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Ferraris J, Boutillon F, Bernadet M, Seilicovich A, Goffin V,
Pisera D. Prolactin receptor antagonism in mouse anterior pituitary:
effects on cell turnover and prolactin receptor expression. Am J
Physiol Endocrinol Metab 302: E356–E364, 2012. First published
November 15, 2011; doi:10.1152/ajpendo.00333.2011.—Since ante-
rior pituitary expresses prolactin receptors, prolactin secreted by
lactotropes could exert autocrine or paracrine actions on anterior
pituitary cells. In fact, it has been observed that prolactin inhibits its
own expression by lactotropes. Our hypothesis is that prolactin par-
ticipates in the control of anterior pituitary cell turnover. In the present
study, we explored the action of prolactin on proliferation and apo-
ptosis of anterior pituitary cells and its effect on the expression of the
prolactin receptor. To determine the activity of endogenous prolactin,
we evaluated the effect of the competitive prolactin receptor antago-
nist �1–9-G129R-hPRL in vivo, using transgenic mice that constitu-
tively and systemically express this antagonist. The weight of the
pituitary gland and the anterior pituitary proliferation index, deter-
mined by BrdU incorporation, were higher in transgenic mice express-
ing the antagonist than in wild-type littermates. In addition, blockade
of prolactin receptor in vitro by �1–9-G129R-hPRL increased prolif-
eration and inhibited apoptosis of somatolactotrope GH3 cells and of
primary cultures of male rat anterior pituitary cells, including lacto-
tropes. These results suggest that prolactin acts as an autocrine/
paracrine antiproliferative and proapoptotic factor in the anterior
pituitary gland. In addition, anterior pituitary expression of the long
isoform of the prolactin receptor, measured by real-time PCR, in-
creased about 10-fold in transgenic mice expressing the prolactin
receptor antagonist, whereas only a modest increase in the S3 short-
isoform expression was observed. These results suggest that endoge-
nous prolactin may regulate its own biological actions in the anterior
pituitary by inhibiting the expression of the long isoform of the
prolactin receptor. In conclusion, our observations suggest that pro-
lactin is involved in the maintenance of physiological cell renewal in
the anterior pituitary. Alterations in this physiological role of prolactin
could contribute to pituitary tumor development.

apoptosis; proliferation; �1–9-G129R-hPRL; prolactin receptor iso-
forms

ANTERIOR PITUITARY EXPRESSES PROLACTIN RECEPTORS (PRLR) (20,
26), and hence, prolactin (PRL) secreted by lactotropes could
exert autocrine or paracrine actions on anterior pituitary cells.
Although PRL inhibits its own secretion mainly by increasing
dopaminergic activity at the hypothalamus, a short-loop regu-
lation of PRL secretion at the lactotrope level has been pro-

posed (6, 13). In fact, it has been observed that PRL inhibits its
own expression in lactotropes (9).

PRL acts as a proliferative factor in some tissues, such as
mammary gland, prostate, and lymphoid cells (11), but exerts
proapoptotic actions in others, such as luteal cells (12) and hair
follicles (10). Although older studies using in vitro cell cultures
suggested that PRL could act as a growth factor for anterior
pituitary cells (15, 17), more recent investigations involving
genetically modified mouse models actually achieved opposite
conclusions because lack of PRL activity in PRL-knockout
mice (PRL�/�) and PRLR knockout-mice (PRLR�/�) was
shown to lead to pituitary hyperplasia and tumor development
(8, 27). Also, it has been shown that exogenous PRL decreases
in vitro lactotrope proliferation in D2R-knockout mice
(D2R�/�) (27), suggesting that PRL may regulate the size of
the population of anterior pituitary cells, particularly lacto-
tropes. However, the physiological role of endogenous PRL in
anterior pituitary cell renewal remains unclear.

Various isoforms of PRLR have been reported, referred to
as long, short, and, in humans, intermediate PRLR. These
isoforms are produced by alternative splicing and differ in
the length of their intracellular domain, which determines
the characteristics of their signaling. The long isoform of the
PRLR (PRLRlong) leads to activation of different pathways,
such as Jak2/STAT, MAPK, Src (11), or phosphatidylino-
sitol 3-kinase (PI3K)/Akt (22), whereas the short isoform of
the PRLR (PRLRshort) phosphorylates Jak2 and activates
MAPK and PI3K pathways without recruiting STAT pro-
teins (5, 11). PRLR isoforms not only homodimerize but
also heterodimerize, and it has been proposed that PRLRshort

can act as a dominant negative of PRLRlong activation (5).
Thus, the relative amount of different PRLR isoforms ex-
pressed in a tissue may explain different PRL actions (6). In this
respect, PRL modulates its activity in target cells by inducing the
internalization and degradation of its own receptor (29) and by
regulating the expression of PRLR isoforms (7, 28, 30).

