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Hyperprolactinemia causes infertility, but the specific mechanism is unknown. It is clear that ele-
vated prolactin levels suppress pulsatile release of GnRH from the hypothalamus, with a consequent
reduction in pulsatile LH secretion from the pituitary. Only a few GnRH neurons express prolactin
receptors (Prirs), however, and thus prolactin must act indirectly in the underlying neural circuitry.
Here, we have tested the hypothesis that prolactin-induced inhibition of LH secretion is mediated by
kisspeptin neurons, which provide major excitatory inputs to GnRH neurons. To evaluate pulsatile
LH secretion, we collected serial blood samples from diestrous mice and measured LH levels by
ultrasensitive ELISA. Acute prolactin administration decreased LH pulses in wild-type mice. Kiss-
peptin neurons in the arcuate nucleus and in the rostral periventricular area of the third ventricle
(RP3V) acutely responded to prolactin, but prolactin-induced signaling in kisspeptin neurons was up
to fourfold higher in the arcuate nucleus when compared with the RP3V. Consistent with this,
conditional knockout of Prir specifically in arcuate nucleus kisspeptin neurons prevented prolactin-
induced suppression of LH secretion. Our data establish that during hyperprolactinemia, sup-
pression of pulsatile LH secretion is mediated by Prir on arcuate kisspeptin neurons. (Endocrinology
160: 1323-1332, 2019)

yperprolactinemia is a major cause of infertility in

men and women (1-4) and is associated with a
reduction in the pulsatile secretion of LH (5, 6). Although
hyperprolactinemia typically is treated using a dopamine
agonist to suppress prolactin secretion (7, 8), in the
absence of such treatment, fertility can be restored
through the pulsatile administration of GnRH (5, 9, 10).
This suggests that a hypothalamic deficit is the primary
cause of hyperprolactinemia-induced infertility, and
potential adverse actions of prolactin in the pituitary (11,
12) and/or gonad (13-15) are not insurmountable. Al-
though numerous animal models have confirmed that
chronic elevations in circulating prolactin levels cause the
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reduced frequency and amplitude of LH pulses (16-19),
the underlying mechanism of prolactin action on GnRH
neurons has remained elusive. We have shown that the
majority of GnRH neurons do not express the prolactin
receptor (Prlr) (20-22), suggesting that prolactin ac-
tion must be mediated indirectly, through a prolactin-
sensitive afferent input (21).

Since first being identified ~15 years ago as essential
for puberty in humans (23, 24), kisspeptin neurons have
emerged as being a critical afferent regulator of GnRH
neurons. These neurons are found in two major pop-
ulations, one in the rostral periventricular area of the
third ventricle (RP3V), which appears to be essential for

Abbreviations: Arc, arcuate nucleus; AVPV, anteroventral periventricular nucleus; cPVpo,
caudal periventricular preoptic area; DIG, digoxigenin; eGFP, enhanced green fluorescent
protein; GFP, green fluorescent protein; Prlr, prolactin receptor; pSTATS, phosphorylation
of signal transducer and activator of transcription 5; RP3V, rostral periventricular area of
the third ventricle; rPVpo, rostral periventricular preoptic area; SSC, saline sodium citrate.
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ovulation, and another in the arcuate nucleus (Arc) of the
hypothalamus, which seems to be involved in the neg-
ative feedback regulation of GnRH secretion. Recent
evidence suggests that the Arc population of kisspeptin
neurons, in particular, form the intrinsic “pulse gener-
ator” that governs minute-to-minute activity of GnRH
neurons (25). We have shown that both populations of
kisspeptin neurons express Prlr and respond to prolactin
action with an increase in phosphorylation of signal
transducer and activator of transcription 5 (pSTATS)
(21, 26). Expression of kisspeptin in both populations in
the mouse is reduced when prolactin levels are high
(26-28). On the other hand, in the rat, prolactin in-
hibition is more prominent in the arcuate population
(29). Collectively, these data raise the possibility that
prolactin exerts its effect on fertility through suppression
of the kisspeptin inputs to GnRH neurons, although
kisspeptin neurons in the RP3V and Arc may subserve
differential roles in this effect of prolactin. Consistent
with this concept, administration of kisspeptin has been
reported to restore ovarian function in a mouse model of
hyperprolactinemia (27) and to increase LH secretion in
women with hyperprolactinemia-induced amenorrhea
(30). Although these data could be interpreted to suggest
that prolactin causes a deficit in afferent kisspeptin inputs
to GnRH neurons, it is also possible that because kiss-
peptin is such a powerful secretagogue for GnRH, ex-
ogenous kisspeptin could overcome any inhibitory input
onto GnRH neurons. Thus, it remains to be determined
whether suppression of kisspeptin secretion is necessary
or sufficient to account for the prolactin-induced suppression
of pulsatile GnRH secretion. Here, we have directly tested
this hypothesis, using a conditional knockout approach that
specifically removed Prlr from the arcuate population of
kisspeptin neurons in mice.

Methods

Animals

Adult, wild-type, female C57BL/6] mice and heterozygous
Kiss1-Cre (31) mice were crossed with Ai9 Cre-dependent tdTomato
reporter mice [B6.Cg-Gt(ROSA)26Sor™m?(CAG-tdTomato)Hze .
Jackson ImmunoResearch Laboratories, West Grove, PA] (32)
or Prir®¥"°* mice (33). All mice were used as adults (10 to
16 weeks old) and group housed under conditions of controlled
temperature (22°C = 1°C) and lighting (12-hour light and
12-hour dark cycles, with lights on at 7:00 AM) with ad libitum
access to food and water. All animal experimental protocols
were approved by the University of Otago animal ethics
committee.

Evaluation of pulsatile LH secretion

Groups of C57BL/6] (n = 5 to 6), Prl/'"** (n = 9 to 10),
and Prlr'®"*%/Kiss1-Cre (n = 7 to 8) female mice were habit-
uated to handling daily for 4 weeks, and the estrous cycle was
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monitored by daily collection of vaginal smears. On the
morning of diestrus, ovine prolactin (5 mg/kg subcutaneous
injection) or vehicle (saline) was administered to mice
120 minutes before blood sampling. Blood sampling and
measurement of LH by ELISA was undertaken as reported in
the literature (34-38). LH secretion was measured by obtaining
4-pL blood samples every 6 minutes from the tail tip over
120 minutes. Blood sampling was repeated 2 weeks later, with
mice receiving the alternative treatment to what they received in
the first bleeding experiment. Whole-blood samples were di-
luted 1:13 for measurement of LH.

