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INTRODUCTION 

Gerontology is the science that is concerned with the 

study and understanding of the,Fging process. One definition 

of aging is "any time-dependent change which occurs after

maturity of size, form, or function is reached and which is 

distinct from daily, seasonal and other biological rhythms" 

(Rockstein et al., 1977). Many early investigators suggested 

that biological aging-was under. gonadal control. No other 

effect of aging on endocrine function is as dramatic as that 

which occurs with ~enopause in women. Because longitudinal 

studies of human aging a~e limited by the lifespan of the 

investigator, longitudinal studies of aging using animls are 

more readily performed. As compared to humans, inbred 

animal strains offer the advantages of shorter lifespans and 

reduced genetic variability. A relatively-long 

postreproductive period resembling menopause in women makes 

the rat model useful for understanding endocrine changes in 

the aging female reproduct~ve system. Even though aging 

changes in reproductive endocrine control systems have been 

described, the endocrine regulation of reproductive 

senescence remains poorly understood. 

The female laboratory rat is an excellent model for 

studying endocrine changes associated with reproductive aging 

since adult female rats exhibit well-defined estrous cycles 

and display changes in reproductive patterns with aging (Lu 

et al., 1979). The combination of a short lifespan and a 

-1 
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transition to acyclicity resembling the peri-menopause in 

wo~en makes the rat model useful for und~rstanding endocrine 

changes in the aging female reproductive system. Data obtained 

from this rodent animal model may provide insights into 

reproductive aging in·the human female. Similarities in the 

control of gonadotropin secretion exist between,the rat and 

the human: estradiol acts as the main signal for the ovulatory 

gonadotropin surge and enhances the responsiveness of the 

pituitary to LHRH; the effects of estradiol are modulated by 

progesterone (Sharp and-Fraser, 1978). Both the premenopausal 

woman and· the pre-acyclic rat exhibit irreg.ular cycles with 

increasing frequency, fewer ovulatory cycles occur, and a 

tendency for the development of large or cystic follicles 

occurs. Gonadotropin le~els observed during normal menstrual 

cycles are altered in cycles of peri-menopausal women, 

and result from increased serum LH and FSH levels (Sherman 

et al. 1976). The primary reproductive defect in female rats 

seems to be in the hypothalamic-pituitary axis and may involve 

altered stimulation by neurotransmitters with age. Reduced 

brain catecholamines have been r~ported in menopausal w6men 

but have not yet been associated with reproductive failure 

(~eites et aL., 1978). 

The pattern of acyclic reproductive states exhibited by 

aging rats may be unique. Other than the aged rat, only aging 

mice exhibit the constant estrus (CE) state. Also, studies of 

age-related changes in prolactin (PRL) secretion revealed 

species-specificity, even among rodents (Parkening et al., 1980). 
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Reproductive aging in the female rat is characterized by 

the transition from regular estrous cyclicity to an acyclic 

postreproductive state. Age-related changes in ovarian 

morphology, vaginal cytology, and alterations in ovarian and 

pituitary hormone secretion patterns are associated with the 

different reproductive states -- regularly cycling, irregularly 

cycling, repetitive pseudopregnant (RPSP), constant estrus 

(CE) --seen in aging·female rats. To define the endocrine 
~ 

mechanism of the transition to acyclicity, one must know the 

sequence-of age-related changes occurring at different levels 

of the reproductive system as well as the relative importance 

of the changes observed. Previously the endocrine alterations 

in hypothalamic-pituitary_control of gonadotropin release 

and ovarian function were identified using old rats (generally 

more than 18 months old) whi~h had well-established patterns 

of acyclicity. It cannot be determined from these experiments 

with old animals which factors are critical in initiating 

the transition to acyclicity in middle-aged rats and which 

changes are secondary, appearing ~nly in older rats 

which have been acyclic for long time periods. This study 

was designed to extend the results of previous work in old 

acycli9 female rats by using middle-aged cyclic and acyclic 

rats. Nulliparous H6ltzman female rats were used at ages 

selected to distinguish the endocrine factors important in 

the transition to the CE state from the factors involved in 

maintaini~g this acyclic state, with emphasis on the relatively 

unstudied role of prolactin in these ~ge-related events. 
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Reproductive aging in the female rat was ~tudied· in 

terms of the chronological changes in estrous cycle patterns. 

Changes in prolactin (PRL), luteinizing hormone, (LH), and 

follicle stimulating hormone (FSH) associated with the 

dif~erent reproductive states were also investigated in the 

first objective. 

Evidence of a relationship between elevated prolactin 

levels and the· loss of_ estrous cyclicity was a major aim of 

the studies presented here. Continued estrogen secretion 

occurs in constant estrous rats and may be associated with 

the development of hyperprolactinemia and acyclicity in aging 

rats. Therefore, the effects of antiestrogen treatment and 

prolactin-m6difying drugs on age-related acyclicity were 

studied in the second objective. 

In the absence of a clear~-relationship between prolactin 

and the failure of estrous cyclicity, age-associated changes 

1 in the' secretion patterns of LH, FSH, PRL, and progesterone 

(P4). during proestrus in middle-aged rats were characterized 

in the third objective. 

It is generally accepted that age-dependent acyclicity 

appears to result from alterations in. the hypothalamic-

pituitary axis (Meites et al., 1978). However, the relative 

contribution of changes in pituitary function have not been 

distinguished from changes which occur in hypothalamic_ 

function with age. To clarify age-related changes in 

pituitary responsiveness to physiologic stimuli, pituitary 

cells cultured from aged constant estrous rats were treated· 

with luteinizing hormone releasing hormone (LHRH) and 



estradiol (E2). Because no studies have demonstrated a 

direct antigonadotropic effect of PRL on the pituitary in 

aged female rats, basal and LHRH-stimulated gonadotropin 

secretion,were measured after promocriptine treatment of 

pituitary cells of CE rat~. These cell culture studies of 

pituitary respdnsiveness comprised the fourth objective. 

5 

The effects of pheromones on reproductive processes are 

well-documented for mice but not for rats. The termination 

of estrous cyclicity in :multiparous female rats wa-s affected 

by separation from male rats (Nasset al., 19a2). Female 

rats in the studies presented here were maintained in 

isblation from male rats, except in the fifth objective. This 

objective investigated the effects of pheromones from male 

rats on estrous cyclicity in aging nulliparous female rats. 

Investigators face several problems in the st~dy of 

reproductive ~ging. Middle-aged and old animals are not 

generally available. The oldest Holtzman rats which may be 

ordered are between 60 and 90 days olde Animals must be 

maintained until an appropriate age for study, usually at 

least 270 days old. Thus, animals must be ordered far in 

advance of scheduled experiments. The cost of maintaining 

animals as they age makes even middle-aged rats very expensive. 

If longitudinal aging studies are planned, research costs are 

further increased. 

It is not possible to order aging rats in a particular 

reproductive state. The proportions of regularly cycling arid 

constant estrous rats, for example, vary with each cohort of 
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animals received from the supplier. By ordering large animal 

groups, this problem is less restridting. 

Differences in patterns of reproductive aging exist even 

among individual females from highly inbred animal strains. 

This contribute~ to variability and complicates statistical 

analysis of results. In many instances, variability in 

reproductive aging experiments cannot be controlled. For 

example, the sex of fetal neighbors in the uterus influences 

adult neuroendocrine function in rats and has effects on the 

time of ·onset of reproductive aging (as_ reviewed by Finch, 

1984). Also, the developmen~ of pathologies common to aging 
) 

rodents (pituitary and mammary tumor~) reduces the number of 

animals available for experimentation, as only healthy 

' 
animals may be -u~ed in studies-of normal aging. 

Where factors that contribute to variability in 

reproductive aging studies may be controlled, investigators 

often differ in their choice of animal model and experimental 

conditions. Comparison of results from the laboratories of 

other investigators is limited by several problems, including 

the age at which acyclicity begins in different animal 

strains. Spiague-Dawley and Long-Evans are the rat strains 

most commonly used for aging studies. The onset of the constant 

estrous state occurs at an average age of 6 months in Sprague-

Dawley rats (Everett, 1980), but much later in Long-Evans 

rats, at 12 to 14 months of age (Wilkes et al., 1979). 

Differences in animal maintenance occur. For instance, 

some investigators (Miller· and Riegle, 1980; Page and Butcher, 

1982) have used 12:12 hr light:dark schedules rather than 
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our standard 14:10 hr regimen. Problems in animal selection and 

the heterogeneity of groups studied result from the lack of 

standard definitions of the various acyclic reproductive 

states. Huang and Meites (1~80) selected RPSP rats after 10 

days of leukocytic smears; Wise and Ratner (1980a,b) used 

the same ~riterion to select "~ersistent diestrus" females, a 

term usually reserved only for anestrous rats. Females have 

been described as CE after 10 days (Miller and Riegle, 1980), 

20 days (Huang et al~, 1978), or 30 days (Marrone and Karavolas, 

1982) of continuous cornifi~d vaginal smears. Also, the 

ages of so-called "old" animals vary ·and often constitute-a 

large range. Page and Butcher (1982) called females older 

than one year "old"; Huang and Meites (1975) used much older 

animals but combined animals ranging from 23 to 30 'months old. 

Retired breeder rats have been used almost exclusively, probably 

be·cause they are much less expensive to acquire than nulliparous 

females. However, as Wise and Ratner (1980a,b) point out, 

these multiparous females represent a heterogeneous group 

which may be going through different stages of the aging 

process. The data presented here are the results of experiments 

carried out by a single laboratory·using ariimals maintained 

under defined housing donditions and identified by the same 

reproductive status criteria. All assays wer~ performed ~y 

the same individual. Therefore, variability due to animals 

or methodology was minimized. The results of these studi~~ 

should provide a gr~ater understanding of the endocrine factors 

characterizing reproductive aging in female rats. 



REVIEW OF RELEVANT LITERATURE 

I. Reproductive States in Aging Female Rats. 

Adult ·female rats exhibit regular 4 or -5 day estrous 

cycles. When the rat is 8 to 12 months-old, the cycles 

beco~e lengthened and irregular. This transitional period of 

irr·egular cyclicity .is followed by the constant estrous ( CE) 

state. Rats in this state exhibit prolonged periods of 

vaginal cornification and have well-developed polyfollicular 

ovaries lacking corpora lutea ~Huang and Meites, 1975). In 

general, the C-E state is associated with moderately elevated 

serum estradiol (E2) , but decreased progesterone (P4) levels 

when compared to those in young females during estrus (Wise 

and Ratner, 1980). Persistent vaginal cornification is the 

result of a non-cyclic pattern of ovarian steroid s~cretion 

(Huang et al., 1978). Serum FSH levels in CE rats are 

equivalent to those found in _young proestrous females, but 

serum luteinizing hormone ('LH) levels .are lower. The cystic 

follicles common in the ovaries of CE rats may result from 

chronic follicular stimulation by FSH unacc·ompanied ·by cyclic, 

ovulatory surges of LH- (Huang et al., 1978). The anovulatory 

CE state may continu~ for many months (Meites, 1982) but it 

is usually followed at 18 to 20 months of age (Cooper et al., 

1984) by variable periods (10 to 30 days) of extended diestrous 

vaginal cytology interrupted by 1 to 3 days of estrous 

smears. Ovaries of female rats in this irregular or repetitive 

pseudopregnant (RPSP) state contain maturing follicles and 
-

abundant corpora lutea (Huang and Meites, 1975). High serum 

8 
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~rogesterone-arid low serum estrogen Level$ (compared to levels 

in ~ounger females) are typic~l of the RPSP state. As in CE 

rats, basal gonadotropin secretion continues, but preovulatory 

surges do not occur. Serum LH levels are similar to those 

found in CE rats, while serum FSH levels are less than in the 

CE rat but higher than those observed in older, anestrous 

rats (Huang et al., 1978). In contrast, serum prolactin 

(PRL) levels are the highest in the anestrous (AN) rats~ 

Meites reported that thes~ high PRL levels are often associated 

with the presence of a pituitary tumor common in senescent 

rats of both sexes (Meites, 1982). 

II. Altered Hypothalamic 

Female Rats 

Pit~itary Control in Old Acyclic 

-The mechanism of the transition from the cyclic to the 

various acyclic reproductive states (CE, RPSP, AN) is unclear. 

All aged female rats lack cyclic surges of LH, FSH, E2 and P4 

(Huang et al., 1978_) and show elevated serum PRL levels 

(Meites, 1982). However, the loss of regular cycles is not 

considered the result of ovarian failure. Although a 

substantial reduction in follicular number occurs by the time 

ovulatory cycle.s generally end, some follicles remain in the 

rodent ovary (Finch, 1978; Castoff, 1985a). Various 

pharmacologic treatments (such as.L~dopa) which result in 

resumption of cycling in acyclic rats (Linnoila and Cooper, 

1976) indicate ~hat these oocytes may still be ovulated. 

Also, ovaries from old acyclic rats support estrous _cyc~es 

when transplanted into young ovariectomized females (Peng and 
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Huang, 1972). The altered serum steroid levels and secretion 
\ 

patterns found in aging female rats represent major changes 

in ovarian function (Lu et al., 1979). Most results suggest 

that the changes in ovarian s~pretion reflect altered 

gonadotropic stimulation (Riegle and Mi~ler, 1978). This 

agrees with a large body of evidence 'suggesting that the lack 

of preovulatory hormone surges reflects alterations in the 

hypothalamic-pituitary control of gonadotropin ·relea~e 

(Meites et al., 1978). In feedback experiments, both positive 

and negative feedback by ovarian steroids on gonadotropins 

are less sensitive in old female rats when compared to younger 

rats (McPherson et al., 1978). This apparent loss of 

sensitivity to stimulatiori by' gonadal steroids is not the 

result of inadequate pituitary reserves of the gonadotropins 

(Smith et al., 1982), nor is it the-result of inadequate LHRH 

stores. After measurement of medial basal hypothalamic content 

in old CE and RPSP rats, Steger et al. (1979) concluded that 

sufficient 'LHRH is present in old CE and RPSP rats to maintain 

LH secretion but that the stimulus for cyclic LHRH release 

is lacking. 

In ·old rats, pituitary responsiveness to single (Watkins 

et al., 1975), but not to multiple LHRH stimulations (Miller 

and Riegle, 1978), is decreased when compared with young 

rats. Increases in serum gonadotropins occurred in older 

rats following ovariectomy, although these increases were 

relatively smaller than found in younger female~ (Wise and 

Ratner, 1980b). These findings indicaie that the pituitaries 
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of old rats are capable of secreting greater amounts of LH 

than they usually do during ,aging. Observations of altered 

hypothalamic-pituitary responsiveness to ovarian steroids and 

to LHRH suggest that failure to stimulate hypothalamic release 

of LHRH is the primary defect in reproductive aging, since 

normal pituitary gonadotropin secretion can be demonstrated 

under a~propriate stimulati6n. However, it must be n6ted 

that sex steroids. can dir,ectly modulate the LHRH-stimulated 

release of gonadotropins (Linnoila ~nd Cooper, 1976). Because 

endocrine status with regard to steroid and pituitary hormones 

varies with the particular reproductive pattern exhibited in 

aging rats, it is important to discriminate between true age

dependent effects and effects due to altered steroidal 

environment in interpreting such studies. After estrogen

progesterone treatment, an LH surge can be elicited in aged 

long-term ovariectomized RPSP rats but not in aged ovariec~ 

tomized CE rat~. The lack of positive feedback in old CE rats 

is probably due to their particular ovarian ~teroid milieu 

(chronically elevated estradiol levels), not to old age 

.directly ( Lu et al., 1981). Steger et al. ( 1979) observed a 

relationship between serum steroid concentrations and hypo

thalamic LHRH content in old female ratsG 

Having noted th~t variations in serum levels of ovarian 

steroids can influence both pituitary responsiveness to LHRH 

and hypothalamic LHRH content,· investigators have also 

considered the response of the hypothalamus to neurotransmitter 

regulation of LHRH release. Norepinephrine stimulates LH 

secretion and ovulation by increasing LHRH release but dopamine 
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is ·generally considered inhibitory to LH release (M~it~s and 

Sonntag, 1981). Indirect evidence ·for the contribution of 

decreased hypothalamic catecholamine activity and increased 

serotonin metabolism to acycl~pity in aged ;ats was obtained 

from experiments attempting to restore estrous cycles by 

treatments affecting neurotransmitter levels. Iproniazid, 

epinephrine or L-dopa treatments (Huang and Meites, 1975; 

Meites et al., 1978) reinitiate cycling,temporarily in old CE 

rats. The hypothalamic concentration and turnover of both 

norepinephrine and dopamine are reduced ·but serotonin turnover 

is increased in old male and female rats (Steger et al., 

1979). Walker et al. (1980) have suggested that abnormal 

serotonin metabolism in the suprachiasmatic nucleus with 

advancing age may cause losses in circadian rhythmicity and 

in activation of cyclic LH release, thus resulting in acyclicity. 

Serotonergic inputs to the hypothalamus may act by modulating 

.6atecholamine influences on LH secretion. In addition to 

their effects on LHRH and gonadotropin release, these age-

dependent changes in biogenic amines may contribute-to the . ~ 

increased serum PRL levels found in old rats (Meites, 1982). 

It is well docu~ented that dopamine inhibits but serotonin 

stimulates PRL release (Meites and Sorintag, 1981). As yet, 

no explanation exists for these changes in hypothalamic 

monoamine activity in the aging rat. 



III. Altered·Hypothalamic-Pituitary Control in Middle-Aged 

Female Rats 

Significant changes in the patterns of ovarian and 

pituitary hormone secretion oacur prior to the time that 
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regular cycling ceases in the aging female rat. Middle-aged 

rats (8-12 months old) are in a transition period between 

regular estrous cycles and the acyclic states found in older 

female rats. 

A. Temporary Neuroendocrine Alterations Which .Occur Prior to 

Acyclicity 

Changes at multiple levels of the neuroendocrine system 

which occur prior to acyclicity have been demonstrated in 

middle-aged rats (Wilkes et al., 1979). Selective increased 

in hypothalamic norepinephrine content at the median eminence 

~rid· incieased serum.·FSH.and androstenedione concentrations 

were observed on the morning of proestrus. No changes could 

be found with age in median emi~ence dopamine, epinephrine, 

or LHRH concentrations, nor were serum LH or PRL levels 

different when middle-aged ~nd young adult female rats were 

compared. E~tr~diol; estr6ne, testosterone, and progesterone 

were also equivalent in the two age groups on the morning of 

proestrus. A particularly interesting aspect of these 
I 

neuroendocrine changes was their transient nature. The 

increases noted were observed in middle-aged cycling rats but 

not in middle-aged constant estrous rats. Wilkes et al. 

