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ABSTRACT. Recent studies show that the frequency and
amplitude of pulsatile LH secretion change during the normal
human menstrual cycle; however, the neuroendocrine mecha-
nisms underlying these changes are poorly understood. To assess
the role of progesterone (P) in regulating LLH secretion patterns,
we treated normal women (n = 5) with im P in oil during the
follicular phase of their cycle and compared LH pulse frequency,
amplitude, and mean plasma level during treatment to those in
normal cycling women. Normal women were studied five times
in five menstrual cycles. Each study lasted 24 h, with a sampling
interval of 20 min. The cycle phases studied were early follicular

(twice), late follicular (LF), midluteal, and LF with P therapy to
simulate luteal phase plasma P levels. LH pulse frequency was
slower (P < 0.001) in the midluteal phase than in either the
early follicular phase or LF, and furthermore, P, administered
in the normal follicular phase, slowed LH pulse frequncy, aug-
mented pulse amplitude, and reduced mean plasma LH levels
compared to those in untreated women studied at the same cycle
phase (P < 0.02). We infer that P secretion by the ovary mediates
the change in the LH secretory pattern during the luteal phase
of the normal menstrual cycle, and that at least part of this
effect is mediated by the central nervous system. (J Clin Endo-
crinol Metab 58: 378, 1984)

1.E41VIDENCE from human and other animal studies
A°J indicates that LH and FSH are secreted by the
pituitary in an intermittent (pulsatile) fashion (1-7).
Studies performed in normal women demonstrate that
LH pulse frequency and amplitude vary during the course
of the menstrual cycle (5-7). Although this phenomenon
is widely acknowledged to occur, the supporting evidence
is incomplete. The few studies addressing this issue
reported only small numbers of subjects (often a single
individual in a given cycle stage), used short sampling
intervals (usually 4-8 h), and used various analytical
methods to assess episodic hormonal profiles (5-9).
Moreover. the mechanisms underlying the changes in
the gonadotropin secretory patterns during the men-
strual cycle have not been elucidated. In this study, we
first characterized the gonadotropin secretory pattern in
various phases of the menstrual cycle in normal women.
Second, to test the hypothesis that progesterone (P)
causes the apparent slowing of LH pulse {requency in

Received April 19, 1983.

Address requests for reprints to: Michael R. Soules, M.D., Depart-
ment of Obstetrics-Gynecology, University of Washington, Seattle,
Washington Y8195,

* Thix work was supported by: Parent NIH Grant BSRG 2-507-
RR0AE2NIH Grants P50 HD-12629-04 and HD-12625-04, CRC
Girant RR-37 and the VAL

3

the normal luteal phase, we studied the effects of P
administration on LH and FSH secretion profiles in
these women during the follicular phase of their cycle.

Materials and Methods

The subjects were five normal women (aged 24-34 yr), of
normal height and weight. All had a history of normal men-
strual cycles and a biphasic basal body temperature chart before
entering the study. All subjects had normal plasma levels of
LH, FSH, estradiol (E), and P when daily venous samples were
obtained in the first study cycle.

The pulsatile patterns of LH and FSH were determined
during five admissions (24 h each) to the Clinical Research
Center (University of Washington) during five menstrual cycles
in each volunteer. The cycle phases studied were: early follicular
(EF; days 1-4; studied twice, admissions in first and fifth
cycles), late follicular (LF; days 9-12; third cycle), midluteal
(ML; days 21-24; admission in first cycle), and LF with P
therapy (admission in fifth cycle). The second and fourth
menstrual cycles were rest cvcles (basal body temperature chart
only). The cygle phases were confirmed by analyzing plasma E
and P levels at the beginning and end of each admission and
in relation to the LH surge.

During each study each volunteer was at bedrest, with caf-
feine and smoking prohibited. Blood samples were obtained
through an indwelling iv line every 20 min. In the fifth study
cycle, each woman had her second EF admission followed by
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an 8-day regimen of P treatment, with her final admission on
the last treatment day. P in oil (P injection USP, Eli Lilly Co.,
Indianapolis, IN) was administered every 12 h (im) in increas-
ing doses (Table 1). P levels were determined in blood samples
obtained immediately before each injection.

Blood samples were analyzed for LH and FSH by double
antibody RIAs (10, 11). Standard NIH reagents were used, and
results are expressed as nanograms per ml LER-907 reference
preparation. The sensitivity of the FSH assay was 25 ng/ml;
intra- and interrassay coefficients of variation were 7.3% and
9.7%, respectively.

Serum samples for plasma E and P determinations were
assayed in duplicate by RIA (12). The sensitivity of the E assay
was 23 pg/ml; intra- and interassay coefficients of variation
were 6% and 7.8%, respectively. The sensitivity of the P assay
was 140 pg/ml; intra- and interassay coefficients of variation
were 6% and 8%, respectively.

