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Abstract

To explore potential roles for lactogenic hormones in hu-
man fetal development, we examined the distribution and
ontogenesis of expression of prolactin receptors (PRLRs) in
human fetal tissues at 7.5-14 wk of gestation and in tissues
of the embryonic and fetal rat on days e12.5-€20.5. His-
tochemical analysis of PRLR immunoreactivity in the hu-
man fetus and fetal rat revealed novel and unexpected pat-
terns of receptor expression. Most remarkable was the
appearance in early fetal development of intense PRLR im-
munoreactivity in tissues derived from embryonic meso-
derm, including the periadrenal and perinephric mesen-
chyme, the pulmonary and duodenal mesenchyme, the
cardiac and skeletal myocytes, and the mesenchymal pre-
cartilage and maturing chondrocytes of the endochondral
craniofacial and long bones, vertebrae and ribs. Striking
changes in the cellular distribution and magnitude of ex-
pression of PRLRs were noted in many tissues during devel-
opment. In the fetal adrenal the initial mesenchymal PRLR
expression is succeeded by the emergence of PRLR immu-
noreactivity in deeper fetal cortical cell layers. In the fetal
kidney and lung, the invagination of cortical mesenchyme is
accompanied by progressive PRLR immunoreactivity in
bronchial and renal tubular epithelial cells. In the pancreas,
the PRLR is expressed primarily in acinar cells and ducts in
early gestation; in late gestation and in the postnatal period,
the PRLR is expressed predominantly in pancreatic islets,
co-localizing with insulin and glucagon. Finally in fetal
hepatocytes, PRLR immunoreactivity increases significantly
between embryonic days e52 and €96 in the human fetus
and between days e16.5 and e18.5 in the fetal rat. In addi-
tion to playing important roles in reproduction, lactation,
and immune function, the lactogenic hormones likely play
roles in tissue differentiation and organ development early
in gestation. (J. Clin. Invest. 1997. 99:1107-1117.) Key
words: placenta « lactogen « embryo « growth « development
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Introduction

Nearly all studies of the biological actions of lactogenic hor-
mones have been conducted in differentiated tissues from neo-
natal and postnatal animals and human adults. And yet the lac-
togenic hormones placental lactogen (PL) and prolactin (PRL)!
circulate in fetal as well as postnatal serum (1-7) and bind with
high affinity to mammalian fetal tissues in mid- and late gesta-
tion (4, 6, 8-11), during periods of active tissue differentiation,
growth, and maturation.

The roles of the lactogens in tissue differentiation and de-
velopment are largely unexplored. We reasoned (a) that stud-
ies of the distribution of lactogenic receptors in embryonic and
fetal tissues would yield insight into the roles of lactogens in
tissue differentiation and growth; and (b) that changes in the
distribution of receptors within a single tissue during ontogeny
would implicate changing roles for lactogens in organ develop-
ment and function.

To explore potential roles for lactogenic hormones in hu-
man fetal development, we examined the distribution and on-
togenesis of expression of prolactin receptors (PRLRs) in se-
lected human fetal tissues at 7.5-14 wk of gestation. Changes
in the expression and distribution of PRLRs in the human fetus
during ontogeny were compared with changes in PRLR ex-
pression in the fetal rat between embryonic days e12.5 and €20.5.

Methods

Materials. Moloney murine leukemia virus reverse transcriptase and
dithiothreitol were purchased from Gibco-BRL (Gaithersburg, MD)
while deoxynucleotide triphosphates, RNAse inhibitor, random hex-
amer oligonucleotides, polynucleotide kinase and restriction en-
zymes, and the Expand High Fidelity Taq polymerase were pur-
chased from Boehringer Mannheim Biochemicals (Indianapolis, IN).
Oligonucleotides were synthesized and purified by the Duke Univer-
sity DNA synthesis facility. ZetaProbe membranes were purchased
from Bio-Rad Corporation (Hercules, CA). [*?P][dCTP was obtained
from Amersham Corp. (Arlington Heights, IL). A Sequenase DNA
Sequencing Kit was purchased from US Biochemical Corp. (Cleve-
land, OH). DNase free RNase A, RNase free DNase 1, Digoxeginin
labeling kits and Nucleic acid detection kits were purchased from
Boehringer Mannheim Biochemicals. A polyclonal antisera to human
insulin was purchased from Vector Laboratories, Inc. (Burlingame,
CA). A polyclonal antiserum to porcine glucagon was prepared by
Dr. Roger Unger (University of Texas Southwestern, Dallas, TX).
Unless specifically noted, all other chemicals and chemical reagents
were from Sigma Chemical Co. (St. Louis, MO). A Vectastain ABC
kit was purchased from Vector Laboratories, Inc.

Purified human placental lactogen, human and rat prolactin, and

1. Abbreviations used in this paper: PRL, prolactin; PRLR, prolactin
receptor.
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rat growth hormone were obtained from the National Institute of Ar-
thritis, Diabetes, and Digestive Kidney Diseases.

Human and rat fetal tissues. Human fetal tissues were obtained
from the Central Laboratory for Human Embryology at the Depart-
ment of Pediatrics, University of Washington School of Medicine (Se-
attle, WA). Fetal tissues were retrieved following elective termina-
tion of pregnancy by dilatation and curettage. In all cases the
informed consent of the mother was obtained prior to procurement
of the tissues, in accordance with guidelines outlined by the Duke
University Instituitional Review Board. The tissues were dissected
rapidly and fixed for 20-24 h in ice-cold Bouin’s solution and were
then washed extensively in cold 70% ethanol prior to embedding in
paraffin. The gestational age of each fetus was estimated by measure-
ment of foot length, as described by Shepard (12). This method as-
signs the day of the mother’s last menstrual period as day 14 of gesta-
tion. At least three samples of each fetal tissue at each gestational age
were analyzed, and each group of tissues included at least one male
and one female.