The evaluation of PRL actions in anterior pituitary has been
hampered by the fact that the hormone is constantly present in
the system, which can lead to misinterpretation of experimental
data obtained by the addition of exogenous PRL (27). In
addition, various isoforms of PRL have been proposed to exert
the opposite effect on pituitary cells, further complicating the
picture (17). Therefore, to determine the actual effects of
secreted PRL in anterior pituitary, it is necessary to inhibit its
activity. The development of a pure PRLR antagonist provided
a new tool for the study of the role of PRL functions (4, 13).
�1–9-G129-hPRL is a competitive antagonist that forms a
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nonfunctional complex with PRLR. It has been assayed in
several in vitro systems (13, 18) and was demonstrated recently
to inhibit in vivo actions of transgenic PRL expressed specif-
ically in prostate tissue, thereby preventing the development of
prostate tumors (25).

In the present study, we evaluated the effect of endogenous
PRL on cell renewal and expression of PRLR isoforms in the
anterior pituitary gland. We used transgenic mice systemically
expressing �1–9-G129R-hPRL as a tool to evaluate the phys-
iological role of endogenous PRL in vivo and �1–9-G129R-
hPRL to antagonize the effects of PRL released by anterior
pituitary cells in vitro.

MATERIALS AND METHODS

Drugs

All drugs, media, and supplements were obtained from Sigma (St.
Louis, MO) except for fetal bovine serum (Natocor), amphotericin B,
essential amino acids, and gentamicin (Invitrogen, Carlsbad, CA),
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) reagents (Roche Molecular Biochemicals,
Mannheim, Germany), anti-BrdU (BD Bioscience, San Jose, CA),
anti-mouse FITC- and anti-guinea pig rhodamine-conjugated second-
ary antibodies (Chemicon International, Temecula, CA), guinea pig
anti-rat PRL antiserum (Dr. A. Parlow, National Hormone and Pitu-
itary Program, Torrance, CA), and the materials indicated below.
Recombinant �1–9-G129R-hPRL was obtained as previously de-
scribed (4).

Animals

This study was approved by the Comité Régional d’Éthique pour
l’Expérimentation Animale, Ile-de-France, Université Paris Descartes,
and the Institutional Animal Care and Use Committee of the School of
Medicine, University of Buenos Aires. Mice and rats were housed in
controlled conditions of light (12:12-h light-dark cycles) and temper-
ature (20–25°C), and fed ad libitum. Male �1–9-G129R-hPRL trans-
genic (TG) mice systemically expressing �1–9-G129R-hPRL were
generated on a BALB/c-J background as described previously (25).
Wild-type (WT) male littermates were used as control mice. Five- to
7-mo-old mice were injected with BrdU (50 mg/kg ip) and euthanized
24 h later by cervical dislocation. Pituitaries were removed within
minutes, weighed, fixed, and processed for immunohistochemistry. In
some experiments, after neurointermediate lobe removal, anterior
pituitaries were processed for RNA extraction. In other experiments,
adult male Wistar rats (230–250 g) were used. Anterior pituitary
glands were removed within minutes after decapitation and processed
for primary culture.

Culture of GH3 Cells

GH3 somatolactotrope cells were grown as monolayer culture in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10 �l/ml MEM amino acids, 2 mM glutamine, 5.6 �g/ml amphoter-
icin B, and 25 �g/ml gentamicin and 10% fetal calf serum treated
previously with 0.025% dextran-0.25% charcoal to remove steroids
(FCS). One hundred thousand cells were seeded onto coverslides in
24-well tissue culture plates for BrdU incorporation and TUNEL
studies. For BrdU incorporation assay, cells were incubated in the
same medium containing 10% FCS for 24 h and then incubated in the
same medium containing PRLR antagonist �1–9-G129R-hPRL (5
�g/ml) for 8 h. Six hours before fixation, BrdU (200 �M) was added
to culture media. For apoptosis and cell cycle evaluation, 1.5 � 105

cells·ml�1·well�1 were incubated for 24 h in supplemented DMEM
without FCS and then incubated in the same medium containing
�1–9-G129R-hPRL (5 �g/ml) for 8 h.

Primary Culture of Anterior Pituitary Cells

A pool of anterior pituitary cells from four male rats was used for
each culture. Anterior pituitary glands were washed with DMEM with
3 mg/ml bovine serum albumin (DMEM-BSA). Then, anterior pitu-
itaries were cut into small fragments and dispersed enzymatically by
successive incubations in DMEM-BSA containing 0.75% trypsin,
10% FCS, and 45 U/ml deoxyribonuclease type I (DNAse). Finally,
the cells were dispersed by extrusion through a Pasteur pipette in
Krebs buffer without Ca2� and Mg2�. Dispersed cells were washed
and resuspended in DMEM with 10% FCS. Cell viability as assessed
by trypan blue exclusion was �90%. Cells were seeded onto cover-
slides in 24-well tissue culture plates for BrdU incorporation detection
or TUNEL assay. Cells were seeded and treated as described for GH3
cells.

