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Hyperprolactinemia causes infertility, but the mechanisms
involved are not known. The present study aimed to deter-
mine whether and how prolactin may influence LH secretion
in the adult female mouse. Using ovariectomized, estrogen-
treated (OVX+E) mice, we found that 7 d of intracerebroven-
tricular prolactin potently suppressed serum LH levels (P <
0.05). To examine whether this central action of prolactin may
involve the GnRH neurons, the effects of acute and chronic
prolactin on cAMP response element-binding protein phos-
phorylation (pCREB) in GnRH neurons were examined using
dual-label immunocytochemistry. In diestrous and OVX+E
mice, a single sc injection of ovine prolactin resulted in a
significant (P < 0.05) doubling of the number of GnRH neurons
expressing pCREB. OVX+E mice treated with five injections
of ovine prolactin over 48 h showed a 4-fold increase in the
number of GnRH neurons with pCREB. To determine whether

GnRH neurons might be regulated directly by prolactin, we
examined prolactin receptor (PRL-R) mRNA expression in
green fluorescent protein-tagged GnRH neurons by single-cell
RT-PCR. As a positive control, PRL-R mRNA was measured in
arcuate dopaminergic neurons obtained from green fluores-
cent protein-tagged tyrosine hydroxylase neurons. Three of 23
GnRH neurons (13%) were identified to express PRL-R tran-
scripts, whereas nine of 11 arcuate dopaminergic neurons
(82%) were found to coexpress PRL-R mRNA. These data dem-
onstrate that prolactin suppresses LH levels in the mouse, as
it does in other species, and indicate that it acts centrally to
regulate intracellular signaling within GnRH neurons. This is
likely to occur, at least in part, through the direct regulation
of a subpopulation of GnRH neurons. (Endocrinology 148:
4344-4351, 2007)

HYPERPROLACTINAEMIA IS A WELL-established
cause of infertility in both male and female mammals.
Elevated prolactin may impact reproduction through an ac-
tion on the GnRH neurons of the hypothalamus and/or on
the pituitary gland to affect secretion of the gonadotrophins,
LH, and FSH (1, 2). In humans, hyperprolactinemia is asso-
ciated with a marked reduction in both the frequency and
amplitude of LH pulses (3, 4), indirectly suggesting that both
the brain and pituitary might be targets for prolactin. Im-
portantly, pulsatile GnRH replacement can reverse the in-
fertility induced by hyperprolactinemia (4-6), suggesting
that prolactin-induced suppression of GnRH release is the
proximal cause of infertility. The suppressive effects of pro-
lactin upon reproduction have also been observed in animal
models. Prolactin suppresses both the frequency and ampli-
tude of LH pulses in male and female rats (7-10) and direct
measurements of GnRH secretion into the portal blood have
revealed a prolactin-induced suppression of GnRH release
(11-14). Furthermore, hyperprolactinemia has been shown to
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prevent the castration-induced increase in GnRH mRNA
expression in rats (15).

The mechanisms(s) by which prolactin inhibits GnRH neu-
rons remain poorly understood. Whereas we have observed
prolactin receptor (PRL-R) expression in the rat hypothala-
mus (16, 17), expression in GnRH neurons has not been
demonstrated. PRL-R are expressed in GT1 cells, an immor-
talized cell line derived from mouse GnRH neurons, and
prolactin potently suppresses GnRH biosynthesis and secre-
tion in these cells (18). Although GT1 cells are quite different
from adult GnRH neurons (19), these data suggest the pos-
sibility that prolactin may directly regulate GnRH neurons in
vivo. Prolactin has been observed to influence y-aminobu-
tyric acid (20), opioid (21), neuropeptide Y (22), and dopa-
minergic (23) neuronal systems, all of which are implicated
in the regulation of GnRH neurons under certain conditions.
Hence, it seems likely that prolactin could also act to influ-
ence GnRH neurons indirectly through these afferent
pathways.

Much of the difficulty in understanding the functioning of
the GnRH neuronal network has come from an inability to
undertake detailed investigations on native GnRH neurons
in situ. The recent application of transgenic technologies to
this problem has opened the door to the molecular and
cellular investigation of the GnRH neuronal phenotype in the
mouse (24, 25). There has been some controversy in the field,
however, as to whether prolactin actually suppresses fertility
in mice, as it does in other species. Some studies have failed
to observe a prolactin-induced suppression of LH secretion
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in mice (26), whereas others have demonstrated a clear sup-
pression of fertility due to elevated prolactin (27, 28). The aim
of the present study was to evaluate this issue in female
C57BL/ 6] mice, with the goal of establishing a mouse model
that would allow further investigation of prolactin action on
GnRH neurons in transgenic mice. We report here that pro-
lactin does indeed suppress LH secretion in the mouse and
provide evidence that this occurs at least in part through a
direct action on a subpopulation of GnRH neurons.

Materials and Methods
Animals

Adult female C57BL/6] mice (age 6—8 wk, weighing 24-28 g), were
group housed under conditions of controlled temperature (21 =1 C) and
lighting (12-h light, 12-h dark cycle). Stages of the estrous cycle were
monitored by daily vaginal smears, and where indicated, animals were
used in the diestrous phase of the estrous cycle. Groups of animals were
ovariectomized and treated with a subcutaneous implant containing
17B-estradiol [silicon tubing, inner diameter 1.0 mm; outer diameter
2.125 mm; 12.5 mm long, containing 50 ug/ml mixed in silicon adhesive
(29)] to maintain low physiological levels of plasma estradiol (OVX+E).
Animals were used 5-7 d after ovariectomy.

Experiment 1: effect of intracerebroventricular (icv)
prolactin infusion on LH secretion in ovariectomized mice

To determine whether chronic prolactin infusion into the brain could
suppress LH secretion in mice, OVX+E mice were anesthetized and icv
cannulae were implanted into the left lateral ventricle using stereotaxic
coordinates (1.3 mm lateral to Bregma, 5 mm below skull) (30). Cannulae
were attached to a sc implanted Alzet minipump (model 1002, 0.25 ul/h)
containing ovine prolactin (0PRL), such that animals were treated with
625 ng/h for 7 d. Animals were then killed by decapitation and trunk
blood collected and allowed to clot at 4 C. Serum LH levels were mea-
sured in 40-ul sample volumes by RIA. Iodinated rat LH (NIDDK-rat
LH-I-10) was used as tracer and primary antisera was National Institute
of Diabetes and Digestive and Kidney Diseases rabbit antirat LH-511
(final dilution 1:400,000). Values are expressed in terms of mouse LH
Reference Preparation, provided by A. F. Parlow (National Hormone
and Peptide Program, Torrance, CA). All samples were measured in a
single assay, with an intraassay coefficient of variation of 12%.

