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Abstract
Given the findings that (1) systemic opioid antinociception varies by estrous stage in females, and
(2) the magnitude of sex differences in opioid antinociception is negatively correlated with opioid
agonist efficacy, we hypothesized that sex differences in the function of the descending pain
modulatory system are likely influenced by estrous stage in females and by the number of available
opioid receptors therein. The present study tested these hypotheses by (1) comparing antinociception
produced by morphine microinjection to the ventral periaqueductal gray (vPAG) in females at
different stages of the estrous cycle, and (2) examining systemic morphine antinociception in males
vs. females under conditions of reduced vPAG mu opioid receptor availability. When estrous stage
of females was not controlled for (Experiment 1), there was no significant sex difference in tail
withdrawal antinociception following morphine microinjection (0.3-10 μg), although morphine was
more potent in males than females in producing immobility. Experiment 2 showed that intra-vPAG
morphine produced less antinociception and immobility in estrus than in diestrus females; that is,
only estrus females' response to morphine was lower than that of males. Experiment 3 showed that
microinjection of the irreversible mu opioid antagonist β-funaltrexamine (β-FNA) into the vPAG
shifted the systemic morphine dose-effect curve farther to the right in females than in males. That
is, a reduction in available vPAG mu opioid receptors had a greater impact on opioid antinociception
in females than in males, suggesting that females have fewer vPAG mu opioid receptors than males.
Overall, these data suggest that ovarian hormones and PAG mu opioid receptor density contribute
to sex differences in antinociception produced by morphine.
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1. Introduction
Sex differences in opioid antinociception have been observed in mice [7,38], rats [2,9-11],
monkeys [40] and humans [19-21]. In animal models, mu opioid agonists have been shown to
be more potent or efficacious in males than in females [2,10,11,38], although this is not always
the case [e.g., 38]. One possible explanation for sex differences in opioid antinociception is
sex differences in the structure or function of the descending pain modulatory system, including
the midbrain periaqueductal gray (PAG).
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Opioid administration into the PAG in the rat [24,25,31,34,53] and cat [41], as well as electrical
stimulation of the PAG in humans [23] produces antinociception. This antinociception can be
attenuated by concurrent administration of an opioid antagonist such as naloxone [1,17,26],
indicating that antinociception evoked from the PAG is opioid receptor-mediated. Moreover,
the PAG appears to be a critical structure for the antinociception produced by systemic opioids
because selective inactivation of the PAG attenuates this antinociception [33,44,57]. It has
been suggested that the caudal ventral PAG (vPAG, including the dorsal raphe nucleus) is the
region most sensitive to mu opioid receptor-mediated antinociception [56].

The prominent role of the PAG in opioid antinociception suggests that sex differences in its
structure or function contribute to sex differences in antinociception produced by mu agonists.
In fact, sex differences in the anatomical and functional organization of the descending pain
modulatory pathway have been reported recently. Female rats have more PAG to rostral
ventromedial medulla (RVM) output neurons than do males, and persistent pain activates more
output neurons in males than in females [35]. Furthermore, mu opioid receptor expression in
vPAG is two-fold higher in male than in female rats [55]. Sex differences in antinociception
have been observed after opioid administration to the vPAG [31,53,55] and RVM [6]; however,
whereas several studies have shown that supraspinal administration of morphine or DAMGO
produces greater antinociception in males [6,28,29,31], other studies have reported greater
antinociception in females [53] or no sex difference [27,29]. Disagreement among such studies
may result from differences in the type/intensity of the nociceptive stimulus, efficacy of the
mu agonist, use of awake vs. anesthetized animals, estrous phase of females, and genotype
(strain/vendor) of the rodent [11,12,38]. In regard to estrous phase, previous studies of the
antinociceptive effects of systemically administered mu agonists show that female rats in estrus
typically are less sensitive than females in other stages [15,50,51]. Furthermore, Bodnar and
colleagues demonstrated in 1989 that morphine administered into the lateral ventricles
produced less antinoception in female rats in estrus than those in proestrus or diestrus [28];
subsequent studies conducted in the same laboratory consistently reported less antinociception
in estrus females compared to males when mu agonists were administered to the vPAG
[30-32], suggesting that the estrous phase effect occurs within vPAG.

