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Abstract Estradiol (E2) plays a key role in pain modu-
lation, and the biological effects of E2 are transduced by
binding estrogen receptors (ERs). Voltage-gated sodium
(Nav) channels are responsible for the generation and
propagation of action potentials in the membranes of most
neurons and excitable cells. Adult dorsal root ganglion
(DRG) neurons can express the ERs (ERa and ERJf), and
Nav channels (TTX-S: Navl.1, Nav1l.6, and Navl.7; and
TTX-R: Nav1.8, and Nav1.9). Although E2 modulates Nav
channel currents, little is known about the molecular
mechanisms involved. In this study, we investigate the
mRNA expressions of Nav channel subtypes mediated
differentially by the ERs in the DRGs of wild-type (WT)
and estrogen receptor knockout (¢!ERKO and SERKO)
mice. By means of quantitative real-time PCR, we found
that the expressions of Navl.l, Navl.7, Navl.§, and
Nav1.9 subtypes were elevated in «ERKO and SERKO
mice, whereas Navl.6 mRNA decreased in «ERKO, but
not in fERKO mice. The mRNA expressions of Nav
subtypes were increased in E2-treated WT ovariectomized
animals. We also found that E2-regulation of Navl.l and
Nav1.9 mRNA expressions is dependent on ERa, ERf, and
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another ER, whereas E2-regulation of Nav1.8 appears to be
in an ERf-dependent manner.
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Introduction

Estradiol (E2) is known to influence multiple functions in
brain tissue [1], including neuronal development, plasticity
and survival, neurotransmitter and neuropeptide synthesis,
and pain perception. There is mounting evidence that E2
acts on the central and peripheral nervous systems to affect
pain. However, the effects are complex, and the mecha-
nisms are not well understood [2].

The effects of E2 are classically mediated by two
estrogen receptors (ERs), ERo and ERJf, which belong to
the superfamily of ligand-activated transcription factors.
Both ERo and ERff mRNAs and proteins are expressed in
dorsal root ganglion (DRG) neurons. Studies have shown
that ERo is expressed only in the small, nociceptive neu-
rons in the DRG, while ERf mRNA is expressed in all
DRG neurons [3].

Voltage-gated sodium (Nav) channels are responsible
for the generation and propagation of action potentials in
the membranes of most neurons and excitable cells. The
Nav channel is composed of a combination of pore-form-
ing o subunits and auxiliary f§ subunits. Until now, nine o
subunits (Navl.1-Nav1.9) of the Nav channels have been
functionally characterized and have also been separated by
their sensitivity to tetrodotoxin (TTX) into the TTX-sen-
sitive (TTX-S) Nav channels (Nav 1.1, Navl.2, Navl.3,
Navl.4, Navl.6, and Nav1.7) and the TTX-resistant (TTX-
R) Nav channels (Nav1l.5, Nav1l.8, and Nav1.9) [4]. Each
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Nav channel subunit has a particular tissue localization,
consistent with a distinct role for each Nav channel subunit
in mammalian physiology. The TTX-S sodium channels
Navl.l, Navl.6, and Navl.7, and the TTX-R sodium
channels Navl.8 and Navl.9 are expressed in the adult
DRG neurons [5].

Previous studies have demonstrated that estradiol (E2)
may affect Nav channels currents using patch clamp
technique. For example, acute estradiol application
increases the inward Na® currents in rat hypothalamic
ventromedial nucleus [6] and in MDA-MB-231 cells by a
non-genomic mechanism [7]. E2 could also inhibit cation
flow through the TTX-S Na™ channel in cultured mouse
neuroblastoma cells [8] and attenuate the transient and
persistent sodium current in GnRH neurons by chronic, in
vivo estradiol treatment [9]. Our previous studies have
found that bisphenol A (BPA), an estrogenic compound,
inhibited TTX-S and TTX-R Na™ currents in mouse DRG
neurons via PKC- and PKA-dependent signaling pathway
[10].

However, in spite of the compelling evidence for a
physiological regulation of estradiol in Nav channels
functions, there have been few studies on the physiological
role of the ERs. Therefore, the present study was designed
to investigate if the mRNA expression of Nav channels
subtypes was mediated differentially by the ERs.

Materials and methods

All the experiments were conducted in accordance with the
NIH Guide for the care and use of laboratory animals, and
the study was approved by the local IACUC. All efforts
were made to minimize animal suffering and to reduce the
number of animals used for the experiments.