(1979) speculated that these alterations may precipitate the 

onset of age-related acyclicity,·as they do not persist after 



the transition to constant estrus. 

B. Ovarian Steroid Control of Gonadotropin Secretion on 

Proestrus irt Middle-Aged·:~ Rats 
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A one to three hour delay occurs in the onset of the 

proestrous LH surge in middle-aged.cycling female rats (van 

der Schoot, 1976; Cooper et al., 1980; Wise, 1982b). As the 

serum LH peak occurs progressively later on proestrus, the LH 

concentration at the peak becomes progressively lower (Cooper 

et al., 1980). A similar attenuation and delay of the proestrus 

FSH peak also occurs but is ~ess dramatic than for the LH 

peak. Basal serum PRL concentrations are elevated prior-to 

the onset of acyclicity but PRL concentrations during the 

s~rge are not ~ignificantly altered in middle-aged rats, 

though concentrations tend to be higher (Wise, 1982b). 

The ~iddle-aged rat, like the older acyclic female, has 

a reduced responsiveness of .the hypothalamic-pituitary axis 

to normal physiological cues for gonadotropin release, including 

ovarian ~teroids and neural stimuli. Costoff (1985a) has 

shown significant decreases in both positive and negative 

feedback responses of gonadotropins to E2 and P4 in 9 month 

old cycling Holtzman rats. Middle-aged irregularly cycling 

rats exhibit a reduced LR, but not FSH, response to the 

positive feedback action of E2 or P4. An attenuated LH, but 

normal FSH, response to ovariectomy was shown by middl~-aged 

irregularly cycling rats when compared with young rats (Steger 

et al., 1980). 
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Changes in steroid receptor concentrations in the brain 

and pituitary gland occur during the transition to acyclicity 

and may contribute to the loss of feedback by ovarian steroids. 

The maximal number of cytosolic estradiol receptors (E2R) in 

the hypothalamus is signific~ritly reduced in female rats at 

10-11 monihs of age, but shows no further decline with age 

(Haji ~tal., 1981). Simila~ly aged cycling rats ~xhibit 

decreased nuclear E2R concentrations i~ the preoptic area. 

In older (16-18 months old) cycling rats, a significant 

decline in the ·maximal number of nuclear E2R progresses to 

include the medial bas~l hypo~halamus and t~e pituitary 

gland, with no further decrease in the number of receptors· in 

the preoptic are~ (Wise ~nd C~mp, 1984). 

Serum estradiol levels are equivalent in young and 

middle-aged 4-day cyclers on all days of the estrous cycle 

(Smith et al., 1982). However, an early rise in plasma 

estradiol in relation to the time of ovulation occurs during 

prolonged estrous cycles (6 days or l~nger) in aging rats and 

is preceded by a rise in estradiol in the follicles (Page and 

B~tcher, 1982). Brawer et al. (1983) demonstrated that chronic 

(3 months) exposure of adult rats to elevated but physiologic 

levels of estradiol (less than 50 pg/ml) altered hypothalamic 

cell structure in the arcuate nucleus. This neuronal 

degeneration was histologically indistinguishable from normal 

ovary-dependent aging in the intact female, and occurred in-a 

hypothalamic ar~a-involved in the ,preovulatory LH surge. 

Based on substantial data from studies in the aging C57BL/6J 

mouse, Finch et al. (1984) have proposed that the cumulative 
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and long-term effects of ovarian steroids during normal estrous 

cycling are responsible for a decreasing sensitivity of LH 

regulation to estradiol. This phenomenon is part of an 

ovary-dependent neuroendocrine ·syndrome of aging. Serum 

progesterone levels on proestrus show smaller increases of a 

shorter duration in middle-aged females (Miller and Riegle, 

1980). 

C. Altered LHRH Control of Gonadotropin Secretion in Middle

Aged Rats 

Perifusion of pituitary glands from proe~trous middle-

aged cyclic femal~s ~hewed less LH relea~e after exogenous 

LHRH, but equivalent pituitary LH .content when compar~d to 

pituitaries of young rats. The time required to reach a 

maximal r~sponse to LHRH was longer for the middle-aged 

" pituitaries. Exogenous LHRH ·also caused greater FSH than LH 

release in middle-aged ·irregularly cycling rats (Steger and 

Peluso, 1979). The LH surge delay seen in vivo and in vitro 

may be mediated in part by delayed pituitary response to LHRH 

in middle-aged rats (Smith et al., 1982). The critical 

period for the (pentobarbital) blockade of ovulation is also 

delayed in the .middle-aged rat (van der Schoot, 1976), 

ipdicating that a change in the timing of hypothalamic LHRH 

release could delay the LH surge. 

The pattern of chaqges in norepinephrine that occurs on 

proestrus is altered in middle-aged animals. Activity in 

neurons containing norepinephrine in the preoptic and 

suprachiasmatic nuclei is not increased on the afternoon of 



proestrus, as in young cycling rats {Wise, 1982a). The 

decreased concentrations of norepinephrine available for 

release may result in diminished LHRH release on the 

afternoon' of proestrus {Wise,~.· ~.l'982a; Estes and Simpkins, 

1982). Alterations in frequency or amplitude of LHRH 

secretion with age could also lead to lower LH release on 
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proestrus. Estes and Simpkins {1982) found that age-related 

decreases in LH pulse frequency are primarily responsible for 

deficits in LH release in middle-aged and old rats, although 

some reduction in LH amplitude also occurs ~n·older animals. 

Clonidine, an ~-adrenergic agonist, was able to reinitiate 

normal LH pulse frequency .and amplitude in newly acyclic rats 

after a single dose. This result is consistent with the 

ability of some centrally ·acting monoaminergic drugs to 

reacti~ate estrous cycles in old rats-and supports the idea 

that alterations in hypothalamic neurotransmitter functions 

during aging contribute to the loss of cyclicity {Meites, 

1982). 

Altered ~pulsatile release of LHRH and LH occurs in 

seasonal anestrus and has been better characterized in 

post-partum anestrus in sheep. These temporary acyclic 

, states are similar to age-related acyclicity in that acyclicity 

results from changes in patterns of hormone secretion, rather 

than from changes iri hormone concentrations alone. In 

seasonally breeding ~heep, the pattern of LH sec~etion is 

markedly different during the breeding and seasonal anestrous 
l 

periods. During seasonal anestrus~ the frequency of high 
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amplitude LH peaks is decreased, even though mean plasma LH 

levels are not different from LH levels measured during the 

breeding period {McNatty et al., 1984). Recently, evidence 

for the involvement of dopaminergic and adrenergic neurons in 

regulation of pulsatile LH secretion in anestrous ewes {Meyer 

and Goodman, 1985) has been presented. Post-partum ovarian 

acyclicity in ewes reflects an inadequate pattern of LHRH 

release {Wright et al., 1984). Plasma LH surges, normal 

luteal function, and 9varian,cyclicity can be restored by an 

appropriate pattern of LHRH stimulation. Additionally, this 

study found that luteal function was deficient except when 

the duration and pattern of preovulatory LH stimulation of 

the ovary matched that of cyclic ewes. Thus, appropriate 

patterns of hormone ~ecretions are important at the 

hypothalamus, pituitary, and ovary for ovulation and cyclicity 

to be maintained in sheep. 

Norepinephrine itself and the interaction of 

norepinephrine and serotonin in regulating estrous cyclicity 

have been examined in middle~aged ratse The suprachiasmatic 

region influences biological circadian rhythms, including 

female reproductive cycles. When parachlorophenylalanine {an 

antimetabolite of serotonin) was applied to the suprachiasmatic 

area of young rats, hypothalamic serotonin and norepinephrine 

concentrations were depressed and a constant estrous state 

similar to that in old rats resulted. Altered neural timing 

via,changes in biological rhythms of serotonin could delay 

the onset of the proestrous LH surge. Catecholamines-stimulate 

gonadotropin secretion regardless of the time of day, but 
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circadian serotonergic neuronal activity may determine the 

time of onset and duration of LH secretion on proestrus, when 

a supportive endocrine background is present (Walker et al., 

1980). Walkei (1981) has sug~ested that a critical 

catech6lamine-serotonin "balance" is necessary for cyclic 

ovarian function and that a neurochemical imbalance due·to 

aging or sust~ined estradiol levels may lead to reproductive 

senescence. Linnoila and Cooper (1976) also discussed the 

possibility that a simultaneous stimulation of norepinephrine 

receptors and a decrease of central nervous system serotonin 

are necessary for the.reins~atement of vaginal cycles in aged 

constant estrous r~ts. Taken together, these results suggest 

that the neural s~gnals for LHRH release are.probably altered 

with age. 
I 

The antigonadotropic effects of PRL are well-known, but 

have not been studied with regard to the spontaneous hyperprolac

tinemia found in aging female rats~ Cheung (1983) has demon

strated that, in pituitary. glands from adult female rats 

exposed to pharmacologic levels of PRL, basal LH secretion 

and pituitary responsiveness to LHRH may be compromised. 

However, Meites (1982) postulated that the high circulating 

levels of PRL are not mainly responsible for the decline in 

gonadotropin release during aging. He suggests that independent 

hypothalamic mechanisms mediate the two changes, the increase 

in PRL secretion being associated with decreased dopamine 

and increased serotonin levels, and reduced gonadotropin 

release with decreased norepinephrine. Additionally, Sarkar 



et al. (1983) have attributed the failure of PRL short-loop 

feedback in very old rats to reduced hypothalamic dopamine 

activity. 

D. Influence of Pheromones oh Gonadotropin Secretion in 

Aging Rats 

The role of PRL during the transition of acyclicity in 
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the middle-aged rat is a relatively unstudied area, as is the 

influence of pheromones on rep~oductive aging. Although the 

role of pheromones in gonadotropin secretion has been well-

documented in mice .(Whitten et al., 1968), little is known 

about the effect of.olfactory stimulation on gonadotropin 

secretion in female rats. The limited studies available 

suggest that th~ presence of fertile males delays the loss of 

~reproductive function in aging female r~ts (Nass et al., 

1982), and that acyclic females may produce odors that induce 

constant estrus in other female rats (McClintock and Adler, 

1978). 

Conceptually, it is important to recognize that a·ll 

regularly cycling rats are not alike hormonally nor are all 

acyclic rats similar. The endocrine relationships during 

proestrus depend on the age of the female. The primary age-

related alterations in the constant estrous rat qre probably 

hypothalamic, but in the "persistent diestrus" female, they 

are probably at the pituitary level (Wise and Ratner, 1980a,b). 
I 

The complex sequence of events -leading to reproductive 

senescence are still to be worked out.. Wise and Ratner 

(1980) and Finch (1984) have emphasized the progressive, 



21 

"cascading nature" of the aging process. Others have stressed 

~he importance of distinguishing between true age-dependent 

changes and changes that may occur at a~y age secondary to 

particular endocrine environments, su.ch as the endocrine 

backgrounds accompanying the various reproductive states seen 

in aging rats (Smith et al., 1982; Cooper et al., 1984). By 

studying middle-aged rats, the age-related endocrine changes 

initiating the transition to acyclicity can be distinguished' 

from those changes in older rats that are secondary to 

acyclicity, as well as those changes that maintain the acyclic 

state. 



MATERIALS .AND METHODS 

I. In Vivo Experiments 

Because the endocrine characterization of reproductive 

aging in femal~ rats is highly dependent on the animal mod~l-

used for study, comparison of results is limited by the 

different animal models used by investigators. For this 

reason, the animal model ~nd protocol used for determination 

of reproductive state,will be detailed. 

A. Establishment of a Colony of Aging Female Rats 

Nulliparous female Holtzman rats were shipped from the 

Holtzman Company (Madison, WI.} at approximately 7 months of 

age a~d upon·arrival, were housed in groups of 2 to 3 animals 

in stainless steel wire cages with free access to rat chow 

(Wayne Lab Blox} and tap water. Except as noted (pheromones 

study}, these rats were maintained as a female-only colony. 

Animals with infection, mammary tumors, severe weight loss or 

other signs of weakness were removed from the colony ~nd not 

replaced. Arn~ng the aging female rats, 44 were maintained 

until 18 months old and 27 until they were 23 months old. 

The· other female rats were used in experi.ments prior to 

reaching 14 months of age. 

Vivarium conditions maintained constant temperature 
0 

(75 F.}, humidity (48%}, and a 14-hour light.(lights on at· 

5:00a.m. EST}, 10-hour dark photoperiod. 

Following an acclimatization period of 2 to 3 weeks, 

daily vaginal smears were obtained between 7:30 and 10:00 

a.m. Daily vaginal smears were made continuously for periods 

22 
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of 20 days to 10 weeks. Smears were examined microscopically 

without .fixing oi staining to determine the predominant cell 
1 

morphology·~ Smears were viewed by one_individual to reduce 

variability in classification of the stage of estrous cycle. 

B. Definition of Reproductive Patterns 

To determine the r~productive pattern, vaginal smears 

were made for a minimum of 3 weeks. Regular estrous cycles 

were determined by following defined criteria (Nelson et al., 
\ 

1982). Female rats that displayed 3 or 4 consecutive regular 

estrous cycles were considered to be regular cyclers (REG). 

Rats with reg~lar estrous cycles and intermittent irregular 

cycles (usually with extended leukocytic or cornified smears) 

were considered to be irregularly cycling (IRR) females. 

Aging rats that exhibited persistent vaginal cornifications 

for at least 15 days were considered to be in constant estrus 

(CE). Female rats that displayed diestrous smears for 15 

days were considered to be in r~petitive pseudopregnancy 

(RPSP). No RPSP or anestrous females were present in any of 

the aging rat groups. 

C. Hormones, Chemicals, Buffers 

Estradiol -17B (E2) was obtained from Ikapharm (Ramat-

Gan, Israel). Absolute ethanol was used to dissolve the 

steroids. For in vitro studies, E2 was diluted with 

Dulbecco's Modified Eagle's Medium (DMEM) to achieve a final 

concentration of lnM E2 with less than 0.02% ethanol present 

in,each culture. Estradiol was diluted in steroid-free rat 
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serum to·prepare a standard curve for radioimmunoassay (RIA) 

of E2. 

[2,4,6,7, - 3H] 17 B-estradiol (100 Ci/mmol) was obtained 

from New England Nuclear (NET - 317) and purified by 

procedures derived by Mahesh (1964). This purified E2 was 

then. diluted iri TE buffer (10 mM Tris-HCl, 1.5mM Na EDTA, 
0 2 

pH 8 at 4 C) for use in estrogen receptor assays. 

Progesterone {P4) was dissolved in absolute ethanol and 

diluted in steroid-free rat serum to prepare a standard curve 

for RIA of P4. 

Perphenazine (RIC #106-71701, 1-PTPK-8). was obtained as 

a gift from the Schering Co. (Bloomfield, NJ). A dose-

response curve for prolactin was established using perphenazine 

diluted in 0.03 M HCl. Doses of 0.5 mg, 1.0 mg or 2.5 mg 

perphenazine per kg body weight were administered daily for 6 

days subcutaneously in 0.2 ml injections. Stock solutions were 

stored refrigerated.· 

Bromocriptine mesylate was received as the gift of 

Sandoz Pharmaceuticals (E. Hanover, NJ). Corn oil (Eastman 

Co.) was used as a vehicle for in vivo studies. The drug 

formed a fine suspension after 15 minutes of sonication with 

stirring. Subcutaneous injections of 0.5 mg bromocriptine per 

kg body weight were administered daily for 3 and 6 weeks in 

injection volumes of 0.1 ml. Bromocriptine used for in vitro 

experiments was dissol~ed in absolute ethanol and diluted in 
-4 

serum-free DMEM to give a 10 M stock solution, which 

was stored refrigerated and not further diluted until just 

prior to addition to pituitary cell cultures. 
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Tamoxifen citrate (Stuart Pharmaceuticals) was dissolved 

and diluted ·in 0.9% NaCl. Prior to dilution, the solution 

was sonicated with stirring for 15 minute-s and the pH of the 

solution adjusted t~ ~H = 7.0~ Each 0.1 ml injection 

contained 0.25 mg tamoxifen. Animals were treated with 

tamoxifen or saline daily for 6 weeks. 

Luteinizing hormone releasing hormone (LHRH) obtained 

from the Beckman Co. (Lot iB90448; lyophilized) was dissolved 
:..5 

and diluted to 10 M ~ith phosphate-buffered saline (pH 7.0) 

containing 0.1% gelatin (granular, 100 Bloom, Fisher, 

Fairlawn, NJ) and frozen. LHRH for in vitro studies was used 

at final concentrations of 4.23 nM (5 ng/ml) or Oel nM LHRH 

in each culture. 

Phosphate-buffered saline (PBS; 0.14 M NaCl, 0.5 M NaH P04 
2 

and 0.5 M Na HPO , pH 7.5) was added to .the pituitary cell 
2 4 0 

cultures and the cultures were then stored at -20 c. PBS with 

1% bovipe serum albumin (Pentex-Bovine Albumin, Fraqtion V, 

Miles Laboratories) was used to dilute rat serum for protein 

hormone RIAs. 

Charcoal (Norit A) was added at a 10% (vol/vol) 

concentration to fetal bovine serum (~IBCO, i200-6140) and to 

horse serum (GIBCO, i200-6050) to remove free steroids before 

the sera were incorporated into complete growth medium for 

cell experiments. 

Dextran-coated charcoal was prepared by stirring .05% 

dextran into 0.5% charcoal in PBS buffer for 1 hour, 

refrigerating the slurry overnight, and removing the fines by 
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aspiration. The charcoal slurry was added in equivalent 

volumes to rat serum and stirred for 10 minutes to remove 

free steroids. The charcoal ·was removed by centrifugation at 

7000 x g for 1 hour. This stripped rat serum was used to 

prepare standard curves for steroid RIAs. 

All drug solutions were prepared in advance and stored 

refrigerated as aliquots. The solutions were brought to room 

temperature before injection. The dose administered was 

corrected daily to adjust' for changes in body weight. 