Experiment 2: prolactin-induced phosphorylation of cAMP
response element-binding protein (CREB), in vivo

The phosphorylation of CREB can be used as a broad spectrum
indicator of altered signaling events within cells (31) including GnRH
neurons (32). As such, we monitored the CREB phosphorylation status
of GnRH neurons to examine whether changes in circulating prolactin
influences signaling in these cells. Groups of diestrous or OVX+E mice
were injected sc with 50 ug oPRL (or saline vehicle as a control) and 60
min later perfused transcardially with 4% paraformaldehyde. To ex-
amine more chronic actions of prolactin, three more groups of OVX+E
animals were treated twice daily for 48 h with either oPRL (50 ug/
injection, sc), bromocriptine (100 ug/injection sc), or saline-vehicle con-
trols. Bromocriptine is a dopamine D2 receptor agonist, known to inhibit
endogenous prolactin secretion from the pituitary gland. It was used to
ensure that multiple handlings for injections did not result in stress-
induced increases in endogenous prolactin levels and hence potentially
affect phosphorylated CREB (pCREB) expression in controls. The final
injections were administered 1 h before perfusion, as described above.
Brains were postfixed in the same fixative for 2 h and then cryoprotected
in 30% sucrose overnight. Four consecutive sets of 30-um coronal sec-
tions through the preoptic area and rostral hypothalamus were cut using
a sliding microtome. One set of sections was used to evaluate CREB
expression in GnRH neurons and another to examine pCREB expression.

Free-floating, dual-labeling, peroxidase immunocytochemistry was
undertaken in the same manner as reported previously (32). In brief,
after a 0.1% H,0,/40% methanol/ Tris-buffered saline wash, all sections
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from one set of sections were incubated in one of the primary antibodies
(pCREB, 1:100 or CREB, 1:100; Cell Signaling Technology, Inc., Beverly,
MA) for 48 h at 4 C. This was followed by biotinylated goat antirabbit
IgGs (1:200 for 2 h; Vector Labs, Peterborough, UK) and the Vector Elite
avidin-biotin-horseradish peroxidase complex (1:200 for 2 h). Peroxidase
labeling was then visualized with nickel-diaminobenzidine tetrahydro-
chloride using glucose oxidase. Sections were then treated with 0.1%
H,0,/40% methanol/Tris-buffered saline to quench any remaining per-
oxidase activity and processed further for GnRH immunoreactivity with
the LR1 antibody (1:20,000) followed by peroxidase-labeled antirabbit
IgGs and revealed using diaminobenzidine tetrahydrochloride only.
The specificities of the CREB antibodies have been reported previously
in multiple rodent species (33) including the mouse (34). The omission
of primary antibodies in these studies resulted in a complete absence of
immunoreactivity. All GnRH neurons observed in the set of sections
(eight to 12 sections per brain) were counted and scored for the presence
or absence of CREB or pCREB. Because intensity of pCREB staining
varied in different cells, only cells expressing a dark, black nuclear
staining were recorded as positive.

Experiment 3: single cell RT-PCR analysis of PRL-R mRNA
in GnRH neurons

Diestrous female mice expressing green fluorescent protein (GFP)
under the control of the GnRH promoter (GnRH-GFP) (35) were killed
between 0900 and 1200 h by cervical dislocation. As a positive control
for PRL-R expression (36), dopamine neurons from the arcuate nucleus
were also collected from mice expressing GFP under the control of the
tyrosine hydroxylase (TH) promotor (TH-GFP) (37). The brains were
rapidly removed and placed in ice-cold cutting Krebs solution [118 mm
NaCl, 3 mm KCl, 0.5 mm CaCl,, 6 mm MgCl,, 5 mm HEPES, 25 mm
NaHCO;, 11 mm p-glucose (pH 7.3) when gassed with 95% O,-5% CO,].
Serial coronal slices (200 wm thick) were prepared using a vibratome. For
GnRH neurons, sections containing the diagonal band of Broca and
rostral preoptic area (rPOA) were selected, whereas for TH neurons,
sections containing the arcuate nucleus of the hypothalamus were cho-
sen. The slices were maintained in a holding chamber containing oxy-
genated standard Krebs solution [118 mm NaCl, 3 mm KCl, 2.5 mm
CaCl,, 1.2 mm MgCl,, 5 mm HEPES, 25 mm NaHCOj;, 11 mm p-glucose
(pH7.3) as above] at 30 C for at least 30 min before cell harvesting at room
temperature (22 C).

