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(Ponts disulfures) 
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Beige differentiation of adipose depots in mice lacking
prolactin receptor protects against high-fat-diet-
induced obesity
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ABSTRACT Stimulating conversion of white fat to
metabolically active adipocytes (beige fat) constitutes a
promising strategy against weight gain and its deleteri-
ous associated-disorders. We provide direct evidence
that prolactin (PRL), best known for its actions on the
mammary gland, plays a pivotal role in energy balance
through the control of adipocyte differentiation and
fate. Here we show that lack of prolactin receptor
(PRLR) causes resistance to high-fat-diet-induced obe-
sity due to enhanced energy expenditure and increased
metabolic rate. Mutant mice displayed reduced fat
mass associated with appearance of massive brown-like
adipocyte foci in perirenal and subcutaneous but not in
gonadal fat depots under a high-fat diet. Positron
emission tomography imaging further demonstrated
the occurrence of these thermogenic brown fat depots
in adult mice, providing additional support for re-
cruitable brown-like adipocytes (beigeing) in white fat
depots. Consistent with the activation of brown adipose
tissue, PRLR inactivation increases expression of mas-
ter genes controlling brown adipocyte fate (PRDM16)
and mitochondrial function (PGC1a, UCP1). Altered
pRb/Foxc2 expression suggests that this PRL-regulated

pathway may contribute to beige cell commitment.
Together, these results provide direct genetic evidence
that PRLR affects energy balance and metabolic adap-
tation in rodents via effects on brown adipose tissue
differentiation and function.—Auffret, J., Viengcha-
reun, S., Carré, N., Denis, R. G. P., Magnan, C., Marie,
P.-Y., Muscat, A., Fève, B., Lombès, M., Binart, N.
Beige differentiation of adipose depots in mice lacking
prolactin receptor protects against high-fat-diet-in-
duced obesity. FASEB J. 26, 3728–3737 (2012). www.
fasebj.org

Key Words: thermogenesis z adipocyte

Body weight is finely regulated through energy
expenditure and nutritional, neuronal, and hormonal
signals. Organs, such as the brain, pancreas, and liver,
skeletal muscle, and adipose tissue can integrate these
endogenous or environmental factors to ensure meta-
bolic homeostasis. Prolactin (PRL), initially identified
for its ability to stimulate mammary gland development
and lactation, was thereafter suspected to exert pleio-
tropic functions, including effects on growth, develop-
ment, immunoregulation, brain function and behavior,
and electrolyte and energy homeostasis (1–3). How-
ever, the physiological relevance of most of these
functions in humans remains an open issue.

The biological actions of PRL are mediated by its
interaction with PRL receptor (PRLR), a member of
the cytokine receptor superfamily (4, 5). Compared to
growth hormone and its cognate receptor, the actions

1 Correspondence: INSERM U693, Le Kremlin-Bicêtre,
F-94276, France. E-mail: nadine.binart@inserm.fr
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pose tissue; C/EBPb, CCAAT/enhancer-binding protein b;
DEXA, dual-energy X-ray absorptiometry; FDG, fluoro-2-de-
oxyglucose; FOXC2, forkhead box protein C2; HFD, high-fat
diet; HOMA, homeostasic model assessment; IL-6, interleu-
kin-6; PBS, phosphate-buffered saline; PET, positron emission
tomography; PGC1a, peroxisome proliferator-activated re-
ceptor g coactivator 1a; PPARg, peroxisome proliferator-
activated receptor g; pRb, protein retinoblastoma; PRDM16,
PR domain-containing 16; PRL, prolactin; PRLR, prolactin
receptor; Rb, retinoblastoma; SC, standard chow; SREBP1,
sterol regulatory element-binding protein 1; UCP1, uncou-
pling protein 1; WAT, white adipose tissue; ZFP423, 30-zinc
finger transcription factor
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of PRL and PRLR on metabolic homeostasis under
nonlactating conditions have received less attention.
However, within the past decade, a wealth of experi-
mental data has documented the potential role of
PRLR signaling in body weight regulation, pancreas
development and insulin secretion, and adipose tissue
physiology (3). Regarding body weight regulation,
some conflicting results have emerged from PRLR2/2

mice, while decreased weight gain was observed in 8–9
mo old PRLR2/2 females (6). This was not confirmed
by subsequent studies in younger animals (7, 8).

Interestingly, several reports described higher body
weight in humans with prolactinoma, but the mecha-
nisms underlying this association are poorly under-
stood and likely pleiotropic (9). Some researchers
suggest that weight loss in humans occurs after com-
plete or near normalization of serum PRL with dopa-
mine agonists (10). Several lines of evidence support a
direct role for PRL in adipogenesis. PRL enhances the
expression of CCAAT/enhancer-binding protein b (C/
EBPb) and peroxisome proliferator-activated receptor
g (PPARg) in NIH-3T3, two master genes of adipogen-
esis (11). Lack of PRLR in mice results in an impaired
development of both parametrial and subcutaneous
adipose tissues associated with a lower number of
adipocytes without change in their volume (8). PRL
signaling also alters lipid metabolism through inhibi-
tion of lipoprotein lipase activity in human white adi-
pose tissue (WAT) and inhibits release of adipokines,
including leptin, adiponectin, and interleukin-6 (IL-6)
(12). In addition, PRL potentiates the insulin effect on
leptin release in cultured brown adipocytes (13). Most
important, PRL signaling is essential for normal peri-
natal brown adipocyte thermogenesis. Newborn mice
lacking PRLR have hypotrophic brown adipose tissue
(BAT) depots that express low levels of adipogenic
markers, reducing mouse viability during cold chal-
lenge (14). Moreover, immortalized PRLR2/2 preadi-
pocytes fail to undergo differentiation into mature
brown adipocytes, and could be rescued by reintroduc-
tion of PRLR (14). Interestingly, PRL is also released
both by primary preadipocytes and adipose explants,
and its expression changes according to WAT localiza-
tion, suggesting a potential autocrine-paracrine loop in
a depot-specific manner (15).

Although all these experimental data converge to
support a physiological role of PRLR in the control of
energy homeostasis, the pathophysiological involve-
ment of this receptor on adipocyte plasticity remains
unclear. The aim of the present study was to clarify the
potential adaptive function of PRL signaling under
obesogenic conditions. For this purpose, we subjected
PRLR2/2 mice to a high-fat diet (HFD) for 16 wk and
analyzed their metabolic phenotypes. Remarkably,
PRLR2/2 mice were highly resistant to HFD-induced
obesity, a phenomenon that involves a brown conver-
sion of white fat depots defined as beigeing (16, 17).
Thus, manipulations of the PRL signaling pathway
could hopefully be translated into adjunct therapy to
raise energy expenditure and promote weight loss.

MATERIALS AND METHODS

Mice

PRLR2/2 and wild-type male mice (8 wk old), on a pure
129/SvJ background, were kept on a 12-h light-dark cycle in a
temperature-controlled colony room with ad libitum access to
tap water, and were challenged for 16 wk with standard chow
(SC; 17% fat, 23% protein, 60% carbohydrates; Harlan,
Gannat, France) or HFD (60% fat, 20% protein, 20% carbo-
hydrates; Research Diets, Gentofte, Denmark) (18). Body
weight was measured weekly. Mice were sacrificed, and tissues
were removed, weighed, and used for subsequent gene ex-
pression and histological analyses. All procedures were ap-
proved by the Ministère de l’Agriculture, France.

Body fat determination

Body weight composition was evaluated by dual-energy X-ray
absorptiometry (DEXA) using a Piximus apparatus (Lunar
Corp.; Madison, WI, USA). Mice were anesthetized by intra-
peritoneal injection (100 ml/10 g body weight) of a saline
mixture containing 0.1% xylazine (Rompun; Bayer Pharma;
Puteaux, France) and 10 mg/ml of ketamine (Imalgène 1000,
Merial, Lyon, France). Fat mass and lean masses were calcu-
lated according to computerized measurements of the Pixi-
mus apparatus.

Metabolic parameters exploration

Mice were analyzed for whole-body energy expenditure, as
well as oxygen consumption (VO2), food intake (g), and
spontaneous activities using calorimetric cages with bedding.
They had ad libitum access to food and water (Labmaster; TSE
Systems GmbH, Bad Homburg, Germany). Animals were
acclimated in individual cages for 48 h before experiments.
Data were recorded every 40 min during the entire experi-
ment. The flow was calibrated with O2 and CO2 mixtures of
known concentrations before the experiment. Whole energy
expenditure was calculated according to the Weir equation.
Food and water consumption were recorded by highly sensi-
tive online feeding and drinking sensors. Each cage enabled
tracking of mice with infrared light, thus allowing measure-
ment of total activity. The sensors for gases and detection of
movement operate efficiently in both light and dark phases,
allowing continuous recording. Mice were monitored for
body weight and composition at entry and exit of the exper-
iment. Body mass composition (lean tissue mass, fat mass, free
water, and total water content) was analyzed using an
EchoMRI whole-body composition analyzer (Echo Medical
Systems, Houston, TX, USA). Data analysis was performed
using extracted value of VO2 consumed, (expressed in ml/kg/
h), and energy expenditure (kcal/kg/h).

Plasma measurements

Blood was collected at sacrifice, and fasting plasma insulin in
mice unfed for 16 h was measured using the Ultra Sensitive
Insulin ELISA kit (Crystal Chem Inc., Downers Grove, IL,
USA). Glycemia was determined with Accu-Chek Performa
Glucometer (Roche, Bâle, Switzerland). Plasma leptin and
resistin were measured using the MADPK-71K kit (Milli-
pore, Molsheim, France). Total cholesterol levels were
determined by enzymatic colorimetric assays (Sobodia,
Montbonnot-Saint-Martin, France).
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Homeostasic model assessment (HOMA) determination

The HOMA-IR and HOMA-b indexes were used to quantify
insulin resistance and b-cell function, respectively. These
indexes were determined as follows: HOMA-IR 5 (glucose 3

insulin)/405 and HOMA-b 5 (360 3 insulin)/(glucose – 63)
%. Fasting glucose and insulin are expressed as milligrams
per deciliter and milliunits per liter, respectively.

Immunocytochemical and histomorphological procedures

Tissues were fixed overnight in 4% paraformaldehyde, dehy-
drated, and embedded in paraffin, and 5-mm-thick sections
were prepared. Sections were permeabilized with 0.1% Triton
X-100 diluted in phosphate-buffered saline (PBS) for 10 min
at room temperature. Sections were rinsed again in PBS,
incubated in peroxidase blocking solution (3% H2O2 in PBS)
for 10 min to block endogenous peroxidase activity, rinsed in
PBS, and incubated with 5% rabbit serum blocking solution
diluted with antibody diluent (Cell Marque, Rocklin, CA,
USA) for 1 h at room temperature. Sections were subse-
quently incubated overnight at 4°C with goat anti-uncoupling
protein 1 (UCP1) antibody (sc-6528; Santa Cruz Biotechnol-
ogy, Heidelberg, Germany) diluted 1:100. After washes in
PBS, sections were incubated with biotinylated rabbit anti-
goat IgG (Jackson ImmunoResearch Laboratories, Inc., New-
market, UK; diluted 1:500 in blocking solution) for 1 h at
room temperature. Following 3 rinses in PBS, sections were
incubated with HRP-streptavidin (Vector Laboratories, Peter-
borough, UK) diluted in PBS for 45 min at room tempera-
ture, rinsed in PBS, incubated in DAB peroxidase substrate
solution for 2–5 min, rinsed in distilled water, and cover-
slipped with glycergel (Dako, Trappes, France). Paraffin-
embedded adipose sections were analyzed after hematoxylin
and eosin staining. Histological quantification was performed
using the ImageJ software (http://rsbweb.nih.gov/ij/). Adi-
pocyte size was measured on .150 cells per depot and per
mouse (5 mice/group). Percentage of BAT was determined
by calculating BAT area on total area of perirenal adipose
tissue.

Western blot analyses

Total protein extracts were prepared from perirenal WAT
isolated from mice. Briefly, WAT was lysed as described
previously (13) using the Tissuelyser apparatus (Qiagen,
Courtaboeuf, France); then 30 mg of protein was submitted
directly to SDS-PAGE. After protein blotting on an Odyssey

nitrocellulose membrane (LI-COR, Lincoln, NE, USA), blots
were incubated for 1 h at room temperature in a blocking
buffer (LI-COR) before an overnight incubation at 4°C with
a sheep anti-UCP1 antibody (1:3000; kindly provided by Prof.
D. Ricquier, Institut Cochin, Paris, France). After washes,
blots were incubated with an IRDye 680-conjugated affinity
purified anti-sheep IgG second antibody (1:10,000; ABM,
Richmond, BC, Canada) for 1 h at room temperature. After
washes, proteins were visualized with an Odyssey Fc apparatus
(LI-COR). GAPDH protein was used as an internal control:
blots were incubated for 1 h at room temperature with rabbit
anti-GAPDH (1:5000; Sigma, Saint-Quentin Fallavier, France)
followed by 1 h incubation at room temperature with an
IRDye 800-conjugated affinity purified anti-rabbit secondary
antibody (1:10,000; Thermo Scientific, Illkirch, France).
UCP1 infrared fluorescence was normalized to GAPDH as
determined by densitometry using the Image Studio software
(LI-COR).

Positron emission tomography (PET)

PET recording was performed on 6-mo-old male mice with
2-[18F]fluoro-2-deoxyglucose (18F-FDG), an 18F-labeled glu-
cose analog, which is known to be actively trapped by acti-
vated BAT in mice (19, 20). After 45 min of cold exposure at
6°C, each of the 4 analyzed mice received ;15 MBq of
18F-FDG via tail-vein injection; 45 min later, a whole-body
recording was started under continuous anesthesia by isoflu-
rane, (5% induction, 1–2% maintenance) and using a dedi-
cated small-animal PET system (Inveon; Siemens, Knoxville,
TN, USA). After a 30-min recording period and conventional
3D image reconstruction, the volume of the foci with high
FDG activity was determined in 2 areas, using a threshold
value of 2 standardized uptake value (SUV): within the
interscapular area, which is known to be a depot of BAT in
normal mice (19, 20), and along the remaining part of the
dorsal walls from the thorax and abdomen, and thus in sites
known to normally involve WAT in normal conditions.

Gene expression analyses

Quantitative real-time PCR was performed as described pre-
viously (14). After DNase I treatment, RNA was reverse
transcribed and used for quantitative RT-PCR (qRT-PCR)
using the Power SYBR Green PCR Master Mix (Applied
Biosystems, Courtaboeuf, France). Final primer concentra-
tions were 300 nM (see Table 1 for primer sequences).
Reaction parameters were carried out on a StepOne Real-

TABLE 1. Primer sequences of genes analyzed in quantitative RT-PCR

Name Accession number Amplicon Sense primer Antisense primer

18S X00686 66 bp CCCTGCCCTTTGTACACACC CGATCCGAGGGCCTCACTA

PRDM16 NM_027504 78 bp CTTCTCCGAGATCCGAAACTTC GATCTCAGGCCGTTTGTCCAT

PGC-1a AF049330 162 bp CCCAGGCAGTAGATCCTCTTCAA CCTTTCGTGCTCATAGGCTTCATA

UCP1 BC01270 150 bp GCCAAAGTCCGCCTTCAGAT TGATTTGCCTCTGAATGCCC

AdRb3 NM_013462 150 bp TGCGCACCTTAGGTCTCATTAT AAGGCGGAGTTGGCATAGC

ZFP423 NM_033327 95 bp CCCCCTGATGGGAATAATGC GCAATGCGCCTGTTGGA

C/EBPa NM_007678 116 bp CGCAAGAGCCGAGATAAAGC CAGTTCACGGCTCAGCTGTTC

PPARg2 U09138 161 bp GCATCAGGCTTCCACTATGGA AAGGCACTTCTGAAACCGACA

SREBP1 NM_011480 83 bp CGGCCCCTTCCCTCTACTC AGATACCACGATTGTTTTGGAAGTG

pRb1 NM_009029 89 bp CTGGCCTGTGCTCTTGAAGTT CCACGGGAAGGACAAATCTGT

Foxc2 NM_013519 120 bp TCCATGGGAACCTTCTTCGA GATCTCAAACTGAGCTGCGGATA

Table shows abbreviations of the genes, their GenBank or U.S. National Center for Biotechnology Information (NCBI) accession number,
and the 5= to 3= nucleotide sequences of the sense and antisense primers.
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Time PCR System (Applied Biosystems). Relative expression
within a given sample was calculated as a ratio [specific gene
(amol)/18S (fmol)]. Results are means 6 se.

