
SEROTONIN MODULATION OF CEREBRAL GLUCOSE
METABOLISM: SEX AND AGE EFFECTS

Cynthia A. Munro, Ph.D.1, Clifford Workman, B.S.1, Elisse Kramer, Ph.D.2, Carol Hermann,
M.D.2, Yilong Ma, Ph.D.3, Vijay Dhawan, Ph.D.3, Thomas Chaly, Ph.D.3, David Eidelberg,
M.D.3, and Gwenn S. Smith, Ph.D.1
1Department of Psychiatry and Behavioral Sciences, Johns Hopkins University School of
Medicine, Baltimore, MD 21224
2Department of Geriatric Psychiatry, the Zucker Hillside Hospital, Glen Oaks, New York 11004;
and Center for Neurosciences
3The Feinstein Institute for Medical Research, North Shore - Long Island Jewish Health System,
Manhasset, New York 11030

Abstract
The serotonin system is implicated in a variety of psychiatric disorders whose clinical presentation
and response to treatment differ between males and females, as well as with aging. However,
human neurobiological studies are limited. Sex differences in the cerebral metabolic response to
an increase in serotonin concentrations were measured, as well as the effect of aging, in men
compared to women. Thirty-three normal healthy individuals (14 men/19 women, age range 20–
79 years) underwent two resting positron emission tomography (PET) studies with the radiotracer
[18F]-2-deoxy-2-fluoro-D-glucose ([18F]-FDG) after placebo and selective serotonin reuptake
inhibitor (SSRI, citalopram) infusions on two separate days. Results indicated that women
demonstrated widespread areas of increased cortical glucose metabolism with fewer areas of
decrease in metabolism in response to citalopram. Men, in contrast, demonstrated several regions
of decreased cortical metabolism, but no regions of increased metabolism. Age was associated
with greater increases in women and greater decreases in men in most brain regions. These results
support prior studies indicating that serotonin function differs in men and women across the
lifespan. Future studies aimed at characterizing the influences of age and sex on the serotonin
system in patients with psychiatric disorders are needed to elucidate the relationship between sex
and age differences in brain chemistry and associated differences in symptom presentation and
treatment response.
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INTRODUCTION
The serotonin system plays a critical role in the regulation of many behaviors, including
mood, and abnormalities in the functional integrity of this system have been found in
numerous psychiatric disorders (as reviewed by Lucki, 1998). Many of these disorders have
clinical presentations that differ between men and women, and also change with advancing
age. Accordingly, an understanding of the influence of sex and age on the serotonin system
will have implications for the pathophysiology of such psychiatric disorders, and inform
their intervention and prevention strategies.

Neuroimaging studies have observed sex differences in the serotonin system. The rate of
serotonin synthesis in the healthy human brain is reported to be lower in women compared
to men (Nishizawa et al., 1997; Frey et al., 2010; Sakai et al., 2006). Studies of receptor
binding have yielded less consistent results. In some studies, 5HT2A binding was higher in
men compared to women (Biver et al., 1996; Soloff et al., 2010), whereas other studies
found no sex difference in binding of the same receptor (Adams et al., 2004; Frøkjaer et al.,
2009). Conflicting results may be attributable to the narrower age range of subjects included
in the latter compared to the former studies. Conversely, 5HT1A receptor binding has been
found to be lower in men compared to women in some studies (Jovanovic et al., 2008;
Parsey et al., 2002), although other studies (e.g., Stein et al., 2008) found no sex differences
in this receptor, despite studying demographically very similar subjects and using the same
methods as studies that did find a sex difference. Small sample sizes and large individual
variability may account for the disparate findings.

Although few studies have examined sex differences in serotonin transporter (SERT), higher
expression of SERT in the diencephalon and brainstem in healthy women relative to healthy
men has been shown (Staley et al., 2001), and higher SERT binding in women compared to
men has also been found (Jovanovic et al., 2008).

