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Ursodeoxycholic acid exerts anticholestatic effects in chronic cholestatic liver disease in humans as well as in
experimental animal models of cholestasis. Its taurine conjugate, TUDCA, was recently shown to stimulate
insertion of the apical conjugate export pump, Mrp2 (ABCC2), into canalicular membranes of rat hepatocytes
made cholestatic by exposure to taurolithocholic acid (TLCA). The aim of this immunoelectronmicroscopic
study was to test whether TLCA and TUDCA modulate the canalicular density of the other key apical
transporter, the bile salt export pump, Bsep (ABCB11), in a similar way. Immunoelectronmicroscopic analysis of
Bsep density on canalicular membranes, microvilli, and pericanalicular area of hepatocytes was performed in
rat liver tissue prepared after liver perfusion with bile acids or carrier medium only. TLCA (10 lmol/l for 50min)
decreased Bsep density in canalicular membranes to 31% of controls (Po0.05) when bile flow was reduced to
35% of controls (Po0.05). Concomitantly, Bsep density in a 1 lm pericanalicular zone increased to 202%
(Po0.05) indicating effective retrieval of Bsep from the canalicular membrane induced by TLCA. Coadministra-
tion of TUDCA (25 lmol/l) led to a 3.2-fold increase of Bsep density in canalicular membranes equal to control
liver (Po0.05 vs TLCA) in association with a 3.8-fold increase of bile flow (Po0.05 vs TLCA). Stimulation of
apical membrane insertion of key transporters like the bile salt export pump, Bsep, and—as previously shown—
the conjugate export pump, Mrp2, may contribute to the anticholestatic action of UDCA amides in cholestatic
conditions.
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The hydrophilic bile acid ursodeoxycholic acid
(UDCA) improves serum liver tests, delays histolo-
gical progression, and may prolong transplant-free
survival in patients with chronic cholestatic liver
diseases like primary biliary cirrhosis.1 Antichole-
static effects of UDCA are also observed in experi-
mental models of cholestasis1–6 The mechanisms of
action of UDCA are incompletely understood so far.
However, post-translational stimulation of hepato-
biliary secretion by activation of complex intracel-
lular signaling pathways is regarded as one key
mechanism of action of UDCA in cholestasis.1–6

We have recently reported that the cholestatic bile
acid taurolithocholic acid (TLCA) reduces the

density of the apical conjugate export pump, Mrp2
(ABCC2), in canalicular membranes of rat livers and
markedly impairs organic anion secretion into bile,7

in part by phosphatidylinositol 3-kinase (PI3K)-
dependent mechanisms.8 The taurine conjugate of
UDCA (TUDCA) reversed the cholestatic effect of
TLCA on bile formation, normalized Mrp2 density
in canalicular membranes of cholestatic hepato-
cytes, and stimulated organic anion secretion into
bile in part by protein kinase C (PKC)-dependent
mechanisms.7 In line with these observations,
TUDCA also protected against TLCA-induced
impairment of bile acid secretion in hepatocyte
couplets by a PKC-dependent mechanism.9 Thus,
we speculated that TUDCA may trigger insertion
also of other key transporters like the bile salt export
pump, Bsep (ABCB11), into the apical membrane,
thereby contributing to relief of secretory damage in
cholestatic hepatocytes.

Bile acids are the major driving force for genera-
tion of bile flow. The apical bile salt export pump,
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Bsep, mediates excretion of bile acids from liver
cells into bile. It is expressed in the rat canalicular
plasma membrane of hepatocytes and in subcanali-
cular intracellular vesicles.10 In normal liver, Bsep
targeting towards the apical membrane has been
shown to be stimulated by TUDCA via an integrin-
dependent dual signaling pathway which involves
activation of p38MAPK and p44/42MAPK.6,11–13 How-
ever, this mechanism might be less effective in
experimental cholestasis.14,15 Thus, it remains un-
clear whether TUDCA modulates insertion of key
apical carriers other than Mrp2 in cholestatic liver.
Indeed, Bsep was shown recently to traffic directly
from the Golgi to the canalicular domain16,17

whereas targeting of Mrp2 is less clear: most apical
proteins such as the pIgA receptor (pIgA-R) take a
transcytotic route from the Golgi to the basolateral
and then the apical membrane,18 and Mrp2 has been
localized in vesicles cotransporting pIgA-R.19 In
addition, Mrp2, but not Bsep, has been shown
to be partially and reversibly relocated from the
canalicular to the basolateral domain of hepatocytes
after lipopolysacharide exposure.20 Thus, sorting of
Mrp2 and Bsep may be differently regulated.17