Fetal rat tissues were obtained by two methods. First, timed-preg-
nant Sprague Dawley rats on days 12.5 (day of appearance of the vag-
inal plug equals day 0.5) through 20.5 were purchased from Zivic
Miller Laboratories (Zelienople, PA). As approved by the Duke Uni-
versity Committee on Animal Welfare, pregnant rats were killed by
cervical dislocation following a brief period of carbon dioxide anes-
thesia. Fetal rats were immersed immediately in 4% paraformalde-
hyde or in Bouin’s solution. After fixation for 24 h at 4°C, the tissues
were embedded in paraffin, rehydrated, sectioned at 5-7 wm and
placed on Superfrost Plus slides (Sigma Chemical Co.). At least three
fetal rats were analyzed at each gestational age. After embryonic day
17.5, when the gender of the fetuses could be determined readily, the
sex of each fetus was noted, and at least one male and one female fe-
tus were examined at each day in late gestation.

Additional paraffin-embedded fetal tissue sections were pur-
chased from Novagen, Inc. (Madison, WI). The Novagen, Inc. sec-
tions were prepared from tissues processed in a manner similar to
those processed in our laboratory and the results of studies using tis-
sue sections from both sources were similar or identical.

Reverse transcription-PCR. Reverse transcription-PCR (RT-PCR)
was employed to examine the expression of the human PRLR
(hPRLR) in human fetal tissues. Complementary DNA was gener-
ated under the following conditions: 5 pg of total RNA from each tis-
sue was incubated for 60 min at 37°C with 200 U of Moloney murine
leukemia virus reverse transciptase in buffer (20 mM Tris HCI, pH
8.3, containing 50 mM KCl, and 5 mM MgCl,) with 1 mM of each
deoxynucleotide triphosphate, 30 U of RNAse inhibitor, 10 mM
dithiothreitol, and 1 ng random hexamer oligonucleotides in a total
volume of 30 pl. Two control experiments were performed: in the
first, tissue RNA was incubated in buffer containing dNTPs, RNAse
inhibitor, dithiothreitol and random hexamers but no reverse tran-
scriptase; in the second, samples containing buffer but no RNA were
incubated with dNTPs, RNAse inhibitor, dithiothreitol and random
hexamers in the presence of reverse transcriptase. One-fifth of the
complementary DNA generated under these conditions (equivalent
to 1 pg of total RNA from each tissue) was amplified by PCR. Prior
to amplification, the cDNA was heated at 95°C for 4-4.5 min and
quickly cooled on ice. The cDNA was then amplified for 30 cycles
with 1 U of Taq polymerase in buffer (18.6 mM Tris HCI, pH 8.3, con-
taining 45.9 mM KCI and 2.2 mM MgCl,) with 0.2 mM deoxynucle-
otide triphosphates and 25 pmol each of two oligonucleotide primers
(final concentration 0.5 wM in a total volume of 50 ul) encoding por-
tions of the human prolactin receptor. Samples were denatured at
94°C for 30 s, annealed at 53°C for 1 min and extended at 72°C for 1
min; the final reaction volume was 50 pl.

Sense primer 1 was a 22 mer (5’AGATCTTTAAATGTCG-
TTCTCC3') encoding nucleotides 378-399 of the extracellular do-
main of the human prolactin receptor (13). Antisense primer 1
(5'TAATCGAATTTCATACAGGAGC3’) was a 22 mer encoding a
downstream portion (nucleotides 779-800) of the extracellular do-
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main. Sense primer 2 was a 20 mer (5'GTCTCCACCTACC-
CTGATTG3') encoding nucleotides 737-756 of the hPRLR extracellular
domain, while antisense primer 2 was an 18 mer (5'CGGAAA-
GATGCAGGTCAC3’) encoding nucleotides 1074-1091 in the cyto-
plasmic domain. Primers encoding human cyclophilin antisense
(5'GATCTTCTTGCTGGTCTT3') were used in parallel studies to
confirm the integrity of the cDNA; the sense primer 5'AGGG-
TTTATGTGTCAGGG3' encodes nucleotides 174-191 of the 708 bp
human cyclophilin, and the antisense primer 5'GATCTTCTTG-
CTGGTCTTG3' encodes nucleotides 450-468.

After amplification by PCR, one-fourth volume (12.5 pl) of each
sample was electrophoresed through 2% agarose gels containing 5
pg/ml ethidium bromide. The DNA was then transferred to Zeta
probe membranes in 0.4 N NaOH. After neutralization in 2X SSC
(0.3 M NaCl, 0.03 M Na citrate, pH 7.0), the membranes were baked
at 80°C for 2 h and stored at room temperature. For Southern analy-
sis, a 19 mer oligonucleotide (5’ATCTGTTTGATTATTGTCT3')
encoding a portion (nucleotides 1026-1044) of the transmembrane
domain of the human prolactin receptor was radiolabeled by phos-
phorylation to a specific activity of 3.6 X 10° cpm/pg using T4 polynu-
cleotide kinase. The Zeta probe membranes were prehybridized for
2 h at 55°C in 20 mM NaH,PO,, pH 7.0, containing 10X Denhardt’s
reagent (0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA Fraction
V), 7% SDS, 5X SSC and 100 pg/ml denatured salmon sperm DNA
(Sigma Chemical Co.). The radiolabeled oligonucleotide was then
added to the prehybridization mixture at a final concentration of
750,000 cpm/ml, and the blots were hybridized at 55°C for 16-18 h.
The blots were washed at 55°C with 6X SSC, 0.1% SDS (15 min X 2),
2% SSC, 0.1% SDS (15 min X 2), and 1X SSC, 0.1% SDS (5 min X 2)
and were apposed to photographic film at —70°C for autoradiogra-
phy. Control experiments using no RNA in reverse transcriptions and
no cDNA in PCR amplifications produced no radiographic signal fol-
lowing hybridization with *?P-labeled oligonucleotide probes.

