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Negative and positive feedback effects of ovarian 17g-estradiol
(E,) regulating release of gonadotropin releasing hormone (GnRH)
and luteinizing hormone (LH) are pivotal events in female repro-
ductive function. While ovarian feedback on hypothalamo-pitui-
tary function is a well-established concept, the present study
shows that neuroestradiol, locally synthesized in the hypothala-
mus, is a part of estrogen’s positive feedback loop. In experiment
1, E; benzoate-induced LH surges in ovariectomized female mon-
keys were severely attenuated by systemic administration of the
aromatase inhibitor, letrozole. Aromatase is the enzyme responsi-
ble for synthesis of E, from androgens. In experiment 2, using
microdialysis, GnRH and kisspeptin surges induced by E, benzoate
were similarly attenuated by infusion of letrozole into the median
eminence of the hypothalamus. Therefore, neuroestradiol is an
integral part of the hypothalamic engagement in response to ele-
vated circulating E,. Collectively, we will need to modify the con-
cept of estrogen'’s positive feedback mechanism.

neuroestradiol | GnRH | kisspeptin | preovulatory surge | aromatase

stradiol (E,), predominantly synthesized by the ovaries, feeds

back to the hypothalamus and anterior pituitary to regulate
release of gonadotropin releasing hormone (GnRH) and gonado-
tropins, respectively. In addition to the ovary, the brain is also a
source of E, synthesis and release. This “neuroestradiol” modulates
various neuronal functions (1). Previously, we have shown that
neuroestradiol, synthesized and released in the median eminence of
the hypothalamus in ovariectomized (OVX) female rhesus mon-
keys, contributes to control pulsatile GnRH release (2). Neuro-
estradiol action differs from classical ovarian E, negative feedback
action. Prolonged infusion of E, benzoate (EB) into the median
eminence, mimicking neuroestradiol release, continuously stimu-
lates the release of GnRH and kisspeptin in the median eminence
and increases circulating luteinizing hormone (LH) (3), unlike the
suppressive effects seen when EB is injected systemically (4). Be-
cause the sustained elevation of GnRH and LH release induced by
prolonged EB infusion into the median eminence is reminiscent of
the preovulatory surge (3), we hypothesized that release of neuro-
estradiol in the median eminence is an integral part of preovulatory
GnRH and LH surges.

During the late follicular phase, the preovulatory gonadotro-
pin surge is initiated by increased levels of circulating E, and
progesterone from the preovulatory follicle. Experimentally, two
different E, replacement strategies are used for inducing GnRH/
LH surges in OVX nonhuman primates. An E, capsule is
implanted into OVX females to mimic LH levels during the
follicular phase and 2-3 wk later an additional dose of EB is
injected systemically (5, 6), or a single large dose of EB alone is
injected systemically in OVX females (7, 8). Both approaches are
sufficient to induce an LH surge, resembling the preovulatory LH
surge (7). GnRH and LH surges induced by systemic adminis-
tration of EB in primates have a latency of ~24 h and last 36-60 h
(9-11). Using these two GnRH/LH surge models, in the present
study we investigated the role of neuroestradiol in estrogen’s
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positive feedback effects on the release of GnRH, kisspeptin, and
LH in OVX female rhesus monkeys.

Results

Letrozole Attenuates the Estrogen-Induced LH Surge (Experiment 1).
The effects of letrozole or vehicle on the E,-induced LH surge
were examined with a protocol schematically shown in Fig. S14.
All animals received s.c. implantation of an E, capsule 14 d before
systemic EB (day 0, the day of EB injection), and the E, capsule
remained throughout the entire experiment. As shown previously
(6), E; capsule implantation in OVX female monkeys suppresses
LH levels within a week (compare day —14 to day -7, Fig. 14).
Starting at day —7, they were injected daily with letrozole or ve-
hicle through day 5. Before EB injection (days —5, —3, —1, and 0)
letrozole, not vehicle, treatment caused a slight, but significant,
suppression of baseline LH levels (Fig. 1B). In the vehicle group,
EB injection on day 0 suppressed LH at 6 h (negative feedback
phase), followed by stimulation of LH surge starting at 24 h and
peaking at 3048 h after EB injection (positive feedback phase,
Fig. 1). The elevated LH release continued up to 54 h after EB. In
contrast, letrozole treatment significantly attenuated the LH surge
(Fig. 1). Analysis indicated that both area under the curve (AUC)
and LH surge amplitude in the letrozole group had 67% and 73%
reductions compared with the vehicle group, respectively (Fig. 2.4
and B). Letrozole treatment did not alter the latency to or dura-
tion of the LH surge (Fig. 2 C and D). Letrozole treatment did not
change elevated circulating E, levels resulting from estrogen
capsule implantation or EB injection (Fig. S2).

