
Prolactin is one of the most multifunctional hor�

mones. Several prolactin receptor (PrlR) isoforms have

been identified in mammals, and these are shown to be

the products of the PrlR pre�mRNA alternative splicing.

These PrlR isoforms differ in the length and composition

of their intracellular domain [1, 2]. Receptor isoforms

(including those of PrlR) possessing different cytoplasmic

domains are often characterized by different activity [2].

The sensitivity of a tissue to prolactin and the mode of

prolactin�induced response are dependent on both the

level of PrlR and the ratio of short and long isoforms of

the receptor [3�6].

Liver as a whole organ is a usual object for investiga�

tion of the mode of action of PrlR. The interest is based

on the high level of PrlR expression as well as on the

peculiarities of receptor isoform distribution; liver is one

of few tissues where the short isoform of PrlR is predom�

inant [3, 7]. Liver has been the object for many investiga�

tions of PrlR expression peculiarities—dependence on sex

hormones and prolactin itself [3, 8, 9]. Both the liver level

of the PrlR and its isoform ratio are in general distinctive

features of hepatocytes, since hepatocytes are the main

cellular element of liver [3, 10].

Bile duct cells play a significant role in liver func�

tioning both under normal conditions and under develop�

ing pathology. Their role is especially high in bile forma�

tion. Prolactin can be suggested to act on cholangiocytes

since it takes part in the essential regulation of different

biochemical processes, including maintaining of

water–salt balance and secretion, in many types of ductal

structures [1].

It has been earlier revealed in our laboratory that

PrlR is expressed in proliferating cholangiocytes under

both normal and pathological conditions [11, 12]. This

work has been performed to study the influence of sex

hormones, prolactin, and obstructive cholestasis on the

level of PrlR and peculiarities of its expression in rat

cholangiocytes.

MATERIALS AND METHODS

Female and male albino mongrel rats (200�250 g)

were used in the present work: the experimental groups
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Abbreviations: CBDL) common bile duct ligation; IHC)

immunohistochemical staining; PrlR) prolactin receptor; RT�

PCR) polymerase chain reaction on the product of reverse

transcription.
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are represented in Table 1. All basic chemicals for cell iso�

lation and tissue treatment were from Sigma (USA).

Common bile duct ligation (CBDL), gonadectomy,

and sham operations were performed as described earlier

[12, 13]. Animals were used for PrlR detection or for fur�

ther manipulations 14 and 30 days after surgery, respec�

tively.

In some experiments, two donor pituitaries were

transplanted into the kidney capsule of each recipient

animal for elevation of circulating prolactin level. In two

days recipient animals underwent CBDL.

The preliminary investigations (by RT�PCR) showed

that sham�operated female and male animals do not dif�

fer from correspondent intact group of rats in either PrlR

mRNA level or in the ratio of PrlR isoforms in cholan�

giocytes (one�way ANOVA test, p > 0.6).

Bromocriptine was injected daily after the CBDL as

50% ethanol suspension of bromocriptine (Gedeon

Richter, Hungary) (10 µg per kg of animal weight) to

decline the level of circulating prolactin. The control ani�

mals were injected with the vehicle.

The cholangiocytes were isolated as intrahepatic bile

duct units [14] for polymerase chain reaction analysis.

Briefly, the liver was perfused through the portal vein with

Ca2+/Mg2+�free Hanks’ balanced salt solution containing

0.7 mM EDTA and then perfused with collagenase buffer

containing 0.05% collagenase, 40 mM HEPES, and

5 mM CaCl2 (pH 7.2�7.4). The portal tissue was mechan�

ically dissociated from hepatocytes, minced, and then

incubated at 37°C with solution A (α�MEM containing

0.05% collagenase, 0.006% DNase, and 0.033% pronase).

The solution A was replaced by solution B (α�MEM con�

taining the same enzymes excluding pronase, which was

replaced by 0.036% hyaluronidase). The resulting suspen�

sion was subsequently filtrated through 100 and 30 µm

nylon net filters (Millipore, USA). Bile duct units retained

on the 30 µm net were monitored by light microscopy to

control for their purity and isolation quality; bile duct

fragments appeared as tubule�like structures (Fig. 1).