In order to determine the nucleotide sequence of the lactogenic
receptor expressed in human fetal tissues, PCR products were sub-
cloned into the TA cloning vector (InVitroGen Corp., San Diego,
CA) and were sequenced using the dideoxy chain termination
method (14).

Immunohistochemistry. Immunohistochemical studies were per-
formed using methods similar to those described in detail in previous
manuscripts (15, 16). Briefly, paraffin sections were deparaffinized,
hydrated, and incubated in methanol containing 1% H,0, for 10 min
at room temperature. Nonspecific sites were blocked in 5% horse se-
rum and 5% nonfat milk for 2 h. Tissue sections were then incubated
for 19-24 h at 4°C with monoclonal antibodies to the PRLR (10-50
wg/ml) in PBS containing 0.34 M NaCl and 2% horse serum. Two
monoclonal anti-PRLR antibodies (U5 and U6) were used; both anti-
bodies react with regions of the rat PRLR protein distinct from that
region which binds lactogenic hormones (17). Consequently, these
monoclonal antibodies can detect both “free” (unoccupied) PRLR
protein as well as receptor protein that is bound to endogenous lacto-
genic hormones such as human placental lactogen. After the over-
night incubation, the slides were incubated with biotinylated horse
anti-mouse IgG (rat absorbed, 5 pg/ml) in PBS/0.5 M NaCl/2% horse
serum for 4 h at room temperature. The slides were then washed and
incubated with the Vectastain ABC reagent (Vector Laboratories,
Inc.) for 30 min at room temperature, washed, and incubated in di-
aminobenzidine coloring solution (50 mM Tris, pH 7.5, containing
0.006% H,0, and 200 pg/ml of diaminobenzidine tetrahydrochloride)
in the dark for 10-20 min to detect the antibody-bound PRLR.

Several controls were employed to ensure the specificity of immu-
noreactive staining. First, there was no immunoreactive staining of
tissues: (a) when primary antibody was omitted from the incubation
medium; or (b) when tissues were incubated with pre-immune mouse
serum (2%), ascites fluid (2%) or purified mouse IgG (20-100 pg/ml)
rather than monoclonal anti-rat PRLR antibody. Second, the inten-
sity of immunoreactive staining was reduced markedly when primary
antisera were preincubated (absorbed) with highly purified rat liver



prolactin receptor, as described previously (15), or with human pro-
lactin binding protein(s) that had been purified from the conditioned
media of cells transfected stably with a cDNA encoding the human
PRL binding protein (below). The intensity of immunostaining was
determined by analysis of photographs of the stained sections. For
purposes of comparison, individual sections were prepared, incu-
bated, developed, and photographed under identical conditions. The
photographs were then scanned with a Hewlett Packard desktop
scanner and the intensity of staining was quantified by densitometric
analysis using the Sigma Scan software (Menlo Park, CA). Results
are presented as the mean=SE of at least three separate experiments.

In selected experiments, the cellular distribution of PRLR immu-
noreactivity in fetal pancreas was compared with that of insulin or
glucagon. To determine the cellular distribution of insulin and gluca-
gon immunoreactivity, sections of human fetal pancreas were pro-
cessed in the manner described previously and were incubated with
polyclonal antisera/human insulin (1:50) or porcine glucagon (1:2500)
in PBS containing 0.35 M NaCl and 2% horse serum. Following an
overnight incubation for 20 h at 4°C, these sections were washed with
PBS and then incubated for 60 min at room temperature with peroxi-
dase-labeled anti-rabbit IgG. After extensive washing with PBS, the
immunoreactive staining was developed with diaminobenzidine, as
described above.

Purification of human PRL binding proteins and preabsorption of
anti-PRLR antisera. Human PRL binding proteins were purified
from the conditioned media of human 293 fibroblasts transfected sta-
bly with a construct containing the signal peptide of the rat PRLR
coupled to the mature region of the human PRLR (18). The signal
peptide of the rat PRLR was utilized to form the construct because its
expression in transfected cells exceeds that of the human PRLR sig-
nal peptide. The construct includes a stop codon at position 211 of the
mature receptor, so that the 210 extracellular residues are expressed
as a secreted protein. This produces a glycosylated extracellular do-
main of the human PRLR that is secreted into cellular conditioned
media.

PRL binding proteins in the cellular conditioned media were pu-
rified ~ 3,000-fold by affinity chromatography using a column of bo-
vine prolactin coupled to Affi-Gel 10, as described previously (15).
Electrophoretic analysis of the Affi-Gel eluate under reducing condi-
tions revealed a major protein with apparent M, 36,000. The purified
PRL BP(s) bound radiolabeled human PL and human PRL with high
affinity (K4 0.5-2 nM) and on Western blots reacted specifically with
antisera U5 and U6 (1 pg/ml) but not with purified mouse IgG.

