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Abstract

Estrogen-related changes in serotonergic neuronal transmission, including changes in the number of serotonin transporter (SERT) binding

sites, have been cited as a possible cause for changes in mood, memory and sleep that occur during the menopausal transition. However, both

aging and estradiol regulate SERT binding sites in the brain. The goal of this experiment was to determine how aging and estrogen interact to

regulate SERT levels in the forebrain of young and reproductively senescent female Sprague–Dawley rats using [3H]paroxetine. The density

of specific [3H]paroxetine binding in various brain regions was compared in young (2–4 months) and reproductively senescent (10–12

months) female rats at three times of day. In most brain regions examined, estrogen and aging independently increased the number of

[3H]paroxetine binding sites. The only region that displayed a reduction in [3H]paroxetine binding with age was the suprachiasmatic nucleus

(SCN). Time of day influenced [3H]paroxetine binding in the SCN and the paraventricular thalamus (PVT), two regions known to be

involved in the regulation of circadian rhythms. Aging and/or estrogen also altered the pattern of binding in these regions. Thus, based on the

results of this study, we conclude that aging and estrogen both act to regulate SERT binding sites in the forebrain of female rats, and that this

regulation is region specific.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Serotonin (5-HT) is an ubiquitous neurotransmitter pro-

duced by cells in the dorsal and median raphe nuclei.

Ascending projections from the raphe innervate forebrain

regions including the frontal cortex, hypothalamus, hippo-

campus and amygdala [56]. Because of its wide distribution

throughout the forebrain, it is not surprising that 5-HT is

involved in regulating a number of processes, including but

not limited to memory, mood, sleep/wake cycles, feeding

and reproduction [10,22,35,37,43].

5-HT neuronal transmission is affected by the organiza-

tional activity of steroid hormones in the developing brain
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and the activational effects of steroids during adulthood.

During development, estrogen acts on the CNS and results

in the sexual differentiation of the serotonergic system,

causing the density of 5-HT innervation to many forebrain

regions to be different in females than in males [21,44].

During adulthood, 5-HT neuronal transmission is influenced

by cyclic changes in estrogen and progesterone that occur

during the reproductive cycle [31,32], or with ovariectomy

and steroid hormone replacement [12]. For example, ovari-

ectomy decreases tryptophan hydroxylase protein and

mRNA levels in the raphe of macaques [7,42] and trypto-

phan hydroxylase protein concentrations in the hypothala-

mus of guinea pigs [29]. Estrogen replacement reverses

these effects [42,29]. Estrogen also regulates the regional

distribution of various 5-HT receptor subtypes throughout

the brain [9,23,41,51]. Finally, estrogen modulates the

distribution and density of SERT levels in many brain

regions. For example, in rats [33] and macaques [30], SERT

levels in the hypothalamus and other forebrain regions are
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reduced after ovariectomy, and estradiol replacement pre-

vents this.

Aging also alters the 5-HT system. In older animals, the

density of 5-HT terminals is reduced in many brain regions

and the morphology of these terminals is altered [15]. 5-HT

turnover, metabolism and the expression of many 5-HT

receptors are also different in young and aged animals

[11,18–20]. Finally, a number of studies have demonstrated

that SERT levels are altered in aged animals [20,34] and

humans [54]. Thus, both aging and estrogen act to regulate

5-HT neuronal transmission in the CNS.

Depression and changes in sleep/wake patterns and

memory that occur during the peri-menopausal period have

been attributed to alterations in 5-HT neuronal transmission

that occur in response to decreasing levels of steroid

hormones [3,24]. In support of this hypothesis, there is

evidence that some of these symptoms can be alleviated by

estrogen replacement therapy [2]. Estrogen replacement

therapy can also enhance the effectiveness of other treat-

ments, such as anti-depressant treatment [47]. Although

estrogen replacement therapy relieves or reduces certain

symptoms associated with menopause, it does not com-

pletely reverse these changes in peri- and post-menopausal

women [4,25]. Thus, changes in memory, sleep and mood

could also be due to the effects of aging on the 5-HT

system.

