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�-Cell mass increases during pregnancy to accommodate for insulin resistance. This increase is
mainly due to �-cell proliferation, a process that requires intact prolactin receptor (Prlr) signaling.
Signaling molecules that are known to regulate �-cell proliferation include Jak2, Akt, the tumor
suppressor menin, and cell cycle proteins. Whether these pathways are involved in prolactin-
mediated �-cell proliferation is unknown. Using the heterozygous prolactin receptor-null (Prlr�/�)
mice, we isolated pancreatic islets from both Prlr�/� and Prlr�/� mice on d 0 and 15 of pregnancy
and examined the expression levels of these signaling molecules. In the wild-type mice (Prlr�/�),
both phospho-Jak2 and phospho-Akt expression in pancreatic islets increased during pregnancy,
which were attenuated in the pregnant Prlr�/� mice. During pregnancy, menin expression was
reduced by 50 and 20% in the Prlr�/� and the Prlr�/� mice, respectively, and the pregnant Prlr�/�

mice had higher islet p18 levels than the Prlr�/� mice. Interestingly, between d 0 and 15 of preg-
nancy, expression of cyclin inhibitory protein p21cip was increased in the Prlr�/� mice, but this
increase was blunted in the Prlr�/� mice. Lastly, we did not find any difference in the expression
levels of cyclins D1, D2, and inhibitory kinases between the pregnant Prlr�/� and Prlr�/� mice.
Therefore, we conclude that during pregnancy, placental hormones act through the prolactin
receptor to increase �-cell mass by up regulating �-cell proliferation by engaging Jak2, Akt, menin/
p18, and p21. Future studies will determine the relative contribution of these molecules in main-
taining normal glucose homeostasis during pregnancy. (Endocrinology 152: 847–855, 2011)

Pancreatic �-cell mass and function exhibit significant
plasticity so that in time of increased insulin require-

ment, such as obesity and pregnancy, �-cell number and
insulin secretory capacity can increase significantly to meet
this metabolic demand (1, 2). Several lines of evidence sug-
gest that prolactin and/or placental lactogens are responsible
for the pregnancy-associated changes in �-cell mass and
function. First, during pregnancy, the increase in serum pro-
lactin and placental lactogen levels parallels the increase in
�-cell mass (3). Second, prolactin receptor, the receptor for
both prolactin and placental lactogens, is present on pancre-
atic �-cells (4), and its expression increasesduringpregnancy
(5). Furthermore, in vitro exposure of isolated islets to pro-
lactin/placental lactogen showed that these hormones can
increase insulin secretion and �-cell proliferation and lowers

the threshold of glucose-stimulated insulin secretion,
mimicking the effects of pregnancy on �-cells (6–8). Recently,
we reported that intact prolactin receptors are required for
maintenance of normal serum glucose during pregnancy (9).
We found that transgenic mice with heterozygous deletion of
theprolactinreceptor(Prlr�/�)haveimpairedglucosetolerance
during pregnancy but normal glucose homeostasis during the
nonpregnant state. In addition, the pregnant Prlr�/� mice have
lower seruminsulin levels in comparisonwith thePrlr�/� mice,
which correlated with a reduced �-cell mass and a decreased
�-cell proliferation rate in the pregnant Prlr�/� mice. These re-
sults suggest that during pregnancy, the action of pregnancy
hormones is essential for maintaining adequate insulin re-
sponses by enhancing �-cell proliferation, thereby increasing
�-cell mass.
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Significant efforts have been directed at deciphering
the molecular mechanisms that regulate �-cell prolifer-
ation. One of the surprising and important earlier find-
ings is that the insulin signaling pathway itself [insulin
receptor (IR)/IR substrate (IRS)/phosphoinositol-3-ki-
nase (PI3K)/Akt] is required for normal �-cell function
(10). Studies in transgenic mice have found that abla-
tion of the IR from pancreatic �-cells caused impaired
glucose-stimulated insulin secretion, with a phenotype
that closely resembles type 2 diabetes (11, 12). Deletion
of IRS-2 has led to development of overt diabetes be-
cause these mice cannot increase �-cell mass to com-
pensate for age-related insulin resistance (13). Down-
stream of the IR/IRS, Akt has been found to be
important as well (14). Akt-null mice develop hyper-
glycemia and loss of �-cell mass with increased apopto-
sis (15), whereas overexpression of Akt in pancreatic
�-cells increased cell size and total islet mass and pre-
vented streptozotocin-induced diabetes (14, 16, 17).
Taken together, these studies suggest that manipulation
of the insulin signaling pathway within the pancreatic
�-cells may lead to increased �-cell numbers.

