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Abstract

The effects of 17h-estradiol on the a,h-me ATP-induced currents were studied on dorsal root ganglion (DRG)

neurons using whole-cell recording technique. Three types of currents (transient, sustained or biphasic) were

evoked by a,h-me ATP in acutely dissociated DRG neurons. When neurons were pre-incubated with 17h-estradiol
(10–1000 nM) for 4 min, an inhibition of the transient current and the transient component of the biphasic current

was observed. In contrast, 17h-estradiol did not have any significant effect on the sustained current evoked by a,h-
meATP. The inhibitory effects were concentration-dependent, reversible and could be blocked by the estradiol

receptor inhibitor, ICI 182,780 (1 AM). However, bovine serum albumin-conjugated 17h-estradiol (17h-estradiol-
BSA, 10nM) failed to mimic the effects of 17h-estradiol. 17a-estradiol, the inactive isoform, did not have

significant effects on ah-meATP-induced currents, either. Sustained currents induced by ATP (100 AM) in nodose

ganglion (NG), superior cervical ganglion (SCG) and otic ganglion (OTG) neurons were not affected by 17h-
estradiol. These results suggest that the female gonadal hormone, 17h-estradiol, might participate in control of pain

by modulating P2X3 receptor-mediated events in sensory neurons.

D 2005 Elsevier Inc. All rights reserved.

Keywords: Estradiol; ah-meATP; Dorsal root ganglion neurons
0024-3205/$ -

doi:10.1016/j.l

* Correspond

200433, China

E-mail add
see front matter D 2005 Elsevier Inc. All rights reserved.

fs.2004.10.047

ing author. Department of Physiology, Second Military Medical University, 800, Xiangyin Road, Shanghai,

.

ress: mabei2004@yahoo.com.cn (B. Ma).



B. Ma et al. / Life Sciences 76 (2005) 2547–25582548
Introduction

A number of chronic pain conditions such as irritable bowel syndrome, interstitial cystitis

and orofacial pain are more prevalent in females than in males and the severity of pain

fluctuates with the menstrual cycle, suggesting that gonadal hormones may affect the perception

of painful stimulations. Sex-related differences in nociceptive responses have also been reported

in rodents with females having stronger nociceptive reactions than males (Aloisi et al., 2001;

Kim et al., 2000; Cairns et al., 2001). However, conflicting results have been reported

regarding the role of gonadal steroid hormones. Several studies indicate a negative correlation

between endogenous estrogen levels and pain threshold, with pain sensitivity increasing when

estrogen levels are highest. For example, the threshold to evoke a visceromotor reflex or

pressor response to colorectal distention (CRD) or to activate uterine and vaginal primary

afferents is lowest in proestrus (Robbins et al., 1992; Sapsed-Byrne et al., 1996; Holdcroft et

al., 2000). On the other hand, elevated estrogen levels reportedly increase thresholds to

cutaneous stimuli (Martı́nez-Gómez et al., 1994) and decrease the percentage of escape

responses to vaginal canal stimulation (Bradshaw et al., 1999) or ureteral calculosis

(Giamberardino et al., 1997). Furthermore, elevated estrogen and progesterone, as occurring

during pregnancy, is antinociceptive (Gintzler and Bohan, 1990; Dawson-Basoa and Gintzler,

1998). The reason for this contradictory relationship between gonadal hormones and pain

sensitivity is unclear although the relative concentrations of individual gonadal hormones may

play a role.

Estrogen receptors, which consist of two subtypes (ie, ERa and ERh), are widely distributed

throughout the central and peripheral nervous systems (Bettini et al., 1992; Papka et al.,

1997). It has been demonstrated that estradiol can modulate the gene expression of endogenous

opioid peptides (Priest et al., 1995; Holland et al., 1998) and opioid neurotransmission

(Eckersell et al., 1998). In addition to the genomic mode of effects, non-genomic mode of

actions has also been reported. For example, estrogen has been shown to modulate rapid

changes of ion-channels and G-protein-coupled neurotransmitter receptors (Eckersell et al., 1998;

Kelly et al., 1998; Mermelstein et al., 1996; Sinchak and Micevych, 2001). The binding site

of estrogen has also been reported in the plasma membrane and these membrane-associated

receptors have similar pharmacology with those in nucleus (Pappas et al., 1995; Razandi et al.,

1999).

