in epithe-
lial cell proliferation/differentiation during the preimplanta-
tion period (Lim et al. 1997). Based on this information and
our immunohistochemical findings, we suggest that the
ErbB2/HER?2 receptor participates in the regulation of prolif-
eration and differentiation of the endometrial epithelium in the
rat uterus throughout the postpartum involution period.

The ErbB3/HER3 receptor is mainly expressed by normal
tissues. The major difference between other ErbB receptors
and the ErbB3 receptor, is that the latter possesses either very
little or no tyrosine kinase activity. For this reason,
homodimers of ErbB3 are inactive (Srinivasan et al. 1999).
Studies in the uterus (Srinivasan et al. 1999; Ejskjer et al.
2005; Sagsoz et al. 2012; Sagsoz et al. 2014) showed that
ErbB3/HER3 expression in the luminal and glandular epithe-
lium did not vary with the different phases of the menstrual or
oestrous cycle (Srinivasan et al. 1999; Ejskjar et al. 2005;
Sagsoz et al. 2012; Sagsoz et al. 2014). Our immunohisto-
chemical data showed that ErbB3/HER3 immunoreactivity
was localized particularly in the apical and basal cytoplasm
ofthe luminal and glandular epithelial cells, and in the nucleus
in some cells, and this staining did not vary during the uterine
involution period.

The ErbB4 protein is a member of the receptor tyrosine
kinase family and weighs 180 kDa. Previous studies have
discovered that the expression of ErtbB4/HER4 in the cellular
components of the uterus is different in several mammalian
species including, human (Imai et al. 1995; Niikura et al.
1996; Srinivasan et al. 1999; Srinivasan et al. 1998; Moller
etal. 2001; Ejskjaer et al. 2005), cow (Sagsoz et al. 2012) and
bitch (Sagsoéz et al. 2014), and shows cyclic variations de-
pending upon the species. Although Ejskjaer et al. (2005)
stated that ErtbB4/HER4 is localized to the cytoplasm of
luminal and glandular epithelial cells, Srinivasan et al.
(1998) observed positive staining for erbB4/HER4 on the api-
cal, lateral and basal membranes of epithelia. In the present
study, it was observed that throughout the postpartum involu-
tion period, the luminal and glandular epithelia displayed a
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strong cytoplasmic, membranous and nuclear (nuclear mem-
brane) distribution pattern for ErbB4/HER4, and this ErbB4/
HER4 immunoreaction did not vary during the postpartum
involution period. Recent studies showed that membranous
ErbB1, ErbB2, ErbB3, and ErbB4 proteins can translocate to
the nucleus in a variety of cancer cells (Lin et al. 2001;
Offterdinger et al. 2002; Koumakpayi et al. 2006) and that
the nuclear localization of ErbB acts as a transcriptional reg-
ulator, transmits signals, and is involved in multiple biological
functions, including cell proliferation, tumour progression,
DNA repair and replication, and chemo- and radio-resistance
(Wang and Hung 2012). The ErbB3/HER3 and ErbB4/HER4
nuclear reactivity observed in the endometrial epithelial cells
in the rat uterus during the postpartum involution period sup-
ports the opinion that this expression may be associated with
the downstream signalling activities that regulate the prolifer-
ation, mobility and differentiation of cells during the involu-
tion process (Wang and Hung 2012).

EGF, a ligand that bind to the EGF receptor (ErbB1/
HER1), is a mitogenic polypeptide growth hormone that is
known to regulate the proliferation and differentiation of a
variety of cells including uterine epithelial cells by paracrine
and/or autocrine action (Shiraga et al. 2000). Several studies in
the uterus of multiple mammals, including humans (Chegini
etal. 1992; Imai et al. 1995; Moller et al. 2001), rats (Gardner
etal. 1989), mice (Das et al. 1994), rhesus monkeys (Yue et al.
2000), baboons (Slowey et al. 1994), dogs (Kida et al. 2010;
Sagsoz et al. 2014) and pigs (Wollenhaupt et al. 1997), have
demonstrated that the localization and expression of EGF in
the cellular component of the uterus are different among spe-
cies and among the stages of the menstrual or sexual cycle.
Previous studies in the uterus of many mammals including
human (Imai et al. 1995; Chegini et al. 1992; Moller et al.
2001), baboon (Slowey et al. 1994), goat (Tamada et al.
2000), and bitch (Kida et al. 2010; Sagsoz et al. (2014), dem-
onstrated that the luminal and glandular epithelial cells ex-
press EGF. However, the present study indicates that EGF
immunoreactivity was weak in the cytoplasm of the luminal
and glandular epithelium.