The objective of the present study was to determine whether sex differences in morphine
antinociception mediated by the caudal vPAG depend on estrous stage in females and mu
opioid receptor availability. To test the hypothesis that sex differences in morphine
antinociception depend on estrous stage in females, we first compared males and females
without regard to estrous stage (Experiment 1), and then directly compared the behavioral
responses to intra-vPAG morphine in estrus vs. diestrus females (Experiment 2). Given that
microinjection of morphine into the vPAG produces both antinociception and immobility
[39], both of these behaviors were assessed. The lower density of mu opioid receptors in female
compared to male rats suggests that reducing mu opioid receptor availability will produce a
greater inhibition of opioid antinociception in female than male rats. This hypothesis was tested
by measuring systemic morphine antinociception following microinjection of the irreversible
mu receptor-selective antagonist β-FNA into the vPAG (Experiment 3).

2. Materials and methods
2.1 Subjects

Age-matched 3- to 6-month old male (375–500 g) and female (240–300 g) Sprague-Dawley
rats (bred in-house from Taconic Farms stock, Germantown, NY) were used. Female rats were
randomly selected rather than pre-screened for estrous cycle length or regularity. Rats were
housed in same-sex pairs, males and females in separate rooms maintained at 21.5 ± 1.0°C on
a 12:12 hr light:dark cycle (lights on at 0700 hr). Except during testing, rats received food and
water ad libitum. Testing was conducted between approximately 1200 and 1500 hr.
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2.2 Drugs
Morphine sulfate and β-FNA HCl (National Institute on Drug Abuse, Bethesda, MD) were
dissolved in physiological saline (0.9% NaCl).

2.3 Apparatus
The tail withdrawal procedure utilized a 5-gal water bath (Precision Scientifics, Chicago, IL)
set at 52.0 ± 0.5°C. Rats were restrained in Plexiglas tubes with an opening at one end (IITC
Inc., Los Angeles, CA), which allowed the tail to hang freely. Locomotor activity was measured
by placing rats into clear Plexiglas cages (40 × 20 × 43 cm), which were then placed within a
photobeam apparatus (Opto-varimex, Columbus Instruments, Columbus, OH). Fifteen
photobeams spaced 2.5 cm apart and 8 cm above the cage floor spanned the width of the cage.
Microinjections were made using a 5-μl syringe placed into an infusion pump (Harvard
Apparatus PHD 2000, Holliston, MA).

2.4 Procedure
2.4.1 Surgery—Rats received penicillin G i.m. approximately 30 min before surgery (11,000
units/kg). Rats were then anesthetized with Equithesin (24.3 mg/kg pentobarbital and 106.3
mg/kg chloral hydrate), and given 0.5 ml lidocaine (10.0 mg/ml) i.d. as a local anesthetic. Rats
were mounted on a stereotaxic apparatus and implanted with a 22-gauge guide cannula aimed
at the caudal vPAG; the cannula was anchored with 3 or 4 stainless steel screws and
cranioplastic cement. Cannulae were placed only on the right side for uniformity. Coordinates
from the intersection of the midline and interaural sutures were (in mm): Males: AP = 0.0; L
= −2.2; V = −4.9; Females: AP = −0.5; L = −1.9; V = −4.6 [42]. For all rats, the incisor bar
was set at −3.0 mm and the lateral arm of the stereotaxic apparatus was angled 12° toward the
sagittal suture. The guide cannula was capped with a 28-gauge dummy cannula. Rats were
given at least 5 days to recover before testing began. Prior to testing, rats were habituated to
the microinjection technique by bringing the rat into the testing environment and inserting the
injection cannula into the guide cannula. This procedure also helped to reduce direct
mechanical activation of cells by the injection cannula, which projected 2 mm beyond the guide
cannula [39].

