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provides evidence that the U-PRL:PP-PRL ratio is crucial to the
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Abstract
During rat pregnancy initial high concentrations of prolactin (PRL) decline by about day 9, concomitant with an
increase in the ratio of unmodified to phosphorylated
PRL. The physiological significance of both the decline in
total PRL and the change in ratio of the two PRLs is
unknown. To test the importance of each, either unmodified PRL (U-PRL) or a molecular mimic of phosphorylated PRL (PP-PRL) were continuously administered to
rats throughout pregnancy. A dose of 6 µg/24 h resulted in
circulating concentrations of 50 ng/ml of each administered PRL and had little eﬀect on the pregnancy itself.
After birth, pups were killed and various tissues examined.
In the pup lungs, exposure to additional PP-PRL caused
a reduction in epithelial integrity and an increase in
apoptosis, whereas exposure to additional U-PRL had
beneficial, anti-apoptotic eﬀects. In the heart, PP-PRL
caused an apparent developmental delay, whereas U-PRL
promoted tissue compaction. In the blood, U-PRL
increased the number of mature red blood cells at the
expense of white blood cell production. Within the white
blood cell population, myelopoiesis was favored at the

Introduction
Prolactin (PRL) is secreted from the anterior pituitary
either as an unmodified polypeptide or as a posttranslationally modified form of the hormone (reviewed in
Sinha 1995). The possible posttranslational modifications
are many, including glycosylation (Lewis et al. 1984),
phosphorylation (Oetting et al. 1986, Brooks et al. 1990,
Aramburo et al. 1992) and proteolytic cleavage (Oetting
& Walker 1985, Sinha et al. 1985, Clapp 1987). This
laboratory has focused its attention on the biology of
phosphorylated PRL (Ho et al. 1989, 1993a,b, Greenan
et al. 1989, Wang & Walker 1993, Wang et al. 1996, Chen

expense of lymphopoiesis. PP-PRL, in contrast, had a less
dramatic influence on the hematopoietic compartment by
promoting red blood cell maturation and granulocyte
production. In the thymus, exposure to PP-PRL caused
accumulation of apoptotic thymocytes in enlarged glands,
whereas exposure to U-PRL resulted in smaller thymi. In
the spleen, exposure to U-PRL increased cellularity, with
the majority of cells belonging to the erythroid series – a
finding consistent with increased red blood cells in the
circulation. Exposure to PP-PRL was without discernible
eﬀect. In all of these tissues, the contrasting eﬀects of the
two PRLs indicate that the absolute concentration of PRL
is not crucial, but that the ratio of U-PRL to PP-PRL has
a profound eﬀect on tissue development. In brown fat,
both PRL preparations decreased the number of lipid
droplets. This result is therefore probably a consequence of
the increase in total PRL. The results of this study attest to
the importance of the U-PRL:PP-PRL ratio normally
present during pregnancy and have provided clues as to
the possible pathogenesis of a variety of neonatal problems.
Journal of Endocrinology (2001) 168, 227–238

et al. 1998), a form of posttranslationally modified PRL
that occurs in all species thus far examined (Oetting et al.
1986, Brooks et al. 1990, Aramburo et al. 1992, Chen et al.
1998).
In the rat, phosphorylation of PRL is quantitatively the
most important posttranslational modification (Greenan
et al. 1989, Ho et al. 1993a,b, Wang & Walker 1993).
Previous studies have documented reproducible changes
in the ratio of unmodified to phosphorylated PRL that are
produced by the pituitary during the estrus cycle (Ho et al.
1993a), pregnancy and pseudopregnancy (Ho et al.
1993b). High ratios of unmodified to phosphorylated
PRL, for example, are representative of the PRL released
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during mid and late rat pregnancy, during the proestrus
afternoon surge and in response to estrogen treatment of
ovariectomized animals (Ho et al. 1993a,b).
In vitro, in three very diﬀerent cell systems, unmodified
PRL has been shown to promote cell proliferation and
phosphorylated PRL has been shown to antagonize this
activity (Ho et al. 1989, Krown et al. 1992, Wang &
Walker 1993, Chen et al. 1998). However, when the
function of PRL is not proliferative, the phosphorylated
PRL may be an equal or better agonist than unmodified
PRL (Kuo et al. 2000).
Circulating PRL is at its highest concentration at the
beginning of pregnancy and pseudopregnancy, but the
percentage of phosphorylated PRL is also relatively high at
this time (Ho et al. 1993b). It is when the level of
circulating PRL decreases to pre-mating values at about
day 9 that there is a major decrease in the proportion that
is phosphorylated (Ho et al. 1993b). Administration of
additional phosphorylated or unmodified PRL during
pregnancy should, therefore, illustrate the physiological
importance of the reduction in PRL in addition to the
physiological importance of this compositional change.
The present study has demonstrated that changes in
the ratio of unmodified to phosphorylated PRL in the
maternal circulation, produced via administration of
recombinant unmodified PRL (U-PRL) or pseudophosphorylated PRL (PP-PRL) have a marked influence
on the development of a number of fetal tissues; tissues
previously shown by others to express high levels of PRL
receptors (Royster et al. 1995, Freemark et al. 1995, 1997,
Brown-Borg et al. 1996, Tzeng & Linzer 1997).
Materials and Methods
Analysis of the eﬀect of in vivo administration of phosphorylated PRL requires the use of a recombinant molecular
mimic that cannot be dephosphorylated during the experiment. We have previously produced such a mimic by
substitution of the serine, which is phosphorylated in PRL
secretory granules (Wang et al. 1996), by an aspartate
residue to produce S179D PRL (Chen et al. 1998). This
molecular mimic of phosphorylated PRL, referred to
as pseudophosphorylated PRL (PP-PRL), cannot be dephosphorylated, as it contains no phosphate group. It has
previously been shown to reproduce the antagonism of
unmodified PRL (U-PRL) with a potency similar to that
of the naturally phosphorylated molecule (Wang &
Walker 1993, Chen et al. 1998). U-PRL utilized in the
experiments was also produced by recombinant technology. As both proteins were expressed in Escherichia
coli, they have no posttranslational modifications. The
recombinant U-PRL has also been extensively analyzed
for biological activity and found to have greater Nb2
proliferative activity than hormone extracted from
pituitaries (Chen et al. 1998).
Journal of Endocrinology (2001) 168, 227–238

