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Abstract: Voltage-gated calcium channels and estrogen receptors are essential players in uterine
physiology, and their association with different calcium signaling pathways contributes to healthy
and pathological conditions of the uterine myometrium. Among the properties of the various
cell subtypes present in human uterine myometrium, there is increasing evidence that calcium
oscillations in telocytes (TCs) contribute to contractile activity and pregnancy. Our study aimed
to evaluate the effects of beta-estradiol on voltage-gated calcium channels and estrogen receptors
in TCs from human uterine myometrium and to understand their role in pregnancy. For this
purpose, we employed patch-clamp recordings, ratiometric Fura-2-based calcium imaging analysis,
and qRT-PCR techniques for the analysis of cultured human myometrial TCs derived from pregnant
and non-pregnant uterine samples. In human myometrial TCs from both non-pregnant and pregnant
uterus, we evidenced by gRT-PCR the presence of genes encoding for voltage-gated calcium channels
(Cav3.1, Ca3.2, Cav3.3, Cav2.1l), estrogen receptors (ESR1, ESR2, GPR30), and nuclear receptor
coactivator 3 (NCOA3). Pregnancy significantly upregulated Cav3.1 and downregulated Cav3.2,
Cav3.3, ESR1, ESR2, and NCOA3, compared to the non-pregnant condition. Beta-estradiol treatment
(24 h, 10, 100, 1000 nM) downregulated Cav3.2, Cav3.3, Cav1.2, ESR1, ESR2, GRP30, and NCOA3 in
TCs from human pregnant uterine myometrium. We also confirmed the functional expression of
voltage-gated calcium channels by patch-clamp recordings and calcium imaging analysis of TCs
from pregnant human myometrium by perfusing with BAY K8644, which induced calcium influx
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through these channels. Additionally, we demonstrated that beta-estradiol (1000 nM) antagonized
the effect of BAY K8644 (2.5 or 5 uM) in the same preparations. In conclusion, we evidenced the
presence of voltage-gated calcium channels and estrogen receptors in TCs from non-pregnant and
pregnant human uterine myometrium and their gene expression regulation by beta-estradiol in
pregnant conditions. Further exploration of the calcium signaling in TCs and its modulation by
estrogen hormones will contribute to the understanding of labor and pregnancy mechanisms and to
the development of effective strategies to reduce the risk of premature birth.

Keywords: beta-estradiol; human uterine myometrium; telocytes; calcium signaling; voltage-gated
calcium channels; estrogen receptors

1. Introduction

Uterine contractions represent a key point throughout pregnancy. Considered to be normal during
pregnancy, uterine contractions may also be responsible for triggering premature or dysfunctional
labor. During pregnancy, the myometrium suffers morphological and adaptive changes which
enable it to become a forceful organ necessary for delivery. Myometrium contractility involves,
among other physiological mechanisms that produce excitation in the uterus, changes in Ca?*
signals. Smooth myofiber contraction requires actin and myosin myofilaments and their interaction.
The cross-bridge formation and contraction are mediated by elevated levels of intracellular Ca* and
myosin light-chain phosphorylation.

Calcium signaling plays an essential role in uterine contractility and involves several key players,
including voltage-gated calcium channels, calcium-activated chloride channels, large conductance
Ca?*-activated K* channels (BK(Ca)), calcium-sensing receptors, and transient receptor potential
channels [1-6]. On the basis of their activation electrophysiological features, voltage-gated calcium
channels have been classified in high-voltage-activated Ca* channels (HVA) and low-voltage-activated
Ca?* channels (LVA). Among the HVA channels, only the L-type Ca2* channels are expressed in uterus.
Their family includes Cav1.1 (CACNA1S gene), Cav1.2 (CACNAIC gene), Cavl.3 (CACNAID gene),
and Cav1l.4 (CACNAIF gene) channels. Meanwhile, in uterus, the LVA channels are represented
by T-type calcium channels, classified as Cav3.1 (CACNAIG gene), Cav3.2 (CACNAIH gene),
and Cav3.3 channel (CACNA1I gene).

In uterine contractility, intracellular Ca?* comes from two sources: entry across the sarcolemma
through voltage-gated L-type Ca?* channels and release from the sarcoplasmic reticulum [7]. In the
uterus, the major Ca?* source for contraction comes from the extracellular space through voltage-gated
L-type Ca?* channels [8]. Indeed, calcium influx through the L-type Ca?* channels was demonstrated
to be essential for labor and uterine contractility [1]. Moreover, uterine phasic contractions were
abolished if the L-type Ca?* channels were blocked [1]. In addition, the T-type Ca?* channels might
also contribute to calcium entry in smooth myocytes in human myometrium [9].

The estrogen 17beta-estradiol was demonstrated in different types of tissue (e.g., neuronal, uterine etc.)
to modulate multiple components of the calcium transport pathways, including BK(Ca) [10], small
conductance Ca%*-activated potassium channel subtype 3 (SK3, [11]), HVA channels [12,13], LVA
channels [14], Na*/Ca%* exchanger (NCX, [15]), transient receptor potential channels [16,17], etc.
In particular, beta-estradiol and its receptors play an essential role in pregnancy and labor [18-20] and
were shown to act on uterine myometrium by means of various calcium signaling pathways.

Telocytes (TCs) have been described by our team as a new cellular type in human myometrium [21].
Characterized by extremely long telopodes, TCs were described in the interstitial space of numerous
organs, as 3-D network-forming cells by homocellular or heterocellular contacts [22,23]. It was shown that
TCs release extracellular vesicles, such as exosomes and ectosomes, to regulate the functions of the
surrounding cells in non-pregnant and pregnant myometrium [24]. The gene profiles, proteome and
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secretome features of TCs were recently revealed [25-27]. Moreover, our early studies showed that
TCs express estrogen and progesterone receptors, which indicates them as potentially responsible for
myogenic contractility modulation under hormonal control [28].