Bioactive plasma LH levels were measured using a modifi-
cation (2) of procedures descibed by Van Damme et al. (13) and
Dufau et al. (14). This assay is based on the measurement of
testosterone production by dispersed immature mouse Leydig
cells. Serial dilutions of serum samples containing high LH
levels yielded results parallel to the standard, LER-907 (biolog-
ical potency, 1 mg = 6000 IU LH). The minimally detectable
amount of LH was 0.54 ng/tube (0.027 ug/ml at 20-ul sample
volume). This represents the LH value read from the cell blank
plus 5% of the maximum testosterone produced with excess
standard. Samples were assayed in triplicate in volumes ranging
from 5-20 pl. The mean intra- and interassay coefficients of
variation were 14.4% and 24.3%, respectively.

Pulsatile LH patterns were analyzed using a modification of
-he Santen and Bardin method (8). For each sample set, mea-
-urement error was assessed based on replicate variability. A

sulse was defined as an increase from nadir to peak that was 2
<D greater than the assay variability. Based on computer sim-
u1lations, we found that this procedure worked well when there
were at least 10 real pulses (in data sets consisting of 73
zamples). When less than 10 real pulses were present, false
nositives were a problem. Therefore, when the initial analysis
indicated less than 10 pulses, we set a more stringent criterion,
requiring an increase of greater than 5 SD in the assay varia-
hility. Overlapping 10- and 20-min sampling intervals were
employed for 16 h in the EF phase (4-h segments in 4 volun-
teers) and for 16 h in the LF phase (8-h segments in 2 volun-

TABLE 1. P treatment (n=25)

Dose (mg P in oil) Mean serum

Day am® pm level (ng/ml)
1 2.5 1.25 0.9
2 2.5 1.25 0.7
3 5.0 2.5 1.5
4 15.0 7.5 4.1
5 15.0 7.5 6.3
6 20.0 10.0 9.4
7 20.0 10.0 9.9
8 20.0 10.0 7.9

" Doses were administered 12 h apart; the exact hours varied among
individug|s.

teers). When these data were subjected to pulse analysis, there
were no differences in LH pulse frequency between the 10- and
20-min data.

Statistical comparisons among groups were assessed by anal-
ysis of variance and paired ¢ tests. A correlation coefficient was
calculated between LH and FSH at each sampling point and
over each sampling interval. A similar correlation was calcu-
lated between immunoactive LH and bioactive LH over selected
sampling intervals.

Results

Details of the menstrual cycle phases studied in the
five women are presented in Table 2. A comparison
between the first and second EF studies (three menstrual
cycles apart) in each individual revealed no significant
differences in the LH secretory parameters (data not
shown). The data from the two EF admissions in each
volunteer were averaged. The LH secretory pattern in
the EF phase was characterized by pulses that occurred

TABLE 2. Characterization of menstrual cycle phases

Large
LH
pulses,
Cycle DaytoLH E (pg/ml) P (ng/ change= LH/IP‘?H
phase surge pe/m ml) 20 ng/ml correfation
over 24 h (r)
(% large
pulses)®
EF -11.6 £ 1.1 57.5x6.7 03%x0.03 3.3(23) 0.50+0.04
LF -54+1.0 121.1 £17.8 0.3 +£0.03 3.4 (20) 0.35£0.14
ML +8.2+0.4 1566 £29.0 7517 24(55) 0.51 %0.05
LF+P 784 +£29.7 7910 4.6(68) 0.59£0.05

Values are the mean + SEM (n = 5).
¢ Change was determined by subtracting the lowest LH level between
pulses from the LH level at the peak of the next pulse.
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Fig. 1. LH pulse pattern; EF phase. The 24-h LH pulse pattern from
a normal woman is shown. The time line has been normalized to begin
at 0800 h; the actual clock time at which the sampling began and ended
is indicated by the arrow. LH levels, as measured by bioassay, are
indicated by the dotted line (r = 0.87). E, estradiol.
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every 100 min [14.4 £ 1.0 (+SE) pulses over 24 h], which
were relatively low in amplitude (15.0 + 2.4 ng/ml), with
a 24-h mean of 32.8 + 8.2 ng/ml. LH bioactivity was
measured in two women (A and B) during the EF phase
and demonstrated correlations with LH immunoreactiv-
ity of 0.87 and 0.83, respectively [P = 0.01; see Fig. 1 for
an example of the LH (immuno and bio) pattern in one
individual].