The role of cell cycle proteins has also been examined.
Both cyclins D1 and D2 are expressed in �-cells (18). Cy-
clin D2�/� mice have reduced �-cell mass and serum in-
sulin levels as well as glucose intolerance (19). In contrast,
cyclin D1�/� mice have a normal �-cell phenotype, but
overexpression of cyclin D1 in human and rat islets en-
hances �-cell proliferation (20). Cyclin E is also expressed
in the �-cells, and similar to the cyclin D1�/� mice, the
cyclin E�/� mice had normal pancreatic �-cell growth and
development (21). Nevertheless, it may potentially have a
role in regulation of �-cell proliferation because one of its
cofactors is the cyclin-dependent kinase (CDK)-2, another
cell cycle protein that is abundantly expressed in the pan-
creatic �-cells. Recently, the tumor suppressor protein me-
nin has been shown to directly regulate �-cell proliferation
during pregnancy (22). Menin regulates gene transcrip-
tion by promoting histone methylation. In islets, menin
maintains expression of cyclin kinase inhibitors such as
p27 and p18, which in turn block islet proliferation.
Importantly, menin�/� mice developed insulinomas,
whereas p18�/� mice had a 40% increase in �-cell mass
(23). Furthermore, expression of menin, p27, and p18 are
reduced during pregnancy, all at minimum levels on ges-
tational d 13–18, coincide with the time of maximal �-cell
proliferation. When menin is overexpressed in the islets, it
results in reduced �-cell proliferation and �-cell mass dur-
ing pregnancy, leading to gestational diabetes (22). Inter-
estingly, prolactin infusion can also reduce menin, p27,
and p18 expression while increasing �-cell proliferation
(22), supporting menin as an important mediator of �-cell

proliferation during pregnancy. Another cyclin kinase in-
hibitor, p21, may also be important during pregnancy be-
cause it is up-regulated in islets of mice that overexpress
placental lactogen (24).

It is unknown whether any of the above signaling path-
ways are activated in the pregnant islet in a prolactin-
dependent manner. Therefore, the aim of this study is to
determine which of the above signaling pathways are ac-
tivated in the pregnant islets and whether dysregulation in
any of these signaling pathways is detected in the Prlr�/�

islets, providing a mechanism underlying the reduced
�-cell proliferation in the Prlr�/� mice. Here, we report
that dysregulation of the IRS-2, phospho-Jak2, phospho-
Akt, and Akt as well as menin/p18 and p21 expression are
observed in the pancreatic islets of pregnant heterozygous
prolactin receptor-null mice (Prlr�/�). Potentially, these
signaling pathways converge on the cell cycle machinery
leading to lower �-cell proliferation rate in the pregnant
Prlr�/� mice.

Materials and Methods

Mice
Heterozygous prolactin receptor-null mice (Prlr�/�) on a

C57BL/6 background were purchased from The Jackson Labo-
ratory (Bar Harbor, ME) and working mouse stock was gener-
ated by crossing Prlr�/� with wild-type Prlr�/� mice. The pups
were genotyped as previously described (25). Mice were main-
tained on 12-h light, 12-h dark cycle with liberal access to food
and water. Mice were studied at 3–4 months of age. Nonfasted
blood glucose was determined using a glucometer (FastTake) by
sampling from tail vein at 0800 h. All experimental procedures
were approved by the Animal Use Review Committee at the
University of Calgary in accordance with standards of the Ca-
nadian Council on Animal Care.

Materials
Protease inhibitor Complete Mini Tablet is from Roche (In-

dianapolis, IN). Collagenase type V (C9263), dextran (D-4751),
trypsin 1 mg tablets (T7168), and all chemicals are from Sigma
Chemical Co. (St. Louis, MO). Sources of antibodies are speci-
fied below.

Immunohistochemistry
Pancreas was isolated from pregnant and nonpregnant mice,

weighed, fixed in 4% paraformaldehyde/PBS solution at 4 C
overnight, embedded in paraffin blocks, and then longitudinally
serial sectioned to 7 �m. Every 40th tissue section was stained for
insulin to identify �-cells. This provides at least 280 �m distance
between sections stained, minimizing the possibility of sampling
the same islet twice. Antigen retrieval was achieved by incubating
tissue sections with 1 mg/ml trypsin (Sigma) at 37 C for 20 min.
After 1 h of blocking with 1% goat serum/PBS at room temper-
ature, tissues were incubated with primary antibody overnight at
4 C [guinea pig antiinsulin at 1:750 (Dako, Carpinteria, CA),
diluted in 1% goat serum/PBS]. This was followed by 1 h incu-
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bation with fluorophore-conjugated secondary antibodies [Cy3-
anti-guinea pig (Jackson ImmunoResearch Laboratories, West
Grove, PA) diluted in 1% goat serum/PBS at 1:300, room tem-
perature]. Bis-benzimide H 33342 trihydrochloride (0.1 �g/ml;
Sigma) was added to the secondary antibody for nuclear staining.
Sections were mounted using DakoCytomation fluorescent
mounting medium and stored at 4 C.