Data analysis

Data are expressed as means 6 se. Data were analyzed using
a nonparametric Mann-Whitney test or, for multiple compar-
isons, Kruskal-Wallis test followed by Dunn’s posttest as ap-
propriate with use of the computer software Prism 5 (Graph-
Pad Software, San Diego, CA, USA). Comparisons between time
points were analyzed using linear regression. Values of P , 0.05
were considered statistically significant.

RESULTS

PRLR2/2 mice are resistant to HFD-induced obesity
despite high food intake

Previous studies on PRLR2/2 mice showed a mild body
weight difference compared to wild-type mice (6). We
examined whether this receptor inactivation affects
body weight regulation. We found that PRLR knockout
resulted in a small decrease in the body weight gain
over the 24 wk when male mice were maintained on SC
(Fig. 1A). To investigate further the metabolic effect
of PRL signaling, we subjected the PRLR2/2 and
control mice to an HFD. As expected, 16 wk of ad
libitum HFD feeding caused a sharp increase in body
weight in both groups; however, PRLR2/2 mice
gained 16% less weight than controls during the

same period (P,0.001; Fig. 1A). This difference of
body weight was associated with a profound reduc-
tion of adipose mass with no difference in the lean
mass, as revealed by DEXA method (P,0.01; Fig. 1B,
C). Indeed, examination of body fat mass revealed a
marked 40% reduction of the perirenal adipose pad
normalized to body weight in PRLR2/2 mice
(P,0.01; Fig. 1D), while gonadal and subcutaneous
WAT depot, kidney, and spleen weights (Fig. 1E–H)
were similar, pointing to a genotypic and diet-related
difference in site-specific adipose depots.

To investigate the mechanisms underlying the resis-
tance to HFD-induced obesity of PRLR2/2 mice, we
measured behavioral and metabolic adjustments to the
diet, given that energy intake should equal energy
expenditure to maintain energy homeostasis. As de-
picted in Fig. 2A, over 4 consecutive days in metabolism
cages, cumulative food intake on SC feeding was signif-
icantly increased in PRLR2/2 mice compared to con-
trols; the same trend was observed when animals were
fed HFD. No change in locomotor activity was detected
between the groups (Supplemental Fig. S1). Oxygen
consumption and energy expenditure were signifi-
cantly increased in PRLR2/2 mice as compared to WT
mice both on SC feeding and after 16 wk of HFD
feeding (Fig. 2B, C). Under HFD, diet-induced en-
hancement of metabolic rate and energy expenditure,
normalized to lean mass, was calculated at 9.5 and
9.8%, respectively, in control mice but increased to 12.8
and 11.9% in PRLR2/2 mice. Taken together, our data
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Figure 1. Lack of PRLR impaired HFD-induced obesity in male mice. A) Body weights of PRLR1/1 (n55–9) and PRLR2/2 mice
(n58–9) during 16-wk time course of SC or HFD feeding. Linear regression was performed for each curve, and regression
coefficients were compared. B) Representative images of DEXA analyses in PRLR1/1 and PRLR2/2 mice under SC or HFD
feeding. C) Determination of body fat mass percentage following DEXA analyses (n55–9). D–F) Perirenal (D) gonadal (E), and
subcutaneaous (F) WAT/body weight (BW) ratio were determined on 6-mo-old PRLR1/1 (n55–9) and PRLR2/2 (n58–9)
mice. Results are expressed as mean 6 se WAT mass (mg)/BW (g) (‰). G, H) Kidney (G) and spleen (H) mass. Results are
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demonstrate that PRL signaling is involved in normal
energy expenditure and body weight regulation.

PRLR2/2 mice are protected against HFD-induced
insulin resistance

To further assess the effect of PRLR deletion on glucose
metabolism, we showed that under HFD, WT mice exhib-
ited a glucose intolerance associated with a drastic in-
crease in plasma insulin levels; whereas PRLR2/2 mice
improved their glucose homeostasis, as revealed by nor-
mal glycemia with appropriate insulin secretion (Fig. 3A,
B). Calculated HOMA-IR and HOMA-b indexes pro-
vided additional support for the improvement of insu-
lin resistance and the conservation of insulin secretion
in the absence of PRLR under HFD conditions (Fig. C,
D). Leptin levels were elevated after HFD feeding in
both groups, but they were significantly lower in the
PRLR2/2 mice than in control mice, as expected from
lesser weight gain (Fig. 3E). Finally, in contrast to WT
mice, resistin levels were unchanged in PRLR2/2 mice,
whatever the diet, excluding a major contribution of
this insulin action inhibitor in the prevention of HFD-
induced glucose intolerance (Fig. 3F).

BAT-like remodeling of perirenal WAT in
PRLR2/2 mice

We next explored whether the resistance to HFD-
induced body weight gain in PRLR2/2 mice was asso-
ciated with histomorphological modifications of fat
depots. Both subcutaneous and gonadal WAT disclosed
a marked reduction of adipocyte size in PRLR2/2 mice
under HFD conditions, consistent with the global de-
crease in fat mass (Supplemental Fig. S2). This finding
suggests a major effect of PRL signaling on the adi-
pocyte metabolic activity. Several multilocular brown-
like adipocytes were detected in perirenal WAT of
PRLR2/2 HFD-fed males (Fig. 4A). In contrast, signif-
icantly fewer brown-like adipocytes were found embed-
ded in the perirenal fat depot of PRLR1/1 HFD-fed
mice (Fig. 4A). Quantification of brown-like adipose
area in the perirenal tissues showed a dramatic increase
of the emergence of browning (Fig. 4B), suggesting
that in the absence of PRL signaling, HFD induces
BAT-like remodeling of perirenal WAT, as revealed by
BAT-specific UCP1 immunostaining (Fig. 4C). These
observations were confirmed by Western blot analysis
(Fig. 4D) that revealed a 3-fold increase of UCP1
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protein in perirenal WAT of PRLR2/2 mice. Further
evidence for increased metabolic activity in PRLR2/2

mice was provided by PET tracking of uptake of FDG, a
glucose analog taken up avidly by activated BAT in
humans as well as in rodents after a cold challenge (19,
20). As illustrated in Fig. 4E, all mice had large foci of
high FDG uptake in the upper part of the dorsal body
area, as visualized on frontal and sagittal sections.
PRLR2/2 animals exhibited additional foci of high
FDG activity in the sites known to mainly harbor WAT
under normal conditions, with a calculated FDG activity
volume of 78561.35 mm3, compared to 46361.81 mm3

in PRLR1/1 mice.
Among multiple metabolic adaptations, HFD en-

hances dissipation of chemical energy in the form of
heat in brown adipocytes (21). This physiological ad-
justment is achieved through activation of peroxisome
proliferator-activated receptor g coactivator 1a (PGC1a)-
dependent pathways that leads to mitochondrial biogen-
esis and increased expression of BAT-selective genes [PR
domain-containing 16 (PRDM16), UCP1]. To gather
insights into adipocyte function and to further evaluate
the effect of PRLR on adipocyte differentiation, we

assessed the expression of brown and adipogenic mark-
ers in different WAT depots. As presented in Fig. 5A,
HFD strongly induced PRDM16, PGC1a, UCP1, and
adrenoreceptor b3 (AdRb3) mRNA expression in peri-
renal WAT of PRLR2/2 mice along with the pro-
nounced BAT-like phenotype, in contrast to what was
observed under SC feeding. Interestingly, the expression
of adipogenic markers, such as 30-zinc finger transcrip-
tion factor (ZFP423), C/EBPa, PPARg2, and sterol regu-
latory element-binding protein 1 (SREBP1), was signifi-
cantly reduced in WAT depots of PRLR2/2 mice as
compared to those of WT animals under SC feeding.
This impaired expression of adipogenic genes in WAT
was rescued after HFD (Fig. 5B), which suggests that
compensatory mechanisms may counteract PRL signal-
ing defects. Interestingly, this adaptive brown-like cell
programming is highly dependent on the location of
adipose depots, in subcutaneous but not gonadal fat
(Supplemental Fig. S3), in accordance with the well-
known plasticity of specific fat depots (22, 23). Alto-
gether, these data indicate that the lack of PRL signal-
ing selectively facilitates BAT-like remodeling under
specific metabolic conditions.
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Altered protein retinoblastoma (pRb)/forkhead box
protein C2 (Foxc2) pathway is a key molecular switch
for beige cell emergence

We next investigated the molecular mechanisms by
which the absence of PRL signaling is associated with
the emergence of UCP1-expressing beige fat cells and
resistance to HFD-induced obesity. We focused our
attention on pRb, a transcription factor involved in cell
cycle, previously reported as a downstream effector of
PRL signaling (24). In addition, given that pRb plays a
key role in fate choice of differentiating common
mesenchymal precursors toward adipocytes (25), we
hypothesized that pRb could regulate adipocyte differ-
entiation and beige conversion. pRb expression was
drastically increased on HFD feeding whatever the
genotype (Fig. 5C, top panel); however, PRLR2/2 mice
displayed a marked reduction of pRb expression in
perirenal depots as compared to PRLR1/1 mice.

We also investigated Foxc2 expression, another im-
portant transcriptional factor regulating adipocyte me-
tabolism and mitochondrial function (26). Foxc2 ex-
pression was significantly reduced in PRLR2/2 mice
under SC feeding as compared to PRLR1/1 mice,
concomitant with the reduction of adipogenic markers
(see Fig. 5C, bottom panel). In contrast, Foxc2 mRNA
levels were greatly enhanced under HFD feeding, con-
sistent with the prominent role of this forkhead tran-
scription factor as a key metabolic regulator of brown
adipocytes. Hence, our experiments demonstrate that
in mice lacking PRLR, both perirenal and subcutane-
ous WAT have acquired a brown fat-like phenotype
under HFD feeding, referred to as beigeing. In addi-

tion, the coordinated changes in pRb and Foxc2 path-
ways may constitute a molecular switch for preferential
metabolic transdifferentiation in this model.

DISCUSSION

While PRL is known as the pituitary hormone of
lactation, accumulating evidence shows that it exerts
pleiotropic effects, including growth and metabolic
actions (2, 3). Here, we demonstrate that PRLR is an
important effector modulating adipocyte fate and dif-
ferentiation with effect on energy homeostasis and
adaptive thermogenesis.

Despite increased food intake in both SC and HFD,
PRLR2/2 mice remained leaner than controls and
were protected against HFD-induced obesity, with a
marked reduction in adiposity, notably in perirenal fat
mass. Thus, we hypothesized that change in overall
energy expenditure may be at least in part responsible
for this phenotype. This was supported by increased O2
consumption and enhanced heat dissipation that were
significantly higher in PRLR2/2 mice as compared to
PRLR1/1 mice. The relative resistance to HFD-induced
obesity was accompanied by a more favorable carbohy-
drate homeostatic profile in PRLR2/2 mice, consistent
with the major implication of PRL signaling in energy
balance. However, these changes in whole-body homeo-
stasis were likely not sufficient to account for the robust
protection against HFD-induced weight gain. Increased
energy expenditure through BAT activation constitutes
a powerful mechanism by which high calorie intake
could be dissipated, thereby defending against obesity
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(27). Indeed, enhanced conversion of white to thermo-
genically active adipocytes observed in PRLR2/2 mice
seems to be the key regulatory event involved in pro-
tection against HFD-induced obesity, consistent with a
role of PRL signaling in adipocyte fate determination
and/or reprogramming.

In accordance with PRL-mediated transcriptional
control of proadipogenic factors (11), PRLR deficiency
was associated with a down-regulation of key regulators
of adipocyte differentiation, whose expressions were
restored to similar extent than in WT mice under HFD
feeding. Beyond this HFD-induced rescue observed in
PRLR2/2 mice, the most striking finding is the emer-
gence of BAT within WAT depots. The question of
where beige cells originate remains unresolved. It has
been proposed that the adaptive UCP1-expressing
brown-like adipose cells that develop in WAT in re-
sponse to cold exposure or b-adrenergic stimulation
can be derived either from a specialized compartment
of committed brown precursors, direct differentiation
from white preadipocytes, and/or transdifferentiation
from mature white adipocytes (28). Regardless of how
they arise and the origin of mesenchymatous precur-
sors (often referred to as Myf52 and Sca11 progenitors;
refs. 29, 30), the development of beige adipocytes (17)
in perirenal fat tissue correlates well with protection
against obesity in PRLR2/2 mice. New advances in
identification of cellular lineage specification have
highlighted several key regulatory factors in specifying
brown fat cell fate, including PRDM16, a master co-
regulator critical for the commitment toward brown
adipocyte lineage (31, 32). Loss of PRDM16 from
brown fat precursors caused a massive reduction in
molecular and morphological features of brown adi-
pocytes (33). Conversely, transgenic overexpression of
PRDM16 strongly induced the development of brown-
like adipocytes in adipose depots (22). Remarkably,
under HFD feeding, PRDM16 expression is dramati-
cally induced in the perirenal fat depots as well as in the
subcutaneous white fat, associated with a concomitant
increase of BAT markers. This finding is supported by
the emergence of UCP1-expressing adipocytes and
metabolically active beige cells located in the perirenal
and paraspinal areas, accounting for the increased
metabolic rate in absence of PRLR. Accordingly,
PRLR2/2 mice displayed an increase of AdRb3 expres-
sion, which suggests that PRL signaling may affect
sympathetic nervous system activity and/or nerve fiber
infiltration in fat depots. Altogether, these findings
demonstrate that PRLR inactivation could lead to the
emergence of inducible brown adipocytes and its asso-
ciated thermogenesis. Remarkably, this beige repro-
gramming is genetically determined (markedly in
PRLR2/2 mice), induced under HFD feeding, and
more pronounced in specific fat depots. By contrast,
the presence of an active PRL signaling could partici-
pate in the white adipocyte phenotype maintenance of
these fat depots. One question concerns the signaling
molecules involved in acquisition of a brown adipose-
like phenotype in perirenal depots. pRb has been

suggested to regulate adipocyte differentiation (34). In
addition, p107, a member of Rb family, is also impli-
cated in adipose development. P1072/2 mice are re-
fractory to HFD-induced fat accumulation associated
with an increase of PGC1a expression (34). Consis-
tently, marked decrease of pRb expression was found in
mice deficient in fsp27, a member of the cide family
proteins regulating adipose tissue differentiation (35).
Gonadal and subcutaneous white fat pads of Fsp272/2

mice are reduced in size compared to wild-type mice,
together with the acquisition of BAT-like phenotype
(35). Collectively, these findings underscore the impli-
cation of pRb pathway in adipocyte fate, in accordance
with the pRb defect observed in PRLR2/2 fat depots. It
was shown that pRb-deficient mouse embryonic fibro-
blasts exhibited an increased expression of Foxc2 that
accompanied a white to brown adipocyte transdifferen-
tiation (36). Similarly, overexpression of Foxc2 in adi-
pose tissue leads to a lean and insulin-sensitive pheno-
type, accompanied by an increased BAT-like function
due to an enhanced mitochondrial biogenesis through
activation of mitochondrial transcription factors (26,
37). PRLR2/2 mice under HFD feeding displayed a
sharp increase in Foxc2 expression, in agreement with
the involvement of pRb/Foxc2 pathway in the beigeing
conversion.