In addition to sex, normal aging has also been shown to affect some aspects of the serotonin
system. For example, Møller and colleagues (2007) found a 10% decline in global mean
5HT1A receptor binding in elderly compared to young adults. Similarly, availability of the
5HT2A receptor appears to decline by approximately 10% per decade (Adams et al., 2004;
Meltzer et al., 1998b; Sheline et al., 2002), with an aging effect seen in the anterior
cingulate, and orbitofrontal, ventrolateral prefrontal, dorsolateral prefrontal, superior medial
frontal, medial inferior temporal, sensorimotor, and parietal cortices, as well as the insula
and amygdala/hippocampus (Adams et al., 2004). SERT has been shown to decline with age
in both men (Yamamoto et al., 2002) and women (Kuikka et al., 2001)

Unlike serotonin receptors, serotonin synthesis does not appear to change with age (Rosa-
Neto et al., 2007). Serotonin function inferred from in the glucose metabolic response to a
serotonin-selective reuptake inhibitor (SSRI) challenge has been found to increase with age
in some anterior cortical regions and decrease with age in posterior cortical regions
(Goldberg et al., 2004). Taken together, these results suggest functional serotonin
compensation in normal individuals across the lifespan, in contrast to structural changes in
the serotonin system with advancing age.
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While both age and sex have been shown to affect various indices of serotonin functioning,
few studies have examined the interaction between age and sex. Two investigations found
that, in men, increased age is correlated with decreased 5HT1A binding potential (BP; Costes
et al., 2005; Moses-Kolko et al., 2011). In women, the opposite effects of aging have been
found; 5HT1A receptor BP increases with age (Moses-Kolko et al., 2011).

Thus, results from numerous studies have found sex differences in several aspects of the
serotonin system, including serotonin synthesis, but equivocal findings for measures of
serotonin receptor binding (5-HT1A, 5-HT2A) have been obtained. Advancing age is
associated with a decline in receptor number and region-dependent differences in the
glucose metabolic response to an SSRI, but no apparent change in serotonin synthesis.
Whether the effect of age on the response of the serotonin system differs between males and
females has received little research attention. The aim of this study was to explore the
effects of sex and age on the cerebral metabolic response to acute administration of an SSRI,
citalopram, in healthy adults.

MATERIALS AND METHODS
Study Design

Thirty-three normal healthy individuals (14 men/19 women) underwent two positron
emission tomography (PET) scans on two consecutive days to measure the effects of saline/
citalopram administration on cerebral glucose metabolism, as described previously (Smith et
al., 2002; Goldberg et al., 2004).

Subject Screening and Selection
Subjects were recruited from advertisements in the community. As part of the screening
visits, subjects underwent psychiatric evaluation that included a structured clinical
interview, (SCID; First et al., 1995), laboratory testing (including CBC and blood chemistry,
glucose levels and thyroid function tests), toxicology screening, and magnetic resonance
(MR) imaging scans (GE 1.5T Magnetom Vision, General Electric Medical Systems,
Milwaukee, Wisconsin). After the screening visits, PET scans were conducted on separate
days. A single spoiled gradient-recalled echo (SPGR) MR pulse sequence was used for the
volumetric analyses. (TE=5, TR=24, flip angle=20 degrees, NEX=1, 1.5mm slice thickness;
Johnson et al., 1993). This sequence yields 124 thin, contiguous images, maximizes contrast
among grey matter, white matter and cerebrospinal fluid (CSF) and provides high-resolution
delineation of cortical and subcortical structures.

Subjects who had a history of or current neurological disorder, or who met DSM-IV criteria
for current or past Axis I psychiatric disorders (including substance abuse) in themselves or
their first-degree relatives, or who were not medically stable (including a current diagnosis
of insulin-dependent diabetes or poorly controlled hypertension), or who had used
prescription (including beta blockers) or over-the-counter medications (e.g., antihistamines,
cold medications), or herbal supplements with central nervous system effects within the past
two weeks, were excluded. None of the post-menopausal women were taking estrogen
replacement preparations.