Detection of BrdU Incorporation and TUNEL Assay

Pituitaries from WT and TG mice were fixed in 4% paraformalde-
hyde (PFA) in PBS (pH 7.4) for 4 h and embedded in paraffin.
Sections (4 �m) were deparaffinized in xylene and rehydrated in
graded ethanol. For in vitro studies, after the incubation period, cells
were fixed in 4% PFA for 10 min.

Tissue sections or cells were permeabilized by microwave irradi-
ation. For BrdU incorporation assay in vivo, pituitary sections were
incubated with anti-BrdU diluted in nuclease solution (GE Healthcare,
Buckinghamshire, UK) according to the manufacturer’s protocol and
then incubated with FITC-conjugated anti-mouse secondary antibody
(1:200). For BrdU incorporation assay in GH3 cells and cultured
anterior pituitary cells, after permeabilization, coverslides were incu-
bated for 30 min with DNAse (100 U/ml) at 37°C to break DNA
strands and to allow anti-BrdU antibody to interact with incorporated
BrdU. Then, cells were blocked with 10% donkey serum in PBS-0.2%
Triton X-100 for 90 min and incubated with mouse anti-BrdU anti-
body (1:200) overnight. Then, slides were incubated with a rhod-
amine-conjugated anti-mouse secondary antibody (1:75). For lacto-
trope detection in anterior pituitary primary cultures, after incubation
with 10% normal donkey serum in PBS-0.2% Triton for 90 min, cells
were incubated for 1 h with guinea pig rat prolactin antiserum
(1:1,500) followed by 1 h of incubation with rhodamine-conjugated
anti-guinea pig secondary antibody (1:200). Control slides were in-
cubated with buffer instead of primary antibodies.

For TUNEL assay, DNA strand breaks were labeled with digoxi-
genin-deoxyuridine triphosphate using terminal deoxynucleotidyl
transferase (0.18 U/�l) according to the manufacturer’s protocol.
After incubation with 10% sheep serum in PBS for 90 min, sections
or cells were incubated with antidigoxygenin-FITC antibody (1:10) to
detect incorporation of nucleotides into the 3=-OH end of damaged
DNA. In anterior pituitary primary cultures, before the incubation
with antidigoxygenin-FITC antibody, cells were blocked with 10%
donkey serum and 10% sheep serum in PBS for 90 min and incubated
for 60 min with guinea pig anti-rat prolactin antiserum (1:1,500).
Then, cells were incubated with antidigoxygenin-FITC antibody

Table 1. Sequence of primers used for real-time PCR

Primer Sequence

PRLR ECD forward 5=-ATAAAAGGATTTGATACTCATCTGCTAGAG-3=
PRLR ICD long reverse 5=-TGTCATCCACTTCCAAGAACTCC-3=
PRLR ICD S1 reverse 5=-CATAAAAACTCAGTTGTTGGAATCTTCA-3=
PRLR ICD S2 reverse 5=-GGAAAAAGACATGGCAGAAACC-3=
PRLR ICD S3 reverse 5=-AGTTCCCCTTCATTGTCCAGTTT-3=
Cyclophilin forward 5=-CAGGTCCTGGCATCTTGTCC-3=
Cyclophilin reverse 5=-TTGCTGGTCTTGCCATTCCT-3=

PRLR, prolactin receptor; ECD, extracellular domain; ICD, intracellular
domain.
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(1:10) and rhodamine-conjugated anti-guinea pig secondary antibody
(1:200) in the same buffer.

Coverslides and sections were mounted with Vectashield (Vector
Laboratories, Burlingame, CA) containing 4,6-diamidino-2-phenylin-
doledihydrochloride (DAPI) for DNA staining and visualized in a
fluorescent light microscope (Axiophot; Carl Zeiss, Jena, Germany).

In tissue sections, the percentage of BrdU-positive cells was cal-
culated as (BrdU-positive cells/total anterior pituitary cells) � 100,
where total cells were DAPI-positive nuclei counted in four random
slices for each animal. Since the number of TUNEL-positive cells in
sections from in vivo studies was very low, the percentage of apo-
ptotic cells was expressed as the number of TUNEL-positive cells/
field, as described previously (21). Cells from the neurointermediate
lobe were excluded from the count. For in vitro studies, the percentage
of apoptotic (TUNEL-positive) or proliferating (BrdU-positive) cells
was calculated as (TUNEL-positive or BrdU-positive cells/total cells) � 100.
The percentage of apoptotic (TUNEL-positive) or proliferating
(BrdU-positive) lactotropes was calculated as (TUNEL-positive or
BrdU positive prolactin-immunoreactive cells/total prolactin-immu-
noreactive cells) � 100. The percentage of lactotropes determined by

immunofluorescence represented �20% of the population of anterior
pituitary cells.