Islet morphometry
For each pancreas section, consecutive images of adjacent

nonoverlapping areas of the entire pancreas section were ac-
quired using a Leica (Wetzlar, Germany) fluorescence micro-
scope, and captured with a CoolSnap digital camera (26). Images
were analyzed by ImageJ software to measure the insulin-posi-
tive area as well as the area of the entire pancreas section (iden-
tified by nuclear staining). �-Cell mass was calculated by mul-
tiplying the pancreas weight by the �-cell fraction (i.e. the ratio
of insulin-positive cell area to total pancreatic tissue area on the
entire section) (27). Results represent the average of four to five
tissue sections per animal from three to five animals from each
genotype.

Islet isolation
Pancreatic islets were isolated from nonfasted Prlr�/� and

Prlr�/� adult pregnant female mice. Pancreas was distended us-
ing collagenase V (Sigma; 1 mg/ml, 2.5 ml/pancreas), surgically
removed and then incubated in collagenase (2 ml/pancreas) at 37
C for 15 min under constant agitation. The digested pancreas
was passed through a sterile 500-�m filter and then separated
from exocrine tissue by centrifugation on a dextran gradient
(1.100/1.085/1.075/1.045 g/ml). Islets were picked off the
1.085/1.075 and 1.075/1.045 g/ml gradient interface, washed
with Hank’s buffered salt solution (supplemented with 0.25%
fraction V BSA) (Invitrogen, Carlsbad, CA), and then lysed for
protein determination in lysis buffer.

Protein expression analysis
Whole-cell protein extract were obtained by disrupting the

isolated islets in lysis buffer [2% sodium dodecyl sulfate, 125 mM

Tris (pH 7), 1 mM dithiothreitol in PBS, plus protease inhibitors:
Complete Mini Tablets, 50 mM NaF, 10 nM okadaic acid, 1 mM

Na3VO4, and 1 mM phenylmethylsulfonyl fluoride] (200 islets/
100 �l), sonicated three times for 30 sec, followed by protein
concentration determination using the Bradford methods. Pro-
tein was separated by SDS-PAGE (30 �g for menin and IRS-2 and
10 �g for all other molecules) and transferred onto polyvinyli-
dene difluoride filters, blocked in 3% BSA at 4 C overnight, and
then incubated with primary antibody [rabbit anti-Akt and anti-
phospho-Akt antibody at 1:1000 (Cell Signaling Technology,
Beverly, MA), rabbit anti-IRS-2 at 1:500 (Millipore, Bedford,
MA), goat antimenin antibody at 1:1000 (Bethyl Laboratories,
West Grove, PA), mouse anti-p27 Kip1 antibody at 1:1000 (BD
Bioscience, Palo Alto, CA), rabbit anti-p18 antibody at 1:500
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-cyclin
D1 at 1:1000 (Cell Signaling), rat anti-cyclin D2 at 1:1000 (Santa
Cruz), rabbit anti-p21 at 1:500 (Santa Cruz), mouse anti-p16 at
1:1000 (Santa Cruz), goat anti-p15 at 1:500 (Santa Cruz), and
rabbit anti-actin antibody at 1:1000 (Cell Signaling)] at room
temperature for 2 h, followed by a 1-h incubation with horse-
radish peroxidase-conjugated secondary antibody [sheep anti-
mouse antibody at 1:10,000 and donkey antirabbit at 1:10,000-
15,000 (Amersham, Piscataway, NJ), donkey antigoat at 1:5,000–
10,000 (Jackson), and donkey antirat at 1:5,000–10,000
(Jackson)]. Protein was visualized by the enhanced chemilumines-
cence method and scanned within the linear range using ImageJ
software.

