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Gender and Age Influences on Human Brain Mu-Opioid  
Receptor Binding Measured by PET

Jon-Kar Zubieta, M.D., Ph.D., Robert F. Dannals, Ph.D., and J. James Frost, M.D., Ph.D.

Objective: Both age and gender are being increasingly recognized as important factors
influencing CNS structure and function. However, there are relatively few data on actual
neurochemical differences between the sexes in human subjects or on their interaction with
age. One of the central neurotransmitter systems for which sex differences have been sug-
gested by animal models and clinical human data is the opioid. In this study the authors ex-
amined age- and gender-associated variations in mu-opioid receptor binding with positron
emission tomography (PET). Method: Healthy human subjects were studied with PET and
the radiotracer [11C]carfentanil, a selective mu-opioid agonist. Two separate subject groups
were examined: one group of 24 men and 12 women was studied in a retrospective analy-
sis of data, and a second group of 12 men and 18 women was recruited prospectively and
studied with a higher-resolution scanner. Results: Mu-opioid receptor binding potential
(Bmax/Kd) was found to increase with age in neocortical areas and the putamen. Sex differ-
ences, with higher mu-opioid binding in women, were observed in a number of cortical and
subcortical areas. Gender-by-age interactions were observed in the thalamus and the
amygdala; in vivo mu-opioid binding declined in postmenopausal women to levels below
those of men. Conclusions: These data imply that both age and gender are important
variables to consider in the interpretation of investigations of human function in which the
opioid system plays a role. Also, women’s reproductive status (reproductive age versus
postmenopausal) may influence the function of CNS opioid systems. 

(Am J Psychiatry 1999; 156:842–848)

Sex and age are two variables increasingly recog-
nized as important for the understanding of human
brain function and its behavioral and cognitive mani-
festations. Age-related changes in measures of cogni-
tive function (1) brain structure (2), and brain neuro-
chemistry (3) have been widely described in the
literature. Structural imaging studies with computer-
ized tomography (CT) and magnetic resonance (MR)
have shown progressive age-associated increases in
ventricular and sulcal cerebrospinal fluid (CSF) and as-
sociated declines in cerebral hemispheric and gray mat-
ter volumes, involving both cortical and subcortical
structures (4, 5). In these studies the degree of gray
matter atrophic changes appeared to be regionally
variable (e.g., more pronounced in the prefrontal cor-

tex and basal ganglia), and the atrophy progressed
faster in the later decades of life.

Functional imaging with positron emission tomogra-
phy (PET) and single photon emission computed to-
mography (SPECT) using regional cerebral blood flow
(rCBF) and oxygen and glucose metabolic markers
have shown conflicting results, although similar pat-
terns are emerging in the published literature. In
adults, measurements of rCBF and rates of cerebral ox-
ygen and glucose metabolism most frequently show
neocortical and, in some cases, subcortical reductions
with advancing age, which may be more prominent in
frontal regions (6–8).

Sex differences in the degree of age-associated brain
atrophy have also been described; men have earlier in-
creases in ventricular volume than women, as mea-
sured with CT, but the increments in women are some-
what faster once they are observable (9). Using
magnetic resonance imaging (MRI), Gur et al. (10)
found steeper age-associated increments in sulcal CSF
in men than in women. They also found more severe
left hemisphere atrophy in men, while these changes
were more symmetrical in women.
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More recently, gender differences in resting CBF and
cerebral glucose metabolism have been examined.
Higher resting cortical and global values in women
than men have been noted in some studies (11, 12). Re-
gionally, higher metabolic rates have been observed in
women in the cerebellum and in the cingulate gyrus,
with opposite findings in some neocortical and limbic
regions (13, 14). These data have been interpreted as
reflecting the neurobiological substrates underlying
sex differences in cognitive and emotional processing.
Subsequently, both age and sex influences on brain
neuroanatomy and metabolic function have been re-
ported (15). With advancing age, men have greater de-
clines in cerebral hemisphere volumes and frontal and
temporal lobe volumes, while women show greater at-
rophy in parietal and hippocampal regions.