To harvest identified neurons, slices were placed in a recording cham-
ber and mounted onto the stage of an upright microscope (BX51; Olym-
pus, Tokyo, Japan) fitted with differential interference contrast optics.
Slices were held submerged with weighted nylon mesh and continu-
ously superfused with oxygenated standard Krebs at 22 C. GnRH neu-
rons were identified as vertically oriented GFP-expressing bipolar cells
located in the diagonal band of Broca and rPOA adjacent to the organum
vasculosum of the lamina terminalis. GFP-labeled TH neurons were
identified predominantly within the dorsomedial aspect of the arcuate
nucleus, using the third ventricle and median eminence as landmarks.
Patch electrodes used to harvest cell cytoplasm were fabricated from
thin-walled borosilicate glass tubing (1.5 mm outer diameter; GC150TE-
7.5; Harvard Apparatus, Edenbridge, UK). Electrode tubing was first
baked at 250 C for 6 h before being pulled on a Flaming-Brown P-97
puller (Sutter Instruments, Novato, CA) to a tip resistance of 4-5 M().
Patch electrodes had resistances of 8 M{() when filled with 8 ul of
autoclaved internal solution [140 mm KCl, 10 mm EGTA, 1 mm MgCl,,
1 mm CaCl,, 10 mm HEPES (pH to 7.3) with KOH]. The GnRH or TH
neurons were located with fluorescence illumination to detect GFP (re-
flected light fluorescence illuminator BX-RFA and filter U-MWIBA2,
BA510-550; Olympus) using a X40 water immersion objective lens
(LUMPlandFl, x40, 0.80 W; Olympus). Using differential interference
contrast optics, fluorescent neurons were approached with a patch pi-
pette under positive pressure to keep slice debris from entering the
pipette. After contact with the cell body, steady negative pressure was
applied to the electrode to form a high resistance seal (1 G(2), and the
cytoplasm was harvested under visual control. In most cases fluorescent
cytoplasm could be seen within the tip of the pipette. As a control for
debris that may enter the pipette and be amplified, we conducted mock
harvests in which the patch electrode was lowered into the slice, but no
cellular contents were removed. All cells were harvested within 2 h of
decapitation of the mouse.
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Immediately after harvesting, the contents of the individual cells were
expelled from the patch electrode into 8.5 ul of reverse transcriptase (RT)
mixture [containing 50 mm Tris-HCI (pH 8.3), 75 mm KCl, 3 mm MgCl,
20 mm dithiothreitol, 0.5 mM deoxynucleotide triphosphates (dNTPs),
100 ng random hexamer primers, and 200 ng oligo(dT) 12-15] and
incubated at 65 C for 5 min to allow RNA denaturation and primer
binding. After brief cooling, 20 U RNase inhibitor (RNaseOUT; Invitro-
gen, Carlsbad, CA) and 200 U Superscript III reverse transcriptase (In-
vitrogen) were added, and the reactions were incubated first at room
temperature for 5 min and then at 50 C for 1 h for cDNA synthesis. After
cDNA synthesis, enzymes were heat inactivated by incubation at 70 C
for 15 min and the reactions were stored at —80 C until use (within 2 wk).

Multiplex PCR was undertaken in a manner similar to that described
previously (38, 39). Gene-specific oligonucleotide primers for PCR were
designed using Primer3 software (http://frodo.wimit.edu/cgi-bin/
primer3/primer3_www.cgi) on cDNA or genomic DNA sequences rep-
resenting each gene of interest (see Table 1 for GenBank accession
numbers). First-round PCR was performed on 5 ul of RT product from
each cell using two sets of primer pairs pooled in a 100-ul reaction
containing 50 mm KCl, 10 mm Tris-HCI (pH 9.0), 1.5 mm MgCl,, 0.2 mm
dNTPs, 10 pmol of each primer (GnRH F1 and R1 or TH F1 and R1,
depending on the cell type collected, and PRL-R F1 and R1; see Table 1
for sequences) and 2.5 U Tag polymerase (Roche Diagnostics, Auckland,
New Zealand). Cell contents processed in parallel, but without RT,
pipette solution from mock harvests, or water in place of template were
used as negative controls. One nanogram of cDNA from whole hypo-
thalamus was used as a positive control for all transcripts. Primers for
GnRH and PRL-R were intron spanning and could be used to detect the
presence of contaminating genomic DNA. Thirty-six cycles of first-
round amplification were performed using a PTC-200 (M] Research,
Waltham, MA) in thin-walled, 0.2-ml PCR tubes according to the fol-
lowing protocol: first cycle of 95 C (3 min), 59 C (2 min), and 72 C (3 min)
followed by 35 cycles of 95 C (40 sec), 59 C (1 min), and 72 C (1 min).
A final 5-min incubation at 72 C was used to polish the DNA termini.
Examination of first-round products was not performed on a regular
basis, but in preliminary experiments developing the methodology, we
could usually detect the presence of GnRH product. Second-round
nested PCR was performed using 1.25-ul aliquots of the first-round
amplicon pool. PCR for GnRH or TH (depending on the cell type) and
PRL-R was then performed in separate 25-ul reactions containing 50 mm
KCl, 10 mm Tris-HCI (pH 9.0), 1.5 mm MgCl,, 0.2 mm dNTPs, 1 um of
the appropriate nested oligonucleotide primer pair (GnRH F2 and R2,
TH F2 and R2, or PRL-R F2 and R2), and 0.6 U Tag polymerase (Roche).
Thirty-six cycles of amplification were undertaken using the same pro-
tocol described for the first-round PCR except that annealing was carried
out at 58 C. The resulting amplicons (GnRH 213 bp, TH 285 bp, PRL-R
305 bp) were resolved on ethidium bromide-stained 2% agarose gels in
Tris-acetic acid-EDTA and photographed using a gel documentation
system (GeneSnap; Syngene, Cambridge, UK).

Statistical analysis

Data are presented as mean + sem. LH data were analyzed using
one-way ANOVA. Where the F ratio was significant, this was followed
by post hoc analysis with Fisher’s protected least significant difference

Grattan et al. ® Hyperprolactinemia and LH Secretion in Mice

test using GraphPad software (GraphPad, San Diego, CA). Percentages
of GnRH neurons expressing CREB or pCREB were compared using the
Kruskal-Wallis nonparametric ANOVA. If a significant H-statistic was
detected, the Mann-Whitney U test was used to compare between
groups. In all analyses, differences were considered statistically signif-
icant at P < 0.05.

Results

Experiment 1: effect of icv prolactin infusion on LH
secretion in vivo

The OVX+E model used in these experiments resulted in
basal serum LH levels of 49 = 1.2 ng/ml (n = 8). Seven days
infusion of oPRL into the lateral ventricle (n = 8) resulted in a
significant (P < 0.05) suppression of serum LH levels (Fig. 1).