Therefore, we extended our previous immuno-
electronmicroscopic investigation by studying
density of Bsep in canalicular membranes (without
microvilli), canalicular microvilli, and the pericana-
licular zone of liver tissue of normal rat livers, rat
livers made cholestatic by administration of TLCA
and those treated with both, TLCA and TUDCA,
identical to those reported recently.7

Materials and methods

Materials

Fish gelatine was from Aurion (Amsterdam, The
Netherlands). Lowicryl K4M was from Polysciences
(Warrington, PA, USA). A polyclonal antibody
raised against the carboxy terminal end of the rat
Bsep was characterized previously.10 A goat-anti-
rabbit antibody conjugated with 10nm gold particles
was from Jackson ImmunoResearch Laboratories
Inc. (West Grove, PA, USA). A carbon-filmed 200-
mesh 3mm copper grid was from Plano (Wetzlar,
Germany). All other chemicals were of the highest
purity commercially available.

Isolated Rat Liver Perfusion

The technical procedure has been described in
detail previously.7 After anesthesia with sodium
pentobarbital (50mg/kg body wt i.p.), preparation
and cannulation of the portal vein, rat livers were
perfused with Krebs–Ringer bicarbonate solution at
371C (KRB: NaCl 118mmol/l, KCl 4.8mmol/l,
NaHCO3 25mmol/l, KH2PO4 1.2mmol/l, MgSO4

1.2mmol/l, CaCl2 1.9mmol/l, D-glucose 5.5mmol/l,
pH 7.4; gassed with 95% O2/5% CO2 by an

oxygenator) at a constant flow rate of 3.5ml/min/g
liver. Livers were then preloaded with horseradish
peroxidase (HRP, 0.05mg/ml) for 25min in a
recirculating KRB perfusion (32ml/min) containing
1 g/dl bovine serum albumin (BSA) to avoid adher-
ence of HRP to glassware and tubing and protect
livers against potential accumulating toxins during
recirculation. The perfusion was then switched to a
nonrecirculating HRP- and BSA-free KRB perfusion
and residual HRP in the vascular bed was washed
out for 5min.7 The cholestatic bile acid TLCA
(10 mmol/l), both TLCA (10 mmol/l) and TUDCA
(25 mmol/l), or carrier medium only (DMSO, 0.1%,
v/v) were continuously administered for 50min as
described in detail previously.7 Livers were then
perfused with a fixation buffer (NaCl 137mmol/l,
Na2HPO4 7.8mmol/l, KH2PO4 1.5mmol/l, KCl
2.7mmol/l, pH 7.4; 3% (w/v) paraformaldehyde,
3% (w/v) dextrane 40 000Da; 0.3% (w/v) glutaralde-
hyde) for 5min until stiffness and were removed.
Slices of about 1mm thickness were cut and
incubated for immunoelectronmicroscopic studies in
phosphate-buffered solution (PBS) (NaCl 137mmol/l,
Na2HPO4 7.8mmol/l, KH2PO4 1.5mmol/l, KCl 2.7
mmol/l, pH 7.4). Samples were stored at 41C until
shipping (same or next day).

Immunoelectronmicroscopic Studies

Tissue preparation, immunoelectronmicroscopic
studies, and blinded morphometric analysis were
exactly performed as described recently.7 Four cubes
of 0.5mm per liver were embedded in Lowicryl K4M
following a number of incubation steps in PBS
(0.1mmol/l, pH 7.6): 30min ethanol (30%, v/v) at
41C; 1 h ethanol (50%, v/v) at 41C; 1h ethanol (70%,
v/v) at 41C; 1 h ethanol (90%, v/v) at �351C; 1 h
ethanol (100%) at �351C; 20h Lowicryl/ethanol
(1:1) at �351C; 24h Lowicryl/ethanol (2:1) at �351C;
24h Lowicryl at �351C; 24h polymerization under
UV light at �351C; 72h polymerization under UV
light at 211C. Thin sections were prepared from two
tissue blocks of each liver with an ultramicrotome
system (2128 Ultrotome, LKB, Sweden). Sections
were placed on a carbon-filmed 200-mesh 3mm
copper grid.