While volumetric and metabolic measurements may
point to the brain regions involved in the cognitive and
behavioral differences between the sexes, much less is
known about underlying neurochemical pathways.
One of the various neurotransmitter systems for which
regional age and sex influences have been described is
the central opioid system. In postmortem human
brains, age-associated increases in mu-receptor density,
but not affinity, have been shown in neocortical areas,
with reductions in the thalamus (16, 17). Data directly
addressing sex differences in endogenous opioid func-
tion, or its modulation by gonadal steroids, are cur-
rently not available for human subjects. However, this
receptor site is involved in the hypothalamic regulation
of reproductive function and in antinociceptive mech-
anisms, which appear to be influenced by sex and the
presence of gonadal steroids (18, 19).

In the present study we examined regional differ-
ences in mu-opioid receptor binding measures in the
brains of healthy human subjects, with the mu-selec-
tive agonist [11C]carfentanil and PET. The data de-
scribed represent two separate analyses and subject
groups. First, we retrospectively examined data from
prior research protocols. In addition, a second study
group was prospectively recruited to control for prior
hormonal treatments and phase of the menstrual cycle.

METHOD

Written informed consent was obtained in all cases. The studies
were approved by the Johns Hopkins Joint Committee on Clinical
Investigation. All subjects were screened for medical, neurological,
and psychiatric disorders and for substance abuse. No control was
placed on socioeconomic status or educational level. Before the PET
studies were performed, the imaging planes were standardized be-
tween subjects by using CT or MR imaging and the glabellar-inion
line as reference plane, as previously described (20). After intrave-
nous administration of 19 mCi of [11C]carfentanil (SD=2), the sub-
jects were scanned over 90 minutes. A technician then placed square
8×8-mm regions of interest in the reconstructed images, as will be
described, using the structural MR images as templates and while
blind to subject groups. Mean counts per region of interest were av-
eraged for each of the lateralized regions (right, left) and the pons,
yielding average regional activity levels.

Retrospective Analysis

This group included 36 subjects, 24 men and 12 women, ranging
in age from 20 to 74 years. They were studied as part of various re-
search protocols between 1989 and 1992. The menstrual cycle tim-
ing and use of hormonal treatments among the women in this group
were not controlled for. The PET studies were performed on a Neu-
roECAT scanner (CTI, Knoxville, Tenn.) (reconstructed resolution,
full width at half maximum: 13.0 mm in-plane, 14.5 mm in the z
axis). Three imaging planes were acquired, with a 32.0-mm separa-
tion between slices. The scan data were averaged from 35 to 70 min-
utes (NeuroECAT scanner). Regional mu-opioid measures were ob-
tained by using the following ratio: (region of interest – occipital
cortex) ÷ occipital cortex. The occipital cortex is an area devoid of
mu-opioid receptors and an estimate of nonspecific binding. This ra-
tio of specific to nonspecific binding has been shown to be propor-
tional to the ratio Bmax/Kd for this receptor site (21). This ratio is re-
ferred to in the PET imaging literature as “binding potential,” and it
is probably the most frequently used receptor-related measure in this
context (22). Ten brain areas were examined, in one plane each: pre-
frontal cortex (five regions of interest in each side), anterior cingu-
late (one region), temporal cortex (seven regions in each side), occip-
ital cortex (two regions in each side), caudate and putamen (one
region in each side), thalamus (one region in each side), amygdala
(one region in each side), pons (one region), and cerebellum (four re-
gions in each side).