2.4.2 Vaginal Cytology—Vaginal smears were obtained from female rats immediately after
testing (Experiments 1 and 3), or before and after testing (Experiment 2). After drying, smears
were stained with Giemsa (Sigma Chemical Co., St. Louis, MO). Proestrus was identified as
a predominance of nucleated epithelial cells, estrus as a predominance of cornified epithelial
cells, diestrus-1 as the presence of leukocytes and scattered nucleated and/or cornified
epithelial cells, and diestrus-2 as the relative lack of any cells [18]. Rats that were judged to
be between proestrus and estrus were categorized as estrus, based on hormonal and
reproductive behavioral similarity of this phase to estrus.

2.4.3 Behavioral Testing
Experiment 1: Rats (N=30/sex) were microinjected with morphine (0.3, 1.0, 3.0 or 10.0 μg/
0.5 μl) or sterile saline (0.5 μl) into the vPAG. The injection took 30 s, and the injection cannula
was left in place for an additional 30 s to reduce backflow up the guide cannula. The pump
was run post-injection to verify free flow of fluid from the injection cannula. Doses were
administered in pseudo-random order, with rats receiving up to 5 microinjections/tests, spaced
at least 4 days apart.

Rats were tested on the 52°C warm water tail withdrawal assay 5 min after the injection. The
distal 5 cm of the tail was immersed into the water and latency to withdraw at least 4 cm of the
tail was measured with a stopwatch. If a rat did not respond within 20 sec its tail was removed
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from the water bath and the maximal score of 20 sec was recorded. Rats were tested on the tail
withdrawal assay again at 15, 30, 60, 90 and 120 min post-injection. Additionally, beginning
at 16 min post-injection, rats were placed into locomotor chambers and activity was quantified
as the number of photobeam breaks occurring within 5 min.

Experiment 2: Experimentally naïve females (N=50) were implanted with a guide cannula
aimed at the vPAG as in Experiment 1. Beginning at least one week after surgery, vaginal
smears were taken daily (approximately 11 a.m.) until rats were found to be in estrus or
diestrus-1. Sterile saline (0.5 μl) or morphine (1.0 μg/0.5 μl) was then microinjected, and
antinociception and locomotor activity were measured as described above. When possible,
females were tested in estrus-diestrus pairs, so that the amount of handling between the two
groups was approximately equal. Each rat was tested only once.

Experiment 3: Experimentally naïve rats (N=30/sex) were implanted with a guide cannula as
in Experiment 1. Sterile saline (0.5 μl) or 1 μg/0.5 μl β-FNA was microinjected to the vPAG.
Twenty-three and a half hr later, rats were tested on the tail withdrawal assay to obtain a baseline
latency. Then morphine was injected s.c., cumulatively in quarter-log unit increments until a
complete dose-effect curve was obtained. For example, 3.2 mg/kg morphine was injected, and
the rat was tested on the tail withdrawal assay 30 min later. Then 2.4 mg/kg morphine (total
5.6 mg/kg) was injected, and rats were re-tested 30 min later. Then 4.4 mg/kg morphine (total
10 mg/kg) was injected, and rats were tested 30 min later, etc., until the response cutoff of 20
sec was reached.

2.4.4 Histology—Rats were overdosed with Equithesin. Then 0.5 μl of cresyl violet stain
was infused into the microinjection site and brains were removed and stored in 10% formalin.
Each brain was sliced via vibratome to a thickness of approximately 60 μm, mounted on a
gelatinized slide, stained using haematoxylin and eosin, and viewed under a microscope to
assess cannula placement.

2.5 Data Analysis
In each experiment, data from rats that had cannula placements outside of vPAG (defined as
ventrolateral PAG and dorsal raphe nucleus), and data from rats that were tested with two doses
or fewer (Experiment 1) before the cannula became occluded, were not included in the
statistical analyses. In Experiment 1, each individual time-effect curve was transformed to an
Area-Under-the-Curve (AUC) value using the trapezoidal rule. Because each rat was not tested
on all doses, a more conservative between-subjects (Dose & Sex) Analysis of Variance
(ANOVA) was used to analyze AUC values and locomotor scores (number of photobeam
breaks). In Experiment 2, AUC values and locomotor scores were analyzed via ANOVA, with
Dose and Estrous Stage as between-subjects factors. Data were included only from rats that
were confirmed to be in either diestrus-1 or estrus before and after testing. In Experiment 3,
tail withdrawal latency data were converted to Percent Maximum Possible Effect (%MPE):
[(Drug Latency − Control Latency) ÷ (Cutoff Latency (20 sec) − Control Latency)] × 100.
Using at least one data point above and one data point below the 50% MPE, an ED50 value
was calculated for each rat's morphine dose-effect curve via linear interpolation. ED50 values
were then compared using ANOVA, with Antagonist Dose and Sex as between-subjects
factors. T-tests with Bonferroni adjustments were used for post-hoc comparisons.