It has been demonstrated that the peripheral sensory neurons express both estrogen receptor-a (ER-

a) and estrogen receptor-h (ER-h) (Taleghany et al., 1999), with ER-a being selectively localized in

small-diameter neurons. Therefore, estrogen can potentially alter the nociceptive process at the

primary afferent level.

ATP is implicated in peripheral sensory transduction of noxious stimuli by activating ATP-gated ion

channels, namely P2X receptors (Dunn et al., 2001; Burnstock, 2000). Three types of responses to

ATP have been observed in primary afferent neurons: transient, sustained and biphasic (having both

transient and sustained components) (Dunn et al., 2001). Recently, Chaban et al. (2003) demonstrated

that estradiol attenuated ATP-induced Ca2+ influx and this effect might be mediated through activation

of membrane-bound ER-a receptors (Chaban et al., 2003). In this report, we have investigated the

possible effects of estradiol on P2X receptor-mediated whole-cell currents in primary afferent neurons.

Our observations suggest that estradiol selectively modulates homomeric P2X3 receptor-meidated
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transient currents without affecting homomeric P2X2 or heteromeric P2X2/3 receptor-mediated

responses.
Materials and methods

Cell culture

4-6-week-old male rats were killed by inhalation of a rising concentration of CO2. Lumbar dorsal root

ganglia (DRG) were rapidly dissected out. In some experiments, superior cervical ganglia (SCG), nodose

ganglia and otic ganglia (OTG) (Suzuki and Hardebo, 1991) were collected as well. The ganglia were

desheathed, cut and incubated in 4 ml Ca2+- and Mg2+-free Hanks’ balanced salt solution with 10 mM

Hepes buffer (pH 7d 4) (HBSS; Life Technologies) containing 1d 5 mg ml�1 collagenase (Class II,

Worthington Biochemical Corporation, UK) and 6 mg ml�1 bovine serum albumin (Sigma, Poole, UK)

at 378C for 45 min. The tissue was then incubated in 4 ml HBSS containing 1 mg ml�1 trypsin (Sigma)

at 378C for 15 min. The solution was replaced with 1 ml growth medium comprising of L-15 medium

supplemented with 10 % bovine serum, 50 ng ml�1 nerve growth factor, 0d 2 % NaHCO3, 5d 5 mg ml�1

glucose, 200 i.u. ml�1 penicillin and 200 i.u. ml�1 streptomycin. The ganglia were then dissociated into

single neurons by gentle trituration. The neurons were plated onto 35 mm Petri dishes coated with 10 Ag
ml�1 laminin (Sigma) and maintained at 378C in a humidified atmosphere containing 5 % CO2, and used

within 30 hours.

Whole-cell voltage-clamp recording

Whole-cell currents were recorded at room temperature using an Axopatch 200B amplifier (Axon

Instruments, Foster City, CA, USA) with membrane potential being held at �60 mV. External solution

contained (in mM): NaCl 154, KCl 4.7, MgCl2 1.2, CaCl2 2.5, Hepes 10 and glucose 5.6 with pH

adjusted to 7.4 using NaOH. Recording electrodes (resistance 2–4 MV) were filled with internal solution

which contained (in mM): citric acid 56, MgCl2 3, CsCl 10, NaCl 10, HEPES 40, EGTA 1,

tetraethylammonium chloride 10, and the pH was adjusted to 7.2 using CsOH (total Cs+ concentration

170mm). Current signals were acquired using pClamp software (Version 6.1. Axon Instruments) and

were plotted using Origin7 (Microcal, Northampton, MA, USA).

Drug application

Drugs were applied rapidly through a manifold comprising 7 capillaries made of fused silica coated

with polyimide, with 250Am internal diameter (SGE, Milton Keynes, UK), connected to a single outlet

made of the same tubing, which was placed about 200 Am from the cell. Solutions were delivered by

gravity flow from independent reservoirs. One barrel was used to apply drug-free solution to enable

rapid termination of drug application. Solution exchange measured by changes in open tip current was

complete in 200 ms. However, complete exchange of solution around an intact cell was considerably

slower (1s). Agonists were separately applied for 2s at 4min intervals, a time which was sufficient for

responses to be reproducible. Estradiol was present for 4 min before and during the reapplication of

agonists.
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Chemicals

ATP, ah-meATP, 17h-estradiol, 17a-estradiol and 17h-estradiol-BSA were all from Sigma, ICI

182,780 from Tocris. Solutions of ATP and other drugs were prepared in deionized water and stored

frozen, except for ICI 182,780, which was dissolved in dimethylsulphoxide to 1mM. All drugs were then

diluted in extracellular bathing solution to the final concentration.

