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Rapid Regulation of Pain by Estrogens Synthesized in Spinal

Dorsal Horn Neurons

Henry C. Evrard and Jacques Balthazart

Research Group in Behavioral Neuroendocrinology, Centre for Cellular and Molecular Neurobiology, University of Liege, B-4020 Lige, Belgium

In addition to exerting genomic actions via nuclear receptors within hours to days, estrogens also regulate neuronal activity much faster
(within seconds) by activating neuronal membrane receptors coupled to intracellular second-messenger pathways. To date, the origin of
estrogens inducing rapid effects in the brain remains unclear, although it is often ascribed to the gonads. We report here that an acute
blockade of the endogenous synthesis of estrogens in the quail spinal dorsal horn markedly reduced, within 1 min, the behavioral
responsiveness to a thermal painful stimulus. Similar rapid effects in the opposite direction were induced by estradiol. This finding
identifies a new paracrine and nongenomic mechanism for the regulation of pain by estrogens. Such regulation was assumed previously
to result only from slow genomic actions of estrogens arising from the ovaries. Also, quite importantly, this finding suggests that the
numerous rapid nongenomic effects of estrogens in the CNS could depend on their immediate local production by the enzyme aromatase,

independently from the gonads.
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Introduction

The hormone 17B-estradiol (E2) regulates a remarkably large
spectrum of neural functions, including nociception (Amandus-
son et al., 1999; Bradshaw and Berkley, 2000; Liu and Gintzler,
2000; Evrard and Balthazart, 2003; Ji et al., 2003). The effects of
E2 in neurons primarily rely on intracellular nuclear receptors
[estrogen receptor o (ERa) and ERB] controlling gene transcrip-
tion and impacting physiology and behavior within hours to days
(Jensen and DeSombre, 1973; Paech et al., 1996). In addition, E2
can interact with membrane binding sites [putative membrane
estrogen receptors (mER)], altering second-messenger pathways,
and thereby neuronal excitability, within seconds to minutes
(Kelly et al., 1977; Pietras and Szego, 1977; Mermelstein et al.,
1996; Joels, 1997). Recent in vitro studies (Toran-Allerand et al.,
2002; Qiu et al., 2003) using application of exogenous estrogens
partly unraveled the nature of mER and their appended signaling
cascades. However, the origin of endogenous estrogens acting at
the membrane level in vivo remains unclear. The enzyme aro-
matase catalyzes the formation of E2 from testosterone (T) in the
gonads and also in other tissues, including the brain, in which
aromatase has been found in perikarya and synapses (Naftolin et
al., 1972, 1996). Aromatase activity (AA) was initially believed to
be controlled only through slow changes in transcription of its
gene CYPI9 (Simpson et al.,, 1994). However, it was demon-
strated recently that AA is also rapidly (within minutes) and re-
versibly inhibited by Ca**-dependent phosphorylations in hypo-
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thalamic neurons in male Japanese quail, a useful model for the
study of neuronal aromatase (Balthazart and Ball, 1998; Balthaz-
art et al., 2003). The expression of aromatase in various circum-
scribed brain areas and the rapid control of neuronal AA offer the
possibility for rapid production of high concentrations of E2
within very discrete areas of the brain (perikaryal to synaptic
levels) in which E2 could potentially bind mER.

During studies on the effects of E2 on nociception, we dem-
onstrated the presence of aromatase in numerous nociceptive
neurons all along the laminas I-III of the spinal cord in male and
female quail (Blomqvist, 2000; Evrard et al., 2000, 2003). These
laminas also express ERa (as in mammals), and aromatization
plays a crucial role for the slow genomic actions of T and E2 on
nociception (Evrard and Balthazart, 2002b, 2003, 2004). The reg-
ulation of pain by estrogens is commonly assumed to result from
genomic effects. Here, we propose that E2 can also rapidly regu-
late the spinal mechanisms of nociception and that such regula-
tion depends on rapid control of spinal aromatase. We injected
the specific nonsteroidal aromatase inhibitor vorozole in the
quail spinal cord to mimic fast-inhibiting phosphorylations of
aromatase, and we observed that an acute inhibition of the en-
dogenous spinal estrogen synthesis reduced, within 1 min, a be-
havioral response typically triggered by painful stimuli in birds
(as in mammals). This finding provides evidence for the existence
of rapid estrogenic regulation of nociception. Furthermore, it
demonstrates that rapid effects of E2 in neurons may depend on
the rapid regulation of local AA, perhaps independently from the
gonads.

