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Activation of Opioid Receptor Like-1 Receptor in the Spinal
Cord Produces Sex-Specific Antinociception in the Rat:
Estrogen Attenuates Antinociception in the Female, whereas
Testosterone Is Required for the Expression of
Antinociception in the Male
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Sex-related differences in the perception and modulation of pain have been reported. The present study is the first to investigate
systematically whether activation of opioid receptor-like 1 receptor (ORL1 ) by orphanin FQ (OFQ) produces sex-specific modulation of
spinal nociception and whether estrogen or testosterone contributes to these differences using the rat as an experimental animal. Two
behavioral models, the NMDA and heat-induced nociceptive tests, were used to examine sex-specific modulation of spinal nociception.
Intrathecal microinjection of OFQ in male, ovariectomized (OVX), and diestrous rats produced a significant antinociceptive effect on
both tests. However, OFQ failed to produce antinociception in proestrous rats, the phase of the estrous cycle with the highest levels of
circulating estradiol, and produced a dose-dependent effect in OVX females treated with 1 ng to 100 �g of estradiol. The antinociceptive
effects of OFQ were dose dependent in male and OVX animals and were reversibly antagonized by UFP-101 ([Nphe 1,Arg 14,Lys 15]N/
OFQ(1–13)-NH2 ), an ORL1 receptor-selective antagonist. Interestingly, OFQ was ineffective in gonadectomized (GDX) males, whereas
testosterone replacement restored the antinociceptive effect of OFQ in GDX males. We conclude that OFQ produces sex-specific modu-
lation of spinal nociception; estrogen attenuates antinociception in the female in parallel with normal cycling of estrogen levels, and
testosterone is required for the expression of antinociception in the male; thus, the sensitivity of the male to the antinociceptive effects of
OFQ is not simply attributable to the intrinsically low estrogen levels in these animals.
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Introduction
Sex-related differences have been reported in the perception and
modulation of pain. Women exhibit enhanced sensitivity to ex-
perimental pain (for review, see Fillingim and Maixner, 1995)
and experience a greater prevalence of pain disorders (Fillingim
and Maixner, 1995) (for review, see Berkley, 1997). Sex-related
differences in pain modulation by activation of G-protein-
coupled receptors such as opioid (� and �) and �2 noradrenergic
receptors have been demonstrated in human and animal studies
(Gear et al., 1996; Mitrovic et al., 2003; Mogil et al., 2003; Fill-
ingim and Gear, 2004; Nag and Mokha, 2006; Peckham and
Traynor, 2006).

The present study focuses on orphanin FQ (OFQ) (Meunier et
al., 1995; Reinscheid et al., 1995), an endogenous ligand for the

opioid receptor-like-1 receptor (ORL1) (Bunzow et al., 1994,
Mollereau et al., 1994). Although ORL1 shares substantial homol-
ogy with the classical opioid receptors (�, �, and �) (Chen et al.,
1994; Mollereau et al., 1994), OFQ displays low affinity for the
classical opioid receptors, and, reciprocally, agonists of classical
opioid receptors display low affinity for the ORL1 receptor
(Mollereau et al., 1994; Mogil and Pasternak, 2001).

The ORL1 receptor is expressed in the superficial laminas of
the spinal dorsal horn, an area involved in receiving and process-
ing nociceptive information (Bunzow et al., 1994; Mollereau et
al., 1994, 1996) (for review, see Mogil and Pasternak, 2001). OFQ
has been reported to produce pronociceptive or antinociceptive
effects, depending on the route of administration (Meunier et al.,
1995; Reinscheid et al., 1995; Erb et al., 1997; Caló et al., 2000).
Intracerebroventricular administration of OFQ has been re-
ported to produce (1) hyperalgesia (Meunier et al., 1995; Rein-
scheid et al., 1995; Wang et al., 1999), (2) hyperalgesia followed
by analgesia (Rossi et al., 1996), and (3) reversal of opioid-
induced analgesia (Grisel et al., 1996; Mogil et al., 1996; Hein-
richer et al., 1997; Bertorelli et al., 1999). However, a consensus
has emerged that intrathecal application of OFQ into the spinal
cord primarily produces analgesia (Xu et al., 1996; King et al.,
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1997; Yamamoto and Nozaki-Taguchi, 1997; Yamamoto et al.,
1997, 1999; Hao and Ogawa, 1998; Hao et al., 1998; Wang et al.,
1999; Yamamoto and Sakashita, 1999) (for review, see Mogil and
Pasternak, 2001; Meunier, 2003). Whether activation of ORL1 in the
spinal cord produces sex-specific modulation of nociception re-
mains unknown.