The goal of the present study was to determine how

aging and estrogen interact to affect SERT levels in the CNS

of young and reproductively senescent female rats. To do

this we assessed the effects of aging on [3H]paroxetine

binding in a number of different brain regions. [3H]Parox-

etine has been used to quantify SERT levels in a number of

different studies [26]. We specifically focused on analyzing

[3H]paroxetine binding in brain regions that show changes

in SERT levels in response to changes in estrogen because

we wanted to determine if the loss of estrogen mimicked the

effects of aging, or if the effects of estrogen were indepen-

dent of the effects of aging. 5-HT also modulates the

expression of biological rhythms, including the sleep/wake

cycle [36,59], and changes in sleep patterns are a hallmark

of depression [46], so we also examined the effects of aging

and estrogen on [3H]paroxetine binding in two brain regions

that modulate the expression of biological rhythms, the

suprachiasmatic nucleus (SCN) and the paraventricular

thalamus (PVT).
2. Methods

2.1. Animals care and procedures

Female rats (n = 72, Zivic Miller) were maintained on a

14:10 light/dark cycle (lights on at 04:00 h) with food and

water available ad libitum. Vaginal cytology was examined

daily to determine the reproductive status of all animals.

Young females (n = 36) were 3–4 months of age and these
animals displayed consistent 4–5-day estrous cycles. Mid-

dle-aged animals (n = 36) were 10–12 months of age and

these animals no longer exhibited cycles in vaginal cytolo-

gy. Instead, these reproductively senescent animals were in

constant estrus, and vaginal smears from these animals only

contained cornified epithelial cells. Numerous studies have

demonstrated that the loss of reproductive cyclicity, and

associated changes in circulating ovarian steroids in female

rats, are associated with alterations in the synthesis, release

and receptor expression for a number of different neuro-

transmitters including 5-HT [11,57]. Thus, we used this

change in reproductive status as a biomarker for aging of the

5-HT system.

On day 0 of the study, all animals were ovariectomized

under Metofane inhalant anesthesia. Animals were allowed

to recover for 7 days and then half of the animals received a

Silastic capsule containing estradiol (s.c., 30-mm capsule

young, 40-mm capsule middle age, 180 Ag/ml 17-B estra-

diol in sesame oil). The remaining animals received capsu-

les containing oil (vehicle) replacement. Numerous studies

have demonstrated that this estradiol treatment paradigm

produces patterns in neuronal gene expression and hormone

release that are similar to those seen in young animals on the

day of proestrus (for review, see Refs. [57,58]), and that this

replacement regime has significant effects on a number of

neurochemical systems, including the 5-HT system [11]. On

day 9 (2 days after estradiol replacement), animals were

euthanitized at 03:00, 12:00 or 20:00 h. Brains were

collected and rapidly frozen on dry ice. All procedures

and animal care protocols were approved by the West

Virginia University and the University of Kentucky Animal

Care Committees, and were in compliance with the NIH

guidelines for the use of Laboratory Animals in Research.

2.2. [3H]Paroxetine binding

Frozen brains were sectioned (12 Am) and thaw-mounted

onto slides. Slides with sections were maintained at � 80

jC until processed for [3H]paroxetine binding. Coronal

sections were collected starting at the level of the septum

(bregma 1 mm [40]) and continuing caudally through the

hypothalamus (to bregma � 3.80 mm [40]).

Saturation analyses were performed on SCN tissue

sections collected from additional groups of both young

(n = 4) and middle-aged (n= 4) animals that were ovariec-

tomized, treated with estradiol and euthanized at 12:00 h.

Brain tissue was collected and processed as described

above. Slides containing the SCN were chosen because of

the high levels of SERT present in this region [20,26]. Slides

containing the SCN of each animal were incubated in one

the following concentrations of [3H]paroxetine: 25, 50, 100,

200, 400, 800, 1000 or 2000 pM. Non-specific binding was

assessed in the presence of 10 AM clomipramine.

