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Abstract

Understanding the does reproductive hemodynamic changes during the estrous cycle is crucial for improving
reproductive competence and fertility potential in this species. The objective of this study is to investigate the hemo-
dynamic variations in ovarian (OA) and uterine (UA) arteries, histological and morphometric changes in ovarian and
uterine tissues throughout the follicular (FP) and luteal (LP) phases in rabbits and determine estrogen (ER), progester-
one (PR) receptors, and vascular endothelial growth factor (VEGF) distributions using immunohistochemistry.

Fourteen adults pluriparous New Zealand rabbits were divided into rabbits at the FP (Day — 1; n=7) and those at the
LP (Day 9; n=7). Animals were subjected to Doppler, hormonal (estrogen [E2], progesterone [P4], insulin-like growth
factor [ILGF], and VEGF), histological, and immunohistochemical analyses. In LP, OA Doppler indices were significantly
increased, whereas peak systolic velocity (PSV) was decreased compared with that in FP. UA Doppler indices were
significantly decreased in the LP, whereas PSV was increased (P<0.05). E2 levels were increased in the FP, whereas

P4 levels were increased in the LP. The morphometric analysis of uterine tissues during the LP revealed an increase

in the mean uterine endometrium length, endometrial connective tissue area percentage (%), endometrial glands
number, myometrial area (%) and thickness. Furthermore, ovarian follicles and corpus luteum (CL) displayed strong
positive immunoreactivity for ER, PR, and VEGF-A during both phases. The ovarian sections displayed a substantial
(P<0.05) increase in the area % of VEGF-A in the ovarian follicles during FP while in the CL during LP. Conversely, area
percentage of VEGF-A immunoreactivity in the uterine luminal and glandular epithelia during the FP and LP revealed
no differences. However, the number of VEGF-A-stained blood capillaries revealed an increase during LP than FP.In
conclusion, this study demonstrated for the first time the changes in both ovarian and uterine arteries during two dif-
ferent phases of the rabbit cycle in relation to the histo-morphometric analysis and distribution of ER, PR, and VEGF-A,
which regulate uterine functions that play a role in reproduction.
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Background

Due to their friendliness, ease of handling and obser-
vation, and the potential for breeding, rabbits were a
frequent species used as an animal models in scientific
research in human and animal medicine [1-3]. Rabbits
are induced ovulators; therefore, pregnancy is particu-
larly distinct, which is just hours or days after mating
[4, 5]. Receptive doe displays a larger number of ovar-
ian follicles with an increased estrogen hormone level
[6], resulting in reddish swollen vulva and lordosis [7].
After coitus, the luteinizing hormone (LH) is released
and reaches its maximum levels 1h later, which results
in ovulation [8, 9]. Currently, the estrogen hormone
is dominant until corpus luteum (CL) formation [10].
The rabbit ovary and uterus undergo substantial trans-
formation following ovulation [4]. The endometrium
undergoes morphological and physiological cyclic
changes, including proliferation, differentiation, apop-
tosis, and regeneration [11, 12]. Therefore, angiogen-
esis, which is the development of new vasculature from
preexistent vessels, plays a fundamental role in tissue
remodeling and is necessary for implantation and nor-
mal pregnancy and proper uterine blood supply main-
tenance [13, 14].

During the reproductive cycle, both estrogen and
progesterone hormones play a crucial role in control-
ling the uterine cyclic changes and functions of their
receptors. Furthermore, these hormones influence the
uterine vasculature growth either directly through their
receptors or indirectly by initiating proangiogenic fac-
tor release, including vascular endothelial growth fac-
tor (VEGF) [12, 15]. VEGF is one of the most common
angiogenic factors that stimulate robust angiogenesis,
increases blood vessel permeability, and plays a crucial
role in ovarian folliculogensis and consequently CL for-
mation and maintenance [16—18]. VEGF exists in five
isoforms, including VEGF-A, B, C, D, and E, and acts
through three tyrosine kinase family receptors [16].
VEGE-A is the key mediator of the angiogenic process,
and its activity is mediated by binding to VEGF recep-
tors (VEGF-R1 and VEGF-R2) on endothelial cells
[19]. By focusing its impact on (luteal phase) LP stages,
VEGF protein is found in the hormone-producing cells
of the CL in primates, with the largest concentration
in granulosa-derived cells [20, 21]. VEGF is present
throughout the LP; however, it becomes less preva-
lent as luteolysis progresses. Conversely, in sheep CL,
a highly specific antibody detected VEGF in vascular

pericytes although not in hormone-producing cells
[22]. Moreover, ovarian vessel formation and func-
tionality mainly depend on VEGEF-A due to its role in
angiogenesis [23]. Insulin-like growth factors (IGFs) are
essential steroidogenesis promoters that could act at
various points along the production route, such as pro-
moting cholesterol substrate absorption, suppressing
apoptosis that helps in luteal weight maintenance [24],
and stimulating P4 secretion acutely. It was found that
the members of the IGF family play significant roles in
boosting angiogenesis through VEGF creation in luteal
cells and steroid synthesis through major steroidogenic
protein generation [25].

There are two main classical isoforms of estrogen recep-
tor (ER): Era and Erf [26, 27]. ER and progesterone recep-
tor (PR) were distinguished in the buffalo ovarian sections
[28], both luminal and glandular epithelial cells in addition
to stromal cells in the uterus of bovine [28] during the fol-
licular (FP) and luteal (LP) phases and in rabbits during
pseudopregnancy [29]. Nitric oxide (NO) is a paracrine
mediator with a wide range of physiological roles, includ-
ing arterial dilation/permeability modulation [30] and neu-
rotransmission [31]. Several lines of evidence imply that
NO is involved in cycle-dependent ovarian events, such as
ovulation and luteal function modulation [32, 33]. To the
best of our knowledge, the occurrence and distribution of
these critical hormonal receptors (ER, PR, and VEGF-A) in
the ovarian and uterine tissues with alterations in the vas-
cularization of rabbits at the FP and LP have not been well
studied. The practical applications of this study are summa-
rized in the determination of the normal blood flow in both
ovarian and luteal arteries in order to make a perfect judg-
ment on the basic reproductive or biotechnological aspects
of the rabbit. Therefore, this study aimed for the first time
to investigate the hemodynamic variations in the ovarian
(OA) and uterine (UA) arteries as well as the morphologi-
cal and morphometric changes in the ovarian and uterine
tissues during these two phases and determine the ER, PR,
and VEGEF-A distribution in these tissues in correlation to
their serum hormonal changes using immunohistochemis-
try, as this study could open a wide field in rabbit reproduc-
tion via demonstration of the normal vascularization that
occurred in those phases.

Materials and methods

Ethical statement

Ethical approval (VET CU 12/10/2021/385) for this
study was provided by Institutional Animal Care and Use



Abdelnaby et al. BMC Veterinary Research (2022) 18:301

Committee of the Faculty of Veterinary Medicine, Cairo
University.

Animals and housing

This study was conducted at Cairo university, Faculty
of Veterinary Medicine at the Departments of Theri-
ogenology, Anatomy, and Histology. The current study
was performed on 14 cyclic healthy pluriparous female
New Zealand rabbits (weighed 4.5-5.5kg, with an aver-
age of 5+0.5kg; aged 3—4years, with an average of
3.540.5years). All animals were divided into two groups:
rabbits at the FP (Day —1; n=7) that were previously
synchronized by receiving a subcutaneous 25IU injection
of PMSG 48hr. before mating and subsequently received
25 pg of GnRH (Gonadorelin, Fertagyl; Intervet Inc., Box-
meer, Netherlands) following 48 hr. of forced mating with
a sterile adult male [34]; the first FP after synchronization
was examined. Rabbits at the LP (Day 9; n=7) comprised
the second group, which were previously synchronized
and subsequently mated with a sterile adult male. The
animals were anesthetized and sacrificed for anatomi-
cal examination (#=4) and histological examinations
(n=10). All rabbits received food and water ad libitum
and were housed in cages.

Ultrasound scanning and Doppler analysis

B-mode ultrasonography was performed after mating for
1day to confirm ovulation, and this day was referred to
as day 1 of the LP. Conversely, the FP was determined as
the day before ovulation with the presence of the largest
preovulatory follicle (Day —1).

B-mode ultrasonogram (EXAGO, Meyreuil, France;
brightness, 70%; depth, 3cm; acoustic power, 87%;
spectral insonation angle, 55°; and PRF, 3500Hz) was
performed using a 7.5-MHz, linear array probe. All
examinations were performed by the same professional.
B-mode ultrasonography of both ovaries and uterus was
performed on days —1 and 9. Also, B-mode ultrasonog-
raphy was performed on day-3 to reveal the numer-
ous follicles, as follicles on that day before ovulation are
more than one, while with the progress of the ovulation
the largest preovulatory one is ruptured which was con-
firmed by ultrasonography (Fig. 1a) and corpora lutea
during the LP Day 9 (Fig. 1b). However, in color mode
ultrasonograms, ovarian artery (OA) coloration was
revealed during the FP with the presence of the largest
preovulatory follicle (Fig. 1c), whereas a luteal artery
(LA) supplying the CL with the presence of small grow-
ing follicles were observed in the LP (Fig. 1d).

The spectral wave was utilized to calculate Doppler
parameters, including resistance index (RI), pulsatility
index (PI), and peak systolic velocity (PSV, cm/sec), to
obtain the wave graph to evaluate the functionality of the
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known specific artery as ovarian (Fig. 1e, f), luteal, and
uterine (Fig. 2a, b). In addition to uterine artery cross-
sectional diameter was determined after color mode acti-
vation. RI was measured by an automatic equation in the
device as follows RI=[PSV-EDV/PSV], while PI=[PSV-
EDV/TAV], as TAV was the time average velocity to
complete one cardiac cycle and EDV was the end point
of velocity in the spectral graph as previously measured
[35-37].

Anatomical examination and arterial angioarchitecture
Rabbits were anaesthetized with xylazine (1 mg/kg, IM)
and ketamine (5% IV 10mg/kg); then, they were sacri-
ficed by exsanguination of the carotid arteries that per-
mit the releasing of blood from blood vessels to facilitate
its injection with latex later on. The exposed abdominal
aorta was cannulated and rinsed carefully from clotted
blood using warm normal saline; a gum milk latex emul-
sion (60%) colored with red ROTRING ink was subse-
quently injected [38]. Then, the specimens were kept in
a refrigerator until the latex was solidified and delight
dissection occurred to examine the genital tract and its
ovarian and uterine arterial supplies.