Materials and Methods

Subjects. Adult male Japanese quail (Coturnix japonica; n = 60) were
reared under along day photoperiod (16/8 hr light/dark cycle), leading to
a full development of testicles and to a high plasma concentration of T
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(%2 ng/ml plasma) (Balthazart et al., 1987). All experiments were ap-
proved by the Ethics Committee of the University of Liege and complied
with the International Association for the Study of Pain guidelines for the
use of conscious animals in pain research.

Hot water test. One foot of the subject was immersed in a 54°C hot
water bath. We recorded the latency before the subject withdrew its foot
from water in a rapid reflex-like motion as described previously (Le Bars
etal., 2001; Evrard and Balthazart, 2002a). The cutoff time was 20 sec. All
data were analyzed by repeated measures ANOVA with Tukey’s honestly
significant difference post hoc test when necessary. The experimenter was
blind to the animals’ chronic and acute hormonal treatments (see
below).

Chronic hormonal treatments. Twenty-two males were castrated (CX)
under deep anesthesia at the age of 4 weeks, and, 2 weeks later, they were
subcutaneously implanted with SILASTIC capsules (Degania Silicone,
Cumberland, RI) that were empty (n = 6; CX), filled with crystalline T
(n = 8; CX plus T; Sigma-Aldrich, St. Louis, MO), or filled with crystal-
line E2 (n = 8; CX plus E2; Sigma-Aldrich), by procedures that have been
described previously (Evrard and Balthazart, 2004). Experiments with
these birds started 2 weeks after implantation of the capsules.

Experiments with CX, CX plus T, and CX plus E2 birds. In a first exper-
iment, half of the subjects in each group were injected intraperitoneally
with the nonsteroidal aromatase inhibitor vorozole (4.8 mg/kg body
weight; Janssen Pharmaceutica, Beerse, Belgium) (Wouters et al., 1993).
The other half received the vehicle solution (mix of polyethylene glycol
and 0.9% saline, 3/1 v/v; also used for all steroids injected in this study).
The foot-withdrawal latency was recorded in all subjects 20 min after
injection. One week later, the test was repeated, but the treatment was
reversed for each bird. In a second experiment, the same subjects (CX,
CX plus T, and CX plus E2) were used to test with the same protocol the
rapid effect of intraperitoneal E2 (4.4 mg of E2 per kilogram of body
weight) or its vehicle.

Intrathecal cannulation. Gonadally intact male quail (n = 28) were
deeply anesthetized with a mix of ketamine, xylazine, and 0.9% saline.
The lumbar area of the back was plucked and painted with a local anes-
thetic. The skin was incised along the lumbar spine on alength of 2 cm. At
this level, vertebrae (thoracic 5 to sacral 2) are fused to form the synsa-
crum. A hole (diameter, 1 mm) was drilled in the rostrodorsal part of the
synsacrum, and the subjacent membrane was delicately incised. A per-
manent indwelling cannula (inner diameter, 0.28 mm; outer diameter,
0.61 mm; total length, 3 cmj; filled with vehicle; Becton Dickinson,
Mountain View, CA) was inserted into the subarachnoid space caudally
through the drilled hole for 8 mm [i.e., until it reached the spinal seg-
ments innervating the foot (lumbar 2—6)]. The cannula was secured with
dental cement, the skin was sutured, and the subject was returned to its
home cage after complete awakening. Its recovery was monitored daily
for 1 week before starting experiments. Seven birds displaying locomotor
deficits were removed from the experiment. In the other birds (n = 21),
the foot-withdrawal latency measured before and 1 week after surgery at
54°C was not significantly changed (before, 2.56 * 0.5 sec; after, 2.47 =
0.4 sec). At the end of the experiment, subjects were killed, and the
position of the cannula was verified by a careful dissection. In all cases in
which no locomotor dysfunction was noticed (n = 21), the cannula was
positioned along the midline without lesion of the spinal cord.

Intracerebroventricular cannulation. Ten gonadally intact male quail
were deeply anesthetized with a mix of ketamine, xylazine, and 0.9%
saline and placed in a stereotaxic apparatus with a pigeon head holder. A
permanent cannula was inserted under stereotaxic control in the third
ventricle as described previously (Castagna et al., 1998).

