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Abstract

Prolactin (PRL) exerts its biological effects mainly by
activating the Janus kinase/signal transducer and activator
of transcription 5 (JAK/STAT5) signaling pathway. We
have recently demonstrated that PRL also stimulates the
insulin receptor substrates/phosphatidylinositol 3-kinase
(IRSs/PI3K) and SH2-plekstrin homology domain
(SHC)/ERK pathways in islets of neonatal rats. In the
present study, we investigated the involvement of the
PI3K and MAP kinase (MAPK) cascades in islet develop-
ment and growth in pregnant rats. The protein expression
of AKT1, p70S6K and SHC was higher in islets from
pregnant compared with control rats. Higher basal levels of
tyrosine phosphorylation were found in classic transducers
of insulin cell signaling (IRS1, IRS2 and SHC). Increased
levels of threonine/tyrosine phosphorylation of ERK1/2
and serine phosphorylation of AKT and p70S6K were also

detected. To assess the participation of PRL in these
phenomena, pregnant and control rats were treated with
an antisense oligonucleotide to reduce the expression of
the PRL receptor (PRLR). Phosphorylation of AKT was
reduced in islets from pregnant and control rats, whereas
p70S6K protein levels were reduced only in islets from
treated pregnant rats. Finally, glucose-induced insulin
secretion was reduced in islets from pregnant but not from
control rats treated with the PRLR antisense oligonucleo-
tide. In conclusion, downstream proteins of the PI3K
(AKT and p70S6K) and MAPK (SHC and ERK1/2)
cascades are regulated by PRL signaling in islets from
pregnant rats. These findings indicate that these pathways
participate in the increase in islet mass and the sensitivity
to glucose during pregnancy.
Journal of Endocrinology (2004) 183, 469–476

Introduction

The growth and differentiation of the endocrine pancreas
during the perinatal period and pregnancy are controlled
by many factors, including a variety of hormonal, chemical
and neural signals to the islets. Of these, placental lactogen
(PL), growth hormone (GH) and prolactin (PRL) play an
important role (Brelje et al. 1993, Nielsen et al. 1999).
PRL enhances insulin secretion, and this is reflected by a
shift to the left in the glucose dose–response curves in
isolated islets exposed to the hormone. PRL also decreases
the glucose threshold and increases the gap-junctional
coupling among �-cells (Parsons et al. 1992, Collares-
Buzato et al. 2001). During pregnancy, the total islet mass
increases, mainly through the proliferation of existing cells
and by a reduction in cell death (Scaglia et al. 1997,
Bonner-Weir 2001). In the rat, �-cell mass increases 50%

during pregnancy. However, during the first 10 days
postpartum, this increased �-cell mass involutes through
a reduction in �-cell volume and proliferation and an
increase in �-cell apoptosis (Scaglia et al. 1995, Sorenson &
Brelje 1997). The over-expression of PL in pancreatic
�-cells in vitro or in transgenic mice increases �-cell mass
and insulin production (Fleenor et al. 2000, Vasavada et al.
2000). In contrast, the pancreatic islets of PRL receptor
(PRLR)-deficient mice have a lower density, size and
mass, as well as lower insulin mRNA levels and content
(Freemark et al. 2002).

PRL exerts its biological effects mainly by activating the
Janus kinase 2/signal transducer and activator of transcrip-
tion 5 (JAK2/STAT5) pathway (Ihle et al. 1998, Galsgaard
et al. 1999, Levy & Darnell 2002), but can also stimulate
insulin receptor substrate (IRS) 1/2, phosphatidylinositol
3-kinase (PI3K) and MAP kinase (MAPK) in different cell
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lines (Rao et al. 1995, Yamauchi et al. 1998) and in
cultured neonatal rat islets (Amaral et al. 2003). In ad-
dition, PRL enhances the expression of several genes
related to growth and differentiation but reduces others
involved in apoptosis (Bordin et al. 2004).

