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Abstract

Determining the female animal cycle is crucial in preclinical studies and animal husbandry.
Changes in hormone levels during the cycle affect physiological responses, including
altered contractility of the visceral smooth muscle. The study aimed to identify estrus and
anestrus using smooth muscle electromyographic (SMEMG) measurements, in vivo fluores-
centimaging (1VIS) and in vitro organ contractility of the uterus and cecum. The study
involved sexually mature female Sprague-Dawley rats, aged 10-12 weeks. The rats
received a daily injection of cetrorelix acetate solution for 7 days, while another group served
as the control. The animals were subjected to gastrointestinal and myometrial SMEMG. The
change in av3 integrin activity was measured with IVIS in the abdominal cavity. Contractil-
ity studies were performed in isolated organ baths using dissected uterus and cecum sam-
ples. Plasma samples were collected for hormone level measurements. A 3-fold increase in
spontaneous contraction activity was detected in SMEMG measurements, while a signifi-
cant decrease in av3 integrin was measured in the IVIS imaging procedure. Cetrorelix
reduced the level of LH and the progesterone / estradiol ratio, increased the spontaneous
activity of the cecum rings, and enhanced KCl-evoked contractions in the uterus. We found
a significant change in the rate of SMEMG signals, indicating simultaneous increases in the
contraction of the cecum and the non-pregnant uterus, as evidenced by isolated organ bath
results. Fluorescence imaging showed high levels of uterine avB3 integrin during the proes-
trus-estrus phase, but inhibiting the sexual cycle reduced fluorescence activity. Based on
the results, the SMEMG and IVIS imaging methods are suitable for detecting estrus phase
alterations in rats.

Introduction

Determining the cycle of female animals is a critical point in preclinical studies and even in
animal husbandry. In rats, the levels of follicle stimulating hormone (FSH) and luteinizing
hormone (LH) begin to rise with puberty, indicating the end of the anestrus phase [1]. The
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cycle of sexually mature rats lasts on average 4-5 days and is characterized as: proestrus,
estrus, metestrus and diestrus, which can be determined according to the cell types observed
in the vaginal smear [2]. LH levels rise suddenly at the end of the proestrus stage. This surge
causes the maturation of the ovarian follicles, which is followed 10-12 hours later by follicu-
lar rupture and ovulation at the beginning of the estrous phase. Accurate tracking of the sex
cycle allows the selection of appropriate animals for experiments or even to achieve timed
mating [3, 4].

The physiological processes induced by the increase in the LH level can be inhibited by
drugs. Cetrorelix is a potent and selective competitive antagonist of the GnRH receptor.
Reversibly reduces LH and FSH from the anterior pituitary gland, thus preventing ovulation
and inhibiting the production of sex hormones E2 and P4 sex hormones [5].

Changes in hormone levels during the cycle greatly influence physiological responses [6]
including altered contractility of the visceral smooth muscle. The effect of sex hormones on
uterine contraction has long been known: progesterone (P4), which is responsible for main-
taining pregnancy, significantly reduces uterine activity, while contractions become more fre-
quent and stronger before birth, when the plasma estrogen/P4 ratio increases [7].

In addition to the reproductive functions of P4 and estrogen, they exert functions in the
entire gastrointestinal tract (GI), which is strongly correlated with the highest plasma concen-
trations of gonadotropic hormones. P4 inhibits intestinal smooth muscle cell contraction, in
part by increasing nitric oxide synthesis and in part by inhibiting Rho kinase, which together
induce smooth muscle relaxation [8-10]. These changes can be identified by measuring myo-
electric slow waves. The myoelectric activity of the GI tract [11] and the uterus [12], and there-
fore the extent of contractions, can be well measured through the abdominal wall in vivo using
smooth muscle electromyography (SMEMG). The method continuously monitors the myo-
electric signals of the visceral smooth muscle of rats by frequency filtration after a fast Fourier
transformation.

ovP3 integrin, belonging to the family of transmembrane cell surface proteins, plays an
important role during angiogenesis and tissue neovascularization [13], therefore, it could be
one of the new targets of antitumor therapy in the last decade. As it is expressed in large quan-
tities in activated endothelial cells, it can be used as an antitumor target and for in vivo imaging
in the case of the most common carcinomas and metastases (glioblastoma, melanomas, ovar-
ian, breast, and prostate) [14, 15]. However, it is known that in the proestrus-estrus phase, neo-
vascularization and mucosal proliferation increase to a great extent [2], in which avfp3 integrin
may also play an important role [16].