Flow Cytometry

GH3 cells were harvested with 0.05% trypsin-EDTA. Cells were
washed with PBS, resuspended in 300 �l of PBS-0.1% BSA, and
fixed with 5 ml of 70% ice-cold methanol by gentle vortexing for 30
min at �20°C. Then, 5 ml of PBS-0.1% BSA was added to each tube.
After centrifugation, DNA was stained with propidium iodide (PI; 50
�g/ml) in PBS containing ribonuclease (10 �g/ml) for 20 min at
37°C. Fluorescence intensity of �6,000 gated cells/tube was analyzed
by flow cytometry using a FACScan (Becton Dickinson). Cells with
a PI staining intensity lower than the G0/G1 peak were considered
hypodiploid. Analysis of DNA content and determination of Sub
G0/G1 (hypodiploid cells), G0/G1, S, and G2/M-phases of cell cycle
were performed using WinMDI 98 and Cylcherd 1.2 softwares.

RNA Extraction and Real-Time PCR

Anterior pituitaries were extracted, washed in RNAeasy Solution
(Qiagen, Santa Clarita, CA), and immediately frozen in liquid nitro-
gen. RNA was extracted using the RNAeasy Micro Kit (Qiagen),
following the manufacturer’s protocol. Briefly, frozen anterior pitu-
itaries were homogenized using a cold mortar and pestle and placed in
350 �l of RTL lysis buffer (Qiagen) containing �-mercaptoethanol,
rehomogenized with a needle, and centrifuged. The supernatant was
washed with 70% ethanol, centrifuged, and transferred onto an
RNAeasy spin column (Qiagen). RNA was collected with 14 �l
RNAse-free water and stored at �80°C. Reverse transcription was
performed using SuperScript II Reverse Transcriptase according to
the manufacturer’s protocol. One-hundred twenty-five nanograms of
total RNA was reverse transcribed. After incubation for 5 min at 65°C
with 1 �l of oligo(dT) and 1 �l of dNTP Mix, RNA samples were
incubated for 2 min at 42°C with a mix containing DTT and RNAse
Out (Invitrogen). After addition of 1 �l of SuperScript II RT (Invit-

Table 2. L-PRLR is predominant in male anterior pituitary

WT, % TG, %

L-PRLR 92.23 99.13
S1-PRLR ND ND
S2-PRLR 4.29 0.32
S3-PRLR 3.47 0.54
Total 100.00 100.00

WT, wild type; TG, transgenic; L-PRLR, long isoform of PRLR; S1-, S2-,
and S3-PRLR, short isoforms of PRLR; ND, not determined. PRLR expression
was determined by real-time PCR using specific primers for the S1, S2, and S3
isoforms. Relative expression of each isoform is shown as %total PRLR
expression in WT and TG mice.

Fig. 1. Pituitary weight increases in trans-
genic (TG) mice expressing �1–9-G129R-
hPRL. Each column represents pituitary
weight (A) and body weight (B) (means 	
SE) of 7–12 animals/group. *P 
 0.05 vs.
wild type (WT), Student t-test. C: representa-
tive images of anterior pituitary sections from
WT and TG mice stained with hematoxylin-
eosin. Scale bar, 50 �m.
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rogen), samples were incubated for 50 min at 42°C, and the reaction
was heat-inactivated (70°C for 15 min). Finally, samples were treated
with RNAse H (Invitrogen) to remove any possible RNA comple-
mentary to cDNA.

For real-time PCR, forward primers directed to mouse PRLR
common extracellular domain and reverse primers directed specifi-
cally to intracellular domains of mouse PRLRlong, S1, S2, or S3
PRLRshort isoforms and forward and reverse primers directed to
cyclophilin were used (Table 1). All primers were designed using
Primer 3 software (Steve Rozen) and obtained from Eurogentec
(Angers, France).

Real-time PCR was performed using Applied Biosystems 7300
Real-Time PCR System. For each reaction, 25 �l of solution contain-
ing 5 �l of cDNA, 20 �M forward and reverse primers, and 12.5 �l
of Power SyberGreen PCR Master Mix (Applied Biosystems, Carls-
bad, CA) was used. All reactions were performed in duplicate.
Negative controls included amplification of RNA (without reverse
transcription) and water. Amplification was initiated by a 2-min
preincubation at 50°C followed by 40 cycles at 95°C for 30 s, 60°C
for 1 min, 95°C for 15 s, and 60°C for 30 s, terminating at 95°C for
the last 15 s (melting).