There are some extensive reviews describing the main morphological features and possible
functions of TCs in reproductive organs [29-32]. One of the most important aspects relates to the
TCs stemness capacity which might contribute to regeneration and repair processes, as it has been
previously shown [33]. In particular, a recent review highlights the contribution of calcium signaling in
interstitial cells (including TCs, interstitial cells of Cajal, interstitial Cajal-like cells) to uterine, cardiac,
and urinary physiology and pathology [34].

Recently, we demonstrated, by immunofluorescence and electrophysiology, the presence of the
T-type calcium channels in human uterine myometrial TCs [35]. Our studies also confirmed the
antagonistic pharmacological effect of mibefradil on voltage-gated calcium currents in TCs from
human uterine myometrium [35] and its modulatory effect on telopodes growth after stimulation
with near-infrared low-level lasers [36]. We also evidenced, by patch-clamp recordings, the presence
of HVA calcium currents in TCs from human non-pregnant myometrium [35]. To date, no studies
have yet quantified the mRNA levels encoding the voltage-gated calcium channels in human uterine
myometrial TCs. Moreover, despite extensive studies describing the effect of beta-estradiol on human
uterine myometrium, no description of its mechanism of action on TCs was done.

TCs were recently detected in human uterine leiomyoma in higher number compared with the
areas of adjacent fibrotic and normal myometrium, suggesting that it may provide a scaffold for newly
formed myocytes or control important downstream signaling pathways [37]. By contrast, another
study claims that TCs are absent inside leiomyomas and represent ~2% of the cells in the normal
myometrium [38]. Since leiomyomas are considered estrogen-dependent tumors, and leiomyoma tissue
is more sensitive to estradiol (has more estrogen receptors in comparison to normal myometrium),
authors suggested that the loss of the TC network might lead to myocytes taking up the hormonal
sensor function, which can determine an uncontrollable proliferation of myocytes [38]. However, in our
opinion, both studies have a major weakness since they do not demonstrate the presence of TCs with
the aid of their most specific immunohistochemical markers CD34 and platelet-derived growth factor
receptor (PDGFR) « or 3 [39,40], but use c-kit for the detection. TCs’ c-kit positivity is also used by the
authors to suggest the role of TC progenitor cells for the development of leiomyoma. Moreover, on the
basis of the assumption that TCs are involved in angiogenesis [41,42], they also suggest that TCs loss
may be responsible for decreased vessel formation within the myometrium and subsequent shifting
from aerobic to anaerobic metabolism in smooth muscle cells [38]. The subsequent hypoxia and the
decreased angiogenesis represent crucial factors for leiomyoma development [43,44].

Uterine TCs have been reported to be present in different reproductive states; while endometrial TCs
have been hypothesized to be involved in glandular support and stromal cell communication, myometrial
TCs were considered to be responsible for the initiation and propagation of contractile activity [45].
Calcium is a key player in uterine physiological activity, and multiple calcium signaling pathways have
been evidenced to be activated in pregnancy and labor. In particular, voltage-gated calcium channels
(e.g., HVA and LVA calcium channels) [46,47] or estrogen receptors [48] have been described to be involved
in the spontaneous contractile activity in both pregnant and non-pregnant uterus. Therefore, our results in
human myometrial TCs from pregnant and non-pregnant uterus are clinically relevant.

Our goal was to determine the level of expression of voltage-gated calcium channels and
estrogen receptors in human myometrial TCs and to evidence potential differences in pregnant versus
non-pregnant uterus. Additionally, we focused our attention on the modulatory effect of female sex
hormones (e.g., beta-estradiol) exerted on the voltage-gated calcium channels and estrogen receptors
in human myometrial TCs from pregnant uterine samples.

Our study is trying to highlight some of the calcium signaling mechanisms associated with
voltage-gated calcium channels and estrogen receptors activation and to understand their involvement
in the pregnancy state.
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2. Results

2.1. Pregnancy Induces Changes in mRNA Levels Encoding the Voltage-Gated Calcium Channels Compared to
the Non-Pregnant Condition in Human Uterine Myometrial TCs

In a previous study, we demonstrated the immunopositivity for T-type calcium channels
(i.e., Cav3.1 and Cav3.2) in human myometrial TCs from pregnant and non-pregnant uterus [35].
We also evidenced the presence of T-type calcium currents and HVA currents in human myometrial TCs
by employing patch-clamp recordings [35]. In the present study, we wanted to quantify the mRNA levels
for voltage-gated calcium channels by qRT-PCR in both types of uterine samples. Indeed, we confirmed the
presence of the followings genes: CACNAIG (encoding Cav3.1 T-type calcium channel), CACNAIH
(encoding Cav3.2 T-type calcium channel) > CACNAI1I (encoding Cav3.3 T-type calcium channel),
and CACNAIC (encoding Cav1.2 L-type calcium channel) in TCs from both pregnant and non-pregnant
uterine myometrium. The ranking of the mRNA levels encoding the voltage-gated calcium channels
relative to GAPDH was: CACNAIG (Cav3.1) > CACNAIC (Cav1.2) > CACNAIH (Cav3.2) > CACNA1I
(Cav3.3) in TCs from both pregnant (Figure 1C,D) and non-pregnant (Figure 1A,B) uterine myometrium.
The same mRNA level ranking was obtained relative to the other housekeeping gene 185 rRNA.