Injection sites were switched at the end of each week. 

D. Collection and Preparation of Blood for RIA 

Decapitation 

Rats were sacrificed by decapitation between 7:30 a.m. 

and noon except for the proestrus surge study, as noted. 

Trunk blood was collected and allowed to clot at room 

temperature for 3-4 hours. 

Cardiac Puncture 

Rats were quickly anesthetized with ether. A 25 gauge 

x 5/8 inch syringe needle (B-D) attached to a 1 cc tuberculin 

syringe was situated perpendicular to the chest wall between 

ribs 3 and 4, approximately 8 mm lateral to the sternum and 

over the left ventricle. The needle was inserted 5-6 mm 

into the chest cavity and approximately 1 ml of blood was 

slowly withdrawn. The average time for the complete 

procedure required less than 3 minutes. The mrirtality rate 

was less than 5%. The time required for recovery from 
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anesttiesi~~and the general condition of the rats were noted. 

All blood samples wer~ collect~d between 8:00 and 10:30 am. and 
~ 

the blood was allowed to clot 3-4 hours at room temperature. 

Processing of Blood 

After the clots were removed with wooden applicators, the 
0 

blood was centrifuged at 1000 x g for 20 minutes at 4 c. The 
0 

serum was separated and stored at -20 .c to await RIA for LH, 

FSH, PRL and in some cases, E2 and P4. Serum samples collected 

by either method were assayed togeth~r. 

E. Gross Postmortem Examinations 

Gross postmortem examinations of old rats were made to 

determine the presenc~ of mammary or pituitary tumors, 

hemorrhagic pituitaries, the presence of cystic ovaries or 

other abnormalities. Animals with any pathologies were not 

included in results, except as clearly noted. Wet weights of 

pituitary glands, ovaries (minus oviducts) and uteri (with. 

and without uterine fluid) were measured at this time. 

F. Preparation of Tissues for M_orphologic Studies 

Ovaries were fixed 8 hours in Bouin's fluid, placed in 

70% ethanol overnight, and washed in tap water for two hours. 

The ovaries were dehydrated through a series of increasingly 

concentrated alcohols and xylenes, embedded in Paraplast (Fisher) 

(using the Tissuematon), and 7 micron sections were prepared. 

The serial-sectioned ovaries were hematoxylin-eosin stained 

before undergoing micrqscopic examination for age-related 

changes in histology. 
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The anterior ~ortions of pituitary glands were fixed 2 

horirs in a phosphate-buffered glutaraldehyde-paraformaldehyde . 

solution, followed by an osmic acid treatment (Karnovsky, 

1967). An epon-araldite plastic ·was used for embedding 
0 

(Mollenhauer, 1964). Polymerization was carried out at 40 c. 

Sectioning was done on a Sorvall MT 2B ultramicrotome and the 

tissue sections on copper grids were stained with uranyl 

acetate and lead citrate (Reynolds, ·1983) before being viewed 

on a transmission electron microscope (Zeiss-78) for 

ultrastructural changes in mammotropes and gonadotropes with 

age. 

Mammotropes were identified according to the criteria 

of Rinehart and-Farquhar (1953), Hymer et al. (1961), and 

Baker et al .. (1969). The ultrastructural criteria used for 

mammotrope identification are: the most abundant c'ell type in 

the female anterior pituitary~ medium-sized'but may be 

greatly enlarged during lactation or estrogen stimulation~ 

contain irregularly shaped secretory granules of maximum 

diameter of 600 to 800 nm, a well-developed Golgi complex and 

an extensive lamellar rough endoplasmic reticulum (RER). 

Gonadotropes were identified according to the 

criteria of Rinehart and Farquhar (1953) and Nakane (1970). 

The primary gonadotrope is a large, round cell that contains 

secretory granules of about 200 nm and often, 800 nm in 

diameter, with scattered RER and a well-developed Golgi 

complex. ,These gonadotropes contain both FSH and LH. 

Another medium-sized gonadotrope comprising 30% of th~ 

gonadotropes contains only LH in 200 nm granules, and contains 



a rather poorly-d~veloped RER and Golgi complex~ 

Furthermore, studies by Castoff and McShan (1969) 

demonstrated that 90% of prolactin biological activity was 

29 

associated with cells-identified as mammotropes by secretory 

granule size, as identified by the criteria above. 

At l~ast 500 sections per block from two blocks were 

cut from three different animals in experimental groups 

studied. At least 25 mammotropes or g·onadotropes were randomly 

photographed for study. A typical mammotrope or gonadotrope 

was one that was found in· a majority of the electron 

micrographs. 

G. Cytosol Estrogen Receptor Assay 

Uteri and anterior pituitaries were collected from 

untreated female rats at approximately 9 and 18 months of 

age, and from 8 month old perphenazine-treated females. The 

tissues were weighed and immediately placed in ice-cold TE 

buffer. Uteri were minced with a scissors. Tissues were 

homogenized in fresh TE buffer (2.5 pituitaries/ml; 1 

uterus/3m!) using Teflon-glass homogenizers for pituitary 

tissue and a Tekmar stainless steel homogenizer (Model 9089) 

for uterine tissue. Uterine tissues were homogenized in 

three 10-second bursts separated by 1 minute cooling 
0 

intervals. Homogenates were centrifuged at 65,000 x g, 4 ·c 

for 45 minutes to prepare the cytosol ~ractions. The volumes 

of the resulting supernatants were noted to allow calculation· 

of the average specific;binding of E2 per mg/protein for 

each cytosol. 
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Unoccupied estrogen receptor content was determined 

under equilibrium binding conditions (Korach and Muldoon, 1975) 

using 0.1 ml uterine or 0.2 ml pituitary cytosol. Receptor 

levels were determined using seven-point saturation curves. 

Plastic assay tubes (Falcon, 2052) containing 0.2-5 nM labeled 

estradiol and companion tubes containing also a 100-fold molar 

excess of unlabeled estradiol were used to determine specific 

binding. Equilibrium was reached during an 18 hour incubation at 
0 

4 c. The addition of 0.5 ml protamine sulfate (4 mg/ml TE buffer, 
0 

4 C) to each assay tube for 10 miriutes precipitated the 

steroid-receptor complex, allowing separation of bound and 

free E2. After centrifugation at 3500 x g for 10 minutes, 

supernatants from the tubes containing only labeled steroid 

were counted to mea~ure free steroid. The pellets from all 

tubes were sliced from the assay tubes with a heated wire and 

placed (pellet and plastic tube) in scintillation vials (Poly 

Q vials, Beckman), as was each supernatant. For counting, lO.ml 

of· scintillation cocktail composed of 5 g Permablend (Packard, 

Downers Grove, IL) per liter toluene (VWR) was added to each 

vial. The vials were shaken for 2 hours to allow the steroid 

to be extracted from the pellets by the scintillation cockta~l. 

This allowed more efficient counting by the LS-9000 scintillation 

counter ·(Beckman). Specifi~ally bound.E2 was determined by 

the difference between the ~isintegrations per minute (dpm) 

in the assay tube with poth labeled and unlabeled E2 and the 

radioactivity bound in·the presence of the excess unlabeled 

steroid, which represents nonspecific binding. Radioactivity 
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values were used in a Scatchard analysis to obtain 

binding affinity and the maximal number of binding sites for 

each cytosol sample. These calculated values were normalized 

to mg protein using protein values_ obtained- with the unmodified 
.f :.:· 

Lowry method (1951). 

H. Protocol for Pheromones Study 

Groups of 20 regularly and 20 irregularly cycling 8 

month old females were placed in cages staggered with cages 

containing 2 month old males for a period of 4 months. At 

the end of this time, the femai~s were removed and housed in 

a room containing only females. A companion control group of 

50 females were not housed with males. ·Both groups of 

females had vaginal smears taken at 2 month intervals ·(daily 

for 3 weeks at each interval) after the study began. Trunk 

blood and the final cycling data was obtained at the end of 

the experiment, when the females were about 18 months old. 

II. In Vitro Experiments 

A. Animals 

Twenty-seven 23-month~old female rats that had all 

been constant estrus for approximately one year were 

sacrificed by decapitation. These rats had been previously 

-screened for mammary tumors and upon dissection, animals with 

pituitary hemorrhage~ or tumors were excluded from use. 

B. Culture Medium Composition 

Fetal bovine serum (GIBCO, Catalog #200-6140, 

control # llk5240) and horse_serum (GIBCO~ Catalog #200-6050, 
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control #36N5434) were stripped of free steroids by the 

addition of 10% (vol/vol) autoclaved charcoal. Each serum-
o 

charcoal mixture was gently stirred overnight at,4 C followed 

by centrifugation at 7000 x g fdr one hour. The supernatant 

fluids were filtered through sterile glass wool and stored 
0 

·frozen (~20 C). 

Dulbecco's Modified Eagle Medium (DMEM; GIBCO, Catalog 

#320-1965, control #l2k2840) was supplemented with 15% 

(steroid-stripped) fetal bovine serum and 15% (steroid-

stripped) horse serum. Penicillin and streptomycin (10,000 

U/ml and 10,000 ug/ml) (GIBCO, Catalog #600-5140)., fungizone 

(250 ug/ml; GIBCO, Catalog #600-5925), and nonessential amino 

acids (GIBCO, Catalog #320-1140), were added to yield a final 

·1% concentration of each componeht~ This medium was referred 

to as complete growth medium. For uniformity, all cultures 

were maintained in one preparation of medium, which was 

stored as frozen aliquots. 

c. Preparation ?f Cells for Culture 

The cells from the anterior pituitary glands were 

prepared for cell culture as described previously by O'Conner. 
6 

et al. (1980). Cells (1-1.5 x 10 ) were plated in 0.2 ml 

complete growth medium in small (35 X 10 mm) plastic culture 

dishes (Fisher, Falcon 1008). After 3 hours, the cells 

formed a monolayer and 0.8 ml complete growth medium was 
0 

added. The cells were maintained in a Weder incubator at 37 c 

under an atmosphere of.95% air plus 5% CO . Medium was 
. . 2 

changed daily by replacing 0.5 ml of old medium with 0.5 ml 



fresh ~omplete medium in each culture. The cells were used 

for experimental incubations 72 hours·after plating, except 

.as noted. 

D. Incubation Procedure 

Triplicate cultures were used for each experiment. 

After 24 hours of plating,! two sets of triplicate cultures 

were washed twice with 2·ml sterile DMEM (without sera). 

These cells were incubated ih 0.9 ml DMEM plus 0.1 ml 17 B-

estradiol for 48 hours (final estradiol concentration in each 

culture was 1 nM). All other cultures received complete 

growth medium. 

After 72 hours of incubation, cells were washed three 

times with 2 ml sterile DMEM (without sera), and incubated in 

0.1 ml of various experimental media or vehicle for 3 hours. 

Bromocriptine mesylate (BC) was diluted with serum-free DMEM 

just prior to addition to a.chieve a 1 uM concentration in 
-5 

culture. Frozen aliquots of 10 M LHRH in PBS-gelatin were 

thawed and diluted with serum-free DMEM to give a 0.1 nM or 

4.23 nM final LHRH concentration in culture. Additionally, 

one set of triplicate cultures was treated simultaneously 

with 1 uM BC and 4.23 nM.LHRH (final concentrations in 

culture). 

The experimental incubation groups included: cells with 

0.02% ethanol and 0.1% gelatin in PBS added (controls); cells 

pr.etreated with i nM E2 (no further additions) ; cells plus 

O~lnM LHRH; estradiol-pretreated cells plus O.l nM LHRH; 

cells plus 1 uM bromocriptine; cells plus 4.23 nM LHRH; cells 
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plus. 4.23 nM LHRH and 1 uM bromocriptine (added simultaneously). 

The incubation media were removed at the end of 3 hours 

and 1 ml of 0.01 M PBS wa~ added to the cells. After 

freezing and thawing, the cellp. were dislodged with a Teflon 

policeman (Cole-Parmer, T-6369-00) and hand-homogenized at 

room temperature in tapered ground glass homogenizers (Duall 

21). Homogenates and incubation media were centrifuged at 
0 

1000 x g for 15 minutes and stored at -20 C until assayed. 

This procedure has been shown to effectively release 

intracellular hormones (Costoff and McShan, 1969; O'Conner et 

al., 1980). 

III. Radioimmunoassay (RIA) 

A. Protein Hormones 

Serum LH, FSH, and PRL were measured by specific 

homologous double-antibody radioimmunoassay using kits 

obtained from the Rat Pituitary Distribution Program ~f the 

National Institute of Arthritis, Metabolism and Digestive 

· Disease (NIAMDD) . The kits contain purified LH ( NIAMDD-LH-

RP-1), purified FSH (NIAMDD-FSH-RP-1), and purified PRL 

(NIAMDD-PRL-RP-3), which were used for standards and 
125 

iodination .. The protein hormones were radiolabeled with I 

(Arnersham-Searle, Arlington Heights, IL) using the chloramine-

T-method (Greenwood et al., 1963). For the gonadotropins, 

the labeling reaction was initiated by the addition of 0.01 

ml of chioramine T (5 mg/ml) and terminated 30 seconds later 

by the addi.tion of 0 .1 ml of sodium metabisulfi te ( 1. 2 mg/ml). 
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For prolactin, 0.01 ml of chloramin~ T (2.5 mg/ml) initiated 

a 15 to 20 second incubation, which was terminated by the 

addition of 0.05 ml of sodium metabisulfite. (1~2 mg/ml)-. The 

labeled hormone was separated from unbound iodine on a 12 em 

column of Sephadex G-75. The labeled hormones were diluted 

with 1% bovine serum albumin in phosphate-buffered saline 

(PBS-BSA) to yield activities of about 250,000 cpm/ml for the 

gonadotropins and about 300,000 cpm/ml for prolactin. 

Specific antisera for LH and anti-rat FSH-serum 11 were added 

at dilutions of 1:40,000 and 1:2500, respectively. Specific 

antiserum· (anti-rat PRL serum a) fo~ PRL was used at a 1:3125 

dilution. Second antibody (goat anti-rabbit gamma globulin, 

lot #G-97, Miles-Yeda Co., Rehovot, Israel) was used in 

gonadotropin and.prolactin assays at a dilution of 1:30. 

Duplicate sampl~s were pipetted into 12 x 75 glass test tubes 

and diluted to 0.5 ml total volumes with PBS-BSA. Then the 

first antibody (0.2ml) was added in normal rabbit serum 

(diluted 1:200 with EDTA in PBS). Incubation (with refriger-
125 

ation) for 24 hours was followed by the addition\ of the I 

labeled hormone (LH, FSH, or PRL) in 0.1 ml of PBS. ,After ~ 

second 24 hour incubation, 0.2 ml of second antibody was 

added-_to each assay tube. On the following day, the hormone-

antibody complex was pre~ipitated by centrifugation (3000 rpm, 

30 minutes). The supernatant was removed by aspiration and 

the pellet was counted in,Beckman (model ~10) gamma counter 
125 

for · !-radioactive c6ntent. Standard curves w~re run with 

each assay. The lower limit of the LH assay was 1.0· ng and 

the linear range of the standard curve was 2 to 100 ng. For 
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FSH, the minimum ·sensitivity was 2.0 ng and the linear range 

of the standard curve was from 20 to 200 ng. The lower limit 

of the PRL RIA was 0.2 ng and the linear range of the standard 

curve was !~to 8 ng. Results Of these assays were expressed 

as ng/ml NIAMDD-Rat LH-RP-1, NIAMDD-Rat FSH,.;..RP--1, and NIAMDD-

Rat PRL-RP-1. 

B. Steroid Hormones 

Serum estradiol and progesterone were measured by specific 

double antibody radioimmunoassay using kits (E2, lot #DEI-61; 

P4 lot #107) obtained from Radioassay Systems Laboratories 
125 

(Carson, CA). The kits contained I-radiolabeled steroid 

derivatives, specific and precipitating antisera, as well as 

a sex binding globulin inhibitor solution in the E2 kit. The 

assay procedures which accompanied the kits were followed. 

The standard curves used were prepared by dissolving E2 or P4 

in absolute ethanol overnight and then diluting with charcoal-

stripped rat serum. The standard curve for E2 detected 

10-1000 pg E2/ml serum; the standard curve for P4 detected 

2-40 ng P4/ml serum. Control standards (HA, HB, HC21) were 

included to assure the validi~y of each assay. 

IV. Statistics 

Significance of the difference between two means was 

te~ted by Student's t-test, but when more than two means were 

compared, a one-way analysis of variance (ANOVA) was carried 

out and the significance of the difference .between means 

determined by Duncan's Multiple Range Test. Differences of 



-p < 0.05 were considered to be statistically significant. 

A two-way analysis of variance was carried out on data 

from the proestrous surge experiments. With the assistance 

of Mr. Harry Davis (MCG), a free-field format was used to 

test for interaction between age and time of day for each 

hormone. 
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RESULTS 

I. Chronological Changes in Reproductive Patterns and 
. Associated Endocrine Changes 

A. Chronological Changes in Reproductive Patterns 

Representative vaginal cytology patterns in aging female 

rats from different reproductive states are shown in Fig. 1. 

The following estrous cycle patterns were observed: 

(a) REG: regular and successive cycles of 4 or 5 days 

duration; 

(b) IRR: regular estrous cycles and intermittent, often 

prolonged (more than 5 days), irregular cycles (the 

vaginal cytology of the extended period is usually 

cornified epithelial cells); 

(c) CE: persistent vaginal cornifications. 

No anestrous. female rats were observed. 

The frequencies of 4 and 5-day cycles changed markedly 

during aging. In young matqre female rats, 4 day cycles 

predominate. As the fe~~le rat approaches early middle-age 

(at about 8 months), ~day cycles increase in frequency. The 

cycles continued to lengthen progressively with age, resulting 

in prolonged irregular cycles. 

At 90 days of age, 92% of the nulliparous female rats 

(n=50 animals in the colony) exhibited regular and successive 

estrous cycles of 4 or 5 days duration (REG); only 8% of the 

rats displayed regular and intermittent irregular estrous 

cycles (IRR). As shown in Fig. 2, there were no constant 

estrous rats at this age. 
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Figure 1. 

Representative vaginal cytology patterns observed in 'individual 

middle-aged female rats from different reproductive states: 

regularly cycling rat, irregularly cycling ~at, constant 

estrous rat. 
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Figure 2. 

