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Abstract

Women have greater temporal summation of experimental pain stimuli and also have a higher
propensity for developing chronic visceral pain conditions. Sex hormone-mediated regulation of
NMDA receptors (NMDARS) in nociceptive pathways is a plausible mechanism that may underlie
these phenomena. The aim of this study was to compare the effect of 17--estradiol (E2) in
modulation of NMDAR activity in adult male and female rat dorsal root ganglia (DRG) neurons.
DRG neurons were collected from adult male or female rats and grown in short-term culture in
steroid-free media. NMDAR currents were recorded on small to medium size neurons by whole cell
patch clamp using rapid perfusion with saturating concentrations of NMDA and glycine in the
absence of extracellular Mg2*. We found that the average density of NMDAR currents was 2.8-fold
larger in DRG neurons from female rats compared to male rats (p<0.0001). Addition of 100nM E2
increased NMDAR currents 55 = 15% in female neurons, but only 19 £ 7% in male neurons.
Potentiation was maximal after 20-40 mins and dose dependent with an apparent ECsg of 17-23nM.
This effect was mimicked by E2 conjugated to BSA and attenuated by pretreatment with the protein
tyrosine kinase inhibitor lavendustin A (1uM) or the estrogen receptor (ER) antagonist, ICI 182,780
(1uM), strongly suggesting activation of a cell surface ER acting through a non-genomic mechanism
involving protein tyrosine kinases to increase NMDAR currents. These results identify sex-based
differences in both the basal expression and the regulation of the NMDARs in DRG neurons.
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Introduction

Women are more likely than men to develop certain chronic visceral and somatic pain
syndromes, including irritable bowel syndrome (IBS), chronic pelvic pain and fibromyalgia
(Chang and Heitkemper, 2002; Heitkemper et al., 2003; Aloisi, 2003). Women also show
greater temporal summation of repeated somatic stimuli, suggesting sex based differences in
spinal procesing of acute pain stimuli. Even though many factors are likely to contribute to the
observed differences, sex hormones have been suggested as an important mediator of
biologically based differences (Sarlani et al., 2004; Robinson et al., 2004). Sex-based
differences in pain perception may result from genetic, sex chromosome-determined traits,
from permanent, “organizing” effects of early gonadal secretions, or from transient,
“activational” modulation of receptor function in the adult organism (Becker et al., 2005).
Depending on the time course of the effect, the activational effects may result from genomic
and non-genomic effects of Estrogen (E). For example, E (in particular the potent estrogen 17-
B-estradiol, E2) is a circulating steroid hormone that has marked biological effect on many
cells and tissues, including neurons (Woolley, 1998; McEwen, 2002). Considerable evidence
suggests that female sex hormones influence somatic and visceral sensory processing and the
perception of pain, although with considerable variability depending on the species, tissue, and
the type of test employed (Nemmani et al., 2004; LaCroix-Fralish et al., 2005; Ji et al., 2005).
There are 2 types of estrogen receptor (ER), ERa and ER, and both types of ERs are distributed
in regions of the central and peripheral nervous system which are involved in pain perception,
including spinal dorsal horn neurons and DRG neurons (Woolley, 1998; Cui and Goldstein,
2000; McEwen, 2002; Papka and Storey-Workley, 2002; Bennett et al., 2003).

In the central nervous system, E has been shown to mediate changes in N-methyl-D-glutamate
receptor (NMDAR) expression and activity (Woolley, 1998; Cyr et al., 2001; McEwen,
2002). NMDARs are glutamate and glycine-gated cation channels that play an essential role
in neuroplasticity. NMDARs are expressed by nearly all dorsal root ganglia (DRG) neurons
(Marvizon et al., 2002) and direct stimulation of peripheral afferent nerve terminal fields with
NMDAR agonists causes pain responses in both rodents and humans (Zhou et al., 1996; Du et
al., 2003; Cairns et al., 2003a; Cairns et al., 2006). Visceral nociceptive responses have greater
sensitivity to peripherally administered NMDAR antagonists than those arising from somatic
tissues implying a differentially greater role of these NMDARS in visceral pain transmission
(Olivar and Laird, 1999; McRoberts et al., 2001). In the periphery, stimulation of NMDARS
causes the release of the neuropeptides substance P (SP) and calcitonin gene-related peptide
(CGRP) from capsaicin-sensitive peripheral nerve terminals (McRaoberts et al., 2001). These
neuropeptides contribute to neurogenic inflammation by causing edema and hyperemia.
Stimulation of NMDARSs on the central projections of these neurons in the spinal cord also
mediates neuropeptide release (Liu et al., 1997; Marvizon et al., 1997; Malcangio et al.,
1998). SP in particular is known to regulate spinal neuron excitability (Herrero et al., 2000),
although recent work has indicated that CGRP (Mogil et al., 2005) and another protein released
from peptidinergic neurons, brain-derived nerve growth factor (BDNF) (Zhao et al., 2006) also
have important pro-nociceptive roles as well. Thus changes in the NMDAR expression in DRG
neurons could have dramatic impact on pain transmission and inflammatory responses. In this
study we compared the activity of NMDARs expressed on male and female DRG neurons in
short term culture and examined the effect of acute estrogen receptor stimulation.