Letrozole Infusion into the Median Eminence Attenuates the
EB-Induced GnRH and Kisspeptin Surge (Experiment 2). The attenu-
ation of the AUC and amplitude of the LH surge by letrozole in

Significance

The concept that ovarian cycles in female mammals are regulated
by gonadal steroids released from the ovary is well-established
dogma. The findings of this study, however, showing that the
removal of neuroestradiol synthesis in the median eminence of the
hypothalamus by the aromatase inhibitor, letrozole, greatly at-
tenuates estrogen-induced gonadotropin releasing hormone and
luteinizing hormone surges in ovariectomized female monkeys,
indicate that neuroestradiol locally synthesized and released in the
hypothalamus is an integral part of the ovary-initiated positive
feedback mechanism of estradiol.

Author contributions: B.P.K. and E.T. designed research; B.P.K., K.L.K., J.P.G., and L.K.K.
performed research; B.P.K. and K.L.K. analyzed data; and B.P.K. and E.T. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

To whom correspondence should be addressed. Email: terasawa@primate.wisc.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1716097115/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1716097115

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716097115/-/DCSupplemental/pnas.201716097SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716097115/-/DCSupplemental/pnas.201716097SI.pdf?targetid=nameddest=SF2
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1716097115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:terasawa@primate.wisc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716097115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716097115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1716097115

o
&
S
&
<
&
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

A 2 14
12 Letrozole
e 10
5121 8-
£ 8 6 t EB
E 4 4 e ¢
E2 {capsule
0 |capsule g
14-15 10 -5 0 5 1014-15 -10 -5 0 5 10
121 12 Letrozole
E10- 10
B g2 ]
Eh Al
1 1 EB
E 4 4-Eazpsule i
21 2
0 T T r T 0 - : - .
-15 -10T' -5 (DO ) 5 10 -15 -10T_ -5 (DO ) 5
ime (Days ime (Days
B 12 = 12
Vehicle |*** Letrozole
10 10+
*_**
- 8 *kk s B_
_E *
2 | 6 2%
I &3 aaa
= EB *,a‘aa
4 4‘ *kk| a
l EB | dedkede
2 21 L2 aa

2705 12 3 45230123 45

Time (Days) Time (Days)
Fig. 1. Letrozole attenuated the EB-induced LH surge in OVX female
monkeys. (A) Changes in LH release from two examples in each (vehicle- and
letrozole-treated groups shown in yellow and blue, respectively) during the
entire course of the experiment and (B) group data (mean + SEM) high-
lighting the EB-induced LH surge are shown. All animals were implanted
with capsules containing estradiol (E;) on day —14 and received EB injection
on day 0. In both groups, E, capsule lowered LH levels, similar to those
during the early follicular phase. Analysis indicated that EB induced signifi-
cant LH elevations over baseline LH levels before EB injection in both vehicle
(n = 5)- and letrozole (n = 5)-treated animals (for both P < 0.001) and that
the EB-induced LH surge with letrozole was significantly (P < 0.001) smaller
than that with vehicle. Bonferroni post hoc analysis indicated that the LH
levels in the vehicle group measured at day 0.25 were significantly (*P <
0.05) lower than before EB and LH levels at days 1, 1.25, 1.5, 1.75, 2, and
2.25 were (*P < 0.05, **P < 0.01, and ***P < 0.001) significantly higher than
before EB treatment. Similarly, LH levels in the letrozole-treated group at
days 1, 1.25, 1.5, 1.75, and 2 were (*P < 0.05 and ***P < 0.001) higher than
before treatment. Importantly, LH levels on days -3, -1, 0, 1.25, 1.5, 1.75,
and 2 in the letrozole treatment were significantly (°P < 0.5, **P < 0.01, and
233p < 0.001) lower than those in the vehicle group.

