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I. INTRODUCTION

The pineal: gland of mammals is potently antigonadotrophic when tested
under appropriate experimental conditions [Reiter et al., 1983]. The primary
regulatory influence on the pineal is the light dark cycle. For example, in the
Syrian golden hamster (Mesocricetus auratus), a highly photosensitive spe-
cies, short days and long nights or blinding induce gonadal atrophy as a
result of pineal stimulation. However, in the absence of the pineal, long
periods of darkness do not produce gonadal regression [Hoffman and Reiter,
19651.

The antigonadotrophic action of the pineal has led investigators to specu-
late on what role the pineal might play in the onset of puberty and the fertility
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of mammals in general. Of special interest are those species not as exquisitely
photosensitive as the hamster, the rat and man being examples. This article
will address itself to these questions. In addition, a general discussion of the
mechanism of puberty and menopause will be presented.

Puberty, the transitional period between childhood and adulthood, is ac-
companied by the appearance of secondary sexual characteristics and the
achievement of fertility. These are multiple signs of its onset. In this essay,
menarche, the onset of first menses, will be taken as the onset of human
female puberty. Vaginal opening will be regarded as the onset of female
rodent puberty, even though in some instances this sign is not an invariant
indicator of the impending onset of ovulation [Ruf, 1983].

' IL. FERTILITY, PUBERTY, AND THE PINEAL

In humans, the pineal may have a distinct physiologic function, compara-
ble to that in other mammals [Vaughan et al., 1978]. Adult blind persons
reportedly have less than half the 17-ketosteroid secretion rate of sighted
controls, and persons with partial vision have a mean 17-ketosteroid secretion
in a range between the former two groups. Moreover, cataract extraction and .
restoration of vision results in significant elevation of 17-ketosteroid excre-
tion to nearly normal levels [Hollwich and Dieckhues, 1971]. In other words,
the blindness may have produced the same antigonadotrophic effect in a
human that it does in the hamster.

The efffect of the light dark cycle on melatonin is also similar in humans
and hamsters. Melatonin, an indole probably reponsible for at least a portion
of the antigonadal activity of the pineal, is produced primarily during dark-
ness and can duplicate many of the reproductive effects of dark exposure in
the hamster [Reiter, 1980]. As in the hamster, a nocturnal rise in plasma
melatonin occurs in young men [Vaughan et al., 1976]. Also, melatonin
secretion in humans is suppressed by light, just as it is in hamsters [Lewy et
al, 1980].

Reproductive function of both hamsters and humans is affected by photo-
period. The long nights and short days, which cause gonadal atrophy in the
hamster, seem to produce changes in the human reproductive tract as well.
In people living near the Arctic circle, the incidence of single and especially
multiple conceptions’ diminishes during the dark winter months [Timonen et
al., 1964]. Further, in over 9,750 endometrial biopsies performed at the
Helsinki University Women’s Clinic from 1956 to 1960, the frequency of
cystic endometrial hyperplasia or of all endometrial hyperplasia was signifi-
cantly elevated; these findings are apparently the result of a greater tendency
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toward anovulatory cycles during the dark months accompanied by a relative
lack of the normal estrogen-progesterone balance that should exist in the
second half of the menstrual eycle [Timonen and Carpen, 1968].

The long-term effects of blindness are similar in both the hamster and
human. In the hamster, gonadal regression is marked after the animal has
been blind for 9 weeks. But 27 weeks after blinding, the hamster’s gonads
and decessory reproductive organs regenerate to the normal adult condition
even though the pineal gland is intact, and the animals again become normally
fertile [Reiter, 1969]. Reiter has suggested that this spontaneous regeneration
might be due to two phenomena: 1) the hypothalamo-hypophysial-gonadal
axis becoming refractory to the pineal inhibitory substance or 2) the cessation
of secretion of the pineal antigonadotrophic substance. Recent studies indi-
cate that the former explanation is most probably correct.