Animals and treatments

Mice of the C57BL/6 strain, which were heterozygous for
genomic deletion of ER types a [11] and f [12] were
purchased from the Jackson Laboratory (B6.129P2-
Esr1™ %y, B6.129P2-Esr2™'Y"[J). Inbreeding and
appropriate backbreeding of the heterozygotes yielded
homozygote knockout ERa (xERKO) and ERpS mice
(PERKO). The ERs gene were analyzed following the
genotyping protocol of the Jackson Laboratory (BarHarbor,
ME). Wild-type (WT) littermates were used as controls.
Mice were kept under environmentally controlled condi-
tions (ambient temperature, 22°C; humidity, 40%) on a
12-h light/dark cycle with food and water ad libitum.
Adult female wild-type (WT), «ERKO, and SERKO
mice (20-25 g body weight) were used. The female mice
were ovariectomized (OVX) and supplemented with

estradiol. Hence, the group differences can be attributed to
the presence or the absence of the receptor rather than to
changes in estradiol levels [13]. The animals were ovari-
ectomized under sodium pentobarbital (50 mg/kg i.p.).
Surgery was performed according to the method described
by Dehpour [14]. The WT, «ERKO, and SERKO ovari-
ectomized mice were randomly assigned to experimental
groups. Two weeks after OVX, mice received subcutane-
ous injections of estradiol (100 pg/kg of sesame oil, 48 h
before testing) (OVX + E2, n = 10). This method (single
subcutaneous injection) has been used in previous studies
[14-16]. Control groups received vehicle injections (ses-
ame oil) (OVX + oil, n = 10).

Tissue collection, RNA isolation, and quantitative
real-time PCR analysis

The DRGs were isolated from acutely dissociated spinal
columns of separate groups and stored at —80°C until
further processing. DRG tissue (n = 10 per group) was
homogenized, and total RNA was isolated using the Trizol
Reagent (Invitrogen Life Technologies, USA). Dry RNA
pellets were dissolved in nuclease-free water, and DNAse-
treated to minimize the risk of sample contamination. The
method used to assess the integrity of total RNA consists in
running an aliquot of the RNA sample on a denaturing
agarose gel stained with ethidium bromide. RNA concen-
tration and purity were assessed using OD,gy and the
0OD5,40/OD5g ratio and reverse transcribed (RT) to cDNA
using PrimeScriptTM RT reagent Kit (TaKaRa) with calcu-
lated concentrations of 500 ng RNA. Reverse transcription
was performed in a 20 pl reaction mixture, at 37°C for
15 min and 85°C for 5 s. Quantitative real-time PCR was
performed using 2 pl of sample cDNA on an ABI (Applied
Biosystems) 7300 fast real-time PCR system using Eva-
Green™ (Biotium, CA, USA) as a detection reagent and
the TaKaRa TaqTM Hot Start Version (TaKaRa, Japan)
according to the manufacturer’s directions [17]. The
cycling parameters were as follows: first, 50°C for 2 min
followed by DNA polymerase activation step at 95°C for
10 min; and a two-temperature PCR of 40 cycles at 95°C
for 15 s (denaturing step) followed by 60°C for 1 min
(annealing step); and completed with a dissociation step for
melting point analysis with 95°C for 15 s, 60-95°C for
30 s, and 95°C for 15 s. Reaction conditions for each
molecule were optimized separately to give the best results
for each primer pair. The primer final concentration is
0.2 pmol/l.

The sequences of the primers, according to previous
studies [18, 19], are listed in Table 1. To quantify mRNA
levels, the cloned DNAs for Navl.l, Navl.6, Navl.7,
Navl1.8, Nav1l.9, and 18S rRNA genes were used for con-
structing standard curves to determine the percentage
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efficiency [E = 10(—1/slope) — 1] of each amplification,
which were made by plotting the cycle threshold versus the
log of known concentrations. The cDNAs at series dilu-
tions (1:10) were simultaneously amplified. Those giving
90-100% efficacies were chosen. The standard curves
produced high linearity (Pearson correlation coefficient
r* = 0.98 for Navl.1, 0.98 for Nav1.6, 0.97 for Navl.7,
0.99 for Nav1.8, 0.98 for Nav1.9, 0.98 for 18S rRNA, and
0.99 for f-actin). We confirmed PCR specificity by dis-
sociation curve analysis to ensure the presence of only one
product. As expected, single peak illustrates that only one
product was formed, and the lack of any other peaks
illustrates that the primers did not form primer dimers
(Fig. 1). The AACT method normalized the CT (cycle
threshold) from each sample for each target gene by sub-
tracting the CT of the reference gene (18S rRNA; ACT).
The AACT values were calculated with the ACT or the
calibrator ACT [AACT = (CT target gene — CT reference
gene) — CT of calibrator]. The relative linear quantity of
the target gene was calculated using the formula Q—AACT
[20]. Similar results were obtained with the f-actin, which
was used as a reference gene (data not shown).