Protein expression
Both recombinant proteins were produced and characterized as previously described (Chen et al. 1998). Both
proteins for the study were expressed and purified in
parallel and were expressed at similar levels (Chen et al.
1998). The recombinant PRLs were then tested for
proliferative activity in the Nb2 bioassay, or antagonism of
this (Chen et al. 1998), as appropriate. Recombinant PRL
preparations were concentrated in saline using Amicon
Centripreps (Amicon, Danvers, MA, USA).
Animal experiments
Preliminary In preliminary experiments, both short-term
clearance and steady-state concentrations after implantation
of an osmotic minipump were analyzed. Both experiments
used 35S-biosynthetically-labeled recombinant proteins.
Briefly, induction of U-PRL or PP-PRL expression was
performed with the E. coli suspended in [35S]methioninesupplemented methionine-free minimum essential medium (Sigma Chemical Co., St Louis, MO, USA). Specific
activity was determined by a combination of scintillation
spectrometry and gel electrophoresis compared against
standards. Using 100 µCi/ml [35S]methionine, specific
activities of between 0·5 and 1·4105 c.p.m./µg PRL
were obtained for diﬀerent batches. Full biological activity
of the radiolabeled material was ascertained by Nb2
bioassay (conducted as described in Chen et al. 1998).
For assessment of steady-state concentrations after
administration, samples were concentrated to either 0·3 or
1 µg/µl saline and then used to fill Alzet osmotic minipumps (Alza, Palo Alto, CA, USA). After implantation of
the minipumps subcutaneously in pregnant animals,
samples of blood were obtained from the tail at intervals for
16 days. In a separate experiment, samples were taken only
on day 19·5 of pregnancy. Immunoprecipitation with
excess anti-hPRL antibody (NIDDK IC5, AFP55781789; Dr A F Parlow, Torrane, CA, USA) and
protein A–agarose ensured maximal precipitation from
blood samples so that the percentage of counts still in the
PRLs could be determined.
For short-term clearance, female rats at the same stage of
the estrous cycle (assessed by vaginal smear analysis) were
injected intraperitoneally with bromocryptine (500 µg/kg
2 h before cannulation) to reduce endogenous PRL release. Cannulae were placed in both external jugular veins
under pentobarbital anesthesia (45 mg/kg). Radiolabeled
U-PRL or PP-PRL was injected as a bolus of 750 ng in
300 µl saline containing 0·05% bovine serum albumin.
Collection of blood samples (300 µl) was from the
opposite cannula into heparinized tubes. Plasma was
prepared and 100 µl samples were used for scintillation
spectrometry.
Pup development Virgin female Sprague–Dawley rats
(Harlan Laboratories, San Diego, CA, USA) weighing
www.endocrinology.org
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240–260 g were housed under constant conditions of 12 h
light : 12 h darkness and given free access to laboratory
chow and water. After mating and observation of a vaginal
plug, they were randomly assigned to three diﬀerent
groups, to be treated with U-PRL, no PRL or the
molecular mimic of phosphorylated PRL (PP-PRL). Alzet
minipumps (model 2004), containing the appropriate
PRL, were implanted under local anesthesia the morning
after observation of a vaginal plug. Pumps delivered 6 µg
PRL/24 h per rat. Ten rats were assigned to each group.
Rats were weighed every other day as a measure of normal
health and food consumption. On day 17·5 of gestation,
they were moved to individual cages in preparation for
pup delivery.
On day 6·5 of gestation (counting day 0 as the evening
of mating and day 0·5 as the time of pump implantation),
blood samples were obtained from the tail between 0900
and 1200 h.
In the morning, after delivery of the pups, the animals
were observed and the pups separated, weighed and killed
by an overdose of metafane (Mallinkrodt, Mundelein, IL,
USA). Two representative pups from each litter were
fixed in periodate–lysine–paraformalde fixative (McLean
& Nakane 1974) and the remainder were used either as
donors of trunk blood or for analysis of organ sizes/weights
or cellularity. Sizes were assessed in situ using a micrometer
and weights were determined after dissection and removal
of extraneous connective tissue. Spleen cellularity was
assessed by teasing the contents into culture medium.
Mature red blood cells were then lysed by resuspension in
0·017 M Tris containing 0·144 M NH4Cl, pH 7·4 before
the remaining cells were counted with a hemocytometer.
Twenty hours after removal of the pups, the dams were
killed by decapitation under low stress conditions and the
uteri were examined for implantation sites.
All animal procedures were approved by the University
of California, Riverside committee on laboratory animal
care and were in accordance with NIH guidelines.