Based on our anatomical findings, the New Zealand
rabbit ovary was suspended in the lateral abdominal wall
by mesovarian ligament just caudal to the kidneys on
both sides. It was elliptical, compressed dorsoventrally,
and carried several follicles and CL on its surface that
gave it an irregular surface (Fig. 3).

Blood sampling and hormonal analysis

Blood samples were collected in 2-mL syringes from the
auricular vein and centrifuged at 2000xg for 10min.
Serum samples were stored at — 18°C for hormonal assay.
Estradiol 17f, progesterone, and IGF-1 were assayed
using DRG diagnostics (Diagnostic Reagents) using
ELISA with 9.8, 0.04, and 1.29ng/mL assay sensitivities,
respectively, as IGF-1 was analyzed using antibodies with
high sensitivity for two different epitopes on IGF-1 [39].
IGF-1 was determined by ELISA kit with a catalogue ref-
erence number (eia-4140).VEGF serum levels were meas-
ured using an ELISA kit with a 2.2-pg/mL sensitivity at
(SINULOG, China; catalogue number: SL.2247Hu). NO is
determined by serum samples [40].

Histological investigation

General histological examination

Histological preparation procedures were conducted
following the protocol described by [41]. Briefly, the
ovarian and uterine tissues were sliced to 3—4-mm thick-
ness, fixed in 10% neutral buffered formalin for 48h,
dehydrated in graded ethanol concentrations, cleared
in xylene, and embedded in paraffin. To examine the
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Fig. 1 B-mode ultrasonograms revealed numerous follicles during the follicular phase at day — 3 (a) and corpus luteum during the luteal phase
at day 9(b),and color mode ultrasonograms revealed ovarian artery coloration during the follicular phase at day — 1 with presence of largest
preovulatory follicle(c),while in the luteal phase the color mode showed a luteal artery supplies the corpus luteum with presence of small growing
follicles(d),(e and f) showed spectral graph of both ovarian and luteal artery in both follicular (day — 1) and luteal (day 9) phases in female rabbit.
F=follicle, CL=corpus luteum, RO =right ovary

l

1000

Fig. 2 Ultrasonograms with color and spectral Doppler modes revealed cross-sectional coloration of the middle uterine artery during both
follicular (day — 1) and luteal (day 9) phases in female rabbit
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Fig. 3 Anatomical pictures demonstrated the rabbit ovary insitu (a), the origin of the ovarian artery (b), DL (dorsal view of the left ovary; c), DR
(dorsal view of the right ovary; d), VR (ventral view of the right ovary; e), and VL (Ventral view of the left ovary; f). OV =ovary, FT =fallopian tube,
UH = uterine horn, K=kidney, CL = corpus luteum, F =follicle.1- Abdominal aorta, 2-Ovarian artery, 3- Uterine branch of ovarian artery, 4- Tubal
branch of ovarian artery, 5- Ovarian branch of ovarian artery, and 6- Common iliac artery

general tissue structure, the paraffin blocks were sec-
tioned via a rotatory microtome at 4—6-pm thickness and
dyed with hematoxylin and eosin (H&E) stain. Photo-
graphs were captured under different powers using Leica
microscope (CH9435, Hee56rbrugg) (Leica Microsys-
tems, Switzerland).

Morphometric analysis

The endometrial length, area percentage (%) of the endo-
metrial connective tissue (CT), number of endometrial
glands as well as thickness and area % of the myometrium
were assessed using the Image J program.

Immunohistochemistry

Thick deparaffinized ovarian and uterine sections
(3-5um) were prepared for the immunohistochemi-
cal expression of ERa, PR, and VEGF-A following the
manufacturer’s protocol. Slides were quenched in 3%
hydrogen peroxide, washed in PBS, and blocked in 1%
bovine serum albumin. Subsequently, they were incu-
bated with a primary antibody monoclonal Anti-Mouse
Estrogen Receptor alpha Monoclonal Antibody (EVG
F9) (Thermo-Fisher Scientific, Cat# # MA3-310, RRID:
AB_347010, Dilution: 1:200), Anti Mouse Progesterone
Receptor Monoclonal Antibody (PR-AT 4.14) (Thermo-
Fisher Scientific, Cat# MA1-410, RRID AB 2164327,
Dilution: 5ug/mL), and polyclonal anti-VEGF-A rabbit
pAb (Thermo-Fisher Scientific, Cat# GB-14400, Dilu-
tion: 1:500—1:1000) for 1h; the slides were washed out by
PBS and immediately incubated with a secondary anti-
body Horse Radish peroxidase Envision Kit (DAKO) for

20 min and then washed out and incubated with diamin-
obenzidine for 15 min. Then, after, the slides were washed
with PBS, counter-stained with hematoxylin, rehydrated,
cleared in xylene, and finally investigated using light
microscopy.

Evaluation of immunohistochemical results “area %” (specific
area/ antibody)

The areas that displayed positive brown immunostaining
were selected for evaluation regardless of the strength of
staining using some features (cell counter/color decon-
volution/color threshold/ITHC plugin) of the Image J pro-
gram. The measurement units (pixels) produced by the
Image ] program were converted into actual microme-
tre units. ERa, PR, and VEGF-A immunostaining were
measured as area (%) in a standard measuring frame in
representative five fields for each subject (ovary and
uterus) in all groups using 400x magnification power via
light microscopy transferred to the screen.

Statistical analysis

All data were initially checked for normality, expressed
as means and standard error of the mean, and analyzed
using SPSS (version 20) using Student’s t-test to com-
pare the FP and LP. P values <0.05 indicated significant
differences.

Results

Anatomical findings

The Ovarian (OA) and Uterine (UA) arteries were the
main arterial supplies of the genital system. The OA



Abdelnaby et al. BMC Veterinary Research (2022) 18:301

emanated from the abdominal aorta that extended from
both sides laterally in a straight direction till released the
uterine branch toward the uterine horn. Then, the OA
bifurcated into the tubal branch to supply the oviduct
and ovarian branch that entered the ovary as the luteal
branch from its ventral surface (Fig. 4/ 2). Conversely,
the UA was originated from the common iliac artery,
passed caudally to ramify and arborize on the uter-
ine horns and uterine body by several minute uterine
branches, and provided a communicating branch to the
oviduct (Fig. 4/ 7).

Hemodynamic variations during FP and LP
The OA, LA, and UA cross-sectional diameters (mm)
were not affected during the FP and LP. Both Doppler
indices (RI and PI) of the OA significantly (P <0.05)
increased in the LP compared with those in the FP,
reflecting a significant (P <0.05) decrease in the PSV
(cm/s) (14.2240.89 vs. 16.58+0.69), since the PSV of
the artery is inversely related with both Doppler indi-
ces (Table 1). LA Doppler indices significantly (P<0.05)
decreased in the LP compared with those in the FD,
suggesting that the LA PSV had a significant (P<0.05)
increase (16.25+0.01 vs. 13.6540.01) (Table 1).

Finally, Doppler indices in the UA significantly
(P <0.05) decreased in the LP compared with those in

Fig. 4 Anatomical picture demonstrated ovary (OV), fallopian tube
(FT), uterine horn (UH), uterine body (UB),cervix (Cr), vagina (Va), and
urinary bladder (UrB).1- Abdominal aorta, 2-Ovarian artery, 3- Uterine
branch of ovarian artery, 4- Tubal branch of ovarian artery, 5- Ovarian
branch of ovarian artery, 6- Common iliac artery, 7- Uterine artery,

8- Branches of uterine artery, 9-Vaginal branch of uterine artery, 10 -

Cr vesicular artery, 11-Mesosalphnix
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Table 1 Doppler scanning during the follicular (Day —1) and
luteal phases (Day 9) in the adult cyclic female rabbits. Values are
expressed as mean = SEM

Variable Follicular phase Luteal phase P-value
Day—1(n=7) Day9(n=7)
Ovarian artery (OA)
PI 1324001° 1.54 4 0.02° 0.02
RI 0.52 + 0.02° 0.78 £ 0.02° 0.02
PSV cm/sec 16.58 £ 0.69° 1422 £089%° 001
Cross-sectional diam- 412 £ 0.06° 422+£077% 088
eter/mm
Luteal artery (LA)
Pl 1.25 4 0.02° 0994001° 004
RI 0.66 +0.01° 048 £001° 0.01
PSV cm/sec 13.65+0.01° 16.25 +£0.01* 003
Cross-sectional diam- 333 £ 046° 338+065* 013
eter/mm
Uterine artery (UA)
PI 1.88+0.01° 137 £001° 0.01
RI 0.88 +£0.01° 043+£002° 007
PSV cm/sec 1432 £ 0.01° 17354255 001
Cross-sectional diam- 4.66 £ 0.08° 489+£0327 025
eter/mm

Values are expressed as mean + SEM (n=14)
Pl Pulsatility index, Rl Resistive index, PSV Peak systolic velocity
2b means with different letters within a row are different (P <0.05)

the FP, whereas those of the LA PSV showed a signifi-
cant (P <0.05) increase (17.3542.55 vs. 14.3240.01)
(Table 1).

Hormonal variations during FP and LP

NO, VEGE and ILGF were not affected by the phase
in the female rabbits (Table 2). However, estradiol
(E2) levels showed a marked (P <0.05) decrease in
the LP (65.21+£2.74) compared with those in the FP
(126.28 +3.65). Furthermore, progesterone (P4) lev-
els significantly increased (0.36£0.01) in the mid-LP
(4.74+0.01) compared with those in the FP (0.36 +0.01).

Histological evaluations

Light microscopy

Histologically, the cortical region of ovarian sections
obtained during the FP (Fig. 5a & ¢) demonstrated vari-
ous stages of ovarian follicles with interspersed stromal
cells in between. The ovarian follicles were primordial;
presented in groups of primary oocytes surrounded
by single squamous cells and externally by theca folli-
culi under the covering germinal epithelium and tunica
albuginea and single- and multiple-layered primary fol-
licles; primary oocytes were surrounded by single- and
multiple-layered follicular (granulosa) cells encapsulated
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Table 2 Hormonal concentrations during the follicular (Day —1) and luteal phases (Day 9) in the adult cyclic female rabbits. Values are

expressed as mean £ SEM

Variable Follicular phase Luteal phase P-value
Day—1(n=7) Day 9
(n=7)
Estradiol(E,;pg/mL) 126.28 £+ 3.65° 6521 & 2.74° 0.01
Progesterone (P,;ng/mL) 036 +0.01° 4744 001° 0.01
Nitric oxide (NO;umol/L) 7031 4+ 10.32° 67.82 + 6.85° 0.41
Vascular endothelial growth factor (VEGF-A; pg/mL) 51.25 4+ 2.22° 5511 £ 6.58° 0.22
Insulin like growth factor (ILGF; ng/mL) 12345 £ 2278° 136.02 £ 21.35° 0.36

2b means with different letters within a row are different (P < 0.05)

by theca cells, finally, early and late stages of secondary
follicles, wherein the primary oocytes were surrounded
by several layers of granulosa cells with the presence of
multiple spaces filled with fluid and externally by theca
cells. These fluid-filled spaces coalesced with each other
forming a single large antrum in the late stage of second-
ary follicles. The H&E-stained ovarian sections, which
were obtained during the LP (Fig. 5b & d), exhibited well-
developed and highly active corpora lutea with abundant
small and large granulosa lutein cells, separated by blood
capillaries, and enclosed by a well-vascularized CT cap-
sule. The granulosa lutein cells were ovoid or polygonal in
shape and exhibited spherical vesicular eccentric nuclei
with well-defined nucleoli and vacuolated eosinophilic
cytoplasm.