As in the hamster, a woman who is blind over a long period of time will
be normally fertile. Moreover, there was no significant .difference in the
incidence of pregnancy in blind women, most of whom had been blind since
early childhood, with and without light perception [Lehrer, 1982].

The conclusions of an earlier study [Elden, 1971] that asserted that blind
women are sterile are questionable. In 1969, according to Elden, only one
woman blind since birth became pregnant and delivered a normal child in the
state of Washington; this woman had no light perception. On the basis of the
birth rate and the blind population, there should have been 120 such women.
In the United States during the same year, only six pregnancies in blind
women were reported, when over 1,000 should have been expected. From
these data and other anecdotal evidence, Elden concluded that blindness
caused infertility in women.

However, Elden did not take into account the degree of light perception
of all the subjects in his study, an important consideration, since the melatonin
secretion of the human pineal is suppressed by sunlight and by bright artificial
light [Lewy et al., 1980]. Therefore, one would expect that only those women
without light perception or with little light perception should show a pineal
effect on fertility. Yet, in the blind population as a whole only about 3% of
persons have no light perception [Corbett et al., 1978]. Most of the other
97% should be normally fertile. Thus, one wonders why Elden found so few
fertile blind women, especially in view of the fact that about 32% of legally
blind persons have 20/200 visual acuity after correction as well as normal
light perception. One would expect all women in this category to be normally
fertile.

One of the most puzzling neuroendocrine aspects of blindness is its
relationship to the onset of puberty. A blinded immature rat shows only a
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slight delay in the vaginal opening and the onset of first estrus. Not being a
particularly photosensitive animal, the rat is minimally affected by simple
light restriction [Reiter and Ellison, 1980]. However, blinded immature
female rats that have also undergone olfactory bulbectomy show a marked
delay in the onset of vaginal opening and first estrus. Why anosmia should
so enhance photosensitivity is still uncertain.

In light of the pineal-mediated antigonadotrophic effect associated with
blindness, it is at first difficult to understand why blindness should accelerate
menarche. Zacharias and Wurtman [1964] noted this phenomenon. Though
their findings were later questioned by Thomas and Pizzarello [1967], a third
careful study [Magee et al., 1970] confirmed that blindness can accelerate
menarche. Girls with rmmmal or no light perception had menarche at age
12.0 years; girls with shadow vision or guiding sight experienced menarche
at age 12.8 years. Moreover, in one report rats reared in darkness had their
vaginal opening significantly earlier than rats reared in an 8 hr light:16 hr
dark cycle [Relkin, 1967]. Other studies show, however, that light restriction
delays sexual development in rats [Reiter, 1968].

The reason for the seemingly paradoxical acceleration of puberty onset,
when it occurs, is that there may be, in fact, no pineal effect at all. As was
mentioned, both the rat and the human are much less photosensitive than the
hamster [Johnson and Reiter, 1978]. Puberty theoretically could be acceler-
ated in rats reared in darkness and blind girls because of an acceleration of
the normal circadian rhythms [Lehrer, 1983]. The acceleration occurs when
a young animal is isolated from the 24-hr light:dark cycle and its circadian
rhythms free run. This point will be discussed shortly in greater detail.

Some speculation about the role of the pineal in normal puberty has been
engendered by the precocious puberty known to result from a pineal tumor.
But tumors of the pineal occur in both boys and girls, whereas sexual
precocity has been limited almost exclusively to affected boys. New evidence
suggests that the precocity may not result from activation of the hypotha-
lamic-pituitary axis and true puberty. It may be due instead to the secretion
of human chorionic gonadotropin (hCG) by some pineal tumors. Girls with
these tumors may not undergo puberty because ovarian follicular develop-
ment is dependent on stimulation by both follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) [Sklar et al., 1981]. But hCG is not secreted
by all pineal tumors; the mechanism of precocious puberty in cases of tumors
not elaborating hCG is still not well understood.