Expression levels were normalized to mouse cyclophilin expres-
sion, performed in parallel as endogenous control. Real-time PCR
data were analyzed by calculating the 2��CT value for each experi-
mental unit, with CT being the cycle threshold number and �CT being
the difference between the CT values for each PRLR isoform and
cyclophilin. In Table 2, the percentage of expression of each PRLR
isoform was calculated relative to the expression of total PRLR in WT

or TG mice. In Fig. 7, data for each PRLR isoform mRNA were
expressed relative to PRLR expression in WT mice.

Statistical Analysis

In vivo experiments. BrdU-positive cells were counted in four
randomly selected slices from each animal. Results were expressed as
the percentage 	 95% confidence interval (CI) of BrdU-positive cells.
Differences between proportions were analyzed by �2 (21). TUNEL-
positive anterior pituitary cells were counted on 10–20 fields (�400)
in anterior pituitary sections from each mouse. The mean of TUNEL-
positive cells per field from each mouse was considered an individual
value and analyzed by Student’s t-test (21). Pituitary weight, body
weight, and real-time PCR data were expressed as means 	 SE and
analyzed by Student’s t-test. Differences were considered significant
if P 
 0.05. Statistical analysis was performed using GraphPad Prism
4 software.

In vitro experiments. The number of TUNEL-positive and BrdU-
positive GH3 cells, total anterior pituitary cells, and lactotropes

Fig. 2. Prolactin receptor (PRLR) antagonist �1–9-G129R-hPRL increases
anterior pituitary cell proliferation in vivo. WT and TG mice expressing
�1–9-G129R-hPRL were injected with bromodeoxyuridine (BrdU; 50 mg/kg)
and euthanized 24 h later. A: each column represents the percentage 	
confidence interval (CI; 95%) of BrdU-positive cells (n � 10,000 cells/animal,
4–6 animals/group). **P 
 0.01 vs. WT, �2 test. B: each column represents
the mean 	 SE of terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL)-positive cells/field (n � 6–8
animals/group).

Fig. 3. PRLR blockade by �1–9-G129R-hPRL induces proliferation of GH3
cells. GH3 cells were incubated with or without �1–9-G129R-hPRL (5 �g/ml)
for 8 h. A: proliferation rate was determined by BrdU incorporation and
fluorescence microscopy. Each column represents the percentage 	 CI (95%)
of BrdU-positive GH3 cells (n � 1,000 cells/group). **P 
 0.01 vs. respective
control (CTRL) without �1–9-G129R-hPRL, �2 test. B: representative images
of GH3 cells showing immunoreactivity for BrdU (red) counterstained with
4,6-diamidino-2-phenylindoledihydrochloride (DAPI; blue). Arrowheads indi-
cate BrdU-positive cells. Scale bar, 50 �m.
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was determined in duplicate slides from independent experiments.
Results were expressed as the percentage 	 95% CI of TUNEL-
positive or BrdU-positive cells or TUNEL-positive or BrdU-posi-
tive lactotropes of the total number of cells counted in each specific

condition. Differences between proportions were analyzed by
�2 (24).

The percentage of hypodiploid cells or cells in the S, G2/M, or
G0/G1 phases of the cell cycle was expressed as means 	 SE of five

Fig. 4. PRLR antagonism increases the per-
centage of GH3 cells in S phase of the cell
cycle. GH3 cells were incubated with or
without PRLR antagonist �1–9-G129R-
hPRL (5 �g/ml) for 8 h. A–D: cell cycle was
analyzed by flow cytometry using propidium
iodide (PI). Each column represents the per-
centage 	 SE of G0/G1 phase (A), S phase
(B), and G2/M phase cells (C) (n � 5 wells/
group). *P 
 0.05 vs. respective control
without �1–9-G129R-PRL, Student t-test.
D: representative histograms of DNA content
of GH3 cells incubated in the presence or
absence of the PRLR antagonist.