Experiment 2: prolactin-induced phosphorylation of CREB
in GnRH neurons

Immunoreactivity for CREB and pCREB was restricted to
cell nuclei and detected with a heterogeneous distribution
throughout the brain. Figure 2 shows representative images
of the dual-label immunohistochemistry of pCREB in GnRH
neurons. Data were quantified by counting the total number
of GnRH neurons expressing pCREB and expressing this as
a percentage of the total number of GnRH neurons counted.
The total numbers of GnRH neurons detected varied accord-
ing to anatomical location, with peak numbers of 18.3 + 1.8
GnRH cells per coronal section detected at the level of the
rPOA. Neither the distribution nor total number of GnRH
neurons counted was changed in any of the treatment groups
(data not shown). Three independent experiments were un-
dertaken. For the first experiment, intact diestrous mice were
used. In control animals given an acute saline injection, levels
of pCREB in GnRH neurons was low (5.0 = 1.8% of GnRH
neurons positive for pPCREB, n = 5). Acute administration of
oPRL (n = 6) resulted in an approximately 2-fold increase in
the number of GnRH neurons expressing pCREB (Fig. 3A).
The GnRH neurons expressing pCREB were detected
throughout the continuum of GnRH neurons in the basal
forebrain. In the second experiment, the same procedure was
undertaken in OVX+E mice. Basal expression of pCREB was
slightly higher (11.3 * 6.3%, n = 5), and acute administration
of oPRL (n = 4) resulted in a significant 2-fold increase in the
number of GnRH neurons expressing pCREB (Fig. 3B). In the
final experiment, a more chronic mode of prolactin admin-
istration was used, with five injections over the course of 48 h

TABLE 1. Gene names, accession numbers, primer names, and sequences

Gene name Accession no. Primer name Sequence

GnRH M14872 GnRH-F1 TGCTCCAGCCAGCACTGGTCC
GnRH-R1 CAATGTTATACTAGGGTGTTGTGG
GnRH-F2 CACTGGTCCTATGGGTTGCGC
GnRH-R2 AGTGCATCTACATCTTCTTCTGCC

PRL-R* NM_011169.3 PRLR-F1 TCACTCCTCTCCTGCGTTCT
PRLR-R1 GAAGCAGTACCTCGGATCCA
PRLR-F2 GCCATCTGCACTTGCTTACA
PRLR-R2 CACAGTAAATGCCACGAACG

TH NM_009377 TH-F1 GCCGTCTCAGAGCAGGATAC
TH-R1 GGGTAGCATAGAGGCCCTTC
TH-F2 AGGAGAGGGATGGAAATGCT
TH-R2 ACCAGGGAACCTTGTCCTCT

¢ Primers designed to detect both long and short forms of the receptor mRNA.
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Serum LH (ng/ml)
-
1

Control oPRL

Fia. 1. Serum LH levels (mean * SEM) in OVX+E mice, either
treated with icv infusion (625 ng/h for 7 d) of oPRL or vehicle control.
* Significantly different from control (P < 0.05).

in OVX+E mice. Again, control animals had very low levels
of pCREB expression (2.2 = 0.3%, n = 6), whereas chronic
prolactin treatment (n = 6) induced approximately 4-fold
increase in the number of GnRH neurons expressing pCREB
(Fig. 3C). Levels of pCREB in GnRH neurons in bromocrip-
tine-treated animals were not significantly different from
controls. In all experiments, the expression of CREB by
GnRH neurons was not changed (Fig. 3, D-F).
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Fic. 2. Representative images of dual-label immunohistochemistry
showing GnRH neurons (brown cytoplasmic stain) and pCREB (black
nuclei). A, Low-power image showing typical distribution of GnRH
neurons in the rostral hypothalamus at the level of the organum
vasculosum of the lamina terminalis. Most GnRH neurons were neg-
ative for pCREB (B), with a small proportion showing distinct black
staining of the nucleus identifying the presence of pPCREB (C). Scale
bars, 100 um (A) or 10 um (B and C).
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Experiment 3: expression of PRL-R mRNA by individual
GnRH neurons

We used the same single-cell RNA extraction technique
used previously by our laboratory (38, 40) followed by a
two-step nested PCR amplification for detection of tran-
scripts. Representative gels are depicted in Fig. 4. A total of
40 GnRH-GFP neurons were harvested from the rPOA of
four adult female mice; 25 such cells were examined for
expression of GnRH and PRL-R, and 15 were used as no-RT
controls. Other controls included using water in place of
template or mock harvest in which the patch pipette was
lowered into the slice and withdrawn. None of the controls
yielded a PCR product. The majority of harvested GnRH-
GFP neurons (23 of 25 cells) were shown by RT-PCR to
contain transcripts for GnRH. Three of these 23 GnRH neu-
rons (13% of the population) were found to coexpress PRL-R
mRNA. As a positive control and to validate the efficiency of
the PRL-R primers in this single-cell RT-PCR paradigm, we
performed the analysis in parallel on TH-expressing cells
from the arcuate nucleus of TH-GFP mice. A total of 14
arcuate nucleus TH-GFP neurons were harvested from one
adult female mouse; 12 of these cells were examined for the
expression of TH and PRL-R, and two were processed in
parallel as no-RT controls. Eleven of 12 TH-GFP cells were
shown by RT-PCR to contain transcripts for TH. Nine of these
11 TH cells (82%) also showed coexpression of PRL-R mRNA,
whereas the controls were negative. The two cells that did not
show expression of PRL-R mRNA were located in more
ventrolateral regions of the arcuate nucleus.

Discussion

These data provide evidence that hyperprolactinemia sup-
presses LH secretion in female mice through a central ner-
vous system site of action. Chronic prolactin administration
was found to suppress LH secretion and both acute and
chronic prolactin treatments were observed to alter CREB
phosphorylation in a small subpopulation of GnRH neurons.
Furthermore, we found evidence for the expression of PRL-R
mRNA in a similarly small subpopulation of GhRH neurons.
These observations are consistent with the hypothesis that
prolactin inhibits LH secretion through an action mediated
at least in part through the direct suppression of GnRH
neurons.

Previous studies provided inconsistent data regarding the
ability of prolactin to suppress of fertility in mice (26-28).
Although it is well established that hyperprolactinemia
causes infertility in many mammalian species, including hu-
mans, one study (26) found that high prolactin did not inhibit
LH secretion in mice. This is in contrast to our present result
and may result from the use of different mouse models in the
studies. Although it has not been examined in mice, the
PRL-R is positively regulated by estrogen in rats (41, 42), so
we used an OVX mouse model in which low levels of es-
trogen were present, but in which LH levels were not com-
pletely suppressed. In this model, chronic icv prolactin
clearly suppressed LH secretion, suggesting a central site of
action for prolactin and demonstrating that the mouse is
indeed like other mammals in this respect. There is consid-
erable evidence in rats, sheep, and humans that prolactin can
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also act in the pituitary gland to inhibit LH secretion (43—49),
and this is likely to also contribute to the infertility caused by
elevated prolactin. However, the fact that hyperprolactine-
mia-induced infertility can be reversed by exogenous GnRH
(4-6) suggests that lack of GnRH might be the primary cause
of prolactin-induced infertility. At present, the effects of pro-
lactin on mouse gonadotrophs are unknown.

