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Abstract

We assessed the time-dependent impact of estradiol on properties
of the luteinizing hormone (LH) pulse signal in 12 hypoestro-
genemic postmenopausal volunteers studied basally and after 1,
5, 10, and 30 d of estradiol delivery via an intravaginal Silastic
ring. Computerized analysis of the plasma LH time series re-
vealed a significant decrease in LH pulse frequency within 24 h
of estrogen treatment, followed by a secondary increase (days 5
and 10), and then a sustained decline (day 30) in LH pulsatility.
Estradiol also significantly suppressed incremental and maximal
(but not fractional) LH pulse amplitudes in a biphasic manner.
In contrast, LH peak duration was invariant until day 30 of es-
tradiol replacement.

These observations indicate that the well recognized biphasic
actions of estradiol on mean serum LH concentrations can be
modeled in relation to specific and time-dependent alterations in
LH pulse frequency and amplitude.

Introduction

Investigations of the human menstrual cycle suggest that estradiol
can exert both negative feedback (suppressive) and positive
feedback (facilitative) effects on gonadotropin secretion (1-5).
Moreover, studies in ovariectomized rodents and other mammals
subjected to various regimens of sex-steroid hormone replace-
ment have suggested possible actions of estradiol on the hypo-
thalamic release of gonadotropin-releasing hormone (GnRH)'
and on the responsiveness of gonadotrope cells to GnRH (6-
13). However, distinct and time-dependent actions of estradiol
on the hypothalamic pulse generator and on properties of the
endogenous gonadotropin pulse signal have not yet been delin-
eated in man.

To test the specific impact of estradiol on the nature of the
endogenous luteinizing hormone (LH) pulse signal, we have
employed an intravaginally placed estradiol-impregnated Silastic
ring. This mode of estrogen delivery results in sustained increases
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in serum estradiol concentrations without disproportionate rises
in plasma estrone levels (14, 15). Earlier, we used this model of
estradiol administration to elucidate kinetically distinct char-
acteristics of estradiol’s effects upon pituitary LH release in re-
sponse to exogenous pulses of GnRH in previously hypoestro-
genemic postmenopausal women (16). In the present studies,
we have extended this approach to investigate discrete and time-
dependent actions of estradiol on the specific properties of spon-
taneous pulsatile LH release.

Methods

Estradiol administration. Estradiol-containing Silastic rings were prepared
exactly as described earlier, with a dose of 400 mg of pure estradiol
impregnated within each ring (14, 15). Healthy postmenopausal women
were studied after provision of written informed consent approved by
the Human Investigation Committee of the University of Virginia School
of Medicine. The women who participated in this study ranged in age
from 55 to 68 yr (n = 12 women) and were spontaneously postmenopausal
by 3.5-10 yr (median, 5 yr). Each volunteer underwent a detailed history
and physical examination (average weight, 56+2 kg; range, 50-68 kg)
with documentation of normal hepatic, renal, and hematologic function,
biochemical euthyroidism, and postmenopausal concentrations of gon-
adotropic hormones. At least 6 wk before the study, women were with-
drawn from any drugs, including estrogen or other sex-steroid treatments.

Sampling protocols. Sampling was conducted in the Clinical Research
Center by withdrawing blood at 10-min intervals for 12 h (six women)
or 20-min intervals for 24 h (six other women) beginning at 0800 hours.
Sampling was performed basally and on days 1, 5, 10, and 30 after ini-
tiation of estradiol replacement.

Assays. Serum concentrations of immunoactive LH were assayed in
triplicate exactly as described earlier (17). In this study, the median stan-
dard deviations (mIU/ml) as determined from 96 replicates in this group
of 12 women were 2.3, 1.7, 1.95, 1.55, and 1.45 on days 0, 1, 5, 10, and
30 of estradiol administration, respectively. Serum concentrations of es-
tradiol were also quantitated by specific radioimmunoassay after chro-
matography, as published previously (18).