Prospective Analysis

We prospectively recruited 30 subjects, 12 men and 18 women,
whose ages ranged from 19 to 79 years. All reproductive-age women
reported regular menses and were studied during the follicular phase
of the menstrual cycle (between days 4 and 10 after the last onset of
menses), and neither the pre- nor postmenopausal women had taken
hormone treatments (birth control pills or replacement therapy) for
at least 6 months before the study. The PET studies were performed
by using a higher-resolution GE 4096+ scanner (reconstructed reso-
lution, full width at half maximum: 7.7 mm in-plane, 8.0 mm in the
z axis, with a 6.5-mm separation between slices), which acquires 15
slices simultaneously. Regional mu-receptor measurements of ra-
diotracer activity were obtained by using the ratio (region of inter-
est – occipital cortex) ÷ occipital cortex for data averaged from 35 to
82 minutes. As previously shown (21), this ratio was selected as ac-
curately reflecting the binding potential (Bmax/Kd) for this receptor
site. We also performed a series of computer simulations in which
changes in tracer transport were simulated. We wanted to ascertain
that reductions in rCBF, with their concomitant reductions in tracer
transport (transport = blood flow × tracer extraction) would not in-
fluence receptor binding values. Regions of interest were placed in
each side of the prefrontal cortex (five regions of interest per plane,
three different planes), anterior cingulate (one region of interest,
three planes), parietal cortex (four regions of interest, three planes),
temporal cortex (seven regions of interest, two planes), occipital cor-
tex (two regions of interest, two planes), caudate nuclei (one region
of interest, three planes), putamen (one region of interest, three
planes), thalamus (one region of interest, three planes), and amyg-
dala (one region of interest, three planes). In the pons, no lateralized
regions were placed (one region of interest per plane, three planes).

Independence of Receptor Measures From Simulated Changes
in Tracer Transport

A series of computer simulations was performed to ascertain that
gender- or age-associated changes in rCBF, and therefore in the rate
of transport of the ligand (K1), would not bias the results to any sig-
nificant degree. Data from a brain region with a high concentration
of mu-opioid receptors (temporal cortex) was obtained from a rep-
resentative subject (43-year-old man). Constants for the rate of
tracer transfer between compartments were then obtained by apply-
ing a three-compartment model, with arterial blood used as an input
function (23). Changes in tracer transport up to 25% were simu-
lated, and noise-free tissue data were calculated on the basis of the
model equations described by the three-compartment, four-parame-
ter model configuration, as previously reported for other tracers
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(23). These simulated changes are greater than those that would be
expected with aging or gender differences in rCBF, as reported by
other groups (see introduction). The data were then analyzed by us-
ing the following ratio for each region: (region of interest – occipital
cortex) ÷ occipital cortex. The errors in the perceived receptor bind-
ing measured with this method were 0.7% for a 25% reduction in
tracer transport (three-compartment model K1) and –3.5% for a
25% increase in K1. We then concluded that the use of the ratio
method (as opposed to more complex compartment kinetic models
that require arterial blood sampling) would not bias the results by
introducing variations in rCBF and tracer transport across the
blood-brain barrier.

Statistical Analyses

Age, gender, and age-by-gender interactions with regional binding
to mu-opioid receptors were explored by using independent analyses
of covariance (ANCOVAs) for each of the brain regions considered,
with sex as the independent variable, age as the covariate, and the re-
gional receptor measure as the dependent variable. Statistically sig-
nificant differences between subject groups of the same age were
tested with two-tailed, unpaired t tests. Associations between re-
gional binding potential and age were also tested with Pearson cor-
relations. The minimum level of significance for all tests was p<0.05.
No correction for multiple comparisons was applied. The data are
expressed as mean values plus or minus one standard deviation.

RESULTS

The scan data obtained from the retrospective anal-
ysis and the prospectively recruited group were signifi-
cantly different. Greater differences between regions
and higher levels of receptor binding were shown by
the data obtained with the newer-generation scanner
(see Method, Prospective Analysis), reflecting im-
proved spatial resolution and z axis sampling (data not
shown: all regions showed differences between the
data acquired with the two scanner types; unpaired,
two-tailed t tests, df=64, p<0.05). Therefore, these groups
were not combined for any of the analyses presented.