[3H]Paroxetine binding was performed in slides from the

following regions: the septum, basolateral amygdala, hip-

pocampus and ventromedial hypothalamus. Binding was
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assessed in three slides containing consecutive sections from

each region. Nissl-stained guide slides were used to choose

sections from approximately the same anatomical location

for each region analyzed. Examples of sections chosen are

depicted in Fig. 1. Total binding was assessed in two slides/

brain region/animal and non-specific binding was assessed

in one slide/region/animal. [3H]paroxetine (NEN Life Sci-

ence Products, Boston, MA) binding was performed using a

modification of a previously published procedure [20,26].

Briefly, slides were warmed to room temperature and then

incubated in 50 mM Tris–HCl (pH 7.4) for 30 min at room

temperature. Slides used for total binding were then incu-

bated in [3H]paroxetine (800 pM) diluted in 50 mM Tris–
Fig. 1. Autoradiographs showing specific [3H]paroxetine (free = 800 pM)

binding in various brain regions. The following regions were analyzed:

PVT, basolateral amygdala (BLA), hippocampus (HIP) and ventromedial

hypothalamus (VMH) in A, the SCN and PVT in B, and the septum in C.
HCl buffer plus 120 mM NaCl and 5 mM KCl for 60 min at

room temperature. After incubating with the [3H]paroxetine,

slides were washed twice (20 min each, at 37 jC) in

incubation buffer, dipped in ice-cold water and allowed to

dry. Slides and tritiated standards (Amersham) were apposed

to Kodak [3H]hyperfilm for 5 weeks and stored at room

temperature. After the 5-week exposure period, all films

were developed.

2.3. Analyses

Total and nonspecific [3H]paroxetine binding was

assessed from films using NIH Image. Films were placed

on a light table that produced even and consistent illumi-

nation, and images from the film were captured using a

Sony XC-77 camera with a CCTV lens to magnify the

image. To control for slight differences in densities that

may have occurred during film development, the aperture

on the camera lens was adjusted so that the tritiated

standards (range 2.7–126.4 Bq/mg tissue; Amersham) on

each film gave equal density measurements from film to

film. The density units for individual standards were used

to make a standard curve and the density of labeling in

samples was calculated using this curve. Both total and

non-specific binding were measured by placing a defined

box over the region of interest and taking a density

measurement. Specific binding was calculated by subtract-

ing non-specific binding from total binding. The Kd and

Bmax for specific [3H]paroxetine binding in the SCN were

calculated and the saturation curves were compared using

Prism GraphPad (GraphPad Software). Specific binding in

each region was analyzed using a 2 (age)� 2 (treatment)� 3

(time of day) ANOVA. Post-hoc analyses were made using

a Tukey-HSD. All values are represented as meansF S.E.M.

Significant differences were those with a probability of

p < 0.05.
3. Results

The images in Fig. 1 demonstrate [3H]paroxetine in the

brain regions analyzed. The three-way ANOVAs analyzing

the effects of time, estrogen and aging on specific

[3H]paroxetine binding in individual brain regions revealed

that binding is differentially regulated by aging and/or

estrogen in various brain regions. First, there was a main

effect of estradiol treatment on specific [3H]paroxetine

binding in some of the brain regions examined (Table 1).

Specific [3H]paroxetine binding in the basolateral amygdala,

ventromedial hypothalamus and hippocampus was signifi-

cantly higher in estradiol-treated than in vehicle-treated

animals, regardless of age. There was also a main effect

of aging on specific [3H]paroxetine binding in some regions,

with aging significantly increasing binding in the basolateral

amygdala, paraventricular thalamus and ventromedial hy-

pothalamus (Table 2).



Fig. 2. The density of specific [3H]paroxetine binding in the SCN of young

and middle-age vehicle- and estradiol-treated females at three times of day.