AREG is a heparin-binding molecule that binds ErbB1/
HERI and is expressed in various tissues but mainly in the
reproductive and urinary systems (mammary glands, uterus/
ovary, placenta, testis and prostate) (Stern 2003). In the repro-
ductive system, AREG participates in a wide range of physi-
ological processes, including blastocyst attachment and pre-
paring the uterus for embryo implantation (Das et al. 1995;
Lee et al. 2006). Investigations conducted in the uterus of the
mouse, monkey, and pig and in humans (Das et al. 1995; Yue
et al. 2000; Kim et al. 2003; Ejskjaer et al. 2005; Gui et al.
2008; Aghajanova et al. 2008) have shown that the expression
of AREG in the uterus varies between species. Furthermore,
the presence of AREG in the human endometrium is contro-
versial: one group observed weak immunostaining in the

cytoplasm and nuclei of luminal and glandular epithelial cells
and low mRNA levels of AREG (Aghajanova et al. 2008);
however, other researchers determined that AREG was locat-
ed in the cytoplasm of the glandular epithelial cells (Gui et al.
2008). It has been reported that in the rhesus monkey (Yue
et al. 2000) and bitch (Sagsoz et al. 2014), AREG is localized
in the luminal and glandular epithelium. Similar to the reports
for humans (Gui et al. 2008; Aghajanova et al. 2008) and the
rhesus monkey (Yue et al. 2000) and bitch (Sagsoz et al.
2014), in the present study, it was observed that AREG was
localized to the cytoplasm and nuclei of luminal and glandular
epithelium. In agreement with the report from Aghajanova
et al. (2008) for the human endometrium, AREG immunore-
activity was also observed on the apical surface of the luminal
and glandular epithelial cells of the rat uterus.

Neuregulin 1 (NRG1) is one of four proteins in the
neuregulin family that act on the EGFR family of receptors.
NRG1 binds to the ErbB3 and ErbB4 receptors and mediates
cell-cell interactions, and its multiple isoforms perform di-
verse functions such as inducing growth and differentiation
of epithelial, glial, neuronal, and skeletal muscle cells
(reviewed in Burden and Yarden 1997). The expression of
NRGI in the uterus has been investigated during the menstru-
al cycle in humans (Srinivasan et al. 1999) and during the
oestrous cycle in the bitch (Sagsoz et al. 2014). The study
by Srinivasan et al. (1999) confirmed that NRG1 is expressed
by glandular epithelial cells at a higher level during the secre-
tory stage, whereas Sagsoz et al. (2014) demonstrated that
NRG1 expression is strong in luminal and glandular epitheli-
um throughout the oestrus cycle. In contrast to humans
(Srinivasan et al. 1999) and the bitch (Sagsoz et al. (2014),
the results of our study reveal that cytoplasmic NRG1 immu-
noreactivity was weak in luminal and glandular epithelium
throughout the postpartum involution period of the rat uterus.
This finding support the information in the literature (Brown
et al. 2004) that NRG-1 is implantation-specific gene and is
required for the implantation of the blastocyst.

The rat uterus undergoes a rapid roughly 10-fold increase
in wet weight during pregnancy over a period of 21 days and
an even more rapid involution within 5-6 days post-partum
(Afting and Elce 1978). A feature of particular interest in
involution is the re-organization of the connective tissue
framework of the endometrial stroma, which is a major com-
ponent of the endometrium, with 83 % of its collagen resorbed
in the first 3 days following parturition (Ryan and Woessner
1972). During postpartum uterine involution fibroblasts,
along with smooth muscle cells and macrophages, work in
concert with extracellular degradation and ingest enormous
amounts of collagen over a brief period of time (Ryvnyak
et al. 1999; Parakkal 1972).