In the present study, we show that in islets from
pregnant rats there is an increase in the expression and/or
phosphorylation of several proteins involved in the PI3K
and MAPK pathways. The treatment of pregnant rats
with PRLR antisense oligonucleotide reduced the protein
expression of PRLR, and this was accompanied by a
reduction in AKT phosphorylation and p70S6K expression,
as well as a reduction of glucose-induced insulin secretion
by isolated islets. These results indicate that PRL, by
activating downstream proteins of the PI3K (AKT and
p70S6K) and MAPK (SH2-plekstrin homology domain
(SHC) and ERK1/2) cascades, may have an important role
in increasing the islet mass and sensitivity to glucose
during pregnancy.

Materials and Methods

Materials

The apparatus for SDS-PAGE and immunoblotting was
from Bio-Rad (Richmond, CA, USA). All the chemicals
used in the experiments for immunoblotting were from
Sigma (St Louis, MO, USA). Rat PRL was from Dr A F
Parlow (Harbor University of California Los Angeles
Medical Center, USA) and was kindly provided by the
National Hormone and Pituitary Program of the National
Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK). [125I]Protein A, [125I]insulin, enhanced chemi-
luminescence (ECL) kits and nitrocellulose membranes
(Hybond N, 0·45 µm) were from Amersham (UK), and
protein A Sepharose 6 MB was from Pharmacia (Uppsala,
Sweden). Anti-phosphotyrosine (mouse monoclonal, sc
508), anti-IRS1 (rabbit polyclonal, sc 559), anti-IRS2
(goat polyclonal, sc 1556), anti-SHC (rabbit polyclonal,
sc 288), anti-phospho[Ser473]AKT (rabbit polyclonal,
sc 7985), anti-AKT1 (mouse polyclonal sc 5298), anti-
phospho p70S6K (rabbit polyclonal, sc 8416), anti-ERK1
(rabbit polyclonal, sc 94), anti-ERK2 (rabbit polyclonal, sc
154), anti-�-tubulin (mouse monoclonal, sc 5286), and
anti-p70S6K (mouse monoclonal, sc 8418) antibodies were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA); anti-PI3K p85 (rabbit polyclonal, 06-195) was from
UBI (Lake Placid, NY, USA), anti-ERK1/2 (p44/42
MAPK mouse monoclonal, E10) was from Biolabs Inc.
(Beverly, MA, USA) and anti-PRLR (mouse IgG1 clone
U5) was from Affinity Bioreagents (Golden, CO, USA).

Islet isolation

Islets were isolated from six female Wistar rats (pregnant or
not) by collagenase digestion of pancreata followed by

separation from the pancreatic debris by centrifugation
on Ficoll gradients. All the experimental protocols in-
volving the use of animals were approved by the institu-
tional (UNICAMP) Committee for Ethics in Animal
Experimentation.

Phosphorthioate-modified oligonucleotides

Phosphorthioate-modified oligonucleotides were designed
based on the Genbank accession no. M74152 for the
Rattus norvegicus PRLR sequence and consisted of sense
(5� AAC ATG CCA TCT GCA C 3�) and antisense
(5� GTG CAG ATG GCA TGT T 3�) oligonucleotides
that were produced by Invitrogen (Carlsbad, CA, USA).
These sequences were selected among three unrelated
pairs of oligonucleotides on the basis of their ability to
block PRLR protein expression as evaluated by immuno-
blots of total protein extracts of isolated pancreatic islets
using anti-PRLR antibody. The sense and antisense
oligonucleotides were diluted to a final concentration of
0·01 nmol/µl and 0·025 nmol/µl respectively, in dilution
buffer containing 10 mM Tris–HCl and 1 mM EDTA.
The rats were injected (i.p.) with 300 or 120 µl of the
solution containing sense or antisense oligonucleotides
respectively, on the 16th, 17th, and 18th days of preg-
nancy (Bertelli et al. 2003).