The ANOVA revealed a three-way interaction between the variable

[ F(2,61) = 3.54, p= 0.035]. Analyses of this interaction revealed that the

density of specific [3H]paroxetine binding exhibited significant fluctuations

over the day in all groups examined. However, the pattern of these

fluctuations was different in each group, indicating that age and estradiol

interact to regulate paroxetine binding in the SCN. There was also a

significant two-way interaction between age and time of day, with binding

being significantly higher in the middle-age animals than the young animals

at 20:00 h ($p< 0.05) and significantly lower than binding in the young

animals at 03:00 h (*p< 0.05).

Table 1

The effects of ovariectomy and estradiol replacement on specific

[3H]paroxetine binding (Bq/mg tissueF S.E.M.) in the brains of female rats

Vehicle-treated Estradiol-treated

Septum 139.58F 2.21 139.18F 2.34

Suprachiasmatic nucleus 9.54F 1.40 9.28F 1.24

Paraventricular thalamus 170.02F 2.11 164.70F 2.03

Basolateral amygdala 3.92F 0.16 4.49F 0.17*

Ventromedial hypothalamus 6.54F 0.40 7.96F 0.44*

Hippocampus 0.99F 0.11 1.48F 0.12*

Young and middle-aged female rats were ovariectomized and 7 days later,

animals received estradiol replacement or oil (vehicle) replacement. Two

days after vehicle or estradiol replacement, brains were collected and

specific [3H]paroxetine binding was assessed. These data show the main

effects of estradiol-replacement on specific [3H]paroxetine binding. Binding

in the basolateral amygdala, ventromedial hypothalamus and hippocampus

was significantly higher in animals receiving estradiol replacement than in

vehicle-treated animals.

*p< 0.05.
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In the SCN and PVT, not only was specific [3H]parox-

etine binding influenced by aging and estrogen, but it was

also influenced by the time of day. There was a significant

three-way interaction between aging, treatment and time of

day on specific [3H]paroxetine binding in the SCN of

female rats [F(2,61) = 3.54, p = 0.035; see Fig. 2]. Further

analyses of these interactions revealed that specific

[3H]paroxetine binding fluctuates over the day in all groups

of animals. However, the pattern of binding is modulated by

age and by estradiol. In young estradiol-treated animals,

specific [3H]paroxetine binding was highest during early

morning (at 03:00 h) and lower at the other two time points

( p < 0.01, compared to 12:00 and 20:00 h). In contrast, in

young, vehicle-treated females, the highest levels of

[3H]paroxetine binding were seen later in the day at 12:00

h ( p < 0.01 compared to 03:00 and 20:00 h). The highest

levels of [3H]paroxetine binding in both vehicle- and

estradiol-treated middle-aged animals were detected at

20:00 h ( p < 0.01 compared to 03:00 and 12:00 h). Thus,

both aging and estrogen modulate daily fluctuations in

specific [3H]paroxetine binding in the SCN of female rats.
Table 2

Specific [3H]paroxetine binding (average Bq/mg tissueF S.E.M.) in the

brains of young (2–4 months) and middle-aged (10–12 months) female

rats

Young Middle-age

Septum 141.37F 2.26 137.39F 2.29

Suprachiasmatic nucleus 9.11F1.32 9.72F 1.21

Paraventricular thalamus 160.51F1.95 175.77F 2.19*

Basolateral amygdala 3.82F 0.17 4.59F 0.16*

Ventromedial hypothalamus 6.62F 0.42 7.89F 0.43*

Hippocampus 1.24F 0.11 1.20F 0.12

Specific [3H]paroxetine binding was assessed in various brain regions in

young and middle-aged females that had been ovariectomized and treated

with estradiol or oil. These data show the main effects of age on specific

[3H]paroxetine binding. Binding was significantly increased in the para-

ventricular thalamus, basolateral amygdala and ventromedial hypothalamus

and hippocampus of middle-aged animals.