A total of 10 thin sections were prepared simulta-
neously in PBS (0.1mmol/l, pH 7.6): 15min 0.05mol/l
glycine (aldehyde block); 30min 5% goat serumþ 5%
bovine serum albumin (BSA)þ 0.1% cold washed fish
gelatine (protein block); 3� 5min 0.1% BSA (wash-
ing); 1h Bsep antibody9 diluted 1:500 (primary anti-
body); 3� 5min 0.1% BSA (washing); 2h goat-anti-
rabbit antibody conjugated with 10nm gold diluted
1:20 (secondary antibody); 3� 5min 0.1% BSA
(washing); 5min PBS (washing); 10min 2% glutar-
aldehyde (fixation); 3� 5min 0.1% BSA (washing);
5min PBS (washing); 5min 2% uranyl acetate
(contrast); 5� 1min aqua bidest (washing); 5 s Pb-
citrate (contrast); 10 s aqua bidest (wash).7
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Morphometric Analysis

Tissue specimens were blinded in order to avoid a
bias during morphometric analysis as described
previously.7.The analytical protocol was determined
a priori. Thin sections were viewed with a CM10
electron microscope (Phillips, Einthoven, The
Netherlands). Fields in the acinar zone 2 were
only chosen at a low magnification (� 700) consider-
ing the variability of bile canalicular size between
different zones21 as well as the variability of
transcellular bile acid transport from one zone to
another.22 The quality of immunohistochemical
staining was checked for every test field, and fields
with background staining of mitochondria, nucleus,
or sinusoid were excluded. Micrographs were taken
at magnifications of � 15500 and photo prints were
enlarged to final magnifications of � 40 000. Gold
dots were typically identified only within a ‘perica-
nalicular zone’ defined as a zone of 1 mm around the
bile canaliculus. For semiquantitative analysis, a
line of 4 cm (equal to 1 mm of original size) was
drawn by hand around the canaliculus on photo
prints of magnification � 40000. Gold dots in this
‘pericanalicular zone’, on the canalicular membrane
(without microvilli), and on the microvilli were
separately counted.7

A square point lattice system consisting of 12
lines and 144 points was superimposed on the photo
prints. All points on the pericanalicular zone and on
the canalicular lumen were counted as a measure of
the relative areas covered by pericanalicular zone
and canaliculus. The intersections at which parallel
lines crossed the canalicular membrane or the
microvilli within the canaliculus were counted
separately as a measure of the relative surface area
of the canaliculus.23,24

Statistical Analysis

Results are expressed as mean7standard deviation
(s.d. ). Data were compared between groups using
an unpaired two-tailed Student’s t-test. Po0.05 was
considered statistically significant.

Results

Bile Flow

In control livers, bile flow was 0.7270.09 ml/min/g
liver (n¼ 5; DMSO, 0.1%, v/v) at the end of an

80min perfusion period prior to tissue preparation
for immunoelectronmicroscopic studies.7 TLCA
(10 mmol/l (min 31–min 80)) reduced bile flow to
35% of controls (n¼ 4; Po0.05; Table 17) prior to
tissue preparation. Coadministration of TLCA and
TUDCA (25 mmol/l (min 31–min 80)) increased bile
flow to 133% of controls (n¼ 5; Po0.05 vs TLCA
alone; Table 17).

HRP Secretion

In control livers, HRP secretion was 0.16þ 0. 11 ng/
min/g liver (n¼ 5; DMSO, 0.1%, v/v) at the end of an
80min perfusion period prior to tissue preparation
for immunoelectronmicroscopic studies.7 TLCA
(10 mmol/l (min 31–min 80)) reduced HRP secretion
to 33% of controls (n¼ 4; Po0.05 vs control; Table
1.7) prior to tissue preparation. Coadministration of
TLCA and TUDCA (25 mmol/l (min 31–min 80))
increased HRP secretion to 88% of controls (n¼ 5;
Po0.05 vs TLCA alone; Table 1.7).