We also evaluated if there were any changes in the mRNA levels encoding the voltage-gated
calcium channels due to the pregnancy condition (Figure 1E,F). When considering GAPDH as
a reference gene and the non-pregnant condition as a calibrator, CACNAIG was upregulated
3.74-fold (p < 0.01), while CACNA1H, CACNA1I, and CACNAI1C were downregulated 0.87-fold
(p < 0.05), 0.81-fold (p < 0.05), and 0.56-fold (not significant), respectively, in pregnant samples versus
non-pregnant samples. On the other hand, when considering 185 rRNA as a reference gene and
the non-pregnant condition as a calibrator, CACNAIG was upregulated 6.48-fold (p < 0.01), while
CACNAIH, CACNA1I, and CACNA1C were downregulated 0.82-fold (p < 0.05), 0.71-fold (p < 0.05),
and 0.29-fold (not significant), respectively, in pregnant samples versus non-pregnant samples.

2.2. Pregnancy Induces Changes in mRNA Levels Encoding the Estrogen Receptors Compared to the
Non-Pregnant Condition

Estrogens (i.e., beta-estradiol) are essential hormones in uterine physiology. They may act on
multiple cellular targets, including estrogen receptors (ESR1 and ESR2), G protein-coupled receptors
(GPR30), and nuclear receptors (NCOAB3). The role of estrogen receptors in the uterine myometrium
physiology was demonstrated in different species, including human, canine, equine, rat etc. [49-53].
We might expect that these genes are present in different subtypes of cells of the human uterine
myometrium, including TCs and smooth muscle cells. Therefore, we analyzed the presence of
ESR1, ESR2, GPR30, and NCOA3 genes in human myometrial TCs from non-pregnant and pregnant
uterine samples. We confirmed the presence of all four analyzed genes, with the following ranking:
NCOA3 > ESR1 > GPR30 > ESR2. Their presence was not dependent on the pregnancy state or the
used housekeeping gene (Figure 2A-D).

We also demonstrated a significant downregulation of the mRNA levels of all four genes in
human myometrial TCs from pregnant uterine samples compared to non-pregnant uterine samples
(Figure 2E,F). When considering GAPDH as a reference gene and the non-pregnant condition as a
calibrator, the estrogen receptors were downregulated in pregnant samples 0.89-fold (p < 0.05, ESR1),
0.77-fold (not significant, ESR2), 0.67-fold (p < 0.05, GPR30), 0.86-fold (p < 0.05, NCOA3) versus
non-pregnant samples. Meanwhile, when considering 185 rRNA as a reference gene and the non-pregnant
condition as a calibrator, the estrogen receptors were downregulated in pregnant samples 0.84-fold
(p <0.05, ESR1), 0.68-fold (p < 0.05, ESR2), 0.54-fold (p < 0.01, GPR30), 0.8-fold (p < 0.05, NCOA3) versus
non-pregnant samples.
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Figure 1. mRNA levels encoding the voltage-gated calcium channels in human myometrial
telocytes (TCs) from non-pregnant (A,B) and pregnant (C,D) uterine samples. The mRNA levels for
CACNAIG (Cav3.1 channel), CACNA1H (Cav3.2 channel), CACNA1I (Cav3.3 channel), and CACNA1C
(Cav1.2 channel) were normalized against two different reference genes, GAPDH (A,C) and 18S rRNA
(B,D), and were plotted as mean £ SD (N = 3), corresponding to cell batches extracted from either
pregnant or non-pregnant uterine myometrium. One-way ANOVA analysis, applied for the samples

50f18

derived either from pregnant uterus or from non-pregnant uterus, indicated: (A) F =78, p < 0.001;

(B) F =545, p < 0.001; (C) F = 2580, p < 0.001; (D) F =77, p < 0.001. The post-hoc Bonferroni test
was applied, and the statistically significant pairs are indicated by the numbers corresponding to the
channels symbols, as follows: Cav3.1, 3.2, 3.3, and 1.2; (E,F) Fold-change for each voltage-gated calcium
channel between non-pregnant and pregnant uterine samples, where non-pregnant samples were
defined as calibrator, considering as housekeeping gene GAPDH (E) and 18S rRNA (F), respectively.
Statistical significance is indicated with asterisks (* 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001).
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Figure 2. mRNA levels encoding the estrogen receptors and nuclear receptor co-activator in human
myometrial TCs from non-pregnant (A,B) and pregnant (C,D) uterine samples. The mRNA levels
of ESR1 (estrogen receptor 1), ESR2 (estrogen receptor 2), GPR30 (G protein-coupled receptor 30),
and NCOAS3 (nuclear receptor coactivator 3), were normalized against two different reference genes,
GAPDH (A,C) and 18S rRNA (B,D) and were plotted as mean £ SD (N = 3), corresponding to cell
batches extracted from either pregnant or non-pregnant uterine myometrium. (EF) Fold-change
for each estrogen receptor in pregnant uterine samples versus the non-pregnant condition, where
non-pregnant samples were defined as calibrator, considering as housekeeping gene GAPDH (E) and
18S rRNA (F), respectively. Statistical significance is indicated with asterisks (* 0.01 <p < 0.05;
**0.001 <p <0.01).
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2.3. Beta-Estradiol Downregulates Voltage-Gated Calcium Channels in TCs from Human Pregnant Uterine
Myometrial Cultures

We considered only the pregnant condition for further testing the effect of beta-estradiol.
Primary cultures of TCs from human pregnant myometrium were treated for 24 h with increasing
concentrations of beta-estradiol (10, 100, and 1000 nM). The treatment protocol with beta-estradiol was
established on the basis of previous studies [54]. We quantified by qRT-PCR the mRNA levels encoding
the Cav3.1, Cav3.2, Cav3.3, and Cavl.2 channels at different doses of beta-estradiol, considering
GAPDH or 185 rRNA as housekeeping genes.