*p< 0.05.
There was also a significant two-way interaction between

aging and time of day [F(2,61) = 7.944, p = 0.0009] on the

level of paroxetine binding sites in the SCN. Specific

[3H]paroxetine binding in the SCN of young animals was

higher than binding in the SCN of middle-aged animals at

03:00 h [F(1,22) = 4.74, p = 0.04] and binding in the SCN of

middle-aged animals was higher than binding in young

animals at 20:00 h [F(1,20) = 4.71, p = 0.042]. Based on

these results, we conclude that the number of specific

[3H]paroxetine binding sites changes over the day in the
Fig. 3. These graphs show the mean (F S.E.M.) Bmax and Kd for specific

[3H]paroxetine binding in the SCN of young and middle-age females that

were ovariectomized and treated with estradiol. Neither the Bmax nor the Kd

were significantly different between the two groups.
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SCN in all of the experimental groups, and that aging does

not simply increase or decrease the paroxetine binding sites,

but instead alters the daily pattern in binding in the SCN.

The Bmax for specific [
3H]paroxetine binding in the SCN

of female rats was not altered by age (meansF S.E.M.;

123.8F 4.77 and 125.9F 3.64 Bq/mg tissue for young and

middle-aged animals, respectively; see Fig. 3). The Kd for

binding in the SCN was also not significantly affected by

age (629F 73.44 vs. 509F 48.53 pM, respectively). Thus,

aging and estrogen do not affect the Bmax or Kd for specific

[3H]paroxetine binding in the SCN at 12:00 h. However,

because there are daily fluctuations in binding, the Bmax or

Kd could be affected by aging or estrogen at different time

points during the day.

Specific [3H]paroxetine binding also fluctuated over the

day in the PVT. The three-way ANOVA revealed that there

was a significant interaction between time of day and

condition [F(2,59) = 3.89, p = 0.03; see Fig. 4], with specific

[3H]paroxetine binding being higher in the estradiol-treated

animals than in the ovariectomized animals at 20:00

h [F(1,24) = 7.19, p = 0.013]. There were no differences

between ovariectomized animals and estradiol-treated ani-

mals at the other time points. Because the PVT may play a

role in modulating various circadian rhythms, we performed

specific post-hoc analyses to determine if [3H]paroxetine

binding fluctuated over the day in the PVT, and how aging

and estrogen regulated these fluctuations. Specific

[3H]paroxetine binding in the PVT of young animals varied

over the day, with the estradiol-treated animals exhibiting

high levels at 03:00 and 20:00 h and low levels at 12:00
Fig. 4. Specific [3H]paroxetine binding in the PVT of young and middle-age

female rats that were ovariectomized and treated with estradiol (E2) or oil

(veh). The analyses of paroxetine binding in the PVT revealed that there

was a significant interaction between time of day and condition

[ F(2,59) = 3.89, p= 0.03], with binding being higher in estradiol-treated

animals than vehicle-treated animals at 20:00 h (*greater than estradiol-

treated animals of the same age, p< 0.05). Planned comparisons also

revealed that there were daily fluctuations in paroxetine binding in the PVT

of all animals except the middle-aged vehicle-treated animals. Age and

estradiol affected the patterns of these fluctuations and the time of peak

binding.
h ( p< 0.05), while the vehicle-treated animals showed high

levels at 12,000 and low levels at 03:00 and 20:00

h ( p < 0.05). Specific [3H]paroxetine binding in the PVT

of middle-aged estradiol-treated animals also fluctuated

throughout the day with the peak occurring at 20:00

h ( p< 0.05); in contrast, specific [3H]paroxetine binding

in the middle-aged vehicle-treated animals did not exhibit

daily variations. Based on these results, we conclude that

estrogen modulates the daily pattern of specific [3H]parox-

etine binding in the PVT. Although estradiol does restore

daily fluctuations in binding in the middle-aged animals,

this pattern is different from that seen in young animals.
4. Discussion

It has been hypothesized that changes in mood, memory

and sleep/wake patterns that occur during the peri-meno-

pausal period may be associated with changes in the

regulation of SERT levels or binding [7,24,33]. However,

to date, most studies have only examined the effects of

ovarian steroids in young animals, and have not taken into

account the effects of age on SERT levels in females. The

goal of this study was to determine how aging and changes

in circulating estradiol levels interact to affect SERT levels,

as measured by [3H]paroxetine, in the forebrain of female

rats. We found that in most, but not all, brain regions we

analyzed, aging and estrogen affected specific [3H]parox-

etine binding, and that these variables acted independently.