Statistical analysis

Data were expressed as means = SEM for all the experi-
ments. Student’s ¢-test were used as appropriate to evaluate
the statistical significance of differences between two
group means, and a one-way ANOVA with a Newman—
Keuls post-hoc test was used for multiple groups. All the
tests of statistical significance were two-sided and the
statistical significance was set at P < 0.05.

Results

Gene expression of voltage-gated sodium channels
in ERKO animals

Quantitative expression profiles of the TTX-S sodium
channels (Navl.1, Navl.6, and Nav1l.7), and the TTX-R
sodium channels (Nav1.8 and Nav1.9) mRNAs in «ERKO

and SERKO animals are shown in Fig. 2a—e. We found that
Navl.1, Navl.7, Navl.8, and Navl.9 mRNAs were ele-
vated in «ERKO and SERKO mice compared to WT ani-
mals (OVX + oil, P < 0.05, n = 10), whereas Navl.6
mRNA (Fig. 2b) significantly (OVX + oil, P < 0.05,
n = 10) decreased in *ERKO, but showed no change in
PERKO mice (OVX + oil, P > 0.05, n = 10).

17 3-Estradiol regulation of sodium channel subtypes
in DRG

By using quantitative real-time PCR analysis, we measured
Navl.1, Navl.6, Navl.7, Nav1.8, and Navl.9 mRNA lev-
els in DRG of ovariectomized oil (OVX + oil) and E2-
treated (OVX + E2) WT mice. As illustrated in Fig. 3, the
mRNA expressions of Navl.l, Navl.6, Navl.7, Navl.8,
and Navl.9 were significantly increased in DRG in E2-
treated WT animals (OVX + E2, P < 0.05, n = 10).

To elucidate the roles of ERs in the E2 regulation of the
mRNA expression of sodium channel genes, we treated
ovariectomized WT, «ERKO, and fERKO females with E2
and measured the mRNA expressions of Navl.1, Navl.6,
Navl.7,Nav1.8, and Nav1.9 subtypes in the DRG (Fig. 3). E2
treatment increased the mRNA expression of Navl.l and
Nav1.9 in WT (P < 0.05, n = 10), but decreased its expres-
sionin both ’ERKO and SERKO animals (Fig. 3a,e). The E2-
induced increases in Nav1.6 and Nav1.7 mRNA expressions,
which were observed in WT (P < 0.05, n = 10), were also
observed in oERKO (P < 0.05, n = 10) and BERKO
(P < 0.05, n = 10) animals (Fig. 3b, c). Also, E2 treatment
up-regulated Nav1.8 mRNA expressions in WT and )ERKO
(P < 0.05, n = 10), but this increase was absent in SJERKO
animals (Fig. 3d).

Discussion

In the present study, by means of quantitative real-time
PCR, we found that the expressions of Navl.l, Navl.7,
Nav1.8, and Nav1.9 subtypes were elevated in «ERKO and
PERKO mice, whereas Navl.6  mRNA decreased in
o«ERKO, but not in fJERKO mice. The mRNA expressions

Table 1 Sequence of primers

Gene name  Forward primer (5'-3') Reverse primer (5'-3') Size (bp)
Navl.1 CAAAAAAGCCACAAAAGCCT TTAGCTCCGCAAGAAACATC 326
Navl.6 AGAAGAAGTACTACAACGCC AGTAGTGTCTCAAGGCAAAC 285
Navl.7 CAGCAAAGAGAGACGGAACC CCCTCAGTGTCCGTAGAGATT 536
Navl.8 AATCAGAGCGAGGAGAAGACG CTAGTGAGCTAAGGATCGCAGA 196
Navl.9 AGCCCAACGAAGTGAAGAAA TCTCCAAGCCAGAAACCAAG 183
18 s rRNA CTTAGTTGGTGGAGCGATTTG GCTGAACGCCACTTGTCC 127
p-Actin AGGCCAACCGTGAAAAGATG AGAGCATAGCCCTCGTAGATGG 175
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Fig. 1 Representative dissociation curves, showing single-product melting at 86.5°C for Nav1.1, 85.4°C for Nav1.6, 86.2°C for Nav1.7, 86.4°C
for Nav1.8, and 82.4°C for Nav1.9. The dissociation curve analysis revealed a single peak for each PCR product
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Fig. 2 Quantitative real-time PCR analysis of the expressions of method [AACT = (CT target gene — CT reference gene) — CT of
Navl.l (a), Navl.6 (b), Navl.7 (c), Navl.8 (d), and Navl.9 calibrator], where the calibrator was the mean ACT of the WT group.
(e) mRNAs in the DRGs of female wild type (WT) and estrogen Data are expressed as means = SEM. (*P < 0.05, n = 10, compared
receptor knockout (xERKO and SERKO) mice (OVX + oil). The to the WT group)