Materials and Methods

Isolation and primary culture of DRG neurons

All procedures were carried out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Chancellor’s Animal
Research Committee at UCLA. DRG neurons from adult male or female Sprague-Dawley rats
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were isolated as previously described (Li et al., 2004). Neurons were plated on poly-L-lysine
coated 35 mm culture dishes and cultured at 37°C in 5% CO5, incubator in Dulbecco’s Modified
Eagle’s Medium (DMEM cat # D1152; Sigma Chemical Co., St. Louis, MO, USA)
supplemented with 10% fetal bovine serum, 2 mM glutamine-penicillin-streptomycin mixture,
1 png/ml DNAase, 200pM ketamine (all from Sigma), and 5 ng/ml NGF (Invitrogen). The next
day, media was replaced with that containing 10% steroid-free (charcoal-filtered) fetal bovine
serum. This was done to minimize the effect of endogenous estrogens (and other sex hormones)
in the serum. The growth media contained 0.0159 g/L phenol red, which has been reported to
have estrogenic effects on cultured cells (Berthois et al., 1986), although this has been refuted
(Moreno-Cuevas and Sirbasku, 2000). Neurons were studied 24-48 hours after the media
change.

Electrophysiological recordings—Whole cell patch clamp recordings were performed
on visualized small to medium sized DRG neurons (< 40 um in diameter) exactly as described
previously (Li et al., 2004) using nominally Mg2*-free extracellular buffer and a holding
potential of -60 mV. Series resistance was monitored throughout the experiment. A neuron
was considered to have functional NMDARs if the inward current evoked by 250 uM NMDA
and 10 uM glycine was greater than 10 pA. Neurons were stimulated for 5 sec at 5 min intervals
in order to generate time course experiments. Under these conditions there is very little if any
rundown of channel activity (Li et al., 2004).

Drug delivery

Materials

NMDA and glycine were prepared as 100 mM stock solutions. Test solutions were prepared
daily by diluting stock solutions to desired concentrations in extracellular solution. ICI
182,780, lavendustin, E2 were prepared as 1000-fold stock solutions in dimethyl sulfoxide
(DMSO). DMSO was added such that all solutions contained equivalent amounts of vehicle.
Test compounds were rapidly perfused onto the patched cells using a gravity-fed multibarrel
perfusion system (SF-77B Perfusion Fast-Step, Warner Instrument Corp. Hamden, CT)
controlled by a Labmaster board using the pClamp 8.0 software (Axon Instruments, Foster
City, CA). The tip of multibarrel was positioned 200-300 um from the neuron under study.
When a test solution was not being applied, the neuron was continuously perfused with
extracellular solution.

ICI 182,780 was purchased from Tocris (Ellisville, MO), NMDA and lavendustin from
Calbiochem (La Jolla, CA), and regular and charcoal-filtered fetal bovine serum from Irvine
Scientific (Irvine, CA). All other reagents including E2 (17B-Estradiol, cat E2758) and E2
conjugated to BSA (B-Estradiol 6-(O-carboxy-methyl)oxime: BSA, cat E5630) were
purchased from Sigma (St. Louis, MO).