There were no significant differences in age between
the male and female subjects in either group (unpaired,
two-tailed t tests; retrospective data: t=0.1, df=34,
p>0.05; prospective data: t=0.4, df=28, p>0.05). For
the regions sampled in both hemispheres (neocortical
regions, basal ganglia, and amygdala), no significant
right-left asymmetries were observed in the men or
women (paired, two-tailed t tests; retrospective group:
df=34, p>0.05 for all regions examined; prospective
group: df=28, p>0.05 for all regions); therefore, the
right and left regions were averaged for subsequent
analyses.

In addition, no age or sex effects were observed in
activity in the occipital cortex, a reference region
used for the estimation of nonspecific and free tracer
activity (see Method) (one-way ANCOVA; retrospec-
tive group: df=1, 33, p>0.05; prospective group: df=
1, 27, p>0.05). Activity in this region is a constant
within each subject and reflects factors such as
amount of radiotracer administered, metabolism and
clearance of the parent compound, and tracer trans-
port across the blood-brain barrier (see reference 21
and Method section).

Retrospective Analysis

Separate ANCOVAs for each region were calculated,
with sex as a grouping factor, region as a dependent
variable, and age as a covariate. The ANCOVAs did
not show significant age-by-gender interactions for
any brain region. Accordingly, the interaction term
was eliminated from the model for subsequent analy-
ses. Age effects were detected in the prefrontal (F=
11.4, df=1, 33, p<0.001), temporal (F=6.7, df=1, 33,
p<0.01), and parietal (F=7.7, df=1, 33, p<0.01) corti-
ces, amygdala (F=7.3, df=1, 33, p<0.01), thalamus (F=
6.4, df=1, 33, p<0.01), and pons (F=10.8, df=1, 33, p<
0.01). No significant age effects were observed in the
anterior cingulate cortex, caudate, or putamen. Gen-
der effects, with higher mu-receptor availability in the
women than in the men, were detected in the temporal
cortex (F=5.8, df=1, 33, p=0.02), amygdala (F=9.6,
df=1, 33, p<0.01), and pons (F=6.8, df=1, 33, p<0.01)
and, to a lesser extent, in the parietal cortex (F=4.2,
df=1, 33, p<0.05) and caudate nucleus (F=4.2, df=1,
33, p<0.05). No significant gender differences were
observed in the prefrontal or anterior cingulate cortex,
putamen, or thalamus.

The direction of age-related changes in mu-opioid re-
ceptor binding potential were further analyzed by means
of Pearson’s correlations. Negative associations between
mu-opioid receptor binding and age were found in some
subcortical structures: amygdala (r=–0.38, df=34, p=
0.02), thalamus (r=–0.41, df=34, p<0.01), and pons
(r=–0.46, df=34, p<0.005). Conversely, mu-receptor
binding increased with age in neocortical areas: pre-
frontal cortex (r=0.49, df=34, p=0.002), temporal cor-
tex (r=0.39, df=34, p=0.02), and parietal cortex (r=
0.42, df=34, p<0.01). These corresponded to mean in-
creases in mu-opioid receptor binding of 17%–34%,
from the third decade of age (N=15) to the seventh and
eighth decades (N=7), in neocortical areas. In the
amygdala, thalamus, and pons, binding decreased by
19%, 34%, and 39%, respectively.

Prospective Study

ANCOVA detected significant age and sex effects, as
well as sex-by-age interactions, in various brain re-
gions. Age effects were observed in the prefrontal (F=
38.7, df=1, 27, p<0.0001), anterior cingulate (F=19.9,
df=1, 27, p<0.0001), temporal (F=34.9, df=1, 27, p<
0.0001), and parietal (F=53.3, df=1, 27, p<0.0001)
cortices and in the putamen (F=14.4, df=1, 27, p<
0.001). The coefficients for Pearson correlations be-
tween age and regional binding potential reached r val-
ues of 0.72, 0.70, 0.70, 0.78, and 0.58 for the preced-
ing respective regions (df=28, p<0.001). The subjects
in the third decade of age (N=9) had higher levels than
did the subjects older than 60 (N=10); the percentage
differences for the preceding regions were 79%, 50%,
62%, 89%, and 36%, respectively.