Because of the antigonadotrophic action of melatonin, efforts have been
made to determine whether some change in melatonin secretion might be
associated with the onset of puberty. One study showed a high daytime
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melatonin level in boys at early puberty (Tanner stage I), with a dramatic fall
in melatonin during the latter phases of puberty [Silman et al., 1979]. A
second study [Lissoni et al., 1983] showed diminished average melatonin
levels in pubertal boys in comparison with prepubertal boys. A third study
[Gupta et al., 1983] did not reveal any change of plasma melatonin in children
during the daytime with progressive pubertal development but did demon-
strate a decline in net increments (dark phase value—daytime value) from
pubertal stage I to pubertal stage II. Other studies found no significant
fluctuation in daytime melatonin levels during puberty [Ehrenkranz et al.,
1982; Lenko et al., 1982; Sizonenko et al., 1982].

Currently, therefore, one can state that the data are as yet inconclusive as
to the involvement of the pineal gland and melatonin jn human puberty. But
a great deal of physiologic evidence now suggests that the onset of both
puberty and menopause are a direct result of a reduction in the frequency of
gonadotropin-releasing hormone (GnRH) pulses due to hypothalamic aging.
In the discussion to follow, the relation of the pulse frequency reduction to
puberty will be described first; the relationship to menopause will be dealt
with thereafter.

ITI. PUBERTY AND GnRH PULSATION

Puberty now seems to be the result of the reduction in frequency of the
GnRH pulses that occurs at birth and continues throughout life [Lehrer,
1983]. In humans, monkeys, and rats, the reproductive cycles and puberty
are a direct result of the pulsatile release of GnRH from the arcuate nucleus
of the hypothalamus. The GnRH stimulates the anterior pituitary to release
the gonadotropins, also in a pulsatile fashion. In the Rhesus monkey, the
normal GnRH pulse frequency is one pulse per hour. In the human, the
normal frequency, though not as precisely documented, is probably a bit
lower: one pulse every hour and one half (0.67 hr™!). Most importantly,
these pulses are the only neuroendocrine signal required to produce the 28-
day menstrual cycle of the Rhesus monkey. Puberty can be induced in an
infant monkey when the pulses are administered intravenously by means of a
pump [Knobil, 1981].

Puberty occurs when the arcuate nucleus intrinsic frequency has slowed
from its high rate at birth to 0.67 hr~!. The GnRH-releasing cells of the
arcuate nucleus are an inependently functioning oscillator with their own
intrinsic or free running frequency. But in a normal, intact animal the arcuate
nucleus interacts with a second oscillator, an ultradian pacemaker (frequency
higher than one cycle in 24 hr—in this case 0.67 hr~!) and resonance occurs
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(Fig. 1). Resonance is well documented in animals [Veerman and Vaz Nunes,
1980].

GnRH and the resulting gonadotropin surges increase in intensity at this
time, causing puberty and the reproductive cycles, because when two oscil-
lators interact the oscillations surge to a maximum amplitude at resonance.
This can be likened to the motion of a swing being pushed periodically.
When the pushes occur with a frequency other than the intrinsic one of the
swing, the displacement of the swing is rather small. But as the frequency of
the pushes approaches the intrinsic frequency of the swing, the displacement
of the swing becomes larger and larger. Resonance is said to occur when an
oscillator, be it swing or arcuate nucleus, is acted on by a periodic series of
impulses (from the ultradian pacemaker in the case of puberty) having a
frequency equal or nearly equal to its intrinsic frequency.

The ultradian pacemaker which would be called a frequency multiplier in
an electronic circuit, is coupled to a circadian pacemaker, a third-oscillator,
with a 24-hr cycle. Because of the coupling the frequency of the ultradian
pacemaker is an integral multiple or harmonic of the fréquency of the
circadian pacemaker [0.67 = 16 X (1/24)].