Tissue extracts and immunoblotting

After incubation, the islets were homogenized in 200 µl
solubilization buffer (10% Triton X-100, 100 mM Tris pH
7·4, 10 mM sodium pyrophosphate, 100 mM sodium
fluoride, 10 mM EDTA, 10 mM sodium vanadate, and
2 mM PMSF) for 30 s using a Polytron PT 1200 C
homogenizer (Brinkmann Instruments, Westbury, NY,
USA). The tissue extracts were centrifuged at 12 000
r.p.m. at 4 �C for 20 min and the supernatant was used for
protein quantification and for immunoprecipitation. The
immuno precipitations were carried out by incubating
aliquots of extracts with 15 µl of anti-IRS1/2 or anti-SHC
antibodies at 4 �C overnight. The immune complexes
were then precipitated with protein A-Sepharose 6 MB
for 2 h. The pellets were washed three times in buffer
containing 100 mM Tris, 2 mM sodium vanadate, 1 mM
EDTA and 0·5% Triton X-100, resuspended in 18 µl
Laemmli sample buffer and boiled for 5 min prior to
loading onto polyacrylamide gels (8% for anti-IRS1/2, and
15% for anti-SHC). Aliquots of total extracts containing
100 µg protein for islets and uterus were run on 12%
polyacrylamide gels containing SDS. Following electro-
phoresis, the proteins were transferred to nitrocellulose
membranes for 2 h at 120 V. Non-specific protein binding
to nitrocellulose was reduced by preincubating the filter in
blocking buffer (BSA 5%, 10 mM Tris, 150 mM NaCl,
and 0·02% Tween 20) for 2 h at 22 �C. The nitrocellulose
membranes were then incubated for 2 h at 22 �C with
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antiphosphotyrosine antibody, or anti-PI3K diluted in
blocking buffer (BSA 3%), and washed for 30 min in
blocking buffer without BSA. The blots were then incu-
bated with 2 µCi [125I]protein A (30 µCi/µg) in 10 ml
blocking buffer for 1 h at 22 �C and washed again as
described above for 2 h. [125I]Protein A bound to the
antibodies was detected by autoradiography using pre-
flashed Kodak film at –80 �C for 24–60 h. When detection
by chemiluminescence was used, the membranes were
incubated with a peroxidase-conjugated secondary anti-
body for 1 h at 22 �C. Band intensities were documented
by digital scanning followed by quantification using Scion
Image analysis software. When required, �-tubulin was
probed in the same membrane to ensure that equal
amounts of protein had been loaded onto the gel.

Insulin secretion

Groups of five islets were initially incubated for 45 min at
37 �C in Krebs–bicarbonate buffer containing 5·6 mM
glucose and equilibrated with 95% O2/5% CO2, pH 7·4.
The solution was then replaced with fresh Krebs–
bicarbonate buffer and the islets were incubated for a
further 1 h with medium containing 2·8 or 16·7 mM
glucose. The incubation medium contained (in mM):
NaCl 115, KCl 5, NaHCO3 24, CaCl2 2·56, MgCl2 1,
and BSA 0·3% (w/v). The cumulative insulin release
during 1 h was quantified by radioimmunoassay using rat
insulin as the standard.

Statistical analysis

The results were expressed as the mean�S.E.M. of the
number of experiments (n) indicated. The results were
compared using ANOVA followed by the Tukey–Kramer
test, with a value of P<0·05 indicating significance.

Results

Protein expression, phosphorylation of IRS1 and IRS2 and
their association with the p85 subunit of PI3K in pancreatic
islets

The protein levels of IRS1 and IRS2 in islets from
pregnant rats were not different from control islets (Fig. 1A
and B, left panels). Immunoprecipitation of islet extracts
with anti-IRS1 or anti-IRS2 followed by immunoblotting
with anti-phosphotyrosine antibodies revealed an increase
in IRS1 (3-fold, P<0·05) and IRS2 (2·5-fold, P<0·05)
phosphorylation in pregnant rat islets compared with the
controls (Fig. 1A and B, middle panels). The increase in
the phosphorylation of IRS1 and IRS2 was accompanied
by an increased association with PI3K in islets from
pregnant compared with control rats (2·3-fold for both,

P<0·05), as determined by reprobing the membranes
with antibody against the regulatory p85 subunit of PI3K
(Fig. 1A and B, right panels).