Additionally, the H&E-stained uterine sections, which
were obtained from rabbits during both FP and LP
(Fig. 5e-h), displayed the same histological structure as
follows: inner endometrial layer (simple columnar lumi-
nal epithelium and lamina propria of the CT containing
endometrial glands lined by simple columnar epithe-
lium), middle myometrium (inner circular and outer
interwoven longitudinal bundles of smooth muscles
supported by dense fibrous CT and stratum vascular in
between), and outer perimetrium. The most prominent
findings were increasing the luminal epithelium folding
and endometrial crypts in addition to the endometrial
glands were straighter during the FP; however, during
the LP, luminal epithelial cell proliferation was inhibited,
with a significant increase in the amount of endometrial
CT in addition to some endometrial glands that became
more coiled and secretory with different lumina sizes.

Morphometric analysis

Based on our morphometric data analysis in Table 3, the
mean length of the uterine endometrium, area % of endo-
metrial CT, number of endometrial glands, and myome-
trial area % and thickness were significantly (P<0.05)
higher during the LP (147.413+7.280, 24.595+1.216,

319.88+13.023, 33.560+2.527, and 201.171+15.158,
respectively) than those during the FP (28.81042.999,
4.830+0.499, 184.13+18.202, 22.392+2.381, and
134.178 £ 14.298, respectively).

Immunohistochemistry

The ERs, PRs, and VEGF-A localization was determined
immunohistochemically in the ovarian and uterine sec-
tions of rabbits during the FP and LP (Figs. 6, 7, 8 and
Tables 4, 5).

Ovarian sections During the FP, both primary and
secondary follicles (zona pellucida and granulosa cells)
displayed a strong positive immunoreactivity for ERs
and VEGF-A with a mean area % of 43.693 +1.349 and
27.501 £+ 1.298, respectively that are markedly (P < 0.001)
higher than those of primary follicles during the LP
(31.11£0.802 and 20.99+0.655, respectively) as pre-
sented in (Figs. 6, 8 and Table 4). Whereas a significant
(P < 0.001) immune expression for PRs was observed
in the primary follicles during LP with a mean area% of
24.11940.729 than that during FP 17.078 +0.70 as pre-
sented in Fig. 7 and Table 4.

Regarding the CL, a substantial (P < 0.001) high immu-
noreactivity for ERs, PRs and VEGF-A was noticed
in the granulosa lutein cells of mature CL throughout
LP with mean area% of 40.37240.78, 70.158 £0.659,
48.618+£0.935, respectively than those of regressed CL
during FP (7.241+£0.572, 25.3744+0.87, 26.184+0.934,
respectively) as presented in (Figs. 6, 7, 8 and Table 4).

Uterine sections As shown in (Figs. 6, 7 and Table 5), a
substantial greater intensity was observed in the luminal
and glandular epithelia during the FP with a mean area
% of 56.650+2.171 and 24.973+1.328, respectively for
ERs and 44.574+2.434 and 47.761 £1.841, respectively,
for PRs than those during the LP (20.602+1.910 and
16.1704+2.711, respectively for ERs and 35.019+2.826
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Fig. 5 Photomicrographs representing the histological structures of ovarian and uterine sections of rabbits in the follicular and luteal phases. (a &
©): ovarian sections in the follicular phase displaying (a) ovarian epithelium (OE), primordial follicle (PF), and secondary follicle (SF). The secondary
follicle (SF) contains fluid-filled cavities (C) in between granulosa cells (GC) and encircled by theca cells (TC), (c) multi-layered primary follicle
presents as primary oocyte (PO) surrounded by zona pellucida (ZP), granulosa cells (GC), and theca cells (TC). (b & d): ovarian sections in the luteal
phase exhibiting (b) ovarian epithelium (OE), primary oocyte (PO) inside primordial follicle (PF), (d) active corpus luteum with abundant small (SGL)
and large granulosa lutein cells (LGL). (e & g) uterine sections in the follicular phase demonstrating (e) high folded endometrial epithelium (E), few
connective tissues (CT), and endometrial glands (G), (g) myometrium comprising inner circular (IC), outer longitudinal (OL) bundles of smooth
muscle, fibrous CT. (F), and stratum vascular (SV) as well as perimetrium (P). (f & h) uterine sections in the luteal phase displaying (f) endometrial
epithelium (E), proliferative connective tissue (CT), endometrial glands (G), (h) myometrium with inner circular (IC) and outer longitudinal (OL)
smooth muscle. (H & E, Photos no. a, e, f, g: X100, Scale bar= 200 um, Photos no. b, ¢, d, h: X400, Scale bar =50 um)

and 33.19842.215, respectively for PRs). Further- reactivity for ERs during the FP. While the area % of
more, the endothelium of blood capillaries in the endo-  the immunoreactivity for VEGF-A in the luminal epi-
metrial layer and larger vessels in the stratum vascu- thelial cells and endometrial glands during the FP
lar of the myometrium revealed an intense positive (48.89041.673 and 49.178 £1.642, respectively) revealed
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Table 3 Scoring measurements of H & E- stained uterine sections during follicular and luteal phases. Values are expressed as

mean =+ SEM
Variable Follicular phase Luteal phase P-Value
Day —1 Day 9

Endometrium (Length (um)) 28.810 + 2.999P 147413 £ 7.280° 0.001
Endometrial C.T. (Area %) 4830 + 0.499° 24595 +1.216° 0.001
NO. of Glands 184.13 + 18.202° 319.88 4 13.023° 0.001
Myometrium (Area %) 22392 +2381° 33560 4 2.527° 0.007
Myometrium (Thickness (um)) 134.178 £ 14.208° 201.171 £ 15.158° 0.007

b means with different letters within a row are different (P <0.05)

nonsignificant differences compared with those dur-
ing the LP (48.879+0.457 and 50.32142.735, respec-
tively). However, the number of VEGF-A-stained blood
capillaries revealed a substantial increase during the
LP (114=£5.291) compared with that during the FP
(61£6.557) as presented in (Fig. 8 and Table 5).

Discussion

The rabbit ovary was compact and elliptical in its out-
line, which hung laterally by the mesovarium, as previ-
ously described [42]. The right OA emanated before the
left one from the abdominal aorta, which was verified
in rabbits [43], and chinchilla [44]. Our finding asserted
that the OA releases uterine, tubal, and ovarian branches,
which was confirmed by Kigata and Shibata [45]; how-
ever, this is inconsistent with the finding of Milanovi¢
et al. [43]. Therefore, the OA is responsible for ovarian,
oviduct, ovarian bursa, and uterine horn nutrition in
rabbits [43], and bitch [46]. The UA originated from the
common iliac artery, which was inconsistent with the
findings of Kigata and Shibata [45], who asserted that it
emanated from the umbilical or common iliac artery. The
UA is ramified to provide vaginal, cranial vesicular artery,
and uterine branches, which is consistent with the find-
ings of Kigata and Shibata [45].

Understanding the does reproductive hemodynamic
changes during the estrous cycle is crucial for improving
reproductive competence and fertility potential. Based
on our results, the Doppler indices (RI and PI) were sig-
nificantly lower during the FP than those during the LP.

The decreased Doppler indices indicate a decrease in
arterial blood flow impedance with subsequent higher
ovarian blood perfusion. These results are consistent
with those reported in cows [47], buffaloes [48], jennies
[49], dromedary camels [50], and women [51]. The mech-
anisms describing the ovarian hemodynamics improve-
ment, the day before the presumed ovulation, perhaps
due to the neo-angiogenesis, arterio-venous connection
formations, and vasoactive mediator release, are needed

for ovulation and CL formation. Blood capillaries have
been found in the granulosa-thecal cells during the LH
increase [52] and surge [53].

Furthermore, red blood cells have been demonstrated
in the preovulatory human follicles granulosa cell layer
on histologic evaluation through the time between LH
peak and assumed ovulation [54]. The control of ovarian
hemodynamics is governed by steroid hormones, and its
exogenous administration triggered substantial changes
in the ovarian hemodynamics [55]. The higher estra-
diol concentration in the FP, as described in this study,
may explain the increase in ovarian blood perfusion.
Recent studies reported that a strong correlation exists
between estradiol (E2), a potent vasodilator, and ovarian
blood flow (OBF) [47, 56]. Moreover, an OBF increase
was noted after the treatment of postpartum ewes with
estradiol 17p [57] . Another possible explanation for the
increased OBF is the LH-mediated histamine [58] and/
or prostaglandin [59] release that directly affected the
vascular permeability, subsequently leading to follicular
edema.