Our microscopic findings demonstrated that on postpartum
day 1, the endometrial stroma consisted of expanded
hypocellular oedematous loose connective tissue with little
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discernible extracellular matrix (ECM), and following day 3
after birth, the endometrial fibroblast density within the lam-
ina propria increased with the advancement of the postpartum
involution process. Furthermore, we observed that on postpar-
tum days 10 and 15, the endometrial fibroblasts showed two
different locations in the endometrial stroma: subepithelial
and deep stromal, and the amount of fibroblasts in the
subepithelial stroma was more than in the deep stroma. These
findings support the hypothesis that the fibroblast in the su-
perficial stroma may play a role in the preparation of
desidualization and that the fibroblasts in the deep stroma
may be is associated with reconstruction of the endometrium
in the post-partum period (Salgado et al. 2011).

It has been reported that in the rat and hamster, primary
(solitary) ciliated fibroblasts are present in the endometrial
stroma, and in these cells, the Golgi body is conspicuous in
the periphery of the basal body situated adjacent to the nucleus
(Tachi et al. 1969; Clark and Brinsfield 1973). More than 300
primary cilia have been identified using electron microscopy
in a variety of embryonic and mature connective tissue cells
(Poole et al. 1985). The function of primary cilia, such as those
found in endometrial stromal cells of the uterus is unknown.
However, Poole et al. (1985) proposed that the primary cilia in
connective tissue cells could act as multifunctional, cellular
cybernetic probes, thus receiving, transducing, and
conducting a variety of extrinsic stimuli to the intracellular
organelles responsible for inducing the appropriate
homeostatic feedback response to changes in the
extracellular microenvironment. Recently, Christensen et al.
(2008) suggested that the primary cilium coordinates signal-
ling pathways during cell cycle control and migration during
development and tissue repair. As the present study was based
on the use of light microscopy, the presence of ciliated fibro-
blasts was not able to be observed. However, endometrial
stromal cells were identified as fibroblasts on the basis of their
morphology, localization and vimentin-positive reactivity (da-
ta not shown) (Koumas et al. 2001).

Previous studies have shown that the expression and local-
ization of EGFRs and ligands in the stromal cells of the endo-
metrium are different from each other and vary according to
the mammalian species and the sexual cycle. Our immunobhis-
tochemical results concerning the localization of the EGFRs
and their ligands indicate that the localization and expression
of these proteins in fibroblasts are different from each other.
Furthermore, it was determined that although the number of
immunopositive fibroblasts for each receptor and ligand in-
creased with the advance of postpartum days and reached a
maximum on postpartum days 10 and 15, the immunostaining
intensity remained relatively stable throughout the postpartum
period.