Fig. 5. PRLR antagonism decreases GH3 cell
apoptotic rate. GH3 cells were incubated with
or without PRLR antagonist �1–9-G129R-
hPRL (5 �g/ml) for 8 h. A: each column
represents the percentage 	 CI (95%) of
TUNEL-positive cells (n � 1,000 cells/group).
*P 
 0.05 vs. respective control without �1–
9-G129R-hPRL, �2 test. B: representative im-
ages of GH3 cells showing DNA fragmenta-
tion determined by the TUNEL method
(green). Arrowheads indicate apoptotic cells.
Scale bar, 50 �m. C: %hypodiploid cells was
determined by flow cytometry using PI. Each
column represents the mean 	 SE of the per-
centage of sub-G1 cells (n � 5–6 wells/group).
*P 
 0.05 vs. respective control without �1–
9-G129R-PRL, Student t-test. D: representa-
tive histograms of fluorescence intensity of
DNA content of GH3 cells incubated in the
presence or absence of the PRLR antagonist.
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to six wells per group and analyzed by Student’s t-test. Differences
were considered significant if P 
 0.05. Statistical analysis was
performed using GraphPad Prism 4 software.

RESULTS

Anterior Pituitary Cell Turnover in the Presence of PRLR
Antagonist

To study the action of endogenous PRL in anterior pituitary
cell renewal, we evaluated the effect of PRLR antagonist
�1–9-G129R-hPRL in vivo, using transgenic mice that consti-
tutively and systemically express this antagonist (25). WT and
TG mice were injected with BrdU and euthanized 24 h later.
Rates of apoptosis and mitosis in the anterior pituitary were
assessed. Although body weight remained unchanged, the
weight of the pituitary gland in TG mice was 25% higher than
in WT mice (Fig. 1, A and B). Microscopic observation of
tissue sections suggested that this increase was due to anterior
pituitary gland hyperplasia (Fig. 1C). In fact, the anterior
pituitary proliferation index (%BrdU-positive cells, detected
by immunofluorescence) was significantly higher in TG mice

than in WT mice (Fig. 2A). We observed no changes in
apoptotic rate in pituitaries from TG mice (Fig. 2B). The
increase in cell proliferation resulting from inhibition of PRLR
signaling by the presence of �1–9-G129R-hPRL supports an
antiproliferative role of endogenous PRL in the anterior pitu-
itary gland.

Effect of PRLR Antagonism on Proliferation and Apoptosis
of GH3 Somatolactotrope Cell Line and Anterior Pituitary
Cells in Culture

Transgenic mice expressing the PRLR antagonist �1–9-
G129R-hPRL were reported to have normal PRL serum levels
(25), suggesting no profound alteration of the dopaminergic
tone. Consequently, we hypothesized that the increased cell
proliferation observed in anterior pituitaries of these mice was
more likely to reflect a direct effect of PRLR antagonism than
a reduction of the inhibitory dopaminergic tone. To explore
this hypothesis, we investigated the effect of the PRLR antag-
onist on GH3 cells, a somatolactotrope cell line that constitu-
tively releases PRL (19). To inhibit activation of PRLR by

Fig. 6. PRLR blockade by �1–9-G129R-
hPRL induces proliferation and decreases ap-
optosis of total anterior pituitary cells and
lactotropes in culture. Primary cultures of
anterior pituitary cells were incubated with or
without �1–9-G129R-hPRL (5 �g/ml) for 8
h. A and B: proliferation rate was determined
by BrdU incorporation and fluorescence mi-
croscopy. Lactotropes were identified by im-
munocytochemistry. Each column represents
the percentage 	 CI (95%) of BrdU-positive
total anterior pituitary cells (n � 1,200 cells/
group; A) and lactotropes (n � 200 cells/
group; B). *P 
 0.05 vs. respective control
without �1–9-G129R-hPRL, �2 test. C: repre-
sentative images of anterior pituitary cells and
lactotropes (red) showing immunoreactivity for
BrdU (green) counterstained with DAPI (blue).
Arrowheads indicate BrdU-positive cells. Scale
bar, 50 �m. D and E: apoptosis rate was deter-
mined by TUNEL assay and fluorescence mi-
croscopy. Lactotrpes were identified by immu-
nocytochemistry. Each column represents the
percentage 	 CI (95%) of TUNEL-positive
total anterior pituitary cells (n � 900 cells/
group; D) and lactotropes (n � 200 cells/group;
E). *P 
 0.05 vs. respective control without
�1–9-G129R-hPRL, �2 test. **P 
 0.01.
F: representative images of anterior pituitary
cells and lactotropes (red) TUNEL-positive
(green) counterstained with DAPI (blue). Ar-
rowheads indicate TUNEL-positive cells.
Scale bar, 50 �m.
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endogenous PRL secreted into the culture medium, GH3 cells
were incubated with or without �1–9-G129R-PRL (5 �g/ml)
for 8 h. Six hours before fixation, BrdU was added to the
culture medium. The percentage of BrdU-positive cells (de-
tected by immunofluorescence) increased under treatment with
the PRLR antagonist (Fig. 3). In other experiments, we eval-
uated the effect of �1–9-G129R-hPRL on GH3 cell cycle
progression using flow cytometry. The percentage of cells in
the S phase increased when PRL effect was antagonized by
�1–9-G129R-hPRL, whereas the proportion of cells in the
other phases of the cell cycle was not modified by the antagonist
(Fig. 4). We also studied the effect of the PRLR antagonist on the
apoptosis of GH3 cells. Cells were incubated with or without
�1–9-G129R-hPRL for 8 h. Apoptosis was evaluated by TUNEL
method and flow cytometry (as %cells with hypodiploid DNA
content). We observed a reduction in apoptosis when GH3
cells were incubated in the presence of the PRLR antagonist
(Fig. 5).