Experiments with intrathecally and intracerebroventricularly cannulated
subjects. All intrathecal injections had a volume of 5 ul of solution that
was injected into the lumbar subarachnoid space. Each injection was
followed by a 7 ul vehicle flush. In a first experiment, all birds received an
intrathecal injection of vorozole (15 ug per 5 ul; half of the subjects) or of
its vehicle solution (5 ul). The responsiveness to hot water was measured
before and 1, 5, and 30 min after injection. One week later, the same test
was repeated, but treatments were reversed in each subject. In the second
and third experiments, the same procedure was used to test the effect of
1,4,6-androstatriene-3,17-dione (ATD) (15 pg/5 ul; same vehicle) and
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Figure 1. Peripheral treatment with an aromatase inhibitor or with E2 rapidly increases or
decreases, respectively, withdrawal latency from a 54°Cwater bath. A, Foot-withdrawal latency
in the hot water test in castrated subjects with empty, T-filled, or E2-filled subcutaneous im-
plants 20 min after an intraperitoneal injection of vorozole or its vehicle. B, Foot-withdrawal
latency in the same subjects 20 min after an intraperitoneal injection of E2 or its vehicle. Tukey's
tests; °p << 0.01 and *p << 0.05 versus castrates submitted to the same acute treatment; *p <
0.01 versus vehicle-injected birds submitted to the same chronic treatment.

E2 (4 ug/5 pl; same vehicle), respectively, instead of vorozole. Finally,
this protocol was used again in a fourth experiment in which half of the
subjects received an injection of vorozole, whereas the other half received
an injection of vorozole (15 ug/5 ul) mixed with E2 (4 ug/5 ul).

In addition, 10 gonadally intact males with intracerebroventricular
cannulas were injected into the third ventricle with either vorozole (30
pg/l ul; n = 5) orits vehicle (n = 5). Their foot-withdrawal latency from
54°C water was measured as above.

Results

Experiments with CX, CX plus T, and CX plus E2 birds

As expected from our previous work (Evrard and Balthazart,
2004), chronic treatments with T or E2 in castrates decreased the
foot-withdrawal latency compared with castrates with empty im-
plants (Fig. 1 A, B). However, 20 min after an intraperitoneal in-
jection of vorozole, the latency was markedly increased in CX
plus T but not in CX plus E2 or CX subjects (chronic treatment,
F514) = 18.338, p = 0.0001; acute treatment, F; ;4 = 8.753,p =
0.0104; interaction, F(, 4y = 6.662, p = 0.0093; results of the
Tukey’s post hoc tests are shown in figures) (Fig. 1 A). Conversely,
20 min after its injection, E2 significantly reduced the withdrawal
latency (chronic treatment, F(, 5, = 25.749, p = 0.0001; acute
treatment, F(, 5, = 30.491, p = 0.0001; interaction, F,,5 =
18.459, p = 0.0001) (Fig. 1 B) in CX males displaying, in control
conditions, a latency significantly higher than in gonadally intact
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or steroid-implanted birds (Evrard and Balthazart, 2004). In CX
plus T or CX plus E2 birds, the latency was not further decreased
by the acute E2 injection, presumably because the estrogen-
sensitive mechanisms underlying the change in responsiveness
were already saturated in these birds or the latency had reached
the lowest possible value.