relative quantity of target mRNA was calculated by the AACT
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Fig. 3 Quantitative real-time PCR analysis of the expression of
Navl.1 (a), Nav1.6 (b), Nav1l.7 (¢), Nav1.8 (d), and Nav1.9 (e) in the
DRG from ovariectomized WT, «®ERKO, and SERKO C57BL/6 mice
after o0il-(OVX + oil) and E2-treatment (OVX + E2) (n = 10 per
group). The relative quantity of target mRNA was calculated by the

of Nav subtypes were increased in E2-treated WT ovari-
ectomized animals.

The existing literature from both human and animal
studies as to whether estrogen displays pro- or anti-noci-
ceptive roles is contradictory. In the human population, a
number of chronic pain conditions, such as migraine,
temporomandibular joint pain, and interstitial cystitis, are
more prevalent in women than in men [2, 21], suggesting
that estrogen is involved. However, when estrogen levels
are constantly elevated as in pregnancy, pain sensitivity is
known to decrease [2]. In laboratory tests of animal model,
acute estrogen administration after ovariectomy enhances
pain responses and sensitivity [22]. However, the absence
of estrogen has often been shown to result in an increase in
pain sensitivity. Some studies have also shown an anti-
nociceptive role for estrogen in pain sensitivity [23].

Given the diverse actions of estrogens described above, it is
not surprising that pain modulation by estrogens via ERs is
complex. Previous studies have found that the sex difference in
basal mechanical pain threshold and inflammatory hypersen-
sitivity are eliminated in mice lacking either the ERx or ERf
[24]. However, the action of ERs on nociception modulation is
unclear. Estradiol acting primarily through activation of ERf3
may have a developmental role that affects spinal cord struc-
tures that are important for transmission of nociceptive infor-
mation [25]. Marchand and co-workers [26] showed the
involvement of both ERo and ERf in pain modulation. The

@ Springer

AACT method [AACT = (CT target gene — CT reference gene) —
CT of calibrator], where the calibrator was the mean ACT of the oil-
treated animals. Each data point represents means &= SEM. *P < 0.05
versus the same genotype oil-treated animals (OVX + oil)

female SERKO mice showed reduced response in the formalin
test compared to WT controls [13], suggesting a pronocicep-
tive role of ERf3, and the pronociceptive nature of ERf was
confirmed using specific ERf-selective agonist (DPN) injec-
tions in ovariectomized WT mice [26]. The female *ERKO
mice presented a small increase in nociceptive behaviors
during phase 1 of the formalin test and the injection of ERo-
selective agonist (PPT) in ovariectomized WT mice induced a
decrease of pain behaviors during phase 1, interphase, and late
phase 2, suggesting an anti-nociceptive effect of ERa [26].
Furthermore, the selective activation of ERf by ERb-131, a
non-steroidal ERf ligand, appears sufficient to provide bene-
ficial effects in animal models of symptoms associated with
neuropathic pain [27]. These studies suggest that ERs may be a
fruitful target for developing estrogenic medications for certain
types of pain.

A wide variety of ion channels, playing important roles
in the regulation of cell excitability, have been shown to be
modulated by estrogens in DRG neurons. Lee et al. [28]
found that 17f-estradiol inhibited high-voltage-activated
Ca”* channel currents in rat DRG neurons via activation of
pertussis toxin-sensitive G-protein(s) and non-genomic
pathways. After the colon was inflamed, Fan et al. [29]
showed that P2X3 receptor (adenosine triphosphate recep-
tor subunit) mRNA in the ovariectomized rats was signif-
icantly decreased in DRG, and estrogen significantly
increased P2X; mRNA expression compared with that in
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ovariectomized rats. Furthermore, E2 increased N-methyl-
p-aspartic acid receptor (NMDAR) currents in adult male
and female DRG neurons [30]. Estrogen promotes DRG
nociceptor axon sprouting by up-regulation of the angio-
tensin II receptor type 2 (AT,) mRNAs and proteins in
cultured neonatal and intact adult DRG neurons [31].