Statistical analysis. Data are expressed as means=SEM or median
values for the group of 12 volunteers, because the two groups did not
differ significantly. Significant overall treatment effects were sought by
analysis of variance with the Neuman-Keul’s procedure to test for in-
dividual significant effects (19). The effects of estrogen on individual
specific LH pulse properties were tested within subjects by paired non-
parametric methods (Wilcoxon ranked signs test), because the distribution
of certain LH pulse properties is non-Gaussian (20). Significance was
construed for P < 0.05.

Pulse analysis. Pulsatile gonadotropin secretion was analyzed by an
objective computerized algorithm termed “Cluster analysis” (21). In this
procedure, LH series are scanned for all significant increases of a given
cluster size (consecutive LH values within a presumptive peak) compared
with the preceding “cluster” of nadir LH values. Data are then rescanned
in an analogous manner to search for all significant decreases in the
series. Significant increases or decreases are judged by pooled ¢ testing
using measurement error inherent in the triplicate LH values in the
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the individually significant LH pulses
TIME (MIN) detected by computer analysis.

cluster. A pulse is defined as a significant increase followed by a significant number of significant pulses, interpulse intervals, fractional (percent),
decrease. Regions of the data series unassociated with either significant incremental, and maximal pulse amplitudes, pulse duration, interpulse
increases or significant decreases and flanked by pulses are termed in- valley duration, and valley and nadir mean hormone concentrations.
terpulse valleys (21). This program calculates the following parameters: The method has been extensively validated in relation to false-positive
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error rates associated with Gaussian-distributed random measurement
error, and appraised in detail in relation to pulsatile LH release in normal
men and women (20).

The Cluster analysis program was applied in the present studies using
the following optimized parameters: (@) a 2 X 1 cluster configuration
(two points in the test nadir, one point in the test peak and two points
in the postpeak nadir) in the 20-min sampling data, and (b) a 2 X 2
cluster configuration for the 10-min sampling data. The respective ¢ sta-
tistics chosen were 2.75 for the upstroke and 1.5 for the downstroke (20-
min sampling), and 2.92 for the upstroke and 1.70 for the downstroke
(10-min sampling). These parameters of cluster analysis result in an es-
timated false-positive rate of < 1.2% and provide stable estimates of LH
pulse frequency at the respective sampling rates (20).

Results

Impact of sustained estradiol delivery on mean and integrated
serum LH concentrations. As shown in Table I, intravaginal
placement of an estradiol-impregnated Silastic ring resulted in
a prompt increase in the serum estradiol concentration within
24 h, to a peak value of 325+34 pg/ml compared with 11.2+0.67
pg/ml basally (P < 0.001). Serum estradiol concentrations were
maintained in the follicular phase range for 30 d, i.e., serum
concentrations of 121+6.9 pg/ml after 1 mo.

Under the above conditions of sustained estradiol delivery,
the time-dependent profiles of pulsatile LH release were studied.
These profiles are illustrated for two women in Fig. 1. Such
extended sampling paradigms (every 10 min for 12 h or every
20 min for 24 h) permitted us to calculate accurate mean and
integrated serum LH concentrations. Mean serum LH concen-
trations decreased promptly and significantly from 57+6.2 mIU/
ml basally (day 0, estrogen deprived) to 34+3.1 mIU/ml within
24 h of estradiol administration (P < 0.001) (Fig. 2). After 5d
of continued estradiol administration, serum LH concentrations
rose to 44+4.9 (P < 0.005 vs. day 1). This secondary increase
in mean serum LH concentration was followed by a gradual
decline on days 10 and 30 (P < 0.003 compared with day 0
baseline). In each case, the integrated serum LH concentrations
(integrated over 12 h in six women and over 24 h in six other
women) exhibited a similar statistically significant biphasic pat-
tern of suppression. The respective areas (given as IU/ml X 12
h) were 60+9.2 (day 0), 37%5.1 (day 1), 49+8.5 (day 5), 44+8.2
(day 10), and 33+8.8 (day 30) (P = 0.001, overall treatment
effect). Thus, the present mode of estradiol replacement provided
a model with which to assess the nature of the biphasic actions
of estradiol on specific LH pulse properties.