Chronological change· in incidence of various reproductive 

patterns in a colony of aging female rats (n=50) between 90 

and 525 days of age. Regularly cycling females (REG) are 

represented by the area with the vertical lines; the 

stippled area represents irregularly cycling females (IRR)J 

and the constant estrous females (CE) are represented by the 

area with the horizontal· lines. 
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As the rats aged, the percentage of regularly cycling 

rats decreased from 20% at 220 days old to approximately 10% 

from 260 to 360 days old. By 525 days of age, no regularly 

cycling females were present in the colony of aging rats. 

The rrregularly cycling rat~ represent an intermediate 

stage between regularly cycling rats and the acyclic (CE) 

rats. At 220 days of age, when the percentage of regularly 

cycling females in the population had declined to 20%, 56t of 

the rats were cycling irregularly. Thereafter, the proportion 

of irregularly cycling rats decreased, from 40% at 260 day of 

age to 21% at 525 days old, (Fig. 2). 

As the number ~f cycling rats decreased with age, the 

proportion of con~tant estrous (CE) rats increased 

progressively. The incidence of constant estrus in rats 220 

days old (24%) increased almost 2-fold by 260 days of age 

(42%). At 315 and ·360 days of age, 58% of the rats exhibited 

constant estrus. The highest incidence (77%) of CE rats was 

found at 525 days old, but the peak incidence of constant 

estrus in the colony could not be determined si~ce the 

rats were noe maintained past this age. 

B. Age-related. changes in ovaries, uteri, and anterior 

pituitaries 

Body weights of aging rats are shown in Fig. 3. By 390 

days of age, body weight was significantly greater than in 

240 day old female rats (p < .OS). 

Ovarian weight did not differ significantly in regularly 

cycling female rats from 240 to 330 days of age, or in constant 



Figure 1· 

Chronological changes in body weight in aging female rats 

from 240 to 390 days old. Each age group contained at least 

7 rats; the data points indicate x + SE. 

* = p < .05 vs. 240 day old rats. 
\ / 
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estrous rats from 300 to 390 days old (Fig. 4). At 330 days 

of age, ovaries from constant estrous female rats weighed 

significantly less (p < .05) than ovaries from regularly 

cycling rats. However, the weights of ovaries from middle-

aged rats of either reproductive state were less than ovarian 

weights of young adult females (90 days regularly cycling 
/ 

rats, x ± SE = 150 ± 8mg). 

Differences in ovarian histology are associated with the 

different reproductive states found in aging female rats. 

Ovaries from regularly cycling middle-aged rats (Fig. 5) had 

large and maturing follicles and newly-formed corpora lutea. 

Fewer active follicle~ and. corpora lutea were,present in 

ovaries of irregularly cycling rats, and follicular cysts 

were noted (Fig. 6). Ovaries of constant estrous rats showed 

few, if any, corpora lutea, 'but an abundance of cystic follicles 

(Fig. 7). 

Highly significant (p < .01) increases in uterine weight 

occurred in 300 and 330 day old r~gularly cycling rats when 

compared to 240 day old regularly cycling rats (Fig. 8). 

Uterine weights are not statistically different in 300 and 

330 day old cycling rats. No significant chronological 

differences in uterine weight occurred in the aging constant 

estrous female rats. The uterine weights of 300 day old 

constant estrous female rats were significantly greater 

(p < .05) than in age-matched regularly cycling rats. This 

difference was not·found in uterine weights of 330 day old 

regular and constant estrous female rats. The weights of 

uteri from middle-aged rats of either reproductive state were 



Figure i· 
Chronologie changes in ovarian weight in female rats grouped 

by reproductive pattern as regular cyclers (REG, solid line) 

or as constant estrous (CE, dotted line) females. Each point 

·represents the mean weights± SE of paired ovaries (without 

oviducts) for groups of not less than 7 rats. 

* = p < .05 for age~matched REG vs CE females 
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FIGURE 5 

Representative ovarian histology found in middle-aged 

regularly cyclirig female rat at estrus. Magnification = 

90 x of a 7 micron section stained with hematoxylin - eosin. 
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FIGURE 6 

Representative 9varian histology in a middle-aged 

irregularly cycling female.rat containing many cystic 

follicles and corpora lutea. Magnification = 90 x of a 

7 micron section stained with hematoxylin - eosin. 
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FIGURE 7 

Representative ovarian histology in a middle-aged constant 

estrous rat_with cystic follicles but no corpora lutea. 

Magnification = 270 x of a 7 micron section stained with 

hematoxylin - eosin. 





Figure ~-

Chronological changes in uterine weight in aging female rats 

grouped by reproductive pattern 'as regular cyclers (REG, solid 

line) or as constant estrus (CE, dotted line). Each point 

represents the mean ± SE of uterine weights (without intra

luminal· fluid) for not less than 7 rats. 

* = p <: .05 for age-matched REG vs. CE females 

** = p < .01 vs. REG 240 day old females 
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greater than uterine weights of young adult rats (90 day old 

regularly cycling·rats, i ~ SE = 368 ± 24 mg). 

Typical ultrastructure of mammotropes and gonadotropes 

from pituitaries of aging~female rats displaying different 

reproductive: states was determined. In Fig. 9, a low power. 

micrograph from the pituitary of a regularly cycling rat 

during ~strus is shown, and contains mostly acidophils. 

Figure 10 shows a section of a mammotrope containing a well

developed Golgi complex with immature granules, several large 

mature granules near the cell membrane, and lamellar rough 

endoplasmic reticulum at one pole of the cell. 

A mammotrope typical of those found in the constant 

estrous rat is shown in Fig. 11. This cell is greatly enlarged 

compared to mammotropes of cycling ·rats (Fig. 10). It contains 

,a very extensive Golgi complex and few immature secretory 

granules. The mature granules found at one pole of the cell 

are smaller (300 - 400 nm maximum diameter) and less irreg

ular in shape than the granules found in mammotropes from 

cycling rats (450- 800 nm). Gonadotropes were typically 

very large (Fig. 12) in pituitaries of CE rats. Secretory 

granules were abundant in the LH gonadotrope and the cisternae 

of rough endoplasmic reticulum were swollen, suggesting 

synthesis and storage of hormone without secretion. Thus, it 

appears that morphologic changes of the ovary, uterus, and 

anterior pituitary are associated with the different repro

ductive states exhibited in aging female rats. 

Estrogen re9eptor concentrations were determined in 



FIGURE 9 

A typical low power electron micrograph of a section of the 

anterior pituitary gland from a middle-aged cycling rat. 

Most of the cells are acidoph~ls (A) with well developed 

endoplasmic reticulum (er). Magnification= x 6000. 





FIGURE 10 

Abundant-mammotropes are found in pituitary from cycling 

middle-aged rats at- estrus. Mammotropes are typically 

medium in diameter; contain few mature secretory granules 

(g), a well-developed rough endoplasmic reticulum (er) at 

one pole in an active Golgi complex (GC) with immature 

secretory granules. Magnification = x 12,000. 





FIGURE 11 

This enlarged mammotrope is representative of this pituitary 

cell type in a mid~le~aged constant estrous rat. Several 

swollen Golgi complexes (GC) with few immature secretory 

granules are apparent. In the upper left hand corner of the 

micrograph are numerous mature secretory granules (g) that 

are smaller (300-400 nm) in maximum diameter than those 

found in mammotropes from cycling animals. Magnification = 

X 12,000. 





FIGURE 12 

An LH gonadotrope from the pituitary of a middle-aged 

constant estrous rat. The dominant features in this cell 

are the abundant secretory granules (g) in swollen 

endoplasmic reticulum (er). Magnification= x 9000. 
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cytosols from uterine and anterior pituitary tissues of 

middle-aged (260 days old) and old (560 days old) female 

rats. A single binding experiment was performed for each age 

tissue; the results were analyzed using Scatchard plots 

(Scatchard, 1949). The binding affinity of the estrogen 

receptor'was not altered with age in either tissue 
10 -1 

(Ka = 1 x 10 M ). Expressed as specific binding sites 

(femtomoles) per mg cytosol protein,· age-related decreases in 

maximal receptor concentrations were observed in both tissues. 

The uterine concentration of cytosolic estrogen receptor 

decreased from 349 f~mtomoles in 260 day old female rats to 

128 femtomoles in 560 day old rats, more than a 2-fold decrease 

(Fig. 13). The concentration of.anterior pituitary recept6rs 

also decreased by almost 4-fold from 123 to 33 femtomoles in 

middle-aged and old female rats, respectively (Fig. 13). 

c. Age-RelatedJ Changes in Serum Hormone Concentrations 

Middle-aged female rats between 240 and 390 days old 

' were quickly anesthetized and subjected to cardiac puncture 

for blood collection. By middle age, few female rats are 

cycling regularly (Fig. 2) •. Morning levels of LH, FSH, and 

PRL were basal in middle-aged rats on all days of the estrous 

cycle. Concentrations of these hormones on proestrus (as will 

be discussed with Figs. 46, 47, 48) are not increased above 

basal levels at 2 pm and have dec~eased to basal levels by 10 

pm. Blood samples were colleqted in the morning (at times 

other than the proestrous surge) when differences in hormone 

levels were not significant. Hormone data from middle-aged 



Figure 13. 

Changes in estrogen receptor concentration in uterine and 

anterior pituitary cytosols from middle-aged (260 days old) 

or old (560 days old) female rats. A $ingle binding 

experiment was performed for each age or tissue studied. 

Each point represents uterine tissue from 3 animals 

or pituitaries from 10 animals of each age group (260 days 

old, closed circle~~ 560 days old, open circles). Specific 

binding of 3H-estradioi is expressed.as femtomoles per mg 

cytosol protein. Linear regression analysis used the method 

of least squares. Correlation coefficients for all analyses 

were ~ 0.95. 
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rats of a given age were combined for all /days of the estrous 

cycle. Serum LH levels (Fig. 14) in regularly cycling rats 

were significantly reduced in 300 day old (p < .05) and 330 day 

old rats (p < .05) compared to 240 day.old cycling rats. 

Compared to serum LH levels in 300 day old CE rats, significant 

increases in serum LH were observed in 315 day old (p < .05) 

and 345 day old rats (p < .05). Serum FSH levels in 300 day 

old cycling rats (Fig. 15) were si~nificantly reduced com~ared 

to 240 day old REG rats (p < .05) and were also significantly 

reduced compared to CE rats of the same age (p < .05). These 

changes in serum LH occurred at concentrations close to the 

minimum level detectable by RIA and decreased serum FSH values 
. . 

were observed at an i~olated point. These values are 

statistically significant but do not reflect the overall lack 

of change in gonadotropin levels with increasing age. Overall, 

no physiologically relev~nt changes in basal serum LH, FSH or 

PRL levels (Figs. 14, 15, 16) occurred with increasing age in 

the regularly ciycling females. No significant changes in basal 

LH or FSH serum levels (Figs. 14, 15) were observed with 

increasing age in constant estrous rats up to 390 ·days of age. 

Compared to levels at 300 days, basal serum PRL concentrations 

were significantly reduced at 330 and 345 days of age (p < .05) 

but were increased at 390 days of age (p < .05). These changes 

occurred only in the constant estrous female rats. When 

compared by reproductive state, differences in serum hormone 

levels at a given age were observed for PRL, but not for LH or 

FSH (except as noted above). Basal serum PRL levels were 

significantly greater (~ < .05) in constant estrous female rats 



Figure 14. 

Chronological changes in serum LH concentrations in middle-aged 

rats grouped by reproductive pattern. Blood samples were 

obtained between 8:00 and 10:30 a.m. The solid line represents 

regularly cycling (REG) females arid the dotted line represents 

constant estrous (CE) females. Each point represents the mean 

value + SEM of at least 8 rats. 

* = p < .05 vs 240 day old REG 
** = p < ~as vs 300 day old CE 

\ 
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Figure 15. 

Chronological changes in serum ~SH concentrations in middle-aged 

rats grouped by reproductive pattern. Blood samples were 

obtained between 8:00 and 10:30 a.m. The solid line represents 

regularly cycling females (REG) and the dotted line represents 

constant-estrous (CE) females. Each point represents the mean 

value ± SEM for at least 8 rats. 

* = p < .05 REG vs CE at same age. 
** = p < .05 vs. 240 day old REG rats. 
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Figure 16 •· 

Chronological changes in serum PRL concentrations in 

middle-aged rats grouped by reproductive pattern. Blood 

samples were obtain~d between 8:00 and 10·:30 a.m. The 

solid line represents regularly cycling females (REG) and 

the dotted line represents constant estrous (CE) females. 

Each point represents the mean value ± SEM for at least 8 rats. 

* - p < .05 REG vs CE females at age indicated. 
** = p < .05 vs 300 day old CE rats. 
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than in age~matched regularly cycling rats at 300, 330, and 390 

days of age. 

Basal serum PRL levels showed age-related changes 

only in the constant estrous group of female rats, and not in 

regularly cycling rats. Therefore, serum hormone concentrations 

were measured in constant estrous rats that were in the 

·acyclic state for varying lengths of time (Fige 17). A group 

of 270 day ,old constant estrous rats were selected for study 

immediately after their vaginal cytology patterns defined 

them as being constant estrous. Blood was collected between 

8 and 9 am by ~ardiac puncture at various time intervals. 

These time. intervals corresponded to the length of time the 

females had been constant estrus. Serum LH was not significantly 

different ·after 130 days in the acyclic state (Fig. 17). 

However, basal levels of serum FSH and PRL were elevated with 

increasing time in the acyclic state. Serum PRL was increased 

significantly (p < .05) after 20 days of constant estrus (when 

compared to serum PRL levels after 10 days of constant estrus) 

and was significantly increased again (p < .05) after 

130 days in the acyclic state (compared to serum PRL levels 

after 20 days of constant estrus). Serum FSH was significantly 

elevated (p < .05) only after 130 days in the acyc.lic state, 

compared to FSH levels after 10 days of constant estrus. 

As seen in Fig. 17, changes in serum PRL and FSH levels 

were associated with length of time animals were. in the 

acyclic state. The serum LH, FSH, and PRL data (Fig~. 14,15,16) 

collected at various chronologie ages were separated by 



FIGURE 17 

Serum hormone concentrations associated with the length of 

time age-matched female rats have been acyclic. All female 

rats displayed constant estrus and were 270 days old when 

the initial blood samples. ~ere collected by cardiac puncture 

between 8:00 ·and 9:00 am. Each point represents the mean + SE 

of at least 6 rats. 

* = p < .05 compared to levels after 10 days in acyclic 

state 

** = p < • 05 compared to l·ev'els after 20 days in acyclic 

state 
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reproductive.state (regularly cycling or constant'estrus), 

but the hormone data for the CE rats were not separated by 

the length of time each animal had been constant estrus. 

In Fig. 17, the effect of the length of the acyclic 

state (CE) on these serum hormone levels is a controlled 

variable. This additional characterization of the CE animals 

allowed a more homogeneous group to be defined. The patterns 

of changes in-LH, FSH, PRL- with age seen in Fig. 17 are 

theref6re more well-defined for the co~stant estrous rat as 

c6mpared t~ ~igs. 14, 15, 16. 

With increas_ing age, spontaneous mammary tumors often 

develop in female rats. (Except for these results, all aging 

data.are based on healthy female rats.) Because the endocrine 

status of female rats may be affect~d ·by disease, the serum 

hormone levels.of LH, FSH, and PRL were measured in middle-

aged (375 days old) and old (600 day old) female rats with 

and without mammary tumors (Fig. 18). No significant differences 

' in serum gonadotropins or PRL were observed when tumor-free 

female rats were compared with rats with mammary tumors; this 

was true for both age groups. However, serum PRL in the old 

group of female rats was significantly (p < .OS) greater than 

in the middle-aged group (either with or without mammary 

tumors). 

II. The Effects of Perphenazine-Induced Hyperprolactinemia 1 

on Estrous Cyclicity in Middle-Aged Female Rats 

The anti-gonadotropic effects of PRL have been studied 

but the effects of elevated serum PRL levels in relation to 



FIGURE 18 

Serum hormone concentrations in middle-aged {375 days old) 

and old {600 days old) female rats with spontaneous mammary· 

tumors. Age-matched middle-aged and old rats without 

mammary tumors are included as controls. Trunk blood was 

collected from animals sacrificed by decapitation between 

8:00 and 10:00 am. In the middle-aged group of females, 8 

normal and io females with.mammary/tumors are represented. 

In the old group of females, 37 normal females in 23 females 

with mammary tumors are represented. 

* = p < .05 vs. middle-aged female rats 
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reproductive aging have not. Perphenazine, a dopamine 

inhibitory drug, was used to induce hyperprolactinemia and to 

determine if acyclicity could be produced in middle-aged 

(r~gularly and irreguLarly cycling) female rats. 

A. Dose-Response Study 

Young adult female rats (90 days old) were treated with 

either 0.03 M HCl (controls) or 5 mg perphenazine/kg BW for 6 

days, with treatment beginning ori the day of proestrus 

(Vasquez et al., 1980a,b). Significant reductions in body 

weight (p < .OS) occurred from day 1 of injection to day 6 

(Fig. 19). Changes in the behavior and general appearance of 

the treated rats were also noted (further described below). 

To reduce these effects and prevent possible loss of 

experimental animals, smaller doses of perphenazine were 

administered to middle~aged rats in the dose-response study. 

Female rats (240 days old) were administered .doses of 

2.5 mg, 1.0 mg, 0.5 mg perphenazine or vehicle for 6 days. In 

middle-aged rats treated with the drug, behavioral changes 

and changes in the general condition of the rats' coats were 

noted. These differences were ·striking at the 2.5 mg dose· 

but were also apparent at the two lower treatment levels (0.5 

and 1.0 mg). The hair of the rats' coats became loosened and 

was easily lost. The texture of i~dividual hairs appeared 

more coarse and the coat was less shiny and healthy-looking. 

The behavior of rats treated with perphenazine can best be 

described as frightened and appreh~nsive. These rats were 

especially hard to pick up, preferring to remain backed up in 



Figure 19. 

Effect of various doses of perphenazine administered to 

young ~ature (90 days old) or middle-aged (240 days old) 

female rats on body weight.· Rats·were given vehicle 

(controls) or perphenazine (using doses indicated) for 6 days 

and sacrificed 10 minutes after the last injection. Each 

dosage level contained 10 rats. Each point represents the 

mean + SEM. 