Our results showed that the PSV increase and the RI
and PI decrease in the UA were higher during the LP
than those during the FP. The lower RI and PI values in
the LP indicated a higher uterine arterial blood supply
[60]. Several studies on cows [47], dromedary camels
[50], buffaloes [48], sows [61], and women [62] are con-
sistent with the findings of the current study. Uterine
blood flow (UBF) regulations may be explained in the fol-
lowing points: (1) UBF may be increased via acetylcho-
line-mediated NO (potent vasodilator) synthesis, which
modulates the vascular tone [63]; (2) other vasoactive
mediators, including vasoactive intestinal polypeptide
[64] endothelium-derived hyperpolarization factor [65],
and prostacyclin [66], contribute to higher vasculariza-
tion; and (3) UBF is governed by steroid hormones [67].
In rabbits, both estradiol and PRs were demonstrated
in the smooth muscles of the UAs [68], suggesting that
steroid hormones, especially estradiol, play a substantial
role in UBF regulation [57, 69]. To verify the vasodilator
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Fig. 6 Photomicrographs displaying the immunoexpressing for estrogen receptor in the ovarian and uterine sections of rabblts during the follicular
and luteal phases. (a & ¢): sections of ovary in the follicular phase exhibiting positive ER expression in zona pellucida (ZP) and granulosa cells (GC)

of (a) primary follicle and (c) secondary follicle. (b & d): sections of ovary in the luteal phase revealing positive reactivity for ER in (b) zona pellucida
(ZP) and granulosa cells (GC) of primary follicle and (d) granulosa lutein cells (GL) of corpus luteum. (e & g): sections of uterus in the follicular

phase showing strong expression for ER receptor in the (e) luminal epithelium (arrows), (g) endometrial glands (G), and blood vessels (BV). (f & h)
sections of uterus in the luteal phase displaying less reactivity for ER receptor in (f) endometrial epithelium (arrows) and (h) glands (G). (X400, Scale
bar=50um)
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Fig. 7 Photomicrographs demonstrating the immunoreactivity for progesterone receptor (PR) in the ovarian and uterine tissue sections of rabbits
in the follicular and luteal phases. a ovarian section in the follicular phase showing positive PR immune expression in the zona pellucida (ZP) and
granulosa cells (GC) of primary follicle. b ovarian section in the luteal phase exhibiting positive reactivity for PR in the granulosa lutein cells (arrows)
of corpus luteum. ¢ & e uterine sections in the follicular phase revealing high expression for PR receptor in the (c) endometrial epithelium (arrows),
(e) endometrial glands (G), and blood vessels (BV). d & f uterine sections in the luteal phase displaying fewer reactivity for PR receptor in the (d)
endometrial epithelium (arrows), (h) glands (G). Notice strong reactivity in the blood vessels (BV). (All photos X400, Scale bar =50 um, except photo

and luteotrophic effect of E2 on the luteal (LBF) and UBF
in rabbits, previous studies claimed that decreased E2 in
X-ray-damaged ovarian follicles, although not CL, dimin-
ished the luteal function, progesterone secretion, and
UBF [70].

Regarding the LBF changes in this study, a marked
increase in PSV and decrease in RI and PI, which is

meant by the CL hypervascularization, were noted
during the LP; these values were lower than those in
the FP. These results are consistent with those reported
in cows [47], dromedary camels [50], and women [62].
The understanding of how the LBF increases depends
on several theories. First, the rabbit CL is structur-
ally changed in the LP via the increase in the capillary
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72

. : f B .
Fig. 8 Photomicrographs showing the immunoreactivity for vascular endothelial growth factor (VEGF-A) in the ovarian and uterine tissue sections
of rabbits throughout the follicular and luteal phases .a & ¢ sections of ovary in the follicular phase displaying positive VEGF-A expression in the (a)
zona pellucida (arrows) and granulosa cells (arrowheads) of primary follicle (PYF) and secondary follicle (SF), (c) granulosa cells (GC) and theca cells
(TC) of secondary follicle. b & d sections of ovary in the luteal phase demonstrating positive reactivity for VEGF-A in the (b) zona pellucida (ZP) and
granulosa cells (GC) of primary follicle and (d) granulosa lutein cells (GL) and blood vessels (BV) of the corpora luteum. (e & f): section of uterus in
the (e) follicular phase and (f) luteal phase revealing positive expression for VEGF-A in the luminal epithelium (E), endometrial glands (G), and blood
vessels (BV). (All photos: X400, Scale bar=50um, except photo no. a; X100, Scale bar= 200 um)

e oy Z )~ = ‘ A. 50 ym

intensity [71]. Second, the rabbit CL vascularity is
sinusoidal capillaries (characterized by the lack of
autonomic nerves and smooth muscles in its wall),
thereby explaining the low vascular impedance to the
blood flow in the CL. Third, the peripheral vasodilata-
tion of the CL via local NO (as reported in the current
study) released from the vascular endothelium under

the effect of LH-mediated eNOS action [72]; another
vasodilatory effect of estradiol was demonstrated by
[71], who reported that follicular-based estradiol is
substantial for the luteal function of pregnant rab-
bits. Finally, other vasoactive compounds, including
endothelin-1 and angiotensin, may be integrated into
the LBF regulation [73, 74].
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Table 4 Area % of immunostaining scores for estrogen receptor,
progesterone receptor, and vascular endothelial growth factor in

ovarian sections. Values are expressed as mean 4 SEM

Variable Follicular Phase  Luteal Phase P-Value
E.R a.O.F. 43693 £ 1.349° 31.11 £ 0.802° 0.001
b.CL.  7.241+0572° 40372 £0.78° 0.001
P.R. a.O.F. 17.078 £ 0.70° 241194 0.729° 0.001
b.CL.  25374+087° 70.158 £0.659°  0.001
VEGFAA. a.O.F. 27.501 4 1.298° 20.99 =+ 0.655° 0.001
b.C.L.  26.184 4 0934° 48618 £0.935%  0.001

ER Estrogen Receptor, PR Progesterone Receptor, VEGFA Vascular Endothelial
Growth Factor, O.F Ovarian Follicles, CL Corpus luteum

b means with different letters within a row are different (P<0.05)

In this study, the histological investigation of ovar-
ian sections during the FP showed several stages of
ovarian follicles during folliculogenisis, which is con-
sistent with the findings of Al-Saffar and Almayahi [5].
Active CL was the most prominent finding in ovarian
sections during the LP, which is due to the hyperpla-
sia and hypertrophy of granulosa cells of the ruptured
secondary ovarian follicle at the late stage. Further-
more, the presence of primordial and primary ovarian
follicles during the LP was evident, which may be due
to reduced LH levels and increased progesterone lev-
els during this phase [75]. Moreover, the histological
examination of uterine sections at both the FP and LP
revealed normal uterine wall architecture, including the
endometrium, myometrium, and perimetrium, which is
consistent with the findings of [76].

The endometrium is a highly dynamic tissue that
undergoes several steroid hormone-induced morpho-
logical and functional changes during the estrous cycle
and pregnancy [77, 78]. In this study, the endometrium
displayed evident morphological and functional changes
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owing to hormonal status. Based on our results, the FP
revealed an increase in the luminal epithelial folding and
endometrial crypts; however, the significant (P<0.05)
increase in the mean area % of endometrial CT and the
number of endometrial glands was particularly observed
during the LP. These results may be attributed to the high
estrogen levels during the FP that stimulate the lamina
epithelialis and upper stromal cells (outer functional zone
of the endometrium) proliferation, whereas the increased
P4 concentrations during the LP inhibit this proliferation
and induce several morphological and functional changes
to establish glandular secretory epithelial cells and vas-
cular stroma in addition to increasing stromal cell dif-
ferentiation [77]. Furthermore, Das et al. [79] stated that
the uterine tissue during the interval when the environ-
ment moves from the estrous phase (estrogen only) to
days 3.5—4 post-ovulation (higher progesterone levels),
endometrial cells undergo rapid proliferation, and the
increasing number of cells is accommodated by multi-
ple endometrial fold formation. Conversely, on days 4-7
post-ovulation with increasing progesterone levels, epi-
thelial cells undergo differentiation, including the appear-
ance of stage-specific uterine secretions and epithelial
cell surface modifications. These changes led to a division
of early pseudopregnancy or pregnancy in rabbits into
endometrial stages roughly equivalent to the prolifera-
tive and secretory phases of the primate cycle, days 1-4
and 4-7, respectively. Thus, the remarkable (P< 0.001)
increase in the area % of endometrial CT during the LP
may be attributed to the increased endometrial gland
secretory activity, stromal differentiation, and stromal
CT edema under the effect of progesterone [80].

In this study, the ovarian follicles revealed a posi-
tive immunoreactivity for ERa and PR during both the
FP and LP, which is in harmony with the results in buf-
faloes [81]. Furthermore, the CL displayed positive

Table 5 Area % of immunostaining scores for estrogen receptor, progesterone receptor, and vascular endothelial growth factor in

uterine tissue sections. Values are expressed as mean £ SEM

Variable Follicular Phase Luteal Phase P-Value
Estrogen Receptor
I. Endometrium a. Epithelium 56.6504+2.171° 20602 £1.910° 0.0001
b. Gland 24973+1.328° 16.17042.711° 0.043
Progesterone Receptor
I. Endometrium a. Epithelium 44,574 £ 2.434° 35.01942.826° 0.043
b. Gland 47.7614+1.841° 33.19842.215° 0001
Vascular Endothelial Growth Factor
I. EndometriumA. a. Epithelium 48890+ 1.673° 48.879+£0457° 0.995
b. Gland 49.178 £1.642° 50.321+2.735° 0.732
ll. No. of stained capillaries 61465570 114+£5291° 0.003

2b means with different letters within a row are different (P<0.05)
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immunoreactivity for ERa, which is consistent with the
findings of [82] in the cows. Conversely to our result,
Pathak et al. [81] noticed weakly or absent ERax immune
reaction in the CL. Rosenfeld et al. [82] suggested that
the presence of ERa and ER mRNA in the corpora lutea
is indicative of their involvement in the CL development
and maintenance.

Moreover, our study demonstrated a positive immu-
noreactivity for VEGF-A in the ovarian follicles and CL
during both the FP and LP, which is consistent with the
findings of [83] who observed strong immunoreactivity
for VEGEF-A in the tertiary/Graafian follicles and the pos-
tovulatory follicular wall of the mare ovary in addition to
moderate-to-strong reactivity in the lutein cells of mature
CL. These results confirm the significant role of VEGF in
intra-follicular oxygenation, dominant follicle selection,
and CL development and maintenance [18, 84] provid-
ing substrates, including gonadotropins for ovarian folli-
cles and progesterone precursors for CL, and facilitating
steroid hormone delivery into the blood circulation [85].
Several studies showed the fundamental role of VEGFs
and angiopoietins in mediating ovarian angiogenesis and
follicular vascularization in different species, including
women [86], cows [87, 88], and mares [85]. Additionally,
VEGEF is responsible for the increased vascular permea-
bility that enables nutrients, oxygen, and regulatory mol-
ecules to supply to the oocyte [89, 90].

Based on our results, the immunohistochemical stud-
ies demonstrated that the distribution and intensity of
immunoreactivity (staining) for ERs, PRs, and VEGF-A
in the different uterine layers alter cyclically during the
reproductive cycle in relation to circulating steroid hor-
mone levels. These findings suggest the fundamental role
of these receptors in rabbit reproduction. Similar results
were reported for cows [91], and ewes [92].