experiment 1 suggested that neuroestradiol locally synthesized in
the hypothalamus may play a role in the EB-induced GnRH surge.
To determine this possibility, we examined the effects of letrozole
infusion into the median eminence on the EB-induced surge of
GnRH and kisspeptin using a microdialysis method. The rationale
for kisspeptin measurement is based on its role in the E, positive
feedback effects (12). Because the microdialysis experiments in
conscious monkeys were limited to <12 h, we collected dialysates
between 36 and 48 h after EB or oil injection, during which vehicle
was infused for the first 5.7 h followed by a 5.7-h letrozole infusion
into the median eminence (Fig. S1B). As seen in Fig. 3 and Table
S1, EB injection induced GnRH surges: GnRH levels were higher
over oil control during the corresponding period (compare the
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first 5.7 h in Fig. 34 and C vs. Fig. 3E and Table S1). Similarly, EB
induced kisspeptin surges. Kisspeptin levels during the first 5.7 h in
the EB-treated group were significantly higher than the oil control
group during the corresponding period (Fig. 3 B and D vs. Fig. 3F
and Table S1). Letrozole infusion into the median eminence
suppressed GnRH (Figs. 34 and 44 and Table S1) and kisspeptin
release (Figs. 3B and 4B and Table S1), whereas vehicle infusion
had no effect on GnRH (Figs. 3C and 44 and Table S1) or kiss-
peptin release (Figs. 3D and 4B and Table S1).

Changes in LH levels in blood samples obtained during the
course of experiment 2 (Fig. S1B) suggested that EB suppressed
LH levels at 15 h (negative feedback phase, Fig. 5), whereas it
stimulated LH release at 36 h EB over baseline LH levels (positive
feedback phase, Fig. 5) in both the EB-treated vehicle and letro-
zole infusion groups. Importantly, LH levels after letrozole infusion
in the EB-treated group at 48 h were significantly lower than those
in the EB-treated vehicle infusion group at the corresponding time
(Fig. 5). In contrast, the oil-injected group had no changes (Fig. 5).

Discussion

In the present study, we found that letrozole attenuated the EB-
induced LH and GnRH surge by approximately two-thirds in OVX
female monkeys. In experiment 1, the latency and duration of the
LH surges were not affected by letrozole treatment. This indicates
that an elevation of circulating E,, presumably from a preovulatory
follicle in the ovary, is necessary to trigger GnRH and LH surges.
Once the surge starts, it lasts over 24 h. The results further indicate
that a sustained increase in E, in the hypothalamus is required for
full GnRH/LH surges: While elevated E, in general circulation
lasts only ~30 h (4, 6), the amplitude and the area under the curve
(total release) of the LH surge were severely attenuated in the
presence of letrozole. Despite the removal of the ovarian source of
E,, cells in the hypothalamus and anterior pituitary synthesize E,
(13-15). As such, we speculated that suppression of neuroestradiol
synthesis in the median eminence with letrozole during the EB-
induced GnRH/LH surge would modify GnRH levels. Indeed, in
experiment 2, letrozole infusion into the median eminence reduced
release of GnRH and kisspeptin. Collectively, the results of this
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Fig. 2. Letrozole attenuated the area under the curve (AUC, A, **P = 0.01)
and amplitude (B, *P = 0.04) of the EB-induced LH surge, but not the latency
(C) and duration (D) of the EB-induced LH surge.
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Examples showing the effects of letrozole (A and B) or vehicle (C and D) infusion into the median eminence on EB-induced GnRH (Left column) and

kisspeptin (Right column) surges, examined using microdialysis in OVX female monkeys. While in A-D, EB was injected 36 h before sample collection, in E and
F, only oil (vehicle for EB) was injected 36 h before the start of dialysate collection. Both GnRH and kisspeptin levels during the first 5.7 h in EB-injected animals
(A-D) were higher than those in oil controls (E and F, see also Table S1), indicating EB induced GnRH and kisspeptin surges. In EB-treated animals letrozole
infusion (A and B) suppressed both GnRH and kisspeptin release within 20 min, whereas vehicle infusion (C and D) did not change release of GnRH and
kisspeptin. Note that there was considerable individual variation in elevated GnRH and kisspeptin levels after EB injection.