The functional role of PRL signaling seems to be
highly dependent on the developmental stage. Indeed,
we have demonstrated that PRLR is pivotal for early
development of BAT to support neonatal thermogene-
sis (14). In contrast, during adulthood, the absence of
PRL signaling is associated with beige conversion, most
notably as an adaptive mechanism to facilitate high-fat-
induced thermogenesis. Thus, PRL signaling plays im-
portant but changing roles in energy homeostasis dur-
ing the life span. This finding is reminiscent of the
metabolic action of PRL reported in amphibians (38),
fish, and birds (1) but far extends the pleiotropic
function of PRL in mammals. From a metabolic point
of view, PRL is critical during gestation and lactation,
favoring anabolic lipid storages indispensable for en-
ergy needs during these two major physiological peri-
ods. Several lines of evidence suggest that in humans,
PRL signaling could be involved in energy homeostasis
including the orexigenic property of PRL (39, 40), the
genetic association between PRL and obesity (41, 42),
and the relationship between hyperprolactinemia and
obesity (43, 44). Several recent reports confirmed the
major role of BAT in the control of energy balance.
Thermogenic UCP1-expressing cells are found inter-
spersed in adult human subcutaneous fat, yet their
presence negatively correlates with weight gain and
insulin resistance (45–49). It would be relevant to
examine whether patients with hyperprolactinemia are
less prone to develop a functional BAT in response to
cold exposure or overfeeding using PET.

In sum, our work demonstrates that mice lacking
PRLR are highly resistant to HFD-induced obesity,
owing to the emergence of a brown adipose-like phe-
notype in peculiar white fat depots. This finding is
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associated with a concomitant increase of PRDM16,
PGC1a, AdRb3, and Foxc2 that constitutes a molecular
switching mechanism. This in turn converges toward an
activation of thermogenic brown capacity with the final
increase of UCP1 responsible for heat dissipation and
resistance to high-calorie weight gain. We thus propose
that PRL signaling represents an additional determi-
nant of energy homeostasis during physiological and
pathophysiological conditions.
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ABSTRACT  
 

Prolactin (PRL) and the placental lactogen hormones control reproduction, mammary 

development and lactation through binding to the PRL receptor (PRLR). These hormones, 

highly secreted during pregnancy, exert significant role on adipose tissues and endocrine 

pancreas, two major players of energy balance in adulthood. However, the contribution of 

PRL signaling on  cell ontogeny and function in the perinatal life as well as the mechanisms 

regulating adaptive islet growth in this setting are poorly understood. Using the Goto-

Kakizaki (GK) rat, a spontaneous model of type 2 diabetes, we showed that embryonic 

pancreatic buds were unable to undergo PRL-mediated proliferation, related to decreased 

content of IGF2, a PRL target. We provide further evidence that  cell mass expansion during 

both embryogenesis and the postnatal period is impaired in the PRLR-/- mouse model. PRLR-/- 

newborns displayed a decrease of  islet surface associated with a 30% reduction of  cell 

mass, without modification in proliferation/apoptosis index. Likewise, a defect in the 

development of acini is also observed in absence of PRL signaling. Interestingly, the cellular 

size is drastically diminished in both endocrine and exocrine compartments. IGF2 is reduced 

in both rat and mouse models, suggesting that this factor constitutes a molecular link between 

the PRL signaling and cell ontogenesis. Together, these results provide evidence that PRL 

signaling is essential for pancreas ontogenesis during the critical perinatal window.  

 
 
 
KEYWORDS 
 
Insulin; diabetes; proliferation; apoptosis; IGF2 
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INTRODUCTION 
 

In adults, the pancreatic  cells are terminally differentiated and have a low 

proliferative capacity. However, high level of  cell proliferation during perinatal adaptation 

is essential for the formation of a functional  cell mass. An alteration of both  cell mass and 

function is implicated in the development of diabetes (28).  

 Prolactin (PRL), initially identified to stimulate mammary gland development and 

milk production, was thereafter shown to exert pleiotropic functions, including effects on 

growth, development, immunoregulation, brain function and behaviour, and electrolyte and 

energy homeostasis (5, 8, 19). Altogether, the physiological relevance of most of these 

functions in humans remains still poorly understood. The biological actions of PRL are 

mediated by its interaction with PRL receptor (PRLR), a member of the cytokine receptor 

superfamily. Moreover, placental lactogens (PL) produced by placenta during pregnancy are 

also able to bind PRLR (6, 9, 11). Compared to growth hormone and its cognate receptor, the 

actions of PRL on metabolic homeostasis under non-lactating conditions have received less 

attention. Within the past decade, a large amount of experimental data has documented the 

potential role of PRLR signaling in body weight regulation and adipose tissue physiology but 

also in pancreas development, insulin secretion and peripheral insulin sensitivity (3, 4, 16, 

40). Indeed, we have previously shown that PRLR deficient adult mice (PRLR-/-) exhibit a 

decreased  cell mass by 30% and an alteration of insulin production and secretion leading to 

glucose intolerance as compared to WT animals. These defects in islet number, -cell mass, 

and glucose-dependent insulin production in adults clearly established a physiological role for 

the lactogens in islet and -cell maturation, development, and function (16). Moreover, 

targeted overexpression of PL-I specifically in  cells of transgenic mice leads to an increase 

of proliferation and protects  cell death induced by streptozotocin through Jak2/Stat5 

activation and upregulation of the anti-apoptotic protein Bcl-xl (18, 40). PL also protect in 
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vitro INS-1 cells against glucolipotoxicity induced cell-death through these same signaling 

pathways (26). In addition, the role of PRL signaling on  cell adaptation during pregnancy 

has been well documented. Indeed,  cell mass and insulin production increase markedly in 

response to development of maternal insulin resistance in mid-late gestation. Recently, it has 

been shown that menin, an endocrine tumor suppressor and transcriptional regulator and a 

potential PRL target (24) participates to the physiological adaptation of  cell mass during 

pregnancy (24). Thus, it has been reported that PRLR+/- mice exhibited an alteration of 

menin/p18 and p21 signaling pathways leading to a defect of  cell proliferation and to a non-

adaptation of  cell mass during pregnancy (22, 23). Although all these experimental data 

converge to support a physiological role of PRLR in the control of  cell mass adaptation 

notably during pregnancy, the role of PRL signaling on  cell during perinatal adaptation is 

still poorly understood.  

 The course of pancreas development is exposed to several growth factors during this 

period such as Insulin-like Growth Factor 2 (IGF2) (21). Interestingly, we and others have 

previously shown that IGF2 is a direct PRL target in mammary gland (10) and also in brown 

adipocytes (42). Indeed, we have demonstrated that PRLR-/- newborns exhibited a 

hypotrophic brown adipose tissue related to a decrease IGF2 content (42). Likewise, the Goto-

Kakizaki (GK) rat, a spontaneous model of type 2 diabetes, has been characterized as having a 

defective pancreatic IGF2 content that precedes  cell mass alteration during the perinatal 

period (12, 20). Thus, we postulated that this growth factor might be a mediator of PRL-

induced pancreas differentiation. 

 The aim of this study was to clarify the physiological role of PRL signaling on 

pancreas ontogenesis through pancreatic igf2 expression. For this purpose, we analyzed 

pancreas development using two rodent models during the perinatal period which constitutes 

the critical period for  cell mass setting (13). We showed that PRL signaling is involved in 
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the whole pancreas development specifically on  cells by modulating cell size related to igf2 

expression.   

 
 
MATERIELS AND METHODS 
 
 
 Animals. GK and Wistar (used as control) rats were obtained in our local colony (32) 

with free access to food and water. Mating was performed by housing males with females 

overnight (one male with three females), and pregnancy was confirmed by the presence of the 

vaginal plug. Virgin females, pregnant females (days 6, 14, 21 of gestation) and dams at day 5 

post partum were killed by lethal doses of pentobarbital sodium (Ceva Santé Animale, 

Libourne, France). The pancreases were removed and stored at -20°C. PRLR+/+ and PRLR-/- 

129/SvJ mice were kept on a 12:12 h light-dark cycle in a temperature-controlled colony 

room with ad libitum access to food and water. All procedures were approved by the 

Ministère de l’Agriculture, France.  

 Tissues. Embryos from Wistar and GK pregnant rats at 13.5 days of gestation were 

removed from the uterus and weighed. The dorsal pancreatic rudiments were dissected and 

separated from surrounding mesenchyme as previously described (31). Body weight of 

PRLR+/+ and PRLR-/- mice was recorded at embryonic day 18.5 (E18.5), the day of birth 

(D0.5) and six days later (D6.5). Mice were sacrificed and pancreases were collected, 

weighted and immediately placed in TRI Reagent solution (Life Technologies, Saint-Aubin, 

France) or in 4% PFA to explore gene expression and histological analyses respectively.  

Determination of plasma PRL and IGF2 levels. The levels of PRL in the plasma of 

virgin females, pregnant females (days 6, 14, 21 of gestation) and dams at day 5 post partum 

were determined by radio-immunoassay (GE Healthcare, Velizy-Villacoublay, France). 

The pancreatic expression of PRLR was determined by Western blot analysis using a mouse 

monoclonal antibody (Thermo Scientific, Illkirch, France) according to the protocol described 
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in (39). IGF2 levels from pancreatic rudiments were evaluated by quantitative analyses of 

signals from Western blot analysis on 25 µg of protein samples using mouse monoclonal anti 

rat IGF2 (clone S1F2, 1/500; Upstate Biotechnology, Lake Placid, NY, USA) as previously 

described (12).  

 Dorsal pancreatic rudiment culture. Culture of dorsal pancreatic rudiment was 

performed as previously described (12, 31). Pancreatic rudiments were grown into three 

dimensional collagen gel: 10% RPMI 10X (Sigma-Aldrich, Saint Quentin Fallavier, France), 

80% type I rat tail collagen (3 mg/ml; Institut Jacques Boy, Reims, France) and 10% sodium 

bicarbonate in NaOH 0.1 mol/l. The culture medium consisted of 500 l of RPMI 1640 

(Cambrex, Emerainville, France) supplemented with 5.5 mmol/l of glucose (VWR 

International, Pessac, France) and containing penicillin/streptomycin (50 U/ml and 50 g/ml, 

respectively; Cambrex), HEPES (10 mmol/l; Cambrex), L-glutamine (2 mmol/l; Cambrex), 

non-essential amino acids 1X (Life Technologies) and 1% heat-inactivated horse serum. 

Cultures were incubated at 37°C in a humidified atmosphere of 95% O2 and 5% CO2. The 

culture medium was changed every 2 days and the media were stored at -20°C until 

measurement of insulin concentration. In some experiments, ovine PRL (1 µg/ml; Sigma-

Aldrich) was added daily. During the last hour of culture, 5 l of bromo-deoxyuridine (BrdU) 

was added to the medium to label cells in the S phase. At the end of the culture, pancreatic 

rudiments were fixed for 1 h in aqueous Bouin’s solution. 

 Immunohistochemistry. Whole pancreases were fixed in aqueous Bouin’s solution and 

paraplast embedded and sliced in serial sections (5µm of thickness). After rehydration, 

sections were permeabilized with 0.1% Triton X-100 diluted in PBS for 10 min at room 

temperature. Sections were rinsed in PBS, incubated in peroxidase blocking solution (3% 

H2O2 in PBS) for 10 min to block endogenous peroxidase activity, extensively rinsed in PBS, 

and incubated with blocking solution diluted with antibody diluent (Cell Marque, Rocklin, 
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USA) for 1 h at room temperature. Every 20 sections throughout to length, one section was 

immunostained for insulin, glucagon and somatostatin to identify ,  and  cells respectively. 

Sections were subsequently incubated overnight at 4°C with a guinea pig anti-insulin (MP 

Biomedical, Illkirch, France; diluted 1:200 in blocking solution) or a rabbit anti-glucagon 

(Millipore, Molsheim, France; diluted 1:500 in blocking solution) and a rabbit anti-

somatostatin (Millipore; diluted 1:500 in blocking solution). Sections were extensively rinsed 

in PBS and incubated with an anti-guinea pig IgG (Dako, Trappes, France; diluted 1:200 in 

blocking solution) or an anti-rabbit IgG (Abiocode, Agoura Hills, USA; diluted 1:200 in 

blocking solution). After PBS washing, sections were incubated in DAB peroxidase substrate 

solution for 1 min, washed in distilled water, and coverslipped with glycergel (Dako).  

Proliferation assays. Pregnant and newborn mice and GK rats were injected with 

BrdU (50 mg/kg body weight) 1 h before pancreas isolation. Paraffin-embedded pancreatic 

tissue was processed as described above. BrdU detection (Cell proliferation kit; GE 

Healthcare, Velizy-Villacoublay, France) was performed as previously described (39). 

Sections were incubated with fast red substrate (Dako) for 2 min, rinsed in distilled water, 

hematoxylin counter-stained and coverslipped with glycergel (Dako). The percentage of BrdU 

positive cells of either insulin-positive cells or acinar cells was calculated at E18.5 and D6.5 

for each pancreatic section using the ImageJ software (http://rsbweb.nih.gov/ij/).  

 Apoptosis Assay. Apoptosis detection was performed with ApopTag® Peroxidase In 

Situ Apoptosis Detection Kit (Millipore). Insulin detection and hematoxylin counter-stained 

was performed as described above. The percentage of insulin-positive cells was counted for 

each genotype at both E18.5 and D6.5 using the ImageJ software.  

 Gene expression analyses. Whole pancreas from PRLR+/+ and PRLR-/- were isolated at 

both D0.5 and D6.5 and their total RNA content was extracted from each sample by 

homogenization with Tissuelyser (Qiagen, Courtaboeuf, France). Quantitative real-time PCR 
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was performed as described previously (42). After DNAse I treatment, RNA was reverse-

transcribed and used for quantitative RT-PCR (qRT-PCR) using the Power SYBR® Green 

PCR Master Mix (Applied Biosystems, Courtaboeuf, France). Final primer concentrations 

were 300 nM (see Table 1 for primer sequences). Reaction parameters were carried out on a 

StepOne™ Real-Time PCR System (Applied Biosystems, Courtaboeuf, France). Relative 

expression within a given sample was calculated as a ratio (amol of specific gene/fmol of 

18S). Results are means ± SEM. 

 Statistical analyses. Data are expressed as means ± SEM and analyzed using a non 

parametric Mann Whitney test with use of the computer software Prism 5 (GraphPad 

Software, San Diego, USA). Statistical significance is indicated at P values <0.05, 0.01 and 

0.001.  

 
RESULTS 

PRL levels and pancreatic PRLR content are altered in GK rats along pregnancy. 