The mean age for the total sample was 43.4 ± 21.0 years (range 20–79 years). The difference
in age between the men (mean age 42.0 ± 21.2 years) and women (mean age 44.5 ± 21.5
years) as a group was not statistically significant (F (1,27)= −0.47, p > 0.5). The mean
education level of men (16.0 ± 3.0 years) and women (15.6 ± 2.0 years; t (31) = −0.40, p > .
05) did not differ significantly. Twenty-five participants (76% of the sample) were
Caucasian; 4 (12%) were African-American, 3 (9%) were Hispanic, and 1 (3%) was Native
American. Seventeen of the subjects from the present sample were described in a prior
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report of the effects of normal aging on brain metabolism in response to citalopram
(Goldberg et al., 2004). The demographic characteristics did not differ significantly between
subjects previously described and the subjects recruited subsequently. After a complete
description of the study to the subjects, written informed consent was obtained according to
procedures established by the Institutional Review Board and the Radiation Safety
Committee of the North Shore-Long Island Jewish Health System.

Acute Citalopram Intervention
We used glucose metabolism in response to citalopram to interrogate the functional response
of the serotonin system because of the sensitivity of glucose metabolism to detecting the
effects of antidepressants on brain function (Smith et al., 2011). While measuring changes in
receptor availability using a serotonin radiotracer would be a more direct measure of
serotonin function, the sensitivity of serotonin receptor radiotracers to a change in
endogenous serotonin concentrations is controversial (as reviewed by Paterson et al., 2010).
The SSRI citalopram was used because it is the most selective of the SSRI’s, is available for
intravenous administration, and is well tolerated across the life span (Alexopoulos et al.,
2001).

The subjects were scanned on two consecutive days after an infusion of either placebo
(250ml of saline) or citalopram (40mg of the drug diluted in 250ml saline) over 60 minutes.
The citalopram dose was chosen and not given on an mg/kg basis to be consistent with the
clinical use of citalopram. Accordingly, the 40mg dose was used, as it is the dose that
produced a plasma concentration that is comparable to the plasma level obtained after
chronic clinical treatment. The radiotracer was injected approximately 30 minutes after the
end of the infusion, the time when the maximal effects on cerebral metabolism and
neuroendocrine function have been observed (Smith et al., 2002). The study was single blind
in that the subjects were told that they would receive either citalopram or placebo (saline)
prior to each study, but the investigator knew the identity of the infusion. The order of
placebo-drug administration was not randomized because if the drug were administered first,
there may be carryover effects to the second scan. As pointed out by Kapitany and
colleagues (1999), a time interval of at least three weeks would be necessary between drug
and placebo conditions due to the known carry-over effects of serotonergic drugs. As the
subjects were studied as a control group for depressed patients, it would not be possible for
ethical reasons to maintain the depressed patients un-medicated during such a long time
interval. As studies of the test-re-test variability of PET glucose metabolism measures do not
show a systematic effect (increase or decrease from the first to second scans), a systematic
effect of order (day 1-placebo; day 2-citalopram) on the citalopram effect is not expected
(e.g., Bartlett et al., 1988).