3. Results
3.1 Morphine's Antinociceptive Effects

Antinociceptive effects were examined first as a function of vlPAG or DRN (or other) cannula
placement. Figure 1 shows individual placements, mapped according to magnitude of effect.
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There were no clear differences in antinociception between rats with vlPAG vs. DRN cannula
placements; thus, data from these two areas were combined for further analysis of sex
differences.

Analysis of combined data showed that there were no significant sex differences in control
(saline) tail withdrawal latencies: averaged across the time course, latencies were 6.07 ± 0.42
sec in males and 5.37 ± 0.37 sec in females (t(44)=1.67, p=0.10). There was also no significant
sex difference in the time course of antinociception after microinjections of morphine to vPAG
(data not shown); latency data were therefore transformed to AUC values. Figure 2 (top panel)
shows a dose-dependent increase in tail withdrawal antinociception in both sexes following
microinjection of morphine into the vPAG (Dose: F(4,171) = 13.67, p < 0.001). Post-hoc
analysis showed that all doses of morphine except 0.3 μg significantly increased AUC values
compared to saline controls (1.0 μg: p = 0.002; 3.0 μg: p = 0.003; 10.0 μg: p < 0.001). There
were no significant sex differences in morphine's antinociceptive effect.

3.2 Morphine's Locomotor Effects
Figure 2 (bottom panel) shows locomotor activity measured 16-21 min post-injection in rats
with vPAG cannula placements. There was no significant difference in locomotion between
males and females following saline administration, although females tended to be slightly more
active. Morphine significantly decreased locomotor activity (increased immobility) in both
sexes (Dose: F(4,165) = 4.99, p = 0.001); post-hoc analysis showed that locomotor activity at
the 1.0 μg (p < 0.001) and 3.0 μg (p = 0.003) doses was significantly decreased compared to
the saline control condition. There were no significant sex differences in maximal morphine-
induced immobility, however, the lowest dose of morphine, 0.30 μg, significantly decreased
locomotor activity in males (t(29)=2.07, p = 0.048) but not females. Thus, morphine was more
potent but equally efficacious in males compared to females. Interestingly, morphine produced
a U-shaped dose-effect curve in both sexes, with greater decreases in locomotor activity at the
lower than at the higher doses. Examination of individual data revealed that, primarily at 10
μg morphine, several rats showed large increases in locomotor activity compared to their own
control score (up to approximately 400% of control), while most other rats showed a ≥ 60%
decrease. Hyperlocomotion (>150% of control) occurred in 6 males (4 vlPAG, 2 DRN) and 3
females (all vlPAG), primarily at 10 μg, which increased the overall means at this dose.

Influence of Estrous Stage on Behavioral Effects of Intra-vPAG Morphine—In
Experiment 1, approximately 10% of females were in proestrus, with 7% in estrus, 48% in
diestrus-1, and 33% in diestrus-2 (2% were inadvertently not sampled) when assessed
immediately after nociceptive testing. Because there were unequal or inadequate numbers of
females in each stage at each dose, the influence of estrous stage on morphine's behavioral
effects could not be examined with this dataset. Thus, Experiment 2 was conducted to determine
whether the antinociceptive effect of morphine microinjected into the vPAG differs when
females are in estrus vs. diestrus-1 phases (the phases we have found to be most different when
testing systemic morphine antinociception [48]). Figure 3 shows that morphine produced
antinociception (top panel, F(1,29)=9.42, p=0.005) and immobility (bottom panel, F(1,29)
=22.41, p<0.001), but these effects were statistically significant only in females that were tested
during diestrus-1 (antinociception: p=0.007; immobility: p=0.001). That is, rats tested during
estrus were relatively resistant to the antinociceptive effects of morphine administered to the
vPAG.