In mammals and other vertebrates, the circadian pacemaker generates the
normal 24-hr circadian rhythms. In rats and hamsters this pacemaker may be
situated within a hypothalamic structure, the suprachiasmatic nucleus (SCN)
[Zucker, 1980]. In birds, the circadian pacemaker is found within the pineal
gland. In humans, the exact location of the circadian pacemaker is still
uncertain. ,

The circadian pacemaker rhythms are exactly synchronized with the exter-
nal light-dark cycle, a so-called Zeitgeber or time giver, by impulses received
from the eyes through a retinohypothalamic projection. In a blind animal or
an animal kept in constant darkness or constant dim illumination, the circa-
dian pacemaker rhythm is free running, that is, somewhat greater or less in

s _D ARK - vao-m' NOIC CIRCADIAN ULTRADIAN PACEMAKER ARCUATE
-\ —TRRCT | paceriuer | Y IR
PACEMAKER (Frequency multiplier) NUCLEUS
24 Hour cycle 1% Hour cycle (0.67 Hr")

GnRH Pulses

Fig. 1. Oscillator system regulating reproductive function. Circadian (24-hr) body rhythms
are controlled by a circadian pacemaker with a 24-hr cycle. The circadian pacemaker is
normally coupled to the 24-hr light:dark cycle by a retinohypothalamic tract. An ultradian
pacemaker is coupled to the circadian pacemaker and serves as a frequency multiplier. The
arcuate nucleus of the hypothalamus interacts, perhaps electrically, with the ultradian pace-
maker. The GnRH pulses are produced by the arcuate nucleus.
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frequency than one cycle in 24 hr. The circadian pacemaker is believed to be
a master clock, probably driving other physiologic rhythms, including plasma
corticosterone levels and pineal N-acetyltransferase levels in rats [Pohl and
Gibbs, 1978]. In blind rats these rhythms are also free runnmg, though
synchronized with each other. ‘

An aberration in circadian pacemaker frequency appears to be responsible
for the reported early menarche in blind girls. Blind adult humans and sighted
humans deprived of a Zeitgeber have a free running frequency of about one
cycle in 25 hr [Miles et al., 1977], but the free running frequency of children
is probably hlgher—perhaps one cycle in 21 hr—and slows with age. Such
slowing with age has been demonstrated in hamsters [Davis and Menaker,
1980]. In blind girls, the circadian and ultradian pacemaker frequencies may
be higher than normal; thus the intrinsic frequency of the arcuate nucleus
does not have to diminish as much for resonance to occur, and puberty can
take place at an earlier age (Fig. 2). Experimental confirmation of the effect
of abnormally high circadian pacemaker frequency on puberty has been
obtained by showing that rats reared on a 21-hr light:dark cycle have vaginal
opening significantly earlier than rats reared on a 24-hr light:dark cycle
[Lehrer, 1983] (Fig. 3).
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Fig. 2. Blind girls appear to have circadian and ultradian pacemaker rhythms of abnormally

high frequency. As a result, the intrinsic frequency of the arcuate nucleus does not have to
diminish as much for resonance to occur and menarche can occur at an eatlier age.
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The resonance mechanism and reduction in GnRH pulsation rate over
time provide an explanation for the elevated gonadotropins at birth. Lutein-
izing hormone (LH), for example, is high at birth, falls between the ages of
2 and 4 years, then rises again at puberty (Fig. 4) [Grumbach, 1980]. This
fluctuation, corresponding with the period of infant sexuality and subsequent
latent period posited by Freud [1905], is especially prominent in agonadal
children. The elevation at birth may occur because the frequency of the
arcuate nucleus of an infant is very much higher than that of an adult,
specifically 1.33 cycles per hr. Resonance of the ultradian pacemaker with
the arcuate nucleus will occur, because 1.33 cycles per hr (1.33 hr ') is an
integral multiple (harmonic) of 0.67 cycle per hr (that is, almost 2 X 0.67).
As the frequency of the arcuate nucleus diminishes between 4 and 8 years
of age, resonance is lost and LH levels drop. But when the frequency of
the arcuate nucleus has slowed to 0.67 cycle per hr, resonance again occurs,
resulting in the gonadotropin surge necessary for secondary sexual de-
velopment. o