study suggest that, while a rise in circulating E, stimulates inter-
neurons, such as kisspeptin neurons, resulting in GnRH neuronal
activation inducing the GnRH surge (12), circulating E, also
stimulates E, synthesizing cells in the hypothalamus. This locally
synthesized E, (i.e., neuroestradiol) further augments the GnRH
surge directly or indirectly through interneurons (Fig. 6B). This
view is significantly different from the traditional concept of the
ovarian centric positive feedback loop (Fig. 64).

In humans, clinical treatment with letrozole increases LH levels
(16, 17), because suppression of E, synthesis in gonads results in a
reduction in negative feedback. However, we observed that
letrozole treatment in OVX animals suppressed baseline LH
levels beyond the negative feedback action induced by E, capsules
(4, 6), i.e., unlike in control animals, EB injection did not suppress
the LH level at 6 h in letrozole-treated animals. The baseline LH
suppression with letrozole treatment before EB injection indicates
that nonovarian E, stimulates the GnRH neurosecretory system
and/or the pituitary gonadotropes, as animals were OVX. This
view is consistent with our previous findings that neuroestradiol in
the hypothalamus stimulates GnRH release in OVX monkeys (2).
The question of whether low baseline LH/GnRH levels influence
the magnitude of the LH/GnRH surge remains to be addressed in
the future. The dynamics between neuroestradiol synthesis and
circulating E,, including those during ovulatory cycles in intact
females, are also unknown.

The role of neuroestradiol in the preovulatory GnRH surge
might be specific to primates or perhaps species with a luteal

13806 | www.phas.org/cgi/doi/10.1073/pnas. 1716097115

phase. This speculation is based on two distinct differences in
primates/ruminants and rodents. First, preovulatory GnRH surges
continue well after the end of LH surges in sheep and monkeys (9,
10, 18), both known to have a luteal phase. In contrast, in rats,
which lack a true luteal phase, GnRH surges complete at the same
time as LH surges, despite secondary GnRH increases several
hours after the first surge (19). Second, aromatase-deficient hu-
mans and mice are infertile (20), but ovariectomized aromatase
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Fig. 4. Letrozole infusion into the median eminence suppressed EB-induced

GnRH (A) and kisspeptin (KP, B) surges. The data are shown as the % change
relative to the peptide level before letrozole or vehicle infusion. Letrozole infusion
significantly suppressed GnRH release (***P < 0.001; n = 7, A) and kisspeptin re-
lease (**P < 0.01; n = 7, B), whereas vehicle infusion did not induce any effects.
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Fig. 5. Letrozole infusion into the median eminence suppressed LH release.
Blood samples were obtained at 0 h (before), 15, 36, and 48 h after s.c. EB (A
and B) or oil (C) injection. In A, letrozole (LZ) was infused 42-48 h after EB,
whereas in B, vehicle (V) was similarly infused 42-48 h after EB. Analysis in-
dicated that EB injection induced biphasic changes in LH release (negative and
positive feedback effects) (P < 0.0001 for both A and B). LH levels in the EB-
injected and letrozole-infused group were also statistically different from EB-
injected vehicle infusion (P = 0.01). Oil injection did not induce any LH change.
Post hoc analysis indicated that LH levels at 15 h after EB were significantly
lower (**P < 0.01 for A, ***P < 0.001 for B) than before EB (0 h). LH levels at
36 h after EB in both EB-treated groups and 48 h in the EB + V group were
significantly higher (*P < 0.05 for all) than before EB in respective EB-treated
group. Similarly, LH levels at 36 h after EB in EB + LZ and EB + V groups and
48 h after EB + V group were higher than corresponding time in the oil + V
group (°P < 0.05; ®P < 0.01). LH levels in the EB-injected letrozole-infused
group at 48 h were lower than values at 36 h within the group (*P < 0.05) and
at the corresponding time in the EB-injected vehicle-infused group (**P < 0.01),
but values were no longer different from before EB.