Because maternal PRL plays a key role on fetal organogenesis, we analyzed whether an 

impairment of PRL signaling could be demonstrated in the GK rat. It is well known that PRL 

levels increase during pregnancy in rodents (5). We showed that, circulating PRL levels 

peaked at 60 ng/ml in Wistar rats at 21 days of pregnancy whereas such pregnancy-induced 

increase of PRL levels was not detected in GK rats (Fig. 1A). It is well known that there is a 

significant proliferation and expansion of  cell mass during pregnancy, which is related to 

PRL and PL (22). We therefore examined whether pancreatic PRLR protein abundance was 

modified in GK female rats at mid-pregnancy compared to virgin females. As determined by 

Western blot analysis and signal quantification, the PRLR content in the pancreases of Wistar 

rats increases by approx. 2 fold while pancreatic PRLR expression in pregnant GK rats 

remains unchanged compared to virgin animals (Fig. 1B), suggesting that functional PRL 

signaling is required for  cell plasticity during gestation.  
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 Evidence for altered PRL signaling in GK developing pancreas. To evaluate the 

response of  cells to fetal PRL, pancreatic buds of Wistar and GK rats were isolated at E13.5 

and exposed to PRL during 7 d culture. PRL treatment induced a strong increase of  cell 

surface in Wistar pancreatic buds but was ineffective on GK pancreatic buds (Fig. 2A). This 

finding correlated with the lack of PRL-induced  cell proliferation rate in GK buds as 

determined by counting the BrdU/insulin positive cells (Fig. 2B) suggesting a defective PRL 

signaling in GK rat model. Since IGF2 has been previously shown to mediate PRL signaling 

during mammary gland morphogenesis (10) and is a major effector of placental and fetal 

growth (14, 15), we measured the IGF2 pancreatic levels in Wistar and GK fetuses at both 

E13.5 and E18.5 developmental stages. A significant decrease of IGF2 protein was found in 

GK fetuses at both stages (Fig. 2C), as previously described (12). Altogether, these findings 

provide strong evidence of an altered PRL signaling, responsible for a downregulation of its 

target IGF2 in GK rat, consistent with a crucial role of PRL and PL in the pathophysiology of 

type 2 diabetes, most notably during pregnancy and perinatal adaptive period. 

PRL signaling is required for pancreas development. In order to specify the impact of 

PRL signaling on pancreas development and to clarify the role of PRLR on  cell 

ontogenesis, a mouse model deficient in PRLR was used. No difference was detectable 

between PRLR+/+ and PRLR-/- mice at E18.5 in terms of body weight and pancreas weight 

(Table 2). However, even though a difference was observed in body weight and pancreas 

weight of PRLR-/- at D0.5 and D6.5 as compared to PRLR+/+, there was no modification of 

pancreas weight/ body weight ratio between both genotypes suggesting that the lack of PRLR 

does not impact the global growth of pancreas. This contrasts with a drastic decrease of 

pancreatic igf2 expression at birth, also observed in other PRL target tissues such as brown 

tissue (42). As anticipated, this difference was abolished at D6.5 given that IGF2 secretion 

disappears at postnatal period. Thus, we focused our study to the two most distant and critical 
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developmental stages, i.e. before (E18.5) and after birth (D6.5), to determine whether this 

IGF2 alteration leads to a specific defect on endocrine and exocrine pancreatic compartment 

during morphogenesis. 

PRLR
-/-

 mice exhibit an alteration of  cell mass during perinatal adaptation. We first 

evaluated the impact of PRLR inactivation on  cell ontogenesis. We quantified percentage of 

 cell surface on the whole pancreas using insulin immunostaining on pancreas sections at 

E18.5 and D6.5. Figure 3A illustrates representative sections on pancreas from wild-type and 

PRLR-/- newborns at D6.5, showing an apparent reduction of islet numbers and sizes. In order 

to quantify the  cell surface, mass and cell size, we quantified islet parameters by higher 

magnifications of sections using ImageJ software (Fig. 3B). Interestingly, percentage of  cell 

surface is strongly decreased at D6.5 as compared to E18.5 in PRLR-/- mice, this is not 

observed in control mice (Fig. 3C left panel). Moreover, determination of  cell mass, 

calculated from values of  cell surface and pancreas weight, reveals as expected a 3 fold 

increase of  cell mass in PRLR+/+ mice between E18.5 and D6.5, while this does not occur in 

PRLR-/- mice (Fig. 3C right panel). This in accordance with the reduction of whole mass of 

PRLR-/- pancreas at D6.5, suggesting that  cell proliferation and/or apoptosis rates could be 

modified in the absence of PRL signaling. Apoptosis was not altered irrespective of the 

developmental stage and the genotype (Fig. S1A). By contrast, proliferation rate decreased 

significantly at D6.5 in both genotypes ruling out a reduction of  cell number but rather 

suggesting a change of cell size in PRLR-/- pancreases (Fig. S1B). We next determined the 

mean  cell size using ImageJ software from insulin immunostained sections. A slight but 

significant reduction of  cell size was observed in PRLR+/+ mice at D6.5 whereas the mean  

cell size in PRLR-/- pancreases was severely reduced by 30% (Fig. 3D left panel). This 

indicated that the  cells in the absence of PRL signaling are significantly smaller than those 

in wild-type animals. This observation is consistent with the drastic decrease of  cell mass of 
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PRLR-/- mice. To determine the functional consequences of  cell size reduction in PRLR-/- 

mice, insulin mRNA content in the whole pancreas was determined by real time qPCR (Fig. 

3D right panel). Insulin expression was drastically reduced in PRLR-/- pancreas, a finding well 

correlated with the decreased  cell mass as well as cell size. To figure out the PRL impact 

on the other endocrine cell lineages such as /  cells, glucagon/somatostatin labelling was 

performed on pancreas sections in both genotypes at D6.5 (Fig. 4A). Interestingly, while /  

cell surface was unaffected whatever the genotype and developmental stages  

(Fig. 4B), likewise cell mass (see Fig. 3C), postnatal induction of /  cell mass did not 

occur in PRLR-/- mice (Fig. 4C). Collectively, these findings suggest that a fully functional 

PRL signaling is required for an adequate setting of pancreatic endocrine cell compartment. 

However, this does not exclude an impact of PRL on exocrine pancreas. 

Lack of PRL signaling also alters exocrine pancreas morphology and function. Owing 

to the drastic reduction of pancreas mass of PRLR-/- mice at D6.5 and given that pancreas is 

mainly composed of acinar cells, double BrdU/insulin immunostaining was performed on 

pancreas sections (Fig. 5A) to delineate the exocrine from endocrine compartments. 

Quantification studies revealed that the acinar cell proliferation was reduced by 25% in 

PRLR-/- as compared to age-matched control mice (Fig. 5B). As illustrated in Fig. 5C, 

hematoxylin counterstained pancreas sections revealed an apparent reduction of acinar size in  

PRLR-/- mice. Measurement of cell size demonstrated a strong reduction of the mean acinar 

cell surface in both genotypes along pancreas development. In addition, we further confirmed 

a 15% smaller size of acinar cells in PRLR-/- mice as compared with PRLR+/+ mice at D6.5 

(Fig. 5D). We next quantified the lipase mRNA content as an enzymatic marker of exocrine 

pancreas (Fig. 5E). Interestingly, correlated to the reduction of acinar proliferation and size in 

the absence of PRLR, lipase gene expression in the whole pancreas was half of that measured 

in PRLR+/+ mice, suggesting a potential impairment in production of pancreatic enzymes in 
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PRLR-/- mice. Taken together, both endocrine and exocrine pancreatic compartments are 

affected in absence of PRLR notably during the neonatal adaptive period. 

 

DISCUSSION 

It is essential to clarify the roles of the placental lactogen hormones and pituitary PRL 

in the control of fetal growth and pancreatic organogenesis. This study describes the impact of 

PRL signaling on pancreas morphogenesis and especially on  cell ontogenesis during 

perinatal adaptation. Using two rodent models of partial and total PRL signaling defect, the 

type 2 diabetes GK rat model (33) and the null mutation of PRLR mouse model (34), we 

provide evidence that PRL signaling is required for  cell mass expansion both during 

embryogenesis and  postnatal period. 

 It is well known that the metabolic adaptation during pregnancy involves a progressive 

increase of circulating PRL (17) together with PL exerting their effects through binding to the 

PRLR. During the fetal development, high levels of circulating PL are likely major players of 

embryonic organogenesis. 

Accordingly,  cell mass and subsequent insulin production are markedly dependent 

on  cell replication occurring during the critical window of the late gestation and immediate 

perinatal period (30). This coincides with the materno-fetal PRL and PL surges known to 

stimulate  cell replication and insulin production (1). Along this line, it is not surprising that 

in absence of PRLR, a decrease of  cell mass occurred in PRLR-/- resulting from an 

alteration of  cell replication rather than an increased apoptosis index.  

 IGF2, a well known direct PRL target, has been shown to play a crucial role on 

mammary epithelial cell development during pregnancy (10) as well as in brown adipose 

tissue development at birth (42). Here, we provide additional evidence that IGF2 is a key 

regulator of  cell growth. Indeed, we demonstrated a reduction of IGF2 content in GK rat 



PRLR deficiency and  cell development 13

embryos as well as in PRLR-/- newborns. Interestingly, PRL is unable to induce  cell growth 

and proliferation in GK pancreatic buds (present study), while IGF2 exposure facilitates 

expansion of  cell pool (12). In addition, we demonstrated that PRLR-/- mice also exhibited 

a defect of  cell mass during the perinatal adaptive period associated with a decreased cell 

size. This might be related to a functional consequence of the 50% reduction in pancreatic 

IGF2 expression in PRLR-/- newborns. This result suggests that IGF2 is one of the molecular 

links between PRL signaling and  cell mass adaptation. It is well known that  cell 

replication/differentiation is highly regulated in a stage-dependent manner (28) by numerous 

factors including FoxM1(43), FOXO1(2), Pdx1 (27), Neurogenin 3 (35), menin (24), Tph1 

(25, 36). It remains to establish whether PRL signaling modulates the expression of such 

regulatory genes. Besides, an unexpected pancreatic acinar cell alteration was observed in 

PRLR-/- animals in terms of cell proliferation and size as well as pancreas enzymatic content. 

This observation is somehow surprising given that PRLR expression has never been reported 

in this cell type, suggesting an indirect effect of PRL signaling on pancreatic exocrine 

organogenesis. Indeed, it was previously shown that hyperprolactinemia induced by pituitary 

graft induced acinar proliferation in mice (29).  

It is well accepted that cell size is largely dependent upon many factors including the 

PI3K/Akt pathway, as described in pioneer studies in drosophila (7, 41). Moreover, it was 

subsequently demonstrated that overexpression of active Akt1 in mouse  cells increases cell 

size (38). Thus, the reduction of cell size observed in PRLR-/- pancreases might be related to 

a defect of PRL-mediated PI3K/Akt pathway activation. 

 It has been recently proposed that the pathogenesis of  cell failure is not related to a 

cell apoptosis but rather to a dedifferentiation process converting  cell into other endocrine 

cell type (37). Since an increased apoptosis index was excluded in our model, it may be 

hypothesized that such endocrine cell conversion could participate to  cell dysfunction. 
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Given that the  cell pool in the perinatal period is reduced in PRLR-/- newborns, we 

suspected that inappropriate response to metabolic stresses during aging could lead to a failure 

of  cell function and insulin production. Further experiments are needed to identify novel 

direct PRL target genes promoting  cell growth and survival. A better understanding of the 

basic mechanism governing the pathological events leading to diabetes may facilitate future 

developments of relevant pharmacological strategies. 
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FIGURE LEGENDS 

 

Fig. 1: PRL levels and pancreatic PRLR content are altered in Wistar and GK rats during 

pregnancy. A: Evolution of plasma PRL measured in virgin, pregnant (6, 14, 21 days post-

coitum dpc) and 5 days post parturition (5 dpp) in Wistar (open circles) and GK (full circles) 

females. Values are means ± SEM (n = 9-16). *P < 0.05. B: Quantification of PRLR content 

in pancreases of pregnant Wistar and GK female rats (14 dpc) evaluated after by western blot 

analysis as compared to virgin rats (n = 3), results are expressed as fold induction. *P < 0.05. 

 

Fig. 2: Effect of PRL on pancreatic  cell rudiments from Wistar and GK rats. A: Average  

cell surface on total pancreas surface measured on pancreatic buds from Wistar (white) and 

GK (black) fetuses at E 13.5 after PRL treatment (hatched) or not for 7 days. B:  cell 

proliferation index was determined by double insulin/BrdU immunostaining on pancreas buds 

of GK and Wistar fetus rats after PRL exposure (hatched). Results are expressed as fold 

increase compared to  cell proliferation index measured in GK and Wistar buds in the 

absence of PRL. C: Quantification of IGF2 protein content measured by Western blot analysis 

on E13.5 and E18.5 pancreatic rudiments of Wistar (white) and GK (black) fetuses. Results 

are expressed as percentage of age-matched Wistar fetuses values. * P<0.05, *** P<0.001. 

 

Fig. 3: Lack of PRLR leads to alteration of pancreatic  cell mass development. A: Pancreas 

sections from PRLR+/+ and PRLR -/- at D6.5 after insulin immunostaining (brown). Scale bars 

200 m. B: Sections from PRLR+/+ and PRLR -/- pancreas at D6.5 after double BrdU (brown) 

and insulin (pink) immunostaining. Scale bars 50 m. C:  cell surface was measured and 

normalized to the total pancreas surface of PRLR+/+ and PRLR-/- at E18.5 and D6.5 (6 to 8 

pancreas sections per animal) (left panel). Results are means ± SEM (n = 3-6 /group) and 
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expressed as percentage of total pancreatic surface. *P < 0.05. Determination of  cell mass 

was calculated according to the values in left panel normalized by pancreas weight (right 

panel). *P<0.05, **P<0.01. D: Determination of  cell size was calculated (µm2) after 

quantification of  cell surface by ImageJ software divided by the total number of nuclei (at 

least, 750 cells counted for each mouse (n = 3-6/group). *P < 0.05; **P < 0.01 (left panel). 

Insulin gene expression was quantified by qPCR in whole pancreases of PRLR+/+ and PRLR-/- 

mice at D6.5 (right panel) (n = 10-22/group) ***P<0.001.  

 

Fig. 4: PRLR is dispensable for /  cells ontogenesis. A: Pancreas sections from PRLR+/+ and 

PRLR-/- at D6.5 after glucagon and somatostatin (brown) immunostaining. Scale bars 100 m. 

B: Quantification of  and  average cell surface from pancreas sections of PRLR+/+ and 

PRLR-/- animals. Six to 8 pancreas sections per mouse were used to quantify percentage of  

and  cells. C: /  cell mass was calculated after quantification of /  cell surface by ImageJ 

taking into account for the pancreas weight of PRLR+/+ and PRLR-/- mice. Values represent 

means ± SEM (n = 3-6 /group). Statistical differences are indicated, *P < 0.05; **P < 0.01.  

 

Fig. 5: Lack of PRLR leads to alteration of pancreatic acinar development. A: Pancreas 

sections from at D6.5 after double BrdU (brown) and insulin (pink) immunostaining. Scale 

bars 150 m. B: Quantification of BrdU positive cells in acini of PRLR+/+ and PRLR-/- mice at 

E18.5 and D6.5. Results are expressed as percentage of positive cells vs total counted cells (at 

least 2000 cells/animal). *P<0.05, **P<0.01. C: Hematoxylin stained pancreas sections from 

PRLR+/+ and PRLR-/- mice at D6.5. Scale bars 300 m. D: Determination of acinar cell size of 

PRLR+/+ and PRLR-/- mice at E18.5 and D6.5 using ImageJ software. Cell surface (in m2) 

was calculated for at least 750 cells per animal. Results are means ± SEM (n = 3-6). *P < 
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0.05; **P < 0.01. E: Lipase gene expression was determined by qPCR in whole pancreases 

from PRLR+/+ and PRLR-/- mice at D6.5 (n = 3-13 /group). *P < 0.05. 

 

Fig. S1: Reduced  cell mass in PRLR-/- is not due to proliferation or apoptosis alteration. A: 

Percentage of  cell apoptosis of PRLR+/+ and PRLR-/- pancreases was quantified from 

insulin/ TUNEL assay immunostained sections, and counterstaining with hematoxylin at 

E18.5 and D6.5. Approximately 3000 cells were counted for each animal. B: Pancreas 

sections from mice were BrdU/insulin immunostained and counterstained with hematoxylin to 

quantify the percentage of  cell proliferation. At least 2000 cells were counted for each 

mouse (n=3-6) *P < 0.05. 

 



TABLE 1. Primer sequences of genes analyzed in quantitative RT-PCR 
 
 

 

 
 

Table shows abbreviations of the genes, their GenBank or U.S. National Center for Biotechnology 
Information (NCBI) accession number, and the 5  to 3  nucleotide sequences of the sense and antisense 
primers. 