The aim of our study was to identify physiological estrus and cetrorelix-induced anestrus in
rats using SMEMG measurements. We paralleled the changes with an in vivo fluorescent
imaging system (IVIS) detecting o3 integrin, an estrus cycle impedance monitor [17] and in
vitro isolated organ contractility [18] of the uterus and cecum.

Materials and methods
Housing and handling of the animals

The study was carried out using sexually mature female Sprague-Dawley rats (10-12 weeks old,
body weight 160-200 g). The animals were treated in accordance with the European Commu-
nities Council Directive (2010/63/EU) and the Hungarian Act for the Protection of Animals in
Research (Article 32 of Act XXVIII). All experiments involving animal subjects were carried
out with the approval of the Hungarian Ethical Committee for Animal Research (registration
number: XIII./72/2020).
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Sprague-Dawley rats (Animalab Ltd., Vac, Hungary) were housed at 22 + 3°C and a relative
humidity of 30-70%, in a 12 h light/12 h dark cycle. Standard rodent pellet food (Animalab
Hungary Ltd.) and tap water were provided ad libitum.

The estrus cycle of healthy young adult female rats was followed and measured daily using
the Estrus Cycle Monitor (IM-01, MSB-MET Ltd., Balatonfiired, Hungary). Rats with vaginal
impedance values of 4.5 to 7.5 kQ were considered to be in the proestrus phase and were
included in the experiment.

Animals in the drug-treated group (n = 10) received a daily intraperitoneal injection of 0.5
mg/bwkg cetrorelix acetate solution (Sigma-Aldrich Ltd., Budapest, Hungary) for 7 days [19,
20], and the resulting changes were compared with those of the control group of rats (n = 9).

Smooth muscle electromyographic (SMEMG) measurements

Two hours before and during the detection of myoelectric signals, food and water were with-
drawn. Rats were anesthetized with isoflurane inhalation, then a pair of bipolar disk electrodes
was fixed subcutaneously 1 cm below the midline above the abdominal cavity. The SMEMG
activity was detected for 30 min by an online computer and amplifier system with the S.P.E.L.
Advanced ISOSYS Data Acquisition System (MSB-MET Ltd., Balatonfiired, Hungary).

The SMEMG records from both groups of rats were filtered for a frequency of 1-3 cpm and
analyzed by fast Fourier transformation [11, 12], then the maximum power spectrum density
(PsDax) values for 30-min periods were statistically evaluated.

In vivo imaging protocol

Rats were injected with a potent avfB3 integrin-selective imaging agent; IntegriSenseTM 680
(PerkinElmer Ltd., Boston, USA) diluted in phosphate buffered saline (PBS), intravenously
into the tail vein. An abdominal incision was made to allow live imaging under isoflurane
anesthesia. Imaging was performed 24 hours after injection with the IVIS Lumina LT III sys-
tem (PerkinElmer Ltd., Waltham, USA) with 675 nm excitation and Cy5.5 emission filters,
auto exposure time, and a binning factor of 2. The fluorescence intensity was represented by a
multicolor scale ranging from red (less intense) to yellow (more intense). Fluorescence was
normalized by uterus size and expressed as the average radiant efficiency ([photons/s/cm?*/
steradian]/ [pW/cmz]) of selected regions of interest (ROIs).

Plasma sample collection and hormone analysis

At the end of the IVIS measurements, 3 ml of blood samples were collected by cardiac punc-
ture and divided into 1-ml tubes containing K;EDTA (0.6 mg/tube) and centrifuged (1700 xg,
10 min, 4°C) to separate plasma. Plasma samples were stored at -20°C until the hormone test.

Plasma concentrations of LH, P4, and estradiol (E2) were measured by enzyme-linked
immunosorbent assay (ELISA, from Wuhan Fine Biotech Co., Ltd.), according to the manu-
facturer’s manual.