Prolactin receptors are members of the cytokine receptor
superfamily (50) and activate multiple signal transduction
pathways. There are several isoforms of the prolactin recep-
tor in mice: a long form and at least three short forms with
truncated cytoplasmic domains (51), although only the long
form is able to initiate full signaling. Prolactin binding to the
long form of the receptor induces activation of the janus
kinase-signal transducer and activator of transcription
(STAT) pathway, in particular inducing phosphorylation of
STAT5a and 5b. Phosphorylated STAT proteins translocate
to the nucleus and bind to specific sequences in the promot-
ers of target genes, regulating transcription. We have shown
in both rats and mice that STAT5b is specifically required for
prolactin action in hypothalamic dopamine neurons (52, 53).
Prolactin can also act through either the long or short forms
of the receptor to influence a range of other pathways, which
may mediate rapid actions of prolactin in other neurons (50,
54). We have demonstrated that prolactin activation of ty-
rosine hydroxylase activity in cultured rat hypothalamic
neurons involves activation of MAPK (ERK1 and ERK?2),
protein kinase A, protein kinase C, and calcium/calmodulin-
dependent protein kinase II (54). Finally, prolactin has also
been demonstrated to exert membrane effects resulting in a
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rapid increase in intracellular Ca®" in a range of cells (20,
55-58), probably through modulation of influx of extracel-
lular Ca®* through voltage-gated calcium channels. The ac-
tivation of any of these pathways would be expected to result
in elevated levels of CREB phosphorylation (31). As such, we
chose to examine the phosphorylation status of CREB to
evaluate whether prolactin may impact intracellular signal-
ing within GnRH neurons. Although overall levels of CREB
phosphorylation were quite low under the conditions used
in this study, administration of either acute or chronic pro-
lactin to intact or OVX+E mice was found to induce CREB
phosphorylation in a subpopulation (5-10%) of GnRH neu-
rons. This result indicates that changes in circulating pro-
lactin levels result in altered intracellular signaling within
GnRH neurons. Although the effects of altered CREB phos-
phorylation in GnRH neurons are unknown, it is interesting
to note that both prolactin (present data) and estrogen (32)
enhance CREB phosphorylation in these cells and that this is
associated in both cases with a reduction in plasma LH levels.
There is limited direct evidence for specific effects of pCREB
in the activity of GnRH neurons, although mice with neuron-
specific CREB deletion are subfertile (59). Whereas it is
known that pCREB can suppress gene expression (60, 61),
this has not been specifically studied in adult GnRH neurons.
In GT1-7 cells, activation of CREB has been associated with
a suppression of GnRH mRNA expression (62), consistent
with the concept that activation of CREB could inhibit ac-
tivity of GnRH neurons.

The effects of prolactin on LH levels and CREB phosphor-
ylation indicated that GnRH neurons were regulated by this
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Fia. 4. Representative gels showing RT-PCR amplified transcripts
from individual GFP-labeled GnRH- or TH-positive neurons. A, Cy-
toplasm from single GnRH-GFP neurons was harvested and subjected
to RT and then PCR with gene-specific primers recognizing GnRH (A,
upper panel, lanes 1-4) or PRL-R (A, lower panel, lanes 1-4). cDNA
from whole medial basal hypothalamus was used as a positive control
(A, upper and lower, lane 6). Negative controls, processed in parallel,
included either reactions without reverse transcriptase (A, upper and
lower, lane 5) or water in place of template (A, upper and lower, lane
7). Note PRL-R transcripts could be detected in a small proportion of
GnRH neurons. B, Cytoplasm from single TH-GFP neurons of the
arcuate nucleus was harvested and subjected to RT and then PCR
with gene-specific primers recognizing TH (B, upper panel, lanes 1
and 4-6) or PRL-R (B, lower panel, lanes 1 and 4-6). Negative
controls, processed in parallel, included RT reaction without reverse
transcriptase enzyme (B, upper and lower, lane 2), mock harvests (B,
upper and lower, lane 3), or water in place of template (B, upper and
lower, lane 7). Note PRL-R transcripts could be detected in most
arcuate TH neurons. Lane 8 (all panels) contains molecular weight
markers, with sizes indicated as needed. The expected amplicon sizes
are: GnRH, 215 bp, TH, 285 bp, and PRL-R, 305 bp.

hormone. To evaluate whether these regulatory actions may
occur directly or indirectly on GnRH neurons, we used anow
well-established and sensitive single cell RT-PCR approach
(38, 40, 63) to examine for the presence of PRL-R mRNA in
GnRH neurons of the adult female. The present data show
that PRL-R mRNA can be detected in a small subpopulation
(13%) of GnRH neurons in the mouse. At this stage, we
cannot distinguish whether GnRH neurons contain the long
or short forms of the PRL-R. To assess the efficiency of our
single-cell RT-PCR approach for evaluating PRL-R mRNA
expression, we examined expression in dopamine neurons of
the arcuate nucleus, a very high proportion of which are
known to express PRL-R mRNA in rats (36). We found that
82% of these dopamine neurons were positive for PRL-R
mRNA, suggesting that there was no technical problem in
detecting the mRNA when present. Thus, it appears that the
GnRH neurons are heterogeneous with respect to PRL-R
mRNA expression, and only a small subpopulation express
PRL-R. This finding is similar to our preliminary work in the
rat, in which we found that PRL-R mRNA (long form) could
be detected in only approximately 5% of adult GnRH neu-
rons using dual-label in situ hybridization (64). Such heter-
ogeneity is common in adult GnRH neurons (65), although
the functional consequences are not clear. It is tempting on
the basis of the similar percentages to speculate that the
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subpopulation of GnRH neurons expressing PRL-R mRNA
are also the ones showing pCREB expression in response to
prolactin.