* = p < .05 vs. body weight on day 1 of injection. 
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the ·corner of their cages. 

At the lower doses (0.5 and 1.0 mg) and in the controls, 

there was no change in body weight during the time of treatment 

(Fig. 19). However, body.weight was significantly reduced 

from day 1 to day 6 (p < .05) in middle-aged rats injected 

with 2.5 mg perphenazine daily. 

Serum gonadotropin levels were significantly r~duced 

(p < .05) in middle-aged rats treated for 6 days with 2.5 mg 

perphenazine (Fig. 20) when compared ·with levels in control 

rats, but not at lower treatment doses. Serum PRL was 

significantly elevated (p < .05) above control levels at both 

0.5 mg and 1.0 mg perphenazine doses. At 2.5 mg perphenazine, 

serum PRL levels were significantly greater (p < .05) than 

PRL levels achieved with the lower treatment doses. Serum 

PRL levels were increased approximately 6, 9 and 25 times 

control levels by 0.5 mg, 1.0 mg, and 2.5 mg perphenazine/kg 

BW for 6 days. Because the 2.5 mg dose of perphenazine 

induced the greatest increase in serum PRL concentration, but 

was still within physiological ranges normally observed for 

PRL (that is, less than 200 ng/ml), this dose was used to 

study the·effect of induced hyperprolactinemia on cyclin~ in 

middle-aged rats. 

Treatment with 2.5 mg perphenazine caused a significant 

decrease {p < .05) ovarian weights compared to ovarian weights 

in control female rats {Fig. 21), but lower treatment levels 

had no signif,icant effect. Cysti_c follicles and large old 

corpora lutea were present in the ovaries of perphenazine-



Figure ~· 

S~rum LH, FSH, and PRL l~vels in response to administration 

of various doses of perphenazine in middle-aged female rats 

(240 days old). After 6 days of treatment with vehicle or 

perphenazine, rats were sacrificed. Blood was collected from 

10 rats per dosage level between 7:30 a.m. and noon. 

* = p < .OS vs controls. 

** = p < .05 vs. 0.5 mg/kg and 1.0 mg/kg perphenazine. 
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Figure 21. 

Effect of treatment with various doses of perphenazine on 

ovarian weight in 240 day old female rats. After 6 days of 

treatment with vehicle or perphenazine, pairs of ovaries 

were collected from 10 rats per dosage level. Each point 

represents the mean + SEM. 

* = p < .OS compared to controls. 
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FIGURE 22 

Representative ovarian histology from a middle-aged 

regularly cycling female rat after treatment with 

perphenazine (2.5 mg x 6 days). Magnification= 90 x of a 

7 micron section stained with hematoxylin - eosin. 
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treated (2.5 mg) female rats (Fig. 22), but were not found in 

untreated middle-aged cycling rats (Fig. 5). 

Uterine weights (Fig. 23) were not significantly altered 

by any.of the perphenazine tre~tments. 

After 6 days of perphenazine treatment, anterior pituitary 

weights (Fig. 24) were not significantly affected at any of 

the doses used. 

Estrogen receptor concentrations were,determined in 

cytosols from uterine and pituitary tissues of middle-aged 

rats (240 days old) treated with vehicle or different doses 

of perphenazine for 6 days. A single binding experiment was 

performed for each treatment group and tissue. The results · 

were analyzed by Scatchard plots to determine binding affinity 

and the maximal number of binding sites. The binding affinity 

of the estrogen receptor was unaltered,by perphenazine treatment 
10 -1 

(Ka = 1 x 10 M ) in either tissue. However, the maximal 

number of binding sites was affected by the administration of 

the drug for 6 days (Fig. 25). Both uterine and anterior 

pitui~ary tissues showed a biphasic response pattern. The 

number of cytosolic binding sites was decreased from control 

levels by administration of 0.5 mg perphenazine in both 

tissues. At the 2.5 mg dose, the number of uterine binding 

sites was actually greater than the estrogen receptor concen-

tration in control uteri (517 vs. 343 femtomoles). The number 

of pituitary cytosol binding sites at the 2.5 mg dose was not 

increased to control levels (127 vs. 91 femtomoles). Because 

anterior pituitary and uterine weights were not significantly 

altered by perphenazine treatment (Figs. 23, 24), this response 



Figure 23. 

Effect of treatment with various. doses of perphenazine on 

uterine weight (without intr~luminal fluid) in 240 day old 

female rats. After 6cday~ of treatment with vehicle or 

perphenazine, uteri were collected from 10 rats per dosage 

level. Each point indicates the mean ± SEM. 
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Figure 24. 

Effect of treatment with various doses of perphenazine on 

anterior pituitary weight in 240 day old female rats. 

After 6 days of treatment with perphenazine or vehicle, the 

anterior pituit~ries of 10 rats were collected for each 

dosage level. Each point represents the mean + SEM. 
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Figure 25. 

Changes in estrogen receptor concentration in uterine and 

anterior pituitary cytosols from middle-aged rats (240 days 

old) treated with vehicle or different doses of perphenazine 

for 6 days. Each point represents uterine tissues from 3 

animals per dosage level or pituitaries from 10 animals per 

dosage level. Results were determined by a single binding 

experiment for each tissue. Specific binding of 3H-estradiol 

is expressed as femtomoles per mg cytosol protein. Linear 

regression analysis used the method of least squares. 

Correlation coefficients for all analyses were ~ 0.95. 
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reflects a real change in the concentration of cytosolic 

estrogen receptors after perphenazine-treatment. Serum· PRL 

concentrations increased linearly with increasing perphenazine 

dose (Fig. 20). The response pattern of estrogen receptor 

concentrations is similar when plotted against perphenazine 

dose (Fig. 25), or in terms of increased prolactin concentrations 

at each dose, suggesting that the perphenazine effect probably 

occurs through prolactin. 

A typical mammotrope from a perphenazine-treated rat is 

shown in Fig. 26. Although there are very few mature granules. 

(g) in the cells, there are numerous granules in all stages 

of formation in the extensive Golgi complex (GC). Cross

sectional profiles of cisternae of ER are shown. This mi6rograph 

suggests that little PRL is stored as mature granules. After 

synthesis, PRL is probably directly secreted, thus maintaining 

high levels of PRL in the blood. A gonadotrope that contains 

an abundance pf secretory granules is pictured in Fig. 27. 

Note the large swollen cisternae of endoplasmic reticulum 

beneath the nucleus. This micrograph suggests that the secretion 

of gonadotropins is inhibited as a result of perphenazine 

treatment. 

B. Effects of Perphenazine on Estrous Cyclicity 

Young mature (90 days old) or middle-aged female.rats 

(270 days old) were treated with perphenazine (5 mg/kg BW and 

2.5 mg/kg BW, respectively) for 6 days, and then treatment 

was withdrawn. Control rats for each age group received 

vehicle only for 6 days. At the end of the 6 day treatment 



/ 

Figure 26. 

A portion of a mammotrope from a middle-aged rat after 

perphenazine treatmen~. There are few mature secret~ry 

granules (g), but numerous granules are in various stages of 

formation in the Golgi complex area (GC). Cross s~ctions of 

swollen cisternae of rough endoplasmic reticulum (er) are 

found outside the Golgi region. The ·mitochqndria (M) have 

dense cristae. x 12000. 





Figure 27. 

An enlarged pituitary gonadotrope from a middle-aged 

perphenazine-treated rat is shown in the center of this 

micrograph. ·It is abundantly granulated (g). Note that the 
\ 

area immediately beneath the nuclear envelope is extended 

cisternae of rough endoplasmic reticulum (er). x 9000. 
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period, perphenazine-treated rats had body weights significantly 

less (p < .OS) than in control rats (Fig. 28) .in both age 

groups. After drug treatment had been withdrawn for 3 weeks, 

the treated female rats in both the young and middle-aged 

groups had body weights equivalent to control rats. 

The overall response of .serum hormone levels to perphenazine 

was similar in pattern for young and middle-aged rats. Because 

serum LH, FSH, and PRL levels were not significantli different 

in regularly and irregularly cycling rats, hormone data from 

these animals were combined as the middle-aged group. Serum 

gonadotropin levels were significantly reduced (p < .OS) in 

middle-aged rats after 6 days of perphenazine treatment (Figs. 

29, 30). Serum LH concentrations 3 weeks after withdrawal of 

treatment were lower than initial levels in middle-aged rats, 

but the difference was not significant. In the young mature 

rats, LH levels were still significantly reduced 3 weeks after 

drug withdrawal (p < .OS) when compared with initial LH 

concentrations. However, 3 weeks after perphenazine was 

withdrawn, serum FSH in the young rats returned to levels 

greater than those found·on day 1 of treatment, although the 

increase was not significant. In the middle-aged rats, serum 

FSH also incr~ased after the drug treatment was ended, reaching 

levels equal to initial FSH levels. In young rats, serum PRL_ 

(Fig. 31) ~as 15 times higher than initial levels after 6 days 

of perphenazine treatment (p < .OS), and 12 times higher (p < 

.05) in m~ddle-aged rats administered perphenazine. Initial 

levels of PRL (measured in blood obtained by cardiac puncture 



Figure 28. 

Effect of perphenazine tre~tment and recovery from perphenazine 

treatment on body weight in young mature (90 day old) or 

middle-aged (270 day old) female rats. Young females 

(closed circles) and middle-aged females (open circles) were 

treated (broken lines) with 5 mg/kg or 2.5 mg'perphenazine/kg 

BW, respectively, for 6 days ('indicated by dark bar) and then 

treatment was withdrawn. Control rats (dashed lines) for 

each age group received vehicle only for 6 days. Initial body 

·weights represent the mean + SE for 7 young control rats and 

10 treated rats. For the middle aged rats, 19 rats 

received vehic~e only and 57 were treated with perphenazine. 

Control and treated rats from each age group were weighed 

at the end of the 6 day treatment period and alter treatment 

had been withdrawn for 3 weeks. 

* = p < .05 vs. controls. 
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Figure 29. 

Effect of perphenazine treatment and recovery from 

perphenazine treatment on serum LH concentrations in young 
\ 

mature {solid line) and middle-aged {dotted line) female rats. 

Rats were treated as described in the legend of Fig. 28. 

At least 10 treated rats in both age groups were sacrificed 

after 6 days of treatment {indica~ed by dark bar). 

The remaining rats were sacrificed after treatment had been 

withdrawn for 3 weeks. 

* = p < .OS vs LH levels on day 1. 
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Figure 30. 

I Effect of perphena~ine treatment and recovery from 

perphenazine treatment on serum FSH concentrations in young 

mature (solid line) and middle-aged (dotted line) rats. 

Rats were treated as described iri the legend of Fig. 28. 

At least 10 treated rats in both age groups were sacrificed 

after 6 days_of treatment. The remaining rats were 

sacrificed after treatment had been withdrawn for 3 weeks. 

* = p < .05 vs FSH levels on day 1. 
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Figure 31. 

Effect of perphen~zine treatment and recovery from 

perphenazine treatment on serum PRL concentrations in young 

mature (solid line) and middle-aged (dotted line) rats. 

Rats were treated as described irl the legend of Fig. 28. 

,At least lO treated rats in both age groups were sacrificed 

after 6 days of treatment. The r~maining rat~ were 

'- sacrificed after treatment had been withdrawn for 3 weeks. 

* = p < .05 vs PRL levels on day 1. 
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before the first perphenazine injection) were similar (about 8 

ng/ml) in both age groups. Serum PRL was elevated to similar 

concentrations in both the young mature (119 ± 10 ng/ml) 

and middle-aged rats (97 + 20 ng/ml) even though the rats 

received different doses of 'perphenazine(S mg and 2.5 mg, 

respectively). After withdrawal of drug treatment, serum PRL 

levels returned (3 weeks later) to the serum 'concentrations 

found initially in both age groups. 

Perphenazine treatment for 6 days eliminated estrous 

cyclicity in both regularly cycling and irregularly cycling 

middle-aged female rats (Table I). As already stated, serum 

gonadotropins at this time were significantly reduced and the 

rats were hyperprolactinemic. After drug treatment was 

withdrawn for 2 weeks, greater than 40% of the females from 

both reproductive states had exhibited at least one complete 

estrous cycle and many had multiple cycles. By 3 weeks, 

greater.than 70% of the female rats were cycling regularly. 

Serum gonadotropins and PRL concentrations had returned to 

pre-treatment levels at the end of this recovery period.· 

Induction of a temporary hyperprolactinemia o~ a physiologic 

magnitude was coincid~nt with a transient loss of estrous 

cyclicity. Vaginal cytology during treatment was predominately 

leukocytic (Fig. 32). Estrous cycles were resumed in both 

the regular cycling and irregularly cycling rats 2 to 3 weeks 

after withdrawal of perphenazine treatment. The loss of 

estrous cyclicity induced by perphenazine was not 

maintained after normalization of serum PRL. Greater than 

70% of the perphenazine-treated animals (either regular or 



TABLE I 

RECOVERY OF CYCLICITY IN MIDDLE-AGED RATS AFTER WITHDRAWAL 
OF PERPHENAZINE TREATMENTa 

TIME REPRODUCTIVE TOTAL NUMBER TOTAL NUMBER 
(DAYS) STATE OF CYCLESb RATS CYCLINc;b 

"· 

6 Reg 0 0/22 
Irr 0 0/21 

13 Reg 1 1/22 
Irr 1 1/21 

20 Reg 10 9/22 
Irr 9 9/21 

27 Reg 3? 16/22 
Irr 27 15/21 

a 
A total of 22 Reg and 21 Irr rats were treated with 2.5 
mg/kg BW perphenazine for 6 days and displayed diestrous 
vaginal smears on day 6. Perphenazine treatment was then 
withdrawn. 

b 
Represents cumulative results 



Figure 32. 

Representative vaginal cytology patterns observed in 

individual regularly cycling and iriegularly cycling 

middle-aged female rats during treatment with perphenazine 

(2.5 mg/kg x 6 days, dark bar) ahd after withdrawal of 

perphenazine treatment. 
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irregular cyclers before treatment) cycled regularly after' 

the recovery period. This was an unexpected result. A group 

of age-matched untreated females-contained only 10% regular 

cyclers and 30% irregular cyc}ers at 300 days old (Fig. 2). 

Representative vaginal cytology patterns observed during 

treatment and after drug withdrawai are shown in Fig. 32. 

III. Effect of Bromocriptine Treatment on Estrous Cyclicity in 

Middle-Aged Female-Rats 

Reduction or prevention of the spontaneous hyper

prolactinemia that develops with age in female rats may delay 

the loss of estrous cyclicity or reinitiate estrous cyclicity. 

Bromocriptine, a dopamine agonist, was used to maintain basal 

serum PRL levels in middle-aged regularly cycling, irregularly 

cycling, and constant estrous females. Tr~atment was 

a~ministered at th~ same dose (0.5 mg/kg BW~ Shaar and Clemens, 

1~72) for either 3 or 6 weeks. Age-matched control rats of 

simiiar reproductive states received corn otl injections. 

Bromocriptine treatment had no adverse effects on behavior, 

as were noted for perphenazine. Body weight was not 

significarttly reduced (Fig. 33) in rats after 3 weeks of 

:treatment compared. to controls. At 4 and 6 weeks of treatment, 

bromocriptine caused a significant (p < .05) decrease in·body 

weight. During the first week of treatment, many of the 

treated rats had diarrhea. This usually does not persist and 

so the cause of loss of body welght with prolonged treatment 

is unclear. 



Figure 33. 

Effect of bromocriptine treatment on body weight in 

middle-aged female rats. Rats received vehicle (solid line) 

or 0.5 mg/kg bromocriptine (dashed line) for 3 or 6 weeks as 

indicated. In 3 week experiment~ each poin·t represents the 

mean + SE for 35 treated rats and 10 control rats. In the 

6 week experiment, each point represents the.mean ± SE for 

45 treated rats and 47 control rats. 

* = p < .05 control vs treated rats at same treatment 

interval. 
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A. Effect of Bromocriptine Treatment on Ovaries, Uteri, and 

Anterior Pituitaries 

87 

Bromocriptine treatment did not significantly affect 

ovarian weight after either 3' or 6 weeks of treatment (Fig. 

34). The ovaries of rats receiving bromocriptine (Fig. 35) 

were similar histologically to those of untreated middle-aged 

irregularly cycling rats (Fig. 6). Uterine weights in middle

aged rats treated with bromocriptine were a·lso not significantly 

dif!erent after 3_ weeks of treatment. After 6 weeks of 

bromocriptine treatment, uterine weights in treated rats were 

significantly greater (p < .05) than in unt~eated female rats 

(Fig. 34) . 

After bromocriptine treatment, mammotropes (Fig. 36) 

contained secondary lysosomes which were not found in mammo

trope~ from middle-ag~d untreated animals of any reproductive 

state (Figs. 10, 11). The abundant secretory granules (g) 

around the edge have a maximum diameter of 600-800 nm. 

Autophagic lysosomes (L) were apparent. Gonadotropes (Fig. 

37) appeared normal after treatment with the dopamine agonist, 

with the exception that several secondary lysosomes were 

apparent. 

B. Effects of Bromocriptine on Estrous Cyclicity 

Bromocriptine treatment for 3 or 6, weeks did ·not interfere 

with estrous cycling in regularly cycling rats (Fig. 38). 

After 3 weeks of bromocriptine treatment, a greater percentage 

of treated rats were cycling regularly compared to controls, 



Figure 34. 

Effect of bromocriptine treatment on ovarian weight and 

uterine weight in middle-aged female rats. After 3 or 6 weeks 

of treatment with vehicle (open bars) or 0.5 mg/kg 

bromocriptine (stippled bars), uteri or pairs of ovaries 

were collected. The height of each bar represents the mean 

value + SEM of the number of rats indicated. 

* = p < .05 vs controls. 
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, Figure 35. 

Representative ovarian histology from a middle-aged rat 

after bromocriptine treatment (0.5 mg daily) for 3 weeks. 

Magnification = 90 x of a 7 mict6n section stained with 

hematoxylin - eosin. 





Figure 36. 

A portion of a pituitary mammotrope from a cycling 

middle-aged rat (during estrus) is shown after 

bromocriptine treatment. Although there are many mature 

secretory granules (g) around the periphery. The numerous 

autophagic secondary lysosomes (L) are most apparent. 