We found that the immunoreactivity of ErbB1/HER1 was
located in the fibroblasts within the endometrial stroma in the
form of a large granule in the supranuclear region. The
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presence of ErbB1/HER1 in the endometrial fibroblasts in
the rat uterus is in agreement with previous reports in several
mammalian species (Wang et al. 1992; Miturski et al. 1998;
Maller et al. 2001; Ejskjaer et al. 2005), but the localization is
different from these reports (Wang et al. 1992; Miturski et al.
1998; Moller et al. 2001; Ejskjaer et al. 2005), which observed
the stromal cells displayed cytoplasmic ErbB1/HER1
imunoreactivity. In view of the literature reports cited above
and on the basis of the knowledge that ErbB1 receptor activa-
tion induces proliferation and motility in fibroblasts (Yarden
and Sliwkowski 2001), we hypothesized that the ErbB1/
HER1 immunoreactivity observed in the endometrial fibro-
blasts could be localized to the Golgi body and that ErbB1/
HERI1 could be associated with the proliferation and motility
of endometrial fibroblasts. However, to prove this hypothesis,
detailed immnunoelectron microscopic research is required.
Research conducted in the uterus showed that the
expression and localization of the ErbB1 ligands EGF and
AREG in the stromal cells vary between species. In humans,
Chegini et al. (1992) and Méller et al. (2001) showed that the
endometrial stromal cells are the site of EGF expression. In the
baboon uterus, Slowey et al. (1994) stated that EGF is only
expressed in stromal cells surrounding the glands
(periglandular stroma) during the follicular stage, whereas
during the luteal stage, glandular epithelial and stromal cells
produced positive immunoreactions for EGF. However, in
mares, EGF was absent (Gerstenberg et al. 1999), and in goats
(Tamada et al. 2000), expression was either weak or absent in
stromal cells. In the bitch uterus, Sagsoz et al. (2014) demon-
strated that EGF was localized in the endometrial stromal cells
throughout the oestrus cycle. Furthermore, the presence of
AREG in the human endometrium is controversial: one group
found a few stromal cells in the endometrial stroma and leu-
kocytes in the blood expressing AREG protein and mRNA,
which decreased from the early proliferative to the early se-
cretory phase (Ejskjaer et al. 2005), whereas a second group
observed weak AREG immunostaining in the cytoplasm and
nuclei of stromal cells and low mRNA levels of AREG, with-
out cyclic variations (Aghajanova et al. 2008). In addition, it
has been reported that in the bitch, AREG immunoreactivity is
localized to the stromal cells and does not vary during the
oestrous cycle (Sagsoz et al. 2014). Our immunohistochemi-
cal findings show that the expression and localization of the
ErbB1 ligands EGF and AREG are different from that of
ErbBl1, although EGF is weakly expressed in the cytoplasm
of fibroblasts, whereas AREG is localized at the nuclear mem-
brane of endometrial fibroblasts. It is known that fibroblasts
play a significant role in epithelial-mesenchymal interactions,
secreting various growth factors and cytokines that have a
direct effect on epithelial proliferation and differentiation
and on the formation of extracellular matrix (Wong et al.
2007). AREG has been shown to induce fibroblast prolifera-
tion (Shoyab et al. 1988). Altogether, these data led us to
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hypothesize that the expression of AREG in the nuclear mem-
brane of endometrial fibroblasts may stimulate stromal cell
proliferation, differentiation and migration, supporting as-
sumptions that AREG plays a key role in stromal restoration
during uterus involution. Furthermore, although the absence
of ErbB2/HER2 immunoreactivity was reported by
Misirhioglu et al. (2006) in the stromal cells in the cat and by
Wang et al. (1992) in the stromal cells of humans, the findings
of this study demonstrate that during the postpartum involu-
tion period in the rat uterus, endometrial fibroblasts displayed
positive cytoplasmic ErbB2/HER2 immunoreactivity. Taken
together with the histological and histochemical findings that
showed that the number of immunopositive fibroblasts in-
creased with the advance of postpartum days and reached a
maximum on postpartum days 10 and 15, this finding may
indicate that ErbB2 is a potential candidate receptor subtype
for fibroblast proliferation and preparation for decidualization
during the postpartum involution period as reported during the
implantation period (Lim et al. 1997). Previous investigations
in humans (Srinivasan et al. 1999) and the cow (Sagsoz et al.
2012) and bitch (Sagsoz et al. 2014) showed that the stromal
cells in the endometrium are positive for ErbB3. Our immu-
nohistochemical data indicate that the staining pattern of
ErbB3 in endometrial fibroblast was predominantly nuclear
and cytoplasmic. In addition to its cytoplasmic and membrane
localization, ErbB3 protein has been reported in cell nuclei
and the nuclear localization of HER3, like that of EGFR, is
suggested to function as a transcription factor in chromatin
remodelling as well as DNA repair (Jiang et al. 2012). Based
on this information, we suggest that the nuclear localization of
ErbB3/HER3 in the endometrial fibroblasts may be associated
with downstream signalling activities regulating the prolifera-
tion, mobility and differentiation of these cells during the in-
volution process (Wang and Hung 2012).

Work by Srinivasan et al. (1999) reported that Ertb4/HER4
is expressed at high levels on the membrane of stromal cells
during the secretory stage of the menstrual cycle of human,
whereas work by Chobotova et al. (2005) showed Erb4/HER4
localized mainly to the stroma during the proliferative phase
and to the epithelium and stroma during the secretory phase.
Although previous research in cows (Sagsoz et al. 2012) re-
ported that the staining intensity of erbB4/HER4 in the stro-
mal cells was weak, another study in the bitch (Sagsoz et al.
2014) stated that the stromal cells were more weakly stained in
anestrus than proestrus, oestrus or diestrus. In the present
study, throughout the postpartum involution period, the endo-
metrial fibroblasts displayed moderate cytoplasmic ErbB4/
HER4 immunoreactivity.