 
 

Name Accession Number Amplicon Sense Primer Antisense Primer 

18S X00686 66 bp CCCTGCCCTTTGTACACACC CGATCCGAGGGCCTCACTA 

igf2 NM_010514.3 149 bp TCGTCTTACCACCCAAAGAAC GTGGGACGTGATGGAACTGTC 

insulin NM_008387.4 100 bp ACCCAGGCTTTTGTCAAGCA GGGACATGGGTGTGTAGAAGAAG 

lipase NM_026925.3 100 bp TAGCTGGAAGGGAAGTTTGCTT CTCCAGGGCAGTGCTTTCAG 
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a b s t r a c t

Prolactin is a hormone that is essential for normal reproduction and signals through two types of recep-

tors. Not only is the classical long form of the prolactin receptor identified, but so are many short form

receptors in rodents and human tissues. Mouse mutagenesis studies have offered insight into the biology

of prolactin family, providing compelling evidence that the different isoforms have independent biolog-

ical activity. The possibility that short forms mediate cell proliferation is important for a variety of tissues

including mammary gland and ovarian follicles. This review summarizes our current knowledge about

prolactin signaling and its role in reproduction through either long or short isoform receptors.

Ó 2011 Elsevier Ireland Ltd. All rights reserved.
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1. PRL actions

Prolactin (PRL), whichwas discovered 80 years ago, is a polypep-

tide hormone originally identified by its ability to stimulate mam-

mary gland development and lactation (Stricker and Grueter,

1928). More than 300 separate actions have been reported in vari-

ous vertebrates, including effects on water and salt balance, growth

and development, endocrinology andmetabolism, brain and behav-

ior, reproduction, and immune regulation and protection (Bole-Fey-

sot et al., 1998; Goffin et al., 2002). A very small part of PRL actions

are due to cross reaction with growth hormone (GH) receptors only

in humans. Human GH binds not only to its cognate receptor but

also to the PRL receptor, and it mimics some PRL actions.While sev-

eral lines of evidence indicate that PRL acts as an autocrine, para-

crine, and endocrine progression factor for mammary carcinoma

in rodents and human (Clevenger et al., 2003, 2009), its actions

on reproductive processes represent the largest group of identified

functions (Bole-Feysot et al., 1998). Recently, a broad range of pro-

lactin actions in the brain have been described (Grattan and Kokay,

2008). The range of neuroendocrine functions influenced by prolac-

tin includes activation of hypothalamic dopaminergic neurons to

control its own secretion, suppression of fertility, stimulation of

maternal behavior (Lucas et al., 1998), suppression of the stress re-

sponse, stimulation of myelinization in the central nervous system

and generation of new neurons in the olfactory bulb (Shingo et al.,

2003). Prolactin is widely considered as an adaptive hormone, but
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there have been attempts to rationalize the reason why a single

hormone might exert such a range of diverse and seemingly unre-

lated endocrine functions.

2. Synthesis and control of prolactin secretion

PRL is predominantly produced by the lactotrophic cells of the

anterior pituitary gland. However, it is also generated in extra-pitu-

itary sites such as immune, decidual, mammary, epithelial and fat

cells (Ben-Jonathan et al., 1996; Hugo et al., 2006; Prigent-Tessier

et al., 1999). Its secretion is under dual regulation by hypothalamic

hormones via the pituitary portal circulation (Freeman et al., 2000;

Grattan and Kokay, 2008). The predominant regulatory signal is the

inhibition of prolactin secretion by the neurotransmitter, dopa-

mine, from neurons in the hypothalamus. Evidence suggests that

prolactin secretion is regulated by three populations of hypotha-

lamic dopaminergic systems (Demaria et al., 1999): the tuberoin-

fundibular, tuberohypophyseal, and periventricular hypophyseal

dopaminergic neurons. The stimulatory signal for prolactin secre-

tion can be mediated by other factors including thyrotrophin-

releasing hormone (TRH). Chronic increases in 17b-estradiol also

stimulate prolactin secretion, both through actions on the pituitary

gland and through hypothalamic mechanisms (Palm et al., 2001).

3. PRLR isoforms

Biological effects of prolactin are mediated by its interaction

with PRL receptor (PRLR), a member of the cytokine receptor

superfamily (Bole-Feysot et al., 1998; Clevenger et al., 2003). PRLRs

are present in nearly all organs and tissues. While the PRLR gene is

unique in each species, alternative splicing generates its different

isoforms which are identical in their extracellular domains but dif-

fer in the lengths and sequences of their intracellular domains

(Bole-Feysot et al., 1998; Davis and Linzer, 1989; Hu et al., 2001;

Kline et al., 1999; Trott et al., 2004). As for the protein, the long-

PRLR isoform (long-R) and several short-PRLR isoforms (short-R)

have been detected. The PRLR exists as seven recognized isoforms

in human, four in mouse (but only two short forms have been iden-

tified as proteins) and three in rat; all of these isoforms exhibit dif-

ferent signaling properties (Fig. 1). For example, their ligand

binding domains, transmembrane regions, and 44 amino acids of

their cytoplasmic domains are identical in rats. Their difference re-

lies in a unique intracellular sequence composed of 57 amino acids

in the short-R and of 358 amino acids in the long-R (Goffin et al.,

2002). The expression of the diverse isoforms has been shown to

vary during development and as a function of the stage of the es-

trous cycle, pregnancy, and lactation in rodents (Nagano and Kelly,

1994). The long isoform is highly expressed in the ovary, adrenal,

kidney, mammary gland, small intestine, choroid plexus and pan-

creas, while other organs, i.e., the liver, also express high levels

of short isoform. The co-expression of both receptor isoforms is

important for the normal physiological development of the ovarian

follicles. Indeed, long-R is expressed at much higher levels than

short-R in the growing follicles (Russell and Richards, 1999) and

this may prevent signaling through short-R. However, because of

the extremely broad distribution of PRLR, it is currently difficult

to propose a general overview of its regulation of expression

(Bole-Feysot et al., 1998).

4. PRLR: Binding, dimerization and degradation

The hormone PRL in its tertiary structure is composed of a bun-

dle of four antiparallel a-helices (Kossiakoff, 2004) and utilizes a

conserved, single pass transmembrane receptor classified as cyto-

kine type 1 receptor.

PRLRs are composed of an extracellular domain required for li-

gand binding, a single transmembrane region, and an intracellular

domain containing a region of membrane-proximal homology to

other cytokine receptors. The human PRLR binding interface con-

tains four histidines whose protonation is hypothesized to regulate

pH-dependent receptor recognition, thermodynamic modeling of

the pH dependence to receptor binding affinity reveals large

changes in site-specific protonation constants for a majority inter-

face histidines upon complexation (Kulkarni et al., 2010). The cyto-

plasmic domain of cytokine receptors displays a more restricted

sequence similarity than the extracellular domain. Two regions,

called box 1 and box 2 are conserved. Box 1 is a membrane-prox-

imal region composed of 8 aa highly enriched in prolines and

hydrophobic residues and is assumed to adopt the consensus fold-

ing specifically recognized by transducing molecules. The second

consensus region, box 2, is much less conserved than box 1 and

consists in the succession of hydrophobic, negatively charged,

Mouse (chr 5) Human (chr 15)ouse (c 5)

PR-3 PR-1 PR-2

1 11

Long

1

u a (c 5)

Intermediate S1a S1b
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Fig. 1. Schema of the PRLR proteins in mouse and human. The PRLR protein consists of an extracellular domain (ECD) and a transmembrane domain that are identical within

species, as well as a cytoplasmic domain of variable length and composition. The common features such as a disulfide bond (green), WS motif (blue), as well as Box 1 (yellow)

are conserved. A soluble PRLR binding protein (PRLBP) contains only the ECD. In the intracellular domain, are represented the positions of all known tyrosine residues which

are the phosphorylation substrates.
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and then positively charged residues. While box 1 is conserved in

all membrane PRLR isoforms, box 2 is not found in short isoforms.

The initial event in PRL signaling is the binding of one prolactin

molecule to two cell-surface receptor monomers, leading to their

dimerization and subsequent activation. This model was based

on studies with growth hormone receptor (GHR), but very recent

studies revealed that predimerization of GHR occurs in vivo in

the absence of ligand (Brown et al., 2005), subsequently the ligand

activates a preformed dimer by inducing rotational torque through

the transmembrane domain. Discordant studies from independent

laboratories have looked at PRLR dimerization, in the past: one

study demonstrated that recombinant soluble PRLR-extracellular

domain does not predimerize but rather form an unstable homodi-

mer upon PRL binding (Gertler et al., 1996). In addition, full length

PRLR failed to show Fluorescence Resonance Energy Transfer

(FRET) in absence of ligand (Biener et al., 2003) whereas another

study demonstrated a lack of Bioluminescence Resonance Energy

Transfer (BRET) signal between homodimers and heterodimers of

long-R and two short-R in the absence of ligand (Tan et al.,

2005). Nevertheless, it has been reported that homo- and heterodi-

mers of human PRLR are constitutively present, and that the hor-

mone acts on the preformed long form homodimer to induce the

active signal transduction configuration (Qazi et al., 2006). These

results could be partly explained by differences in both the nature

of the constructs and the sensitivity of the BRET/FRET approaches

(Qazi et al., 2006; Tan et al., 2005). Using biochemical techniques,

ligand-independent dimerization of transfected and endogenous

PRLR (Gadd and Clevenger, 2006) has been demonstrated. Taken

together, all these data corroborate ligand-independent dimeriza-

tion of cytokine receptors, the addition of ligand seems to bind a

preformed dimer and initiate conformational changes leading to

activation of receptor. Now, the unsolved question remains to deci-

pher what enables the receptor to modify its conformation after li-

gand binding to activate the Janus kinases.

Heterodimerization of different PRLR isoforms produces inac-

tive complexes which might also be of importance in the physio-

logical context because PRL target cells usually express more

than a single PRLR isoform. It is of note that long-R/short-R hetero-

dimerization of the human receptors has also been demonstrated

and the co-expression of the short-R (SF1b form) decreases the

amount of long-R mRNA by accelerating long-R mRNA degradation

(Tan and Walker, 2010).

In contrast to GHR homodimers in response to GH, covalently

linked PRLR have not been observed. The issue of GHR-PRLR het-

erodimerization has been only minimally explored. Previous

reconstitution experiments suggest that ovine GHR and PRLR can

heterodimerize in response to placental lactogens (Biener et al.,

2003; Herman et al., 2000). Furthermore, it has been suggested

that the human receptors may also dimerize (Langenheim and

Chen, 2009), and recent immunoprecipitation studies revealed spe-

cific GHR-PRLR association in human breast cancer cells that was

enhanced by GH treatment. GH signaling in these cells is largely

mediated by the PRLR in the context of both homo- and heterodi-

mers broadening our understanding of how GH and PRL and their

related receptors may function in physiology and pathology (Xu

et al., 2011).

Ubiquitination and degradation of PRLR is mainly mediated by

the b-transducin-repeat-containing protein (b-TrCP) E3 ubiquitin li-

gase that is recruited to PRLR in a manner that requires phosphory-

lation of Ser349 of the receptor (Li et al., 2004). Signaling induced by

PRL and mediated by catalytic activation of Janus kinase 2 (Jak2)

stimulates this Ser349 phosphorylation in addition to ubiquitina-

tion, initial internalization, and degradation of PRLR (Swaminathan

et al., 2008b). These data are in line with the hypothesis that ligand

stimulated PRLR ubiquitination leads to PRLR internalization, sort-

ing to the lysosomes, and lysosomal degradation. The ubiquitination

mechanisms of PRLR leading to its degradation have been recently

elucidated. PRLR is degraded primarily through the lysosomal path-

way and efficient clathrin-dependent internalization of PRLR re-

quires both receptor ubiquitination and the function of the

assembly polypeptide 2 (AP2) complex. The ubiquitination of PRLR

stimulates its interactionwith the AP2 complex. Then, polyubiquiti-

nation and K63 linkages are required for the internalization, post-

internalization sorting, and lysosomal degradation of PRLR (Vargh-

ese et al., 2008).

5. Signaling pathways activated by PRL

PRLR is devoid of intrinsic tyrosine kinase activity but can be

phosphorylated by associated proteins. Although the signaling

pathway downstream of the long-R has beenwell characterized, lit-

tle is known about PRL actions mediated by short-R. Acting through

the long isoform, PRL activates many kinases including Janus ki-

nase2 (Jak2) (Goffin et al., 2002), Src kinase (Clevenger et al.,

2003; Swaminathan et al., 2008a), Phosphoinositide 3-kinase (PI3-

kinase) (Berlanga et al., 1997b), MAP kinase (Bole-Feysot et al.,

1998) and serine/threonine kinase Nek3-vav2-Rac1 pathways

(Clevenger, 2004). Jak2 phosphorylates PRLR on multiple tyrosine

sites along the loop and the loop-associated signal transducer and

activator of transcription a/b (Stat5a/b) on a conserved tyrosine

residue within the C-terminal SH2-dimerization domain. Subse-

quently, tyrosine-phosphorylated Stat5 dissociates from the recep-

tor, forms a transcriptional active dimer and translocates into the

nucleus, where it regulates gene expression. These signaling events

induce several PRL-responsive genes such as those involved in cell

proliferation (cyclin D1 and cytokine-inducible SH2-containing

protein (CIS)) and differentiation (Ali et al., 1996; Brockman et al.,

2002) (Fig. 2). Recently, a newmember of the PRL signaling cascade

was added; PI3kinase enhancer-A (PIKE-A) has been shown to di-

rectly associate with both Stat5a and PRLR, which is essential for

PRL-provoked Stat5a activation and the subsequent gene transcrip-

tion (Chan et al., 2010). PIKE-A is critical for the activation of Akt

signaling its depletion in HC11 epithelial cells diminished PRL-in-

duced Stat5 activation and cyclin D1 expression, resulting in pro-

foundly impaired cell proliferation in vitro.

The interaction of the PRLR with the kinases, or with other pro-

teins involved in positive and negative regulation of signaling

(adapters, phosphatases, suppressor of cytokine signaling (SOCS),

etc.), has been mapped in identified regions of the cytoplasmic do-

main. For example, the tyrosine residues in the C-terminal part of

the long-R contribute to the engagement and phosphorylation of

Stat5 by Jak2 (Pezet et al., 1997) (Fig. 2). Very recently, PRL-acti-

vated PRLR and its downstream Stat5b were shown both acety-

lated by CREB-binding protein (CBP). These results suggest that

the acetylation/deacetylation process provides the rheostat-like

regulation for PRLR in its cytoplasmic loop dimerization and subse-

quent Stat activation. Acetylation-dependent cytoplasmic loop

dimerization has been shared as a mechanism for activation among

type I cytokine receptors that activate Stat (Ma et al., 2010).

Most of what we know about PRL receptor signaling comes

from analysis of the long-R where the best studied pathway is acti-

vation of Jak/Stat. Although it has been suggested that PRLR short

isoforms behave either as dominant negatives by inhibiting the

function of the long-R (Berlanga et al., 1997a; Lesueur et al.,

1991; Perrot-Applanat et al., 1997; Saunier et al., 2003), or as posi-

tive regulators in mammary gland (Binart et al., 2003a), the mech-

anisms by which PRL signals through the short-R remain unclear.

In addition, soluble receptor isoforms containing the extracellular

domain have only been identified in humans but not in rodents

(Kline and Clevenger, 2001). The various PRLR isoforms exhibit

different signaling properties; for example, the short-R is not
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tyrosine-phosphorylated, which prevents this isoform from inter-

acting directly with SH2-containing proteins, such as Stat factors.