Compared to the EF phase the LF phase was charac-
terized by more frequent LH pulses (17.0 £ 0.9 pulses
over 24 h; interpulse interval, 83 min; P < 0.05); the LH
pulse amplitude tended to be of low amplitude (12.7 =
1.7 ng/ml), with a similar mean LH level (36.6 *+ 6.8 ng/
ml). Figure 2 is an example of a LF secretory pattern of
LH.
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Fic. 2. LH pulse pattern; LF phase. The 24-h LH pulse pattern from
a normal woman is shown. The time line has been normalized to begin
at 0800 h; the actual clock time at which the sampling began and ended
is indicated by the arrow. E, estradiol.
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Fig. 3. LH pulse pattern; ML phase. The 24-h LH pulse pattern from
a normal woman is shown. The time line has been normalized to begin
at 0800 h; the actual clock time at which the sampling began and ended
is indicated by the arrow. LH levels, as measured by bioassay, are
indicated by the dotted line {r = 0.88). E, estradiol.
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There was a distinct difference in the LH pulsatile
pattern between the follicular and ML phases (Figs. 3
and 5). During the ML phase, compared to the EF and
LF phases, a significant decrease was found in pulse
frequency (4.4 = 0.7 pulses over 24 h; interpulse interval,
272 min; P =< 0.001); this difference was accompanied by
a correspondingly lower mean LH level (15.0 % 4.2 ng/
ml) in the ML than in the EF and LF phases (P < 0.02);
moreover, during the interval between pulses in the ML
phase, the plasma LH levels fell to the lowest levels
during the entire menstrual cycle. The LH pulse ampli-
tude was 24.7 + 6.6 ng/ml in the ML phase. The numbers
of relatively large amplitude (=20 ng/ml) LH pulses per

24 h were similar in the EF, LF, and ML phases. Fewer

low amplitude (<20 ng/ml) LH pulses occurred in the
ML phase (Table 2). The correlations between the LH
immunoassay and bioassay samples for the two women
(A and B) during the ML phase were 0.88 and 0.92,
respectively [(P = 0.01; see Fig. 3 for an example of an
LH (immuno and bio) secretory pattern].

P treatment in the LF phase compared to that in the
untreated LF phase effected a marked decrease in LH
pulse frequency (6.8 £+ 1.6 pulses/24 h; P < 0.002), an
increase in LH pulse amplitude (33.0 £ 5.4; P = 0.02),
and a decrease in the mean LH level (29.0 + 6.7, P <
0.004). (See Fig. 4 for an example; the findings are
summarized in Fig. 5.) There was also an increase in the
relative number of large pulses with P treatment (Table
2). That P treatment converted the LH secretory activity
in the LF phase to a pattern that closely resembled that
found in the ML phase is demonstrated when Figs. 2, 3,
and 4 are compared. The correlations between the LH
immunoassay and bioassay samples for the 2 women (A
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Fi¢. 4. LH pulse pattern; LF + P phas;. The 24-h LH pulse pattern
from a normal woman is shown. The time line has been normalized to
begin at 0800 h: the actual clock time at which the sampling began and
ended is indicated by the arrow. LH levels, as measured by bioassay.
are indicated by the dotted line tr = 0.93). E, estradiol.
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vs. ML, P < 0.0001; mean LH level: EF vs. ML, P < 0.02; LF vs. ML,
P =0.02.

and B) were 0.93 and 0.95, respectively (P = 0.01; see
Fig. 4). P induced a LH surge on the second or third day
of treatment (midfollicular) in most of the individuals,
but did not induce ovulation. P treatment delayed their
next menses by 7-10 days.

Although episodic FSH activity was present in all cycle
phases studied, the low amplitude fluctuations made
formal FSH pulse analysis impossible; notwithstanding,
plasma FSH levels demonstrated a significant (P = 0.05)
positive correlation with LH pulse activity in all five
individuals in the EF, ML, and LF + P phases and in
two of the five volunteers in the LF phase. Figure 6 is an
example of LH-FSH correlation in a volunteer; Table 2
lists the average r values by cycle phase.

Discussion

This study documented marked changes in the im-
muno- and bioassayable LH pulsatile patterns during the
menstrual cycle in normal women. The LH secretory
pattern in the follicular phase demonstrated more pul-
satile activity (with a pulse occurring about every 90
min) than that in the ML phase (with an interpulse
interval of 4-6 h), confirming previous observations in
women (5-7). The LH pulsatile pattern appeared to be
reproducible, in that individuals had statistically indis-
tinguishable LH secretory patterns in the two separate
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FiG. 6. A, The 24-h LH and FSH pulse patterns from a normal woman
in the EF phase. B, LH is plotted vs. FSH for the same data as those
shown in A (r = 0.67; P < 0.01).