Since the endometrium is the main target for the ster-
oid hormones [93], estrogen in conjunction with proges-
terone play a significant role in controlling the uterine
function mediated by their binding with their specific
receptors [94]. In this study, the area % of ER and PR
expression in the luminal epithelium and endometrial
glands are significantly higher during the FP than that
during the LP. These findings are consistent with the
results reported in cows [95], in ewes [96], in women
[97], and in buffaloes [28]. These results may be attrib-
uted to the remarkable increase in the estradiol level
during the FP as shown in the current study, which up-
regulates the PR and ER immune expression, and the
significant increase in the progesterone concentrations
produced by the developed CL during the LP down-regu-
lates both receptors [98]. Pathak et al. [28] demonstrated
that the lamina epithelialis of a buffalo’s uterus revealed
high number of both ERa- and PR-positive cells during
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the FP compared with that during the LP, whereas the
endometrial glands exhibited a significantly (P < 0.05)
high number of ERa-positive cells and no significantly
increased number of PR-positive cells during the FP
compared with those during the LP. Winuthayanon et al.
[99] showed that ERa is required for uterine epithelium
proliferation, consequently preventing its apoptosis.Fur-
thermore, in this study, both luminal and glandular epi-
thelial cells showed positive reactivity for VEGF-A with
no significant differences in the area % of immunostain-
ing during both the FP and LP. This result is consistent
with the results of Sag’s6z and Saruhan [17] who stated
that no significant difference was noted in the intensity of
VEGF immunoreactivity and the proportion of positive
cells in the luminal epithelium, uterine gland, stroma,
and smooth muscles of the bovine uterus during the FP
and LP. Based on our results, strong immunoreactivity
was observed in the vascular endothelium with a remark-
able (p < 0.003) increase in the number of stained blood
capillaries during the LP. Previous studies reported a
strong immunoreactivity for VEGF in the endothelium
and smooth muscle of blood vessels during the repro-
ductive cycle [17, 100, 101]. This result suggests that
VEGF allows angiogenesis and stimulates vascular per-
meability changes during the sexual cycle by stimulating
the proliferation and migration of vascular endothelium
and smooth muscle cells. Furthermore, Alan et al. [102]
reported that a particular concentration of VEGF is nec-
essary for inhibiting endothelial cell apoptosis. Moreover,
Cullinan-Bove and Koos [103] showed that estrogen reg-
ulated the VEGF mRNA expression, whereas progester-
one increased the VEGF mRNA levels in the uterus [104].
However, the VEGF expression is not clearly understood
and requires further studies.

Conclusion

The current study displayed that estrogen hormone in
combination with progesterone play a critical role in
the morphological and morphometric changes in the
ovarian and uterine tissues of rabbits that are mediated
by binding with their receptors. However, the VEGF-A
expression and its role require further studies, but its
expression suggests that VEGF plays an important role
in angiogenesis, intra-follicular oxygenation, as well
as the development of CL and maintenance. Moreo-
ver, our study provides valuable information about the
does reproductive hemodynamic changes, measured
by color spectral Doppler, during the estrous cycle in
relation to the serum concentrations of progesterone,
estradiol, nitric oxide, and insulin-like growth factor-
1that is crucial for improving reproductive competence
and fertility potential.



Abdelnaby et al. BMC Veterinary Research (2022) 18:301

Acknowledgements

The author’s sincere acknowledgement intended to Egyptian knowledge
bank and Enago, the editing brand of Crimson Interactive Inc. for English lan-
guage, grammar, punctuation, and spelling editing service, Special acknowl-
edgment to all technicians in Veterinary Teaching Hospital, Cairo University, for
their selfless help during the work.

Authors’ contributions

Elshymaa A Abdelnaby, Noha A E Yasin and Yara S Abouelela designed the
protocol and collected the samples. Noha A E Yasin and Eman Rashad worked
on the histological, morphometrical, and immunohistochemical examina-
tions, Elshymaa A Abdelnaby and Hossam R. El-Sherbiny performed doppler
and ultrasonographical scanning, while Yara S Abouelela and Daghash S. M
performed the anatomical vascular architecture. All authors drafted the manu-
script, reviewed it, and approved the last version of the manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Availability of data and materials
All data collected or analyzed during this study are included in this published
paper.

Declarations

Consent to participate
All authors read and approved the manuscript.

Ethics approval and consent to participate

All animals were treated and used by following ethical approval from the
Veterinary Medicine Cairo University Institutional Animal Care and Use Com-
mittee (Vet- CU- IACUC) with approval number Vet Cu12/10/2021/385.

All methods were carried out in accordance with relevant guidelines and
regulations.

All methods are reported in accordance with ARRIVE guidelines.

Competing interests
There are no conflicts of interest to declare.

Author details

'Theriogenology Department, Faculty of Veterinary Medicine, Cairo University,
Giza 12211, Egypt. 2Cytology and Histology Department, Faculty of Veterinary
Medicine, Cairo University, Giza, Egypt. *Anatomy and Embryology Depart-
ment, Faculty of Veterinary Medicine, Cairo University, Giza, Egypt.

Received: 6 April 2022 Accepted: 12 July 2022
Published online: 04 August 2022

References

1. Imam MAR, Dorina M, Mohamed S, Ayman A, Monica M. Rab-
bits meat production in Egypt and its impact on food security,
small holders income and economy. Agri Res Tech Open Access J.
2020;23(5):556251. https://doi.org/10.19080/ARTOAJ.2020.22.556251.

2. Milanovic V, Radovanovic A, Vasilijic S, Mrvic V, Milosevic B. Histo-
logical and immunological changes in uterus during the different
reproductive stages at Californian rabbit (Oryctolagus cuniculus).
Kafkas Univ Vet Fak Derg. 2017;23:137-44. https://doi.org/10.9775/
kvfd.2016.16008.

3. Al-Saffar FJ, Almayahi MS. Structural study of uterine tubes of the rabbit
(Oryctolagus cuniculus) at different postnatal periods. Iraqi J of Vet Sci.
2019;33:277-88. https://doi.org/10.33899/ijvs.2019.162911.

4. Nicholls PK, Sun Z, Heng S, Li Y, Wang J, Nie G. Embryo implantation is
closely associated with dynamic expression of proprotein convertase
5/6 in the rabbit uterus. Reprod Biol Endocrinol. 2011;9:43-53. https://
doi.org/10.1186/1477-7827-9-43.

20.

22.

23.

Page 150f 18

Al-Saffar FJ, Almayahi MS. Histomorphological postnatal developmental
study of the ovaries of the local rabbits (Oryctologus Cuniculus). Bas J
Vet Res. 2018a;17(2):124-46.

Mogheiseh A, Derakhshandeh A, Batebi E, Golestani N, Moshiri

A. Co-relation of estrous cycle phases with uterine bacterial and

fungal flora in non-pregnant female laboratory rabbits. Iran J Vet Res.
2017;18(2):128-33.

Hoffman KL, Gonzales-Mariscal G. Relevance of ovarian signaling for the
early behavioral transition from estrus to pregnancy in the female rab-
bit. Horm Behav. 2007,52:531-9. https://doi.org/10.1016/j.yhbeh.2007.
07.007.

Bakker J, Baum JM. Neuroendocrine regulation of GnRH release in
induced Ovulators. Front Neuroendocrinol. 2000;21:220-62. https://doi.
0rg/10.1006/frne.2000.0198.

Rebollar PG, Boscon DA, Millan P, Cardinalli R, Brecchia G, Sylla L, et al.
Ovulating inducing methods in rabbit does: the pituitary and ovarian
responses. Theriogenology. 2012,77:292-8. https://doi.org/10.1016/j.
theriogenology.2011.07.041.

Arce SRA, Gaona HV, Perez-Martinez M. Variation in distribution of
interstitial and epithelial lymphocytes in female uterine tubes of rabbit
during early stages of pregnancy. Tec Pecu Mex. 2008;46:333-44.

Arai M, Yoshioka S, Tasaki Y, Okuda K. Remodeling of bovine endome-
trium throughout the estrous cycle. Anim Reprod Sci. 2013;142:1-9.
https://doi.org/10.1016/j.anireprosci.2013.08.003.

Lupicka M, Zadroga A, Szczepanska A, Korzekwa AJ. Effect of ovar-

ian steroids on vascular endothelial growth factor a expression in
bovine uterine endothelial cells during adenomyosis. BMC Vet Res.
2019;15:473. https://doi.org/10.1186/512917-019-2222-0.

Gargett CE, Rogers PA. Human endometrial angiogenesis. Reproduc-
tion. Endometrial endothelial cells express estrogen and progesterone
receptors and exhibit a tissue specific response to angiogenic growth
factors, vol. 121; 2001. p. 181-6.

Hervé MA, Meduri G, Petit FG, et al. Regulation of the vascular endothe-
lial growth factor (VEGF) receptor Flk-1/KDR by estradiol through VEGF
in uterus. J Endocrinol. 2006;188(1):91-9. https://doi.org/10.1677/joe.1.
06184.

Huang TS, Chen YJ, Chou TY, Chen CY, Li HY, Huang BS, et al. Oestrogen
induced angiogenesis promotes adenomyosis by activating the slug-
VEGF axis in endometrial epithelial cells. J Cell Mol Med. 2014;18:1358-
71. https://doi.org/10.1111/jcmm.12300 PMID: 24758741,

Geva E, Jaffe RB. Role of vascular endothelial growth factor in ovarian
physiology and pathology. Fertil Steril. 2000;74:429-38. https://doi.org/
10.1016/50015-0282(00)00670-1 PMID: 10973633.

Sag’s6z H, Saruhan BG. The expression of vascular endothelial growth
factor and its receptors (flt1/fms, flk1/KDR, flt4) and vascular endothelial
growth inhibitor in the bovine uterus during the sexual cycle and their
correlation with serum sex steroids. Theriogenology. 2011,75:1720-34.
https://doi.org/10.1016/j.theriogenology.2011.01.012.

Kudsy M, Alhalabi M, Al-Quobaili F. Follicular fluid vascular endothelial
growth factor (VEGF) could be a predictor for pregnancy outcome in
normo-responders and polycystic ovary syndrome women undergoing
IVF/ICSI treatment cycles. Middle East Fertil Soc J. 2016,21:52-6. https://
doi.org/10.1016/j.mefs.2015.11.001.

Peach CJ, Mignone VW, Arruda MA, et al. Molecular pharmacology

of VEGF-A isoforms: binding and Signalling at VEGFR2. Int J Mol Sci.
2018;19(4):1264. https://doi.org/10.3390/ijms19041264.

Devesa J, Diaz MJ, Odriozola A, Arce V, Lima L. Neurorregulacion de la
secrecion de hormona de crecimiento (GH) y expresion del gen de esta
hormona en pro- y eucariotas. Endocrinologfa. 1991,38:33-41.