Data analysis

Data are presented as meanF S.E.M. Statistical analysis (Student’s t test, F test) was performed using

Excel (Microsoft, USA). A P value of less than 0.05 was considered as statistically significant.
Fig. 1. Effects of 17h-estradiol on the amplitude of the currents evoked by ah-meATP in DRG neurons. Representative traces

show that inhibition by 17h-estradiol (100 nM) on the amplitude of transient current (A) and biphasic current (B) but not sustained

current (C) evoked by ah-meATP (30 AM). 17h-estradiol was preincubated for 4 min before co-applying with ah-meATP.
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Results

Currents evoked by ab-meATP in DRG neurons

The dissociated DRG neurons were used between 3~30 hours of incubation and neurons with

diameters of less than 25Am were chosen for investigation.

Following application of ah-meATP (10 to 100AM, for 2 s), 45% (32/71) DRG neurons responded with

a transient inward current (0.85F 0.01 nA), 20% (14/71) responded with a sustained current (0.90F 0.18

nA) and another 27% (19/71) cells respondedwith a biphasic current (1.07F 0.06 nA). In 6 (8%) cells,ah-
me ATP failed to induce a significant response. It is now clear that the transient response was mediated by

homomeric P2X3 receptors whereas the sustained response to ah-me ATP was mediated by heteromeric

P2X2/3 receptors. The biphasic current was attributable to the presence of homomeric P2X3 and

heteromeric P2X2/3 receptors in the same cell (Dunn et al., 2001, Pankratov et al., 2001).

The transient and biphasic currents evoked by ah-meATP were reproducible for repeated

challenges at 4 min intervals, with the variance of the peak less than 7%. The sustained currents

evoked by ah-meATP were reproducible at 3 min interval, with less than 10% rundown.

Rapid inhibition of 17b-estradiol on Iab-meATP

Application of 17h-estradiol alone, with a concentration up to 10 AM, did not evoke any

detectable membrane currents in DRG neurons. In 13 out of 20 (65%) neurons that responded to
Fig. 2. Concentration-dependant inhibitory effect of 17h-estradiol on the transient current evoked by ah-meATP (30 AM) in

DRG neurons. Responses to ah-meATP in the presence of 17h-estradiol were normalized with respect to the control current in

the same neuron. Each data point represents mean F S.E.M from 4–7 cells. The IC50 of the inhibitory effect of 17h-estradiol
was estimated to be 219 F 156 nM.
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ah-meATP (30AM) with a transient current, 17h-estradiol (100 nM, 4 min) resulted in a reduction of

the current to 48 F 4 % of control (P b 0.05, n = 8). An example of this effect is shown in Fig.

1A. When the concentration of 17h-estradiol was increased to 1000 nM, it led to a reduction of

Iah-meATP to 37 F 3 % of control. Similarly, the transient component of biphasic responses evoked

by ah-meATP (30AM) was attenuated to 41 F 4 % of control (P b 0.05, n=6) in the presence of

100 nM 17h-estradiol, as is illustrated in Fig. 1B. Full recovery of Iah-meATP was observed following

washing out 17h-estradiol. These observations indicate that 17h-estradiol inhibits the transient

current evoked by ah-meATP (30 AM) in DRG neurons in a concentration-dependant manner with

an IC50 of 219 F 156 nM (Fig. 2).

However, as is represented in Fig. 1C, 17h-estrodiol did not seem to affect the sustained currents

induced by a,h-meATP. In 10 neurons that responded to a,h-meATP with a sustained current and 4

neurons that showed biphasic currents, Iah-meATP after 4 min incubation with 17h-estrodiol (1000 nM)

was 99F 1 % of control (P N 0.05). These observations suggest that 17h-estradiol selectively modulates

P2X3-mediated responses in DRG neurons.
Fig. 3. The inhibitory effect of 17h-estradiol on Ia,h-meATP is blocked by ICI 182,780. (A), Representative traces showing that

ICI 182,780 (1AM) blocks the inhibitory effect of 17h-estradiol on the transient currents evoked by ah-meATP (30AM) in

one DRG neuron; (B) A representative recording in which BSA-conjugated 17h-estradiol (E-6-BSA, 10nM) failed to affect

the biphasic currents evoked by ah-meATP whilst the non-conjugated 17h-estradiol inhibited this current in the same

neuron.
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Pharmacological profile of effects of 17b-estradiol

We then investigated the effects of ICI 182,780, a specific estrogen receptor antagonist, on the

inhibitory action of 17h-estradiol on Iah-meATP. In the presence of ICI 182, 780 (1 AM), 17h-estradiol
failed to affect Iah-meATP (Figs. 3A and 4). Thus, Iah-meATP following co-application of ICI 182,780 and

17h-estradiol was 88 F 6 % of control (n=4, P N 0.05). Therefore the inhibitory effects of 17h-estradiol
seemed to be mediated by ERa or ERh receptors.