Table I. Time-dependent Alterations in Mean Serum Estradiol
Concentrations in Previously Hypoestrogenemic Postmenopausal
Volunteers Receiving Intravaginal Estradiol Via a Silastic Ring

Duration of estradiol
Serum estradiol concentration

replacement
d pg/ml
0 11+0.67*
1 325+34%
5 243+23%
10 187198
30 121£6.9"

Data are means+SEM (n = 12 women). Differing superscripts denote
significantly different means by analysis of variance.
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Figure 2. Time-dependent biphasic impact of estradiol replacement on
mean serum LH concentrations. Mean serum LH concentrations were
determined from 73 blood samples. *P < 0.001 vs. day 0. **P

< 0.005 vs. day 1.

Influence of estradiol on LH interpulse intervals and pulse
frequency. The sustained delivery of estradiol via intravaginal
Silastic ring to postmenopausal women resulted in a rapid al-
teration in median LH interpulse intervals (Fig. 3). In particular,
the median LH interpulse interval as assessed by Cluster analysis
increased from 117 to 144 (P = 0.013) within 24 hrs of estradiol
delivery. Thereafter, the LH interpulse interval declined signif-
icantly to a median value of 121 min (P = 0.020) on day 5. By
days 10 and 30, there was a gradual further prolongation of the
median interpulse interval to 130 and 155 min respectively (P
= 0.005 vs. baseline, day 0).

The changes in the measured interpulse interval were mir-
rored by corresponding changes in LH pulse frequency (P
= 0.008 for the effect of estradiol on LH pulse frequency). In
particular, estradiol suppressed LH pulse frequency within 24
h from 7.75+0.84 (median 8) pulses/12 h to 6.54+0.60 (median
7) pulses/12 h (P = 0.04). This immediate suppression of LH
pulse frequency was followed by a secondary increase on day 5
to 7.33+0.64 (median 7.5) pulses/12 h, and then a decline to
below baseline on day 10 (7.14+0.63 [median 6] pulses/12 h).
The lowest LH pulse frequency occurred on day 30: 5.54+0.68
(median 4.5) pulses/12 h (P = 0.008 vs. basal).
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Figure 3. Time-dependent influence of estradiol treatment on the me-
dian LH interpulse interval (min). Median LH interpulse intervals are
shown for the group of 12 women replaced with estradiol and sampled
at the indicated times during estradiol replacement. *P < 0.005 vs.
day 0. **P < 0.02 vs. day 1.
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Time-dependent effects of estradiol replacement on specific
LH pulse properties. The effects of estradiol on specific char-
acteristics of LH pulse amplitude and duration were examined
over the time course of estradiol replacement. We assessed LH
pulse amplitude in relation to incremental peak amplitude (mIU/
ml increment above preceding nadir), absolute LH peak am-
plitude (maximal LH concentration attained within a peak), and
fractional (percentage LH pulse amplitude) increase above pre-
ceding nadir. As shown in Fig. 4, 4 and B, incremental and
absolute LH peak amplitudes exhibited biphasic responses to
sustained estradiol administration with rapid initial suppression,
followed by a secondary increase, and then a gradual decline.
In contrast, fractional LH pulse amplitude was minimally af-
fected by estradiol administration, except after 30 d when it
increased significantly (P = 0.018) (Fig. 4 C). The lack of ap-
preciable suppression of LH fractional pulse amplitude at a time
that LH pulse frequency was substantially decreased (day 1) in-
dicates that the lower pulse frequency on day 1 did not represent

a false-negative error attributed to a decline in peak amplitude
per se.

LH peak duration (minutes) was also altered in a time-de-
pendent manner during estradiol replacement. The changes in
LH peak duration in relation to estradiol treatment were some-
what similar to those observed for fractional LH peak amplitude,
in that there was a significant enhancement of peak duration
after 30 days of estradiol treatment. Peak duration on day 0
(basal) was 112+9.3 (median 106) min compared with 141+14
(median 124) min on day 30 (P = 0.034) (Fig. 5 A).