The Nav channels are critical for the electrical excit-
ability of sensory neurons and play a key role in pain
sensation by controlling afferent impulse discharge. In this
study, by means of quantitative real-time PCR, we found
that the mRNA expressions of Navl.l, Navl.6, Navl.7,
Navl.8, and Navl.9 were increased in E2-treated WT
ovariectomized mice (WT, OVX + E2).

A number of channels are likely modulated by ERs in DRG
or other neurons. For example, in DRG neurons from SERKO
mice, E2 attenuated the ATP-induced [Ca2+]i flux as it did in
WT mice, but in xERKO mice, E2 failed to inhibit the ATP-
induced [Ca2+]i increase. These results show that the rapid
attenuation of ATP-induced [Ca?"]; signaling is mediated by
ERo [32]. Using ERa- and ERp-deficient C57BL/6 mice,
Bosch et al. [20] found that E2-induced increase in the mRNA
expression of T-type calcium channel subunit Cav3.1 in the
hypothalamus and pituitary was dependent on ERa, whereas
the E2 effect on Cav3.2 was dependent on both ERo and ER.
In this study, quantitative real-time PCR analysis showed that
the gene expression levels of TTX-S (Navl.1 and Nav1.7) and
TTX-R (Nav1.8 and Nav1.9) sodium channel subtypes were
elevated in DRGs of ®ERKO and SERKO mice, whereas
Nav1.6 mRNA decreased in *ERKOs but showed no changes
in SERKO mice (OVX + oil). These results support our
hypothesis that both ERo and ERf§ play important roles in the
regulation and/or functional integrity of Nav channels.

We also found that the E2 treatment increased the
mRNA expressions of Navl.l and Navl.9 in WT, but
decreased the same in both *’ERKO and fERKO animals.
Recently, G protein-coupled receptor 30 (GPR30), a novel
integral membrane ER was identified [33]. Previous studies
have reported that GPR30 mRNA was expressed in the
DRG [34, 35], and estrogen could act at GPR30 in noci-
ceptors to produce a PKCe-dependent mechanical hyper-
algesia [34]. Therefore, the decreased mRNA expressions
of Navl.l and Nav1.9 in «ERKO and SERKO group may
indicate that E2 is acting on another receptor (e.g.,
GPR30). E2-induced increases in Navl.6 and Navl.7
mRNA expressions, which were observed in WT were also
observed in ®ERKO and fERKO animals. Also, E2 treat-
ment up-regulated Navl.8 mRNA expression in WT and
o«ERKO, but this increase was lost in SERKO animals. This
would suggest that, in the DRG, E2-regulation of Navl.8
may be through an ERff-dependent mechanism.

Our present findings fit well with previous studies that
estradiol may modulate Nav channel currents. Wang et al.
[9] found that both the transient and persistent sodium

current are attenuated in GnRH neurons by chronic, in vivo
estradiol treatment, which could lead to a downregulation of
cell excitability. E2 could also inhibit cation flow through
TTX-S Na* channel in cultured mouse neuroblastoma cells
[8]. However, Fraser et al. [7] found that external applica-
tion of E2 increased the current amplitude of voltage-gated
Na™ channels (VGSCs) in MDA-MB-231 cells. In addition,
acute estradiol application increases inward Na™ currents in
rat hypothalamic ventromedial nucleus [6]. Moller et al.
[36] examined the effects of E2 on the major cardiac cur-
rents, showed that addition of estradiol, only a minor current
reduction of the sodium channel 5A (SCN5A)-mediated
sodium inward current was observed.

Although studies on mRNA of Nav channels are limited,
there is overwhelming physiological evidence for the expres-
sions of Nav channel currents in the DRG. Previous studies
support the idea that Nav channels are critical for neuronal
excitability. Nav channels mediate a rapid and transient
increase in Na™ permeability in response to changes in mem-
brane potential, thereby contributing to the generation and
conduction of action potentials that serve as sensory signals
from the periphery to the spinal cord through the primary
afferent neurons [5]. Hence, the sodium channels in sensory
neurons are implicated in the development of neuropathic pain.

In summary, the present study shows that E2 regulates
the Nav channel subtypes’ mRNA expressions in the DRG.
E2-induced regulation of Navl.l and Navl.9 mRNA
expression is dependent on ERa, ERf, and another ER
(e.g., GPR30), whereas E2 treatment leads to increase the
mRNA expression of Nav1.8 in an ERf-dependent manner.
Therefore, the robust E2 regulation of the Nav channels
mRNA expression could be an important mechanism by
which E2 affects the excitability of DRG neurons and
modulates the pain. However, further investigation will be
required to determine the mechanism.
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