To further exclude the possibility that the inhibitory effects of 17h-estradiol might be caused by

alterations in the lipid composition of the plasma membrane as a result of the addition of the steroid, we

tested the effects of 17a-estradiol, an inactive isoform of 17h-estradiol. At 100 nM, 17a-estradiol had no

effect on Iah-meATP in DRG neurons (P N 0.05, n=4) (Fig. 4).

To investigate whether 17h-estradiol acts on intracellular or membrane binding sites, we tested the

effects of BSA-conjugated-17h-estradiol, which is unable to cross the plasma membrane. Following

incubation with 17h-estradiol-BSA (10 nM), Iah-meATP was 113 F 1 % of control, which was not

significantly different (P N 0.05, n = 6, Fig. 3B, Fig. 4).

Effect of 17b-estradiol on the ATP evoked sustained currents in rat nodose, SCG and OTG neurons

We then investigated the effect of 17h-estradiol on ATP currents (IATP) mediated by homomeric P2X2

or heteromeric P2X2/3 receptors in nodose ganglion, otic ganglion (OTG) and superior cervical ganglion
Fig. 4. The pharmacological profile of the effect of 17h-estradiol on Iah-meATP. The bar graph shows the normalized (% of

control) whole-cell currents induced by a,h-meATP following various treatments. Addition of 17h-estradiol (100 nM, 4 min)

significantly decreased transient Iah-meATP, whereas the inactive estradiol isomer, 17a-estradiol (100 nM, 4 min), and E-6-BSA

(10 nM) had no effect. The selective estrogen receptor antagonist ICI 182, 780 (1 AM) blocked 17h-estradiol effect. The
numbers inside each bar represent number of cells. *, P b 0.05.



Fig. 5. The effect of 17h-estradiol on ATP-induced whole-cell currents in cells from three different ganglia. (A) Representative

traces illustrating that 17h-estradiol (E2-h, 1AM) had no effect on the sustained currents evoked by ATP (100 AM) in nodose

neurons; (B) Summary data showing the effects of 17h-estradiol (E2-h, 1AM)) on IATP in different ganglion neurons. Note that

17h-estradiol (E2-h) attenuated transient IATP in DRG neurons but had no effect on the sustained IATP in nodose, SCG and OTG

neurons. Values are mean F S.E.M. The numbers in each bar represent the number of cells. *, P b 0.05.
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(SCG) neurons. Seven out of 7 nodose neurons responded to 100 AM ATP with sustained currents. IATP
following 4 min incubation with 17h-estradiol was 94 F 8% of control, which was not significantly

changed (P N 0.05, Fig. 5A and B). Four out of 4 OTG neurons responded to 100 AM ATP with

sustained currents. In the presence of 17h-estradiol, IATP was 104 F 11% of control (P N 0.05, Fig. 5B).

Similarly, Four out of 4 SCG neurons responded to 100 AM ATP with sustained currents and IATP
remained unaltered (98 F 6% of control, P N 0.05) in the presence of 17h-estradiol (Fig. 5B).
Discussion

This study demonstrates that estradiol could rapidly modulate ah-meATP induced transient currents

in primary cultured DRG neurons but had no effect on the sustained response to the agonist. We found

that this effect was stereospecific because equimolar concentration of the inactive estradiol isoform, 17a-

estradiol, had no effect on Iah-meATP. Furthermore, estradiol effect was blocked by ICI 182,780.
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Therefore, the effect of 17h-estradiol was not mediated by a nonspecific interaction with the plasma

membrane and rather estradiol might interact with a receptor site with the classic intracellular estrogen

receptor pharmacology. These results suggest that the female sex hormone can potentially modulate the

actions of extracellular ATP.