Statistical Analysis

Data were analyzed by one way analysis of variance or as unpaired t-tests or nonparametric
statistical tests as appropriate. The kinetic and dose-response data were analyzed by nonlinear
regression using GraphPad Prism software (version 4, GraphPad Software, Inc. San Diego,
CA). The kinetic data were fit to an exponential association/activation equation; I=lp + (Imax-
I,)(1-e “**1), where t is time, k is the first order rate constant, I, is the basal current and Iy iS
the maximal current. In some cases data were also fit to a mixed association-dissociation
equation: 1= I + (Imax- 1p)(e “kext(kelka) _ o -kext/(kelka-1)) \yhere k, and ke are the first order
rate constants of association/activation and dissociation/decay, respectively. F-test comparison
between different fits were used to test which fit was best, and between two different sets of
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data to determine whether the curves were significantly different from each other. A P value
of < 0.05 was taken as statistically significant. All data are given as the mean + SEM.

Fast perfusion with 250 uM NMDA combined with 10 uM glycine induced inward currents
in the majority of DRG neurons from both male and female rats (62 and 65%, respectively).
As shown in the representative traces in Fig. 1A, peak and steady state current amplitudes were
generally larger in neurons derived from female rats than those from male rats. Fig. 1B is scatter
plot of the current density in 123 individual neurons calculated from the peak current divided
by the whole cell capacitance. The average NMDAR current density in female derived neurons
was 2.8-fold larger than those from male rats (-13.95 £ 1.36 pA/pS, n=49 vs. -4.93 £ 0.58 pA/
pS, n=74, female vs. male respectively). Although there was a great deal of variation within
each population of neurons, this difference was highly significant (P<0.0001 using either the
unpaired t-test with Welch’s correction for unequal variances, or by the non-parametric Mann
Whitney test). This was not due to a difference in the cell size since whole cell capacitance
was not significantly different between the female and male neurons studied (46.4 + 1.4, n=49
vs. 48.8 + 1.7, n=74, respectively; P~0.33). In addition, acute stimulation of the neurons with
100 nM EZ2 rapidly increased NMDAR currents. Maximal potentiation was greater in female
neurons than that observed in male neurons with a 67 £ 21% increase at 55 min in female
neurons compared to a 19 + 5% at 20 min in male neurons (fig. 1C).

The rapid effect of E2 on NMDAR responses in female neurons was dose dependent with an
ECgq0f 17-23 nM (fig 2). Addition of E2 conjugated to BSA also increased NMDAR currents,
although the effect was significantly smaller in magnitude than that produced by unconjugated
E2 (fig. 3). Nonlinear regression analysis of the kinetic data gave an estimated maximal increase
in current that was only 39% that of unconjugated E2, however the rate constants were similar
(0.054 vs. 0.062 min-! for E2-BSA compared to E2, respectively). The acute effect of E2 was
inhibited by prior addition of 1 uM ICI 182,780, a highly selective estrogen receptor antagonist,
and markedly attenuated by 1 uM lavendustin, a selective protein tyrosine kinase inhibitor (fig
4).

Discussion

In this study, we describe two important findings pertaining to sex-based differences in
NMDAR activity. The first finding is that small to medium size cultured DRG neurons from
female rats have significantly larger NMDAR currents than those observed in neurons from
male rats. The second finding is that addition of E2 caused a rapid increase in NMDAR currents
that was more pronounced in female compared to male derived neurons.

While there was a great deal of variation within each population of neurons, the mean NMDAR
current density in female DRG neurons was 2.8-fold larger that of male neurons. This result
cannot be explained by a change in the affinity of the NMDAR for agonists since the
concentration of glycine and NMDA used to induce currents would result in better than 85%
saturation of the receptor (96% and 85%, respectively)(Li et al., 2004)). Instead, the result
could be due to increased expression of NMDARSs with a consequent increase in the degree of
cell surface expression, or it could be due to greater activity of the individual NMDAR channels
in female neurons. The current results do not distinguish between these latter two possibilities.
This effect is most likely sex hormone dependent since other studies have shown that E2
supplementation of ovarectomized female rats increased expression of NMDARSs in the
hippocampus (Gazzaley et al., 1996; Woolley et al., 1997). In the current study both female
and male neurons were cultured in steroid hormone-free media ruling out a short-term effect
of sex hormones in mediating this effect. Since E2 and other sex hormones act transcriptionally
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and post-transcriptionally to regulate the expression of a number of genes, the persistence in
short term culture of sex hormone mediated long-term changes in expression and activity is
not surprising. However, we cannot at this time rule out a direct sex chromosome related effect,
unrelated to E2, in mediating the higher level of NMDAR activity in female DRG neurons.