Specific [3H]paroxetine binding was significantly in-

creased by estradiol replacement in the basolateral amygda-

la, ventromedial hypothalamus and hippocampus of both

young and middle-aged female rats. These findings are

consistent with the results of other studies showing that

estrogen increases specific [3H]paroxetine binding and

SERT mRNA in the brains of young female rats [33] and

SERT levels in the hypothalamus of macaques [30,48].

Since SERT mRNA levels appear to be regulated by

estrogen, and because previous work has demonstrated that

estrogen does not alter the affinity of the SERT for parox-

etine in the CNS of female rats [33], these estrogen-induced

changes are most likely the result of changes in the number

of binding sites in these specific regions.

In contrast to previous reports, where estrogen increased

specific [3H]paroxetine binding in the septum of female rats

[33], we did not see any difference in specific [3H]parox-

etine binding in the septum of ovariectomized and estradiol-

treated rats. The differences between our results and those of

Ref. [33] may be due to the length of time animals were

ovariectomized and exposed to estradiol before tissue was

collected. In Ref. [33], animals were immediately injected

with estradiol after being ovariectomized and they were

euthanized the next day. However, in this study, animals

were ovariectomized for one week before receiving estradiol

replacement and tissue was collected 2 days after replace-

ment. Since animals in the current study were ovariecto-
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mized longer than in McQueen’s study, it is possible that

they needed an extended exposure to estradiol replacement

to see an increase in specific [3H]paroxetine binding in the

septum.

Aging also altered specific [3H]paroxetine binding in a

number of brain regions. In most regions examined, specific

[3H]paroxetine binding was higher in middle-aged than in

young animals. These findings are consistent with data

collected in male hamsters that demonstrate that aging

increases [3H]paroxetine binding in specific brain regions

[20], and with data collected in male rats indicating that

aging results in an increase in SERT mRNA in the raphe

[34]. Although there is evidence demonstrating that reduc-

tions in 5-HT release are associated with a decrease in the

number of [3H]paroxetine binding sites [28], suggesting that

SERT levels may be influenced by the amount of 5-HT

being released, it is unlikely that the increase in [3H]parox-

etine binding in aged animals and humans is due to an

increase in 5-HT release in the CNS. In fact, a number of

studies have demonstrated that aging reduces 5-HT turnover

[49] and causes degeneration of the 5-HT system [55]. It is

possible that the age-related increase in the number of

[3H]paroxetine binding sites in various brain regions

reduces the effects of 5-HT by lowering the concentrations

of 5-HT in the synapse. However, it is also possible that this

age-related increase in the number of SERT binding sites

may serve as a mechanism to rapidly remove 5-HT from the

synapse so that it can be metabolized and the tryptophan

used to synthesize more 5-HT. To fully understand how

aging affects 5-HT release and uptake, both these variable

must be measured in specific brain regions over the same

time course so that the relationship between these two

variables can be accurately described.