The present investigation was designed to examine whether
OFQ produces sex-specific modulation of spinal nociception in
the rat using two complementary behavioral measures of noci-
ception: NMDA-induced nociceptive scratching, biting, and lick-
ing behavior assay (Aanonsen and Wilcox, 1987) and the noxious
heat-induced tail-flick reflex (D’Amour and Smith, 1941). The
role of the gonadal steroids estrogen and testosterone in modu-
lating this nociception also was determined.

Materials and Methods
Animals. The experimental groups consisted of male, female gonadecto-
mized (GDX) male, and ovariectomized (OVX) female Sprague Dawley
rats (Harlan Sprague Dawley, Indianapolis, IN). The animals were
housed in the Meharry Medical College animal care facility certified by
the American Association for the Accreditation of Laboratory Animal
Care under a 12 h light/dark cycle (lights on at 7:00 AM and lights off at
7:00 PM). Food and water were available ad libitum. The experimental
protocols were approved by the Institutional Animal Care and Use Com-
mittee of Meharry Medical College and abided by the established guide-
lines of the National Research Council Guide for the Care and Use of
Laboratory Animals.

Estrous cycle stages were determined by the standard vaginal smear
test. Female rats were operated on in the diestrous (DiE) phase and
underwent nociceptive testing after having established two regular ovar-
ian cycles.

Implantation of intrathecal cannulas. Cannulas were implanted in an-
imals under ketamine and xylazine anesthesia (72 and 4 mg/kg, i.p.,
respectively). The head of the rat was secured in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA), and an incision was made
above the atlantooccipital membrane, which was cleared to expose the
dura. A stretched polyethylene-10 cannula (Intramedic; dead volume, 10
�l; Clay Adams, Parsippany, NJ) was inserted into the subarachnoid
space through a small slit in the dura. The cannula was gently pushed to
a length of 8.5 cm to reach the lumbosacral enlargement and was secured
with dental cement to the base of the skull. The wound was sutured and
the animal was placed on a heating blanket until it regained conscious-
ness. Animals were allowed to recover for 5–7 d before undergoing no-
ciceptive testing. The position of the cannula was confirmed, at the end of
testing, by administering 15 �l of 2% lidocaine, which temporarily par-
alyzed the animal’s hindlimbs. Animals showing any neurological im-
pairment were killed immediately.

Estrogen/testosterone replacement. OVX and GDX animals were ob-
tained from Harlan Sprague Dawley and were given a 2 week recovery
period before surgical implantation of cannulas. OVX rats that were to
receive exogenous estrogen received a single dose of estradiol benzoate (1
ng, 10 ng, 1 �g, 10 �g, or 100 �g/100 �l sesame oil, s.c.) 48 h before
testing. This regimen (single subcutaneous injection) has been used pre-
viously in neuroendocrinology (Berglund et al., 1988; Priest et al., 1995)
and in the pain field (Ji et al., 2003, 2005). The rationale for using a 100 �g
dose of estradiol for most of our experiments was that this dose is known
to most reliably induce lordosis behavior in rats (for review, see Clark,
1993a). GDX males to be assessed for the impact of exogenous testoster-
one were given testosterone propionate (250 �g/100 �l sesame oil, s.c.)
24 h before nociceptive testing. This dose of testosterone has been shown
to induce maximum copulatory behavior in castrated male rats (Clark,
1993b). Control animal groups received vehicle injections (100 �l of
sesame oil, s.c.). At the end of experiments, OVX and GDX animals were
randomly operated and inspected for complete removal of gonads. We
previously measured serum estradiol concentrations in OVX rats treated
with varying doses of estradiol (OVX�E) and at different time points
after injection (Nag and Mokha, 2006). Here we also measured these