In association with time-dependent changes in incremental
LH peak amplitude, there were corresponding significant changes
in mean LH peak area (mIU/ml X min) (Fig. 5 B). In particular,
mean LH peak area declined significantly within 24 h of estradiol
treatment from 575166 (median 500) to 380+54 (median 338)
(P = 0.005 vs. basal). With continued estrogen exposure, mean
LH peak area then increased significantly to 532+78 (median
465) on day 5 (P < 0.05 vs. day 1), before declining again by
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Figure 6. Temporal impact of estradiol replacement on interpulse
“valley” mean LH concentrations in 12 previously hypoestrogenemic
women. Data are means+SEM (n = 12 women). *P < 0.001 vs. day
0. **P < 0.020 vs. day 1.

day 30 to a value similar to that observed after 24 h of estrogen
exposure.

Impact of estradiol on interpulse valley mean LH concentra-
tions. As shown in Fig. 6, interpulse valley mean LH concen-
trations (LH concentrations observed in regions of the LH series
unassociated with any significant increases or decreases in data)
also exhibited a biphasic pattern of suppression with significant

inhibition on day 1 (P = 0.003 vs. basal), followed by a secondary
increase on day 5 (P = 0.014 vs. day 1), and then a further
decline on days 10 and 30 of estradiol replacement (on day 30,
P = 0.003 vs. basal). The interpulse valley mean LH concen-
trations were highly correlated with the corresponding mean LH
concentrations in the 12 women on each of the 5 d of observation
(R =+0.946 to +0.993; P < 0.001 for each day of observation).
Thus, the mean interpulse valley LH concentrations contribute
significantly to the overall LH mean.

Correlations among LH pulse properties and serum estradiol
concentrations over time. Before estradiol treatment (day 0),
mean serum LH concentrations were correlated in a significantly
negative fashion with interpulse intervals (R = —0.668; P
= 0.018). Thus, in the absence of estradiol, high serum LH con-
centrations were associated with shorter interpulse intervals, i.e.,
with higher LH pulse frequencies.

During the period of estradiol’s “positive feedback™ (days 5
and 10), mean serum LH concentrations were correlated to a
significant degree with mean LH peak areas (R = +0.765 on
day S; Fig. 7 A). Moreover, after 5 d of estradiol treatment, mean
serum LH concentrations were significantly positively correlated
with serum estradiol in these 12 women (R = +0.580; P = 0.048;
Fig. 7 B). Serum estradiol concentrations were also significantly
positively correlated with mean LH peak durations (R = +0.664;
P = 0.024; day 10) during estrogen’s facilitative effects on LH
release (Fig. 7 C).
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Discussion

We have investigated discrete neuroendocrine mechanisms that
subserve negative (suppressive) and positive (facilitative) feed-
back actions of estradiol on LH release in man. We used estra-
diol-impregnated Silastic rings placed intravaginally to sustain
increased circulating estradiol concentrations for 30 d. Whereas
this mode of estrogen delivery does not fully recapitulate the
temporal profile of endogenous estradiol secretion over the
menstrual cycle proper, it can achieve serum estradiol and es-
trone levels similar to those attained in the mid-to-late follicular
phase of the normal menstrual cycle (14, 15). Using this model
of estradiol administration, we were able to observe a biphasic
pattern of gonadotropin release, in which initial suppression of
integrated serum LH concentrations (acute negative feedback)
was followed by a secondary increase in mean LH concentrations
(facilitative or positive feedback effect). This was ultimately su-
perseded by a gradual, continuing decline in mean gonadotropin
levels (sustained negative feedback), which were significantly but
not completely suppressed. Incomplete suppression of serum
LH concentrations at these plasma estradiol concentrations may
reflect strength-duration characteristics of estrogen’s negative
feedback action and/or suggest that other nonestrogenic factors
participate in maintaining low circulating levels of LH in young
women with comparable plasma estradiol levels.

The significantly biphasic responses to estradiol observed
here mimic in some respects the classical negative and positive
feedback actions of estradiol that are believed to be exerted during
spontaneous normal menstrual cyclicity and occur in post-
menopausal individuals in response to other modes of estrogen
replacement (1-5, 22). Thus, the present pharmacological model
of estrogen action has permitted us to investigate the time-de-
pendent and biphasic impact of estradiol on specific properties
of spontaneous pulsatile LH release.