Results

Pregnancy-induced increase in IRS-2 and Akt
expression is blunted in the Prlr�/� mice

Recently, results from our in vivo data using a trans-
genic mouse with a heterozygous deletion of the prolactin
receptor (Prlr�/�) confirmed previous in vitro observa-
tions that placental hormones (prolactin and placental
lactogen) up-regulate �-cell mass (2, 28) and that intact

prolactin receptors are required for
maintenance of normal glucose ho-
meostasis during pregnancy (9). In
comparison with the wild-type Prlr�/�

mice, the mutant Prlr�/� mice express
50% less prolactin receptors in its islets
(9), and the pregnant Prlr�/� mice had
elevated nonfasted serum glucose (Prlr�/�,
8.98 � 0.22 mmol/liter; Prlr�/�, 8.01 �
0.25 mmol/liter; P � 0.009) (Fig. 1A)
and reduced �-cell mass (Prlr�/�,
3.06 � 0.38 mg; Prlr�/�, 2.01 � 0.28
mg; P � 0.04) (Fig. 1B). It is important
to note that the difference is specific to
islets’ response to pregnancy, because
we detected no difference in any of the
physiological parameters between the
nonpregnant Prlr�/� and Prlr�/� mice.
This difference in islet mass and serum
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FIG. 1. Effects of heterozygous prolactin receptor deletion (Prlr�/�) on serum glucose and
�-cell mass during pregnancy. A, Serum glucose (millimoles/liter) were measured at 0800 h
on nonfasted mice on d 15 of pregnancy (n � 15–20). B, �-cell mass (milligrams) on d 0 and
15 of pregnancy. �-cell mass was calculated as �-cell fraction (defined as the percent area of
the pancreas section stained positive for insulin) multiplied by pancreas weight (n � 4–5).
Prlr�/� are wild-type mice; Prlr�/� are heterozygous prolactin receptor-null mice. All
experimental mice are 3–4 months old. *, P � 0.05 in comparison with the wild-type mice.
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glucose was accompanied by a parallel difference in �-cell
proliferation rate, such that �-cell proliferation rate in the
Prlr�/� mice was approximately 40% of that of the Prlr�/�

mice during pregnancy (9). To understand the mecha-
nisms underlying the differential �-cell proliferation rate
in the pregnant Prlr�/� vs. Prlr�/� mice, we isolated islets
from both the pregnant and nonpregnant Prlr�/� and
Prlr�/� mice and examined the expression and activity

levels of the Jak2, IRS-2/Akt, menin/p18, and the cell
cycle proteins pathways.

First, we examine the insulin signaling pathway, i.e. the
expression of IRS-2 and Akt. IRS-2 is known to be essen-
tial for the regulation of �-cell mass (13, 29), and prolactin
has been shown to activate IRS-2 (30). Here, we detected
a moderate increase in IRS-2 expression during pregnancy
(arbitrary units: nonpregnant in Prlr�/�, 0.18 � 0.03;

pregnant Prlr�/�, 0.31 � 0.04), which
was blunted in the Prlr�/� mice (arbi-
trary units: nonpregnant Prlr�/�,
0.16 � 0.01; pregnant Prlr�/�, 0.23 �
0.02; n � 10–20) (Fig. 2A). Down-
stream of IRS-2 in the insulin signaling
pathway, Akt has also been shown to be
important for regulation of �-cell pro-
liferation (14). Here, we compare the
expression levels of Akt in islets of non-
pregnant vs. pregnant wild-type
(Prlr�/�) and mutant (Prlr�/�) mice. In
the Prlr�/� mice, expression of Akt in
the islets was increased by 2.1-fold (P �
0.01) from d 0–15 of pregnancy (Fig.
2B). This increase was blunted in the
Prlr�/� mice. Akt expression was sig-
nificantly higher in the pregnant wild-
type islets in comparison with the mu-
tant islets (arbitrary units: Prlr�/�,
2.83 � 0.28; Prlr�/�, 2.03 � 0.29; P �
0.05; n � 9–21). We did not detect a
significant difference in Akt expression
levels between the nonpregnant Prlr�/�

and Prlr�/� mice. Similarly, we found
that Akt activation, as measured by Akt
phosphorylation, was increased during
pregnancy in the Prlr�/� mice, and this
increased was blunted in the Prlr�/�

mice (Fig. 2C).