Contractility studies in isolated organ bath

Animals were sacrificed by cardiac puncture under isoflurane anesthesia. The uterus and
cecum were dissected from non-pregnant rats, cleaned of fat and connective tissues, and
rinsed with de Jongh solution (composition: 137 mM NaCl, 3 mM KCl, 1 mM CaCl,, 1 mM
MgCl,, 12 mM NaHCO3, 4 mM NaH,PO,, 6 mM glucose, pH = 7.4) for uterus and Tyrode
solution (composition in mM: 137 NaCl, 3 KCl, 1 CaCl,, 1 MgCl,, 12 NaHCO3, 0.4 NaH,PO,,
6 glucose, pH 7.4) for cecum [18, 21].
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Fig 1. Representative 30-min records of the isolated organ bath study. Spontaneous rhythmic contractions were enhanced in the rings of the
uterus (upper channel) and cecum (lower channel) by KCI (25mM) prepared from rats.

https://doi.org/10.1371/journal.pone.0307932.9001

The uterus and cecum samples were cut into 5-mm-long muscle rings, then these cleaned
muscle strips were individually mounted on tissue holders and immediately placed in the iso-
lated organ bath chambers. Each chamber contained 10 ml of appropriate buffer, and the tem-
perature was maintained at 37°C with continuous carbogen (95% O, + 5% CO,) support.
After mounting, the initial resting tension was set at 1.5 g and the strips were allowed to equili-
brate for 60 min with a buffer change every 15 min.

After the incubation period, spontaneous control contractions of the smooth muscle were
evoked by KCI (25 mM). The activity of the tissue rings was measured with a gauge transducer
(SG-02, MSB-MET Ltd., Balatonfiired, Hungary). For recording and analysis, we used the
SPEL Advanced ISOSYS Data Acquisition System (MSB-MET Ltd., Balatonfiired, Hungary)
(Fig 1). Areas under curves (AUC) of 5-minute periods were evaluated, and the effects of KCl
were expressed as a percentage of spontaneous contractions [18].

Statistical analysis

Sex hormone levels, AUC, average radiant efficiency and PsD,,,,, values were determined and
compared using an unpaired t-test. The p values of the unpaired t-tests indicating statistically
significant differences are shown in the respective figures. Statistical analyzes were performed
using the statistical program Prism 10.1. (GraphPad Software LLC, RRID:SCR_002798), and
the level of statistical significance was set at p < 0.05.

Results

On the day of inclusion in the study of rats, the vaginal impedance values were typical for the
proestrus phase. The 7-day cetrorelix treatment significantly reduced vaginal impedance com-
pared to the initial values (Fig 2).
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Fig 2. Vaginal impedance (+ SEM) values measured with the estrus cycle monitor. A significant decrease in values
was obtained due to the 7-day cetrorelix treatment. (**: p < 0.01).

https://doi.org/10.1371/journal.pone.0307932.g002

In vivo smooth muscle electromyography

Smooth muscle myoelectric activity was detected in anesthetized rats and expressed as PsD .«
in the frequency range of 1-3 cpm (Fig 3).

The rate of increase in the PsD,,,,, value was approximately three times in the group treated
with cetrorelix compared to the value of the control group. This change in signal intensity
indicates a significant increase in spontaneous uterine or cecal contractions (Fig 4).

In vivo imaging
The intensity of avf33 integrin staining was measured in the IVIS imaging procedure. The fluo-
rescent probe showed an increase in intensity in non-pregnant uterine horns compared to
background radiation, indicating an increased ovp3 integrin activity. However, the treatment
with cetrorelix significantly reduced the fluorescent intensity of the uterus (Fig 5).

The effect of cetrorelix treatment was quantified after evaluating the ROIs of the images.
Treatment reduced the intensity of avB3 integrin staining to less than half in the non-pregnant
uterus compared to the control group (Fig 6).

Enzyme-linked immunosorbent assay

The 7-day cetrorelix treatment significantly reduced LH and P4 levels compared to the control
group. The level of E2 was already low in the control group, so the treatment did not cause any
further changes; however, the ratio of P4/E2 hormones was also significantly reduced by
cetrorelix treatment (Fig 7).
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Fig 3. Representative primary myoelectric signals of 30-min records from the SMEMG study. Myoelectric signals
from the myometrium were detected with silver disk electrodes in the control group (upper channel), and in the
cetrorelix-treated group (lower channel). The recorded myoelectric signals were then analyzed by fast Fourier
transformation (FFT). Changes in PsD,,,, reflect changes in cecal or uterine smooth muscle contractions.