Protein expression and phosphorylation of AKT and p70S6K

in pancreatic islets

To investigate the participation of downstream proteins of
the PI3K cascade in cellular signaling in islets, groups of
300 islets were lysed, separated by SDS-PAGE and blotted
with anti-AKT1 and anti-p70S6K antibodies for protein
and anti-phospho[Ser473]AKT and anti-phospho p70S6K

antibodies for phosphorylation analysis. The protein
levels of AKT1 and p70S6K in islets from pregnant rats
were higher than in the controls (Fig. 2A, C) (2- and 1·6-
fold respectively, P<0·05). The phosphorylation of AKT

Figure 1 Tyrosine phosphorylation of IRS1 and IRS2 and their
association with the p85 subunit of PI3K. Islet extracts were
immunoprecipitated with anti-IRS1 (A) and anti-IRS2 (B) antibodies
and immunoblotted with anti-phosphotyrosine antibody. The
nitrocellulose membranes were subsequently stripped and probed
with anti-p85 antibody. The bars represent the relative protein
levels (left panels), phosphorylation of IRS1/2 (middle panels) and
the association with p85 (right panels) as determined by optical
densitometry, and are the means�S.E.M. of four experiments.
*P<0·05 compared with the controls. Open and closed bars
represent islets from control and pregnant rats respectively.
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(Fig. 2B) and p70S6K (Fig. 2D) was also significantly
higher in islets of pregnant compared with control rats
(1·8- and 2·7-fold respectively, P<0·05).

Protein expression and phosphorylation of SHC and
ERK1/2 in pancreatic islets

To investigate the participation of SHC and the MAPK
cascade in cellular signaling, groups of 300 islets were lysed,
separated by SDS-PAGE and blotted with anti-SHC
and anti-ERK1/2 antibodies, and anti-phospho-ERK1/2
antibody. The islet extracts were also immunoprecipitated
with anti-SHC antibody followed by SDS-PAGE and
blotting with anti-phosphotyrosine antibody. The protein
levels (2·3-fold, P<0·05) and phosphorylation (3·3-fold,
P<0·05) of SHC were significantly higher in islets from
pregnant rats compared with control islets (Fig. 3A, B).

The protein levels of ERK1/2 were similar in islets from
pregnant and control rats (not significant) whereas tyrosine/
threonine phosphorylation was significantly higher in islets
from pregnant rats (2·8-fold, P<0·05) (Fig. 3C, D).

Effect of treatment with PRLR sense and antisense
oligonucleotides on protein expression, phosphorylation and
insulin secretion in pancreatic islets

To test the involvement of PRLR in the increase in islet
mass and the participation of the PI3K cascade in this
process, control and pregnant rats were treated with
PRLR sense and antisense oligonucleotide for three con-
secutive days. The treatment with antisense, but not
sense, oligonucleotide significantly reduced PRLR protein
expression in the uterus (Fig. 4A) and islets (Fig. 4B)
(P<0·05 for both). The PRLR sense and antisense

Figure 2 Protein expression and phosphorylation of AKT and p70S6K in pancreatic islets. Islet extracts were
immunoblotted with anti-AKT1 (A) and anti-p70S6K (C) antibodies and anti-phospho[Ser473]AKT (B) and
anti-phospho p70S6K (D) antibodies. The bars represent the relative protein expression and
phosphorylation of AKT and p70S6K as determined by optical densitometry, and are the means�S.E.M. of
four experiments. *P<0·05 compared with the controls. Open and closed bars represent islets from control
and pregnant rats respectively.
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oligonucleotides did not alter the expression of �-tubulin
used as an internal control (Fig. 4A). In addition, treatment
with the antisense significantly reduced the serine phos-
phorylation of AKT (Fig. 5A) in islets from both pregnant
and control rats (P<0·05 for both). The PRLR antisense
oligonucleotide also reduced the protein expression of
p70S6K in islets from pregnant rats compared with similar
islets treated with the sense oligonucleotide (Fig. 5B)
(P<0·05). The treatment of control rats with sense or
antisense oligonucleotides did not alter the insulin secre-
tion by isolated islets incubated with basal (2·8 mM) or
stimulatory (16·7 mM) concentrations of glucose (Fig. 6,
left panels). However, treating pregnant rats with antisense
oligonucleotide significantly reduced the insulin secretion
stimulated by 16·7 mM glucose compared with islets from
pregnant rats treated with the PRLR sense oligonucleotide
(P<0·05) (Fig. 6, right panels).