For studies of the specificity of immunostaining, the anti-PRLR
antiserum (final concentration 40 pg/ml) was preincubated overnight
at 23°C in PBS containing purified PRL BP(s) (~ 10 pg protein/ml).
In parallel control studies the antisera were preincubated in PBS con-
taining 100 pg/ml BSA. The mixtures were applied directly to tissue
sections in the presence of 2% horse serum. The intensity of staining
with antisera that had been preincubated with PRL binding proteins
was compared with the intensity of staining with antisera that had
been preincubated with BSA.

Results

In preliminary experiments we examined the expression of
PRLR messenger RNA (mRNA) in human fetal tissues using
RT-PCR. PCR primers were selected to encode portions of
the extracellular, transmembrane, and cytoplasmic domains of
the human PRLR. As shown in Fig. 1, mRNA encoding the
membrane-bound PRLR was expressed in diverse tissues of
the human fetus as early as 52 d (7.5 wk) of gestation. The
identity of this PRLR mRNA was confirmed by Southern blot-
ting and by nucleotide sequencing.

To localize the expression of the PRLR at the cellular level
we used immunohistochemistry, employing two distinct mono-

clonal antibodies (U5 and U6) to the rat PRLR. The antibod-
ies gave similar or identical results, though staining with U5
was more intense than staining with U6 at the concentrations
used. The specificity of immunoreactive staining was confirmed
in parallel studies in which the antisera were pre-absorbed with
PRLR proteins that were purified from the conditioned me-
dium of 293 fibroblasts transfected with a cDNA encoding a
soluble human PRL binding protein (Fig. 2). Previous studies
(6, 15, 16) showed that the cellular distribution of PRLR im-
munoreactivity is similar or identical to the cellular distribu-
tion of PRLR mRNA (as determined by in situ hybridization)
and colocalizes with placental lactogen binding activity, indi-
cating that immunoreactive PRLR protein is localized at sites
of expression of a PRLR message that encodes a functional
lactogen binding site.

Our initial studies examined the expression of PRLRs in
the fetal liver and small intestine. In the human fetal liver,
PRLR immunoreactivity is detected in hepatocytes but not in
hematopoietic cells. Staining is most intense in hepatocytes
surrounding the central veins. PRLR immunoreactivity can be
detected as early as 52 d of gestation (earliest time point stud-
ied), but the intensity of staining increases 2.6+0.5-fold
(mean*SEM, n = 3) during the subsequent 6 wk of pregnancy
(Fig. 3). The induction of hepatic PRLR expression in the hu-
man fetus during early—-mid gestation is paralleled by changes

PRLR mRNA
in the Human Fetus: » _2
adney (721
RT-PCR heart (54)
T (987 1058] ver (72)
5 I 3 ung 196)
T placenta (72) )
i small intestine (72)
— 7371091 brain (72)
brain (52)
adrenal (74)
liver (54)
adrenal (72)
stomach (74)
-RT
gall bladder (72)
placenta (54)

small intestine (74}
gonad (male. 74)
pancreas (72)

Figure 1. Expression of PRLR mRNA in human fetal tissues in early
gestation. On the left is a schematic diagram of the human prolactin
receptor (hPRLR), with the location of the PCR products produced
by sense and antisense primers 1 and 2. Note that the PCR products
encode portions of the extracellular, transmembrane (7M) and cyto-
plasmic domains. The figure on the right shows an ethidium bromide-
stained gel of the PCR product (355 bp) generated with sense and
antisense primers 2. Numbers in parentheses represent days of gesta-
tion. In the lane labeled —RT, fetal liver RN A was incubated without
reverse transcriptase during generation of cDNA. PCR products (423
bp) were generated using sense and antisense primers 1, with results
similar to those observed using primers 2. PCR products encoding cy-
clophilin were generated (15) from all tissues except those in which
cDNA was prepared in the absence of reverse transcriptase. The var-
ious PCR products on the gel shown above hybridized specifically to
an internal oligonucleotide encoding a portion of the TM domain,
and nucleotide sequencing of both the 355 and 423 bp PCR products
confirmed the identity of the fetal PRLR.
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Human Kidney (¢52)

Preabsorbed Preabsorbed

in the fetal rat during late pregnancy: PRLR immunoreactivity
in fetal rat hepatocytes is first noted on day 16.5 and increases
strikingly during the next 2 d of gestation (Fig. 3).

The fetal liver develops from an endodermal diverticulum
that buds from the duodenum. In the human fetal duodenum
at 12-14 wk of gestation, the PRLR is expressed in villous co-
lumnar epithelial cells, particularly at the luminal surface, and
in basilar crypts (Fig. 4). In the duodenum of the fetal rat (Fig.
4), the PRLR appears first on day 16.5; PRLR immunoreactiv-
ity is detected on the luminal surface of the gut tube, which is
composed of four to six layers of stratified epithelial cells. Dur-
ing the next 48-72 h, there is folding of the duodenal epithe-
lium associated with invagination of mesenchyme; this process
leads to the formation of well-differentiated villi, each contain-
ing a mesenchymal core covered by a single layer of columnar
epithelial cells. The progressive maturation and growth of the

Rat lung (¢l7.5)

Figure 2. Specificity of immunoreactive staining. Tissue
sections were stained with antisera U5 that had been pre-
incubated with BSA (top) or with antisera US that had
been preincubated with PRL binding proteins that had
been purified from maternal rat liver (rat lung section, bot-
tom) or from the conditioned medium of 293 fibroblasts
transfected stably with a cDNA encoding a soluble hPRL
binding protein (human fetal kidney section at bottom). In
this and all subsequent figures, the sections were photo-
graphed in dark-field, so that positive staining is shown in
white. Similar findings were noted in three experiments us-
ing sections of human fetal pancreas and liver and fetal rat
liver. X40.

duodenal mucosa during late gestation are accompanied by a
striking increase in PRLR immunoreactivity, which localizes
to villous epithelial cells and, to a lesser extent, to mesenchy-
mal cells lining the basal aspect of the mucosa.