Histological processing
Some blood samples were used to assess packed red cell
volume. Others were used to prepare smears that were
subsequently fixed in methanol and stained with Giemsa.
A diﬀerential white blood cell count was then performed.
Tissues from the fixed animals were dissected, dehydrated in a graded ethanol series and embedded in
paraplast. Sections were cut at a thickness of 6 µm and
stained with hematoxylin and eosin. The heart, lung and
thymus were dissected and processed as a unit to enable
orientation of the left and right heart and lung after
sectioning. Adipose tissue was removed from the interscapular region. Tissue from each fixed pup was sectioned
and, after analysis, representative images were chosen for
presentation.
www.endocrinology.org
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Figure 1 Short-term clearance of U-PRL and PP-PRL from the
circulation. A bolus of 750 ng radiolabeled PRL was infused as
described under Materials and Methods. Blood samples were
obtained at the times indicated and the concentration of
administered PRL calculated from the specific activity. The graph
shows the result from one animal given U-PRL (wildtype) and one
given PP-PRL (aspartate), but each is representative of 10
replicates. Both animals were in estrus, as determined by vaginal
smear analysis.

Detection of apoptosis
Apoptosis was detected on tissue sections using ApopTag
reagents marketed by Intergen (Purchase, NY, USA).
Briefly, these reagents modify endonuclease-cleaved
genomic DNA using terminal deoxynucleotidyl transferase. The deoxynucleotidyl transferase adds digoxigeninlabeled nucleotides which, once incorporated, are
recognized by fluorescently-labeled anti-digoxigenin
antibodies.
Progesterone assay
After preparation of plasma from the day 6·5 blood
samples, progesterone concentrations were assayed by
radioimmunoassay (Diagnostic Products coat-a-count
progesterone assay, Los Angeles, CA, USA). All samples
were measured in the same assay.
Results
Clearance
Figure 1 shows the results of the short-term clearance
assay. Both forms of PRL left the circulation at very similar
rates. Most movement out of the circulation is due to
simple dilution into the extracellular tissue fluids and is not
a receptor-mediated event. Ten minutes after administration of the bolus, amounts in the circulation almost
leveled oﬀ, with a very slow decline thereafter. The
concentration at which this slow decline began was
dependent on the stage of the estrous cycle (other stages of
Journal of Endocrinology (2001) 168, 227–238
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Figure 2 Ratio of live pup births to grossly observed implantation
sites. The bars represent the means S.E.M. U-PRL, unmodified
prolactin; PP-PRL, the molecular mimic of phosphorylated
prolactin.