The LH pulses that occur only during sleep in puberty [Boyar et al., 1972]
can be explained with the resonance mechanism. During puberty, the arcuate
nucleus frequency is very close to the frequency of the ultradian pacemaker.
When two oscillators of very nearly the same frequency interact, the beat
phenomenon will occur (Fig. 5). The rhythms combine to give a rhythm
whose amplitude varies periodically with time. Such a mechanism is familiar
in mammals, having already been invoked to explain the hormone level
variations in the rat estrous cycle [Yochim and Shirer, 1981]. During puberty,
the beats correspond with the LH pulses during sleep.

IV. PULSE FREQUENCY REDUCTION DURING THE
REPRODUCTIVE YEARS

During the reproductive years, the arcuate nucleus intrinsic frequency*
and GnRH pulsation rate continue to diminish, though at a reduced pace. In
fact, the rate of diminution seems to slow logarithmically. Referring to Fig.
4, one can see that the peak LH level in infancy occurs at about age 1.6, the

*There is an LH pulse frequency reduction during the menstrual cycle, from one pulse every
1% hours in the follicular phase to one pulse every four hours in the luteal phase (Yen et al,
1972), presumably the result of ovarian steroid feedback. However, the arcuate nucleus
intrinsic frequency, referred to here, is that of the follicular phase of the menstrual cycle, i.e.,
one pulse every 1% hours; it is this basic frequency, which must be present for at least part of
the cycle, that is needed to maintain normal cycling.
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Fig. 3. Rats reared on a 21-hr light:dark cycle (10.5:10.5) had vaginal opening significantly
(P < 0.01) earlier than rats reared on two variants of a 24-hr light:dark cycle (12:12 or 4:20).

minimum at age 5, and the peak pubertal level at age 16. The logarithms for
each of these ages are as follows:

age 1.6 5 16
log age - 0.2 0.7 1.2,

The logarithmic slowing is suggested by the equal logarithmic difference,
0.5, between the three age points. In other words, there is much more
frequency reduction between age 1 and age 2 than there is between age 50
and age 51.

The constant reduction in GnRH pulsatxon rate during the reproductive
years is suggested by the reduction in length of the menstrual cycle, from
about 31 days at age 16 to about 27 days at age 40 (Fig. 6) [Treloar et al.,
1967]. Experimental evidence already indicates that the 4-5-day estrous cycle
of the rat is regulated in length by an ultradian pacemaker [Yochim and
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Fig. 5. The beat phenomenon. Two rhythms of slightly different frequencies, shown in a,
combine in b to prodice a rhythm whose amplitide (broken line} varies periodically with
time. This variation might account for the LH pulses that occur only during sleep at puberty.
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Shirer, 1981]. If the menstrual cycle is regulated in the same manner, and if
its ultradian pacemaker is identical to that in Figure 1, the reduction in pulse
frequency would be responsible for the change in menstrual cyle length as
well as for the onset of puberty and menopause.

The continued reduction in arcuate nucleus pulse frequency between the
ages of 40 and 50 appears to result in menopause. There are at least three
pieces of evidence to support this idea: 1) Experimental data confirms that
loss of fertility in the aging rat is definitely a hypothalamic phenomenon
[Cooper and Walker, 1979]; 2) there is a known sensitivity of the ovary to
gonadotropin pulse frequency [Pohl et al., 1983]; and 3) body weight affects
the time of onset of menarche and menopause [Frisch, 1980; Flint, 1976]. A
fourth phenomenon, the increase in the FSH:LH ratio in the years just
preceding menopause, may or may not indicate a pulse frequency reduction.
These points will now be discussed in more detail.