Pregnancy-induced reduction in
menin expression is blunted in the
Prlr�/� mice

Next, we examine whether the tu-
mor suppressor menin is involved in
Prlr-mediated increase in �-cell prolif-
eration of pregnancy. In Prlr�/� mice,
menin protein levels decreased by 50%
between d 0 and 15 of pregnancy (Fig.
3A). In contrast, we did not detect a sig-
nificant reduction in menin expression
in the Prlr�/� mice during pregnancy.
Downstream of menin, the expression
of the inhibitory kinase p18 decreased
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FIG. 2. Pregnancy-associated increases in IRS-2, Akt, and phospho-Akt expression were
reduced in the Prlr�/� mice. Whole-cell lysates were prepared from isolated islets, and 10–30
�g protein from each mouse was immunoblotted for IRS-2 (A), Akt (B), phospho-Akt (C), and
actin. Each lane represents one individual mouse. The OD of the IRS-2/Akt/pAkt bands were
normalized to that of actin, which was used as the loading control. A representative blot is
shown. Results represent mean � SEM of nine to 21 mice from at least three separate
experiments. G0, Gestational d 0 (i.e. nonpregnant); G15, gestational d 15. Prlr�/� are wild-
type mice; Prlr�/� are heterozygous prolactin receptor-null mice. All experimental mice are
3–4 months old. *, P � 0.05 in comparison with the wild-type pregnant mice.
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during pregnancy in the Prlr�/� mice (Fig. 3B). However,
p18 expression was higher in the islets of pregnant Prlr�/�

mice in comparison with the Prlr�/� mice, correlating with
the decreased �-cell proliferation rate of the pregnant
Prlr�/� mice. Interestingly, similar to findings by Zhang et
al. (31), we did not observe a significant reduction in p27
protein expression during pregnancy (Fig. 3C).

The increase in p21 expression during pregnancy
is diminished in Prlr�/� mice

Previous work from Cozar-Castellano et al. (18) found
that in islets of transgenic mice overexpressing placental
lactogen, expression of the cyclin inhibitory protein (CIP)
p21 was specifically and significantly increased, whereas
the expression of other CIPs (i.e. p27 and p57) were not
affected. Here, we found that during pregnancy, p21 ex-

pression was increased by 2.00 � 0.24-
fold in the wild-type mice (Fig. 4). How-
ever, this increase was not observed in
the pregnant Prlr�/� mice.

Next, we proceeded to examine the
expression levels of cyclins and cyclin
inhibitory kinases in islets during preg-
nancy. To our surprise, during preg-
nancy, we observed only a modest in-
crease in cyclin D1 and D2 protein
expression that was not statistically sig-
nificant (Fig. 5, A and B). Similarly, cy-
clin E expression was unchanged during
pregnancy (data not shown). When we
examined the expression levels of inhib-
itory kinases, we found that expression
of p16 and p15 were comparable be-
tween the islets of pregnant and non-
pregnant mice (Fig. 5, C and D).

Pregnancy-induced increase in
Jak2 activation is blunted in the
Prlr�/� mutant mice

It is well established that prolactin
activates the Jak2/Stat5 pathway (32,
33) and that prolactin receptors directly
engages Jak2 in response to ligand bind-
ing. Here, we found that during preg-
nancy, there is a 2-fold increase in Jak2
phosphorylation in the Prlr�/� mice,
whereas in the Prlr�/� mice, the increase
is significantly blunted (Fig. 6). This
change in Jak2 activation, however, was
not accompanied by a change in Jak2 ex-
pression,becausewecannotdetect signif-
icant change in Jak2 expression during
pregnancy in either the wild-type Prlr�/�

or the Prlr�/� mutant mice (Fig. 6).

Discussion

Although several signaling pathways
such as IRS-2, Akt, Jak2/Stat5b, and
MAPK have been shown to be activated
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FIG. 3. Pregnancy-induced reduction in menin expression was blunted in the Prlr�/� mice.
Whole-cell lysates were prepared from isolated islets, and 30 �g of protein from each mouse
was immunoblotted for menin (A), p18 (B), p27 (C), and actin. The OD of the menin, p18,
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prolactin receptor-null mice. All experimental mice are 3–4 months old.
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by prolactin in vitro, whether these signaling pathways are
activated by prolactin in vivo is unknown (34). This study
aimed to determine the signaling pathways that are in-
volved in regulating prolactin-mediated �-cell prolifera-
tion during pregnancy. To achieve this aim, we chose to
compare the expression levels of signaling molecules in
isolated islets of the pregnant Prlr�/� vs. the Prlr�/� mice,
because we have previously shown that the Prlr�/� mice
had reduced �-cell mass and �-cell proliferation rate in
comparison with the Prlr�/� mice during pregnancy. We
have made several novel observations here. First, the ex-
pression of IRS-2 in the pancreatic islets was up-regulated
during pregnancy, and this increase was dependent on
intact prolactin receptor signaling. Second, there was a
significant increase in the protein expression and activa-
tion of Akt in the pregnant islet, and this increase was
blunted when prolactin receptor expression was reduced
in the �-cells, as was in the Prlr�/� mice. Third, expression
of the tumor suppressor menin and its downstream effec-
tor p18 were down-regulated during pregnancy, and in-
tact Prlr was required to maintain this response. Fourth,
expression of the CIP p21 was increased during preg-
nancy, and this increase was blunted in the pregnant
Prlr�/� mice. Lastly, the pregnancy-associated increase in
Jak2 activation was blunted in the Prlr�/� mice. Together,

these results represent the first in vivo demonstration that
molecules from several distinct signaling pathways are im-
plicated in prolactin-mediated regulation of �-cell prolif-
eration during pregnancy.