The assay sensitivity was 0.002 ng/mL to 4 ng/mL, with an
intra-assay coefficient of variation of 3.90% and interassay
coefficient of variation of 6.25%. A pulse of LH was conser-
vatively defined as a peak level of LH >20% above the pre-
ceding value. For each detected pulse, the amplitude was
determined by subtracting the basal LH concentration imme-
diately before the pulse from the maximum LH concentration of
the pulse. Mean LH levels were calculated by averaging all the
LH levels collected during the 120-minute experiment. For each
LH parameter investigated, the mean = SEM for each group
was calculated and compared by two-way ANOVA with un-
corrected Fisher least significant difference tests performed to
detect significance between groups, where P < 0.05 was
considered a statistically significant different result.

Immunohistochemistry

To evaluate the proportion of kisspeptin neurons that re-
spond to prolactin, virgin female Kiss1-Cre/tdTomato mice
(n = 5) were injected with ovine prolactin (5 mg/kg IP injection;
Sigma-Aldrich, St. Louis, MO), anesthetized with sodium
pentobarbital, and 45 minutes later were transcardially per-
fused with 4% paraformaldehyde. Brains were removed,
postfixed in the same solution, and cryoprotected in 30% su-
crose overnight. Two sets of 30-pm-—thick coronal sections
through the forebrain from each animal were cut on a sliding
microtome. One series of tissue was used to examine pSTATS
labeling (39) as previously described (40), with the addition of
tyramide amplification to allow sensitive detection of pSTATS
by fluorescent immunohistochemistry. Briefly, after antigen
retrieval, sections were incubated in rabbit anti-pSTATS pri-
mary antibody (pSTATS Tyr694, 1:800; Cell Signaling Tech-
nology, Beverly, MA) for 72 hours at 4°C, followed by a
60-minute incubation in biotinylated goat anti-rabbit IgG [1:
200; Vector Laboratories, Peterborough, United Kingdom
(41)]. Sections were then incubated in Vector Elite avidin-
biotin-horseradish peroxidase complex (1:100) for 45 min-
utes before being incubated in Biotin-XX Tyramide (0.3%;
Invitrogen, Carlsbad, CA). Finally, sections were incubated in a
Streptavidin 647 IgG [1:400; AlexaFluor; Invitrogen (42)] for 2
hours at 37°C. Images were collected using a Nikon A1 inverted
confocal and X20 objective. Z stacks were collected with im-
ages taken 1.2-pm apart.

Quantification of the proportion of kisspeptin neurons
expressing pSTATS was undertaken by counting the total
number of kisspeptin neurons (endogenous cre-dependent
tdTomato fluorescence driven by the Kiss1 promoter), and
the total number of kisspeptin neurons colabeled with pSTATS
in two sections per animal in three levels of the RP3V; the
anteroventral periventricular nucleus (AVPV), rostral peri-
ventricular preoptic area (rPVpo), caudal periventricular pre-
optic area (cPVpo), and three levels of the Arc: rostral, mid, and
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caudal. Bregma coordinates for the RP3V were 0.38, 0.14, and
0.02 (AVPV, rPVpo and cPVpo, respectively) and for the Arc
were —1.34, —1.70, and —2.18 (rostral, mid, and caudal Arc,
respectively).

To evaluate Prlr expression in kisspeptin neurons in Prir
Kiss1-Cre mice, brains were processed for the presence of en-
hanced green fluorescent protein (eGFP) immunoreactivity
[which indicated Cre-dependent recombination in Prly'®1°%/
Kiss1-Cre mice (33)]. Brains from groups of Prly'**/Kiss1-
Cre and control Prir'®"'°% mice (n = 6) were collected and
sectioned as described earlier in this section and one series of
tissue was used to examine eGFP expression (43) by chro-
magen immunohistochemistry, as previously described (33).
No eGFP expression was observed at any level of the RP3V;
therefore, this region was not subdivided in this experiment.
Quantification of GFP labeling was undertaken using a X20
objective by counting the total number of e GFP-labeled cells in
two sections at each level of the rostral, mid, and caudal arc.
The mean (£SEM) number of eGFP labeled cells per 30-pm
section was calculated and differences between control Prlr'®
lox and kisspeptin neuron-specific Prlr KO (Prlr'*'**/Kiss1-
Cre) mice were compared by two-way ANOVA. Statistically
significant differences (P < 0.05) were identified by a Tukey
post hoc test.

lox/lox /

Double-label Prir/Kiss-1 in situ
hybridization histochemistry

Groups of Pri'®'% and Prlf'®¥'*¥/Kiss1-Cre mice un-
derwent bilateral ovariectomy at 13 to 15 weeks (n = 6).
Ovaries were removed from mice under anesthesia with iso-
fluorane through dorsal lateral incisions. Two weeks post-
surgery, half of each group also received a subcutaneous
17B-estradiol implant, 4 days before brain collection. The
implants were made by combining 17B-estradiol (1 mg/mL;
Sigma-Aldrich) in 100% (v/v) ethanol with Silastic Medical
grade A silicone adhesive (Dow Corning, Midland, MI) to
achieve a 0.1-mg/mL concentration, which was loaded into
Silastic tubing (internal diameter, 1.02 mm; external diameter,
2.16 mm; Dow Corning), with each implant achieving a dose of
5 pg/kg estradiol. This results in low serum estradiol concen-
trations of 4 to 7 pg/mL (44). Mice were transcardially perfused
with 2% paraformaldehyde while under sodium pentobarbital
anesthesia. Brains were dissected out and postfixed in the same
fixative for 1 to 2 hours before being cryoprotected in 30%
sucrose overnight. Coronal sections (14-pum thick) were cut in a
cryostat and float mounted in milli-Q water onto Superfrost
Plus slides. Sections were air dried, then stored at —20°C un-
til use.