The effect of endogenous prolactin on anterior pituitary cell
renewal was also confirmed using primary cultures. The block-
ade of PRLR by �1–9-G129R-hPRL (5 �g/ml, 8 h) induced
both an increase in BrdU-positive (Fig. 6A) and a reduction in
TUNEL-positive anterior pituitary cells (Fig. 6D). PRL immu-
nostaining (Fig. 6, C and F) revealed that lactotropes were
affected by PRLR signaling blockade. Also, a subpopulation of
PRL-negative cells was responsive to PRLR antagonist. Taken
together, these results suggest that PRL released into the
medium acts as a proapoptotic and antiproliferative factor in
anterior pituitary cells, including lactotropes.

Effect of PRLR Antagonism on the Expression of PRLR
Isoforms in the Anterior Pituitary

Anterior pituitaries from WT and TG mice expressing �1–
9-G129R-hPRL were harvested and processed for RNA extrac-
tion. Quantitative RT-PCR was performed using specific prim-
ers for long or short (S1, S2, and S3) PRLR isoforms. The main
isoform expressed in the anterior pituitary from WT or TG
mice was PRLRlong. The expression of S1 PRLRshort was not
detected in the anterior pituitary of any genotype (Table 2).
The presence of the PRLR antagonist modified the expression
of PRLRlong and S3 PRLRshort isoforms. PRLRlong expression
increased �10-fold in the presence of the PRLR antagonist,
whereas S3 PRLRshort expression increased only modestly
(Fig. 7). The S2 and S3 PRLRshort isoforms combined represent
�8% of total PRLR expression in WT mice, whereas this
proportion decreased to 
1% in the presence of the PRLR
antagonist (Table 2). Taken together, these results suggest that
PRL inhibits the expression of the PRLRlong isoform in the
anterior pituitary.

DISCUSSION

In the present report, we show that antagonizing PRLR
expressed in pituitary cells using a pure PRLR antagonist
devoid of residual agonistic activity leads to increased cell
proliferation and decreased apoptosis. This study strongly
suggests that endogenous PRL naturally secreted by anterior
pituitary cells exerts autocrine/paracrine antiproliferative and
proapoptotic effects. It was suggested that lactotrope hyperpla-
sia and pituitary tumor development observed in D2R�/� mice
could be due to the high circulating PRL levels observed in

these animals. Hence, PRL would act as an autocrine prolifer-
ative factor for anterior pituitary cells, particularly lactotropes
(15, 17, 26). Contrary to this hypothesis, observations in
PRL�/� mice indicated that PRL is not necessary for the onset
or progression of pituitary hyperplasia and that the lack of the
dopamine inhibitory signal is the primary factor inducing
abnormal lactotrope growth in these knockout mice (8). How-
ever, the fact that double-knockout mice lacking both PRLR
and D2R exhibited further increased pituitary weight compared
with single knockouts argued for a dopamine-independent
control of pituitary growth by PRL (27).

We observed that the inhibition of PRLR activation in
�1–9-G129R-hPRL TG mice increased anterior pituitary cell
proliferation about 15-fold. Dopaminergic control of lactotrope
function involves inhibition of lactotrope proliferation (2) and
induction of apoptosis through D2 receptor activation (23). It
could be speculated that functional inhibition of hypothalamic
PRLR in these TG mice could decrease dopamine release to the
portal system, leading to a reduction in dopaminergic inhibi-
tory activity at the pituitary level. However, contrary to what
was reported for PRLR�/� mice, 6-mo-old �1–9-G129R-hPRL
mice present no clear increase in serum PRL levels (25),
suggesting that the dopaminergic tone is not altered profoundly
in these mice. An incomplete blockade of PRLR at the hypo-
thalamic level in male TG mice may lead to the absence of
significant variations in serum PRL at the age studied. Accord-
ingly, studies involving primary cultures of rat hypothalamic
cells showed that a small population of cells positive for the
dopamine-synthesizing enzyme tyrosine hydroxylase was re-
sistant to very high concentrations of PRLR antagonist (18).
Hence, the inhibition by the antagonist of a direct action of
PRL at the pituitary level could explain the effects reported in
this study for TG mice.