https://doi.org/10.1371/journal.pone.0307932.9003

15+
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Fig 4. Changes in the power spectrum density maximum values (PsDmax) after cetrorelix treatment in
anesthetized rats detected by in vivo smooth muscle electromyography. Values are expressed as PsD,,,x + SEM,
showing muscle contraction strength. A significant increase in the activity of spontaneous contractions was detected
with cetrorelix treatment. (**: p < 0.01).

https://doi.org/10.1371/journal.pone.0307932.9004
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Fig 5. Representative fluorescent records of IntegriSense 680" dye-labeled avp3 integrin in control and cetrorelix-treated non-pregnant
rats. The yellowish intensity staining seen in the uterus indicates ovp3 integrin, which is much brighter during the fertilization period. Cetrorelix
treatment reduced ovf3 integrin expression, which caused a significant decrease in intensity (bottom image row). The white arrows indicate the

uterine horns.

https://doi.org/10.1371/journal.pone.0307932.9005

In vitro contractility

Smooth muscle contractions were detected in our isolated organ bath study. The spontaneous
activity of the cecum rings was significantly increased after cetrorelix treatment compared to
the AUC value in the control group. However, there was no significant change in uterine activ-

ity (Fig 8).
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Fig 6. Average radiant efficiency (+ SEM) in equally sized regions of interest (ROIs) of the non-pregnant uterus. A
significant decrease in ovf3 integrin was observed in the PET imaging procedure. (***: p < 0.001).

https://doi.org/10.1371/journal.pone.0307932.g006
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Fig 7. Alterations in the plasma (A) luteinizing hormone (LH) and (B) sex hormone ratio (P4/E2) as a result of cetrorelix treatment (red columns: estrus phase,
blue columns: anestrus phase). The LH level was significantly decreased by cetrorelix compared to the control group. Treatment with cetrorelix also
significantly reduced the value of P4/E2. (*: p < 0.05; ***: p<0.001).

https://doi.org/10.1371/journal.pone.0307932.9007

300000 -

*%

200000 -

AUC

100000 -

o
Y
&
,60
00

Fig 8. Effects of cetrorelix treatment on changes in spontaneous contractions of the non-pregnant uterus (U) and
the cecum (C). The change in contraction was evaluated through the area under the curve (AUC) + SEM. No
significant effect was observed in the investigated myometrium samples; in contrast, a significant increase was
obtained for the cecum. (U: uterus; C: cecum; ns: non-significant; **: p < 0.01).

https://doi.org/10.1371/journal.pone.0307932.9008
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Fig 9. Effects of cetrorelix treatment on changes in the KCl-evoked contractions of the non-pregnant uterus (U)
and the cecum (C). The relative change in contractions was obtained in each case compared to spontaneous
contractions and was expressed as % + SEM. A significant effect was observed on the investigated uterus samples. (U:
uterus; C: cecum; ns: non-significant; **: p < 0.01).

https://doi.org/10.1371/journal.pone.0307932.g009

KCl-elicited contractions were also examined in non-pregnant uterus and cecum. In con-
trast to the spontaneous response, cetrorelix treatment significantly increased KCl-evoked
contractions in the uterus, while it did not modify cecal activity (Fig 9).

Discussion

SMEMG, as a non-invasive measurement method, is increasingly used for research and diag-
nostic purposes. The focus of research to date has been mainly on GI motility studies, animal
breeding [22] and preclinical-clinical translational studies [23-25] have also been published on
the topic, confirming the usability of the technology; furthermore, with the validation of the
method, a human diagnostic tool is now available [26]. A previous study revealed that uterine
and colon signals are difficult to separate with the use of in vivo SMEMG measurement
because the frequency range of signals obtained after FFT analysis is between 1-3 cpm for
both organs, and in addition, the muscle mass of the non-pregnant uterus is significantly
lower than that of the colon [12].

In our current study, treatment with the GnRH antagonist cetrorelix increased the contrac-
tions of the visceral smooth muscle, i.e. the cecum and uterus. With the SMEMG method, we
detected enhanced spontaneous abdominal smooth muscle contractions. The results of the in
vivo measurement were confirmed in isolated organ bath studies. Treatment with cetrorelix
significantly increased the strength of spontaneous contractions in the cecum. On the con-
trary, KCl increased the contractions of isolated tissue samples compared to spontaneous
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activity in both groups, but a further increase was observed only in the cetrorelix-treated non-
pregnant uterus.