Silveira MA, Zampieri TT, Furigo IC, Abdulkader F, Donato J Jr, Frazao

R. Acute effects of somatomammotropin hormones on neuronal
components of the hypothalamic-pituitary-gonadal axis. Brain Res.
2019;1714:210-7. https://doi.org/10.1016/j.brainres.2019.03.003.
Devesa J, Caicedo D. The role of growth hormone on ovarian function-
ing and ovarian angiogenesis. Front Endocrinol. 2019;10:450. https://
doi.org/10.3389/fendo.2019.00450.

Kaczmarek MM, Schams D, Ziecik AJ. Role of vascular endothelial
growth factor in ovarian physiology - an overview. Reprod Biol.
2005;5(2):111-36 PMID: 16100562.


https://doi.org/10.19080/ARTOAJ.2020.22.556251
https://doi.org/10.9775/kvfd.2016.16008
https://doi.org/10.9775/kvfd.2016.16008
https://doi.org/10.33899/ijvs.2019.162911
https://doi.org/10.1186/1477-7827-9-43
https://doi.org/10.1186/1477-7827-9-43
https://doi.org/10.1016/j.yhbeh.2007.07.007
https://doi.org/10.1016/j.yhbeh.2007.07.007
https://doi.org/10.1006/frne.2000.0198
https://doi.org/10.1006/frne.2000.0198
https://doi.org/10.1016/j.theriogenology.2011.07.041
https://doi.org/10.1016/j.theriogenology.2011.07.041
https://doi.org/10.1016/j.anireprosci.2013.08.003
https://doi.org/10.1186/s12917-019-2222-0
https://doi.org/10.1677/joe.1.06184
https://doi.org/10.1677/joe.1.06184
https://doi.org/10.1111/jcmm.12300
https://doi.org/10.1016/s0015-0282(00)00670-1
https://doi.org/10.1016/s0015-0282(00)00670-1
https://doi.org/10.1016/j.theriogenology.2011.01.012
https://doi.org/10.1016/j.mefs.2015.11.001
https://doi.org/10.1016/j.mefs.2015.11.001
https://doi.org/10.3390/ijms19041264
https://doi.org/10.1016/j.brainres.2019.03.003
https://doi.org/10.3389/fendo.2019.00450
https://doi.org/10.3389/fendo.2019.00450

Abdelnaby et al. BMC Veterinary Research

24,

25.

26.

27.

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 18:301

Yakar S, Adamo ML. Insulin-like growth factor 1 physiology: lessons
from mouse models. Endocrinol Metab Clin N Am. 2012;41(2):231-v.
https://doi.org/10.1016/j.ecl.2012.04.008.

Uniyal S, Panda RP, Chouhan VS, Yadav VP, Hyder |, Dangi SS, et al.
Expression and localization of insulin-like growth factor system in
corpus luteum during different stages of estrous cycle in water buf-
faloes (Bubalus bubalis) and the effect of insulin-like growth factor I on
production of vascular endothelial growth factor and progesterone in
luteal cells cultured in vitro. Theriogenology. 2015;83(1):58-77. https://
doi.org/10.1016/j.theriogenology.2014.07.034 Epub 2014 Aug 1. PMID:
25304995.

Critchley HO, Saunders PT. Hormone receptor dynamics in a receptive
human endometrium. Reprod Sci. 2009;16(2):191-9. https://doi.org/10.
1177/1933719108331121.

Holm A, Nilsson BO. Identification and characterization of new mecha-
nisms in vascular oestrogen signalling. Basic Clin Pharmacol Toxicol.
2013;113:287-93. https://doi.org/10.1111/bcpt.12118 PMID: 23953673.
Pathak D, Bansal N, Singh O, Gupta K, Ghuman SPS. Immuno localiza-
tion of estrogen receptor (ERa) and progesterone receptor (PR) in
uterus of Buffalo during follicular and luteal phases of estrous cycle. J
Anim Res. 2019;9:185-93. https://doi.org/10.30954/2277-940X.01.2019.
26.

Abd-Elkareem MD. Morphological, histological and Immunohistochem-
ical study of the rabbit uterus during Pseudopregnancy. J Cytol Histol.
2017,8:443. https://doi.org/10.4172/2157-7099.1000443.

Abdelnaby EA, Abo El-Maaty AM. Melatonin and CIDR improved the fol-
licular and luteal haemodynamics, uterine and ovarian arteries vascular
perfusion, ovarian hormones and nitric oxide in cyclic cows. Reprod
Dom Anim. 2021;56:498-510. https://doi.org/10.1111/rda.13888.
Snyder GD, Holmes RW, Bates JN. Nitric oxide inhibitsaromatase activity:
mechanisms of action. J Steroid Biochem Molec Biol. 1996;58:63-9.
Abdelnaby EA, Abo El-Maaty AM. Effect of the side of ovulation on the
uterine morphometry, blood flow, progesterone, oestradiol and nitric
oxide during spontaneous and induced oestrus in lactating dairy cows.
Reprod Dom Anim. 2020;(55):851-60. https://doi.org/10.1111/rda.
13693.

Abdelnaby EA, Abo El-Maaty AM. Luteal blood flow and growth in
correlation to circulating angiogenic hormones after spontaneous
ovulation in mares. Bulg J Vet Med. 2017;20(2):97-109.

Armero E, Garcia-Ximenez F, Vicente JS, Baselga M. Cycle synchroniza-
tion of rabbit does naturally mated or artificially inseminated. World
Rabbit Sci. 1994;2:107-13. https://doi.org/10.4995/wrs.1994.225.
Abdelnaby EA. Testicular haemodynamics, plasma testosterone and
oestradiol concentrations, and serum nitric oxide levels in the Egyptian
buffalo bull after a single administration of human chorionic gonado-
tropin. Reprod Domest Anim. 2022 Mar 30. https://doi.org/10.1111/rda.
14117 Epub ahead of print. PMID: 35352415.

Hashem NM, EL-Sherbiny HR, Fathi M, Abdelnaby EA. Nanodelivery
system for Ovsynch protocol improves ovarian response, ovarian
blood flow Doppler velocities, and hormonal profile of goats. Animals.
2022;12(1442). https://doi.org/10.3390/ani12111442.

El-Sherbiny HR, Fathi M, Samir H, Abdelnaby EA. Supplemental dietary
curcumin improves testicular hemodynamics, testosterone levels, and
semen quality in Baladi bucks in the non-breeding season. Theriogenol-
ogy. 2022;188:100-7. https://doi.org/10.1016/j.theriogenology.2022.05.
020 Epub ahead of print. PMID: 356880.

El-Bably SH, Abouelela YS. Anatomical and radiographical studies on
heart of red fox (Vulpes vulpes) with special references to its coronary
arteries. Adv Anim Vet Sci. 2021;9(5):754-60. https://doi.org/10.17582/
journal.aavs/2021/9.8.1159.1168.

Considine RV, Sinha MK. Serum Immunoreactive- leptin concentrations
in Normal weight and obese humans. N Engl J Med. 1996,28:573-81.
Abo El-Maaty AM, Abdelnaby EA. Follicular blood flow, antrum growth
and angiogenic mediators in mares from ovulation to deviation. Anim
Reprod. 2017;14:1043-56. https://doi.org/10.21451/1984-3143-AR848.
Bancroft JD, Stevens A. Theory and Practice of histological techniques.
7th ed. London: Churchill Livingstone; 2013. p. 120-31.

Ishaya HB, Omaga |, Dibal NI, O. Attah MO. Comparative Histomorphol-
ogy of the ovary and the oviduct in rabbits and pigeons. J Morphol Sci.
2018;35:242-6. https://doi.org/10.1055/5-0038-1675226.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 16 of 18

Milanovi¢ V, Mrvi¢ V, Nitovski A, Radovi¢ B, Milosevi¢ B. Angiography of
A. ovarica in Californian rabbit (Oryctolagus cuniculus).ISSN 1313-7735,
Research People and Actual Tasks On Multidisciplinary Sciences,
vol1.2015.

Cevik-Demirkan A, Ozdemir V, Demirkan I. The ovarian and uter-

ine arteries in the chinchilla (chinchilla lanigera). J S Afr Vet Assoc.
2010;81:54-7. https://doi.org/10.4102/jsava.v81i1.97.

Kigata T, Shibata H. Ramification pattern of the arteries supplying the
rabbit female genital organs. Anat Rec. 2020;303:1478-88. https://doi.
0rg/10.1002/ar.24244.

Adams DR. Canine anatomy, a systemic study. 4th ed: lowa state press;
2004.

Abdelnaby EA, Abo El-Maaty AM, Ragab RSA, Seida AA. Dynamics of
uterine and ovarian arteries flow velocity waveforms and their relation
to follicular and luteal growth and blood flow vascularization during
the estrous cycle in Friesian cows. Theriogenology. 2018;121:112-21.
https://doi.org/10.1016/j.theriogenology.2018.08.003.

Sayed M, EL-Shahat K, Eissa H, EL-Maaty A. Ovarian and uterine haemo-
dynamics during the estrous cycle of egyptian buffaloes in relation to
steroid hormonal and nitric oxide levels. Bulg J Vet Med First Online.
2021. https://doi.org/10.15547/bjvm.2021-0048.

Farghali HA, AbdEIKader NA, Fathi M, Emam IA, AbuBakr HO, Alijuaydi
SH, et al. The efficiency of intrauterine infusion of platelet-rich plasma in
the treatment of acute endometritis as assessed by endoscopic, Dop-
pler, oxidative, immunohistochemical, and gene expression alterations
in jennies. Theriogenology. 2022;181:147-60. https://doi.org/10.1016/].
theriogenology.2022.01.023 Epub 2022 Jan 24. PMID: 35101679.

Rawy M, Derar D, El-Sherry T, Megahed G. Characterisation of follicular
and luteal blood flow in female dromedary camel induced to ovulate
using GnRH analogue. J Camel Pract Res. 2012;19:269-75.

Zaidi J. Blood flow changes in the ovarian and uterine arteries in
women with normal and polycystic ovaries. Hum Fertil (Camb).
2000;3:194-8. https://doi.org/10.1080/1464727002000198971.

Gill RW. Accuracy calculations for ultrasonic pulsed Doppler blood flow
measurements; 1982.

Campbell S, Bourne TH, Waterstone J, Reynolds KM, Crayford TJ, Jurkovic
D, et al. Transvaginal color blood flow imaging of the periovulatory
follicle. Fertil Steril. 1993;60:433-8 PMID: 8375522.