The primitive duodenum gives rise to the pancreas as well
as the liver. In human adults and postnatal rats PRLRs are de-
tected in pancreatic beta and alpha cells, and there is little or
no expression in pancreatic ducts or acinar cells (19, 20). But
this is not the case in the fetus. Fig. 5 shows sections of human
and rat fetal pancreas probed with antisera to the PRLR and
to insulin and glucagon. In the human fetus, PRLR immunore-
activity is most intense in pancreatic ducts and acinar cells
which express neither insulin nor glucagon. The immunoreac-
tive staining in pancreatic acinar cells is heterogeneous, with
some cells staining intensely and others reacting weakly or not
at all. In the pancreatic ducts, PRLR immunoreactivity ap-

Ontogeny of Hepatic PRLRS

Human Rat
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Figure 3. Ontogenesis of PRLR immunoreactivity in hu-
man and fetal rat liver. Tissue sections were prepared,
incubated, stained and photographed under identical
conditions. Anti-PRLR antisera U5 was used at a con-
centration of 25 wg/ml. Control sections incubated with
anti-mouse IgG were immunonegative. Similar findings
were noted in three separate experiments. Magnification
Xx100.



Duodenal Prolactin Receptors
Rat

Human

pears most intense at the luminal surface. In contrast to find-
ings in the human adult, there is only weak staining of pancre-
atic beta (insulin positive) and alpha (glucagon positive) islet
cells in the human fetus in early gestation.

Similar findings are noted in the fetal rat (Fig. 5). On em-
bryonic days 16.5-17, PRLR immunoreactivity predominates
in the pancreatic ductules and acinar tissue. However, by days
e18.5-e20.5, the PRLR is expressed in developing islets that
arise and bud from the pancreatic ducts. These ontogenetic
changes in the distribution of PRLR expression suggest that
the roles of lactogenic hormones in pancreatic growth and
function may change during development.

PRLRs in the Fetal Pancreas

Human

Insulin

duct

islet

Figure 4. Ontogenesis of PRLR immunoreactivity in
human and rat fetal duodenum. Tissue sections were
incubated with U5 at concentrations ranging from
20-40 pg/ml; control sections were immunonegative.
In the human sections, note the prominent staining of
duodenal villi and crypts (arrows). In the rat sections,
note the staining of duodenal villi and on day e/8.5,
basilar mesenchyme (arrow). Similar findings were
noted in three experiments. X100.

Studies of the ontogeny of PRLR expression in other tis-
sues provide additional evidence for changing roles for lacto-
genic hormones in organ development and function. For ex-
ample, in the adrenal glands of postnatal rats and human
adults, PRLRs are expressed thoughout the cortex (21-23),
where lactogens regulate the production of glucocorticoids,
and in the human adrenal androgens (23-26). In contrast, in
the human fetus at 7.5 wk of gestation (Fig. 6), PRLR immu-
noreactivity is detected only in a thin rim of capsular-like mes-
enchymal cells and neocortical-like parenchymal cells lying at
or near the surface of the gland. A striking change in PRLR
distribution then ensues; by 14 wk of gestation, the PRLR is

Figure 5. PRLR immunoreactiv-
ity in human and fetal rat pan-
creas. Serial sections of human fe-
tal pancreas (€96) were incubated
with anti-PRLR antisera U5 or
anti-insulin antisera. In parallel
experiments, serial sections were
incubated with U5 or with anti-
glucagon antisera. In the human
sections (X100) stained with U5,
the arrows point to cells that ex-
press insulin (fop) or glucagon
(bottom). Note the intense PRLR
immunoreactivity in human fetal
pancreatic ductules (duct) and in
exocrine tissue. In fetal rat sec-
tions stained with U5, note the
staining of pancreatic ductules
and islets budding from the ducts.
X100. Similar findings were noted
in five separate experiments. In all
experiments, control sections in-
cubated with anti-mouse IgG or
with US that had been preincu-
bated with purified PRL BPs were
immunonegative.
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Human

Fetal
Adrenal

expressed in fetal cortical cells as well as in the definitive neo-
cortex.

This pattern of change in receptor distribution bears simi-
larities to changes noted in the fetal rat (Fig. 6). On embryonic
days 15.5-18.5 the PRLR is expressed primarily in the dorsal
mesenchyme surrounding the adrenal primordium. 1-2 d later,
there is intense staining throughout the adrenal cortex, with
lesser staining of the mesenchymal capsule and little or no re-
activity in medullary cells.

The adrenal mesenchyme and cortical cells arise from co-
elomic mesothelium, which is derived from intermediate me-
soderm. The intermediate mesoderm also gives rise to the re-
nal collecting system. In the human fetal kidney at 7.5-14 wk
of gestation (Fig. 7), PRLRs are expressed prominently in col-

Ontogenesis of Renal Prolactin Receptors

Human
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cla.s

Figure 6. Ontogenesis of PRLR immunoreactivity in the
human and rat fetal adrenal. Tissue sections were incu-
bated with US; control sections were immunonegative. In
the human sections, note the localization of PRLR im-
munoreactivity to a rim of mesenchymal and neocortical-
like cells on e52; the boxed area is shown at higher
magnification below (X100). By day €96, PRLR immu-
noreactivity is detected in centrally-located fetal cortical
cells, shown at higher magnification (X200) below. In the
rat sections note that PRLR immunoreactivity is con-
fined to periadrenal mesenchymal cells (arrows) until
late in gestation, when abundant cortical reactivity is
noted (€20.5). Similar findings were noted in four sepa-
rate experiments.