EF phases studied. These changes in gonadotropin se-
cretory activity may have differential effects on ovarian
function (e.g. follicular development and the lifespan of
the corpus luteum). This study also demonstrated that
bioactive and immunoactive pulses of LH occurred syn-
chronously. The concordance between LH immuno- and
bioassays affirms the inference, based solely on immu-
noassay determinations, that these acute episodes of LH
activity transmit biological signals.

There appeared to be two populations of LH pulses
when pulse amplitudes were carefully examined through-
out the mensgrual cycle. When the data were superficially
scanned, there was a tendency to focus only on the large
amplitude (=20 ng) LH pulses, especially in the ML
phase graphs. While these large amplitude pulses were
present throughout the cycle, a greater percentage of the
total LH pulses were of large amplitude in the ML phase.
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The 24-h mean LH level was significantly lower in the
luteal than in the follicular phase. Yet, on daily samples,
both the highest and lowest LH levels obtained through-
out the cycle (excluding the mideycle LH surge) occurred
during the luteal phase. Presumably, the high LH values
occurred when daily samples were obtained during a
pulse, with the low values obtained during the interpulse
interval.

P treatment of normal women for 8 days in the follic-
ular phase resulted in a LH secretory pattern indistin-
guishable from that of the ML phase. These findings are
nearly identical to the LH secretory changes in P-treated

oophorectomized ewes (15). These observations indicate

that the change in the LH pulse pattern observed in the
luteal phase is produced by the feedback effect(s) of P,
rather than by a timing mechanism intrinsic to the brain.

The neurcendocrine locus of action for P’s feedback
effect in the human female is likely to include a hypo-
thalamic site by inference, since frequency modulation
is probably effected by brain-dependent meclianisms;
however, the pituitary cannot be excluded as a possible
site for P-induced amplitude modulation:~Studies con-
ducted in the female rhesus monkey implicate the central
nervous system as a site of action for P-mediated feed-
back effects on gonadotropin secretion (16, 17). Wildt et
al. (16) found that P failed to block the E-induced LH
surge in monkeys with lesions of their arcuate nucleii.
Terasawa et al. {(17) found that pentobarbital was capable
of blocking the P-induced LH surge in intact monkeys.
Human studies by Ropert et al. (18) and Quigley and
Yen (19) indicate that P modulation of luteal LF. pulses
may depend on inhibition of endogenous opiate activity.
Their studies demonstrated that an opiate receptor an-
tagonist (naloxone) could reverse the midluteal slowing
of LH secretory activity. Together, these reports under-
score the importance of the brain as well as the pituitary
(20) in the physiological regulation of the primate men-
strual cycle.

Changes in the frequency (and perhaps amplitude) of
pulsatile LRH secretion during the menstrual cycle could
represent an important regulatory component of the
mechanisms governing pituitary and ovarian function.
Relative to pituitary gonadotropin secretion, a recent
study by Wildt et al. (21) demonstrated that LRH pulse
frequency is a major determinant of LH/FSH secretion
ratios, and, in particular, that slowing of LRH pulse
frequency can effect selective and preferential rise in
plasma FSH levels over those of LH. In women during
the late stages of the luteal phase just preceding menses,
baseline plasma levels of FSH are known to increase. It
is possible that the action of P in slowing LRH pulse
frequency during the ML phase is responsible for the
rising tide of FSH soon to follow. LRH pulse frequency
modulation may represent an integral part of physiolog-
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ical control of gonadotropin secretion, which, in turn,
may have cascading effects on the regulation of ovarian
function. Changing frequencies of pulsatile LH secretion
and alterations in the plasma ratios of LH to FSH may
provide important signals to the ovary, influencing fol-
licular development and luteal function. The results of a
recent study in the female rhesus monkey by Schoon-
maker and colleagues (22) underscore the importance of
maintaining threshold levels of plasma LH to adequately
support normal luteal function. We speculate that the
slowing of LH pulses in the mid- to late luteal phase
coupled with the exceedingly low LH bioactivity extant
during the LH interpulse interval contribute to the nat-
ural demise of the corpus luteum in the nonpregnant
cycle.

In agreement with others (7), our data suggest that
FSH is released in an episodic manner. Although it was
not possible to quantify pulse frequency due to the low
amplitude nature of FSH fluctuations, LH and FSH were
correlated during both the follicular and luteal phases of
the cycle. We infer from this correlation that although
there may not always be a one to one correspondence
between LH and FSH pulses, they often occur in syn-
chrony. Since intermittent LRH secretion is the probable
cause of LH pulses (23, 24), and since it is well known
that exogenous LRH administration releases FSH as
well as LH in humans and other species, the correlation
between LH and FSH release reported here concurs with
our current understanding of neuroendocrine control of
gonadotropin secretion.
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