Cholangiocyte phenotype was additionally confirmed by

RT�PCR for revealing the cDNA of cytokeratin 19 (an

epithelial cell marker), and hepatocyte contamination was

monitored by RT�PCR with primers specific for cDNA of

glucose�6�phosphatase (hepatocyte marker) [15] (Fig. 2).

The portion of viable cells was >95% as assessed by trypan

blue exclusion immediately after bile duct isolation.

Total RNA was isolated from bile duct fragments

using phenol–chloroform extraction [16]. The degree of

RNA integrity and its purity were verified by agarose gel

electrophoresis (the ratio of 18S and 28S rRNA) and

spectrophotometry.

cDNA was synthesized using a SuperscriptIIRT kit

(Invitrogen, USA) after denaturing and annealing 465 ng

of total RNA with 1.5 µg (dT)15 (Syntol, Russia). The

reaction was performed according the manufacturer’s

manual.

Polymerase chain reaction (PCR) was performed

in 25 µl of incubation mixture containing 1× buffer for

Animal sex
and virility

Male and female,
mature

Male and female,
immature*

Male and female,
mature

Male and female,
mature

Male and female,
mature

Male and female,
mature

Male, mature

Male and female,
mature

Experimental group

intact

intact

14 days
CBDL/sham�operated

gonadectomy/
sham�operated

gonadectomy +
14 days CBDL

14 days CBDL + daily
injections of bromocrip�
tine**/14 days CBDL +

daily injections of vehicle

pituitary transplantation +
14 days CBDL/sham�trans�
plantation + 14 days CBDL

pituitary donors

Type of
analysis

IHC,
RT�PCR

IHC

IHC,
RT�PCR

IHC,
RT�PCR

IHC,
RT�PCR

IHC

IHC

—

Table 1. Experimental groups of rats

Note: IHC, immunohistochemical staining; RT�PCR, polymerase

chain reaction on the product of reverse transcription; CBDL,

common bile duct ligation.

* Immature rats, animals at 45th day after birth.

** Dose of bromocriptine injections (see “Materials and Methods”).

Fig. 1. Isolated bile duct units, non�fixed and non�stained. L,

lumen; C, cholangiocyte; bar, 25 µm.

L

C
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Taq DNA polymerase, 100 µM dNTP (Fermentas,

Lithuania), 0.5 unit Taq polymerase (Dialat, Russia),

and 2 µl of RT reaction aliquot. Probes contained

20 pmol of each required oligonucleotides (Syntol,

Russia) (Table 2). PCR was run usually for 33 cycles

using the following regimen: 94°C, 30 sec; 60°C, 30 sec;

72°C, 45 sec. We performed PCR for revealing of cDNA

fragments of cytokeratin 19 and glucose�6�phosphatase

simultaneously to control for hepatocyte contamination.

The PCR products were visualized by agarose�gel electro�

phoresis.

We developed conditions for semiquantitative PCR

assay for PrlR level earlier [3, 17]. PCR specificity was

verified by hybridization of amplified fragments separated

by agarose gel electrophoresis and transferred onto

Hybond�N with γ�32P�labeled primer Rc and also by

sequencing of cloned amplification products of PrlR iso�

form cDNA into pBluescriptIIKS plasmid.

We then performed semiquantitative PCR assay for

PrlR under the following conditions: each probe con�

tained primers Baf, Bar, Rf, and Rc (to estimate the total

PrlR mRNA level), or Baf, Bar, Rf, Rs, and Rl (to esti�

mate the ratio of PrlR isoforms); β�actin mRNA served as

an internal standard in both cases. Rf and Baf labeled

with [γ�32P]ATP using polynucleotide kinase was added

into each probe at the amount of 1 pmol. Preliminary

results demonstrated the exponential phase from the 25th

to 33rd cycles of amplification of β�actin and both PrlR

isoforms [17]. For competitive kinetic analysis of product

accumulation, PCR was run in duplicate, and the PCR

products were separated by polyacrylamide gel elec�

trophoresis. The results were quantified by measurement

of product radioactivity. The region of reliable PCR prod�

uct detection and linear increment logarithm of incorpo�

rated isotope radioactivity was from the 29th to 33rd cycle

of amplification (Fig. 3). The PrlR quantity was expressed

as arbitrary units (ratio of 32P isotope radioactivity incor�

porated into PCR products in reactions for cDNA of

PrlR and β�actin).