levels in normally cycling females at proestrous (ProE) and diestrous
stages (63.28 � 4.32 and 32.59 � 3.09 pg/ml, respectively; n � 6 per
group). The estrogen levels were found to be within physiological range
48 h after estradiol injection, the time point when all nociceptive testing
is conducted. Furthermore, estradiol levels at this time point after the 100
�g dose of estrogen were similar to that reported previously in normally
cycling females at the proestrous stage (Butcher et al., 1974).

OFQ and UFP-101. Three doses of OFQ (2.5, 5, and 10 nmol/10 �l, i.t.)
were administered in separate groups of male and OVX animals, and the
effects were examined on the thermal stimulus-induced tail-flick reflex.
UFP-101 ([Nphe 1,Arg 14,Lys 15]N/OFQ(1–13)-NH2) (10 nmol/5 �l,
i.t.), an ORL1 antagonist, was administered 4 min before administration
of OFQ (5 nmol/10 �l, i.t.) in male and OVX female rats.

All chemicals were obtained from Sigma (St. Louis, MO) except for
UFP-101 (Tocris Cookson, Ballwin, MO).

NMDA-induced nociception. NMDA (4 nmol/10 �l) (Aanonsen and
Wilcox, 1987) was injected into the lumbar spinal cord through the
implanted cannulas followed by 10 �l of sterile saline. NMDA induced
intense scratching/biting/licking behavior that lasted up to 4 min. The
number of scratches/bites aimed at the hindlimb area, the latency to
scratching behavior, and the duration of the scratching behavior were
manually recorded. Higher doses of NMDA resulted in clearly aversive
behavior (escape attempts and vocalizations) in pilot experiments and
therefore were excluded. OFQ (10 nmol/10 �l, i.t.) was administered 10
min before administration of NMDA (4 nmol/10 �l).

Tail-flick test. Tail-flick latency (TFL) (D’Amour and Smith, 1941) was
measured automatically by a tail-flick analgesia meter (model 33T; IITC
Life Science, Woodland Hills, CA). Animals were loosely restrained in a
Plexiglas cylinder with the dorsal surface of the tail exposed to a radiant
heat source mounted 8 cm above the cylinder. A beam of focused radiant
heat was applied 3–7 cm from the tip of the rat’s tail; the radiant heat was
applied at three separate spots to prevent sensitization as a result of
heating the same spot in succession. An automatic cutoff latency of 15 s
was set to prevent tissue damage. Before the tail-flick test, the animals
were allowed to acclimate to the restraint cylinder for 15 min. The heat
intensity was adjusted to produce a baseline TFL of between 3 and 5 s.
Three baseline readings were taken at 2 min intervals before intrathecal
injection of OFQ. TFLs were determined every 2 min for 20 min after
injection of OFQ.

Data analysis. Data were analyzed using SPSS software (SPSS, Chicago,
IL). All measures were submitted to ANOVA with appropriate between-
group (sex, drugs) and within-group (time course) factors and depen-
dent variables (number of scratches, latency, duration, TFL). Data ob-
tained in tail-flick studies were submitted to ANOVA corrected for
repeated measures. A post hoc (Tukey’s) test was performed when neces-
sary for intergroup comparisons. A p value of �0.05 was considered
significant. Data were plotted as mean � SEM.

Results
NMDA induces comparable nociceptive behavior in males
and females
To assess whether perception of pain per se differs between sexes,
we evaluated whether intrathecal injection of NMDA (4 nmol/10
�l) induces similar scratching behavior in male and female rats.
As shown in Figure 1, we observed that the number of scratches
(Fig. 1A) and the duration of scratching behavior (Fig. 1B) in-
duced by NMDA were comparable for male rats, ovariectomized
females, and OVX females treated with estradiol. These findings
provide evidence that the perception of pain as measured in our
studies does not intrinsically differ between the sexes in the absence
of modulators of pain perception, such as antinociceptive agents.