The use of repetitive venous sampling and an objective sta-
tistically based pulse detection algorithm has allowed us to un-
mask significant and temporally constrained actions of estradiol
on individual attributes of the LH pulse signal. For example,
within 24 h estradiol administration evoked a significant increase
in the LH interpulse interval in the 12 postmenopausal women
studied here. Such an increase in the median LH interpulse in-
terval reflects a significant decline in endogenous LH pulse fre-
quency, rather than a false-negative error in LH peak detection,
because fractional LH peak amplitude did not decrease at this
time. Thus, the present results indicate that LH pulse frequency
is a distinct endpoint of acute estrogen-inhibitory action in man.
This acute decline in LH pulse frequency may be of functional
significance, because it was paralleled by an immediate decrease
in mean circulating LH concentrations.

The ability of estradiol to elicit a rapid decline in LH pulse
frequency presumably reflects a corresponding suppressive effect
of estradiol on the frequency of hypothalamic GnRH release,
in as much as hypothalamic GnRH release closely mirrors pi-
tuitary LH secretion (23). According to this assumption, the
present observations would provide evidence for an inhibitory
action of estradiol on the hypothalamic regulation of neuroen-
docrine function in man. Earlier studies using short-term estra-
diol infusions and less intensive venous sampling in a small
number of normal men failed to disclose any effects of injected
estradiol on LH pulse frequency (24, 25), whereas exogenous

estradiol appears to suppress LH pulse frequency in the ovari-
ectomized rat (10), the castrate or anestrous ewe (9, 26), and the
gonadectomized female rhesus monkey (27). Subsequent efforts
in the rodent to localize the anatomic sites of exogenous estra-
diol’s suppressive effects on LH pulse frequency have indicated
that only restricted forebrain regions, e.g., the preoptic supra-
chiasmatic area, are involved (28). Conversely, the use of an-
tiestrogens has provided indirect evidence that endogenous es-
trogen can tonically suppress LH pulse frequency in man
(29-31).

Compared with earlier studies, the present results in meno-
pausal individuals differ not only in experimental context, but
also in analytical methods, the schedule of venous sampling,
and the number of subjects studied. In particular, we used a
validated, statistically based method for peak identification,
wherein the false-positive (alpha, or statistical type I) error rate
was constrained to < 1.2% (22). Since the false-positive error
rates of earlier analytical methods were not necessarily known
or constrained to this particular level, absolute estimates of LH
peak frequency in the literature vary considerably. Absolute es-
timates of pulse frequency also depend upon the false-negative
(beta, or Type II statistical) error rate. Although this error rate
in LH peak detection is not yet known exactly, more intensive
and prolonged sampling paradigms are likely to minimize this
source of analytical bias. Accordingly, we undertook relatively
intensive (blood withdrawal every 10 min for 12 h) and prolonged
(blood withdrawal every 20 min for 24 h) sampling protocols.
Both of these approaches serve to minimize the counting error
inherent in estimating LH pulse frequency (32). In addition, we
investigated the effects of estradiol on measured interpulse in-
terval per se, because the latter parameter (unlike pulse number)
avoids “edge artifacts” that result when one or more portions
of an LH pulse occur at the beginning or end of the sampling
session. These technical considerations may have accentuated
our ability to delineate for the first time an acute impact of
exogenous estradiol on LH pulse frequency in the human.

The decrease in LH pulse frequency observed acutely (within
24 h) in response to estradiol administration was temporary, in
that after 5 and 10 d of continued estradiol administration LH
pulse frequency increased significantly. This secondary recovery
in LH pulse frequency was associated with a parallel increase
in mean and integrated serum LH concentrations. The latter
pattern resembles the so-called positive feedback effect of estra-
diol observed under physiological and various experimental
conditions (1-13). In particular, the present results are consistent
with observations in the spontaneously cycling cow, sheep, and
human, i.e., estimated LH pulse frequency increases in the late
follicular phase as circulating concentrations of estrogenic and
other hormones rise before the LH surge (12, 33, 34). Moreover,
in the estrogen-treated ovariectomized rhesus monkey, a burst-
like increase in endogenous GnRH neurosecretion occurs in
conjunction with the induced LH surge (35). These experimental
findings are consistent with our observations on days 5 and 10
of augmented LH pulse frequency in the estrogen-replaced post-
menopausal setting.