mRNA sequences from Genbank were used to design primer
sets in PrimerBLAST for Prir (accession no. NM_011169;
nucleotides 1530 to 1710) and Kiss-1 (accession no. NM_
178260.3; nucleotides 93 to 306). Primer pairs with T7 and SP6
polymerase promotor sequences incorporated on the 5’ ends
were used to generate DNA templates by PCR. Template
specificity was checked by Sanger sequencing. Antisense and
sense [35-S] UTP-labeled and digoxigenin (DIG)-UTP labeled
riboprobes were generated using an in vitro transcription kit
(Promega, Madison, WI) and DIG RNA labeling kit SP6/T7
(Roche, Mannheim, Germany) in accordance with manufac-
turer’s instruction. Resultant probes were filtered to remove
unincorporated nucleotides or DIG using Mini quick-spin RNA
columns (Roche, Indianapolis, IN).
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Double-label iz situ hybridization histochemistry was per-
formed as previously described (45). Briefly, sections were
postfixed in 2% paraformaldehyde in 0.1 M phosphate buffer,
washed in 0.5 X saline sodium citrate (SSC; 75 nmol/L sodium
chloride, 7.5 mmol/L trisodium citrate dihydrate) and tissue
permeabilized in proteinase K (2 pg/mL; Roche, Mannheim,
Germany). Tissue was acetylated in 0.1 M triethanolamine
containing 0.25% (v/v) acetic anhydride, before prehybrid-
ization in an ethanol series and chloroform immersion. Probes
were denatured and combined with ice-cold hybridization
buffer [50% (v/v) formamide, 0.3 mol/L sodium chloride, 1X
Denhardt solution, 20 mmol/L Tris, 5 mmol/L EDTA, 10% (w/v)
dextran sulfate, and 100 mmol/L dithiothreitol]. The probe
mixture containing probes at concentrations of 0.9 X 10° cpm/
90 wL ([35-S]-UTP labeled Prlr riboprobe) and 50 ng/120 plL
(Kiss-1 DIG-labeled probe) was pipetted onto each slide. Sec-
tions were hybridized at 55°C overnight. After hybridization,
sections were washed in 2X SSC, treated with RNAse A (20 pg/L),
then left in a prolonged 2-hour wash in 2 X SSC with 10 mmol/L
B-mercaptoethanol and 1 mmol/L EDTA at 65°C.

For DIG detection, sections were treated with anti-DIG al-
kaline phosphatase fab fragments (1:2000) followed by leva-
misole (1 mg/mL). Alkaline phosphatase activity was detected on
sections using 4-nitro blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate, toluidine salt solution. The reac-
tion was stopped after 8 hours with four 30-minute washes in
phosphate/saline/EDTA buffer. Sections were briefly dipped in
distilled water and 70% (v/v) ethanol, then air dried overnight.

To visualize the Prlr [35-S]-UTP labeled riboprobe, sections
were coated with K.5D nuclear emulsion (Harman Technology,
Cheshire, United Kingdom) and stored in light-safe containers
at 4°C for 8 weeks. Sections were developed with Kodak D19
developer and 30% (w/v) sodium thiosulfate as fixer, then dried
at 42°C, immersed in two changes of xylene, and cover slipped
with Vectamount (Vector Laboratories, Burlingame, CA).

Quantification of the proportion of kisspeptin neurons
coexpressing Prlr mRNA was undertaken on an Olympus
AX70 using a X40 objective, by counting the total number of
kiss1-labeled cells and the total number that showed Prir
mRNA expression. A kissI-labeled cell was classified as
coexpressing Prlr mRNA if the density of Prlr silver grains was
five times that of background. The mean (=SEM) percentage of
Kiss1 cells coexpressing Prlr mRNA was calculated per group
and differences between control Prlr'®"°% and Prly'*19%/Kiss1-
Cre mice was determined by Student # tests, where P < 0.05 was
considered a statistically significant difference.

Results

Prolactin acutely suppressed the pulsatile secretion
of LH in mice

We first aimed to investigate whether administration
of prolactin could acutely alter the pulsatile pattern of LH
secretion in diestrous C57Bl/6] female mice. Vehicle-
treated female mice showed a pulsatile pattern of LH
secretion, with, on average, 3.2 * 0.58 pulses of LH
secretion over 120 minutes (Fig. 1), consistent with
previous reports (35). After acute prolactin administra-
tion, however, the LH pulse frequency was significantly
suppressed to 1.0 = 0.58 pulses in 120 minutes (P =
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Figure 1. Suppression of pulsatile LH secretion after acute prolactin administration in wild-type, gonadally intact C57BI/6) female mice. (A)
Representative examples of pulsatile LH secretion in two vehicle-treated and two prolactin-treated mice. (B, D) Group mean (£=SEM) number of
LH pulses and mean LH concentration were suppressed after acute prolactin administration, whereas (C) there was no change in the mean
(=SEM) amplitude of each pulse (n = 5 to 6). (E) The pattern of vaginal smears observed in two representative mice, showing there was no

effect of acute prolactin administration on estrous cyclicity.

0.008), accompanied by a significant reduction in mean
LH concentration (P = 0.043) but not in pulse amplitude
(Fig. 1B-1D). In contrast to the suppression of estrous
cycles (persistent diestrus or pseudopregnancy) induced
by chronic prolactin administration (27), acute prolactin
administration on diestrus did not disrupt estrous cyclicity,
with all mice entering proestrus 24 hour after prolactin
administration (Fig. 1 E).