¢l6.5

¢18.5

e20.5

lecting ducts and tubules and in the renal calyces. These struc-
tures are derived from progressive branching of the mesoder-
mal ureteric bud. PRLR expression is particularly prominent
at the luminal surfaces of the renal tubules and collecting
ducts, consistent with effects of lactogens on renal electrolyte
and mineral transport in postnatal animals. PRLR immunore-
activity is also detected in the perinephric mesenchyme that
overlies the renal cortex and, to a lesser extent, in the renal
capsule. In contrast the glomeruli, which are derived from the
metanephric blastema, are immunonegative.

In the fetal rat kidney, PRLR immunoreactivity is first de-
tected on day 16.5 in the perirenal mesenchyme and in meta-
nephric tubules situated centrally in the region of the future re-
nal pelvis. Between embryonic days €16.5 and €19.5, the renal

Figure 7. Ontogenesis of PRLR
immunoreactivity in the human
and rat fetal kidney. Tissue sec-
tions were incubated with U6

(40 pg/ml); control sections were
immunonegative. In the human
sections, note the intense staining
of renal tubules (7)), collecting
ducts and collecting tubules (CD)
and calyces, particularly at the lu-
minal surfaces. Note also the
staining of the perinephric mesen-
chyme (thick arrow), particularly
on embryonic day e52. Glomeruli
(G) were immunonegative. In the
fetal rat sections, note the staining
of the perinephric mesenchyme
on day e15.5 and e16.5 (arrows),
the epithelium of the renal pelvis
and the peritubular mesenchyme
on day e18.5 and the renal tubules
(T) on day €20.5. Similar findings
were noted in three separate ex-
periments. X40.
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pelvis enlarges markedly and the number of medullary collect-
ing ducts increases strikingly, with a corresponding reduction
in nephric mesenchyme (27). During these later stages of rat
pregnancy, the PRLR is expressed prominently in the perire-
nal and nephric mesenchyme and in medullary collecting ducts
and renal tubules. By day €20.5, tubules in the renal cortex be-
come immunoreactive. As in the human fetal kidney, glomer-
uli in the kidney of the fetal rat are immunonegative.
Mesoderm plays a central role in the development of the
lung as well as the adrenal and kidney. The fetal lung develops
when tubular outpockets of pharyngeal endoderm invade mes-
enchyme derived from splanchnic mesoderm (28). As in the
adrenal and kidney, the PRLR in the lung is expressed promi-
nently in mesenchymal tissue during early fetal development.
In the human fetal lung at 7.5 wk of gestation (Fig. 8) the
PRLR is expressed in the pulmonary mesenchyme and in the
tubular airways, which are lined by a simple cuboidal epithe-
lium. At this stage of development, staining of the airways ap-
pears most intense at the base of the cuboidal epithelium. Sub-
sequently, by 11-14 wk of gestation, the branching epithelium
is stained most prominently at the luminal borders, and PRLR
immunoreactivity in the pulmonary mesenchyme is intense.

Ontogcenesis of PRLRs in Human Lung

Figure 8. Ontogenesis of PRLR immunoreactivity in
the human fetal lung. Tissue sections were incubated
with U5 (25 pg/ml); control sections were immunone-
gative. In the human sections note the staining of pul-
monary mesenchyme (M) and the bronchial (B) air-
way epithelium, where staining is most intense in the
basilar cells on day €57 and in the luminal surface
epithelial cells on day €96.

The pattern of PRLR expression in the fetal rat lung (Fig.
9) is similar to that in the human fetal lung. On embryonic day
13.5, PRLR immunoreactivity is detected in the surface mes-
enchyme of the embryonic lung and in basal epithelial cells of
the cuboidal bronchial epithelium. Progressive invagination of
the surface mesenchyme is associated with extensive branching
of the airways, which are highly immunoreactive. In late gesta-
tion PRLR immunoreactivity predominates in the bronchial
and bronchiolar epithelium and localizes to cells at the luminal
surface.

We explored further the role of fetal mesenchyme through
studies of the expression of PRLRs in developing skeletal
muscles and bones. Fig. 10 shows sagittal sections of the tibia
of a human fetus at 7.5 wk of gestation. There is striking PRLR
immunoreactivity in maturing chondrocytes, in the perichon-
drium, and in skeletal myocytes, shown below at higher magni-
fication. Immunostaining in myocytes of the cardiac atria and
ventricles (14 wk gestation) was also intense (data not shown).