the estrous cycle not shown), but was the same for both
PRLs at an equivalent stage.
Both PRLs achieved equivalent steady-state levels by
day 3–4 after pump implantation. The concentration of
circulating administered PRL was directly proportional to
the amount delivered by the pump and placement of
either prolactin in concentrations of 1 mg/ml into an
osmotic minipump delivering 6 µg/24 h, resulted in a
circulating concentration of 50 ng/ml plasma by day 4 of
pregnancy (data not shown).
General observations
Figure 2 illustrates the ratio of live pups to grossly obvious
implantation sites evident when the mothers were killed
1 day after giving birth. As these are grossly obvious
implantation sites, the data are in no way aﬀected by
problems with initial implantation and therefore represent
the survival of pups from well-established implantations.
As can be seen, PP-PRL decreased pup survival in utero or
within 8 h of birth. The number of delivered, dead pups is

given in Table 1 and the remainder of the diﬀerence was
produced by resorption in utero. In contrast, administration
of U-PRL had no eﬀect on in utero or post-delivery pup
survival. As a consequence of reduced in utero pup survival,
average litter weights were reduced in the PP-PRLtreated groups, but the average pup weight was not
diﬀerent from either no PRL treatment or treatment with
U-PRL (Table 1). Treatment with either the PP-PRL or
the U-PRL had no eﬀect on the duration of pregnancy
(Table 1). When delivered, however, the pups derived
from PP-PRL-treated animals looked premature compared with those in the untreated group, and the pups
from the U-PRL-treated mothers had the external appearance of 1- or 2-day-old pups. These diﬀerences were most
evident in the texture and color of the skin. PP-PRLexposed pups had extremely transparent and fragile skin,
whereas U-PRL-exposed pups had thicker, pinker and far
less transparent skin than the controls (data not illustrated).
Also noted in the PP-PRL-treated mothers were
decreased nest-building and pup retrieval activities
compared with the other two groups, plus absent
placentophagia in two of eight mothers.

Postmortem examination and histological analysis
Only those pups that survived until the designated time of
killing were examined further. This was to exclude eﬀects
of tissue autolysis from the histological examination.
Lungs Gross examination showed the left lung of
PP-PRL-exposed pups to be smaller than those in the
control or U-PRL-exposed pups. Histological examination of both the right and left lung showed fairly normal
alveolar development, but a breakdown in epithelial
integrity. This was most severe in the left lung. Figure 3
compares equivalent views of the more intact upper right
lung lobes from control (B, E and H), PP-PRL-exposed
(C, F and I) and U-PRL-exposed (A, D and G) pups.
Some epithelial damage can be attributed to tissue processing, but the major eﬀect of PP-PRL exposure on epithelial

Table 1 General observations of U-PRL- and PP-PRL-treated dams. Values are number or
mean S.E.M.

Female rats pregnant to term
Duration of pregnancy
Average implantation sites per animal
Total pups delivered
Average litter size
Average litter weight (g)
Average pup weight (g)
Dead pups*
Progesterone at day 6·5 (ng/ml)

Control

U-PRL-treated

PP-PRL-treated

7
Normal
141
90
131
84·95·3
6·60·1
2
31126

7
Normal
131
89
131
82·28·8
6·50·1
2
26819

8
Normal
131
83
101
69·89·1
6·70·1
11
28221

*At, or within 8 h of delivery.
Journal of Endocrinology (2001) 168, 227–238
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Figure 3 Histological appearance of the pup lungs in the three treatment groups. The magnification factor was 40 for A–C, 400 for D–I,
and 1000 for J–L. Panels A, D, G and J are from pups exposed to U-PRL, panels B, E, H and K from control animals and panels C, F, I and L
from PP-PRL-exposed pups. Note the reduction in alveolar epithelial integrity in panel F and bronchiolar epithelial integrity in panel I. Note
the abundant intracellular particles in panel J.
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cellular particles (Fig. 3J). These were not seen in any
number in either the control or PP-PRL-exposed pups
(Fig. 3K and L). Figure 4 shows the same tissues stained
fluorescently to demonstrate apoptosis. Some apoptotic
cells are present throughout the untreated pup lungs (A)
and very few are present in the U-PRL-exposed lungs,
although those that are seen are concentrated in bronchiolar epithelium (B). In contrast, apoptosis is marked in the
PP-PRL-exposed lungs (C and D).

Figure 4 Apoptosis in the lungs of pups in the three groups. Note
the even distribution of occasional apoptotic cells in the control
animals and, if any change, a reduction in this low level of
apoptosis in the U-PRL-exposed pup lungs. Note also evidence of
markedly increased apoptosis in the PP-PRL-exposed animals
(panels C and D). Arrow denotes a bronchiole and the arrowhead,
the accompanying blood vessel. Original magnification 40.

integrity is marked. In contrast, the lungs of U-PRLexposed pups showed very healthy epithelium and an
accumulation of acidophilic material in the air spaces. At
higher magnification, bronchiolar epithelium from the
U-PRL-exposed pups showed an accumulation of intra-