On the days of the infusions, serum and plasma samples were obtained at predetermined
intervals (end of infusion, and 15, 30, 60, 90, and 120 minutes post-infusion) to measure
concentrations of citalopram. The drug levels were analyzed using repeated-measures
analysis of variance with condition (2 levels: placebo/citalopram) and time (6 levels: end of
infusion, 15, 30, 60, 90, and 120 minutes post-infusion) as within-subject factors. As
expected, a significant effect of time was observed (F(5,22)=6.55, p > .05). The main effects
of age (F (1,26)=1.99, p > .05), sex (F(1,26)=4.05, p > .05) as well as the interaction
(F(1,26)=2.373, p > .05) were not significant. The means and standard deviations for the 30-
and 60-minute citalopram levels (ng/ml; during the 18F-FDG uptake) are: 30-minute:
young: male 49.1 ± 17.81, female 41.23 ± 17.60; elderly male 41.68 ± 8.81, female 55.23 ±
8.44; 60-minute young: male 40.0 ± 5.47, female 66.17 ± 51.91; elderly: male 41.23 ± 4.93
female 52.87 ± 8.75.
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PET Imaging Procedures
The PET scans were performed with a GE Advance Tomograph in the Center for
Neurosciences, Feinstein Institute for Medical Research, as described previously (Smith et
al., 2002a,b). Briefly, fifteen to thirty minutes after the end of the infusion of placebo (Day
1)/citalopram (Day 2), 5 mCi of [18F]-2-deoxy-2-fluoro-D-glucose ([18F]-FDG) was
injected as an intravenous bolus. A ten-minute transmission scan and a five-minute two-
dimensional emission scan were acquired to perform photon attenuation correction, followed
by a three-dimensional emission scan 40 minutes after radiotracer injection that lasted for 10
minutes.

Data and Image Analysis
Glucose metabolic rates were calculated (in ml/100g/min) on a pixel-by-pixel basis
according to validated methods (Smith et al., 2002a,b). PET data processing was performed
on the quantitative glucose metabolism images using the statistical parametric mapping
program (Friston et al., 2007). This is a data-driven analytic approach that performs
statistical tests on each voxel of each image. The images were smoothed with an isotropic
Gaussian kernel (FWHM 8mm for all directions). The glucose metabolic rates were
normalized by scaling to a common mean value (50) across all scans, after establishing that
the global means did not differ significantly between groups and conditions (p > 0.05). The
data were normalized to a global mean because of the greater test-retest variability for
absolute compared to relative glucose metabolism observed in numerous studies (e.g.,
Bartlett et al., 1988). Using SPM5, spatial normalization was applied by aligning the FDG
scans to a template in MNI space using affine transformations, and then estimating and
writing nonlinear deformations defined by basis functions to warp the FDG scans to MNI
space (Ashburner and Friston, 1999). Coordinates in MNI space were transformed to
Talairach space using methods described by Lancaster et al. (2007).

The PET and MR data analyses were performed using the flexible factorial option in SPM5.
First, the baseline PET data and MR data were analyzed to evaluate sex and age effects. The
MR data were analyzed using voxel based morphometry (VBM) as described previously
(Smith et al., 2009) to evaluate differences in CSF between groups. For quality control, the
images for each subject were visually inspected to check the accuracy of the segmentation
prior to the VBM analysis. Due to partial volume effects, increased CSF between groups in
cortical and sub-cortical structures may “dilute” the PET and show a reduction in
metabolism and, thus, contribute to differences in the PET data (Mazziota et al., 1981).

For the PET data, four separate analyses to evaluate the sex and age effect on the acute
glucose metabolic response to citalopram were performed. In summary, to evaluate the acute
metabolic response to citalopram in females and males, analyses of variance were performed
for each group separately and the contrasts for increase (+1, −1; scan order Post/Pre for all
analyses) and decrease (−1, +1) were tested (Table 1). To compare the patterns of increase
and decrease in the males to the females, two contrasts were tested (Table 2): Female
increase > Male decrease (+1, −1, −1, +1) and Female decrease > Male increase (−1, +1, +1,
−1). To evaluate the correlation between age and the acute metabolic response to citalopram,
age was included as a covariate and the groups were analyzed separately for positive and
negative correlations (Table 3). To compare the patterns of positive and negative
correlations with age in the males to the females, both males and females were included in
the analysis. Age was included as a covariate. Two contrasts were tested (Table 4): females
positive correlation greater than the males negative correlation (+1, −1) and females
negative correlation greater than the males positive correlation (−1, +1).
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The comparisons were considered significant at a t threshold greater than 3.51 (z > 2.98, p <
0.00288; uncorrected for multiple independent comparisons) and a cluster size greater than
50 voxels. The comparisons that were significant at the cluster level (p < 0.01) are also
indicated in the tables.