Tissues were embedded into paraplast and sliced into

3 µm sections. Immunohistochemical staining of sections

Fig. 2. PCR monitoring of rat cholangiocyte purity. Lanes: 1)

hepatocytes isolated from liver of mature female rat; 2�5) five

cholangiocytes isolated from liver of intact mature female rat (2),

intact mature male rat (3), mature female rat with common bile

duct ligation (CBDL) (4), mature male rat with CBDL (5). M,

DNA length markers (numbers represent length of fragment in

bp). Amplification products: GP (glucose�6�phosphatase) and

Cyt19 (cytokeratin 19).

1      2        3        4       5                  M

GP — 700 bp

Cyt19 —

500 bp

300 bp

Oligonucleotide

Rf

Rc

Rf

Rl

Rf

Rs

Baf

Bar

Cytf

Cytr

GPf

GPr

GeneBank Ac. number

M57668

M57668

M19304

NM031144

X81449

NM_0130978

Table 2. Oligonucleotide primers used in PCR analysis

Nucleotide sequence

f 5'�gtagatggagccaggagagttc�3'

r 5'�ggtggaaagatgcaggtcatcat�3' 

f 5'�gtagatggagccaggagagttc�3'

r 5'�accagagtcactgtcgggatct�3'

f 5'�gtagatggagccaggagagttc�3'

r 5'�tgagtctgcagcttcagtagtca�3'

f 5'�atctggcaccacaccttctacaatgagc�3'

r 5'�actcctgcttgctgatccacatctgc�3'

f 5'�tgcgcgacaacatccttggc�3' 

r 5'�gtggaatccacctccacact�3'

f 5'�caagagactgtgggcatcaatc�3' 

r 5'�gctggcaaagggtgtagtgt�3'

Gene name

prolactin receptor

prolactin receptor

long isoform

prolactin receptor

short isoform

β�actin

cytokeratin 19

glucose�6�phosphatase

Note: f, forward primer; r, reverse�strand primer.
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with anti�PrlR antibodies (clone U5, kindly provided by

Drs. V. Goffin and P. Kelly, France) and cytophotometry

were done as described previously [18]. The degree of cell

PrlR�positive immunostaining is represented as arbitrary

units (a.u.) of optical density.

Values for cytophotometry and RT�PCR results of

PrlR level were expressed as mean a.u. ± SD. Statistical

significance was assessed by one�way Kruskal–Wallis

ANOVA test for multiple comparison followed by

Mann–Whitney U�test, with a significance level of p <

0.05.

RESULTS

PrlR mRNA in the cholangiocytes of intact mature
male and female rats is detected at low level. The PrlR�

positive immunostaining is not pronounced in cholangio�

cytes of intact male and female rats, in contrast to hepa�

tocytes (Fig. 4, a and b). However, we have revealed PrlR

mRNA in cholangiocytes of intact animals of both sexes

by RT�PCR, and its level has been found to be low and

sex�independent.

While in mature rats the PrlR�positive immunostain�

ing of cholangiocytes is very low, cholangiocytes at the

earlier stages of postnatal development are characterized

by elevated sex�independent PrlR�positive staining (Fig.

4, c and d), and this level is strongly correlated with

cholangiocyte high proliferative capacity [19].

Influence of obstructive cholestasis on cholangiocyte
PrlR level and its isoform ratio are sex�independent. The

induction of bile duct cell proliferation by CBDL pro�

motes the appearance of intensive PrlR�positive

immunostaining in cholangiocytes of both male and

female rats. An interesting feature of PrlR�immunostain�

ing in proliferating cholangiocytes is pronounced nuclear

localization of the positive signal (Fig. 4, e and f).

The obstructive cholestasis induced by CBDL leads

to 3.0�3.4�fold increase in PrlR mRNA level in cholan�

giocytes of both male and female rats (Table 3).

Known regulators of PrlR do not affect its level in
cholangiocytes under normal and cholestatic conditions.
Since the cholangiocytes of intact mature male and

female rats have been shown to posses no difference in

PrlR level, unlike most other tissues, we investigated the

influence of the main known hormonal regulators (sex

hormones and prolactin) on PrlR level in bile duct

epithelial cells.