Heart Upon gross and histological inspection, the heart
of PP-PRL-exposed pups was found to have enlarged atria
(Fig. 5C) and thickened ventricular walls (Fig. 5F),
although heart weights were not diﬀerent from those of
control animals (Table 2). The thickened ventricle was
evident in all serial sections examined and so was not an
artifact of the plane of section. The septae and valve
structures appeared normal (not shown). The appearance
of the PP-PRL-exposed hearts is consistent with a developmental delay. The hearts of U-PRL-exposed pups had
normal, more compact atria. Table 2 shows that the more
compact U-PRL-exposed hearts weighed 33% less than
either the control or the PP-PRL-exposed hearts.
Thymus The thymus glands of PP-PRL-exposed pups
were about three times the size of those of the normal
control animals, and the U-PRL-exposed pup thymi were
smaller than those of the control animals (Table 2).
Measurement of the glands in situ proved to be a more

Figure 5 Histological appearance of the pup hearts in the three groups. The upper and lower panels show the same side of the
heart. The atria are seen in the upper panels and a larger portion of the ventricles in the lower panels. Note the enlarged atrium
and thickened ventricle in the PP-PRL-exposed animal (panels C and F). Magnification 40.
Journal of Endocrinology (2001) 168, 227–238
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Table 2 Effects on organs of the exposure of the pup to additional U-PRL or PP-PRL.
Values are means S.E.M.

†

2

Thymus size (mm )
Spleen weight‡ (g)
Splenocyte number§
Packed red cell
volume¶ (%)
Heart weight* (g)

Control

U-PRL-exposed

PP-PRL-exposed

11·270·32
0·0140·0018
1·730·21106
251·9

6·500·8
0·0140·0014
2·760·19106
513·2

33·680·47
0·0160·0015
1·830·22106
311·7

0·0450·006

0·0310·003

0·0420·003

†
Measurement of both lobes together en face. Third dimension varied between 0·89 and 1·45 mm in
each group. n=11 in each group. Groups significantly different (Bonferroni P value=0·01).
‡
Spleen weights not different. n=11 in each group.
§
Cells per spleen. U-PRL different from control or PP-PRL. P<0·001 (repeated measures one-way
ANOVA).
¶Blood pooled from five pups each of four dams per group. P<0·01 for control compared with U-PRL
and for PP-PRL compared with U-PRL (Bonferroni correction). No statistically significant difference
between control and PP-PRL.
*Heart and content weight. n=11 in each group. P=0·03 for control compared with U-PRL; P=0·04 for
PP-PRL compared with U-PRL. No difference between control and PP-PRL.

representative parameter of change than cellularity,
because of the fragile nature of the thymocytes in the
PP-PRL-exposed group. On histological examination, the
control thymi showed a normal, very clear distinction
between the cortex and medulla (Fig. 6B). This distinction
was obscured in the PP-PRL-exposed thymus glands by
the presence of a very large number of apoptotic thymocytes in the medulla (Fig. 6C and F). The U-PRLexposed thymi appeared relatively normal, although there
were fewer thymocytes and a greater proportion of the
thymocytes were large and euchromatic (Fig. 6D). Some
of these were present in the medulla, producing slightly
less distinct cortico-medullary junctions (Fig. 6A) than
were evident in the controls.

minor hematopoietic eﬀects, promoting red blood
cell maturation and producing an increased number of
granulocytes.

Spleen The spleens of the U-PRL and PP-PRLexposed pups were of normal weight (Table 2). Histological examination and direct cell counting showed the
control and PP-PRL-exposed spleens to contain comparable numbers of cells (Fig. 6H and I, Table 2). In contrast,
spleens exposed to U-PRL contained a much larger
number of cells (Fig. 6G and J).

Maternal progesterone

Blood Pups from U-PRL-treated dams had a larger
number of mature red blood cells in the circulation, as
illustrated by both the packed red cell volume and the
decreased number of normoblasts compared with controls
(Tables 2 and 3). The absolute number of nucleated blood
cells was about half that seen in either the control or
PP-PRL-exposed pups, illustrating a shift towards erythropoiesis in response to U-PRL exposure. When each
white blood cell type was expressed as a percentage of
white blood cells present, it was evident that general
myeloid development was favored at the expense of
lymphoid development in the U-PRL-exposed pups. In
comparison, exposure to PP-PRL had only relatively
www.endocrinology.org

Brown fat Both U-PRL-exposed and PP-PRL-exposed
pups showed a change in brown fat (Fig. 7). The PP-PRLexposed pups had brown fat cells with reduced numbers of
lipid droplets compared with the control animals. The
U-PRL-exposed pups had brown fat cells with no lipid
droplets visible at the light microscope level. Changes in
the lipid droplet content were not correlated with the
presence or absence of milk in the stomach of the pups.
They were not, therefore, changes subsequent to feeding.