RESULTS
Baseline differences in glucose metabolism, cerebrospinal fluid (CSF), and gray matter
(GM) concentrations by age and sex (data not shown)

Baseline metabolism was greater in women than in men in the right middle temporal gyrus.
In contrast, men had higher baseline metabolism than women in pre-central gyrus (BA 6)
and cuneus (BA 19) bilaterally, and right precuneus (BA 31). Regarding the difference in
correlation between baseline glucose metabolism and age between men and women, greater
baseline metabolism was correlated with increasing age to a greater extent in men compared
to women in the left pre-central gyrus (BA 6) and right lingual gyrus (BA 17). For CSF, the
positive correlation with age was observed to a greater extent in women compared to men in
the medial frontal and middle temporal gyri (bilaterally), right insula, and right cuneus.

The acute cerebral metabolic response to citalopram in men and women (Table 1, Figure 1)
Decreased metabolism after citalopram administration (metabolism after citalopram
administration minus metabolism in the placebo condition) in women was observed in the
left midbrain, and right middle temporal, and right middle occipital gyri (magnitude change
−1.80% ± 1.86; range −5.52 to 1.24). The areas of increase were more extensive and
included the left superior frontal gyrus, left anterior cingulate gyrus, left superior temporal
gyrus, left uncus, left putamen, thalamus bilaterally (magnitude change left: 2.75% ± 2.62;
range 1.88 to 7.83), and posterior cingulate gyri (bilaterally). Other areas of increase
observed in women were in the right transverse temporal gyrus, and other right parietal
cortical regions (including angular gyrus, inferior parietal gyrus, post-central gyrus,
precuneus; magnitude change 1.96% ± 2.19; range −2.25 to 6.18).

In contrast to the women, the predominant change in metabolism after citalopram
administration in the men was that of decreased metabolism in the anterior cingulate
(magnitude change left: 2.42% ± 2.28; range −5.85 to 1.73), superior frontal (magnitude
change right: −2.17% ±1.83; range 4.27 to 1.20), and pre-central gyri (bilaterally), right
superior temporal gyrus, left superior parietal lobule, right posterior cingulate, right
precuneus, and right inferior parietal lobule. There were no significant areas of increase in
men. Figure 1 depicts the regions for which significant effects (i.e., t-values) were found; the
magnitude of the effects are not indicated.

Comparison between the acute cerebral metabolic response to citalopram in men and
women (Table 2)

For the comparison of the acute cerebral metabolic response to citalopram, greater decreases
in women compared to men were observed in the right cerebellum (magnitude change
female: −1.02% ± 3.00; range −6.74 to 3.62; male: 2.50% ± 3.11; range −3.13 to 6.47),
whereas greater increases in women compared to men were observed in the anterior
cingulate (bilaterally; left magnitude change female: −1.46% ± 2.16; range −3.04 to 4.86;
male: −1.47% ± 1.84; range −4.48 to 1.58), left medial frontal, right pre-central, right
transverse temporal, left supramarginal, and left inferior parietal gyri.
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Correlations between the acute cerebral metabolic response to citalopram and age in men
and women (Table 3)

In men, the change in metabolism after citalopram was positively correlated with age in the
right cuneus (R = 0.74) and negatively correlated with age in the right and left superior
frontal gyri and thalamus (R = −0.73), and in the right middle and inferior frontal gyri. Thus,
in men, greater decreases in frontal and thalamic regions and greater increases in the
occipital cortex were observed with increasing age. In women, greater increases in the right
middle temporal gyrus (R= 0.60) and right cuneus, and in the cerebellum (bilaterally; right,
R = 0.59) were associated with increasing age. Thus, for both men and women, the
predominant effect (decrease in men and increase in women) is accentuated with age.