Recent results have established a role for PRL-RS in PRL activa-

tion/deactivation of specific transcription factors. Sp1 is one of

the few transcription factors whose DNA binding activity, nuclear

localization, and expression is repressed by PRL in vivo and

in vitro. These events appear to involve the calmodulin-dependent

protein kinase pathway. These data demonstrate that the short-R

activates a signaling pathway distinct from that of the long-R (Devi

et al., 2009).

6. Lessons from PRLR manipulated mice

Lactogenic hormones (Soares et al., 2007) (placental lactogens

and prolactin) play a critical role in rodent reproductive function.

Among these functions the best established is the key role in main-

taining the ovarian corpus luteum (CL) and progesterone produc-

tion through the long-R since this form is predominantly

expressed (Risk and Gibori, 2001; Stocco et al., 2007). Even a num-

ber of PRL key functions have been clarified by studies of trans-

genic and knockout model mice, no long-R knockout model

mouse is currently available.

7. Ovary and PRLRÿ/ÿ model

PRLÿ/ÿ (Horseman et al., 1997) and PRLRÿ/ÿ (Ormandy et al.,

1997) female mice have been described as completely infertile.

After mating with fertile males, no litters were produced although

each female mated repeatedly at irregular intervals. PRLRÿ/ÿ ova-

ries are normal and do not present differences in either follicular

development or ovulation and fertilization rate when compared to

wild type animals (Grosdemouge et al., 2003). These observations

led to the conclusion that PRL is essential for corpus luteum (CL)

function (Bachelot and Binart, 2005, 2007; Horseman et al., 1997).

Activation of the luteinizing hormone (LH) receptor (LHR) in follic-

ular cells by the preovulatory LH surge causes ovulation and rapidly

initiates a program of terminal differentiation of the ovulated folli-

cle into a CL through a process termed luteinization. In rodents, the

CL plays a central role in pregnancy maintenance, by synthesizing

the steroid progesterone (Stocco et al., 2007). One of the most

important changes during luteinization is the alteration in the cel-

lular responsiveness to external signals allowing luteal cells to re-

spond to a new set of hormones, the most important being PRL

and LH. Luteinization and CL formation do take place in the absence

of PRLR; however, two days after mating, PRLRÿ/ÿ mice exhibited

corpora lutea undergoing regression and displaying strong DNA

cleavage associated to low indications of vascularization and ab-

sence of sufficient progesterone level to support implantation and

subsequent placental development and maintenance (Grosdemo-

uge et al., 2003). This was due to the absence of down regulation

by PRL of 20a-hydroxy steroid dehydrogenase (20a-HSD), which

is responsible for progesterone catabolism. Since the CL is the main

source of progesterone production in rodents, progesterone admin-

istration rescues preimplantation embryo development and

implantation in PRLRÿ/ÿ females (Binart et al., 2000). The PRLR is

thus a key component regulating ovarian function and governing

the regulation of progesterone secretion and, indeed PRL triggers

an early signal that induces the survival and steroidogenic capacity

of the CL.

During luteinization, there is an alteration in the cellular

responsiveness to external signals allowing luteal cells to respond

to LH and PRL. The expression of the LHR increases after luteiniza-

tion and becomes highly abundant in the CL. This up-regulation of

LHR during CL formation has been shown to be linked to PRL both

in vivo (Gafvels et al., 1992; Segaloff et al., 1990) and in vitro
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(Albarracin et al., 1994; Piquette et al., 1991). In rodents, semi-cir-

cadian surges of PRL secretion are induced by cervical stimuli,

which are believed to be responsible for the conversion of the CL

to the corpus luteum of pregnancy leading to increase CL life span

and its capacity to secrete sufficient amount of progesterone to

maintain pregnancy (Gunnet and Freeman, 1983, 1984). This con-

version is thought to involve distinct luteotropic effects of PRL:

upregulation of LHR expression as well as progesterone secretion

(Gibori and Richards, 1978) and repression of 20aHSD (Albarracin

et al., 1994). To determine whether the stimulation of LHR and pro-

gesterone production are independent events both mediated by

PRL, or whether progesterone production only depends on high

expression of LHR and LH stimulation, we studied the luteal

expression of LHR and steroidogenesis in PRLRÿ/ÿ mice treated

by hCG. We found out that LH/hCG can stimulate the expression

of its cognate receptor in the CL and stimulate the expression of en-

zymes that are involved in steroidogenesis in the absence of PRL

signaling (Bachelot et al., 2009).

8. Phenotype of mice over-expressing only one short isoform of

the PRLR

Whereas PRL regulation of CL is thought to take place through

activation of the long-R, the impact of short-R activation on ovarian

development is not at all known. To examine the putative role of

the short-R in vivo,we generated PRLRÿ/ÿ females expressing only

the PR-1 short mouse isoform, as referred as PRLRÿ/ÿshort-R (Hal-

perin et al., 2008).

The number of secondary, pre-antral, and antral follicles is

markedly increased in PRLRÿ/ÿshort-R ovaries, indicating that

premature follicular development occurs at a young age in these

females. A severe follicular death begins at 4 weeks of age; histo-

logical examination shows follicular death where the mural gran-

ulosa cells are disorganized and the oocytes devoid of cumulus.

From the age of 5 months, the ovaries are almost completely de-

pleted of functional follicles; this likely reflects widespread follicu-

lar initiation followed by follicular cell death. PRL signaling

through short-R profoundly impacts follicular survival and causes

a severe follicular impairment leading to primary ovarian insuffi-

ciency (POI) (Halperin et al., 2008). Numerous mutant mouse mod-

els have been established for the study of ovarian development

(Edson et al., 2009; Jagarlamudi et al., 2010), they have provided

clues about what molecules may be involved in the development

of POI in humans.

Both PRLRÿ/ÿ and PRLRÿ/ÿshort-R females ovulate and form CL

during pregnancy, but regression of these CLs is seen within

2.5 days, and pregnancy cannot be sustained (Bachelot et al.,

2009). Implantation of progesterone pellets in PRLRÿ/ÿshort-R

females allowed a partial rescue of embryos (Binart et al., 2000;

Halperin et al., 2008). Because similar expression of both the long

and short isoforms is found in CL (Russell and Richards, 1999; Telle-

ria et al., 1997), a role for short-R on CLwas suggested. However, the

inability of the short-R to rescue the CL in pregnant PRLRÿ/ÿshort-

R females clearly establishes a key role for long-R in the PRL-main-

tenance of a functionally progesterone producing CL.

PRL cannot activate Jak2/Stat pathway through the short-R, but

does activate other pathways including PI3 kinases pathways. Re-

cent work from JS Richards et al showed that MAPK is essential

for normal follicular development (Fan et al., 2009), this pathway

is critically inhibited by PRL in reproductive tissues of PRLR-/

PRLRÿ/ÿshort-R mice (Fig. 2). Thus, the phosphorylation of MAPK

downstream targets is also severely inhibited by PRL without

affecting immediate upstream kinases, suggesting involvement of

MAPK specific phosphatase in this inhibition. A 27 kDa protein

binding to the intracellular domain of short-R has been identified

as dual specific phosphatase DUDP1. PRL does not induce expres-

sion of DUDP1 but represses its phosphorylation. A physical asso-

ciation of this phosphatase with ERK1/2 and p38 MAPK has been

identified. Using an in vitro phosphatase assay and overexpression

studies, DUDP1 has been demonstrated as a MAPK phosphatase.

These very recent results strongly suggest that deactivation of

MAPK by short-R contributes to the severe ovarian defect observed

in PRLRÿ/ÿshort-R mice and demonstrate the novel association of

short-R with DUPD1 (Devi et al., 2011).

PRL signals through short-R in the ovary and actively regulates

the expression of several genes identified by microarray analysis

(Halperin et al., 2008). Interestingly, Galt, whose mutation induces

galactosemia (Forges et al., 2006), is down-regulated in PRLRÿ/

ÿshort-R ovaries in contrast to their PRLRÿ/ÿ littermates.

The mouse Galt promoter sequence contains a number of puta-

tive forkhead transcription factor sites, five of them being FOXO3

sites that may regulate Galt transcription. GALT participates in

the metabolism of galactose to glucose (Onuma et al., 2006) and

is highly expressed in ovaries and liver, which are the major sites

of expression for this enzyme (Liu et al., 2000). Classic galacto-

semia is an autosomal recessive disorder that results from pro-

found impairment of galactose-1-phosphate uridylyltransferase,

the second enzyme in the pathway of galactose metabolism

(Fig. 3). Accumulation of galactose-1-phosphate is thought to inhi-

bit the enzymes that are involved in glucose metabolism leading to

deficient glycosylation reactions and a decrease in energy produc-

tion in ovarian cells. In women, either mutations in Galt or a defi-

ciency in enzyme activity cause galactosemia associated with POI

(Forges et al., 2006). Young women with this disease are fertile

early in life but become sterile in their late 20’s, displaying ovaries

formed by interstitial cells and devoid of follicles, similar to those

seen in PRLRÿ/ÿshort-R mice.

Interestingly, short-R activation downregulates both Foxo3 and

Galt, two genes known to be critical for normal ovarian develop-

ment (Castrillon et al., 2003; Forges et al., 2006; Hosaka et al.,

2004). The negative regulation of Foxo3-Galt by PRL through

short-R provides a mechanism that mediates the development of

the acute ovarian defect displayed in PRLRÿ/ÿshort-R transgenic

females and also provides a link to the similar POI displayed by

the Foxo3ÿ/ÿ mice and by women with GALT mutation (Halperin

et al., 2008).
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Fig. 3. Pathway of galactose metabolism. Classic galactosemia is caused by

impairment of GALT leading to an increased accumulation of galactose, Galt-1P,

galacticol and galactonate, in cells. GALT is also important for regulating the supply

of uridine diphosphate (UDP) sugars that are necessary for post translational

glycosylation of proteins, then its absence leads to glycosylation defects.
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9. Fertility and prolactin in humans

Circulating serum prolactin is thought to reflect almost entirely

pituitary PRL secretion, while other extra pituitary sources proba-

bly contribute primarily to local tissue PRL levels. Unlike rodents,

the role of PRL in human function is unclear, largely because no

disruptive mutations of human PRL or the human PRLR have ever

been identified in reproductive pathologies.

Hyperprolactinemia in men can lead to infertility, impotence or

reproductive disturbances, suggesting that PRL contributes to opti-

mal reproduction in human. However, no clear function could be

ascribed to PRL in male mammals, including humans (Bole-Feysot

et al., 1998). Data have suggested that, generally, this hormone

positively modulates several aspects of testicular function. Thus,

PRL has been presented as being involved in the maintenance of

cellular morphology (Nag et al., 1981) and in the up-regulation of

LH receptor number on Leydig cells (Dombrowicz et al., 1992; Pur-

vis et al., 1979). The PRLRÿ/ÿ model has allowed demonstrating

that none of the male reproductive tract organ parameters or func-

tions was affected (Binart et al., 2003b).

There is some evidence that a PRL surge occurs during ovulation

coincident with the secretory peak of LH as in rodents, although the

extent seems to be weaker in women than in rats (Ben Jonathan

et al., 2008). The normal daily PRL secretory profile is characterized

by a rise during nocturnal sleep and a rapid fall after awakening but

it is still controversial whether this surge follows the sleep-waken-

ing cycle or the circadian rhythm. High levels of circulating PRL, in

physiology and pathological situations, are known to cause infertil-

ity. Dysovulation is the most common disorder of the hyperprolac-

tinemia, but the precise mechanisms by which PRL influences the

neuroendocrine axis are yet to be deciphered. Hyperprolactinaemia

results in inhibition of gonadotrophin releasing hormone (GnRH)

release pulsatility from the hypothalamus and subsequent inhibi-

tion of LH and follicle stimulating hormone (Bouchard et al.,

1985; Zinaman et al., 1995), leading to inhibition of ovarian func-

tion. Nevertheless, a small proportion of GnRH neurons in mouse

express PRLR while there is a high level of PRLR expression in brain

regions involved in the control of GnRH secretion. A recent study in

mouse, suggests that PRL actions on GnRH neurons are predomi-

nantlymediated indirectly through afferent pathways as kisspeptin

(Kokay et al., 2011). Kisspeptin is a new fundamental actor of the

gonadotrope axis in both rodents and human, and the most impor-

tant stimulator of GnRH, this regulation might explain PRL-induced

dysovulation in women. Moreover, KiSS-1/kisspeptin and its recep-

tor KiSS1R are expressed in both human and non human primate

ovary but the local role on ovarian physiology in mammals has to

be elucidated (Gaytan et al., 2009).

Furthermore, no study has yet compared the distribution of

PRLR in human ovaries to that in murine ovaries or examined the

PRL signaling pathway in human tissue. A recent review summa-

rized what we can learn from rodents about prolactin in humans

on reproductive cycle, pregnancy and fetal development and mam-

mary gland (Ben Jonathan et al., 2008). There is no evidence that

PRL is luteotropic in the human CL; instead, pituitary LH supports

luteal development and steroidogenesis during the menstrual cy-

cle. Moreover, in women hCG secretion by the embryonic tropho-

blast serves a function that is analogous to PRL in sustaining the CL

during early pregnancy (Devoto et al., 2009). Nevertheless, both

PRL and the PRLR are expressed in the luteinised human ovary

(Schwarzler et al., 1997; Vlahos et al., 2001), while PRL acting as

a survival factor in granulosa cells (Perks et al., 2003). POI is a com-

mon cause of infertility and premature aging in women, with an

estimated 1% incidence; the vast majority of cases of POI are idio-

pathic, but the possibility that POI results from a mutation in long-

R is intriguing and deserves further investigation. Nevertheless,

despite clear evidence of PRLR involvement in folliculogenesis in

mice, we were unable to find any PRLR mutations associated with

non-syndromic POI in nearly 100 women (Bachelot et al., 2010).

10. Conclusions

PRL is an incomparable hormone with important implications

for reproduction and sexual behavior. This review aims to highlight

essential findings on novel PRL signaling, and to discuss the impli-

cations for reproductive function. In a broad sense, PRL is critical

for reproduction in both rodents and humans, given that lactation

represents a continuum of the reproductive process. Although it is

not yet clear how PRL signals in the human ovary, signaling path-

ways induced by prolactin through its short form should be an

interesting avenue for research. Such studies may provide greater

insight into normal processes of ovarian development and function

as well as causes of ovarian dysfunction.

The precise tissue distribution, interactions, and specific signal-

ing pathways that are mediated by the various PRLR isoforms in

human cells should also be undertaken.
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Abstract 

The cell turnover in anterior pituitary of female rats is coordinated by circulating levels 
of gonadal steroids. During proestrus the rate of anterior pituitary apoptosis is the 
highest and a peak in circulating levels of prolactin (PRL) occurs. Since we have 
previously demonstrated that PRL exert autocrine/paracrine actions on anterior pituitary 
cells inducing apoptosis and decreasing proliferation, the aim of this study was to 
investigate the in vivo effect of PRL on female anterior pituitary cell proliferation and 
apoptosis rates. 

The administration of PRL and sulpiride-induced hyperprolactinemia decreased 
proliferation and increased apoptosis in anterior pituitary gland of ovariectomized rats. 
Apoptosis in anterior pituitary gland of female mice was higher during proestrus than 
during diestrus. These variations were not observed in PRLR KO mice, suggesting that 
PRL is involved in the peak of anterior pituitary cell apoptosis that occurs during 
proestrus.  

We evaluated if PRL receptor (PRLR) expression varies along the estrous cycle and if 
PRL regulates its own receptor expression in the anterior pituitary gland, using female 
transgenic mice that systemically express PRLR antagonist 1-9-G129R-hPRL (TG). 
PRLR isoforms expression, measured by real time PCR, was variable along the estrous 
cycle and PRLR antagonism modified the expression of PRLR in an isoform-specific 
manner. These results suggest that endogenous PRL regulates its anterior pituitary 
actions by modifying the expression of PRLR isoforms.  