Multiple signaling pathways participate in regulating
�-cell proliferation. The insulin signaling pathway itself
(IR/IRS/PI3K/Akt) is required for normal �-cell function
(10). IRS-2 has an important role in �-cell proliferation
(13) and we observed a moderate increase in IRS-2 ex-
pression in islets from pregnant Prlr�/� mice, which was
blunted in the Prlr�/� mice (Fig. 2). Downstream of the
IRS proteins, Akt also plays a role in regulating islet mass.
The Akt2-null mice developed hyperglycemia and loss of
�-cell mass with increased apoptosis (15), whereas over-
expression of a constitutively active Akt1 in �-cells re-
sulted in an increase in islet mass and �-cell proliferation
(16), accompanied by an increase in pancreatic insulin
content and mild hypoglycemia (17). In the context of
pregnancy, Amaral et al. (30) reported that in the pregnant
rat islets, expression of Akt in islets is up-regulated in com-
parison with the nonpregnant animal. Here, we found that
during pregnancy, Akt expression in the islet increased by
2.1-fold in the Prlr�/� mice but only 1.7-fold in the Prlr�/�

mice, and the expression level was significantly higher in
the pregnant Prlr�/� mice in comparison with the Prlr�/�

mice (Fig. 2B). More importantly, we found a significant
increase in Akt activation during pregnancy, as measured
by expression of phospho-Akt, and this increase was
blunted in the Prlr�/� mice (Fig. 2C). Taken together,
these results suggest that the lower �-cell proliferation rate
we observed in the pregnant Prlr�/� mice may be in part
due to the lower Akt activity.

Downstream of Akt, several signaling pathways may
participate in the regulation of �-cell proliferation. In
transgenic mice overexpressing a constitutively active Akt,
Fatrai et al. (35) reported a 4.1-fold increase in cyclin D1,
a 1.9-fold increase in cyclin D2, but no change in the ex-
pression levels of cyclin D3 or any of the inhibitory ki-
nases, i.e. p15, p16, and p18. The observation that cyclin
D2-null mice have decreased �-cell mass, reduced insulin
levels, and glucose intolerance (19, 36) supports its po-
tential role as an effector of Akt-mediated �-cell prolifer-
ation. Here, we found that during pregnancy, with a 2.1-
fold increase in phospho-Akt in the Prlr�/� mice, there is
a modest but not statistically significant 1.4-fold increase
in cyclin D2 with no change in cyclin D1 expression levels.
We also did not observe any changes in expression levels
of p16 or p15 (Fig. 5). This result needs to be interpreted
with some caution because we observed wide variations in
cyclin D2 expression level between each mouse, despite
sampling over 20 mice in both the pregnant and nonpreg-
nant conditions.
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FIG. 4. p21 expression was up-regulated during pregnancy, and this
response was blunted in the Prlr�/� mice. Whole-cell lysates were
prepared from isolated islets, and 10 �g protein from each mouse was
immunoblotted for p21 and actin. The OD of the p21 band was
normalized to that of actin, which was used as the loading control.
Each lane represents one individual mouse. A representative blot is
shown. Results represent mean � SEM of eight to 14 mice from at least
three separate experiments. G0, Gestational d 0 (i.e. nonpregnant);
G15, gestational d 15. Prlr�/� are wild-type mice; Prlr�/� are
heterozygous prolactin receptor-null mice. All experimental mice are
3–4 months old.
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In contrast to the lack of Akt-stimulated increase in
cyclin and inhibitory kinase expression, the expression of
the CIP p21cip was significantly up-regulated in the con-
stitutively active Akt mice (35). Moreover, transgenic mice
with islet-specific overexpression of placental lactogen has
a significantly increased p21cip level with no effects on
expression levels of cyclins, other CIPs, or inhibitory ki-
nases (18). In the islets of pregnant Prlr�/� mice, p21cip