Treatment with either form of recombinant PRL had no
eﬀect on progesterone concentrations on day 6·5 of
pregnancy/pseudopregnancy (Table 1). This was an important consideration, because PRL increases progesterone
production by blocking its conversion to an inactive
derivative, via 20-hydroxysteroid dehydrogenase (Zhong
et al. 1997).
Discussion
Administration of the molecular mimic of phosphorylated
PRL, PP-PRL, resulted in histologically obvious changes
in a number of important tissues. Administration of the
wild-type recombinant hormone, which is equivalent to
unmodified hormone, did not have the same eﬀects. As
both PRLs were produced under exactly the same conditions, it is unlikely that the observed eﬀects in these
tissues were due to some non-specific contaminant of
the preparations. Furthermore, in several instances the
Journal of Endocrinology (2001) 168, 227–238
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Figure 6 Pup thymic and splenic histology. Panels A–F are thymus, and panels G–L are spleen. The magnification factor for panels A–C
and G–I was 40 and that for panels D–F and J–L was 1000. Panels D-F are of the thymic medullary region. Note the abundant apoptotic
thymocytes in panel F. Note the increased cellularity of the spleens from U-PRL-exposed pups (panels G and J). m, macrophage; t,
thymocyte.
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Table 3 Differential blood count of pups exposed to additional U-PRL or PP-PRL. The numbers are the mean S.E.M. of four smears derived
from pups from different dams. Each smear was made from blood pooled from five pups
Neutrophils
Numbers
Control
513
U-PRL
553
PP-PRL
782
As percentage of WBC
Control
39·2
U-PRL
70
PP-PRL
47·6

Lymphocytes

Monocytes

Eosinophils

Basophils

Blasts

Total nucleated

Total WBC

682·9
70·8
603

100·6
160·6
201

1
0
60·4

0
0
1

894*
321
321·1

21911
1107
19612

1309
786
16410

52
9
36·6

7·7
20·5
12·2

0·77
0
3·6

*Mostly normoblasts; WBC, white blood count.

Figure 7 Pup brown fat. Magnification 1000. Note the large lipid droplets in the cells from the control animals (B). The
number of lipid droplets is reduced in animals exposed to PP-PRL (C) and no droplets are visible in the tissue derived from
U-PRL-exposed animals (A).

opposite result was obtained with wild-type (U-PRL) and
the mimic of phosphorylated PRL. This supports the
specificity of the observed eﬀects. In addition, in tissues in
which opposite eﬀects occurred, it was apparent that the
eﬀects were not due to a change in the absolute amount of
PRL, but to the ratio between the two forms of PRL.
As both short- and longer-term clearance were the same
for both PRLs, the diﬀerential eﬀects of these two PRLs
cannot be attributed to diﬀerent half-lives in the serum.
Although PP-PRL has been shown to be a U-PRLmediated growth antagonist (Ho et al. 1989, Wang &
Walker 1993, Chen et al. 1998, Krown et al. 1992), the
eﬀects of PRL in the ovary are not growth related. Lack of
antagonism in the production of progesterone was therefore not entirely unexpected. Progesterone concentrations
were the same in control animals and animals receiving
either U-PRL or PP-PRL. This was first discovered in
early experiments in which some animals were also given
progesterone, in case it was necessary in order to achieve
pregnancy. As there was no eﬀect on progesterone concentrations, we know that the eﬀects on pup tissues were
not secondary to altered progesterone concentrations.
Progesterone is required for the production of a pseudopregnant state, necessary for successful blastocyst implantation. With 6 µg/24 h, the number of implantation sites
was indistinguishable among the groups (Table 1), correwww.endocrinology.org