Although the present results provide evidence for a direct
action of prolactin on GnRH neurons, it is important to rec-
ognize that indirect mechanisms may also exist. The network
of neuronal inputs to GnRH neurons in the mouse has started
to be unraveled (66), and prolactin receptors are known to be
expressed in several areas, such as the anteroventral periven-
tricular and arcuate nuclei (16, 67), that contain neurons
directly innervating rPOA GnRH neurons. In addition, there
is evidence that prolactin can regulate the activity and bio-
synthesis of y-aminobutyric acid (20), opioid (21), neuropep-
tide Y (22), and dopaminergic (23) neuronal populations in
the hypothalamus. Thus, as is apparent for the many effects
of estrogen on GnRH neurons (65), the final actions of any
one hormone may result from a combination of direct and
indirect actions.

In conclusion, we report here that hyperprolactinemia re-
sults in the suppression of LH secretion and that this action
is likely to be mediated at least in part through direct actions
of prolactin on GnRH neurons. We also show that estrogen-
treated ovariectomized female mice provide a suitable model
for investigating the mechanisms of hyperprolactinemia-in-
duced infertility, providing an opportunity to use transgenic
models to investigate further prolactin actions on GnRH
neurons in the adult brain.

Acknowledgments

Received March 28, 2007. Accepted June 6, 2007.

Address all correspondence and requests for reprints to: Dr. David Grattan,
Department of Anatomy and Structural Biology, University of Otago, P.O. Box
913, Dunedin 9054, New Zealand. E-mail: dave.grattan@anatomy.otago.acnz.

This work was supported by the Otago Medical Research Foundation
and the Wellcome Trust (United Kingdom).

Disclosure Statement: The authors have nothing to disclose.

References

1. Evans WS, Cronin MJ, Thorner MO 1982 Hypogonadism in hyperprolactine-
mia: proposed mechanisms. In: Ganong WF, Martini L, eds. Frontiers in neu-
roendocrinology. Vol. 7. New York: Raven Press; 77-122

2. McNeilly AS 2001 Lactational control of reproduction. Reprod Fertil Dev
13:583-590

3. Bohnet HG, Dahlen HG, Wuttke W, Schneider HP 1976 Hyperprolactinemic
anovulatory syndrome. J Clin Endocrinol Metab 42:132-143

4. Matsuzaki T, Azuma K, Irahara M, Yasui T, Aono T 1994 Mechanism of
anovulation in hyperprolactinemic amenorrhea determined by pulsatile go-
nadotropin-releasing hormone injection combined with human chorionic go-
nadotropin. Fertil Steril 62:1143-1149

5. Lecomte P, Lecomte C, Lansac J, Gallier J, Sonier CB, Simonetta C 1997
Pregnancy after intravenous pulsatile gonadotropin-releasing hormone in a
hyperprolactinaemic woman resistant to treatment with dopamine agonists.
Eur J Obstet Gynecol Reprod Biol 74:219-221

6. Polson DW, Sagle M, Mason HD, Adams J, Jacobs HS, Franks S 1986 Ovu-
lation and normal luteal function during LHRH treatment of women with
hyperprolactinaemic amenorrhoea. Clin Endocrinol (Oxf) 24:531-537

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

8. Park SK, Selmanoff M 1991 Dose-dependent suppression of postcastration
luteinizing hormone secretion exerted by exogenous prolactin administration
in male rats: a model for studying hyperprolactinemic hypogonadism. Neu-
roendocrinology 53:404-410

9. Park SK, Keenan MW, Selmanoff M 1993 Graded hyperprolactinemia first
suppresses LH pulse frequency and then pulse amplitude in castrated male
rats. Neuroendocrinology 58:448-453

10. Cohen-Becker IR, Selmanoff M, Wise PM 1986 Hyperprolactinemia alters the

20z Iudy 01 uo 1s9nB Aq 6012052/ YEH/6/81 L /SIOIME/OPUS/LI0D"ANO"OILISPEDE//:SARY W) PAPEOIUMOQ



4350 Endocrinology, September 2007, 148(9):4344-4351

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

frequency and amplitude of pulsatile luteinizing hormone secretion in the
ovariectomized rat. Neuroendocrinology 42:328-333

Weber RF, de Greef W], de Koning J, Vreeburg JT 1983 LH-RH and dopamine
levels in hypophysial stalk plasma and their relationship to plasma gonado-
trophins and prolactin levels in male rats bearing a prolactin- and adreno-
corticotrophin-secreting pituitary tumor. Neuroendocrinology 36:205-210
Sarkar DK, Frautschy SA, Mitsugi N 1992 Pituitary portal plasma levels of
oxytocin during the estrous cycle, lactation, and hyperprolactinemia. Ann NY
Acad Sci 652:397-410

Koike K, Aono T, Miyake A, Tasaka K, Chatani F, Kurachi K 1984 Effect of
pituitary transplants on the LH-RH concentrations in the medial basal hypo-
thalamus and hypophyseal portal blood. Brain Res 301:253-258

Koike K, Miyake A, Aono T, Sakumoto T, Ohmichi M, Yamaguchi M,
Tanizawa O 1991 Effect of prolactin on the secretion of hypothalamic GnRH
and pituitary gonadotropins. Horm Res 35:5-12

Selmanoff M, Shu C, Petersen SL, Barraclough CA, Zoeller RT 1991 Single
cell levels of hypothalamic messenger ribonucleic acid encoding luteinizing
hormone-releasing hormone in intact, castrated, and hyperprolactinemic male
rats. Endocrinology 128:459-466

Pi XJ, Grattan DR 1998 Distribution of prolactin receptor immunoreactivity in
the brain of estrogen-treated, ovariectomized rats. ] Comp Neurol 394:462—-474
Pi XJ, Grattan DR 1999 Increased prolactin receptor immunoreactivity in the
hypothalamus of lactating rats. ] Neuroendocrinol 11:693-705

Milenkovic L, D’Angelo G, Kelly PA, Weiner RI 1994 Inhibition of gonad-
otropin hormone-releasing hormone release by prolactin from GT1 neuronal
cell lines through prolactin receptors. Proc Natl Acad Sci USA 91:1244-1247
Selmanoff M 1997 Commentary on the use of immortalized neuroendocrine
cell lines for physiological research. Endocrine 6:1-3