In our fluorescence imaging studies, we showed that the uterine level of avf3 integrin is
high in rats during the proestrus-estrus phase, which is closely related to the vascularization of
the uterus [2]. However, when we inhibited the estrus cycle of the animals, thus mucosal prolif-
eration, the fluorescence activity of avp3 integrin decreased dramatically.

The well-known hormonal effect of cetrorelix is behind the detected changes. GnRH
antagonists have been used for years in the treatment of infertility, in assisted reproductive
technology [27], and even in the treatment of leiomyoma or endometriosis [28]. Further-
more, low-dose cetrorelix treatment was also shown to reduce the symptoms of benign
prostatic hyperplasia in male rats. This is manifested through an indirect decrease in sex
hormone levels and a direct reduction in inflammatory cytokine levels [29]. This effect is
achieved through its inhibitory effect on the hypothalamic-pituitary-ovarian axis. Although
a physiological decrease in P4 and E2 levels is expected due to the decrease in LH levels, this
would not justify such an increase in smooth muscle contraction. However, contractility is
more accurately determined by the relative amounts of P4 and E2, rather than by changes in
individual hormone levels [30]. Due to these hormonal changes, the routinely applied vagi-
nal impedance measurement also confirmed the effect of cetrorelix, in agreement with our
newly applied methods.

Repetitive treatment with cetrorelix stopped the estrus cycle of rats, thus decreasing LH lev-
els and the P4 / E2 ratio; therefore, the rats entered the anestrus phase. This large-scale change
in sex hormone levels expressed contrasting differences between estrus and anestrus and had a
detectable effect on uterine and even GI contractions. We were able to detect this increase in
contraction with SMEMG in awake rats. Furthermore, by using the fluorescent IVIS method,
accurate results can be obtained regarding cell proliferation in the uterus of rats between the
two endpoints of their estrus cycle.

A further goal with our method would be to detect subtle changes, such as the successive
stages of the estrus cycle, even together with the measurement of the ovf3 integrin level, with
high accuracy. The SMEMG method might also be suitable for the complex measurement of
reproductive processes in other mammals or in female patients or healthy volunteers after clin-
ical translation.

Supporting information

S1 Dataset. Vaginal impedance values measured with the estrus cycle monitor before and
after 7 days of cetrorelix treatment (Fig 2).
(XLSX)

$2 Dataset. Maximum values of power spectrum density in 2 different groups of rats
detected by in vivo smooth muscle electromyography (Fig 4). PsD: power spectrum density.
(XLSX)

S3 Dataset. The average radiant efficiency values in equally sized regions of interest of the
non-pregnant uterus in the control and cetrorelix treated rats (Fig 6).
(XLSX)

$4 Dataset. Changes in plasma luteinizing hormone levels and P4/E2 sex hormone ratios
as a result of cetrorelix treatment (Fig 7). LH: luteinizing hormone, P4: progesterone, E2:
estradiol.

(XLSX)
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S5 Dataset. Differences in spontaneous contractions of non-pregnant uterus and cecum
samples in the control and cetrorelix treated rats (Fig 8). The changes in contraction were
evaluated by the area under the curve. AUC: area under the curve.

(XLSX)

$6 Dataset. The changes in the KCl-evoked contractions of the non-pregnant uterus and
the cecum in the control and cetrorelix treated rats (Fig 9). The relative change in contrac-

tions was obtained in each case compared to spontaneous contractions and was expressed as %.
(XLSX)

Acknowledgments

The technical support of Zoltanné Csiszar is greatly appreciated.

Author Contributions

Conceptualization: Kalman F. Szucs, Robert Gaspar.

Formal analysis: Kalman F. Szucs, Tamara Barna, Annamaria Schaffer.
Funding acquisition: Robert Gaspar.

Investigation: Kalman F. Szucs, Dora Vigh, Mohsen Mirdamadi, Reza Samavati, Tamara
Barna, Annamaria Schaffer, Karmen Alasaad.

Methodology: Kalman F. Szucs, Dora Vigh, Mohsen Mirdamadi, Reza Samavati, Tamara
Barna, Annamaria Schaffer, Robert Gaspar.