X 15,000. 





Figure 37. 

A pituitary gonadotrope from a cycling middle-aged rat 

(during estrus) after bromocriptine treatment. This cell is 

characterized by an eccentri~ nucleus (N), numerous mature 

secretory granules (g), a swollen Golgi complex (GC) with 

lysosomes and other secondary lysosomes (L) in the 

cytoplasm. x 9000. 





Figure ~-

The effect of bromocriptine treatment on regular estrous 

cycles in middle-aged (300 days old) regularly cycling and 

constant estrous female rats. Rats received vehicle 

(open bars) or 0.5 mg/kg bromocriptine· (stippled bars) 

daily for ·3 or 6 weeks as indicated. The height of the 

bar represents _the percentage of regularly cycling rats 

in each group, with the number of rats in each group 

indicated under each bar. 
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but this difference was not significant. Bromocriptine did 

not prevent the.age-related loss of estrous cycles in regularly 

cycling female rats. After 6 weeks, the percentage of cycling 

rats decreased in both the qqntrol and bromocriptine-treated 

groups. This reflects .the ·usual progression from cyclicity 

to acyclicity that occurs in middle-aged rats. Among the 

acyclic (constant estrus) rats, there was no significant 

difference in the percentage of female rats that resumed 

cycling with or without bromocriptine treatment for 3 or 6 

weeks. Very few acyclic f~male rats resumed regular estrous 

cycling. Reversions to cyclicity occurred spontaneously (in 

control rats) and were thus independent of drug treatment. 

Although reproductive patterns were not followed beyond 6 

weeks, the rssumption of cycling in these female rats was 

probably temp0rary. 

If rather than considering the restoration of cycling in 

' acyclic rats as the endpoint of bromocriptine treatment, the 

,effec~ of bromocriptine on the progression to acyclicity is 

studied, then the results may be expressed as in Table II. 

If no change in reproductive pattern was observed in the 

female rat between the beginning and the end of the experiment, 

this rat was included under "no chang~." If the reproductive 

pattern of the rat progressed in the usual aging sequence 

from regularly cycling to irregular cycling or from irregular 

cycling_ to constant estrus, this rat was included under 

"progressed." If the reproductive pattern of the ratchangedfrorn 

constant estrus to irreg~larly cycling, or from irregularly 



TABLE II 

CHANGES IN REPRODUCTIVE PATTERNS iN MIDDLE-AGED RATS AFTER 
TREATMENT WITH BROMOCRIPTINE 

INITIAL LENGTH 
REPRODUCTIVE PATTERN .OF TREATMENTd 

Regular (REG) 

Irregular (IRR) 

Constant Estrus (CE) 

Constant Estrus (CE) 

a 
REG --~ IRR or CE 
IRR --~ CE 

b 

c 

d 

REG --~ REG 
IRR --~ IRR 
CE --~ CE 

IRR __ _, REG 
CE --~ REG or IRR 

Control 
6 weeks BC 

Control 
3 weeks BC 

Control 
3 weeks BC 

Control 
6 weeks BC 

FINAL· 
REPRODUCTIVE PATTERN 

No 
Progresseda Changeb Revertedc 

14/16 2/16 ---
13/14 1/14 

1/5 4/5 0/5 
1/10 9/10 0/10 

5/6 1/6 
21/22 1/22 

16/30 14/30 
11/31 20/31 

0.5 mg/kg BW daily or 0.1 ml corn oil as vehicle 
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to regularly cycling, this ~as noted as ~reverted." In the 

group of female rats that were cycling regularly at the 

beginning of the experiment,· about 90% of the control and· 

treated rats had progressed to either irregular or constant 

estrous states at the end Qf 6 weeks. Most of the rats that 

·were initially irregular cyclers rem~ined irregular (80 ·to 

90%) with or without bromocriptine treatment frir 3 weeks. 

After 3 weeks of bromocriptine treatment, 95% of the constant 

estrous female~ were still acy9lic, as were most of the 

control rats. · Bromocriptine trea~ment for 6 weeks resulted 

in reversions in 65% of the treated rats as compared to less 

than 50% in the control group. Six weeks of bromocriptine 

treatment caused a non-significant increase in reversions of 

constant estrous rats to irregular cycling (Table II), but 

bromocriptine did not prevent the loss of cycling in regularly 

cycling females nor did it restore cycling in a significant 

number of acyclic middle-aged female rats (Fig. 38). 

Representative vaginal cytology patterns observed in female 

rats from each reproductive state_during treatment with 

bromocriptine are shown in Fig. 39. 

Serum LH, FSH, PRL levels in control and bromocriptine

treated female rats from each reproductive state are shown in 

Figs. 40,41,42. As in the chronologica~ data, basal hormone 

levels were combined for all days of the estrous cycle\in 

regularly cycling control rats. In regularly cycling females, 

bromocriptine treatment has no significant·effects (compared 

to control rats) on _se-rum LH, FSH, or PRL concentrations.· 

Bromocriptine ,tr-eatment significantly reduced (p < • 05) 



Figure 12· 
Representative vaginal cytology patterns observed in individual 

regularly cycling, irregularly cycling, and constant estrous 

middle-aged female rats during 3 or 6 weeks of treatment 

(dark bar) with 0.5 mg/kg bromocriptine daily. 
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Figure 40. 

Serum LH levels in response to bromocriptine treatment (3 or 

6 weeks) in middle-aged rats (300 days old) grouped by 

reproductive pattern. The controls (open bars) received 

vehicle. The treated rats (stippled bars) were injected-with 

0.5 mg bromocriptine/kg BW daily. The number of female rats 

in each group is indicated under the bar for that group . 

. * = p < .05 vs. controls. 
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Figure 41. 

Serum FSH levels in response to bromocriptine treatment 

(3 or 6 weeks) in middle-aged rats (300 days old) grouped by 

reproductive ~attern. The controls (open bars) received 

vehicle_. The treated rats (stippled bars) were injected 

with 0.5 mg bromocriptine/kg BW daily. The number of 

female rats in each group is indicated under the bar for 

that group. 

* = p < .05 vs. controls. 
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Figure 42. ' 

Serum PRL levels in response to bromocriptine treatment (3" 

to 6 weeks) in middle-aged rats (300 days old) grouped by 

reproductive pattern.· The controls (open bars) received 

vehicle. The treated rats (stippled bars) were injected 

with 0.5 mg bromocriptine/kg BW daily. The number of 

female rats in each group is indicated under the bar for 

that group. 

* = p < .05 vs. controls. 
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serum LH levels in irregularly cycling and constant estrous 

rats, but not in regularly. cycling rats (Fig. 40). However, 

serum LH levels in all groups of control rats were basal 

(less than 20 ng/ml), so this reduction may not be 

physiologically important. 

Serum FSH_ (Fig. 41) concentrations were not 
I 
I 

significantly altered in regularly cycling or CE rats after 

administration of bromocriptine when compared to FSH values 

in control rats. In irreguarly cycling rats, serum FSH 

levels in rats treated with bromocriptine for 3 weeks were 

significantly reduced (p <.05) from control levels. 

Serum prolactin levels (Fig. 42) were basal (less than 

15 ng/ml) in regular and irregularly cycling control rats, 

and are not further reduced in rats treated with bromocriptine. 

However, serum PRL levels are greater in untreated constant 

estrous rats than levels in untreated cycling or irregularly 

cycling rats (p < .05). Bromocriptine .treatment for either 

3 or 6 weeks significantly reduced se-rum PRL (p < .05) to basal 

levels.· 

Reduction .of serum PRL to basal levels was not associated 

with a return to estrous cyclicity in constant estrous rats. 

Thus, PRL alone is probably not responsible for the transition 

to acyclicity in middle-aged female rats. 

IV. Effect of Tamoxifen Treatment on Restoration of Estrous 

Cyclicity in Constant Estrous Middle-Aged Rats 

The effects of chronic exposure to estradiol on estrous 
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cyclicity have been investigated in ovariectomized aged rats 

(Lu et al., 1981) but not in intact aged rats. Rather than 

using castration to reduce circulating estradiol levels, a 

more specific effect was achieved by using tamoxifen citrate, 

a potent antiestrogen, to block the effect of the steroid at 

its receptor. A long (6 weeks) period of daily treatment 

with tamoxifen was used to allow adequate time for recovery 

of the hypothalamic-pituitary axis from estrogen damage. 

Tamoxifen citrate (0.25 mg/kg BW) or normal saline was 

administered daily for 6 weeks to 300 day old constant estrous 

female rats. The females in the control and treatment 

.groups were matched for the length of time they had been in 

constant estrus. 

As shown in Fig. 43, tamoxifen .treatment did not 

significantly affect body weight during the experiment. 

Uterine and ovarian weights at sacrifice (female rats were 

approximately 340 days old) were not significantly different 

in the control and tamoxifen-treated groups (Table III) . 

. None of the constant estrous females in the control or the 

tamoxifen treated group regained estrous cycles during the 

six, weeks of the experiment. As shown in Fig. 44, serum LH 

was significantly reduced (p < .05) in treated rats compared 

to controls. Serum FSH showed a trend toward increased 

levels in tamoxifen-treated rats, but this difference was not 

statistically significant (p = .06) when compared to control 

rats. Serum PRL and P4 levels were low in both cont~ol and 

tamoxifen-treated rats, and the effect of treatment was non

significant. Serum E2 values in control and tamoxifen-



Figure 43. 

Effect of tamoxifen citrate administered to middle-aged 

female rats on body weight. Groups of 300 day old constant 

estrous female rats were injected daily for 6 weeks with 

0.1 ml normal saline (controls, solid line, n=20) or 0.25 mg 

tamoxifen citrate/kg BW (dashed line, n=30). Each point 

represents the mean + SEM. 

'I 
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TABLE III . 

EFFECT OF TREATMENT WITH TAMOXIFEN CITRATE ON UTERINE AND 
OVARIAN WEIGHTS IN MIDDLE-AGED CONSTANT ESTROUS FEMALE RATS-

a 
Controls Treated 
X ± SEM (n) X + SEM (n) 

uterine wt. (mg) 843 + 48 (19) 784 + 34 (29) 

ovarian wt. (mg) 45 + 3 (19) 46 + 3 (29) 

a 
40 days of treatment with 0.1 ml normal saline 

b 
40 days of treatment with 0.25 mg tamoxifen citrate/kg BW 

b 



Figure 44. 

Effect of tamoxifen treatment on serum LH, FSH, PRL, and P4 

concentrations in middle-aged constant estrous female rats. 
I 

Rats were treated with vehicle or tamoxifen as described in 

the legend of Fig. 43. The number of rats represented in 

each group is indicated under the bar. The height of each 

bar and its vertical line indicate the mean + SEM 

for each hormone. 

* = p < .05. vs. controls. 
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treated rats were both less than 10 pg/ml, the lowest standard 

in the E2 RIA. It is unclear why serum PRL was· not elevated 

in the control group of constant estrous female rats, as 

would be expected if the constant estrous state is associated 

with increased serum PRL levels (Fig. 17). Representative 

vaginal cytology obfained during the last 3 weeks of tamoxifen 

treatment of an acy9lic female is shown in Fig. 45. Tamoxifen 

treatment did not restore estrous cyclicity to middle-aged 

acyclic female rats. 

V. Alterations in Proest.rous Surges of Pituitary and Ovarian_ 

Hormones in Regula~lt Cycling Middle-Aged Rats. 

Regularly cycling middle-aged rats were sacrificed ~t 2, 

6, 8, 10 pm and 12 midnight on the day of vaginal proestrus 

to investigate the occurrence of age-related endocrine changes· 

prior to the loss of estrous cyclicity. Female rats were 

used at two discrete ages (300 and 330 days old), rather than 

combining rats from an age range, to determine if changes in 

hormona~ patterns are progressive with increasing age. Ovarian 

steroid measurements have not accompanied serum gonadotropin 

and PRL determinations in studies of cycling middle-aged rats 

(Wise, 1982b). Hormone levels which increased two standard 

deviations above basal levels were considered to represent 

a proestrous horm6ne surge. 

Figure 46 shows serum LH levels in young mature (90 day 

old) rats and middle-aged (300, 330 day old) regularly cycling 

females during proestrus .. A shift in the time of the LH 



Figure ~· 

Representative vaginal cytology pattern observed in a 

340 day old constant estrous female rat treated for 6 weeks 

(dark bar) with tamoxifen as described in the legend to Fig. 

43. The data represent vaginal smears taken during the 
~ 

last 3 weeks of the treatment period. 
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Figure ~· 

Serum LH concentrations in mature adult (90 day old) 

and middle-aged (300 and 330 days old) regularly 

cycling female rats at 2,6,8,10 ~m and 12 midnight 

on the day of proestrus. Blood samples ~ere collected after 

decapitation at the times indicated. Each point is the mean 

+ SE of samples from a minimum of 8 female rats in each age 

group: 90 day old rats, solid line; 3oo· day old rats, 

dashed line; 330 day old rats, dotted line. 
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peak occurs with age, from 6 pm in the young females to 8 pm 

in both middle-aged rat groups. A dramatic decrease in the · 

magnitude of the -LH peak occurs, from about 1500 ng/ml in the 

young rats to less than SOO:ng/ml in the middle-aged rats. 

Two-way analysis of variance (ANOVA) by age and time of day 

indicated no significant interaction of these variables; the 

overall pattern of LH secretion on proestrus is similar in 

young and middle-aged rats~ However, one-way analysis of 

variance indicated a significant effect of time of day (F 

value significant at o( = • 001), reflecting the shift in the 

ti~e of the LH surge. The difference in the size of the LH 

peak in 300 and 330 day old rats was not significan~ 

(t-test, p > .OS). 

The peak of serum FSH (Fig. 47) occurred at 8 pm in the 

young and 300 day old female rats, and was not apparent in 

the 330 day old rats. The reduction in the size of the FSH 

surge was less· dramatic than for LH, decreasing from less 
I 

than 700 ng/ml in the young females to 200 ng/ml in the 300 

day old. rats. Two-way ANOVA revealed significant interaction 

. of age and time of day, indicating that t~e overall patterns 

of FSH secretion were differ~nt in 300 and 330 day old middle-

aged rats. This reflects the loss of significant FSH increases 

in 330 day old rats at 8 pm and midnight when compared to 

FSH levels at the same times in 300 day old rats (t-test, p > 

. 05) . 

Serum PRL (Fig. 48) reached peak concentrations at 6 pm 

and 12 midnight in the young rats, but PRL surges occurred at 

8 pm in the middle-aged rats. Peak concentrations of PRL 



Figure 47. 

Serum FSH concentrations in mature adult (90 day old) and 

middle-aged (300 and 330 days old) regularly cycling female 

rats at 2,6,8,10 pm and 12 midnight on the day of 

proestrus. Blood samples were collected after decapitation 

at the times indicated. Each point is the mean ± SE of· 

samples from a minimum of 8 female rats in each age group: 

90 day old rats, solid line; 300 day old rats, dashed line; 

330 day old rats, dotted line. 
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Figure !§_. 

Serum PRL concentrations in mature adult (90 day old) ·and 

middle-aged (300 and 330 days old) regularly cycling female 

rats at 2,6,8,10 pm and 12 midnight on the day of proestrus. 

Blood samples were· collected after decapitation at the times 

indicated. Each point is the mean + SE of samples from a 

minimum of 8 female rats in each age group: 90 day old 

rats, solid line; 300 day old rats, dashed line; 330 day old 

rats, dotted line. 
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increased from 55 ng/ml in ~he young rats to 70 ng/ml in the 

300 day old rats to almost 120 ng/ml in the 330 day old 

female rats. Two-way analysis of variance revealed a 

significant interaction of age and time of day, indicating 

that the overall patterns of PRL secretion were different 

between young and midd+e-aged rats. Tpis reflects the dramatic 

increases in the magnitude of PRL surges in middle-aged 

rats as well as the apparent loss of the trend toward increased 

midnight concentrations of PRL in the middle-aged rats. The 

difference of PRL levels between the 300 and 330 day old 

females is statistically not significant (t-test, p > .OS) 

althoug:h·the ·peak ~RL levels seem increased with age. 

Serum.P4 (Fig. 49) data lack sufficient power to reveal 

statistically significant differences in overall pattern by 
- J 

two-way ,ANOVA. However, young and 300 day old females showed 

maximal s·erum P4 levels at 8 pm with significant reductions 

from 8· pm levels (t-test; p < .OS) by 12 midnight in both age 

groups. Iri 330 day,old females, no serum P4 peak was apparent, 

but significant decreases from the 8 pm level (p < .OS) 

.occurred by 10 pm and also by 12 midnight. Serum P4 

concentrations were significantly lower (p <.OS) in 330 day 

old females at 8, 10 pm, and 12 midnight than in 300 day old 

rats at the same times. These findings suggest that the 

duration of elevated serum P4 levels on proestrus is reduced 

with_ age, especially on the late evening of proestrus. 

-Serum E2 values in the middle-aged rats were less than 

10 pg/ml (the lowest standard in the E2 RIA) at all times 



FIGURE 49 

Serum P4 concentrations in mature adults (90 day old) and 

middle-aged (300 and 330 days old~ regularly cycling female 

rats at 2,6,8,10· pm and 12 midnight on the day of proestrus. 

Blood samples were collected after decapitation at th~ times 

indicated. Each point is the mean + SE of samples from a 

minimum of 8 female rats in each age group~ 90 day ol~ 

rats, ~olid line; 300 day old r~ts, dashed line; 330 day old 

rats, dotted line. 
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studied on proestrus. These low values are probablY an 

artifact of prolonged storage of serum samples. 
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These results demonstrate that the proestrous gonadotropin, 

PRL and P4 surges are altered before the loss of cyclicity is 

apparent (by .vaginal cytology) in middle-aged female rats. 

Significant changes occur in the timing and magnitude of the 

proestrus hormone surges, as well,as in·the duration of 

hormone elevations. These alterations may contribute to the 

transition to estrous acyclicity that occurs with age. 

VI. In Vitro Responsiveness of Pituitary Cells from Old 

Acyclic Female Rats 

Female rats that had been constant estrus for almost one 

year were ~acrificed.at 23 months of age and the anterior 

pituitaries were re~oved. Previous studies of pituitary 

responsiven~ss to LHRH used pituitary cells from:middle-aged 

rats (Cooper et al., 1984) and did not measure FSH (Cheung, 

1983) and PRL release (Cooper et al., 1980). No studies have 

demonstrated the direct antigonadotropic effect of PRL using 

the pituitary glands of aged females. Studies of estradioi 

stimulation of PRL release and its facilitation of pituitary 

response to LHRH were undertaken to define the role of estradio·l 

in feedback control of the aged pituitary. 