knockout mice respond to E, challenge with full LH surges (21),
unlike the monkeys treated with letrozole in this study. There is
no study in aromatase-deficient humans in this context. Although
the importance of pulsatile GnRH in maintenance of luteal
function has been demonstrated (22), deprivation of elevated
GnRH during the prolonged phase of GnRH surge has not been
examined. Together, the prolonged GnRH surge stimulated by
local neuroestradiol seems to be critical for establishment of the
corpus luteum.

The finding that neuroestradiol release is required for full GnRH
surges is quite exciting, as suppression of neuroestradiol synthesis
would result in a failure of ovulation. Among clinical reports using
aromatase inhibitors for estrogen receptor (ER)-sensitive breast
cancer in postmenopausal women (23), reproductive assistance for
induction of ovulation in anovulatory patients with polycystic ovarian
syndrome (24-26), or treatment in patients with endometriosis (27),
two papers reported that letrozole-treated patients for induction of
ovulation had lower LH surge levels (28) and a lower pregnancy rate
(29). While those reports are consistent with our finding, more sys-
tematic studies in humans are necessary to confirm the observation.
Nonetheless, theoretically, the findings from this study raise the
possibility that a new drug for contraception may be developed,
because the human aromatase gene has multiple tissue-specific
promoters/exons, including exon 1, which is brain specific (30).

The positive feedback effect of E, on GnRH release has been
extensively investigated in rodents. Because GnRH neurons express

Kenealy et al.

ERp, not ERa (31, 32), whereas kisspeptin neurons, which di-
rectly innervate GnRH neurons (33), express ERa (34), and
selective deletion of ERa specific to kisspeptin neurons results
in a persistent estrous, anovulatory state (35), kisspeptin neu-
rons in the anteroventral periventricular (AVPV) region have
been regarded as a mediator of estrogen action (12). Recent
studies also indicate that activation of kisspeptin neurons in the
AVPV region occurs at the time of the E,-induced LH surge in
nonhuman primates (36, 37). Unlike in rodents, however,
participation of AVPV Kkisspeptin neurons may be redundant in
primates, and kisspeptin neurons in the arcuate nucleus may be
sufficient for estrogen’s positive feedback effects, as surgical
isolation of the medial basal hypothalamus from the rest of the
brain does not interfere with cyclic ovulations in monkeys (38).
Our findings demonstrating that during the EB-induced GnRH
surge, kisspeptin release was not only elevated but also atten-
uated by letrozole, suggest that kisspeptin neurons, especially
their neuroterminal fibers, are a part of estrogen’s positive
feedback loop. Perhaps, kisspeptin neurons are a mediator of
neuroestradiol.

Infusion of EB directly into the median eminence stimulates
GnRH release within minutes (2, 3), whereas systemic injection of
EB results in the negative feedback effects on LH and GnRH
release for the first 2-18 h (4), followed by the positive feedback
effects for the subsequent 24-60 h (5, 7-11). The difference in the
two modes of EB administration is likely attributable to the dif-
ference in neurocircuitries involved in estrogen action. While direct
EB infusion is limited to GnRH and kisspeptin neuroterminals and
perhaps a small number of their cell bodies (2, 3), EB injected
systemically diffuses widely into the preoptic area and basal hy-
pothalamus, where neurons expressing ERa, including kisspeptin
neurons, are distributed. Activation of AVPV kisspeptin neurons
by E, resulting in the GnRH surge requires DNA transcription
(12). In contrast, a series of our in vitro studies suggests that direct,
rapid action of E, on GnRH neurons mediated by a non-ERa
mechanism occurs at the membrane level (39). Collectively, we
hypothesize that the two modes of estrogen action are sequentially
involved in the positive feedback effect of E,, hence the pre-
ovulatory GnRH surge. First, increased E, from the ovaries stim-
ulates ERa in AVPV Kkisspeptin neurons as well as neuroestradiol
synthesizing cells in the hypothalamus. Second, neuroestradiol re-
leased in the median eminence further augments the GnRH surge
through rapid membrane action at GnRH neuroterminals.