Comparison of correlations between the acute cerebral metabolic response to citalopram
and age in men versus women (Table 4; Figure 2)

With respect to the comparison of correlations with age between the sexes, greater decreases
in the left superior frontal (female/male R = 0.52/−.66) and middle frontal gyri, left caudate,
and left thalamus (female/male R = 0.59/0.53) were correlated with increasing age to a
greater extent in men compared to women. Greater increases in the right middle temporal
and middle occipital gyri (female/male R = −0.33/0.68) and right cuneus were associated
with increasing age in women compared to men. Thus greater decreases in frontal and
subcortical regions are observed with advancing age in men and greater increases in
posterior cortical regions in women.

DISCUSSION
The goal of this study was to investigate the influence of sex and age on serotonin function,
inferred from the cerebral glucose metabolic response to an acute citalopram pharmacologic
intervention. The results demonstrated that women exhibited a different metabolic response
to citalopram than did men with respect to the direction of the effect (increase versus
decrease) and the brain regions involved. In particular, citalopram infusion in women
produced widespread increases in glucose metabolism, with fewer areas of decreased
metabolism. In contrast, men demonstrated no areas of increased metabolism, whereas
several areas of decreased metabolism were observed. In comparing men and women, we
found that relative to men, women had greater decreases in metabolism in the right
cerebellum, but greater increases in the frontal (anterior cingulate [bilaterally], left medial
frontal, right pre-central gyri), temporal (right transverse temporal gyrus) and parietal (left
supramarginal and left inferior parietal gyri) cortices. In this sample, baseline cerebral
glucose metabolism is higher in men in some regions (precentral gyrus, cuneus and
precuneus) that show greater increases in response to citalopram in females (data not
shown). Thus, it is possible that the differences in the direction of the effects between men
and women may be explained by a normalization of cerebral metabolism since the
comparison of metabolism in the citalopram condition did not differ significantly between
men and women (data not shown). With respect to the possible influence of cerebral atrophy
in interpreting the glucose metabolism data, there were few regions of increased CSF in
comparing males and females and also in the comparing the correlations with age between
the sexes. The regions that demonstrated greater CSF did not overlap with regions that
showed sex or age related differences in response to citalopram. Thus, cerebral atrophy is
not likely to contribute to the findings observed.

In prior studies (e.g., Sakai et al., 2006; Staley et al., 2001; Jovanovic et al., 2008), females
show a greater capacity to synthesize serotonin, as well as greater SERT and 5-HT1A
receptor densities compared to males, although some studies find no sex differences (e.g.,
Stein et al., 2008). The sex differences in the metabolic response to citalopram found in the
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current study may therefore be related to greater serotonin function and innervation in
females compared to males and a greater net effect of serotonin transporter reuptake
inhibition in females than males. Thus, the consequences of serotonin reuptake inhibition
may be different in women compared to men.

While the direction of the effect was different, similar cortical regions were affected by
citalopram in women and men. The regions affected are areas implicated in affective and
cognitive processing, as well as appetitive behaviors that are serotonergically mediated
(Liotti et al., 2000, Fletcher et al., 1995, Tataranni et al., 1999). The regions affected include
components of the default mode network (e.g., anterior cingulate gyrus, middle frontal
gyrus, precuneus; Buckner et al., 2005), as well as regions affected earliest in Alzheimer’s
disease. The sensitivity of these regions to citalopram is of interest as serotonin degeneration
is observed early in the course of AD, as well as in amyloid transgenic mouse models (as
reviewed by Meltzer, et al., 1998a; Liu et al., 2008).