Our observations suggest that PRL is involved in the maintenance of cell renewal in the 
anterior pituitary that occurs during each estrous cycle in females. Alterations in this 
physiological role of PRL could contribute to pituitary tumor development.  

 

 

Keywords: prolactin, anterior pituitary, apoptosis and proliferation, estrous cycle, 
prolactin receptor isoforms, PRLR KO, 1-9-G129-hPRL. 
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Introduction 

Prolactin (PRL) is a hormone secreted by lactotrope cells in the anterior pituitary. Since 

many pituitary cells, including lactotropes, express the PRL receptor (PRLR) (10, 19, 

20, 32), PRL is assumed to participate in the regulation of anterior pituitary functions 

including its own tissue homeostasis. However, the mechanisms involved in anterior 

pituitary cell renewal remain largely uncharacterized. In male mice, we recently 

demonstrated that endogenous PRL exerts an antiproliferative effect in the anterior 

pituitary. In addition, we reported that in vitro blockade of PRLR activation using a 

specific PRLR antagonist increased cell proliferation and decreased apoptosis of 

anterior pituitary cells (11). These findings strongly support the hypothesis that PRL 

secreted by lactotropes participates in anterior pituitary cell turnover as an 

autocrine/paracrine antiproliferative and proapoptotic factor. The regulation of pituitary 

homeostasis is a more complex process in females, in which the anterior pituitary gland 

undergoes remodeling along the estrous cycle (7) and under many physiological 

conditions such as pregnancy and lactation, when it has to respond to physiological 

demands (15). Anterior pituitary cell turnover is about 1.5% per day in male rats (22), 

whereas mitotic activity doubles this value in the anterior pituitary gland of cycling 

female rats (23). During each estrous cycle, a peak of proliferation occurs at estrus (14) 

whereas the highest rate of apoptosis is observed at proestrus (35, 36). This cell 

turnover is a highly regulated process in which several factors, such as estradiol (37, 

38), dopamine, (26, 27), and 16 kDa PRL (12),  were demonstrated to participate. 

 

PRLR belongs to Class I cytokine receptor family and exists as at least two isoforms 

referred to as long and short PRLR, resulting from alternative splicing of primary 

transcripts. In mice, one long (PRLRlong) and three short isoforms (PRLRshort), called S1, 

S2 and S3 have been identified (2). The expression of PRLR isoforms varies in different 

tissues and under different physiological conditions. Short and long variants are co-

expressed in many tissues, including the rat pituitary (20) and male mouse anterior 

pituitary gland (11). These receptor isoforms differ in their C-terminal intracellular 

domain (4), which modulates their respective signaling capabilities through JAK/STAT, 

MAPK and PI3K/Akt pathways (2, 5). Consequently, the relative amount of the distinct 

PRLR subtypes expressed in a tissue may ultimately impact on PRL actions (4). PRLR 

expression is a hormone-regulated process, and interestingly, the ratio of short and long 



4 
 

isoforms has been reported to vary along the estrous cycle in ovary, uterus, 

hypothalamus and rat pituitary (20).   

Since a surge in PRL secretion occurs at proestrus, this hormone could be involved in 

the control of anterior pituitary cell turnover taking place along each estrous cycle in 

females. Therefore, in this study we designed a series of in vivo experiments to 

investigate the effects of PRL in anterior pituitary cell proliferation and apoptosis in 

female rats and mice. In addition, as PRL regulates the expression of its own receptor in 

male anterior pituitary (11), we evaluated the variations of PRLR expression in the 

anterior pituitary from female mice at proestrus and diestrus, and the effect of 

endogenous PRL in those variations using transgenic mice systemically expressing the 

pure PRLR antagonist 1-9-G129R-hPRL. 

 

Materials and Methods 

Drugs 

All drugs, media and supplements were obtained from Sigma (St. Louis, MO, USA) 

except from  fetal calf serum (Natocor, Argentina), amphotericin B, essential 

aminoacids and gentamicin, (Invitrogen, Carlsbad, CA, USA), all terminal 

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling 

(TUNEL) reagents (Roche Molecular Biochemicals, Mannheim, Germany), anti-

bromodeoxyuridine antibody (anti-BrdU) (BD Bioscience, San Jose, CA, USA) and the 

reagents described below.  

Animals 

This study was approved by the Comité Régional d’Éthique pour l’Expérimentation 

Animale, Ile-de-France, Université Paris Descartes, by the Ministère de l’Agriculture 

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-hour light-dark cycles) and temperature (20–22 ºC), and were fed ad libitum.  
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In vivo treatments of female rats 

Adult Wistar female rats (200-220 g) were ovariectomized (OVX) under ketamine (100 

mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) anesthesia and ketoprofen (5mg/kg) for 

analgesia 2 weeks before treatments.  

Rats were injected with ovine PRL (oPRL) (1 mg/kg, i.p) or vehicle (NaCl 0.9%. This 

dose of PRL induces serum concentrations of about 700 ng/ml at 30 min and 500 ng/ml 

1 h after i.p. administration (17). After 1 h, rats were injected with bromodeoxyuridine 

(BrdU, 50 mg/kg) (11) and euthanized 5 h later.  

In other experiment, rats were injected with the D2R antagonist sulpiride (5 mg/kg, i.p.) 

(28) and BrdU (50 mg/kg) and killed 6 h later. Anterior pituitary glands were removed 

within minutes after decapitation. Cells were dispersed and fixed. For this procedure, 

anterior pituitary glands were washed with Dulbecco Eagle’s Modified Medium 

(DMEM) with 3 mg/ml bovine serum albumin (DMEM-BSA). Then, anterior pituitaries 

were cut into small fragments, and dispersed enzymatically by successive incubations in 

DMEM-BSA containing 0.75% trypsin, 10% charcoal-dextran adsorbed fetal calf serum 

(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. In all 

procedures, cell viability as assessed by trypan blue exclusion was over 90%. Cells were 

fixed using ice-cold 70% ethanol in PBS overnight at -20ºC. Then, cells were processed 

for cell cycle analysis and BrdU incorporation detection.  

Genetically-modified mouse models   

This study was performed using two complementary PRLR-related genetically-modified 

mouse models. First, to evaluate the role of PRLR signaling in the control of anterior 

pituitary apoptosis along the estrus cycle, we used PRLR knockout (KO) mice in which 

PRLR signaling is totally abolished due to the absence of PRLR expression. These mice 

were generated on C57BL/6 genetic background as previously described (24). Two to 3 

month-old cycling female mice (PRLR KO and wild type (WT) littermates) were 

euthanized by cervical dislocation at diestrus or proestrus, as determined by daily 

vaginal smears. Pituitaries were removed within minutes, weighed and processed for 

TUNEL assay. To evaluate the role of PRL in the control of PRLR expression, we used 
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1–9-G129R-hPRL transgenic (TG) female mice in which systemic expression of the 

pure PRLR antagonist 1–9-G129R-hPRL impairs PRLR signaling. These mice were 

generated on BALB/c-J background as previously described (29). Twelve month-old 

TG female mice and WT littermates were sacrificed at proestrus or diestrus and 

pituitaries removed as described above. After neurointermediate lobe removal, anterior 

pituitaries were processed for RNA extraction. 

Cell cycle analysis by flow cytometry 

After fixation, cells were centrifuged and DNA was stained with propidium iodide (PI, 

50 µg/ml) in PBS containing ribonuclease (10 µg/ml) for 20 min at 37 °C. Fluorescence 

intensity of  6,000 gated cells/tube was analyzed by flow cytometry (FACS) using a 

FACScan (BD Bioscience, San Jose, CA, USA). 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 the cell 

cycle was performed using WinMDI 98 and Cylcherd 1.2 softwares.  

BrdU incorporation detection by flow cytometry 

BrdU incorporation detection was performed by FACS. After fixation in ice-cold 

ethanol as described above, cells were centrifuged and incubated in a solution 

containing 1% paraformaldehyde (PFA), 0.01% Tween-20 1 h at 20ºC. Then, cells were 

incubated with DNAse I 100 U/ml diluted in NaCl 0.15 M, MgCl2 4.2 M pH 5 for 25 

min at 37ºC, centrifuged and incubated with a fluorescein (FITC)-conjugated  anti-BrdU 

antibody or the corresponding isotype control  (BD Bioscience, San Jose, CA, USA) for 

40 min at 20ºC. Cells were washed with PBS and incubated with 1% PFA for 15 min. 

After centrifugation, cells were resuspended in PBS until FACS analysis. Fluorescence 

intensity of 6,000 gated cells/tube was analyzed by flow cytometry using a FACScan 

(BD Bioscience, San Jose, CA, USA). Analysis of BrdU positive cells was performed 

using WinMDI 98 software.  

TUNEL assay 

Pituitaries were removed within minutes, weighed, fixed in 4% 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. Antigen retrieval was performed by microwave 

irradiation. For TUNEL assay, DNA strand breaks were labeled with digoxigenin-
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deoxyuridine triphosphate using terminal deoxynucleotidyl transferase (0.18 U/µl) 

according to the manufacturer’s protocol. After incubation with 10% sheep serum in 

PBS for 90 min, sections were incubated with antidigoxygenin- FITC antibody (1:10) to 

detect incorporation of nucleotides into the 3’-OH end of damaged DNA. Sections were 

mounted with Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA) 

containing 4, 6 diamidino-2-phenylindoledihydrochloride (DAPI) for DNA staining and 

visualized in a fluorescent light microscope (Axiophot, Carl Zeiss, Jena, Germany). 

Since the number of TUNEL-positive cells in sections from in vivo studies was very 

low, apoptosis was expressed as the number of TUNEL-positive cells/field as 

previously described (11, 25). Cells from the neurointermediate lobe were excluded 

from the count. TUNEL-positive anterior pituitary cells were counted on 10–20 fields (x 

400) in anterior pituitary sections from each mouse. The mean of TUNEL-positive cells 

per field from each mouse was considered an individual value (11, 25) 

RNA extraction and Real-Time PCR 

Anterior pituitaries were extracted, washed in RNAeasy Solution (Qiagen Inc., Santa 

Clarita, CA, USA) and immediately frozen in liquid nitrogen. RNA was extracted using 

RNAeasy Micro Kit (Qiagen) following the manufacturer’s protocol. Briefly, frozen 

anterior pituitaries were homogenized using a cold mortar and pestle and placed in 350 

l of RTL lysis buffer (Qiagen) containing -mercaptoethanol, re-homogenized 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 ºC.  Reverse transcription was performed using 

SuperScript II Reverse Transcriptase according to the manufacturer’s protocol. One 

hundred twenty five ng of total RNA were reverse transcribed. After incubation for 5 

min at 65 ºC  with 1 µl oligo (dT) and 1 µl of dNTP Mix, RNA samples were incubated 

for 2 min at 42 ºC with a mix containing DTT and RNAse OUT (Invitrogen, Carlsbad, 

CA, USA). After addition of 1 l SuperScript II RT (Invitrogen, Carlsbad, CA, USA), 

samples were incubated for 50 min at 42 ºC and the reaction was heat-inactivated (70 ºC 

for 15 min). Finally, samples were treated with RNAse H (Invitrogen, Carlsbad, CA, 

USA) to remove any possible RNA complementary to cDNA.  

For Real Time PCR, we used a forward primer mapping mouse PRLR extracellular 

domain (ECD) common to all isoforms, and a reverse primer specific to intracellular 
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domains (ICD) of mouse PRLRlong, S1, S2 or S3 PRLRshort  isoforms (11); cyclophilin 

was used as a reference as previously described (11). All primers were obtained from 

Eurogentec (Angers, France). 

Real Time PCR was performed using an Applied Biosystems 7300 Real-Time PCR 

System. For each reaction, 25 µl of solution containing 5 µl cDNA, 0.25 µl of 20 µM 

forward and reverse primers and 12.5 µl Power SyberGreen PCR Master Mix (Applied 

Biosystems, Carlsbad, CA, USA) were 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 pre-incubation at 50 °C,  followed by 40 

cycles at 95 °C for 30 s, 60 °C for 1 min, 95 °C for 15 s, 60 °C for 30 s, terminating at 

95 ºC for the last 15 s (melting).   

Expression levels were normalized to mouse cyclophilin expression, performed in 

parallel as endogenous control (11). Real Time-PCR data were analyzed by calculating 

the 2- Ct value for each experimental unit, Ct being the cycle threshold number and Ct 

being the difference between the Ct values for each PRLR isoform and cyclophilin  

(11). In Table 1, the percentage of expression of each PRLR isoform was calculated 

relative to the expression of total PRLR in WT or TG mice for each estrous cycle stage. 

In Fig. 6, data for each PRLR isoform mRNA were expressed relative to PRLR 

expression in proestrus WT mice. 

Statistical Analysis 

Data were expressed as mean ± SEM. The significance of the differences between 

means was determined by Student’s t test or two-way ANOVA followed by Tukey’s 

test. Differences were considered significant if p<0.05. Statistical analyses were 

performed using GraphPad Prism 4 software.  



9 
 

 

 

Results 

 

In vivo effects of PRL on apoptosis and proliferation of anterior pituitary cells from 

female rats 

In order to study the effect of PRL treatment on apoptosis and proliferation of anterior 

pituitary cells, rats were injected with oPRL (11). Female rats were previously 

ovariectomized to ensure low and stable plasma levels of endogenous prolactin. 

Apoptosis, as determined by the percentage of cells with hypodiploid DNA content, 

significantly increased under oPRL treatment (Fig. 1). When we studied cell-cycle 

progression, we observed that oPRL treatment decreased the number of anterior 

pituitary cells in G2/M phase without altering the percentage of cells in G0/G1 or S-

phase (Fig. 2 A-C). Proliferation was also assessed by BrdU incorporation. In vivo 

oPRL treatment decreased the percentage of BrdU-positive cells (Fig. 2D). These 

results indicate that PRL induces proapoptotic and antiproliferative effects in the  

anterior pituitary gland of female rats.   

 

Effects of sulpiride on apoptosis and proliferation in the anterior pituitary gland of 

female rats 

Besides its inhibitory action on PRL secretion, dopamine modulates anterior pituitary 

cell turnover by inducing apoptosis and decreasing proliferation of lactotropes (1, 27). 

Hypothalamic dopaminergic neurons express PRLR, and variations in serum PRL levels 

induce changes in the dopaminergic tone (1). Since PRL administration leads to an 

increase in dopamine reaching the anterior pituitary (13), the alteration of anterior 

pituitary cell turnover observed under oPRL administration could be due, at least in 

part, to the action of dopamine. To avoid such a dopamine effect, we induced 

hyperprolactinemia by the administration of sulpiride, a dopamine D2R antagonist. 

Similary to what was observed in rats injected with oPRL, sulpiride treatment increased 

the percentage of apoptotic anterior pituitary cells (Fig. 3). Although no significant 

changes were observed at any phase of the cell cycle (Fig. 4 A-C), administration of 

sulpiride decreased BrdU incorporation in the anterior pituitary gland (Fig. 4 D). These 
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results suggest that it is PRL itself and not dopamine which directly exerts 

antiproliferative and proapoptotic actions in anterior pituitary cells. 

 

 

Effect of PRL on anterior pituitary cell apoptosis during the estrous cycle 

Prolactin plasma levels are relatively constant during the estrous cycle, except at 

proestrus, when a sharp increase in PRL secretion occurs  as a result of high circulating 

levels of estrogens (13).  The proestrus PRL peak coincides with the highest rate of 

apoptosis in the anterior pituitary. To evaluate whether the proapoptotic effect of PRL is 

involved in anterior pituitary cell renewal occurring in each estrous cycle, we 

determined the rate of apoptosis in the anterior pituitary gland from PRLR KO mice 

euthanized at proestrus or diestrus (Fig. 5). As expected in 2-3 month old mice, no 

difference in pituitary weight was observed in PRLR KO mice versus WT littermates  

(33) (Fig. 5 A, B).   