expression was up-regulated, but this increase was dimin-
ished in the pregnant Prlr�/� mice (Fig. 4). This parallel in
expression pattern of phospho-Akt and p21cip in the islets
of pregnant mice suggest that in pregnancy, prolactin-me-
diated up-regulation of Akt activity leads to an increase in
p21cip expression and that in the pregnant Prlr�/� mice,

the absence of pregnancy-associated in-
crease in p21cip expression may be a
consequence of the lower Akt activity in
the Prlr�/� mice. p21cip is an interesting
molecule. Although it is generally con-
sidered an inhibitor of cell cycle pro-
gression, because it is a cofactor for the
cyclin D-CDK4 complex, it can also ac-
celerate cell cycle progression (37).
Here, the increase in p21cip expression
in pregnancy suggests that in the pres-
ence of a mitogen (i.e. prolactin), CIP
such as p21cip attempt to limit the ex-
tent of cell proliferation so that tumor-
igenesis does not occur. It follows that
in the pregnant Prlr�/� mice, the lower
p21cip expression should lead to in-
creased �-cell proliferation instead of
the blunted �-cell proliferation as we
observed in our previous study (9). A
potential explanation for these seemly
inconsistent observations may lie in the
role of p21cip as a stabilizer of the cyclin
D-CDK4 complex (37). It appears that
p21cip and p27cip are necessary for the
assembly, stability, and nuclear local-
ization of the cyclin D-CDK4 complex,
which is required for cell cycle progres-
sion (37). In the Prlr�/� mice, the lower
p21cip level may contribute to less effi-
cient assembly of the cyclin D-CDK4
complex, leading to lower cell prolifer-
ation rate. Interestingly, p21cip-over-
expressing mice recover better from
streptozotocin-induced diabetes with
emergence of a population of Pdx-1-
positive proliferating, nonendocrine
cells, suggesting that if the preexisting
�-cells cannot proliferate due to high

p21cip expression, progenitors are reactivated to form
�-cells in the context of �-cell injury (38).

The relationship between the menin/p18/p27 pathway,
Akt, and p21cip/cyclins is also an unsolved question. Pro-
lactin stimulates the phosphorylation and nuclear trans-
location of signal transducer and activator of transcrip-
tion 5 (STAT5), inducing expression of Bcl6, which
directly associates with and represses transcription of
Men1, reducing menin expression (22). This reduction in
menin expression leads to reduced p18 and p27cip expres-
sion, which allows for increased �-cell proliferation.
When menin is overexpressed in the �-cells, there is a cor-
responding increase in p18 and p27cip expression with
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reduction in �-cell proliferation and more importantly,
these transgenic mice have elevated blood glucose dur-
ing pregnancy (22). Here, we found that the pregnancy-
induced reduction in menin and p18 expression observed
in the Prlr�/� mice was blunted in the Prlr�/� mice. Cur-
rently, there is no evidence of cross talk between the Akt
and the menin/p18/p27cip pathway in the �-cell, al-
though in pituitary adenoma, activation of the PI3K/
Akt pathway can lead to increased expression of mixed
lineage leukemia-1 (MLL1), which functions in a com-
plex with menin (39).

In summary, we found that during pregnancy, ex-
pression of phospho-Jak2, IRS-2, phospho-Akt, Akt,
and p21cip are increased, whereas menin and p18 ex-
pression are suppressed in isolated islets. These results
are consistent with the model that prolactin increases
the expression of Akt, which in turn increases p21cip

expression. This slightly elevated level of p21cip serves
two functions: it prevents uncontrolled cell prolifera-
tion but at the same time stabilizes the formation of the
cyclin D-CDK4 complex and regulated progression
through the cell cycle. Independent of the Akt/p21cip/

cyclin D/CDK4 interactions, pregnancy-mediated re-
duction in menin/p18 and up-regulation of Jak2 acti-
vation allows for enhanced �-cell proliferation. In the
pregnant Prlr�/� mice, all these responses are blunted,
contributing to the decreased �-cell proliferation rate
observed in these mice (Fig. 7). Future studies will need
to address the potential cross talk between these path-
ways (34) and, more importantly, how they can be ma-
nipulated to yield controlled �-cell proliferation and
regulated expansion of �-cell mass.
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12. Kulkarni RN, Brüning JC, Winnay JN, Postic C, Magnuson MA,
Kahn CR 1999 Tissue-specific knockout of the insulin receptor in
pancreatic �-cells creates an insulin secretory defect similar to that
in type 2 diabetes. Cell 96:329–339