In normal aging, decreases in SERT, 5-HT1A and 5-HT2A receptors are observed (e.g.,
Møller et al., 2007; Adams et al., 2004; Yamamoto et al., 2002), in contrast to the lack of an
aging effect on serotonin synthesis (Rosa-Neto et al., 2007). In the present study, we found
that in normal aging the pattern of sex difference is accentuated, with greater increases in
women and greater decreases in men associated with advancing age. As differential
decreases with age as a function of sex have not been well studied, the significance of the
accentuation of these sex differences in metabolic response with aging should be
investigated. Furthermore, in our prior work, we found that the metabolic effects of
citalopram in geriatric depressed patients are predominantly that of a decrease or
normalization of metabolism relative to cerebral metabolism observed in demographically
matched control subjects (Smith et al., 2009). Whether these metabolic effects differ
between male and female depressed patients warrants further study.

Sex hormones, particularly estrogen and progesterone, have been shown to increase
serotonin production (Sanchez et al., 2005) and possibly prevent serotonin cell death
(Bethea et al., 2011; see also Fink et al., 1998). In fact, increased 5-HT2A receptor
availability has been observed after estrogen and progesterone treatment in post-menopausal
women (Moses et al., 2000). It is also the case that while citalopram has a primary
mechanism of action by blocking serotonin reuptake and increasing serotonin
concentrations, effects on other neurotransmitter systems (e.g., glutamate, norepinephrine,
dopamine, and acetylcholine) have been reported (Golembiowska and Dziubina, 2000;
Invernizzi et al., 1997; Lucas et al., 2000; Mateo et al., 2000; Hilgert et al., 2000). Given the
pattern of alterations in cortical glucose metabolism and the strong evidence for interactions
between serotonin and glutamate in neocortical pyramidal cells (as reviewed by Marek and
Aghajanian, 1998), it is possible that secondary effects on glutamate concentrations may
contribute to the cortical metabolic changes observed.

The impact of testosterone, which declines steadily in men beginning in middle adulthood, is
difficult to evaluate as studies have focused on other neurotransmitters, not the serotonin
system (see Zheng, 2009 for a review). Taken together with results from studies on sex
hormones and their relation to the serotonin system, the accentuation of the pattern of
changes in glucose metabolism by citalopram observed with advancing age may represent a
compensatory response to these changes associated with decreased sex hormone levels with
advancing age.

Two limitations that may contribute to the results obtained should be acknowledged. First,
we did not control for phase of the menstrual cycle in women, which may have affected the
results in premenopausal women. However, the evidence for changes in serotonin receptor
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binding during the menstrual cycle is limited and controversial (Jovanovic et al., 2006,
2009). Second, genotyping of the SERT promoter (5-HHTLPR) was not performed. 5-
HTTLPR polymorphisms have been shown to influence the direction and laterality of the
cerebral metabolic response to citalopram in earlier studies (Smith et al., 2004). Future
studies will control for these potentially important variables.

CONCLUSIONS
The current findings indicate that citalopram-induced changes in cerebral metabolism are
positively correlated with age in women, whereas in men the changes are primarily
negatively correlated with age. Thus, greater increases in metabolism are observed in
women and decreases in men with normal aging. These results are not only in line with prior
findings suggesting that serotonin function differs in men and women, but also indicate that
the nature of this difference changes with advancing age. Future studies aimed at
characterizing the influence of age and sex on the serotonin system in patients with
depression will further elucidate the relation between brain chemistry and treatment
response in elderly men and women with depression.
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Figure 1.
Changes in cerebral glucose metabolism after acute citalopram administration (40mg, IV).
In males (depicted on the left) the predominant change was a decrease in metabolism, and in
females (depicted on the right) the predominant change was an increase in metabolism. The
“blobs” indicate significant regions of change above the statistical threshold (p < 0.00288).
Figures are superimposed on a three- dimensional rendering of a 7T MR scan.
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Figure 2.
Correlations between change in cerebral glucose metabolism in response to citalopram and
age in the thalamus (A) and middle occipital gyrus (B), depicted in men and women
separately.
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