3.4 Site-specific Antagonism of Systemic Morphine
Figure 4 shows antagonism of systemic morphine-induced antinociception by intra-vPAG β-
FNA (Experiment 3). In control rats (those receiving intra-site saline), s.c. morphine was only
slightly more potent in males than females: ED50 = 6.1 ± 1.5 mg/kg vs. 7.9 ± 3.7 mg/kg,
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respectively. In rats pre-treated with intra-vPAG β-FNA (1 μg), the morphine dose-effect
curves were ≥ ½ log unit to the right of the control curves: ED50 values were significantly
higher in β-FNA-treated rats compared to controls (Antagonist Dose: F(1,38) = 12.02, p =
0.001). There was a sex difference in the degree to which β-FNA blocked morphine's
antinociceptive effect: ED50 values in β-FNA-treated females were significantly higher than
those in β-FNA-treated males: 42.6 ± 10.2 mg/kg vs. 17.0 ± 3.3 mg/kg, respectively (t(14.4)
= − 2.50, p =0.025). In this experiment, 4% of females were in proestrus immediately after
testing (1 of 10 females in the control group), with approximately 17% in estrus (2 of 10
controls, 2 of 13 β-FNA-treated), 70% in diestrus-1 (5 of 10 controls, 11 of 13 β-FNA-treated),
and 9% in diestrus-2 (2 of 10 controls). Thus, similar to Experiment 1, most females in
Experiment 3 were in diestrus-1 at the time of testing.

4. Discussion
The present study examined sex differences in morphine-induced antinociception and
immobility mediated by the vPAG. In Experiment 1, females' estrous stage was not selected
(and most females were in diestrus-1 or -2 at the time of testing), and there was no significant
sex difference in tail withdrawal antinociception after intra-vPAG microinjection of morphine.
Morphine was, however, more potent in males than in females in producing immobility.
Experiment 2 showed that morphine's behavioral effects were greater in diestrus-1 than estrus
females, suggesting that the lack of sex differences in Experiment 1 may be due to the
predominance of diestrus females in that experiment. Experiment 3 showed that decreasing
the availability of mu opioid receptors in the vPAG via β-FNA microinjection decreased the
potency of systemic morphine to a significantly greater extent in females compared to males.
Because most females in Experiment 3 were in diestrus-1 – a stage at which females are very
similar to males in their morphine sensitivity – this result suggests that mu opioid receptor
density is probably lower even in diestrus females compared to males. Thus, both estrous stage
and reduced mu opioid receptor availability in females appear to contribute to sex differences
in morphine's behavioral effects mediated by the vPAG.

In rodent models of antinociception, systemically administered mu opioid agonists are often
reported to be more potent in males than in females [2,10,11,38], although this is not always
the case [e.g., 38]. Brain morphine levels have been reported to be higher in male than in female
rats [14] and mice [7] after systemic injection of morphine, but other studies report no sex
differences in plasma or brain morphine levels in rats despite large sex differences in
morphine's behavioral effects [8,10]. The persistence of sex differences in antinociception
when opioids are administered i.c.v. [28,29], directly into the RVM [6], or directly into the
PAG [31,53] also argues against a purely pharmacokinetic explanation. Thus, sex differences
in opioid antinociception are probably caused by one or more pharmacodynamic factors, such
as sexually dimorphic brain loci at which opioids act.

Site-specific opioid administration to areas of the descending pain modulatory system has been
examined by several groups. Boyer and colleagues [6] reported greater tail withdrawal
antinociception in male than female rats after intra-RVM morphine microinjection (1-10 μg).
Similarly, Krzanowska and Bodnar [31] reported that at doses of 2.5 and 5.0 μg morphine
administered to vPAG, male rats had significantly longer tail-flick latencies and higher jump
thresholds compared to estrus female rats. Recently, Murphy and colleagues [55] also showed
that intra-vPAG morphine was more potent in male than female rats against persistent
inflammatory pain. In contrast, another previous study [27] as well as the present one shows
no significant sex difference in antinociception after intra-PAG morphine microinjection, and
Tershner and colleagues [53] reported that in anesthetized rats, DAMGO microinjected into
vPAG was more potent in females compared to males. The present study suggests that the
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extent to which sex differences in opioid antinociception mediated by the PAG are observed
depend on estrous stage and availability of mu opioid receptors at the time of testing.