The rapid effect of E2 was dose dependent with an ECsg of 17-23 nM in female neurons. This
concentration of E2 is higher than that found in plasma, however the effective concentration
of hormone near target cells is not known and could far exceed plasma levels (Schleicher et
al., 1998). Furthermore, this dose is in the concentration range generally found to be effective
in vitro (Kurata et al., 2001) and is similar to the dose of E2 found to rapidly inhibit L-type
calcium channels in DRG neurons (ICsg =27 nM) (Chaban and Micevych, 2005). In both the
present study and the latter example, the rapid effect of E2 was mimicked by E2 conjugated
to BSA and inhibited by the ER antagonist ICI 182,780, strongly suggesting functional
expression of cell surface ER in DRG neurons. That the effect of E2 conjugated to BSA on
NMDAR currents was significantly smaller than that of unconjugated E2 suggests that both
cell surface and intracellular ER can mediate the rapid effect of E2 and that there may be a
limited number of cell surface ER on DRG neurons. Alternatively, conjugated E2 may have a
lower affinity for the cell surface ER receptor than E2 and thereby produce only partial
stimulation at a concentration of 100 nM. Future studies will be needed to address this issue.

In this study we found that lavendustin could markedly attenuate the effect of E2 on NMDAR
activity, strongly suggesting that one or more tyrosine kinases are necessary for ER-mediated
increases in NMDAR channel activity. In our previous studies using male rats, we found that
addition of sodium orthovanadate, a general tyrosine phosphatase inhibitor, caused a rapid
increase in NMDAR activity in DRG neurons which involved a Src-like tyrosine kinase (Li et
al., 2006). Given the similarity in the onset and magnitude of the effect of E2 and vanadate in
increasing NMDAR activity, it seems likely that the same mechanisms underlie both processes.
ER dependent activation of NMDARs in the CNS appears to involve a Src-like kinase and
increased tyrosine phosphorylation of the NR2B subunit (Bi et al., 2000). We have shown that
DRG neurons express the NR2B and NR2D subunits of the NMDAR along with the obligatory
NR1 subunit (Marvizon et al., 2002), however, NMDARs expressed on the cell surface of
cultured DRG neurons have functional properties that identify them as containing NR2B
subunits (Li et al., 2004). Thus, direct Src kinase mediated phosphorylation of NR2B may be
involved in ER-mediated increase in NMDAR activity. Additional experiments to examine
this possibility are planned.

The current study used DRG neurons in short-term primary culture in order to measure
NMDAR currents using whole cell patch clamping technique. Although there are clearly
limitations to extrapolation of these results to the intact tissue, there has been repeated
demonstration that regulation of ion channels in the peripheral and central terminals of these
neurons are reflected in the cell body (Vyklicky and Knotkova-Urbancova, 1996). The current
results demonstrating increased expression of NMDAR activity in female neurons may help
to explain sex-based differences in glutamate-mediated nociceptive responses in humans. Both
intramuscular and subcutaneous injection of glutamate produce acute and secondary pain
responses in human volunteers and this effect is greater in women than men (Svensson et al.,
2003; Cairns et al., 2003b). A previous study in men had shown that ketamine, an NMDAR
antagonist, inhibited the nociceptive effect of injected glutamate (Cairns et al., 2003a). Since
the peripheral terminals of primary afferent neurons express NMDARs (Carlton et al., 1995),
the nociceptive effect of glutamate is most likely mediated by direct stimulation of NMDARs
on these terminals.

A sex-dependent increase in NMDAR activity on the central terminals of primary afferent
neurons in the spinal cord could have important effects in the development and maintenance
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of chronic pain by enhancing Ca2* dependent release of neuropeptides such as SP, CGRP and
BDNF from nociceptive terminals. These neuropeptides act on dorsal horn neurons to
promote long-term central sensitization (Herrero et al., 2000). Thus, sex dependent elevation
of NMDARSs on the central terminals of sensory neurons could promote long-term sensitization
which is believed to underlie the development and maintenance of chronic pain states which
are more predominant in women than men. Clinically this may be reflected by greater degree
of temporal summation (or “wind-up”) to repeated noxious somatic and visceral pain in women
compared to men (Sarlani et al., 2004; Robinson et al., 2004). Although temporal summation
as measured clinically is short lived, it is increased in female patients with chronic pain
disorders such as irritable bowel syndrome (Berman et al., 2000) and fibromylgia (Staud et al.,
2003). Thus, the mechanisms underlying temporal summation are likely to be involved in
longer lasting forms of pain. The current results suggest that sex-based modulation of NMDAR
activity on spinal afferent nerves may contribute to sex-based differences in peripheral and
spinal nociceptive transmission.
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Figure 1.