V. LOSS OF FERTILITY IN THE AGING RAT

In the female rat, the loss of fertility with advancing age is a hypothalamic
phenomenon. Between the ages of 10 and 12 months, the regular 4- or 5-day
estrous cycle and associated changes in the vaginal epithelium are replaced
by prolonged anovulatory periods of constant vaginal cornification (CVC) or
predominantly leukocytic smears, termed repetitive pseudopregnancies (RP)
[Cooper and Walker, 1979]. Ovulation occurs less frequently, and fewer ova
are shed per ovulation. Yet, if the ovary of an old rat is transplanted beneath
the kidney capsule of an ovariectomized young female rat, vaginal cyclic
activity will resume in the recipient animal, along with corpora lutea forma-
tion in the old transplanted ovary [Peng and Huang, 1972]. In addition,
~ placement of L-DOPA, a catecholamine precursor, into the medial preoptic
area of the hypothalamus results in a reinitiation of vaginal cycles in an old
rat [Cooper et al., 1979].

VI. PULSE FREQUENCY AND OVARIAN FUNCTION

GnRH pulse frequency is extremely critical for normal ovarian function
and ovulation. As was mentioned, GnRH pulses administered by pump at 1-
hr intervals result in corresponding hourly gonadotropin pulses and a normal
menstrual cycle in an infant rhesus monkey [Knobil, 1981]. However, if the
pump delivery of GnRH is reduced to one pulse in 90 min, cyclic follicular
development is disturbed [Pohl et al., 1983]. For example, of six rhesus
monkeys receiving pulses of this frequency, one was completely anovulatory,
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four had only one ovulatory cycle before the ovary ceased to ovulate, and
only one had even a second ovulatory cycle. In addition, estradiol levels
were below normal. These changes correspond with the ovulatory irregular-
ities and diminished estradiol of perimenopausal women and suggest that
reduced pulse frequency of GnRH could be responsible. The failure of the
ovary and its diminished estradiol production would be responsible for the
gonadotropin rise at menopause (Fig. 6) due to absence of ovarian steroid
feedback on the pituitary-hypothalamic axis.

However, the frequency reduction necessary to produce menopause is
apparently much less than that needed to create a complete loss of resonance
and gonadotropin fall comparable to that at age 5 or 6. When such a large
frequency reduction has taken place in an extremely old woman the gonado-
tropins do finally fall, but at least 40 or 50 years after menopause (Fig. 6).

The ovary will apparently function normally only within a very narrow
gonadotropin pulse frequency band (Fig. 6). As has been mentioned, the rate
of fall in arcuate nucleus pulse frequency diminishes approximately loga-
rithmically with time. Thus, the frequency diminution from age 45 to age
50, though sufficient to cause the GnRH pulse frequency to fall below that
needed for normal ovarian function, is not great enough to cause loss of
arcuate nucleus resonance. In contrast, the much greater rate of fall in
frequency from birth to age 5 is sufficient to result in loss of resonance as
well as the fall in gonadotropins so prominent in agonadal girls.

Because the elevation of the gonadotropins at birth is attributed to an
arcuate nucleus intrinsic frequency (1.33 hr™!), which is double that at
puberty (0.67 hr~!), one might wonder whether the observed gonadotropin
pulse frequency at birth would be double that at puberty. In fact, at least in
the Rhesus monkey, the LH pulses appear at the same rate at birth and during
the reproductive years, about once per hr [Plant, 1982]. The reason is as
follows: Although the arcuate nucleus may be pulsing at a frequency of 1.33
hr™1, or one pulse per 45 min, only one-half of these pulses are appearing as
gonadotropin pulses—that is, one sees only one gonadotropin pulse every 1%
hours (0.67 hr™!). One-half of the arcuate nucleus pulsations are being lost
at one of two sites.