Experiments with intrathecal and intracerebroventricular
cannulated birds

To test whether the effect of systemic vorozole on pain response
resulted from an inhibition of the spinal aromatase, vorozole was
directly injected into the lumbar subarachnoid space in gonadally
intact males with high endogenous levels of plasma T. Compared
with vehicle-treated birds, the latencies in vorozole-treated birds
increased significantly 1 and 5 min after injection (time effect,
F501) = 19.362, p < 0.0001; intrathecal injection effect, F(, ;) =
22.709, p = 0.0020; interaction, F 5 ,;, = 10.700, p = 0.0002) (Fig.
2A). This effect vanished after 30 min. Furthermore, with the
same protocol, ATD, another very specific aromatase inhibitor
structurally unrelated to vorozole, induced similar effects on the
latency (time effect, F(;,,, = 18.008, p < 0.0001; intrathecal in-
jection effect, F(, ;) = 12.782, p = 0.0090; interaction, F; ,,, =
6.329, p = 0.0032) (Fig. 2B). As expected from the experiment
using intraperitoneal injections, E2 alone had no effect on the
latency (time effect, F 5 ,;, = 1.103, p = 0.3736; intrathecal injec-
tion effect, F(, ;) = 0.392, p = 0.5545; interaction, F; ,,, = 0.795,
p = 0.5126) (Fig. 2C). However, to further test the neurochemical
specificity of the effect of vorozole, we also coinjected E2 and
vorozole into the spinal cord and measured latency as before.
Vorozole injected alone induced the aforementioned increase in
latency. However, when simultaneously injected, vorozole and
E2 failed to alter latencies, indicating that the behavioral effects of
the aromatase inhibitors were effectively caused by the local de-
pletion of the E2 concentration (time effect, F(; 5,y = 9.952, p =
0.0002; intrathecal injection effect, F(, 4y = 7.430, p = 0.0260;
interaction, F;,, = 5.833, p = 0.0038) (Fig. 2D). In contrast
with intrathecal injections, intracerebroventricular injections of
vorozole into the third ventricle did not affect the foot-withdrawal
latency from hot water, suggesting that vorozole exerted its effects
locally in the spinal cord and not through diffusion to the brain after
an intrathecal injection (time effect, F;,,) = 0.392, p = 0.1188;
vorozole effect, F, ;) = 3.058, p = 0.1238; interaction, F;,,) =
1.178, p = 0.3419) (Fig. 2E).

Discussion

Rapid effects of spinally synthesized estrogens on pain

For several years, evidence has accumulated indicating that T and
E2 regulate nociception in males and females in humans (Dao and
LeResche, 2000; Fillingim, 2000), monkeys (Negus and Mello,
1999), rodents (Amandusson et al., 1999; Nayebi and Ahmadiani,
1999; Liu and Gintzler, 2000; Khasar et al., 2003), and birds (Evrard
and Balthazart, 2003, 2004; Hau et al., 2004). To date, only genomic

<«

Figure2.  Spinal aromatase inhibition results in a rapid increase of foot-withdrawal latency
from a 54°Cwater bath; this effect is bypassed by E2. A-C, Latency in gonadally intact subjects
beforeand 1,5, and 30 min after an intrathecal (i.t.) injection of vorozole ( A), ATD ( B), or E2 ( ()
orafterinjection of the corresponding vehicle. D, Latency in gonadally intact subjects before and
1,5, and 30 min after an intrathecal injection of vorozole alone or mixed with E2. £, Latency in
gonadally intact subjects before and 1, 5, and 30 min after an intracerebroventricular (i.c.v.)
injection of vorozole or its vehicle. Tukey's tests; *p << 0.01 versus 0 and 30 min after the same
treatment; °p << 0.01 versus other condition after the same amount of time; *p << 0.05 versus
5 min after the same treatment.
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actions of estrogens have been reported for the regulation of pain
behaviors. The present study shows that E2 can also rapidly modu-
late behavioral responsiveness to a painful stimulus at the spinal
level; importantly, it also demonstrates that this rapid effect depends
on rapid control of local aromatization of androgens into estrogens
directly in the spinal cord.

This study suggests that the effect of T on nociception in males
(Khasar et al., 2003; Hau et al., 2004) requires, at least in part,
aromatization into E2, and this aromatization could control
T-dependent pains in men (e.g., cluster headache) (Klimek,
1985). The vernal increase in plasma T concentration and brain
aromatization activates male reproductive behaviors. In addi-
tion, the seasonal rise in plasma T in males could have a profound
effect on nociceptive thresholds and thereby indirectly play a role
in the success of reproduction. For instance, it has been proposed
recently that a function of T during male aggressive encounters
would be to increase and/or decrease nociception, which could
modulate the willingness to engage in and sustain high-intensity
fights (Evrard and Balthazart, 2003; Hau et al., 2004).

Aromatase is also expressed in the female spinal cord at the
same level as in males, without sex difference in the number or
distribution of aromatase-immunoreactive cells between sexes
and aromatase activity (Evrard et al., 2000, 2001). Spinal E2 could
therefore play a role in the estrogenic regulation of nociception in
females, including aging females with lower gonadal estrogen
production. During reproduction, the estrogenic regulation of
pain in females potentiates the spinally mediated analgesia dur-
ing sexual intercourse and pregnancy (Komisaruk and Whipple,
2000; Gintzler and Liu, 2001). On the other hand, from a clinical
perspective, its dysfunction could result in severe pain condi-
tions, including dyspareunia, migraine, fibromyalgia, and irrita-
ble bowel syndrome (Fillingim, 2000). Whether spinal aromatase
and rapid E2 effects regulate the sensory system during reproduc-
tion and in steroid-dependent pain conditions is currently under
investigation.