Sex dependent differences in NMDAR currents in DRG neurons and effect of 17R-estridiol
(E2). Panel A shows representative tracings of NMDAR currents in male and female neurons.
The solid bar indicates the time of rapid perfusion with 250 uM NMDA and 10 uM glycine.
Panel B shows a scatter-gram of the data of the NMDAR current density data which was derived
from the peak NMDA current in each cell divided by the whole cell capacitance. The heavy
solid bar is the mean current density. Panel C shows a time course of NMDAR currents taken
every 5 min before and after addition of 100 nM E2. Values were normalized to the basal
current at t= 0 min. Mean currents at t=0 were -550 = 155 pA (n=5) and -284 + 73 pA (n=7)
for female and male neurons, respectively. Nonlinear regression of the data to an exponential
association equation (Methods) gave Iyax values of 163 £ 10% and 119 + 5% with first order
rate constants of 0.062 min-! and 0.131 min-1 for female and male neurons, respectively. F-
test comparison indicated that the curves were significantly different from each other [P =
0.0007; F=7.773 (2,106)]. The response of male neurons fit significantly better [P<0.0001;
F=38.84 (1,72)] to a mixed association-disassociation equation with an I,y value of 129 +
31% and k, = 0.143 min~! and ke = 0.062 min™! indicating that inactivation of E2-enhancement
of NMDAR currents was significant in male neurons.
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Figure 2.

Dose dependent effect of E2 on NMDAR currents in female DRG neurons. Panel A is a time
course of the effect of 100, 10 and 1 nM E2 plotted against the normalized current at time 0.
Mean currents at t=0 were -550 * 155 pA, n=5; -512 + 170 pA, n=5; and -540 £ 209 pA, n=6,
respectively. Nonlinear regression of the data to an exponential association equation gave
Imax Values of 163 + 10%, 124.1 + 2% and 117 + 13% with first order rate constants of 0.062
min-1,0.080 min-1, and 0.032 min-1 for E2 additions of 100 nM, 10 nM and 1 nM, respectively.
The response of neurons to 1 nM E2 fit significantly better [P<0.0001; F=41.3 (1,66)] to a
mixed association-disassociation equation with an Iyax value of 120 + 4% and k, = 0.072
min-l and ke = 0.052 minL. Panel B shows two nonlinear regression analyses of the dose
response data. Using the normalized current 25 min after addition of E2 (solid circles) gave an
ECsp of 23 = 18 nM and a maximal degree of current enhancement of 60 + 14%. Using the
Imax values derived from kinetic curve fitting of the data (open circles) gave an ECsgq value of
17 + 18 nM with a maximal degree of current enhancement of 73 = 23%.
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Figure 3.

Acute effect of BSA-conjugated E2 on NMDAR currents in female DRG neurons. The figure
shows a time course of the effect of 100 nM E2 conjugated to BSA compared to that of 100nM
E2 on NMDAR currents evoked at 5 min intervals. The mean current at t=0 for the neurons
treated with 100 nM E2 conjugated to BSA (E2-BSA) was -473 = 86 pA (n=6) which was not
significantly different from neurons treated with E2 (-550 £ 155 pA; P~0.7 by unpaired t-test).
Nonlinear regression of the E2-BSA data to gave an I« value of 122 + 4% (compared 163 +
10% for E2) with a first order rate constant of 0.054 min-1 (compared to 0.062 min-1 for neurons
treated with and E2). F-test comparison indicated that the curves were significantly different
[P <0.001; F=16.24 (2,140)].
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Figure 4.

The effect of E2 is estrogen receptor specific and dependent on protein tyrosine
phosphorylation. Prior addition of 1uM ICI 182,780 (ICI), a highly specific estrogen receptor
antagonist, prevented the effect of E2. Prior treatment with 1uM lavendustin (LAV), a general
tyrosine kinase inhibitor, markedly attenuated the response. Right panel shows the time course.
Left panel shows the effect at 30 min post E2 addition. Mean currents at t=0 were -452 + 141
(n=5) and -405 + 110 (n=5) for the neurons treated ICI 182,780 and lavendustin, respectively.
Significantly different from E2-treated neurons: *, P<0.05; **, P<0.01.
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