Resources: Robert Gaspar.
Writing - original draft: Kalman F. Szucs.

Writing - review & editing: Robert Gaspar.

References

1. Gonzélez-Flores O, Hoffman KL, Delgadillo JA, Keller M, Paredes RG. Female Sexual Behavior in
Rodents, Lagomorphs, and Goats. In: Hormones, Brain and Behavior: Third Edition. Elsevier; 2017. p.
59-82.

2. Ajayi AF, Akhigbe RE. Staging of the estrous cycle and induction of estrus in experimental rodents: an
update. Fertil Res Pract. 2020; 6(1):1—15. https://doi.org/10.1186/s40738-020-00074-3 PMID:
32190339

3. Otto GM, Franklin CL, Clifford CB. Chapter 4—Biology and Diseases of Rats. In: Laboratory Animal
Medicine: Third Edition. 2015.

4. Goldman JM, Murr AS, Cooper RL. The rodent estrous cycle: characterization of vaginal cytology and
its utility in toxicological studies. Birth Defects Res B Dev Reprod Toxicol. 2007; 80(2):84-97. https://
doi.org/10.1002/bdrb.20106 PMID: 17342777

5. Findeklee S, Diedrich PK. Cetrorelix in reproductive medicine. F&S Reports. 2023 Jun 1; 4(2 Suppl):62.
https://doi.org/10.1016/j.xfre.2022.11.012 PMID: 37223762

6. Ansdell P, Thomas K, Hicks KM, Hunter SK, Howatson G, Goodall S. Physiological sex differences
affect the integrative response to exercise: acute and chronic implications. Exp Physiol. 2020 Dec; 105
(12):2007-21. https://doi.org/10.1113/EP088548 PMID: 33002256

7. BoétaJ, Hajagos-Téth J, Ducza E, Samavati R, Borsodi A, Benyhe S, et al. The effects of female sexual
hormones on the expression and function of a1A- and a1D-adrenoceptor subtypes in the late-pregnant
rat myometrium. Eur J Pharmacol. 2015 Dec; 769:177-84.

8. Baumgartner C, Hubacher T, Krayer M, Gschossmann J. In vitro spontaneous contractile activity of
colonic smooth muscle in naive Lewis rats: Acute effect of gonadal hormones. J Dig Dis. 2017 Jan; 18
(1):13-22. https://doi.org/10.1111/1751-2980.12438 PMID: 28009091

PLOS ONE | https://doi.org/10.1371/journal.pone.0307932  August 8, 2024 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307932.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307932.s006
https://doi.org/10.1186/s40738-020-00074-3
http://www.ncbi.nlm.nih.gov/pubmed/32190339
https://doi.org/10.1002/bdrb.20106
https://doi.org/10.1002/bdrb.20106
http://www.ncbi.nlm.nih.gov/pubmed/17342777
https://doi.org/10.1016/j.xfre.2022.11.012
http://www.ncbi.nlm.nih.gov/pubmed/37223762
https://doi.org/10.1113/EP088548
http://www.ncbi.nlm.nih.gov/pubmed/33002256
https://doi.org/10.1111/1751-2980.12438
http://www.ncbi.nlm.nih.gov/pubmed/28009091
https://doi.org/10.1371/journal.pone.0307932

PLOS ONE

Smooth muscle electromyography for detecting major alterations in the estrus cycle in rats

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

20.

21,
22,

23.

24,

25.

26.

27.

28.

29.

Heitkemper MM, Bond EF. Gastric Motility in Rats with Varying Ovarian Hormone Status. West J Nurs
Res. 1995; 17(1):9-19. https://doi.org/10.1177/019394599501700102 PMID: 7863650

Algudah M, Al-Shboul O, Al-Dwairi A, Al-U Dat DG, Alqudah A. Progesterone Inhibitory Role on Gastro-
intestinal Motility. Physiol Res. 2022; 71(2):193. https://doi.org/10.33549/physiolres.934824 PMID:
35344673

Szucs KF, Nagy A, Grosz G, Tiszai Z, Gaspar R. Correlation between slow-wave myoelectric signals
and mechanical contractions in the gastrointestinal tract: Advanced electromyographic method in rats. J
Pharmacol Toxicol Methods. 2016 Nov; 82:37—44. https://doi.org/10.1016/j.vascn.2016.07.005 PMID:
27475721

Szucs KF, Grosz G, Sille M, Nagy A, Tiszai Z, Samavati R, et al. Identification of myoelectric signals of
pregnant rat uterus: New method to detect myometrial contraction. Croat Med J. 2017; 58(2):141-8.
https://doi.org/10.3325/cmj.2017.58.141 PMID: 28409497

Brooks PC, Clark RAF, Cheresh DA. Requirement of Vascular Integrin av33 for Angiogenesis. Science
(80-). 1994; 264(5158):569-71.