Gender effects were detected in the prefrontal, ante-
rior cingulate, temporal, and parietal cortices, the cau-
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date nucleus, and the cerebellum; higher levels of mu-
opioid receptor availability were present in the women
(table 1 and figure 1). No sex differences were noted in
the putamen.

Statistically significant age-by-gender interactions
were detected in the amygdala and thalamus (figure 1
and table 1 footnote). The nature of these interactions
was further explored by analyzing age and gender ef-
fects separately. In the men (N=12), no significant cor-
relations with age were observed in these regions
(Pearson correlations, df=10, p>0.05). In the women
(N=18), regional binding was negatively correlated
with age (amygdala: r=–0.63, df=16, p<0.01; thala-
mus: r=–0.42, df=16, p=0.07). Reproductive-age
women (N=11, mean age=26 years, SD=5, range=19–
32) were also compared with men in the same age
range (N=7, mean age=30 years, SD=7, range=21–39),
and those women showed higher levels of binding (un-
paired, two-tailed t tests). In the amygdala, the mean
difference was 29% (t=3.7, df=16, p<0.005), and in
the thalamus the mean difference was 23% (t=3.4, df=
16, p<0.005). When the postmenopausal women (N=
5, mean age=73 years, SD=6, range=64–79) were com-
pared to men in the same age range (N=4, mean age=
71 years, SD=4, range=66–74), their binding was
found to be below the men’s levels, with mean differ-
ences of –24% in the amygdala and –12% in the thal-
amus. Two-tailed, unpaired t tests did not show statis-
tically significant differences for this age group, likely
because of the small number of subjects included.

Even in the regions in which sex effects but no sex-
by-age interactions were observed, there was a ten-
dency toward greater female-male differences in mu-
opioid receptor binding during the reproductive years
than after the menopause. Reproductive-age women
had an average of 26% more binding than men in the
prefrontal cortex, 24% in the anterior cingulate, 25%
in the temporal cortex, 8% in the parietal cortex, 20%
in the caudate nuclei, and 62% in the cerebellum. In
the postmenopausal women and same-age men, these
differences were somewhat less pronounced: 14%
higher binding among the women in the prefrontal
cortex, 7% in the anterior cingulate, and 13% in the
temporal cortex. The women’s receptor availability
was 13% below male levels in the caudate nucleus.
Binding was 19% and 59% higher in the parietal cor-
tex and cerebellum, respectively.

DISCUSSION

The endogenous opioid system, the effects of which
are mediated by three primary receptor subtypes (mu,
delta, and kappa), has been implicated in a number of
normal functions and may be altered in various patho-
logical states. It appears to modulate responses to
stress, learning, and memory acquisition, it is involved
in the effects of substances of abuse, it regulates pain
mechanisms, and it has been implicated in the patho-
physiology of various illnesses, such as seizure disor-

ders, depressive illness, eating disorders, and Alzhei-
mer’s disease.

The data presented here, replicated in two different
study groups, demonstrate both age- and sex-associ-
ated differences in mu-opioid receptor binding mea-
sures in the brains of living healthy humans. The influ-
ences of age and sex on this neuroreceptor site were
observed in some, but not other, regions.

We observed increases in mu-opioid receptor avail-
ability with advancing age in neocortical regions and
the putamen, findings that are consistent with data ob-
tained in studies of experimental animals and two hu-
man postmortem studies (16, 17). While our method
of analysis (binding potential, Bmax/Kd [22]) does not
differentiate changes in receptor binding (Bmax) from
changes in receptor affinity (Kd), the study of Gross-Is-
seroff et al. (16) showed that regional age-related
changes in mu-opioid receptor binding observed in
postmortem subjects (up to 30%–60% of whom were
in their third to sixth decades) were related to alter-
ations in Bmax and not Kd. The percentage increase de-
scribed in their work is also comparable to that ob-
served in the present study for subjects in the
prospectively recruited group, who were studied with
the higher-resolution scanning system.