Prolactin induced prolactin receptor-mediated
signal transduction in kisspeptin neurons in the
RP3V and Arc

To assess the prolactin-responsiveness of kisspeptin
neurons in gonadally intact mice, we next generated mice
with tdTomato expression targeted to kisspeptin neurons

[using a Kiss1-Cre (31)]. This was particularly important
because previous work examining prolactin responses in
kisspeptin neurons has been compromised by the fact
that arcuate kisspeptin neurons are not readily detected
in the presence of estradiol and usually require ovari-
ectomy for visualization (46). Prolactin-induced pSTATS
was used as a marker of Prlr-mediated signal trans-
duction (40). We have previously demonstrated that
bromocriptine treatment to block endogenous prolactin
results in the absence of pSTATS immunoreactivity in
kisspeptin neurons and only low levels of pSTATS in
kisspeptin neurons of vehicle-treated mice (26). In the
RP3V of female Kiss1-Cre/tdTomato mice, 38.5% =
6.7% of AVPV tdTomato-expressing cells showed
prolactin-induced pSTATS, whereas few periventricular
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preoptic kisspeptin neurons responded to prolactin
(9.6% * 3.4% and 7.0% = 2.8% in the rostral and
caudal periventricular preoptic, respectively; Fig. 2). In
the AVPV, 126.2 = 24.03 tdTomato-expressing cells
were counted per 30-pm section, 131.6 *= 17.11 in the
rPVpo and 107.2 *+ 14.12 in the cPVpo. Significantly
higher proportions of kisspeptin neurons in the Arc were
prolactin responsive, with 70.6% * 5.9% of kisspeptin
neurons showing prolactin-induced pSTATS across all
levels of the Arc (Fig. 2). The mean number of tdTomato-
expressing cells counted per 30-wm section was 75.88 =+

>

100+

Percentage of Kiss-1 cells expressing pSTATS

AVPV rPVpo cPVpo Arc Arc  Arc

rostral

mid caudal

https://academic.oup.com/endo 1327

7.84,142.9 + 15.72,and 172.1 *+ 8.80 at the level of the
rostral, mid, and caudal arcuate, respectively.

Arcuate kisspeptin neurons directly mediated the
suppression of LH pulse frequency by prolactin

To investigate whether kisspeptin neurons mediate the
action of prolactin in suppressing the pulsatile release of
LH, we generated mice in which Prlr was conditionally
deleted from kisspeptin neurons (Prlr'*¥°X/Kiss1-Cre),
using a Pri/ 1% allele (33, 47) crossed with a Kiss1-
IRES-Cre mouse line (31). Unexpectedly, this genetic

Figure 2. Functional prolactin responses in kisspeptin neurons in the RP3V and Arc in gonadally intact female Kiss1-Cre/tdTomato mice. The percentage
of kisspeptin neurons colabeled with prolactin-induced pSTAT5 are shown in (A) (n = 5). Photomicrographs show immunohistochemical labeling of
pSTATS (green nuclear labeling) in kisspeptin cells (identified by endogenous tdTomato expression in red) in the (B) anteroventral periventricular nucleus
(AVPV), (C) rostral periventricular preoptic area (rPVpo), (D and E) mid and caudal Arc of Kiss1-Cre/tdTomato mice. Labeling was also quantified in the
cPVpo (not illustrated). White arrows indicate kisspeptin cells (red) double labeled for pSTAT5 (green).
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cross resulted in an arcuate-specific knockdown of Prlr
but did not affect the RP3V kisspeptin neuron population
(Fig. 3). The Prlr'*1° allele has been designed such that
Cre-mediated recombination of the Prlr gene results in an
inversion of the targeted sequence, eliminating the Prlr
after exon 5 and inserting a correctly orientated copy of
the sequence for eGFP in place, with expression of green
fluorescent protein (GFP), therefore, driven by the Prlr
promoter, providing a marker for neurons in which this
receptor has been deleted (33). Immunolabeling for GFP
revealed that successful recombination of the Prlr gene
occurred throughout the Arc but not in the RP3V of
female Prlr'®'*%/Kiss1-Cre mice (Fig. 3A and 3B). No
GFP immunolabeling was observed in the amygdala,
where expression of Kiss-1 mRNA has previously been
reported in mice and rats (48).

To confirm the arcuate-specific nature of the deletion, in
situ hybridization was used to colabel Prlr and Kiss-1
mRNA. To ensure we could detect Kiss-1 mRNA in the
different populations, animals were ovariectomized, with
half of them treated with 17B-estradiol for visualization of
Kiss-1 mRNA in the RP3V and the rest untreated to detect
Kiss-1 mRNA in the Arc (46). In control Pri'*¥°% mice,
the presence of Prlr mRNA was confirmed in both pop-
ulations of Kiss-1 neurons. Although Prlr mRNA was
markedly suppressed in the Arc of Prlr'®/¥/Kiss1-Cre
mice (92.4% =+ 1.6% of Kiss-1 neurons in the Arc
coexpressed Prlr mRNA in control Prlr'®1% mice com-
pared with 21.7% * 4.5% in Prl/"°*/Kiss1-Cre mice;
P < 0.0001), in the RP3V, there was no reduction in the
proportion of RP3V Kiss-1 cells expressing Prlr mRNA
(56.9% + 3.8% in control Prlr'®'°* mice compared with
61.9% = 2.8% in Prl/*"°/Kiss1-Cre mice; P = 0.355;
Fig. 3C and 3D). There was no difference in the number of
cells expressing Kiss-1 mRNA between Prlr'®°% and
Prlr'®"¥/Kiss1-Cre mice in either the RP3V (67.5 = 3.5
cells in Prir'™"°* mice compared with 40.0 + 9.2 cells in
Prlr'®"¥/Kiss1-Cre mice; P < 0.12) or the Arc (106.0 *
27.5 cells in Prir'™"* mice compared with 81.7 + 18.4
cells in Prir'™"°*/Kiss1-Cre mice; P < 0.529).