Previously, we found that letrozole infusion into the median
eminence quickly and completely suppressed neuroestradiol
release (2). Nevertheless, one might raise concern as to the
specificity of the aromatase inhibitor letrozole, as letrozole may
interfere with other P450 enzymes, such as CYP2A6, which would
reduce letrozole clearance (40). Alternatively, others might raise
concern as to whether the change induced by letrozole is the con-
sequence of reduction in estrogens or elevation of androgens. Di-
rect measurement of estradiol along with other steroids in the
hypothalamus during the surge with liquid chromatography-mass
spectrometry will provide a clear picture.

In conclusion, the results from this study indicate that a
nonovarian source of E,, namely neuroestradiol, stimulates
GnRH release. Moreover, the augmentation of GnRH release
by neuroestradiol, locally synthesized in the median eminence,
is an integral part of the positive feedback effects of E..
Nonetheless, the current finding may well lead to therapeutic
approaches for treatments of anovulation and tools for con-
traception in women.

Materials and Methods

Animals and Experimental Design. A total of 14 OVX female Rhesus macaques
(Macaca mulatta) were used in this study. All animals were OVX at least 1 mo
before experimentation, and pair-housed under standard housing condi-
tions in the Wisconsin National Primate Research Center. Experiments were

PNAS | December 26,2017 | vol. 114 | no.52 | 13807
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Fig. 6.

Schematic illustration of the positive feedback effects of E,. The current concept shown in A is that an increase in E; from ovarian follicles during the late

follicular phase gives a signal to interneurons expressing estrogen receptor (ER)a, such as kisspeptin and/or KNDy (kisspeptin, neurokinin B, and dynorphin)
neurons, in the hypothalamus, which stimulates perikarya and neuroterminals of GnRH neurons resulting in GnRH surge and subsequent LH surge from the
pituitary. However, the results of this study indicate that the current concept is insufficient, as the removal of locally synthesized E, (neuroestradiol) in the
median eminence by the aromatase inhibitor, letrozole, reduces the amount of GnRH and LH by over 65%. Therefore, we propose to revise the concept (B). That
is, an increase in E; from the ovary stimulates not only the interneurons such as kisspeptin neurons, but also cells that locally synthesize E, (neuroestradiol), which
stimulates GnRH neurons directly or indirectly resulting in a full GnRH and LH surge (B). The characteristics of E, synthesizing cells are yet to be determined.

approved by the Animal Care and Use Committee at the University of
Wisconsin-Madison and conducted under the guidelines of the NIH and US
Department of Agriculture.

In experiment 1, we tested the hypothesis that a nonovarian source of E,
plays a role in positive feedback action of E; on LH surges using the aro-
matase inhibitor, letrozole, in OVX monkeys. A total of seven animals (age:
11.0 + 1.7 y) were implanted with estrogen capsules for 2 wk, mimicking the
hormonal conditions seen during the midfollicular phase, and subsequently
30 pg EB in sesame oil was s.c. injected (designated day 0) to induce LH
surges (Fig. S1A). Beginning on day —7 and continuing through day 5, ani-
mals received a daily s.c. injection of either a 1 mg/kg dose of letrozole in
2.5% carboxy methylcellulose (CMC) solution or 2.5% CMC solution alone
(vehicle control). Letrozole in CMC solution was previously described (41).
The protocol for the letrozole treatment was based on human studies
showing that a similar treatment was sufficient to suppress aromatase ac-
tivity (40). To assess changes in LH and E, levels, serum samples were peri-
odically obtained (Fig. S1A). First, a set of three animals was examined with a
criss-cross design by reversing the treatment with letrozole and vehicle.
Second, four animals were examined by treatment with either letrozole or
vehicle. In experiment 2, we tested the hypothesis that neuroestradiol re-
leased in the median eminence plays a role in estrogen’s positive feedback
effects on release of GnRH and kisspeptin using the microdialysis method.
Because animals are allowed to stay in a chair up to 12 h, we were not able
to conduct microdialysate collection experiments for the entire GnRH surge
period, which lasts over 48 h. Similarly, due to the nature of microdialysis
experiments, we chose a high (50 pg/kg) single EB injection protocol for
GnRH surge induction. A new set of seven OVX female monkeys (age: 7.5 +
0.8 y) implanted with cranial pedestals was used in this experiment. To
examine the effects of letrozole in the EB-induced GnRH and kisspeptin
release, three different treatments were applied to the animals in random
order (Fig. S1B). In treatment 1, EB was injected at time 0 and micro-
dialysates were collected at 36-48 h after EB, during which vehicle was in-
fused for the first 5.7 h, followed by 5.7 h of 100 nM letrozole infusion
through the microdialysis probe. The dose of letrozole was based on our
previous study (2). Of note, because of the permeability of the microdialysis
membrane, the median eminence was exposed to letrozole concentrations
at approximately one-tenth of the infused dose (42). In treatment 2, EB was
injected at time 0 and microdialysates were continuously collected for 11.4 h
at 36-48 h after EB. In treatment 3, sesame oil (vehicle for EB) alone was
injected at time 0 and microdialysates were continuously collected for 11.4 h
at 36-48 h after oil injection. To determine the changes in LH levels in ex-
periment 2, serum samples were also obtained as shown in Fig. S1B.