Beta-estradiol treatment downregulated the mRNAs encoding the voltage-gated calcium channels,
with distinct patterns for each channel subtype. Considering the untreated cells as calibrator and
GAPDH as the reference gene, CACNAIG (One way ANOVA, F =13, p < 0.05), CACNA1GH (One way
ANOVA, F = 14, p < 0.05), and CACNAIGI (One way ANOVA, F = 37, p < 0.01) channels were
significantly downregulated (Figure 3A). The Bonferroni post-hoc analysis indicated that 100 nM
beta-estradiol significantly downregulated CACNA1G by 0.67-fold (p < 0.05), CACNA1GH by 0.75-fold
(p < 0.05), CACNA1GH by 0.86-fold (p < 0.05), versus non-treated samples. Considering the untreated
cells as calibrator and 18S rRNA as the reference gene, CACNAIG (One way ANOVA, F =29, p <0.01),
CACNAI1GH (One way ANOVA, F =12.5, p < 0.05), CACNA1GI (One way ANOVA, F =24, p <0.01),
and CACNAIC (One way ANOVA, F =103, p < 0.001) channels were significantly downregulated
(Figure 3B). The Bonferroni post-hoc analysis indicated that 100 and 1000 nM beta-estradiol significantly
downregulated CACNA1G by 0.77-fold (p < 0.01) and 0.74-fold (p < 0.05), CACNA1GH by 0.73-fold
(p < 0.05) and 0.82-fold (p < 0.05), CACNAIGH by 0.68-fold (p < 0.05) and 0.89-fold (p < 0.01),
CACNAIGC by 0.49-fold (p < 0.01) and 0.36-fold (p < 0.01), respectively, versus the non-treated
samples. It should be mentioned that the downregulation of CACNA1GC mRNA upon treatment with
beta-estradiol was statistically significantly only relative to 185 rRNA and not relative to GAPDH.
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Figure 3. Effect of beta-estradiol treatment (10, 100, and 1000 nM) on the mRNA levels encoding the
voltage-gated calcium channels in human myometrial TCs from pregnant uterine samples. Fold-change
for each voltage-gated calcium channel upon treatment with beta-estradiol, where the non-treated
samples were considered as calibrator. The data were normalized against GAPDH (A) and 18S
rRNA (B) and were plotted as mean + SD (N = 3). Statistical significance is indicated with asterisks
(*0.01 < p < 0.05; ** 0.001 < p < 0.01).
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2.4. Beta-Estradiol Downregulates Estrogen Receptors in TCs from Human Pregnant Uterine Myometrial Cultures

Previous studies indicated that beta-estradiol was able to regulate the mRNA levels of estrogen
receptors in different tissues [55-57]. Therefore, we analyzed the effect of a 24 h treatment
with beta-estradiol (10,100, 1000 nM) on the mRNA levels for ESRI (estrogen receptor 1), ESR2
(estrogen receptor 2), GPR30 (G protein-coupled receptor 30), and NCOA3 (nuclear receptor
coactivator 3) in human myometrial TCs from pregnant uterus samples and normalized the data
against the housekeeping genes GAPDH (Figure 4A) and 185 rRNA (Figure 4B).

Considering the untreated cells as calibrator and GAPDH as the reference gene, beta-estradiol
significantly downregulated ESRI (One way ANOVA, F = 31, p < 0.01), ESR2 (One way ANOVA,
F =12, p < 0.05), GPR30 (One way ANOVA, F =49, p < 0.01), and NCOA3 (One way ANOVA, F = 49,
p < 0.01) (Figure 4A). The Bonferroni post-hoc analysis indicated that: 100 nM beta-estradiol significantly
downregulated ESR1 by 0.55-fold (p < 0.05) and ESR2 by 0.89-fold (p < 0.05); 10, 100, and 1000 nM
beta-estradiol significantly downregulated GPR30 by 0.81-fold (p < 0.01), 0.97-fold (p < 0.01), and 0.72-fold
(p < 0.01), respectively; 10 and 100 nM beta-estradiol significantly downregulated NCAO3 by 0.89-fold
(p <0.01) and 0.96-fold (p < 0.01), respectively, versus the non-treated samples (Figure 4A).

Considering the untreated cells as calibrator and 185 ¥rRNA as the reference gene, ESR1 (One way
ANOVA, F =27, p < 0.01), ESR2 (One way ANOVA, F = 14, p < 0.05), GPR30 (One way ANOVA,
F=46,p <0.01), and NCOA3 (One way ANOVA, F =92, p < 0.001) were downregulated (Figure 4B).
The Bonferroni post-hoc analysis indicated that: 100 nM beta-estradiol significantly downregulated
ESR1 by 0.37-fold (p < 0.05) and ESR2 by 0.46-fold (p < 0.05); 10, 100, and 1000 nM beta-estradiol
significantly downregulated GPR30 by 0.8-fold (p < 0.01), 0.96-fold (p < 0.01), and 0.78-fold (p < 0.01),
respectively; 10 and 100 nM beta-estradiol significantly downregulated NCAO3 by 0.87-fold (p < 0.01)
and 0.95-fold (p < 0.01), respectively, versus the non-treated samples (Figure 4B).
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Figure 4. Effect of beta-estradiol treatment (10, 100, and 1000 nM) on the mRNA levels encoding the
estrogen receptors and nuclear receptor co-activator in human myometrial TCs from pregnant uterine
samples. Fold-change for each receptor upon treatment with beta-estradiol, where the non-treated
samples were considered as calibrator. The data were normalized against GAPDH (A) and 18S
rRNA (B) and were plotted as mean =+ SD (N = 3). Statistical significance is indicated with asterisks
(*0.01 < p < 0.05; ** 0.001 < p < 0.01).
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2.5. Beta-Estradiol Partly Blocks Bay K8644-Induced Calcium Transients in Human Myometrial Uterine TCs