Prolactin-induced suppression of the pulsatile secre-
tion of LH was investigated in mice with an arcuate-
specific knockout of Prlr. As seen in wild-type mice, in
lox/lox mice, acute subcutaneous prolactin
administration significantly suppressed the frequency of
LH pulses from 3.72 = 0.63 pulses in 120 minutes in
control mice to 1.95 * 0.49 pulses in Prlr'®"%/Kiss1-Cre
mice (P = 0.018; Fig. 4). Acute prolactin administration
did not suppress the frequency of LH in arcuate
kisspeptin—specific Prlr knockdown mice, with 3.75 *
0.62 pulses in control mice and 3.86 * 0.55 pulses in
Prir*1°%/Kiss1-Cre mice (P = 0.450; Fig. 4C). There was
no difference in pulse amplitude between groups (Fig.

control Prly
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4D); however, mean LH concentration was signifi-
cantly suppressed in control mice (P = 0.038) but not in
Prir*¥1/Kiss1-Cre mice (P = 0.832; Fig. 4E). As seen in
wild-type C57Bl/6] mice, acute prolactin administration
did not disrupt estrous cyclicity in either control or
arcuate-specific Prlr knockdown mice (Fig. 4F). Taken
together, our data demonstrate that the prolactin-induced
suppression of pulsatile release of LH is specifically me-
diated by kisspeptin neurons in the Arc and provide a
mechanism for hyperprolactinemia-induced infertility.

Discussion

Our data establish the arcuate kisspeptin neurons as
being a key intermediary of the role of prolactin in acute
suppression of pulsatile LH secretion. Although arcuate
and RP3V kisspeptin neurons express Prlr, a much higher
proportion of arcuate neurons appear to be prolactin
responsive. Moreover, our data demonstrate that specific
deletion of Prlr on Arc kisspeptin cells is sufficient to
prevent the ability of prolactin to acutely suppress pul-
satile LH secretion. Continued expression of Prlr on
RP3V kisspeptin cells is unable to compensate for the
absence of Prlr in the arcuate population.

The expression of the Prlr in the majority of arcuate
kisspeptin neurons and in approximately half of the
RP3V kisspeptin neurons is consistent with findings of
previous studies (21, 26, 29). The use of a tdTomato
reporter line, driven by the Kiss1-cre promoter, allowed
the investigation of prolactin sensitivity of RP3V and
arcuate populations in gonadally intact female mice, with
the poor visualization of arcuate kisspeptin neuron cell
bodies in gonadally intact rodents being a limiting factor
in previous studies. In this model, the proportion of
kisspeptin neurons in the arcuate that were responsive to
prolactin was almost four times that of the RP3V pop-
ulation. It remains possible, however, that the proportion
of cells responding in the RP3V might be sensitive to
estradiol, with low levels present in the diestrous animals
used for this study.

One concern was that we may have effectively knocked
out Prlr in the RP3V, but that levels of GFP driven off
the Prlr promoter in these kisspeptin neurons were too
low to detect. However, the in situ hybridization ex-
periment demonstrated an unchanged number of Kiss-1
neurons expressing Prlr mRNA in the RP3V population,
whereas Prlr mRNA was clearly eliminated in the ma-
jority of the arcuate Kiss-1 cells. Reasons for failure in the
Prif'*¥"*%/Kiss1-Cre mice to knock out Prlr in RP3V,
when this Cre line clearly drove recombination in the
reporter line and in other previous studies (31, 49), are
unclear. Recombination of a floxed allele depends on at
least two factors: the level of Cre expression and the
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Figure 3. Conditional deletion of the Prlr from arcuate kisspeptin
neurons. (A) Immunohistochemical labeling for eGFP indicating
successful recombination of the Prlr gene in the Arc but not in the
RP3V of kisspeptin-neuron—specific prolactin receptor knockout
(Prlr'®/*%Kiss1-Cre) mice. (B) Quantification of group means (n =
6). No eGFP labeling was present in control (Prir®/®) mice. (C, D)
In situ hybridization for Prir and Kiss-7 mRNA showed no change in
the mean (=SEM) proportion of kisspeptin neurons expressing Prir
mMRNA in the RP3V of OVX +E Prir®"*/Kiss1-Cre mice (n = 3 to 4).
In contrast, there was a marked decrease in the number of Kiss-1
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accessibility of the locus to be recombined. Accessibility
may be affected by factors such as the chromatin struc-
ture at any particular individual locus. The R26 locus
harboring the tdTomato reporter will have a different
accessibility than any other locus in the genome, so it
cannot be expected to exactly report where a different
floxed gene will be recombined. It is possible that high
levels of Cre could compensate for low accessibility.
Although internal ribosome entry site constructs typically
target highly accurate expression to a cell population
(50), levels of genes driven by the internal ribosome entry
site construct are typically found at significantly lower
levels than the targeted gene (51-53). Our experience
with this particular Prl#'*”'% line is that high levels of Cre
are required to drive recombination, with some Cre lines
not causing effective recombination of the Prlr gene
when it would be expected. For example, although we

lox/lox o nstruct in

have shown recombination of the Prlr
tuberoinfundibular dopamine neurons using a calcium
calmodulin kinase IIa-Cre (33), a dopamine transporter
Cre that can induce various reporter molecules in these
cells (54) does not drive recombination of Prlr'®¥'°%, This is
likely due to low expression of dopamine transporter in
this particular population of dopaminergic neurons (55,
56). In addition, the time of expression of Cre might also
be important. Using these Kiss1-Cre mice, Cre expression is
initiated exclusively in the arcuate kisspeptin population at
approximately embryonic day 13.5 and persists throughout
development, whereas expression in the RP3V starts weeks
later and only peaks at puberty (57, 58).

The unexpected restriction of Cre-mediated recom-
bination of the Prlr'** allele to the Arc was serendipitous
because it enabled us to specifically evaluate the role of
this kisspeptin population in mediating the acute effect
of prolactin on pulsatile secretion of LH. With recent in
vivo recording of the activity of arcuate kisspeptin cells
providing compelling evidence that they form the in-
trinsic pulse generator for GnRH neurons (25), these
neurons provide a potential conduit for mediating the
suppression of LH pulsatile secretion by prolactin. The
loss of prolactin-induced suppression of the pulsatile pattern
of LH secretion in mice with arcuate kisspeptin neuron—
specific deletion of the Prlr established that acute prolactin
action on GnRH pulses is mediated by this population of
cells. It remains possible that other populations of prolactin-
sensitive neurons in the hypothalamus might contribute to

Figure 3. (Continued). neurons expressing Prir mRNA in the Arc
of OVX Prir®//Kiss1-Cre mice compared with control Prifo¥o*
mice. Different letters represent statistically different groups (P <
0.001). White arrows indicate neurons double labeled for Prir and
KissT mRNA. Black arrows indicate neurons single labeled for Kiss?
mRNA. OVX, ovariectomized; OVX +E, ovariectomized and estradiol
treated.
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infertility induced by chronic hyperprolactinemia. The
precise cellular mechanism by which prolactin suppresses
kisspeptin neurons remains to be determined. Prolactin
typically acts as a transcriptional regulator, with little or
no evidence for rapid electrophysiological effect on
kisspeptin neurons (22, 59), but prolactin may affect
activity through changes in protein phosphorylation or
gene transcription. Consistent with this idea, we have
reported that prolactin induces pSTATS in most kiss-
peptin neurons in the rat arcuate, associated with a
prolactin-induced reduction in kisspeptin immunoreac-
tivity in this brain area (29).