The RT�PCR analysis has shown that the gonadec�

tomy does not change the PrlR mRNA level in cholan�

giocytes of both intact rats and animals with obstructive

cholestasis. It has been verified that gonadectomy of male

and female rats with CBDL does not influence the PrlR�

positive staining of cholangiocytes. Further, either

increase or decrease in systemic prolactin level does not

significantly change the intensity of PrlR�positive

immunostaining in cholangiocytes. This level is 0.21 ±

0.03 a.u. of optical density for all tested groups; the dif�

ferences between groups do not exceed 5%

(Kruskal–Wallis ANOVA test, p > 0.7).

Long PrlR isoform mRNA predominates in rat
cholangiocytes. The long PrlR isoform is revealed to be

the only PrlR isoform in the cholangiocytes of mature

intact rats, in contrast to hepatocytes. The amplification

product of short isoform cDNA does not become appar�

ent under ethidium bromide staining even after the 40th

cycle (i.e., the short isoform is not practically expressed

Fig. 3. Semiquantitative assay of mRNA of short and long pro�

lactin receptor (PrlR) isoforms by RT�PCR. Radioautographs of

PCR products (cDNA of cholangiocytes of rat under obstructive

cholestasis) separated in 5% polyacrylamide gel. The number of

PCR cycles is given at the top. Positions and lengths of amplifica�

tion products for cDNAs of β�actin and short and long isoforms

of PrlR are shown.

29            31            33             35

β�actin
832 bp

PrlRl
404 bp
PrlRs
315 bp

Group

Female

Male

Gonadectomized
females

Gonadectomized
males

without obstructive
cholestasis

0.32 ± 0.06

0.32 ± 0.05

0.28 ± 0.08

0.27 ± 0.04

with obstructive
cholestasis

1.08 ± 0.31* 

0.92 ± 0.09*

1.26 ± 0.22*

0.95 ± 0.15*

Table 3. Level of PrlR mRNA in rat cholangiocytes of

different experimental groups 

PrlR mRNA level, a.u. ± SD

Note: Level of prolactin receptor mRNA expressed in arbitrary units

(a.u.) is represented as the ratio to β�actin mRNA (see “Materials

and Methods”).

* Level of significance of  p < 0.05: cholangiocytes of rats with

obstructive cholestasis vs. rats without obstructive cholestasis (4�

5 animals in each experimental group).
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Fig. 4. Immunocytochemical identification of prolactin receptor in liver tissue of different experimental groups (see Table 1): a, b) mature

rats; c, d) immature rats; e, f) mature rats after 14�day CBDL; a, c, e) males; b, d, f) females; g) negative control for immunohistochemi�

cal staining of prolactin receptor: anti�prolactin receptor antibodies were omitted. BD, bile ducts; bar, 25 µm.

a

BD

BD

BD
BD

BD

BD

BD

BD

BD

b

dc

e f

g
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in cholangiocytes of mature rats) (Fig. 5). The mRNA of

short PrlR isoform has been showed to appear in cholan�

giocytes under conditions of obstructive cholestasis. It is

accompanied by significant increase in long PrlR mRNA

level, and thus the ratio of short and long isoforms

becomes 0.31�0.48. This ratio is also sex�independent.

Gonadectomy does not influence this ratio, which may

serve as additional evidence of sex hormone independent

manner of PrlR alternative splicing in rat cholangio�

cytes.

Thus, obstructive cholestasis sex�independently

induces the increase in long PrlR isoform level approxi�

mately 2.5�fold and also leads to appearance of short iso�

form in rat cholangiocytes (Table 4).

DISCUSSION

In the present work, cholangiocytes of mature ani�

mals are shown to have a lower level of PrlR mRNA than

hepatocytes (especially in female rats) and the ratio of its

short and long isoforms in cholangiocytes is opposite to

hepatocytes (the long form predominates in bile duct

cells). On the other hand, PrlR level and isoform ratio in

cholangiocytes of mature animals are similar to those

parameters in various other tissues, which are dependent

on prolactin (e.g., pituitary, hypothalamus, kidney, etc.)

[7].

The mode of regulation of PrlR expression in

cholangiocytes has been found to be unusual compared

with other types of prolactin target tissues: the PrlR level

in bile duct cells does not depend on either animal sex

hormones or prolactin. We have also revealed high PrlR

level under conditions of high proliferative activity of

cholangiocytes (in immature rats as well as in mature rats

with obstructive cholestasis). The PrlRs are not the only

receptors whose level in proliferating cholangiocytes

increases under obstructive cholestasis: it has been earlier

found that the same trend is a characteristic feature for

receptors for secretin [20] and estrogen [21]. Thus the

cholangiocytes magnify its sensitivity to various regulato�

ry factors including prolactin under obstructive cholesta�

sis. The increased cholangiocyte susceptibility to pro�

lactin may play a role both in direct regulation of bile duct

cells functions and in maintaining the action of other fac�

tors on these cells.