In fact, our in vitro studies show direct effects of the PRLR
antagonist on GH3 cells as well as on normal anterior pituitary
cells and lactotropes, increasing proliferation and reducing
apoptosis. These observations suggest that pituitary PRL reg-

Fig. 7. PRLR expression increases in the presence of �1–9-G129R-hPRL.
Expression of PRLR isoforms in anterior pituitary gland from WT and TG
mice expressing �1–9-G129R-hPRL. Real-time RT-PCR was performed using
specific primers for the PRLR long and short (S1, S2, S3) isoforms. Each
column represents the relative increment 	 SE of the long isoform of the
PRLR (PRLRlong), S2 short isoform of the PRLR (PRLRshort), or S3 PRLRshort

isoform expression compared with each isoform in WT mice (n � 5–6
animals/group). **P 
 0.01 and *P 
 0.05, Student t-test. AU, arbitrary units.
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ulates anterior pituitary cell turnover via autocrine/paracrine
mechanisms. Although we observed no change in apoptosis of
anterior pituitaries from �1–9-G129R-hPRL TG mice, our in
vitro experiments indicate that PRL exerts a proapoptotic
action on anterior pituitary cells, suggesting that this effect
contributes to the role of PRL in anterior pituitary cell renewal.
The failure to detect in vivo increased apoptosis in the presence
of PRLR antagonist could be due to the low apoptotic rate of
pituitary gland and the rapid removal of apoptotic bodies by
neighboring cells (21). Alternatively, because �1–9-G129R-
hPRL acts in a competitive manner to prevent PRL from
binding its receptor, the antagonist/agonist molar ratio existing
inside the pituitary of TG mice may be limiting regarding the
inhibitory effect that could be achieved by the antagonist.
Taken together, these observations suggest that the increase in
pituitary weight observed when PRLR signaling is reduced in
these TG mice would be a consequence of the decrease of
antiproliferative and proapoptotic actions exerted by pituitary
PRL in anterior pituitary cells. In this respect, direct compar-
ison of pituitary hypertrophy in our mice vs. age-matched
PRLR-knockout (in which PRLR signaling is totally abol-
ished) could not be made since Schuff et al. (27) reported data
for animals of 1 yr of age and older. Although paracrine or
indirect effects involving other PRL-regulated factors as pro-
posed previously (27) cannot be completely ruled out, the
response of lactotropes to the inhibition of PRLR signaling
supports the hypothesis that this hormone acts primarily as an
autocrine factor on lactotropes. In addition, PRL also affects
the turnover of other anterior pituitary cell types.

The ultimate effects of PRL on its target tissues depend on
the type of PRLR isoforms that are expressed, since they
display different abilities to trigger intracellular signaling path-
ways. Our study indicates that both long and short PRLR
isoforms are present in anterior pituitary from male mice and
that the isoform expressed mainly is the long form of the
PRLR, as Nagano and Kelly (20) reported in female rat
pituitary. PRL has been shown to inhibit its own action by
various mechanisms, including reduction of its own expression
(9), negative regulation of intracellular signaling (1), and
PRLR internalization (29). In the presence of the PRLR antag-
onist, we noticed an increase of PRLRlong mRNA expression,
suggesting that PRL is able to downregulate its own activity in
the anterior pituitary gland by reducing PRLR expression, as
shown previously in other tissues (7).

In female rats, the anterior pituitary cell turnover that takes
place at each estrous cycle is a highly regulated process in
which several factors were demonstrated to participate (32). A
peak of proliferation occurs at estrus, whereas the highest rate
of apoptosis is observed at proestrus (14, 31). PRL plasma
levels are relatively constant along the estrous cycle, except
during proestrus, when an abrupt increase in its secretion
occurs as a result of high circulating estrogen levels (11). Because
the peak of PRL occurs when the rate of apoptosis is the highest,
the proapoptotic and antiproliferative effects of PRL observed in
the present study could be involved in the control of the cyclic
changes in anterior pituitary cell renewal that occurs in each
estrous cycle in females. The role and mechanisms of action of
PRL in regulating the plasticity of anterior pituitary gland in
female rodents is under investigation by our group.

In conclusion, the present study indicates that PRL could be
involved in the maintenance of physiological cell turnover in

the anterior pituitary and suggests that alterations in PRL
function could contribute to pituitary tumor development. Be-
cause prolactinomas are benign PRL-hypersecreting tumors,
one question that arises from this work is to which extent
antiproliferative and proapoptotic properties of PRL are main-
tained in prolactinomas and possibly contribute to their phe-
notype. Further investigations are needed to elucidate the role
of the antiproliferative and proapoptotic actions of PRL and
PRLR signaling in anterior pituitary tumorigenesis.
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