Discussion

The activation of JAK/STAT is the major pathway
involved in most of the cellular responses induced by the
interaction of GH and PRL with their respective receptors
in different cell types, including pancreatic �-cells (Bole-
Feysot et al. 1998, Brelje et al. 2002). Signal transduction
by GH and PRL also involves the tyrosine phosphory-
lation of IRS proteins with subsequent association/
activation of PI3K, as seen in different cell lines transfected
with PRLR (Berlanga et al. 1997, Yamauchi et al. 1998).
In rat Nb2 lymphoma cells (Erwin et al. 1995) and CHO
cells expressing the wild-type PRLR (Goupille et al.
2000), PRL-induced activation of the MAPK cascade
most likely occurs through the adapter protein complex
SHC/GRB-2/SOS. These observations were recently ex-
tended to pancreatic neonatal islets maintained in culture

Figure 3 Protein expression and phosphorylation of SHC and ERK in pancreatic islets. Islet extracts were
immunoblotted with anti-SHC (A). For SHC tyrosine phosphorylation, islet extracts were
immunoprecipitated with anti-SHC antibody and immunoblotted with anti-phosphotyrosine antibody (B).
Islet extracts were also immunoblotted with anti-ERK (C) and anti-phospho-ERK1/2 (D) antibodies. The
bars represent the relative protein levels and the phosphorylation of SHC and ERK as determined by
optical densitometry, and are the mean�S.E.M. of four experiments. *P<0·05 compared with the controls.
Open and closed bars represent islets from control and pregnant rats respectively.
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in the presence of PRL or exposed to a rapid challenge
with PRL (Amaral et al. 2003).

As shown in Fig. 1, the basal phosphorylation of IRS1/2
and their association with PI3K were significantly in-
creased in islets from pregnant rats compared with the
controls. The link between insulin signaling and secretion
has been demonstrated in IRS1 knockout (KO) mice,
which show marked insulin secretory defects in response
to glucose and reduced insulin synthesis (Kulkarni et al.
1999), and in IRS2 KO mice, which primarily show
a decrease in �-cell mass (Withers et al. 1998). More
recently, the defective glucose sensing in IRS1 KO mice
was found to be associated with impaired intracellular
Ca2+ signaling (Kulkarni et al. 2004). Based on these
observations, it is possible that the higher basal activity of
the IRSs–PI3K cascades partly mediates �-cell growth and
improves insulin secretion in pregnant rats.

Indeed, the increased IRSs–PI3K associations were
accompanied by a significant increase in the protein
expression and phosphorylation of AKT and p70S6K (Fig.
2). The higher level of AKT1 Ser473 phosphorylation is
an important step in the adaptations observed in pregnant
rat islets. Transgenic mice expressing a constitutive active
form of AKT1 in �-cells show a marked increase in �-cell
mass that involves mainly enhanced �-cell survival and
increased �-cell size (Tuttle et al. 2001). Ablation of
p70S6K, an AKT substrate, reduces the sensitivity to
glucose, the islet insulin content and cell size (Pende et al.
2000). Thus, our results clearly indicate the participation
of PI3K signaling pathways in the alterations in islet cell
physiology during pregnancy.

In several signaling pathways, the phosphorylation
of members of the MAPK cascade activates several

Figure 4 Expression of PRLR protein in uterus and islets from rats
treated with PRLR sense (S) and antisense (AS) oligonucleotides.
Total protein extracts of uterus (A) and islets (B) were
immunoblotted with anti-PRLR antibody. The extracts of uterus
were also immunoblotted with anti-�-tubulin. The bars represent
the protein levels as determined by optical densitometry, and are
the means�S.E.M. of four experiments. *P<0·05 compared with
the controls. Open and closed bars represent islets from control
and pregnant rats respectively.