lating well with the progesterone results. The Alzet
minipump was implanted at day 0·5 and it takes about 3
days for circulating concentrations of the recombinant
proteins to stabilize; steady concentrations would therefore
have been present at the time of implantation. Failure of
blastocyst implantation is common to both the PRL and
PRL receptor knockout animals (Horseman et al. 1997,
Ormandy et al. 1997) and it has been suggested, therefore,
that PRL is necessary for implantation. The knockout
animals, however, also have reduced progesterone in
response to mating, and are unable to achieve a state of
pseudopregnancy. Our model has unaltered progesterone
and suggests that neither an increase in total PRL nor a
change in ratio of PRL forms alters implantation. This
experiment, however, could not examine the requirement
for PRL, as PP-PRL did not act as an antagonist to
implantation.
Administration of PP-PRL at 6 µg/24 h had a sufficiently significant eﬀect on 27% of pups to cause
resorption or stillbirth or death within 8 h of birth.
Whether this was due to a greater degree of the described
pup pathologies or placental/decidual pathologies is unknown at present. By far the majority of pups survived,
however, and it was only those pups that were examined
further. This set of experiments did not examine the
long-term survival of PP-PRL-exposed pups, because we
Journal of Endocrinology (2001) 168, 227–238
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were specifically interested in examining developmental
eﬀects. Longer-term studies would be complicated by the
need to foster the pups, because PP-PRL administration
severely aﬀected mammary gland development in the
mothers (data not shown). The PP-PRL-treated mothers
also showed evidence of abnormal maternal behavior,
which would also adversely aﬀect pup survival. Eﬀects of
PP-PRL on maternal behavior are currently under
investigation through appropriate collaboration.
A role for PRL in lung development has been discussed
for some time (Hamosh & Hamosh 1977, Gluckman et al.
1978, Hauth et al. 1978, Oguchi et al. 1994). Most of the
work has considered the possibility that PRL promotes the
production of surfactant. Thus, in human premature
infants, cord blood PRL concentrations (Haugh et al.
1978) and amniotic fluid PRL (Gluckman et al. 1978) can
be correlated with fetal lung maturation and augmented
surfactant formation. In fetal rabbits, fetal intramuscular
injection of PRL increased surfactant production in utero
(Hamosh & Hamosh 1977), and in bullfrogs anti-PRL
antisera decreased surfactant production during metamorphosis (Oguchi et al. 1994). The loss of epithelial integrity
seen in the lungs of PP-PRL-exposed pups would certainly be consistent with decreased or absent surfactant
production. In the absence of surfactant, some epithelial
damage could result from attempts to inflate alveoli. The
reason for greater damage in the left lung is unclear, but
the smaller size observed at postmortem could be the result
of complete lack of inflation, again a possible sequela of
abnormal surfactant production. Increased intracellular
inclusions in bronchiolar epithelium would be consistent
with U-PRL promotion of surfactant production, as would
the presence of acidophilic material within the air spaces.
An alternate explanation is that U-PRL is an important
survival factor for epithelial cells. Indeed, exposure to
U-PRL decreased, and exposure to PP-PRL increased,
the number of apoptotic cells throughout the lung. This
regulation of apoptosis by PRL in the lung has not been
reported previously. We suggest that only healthy epithelial cells would be engaged in surfactant production
and, hence, that eﬀects on surfactant are secondary to
those on cell viability. These eﬀects of PRL in the
maturation of the lung are consistent with the presence of
PRL receptors on bronchiolar epithelial cells in the fetal rat
several days before birth (Royster et al. 1995, Freemark
et al. 1997). At earlier times, however, PRL receptors are
found on lung stromal cells (Freemark et al. 1997),
suggesting perhaps additional roles for PRL in lung
development – additional eﬀects that may contribute to
the severity of the pathology in the left lobe. In the rat,
lung development on the left and the right sides is very
diﬀerent (Hebel & Stromberg 1986).
PRL receptors have also been localized to cardiac
muscle, certainly by day 18·5 of gestation in the rat
(Royster et al. 1995, Tzeng & Linzer 1997). Administration of PP-PRL resulted in the birth of animals in
Journal of Endocrinology (2001) 168, 227–238