Bay K8644 was demonstrated to specifically activate HVA calcium channels [46]. We applied
this agonist in order to test the functional activation of voltage-gated calcium channels in human
myometrial TCs from pregnant myometrium by Fura-2AM calcium imaging (see loaded cells in
Figure 5A). Consequently, we recorded calcium transients activated by 5 uM Bay K8644 (Figure 5B).

b BAY K8644 C 0.4 DBAY K8644 ‘
[_1(+) Beta-estradiol
0.3
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0.2 [
<1 0.2
0.14
0.1
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0.0
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Figure 5. Beta-estradiol effect on voltage-gated calcium channels in TCs from pregnant uterine myometrium
by Fura-2-based calcium imaging. (A) Cells in primary culture of human uterine myometrium loaded with
Fura-2AM. The regions of interest (ROIs) are marked with circles corresponding to: red (reference field
without cells), violet (TC), blue (other cells); Scale bar 20 um (B) representative traces of fluorescence ratio
(AR) changes induced by Bay K8644 (10 uM) in the absence and presence of beta-estradiol (1000 nM) in
human myometrial TCs during calcium imaging recordings; (C) mean fluorescence ratio (AR) 4+ SD, N =5,
in the same conditions as (B). The statistical analysis was done by the paired Student’s ¢ test, and the level
of significance is indicated with asterisks (* p < 0.05).

Previous studies indicated that beta-estradiol counteracts the activation exerted by Bay K8644 on
cardiac calcium channels [58] and on rat cortical neurons [12,13,59]. In particular, 1000 nM beta-estradiol
inhibited the HVA but not the LVA calcium currents in rat sensory neurons via a non-genomic
mechanism [12,13,59]. The next step was to test the effect of beta-estradiol (1000 nM) on the calcium
transients elicited by Bay K8644 (5 uM) in human myometrial TCs from pregnant uterine samples.
Indeed, we evidenced the same partial inhibitory effect of beta-estradiol on calcium influx through
voltage-gated calcium channels in TCs (Figure 5B). The mean fluorescence ratio of the calcium signal
induced by Bay K8644 was significantly diminished from 0.35 & 0.07 (in the absence of beta-estradiol) to
0.20 + 0.05, N =5, p < 0.05, paired Student’s f test (in the presence of beta-estradiol) Figure 5C.

2.6. Beta-Estradiol Partly Inhibits Bay K8644-Induced Calcium Current in Human Myometrial Uterine TCs

We have also demonstrated that Bay K8644 was able to activate calcium currents in human
myometrial uterine TCs (Figure 6A). The membrane capacitance had a mean of 115 + 11 pF.
Moreover, by adding beta-estradiol (1000 nM) in the presence of Bay K8644, we were able to partly
inhibit Bay K8644-induced calcium current (Figure 6A). Beta-estradiol blocked Bay K8644-induced
current from 85.12 & 20.03 to 25.91 £ 10.34 pA, N = 6, p < 0.05, paired Student’s ¢-test (Figure 6B).
This inhibitory effect was present in all human myometrial uterine TCs in which Bay K8644 activated
voltage-gated calcium currents.
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Figure 6. Beta-estradiol partly blocks voltage-gated calcium currents in TCs from pregnant uterine
myometrium. (A) Representative patch-clamp recording in voltage-clamp mode on a human
myometrial TC. Brief depolarizing ramp protocols from —50 to +60 mV with a duration of 100 ms were
applied. HVA currents were elicited by perfusion with Bay K8644 (2.5 uM) for 1 min followed by the
ramp protocol. To block the calcium current, beta-estradiol (1000 nM) was applied in the presence of
Bay K8644; (B) amplitude of the voltage-gated calcium currents induced by Bay K8644 in the presence
or absence of beta-estradiol. The statistical analysis was done by the paired Student’s ¢ test, and the
level of significance is indicated with asterisks (* p < 0.05).

3. Discussion

3.1. Beta-Estradiol Regulates Voltage-Gated Calcium Channels in Human Myometrial TCs from Pregnant Uterus

We have previously evidenced HVA calcium currents induced by a brief ramp depolarization protocol
in TCs from non-pregnant uterine myometrium [35]. In this study, we obtained Bay K8644-induced
currents in TCs from pregnant uterine myometrium with lower amplitude compared to those recorded in
TCs from non-pregnant uterine myometrium. This difference might be due to the pregnancy condition
and is correlated with the lower expression of CACNAIC mRNA (without statistical significance) in
pregnant versus non-pregnant uterine samples. While immunofluorescence indicated that the protein
expression of the LVA calcium channels (e.g., Cav3.1 and Cav3.2) was upregulated in human myometrial
TCs from pregnant versus non-pregnant uterine samples [35], this study showed that gene expression was
upregulated for Cav3.1 and downregulated for Cav3.2 and Cav3.3.

Previous reports demonstrated that beta-estradiol regulates the mRNA expression of T-type
calcium channel subunits, but the up- or downregulation was dependent on the type of tissue. To date,
in the medial preoptic area and the arcuate nucleus, beta-estradiol has been shown to upregulate
Cav3.1 and Cav3.2, but not Cav3.3 [60]. Meanwhile, in the pituitary, beta-estradiol has been shown
to upregulate Cav3.1 and downregulate Cav3.2 and Cav3.3 [60]. By comparison, our study on
human pregnant myometrial TCs indicated that chronic beta-estradiol treatment downregulated
Cav3.1, Cav3.2, Cav3.3, and Cavl.2 at higher concentrations. We have also observed that the
mRNA encoding Cav3.1 was upregulated in myometrial TCs in the untreated pregnant samples
compared to the chronically estrogen-treated pregnant samples. Possible explanations might include
the absence of some physiological factors in our preparations, including the bursting release of
hormones during pregnancy and labor compared to the continuous chronic exposure (24 h) to estrogen,
and the complexity and the interplay of other steroid hormones (e.g., progesterone, oxytocin etc.),
prostaglandins, cytokines, nitric oxide, released in parturition [61].