ATP is present in virtually all cells and can be released by exocytosis or following cell lysis

(Burnstock, 1996; Hamilton and McMahon, 2000) and extracellular ATP has a wide-spectrum of

biological actions. ATP interacts with a family of ligand-gated ion channels, namely P2X receptors and a

family of G-protein-coupled P2Y receptors. Previous evidence indicates that ATP may play an important

role in nociception (Cook and McCleskey, 2002). DRG neurons express multiple P2 receptors, including

P2X1–6 and P2Y1, P2Y4 (Collo et al., 1996; Ruan and Burnstock, 2003). Three types of rapid responses,

namely transient, sustained and biphasic current could be evoked by ah-meATP in DRG neurons, as

shown in this study. It is now clear that the transient current and the transient component of the biphasic

current are mediated by homomeric P2X3 receptor. The sustained current and the sustained component

of the biphasic current were attributable to the activation of heteromeric P2X2/3 receptors (Burgard et al.,

1999; Dunn et al., 2000).

We found that 17h-estradiol inhibited the transient Ia,h-meATP in DRG neurons but had little effect on

the sustained current, suggesting that 17h-estradiol effects vary across different P2X receptors. To

further differentiate the selectivity of 17h-estradiol on different P2X subtypes, we tested its effects on

ATP-induced currents in rat nodose, SCG and OTG cells, which are sensory, sympathetic and

parasympathetic neurons, respectively. The sustained current evoked by ATP in nodose and OTG

neurons has been reported to be attributed mainly to P2X2/3 receptors with some additional P2X2

receptors while the sustained current evoked by the same agonist in SCG neurons is believed to be

mediated by P2X2 receptors (Dunn et al., 2000). We found that the sustained IATP in these neurons were

not affected by the addition of 17h-estradiol, which gave further support to the notion that the female sex

hormone selectively modulates homomeric P2X3-mediated events. It has been shown that P2X3 receptor

is localized in small- and medium-sized DRG neurons (Chen et al., 1995), which are predominantly

nociceptors (Bradbury et al., 1998). Therefore, our results suggest that the female sex hormone can

potentially play a role in pain by modulating P2X3-mediated events in sensory neurons.

The actions of estrogen can potentially be mediated by a nongenomic as well as a genomic

mechanism, depending on whether it binds to intracellular receptors and causes transcriptional

activation. The effects of 17h-estradiol observed in this study occurred rather quickly (4 min),

suggesting that the effects were mediated by a nongenomic rather than a genomic mechanism because at

least 30 min are required for the genomic response to estrogen to occur (Orimo et al., 1993). E-6-BSA, a

membrane impermeable construct, failed to mimic the effect of 17h-estradiol. These results can be

explained by the estrogen acting on a receptor that is located entirely within the plasma membane bilayer

and that the receptor perhaps does not express an extracellular domain (Mermelstein et al., 1996; Gu and

Moss, 1998).

It has been reported that DRG neurons express both ERa and ERh (Sohrabji et al., 1994; Razandi et

al., 1999). This study could not differentiate which of the two receptor subtypes mediated the inhibitory

effects of 17h-estradiol on Ia,h-meATP. However, it has been shown recently that 17h-estradiol attenuated
ATP-induced Ca2+ influx in DRG neurons and the effect was attributable to membrane associated ERa

because the effect was not seen in DRG neurons from ERa knock out (ERaKO) mice (Chaban et al.,

2003). Membrane-associated estrogen receptors have been linked to activation of both protein kinase A

and protein kinase C (Razandi et al., 1999; Kelly and Levin, 2001; Nadal et al., 2001). The intracellular
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signalling pathway that is involved in the rapid modulation of P2X3-mediated responses in DRG neurons

by 17h-estradiol awaits further investigation.
It has been reported that the plasma concentration of 17h-estradiol is less than 10 nM (Schlicher et

al., 1998). The relative high concentrations of 17h-estradiol used in earlier (Zhang et al., 1994;

Nakajima et al., 1995; Yamamoto, 1995; Kitazawa et al., 1997; Cario-Toumaniantz et al., 1998;

Ruehlmann et al., 1998; Valverde et al., 1999) and in the present study (100 nM) suggest that

experiments performed under these conditions are predominantly of pharmacological significance and

the effect of estrogen in the physiological concentration remains unclear. However, given that

sensitivity to noxious stimuli varies across the estrous (Frye et al., 1992; Martı́nez-Gómez et al., 1994;

Kayser et al., 1996) and menstrual cycle (Giamberardino et al., 1997), it is pertinent to suggest, based

on the current and previous evidence, that female sex hormones may modulate the sensitivity of

primary afferent neurons to painful stimuli.
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