The only two regions that showed a significant interac-

tion between estradiol and age on specific [3H]paroxetine

binding were the SCN and the PVT. These regions were also

the only two regions where specific [3H]paroxetine binding

was influenced by the time of day. Although we only

examined specific [3H]paroxetine binding at three different

time points during the day, our results suggest that there

may be a rhythm in specific [3H]paroxetine binding in the

SCN and that the pattern of this rhythm is altered by aging

and estrogen. In young animals, ovariectomy appears to

delay the peak in specific [3H]paroxetine binding in the

SCN. Ovariectomy and aging also have been shown to

regulate the rhythm in 5-HT turnover in the SCN of female

rats, where ovariectomy and aging attenuate the rhythm in

5-HT turnover [11,12]. 5-HT release into the SCN is highly

correlated with activity, with 5-HT release being highest

during the early evening bout of activity in nocturnal

rodents [6,17]. A number of studies have demonstrated that

ovarian hormones can regulate the time of activity onset and

level of activity in female rodents, with activity onset

occurring earlier when estrogen levels are high, and later

when estrogen levels are lower [1,5,52]. Thus, it is possible

that steroid hormones regulate activity/rest cycles and that
changes in activity/rest cycles affect 5-HT activity (turnover

and SERT levels) in the SCN.

Aging also alters the expression of activity rhythms [53]

and results in changes in the rhythmic pattern of the sleep/

wake cycles in humans and rats [14,27]. Post-menopausal

women often sleep less, wake earlier and go through fewer

bouts of slow-wave sleep than younger women [2,3]. Age-

related changes in both endocrine and sleep/wake rhythms

have been correlated with the declining levels of estrogen

during menopause [3,24]. However, based on the results of

this study, it does not appear as if estrogen replacement

restores the pattern of specific [3H]paroxetine binding in the

SCN of older animals. Estrogen replacement also does not

restore the rhythm in 5-HT turnover in the SCN of aged

female rats [12]. However, estrogen replacement does

appear to alleviate some of the disturbances in sleep patterns

seen in post-menopausal women [2]. Thus, age-related

changes in the expression of biological rhythms and sleep/

wake patterns are not solely due to changes in circulating

estradiol levels, or to changes in 5-HT neural transmission

in the SCN.

The pattern of specific [3H]paroxetine binding in the

PVT is also affected by estrogen and age. In young animals

treated with estradiol, specific [3H]paroxetine binding was

high at 03:00 and 20:00 h and low at 12:00 h. In contrast, in

young ovariectomized vehicle-treated animals, this peak

was altered, with specific [3H]paroxetine binding being

highest at 12:00 h and lower at 03:00 and 20:00 h. Based

on these results, we conclude that estrogen regulates the

pattern of specific [3H]paroxetine binding in the PVT of

young animals.

The ability of estrogen to regulate specific [3H]paroxe-

tine binding in the PVT appears to be altered in reproduc-

tively senescent animals. Estradiol-treatment restored daily

fluctuations in paroxetine binding in middle-aged animals.

However, this pattern of binding was different from that

seen young animals, indicating that changes seen in parox-

etine binding in the PVT of reproductively senescent female

rats are regulated by both changes in estradiol and aging.

The PVT receives dense serotonergic input from the

raphe [16,45] and input from the circadian system (i.e.,

the SCN [50]). This region of the brain appears to play a

role in the regulation of activity, sleep/wake [38,39] and

corticosteroid rhythms [8] in rodents. It is also a site of

action for many antispychotic agents [13]. Thus, estrogen-

and age-related changes in serotonergic activity and specific

[3H]paroxetine binding in this region may affect the expres-

sion the expression of certain biological rhythms and mood.

In fact, because changes in biological rhythms and mood are

often coupled in individuals, we hypothesize that the PVT

may serve as one of the central regions integrating mech-

anisms that regulate these processes.

In conclusion, the regulation of specific [3H]paroxetine

binding in many forebrain regions of females appears to be

independently regulated by aging and estrogen. Thus, cer-

tain age-related changes in mood, cognition and/or biolog-
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ical rhythms in post-menopausal women may not be due to

a reduction in estrogen, but instead may be solely due to the

effects of age. In contrast, age- and estrogen-related changes

in the rhythmic release of corticosteriods and sleep may be

related to changes in serotonergic activity in the PVT and

future studies will be designed to determine how these

factors interact to influence inputs and outputs of this

region.
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