As shown in Table IV, the addition of 5 ng of LHRH· 

(final concentration 4.23 nM LHRH in culture) dramatically 

increased gonadotropin release into the medium when compared 

with non-stimulated cells. The gonadotropin response to a 

0.1 nM concentration of LHRH (final concentration in culture) 



TABLE IV. 

BASAL AND LHRH-STIMULATED LH CONCENTRATIONS 
IN NON-TREATED AND ESTRADIOL-TREATED CELLS 

LH tn<;/ml) 

CELL 
TREATMENT MEDIUM CONTENT TOTAL 

Control 185 + 9 4346 + 192 4493 + - - -

Control + a a 

167" 

LHRH (0.1 nM) 1583 + 97 2851 + 142 4567 + 121 
\-

Control + .a,b a,b 
LHRH (4 nM) 2860 + 204 2101 + 89 4891 + 178 - - -

Estradiol 208 + 17 4567 + 561 4829 + 445 

Estradiol + a,b,c a,b,c 
LHRH (0.1 nM) 2010 + 150 2781 + 43 4674 + 126 -

Bromocriptine 173 + 11 4490 + 183 4563 + 169 - -

Btomocriptine + a,d a,d 
LHRH (4 nM) 2904 + 188 2053 + 93 4917 + 112 - -

Total hormone concentrations = hormone released into medium + 
hormone remaining in the cell 

a 
significantly different (p < .05·) compared to control cells 

"b 

c 

significantly different (p < .05) compared to cells treated 
with 0.1 nM LHRH 

significantly different (p < .05) compared to estradiol 
treated cells 

d 
significantly different (p < .05) compared to bromocriptine 
treated cells 



TABLE V 

BASAL AND LHRH-STIMULATED FSH CONCENTRATIONS 
IN NON-TREATED AND ESTRADIOL-TREATED CELLS 

TREATMENT 

·.Control 

Control + 
LHRH (0.1 nM) 

Control + 
LHRH ( 4 nM) 

Estradiol 
I 

Estradiol + 
LHRH (0.1 nM) 

Bromocriptine 

Bromocriptine + 
LHRH ( 4 nM) 

FSH (ng/ml) 

MEDIUM 

b 
163 + 8 

a 
229 + 17 

CELL 
CONTENT 

S46 ± 99 

a 
S97 ± 169 

a,b a 
jlo + 23 531 ± 171 

165 + 14 S79 + 85 

a,b,c b 
280 + 20 552 + 123 

149 + 20 538 + 87 

a,c,d 
255 + 19 525 + 79 

TOTAL 

723 ± 97 

792 ± 139 

827 ± 148 

789 ± 79 

813 ± 101 

717 ± 95 

731 ± 92 

Total hormone concentrations = hormone released into medium + 
hormone remaining in the cell 

a 
significantly different (p < .OS) compared to control cells 

b 

c 

d 

significantly diff.erent ( p < • OS) compared to cells treated 
with 0.1 nM LHRH 

significantly different (p < .OS) compared. to estradiol 
treated cells 

significantly different (p < • 05) compared to bromocripti·ne 
treated cells 



TABLE VI 

BASAL AND LHRH-STI,MULATED PRL CONCENTRATIONS 
IN NON=TREATED AND ESTRADIOL-TREATED CELLS 

TREATMENT 

Control 

Control + 
LHRH (0.1 nM) 

Control·+ 
LHRH ( 4 nM) 

Estradiol 

Estradiol + 
LHRH (0.1 nM) 

B.romocriptine 

Bromocriptine + 
LHRH ( 4 nM) 

PRL (ng/ml). 

MEDIUM 

c 
491 ± 10 

463 + 17 

450 ± 21 

a 
1114 + 86 

a,b,c 
1092 + 77 

a 
265 + 30 

a 
249 + 30 

CELL 
CONTENT 

c 

TOTAL 

1568 ± 121 2109 ± 117 

1479 + 130 1975 ± 122 

1501 ± 130 1989 ± 125 

a 
908 ± 96 2064 ± 93 

a,b,c 
891 ± 89 2011 + 82 

a 
1755 + 103 1998 + 87 

a 
1725 ± 92 l974 + 81 

Total hormone concentrations = hormone released into medium + 
hormone remaining in the cell 

a 

b 

c 

significantly different (p < .05) compared to control 'cells 

significantly different (p <' .05) compared to cells treated 
with 0 • 1 nM LHRH ' 

significantly different (p < .05) compared to estradiol 
treated cells 

d 
significantly ~ifferent (p < .05) compared to bromocriptine 
treated cells 
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was less dramatic than with a 4 nM-concentration, but was 

still greater than LH and FSH release into the medium from 

control cultures. PRL release into the medium was unaltered 

by either concentration of-LHRH. 

Pituitary cells were incubated for 48 hours in the 

presence of estradiol-17B (lnM final concentration in culture). 

The basal release of LH and FSH was unchanged compared to 

control.cultures, but the release of PRL into the medium was 

'greatly stimulated (p < .01). The increased release of PRL 

stimulated by estradiol was hot due to an increase in total 

PRL in these cells because_the total levels of PRL are not 

different in control and estradiol-treated cell cultures. 

The sensitivity of gonadotropin release from pituitary cells 

treated with 0.1 nM LHRH was significantly enhanced in the 

cells exposed to estradiol (p < .05') as compared to cultures 
( 

where only 0.1 nM LHRH was added. As with PRL, the increased 

release of gonadotropins was not due to increases in total LH 

and FSH. The in~reased responsiveness of the cells to LHRH is 

due to estradiol's facilitation of LHRH-stimulated gonadotropin 

release. 

Bromocriptine treatment (luM fina~ concentration in 

culture) did not alter the basal or LHRH - stimulated (4 nM 

LHRH) release of LH or FSH from cells. The release of PRL 

was significantly decreased (p < .05) compared to controls. 

Bromocriptine had no effect on the total level of PRL in 

treated cells as compared with control cells. The simultaneous 

addition of bromocriptine and LHRH (4 nM) to cultures reduced 
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PRL release in the same manner as bromocriptine alone. 

These results suggest that the responsiveness of the 

. pituitary to LHRH and estradiol is maintained with age. The 

LHRH-stimulated release of gonadotropins by the aged pituitary 

is facilitated by estradiol. Estradiol stimulated PRL release 

but bromocriptine inhibited PRL release. PRL does not seem 

to affect basal or LHRH-stimulated gonadotropin release from 

the pituitary because .LH and FSH release are not increased by 

bromocri~tine treatment. Thus, the antigonadotrophic effects 

of PRL cannot be demonstrated on isolated pituitary cells from 

aged constant estrous rats. 

The serum hormone levels of donor female rats is shown 

in Table V. Serum E2 levels in these 23 month old constant 

estrous rats are elevated to levels seen in young cycling 

rats on the day of proestrus i ± SE =57+ 14 pg/ml). 

Serum P4, LH, FSH, and PRL are not significantly different 

from the levels of those hormones found in middle-aged (390 

days old) constant estrous rats. In the acyclic state, elevated 

PRL levels do not seem to interfere with basal or LHRH

stimulated gonadotropin secretion. 

VII. Changes in Reproductive Patterns in Aging Female 

Rats Exposed to Male Rat Pheromones 

Figure 50 shows the chronological change in reproductive 

patterns between 315 and 525 days of age in female rats not 

exposed (controls) and exposed to pheromones from male rats. 

In both groups, the usual sequence from regular cyclicity to 

irregular cy~licity to constant estrus was followed with 



TABLE' VII 

SERUM HORMONE LEVELS IN PITUITARY DONOR RATS 

HORMONE ng/ml (x ± SE) n 

Estradiol 56.8 + 13.5 9 
Progesterone 10.1 + 3.6 15 
LH 17.2 + 2.1 25 
FSH 83.7 + 6.4 24 -PRL 62.9 + 7.2 25 -

All animals were 23 months old ·at sacrifice and had been 
constant estrus for abo~t one year. 

Blood was collected by decapitation before 10:30 am. 
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increasing age. At 315 days of age, a similar percentage 

(10% controls, 14% treated) of female rats displayed regular 

cyclicity in both groups {upper panel). The number of regularly 

cycling rats did no~ change between 315 and 360 days in the 

control group. Howev.er, after 4 months of being housed with 

male rats, more pheromone-treated females were cycling regularly 

than at 315 days (14% at 315 days, 26% at 360 days). When 

the female rats were one year old, the males were removed 

from the room where· they were housed with females exposed to 

phero~one treatment. With increasing age, the number of 

regularly cycling females decreased in both groups. However, 

at 425 days of age, more than 2 months after being separated 

from the males, the pheromone-treated group still had more 

animals displaying regular dyc~es (11%) than did the·control 

group (2%). 

As shown in Fig. 50 (middle panel), the number of animals 

displaying irregular estrous cycles also. declined with increasing 

age. From 315 to 425 days of age, about 32% of th~ control 

females exhibited irregular cycles. The pheromone~treated 

females displayed similar percentages of irregular cyclers, 

although a decrease to 21% occurred at 360 days of age. At 

525 days of age,' about 20% of the females in both groups were 

cycling irregularly. 

As the number of regularly cycling f~males decreased 

with age, the number of constant estrous females increased 

(Fig. 50, lower panel). The percentage of CE females was 58% 

in both groups at 315 days old. At 360 and 425 days the · 
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percentage of CE females in.the pheromone-treated group (53% 

and 58%, respectively) was smaller than in the control group 

at the same ages (Sa and 64%). By 525 days of age, the 

percentage of CE females in both ,groups was the same (78%). 

During the 5-month period after separation from the 

males, animals in the pheromone-treated group showed a greater 

decrease in regular estrous cyclicity than in the control 

rats. These results suggest a positive effect of the presence 

of males on regular estrous cyclicity in aging female rats. 

Hormone data collected when the female rats were 525 

days old (Fig. 51) indicated significant (p < .05) reductions 

in serum LH and PRL levels,in the pheromone-treated group as 

compared to the control group. Serum LH levels in both 

groups are basal, and this difference may not be physiologically 

important. Serum FSH in pheromone-treated rats is significantly 

elevated (p < .01) above levels found in control females. 

These results suggest that the effects of male pheromones on 

cyclicity may be mediated through changes in serum levels of 

reproductive hormones in aging rats. 



Figure 51. 

Serum LH, FSH, and PRL concentrations in aging female rats 

exposed to pheromones from male rats. Control female rats 

were not exposed to pheromones from male rats. The 

experiment was conducted as described in the legend to 

Fig. 50. The height of each bar represents the 
I 

mean + SE for 37 control female rats (open bars) 

and at least 29 treated female rats (stippled bars) for 

each hormone. All rats were about 525 days at the time of 

sacrifice. 

* = p < .OS controls vs. female rats exposed to 

male pheromones. 

** = p < .01 controls vs. female rats exposed to 

male pheromones. 



-2 .. 
c 
0 

(.) 

D 
0 
N ,.. 

-a • .. 
as • ~ 

0 
0 ,.. 