One site of loss might be at the anterior pituitary gland. Preliminary
studies have already shown that when pulsatile gonadotropin-releasing hor-
mone is administered to adults to induce puberty, not every pulse of GnRH
produces a gonadotropin pulse. If the GnRH pulses are given rapidly, two
GnRH pulses often provoke only a single pituitary gonadotropin pulse [Crow-
ley, 1983; Hoffman and Crowley, 1982].

A second site of pulse loss might be within the arcuate nucleus itself.
Studies of multiunit electrical activity in the region of the arcuate nucleus
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reveal that an electrical pulse is coincident with the initiation of each LH
pulse [Knobil, 1981]. Perhaps when they are occurring rapidly, two electrical
pulses may result in only one GnRH pulse. -

VII. BODY WEICHT, BLINDNESS, MENARCHE, AND MENOPAUSE

Body weight is known to influence the onset of menarche and menopause.
Obese females typically have their menarche earlier than normal-weight
girls; conversely, extremely thin girls, ballerinas, for example, have their
menarche later than usual [Frisch, 1980]. .

The effect of body weight on menopause is somewhat less distinct. An
early study indicated that obese women might have an early menopause
[Flint, 1976]. In three later studies, there was not a clear, statistically
significant relationship between menopause and body weight [Daniell, 1978;
MacMahon and Worcester, 1966; Sherman et al., 1981]. However, these
studies employed obese women or women at the upper limits of normal
weight, because most women gain weight after menopause. But a preliminary
study on thin, postmenopausal women suggests that among thin women
menopause occurs latest in the thinnest (Fig. 7).

One can explain these deviations by postulating that body weight causes a
frequency shift in the arcuate nucleus oscillator. Extreme thinness causes an
upward shift, whereas relative fatness results in a downward shift (see Fig.
8). This mechanism would predict that a very thin woman might have
menopause later than usual and furnishes a satisfactory explanation for the
other effects of thinness and obesity noted above. )

Further confirmation of the frequency shift mechanism comes from the
effect of rapid weight loss in an otherwise normal young postpubertal woman.
As has been mentioned, the LH pulses occurring only during sleep in puberty
can be attributed to beats caused by the slight frequency difference between

majority lying at the high end of this range. In contrast, the QI's of the above subjects vary
from 23 to slightly above 31 (Ibs/in?). Furthermore, most would be considered normally or
abnormally thin if ranked with the Metropolitan Life Tables. Therefore, the effect of increas-
ing QI on age at menopause would seem to be analogous to the blackening effect of light on
photographic film. Proportionate increases in. the amount of light result in proportionate
increases in the blackening of the film, but only to a certain point. Thereafter, the film will
not become blacker, no matter how much additional light it is exposed to. Likewise, a very
thin woman will have a change in the age of menopause proportionate to QI, but beyond a
certain point, increasing QI will have no further effect on age at menopause. At this point,
other factors affecting age at menopause (e.g., smoking, parity) predominate, and the statisti-
cal relationship between age and QI disappears. This phenomenon was apparent in the above
data: When the QI's and ages at menopause of obese women were combined with it, the
significant negative correlation was obliterated.
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the arcuate nucleus and the ultradian pacemaker. The weight loss in a young
postpubertal woman causes a return to the pubertal LH secretory pattern
[Kapen, 1981]; the return is expected in view_of the above mechanism,
because the thinness would produce an upward frequency shift in the arcuate
nucleus oscillator causing slight desynchronization with the ultradian pace-
maker and restoring “LH beats” during sleep.