Figure 5 Phosphorylation of AKT and protein expression of p70S6K

in pancreatic islets from rats treated with PRLR sense (S) and
antisense (AS) oligonucleotides. Islet extracts from pregnant and
control rats treated with PRLR sense and antisense
oligonucleotides were immunoblotted with anti-phospho-AKT (A)
and anti-p70S6K (B) antibodies. The bars represent the relative
phosphorylation of AKT and protein expression of p70S6K as
determined by optical densitometry, and are the means�S.E.M. of
four experiments. *P<0·05 compared with the corresponding
controls (S vs AS). Open and closed bars represent islets from
control and pregnant rats respectively.
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transcriptional regulators to control cellular growth. Figure
3 shows that SHC and ERK were phosphorylated more in
islets from pregnant rats than in those from control rats,
thus indicating that the MAPK pathway is also involved in
cellular functions such as growth and differentiation during
pregnancy. This conclusion is consistent with the finding
that PRL activates the PI3K and MAPK cascades in
neonatal rat islets (Amaral et al. 2003). According to
Friedrichsen et al. (2001), GH/PRL-induced �-cell pro-
liferation is dependent on the JAK/STAT5 signaling
pathway but not on the MAPK, PI3K and PKC pathways
in isolated �-cells and the INS-1 cell line. Our results
apparently contradict these data, although it is possible that
the model used by these authors (isolated �-cells) may have
slightly different signal transduction mechanisms than do
intact islets (our model). The following findings (1) that
the treatment of adult rat islets with PRL for 24 h
enhanced the expression of ERK1/2, of the proliferation
marker proliferating cell nuclear antigen (PCNA) and of
several regulators of protein biosynthesis (Bordin et al.
2004), (2) that islets show an increase in cell proliferation
and cell size during pregnancy, and (3) that the IRS2–
PI3K–AKT–p70S6K axis participates in cell growth in
other tissues (Accili et al. 2001) support the view that PI3K
mediates cell growth in islets, whereas an unknown signal
downstream of AKT promotes cell proliferation during
pregnancy.

Since the PRL concentrations and the number of
PRLR in pancreatic �-cells are increased in late preg-
nancy (Sorenson & Brelje 1997), we treated pregnant and
control rats with PRLR sense and antisense oligonucleo-
tides to evaluate the participation of the PRLR during
this period. As shown in Fig. 4, the expression of PRLR

protein in uterus and islets from pregnant rats was signifi-
cantly reduced by treatment with the antisense but not the
sense oligonucleotide. In addition, the insulin secretion
induced by 16·7 mM glucose in islets from pregnant rats
treated with the antisense oligonucleotide was significantly
reduced compared with that seen with the sense oligo-
nucleotide. In agreement with our findings, the over-
expression of placental lactogens in insulin-producing cells
increases the �-cell mass and insulin production (Fleenor
et al. 2000, Vasavada et al. 2000), whereas in PRLR-
deficient mice there is islet and �-cell hypoplasia ac-
companied by a reduction in insulin mRNA levels and
mild glucose intolerance (Freemark et al. 2002). Thus,
our results indicate that the PRLR mediates the effects
of placental lactogens and PRL on �-cell maturation,
development and function. The reduction in AKT phos-
phorylation and p70S6K protein expression seen in islets
from PRLR antisense-treated pregnant rats (Fig. 5)
strongly indicated the participation of PI3K in this process.
However, we have no conclusive explanation as to why
the PRLR antisense oligonucleotide did not reduce
PRLR expression in the uterus and islets of control rats.
Since the role of PRLR in islets during pregnancy is far
more important than in the non-pregnant state, it is
possible that in control rats the blockade induced by the
antisense oligonucleotide was not sufficient to provoke a
significant difference in PRLR expression.

The results of this study show that, in addition to the
participation of the well-known JAK/STAT pathway,
�-cell growth and differentiation in pregnant rats induced
by PLs and PRL is mediated by the PRLR and involves
the PI3K and MAPK cascades.
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