Collins W, Jurkovic D, Bourne T, Kurjak A, Campbell S. Ovarian morphol-
ogy, endocrine function and intra-follicular blood flow during the
peri-ovulatory period. Hum Reprod. 1991;6:319-24. https://doi.org/10.
1093/oxfordjournals.humrep.a137332.

Abdelnaby EA, Emam IA, Salem NY, Ramadan ES, Khattab MS,

Farghali HA, et al. Uterine hemodynamic patterns, oxidative stress,

and chromoendoscopy in mares with endometritis. Theriogenology.
2020;158:112-20. https://doi.org/10.1016/j.theriogenology.2020.09.012
Epub 2020 Sep 12. PMID: 32956860.

EL-Sherbiny H, EL-Shahat K, EL-Maaty A, Abdelnaby EA. Ovarian and
uterine haemodynamics and their relation to steroid hormonal levels
in postpartum egyptian buffaloes. Bulg J Vet Med (online first). 2020.
https://doi.org/10.15547/bjvm.2020-0091.

Rosenfeld CR. Responses of reproductive and nonreproductive tissues
to 17 beta-estradiol during ovine puerperium. Am J Physiol Endocrinol
Metab. 1980,239:333-9. https://doi.org/10.1152/ajpendo.1980.239.5.
E333.

Piacsek BE, Huth JF. Changes in ovarian venous blood flow following
cannulation; effects of luteinizing hormone (LH) and antihistamine.
Proc Soc Exp Biol Med. 1971;138:1022—4. https://doi.org/10.3181/00379
727-138-36042.

Lee W, Novy MJ. Effects of luteinizing hormone and indomethacin

on blood flow and steroidogenesis in the rabbit ovary. Biol Reprod.
1978;18:799-807. PMID: 667264. https://doi.org/10.1095/biolreprod
18.5.799.

Abouelela YS, Yasin NAE, El Karmoty AF, Khattab MA, El-Shahat KH,
Abdelnaby EA. Ovarian, uterine and luteal hemodynamic variations
between pregnant and non-pregnant pluriparous Egyptian buffalos
with special reference to their anatomical and histological features.
Theriogenology. 2021;173:173-82. https://doi.org/10.1016/j.theriogeno
l0gy.2021.06.022 PMID 34392170.

Ford SP, Christenson RK. Blood flow to uteri of sows during the estrous
cycle and early pregnancy: local effect of the conceptus on the uterine


https://doi.org/10.1016/j.ecl.2012.04.008
https://doi.org/10.1016/j.theriogenology.2014.07.034
https://doi.org/10.1016/j.theriogenology.2014.07.034
https://doi.org/10.1177/1933719108331121
https://doi.org/10.1177/1933719108331121
https://doi.org/10.1111/bcpt.12118
https://doi.org/10.30954/2277-940X.01.2019.26
https://doi.org/10.30954/2277-940X.01.2019.26
https://doi.org/10.4172/2157-7099.1000443
https://doi.org/10.1111/rda.13888
https://doi.org/10.1111/rda.13693
https://doi.org/10.1111/rda.13693
https://doi.org/10.4995/wrs.1994.225
https://doi.org/10.1111/rda.14117
https://doi.org/10.1111/rda.14117
https://doi.org/10.3390/ani12111442
https://doi.org/10.1016/j.theriogenology.2022.05.020
https://doi.org/10.1016/j.theriogenology.2022.05.020
https://doi.org/10.17582/journal.aavs/2021/9.8.1159.1168
https://doi.org/10.17582/journal.aavs/2021/9.8.1159.1168
https://doi.org/10.21451/1984-3143-AR848
https://doi.org/10.1055/s-0038-1675226
https://doi.org/10.4102/jsava.v81i1.97
https://doi.org/10.1002/ar.24244
https://doi.org/10.1002/ar.24244
https://doi.org/10.1016/j.theriogenology.2018.08.003
https://doi.org/10.15547/bjvm.2021-0048
https://doi.org/10.1016/j.theriogenology.2022.01.023
https://doi.org/10.1016/j.theriogenology.2022.01.023
https://doi.org/10.1080/1464727002000198971
https://doi.org/10.1093/oxfordjournals.humrep.a137332
https://doi.org/10.1093/oxfordjournals.humrep.a137332
https://doi.org/10.1016/j.theriogenology.2020.09.012
https://doi.org/10.15547/bjvm.2020-0091
https://doi.org/10.1152/ajpendo.1980.239.5.E333
https://doi.org/10.1152/ajpendo.1980.239.5.E333
https://doi.org/10.3181/00379727-138-36042
https://doi.org/10.3181/00379727-138-36042
https://doi.org/10.1095/biolreprod18.5.799
https://doi.org/10.1095/biolreprod18.5.799
https://doi.org/10.1016/j.theriogenology.2021.06.022
https://doi.org/10.1016/j.theriogenology.2021.06.022

Abdelnaby et al. BMC Veterinary Research

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

(2022) 18:301

blood supply. Biol Reprod. 1979;21:617-24. https://doi.org/10.1095/
biolreprod21.3.617.

Tan SL, Zaidi J, Campbell S, Doyle P, Collins W. Blood flow changes in
the ovarian and uterine arteries during the normal menstrual cycle.
Am J Obstet Gynecol. 1996;175:625-31. https://doi.org/10.1053/0b.
1996.v175.a73865.

Jovanovié A, Grbovié L, Tuli¢ |. Predominant role for nitric oxide in
the relaxation induced by acetylcholine in human uterine artery.
Hum Reprod. 1994,9:387-93. https://doi.org/10.1093/oxfordjournals.
humrep.a138514.

Jovanovi¢ A, Jovanovic S, Tuli¢ |, Grbovic L. Predominant role for nitric
oxide in the relaxation induced by vasoactive intestinal polypep-
tide in human uterine artery. Mol Hum Reprod. 1998;4:71-6. PMID:
9510014. https://doi.org/10.1093/molehr/4.1.71.

Angus JA, Cocks TM. Endothelium-derived relaxing factor. Pharmacol
Ther. 1989;41:303-52. https://doi.org/10.1016/0163-7258(89)90112-5.
Makila U, Jouppila P, Kirkinen P, Viinikka L, Ylikorkala O. Placental
thromboxane and prostacyclin in the regulation of placental blood
flow. Obstet Gynecol. 1986;68:537-40 PMID: 3528955.

Ford SP. Control of uterine and ovarian blood flow throughout the
estrous cycle and pregnancy of ewes, sows and cows. J Anim Sci.
1982;55:32-42 PMID: 6765316.

Perrot-Applanat M, Deng M, Fernandez H, Lelaidier C, Meduri G,
Bouchard P. Immunohistochemical localization of estradiol and
progesterone receptors in human uterus throughout pregnancy:
expression in endometrial blood vessels. J Clin Endocrinol Metab.
1994,78:216-24. https://doi.org/10.1210/jcem.78.1.8288707.

Farhat MY, Lavigne MC, Ramwell PW. The vascular protective effects
of estrogen. FASEB J. 1996;10:615-24 PMID: 8621060.
Hegele-Hartung C, Fritzemeier KH, Diel P. Effects of a pure antiestro-
gen and progesterone on estrogen-mediated alterations of blood
flow and progesterone receptor expression in the aorta of ovariec-
tomized rabbits. J Steroid Biochem Mol Biol. 1997;63:237-49. https://
doi.org/10.1016/50960-0760(97)00125-8 PMID: 9459190.
Dharmarajan AM, Bruce NW, Meyer GT. Quantitative ultrastructural
characteristics relating to transport between luteal cell cytoplasm
and blood in the corpus luteum of the pregnant rat. Am J Anat.
1985;172:87-99. https://doi.org/10.1002/aja.1001720107.

Abdelnaby EA. Higher doses of Melatonin affect ovarian and middle
uterine arteries vascular blood flow and induce oestrus earlier in
acyclic ewes. Reprod Dom Anim. 2020;55:763-9. https://doi.org/10.
1111/rda.13678.

Rosiansky-Sultan M, Klipper E, Spanel-Borowski K, Meidan R. Inverse
relationship between nitric oxide synthases and endothelin-1
synthesis in bovine corpus luteum: interactions at the level of luteal
endothelial cell. Endocrinology. 2006;147:5228-35. https://doi.org/
10.1210/en.2006-0795.

Seekallu SV, Toosi BM, Rawlings NC. LH pulse frequency and the
emergence and growth of ovarian antral follicular waves in the ewe
during the luteal phase of the estrous cycle. Reprod Biol Endocrinol.
2009;7:78. https://doi.org/10.1186/1477-7827-7-78.

Al-Saffar FJ, Almayahi MS. Histomorphological and histochemical
postnatal developmental study of the uteruses of the local rabbits
(Oryctolagus cuniculus). Indian J Nat Sci. 2018b;9(50):14750-61.
Patel B, Elguero S, Thakore S, Dahoud W, Bedaiwy M, Mesiano S. Role
of nuclear progesterone receptor isoforms in uterine pathophysiol-
ogy. Hum Reprod Update. 2015;21(2):155-73. https://doi.org/10.
1093/humupd/dmu056.

Vallejo G, La Greca AD, Tarifa-Reischle IC, Mestre-Citrinovitz AC, Bal-
lare C, Beato M, et al. CDC2 mediates progestin initiated endometrial
stromal cell proliferation: a PR signaling to gene expression indepen-
dently of its binding to chromatin. Plos One. 2014;9:e97311. https://
doi.org/10.1371/journal.pone.0097311.

Daghash SM, Yasin NAE, Abdelnaby EA, Emam |, Tolba A, Abouelela
YS. Histological and hemodynamic characterization of corpus luteum
throughout the luteal phase in pregnant and non-pregnant buffalos
in relation to nitric oxide levels based on its anatomical determina-
tion. Front Vet Sci Sec Vet Imaging. https://doi.org/10.3389/fvets.
2022.896581.

Das SK, Chakraborty I, Wang J, Dey SK, Hoffman LH. Expression of vas-
cular endothelial growth factor (VEGF) and VEGF-receptor messenger

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

Page 17 of 18

ribonucleic acids in the peri-implantation rabbit uterus. Biol Reprod.
1997;56(6):1390-9. https://doi.org/10.1095/biolreprod56.6.1390.
Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW. Mecha-
nisms controlling the function and life span of the corpus luteum.
Physiol Rev. 2000;80:1-29. https://doi.org/10.1152/physrev.2000.80.1.1.
Pathak D, Bansal N, Ghuman SPS. Immuno-localization of estro-

gen receptor (ER) and progesterone receptor (PR) in the buffalo

ovary in relation to their plasma hormonal levels. Indian J Anim Sci.
2021;91:723-8. https://doi.org/10.30954/2277-940X.01.2019.26.
Rosenfeld CS, Wagner JS, Roberts RM, Lubahn DB. Intraovarian actions
of oestrogen. Reproduction. 2001;122:215-26. https://doi.org/10.1530/
rep.0.1220215.