Investigations conducted in the uterus of humans
(Srinivasan et al. 1999) and the bitch (Sagsoz et al. 2014)
showed that the expression of the ErbB3 and ErbB4 ligand
NRGI in the stromal cells is weak compared with the epithe-
lial component of the uterus. Similar to these reports our

findings indicate that cytoplasmic NRG1 immunoreactivity,
like that of ErbB3 and ErbB4, was weak in endometrial
fibroblasts.

It has long been appreciated that endometrial macrophages
(in the rat, rabbit, and mouse) play a role in the reduction of
stromal volume. These phagocytes appear in the stroma dur-
ing the early postpartum period and phagocytose the solubi-
lized denatured collagen fragments degraded by extracellular
proteases (Padyculal976). Additionally, recent studies dem-
onstrated that macrophages express ErbB2, ErbB3 and ErbB4
and neuregulin-1 and that these receptors and ligands enhance
macrophage motility (Calvo et al. 2010). Lamb et al. (Lamb
et al. 2004) found that EGF mediates monocyte chemotaxis
and macrophage proliferation. Based on this information in
the literature and our data showing the presence of ErbB2,
ErbB3, ErbB4, EGF, AREG and NRG1 in macrophages, we
suggest that EGFR signalling may play a role in the migration
of macrophages during uterine involution. Uterine involution
results from a decrease in myometrial smooth muscle cell size,
but the number of myometrial cells does not decrease. This
decrease in size is the result of ischemia, autolysis, and phago-
cytosis (Afting and Elce 1978; Simpson and Creehan 2008).
Our data are limited to a histological study; as a result, we
could not determine the degree of ischemia, autolysis and
phagocytosis of myometrial cells during the involution of
the uterus. However, we observed that following day 3 after
birth, myometrial thickness decreased with the advance of
postpartum days and reached a minimum on postpartum days
10 and 15.

The ErbB family of receptors and ligands has been demon-
strated to play an important role in growth regulation and
intracellular signalling in a wide variety of cell types including
myometrial smooth muscle cells. These studies revealed that
the expression of ErbB family of receptors and ligands dif-
fered among species and stages of the menstrual or sexual
cycle. EtbB1/HERI/EGFR mRNA expression has been iden-
tified in the smooth muscle cells of the normal myometrium
(Yeh et al. 1991). In humans, no significant difference in the
concentrations of ErbBI/HERI/EGFR in the myometrium
during the menstrual cycle was reported (Konopka et al.
1998). Tamada et al. (2005) reported that in the bitch, the
ErbB1/HER1 immunoreactivity was weak in the
myometrium, whereas Sagsoz et al. (2014) reported that at
proestrus and diestrus, the expression of ErbB1 was strong.
ErbB1I/HER1 immunoreactivity was reported to be weak in
50-day-old rats that had recently reached puberty (Brown and
Lamartiniere 2000). The findings obtained in the present study
demonstrated that ErbB1 immunoreactivity was weak in the
myometrium of the rat uterus throughout the postpartum in-
volution period, and similar to the human uterus during the
menstrual cycle (Konopka et al. 1998), no significant alter-
ations were observed during the involution period. Previous
studies in the cow (Sagsoz et al. 2012) and the bitch (Sagsoz
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et al. 2014) have shown ErbB2/HER2-positive reactivity in
myometrial smooth muscle cells, whereas feline uterine
myometrial cells did not produce any immunoreaction
(Misirhioglu et al. 2006). Furthermore, in the bitch, it has been
reported that the immunoreactivity for ErbB2 in the
myometrial smooth muscle cells during oestrus is signifi-
cantly different than that during diestrus and anestrus
(Sagsoz et al. 2014). A primary function of ErtbB2/HER2
is suppressing apoptosis to enhance cell survival, giving rise
to uncontrolled proliferation and tumour growth. Mainte-
nance of ErbB2/HER2 expression is also required for
ErbB2/HER2-mediated suppression of apoptosis (Carpenter
and Lo 2013), and ErbB2 is required for muscle spindle and
myoblast cell survival (Andrechek et al. 2002). It is known
that postpartum uterine involution is characterized by the
expression of genes associated with apoptosis, wound repair,
and tissue regeneration. This allows the uterus to resume its
normal, nonpregnant receptive conditions (Petraglia et al.
2007). Shynlova et al. (2006) reported that the major
antiapoptotic protein Bcl-2 localized in the cytoplasm of
rat myometrial cells, and that Bcl-2 protein expression was
abundant in the nonpregnant and early pregnant
myometrium (up to gestational day 12), then decreased dra-
matically during late gestation (17-fold decrease at
gestational days 21 and 22) and returned to a high nonpreg-
nant level by postpartum day 4. Bcl-2 protein has been
shown to prevent the activation of the caspase cascade
(Monney et al. 1996), and recently, in the myometrium, it
has been stated that under normal circumstances, caspase
cascade activation does not occur at term (Shynlova et al.
2006). Furthermore, ErbB2/HER2 gene amplification has
also been reported to correlate with the expression of the
apoptosis-suppressing genes Bcl-2 and Bel-x; in breast can-
cer (Siziopikou and Khan 2005). The ErbB2 receptor also
has important roles in mitogenesis and the differentiation of
smooth muscle cells (Yamanaka et al. 2001).