Estrogen-dependent modulation of NMDA-induced
nociceptive behavior by OFQ
The ability of OFQ to diminish NMDA-induced nociception was
evaluated in our various experimental groups. OFQ (10 nmol/10
�l, i.t.), administered intrathecally 10 min before NMDA, signif-
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icantly decreased the number of scratches in
the male (55%) and OVX (35%) groups
(Fig. 1A). It also reduced the duration of
scratching in the male (46%) and OVX
(29%) groups (Fig. 1B). In contrast, no sig-
nificant effects of OFQ were observed on ei-
ther the number or duration of NMDA-
induced scratching behavior in estradiol-
treated (100 �g/100 �l sesame oil, s.c.) OVX
groups (Fig. 1). These data demonstrate that
OFQ failed to produce antinociception in
the presence of estrogen and thus reveal dra-
matic estrogen-dependent modulation of
antinociceptive actions.

Estrogen produces dose-dependent
effects on OFQ-induced antinociception
To assess the “threshold” of estradiol levels
that eliminates the antinociceptive effects
of OFQ, the effects of OFQ were tested on
NMDA-induced nociceptive behavior in
OVX animals treated with estradiol benzo-
ate over a range of 1 ng to 100 �g of ad-
ministered estrogen. As shown in Figure 2,
OFQ failed to produce antinociception at
10 ng to 100 �g doses of estradiol. The
number of scratches or duration of scratching (data not shown)
induced by NMDA in OVX animals treated with 10 ng, 1 �g, 10
�g, or 100 �g estradiol did not significantly differ from their
respective NMDA-only controls. However, estrogen at the 1 ng
dose failed to attenuate the effects of OFQ. OFQ significantly
reduced the number of NMDA-induced scratches and duration
of scratching (data not shown) at this dose.

Estrogen-dependent modulation of thermal stimulus-evoked
tail-flick reflex by OFQ
To determine whether estrogen-dependent modulation of the
antinociceptive effects of OFQ were generalizable beyond the in-
trathecal NMDA-induced scratching behaviors, the effects of
OFQ were tested on the thermal stimulus evoked tail-flick reflex.
Predrug baseline TFLs were comparable (3–5 s) among male,
OVX, OVX�E, ProE, and DiE groups (Fig. 3), confirming that
the intrinsic perception of pain did not differ among our exper-
imental groups. OFQ, given intrathecally at time 0 min, produced
a significant increase in the TFL in male and OVX groups (Fig.
3A), whereas injection of vehicle did not. The effects of OFQ
appeared within 2– 4 min after injection, peaked at 6 –10 min,
and persisted for �20 min. In contrast, OFQ failed to signifi-
cantly alter the TFL in the OVX�E group (Fig. 3A).

It was important to establish whether or not these dramatic ef-
fects of estrogen to prevent the antinociceptive effects of OFQ would
be relevant in the context of the varying estrogen levels that accom-
pany the estrous cycle in rats. Thus, we assessed whether OFQ pro-
duces estrogen-dependent modulation of nociception in normally
cycling females during phases of high (proestrous) or low (diestrous)
estrogen. As shown in Figure 3B, OFQ significantly increased TFL in
DiE females but not in ProE animals. These are important findings,
because they demonstrate that the in vivo cycling of estrogen levels in
female animals is sufficient to alter response to the antinociceptive
effects of OFQ, although our control studies indicate that the intrin-
sic perception of pain is not altered in cycling female rats not exposed
to antinociceptive agents (see baseline).