Mdller K, Ellenberger C, Schoon HA. Histomorphological and immu-
nohistochemical study of angiogenesis and angiogenic factors in

the ovary of the mare. Res Vet Sci. 2009;87:421-31. https://doi.org/10.
1016/j.rvsc.2009.04.011.

Qiao J, Feng HL. Extra- and intra-ovarian factors in polycystic ovary
syndrome: impact on oocyte maturation and embryo developmental
competence. Hum Reprod Update. 2011;17:17-33. https://doi.org/10.
1093/humupd/dmaq032.

Watson ED, Al-Zi'abi MO. Characterization of morphology and angio-
genesis in follicles of mares during spring transition and the breeding
season. Reproduction. 2002;124:227-34 PMID: 12141935,

Wulff C, Dickson SE, Duncan WC, Fraser HM. Angiogenesis in the human
corpus luteum: simulated early pregnancy by HCG treatment is associ-
ated with both angiogenesis and vessel stabilization. Hum Reprod.
2001;16:2515-24. https://doi.org/10.1093/humrep/16.12.2515.

Berisha B, Schams D, Kosmann M, Amselgruber W, Einspanier R. Expres-
sion and localisation of vascular endothelial growth factor and basic
fibroblast growth factor during the final growth of bovine ovarian
follicles. J Endocrinol. 2000;167:371-82. https://doi.org/10.1677/joe.0.
1670371.

Schams D, Kosmann M, Berisha B, Amselgruber WM, Miyamoto

A. Stimulatory and synergistic effects of luteinising hormone and
insulin like growth factor 1 on the secretion of vascular endothelial
growth factor and progesterone of cultured bovine granulosa cells.
Exp Clin Endocrinol Diabetes. 2001;109:155-62. https://doi.org/10.
1055/5-2001-14839.

Ferrara N. Vascular endothelial growth factor: basic science and clinical
progress. Endocr Rev. 2004;25:581-611. https://doi.org/10.1210/er.
2003-0027.

Tamanini C, De Ambrogi M. Angiogenesis in developing follicle and
corpus luteum. Reprod Domest Anim. 2004;39:206-16. https://doi.org/
10.1111/j.1439-0531.2004.00505 X.

Robinson R, Mann G, Lamming G, Wathes D. Expression of oxytocin,
oestrogen and progesterone receptors in uterine biopsy samples
throughout the oestrous cycle and early pregnancy in cows. Reproduc-
tion. 2001;122:965-79. https://doi.org/10.1530/rep.0.1220965.

Duan H, Xiao L, Hu J, et al. Expression of oestrogen receptor, androgen
receptor and progesterone nuclear receptor in sheep uterus during the
oestrous cycle. Reprod Domest Anim. 2019;54(10):1305-12. https://doi.
0rg/10.1111/rda.13489.

Hapangama DK, Kamal AM, Bulmer JN. Estrogen receptor 3: the guard-
ian of the endometrium. Hum Reprod Update. 2015;21(2):174-93.
https://doi.org/10.1093/humupd/dmu053.

Abd-Elkareem M, Abou-Elhamd AS. Immunohistochemical localization
of progesterone receptors alpha (PRA) in ovary of the pseudopregnant
rabbit. Anim Reprod. 2019;16(2):302-10. https://doi.org/10.21451/
1984-3143-AR2018-0128.

Boos A, Meyer W, Schwarz R, Grunert E. Immunohistochemical assess-
ment of oestrogen receptor and progesterone receptor distribution

in biopsy samples of the bovine endometrium collected throughout
the oestrous cycle. Anim Reprod Sci. 1996;44:11-21. https://doi.org/10.
1016/0378-4320(96)01492-3.

Spencer TE, Bazer FW. Temporal and spatial alterations in uterine estro-
gen receptor and progesterone receptor expression during estrous
cycle and early pregnancy in the ewe. Biol Reprod. 1995;53:1527-43.
https://doi.org/10.1095/biolreprod53.6.1527.

Mertens HJ, Heineman MJ, Theunissen PH, de Jong FH, Evers JL. Andro-
gen, estrogen and progesterone receptor expression in the human


https://doi.org/10.1095/biolreprod21.3.617
https://doi.org/10.1095/biolreprod21.3.617
https://doi.org/10.1053/ob.1996.v175.a73865
https://doi.org/10.1053/ob.1996.v175.a73865
https://doi.org/10.1093/oxfordjournals.humrep.a138514
https://doi.org/10.1093/oxfordjournals.humrep.a138514
https://doi.org/10.1093/molehr/4.1.71
https://doi.org/10.1016/0163-7258(89)90112-5
https://doi.org/10.1210/jcem.78.1.8288707
https://doi.org/10.1016/s0960-0760(97)00125-8
https://doi.org/10.1016/s0960-0760(97)00125-8
https://doi.org/10.1002/aja.1001720107
https://doi.org/10.1111/rda.13678
https://doi.org/10.1111/rda.13678
https://doi.org/10.1210/en.2006-0795
https://doi.org/10.1210/en.2006-0795
https://doi.org/10.1186/1477-7827-7-78
https://doi.org/10.1093/humupd/dmu056
https://doi.org/10.1093/humupd/dmu056
https://doi.org/10.1371/journal.pone.0097311
https://doi.org/10.1371/journal.pone.0097311
https://doi.org/10.3389/fvets.2022.896581
https://doi.org/10.3389/fvets.2022.896581
https://doi.org/10.1095/biolreprod56.6.1390
https://doi.org/10.1152/physrev.2000.80.1.1
https://doi.org/10.30954/2277-940X.01.2019.26
https://doi.org/10.1530/rep.0.1220215
https://doi.org/10.1530/rep.0.1220215
https://doi.org/10.1016/j.rvsc.2009.04.011
https://doi.org/10.1016/j.rvsc.2009.04.011
https://doi.org/10.1093/humupd/dmq032
https://doi.org/10.1093/humupd/dmq032
https://doi.org/10.1093/humrep/16.12.2515
https://doi.org/10.1677/joe.0.1670371
https://doi.org/10.1677/joe.0.1670371
https://doi.org/10.1055/s-2001-14839
https://doi.org/10.1055/s-2001-14839
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1111/j.1439-0531.2004.00505.x
https://doi.org/10.1111/j.1439-0531.2004.00505.x
https://doi.org/10.1530/rep.0.1220965
https://doi.org/10.1111/rda.13489
https://doi.org/10.1111/rda.13489
https://doi.org/10.1093/humupd/dmu053
https://doi.org/10.21451/1984-3143-AR2018-0128
https://doi.org/10.21451/1984-3143-AR2018-0128
https://doi.org/10.1016/0378-4320(96)01492-3
https://doi.org/10.1016/0378-4320(96)01492-3
https://doi.org/10.1095/biolreprod53.6.1527

Abdelnaby et al. BMC Veterinary Research

98.

99.

100.

102.

103.

104.

(2022) 18:301

uterus during the menstrual cycle. Eur J Obstet Gynecol Reprod Biol.
2001;98:58-65. https://doi.org/10.1016/50301-2115(00)00554-6.

Ing NH, Tornesi MB. Estradiol up-regulates estrogen receptor and pro-
gesterone receptor gene expression in specific ovine uterine cells. Biol
Reprod. 1997;56:1205-15. https://doi.org/10.1095/biolreprod56.5.1205.
Winuthayanon W, Hewitt SC, Orvis GD, Behringer RR, Korach KS. Uterine
epithelial estrogen receptor a is dispensable for proliferation but essen-
tial for complete biological and biochemical responses. Proc Natl Acad
SciUS A.2010;107:19272-7. https://doi.org/10.1073/pnas.1013226107.
Méller B, Rasmussen C, Lindblom B, Olovsson M. Expression of the
angiogenic growth factors VEGF, FGF-2, EGF and their receptors in
normal human endometrium during the menstrual cycle. Mol Hum
Reprod. 2001;7:65-72. https://doi.org/10.1093/molehr/7.1.65.

Winther H, Dantzer V. Co-localization of vascular endothelial growth
factor and its two receptors flt-1 and kdr in the mink placenta. Placenta.
2001;22:457-65. https://doi.org/10.1053/plac.2001.0655.

AlanT, Hemo |, Itin A, Peer J, Stone J, Keshet E. Vascular endothelial
growth factor acts as a survival factor for newly formed retinal ves-

sels and has implications for retinopathy of prematurity. Nat Med.
1995;1:1024-8. https://doi.org/10.1038/nm1095-1024.

Cullinan-Bove K, Koos RD. Vascular endothelial growth factor/vascular
permeability factor expression in the rat uterus: rapid stimulation by
estrogen correlates with estrogen-induced increases in uterine capillary
permeability and growth. Endocrinology. 1993;133:829-37. https://doi.
0rg/10.1210/endo.133.2.8344219.

Grazul-Bilska AT, Navanukraw C, Johnson ML, Arnold DA, Reynolds LP,
Redmer DA. Expression of endothelial nitric oxide synthase in the ovine
ovary throughout the estrous cycle. Reproduction. 2006;132(4):579-87.
https://doi.org/10.1530/REP-06-0009 PMID: 17008469.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/s0301-2115(00)00554-6
https://doi.org/10.1095/biolreprod56.5.1205
https://doi.org/10.1073/pnas.1013226107
https://doi.org/10.1093/molehr/7.1.65
https://doi.org/10.1053/plac.2001.0655
https://doi.org/10.1038/nm1095-1024
https://doi.org/10.1210/endo.133.2.8344219
https://doi.org/10.1210/endo.133.2.8344219
https://doi.org/10.1530/REP-06-0009

	Ovarian, uterine, and luteal vascular perfusions during follicular and luteal phases in the adult cyclic female rabbits with special orientation to their histological detection of hormone receptor
	Abstract 
	Background
	Materials and methods
	Ethical statement
	Animals and housing
	Ultrasound scanning and Doppler analysis
	Anatomical examination and arterial angioarchitecture
	Blood sampling and hormonal analysis
	Histological investigation
	General histological examination
	Morphometric analysis
	Immunohistochemistry
	Evaluation of immunohistochemical results “area %” (specific area antibody)

	Statistical analysis

	Results
	Anatomical findings
	Hemodynamic variations during FP and LP
	Hormonal variations during FP and LP
	Histological evaluations
	Light microscopy
	Morphometric analysis
	Immunohistochemistry


	Discussion
	Conclusion
	Acknowledgements
	References