After inducing a transient increase in LH pulse frequency
(days 5 and 10), continuing estradiol administration for a total
of 30 d resulted in a gradual and significant secondary decrease
in LH pulse frequency. Like the acute decline, this delayed de-
cline in LH pulse frequency also could not be attributed to an
artifact of the pulse detection algorithm (false-negative error)
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due to low-amplitude LH pulses, because fractional LH pulse
amplitude actually increased significantly at this time.

Estradiol administration also evoked significant and time-
dependent alterations in certain individual properties of LH pulse
amplitude. Thus, estradiol elicited both suppressive and facili-
tative effects on incremental (mIU/ml) and absolute (maximal)
LH peak amplitudes. The biphasic patterns of these amplitude
changes mirrored those of mean and integrated serum LH con-
centrations, presumably because LH pulse amplitude reflects in
part the magnitude of endogenous LH secretory episodes. In
contrast, fractional LH peak amplitude, defined as the percentage
increase above preceding nadir, was not significantly influenced
by estradiol replacement except on day 30. This result is con-
sistent with the parallel decline in mean interpulse LH concen-
trations and incremental LH peak amplitudes. Accordingly, we
conclude that the nature of the LH pulse signal, as assessed by
its various amplitude attributes, changes significantly and spe-
cifically in relation to the time-dependent actions of estradiol.

The present method of analyzing LH pulse properties quan-
titatively also permitted us to assess changes in LH peak area
and duration, because our statistical algorithm for LH peak de-
tection specifically marks the individually significant upstroke
and downstroke bounds of the pulse. We observed that mean
LH peak area exhibited a biphasic response to estradiol that
mirrored the biphasic pattern of mean serum LH concentrations
over time. In contrast, LH peak duration was stable until day
30. Since the relevant physiological characteristic(s) inherent in
the LH pulse signal may represent either its frequency, ampli-
tude, and/or duration, the present analyses suggest new mech-
anisms by which sex steroid feedback could alter the nature,
and hence possibly the impact, of the LH pulse signal on the
target gonadal cell.

During the time when the presumptive “positive feedback”
effects of estradiol occurred (days 5 and 10), serum estradiol
concentrations correlated positively with mean plasma LH con-
centrations and mean LH peak duration (width). In addition,
mean LH concentrations correlated positively with endogenous
LH peak areas. These observations would be consistent with the
ability of estradiol to enhance pituitary responsiveness to ex-
ogenous pulses of GnRH at this time (16), thereby resulting in
larger LH peaks and correspondingly higher integrated LH con-
centrations. Such “self-priming” actions of GnRH typically
emerge only in an estrogenic milieu, at least when evaluated in
response to exogenous pulses of GnRH (16, 36, 37). The present
study of spontaneous pulsatile LH release indicates that similar
correlates of GnRH self priming in response to estradiol might
also occur in response to endogenous GnRH, because these were
estrogen-dependent increases in endogenous LH peak amplitude
and area. Although increased endogenous LH peak area and/or
peak width in the presence of estradiol might reflect alterations
in the metabolic clearance rate of LH, available studies during
different phases of the normal menstrual cycle indicate that
minimal changes occur in LH metabolic clearance despite major
changes in endogenous sex steroid hormone concentrations
(38, 39).

In summary, we have investigated the time-dependent ac-
tions of estradiol on specific properties of spontaneous pulsatile
LH release in previously hypoestrogenemic postmenopausal
women. Sustained parenteral estradiol administration elicited
discrete and time-dependent effects on LH pulse frequency, LH
pulse amplitude characteristics, and interpulse mean hormone

concentrations. These observations indicate that the negative
and positive feedback actions of estradiol, previously recognized
in relation to mean serum LH concentrations, are associated
with specific alterations in the properties of the endogenous LH
pulse signal.
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