·~~~ CD 

~~~--------~~·N 

~--~----------------------------~ 

,.._ 
CW) 

.. N 
CW) 

,_.... 
(W) 

II 
c 

0 0 0 o· 0 co co ~ C\1 

(IW/6U) UO!IBJIU9:lUOO 8UOWJOH 

.... 
a: 
a. 

:z: 
UJ u.. 

:1:: 
..J 



DISCUSSION 

I. Chronological Changes in Reproductive Patterns and 

Associated Endocrine Changes in Aging Female Rats 

Reference data for the aging nulliparous_Holtzman rat was 

established with r~gard to estrous·cyclicity, chronological 

changes in the uterus, ovary, and anterior pituitary, as well 

as in serum concentrations of LH, FSH, and PRL. Reproductive 

aging in this animal model has not been previously 

characterized in a comprehensive manner. 

The progression of reproductive patterns observed in 

aging Holtzman rats (Fig. 2) followed the sequence generally 

established for other strains of aging rats (Huang and 

Meites, 1975): regular cycles, irregular cycles, and 

constant estrus. Infrequently, certain regularly cycling 
\ 

animals entered co·nstant estrus directly. Finch ( 1984) noted 

alternate paths through the states of reproductive senescence 

in C57BL/6J mice. The factors leading to these minor paths 

are u~clear. Vaginal smear data is a convenient and economic 
' 

method for following changes in estrous cyclicity in aging 

rodents. However, variability in cycling patterns among 

individuals and insensitivity to certain types of age-related 

changes limit its usefulness in reproductive aging studies. 

·Regularly cycling young adult rats cannot be distinguished 

from cycling middle-aged rats by vaginal cytology data, 

although differences in their endocrine patterns on proestrus 
\ 

demonstrate the influence of age. 

124 
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Ovarian, uterine, and pituitary changes observed in 

acyclic and constant estrous rats were similar to those 

described by Huang and Meites (1975) for old (20 months or 

older) multiparous Long-Eva~s rats. 

Peluso and England-Charlesworth (1981) have observed 

that follicular cysts common in ovaries of irregularly 

cycling rats may form from preovulatory follicles that fail 

to ovulate. These workers suggested that increased estrogen 

synthesis in follicular cysts may be involved in the 

transition to- constant estrus. Large cystic follicles 

were present in irregular and CE rats (Figs. 6,7) 

but the functional studies necessary for a comprehensive 

understanding of these structural changes were not performed. 
( 

The anterior pituitary was examined histologically by 

Huang and Meites (1975), but ul~rastructural changes with age 

have not been well described. Increased granulation and 

numbers of secondary lysosomes in gonadotropes of aging 

female rats (360 days of age and older) were observed by 

Costoff (1985a). A significant decrease in serum LH levels 

was noted and Costoff (1985a) also suggested the occurrence 

of gonadotropin-synthesis and storage'without secretiono 

Gonadotropes, and especially mammotropes, of middle-aged 

constant estrous rats (Figs.11,12), but not cycling rats 

(Figs. 9,10), appeared to display these changes~ morphometric 

analysis was not performed. 

Lu et al. (1979) described chronological changes in 

pituitary and ovarian hormone secretion associated with 

different reproductive states in aging rats. However, only 
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acyclic states (constant estrus, repetitive pseudopregnancy, 

and anestrus) were characterized. As presented here, these 

studies were extended to include the cycling middle-aged rat. 

Data from irregularly cycling rats was also collected but not 

included. Rats in this state represent a more heterogeneous 

group with regard to vaginal smear patterns than· cyclic or 

constant estrous rats. This variabi~ity was also apparent in 

hormone profiles and precluded useful description of 

irregular rats. 

As long as female rats cycled regularly, basal levels of 

serum gonadotropins and prolactin showed no age-related 

changes (Figs. 14, 15, 16). However, chronological 

alte~ations in basal prolactin (but not LH or .FSH) occurred 

in constant estrous rats. Hormone data for the CE rats were 

not separated by the length of time each animal had been in 

constant·estrus. Because serum PRL and FSH were elevated 

with increasing' l~ngth of time in the CE state (Fig. 17), the 

meaning of age-relat~d changes observed in CE rats is 

limited. Further investigations of hormonal alterations-with 

age should consider the length of ·time animals have been in 

constant estrus. The possible effect of this factor as an 

independent variable was suggested by Wise and Ratner (1980b) 

and Estes and Simpkins (1982), but was not documented 
~ 

experimentally. 
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II. The Effect of Treatment with Antiestrogen or Prolactin

Modifying Drugs on Estrous Cyclicity in Middle-Aged 

Female Rats 

A. Prolactin-Modifying Drugs 

Seru~ lev~ls of prolactin were significantly elevated in 

middle-aged female rats that exhibit constant estrus, but no~ 

in regularly cycling rats of the same age (390 days old) 

(Fig. 16). The role of prolactin in the transition to 

acyclicity in aging rat was studied using two prolactin

modifying drugs, perphenazine (a dopamine inhibitory drug) 

and bromocriptine (a dopamine agonist). 

Young adtilt rats treated with 5 mg perphenazine showed 

adverse changes in behavior and body weight. To avoid these 

effects, middle-aged rats were treated with smaller doses of 

perphenazine. Perphenazine treatment (2.5 mg/kg x 6 days) 

induced hyperprolactinemia and reduced serum gonadotropin 

levels (Fig. 20) in treated rats bu-t did not result in 

permanent acyclicity (Table I). Young adult and middle-aged 

rats may not be compared directly because different treatment 

doses were used in the two age groups. Equivalent serum 

prolactin levels were achieved in both age groups, and in 

this respect, the effects of hyperprolactinemia on estrous 

cyclicity m1ay be compared. Estrous cyclicity in the middle-

aged rats may also be compared before and after perphenazine 

treatment. This comparison controls for the effect of age as 

a variable. Both comparisons are important. In many 

reproductive aging studies, results of experiments using aged 
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acyclic rats are compared to cycling young adult rats as 

controls. These comparisons do not distinguish the influence 

of age from the effects of changes in endocrine states· 

(cyclic vs. acyclic) that occur with age (Smith et al., 1982; 

Cooper et al, 1984). Young cycling rats are appropriate 

controls only for middle-aged rats that are still cycling. 

Young acyclic rats, middle-aged, and old acyclic rats may be 

compared in similar acyclic states (CE, RPSP, or AN). As 

information becomes available for the middle-aged rat, 

studies of reproductive aging which used cycling adult rats 

as controls for acyclic old rats should be re-evaluated, 

using middle-aged acyclic animals as controls. 

Perphenazine ip doses between 1.0 and 2.5 mg should be 

investigated in future dose-response studies·. No reductions 

in serum gonadotropin levels w~re observed after middle-aged 

rats were treated with 1.0 mg perphenazine. Serum PRL levels 

measured in rats treated with 1.0 mg perphenazine (Fig~ 20) 

were equivalent to PRL levels later· determined in old acyclic 

rats ~ith spontaneous hyperprolactinemia (Table VII). After 

2.5 mg perphenazine, serum PRL levels were much greater 

(Fig. 20). Serum PRL levels achieved by administration of 

l.O·mg perphenazine to middle-aged rats are more representative 

of the degree of spontaneous hyperprolact~nemia observed in 

aging rats. In future studies, this dosage would be more 

appropriate in testing the relationship of hyperprolactinemia 

to estrous cyclicity. 
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In intact female ·rats, perphenaz.ine treatment is known 

to increase both serum prolactin and progesterone levels 

{Vasquez et al., 1980a). After withdrawal of perphenazine 

treatment, a .greater percentage 6f treated female rats 

exhibited regular estrous cycles than did age-matched 

controls. Administration of progesterone to acyclic rats 

restor~d estrous cyclitity to acyclic old rats {Everett, 

1940) and prolonged estrous cyclicity in middle-aged rats {Lu 

et al.', 1985). Although progesterone concentrations in 

treated female rats were not measured, it seems reasonable 

that estrous cyclicity was restored by the effects of 

perphenazine on progesterone. 

Prolonged treatment with bromocriptine {0.5 mg/kg 

x 6 weeks) reduced the elevated serum PRL levels found in 

middle-aged constant estrous rats to levels similar to those 

in regularly cycling rats {Fig. 42). However, the progression 

to acyclicity was not prevented by bromocriptine treatment 

in regularly cycling rats, nor was estrous cyclicity restored 

by tr~atment in acyclic cohstant.estrous rats {Fig. 38). 

Estrous cycles have been reactivated temporarily in old 

acyclic CE .rats by multiple injections of progesterone {Everett, 

1940) or with drugs that increased monoamine levels in the 

brain {Huang and Meites, 1975; Linnoila et al., 1976), so the 

loss of regular cycles is at least transiently reversible. 

The effects of antiestrogen treatment on the restoration of 

estrous cyclicity in constant estrous rats was also 

investigated. 



130 

B. Antiestrogen Treatment 

Persistently elevated estrogens were shown to inhibit 

the feedback necessary to stimulate LH secretion for 4 to 5 

weeks in both young and old female rats (Lu et al., 1981). 

Administration of the antiestrogen tamoxifen citrate (0.25· 

mg/kg BW) for six weeks was insufficient to restore regular 

estrous cyles in constant estrous middle-aged rats. This 

treatment period was of adequate length to allow recovery of 

·positive feedback, but may not have allowed repair of neuronal 

damage as observed by Brawer et al. (1983) in rats ex~osed 

to chronically elevated estradiol levels (less than 50 pg 

E2/ml for 3 months). Although serum estradiol levels were 

not measured in this experiment, estradiol levels in constant 

estrous rats (Table VII) are sufficiently increased to cause 

neuronal damage. 

In these studies, manipulation of serum prolactin 

levels or antiestrogen treatment was used to study the 

effects of hyperproiactinemia and chronic estrogen exposure 

on estrous cyclicity. Alterations in prolactin or estrogen 

alone did not explain the loss of regular cycling with age. 

Since many reproductive hormones are necessary to regulate 

cyclicity and must interact to produce ovulation, it is more 

likely that aging involves multiple endocrine changes, rather 

than a single hormonal alteration. Therefore, age-related 

alterations in the patterns of LH, FSH, PRL, and P4 secretion 

were investigated during the preovulatory period. 
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III. Pattern of Gonadotropin ·and Prolactin Secretion during 

Proestrus in Middle-Aged Rats 

In the middle-aged regularly cycling female rat, multiple 

changes in hormone secretion patterns on proestrus are evident 

before the·"<loss of cycles occurs. The onset of LH and PRL 

surges on proestrus are delayed; the magnitude of the 

gonadotropin peaks are reduced but·the magnitude of the PRL 

peak is increased; the duration of elevated progesterone 

levels is much shorter in middle-aged rats; and the second 

peaks of FSH and PRL found in young adult cycling rats are 

apparently lost by middle age (Figs. 46, 47, 48, and 49). r 

Similar delays in the onset of the proestrus LH surge have 

been observed by van der Schoot (1976), Cooper et al. (1980), 

and Wise (1982b). Attenuated proestrous gonadotropin surg~s 

were demonstrated by Wise (1982b), and the shorter duration 

of increased progesterone concentrations was observed by 

Miller and Riegle (1980). We disagree, however, with Wise 

(1982b) that PRL concentrations during the surge are not 

significantly altered in middle~aged rats. She reported that 

PRL concentrations db tend to be higher on the.evening of 

proestrus, so that the discrepancy in our findings may result 

from differences in statistical significance, rather than 

differences in the patterns of PRL on proestrus. With multiple 

measurements of hormone levels, variations in LH, FSH, PRL 

and P4 secretion patterns with age were demonstrated. These 

data revealed that the endocrine changes noted on proestrus 

are progressive with increasing age, here between 90 and 330 

days old. Alterations in these patterns are probably more 
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directly responsible for the loss of estrous cyclicity with 

age than chronological changes in basal serum hormone 

concentr~tions detected by single measurements. Appropriate 

patterns of hormone secretion ar~ necessary for ovulation and 

cyclicity in sheep· and are probably necessary for the 

maintenance of reproductive cyclicity in aging rats. (Wright 

et al., 1984; Meyer and Goodman, 1985) .. 

The cause and effect relationship_of impaired gonadotropin 

surges to loss of ovulation and age-related acyclicity is not 

clear. Reduction~ in maximal proestrous gonadotropin levels 

and deviations in the time of onset of the surges from normal 

hormone ~ecretion patterns do not interfere, at least initially, 

with the ongoing estrous cycle. Kalra et al. (197l):estimated 

that only 15% of the LH released during the preovulatory 

surge is necessary to induce ovulation. Similarly, Turgeon 

(1979) induced ovulation with less than 25% of the normal 

surge of gonadotropins. In 90 day old young adult rats (Fig. 46), 

serum LH levels are maximal at about 1500 ng/ml. In 330 day 

old middle-aged rats, increases in LH are only about 20% of 

this level and are probably approaching the minimum_amount of 

circulating LH necessary for ovulation to occur. Thus, further 

reductions in LH release on proestrus with age could easily 

result in anovulatory cycles. However, because serial samples 

were not collected, information on the frequency of pulsatile 

releases of hormone is not available from the experiment 

described here. Estes and Simpkins (1982) observed age related 

changes in both the frequency and amplitude of LH release on 



proestrus. Because secretion patterns of FSH, PRL and P4 

are also altered in magnitude on proestrus~ the frequency 

of pulsatile release in these hormones also needs to be 

investigated. 
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Because previous in vivo studies have not resolved the 

relative cdntributions of hypothalamic and pituitary changes 

to the diminishing LH surge with age, gonadotropin and prolactin 

release were investigated in cultured pituitary cells from 

old rats. 

IV. The Effect of LHRH, Estradiol, and Bromocriptine Treatment on 

Gonadotropin and Prolactin Release from Dispersed Anterior 

Pituitary Cells in Culture 

A. Gonadotropin Response to Stimulation £y LHRH and Estradiol 

Cultured anterior pituitary cells from constant estrous 

female rats treated with LHRH demonstrated a dose-dependent 

release of gonadotropins. The relative increase in LH secretion 

in response to 5 ng/ml LHRH (4.23 nM LHRH) was similar in 

young adult (O'Conner et al., 1980) and in old rats (Table 

IV). Preincubation of cells with estradiol enhanced the 

gonadotropin response to LHRH and also increased prolactin 

secretion. When stimulated with LHRH, perifused pituitary 

glands from proestrous middle-aged female rats required more 

time to reach maximal response levels. The LH surg~ delay 

observed in vivo may be mediated in part by this delayed 

pituitary response to LHRH observed in middle-aged rats 

(Smith et.al., 1982). In the studies.presented here, a 
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static incubation was perfor~ed rather than a perifusion, so 

no kinetic comparisonp can be made. The release of LHRH in 

vivo occurs in a pulsatile fashion which can be replicated in 

perifusion systems but not in static incubations. 

Animals used as pituitary donors were screened for mammary 

and pituitary tumors, as well as hemorrhages of the pituitary. 

It is essential in· cell culture studies that only normal cell 

populations be inyestigated. However, aging changes in selected 

cell populations or in the relative proportion of a given 

cell type would not be easily detected by using a mixture of 

cell types, as in pituitary cultures describe~ here. 

B. Effect of Prolactin on Gonadotropin Secret~on 

The addition of bromocriptine to pituitary cell cultures 

had no effect bn basal or LHRH-stimulated gonadotropin release, 

although PRL secretion was significantly reduced. Prolactin 

did not have an antigonadotropic effect at the level of the 

pituitary in vitro, thus supporting the results of our in 

vivo bromocriptine studies which suggested that the 

antigonadotropi~ effect of prolactin is not responsible for 

the transition to acyclicity in aging female rats. These 

results are consistent with the sug~estion of Meites (1982) 

that high circulating levels of prolactin are not mainly 

responsible for the decline in gonadotropin release during 

aging. He postulated that independent hypothalamic mechanisms 

mediate the age-related development of hyperprolactinemia and 

the reduction of gonadotropin release. Cheung (1983) 

demonstrated that in pituitary glands from adult ovariectomized 
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rats, basal LH secretion and pituitary respon~iveness to 

LHRH are compromised by prolactin. Steroids modulate the 

antigonadotropic effects of prolactin at the pituitary in 

intact animals (Vasquez et al., 1980aJ and the discrepancy in 

our results may reflect endocrine differences between intact 

and castrate female rats. Cheung (1983) studied the acute 

effects of prolactin (6 hour treatment) on LH release, but 

donor animals used £or these cell ~ultuie experiments presented 

here were chronically hyperp~olactinemic (Table VII). Our 

results are in agreement with a conclusion of Vasquez et al. 

(1980b) that pituitary sensitivity to LHRH is not depressed 

directly by PRL at moderate levels of hyperprolactinemia 

(about 130 ng PRL/ml). Additionally, Sarkar and Yen (1985) 

demonstrated th~t chronic elevation of serum prolactin reduced 

LHRH release from the hypothalamus, .possibly through a 

dopamine-mediated stimulation of B-endorphin inhibition of 

LHRH secreting neurons. 

Wise and Ratner,(l980a,b) have suggested that the primary 

age-related alterations in the constant estrous rat are 

hypothalamic, and that later alterations occur at the pituitary 

level. The results of the experiments presented here also 

suggest that age-related defects in the hypothalamic-pituitary 

control of gonadotropin section do not occur at the level of 

the pituitary. 
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V. The Effect of Hyperprolactinemia on the Estrogen Receptors 

of the Anterior Pituitary and Uterue 

Age-related changes in hormone receptors may be responsible 

for alterations in hormone responsiveness observed with aging. 

Reductions in the maximal number of· est:radiol binding sites 

in cytosol from uteri and pituitary glands occurred from 

middle age to old age (Fig. ,13), but binding affi_ni ty was 

unchanged. Haji et al. (1981) demonstrated reductions in 

hypothalamic an4 uterine cytosol receptors for estradiol in 

middle-aged (10-11 months old) rats but pituitary receptor 

concentrations were not decreased until much later, when the 

animals were about 600 days old. These authors noted that 

reductions in hypothalamic estrogen receptors occurred prior 

to age-related alterations in serum gonadotropin levels, but 

failed to measure prolactin levels. Further studies by Wise 

and Camp (1984) localized the decreases in estrogen receptor 

concentrations.· Nuclear receptors in the preoptic area are 

decreased by 10-11 months of age, and this decline in the 

number of nuclear receptors progressed to include the medial 

basal hypothalamus and pituitary gland at 16-18 months of 

age. Using perphenazine .to induce hyperprolactinemia in 

middle-aged rats, preliminary studies demonstrated an effect 

of increased serum prolactin on cytosolic estrogen receptors 

in the uterus and anterior pituitary. Elevati~ns in circulating 

prolactin levels occur spontaneously in aging female rats 

and may affect estrogen receptor levels in various tissues. 

Side effects of perphenazine on the receptor cannot be ruled 

out, especially at higher doses, but reductions in receptor 
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concentration occurred in hyperprolactinemia induced by lower 

doses of perphenazine and also in aged rats with spontaneous 

hyperprolactinemia. Prolactin is known to affect estrogen 

receptors in mouse mammary tissue (Muldoon 1979, 1981) and so 

this interaction is not without precedent and warrants further 

study. 

VI. .The Effect of Exposure to Male Rat Pheromones. on Estrous 

Cyclicity in Aging Femal-e Rats 

Normal LH secretion and regular estrous cyclicity can be 

maintained for an ~xtended period -in middle-aged multiparous 

rats housed with ~ertile ma~es and allowed to undergo repeated 

pregnancies (Nasset al., 1982) or by repeated exposures to 

increased circulating progesterone levels (Lu et al., 1985). 

Olfactory stimuli from othet rats are capable of inducing LH 

release in female rats (Beltramino and Taleisnik, 1983). In 

the studies described here, male rats and aging virgin female 

rats were housed separately to allow the social effects of 

pheromones from male rats to be discriminated from the effects 

of pregnancy on estrous cyclicity. The results indicated a 

positive effect of pheromones from male rats on estrous 

cyclicity in aging female rats. Expo~ure to pheromones from 

male rats maintained regular cycling in a greater percentage 

of females as compared to control rats of a similar age. 

There was no effect of exposure to pheromones in rats that 

had irregular cycles or that were constant estrus. Miller et 

al. (1979) and Nass et al. (1982) reported that the proestrous 

patterns of gonadotropin secretion are similar in repeated~y 
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mated middle-aged and young rats. Lu et al. (1985) further 

added that impaired gonadotropin surges are present only in 

female rats when acyclicity is. imminent. Hormone data from 

female rats exposed to pheromones showed significant differences 

in gonadotropin and prolactin concentrations when compared 

with control ~ats. Together, these results suggest that the 

effects of male rat pheromones on reproductive hormones can 

prolong estrous cyclicity in aging rats~· This is an important 

consideration because most reproductive aging studies use 

retired breeder rats rather than virgin females. Retired 

breeder rats exposed to male pheromones and multiple pregnancies 

may have a very different time sdhedule ~f reproductive aging 

than virgin female rats housed in female-only colonies. Wise 

(1980a) has noted that multiparous female rats represent a 

heterogeneous group which may be going through different 

stages of the reproductive process. 

Vli~ Hormonal Changes Associated with Mammary Tumors and with 

the Length of the Acyclic State 

High serum prolactin levels in aging female rats have 

been associated with the appearance qf mammary (Quadri et 

al., 1973) and pituitary tumors (Meites, 1982). In two 

groups of aging female rats with mammary tumors, no hormonal 

differences could be determined for the levels of serum 

gonadotropins or prolactin when compared with levels in 

middle-aged or tumor-free rats (F~g. 18). Quadri et al. 

used Sprague-Dawley rats in their study. Holtzman rats are a 
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derivative strain of Sprague-Dawley rats, so this discrepancy in 

our results was probably not due to strain differences. 

Animals with small and large mammary tumors were included in 

the data described here. If high PRL levels were ~ssociated 

only with well-developed mammary tumors, elevated PRL levels 

would have been measured. Mammary tumors were not characterized 

histologically, and may have been different from mammary 

tumors in Quadri's study. 

After the middle-aged female rat becomes constant estrus, 

serum concentrations of prolactin are rapidly and progressively 

elevated with increasing ~uration of time in the acyclic 

state (Fig. 17). Eventually, increases in serum FSH also 

become significant. Beach et al. (1983) demonstrated hormonal 

similarities between middle-aged and old constant estrous 

rats for prolactin, LH, FSH, total serum estrogens and 

progesterone at three different times of day. Differences in 

the results of these studies arise from dissimilar selection 

of constant estrous females. Female rats from a large age 

range spanning the middle-age period (approximately 8-12 

months old) were used.by Beach's group (1983); females from 

this age range had been constant estrus for 7 to 57 days. 

St~tistical significance was determined by comparison of 

hormone values with those of young cycling females, rather 

than with constant estrous females of different ages. These 

findings were suggested to validate the use of middle-aged; 

rather than very old, constant estrous rats to avoid the 

pathologies common in old rats. This is an important 

consideration in studies of reproductive aging, but we cannot 



agree that newly constant estrous females are hormonally 

similar to long-term constant estrous rats. 
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SUMMARY 

The middle-aged nulliparous Holtzman rat was used as a 

model for characterizing the endocrine changes a~sociated 

with the transition to acyclicity during reproductive aging. 

The role of prolactin in the loss of estrous cycles was 

clarified. Estrous cyclicity and acyclicity were resistant 

to manipulation w~th prolactin-modifying drugs. In vitro, 

anti-gonadotropic effects of prolactin could not be demonstrated 

in pituitary cells from aged acyclic rats. It was concluded 

that prolactin alone i~ not responsible for the onset of 

acyclicity in aging female: rats. Increased serum prolactin 

levels were, however, associated with altered cytosolic 

estrogen receptor concentrations in pituitary and uterine 

tissues in·preliminary studies. Patterns of proestrous ho~mone 

secretion ~re alter~d in middle-a~ed rat~ before the onset of 

acyclicity. These changes contribute to loss of ovarian 

cycles. In contrast, the positive effects of pheromones from 

male rats prolong estrous cycles in aging female rats, thus 

emphasizing the importance o£ experimental conditions in 

studies of reproductive aging. Careful definition of the 

animal model is critical. Hormone profiles for a given 

reproductive state vary with the age of the individual animal 

and the duration of acyclicity. Results of the proestrous 

surge study indicate that preovulatory endocrine changes are 

not similar in pattern or hormone concentration for young 

adult and middle-aged regularly cycling rats. Neither is the 

newly constant estrous female rat similar hormonally to rats 
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that have been acyclic for longer time periods. 

The present results support the concept of an age

related hypothalamic defect in the control of gonadotropin 

secretion. Proestrous surges of LH and FSH are not impaired 

by antigonadotropic effects of prolactin at the pituitary 

(although this may occur at the level of the hypothalamus). 

Decreased gonadotropin release and increased circulating 

prolactin levels ate probably coincident, but independent, 

age-related endocrine events. Inappropriate secretion of 

LHRH may be the result of-alterations in hypothalamic 

neurotransmitter-ovarian steroid interactions that regulate 

circadian rhythms and p.rolactin secretion from the pituitary. 

The integrity of reciprocal interactions between the 

hypothalamic-pituitary axis and the ovaries thus may be 

compromised with advancing age, resulting in the loss of 

estrous cyclicity and reproductive senescence. 
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