Kolbinger W, Beyer C, Fohr K, Reisert I, Pilgrim C 1992 Diencephalic
GABAergic neurons in vitro respond to prolactin with a rapid increase in
intracellular free calcium. Neuroendocrinology 56:148-152

Sarkar DK, Yen SS 1985 Hyperprolactinemia decreases the luteinizing hor-
mone-releasing hormone concentration in pituitary portal plasma: a possible
role for beta-endorphin as a mediator. Endocrinology 116:2080-2084

Li C, Chen P, Smith MS 1999 Neuropeptide Y and tuberoinfundibular do-
pamine activities are altered during lactation: role of prolactin. Endocrinology
140:118-123

Moore KE 1987 Interactions between prolactin and dopaminergic neurons.
Biol Reprod 36:47-58

Herbison AE, Pape JR, Simonian SX, Skynner MJ, Sim JA 2001 Molecular and
cellular properties of GnRH neurons revealed through transgenics in the
mouse. Mol Cell Endocrinol 185:185-194

Spergel DJ, Kruth U, Shimshek DR, Sprengel R, Seeburg PH 2001 Using
reporter genes to label selected neuronal populations in transgenic mice for
gene promoter, anatomical, and physiological studies. Prog Neurobiol 63:673—
686

Bartke A, Morgan WW, Clayton RN, Banerji TK, Brodie AM, Parkening TA,
Collins TJ 1987 Neuroendocrine studies in hyperprolactinaemic male mice. J
Endocrinol 112:215-220

Huseby RA, Soares M]J, Talamantes F 1985 Ectopic pituitary grafts in mice:
hormone levels, effects on fertility, and the development of adenomyosis uteri,
prolactinomas, and mammary carcinomas. Endocrinology 116:1440-1448
Lewis CE, Fink G, Dow RC, Morris JF 1986 Hyperprolactinemia induced by
pituitary isografts suppresses the priming effect of LH-releasing hormone in
normal and hypogonadal mice. Neuroendocrinology 43:584-589

Bronson FH 1981 The regulation of luteinizing hormone secretion by estrogen:
relationships among negative feedback, surge potential, and male stimulation
in juvenile, peripubertal, and adult female mice. Endocrinology 108:506-516
Paxinos G, Watson C 1997 The rat brain in stereotaxic coordinates. 3rd ed. San
Diego: Academic Press

Shaywitz AJ, Greenberg ME 1999 CREB: a stimulus-induced transcription
factor activated by a diverse array of extracellular signals. Annu Rev Biochem
68:821-861

Abraham IM, Han SK, Todman MG, Korach KS, Herbison AE 2003 Estrogen
receptor B mediates rapid estrogen actions on gonadotropin-releasing hor-
mone neurons in vivo. ] Neurosci 23:5771-5777

McNulty S, Schurov IL, Sloper PJ, Hastings MH 1998 Stimuli which entrain
the circadian clock of the neonatal Syrian hamster in vivo regulate the phos-
phorylation of the transcription factor CREB in the suprachiasmatic nucleus in
vitro. Eur ] Neurosci 10:1063-1072

von Gall C, Duffield GE, Hastings MH, Kopp MD, Dehghani F, Korf HW,
Stehle JH 1998 CREB in the mouse SCN: a molecular interface coding the
phase-adjusting stimuli light, glutamate, PACAP, and melatonin for clock-
work access. ] Neurosci 18:10389-10397

Spergel DJ, Kruth U, Hanley DF, Sprengel R, Seeburg PH 1999 GABA- and
glutamate-activated channels in green fluorescent protein-tagged gonadotro-
pin-releasing hormone neurons in transgenic mice. ] Neurosci 19:2037-2050
Kokay IC, Grattan DR 2005 Expression of mRNA for prolactin receptor (long
form) in dopamine and pro-opiomelanocortin neurones in the arcuate nucleus
of non-pregnant and lactating rats. ] Neuroendocrinol 17:827-835
Sawamoto K, Nakao N, Kobayashi K, Matsushita N, Takahashi H, Kakishita
K, Yamamoto A, Yoshizaki T, Terashima T, Murakami F, Itakura T, Okano

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Grattan et al. ® Hyperprolactinemia and LH Secretion in Mice

H 2001 Visualization, direct isolation, and transplantation of midbrain dopa-
minergic neurons. Proc Natl Acad Sci USA 98:6423-6428

Jasoni CL, Todman MG, Han SK, Herbison AE 2005 Expression of mRNAs
encoding receptors that mediate stress signals in gonadotropin-releasing hor-
mone neurons of the mouse. Neuroendocrinology 82:320-328

Skynner M]J, Sim JA, Herbison AE 1999 Detection of estrogen receptor alpha
and beta messenger ribonucleic acids in adult gonadotropin-releasing hor-
mone neurons. Endocrinology 140:5195-5201

Todman MG, Han SK, Herbison AE 2005 Profiling neurotransmitter receptor
expression in mouse gonadotropin-releasing hormone neurons using green
fluorescent protein-promoter transgenics and microarrays. Neuroscience 132:
703-712

Mustafa A, Nyberg F, Bogdanovic N, Islam A, Suliman I, Lindgren U, Roos
P, Adem A 1995 Prolactin binding sites in rat brain and liver: effects of
long-term ovariectomy and ovarian steroids. Neurosci Lett 200:179-182

Pi X, Zhang B, Li J, Voogt JL 2003 Promoter usage and estrogen regulation of
prolactin receptor gene in the brain of the female rat. Neuroendocrinology
77:187-197

Jin L, Qian X, Kulig E, Scheithauer BW, Calle-Rodrigue R, Abboud C, Davis
DH, Kovacs K, Lloyd RV 1997 Prolactin receptor messenger ribonucleic acid
in normal and neoplastic human pituitary tissues. J Clin Endocrinol Metab
82:963-968

Morel G, Ouhtit A, Kelly PA 1994 Prolactin receptor immunoreactivity in rat
anterior pituitary. Neuroendocrinology 59:78 -84

Tortonese DJ, Brooks J, Ingleton PM, McNeilly AS 1998 Detection of pro-
lactin receptor gene expression in the sheep pituitary gland and visualization
of the specific translation of the signal in gonadotrophs. Endocrinology 139:
5215-5223