We have earlier shown that prolactin participates in

stimulation of cholangiocyte proliferation after CBDL

[11]. Taking into account that the level of long isoform

increases under CBDL, this effect seems to be mediated

by activation of the Jak/STAT cascade. The same cascade

Fig. 5. Identification of the mRNA of prolactin receptor isoforms

in isolated cholangiocytes of different experimental groups

revealed by RT�PCR (40th cycle of PCR). Lanes: 1�5) PCR for

short PrlR isoform; 6�10) PCR for long PrlR isoform.

Cholangiocytes of intact mature male rat (1, 6), of intact mature

female rat (2, 7), of mature male rat after 14�day CBDL (3, 8), of

mature female rat after 14�day CBDL (4, 9); 5, 10) hepatocytes of

mature female rat. M, DNA length markers (numbers represent

length of fragment in bp); PrlRl, long isoform of prolactin recep�

tor; PrlRs, short isoform of prolactin receptor.

β�actin

PrlRl
PrlRs

800 bp
500 bp

300 bp

1      2      3     4      5              6      7     8      9    10    м

Group

Female

Male

Gonadectomized females

Gonadectomized males

long
isoform

0.28 ± 0.03* 

0.24 ± 0.07*

0.30 ± 0.04*

0.21 ± 0.04*

Table 4. Level of PrlR isoform mRNA in rat cholangiocytes of different experimental groups 

short
isoform

0.11 ± 0.03* 

0.11 ± 0.01*

0.11 ± 0.03*

0.10 ± 0.04* 

long
isoform

0.10 ± 0.03

0.10 ± 0.01

0.08 ± 0.04

0.09 ± 0.03

short
isoform

n.d.

n.d.

n.d.

n.d.

PrlR isoform mRNA level, a.u. ± SD

Note: Ratio of short and long PrlR isoforms is represented as arbitrary units (a.u.); n.d., not detected by PCR.

* Level of significance of p < 0.05: cholangiocytes of rats with obstructive cholestasis vs. rats without obstructive cholestasis (4�5 animals in each

experimental group).

without obstructive cholestasis with obstructive cholestasis
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is activated by interleukin�6 and insulin�like growth fac�

tor I, which has been shown to stimulate cholangiocyte

proliferation [22].

Also, prolactin may be considered as a factor partic�

ipating in the maintaining of normal bile duct structure

and polarity of cholangiocytes. The intercellular junc�

tions are shown to be dramatically altered under obstruc�

tive cholestasis, e.g., the level of connexins decreases [23].

Prolactin has been shown to increase the connexin levels,

e.g., connexin 32 in mammary gland [24] and connexin

43 in pancreas islets [25]. These connexins are the main

proteins of gap junctions of hepatocytes and cholangio�

cytes, respectively [23, 26].

Prolactin increases the level of estrogen receptors in

various cell types [27, 28], and cholangiocytes may be one

of them. The known stimulatory effect of estrogen on

cholangiocyte proliferation [21] may be supposed to be

potentiated by increase in prolactin action.

In summary, the mature rat cholangiocytes express

PrlR at a level comparable with that of some prolactin�

dependent tissues [18, 29]. The predominance of the long

PrlR isoform in mature cholangiocytes is also typical for

most of such tissues. Cholangiocytes of mature rats differ

from hepatocytes by parameters of PrlR expression and

by sensitivity of PrlR level to obstructive cholestasis

induced factors. Moreover, cholangiocytes differ from

almost all other types of cells by the absence of sex hor�

mone and prolactin influence on PrlR level. These data

may be evidence for differential regulation by prolactin of

various liver functions, which are mediated by diverse

liver cells. Furthermore, the investigations of the particu�

lar role of PrlR in rat cholangiocytes demand the revela�

tion of machinery for regulation of PrlR expression, e.g.,

usage of one of the described PrlR gene promoters, possi�

bly another than used in hepatocytes [30].
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