The ontogenesis of PRLR expression in endochondral
bones was examined in the fetal rat. Fig. 11 shows sagittal sec-
tions of the head of the rat embryo at 12.5-17.5 d of gestation.
On embryonic day 12.5, there is intense PRLR immunoreac-

PRLR Expression in the Fetal Rat Lung

els.5

Figure 9. Ontogenesis of PRLR
immunoreactivity in the fetal rat
lung. Note the staining of the pul-
monary mesenchyme (arrows)
and the progressive increase in
PRLR immunoreactivity during
branching morphogenesis of the
airway epithelium. Similar find-
ings were noted in three separate
experiments. X100.

el6.5
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Anti-hPRLR

Mouse IgG

Figure 10. PRLR immunoreactivity in the hu-
man fetal tibia in early gestation (e54). Tissue
sections were incubated with US (50 wg/ml) or
with mouse IgG. Note the intense PRLR immu-
noreactivity in maturing chondrocytes, peri-

- p— gy chondrium (arrow), and skeletal myocytes,
- == shown in the box (X100) and in brightfield at
Skeletal Muscele w3 d e higher magnification (<200) below. Similar
- — findings were noted in five separate experi-
o —— ments.

tivity in the mesenchyme underlying the base of the brain. By
day 15.5, this mesenchyme has begun to condense to form nod-
ules of cartilage, and by day 17.5, the PRLR is expressed
prominently in proliferating and maturing chondrocytes of the
developing sphenoid and occipital bones. Interestingly, there is
little PRLR immunoreactivity in late hypertrophic or calcified
chondrocytes.

A similar pattern of expression is seen in the developing

PRLR Expression in Rat Cr
el2.5c - @&
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aniofacial Bones

vertebral bones and ribs (Fig. 12). The PRLR is first expressed
in mesenchymal cells that appear to migrate and surround the
primordia of the vertebrae and ribs. Subsequently on days
e16.5 through e18.5 there is intense expression in chondrocytes
of the developing bones and in the fibrous intervertebral discs,
which like vertebral cartilage are derived from somitic meso-
derm. As in the bones of the limbs and the base of the skull,
PRLR expression in the ribs and vertebrae appears to pre-

Figure 11. Ontogenesis of PRLR
immunoreactivity in the rat cra-
niofacial bones. Tissue sections
were incubated with US5; control
sections were immunonegative.
On embryonic day e12.5, the
PRLR is expressed in mesenchy-
mal cells (arrows) underlying the
base of the brain and in the inter-
peduncular fossa. mnp, medial na-
sal process; rp, Rathke’s pouch;
bg, basal ganglia. By day e15.5,
this mesenchyme has begun to
condense to form cartilage nod-
ules (arrow). or, optic recess; dien,
diencephalon; pit, pitutary. 2 d
later (e/7.5), PRLR immunoreac-
tivity localizes primarily to matur-
ing chondrocytes and to a lesser
extent to proliferating chondro-
cytes (shown in the basisphenoid
bone at X100 on the left and X200
on the right). There is a paucity of
immunoreactivity in late hyper-
trophic and calcified chodrocytes
(arrow). Similar findings were
noted in six separate experiments.



Figure 12. Ontogenesis of PRLR immunoreactivity in the rat verte-
brae and ribs. Tissue sections were incubated with U5; control sec-
tions were immunonegative. The PRLR is first expressed (el5.5) in
mesenchymal cells (mes) that surround the primordia of the verte-
brae (v) and ribs (r). Subsequently there is intense PRLR immunore-
activity in maturing chondrocytes of the developing bones, seen most
clearly on day e18.5 (arrows). Note also the reactivity in the mesoder-
mal intervertebral disc. Similar findings were noted in four separate
experiments. Magnification X40 except lower figure X100.

dominate in maturing chondrocytes rather than in terminally
differentiated hypertrophic and mineralized chondrocytes.

Discussion

Our studies of the ontogenesis of PRLR expression in human
and fetal rat tissues reveal a complexity of developmental and
cell-specific changes that have not been appreciated previ-
ously. First, the relative expression of lactogen receptors in a
single cell type may change markedly during a short period of
time in early development. For example, the amount of PRLR
immunoreactivity in human fetal hepatocytes increases two- to
three-fold between 7.5 and 14 wk of gestation; similarly, there
is a striking increase in PRLR immunoreactivity in fetal rat
hepatocytes between days 16.5 and 17.5 of gestation.

Second, PRLRs in a single fetal tissue are expressed in mul-
tiple cell types derived from distinct embryonic germ layers.
For example, PRLR immunoreactivity in the fetal duodenum
is detected in villous epithelial cells, derived from embryonic
endoderm, and basilar mesenchymal cells, derived from inter-
mediate mesoderm. Similarly, the PRLR in the fetal lung is ex-
pressed in bronchiolar epithelial cells (endodermal) and pul-
monary mesenchyme (mesodermal). Previous studies in the
late gestational fetal rat (15, 16) demonstrated that the PRLR
is also expressed in structures of ectodermal origin including
the epidermis, whisker hair follicles, enamel epithelium, tri-
geminal ganglion, cochlear duct, the olfactory epithelium and
the mitral and tufted cell neurons of the olfactory bulb.

Third, the distribution of PRLR expression among the dif-
ferent cell types in a single tissue may change dramatically dur-

ing development. The pancreas and adrenal provide interest-
ing examples. In the pancreas of the human adult and neonatal
rat (19, 20) the PRLR is expressed preferentially or exclusively
in islet cells, colocalizing with insulin and glucagon. In the hu-
man fetus and fetal rat in early gestation, however, the PRLR
is expressed most intensely in pancreatic ductules and acinar
cells; there is only little PRLR immunoreactivity in islet cells
that express insulin and glucagon until late gestation. In the
adrenal gland of the postnatal and pregnant rat (21, 22) and
human adult (23), the PRLR is expressed throughout the cor-
tex but most intensely in the zona reticularis. In the embryonic
adrenal gland, on the other hand, the PRLR is first expressed
in mesenchymal cells surrounding the adrenal primordium and
then in a thin rim of mesenchymal and neocortical-like cells
near the surface of the gland. By 14 wk of gestation in the hu-
man fetus, and by 20 d in the fetal rat, the PRLR is expressed
throughout the fetal cortex.