The effects of OFQ are dose dependent
To assess whether the antinociceptive effect of OFQ is dose de-
pendent, we evaluated the impact of increasing doses of OFQ
(2.5, 5, and 10 nmol) on tail-flick latency. OFQ did not alter TFL
at the lowest dose evaluated (2.5 nmol) (Fig. 4A) but did so at
higher doses. Moreover, the highest dose of OFQ tested (10
nmol) produced an immediate maximal increase in TFL com-
pared with 5 nmol, which reached the maximal antinociceptive
effect in both males and OVX females.

Figure 1. Intrathecal OFQ administration significantly reduces the NMDA-induced behavior in male and OVX rats. NMDA (4
nmol/10 �l) injection resulted in scratching behavior (A, number of scratches; B, duration of scratching) that was comparable
among male, OVX, and OVX�E groups (F(2,16) � 1; not significant for duration and scratches). OFQ, administered intrathecally 10
min before NMDA, significantly decreased the number of scratches and duration of scratching in the male and OVX groups. ANOVA
yielded significant main effects of group and drug on the number of scratches and duration (minimum F(2,43) � 4.46; p � 0.02)
as well as an interaction between these two factors (F(4,43) � 5.47 for scratches and 3.75 for duration; p � 0.02). Post hoc analysis
revealed that, although OFQ significantly reduced the number of scratches and duration in male and OVX groups (all p � 0.05), it
failed to produce any effect in the OVX�E group compared with respective control groups [NMDA alone or vehicle plus NMDA
(veh�NMDA)]. Furthermore, the number and duration of NMDA-induced scratching in OVX�E animals given OFQ remained
significantly higher compared with the male and OVX groups given OFQ (all post hoc p � 0.05). *p � 0.05.

Figure 2. Estrogen attenuates the antinociceptive effect of OFQ in OVX females only at high
doses (10 ng, 1 �g, 10 �g, or 100 �g) but not at the lowest dose (1 ng). Significant main effects
of estrogen dose on NMDA-induced scratches (F(11,70) � 10.69; p � 0.01) and duration
(F(11,70) � 3.89; p � 0.01; data not shown) were obtained on ANOVA. Post hoc test revealed
that, although OFQ significantly reduced the number of NMDA-induced scratches in OVX ani-
mals treated with vehicle (sesame oil) and 1 ng of estradiol, it failed to reduce it in other groups
given higher doses of estradiol (10 ng to 100 �g). *p � 0.01 compared with NMDA control.

13050 • J. Neurosci., December 13, 2006 • 26(50):13048 –13053 Claiborne et al. • ORL1 and Sex Differences in Pain



An antagonist selective for the ORL1 receptor blocks the
antinociceptive effects of OFQ
To determine whether the ORL1 receptor mediated or contrib-
uted to the antinociceptive effects produced by OFQ, we exam-
ined the effect of pretreatment of animals with UFP-101, a selec-
tive ORL1 receptor antagonist, on changes in tail-flick latency
produced by OFQ. UFP-101 (10 nmol/5 �l, i.t.) administered 4
min before OFQ completely blocked the antinociceptive effect of
OFQ in the male and OVX groups and restored TFL to the base-
line levels (Fig. 4B). In contrast, UFP-101 administered alone did
not result in any significant change in TFL from baseline. These
data are consistent with the interpretation that activation of the
ORL1 receptor is involved in the antinociceptive effects of OFQ
evaluated in these studies.

Testosterone is required for the expression of the
antinociceptive effects of OFQ in male rats
To determine whether testosterone plays a role in the antinoci-
ceptive effects of OFQ in the male, experiments were conducted

on GDX males, testosterone-treated GDX males, and estrogen-
treated GDX males. Gonadectomy in males eliminated the an-
tinociceptive effects of OFQ (Fig. 5). However, testosterone re-
placement in GDX males 24 h before behavioral testing restored
the antinociceptive effects produced by OFQ.