The role of Prlr in RP3V kisspeptin neurons remains
unclear. Prlr expressed in these neurons could not
compensate for the absence of Prlr in the Arc kisspeptin
neurons in terms of mediating a prolactin-induced sup-
pression of pulsatile LH secretion. We have previously
shown that elevated prolactin levels during lactation
suppress kisspeptin expression in RP3V neurons, such
that they no longer release kisspeptin even after di-
rect stimulation (28). Based on the function of RP3V
kisspeptin neurons to facilitate ovulation (60), this is
likely to contribute (alongside a reduction of LH pulses)
to the chronic suppression of reproduction by hyper-
prolactinemia in females. Physiologically, this is likely to
be most relevant in establishing a period of anovulation
during lactation, although there is uncertainty over the
relative role of hyperprolactinemia or some other neu-
rogenic effect of the suckling stimulus in the maintenance
of lactational anovulation (19, 61, 62).

Our data establish that acute prolactin-induced sup-
pression of pulsatile LH secretion is mediated by Prlr
expressed on arcuate kisspeptin neurons, likely reducing
the patterned afferent stimulation to GnRH neurons.
This provides a mechanistic understanding of how in-
appropriately elevated prolactin causes infertility.

Acknowledgements

Financial Support: This work was supported by the Health
Research Council of New Zealand (Grant 13/238toD.R. G.) and
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(toR.E.S.).

Correspondence: David R. Grattan, PhD, University of
Otago, School of Biomedical Sciences, P.O. Box 913, Dunedin
9054, New Zealand. E-mail: dave.grattan@otago.ac.nz.

Disclosure Summary: The authors have nothing to
disclose.

References

1. Patel SS, Bamigboye V. Hyperprolactinaemia. | Obstet Gynaecol.
2007527(5):455-459.

2. Vander Borght M, Wyns C. Fertility and infertility: definition and
epidemiology. Clin Biochem. 2018;62:2-10.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

https://academic.oup.com/endo 1331

. Mah PM, Webster J. Hyperprolactinemia: etiology, diagnosis, and

management. Semin Reprod Med. 2002;20(4):365-374.

. Bernard V, Young J, Chanson P, Binart N. New insights in pro-

lactin: pathological implications. Nat Rev Endocrinol. 2015;11(5):
265-275.

. Matsuzaki T, Azuma K, Irahara M, Yasui T, Aono T. Mechanism of

anovulation in hyperprolactinemic amenorrhea determined by pul-
satile gonadotropin-releasing hormone injection combined with
human chorionic gonadotropin. Fertil Steril. 1994;62(6):1143-1149.

. Tay CC, Glasier AF, lllingworth PJ, Baird DT. Abnormal twenty-

four hour pattern of pulsatile luteinizing hormone secretion and the
response to naloxone in women with hyperprolactinaemic ame-
norrhoea. Clin Endocrinol (Oxf). 1993;39(5):599-606.

. Melmed S, Casanueva FF, Hoffman AR, Kleinberg DL, Montori

VM, Schlechte JA, Wass JA; Endocrine Society. Diagnosis and
treatment of hyperprolactinemia: an Endocrine Society clinical
practice guideline. | Clin Endocrinol Metab. 2011;96(2):273-288.

. Capozzi A, Scambia G, Pontecorvi A, Lello S. Hyperprolactinemia:

pathophysiology and therapeutic approach. Gynecol Endocrinol.
2015;31(7):506-510.

. Lecomte P, Lecomte C, Lansac J, Gallier J, Sonier CB, Simonetta C.

Pregnancy after intravenous pulsatile gonadotropin-releasing hormone
in a hyperprolactinaemic woman resistant to treatment with dopamine
agonists. Eur | Obstet Gynecol Reprod Biol. 1997;74(2):219-221.
Gindoff PR, Loucopoulos A, Jewelewicz R. Treatment of hyper-
prolactinemic amenorrhea with pulsatile gonadotropin-releasing
hormone therapy. Fertil Steril. 1986;46(6):1156-1158.
Tortonese DJ, Brooks J, Ingleton PM, McNeilly AS. Detection of
prolactin receptor gene expression in the sheep pituitary gland and
visualization of the specific translation of the signal in gonado-
trophs. Endocrinology. 1998;139(12):5215-5223.

Hodson D], Townsend J, Tortonese DJ. Characterization of the
effects of prolactin in gonadotroph target cells. Biol Reprod. 2010;
83(6):1046-1055.

McNatty KP, Sawers RS, McNeilly AS. A possible role for prolactin
in control of steroid secretion by the human Graafian follicle.
Nature. 1974;250(5468):653-655.

Bachelot A, Carré N, Mialon O, Matelot M, Servel N, Monget P,
Ahtiainen P, Huhtaniemi I, Binart N. The permissive role of
prolactin as a regulator of luteinizing hormone action in the female
mouse ovary and extragonadal tumorigenesis. Am | Physiol
Endocrinol Metab. 2013;305(7):E845-E852.

Le JA, Wilson HM, Shehu A, Mao ], Devi YS, Halperin J, Aguilar
T, Seibold A, Maizels E, Gibori G. Generation of mice expressing
only the long form of the prolactin receptor reveals that both
isoforms of the receptor are required for normal ovarian function.
Biol Reprod. 2012;86(3):86.