Female rats have been shown to be least sensitive to the antinociceptive effects of systemically
administered mu opioid agonists approximately 24 hr after plasma gonadal steroids peak [3,
5,45,50,51], that is, during vaginal estrus. Experiment 2 of the present study suggests that the
same is true when morphine is administered directly into the vPAG. Bodnar and colleagues
report similar findings [47]. Thus, it is likely that sex differences were not observed in
Experiment 1 because only 7% of females were in estrus during testing. Two of the previous
studies in which females were significantly less sensitive than males to site-specific morphine
also had more estrus females than in Experiment 1 of the present study: Bodnar and colleagues
[30-32] tested cycling female rats only during estrus, and in the Boyer et al. [6] study,
approximately 39% of females were in estrus, with 44% in diestrus-1 or -2 on the day of testing
(J. Boyer, personal communication). Estrous stage of female rats was not reported in the
Tershner et al. [53] or Kanarek et al. [27] studies. If females in these studies were predominantly
in diestrus at the time of testing, the present results suggest that opioid antinociception would
not be significantly greater in males than females. One additional factor that may be important
is the use of anesthesia. We recently observed that an anesthetic dose of pentobarbital enhanced
morphine antinociception to a significantly greater extent in female compared to male rats
[13] – thus it is possible that the observation of greater DAMGO antinociception in females in
the Tershner et al. [53] study also reflects the fact that rats were tested while anesthetized.

Previous studies have shown that mu opioid agonists microinjected into the PAG [30,39] and
RVM [6] affect locomotor activity in rats. In the present study morphine was more potent in
its locomotor depressant effect in male compared to female rats, as reported previously for site-
specific and systemic mu opioid agonists [6,30,49]. As with antinociception, sex differences
were probably limited by the fact that females in Experiment 1 were predominantly in diestrus
at the time of testing; Experiment 2 suggests that morphine-induced immobility is attenuated
in estrus relative to diestrus females. The hyperactivity that was also observed in some rats
(resulting in a U-shaped dose-effect curve) has been reported previously after morphine
microinjection to dorsal and lateral regions of the PAG in rats [39,46], but it cannot be
determined from these data whether that behavioral effect differs by sex or estrous stage.

Experiment 3 showed that 1.0 μg β-FNA microinjected unilaterally to the vPAG shifted the
systemic morphine dose-effect curve significantly to the right in both sexes. A previous study
in male rats showed that naloxone methobromide microinjected to the PAG attenuated
antinociception induced by a single s.c. dose of morphine [37]. It also has been shown that
small doses of various opioid antagonists microinjected to the PAG can attenuate
antinociception induced by β-endorphin or morphine microinjected to the PAG [48,54] or
amygdala [42] in male rats. The antagonism experiment in the present study confirms that
activation of mu opioid receptors in the vPAG plays an important role in antinociception
produced by systemic morphine in both male and female rats.

The relatively greater antagonism observed in females compared to males suggests that females
– even those in diestrus – have a smaller reserve of functional mu opioid receptors than do
males. This finding corroborates the recent report of reduced mu opioid receptor expression in
the vPAG of female compared to male rats [55]. The greater antagonism observed in females
cannot be explained by a preponderance of estrus females in the β-FNA-treated group relative
to the saline-treated group; in fact there were more diestrus females in the β-FNA-treated group
than in the control group, which would tend to decrease rather than increase the difference
between the two female groups. We previously observed a similar sex difference in antagonism
of s.c. morphine-induced hotplate antinociception by i.c.v. β-FNA: 5-10 μg i.c.v. β-FNA shifted
the morphine dose-effect curve significantly farther to the right in females than in males, and
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a very high dose of β-FNA, 40 μg, completely flattened the morphine dose-effect curve in
females but not in males [16]. Thus, it appears that females in any stage of the estrous cycle
may have a smaller mu opioid receptor reserve than do males; however, this difference may
not be great enough to result in significant sex differences in opioid antinociception with
relatively high efficacy agonists like morphine, unless females are tested in estrus or a
significant fraction of mu receptors are made unavailable (in this case, via irreversible
antagonist treatment). Previous studies comparing opioid agonists that vary in efficacy also
support the hypothesis that differential opioid receptor density underlies sex differences in
opioid antinociception. Picker and colleagues have demonstrated that sex differences in opioid
antinociception increase in magnitude as the efficacy of the agonist decreases [4,11,52].
Because low to intermediate efficacy agonists must activate more receptors than high efficacy
agonists to produce antinociception, the functional significance of small sex differences in
opioid receptor density would be magnified when testing lower efficacy agonists.