Figure 3. OFQ reduces thermal nociception in male, DiE, and OVX animals but not in
proestrous or OVX�E rats. A, The baseline tail-flick latencies in all groups were comparable. A
repeated-measures ANOVA yielded significant main effects of time (F(12,216) � 8.98; p � 0.01)
and group (F(4,18) � 12.97; p � 0.01). Post hoc comparisons indicated that OFQ (given at time
0 min) produced significant increases in tail-flick latencies starting at time 4 min in male and
OVX groups compared with the baseline latencies or their respective vehicle-treated controls
(all p � 0.05). This antinociceptive effect of OFQ persisted for up to 20 min. In contrast, the
effects of OFQ were not seen in the estradiol-treated OVX�E group. B, In normally cycling
females, OFQ significantly increased the TFL at DiE but not at ProE stage. Repeated-measures
AVOVA showed a significant main effect of time (F(12,84) � 68.85; p � 0.01) and group
(F(1,7) � 368; p � 0.01). Post hoc comparisons revealed that, although OFQ significantly in-
creased TFL in the DiE group at all time points after intrathecal administration (all p � 0.01), it
had no effect in the ProE group, and the TFL after OFQ remained similar to baseline latencies.
Postinjection TFL did not differ from baseline TFL in any group, and there were no significant
main effects of time (F(12,120) � 1.31; NS) or group (F(3,10) � 1; NS)

Figure 4. A, OFQ produces dose-dependent antinociceptive effects in male and OVX rats. A
dose–response study revealed that OFQ significantly increased the TFL in male and OVX groups
at 5 and 10 nmol doses but not at 2.5 nmol. In contrast, effects of OFQ were not seen regardless
of its dose in the OVX�E group. ANOVA yielded significant main effects of time (F(12,444) �
51.49; p � 0.01), group (F(2,37) � 47.93; p � 0.01), and OFQ dose (F(2,37) � 36.31; p � 0.01)
and an interaction between the latter two (F(4,37) � 17.03; p � 0.01). Post hoc comparisons
revealed that OFQ had significantly increased the TFL in male and OVX groups only and at doses
of 5 and 10 nmol compared with baseline. It did not alter the TFL in all groups at the 2.5 nmol
dose and in the OVX�E group regardless of the dose (all p � 0.05). B, UFP-101 (10 nmol/5 �l,
i.t.), an ORL1 receptor antagonist, given 4 min before OFQ completely abolished the antinoci-
ceptive effects of OFQ in male and OVX groups.

Figure 5. Testosterone is required for the expression of the antinociceptive effect in the
male. OFQ failed to produce antinociception in gonadectomized males. Testosterone replace-
ment in GDX males (GDX�T) restored the antinociceptive effects of OFQ. Overall ANOVA indi-
cated a significant main effect of time (F(12,204) � 21.99; p � 0.01) and group (F(3,17) �
220.97; p � 0.01). Post hoc comparisons revealed that, although OFQ did not alter TFL in GDX
and GDX�E groups, it significantly increased the TFL in the GDX�T group at postinjection time
points 2–20 min (all p � 0.05).
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For the purposes of comparison with our studies in the female,
we examined whether estrogen (100 �g/100 �l) administered to
GDX males would alter the effect of OFQ in these animals (Fig.
5). It was of interest, but perhaps predictable, that administration
of estrogen to GDX males did not alter the lack of ability of OFQ
to produce antinociception in GDX males. The effect of estrogen
in intact males was not tested because estrogen is known to in-
hibit testosterone synthesis.

Discussion
This study is the first to demonstrate two important findings
regarding sex-dependent response to antinociceptive agents.
First, we demonstrated that estrogen attenuates the antinocicep-
tive effect produced by OFQ activation in the spinal cord in the
female and that this regulation by estrogen occurs in response to
changes in endogenous estrogen that occur normally in estrous
cycle in the female. Second, OFQ-induced antinociception in the
male requires testosterone to be present, which demonstrates that
the pronounced antinociceptive response to OFQ in the male is
not simply a reflection of the absence of estrogen, or low levels of
estrogen, in these animals. These results have considerable impor-
tance for the design and administration of antinociceptive agents to
be used in women, postmenopausal women, and aging men.