Fox SR, Hoefer MT, Bartke A, Smith MS. Suppression of pulsatile
LH secretion, pituitary GnRH receptor content and pituitary re-
sponsiveness to GnRH by hyperprolactinemia in the male rat.
Neuroendocrinology. 1987;46(4):350-359.

Cohen-Becker IR, Selmanoff M, Wise PM. Hyperprolactinemia
alters the frequency and amplitude of pulsatile luteinizing hormone
secretion in the ovariectomized rat. Neuroendocrinology. 1986;
42(4):328-333.

Maneckjee R, Srinath BR, Moudgal NR. Prolactin suppresses re-
lease of luteinising hormone during lactation in the monkey. Na-
ture. 1976;262(5568):507-508.

Ordog T, Chen MD, O’Byrne KT, Goldsmith JR, Connaughton
MA, Hotchkiss J, Knobil E. On the mechanism of lactational
anovulation in the rhesus monkey. Am | Physiol. 1998;274(4 Pt 1):
E665-E676.

Grattan DR, Jasoni CL, Liu X, Anderson GM, Herbison AE.
Prolactin regulation of gonadotropin-releasing hormone neurons
to suppress LH secretion in mice. Endocrinology. 2007;148:
4344-4351.

Kokay IC, Petersen SL, Grattan DR. Identification of prolactin-
sensitive GABA and kisspeptin neurons in regions of the rat

220z Isnbny 0g uo isenb Ag 0¥6901S/€ZE L/G/09 1 /2101E/0pUS/WOY dNO"dlWapEedE//:SdRY WOl PapeojumMoQ


mailto:dave.grattan@otago.ac.nz
http://dx.doi.org/10.1210/en.2019-00038
https://academic.oup.com/endo

1332

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.

Brown et al

hypothalamus involved in the control of fertility. Endocrinology.
2011;152(2):526-535.

Brown RS, Piet R, Herbison AE, Grattan DR. Differential actions
of prolactin on electrical activity and intracellular signal trans-
duction in hypothalamic neurons. Endocrinology. 2012;153(5):
2375-2384.

de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom
E. Hypogonadotropic hypogonadism due to loss of function of the
KiSS1-derived peptide receptor GPR54. Proc Natl Acad Sci USA.
2003;100(19):10972-10976.

Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS
Jr, Shagoury JK, Bo-Abbas Y, Kuohung W, Schwinof KM,
Hendrick AG, Zahn D, Dixon J, Kaiser UB, Slaugenhaupt SA,
Gusella JF, O’Rahilly S, Carlton MB, Crowley WF Jr, Aparicio SA,
Colledge WH. The GPR54 gene as a regulator of puberty. N Engl |
Med. 2003;349(17):1614-1627.

Clarkson J, Han SY, Piet R, McLennan T, Kane GM, Ng ],
Porteous RW, Kim JS, Colledge WH, Iremonger KJ, Herbison AE.
Definition of the hypothalamic GnRH pulse generator in mice.
Proc Natl Acad Sci USA. 2017;114(47):E10216-E10223.

Brown RS, Herbison AE, Grattan DR. Prolactin regulation of
kisspeptin neurones in the mouse brain and its role in the lactation-
induced suppression of kisspeptin expression. | Neuroendocrinol.
2014;26(12):898-908.

Sonigo C, Bouilly J, Carré N, Tolle V, Caraty A, Tello J, Simony-
Conesa FJ, Millar R, Young ], Binart N. Hyperprolactinemia-
induced ovarian acyclicity is reversed by kisspeptin administra-
tion. J Clin Invest. 2012;122(10):3791-3795.

Liu X, Brown RS, Herbison AE, Grattan DR. Lactational anov-
ulation in mice results from a selective loss of kisspeptin input to
GnRH neurons. Endocrinology. 2014;155(1):193-203.
Araujo-Lopes R, Crampton JR, Aquino NS, Miranda RM, Kokay
IC, Reis AM, Franci CR, Grattan DR, Szawka RE. Prolactin
regulates kisspeptin neurons in the arcuate nucleus to suppress
LH secretion in female rats. Endocrinology. 2014;155(3):
1010-1020.

Millar RP, Sonigo C, Anderson RA, George ], Maione L, Brailly-
Tabard S, Chanson P, Binart N, Young J. Hypothalamic-pituitary-
ovarian axis reactivation by kisspeptin-10 in hyperprolactinemic
women with chronic amenorrhea. | Endocr Soc. 2017;1(11):
1362-1371.

Mayer C, Acosta-Martinez M, Dubois SL, Wolfe A, Radovick S,
Boehm U, Levine JE. Timing and completion of puberty in
female mice depend on estrogen receptor a-signaling in kiss-
peptin neurons. Proc Natl Acad Sci USA. 2010;107(52):
22693-22698.

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu
H, Ng LL, Palmiter RD, Hawrylycz M]J, Jones AR, Lein ES, Zeng
H. A robust and high-throughput Cre reporting and character-
ization system for the whole mouse brain. Nat Neurosci. 2010;
13(1):133-140.

Brown RS, Kokay IC, Phillipps HR, Yip SH, Gustafson P, Wyatt A,
Larsen CM, Knowles P, Ladyman SR, LeTissier P, Grattan DR.
Conditional deletion of the prolactin receptor reveals functional
subpopulations of dopamine neurons in the arcuate nucleus of the
hypothalamus. | Neurosci. 2016;36(35):9173-9185.

Steyn FJ, Wan Y, Clarkson J, Veldhuis JD, Herbison AE, Chen C.
Development of a methodology for and assessment of pulsatile
luteinizing hormone secretion in juvenile and adult male mice.
Endocrinology. 2013;154(12):4939-4945.

Czieselsky K, Prescott M, Porteous R, Campos P, Clarkson J, Steyn
FJ, Campbell RE, Herbison AE. Pulse and surge profiles of lutei-
nizing hormone secretion in the mouse. Endocrinology. 2016;
157(12):4794-4802.