Bay K8644 is a well-known agonist of the L-type calcium channels [38]. Previous studies
demonstrated that beta-estradiol (1 M) inhibited HVA, but not LVA, calcium currents in rat sensory
neurons via a non-genomic mechanism [12,13,59]. This inhibition was done in a rapid, reversible
and concentration-dependent manner and determined the hyperpolarization shift of the steady-state
inactivation curve [12]. Our data are in accordance with these studies and demonstrate the blocking effect
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of beta-estradiol (1 M) on high-voltage-activated calcium currents (Bay K8644-activated currents) in TCs
from human uterine myometrium. However, 10-fold higher concentrations of beta-estradiol (10 uM)
reduced not only the HVA Ba?* current but also the T-type Ca* current in vascular smooth muscle
cells [14]. This effect might be attributed to a non-specific antagonistic effect of beta-estradiol at higher
concentrations on both types of voltage-gated calcium channels.

Interestingly, we should mention that beta-estradiol exerted different functional modulatory
action on the HVA channels upon acute (1 min) or chronic (24 h) exposure. Thus, acute exposure
determined a reduction in the current amplitude by partly antagonizing BAY K8644, while chronic
exposure triggered gene expression downregulation.

It is of particular interest to understand if beta-estradiol regulates voltage-gated calcium channels
by means of estrogen receptors activation. On this topic, there are controversial reports in the literature
regarding the regulation of L-type calcium channels upon beta-estradiol treatment via estrogen
receptors. To date, beta-estradiol was demonstrated to inhibit HVA calcium currents in rat cortical
neurons without involving the estrogen receptors [12]. In the hypothalamus, beta-estradiol-induced
upregulation in Cav3.1 was dependent on ER«x, while its effect on Cav3.2 was dependent on both ERx
and ERf [60]. In the pituitary, beta-estradiol-induced effects were only dependent on the expression
of ER«x [60]. In our study, we did not evaluate if the beta-estradiol effect on voltage-gated calcium
channels was mediated by the estrogen receptors. However, corroborating the modulatory effect
of beta-estradiol exerted on voltage-gated calcium channels and on estrogen receptors, we might
consider that there is an interplay between these key players that involves the activation of calcium
signaling pathways. Other hormones (e.g., progesterone, oxytocin) have also been described to block
voltage-gated calcium channels [62-64], and we might suppose a similar inhibition in TCs human
myometrial preparations, but our study was focused only on estrogen effects.

3.2. Beta-Estradiol Regulates Estrogen Receptors in Human Myometrial TCs from Pregnant Uterus

Estrogens act specifically on estrogen receptors and mediate distinct roles in pregnancy and labor.
Indeed, ERx plays a more prominent role than ERf3 in mediating estrogen action in the induction of
uterine oxytocin receptors before labor [65]. Alterations of the estrogen—estrogen receptors signaling
have been associated with different pathologies of the reproductive system (e.g., preeclampsia,
endometrial cancer, etc.). For example, low GPR30 expression levels, increased apoptosis, and reduced
proliferation were associated with preeclampsia, and the pharmacological targeting of GPR30 might
have clinical relevance [66]. Estrogen-induced PI3K-AKT signaling activated by GPR30 is involved in
the regulation of endometrial cancer cell proliferation [67].

Previous studies on human pregnant myometrium samples indicated the expression of ERx
and GPR30 mRNAs, while ERB mRNA was not detectable [53]. By comparison, we retrieved
ERx and GPR30 mRNAs expression in TCs from human pregnant myometrium samples, but we
also detected low levels of ERB mRNA. These findings are in accordance with our previous
immunocytochemical studies on TCs cultured from human myometrium during and outside
pregnancy [28,68]. Beside estrogen receptors, we also demonstrated, in an earlier study, the expression
of progesterone receptors in TCs from human myometrial cell cultures [28], but an extensive analysis
of progesterone receptors expression in pregnant and nonpregnant conditions was beyond the purpose
of the present study.

Multiple studies have demonstrated that beta-estradiol regulates the mRNA levels encoding
the estrogen receptors in various tissues and species, including mouse Sertoli cells [41], female rat
brain [48], rat uterus [69], etc. In particular, 3 and 6 h after beta-estradiol subcutaneous injection,
the downregulation of ERx and ER(3 mRINA levels was demonstrated in rat uterus [69]. We showed
that beta-estradiol downregulates ESR1, ESR2, GPR30, and NCOA3 in TCs from human pregnant
uterine myometrial cultures. Our current data are in agreement with the in vivo downregulation of
these receptors in rat uterus.
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NCOAZ3, also known as steroid receptor coactivator-3 (src-3), was described as being associated
with uterine endometrial cancer or other cancers, e.g., breast cancer [70,71]. Despite the great interest
for this coregulator, little is known about its physiological role in uterine myometrium [71]. Our study
documents for the first time NCOA3 expression in uterine TCs and its downregulation in pregnancy
and upon beta-estradiol treatment.

Calcium was demonstrated to play an important role in the activation of estrogen receptors in
different cell types. Interestingly, stimuli inducing the release of intracellular calcium determine the
recruitment of estrogen receptors 1 and stimulate the expression of estrogen-responsive genes [72].
Several studies indicated that beta-estradiol regulates the expression of different receptors associated
with calcium signaling mechanisms via estrogen receptors. In mouse N2A and human SK-N-SH neural
cells, beta-estradiol upregulated the expression of the oc and {3 subunits of BK channels via estrogen receptor
(3, in a concentration-dependent manner [10]. Alterations of calcium homeostasis may determine breast
cancer progression by affecting various signaling pathways including estrogen receptors [73]. Both intra-
and extracellular calcium was shown to influence ER« transcriptional activity in breast cancer cells [74].