Lanzardo S, Conti L, Brioschi C, Bartolomeo MP, Arosio D, Belvisi L, et al. A new optical imaging probe
targeting aVB3 integrin in glioblastoma xenografts. Contrast Media Mol Imaging. 2011 Nov; 6(6):449—
58.

Liu Z, Wang F, Chen X. Integrin avB3-Targeted Cancer Therapy. Drug Dev Res. 2008 Sep; 69(6):329.

Healy DL, Rogers PAW, Hii L, Wingfield M. Angiogenesis: a new theory for endometriosis. Hum Reprod
Update. 1998; 4(5):736—40. https://doi.org/10.1093/humupd/4.5.736 PMID: 10027628

Ramos SD, Lee JM, Peuler JD. An inexpensive meter to measure differences in electrical resistance in
the rat vagina during the ovarian cycle. J Appl Physiol. 2001; 91(2):667—70. https://doi.org/10.1152/
jappl.2001.91.2.667 PMID: 11457779

Szlics KF, Grosz G, Siile M, Sztojkov-Ivanov A, Ducza E, Marki A, et al. Detection of stress and the
effects of central nervous system depressants by gastrointestinal smooth muscle electromyography in
wakeful rats. Life Sci. 2018; 205:1-8. https://doi.org/10.1016/}.1fs.2018.05.015 PMID: 29746845

Horvath JE, Toller GL, Schally A V., Bajo AM, Groot K. Effect of long-term treatment with low doses of
the LHRH antagonist Cetrorelix on pituitary receptors for LHRH and gonadal axis in male and female
rats. Proc Natl Acad Sci U S A. 2004 Apr 6; 101(14):4996-5001. https://doi.org/10.1073/pnas.
0400605101 PMID: 15044692

Lizio R, Klenner T, Borchard G, Romeis P, Sarlikiotis AW, Reissmann T, et al. Systemic delivery of the
GnRH antagonist cetrorelix by intratracheal instillation in anesthetized rats. Eur J Pharm Sci. 2000 Jan
1; 9(3):253-8. https://doi.org/10.1016/s0928-0987(99)00067-6 PMID: 10594381

Gaddum JH. THE TECHNIQUE OF SUPERFUSION. Br J Pharmacol. 1997; 120(Suppl 1):82.

Nagy K, Fébel H, Bazar G, Grosz G, Gaspar R, Szucs KF, et al. Non-invasive smooth muscle electro-
myography (SMEMG) as a novel monitoring technology of the gastrointestinal tract of awake, free-mov-
ing pigs—A pilot study. PLoS One. 2021; 16(9):e0257311. https://doi.org/10.1371/journal.pone.
0257311 PMID: 34516588

Pribék IK, Szlics KF, Stle M, Grosz G, Ducza E, Vigh D, et al. Detection of acute stress by smooth mus-
cle electromyography: A translational study on rat and human. Life Sci. 2021; 277:119492. https://doi.
org/10.1016/j.Ifs.2021.119492 PMID: 33864819

Calder S, Cheng LK, Andrews CN, Paskaranandavadivel N, Waite S, Alighaleh S, et al. Validation of
noninvasive body-surface gastric mapping for detecting gastric slow-wave spatiotemporal features by
simultaneous serosal mapping in porcine. Am J Physiol Gastrointest Liver Physiol. 2022; 323(4):G295
—G305. https://doi.org/10.1152/ajpgi.00049.2022 PMID: 35916432

Nagy A, Sziics KF, Grosz G, Siile M, Fekete F, Karoliny A, et al. Prediction of gastroesophageal reflux
episodes by smooth muscle electromyography: A translational study in rats and adolescents. Heliyon.
2023 Aug; 9(8):e18859. https://doi.org/10.1016/j.heliyon.2023.e18859 PMID: 37609397