RRID:AB_2756886, https://scicrunch.org/resolver/AB_2756886.
RRID:AB_2665533, https:/scicrunch.org/resolver/AB_2665533.
RRID:AB_2617138, https://scicrunch.org/resolver/AB_2617138.
RRID:AB_2315225, https://scicrunch.org/resolver/AB_2315225.

Prolactin Suppression of GnRH Pulse Generator

41.
42.
43.
44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

6.

57.

58.

59.

60.

61.

62.

Endocrinology, May 2019, 160(5):1323-1332

. Brown RS, Kokay IC, Herbison AE, Grattan DR. Distribution of

prolactin-responsive neurons in the mouse forebrain. | Comp
Neurol. 2010;518(1):92-102.

RRID:AB_2313606, https://scicrunch.org/resolver/AB_2313606.
RRID:AB_2336066, https:/scicrunch.org/resolver/AB_2336066.
RRID:AB_221570, https://scicrunch.org/resolver/AB_221570.
Quennell JH, Howell CS, Roa J, Augustine RA, Grattan DR,
Anderson GM. Leptin deficiency and diet-induced obesity reduce
hypothalamic kisspeptin expression in mice. Endocrinology. 2011;
152(4):1541-1550.

Kokay IC, Wyatt A, Phillipps HR, Aoki M, Ectors F, Boehm U,
Grattan DR. Analysis of prolactin receptor expression in the
murine brain using a novel prolactin receptor reporter mouse.
J Neuroendocrinol. 2018;30(9):e12634.

Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA.
Regulation of Kiss1 gene expression in the brain of the female
mouse. Endocrinology. 2005;146(9):3686-3692.

Brown RSE, Aoki M, Ladyman SR, Phillipps HR, Wyatt A, Bochm
U, Grattan DR. Prolactin action in the medial preoptic area is
necessary for postpartum maternal nursing behavior. Proc Natl
Acad Sci USA. 2017;114(40):10779-10784.

Kim J, Semaan S]J, Clifton DK, Steiner RA, Dhamija S, Kauffman
AS. Regulation of Kiss1 expression by sex steroids in the amygdala
of the rat and mouse. Endocrinology. 2011;152(5):2020-2030.
Piet R, Fraissenon A, Boehm U, Herbison AE. Estrogen permits
vasopressin signaling in preoptic kisspeptin neurons in the female
mouse. | Neurosci. 2015;35(17):6881-6892.

Candlish M, De Angelis R, Gotz V, Boehm U. Gene targeting in
neuroendocrinology. Compr Physiol. 2015;5(4):1645-1676.
Mizuguchi H, Xu Z, Ishii-Watabe A, Uchida E, Hayakawa T.
IRES-dependent second gene expression is significantly lower than
cap-dependent first gene expression in a bicistronic vector. Mol
Ther. 20001(4):376-382.

Chan HY, Sivakamasundari V, Xing X, Kraus P, Yap SP, Ng P, Lim
SL, Lufkin T. Comparison of IRES and F2A-based locus-specific
multicistronic expression in stable mouse lines. PLoS One. 2011;
6(12):¢28885.

Licursi M, Christian SL, Pongnopparat T, Hirasawa K. In vitro and
in vivo comparison of viral and cellular internal ribosome entry sites
for bicistronic vector expression. Gene Ther. 2011;18(6):631-636.
Yip SH, York ], Hyland B, Bunn SJ, Grattan DR. Incomplete
concordance of dopamine transporter Cre (DATRES™).mediated
recombination and tyrosine hydroxylase immunoreactivity in the
mouse forebrain. ] Chem Neuroanat. 2018;90:40-48.
Annunziato L, Leblanc P, Kordon C, Weiner RI. Differences in the
kinetics of dopamine uptake in synaptosome preparations of the
median eminence relative to other dopaminergically inervated
brain regions. Neuroendocrinology. 1980;31(5):316-320.
Demarest KT, Moore KE. Lack of a high affinity transport system
for dopamine in the median eminence and posterior pituitary. Brain
Res. 1979;171(3):545-551.

Kumar D, Freese M, Drexler D, Hermans-Borgmeyer I, Marquardt A,
Boehm U. Murine arcuate nucleus kisspeptin neurons communicate
with GnRH neurons in utero. | Neurosci. 2014;34(10):3756-3766.
Kumar D, Candlish M, Periasamy V, Avcu N, Mayer C, Boehm U.
Specialized subpopulations of kisspeptin neurons communicate with
GnRH neurons in female mice. Endocrinology. 2015;156(1):32-38.
Silveira MA, Furigo IC, Zampieri TT, Bohlen TM, de Paula DG, Franci
CR, Donato J Jr, Frazao R. STATS signaling in kisspeptin cells reg-
ulates the timing of puberty. Mol Cell Endocrinol. 2017;448:55-65.
Herbison AE. Control of puberty onset and fertility by gonadotropin-
releasing hormone neurons. Nat Rev Endocrinol. 2016;12(8):
452-466.

Smith MS. The relative contribution of suckling and prolactin to
the inhibition of gonadotropin secretion during lactation in the rat.
Biol Reprod. 1978;19(1):77-83.

McNeilly AS. Lactational control of reproduction. Reprod Fertil
Dev. 2001;13(8):583-590.

220z Isnbny 0g uo isenb Ag 0¥6901S/€ZE L/G/09 1 /2101E/0pUS/WOY dNO"dlWapEedE//:SdRY WOl PapeojumMoQ


http://antibodyregistry.org/search.php?q=AB_2756886
https://scicrunch.org/resolver/AB_2756886
http://antibodyregistry.org/search.php?q=AB_2665533
https://scicrunch.org/resolver/AB_2665533
http://antibodyregistry.org/search.php?q=AB_2617138
https://scicrunch.org/resolver/AB_2617138
http://antibodyregistry.org/search.php?q=AB_2315225
https://scicrunch.org/resolver/AB_2315225
http://antibodyregistry.org/search.php?q=AB_2313606
https://scicrunch.org/resolver/AB_2313606
http://antibodyregistry.org/search.php?q=AB_2336066
https://scicrunch.org/resolver/AB_2336066
http://antibodyregistry.org/search.php?q=AB_221570
https://scicrunch.org/resolver/AB_221570