The precise roles of ErbB2 in myometrial smooth muscle
physiology have not been previously elucidated. However,
collectively, the information in the literature combined with
our own results showing the strong cytoplasmic expression of
ErbB2/HER2 in the myometrial cells of uterus during post-
partum involution period led us to hypothesize that erbB2/
HER2 may play a role similar to that of Bcl-2 by preventing
the development of true apoptosis in myometrial tissues and
thus, ErbB2/HER2 may regulate mitogenesis and the differ-
entiation of myometrial smooth muscle cells (Yamanaka et al.
2001).

It has been reported that in the bitch (Sagsoz et al. 2014),
ErbB3/HER3 immunoreactivity in the myometrial smooth
muscle cells was of a moderate intensity at anoestrus and weak
during the other phases of the oestrous cycle, whereas the
ErbB4/HER4 and NRG immunoreactivity was weak, and
the AREG and EGF immunoreactivity was moderate

@ Springer

throughout the sexual cycle. In the mouse, it has been reported
that there was little detectable apoptosis in the myometrial
smooth muscle cells of wild-type 24-48 h postpartum uteri
and ErbB4 expression was observed throughout the smooth
muscle cells of the myometrium, suggesting that ErbB4 may
play an important role in the regulation of physiological tissue
remodelling (Yu et al. 2002). Furthermore, Tamada et al.
(2000) reported that in the goat uterus, the myometrial smooth
muscle cells produced a weak EGF reaction, whereas Brown
and Lamartiniere (2000) reported to have observed moderate
EGF reactivity in the rat uterus. Harrison-Woolrych et al.
(1994) stated that in the myometrium of the human uterus,
the levels of EGF mRNA did not differ between the prolifer-
ative and secretory phase of the cycle.

The results of the present study demonstrated that in the
myometrium, the immunoreactivity of ErbB3/HER3, EGF,
AREG and NRG1 was weak and was not altered during
the involution period. Furthermore, as reported for the post-
partum mouse uterus (Yu et al. 2002), it was ascertained
that in the postpartum rat uterus, the ErbB4 immunoreac-
tivity in the myometrial smooth muscle cells was of a
moderate intensity. This finding supports the hypothesis
that the ErbB4/HER4 receptor may be significantly in-
volved in the remodelling of the myometrium during the
involution period (Yu et al. 2002).

Conclusion

In conclusion, the current study demonstrate the presence of
ErbB/HER receptors and their ligands (EGF, NRG and
AREQG) in the uterine luminal and glandular epithelium, stro-
mal cells, and myometrial compartments during postpartum
uterine involution in the rat and showed that the expression
levels of these proteins are different among tissue compart-
ments of the uterus. However, although the changes in the
expression levels of epidermal growth system members are
generally not as dramatic, our results indicate that the expres-
sion of ErbB receptors and their ligands varied with structural
changes in the uterus on different days of involution. Our data
were limited to a semi-quantitative immunohistochemical
analysis; therefore, we could not determine the exact function
ofthe EGF system in the uterine involution process. However,
we suggest that the ErbB/HER receptors and their ligands play
amajor role in the development of various physiologic chang-
es associated with uterine involution.
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