Women showed higher mu-opioid receptor binding
values than men in several brain regions, both cortical
and subcortical. With the ANCOVA model, significant
sex effects were detected in neocortical areas (prefron-

TABLE 1. Sex Differences in Regional Mu-Opioid Receptor
Binding in the Brains of Healthy Volunteersa

[11C]Carfentanil Specific 
Binding ([region of inter-

est – nonspecific binding] 
÷ nonspecific binding)b

One-Way
ANCOVA for Sex 

EffectcMen
(N=12)

Women 
(N=18) F (df=

1, 27)Region Mean SD Mean SD p

Anterior cingulate 2.1 0.8 2.4 0.5 5.1 0.03d

Prefrontal cortex 1.7 0.7 2.0 0.6 6.4 0.02d

Parietal cortex 1.4 0.4 1.6 0.5 5.0 0.03d

Temporal cortex 1.8 0.7 2.1 0.5 7.8 0.01d

Amygdalae 3.0 0.5 3.5 0.6 12.2 0.002d

Thalamuse 3.8 0.8 4.4 0.6 10.3 0.004d

Caudate 4.0 0.9 4.7 0.7 4.8 0.04d

Putamen 3.4 0.8 3.5 0.7 0.5 0.5
Pons 1.6 0.6 2.0 0.5 6.4 0.02d

Cerebellum 0.9 0.4 1.6 0.4 20.5 0.0001d

a Subjects were between the ages of 19 and 79 years and were
scanned with a GE 4096+ PET system. All reproductive-age
women were studied during the follicular phase of the menstrual
cycle (between days 4 and 10 after the onset of menses), and
neither the pre- nor postmenopausal women had taken hormonal
treatments for at least 6 months before the study.

b Nonspecific binding was obtained in the occipital cortex, an area
devoid of mu-opioid receptor binding. This ratio is proportional to
the Bmax/Kd of mu-opioid receptors.

c With age as covariate. Minimum level of statistical significance,
p<0.05.

d Significant difference between groups.
e Age-by-sex interactions detected in the amygdala (F=7.0, df=1,

26, p=0.01) and thalamus (F=5.6, df=1, 26, p=0.03).
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tal, parietal, temporal) and in the caudate nuclei,
amygdala, thalamus, and cerebellum (but not in the
putamen), if no correction for multiple comparisons
was applied. If the threshold of significance was re-
duced to account for multiple tests, the regions that re-
mained significant would be limited to the amygdala,
thalamus, and cerebellum. It is interesting that the age-
associated changes differed between the sexes in the
amygdala and thalamus. While women had higher opi-
oid binding potential than men during the reproduc-
tive years, binding decreased below that in men after
the menopause. This was reflected in the ANCOVA
model as a sex-by-age interaction. A number of other
regions also showed smaller male-female differentials
after the menopause, although not to the extent ob-
served in the amygdala or thalamus. While the sex
differences in mu-opioid binding during the female
reproductive years may reflect early, gender-specific
ontogenetic factors, the changes observed in the post-
menopausal women suggest that the adult hormonal
milieu is also capable of modulating this neurochemi-
cal system at least in some brain regions.

Some differences between the data acquired with the
two scanning systems and patient groups were appar-
ent. More regions were found to show age and gender
effects with the newer scanning system, a finding that
is likely accounted for by improved spatial resolution
and sensitivity. In addition, a larger number of women
were studied in the prospectively recruited group,
which may have increased our ability to find differ-
ences between genders and age-by-gender interactions.

We considered the possibility that technical issues
may have influenced the data. Factors that sometimes
confound the interpretation of PET receptor measures
include changes in blood flow (and therefore blood-
brain transport of the radiotracer). For some ra-
diotracers, regional changes in CBF may influence the
receptor measure if uptake is “flow dependent” (24).
However, computer simulations in which modifica-
tions in radiotracer transport (K1) were introduced
showed that the distribution of [11C]carfentanil is not
subject to significant flow effects. Also, rCBF tends to
decrease with advancing age, while mu-opioid recep-
tors increased in most brain regions with advancing
age, in agreement with postmortem data (16, 17).