An interesting sidelight to the effect of thinness on menarche in ballerinas
should be mentioned. In dancers and other thin, athletic women, there may
be two factors delaying menarche: 1) the above-mentioned frequency shift of
thinness and 2) the athleticism. The stress of exercise, which causes increased
catecholamines, may stimulate the pineal to produce antigonadotrophic me-
latonin. Indeed, exercise is associated with increased melatonin levels [Carr
et al., 1981]. :

Since blindness reportedly causes an early menarche, one might wonder
whether blindness also would affect the age at menopause. In fact, blind
women with and without light perception seem to have their menopause at
the same age, about 49 [Lehrer, 1982]. This apparent lack of influence of
blindness on the age at menopause can be understood in terms of the
mechanism just presented.

As was mentioned previously, blind adult human beings have free running
circadian rhythms about 25 hr in length. The effect of this rhythm on the
arcuate nucleus would be that its intrinsic frequency would have to diminish
more than the normal amount for resonance to be lost; therefore, at any given
time around menopause, its pulse amplitudes would be increased in a blind
woman but its pulse frequency would be unaffected. Since menopause is due
to a change in pulse frequency, not pulse amplitude, the age at menopause
would be totally unaffected by blindness.

VIII. FSH:LH RATIO CHANGE AROUND MENOPAUSE

In regularly menstruating perimenopausal women, there is striking eleva-
tion of FSH concentrations during the early follicular phase of the cycle and
persistent elevation during the remainder of the cycle compared with younger
women [Sherman and Korenman, 1975; Korenman, 1982]. Estradiol levels
are consistently lower in the older group, whereas LH concentrations are
indistinguishable from those observed in younger women.

After menopause and the complete cessation of ovulation, average LH and
FSH concentrations in blood increase and remain elevated until very old age,
FSH increasing to a greater extent than LH. In a postmenopausal woman the
ratio of FSH:LH is greater than 1; in an ovulating woman it is less than 1.
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Fig. 8. Body weight, age at menarche, and menopause. A fat girl has her menarche earlier
(age 10) than a normal girl (age 12). An extremely thin girl, a ballerina, for example, will
have her menarche later than usual, sometimes as late as age 20. A fatter woman will have
her menopause earlier (age 45) than a very thin woman (age 50). One may explain these
deviations by postulating that body weight causes a frequency shift of the arcuate nucleus
oscillator. This frequency shift causes the arcuate nucleus pulse frequency to fall ‘within the
frequency band of normal ovarian function (hatched region) at an earlier or later time than
normal. The numbers on the abscissa of this figure were chosen arbitrarily for illustrative
purposes; those on the ordinate are generated by the hypothesis presented in this article.

These changes can be compared to those in a castrated monkey, after
arcuate nucleus destruction, receiving GnRH pulses intravenously from a
pump [Wildt et al., 1981]. Reducing the GnRH pulse frequency from the
normal one pulse per hr to one pulse per 3 hr causes a 65% rise in the serum
FSH concentration, which is analogous to the rise around menopause.

However, the changes in the monkey and human gonadotropins are not
exactly comparable, because with one pulse of GnRH per 3 hr mean monkey
plasma LH declines by about 50%. In contrast, both FSH and LH rise at
menopause.

A final word is now in order about pulse frequency and menopause. The
pulsation of gonadotopins has been documented in the neonate [Plant, 1982];
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in children [Jakacki et al., 1982]; and in adolescents, adults, and postmeno-
pausal subjects [Yen et al., 1982]. Though pulse amplitude of gonadotropins
is markedly increased after menopause, assay and sampling techniques have
been insufficiently precise to identify pulse frequency changes with certainty.
At the present time, it is impossible to say whether gonadotropin pulse
frequency after menopause is increased, decreased, or unchanged. Conse-
quently, direct confirmation of the mechanism for menopause presented in
this article must await increasingly sophisticated studies of pulse frequency.

IX. SUMMARY

Under special experimental circumstances, a pineal effect on the timing of
puberty can be demonstrated in rats. However, in humans the data are as yet
inconclusive as to the involvement of the pineal gland and melatonin in
puberty. The timing of both puberty and menopause may be due to a
reduction in the gonadotropin-releasing hormone pulse frequency occurring
continually throughout life.
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