Cranial Pedestal Implantation, Guide Cannula Insertion, and Microdialysis
Procedure. Animals_were well adapted to_primate_chairs, experimental
conditions, and researchers before experimentation. Before microdialysis
experiments, animals were implanted with cranial pedestals under anesthesia
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as previously described (2, 42). On the day of the experiment, a microdrive
unit was secured to the cranial pedestal and a guide cannula with inner stylet
was inserted into the brain above the median eminence (2, 42). X-ray ven-
triculography confirmed the site of sample collection within the median em-
inence. Microdialysis experiments were conducted as previously described (2,
42). Dialysates were collected in 20-min fractions, and the sample was split into
two 20-pL aliquots for GnRH and kisspeptin RIA and stored at —80 °C.

LH, GnRH, Kisspeptin, and E; RIAs. GnRH and kisspeptin in dialysates and LH
and E; in serum samples were measured by RIA as previously described (3,
19, 41). Assay sensitivity and intra- and interassay coefficients of variation
for those assays were not significantly different from those previously
reported (2-4, 42).

Statistical Analysis. In experiment 1, the results from the criss-cross and non-
criss-cross designs were combined. As such, the number of animals was five
in each letrozole- and vehicle-treated group. For experiment 1, mean LH
levels were calculated for each time point. To determine statistical differ-
ences based on time and treatment, two-way ANOVA with repeated mea-
sures followed by Bonferroni’s post hoc analysis was used. The surge was
defined as continuous LH elevation greater than the average baseline
(days -3, —1, and 0) after EB injection. Mean AUC (the addition of LH values
during the surge), amplitude (the maximum peak LH value from the average
baseline level), duration (the total time of the LH surge), and latency to the
LH surge (the period between EB injection and the time at which the first
significant LH elevation above the baseline occurred) were calculated. Stu-
dent’s t test was applied for comparison. In experiment 2, both GnRH and
kisspeptin levels during the surge were highly variable among individual
cases, as previously reported in monkeys and sheep (9-11, 18). Thus, to de-
termine whether letrozole modifies GnRH and kisspeptin surges, (i) the av-
erage of the 5.7-h periods preceding and following initiation of letrozole or
vehicle treatment was calculated, (i) the value before the treatment was set
to 100%, (iii) the percent change after treatment was calculated in each
case, and (iv) the means from each treatment group were compared using
one-way ANOVA with repeated measures followed by Bonferroni’s post hoc
analysis. The effects of EB on mean GnRH and kisspeptin surges were also
tested by Kruskal-Wallis nonparametric test using raw values. Changes in LH
by EB and letrozole were also compared using two-way ANOVA followed by
Bonferroni’s post hoc analysis. For all statistical analyses, differences be-
tween treatments or groups were considered significant at P < 0.05.
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