In WT female mice, anterior pituitary cell apoptosis was higher at proestrus than at 

diestrus, as occurs in female rats (14, 36) (Fig. 5A). In sharp contrast, when PRLR 

signaling is totally abolished (i.e. in PRLR KO mice), the number of apoptotic anterior 

pituitary cells is markedly decreased compared to WT mice at both proestrus and 

diestrus (Fig. 5 C). These results strongly suggest that PRL is involved in the peak of 

apoptosis observed in the pituitary gland at proestrus.  

 

Expression of PRLR isoforms in the anterior pituitary along the estrous cycle and effect 

of PRL on PRLR expression  

The ultimate effect of a given hormone depends on the number and subtypes of 

receptors expressed in target cells under different conditions. We have previously 

reported that PRL regulated the expression of its own receptor in the anterior pituitary 

of male mice, increasing the expression of the long PRLR isoform (11). Since apoptosis 

in the anterior pituitary varies during the estrous cycle, and since our present 

observations suggest that PRL is involved in this process, we studied PRLR expression 

in anterior pituitaries of female mice during the estrous cycle. This analysis was 

performed using WT and TG mice expressing the pure PRLR antagonist 1-9-G129R-

hPRL, which competes with endogenous PRL for PRLR activation (11, 29) .  
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Chronic blockade of PRLR signaling by the PRLR antagonist resulted in an increased 

pituitary weight in 12 month-old female TG mice (Fig 6A), whereas the body weight 

was not different between WT and TG mice (Fig. 6B).   

In WT, the expression of PRLRshort isoform was lower at diestrus than at proestrus, 

whereas PRLRlong expression did not change. The expression of PRLRlong in TG mice at 

diestrus was approximately 6 times higher than in WT mice (Fig. 6 C), while the 

expression of PRLRshort during proestrus was inhibited by the chronic blockade of 

PRLR (Fig. 6 D). PRLR expression varied during the estrous cycle. Whereas at 

proestrus, WT female mice expressed similar amounts of PRLRlong and PRLRshort, the 

long isoform was the major isoform expressed in the anterior pituitary at diestrus as a 

result of the reduction of PRLRshort expression at this stage of the estrous cycle (Table 

1). These results show that the expression of PRLR isoforms varies along the estrous 

cycle, and suggest that PRL modulates its own receptor expression. 

 

Discussion 

In the present study we explored the action of PRL on cell renewal in the female 

anterior pituitary gland using different rat and mouse models. We show that PRL 

induces apoptosis and acts as an antiproliferative factor in anterior pituitary cells of 

females, as we previously reported for males (12).   

PRL synthesis and secretion is mainly controlled by dopamine. This catecholamine also 

regulates lactotrope proliferation and apoptosis through its interaction with 

dopaminergic D2 receptors (D2R) (1, 27). Hypothalamic dopamine reaches the anterior 

pituitary gland via long and short portal vessels and tonically inhibits PRL secretion. 

When the dopaminergic tone decreases, serum PRL levels rise. Hypothalamic 

dopaminergic neurons express PRLR and are able to respond to changes in circulating 

PRL levels (21). As PRL rises, these neurons are stimulated to increase the 

dopaminergic tone, which in turn decreases lactotrope secretory activity (1). Lactotrope 

hyperplasia observed in D2R KO mice was initially attributed to the hyperprolactinemia 

resulting from the lack of dopaminergic signaling, suggesting that PRL could act as an 

autocrine growth factor for anterior pituitary cells (32). However, the fact that both PRL 

KO (9) and PRLR KO (33) mice develop pituitary hyperplasia indicated that PRL 

activity was not required for inducing pathological growth of lactotropes. Therefore, it 
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was suggested that the sole lack of dopamine signaling, as a result of either D2R 

inactivity or low activity of hypothalamic dopaminergic neurons because of the failure 

of PRL feedback, was sufficient to explain the dysregulation of lactotrope growth in 

these mouse models (9).  However, in the present study we demonstrate that PRLR 

signaling actually induces an increase in apoptosis and a reduction in proliferation in the 

anterior pituitary gland from OVX rats, in accordance with our previous in vitro 

observations (11). In other words, PRL acts as an antiproliferative and proapoptotic 

autocrine/paracrine factor in the pituitary, which explains that abrogation of PRLR 

signalling in PRL KO or PRLR KO mice contributes to pituitary hyperplasia.  

The administration of exogenous PRL alters the dopaminergic tone leading to an 

increase in the amount of dopamine arriving at the anterior pituitary gland. Considering 

that dopamine intrinsically exerts proapoptotic and antiproliferative effects on anterior 

pituitary cells (27, 32), the possibility that the rise in dopaminergic activity participates 

in the effects caused by PRL administration in vivo has to be considered. We showed 

that the administration of sulpiride, a D2R antagonist which induces hyperprolactinemia 

by D2R blockade, resulted in the same effects as PRL administration, i.e. increased 

apoptosis and decreased proliferation of anterior pituitary cells. These findings 

definitely confirm the direct effects of PRL on anterior pituitary cell turnover. It has 

been shown that PRLR/D2R double KO mice exhibited more marked pituitary 

hyperplasia and increased pituitary weight compared to single PRLR or D2R KO mice 

(33). Based on the evidence provided here that PRL, like dopamine, regulates anterior 

pituitary homeostasis by controling cell proliferation and apoptosis, our findings further 

support the earlier hypothesis of Schuff et al (33) that abrogation of these two individual 

pathways results in additive effects on the development of pituitary tumors in 

PRLR/D2R double KO mice.  

In female rats, the homeostasis of anterior pituitary cell population is a closely 

hormone-regulated process. Cyclic changes in hormone profiles defining each stage of 

the estrous cycle are reflected not only in organs such as the uterus or ovary, but also in 

other sexual hormone-responsive tissues like the anterior pituitary gland. In the latter, 

apoptotic and proliferation rates vary along the estrous cycle: a peak in anterior 

pituitary cell proliferation takes place at estrus, whereas apoptosis is the highest at 

proestrus (14, 35).  About 2.5% of lactotropes proliferate during estrus and therefore a 

similar number of these cells might die in order to maintain the size of the lactotrope 
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subpopulation (38). Different factors such as dopamine, (26, 27), estradiol (37, 38), 16 

kDa PRL (12),  TNF-  (6) and FasL (18) participate in this cell renewal. Since a surge 

of PRL secretion occurs during proestrus (13, 30), proapoptotic and antiproliferative 

effects of this hormone could be involved in anterior pituitary cell turnover during the 

estrous cycle. We found that, as occurs in rats (14, 23), the apoptotic rate varies during 

the estrous cycle in mice, being higher at proestrus compared to diestrus. The reduction 

in the anterior pituitary apoptosis rate and the lack of changes in apoptosis between 

proestrus and diestrus observed in PRLR KO female mice strongly suggest that PRL 

acts as a proapoptotic signal during the estrous cycle. At proestrus, the high circulating 

levels of estrogens induce an increase in PRL secretion (13) which, together with 

estradiol itself (37), induces apoptosis of anterior pituitary cells. Furthermore, PRL 

stimulates dopamine release from hypothalamic dopaminergic neurons to the portal 

vessels (1).  Dopamine reaching the anterior pituitary could also contribute to the 

apoptosis observed in the gland at this stage of the estrous cycle. Estradiol also 

increases PRL cleavage into 16 kDa N-terminal fragments, which in turn induce 

apoptosis in an estrogen-dependent manner (12). In addition, PRL (11), dopamine (32) 

and 16 kDa PRL (12) are all antiproliferative factors for anterior pituitary cells, and 

their combined actions could explain the lowest rate of mitosis observed at proestrus 

(14). Finally, we showed that chronic blockade of PRLR by the prolactin receptor 

antagonist 1-9-G129R-hPRL increased the pituitary weight in TG female mice, as 

previously reported in males (31). 

In summary, this study provides evidence that PRL participates in the regulation of 

anterior pituitary cell turnover along the estrous cycle. 

 

Since different PRLR isoforms exhibit different capabilities to activate intracellular 

signaling pathways (16), the ultimate effect of PRL depends on the number and 

isoforms of receptors expressed in a target tissue. In the mouse ovary, the long isoform 

of PRLR is the most abundant, followed by S2 and S3 short isoforms (8). Mice 

expressing only the short PRLR isoform exhibit impaired follicular and corpora lutea 

development (3, 5), whereas mice expressing only the long isoform of the receptor 

present normal follicular but abnormal corpora lutea development, suggesting that the 

latter requires the expression of both PRLR isoforms . In the rat ovary, the ratio of long 

versus short PRLR expression varies during the estrous cycle (20). It has been reported 

that in the rat pituitary, the long isoform of the receptor is predominant both at proestrus 
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and diestrus, whereas overall PRLR expression is higher at diestrus (20).  In the present 

study we show that the anterior pituitary from female mice expresses both PRLR 

isoforms, and that this expression varies along the estrous cycle.  We observed that 

similar levels of short and long isoforms are expressed at proestrus, and that the 

reduction in the expression of the short isoform occurring during diestrus makes the 

long isoform the most abundant at this stage of the estrous cycle. These variations in 

anterior pituitary PRLR expression suggest that this phenomenon is modulated by 

fluctuating levels of circulating hormones along the estrous cycle. 

We found that the main PRLR isoform expressed at diestrus was the PRLRlong in female 

WT animals, similarly to our findings in male mice (11). It has been previously reported 

that the main isoform of PRLR expressed in anterior pituitaries from prepuberal female 

mice was PRLRshort and that PRL treatment increased the expression of both isoforms of 

the receptor (34). The absence of variations in the endocrine context during estrous 

cycle in those animals could explain the discrepancies with our findings.  We previously 

showed that PRLR blockade resulted in an increased expression of PRLRlong in male TG 

mice (11). The present study shows that regulation of pituitary PRLR isoforms is more 

complex in females, as PRLR blockade resulted in an increased expression of PRLRlong 

at diestrus, but decreased PRLRshort expression at proestrus. In agreement with what was 

previously proposed (20), our findings suggest that PRL modulates the expression of its 

own receptor along the estrous cycle in an isoform-specific manner. The functional 

outcome and physiological relevance of such a complex PRLR regulation are currently 

unknown and deserves further investigation.  

In conclusion, our studies demonstrate that PRL participates in maintaining anterior 

pituitary homeostasis through the control of cell turnover. Hence, we propose that 

chronic lack of physiological proapoptotic and antiproliferative actions of PRL, or 

changes in PRLR expression, could lead to pituitary hyperplasia and tumor 

development. 
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Figure legends 

Fig. 1 PRL increases anterior pituitary cell apoptosis in vivo 

Ovariectomized rats (n=4 rats/group) were injected with ovine PRL (oPRL) (1 mg/kg, 6 
h) or saline.  

A: Apoptosis was determined by flow cytometry as the percentage of hypodiploid cells, 

using propidium iodide (IP). Each column represents the mean  SEM of the percentage 
of sub-G1 cells.  

*p< 0.05 vs. respective control animals injected with vehicle, Student’s t test B: 
Representative histograms of fluorescence intensity of DNA content in anterior pituitary 
cells from OVX rats injected with vehicle or oPRL. 

Fig. 2 PRL decreases anterior pituitary cell proliferation in vivo 

Ovariectomized rats (n=4 rats/group) were injected with ovine PRL (oPRL) (1 mg/kg, 6 
h) and BrdU (50 mg/kg, 5h) or saline.  

A-C: Cell cycle was analyzed by flow cytometry using IP. Each column represents the 
mean  SEM of the percentage of A: G0/G1-phase cells, B: S-phase cells and C: G2/M-
phase cells. * p< 0.05 vs. respective control animals injected with vehicle, Student´s t 
test.  

D: Proliferation rate was determined by BrdU incorporation and flow cytometry 
analysis. Each column represents the mean  SEM of the percentage of BrdU-positive 
cells. *p< 0.05 vs. respective control animals injected with vehicle, Student´s t test.  

E: Representative histograms of DNA content in anterior pituitary cells from control or 
oPRL-injected rats.  

 

Fig. 3 Sulpiride increases anterior pituitary cell apoptosis in vivo 

Ovariectomized rats (n=6 rats/group) were injected with sulpiride (5 mg/kg, 6 h) or 
saline.  

A: Apoptosis was determined by flow cytometry as the percentage of hypodiploid cells, 
using IP. Each column represents the mean  SEM of the percentage of sub-G1 cells. 
*p< 0.05 vs. respective control animals injected with vehicle, Student’s t test.  

B: Representative histograms of fluorescence intensity of DNA content of anterior 
pituitary cells from OVX rats injected with vehicle or sulpiride. 

 

Fig. 4 Sulpiride decreases anterior pituitary cell proliferation in vivo 
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Ovariectomized rats (n=5-7 rats/group) were injected with sulpiride (5 mg/kg, 6 h) or 
saline, and with BrdU (50 mg/kg, 5h).  

A-C: Cell cycle was analyzed by flow cytometry using IP. Each column represents the 
mean  SEM of the percentage of A: G0/G1-phase cells, B: S-phase cells and C: G2/M-
phase cells.  

D: Proliferation rate was determined by BrdU incorporation and flow cytometry 
analysis. Each column represents the mean  SEM of the percentage of BrdU-positive 
cells. *p< 0.05 vs. respective control animas injected with vehicle, Student t test.  

E: Representative histograms of DNA content in anterior pituitary cells from control or 
sulpiride-treated rats. 

Fig. 5 Anterior pituitary cell apoptosis varies along the estrous cycle and is 
decreased in PRLR KO mice  

Wild type and PRLR KO mice (4-11 animals per group) were sacrificed at proestrus or 
diestrus. Apoptosis was determined by TUNEL assay in tissue sections. 

A, B: Body weight (A) and pituitary weight (B) of WT and PRLR KO mice at proestrus 
or diestrus, expressed as mean  SEM, two-way ANOVA. 

C: Each column represents the percentage  SEM of TUNEL-positive cells/field. 
*p<0.05 vs proestrus. ^^ p<0.01, ^p<0.05 vs respective proestrus or diestrus WT.  Two-
way ANOVA, followed by Tukey’s test.    

D: Representative microphotographs of anterior pituitaries from WT or KO mice 
euthanized at proestrus. Arrows heads indicate TUNEL-positive cells.  

 

Fig. 6 PRLR antagonism increases the expression of the long isoform and 
decreases the expression of the short isoform of PRLR.     

A, B: Body weight (A) and pituitary weight (B) of WT and TG, * p<0.05, Student’s t 
test.  

C, D: Expression of PRLR isoforms in the anterior pituitary from WT and TG mice 
expressing the PRLR antagonist 1-9-G129R-PRL, sacrificed at proestrus or diestrus. 

Real Time PCR was performed using specific primers for the PRLRs long and short 
(S1, S2, S3) isoforms. The Short 1 isoform is not expressed. Each column represents the 
relative increment ± SEM with respect to the expression of PRLRlong (C) or PRLRshort 
(D) in WT mice at proestrus (n 5 animals/group). *p<0.05 vs respective proestrus, ^^p< 
0.01 versus respective WT diestrus (C) or WT proestrus (D). Two-way ANOVA, 
followed by Tukey test.  

Table 1  

Relative percentage of each PRLR isoform expressed at proestrus or diestrus in WT or 
TG mice expressing the PRLR antagonist 1-9-G129R-PRL. ND: Not detected.  
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Table 1 

 WT TG 
% PROESTRUS DIESTRUS PROESTRUS DIESTRUS 
PRLRlong 55.0 97.31 71.65 98.28 
S1-PRLRshort ND ND ND ND 
S2-PRLRshort 0.93 1.68 0.74 0.18 
S3-PRLRshort 44.07 1.01 27.61 1.54 
TOTAL 100 100 100 100 
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