Smith MS 1978 A comparison of pituitary responsiveness to luteinizing hor-
mone-releasing hormone during lactation and the estrous cycle of the rat.
Endocrinology 102:114-120

Smith MS 1982 Effect of pulsatile gonadotropin-releasing hormone on the
release of luteinizing hormone and follicle-stimulating hormone in vitro by
anterior pituitaries from lactating and cycling rats. Endocrinology 110:882—
891

Colao A, Merola B, Di Sarno A, La Tessa G, Ferone D, Cerbone G, Marzullo
P, Lombardi G 1995 Impaired luteinizing hormone responsiveness to gona-
dotropin-releasing hormone in the inferior petrosal sinuses of hyperprolactine-
mic patients. Gynecol Endocrinol 9:15-21

Cheung CY 1983 Prolactin suppresses luteinizing hormone secretion and
pituitary responsiveness to luteinizing hormone-releasing hormone by a direct
action at the anterior pituitary. Endocrinology 113:632-638

Bole-Feysot C, Goffin V, Edery M, Binart N, Kelly PA 1998 Prolactin (PRL)
and its receptor: actions, signal transduction pathways and phenotypes ob-
served in PRL receptor knockout mice. Endocr Rev 19:225-268

Davis JA, Linzer DI 1989 Expression of multiple forms of the prolactin receptor
in mouse liver. Mol Endocrinol 3:674-680

Grattan DR, Xu JJ, McLachlan MJ, Kokay IC, Bunn SJ, Hovey RC, Davey HW
2001 Feedback regulation of PRL secretion is mediated by the transcription
factor, signal transducer, and activator of transcription 5b. Endocrinology
142:3935-3940

Ma FY, Anderson GM, Gunn TD, Goffin V, Grattan DR, Bunn SJ 2005
Prolactin specifically activates STAT5b in neuroendocrine dopaminergic neu-
rons. Endocrinology 146:5112-5119

Ma FY, Grattan DR, Goffin V, Bunn SJ 2005 Prolactin-regulated tyrosine
hydroxylase activity and messenger ribonucleic acid expression in mediobasal
hypothalamic cultures: the differential role of specific protein kinases. Endo-
crinology 146:93-102

Prevarskaya NB, Skryma RN, Vacher P, Daniel N, Djiane J, Dufy B 1995 Role
of tyrosine phosphorylation in potassium channel activation. Functional as-
sociation with prolactin receptor and JAK2 tyrosine kinase. ] Biol Chem 270:
24292-24299

Sorin B, Goupille O, Vacher AM, Paly ], Djiane J, Vacher P 1998 Distinct
cytoplasmic regions of the prolactin receptor are required for prolactin-in-
duced calcium entry. J Biol Chem 273:28461-28469

Sorin B, Vacher AM, Djiane J, Vacher P 2000 Role of protein kinases in the
prolactin-induced intracellular calcium rise in Chinese hamster ovary cells
expressing the prolactin receptor. ] Neuroendocrinol 12:910-918

Ducret T, Boudina S, Sorin B, Vacher AM, Gourdou I, Liguoro D, Guerin J,
Bresson-Bepoldin L, Vacher P 2002 Effects of prolactin on intracellular cal-
cium concentration and cell proliferation in human glioma cells. GLIA 38:
200214

Mantamadiotis T, Lemberger T, Bleckmann SC, Kern H, Kretz O, Martin
Villalba A, Tronche F, Kellendonk C, Gau D, Kapfhammer J, Otto C, Schmid
W, Schutz G 2002 Disruption of CREB function in brain leads to neurode-
generation. Nat Genet 31:47-54

Kasagi Y, Horiba N, Sakai K, Fukuda Y, Suda T 2002 Involvement of cAMP-
response element binding protein in corticotropin-releasing factor (CRF)-in-
duced down-regulation of CRF receptor 1 gene expression in rat anterior
pituitary cells. ] Neuroendocrinol 14:587-592

Kim CH, Xiong WC, Mei L 2005 Inhibition of MuSK expression by CREB
interacting with a CRE-like element and MyoD. Mol Cell Biol 25:5329-5338

20z Iudy 01 uo 1s9nB Aq 6012052/ YEH/6/81 L /SIOIME/OPUS/LI0D"ANO"OILISPEDE//:SARY W) PAPEOIUMOQ



Grattan et al. ® Hyperprolactinemia and LH Secretion in Mice

62.

63.

64.

Lei ZM, Rao CV 1995 Signaling and transacting factors in the transcriptional
inhibition of gonadotropin releasing hormone gene by human chorionic go-
nadotropin in immortalized hypothalamic GT1-7 neurons. Mol Cell Endocri-
nol 109:151-157

Pape JR, Skynner MJ, Sim JA, Herbison AE 2001 Profiling y-aminobutyric
acid [GABA(A)] receptor subunit mRNA expression in postnatal gonado-
tropin-releasing hormone (GnRH) neurons of the male mouse with single cell
RT-PCR. Neuroendocrinology 74:300-308

Kokay IC, Petersen SL, Grattan DR 2006 Absence of prolactin receptor mRNA
in GnRH neurons. Frontiers in Neuroendocrinology 27:65-66

65.

66.

67.

Endocrinology, September 2007, 148(9):4344-4351 4351

Herbison AE 2006 Physiology of the GnRH neuronal network. In: Neill JD, ed.
Knobil and Neill’s physiology of reproduction. San Diego: Academic Press;
1415-1482

Wintermantel TM, Campbell RE, Porteous R, Bock D, Grone HJ, Todman
MG, Korach KS, Greiner E, Perez CA, Schutz G, Herbison AE 2006 Definition
of estrogen receptor pathway critical for estrogen positive feedback to gona-
dotropin-releasing hormone neurons and fertility. Neuron 52:271-280
Bakowska JC, Morrell JI 1997 Atlas of the neurons that express mRNA for the
long form of the prolactin receptor in the forebrain of the female rat. ] Comp
Neurol 386:161-177

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

20z Iudy 01 uo 1s9nB Aq 6012052/ YEH/6/81 L /SIOIME/OPUS/LI0D"ANO"OILISPEDE//:SARY W) PAPEOIUMOQ