The changes in the cellular distribution of expression of
PRLRs in a single tissue during ontogeny predict changing
roles for the lactogens in organ development and function. For
example, in the mid-gestational fetal pancreas PRLRs are ex-
pressed in acinar tissue and ductal epithelial cells. This obser-
vation suggests a role for lactogens in the growth and function
of the exocrine pancreas and possibly in the development of
the islets, which arise from the pancreatic ducts (29). Subse-
quently in late gestation and in postnatal life the PRLR is ex-
pressed preferentially in islet cells, explaining the insulinotro-
pic effects of lactogenic hormones in pancreatic islets from
neonatal rats and mice and human adults (30-32).

In the embryonic adrenal gland, PRLRs are expressed ini-
tially in surface mesenchymal cells and neocortical cells. These
cells have high mitotic activity and are thought to proliferate
and migrate centripetally to populate the developing fetal cor-
tex (33). The expression of PRLRs in surface mesenchymal
and neocortical cells provides support for the hypothesis that
lactogens play roles in adrenocortical maturation and/or
growth during early fetal development. The subsequent emer-
gence of lactogen receptors in differentiated adrenocortical
cells provides a cellular mechanism through which lactogenic
hormones may modulate the production of fetal adrenal an-
drogens and glucocorticoids (23-26).

The expression of PRLRs in pulmonary mesenchymal cells
and tubular epithelial cells during early development predicts
novel roles for lactogens in the differentiation of the fetal lung.
The fetal lung arises when tubular pockets of foregut endo-
derm invade mesenchymal cells derived from the splanchnic
mesoderm (28). Initially the PRLR is expressed in the surface
pulmonary mesenchyme and in basal epithelial cells, which di-
vide rapidly and populate the developing airways. Extension
of PRLR immunoreactivity into subcortical mesenchyme is ac-
companied by tubular growth and cytodifferentiation and
branching of the airways, processes that require the direct in-
teraction between mesenchymal and epithelial cells (28). In
light of recent findings demonstrating that PRL induces
branching morphogenesis in the mammary gland (34), it is
tempting to speculate that lactogenic hormones may modulate
the interactions between pulmonary mesenchyme and the
branching pulmonary epithelium to facilitate lung develop-
ment and growth. The expression of PRLRs in the airway epi-
thelium may also provide a mechanism by which lactogenic
hormones may, in concert with glucocorticoids, facilitate the
production of surfactant in the human fetal lung (35, 36).
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Mesenchyme also gives rise to the fetal cartilage and skele-
tal muscle. Early in development the PRLR is expressed in
abundance in mesenchymal tissue predestined to form the car-
tilage of the endochondral craniofacial and long bones, verte-
brae, and ribs. With progression of fetal development, the
PRLR localizes to maturing chondrocytes and, to a lesser ex-
tent, to chondrocytes in the proliferative zone of the cartilage
growth plate. There is, however, little or no PRLR expression in
late hypertrophic cartilage or in calcified bone cells. These ob-
servations suggest that lactogens may regulate preferentially
the differentiation and maturation of cartilage rather than the
function of terminally differentiated bone cells. Like maturing
chondrocytes, the skeletal myocytes are highly immunoreac-
tive during early fetal development. This finding is consistent
with previous studies demonstrating anabolic effects of lacto-
genic hormones in isolated fetal myoblasts and fibroblasts
(37-40).

The PRLR in the human fetus may serve as a binding pro-
tein for a number of lactogenic hormones that circulate in fetal
serum. Human growth hormone and human placental lacto-
gen, which bind the human PRLR with high affinity (41), are
detected in human fetal serum as early as 8 wk of pregnancy.
Plasma concentrations of the two hormones may rise to levels
as high as 35-500 ng/ml at mid-gestation (2, 4). Human fetal se-
rum prolactin levels are relatively low (10-20 ng/ml) until the
beginning of the third trimester, after which fetal prolactin lev-
els rise progressively to a peak approximating 150 ng/ml at
term (2). In the fetal rat, pituitary prolactin production does
not begin until at or soon after the time of delivery (42-45) and
rat growth hormone is a purely somatogenic hormone that
does not bind to the PRLR. The predominant lactogen in the
mid-late gestational rodent fetus appears to be placental lacto-
gen II (PL II), which is detected in fetal serum as early as em-
bryonic day e17 in the rat (6, 46) and day e16 in the mouse (1).
Like hPL and hGH, the rodent PLs bind with high affinity to
PRLRs in fetal and maternal tissues and exert lactogenic ef-
fects in the mammary gland, ovary, and pancreas (1, 30, 45).

Roles for the lactogens in the control of reproduction, lac-
tation, immune function, electrolyte and mineral balance, and
intermediary metabolism (47) have been established in studies
conducted primarily in differentiated tissues from postnatal
animals and human adults. However, our studies of the onto-
genesis of PRLR expression in the early gestational human fe-
tus and embryonic and fetal rat implicate new and complex
roles for lactogens in organ development and function. The ex-
pression of PRLRs in derivatives of embryonic mesoderm in
early gestation predicts novel roles for the lactogens in the dif-
ferentiation and growth of the fetal adrenal, lung, small intes-
tine, skeletal muscle, cartilage, and endochondral bones. More-
over, changes in the distribution of PRLRs in the pancreas and
adrenal predict developmentally dependent changes in lacto-
genic function. Future studies should explore the mechanisms
by which lactogens regulate tissue differentiation and growth
during embryonic and fetal development and must define the
factors that condition changes in the cellular distribution of
lactogenic receptors during ontogeny.
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