FIGURE 1. Age-Related Changes in Mu-Opioid Receptor Binding in Four Representative Brain Regions of Healthy Men and Womena

a The subjects were scanned with a GE 4096+ PET system. ROI=region of interest; NS=nonspecific binding, obtained in the occipital cortex,
an area devoid of mu-opioid receptor binding. The ratio (ROI – NS) / NS is proportional to the Bmax/Kd of mu-opioid receptors. All repro-
ductive-age women were studied during the follicular phase of the menstrual cycle (between days 4 and 10 after the onset of menses),
and neither the pre- nor postmenopausal women had taken hormonal treatments for at least 6 months before the study. In the thalamus
and amygdala, age-by-sex interactions were observed. In other regions, including the anterior cingulate and prefrontal, temporal, and pa-
rietal cortices, sex differences, but no sex-by-age interactions, reached significant levels. In the putamen, neither sex nor age-by-sex in-
teractions were noted, although age effects reached statistically significant values in the ANCOVA model.
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A second element that causes erroneous measure-
ments is the presence of partial volume effects due to
limited resolution and differential degrees of regional
atrophy (25). Smaller brain regional volumes imply
less recovery of tracer activity. While correction for
atrophic changes was not applied to these data,
women and men have not been shown to have such
differences in cortical gray volumes (10, 15), and so
this issue does not explain either the sex differences ob-
served during the reproductive years or the decline in
binding observed in the postmenopausal women.

The data presented have important theoretical and
practical implications. First, they experimentally sup-
port the recent policy of including both sexes in human
research. They also imply that functions in which the
opioid system plays a role, such as antinociceptive or
reward mechanisms, may be differentially modulated
by gender and age.

In one study (19) a more profound effect of kappa-
opioid agonists was observed in women than in men.
While systematic data addressing sex differences in
mu-opioid agonist antinociception in humans are not
available, our results suggest that these may also be
present. In this regard, the amygdala and the thalamus
have been implicated in antinociceptive function (26).
The higher mu-opioid receptor binding would predict
that sensitivity to mu-opioid analgesics would be
greater in reproductive-age women than in men, with
the reverse being the case in postmenopausal women.
However, in the present study there were too few older
subjects to compare them to the younger subjects, so
this hypothesis should be reexamined in larger cohorts.
Also, the finding of sex-by-age interactions in the
amygdala and the thalamus would not survive after
correction for multiple comparisons. Further studies
will require specific attention to reproductive status to
confirm our findings and explore their physiological
implications.

Other behavioral and cognitive implications of our
findings are still to be explored. The opioid system is
thought to be involved in a variety of human functions,
including emotional and reward regulation, learning,
and memory acquisition. For example, mu-opioid re-
ceptors are modulated as a response to stressors (27,
28). High levels have been found in the frontal cortex
of suicide victims (16, 17) and may be present in pa-
tients diagnosed with major depression (29). High
doses of naloxone, a nonselective opioid antagonist,
appear to interfere with performance in verbal learning
tasks (30). It is interesting that women usually outper-
form men in verbal functions but have worse perfor-
mance after menopause or surgical oophorectomy (31,
32). Hypoestrogenemia may also worsen the course of
Alzheimer’s disease (33). In this illness, low mu-opioid
receptor binding in the amygdala has been described in
human postmortem tissue (34). The influence of go-
nadal steroids on amygdala mu-opioid binding and its
implications remain to be examined.

Much work remains to be done in the study of gen-
der and age effects on neurochemical systems in hu-

man subjects. This report points to one neurotransmit-
ter system, the endogenous opioid, for which both
factors have significant brain regional influences. Fur-
ther studies should be targeted to the examination of
the behavioral and cognitive implications of these in-
fluences in normal processes (e.g., cognition, emo-
tional processing) and in disease states (e.g., substance
abuse, painful conditions) in which the opioid system
may play a key role.
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