In pregnancy, beta-estradiol exerts tissue-dependent regulatory actions. In particular, beta-estradiol
and estrogens-specific agonists have been shown to differentially modulate the tone of uterine versus
placental arteries, and their contribution to the regulation of human uteroplacental blood flow might be
tissue-specific [75]. In rats ovariectomized on day 18 of pregnancy, estrogen treatment caused upregulation
of oxytocin receptors [65].

In conclusion, our study brings novel highlights into the modulatory effects of beta-estradiol
on the uterine myometrium and shows that voltage-gated calcium channels and estrogen receptors
expressed in TCs are essential regulatory targets.

4. Materials and Methods

4.1. Human Uterine Samples

The myometrial tissue of non-pregnant women was obtained from a total of 10 menstruating, parous,
pre-menopausal women during the proliferative phase, which were undergoing hysterectomy for benign
gynecological reasons. The median age of the non-pregnant women was 42 years (range 3549 years).
The inclusion criteria used in the selection of the research subjects were indications for surgery for
menometrorrhagia/dysmenorrhea as a consequence of localized or diffuse leiomyomas and no other
associated medical conditions or treatment history. Hysterectomized uteri were biopsied in the pathology
department where they were examined macroscopically, and apparently normal myometrial areas were
chosen. The pregnant women included in the study (1 = 8) were aged between 30 and 35 years, and the
gestational age was between 38 and 40 weeks. The patients underwent cesarean surgery in labor because
of dystocia and fetal distress. A small strip of myometrium was carefully dissected from the upper margin
(in the midline) of the lower segment transverse incision of each patient.

All tissue samples were obtained in accordance with the protocol no. 12290 (18.08.2017) approved
by the Ethics Committee of Alessandrescu-Rusescu National Institute of Mother and Child Health.
The patients included in the study were enrolled from the Department of Obstetrics and Gynecology,
“Polizu” Clinical Hospital, Alessandrescu-Rusescu National Institute of Mother and Child Health,
Bucharest, Romania. All patients donating uterine tissue samples that were included in the study
signed the informed written consent. The inclusion criteria requested that none of the patients included
in the groups received any regular medication for chronic diseases.

4.2. Myometrial Cell Cultures

For the gRT-PCR experiments, primary cultures were prepared from human uterine myometrial
biopsies as previously described [35]. On the basis of the immunopositivity for CD34 and platelet-derived
growth factor receptor-o (PDGFR«) that was already described in human uterine myometrial TCs [35],
we employed a double-labeling technique, using goat polyclonal anti-CD34 (#sc-7045, Santa Cruz
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Biotechnology, Santa Cruz, CA, USA) and rabbit polyclonal anti-PDGFR«x (#sc-338, Santa Cruz
Biotechnology, USA) antibodies. The primary antibodies were detected by a secondary goat anti-rabbit
antibody conjugated to AlexaFluor 488 and a donkey anti-goat antibody conjugated to AlexaFluor 546,
from Invitrogen Molecular Probes, Eugene, OR, USA. An enriched TC culture (CD34" /PDGFR«x* cells)
was obtained by sorting the double-labeled cells using a BD FACSCanto II - Becton Dickinson
flow cytometer (BD Biosciences, Waltham, MA, USA), as previously described for cardiac TCs [69].
For the qRT-PCR experiments, the cells were chronically exposed for 24 h to beta-estradiol
(#E2758, Sigma-Aldrich, St. Louis, MO, USA) at concentrations of 10, 100, and 1000 nM in serum-free
medium, in order to avoid the non-specific binding of beta-estradiol to the proteins in the serum.

For the patch-clamp and calcium imaging experiments, primary cultures were prepared from
human uterine myometrial biopsies as previously described [35]. The cells were used without
further sorting in order to maintain the physiological environment and to prevent any alteration
in the calcium signaling due to the absence of human myometrial muscle cells in the cell culture.
The human myometrial cells (between first and fourth passages) were plated at a density of
5 x 10* cells/cm? on 24 mm Petri dishes for the patch-clamp experiments or on 24 mm glass coverslips
for the calcium imaging experiments. On the basis of their morphological features (e.g., long and
moniliform telopodes), only TCs were selected under the microscope for patch-clamp or calcium
imaging recordings. TCs were acutely exposed for 1 min to beta-estradiol in the patch-clamp and
calcium-imaging experiments, in the presence or absence of BAY K8644.

4.3. qRT-PCR

To quantify the mRNA expression levels encoding for different genes (Table 1) in primary
cell cultures from human uterine myometrium, total RNA was extracted using the GenElute
Mammalian Total RNA MiniPrep Kit (RTN70, Sigma), according to the manufacturer’s instructions.
RNA concentrations were determined by spectrophotometric measurements of absorption at 260 and
280 nm (Beckman Coulter DU 730, Carlsbad, CA, USA), and DNase I treatment was applied in
order to remove contaminating genomic DNA. In agreement with the manufacturer’s guidelines
(Sigma-Aldrich, USA), in our experiments, the A260:A280 ratio was 2.04 &+ 0.05. Reverse transcription
was done using the High-Capacity cDNA Archive Kit (Applied Biosystems, Waltham, MA, USA).
The human primers and TagMan probes (Life Technologies, Carlsbad, CA, USA) used in our
experiments are listed in Table 1 and were used in accordance with the manufacturer’s guidelines.
GAPDH and 185 rRNA were used as reference genes. The relative abundance of gene transcripts was
assessed via qRT-PCR, using the TagMan methodology and the ABI Prism 7300 Sequence Detection
System (Applied Biosystems, USA). The reactions were carried out in triplicate for 50 cycles.