which the heart morphology resembled that of 18·5 day
old fetuses (Hebel & Stromberg 1986). Because of the
growth-antagonistic properties of the two PRLs, this
implies an important role for U-PRL in the final tissue
reorganization within the heart. This reorganization
includes a reduction in atrial volume and a reduction/
compaction in the ventricular wall (Hebel & Stromberg
1986) – processes that were promoted by U-PRL. Clearly,
however, these apparent developmental delays caused by
exposure to PP-PRL were consistent with viability after
birth, and perhaps would not have been obvious if we had
examined the pups at a later stage.
Fetal thymocytes also express the PRL receptor
(Freemark et al. 1995, Royster et al. 1995, Brown-Borg
et al. 1996). In the PP-PRL-exposed pups, the thymus
contained abundant apoptotic thymocytes. The number
was so large that they spilled over into the medulla,
thereby obscuring the cortico-medullary junction. An
increase in the number of apoptotic cells in the thymus
could be due to antagonism between U-PRL and PPPRL and indicate an important role for U-PRL in T cell
survival during maturation and selection, or in recruitment
of macrophages required for the disposal of apoptotic cells.
In regard to the latter suggestion, however, both U-PRL
and PP-PRL increased circulating monocytes, and hence
there should have been no shortage of macrophage precursors in the PP-PRL-exposed pups. The PP-PRLexposed thymi were larger, at least in part because of the
necessity to hold the large number of apoptotic cells,
which cannot pass out into the peripheral circulation. The
U-PRL-exposed thymi were smaller than those in the
control animals, suggesting eﬃcient maturation and movement of mature thymocytes out into the peripheral circulation, reduced seeding from the bone marrow, eﬃcient
macrophage disposal of apoptotic cells, or combinations of
these. The reduced number of lymphocytes in the circulation suggests that lower seeding in part explains the
smaller thymus, but the antagonist eﬀects of U-PRL and
PP-PRL and the increased apoptosis on exposure to
PP-PRL also suggests that U-PRL promotes the survival
and maturation, and therefore exit, of cells. The thymic
size results are in general agreement with those of previous
reports from three other groups. Treatment with anti-PRL
antiserum increased cellularity in the thymus of newborn
mice (Russell et al. 1988) and treatment with PRL
depressed thymocyte cellularity in Snell dwarf mice
(Murphy et al. 1993). In addition, observation of PRL
knockout mice showed increased cellularity in the thymus
compared with that in heterozygous littermates, even at 6
weeks of age (Horseman et al. 1997) after exposure to PRL
via the milk of foster mothers (Kacsoh et al. 1993). Our
study is the only one, however, to have noted that a
significant proportion of the increased number of cells in
the thymus were apoptotic. This casts a very diﬀerent
interpretation on the results. Our results would be best
explained by PRL promoting intrathymic cell survival. A
www.endocrinology.org
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survival role for PRL has been well established in Nb2 T
lymphoma cells (Witorsch et al. 1993, Leﬀ et al. 1996).
The small size of the thymus is therefore likely to be a
consequence of both reduced seeding and the eﬃcient
maturation and exit of cells that do make it.
The spleen is a site of hematopoiesis during embryonic
development and for a short while after birth. The spleens
of the no-PRL and the PP-PRL-exposed pups were
indistinguishable, but the spleens of the U-PRL-exposed
pups had an increased number of cells as determined both
by counting those expressed from the organ and histological observation. Given the increase in erythropoiesis in
these animals, many of these cells are likely to be erythroid
precursors – a suggestion consistent with their morphology. An increase in erythropoiesis in response to PRL
is consistent with the findings of studies in which PRL was
administered to mature mice (Woody et al. 1999) and
work analyzing bone marrow stromal production of PRL
(Bellone et al. 1997). Our work, however, is the first to
show distinct eﬀects of the two forms of PRL, eﬀects in
rats and eﬀects on the developing hematopoietic system.
As U-PRL stimulated erythropoiesis at the expense of
lymphopoiesis, it appears that U-PRL exerts its eﬀect on
an early pluripotential stem cell. PP-PRL, in contrast, had
no negative impact on lymphopoiesis, but promoted
granulocyte production and normoblast maturation.
Large numbers of PRL receptors have been observed in
brown fat in late-stage fetal rats (Royster et al. 1995). It
was expected, therefore, that administration of U-PRL or
PP-PRL, or both, would have significant eﬀects on this
tissue, and such was the case. Unlike most of the other
tissues, however, exposure of brown fat to U-PRL or
PP-PRL showed diﬀering degrees of the same eﬀect.
PP-PRL exposure reduced visible lipid droplets, and
U-PRL exposure eliminated visible lipid droplets. Thus in
this tissue in which the eﬀects of PRL may be nonproliferative (Nedergaard et al. 1986), as is the case in the
ovary, PP-PRL did not function as an antagonist to UPRL. These eﬀects of the two forms of PRL in brown fat
were initially unexpected because, in the lung and mammary gland, PRL promotes lipid synthesis (Hauth et al.
1978, Hallowes et al. 1973). Our finding, however, may
simply indicate increased exposure to PRL. Thermogenic
output from brown fat decreases lipid content and
there are correlative associations between PRL exposure
and brown fat thermogenic activity in rodent pups
(Nedergaard et al. 1986), although the opposite eﬀect
seems to occur in the dams (Chan & Swaminathan 1990).
This is the first study to have produced real histological
clues as to the role of PRL in most of these fetal tissues.
The histologically described abnormalities observed were
consistent with viability, at least for a few hours. In 27% of
pups, however, the abnormalities resulted in death.
Whether consistent alterations in tissue morphology will
be observed in the PRL and PRL receptor knockout
animals remains to be determined. The histological
www.endocrinology.org
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appearance of very few tissues has been reported for these
knockout animals (Horseman et al. 1997, Ormandy et al.
1997, Clement-Lacroix et al. 1999) and most data emerging so far have been derived from much older animals
(Horseman et al. 1997, Ormandy et al. 1997).
The results of the current study clearly demonstrate the
importance of maternal circulating PRL during rodent
pregnancy, in addition to the importance of the relative
ratios of U-PRL to PP-PRL. The importance of maternal
circulating PRL with regard to fetal tissue development
was unexpected, because it is widely believed that the
ligand for fetal PRL receptors is either amniotic fluid PRL
(reviewed in Ben-Jonathan et al. 1996) or placental
lactogens (Freemark et al. 1993). The various mechanisms
by which maternal circulating PRL could override
the excess quantities of either amniotic fluid PRL or
placental lactogens are currently the subject of continued
investigation.
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