13. Withers DJ, Gutierrez JS, Towery H, Burks DJ, Ren JM, Previs S,
Zhang Y, Bernal D, Pons S, Shulman GI, Bonner-Weir S, White MF
1998 Disruption of IRS-2 causes type 2 diabetes in mice. Nature
391:900–904

14. Dickson LM, Rhodes CJ 2004 Pancreatic �-cell growth and survival
in the onset of type 2 diabetes: a role for protein kinase B in the Akt?
Am J Physiol Endocrinol Metab 287:E192–E198

15. Garofalo RS, Orena SJ, Rafidi K, Torchia AJ, Stock JL, Hildebrandt
AL, Coskran T, Black SC, Brees DJ, Wicks JR, McNeish JD,
Coleman KG 2003 Severe diabetes, age-dependent loss of adipose
tissue, and mild growth deficiency in mice lacking Akt2/PKB �.
J Clin Invest 112:197–208

16. Bernal-Mizrachi E, Wen W, Stahlhut S, Welling CM, Permutt MA
2001 Islet �-cell expression of constitutively active Akt1/PKB alpha
induces striking hypertrophy, hyperplasia, and hyperinsulinemia.
J Clin Invest 108:1631–1638

17. Tuttle RL, Gill NS, Pugh W, Lee JP, Koeberlein B, Furth EE, Po-
lonsky KS, Naji A, Birnbaum MJ 2001 Regulation of pancreatic
�-cell growth and survival by the serine/threonine protein kinase
Akt1/PKB�. Nat Med 7:1133–1137

18. Cozar-Castellano I, Weinstock M, Haught M, Velázquez-Garcia S,
Sipula D, Stewart AF 2006 Evaluation of �-cell replication in mice
transgenic for hepatocyte growth factor and placental lactogen:
comprehensive characterization of the G1/S regulatory proteins re-
veals unique involvement of p21cip. Diabetes 55:70–77

19. Kushner JA, Ciemerych MA, Sicinska E, Wartschow LM, Teta M,
Long SY, Sicinski P, White MF 2005 Cyclins D2 and D1 are
essential for postnatal pancreatic �-cell growth. Mol Cell Biol
25:3752–3762

20. Cozar-Castellano I, Takane KK, Bottino R, Balamurugan AN,
Stewart AF 2004 Induction of �-cell proliferation and retinoblas-
toma protein phosphorylation in rat and human islets using adeno-

virus-mediated transfer of cyclin-dependent kinase-4 and cyclin D1.
Diabetes 53:149–159

21. Geng Y, Yu Q, Sicinska E, Das M, Schneider JE, Bhattacharya S,
Rideout WM, Bronson RT, Gardner H, Sicinski P 2003 Cyclin E
ablation in the mouse. Cell 114:431–443

22. Karnik SK, Chen H, McLean GW, Heit JJ, Gu X, Zhang AY, Fon-
taine M, Yen MH, Kim SK 2007 Menin controls growth of pancre-
atic �-cells in pregnant mice and promotes gestational diabetes mel-
litus. Science 318:806–809

23. Karnik SK, Hughes CM, Gu X, Rozenblatt-Rosen O, McLean GW,
Xiong Y, Meyerson M, Kim SK 2005 Menin regulates pancreatic
islet growth by promoting histone methylation and expression of
genes encoding p27Kip1 and p18INK4c. Proc Natl Acad Sci USA
102:14659–14664

24. Heit JJ, Karnik SK, Kim SK 2006 Intrinsic regulators of pancreatic
�-cell proliferation. Annu Rev Cell Dev Biol 22:311–338

25. Bouchard B, Ormandy CJ, Di Santo JP, Kelly PA 1999 Immune
system development and function in prolactin receptor-deficient
mice. J Immunol 163:576–582

26. Teta M, Long SY, Wartschow LM, Rankin MM, Kushner JA 2005
Very slow turnover of �-cells in aged adult mice. Diabetes 54:2557–
2567

27. Freemark M, Avril I, Fleenor D, Driscoll P, Petro A, Opara E,
Kendall W, Oden J, Bridges S, Binart N, Breant B, Kelly PA 2002
Targeted deletion of the PRL receptor: effects on islet develop-
ment, insulin production, and glucose tolerance. Endocrinology
143:1378 –1385

28. Sorenson RL, Brelje TC 2009 Prolactin receptors are critical to
the adaptation of islets to pregnancy. Endocrinology 150:1566 –
1569

29. Withers DJ, Burks DJ, Towery HH, Altamuro SL, Flint CL, White
MF 1999 Irs-2 coordinates Igf-1 receptor-mediated �-cell develop-
ment and peripheral insulin signalling. Nat Genet 23:32–40
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