Table 1. Panel of primers (Life Technologies, Carlsbad, CA, USA).

Primer Gene Protein Encoded
Hs00167681_m1 CACNAIC Cav1.2, L-type calcium channel
Hs00367969_m1 CACNAIG Cav3.1, T-type calcium channel
Hs00234934_m1 CACNAIH Cav3.2, T-type calcium channel
Hs00184168_m1 CACNA1I Cav3.3, T-type calcium channel
Hs01922715_s1 ~ GPR30, GPER1 G protein-coupled estrogen receptor 1
Hs01105253_m1 NCOA3 Nuclear receptor coactivator 3
Hs01100353_m1 ESR2 Estrogen receptor 2
Hs00174860_m1 ESR1 Estrogen receptor 1
Hs99999905_m1 GAPDH Glyceraldehyde 3-phosphate dehydrogenase
Hs99999901_s1 185 rRNA 18S ribosomal RNA

4.4. Intracellular Calcium Imaging

Human myometrial TCs plated on 24 mm coverglasses were incubated for 45 min at room temperature
in a dark chamber with 4 pM Fura-2 acetoxymethyl ester (Fura-2 AM; #F1221, Thermo Fisher Scientific,
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Waltham, MA, USA) and 0.25% pluronic Pluronic™ F-127 (#P3000MP, Thermo Fisher Scientific, USA)
in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, USA). The cells were
rinsed three times with Ringer solution (in mM: NaCl 126, HEPES 5, CaCl, 2, MgCl, 2, glucose 10,
pH 7.4 (with Tris base), let recover for 15 min, and then imaged with an IX-71 Olympus microscope.
The excitation was performed by a Xe lamp with monochromator Polychrome V (Till Photonics GmbH,
Grafelfing, Germany) at 340 & 5 and 380 &+ 5 nm, while the emission was collected by a filter at
510 £ 20 nm. The images were acquired by a cooled CCD camera iXON+ EM DU 897 (Andor, Belfast,
Northern Ireland) controlled by iQ 1.8 software package, with a frequency of one pair of images per
2's. Ca?* transients were triggered by 1 min application of 5 uM (+)-Bay K8644 (#B112, Sigma-Aldrich,
St. Louis, MO, USA), an L-type calcium channel agonist [46]. Beta-estradiol was applied for 1 min
at 1000 nM in the presence of Bay K8644, and Ca?* transients were recorded. The perfusion was
performed with an MPS-2 system (World Precision Instruments, Sarasota, FL, USA). Each coverglass
bearing human myometrial TCs was used for a single experimental variant.

4.5. Patch-Clamp Recordings on TCs

TCs from pregnant uterus were recorded in whole-cell configuration under the voltage-clamp
mode, using an AxoPatch 200B amplifier (Molecular Devices, San Jose, CA, USA). The electrodes were
pulled from borosilicate glass capillaries (GC150F; Harvard Apparatus, Edenbridge, Kent, UK) and
heat polished. The final resistance of the pipette, when filled with internal solution, was 3-4 M.
The perfusion was performed with an MPS-2 (World Precision Instruments, Sarasota, FL, USA) system,
with the tip placed at approximately 100 um from the cell. Membrane currents were low-pass filtered
at 3 kHz (—3 dB, three pole Bessel) and sampled with an Axon Digidata 1440 data acquisition system
(Molecular Devices, USA), using pClamp 10 software in gap-free mode. All electrophysiological
experiments were performed at room temperature (25 °C). The bath and pipette solutions were used
as previously described [35,76]. We adapted the previously described protocol [35] and we applied
brief depolarizing ramp protocols from —50 to +60 mV with a duration of 100 ms in order to elicit
HVA currents. Uterine TCs were perfused with (£)-Bay K8644 (#B112, Sigma-Aldrich, USA) for 1 min
at 2.5 uM concentration. Beta-estradiol was applied for 1 min at 1000 nM in the presence of Bay K8644.

4.6. Data Analysis

Quantitative RT-PCR data were obtained by normalizing the mRNA levels encoding for different
genes to those of GAPDH mRNA level using the 2(-Delta C(T)) method, as previously described [77].
Statistical analysis comparing the mRNA expression for each subtype of voltage-gated calcium channel
relative to the reference gene (GAPDH or 185 ¥rRNA) in pregnant and in non-pregnant myometrial
TCs, was carried out by one-way ANOVA analysis followed by post-hoc Bonferroni test. The effect
of pregnancy on the mRNA levels of the voltage-gated calcium channels or the estrogen receptors
was analyzed by considering the unpregnant samples as calibrator and performing the one-way
ANOVA analysis followed by the post-hoc Bonferroni test. The beta-estradiol effect on the mRNA
levels of the voltage-gated calcium channels or the estrogen receptors was analyzed by considering
the non-treated samples as calibrator and performing the one-way ANOVA analysis followed by the
post-hoc Bonferroni test.

Quantitative calcium imaging results were expressed by means of emission ratio R = I349/I3g,
I being the emission intensity for excitation at 340 and 380 nm, which is proportional to the free
cytosolic Ca?* concentration ([Ca2*];). The mean fluorescence ratios (AR) of the calcium transients
induced by BAY K8644 in the absence or presence of beta-estradiol were compared by unpaired
Student’s ¢ test.

The amplitudes of the HVA calcium currents recorded by patch-clamp in the absence or presence
of beta-estradiol were compared by unpaired Student’s ¢ test.

All data analysis and data plotting were performed using OriginPro 8 (OriginLab Corporation,
Northampton, MA, USA).
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