Possible targets for the rapid effects of estrogens in the

spinal cord

In the rat hippocampus, E2 rapidly potentiated glutamate
(kainate)-induced currents through a second-messenger cascade
(Gu et al., 1999). In guinea pig hypothalamic neurons, the acti-
vation by E2 of a unique Gg-protein-coupled mER reduced,
within minutes, the potency of GABAj and opioid receptor ago-
nists to activate G-protein coupled to inwardly rectifying K™
channels (GIRKs) (Kelly et al., 1992; Qiu et al., 2003). Interest-
ingly, in the spinal dorsal horn, both kainate-induced currents
and activation of GIRKs by GABA or opioids play a crucial role in
the activation of the central pain pathways and in analgesia, re-
spectively (Li et al., 1999; Blednov et al., 2003; Mitrovic et al.,
2003). Therefore, the marked decrease in skin sensitivity induced
immediately after an inhibition of spinal aromatase and its coun-
terbalancing by E2 point to new mechanisms through which spi-
nal kainate receptor-mediated pain and GIRK-dependent anal-
gesia could be rapidly regulated [for additional discussion on the
endogenous inhibition of spinal AA see, Evrard et al. (2003)].

Expression of aromatase in the spinal cord of other species

The phylogenic divergence of avian and mammalian species oc-
curred hundreds of millions of years ago (Benton and Ayala,
2003). Nevertheless, despite expected differences (Jordt and
Julius, 2002), the similar organization and function of the spinal
dorsal horn in both classes suggests a good conservation of the
basic spinal mechanisms of nociception (Butler and Hodos, 1996;
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Necker, 2000). Moreover, the effects of E2 on nociception and the
presence of ER« in the spinal laminas I-III in birds and rodents
also hint at a well conserved steroid-dependent regulation of no-
ciception (Evrard and Balthazart, 2002b, 2004). Whether this
apparent conservation includes spinal aromatization and non-
genomic effects of spinally synthesized E2 is currently under in-
vestigation. We already demonstrated the presence of aromatase-
immunoreactive structures in the spinal dorsal horn in snakes
and rodents (rats and mice, laminas I-11, V, and X, and the lateral
spinal nucleus) (Evrard et al., 2001; Huynh and Krohmer, 2002)
(H. C. Evrard, J. Balthazart, and M. S. Erskine, unpublished ob-
servations), and we are now assessing in rodents whether this
immunoreactive aromatase represents physiologically active en-
zyme capable of rapidly altering nociception.

Effects of locally produced estrogens at the organismic level
and on other brain and bodily functions

Previous studies described the rapid effects of exogenous E2 on
the excitability of neurons in vitro, whereas the present work
reports the effects of endogenous estrogens on a behavioral end-
point and thereby indicates that, to date, observations made at
the cellular level are also true at the organismic level. Rapid effects
of estrogens occur in multiple areas of the nervous system [e.g.,
hypothalamus (Qiu et al., 2003), hippocampus (Gu et al., 1999),
and neostriatum (Mermelstein et al., 1996)], in various periph-
eral tissues [e.g., adipocytes (Dos Santos et al., 2002) and gametes
(Morley etal., 1992; Luconi et al., 2001)], and in tumors (Aronica
et al., 1994; Huang and Jan, 2001). Previously, studies of these
effects were based on the application of exogenous E2 and did not
provide information regarding the origin of estrogens that induce
rapid effects in vivo. Although this origin is often attributed to the
gonads, various studies have reported that circulating concentra-
tions of E2 were insufficient to trigger rapid effects in neurons
(Kelly and Ronnekleiv, 2002). Moreover, the ubiquitous and pas-
sive diffusion of gonadal estrogens in the body does not readily
provide a mechanism through which E2 concentration could be
acutely raised within a discrete area and at a precise moment. In
contrast, the fast regulation of local aromatization could finely
tune local E2 bioavailability and thereby efficiently control the
kinetics of E2 membrane actions. The present results demon-
strate that the expression of aromatase in the vicinity of cells
sensitive to rapid estrogen effects can occur and that the rapid
effects of E2 may depend on local aromatization.
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