It is possible that the mechanism underlying decreased opioid sensitivity in estrus females also
relates to supraspinal opioid receptor availability. Although it is not yet known whether PAG
mu opioid receptor density fluctuates in females across the estrous cycle, this has been
demonstrated in other brain areas such as hypothalamus [21,36]. Therefore, perhaps any factor
that decreases supraspinal opioid receptor availability (e.g., estrus or an irreversible
antagonist), or increases opioid receptor “demand” for producing an antinociceptive effect
(e.g., lower efficacy agonists or greater intensity noxious stimuli) may increase the magnitude
of observed sex differences.

In summary, the present findings confirm that the midbrain PAG is important in morphine-
induced antinociception and immobility in male and female rats. Sex differences in intra-vPAG
morphine's behavioral effects were minimal when females were not selected for estrous stage,
perhaps because estrus females are less sensitive to morphine than diestrus females, and there
were few estrus females in Experiment 1. Greater antagonism of morphine's effects by the
irreversible mu opioid antagonist β-FNA microinjected to the vPAG in females compared to
males suggests that differences in mu opioid receptor density in the vPAG contribute to sex
differences in morphine antinociception.
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Figure 1.
Cannula placements, Experiment 1 (morphine microinjections). Symbols are coded by the
maximal antinociceptive effect observed across all doses of morphine in the 52°C tail
withdrawal test. Open circles/triangles: male/female rats that showed <33% MPE at ≥ four
time points. Striped circles/triangles: male/female rats that showed 33% to 66% MPE at ≥ two
time points. Filled circles/triangles: male/female rats that showed >66% MPE at ≥ two time
points. For clarity, female placements are marked primarily on the left and male placements
are marked on the right side of the brain maps (actual cannula placements were all on the right).
Not shown are placements for 3 males (all in vlPAG) and 6 females (5 in vlPAG, 1 in DRN)
that were only tested with saline and 0.3 μg morphine.
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Figure 2.
Antinociceptive and locomotor effects of morphine microinjected into vPAG in male and
female rats. Top panel: Effect of intra-vPAG morphine on the 52°C warm water tail withdrawal
test measured 5-120 min post-injection. Bottom panel: Effect of intra-vPAG morphine on
spontaneous locomotor activity measured 16-21 min post-injection. Each bar is the mean +
S.E.M. of 17 males or 20 females, except at 0.30 μg, where n=11 males and 13 females.
*significantly different from same-sex, saline (0) control group, p<0.05.
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Figure 3.
Antinociceptive and locomotor effects of 1.0 μg morphine microinjected to vPAG in female
rats tested in either diestrus-1 or estrus (based on vaginal cytology). Top panel: Effect of intra-
vPAG saline or morphine on the 52°C warm water tail withdrawal test measured 5-120 min
post-injection. Bottom panel: Effect of intra-vPAG saline or morphine on spontaneous
locomotor activity measured 16-21 min post-injection. Each bar is the mean + S.E.M. of 6-7
(saline) or 9-11 (1.0 μg morphine) females. *significantly different from saline-injected
females in same estrous stage, p<0.05.
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Figure 4.
Antagonism of systemic (s.c.) morphine antinociception by the irreversible, mu opioid
receptor-selective antagonist β-FNA microinjected to vPAG in male (M) vs. female (F) rats.
β-FNA (1.0 μg) was administered 24 hr before testing with morphine. Each point is the mean
± S.E.M. of 9 males or 10 females (control groups (“sterile water”)), or 10 males or 13 females
(β-FNA groups).
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