The current findings with the NMDA-induced nociception
are consistent with our previous observations in the trigeminal
system (Flores et al., 2001), which showed that OFQ reduced the
NMDA-evoked responses of trigeminal nociceptive neurons and
NMDA-induced nociceptive behavior in male and OVX animals.
However, the present study advances those previous findings in
four important ways. First, the present study used a dose–re-
sponse study with lower doses (1 ng, 10 ng, 1 �g, 10 �g, and 100
�g) of estrogen that achieve circulating levels of estradiol that
mimic the physiological range (Nag and Mokha, 2006), whereas
the previous study used a single high dose of estrogen (400 �g)
(Flores et al., 2001). Second, the present study explored the con-
tribution of the ORL1 receptor in mediating the antinociceptive
effects of OFQ. Third, the present study included a natural
stimulus-induced thermal nociceptive test to complement the
NMDA-induced nociceptive test. Fourth, the present study also
revealed the important role of testosterone in mediating the an-
tinociceptive effects of OFQ in the male.

There were no differences in the basal nociception, i.e.,
NMDA-induced nociceptive behavior or baseline tail-flick laten-
cies before drug treatment was similar between sexes. This could
be attributable to the intense nature of the noxious stimuli
(NMDA or thermal) used in the present study. Similarly, the fact
that UFP-101, an ORL1 receptor antagonist, did not have an ef-
fect on nociception by itself, could also be attributable to the
suprathreshold acute thermal stimulus used. The subtle differ-
ences in basal nociception as well as antinociception produced by
endogenously released OFQ may require mild nociceptive stim-
uli and will need additional investigation that is beyond the scope
of the present study.

Our finding that OFQ is antinociceptive in males is consistent
with the evidence provided in previous electrophysiological and
behavioral studies (Stanfa et al., 1996; Xu et al., 1996; Henderson
and McKnight, 1997; Lai et al., 1997; Liebel et al., 1997; Meunier,
1997; Harrison and Grandy, 2000) (for review, see Mogil and
Pasternak, 2001). Our data, however, as indicated above, indicate
that this response of males is not simply attributable to the ab-
sence of estrogen but rather relies specifically on the availability of
testosterone.

The estrogen dose–response study in the present investigation

revealed an “all-or-none” effect of estrogen, i.e., estrogen either
completely abolished the antinociceptive effect of OFQ (10 ng to
100 �g doses) or it failed to do so (1 ng dose). Such dose-related
all-or-none effects of estrogen have also been observed on visceral
nociception in the spinal cord (Ji et al., 2003, 2005).

There are a number of possible molecular mechanisms via
which estrogen might diminish OFQ-induced antinociception,
including decreasing the expression of the ORL1 receptor (Flores
et al., 2003) and/or its coupling to G-proteins (for review, see
Kelly and Wagner, 1999; Malyala et al., 2005), which would sec-
ondarily modify the affinity of OFQ to the ORL1 receptor. Estro-
gen receptors (ER�/ER�) are present in spinal dorsal horn neu-
rons (Amandusson et al., 1996, 1999; Shughrue et al., 1997), and
estrogen, in addition to altering the expression of opioid peptides
(Medina et al., 1993; Micevych et al., 1997; Amandusson et al.,
1999; Micevych and Sinchak, 2001) (for review, see Craft et al.,
2004), has also been shown by us and others to alter the expres-
sion of the ORL1 receptor gene and protein in the trigeminal
region and the hypothalamus (Sinchak et al., 1997; Flores et al.,
2003; Sinchak et al., 2006).

Reciprocally, the requirement for testosterone in mediating
the antinociceptive effects of OFQ in the male could be attribut-
able to upregulating expression of the ORL1 gene or enhancing
coupling of OFQ receptors to (Gi/Go) proteins and thus to down-
stream effectors.

Our novel findings about the importance of physiological levels
of estrogen in cycling females modulating the antinociceptive re-
sponse to OFQ and the requirement of testosterone for manifesting
the antinociceptive response to OFQ in males represent important
new insights into the design and administration of antinociceptive
agents in cycling women, postmenopausal women, and aging men.
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