Gharibans AA, Hayes TCL, Carson DA, Calder S, Varghese C, Du P, et al. A novel scalable electrode
array and system for non-invasively assessing gastric function using flexible electronics. Neurogas-
troenterol Motil. 2023 Feb; 35(2). https://doi.org/10.1111/nmo.14418 PMID: 35699340

Tur-Kaspa |, Ezcurra D. GnRH antagonist, cetrorelix, for pituitary suppression in modern, patient-
friendly assisted reproductive technology. Expert Opin Drug Metab Toxicol. 2009; 5(10):1323-36.
https://doi.org/10.1517/17425250903279969 PMID: 19761413

Engel JB, Schally A V. Drug Insight: clinical use of agonists and antagonists of luteinizing-hormone-
releasing hormone. Nat Clin Pract Endocrinol Metab. 2007 Feb; 3(2):157—67. https://doi.org/10.1038/
ncpendmet0399 PMID: 17237842

Rick FG, Schally A V, Block NL, Halmos G, Perez R, Fernandez JB, et al. LHRH antagonist Cetrorelix
reduces prostate size and gene expression of proinflammatory cytokines and growth factors in a rat

PLOS ONE | https://doi.org/10.1371/journal.pone.0307932  August 8, 2024 12/13


https://doi.org/10.1177/019394599501700102
http://www.ncbi.nlm.nih.gov/pubmed/7863650
https://doi.org/10.33549/physiolres.934824
http://www.ncbi.nlm.nih.gov/pubmed/35344673
https://doi.org/10.1016/j.vascn.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27475721
https://doi.org/10.3325/cmj.2017.58.141
http://www.ncbi.nlm.nih.gov/pubmed/28409497
https://doi.org/10.1093/humupd/4.5.736
http://www.ncbi.nlm.nih.gov/pubmed/10027628
https://doi.org/10.1152/jappl.2001.91.2.667
https://doi.org/10.1152/jappl.2001.91.2.667
http://www.ncbi.nlm.nih.gov/pubmed/11457779
https://doi.org/10.1016/j.lfs.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29746845
https://doi.org/10.1073/pnas.0400605101
https://doi.org/10.1073/pnas.0400605101
http://www.ncbi.nlm.nih.gov/pubmed/15044692
https://doi.org/10.1016/s0928-0987%2899%2900067-6
http://www.ncbi.nlm.nih.gov/pubmed/10594381
https://doi.org/10.1371/journal.pone.0257311
https://doi.org/10.1371/journal.pone.0257311
http://www.ncbi.nlm.nih.gov/pubmed/34516588
https://doi.org/10.1016/j.lfs.2021.119492
https://doi.org/10.1016/j.lfs.2021.119492
http://www.ncbi.nlm.nih.gov/pubmed/33864819
https://doi.org/10.1152/ajpgi.00049.2022
http://www.ncbi.nlm.nih.gov/pubmed/35916432
https://doi.org/10.1016/j.heliyon.2023.e18859
http://www.ncbi.nlm.nih.gov/pubmed/37609397
https://doi.org/10.1111/nmo.14418
http://www.ncbi.nlm.nih.gov/pubmed/35699340
https://doi.org/10.1517/17425250903279969
http://www.ncbi.nlm.nih.gov/pubmed/19761413
https://doi.org/10.1038/ncpendmet0399
https://doi.org/10.1038/ncpendmet0399
http://www.ncbi.nlm.nih.gov/pubmed/17237842
https://doi.org/10.1371/journal.pone.0307932

PLOS ONE Smooth muscle electromyography for detecting major alterations in the estrus cycle in rats

model of benign prostatic hyperplasia. Prostate. 2011; 71(7):736—47. https://doi.org/10.1002/pros.
21289 PMID: 20945403

30. Gaspar R, Foldesil, Havass J, Marki A, Falkay G. Characterization of late-pregnant rat uterine contrac-
tion via the contractility ratio in vitro Significance of a1-adrenoceptors. Life Sci. 2001 Jan 26; 68
(10):1119-29.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307932  August 8, 2024 13/13


https://doi.org/10.1002/pros.21289
https://doi.org/10.1002/pros.21289
http://www.ncbi.nlm.nih.gov/pubmed/20945403
https://doi.org/10.1371/journal.pone.0307932