Morphometric Analysis of Pericanalicular Area of
Mid-Zonal (Zone 2) Hepatocytes

Bile canalicular size varies between periportal (zone
1), mid-zonal (zone 2), and pericentral (zone 3)
areas.21.In addition, variability of transcellular bile
acid transport from one zone to another has been
described.22 Therefore, only mid-zonal pericanali-
cular areas were chosen for morphometric analysis
in the present study in order to limit variability of
experimental conditions. The volume of the canali-
cular lumen as well as the surface area of canalicular
and microvilli membranes did not change signifi-
cantly in comparison to DMSO controls when TLCA
or TLCAþTUDCA were administered (Table 2).
The volume of the pericanalicular zone remained
unaffected by TLCA, but slightly increased when
TUDCA and TLCA were administered concomi-
tantly (Table 2).

Bsep Density in Canalicular Membranes

Bsep density in canalicular membranes (without
microvilli) of control livers was 2.471.3 AU (n¼ 5).
Administration of TLCA (10 mmol/l for 50min)
led to a decrease of Bsep density in canalicular
membranes to 31% of controls (P¼ 0.04; Figure 1b, 2a;

Table 1 Bile flow and biliary secretion of HRP in isolated perfused rat liver treated with DMSO (0.1%, v/v, control), TLCA (10mmol/l),
and TLCA (10mmol/l)+TUDCA (25mmol/l).7

(n) DMSO (5) TLCA (10mmol/l) (4) TLCA (10mmol/l)+TUDCA (25mmol/l) (5)

Bile flow (ml/min/g liver) 0.7070.08 0.2570.08* 0.9670.18#

HRP secretion (ng/min/g liver) 0.15570.110 0.05170.014* 0.13770.014#

Results are given as mean7s.d. of 4–5 experiments each. *Po0.05 vs control, #Po0.05 vs TLCA alone, unpaired two-tailed Student’s t-test.
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Table 3). Coadministration of TUDCA (25 mmol/l)
led to a significant 3.2-fold increase of Bsep density
in canalicular membranes (98% of controls; P¼ 0.02
vs TLCA alone; Figure 1, 2; Table 3). Similar
observations had recently been made in identical
liver preparations for Mrp2 (Figure 2b, Table 3).7

Bsep Density on Canalicular Microvilli

Bsep density on canalicular microvilli of control
livers was 6.872.6 AU (n¼ 5). Interestingly, the
density of Bsep on canalicular microvilli was
reduced by TLCA to 47% of controls (P¼ 0.03),
and this effect was not reversed by coadministration
of TUDCA within the perfusion period of 50min
(Figure 1; Table 3). These findings differed from
those for Mrp2 in identical liver preparations
(Figure 2b, Table 3).7

Bsep Density in the Pericanalicular Zone

Bsep density in the pericanalicular zone (defined as
an area of 1mm around the canaliculus) of control
livers was 3.3þ 1.7 AU (n¼ 5). Bsep density in the
pericanalicular zone increased after administration
of TLCA to 202% of controls (P¼ 0.03). Coadminis-
tration of TUDCA for 50min did not markedly alter
Bsep density in the pericanalicular zone (Figure 1;
Table 3). These findings differed from those for
Mrp2 in identical liver preparations for which no
significant changes had been observed (Figure 2b,
Table 3).7

Bsep vs Mrp2 Density in Pericanalicular and
Canalicular Area

The present data together with those published
recently7 indirectly suggest that comparable
amounts of Bsep and Mrp2 are expressed in the
pericanalicular and canalicular areas of mid-zonal
hepatocytes of rat liver (Table 3), although immuno-
electron microscopy was not calibrated for Bsep
antibody to Mrp2 antibody in this study. In control

livers, the total number of gold dots labeling Bsep
was 12.773.0 (n¼ 5) and the total number of gold
dots labeling Mrp2 was 11.574.1 (n¼ 6). This
observation is in line with a previous study which
demonstrated similar labeling rates for Bsep and
Mrp2 in microtubule-associated vesicles from rat
hepatocytes.19

Discussion

This immunoelectronmicroscopic study shows that
the cholestatic bile acid, TLCA, markedly reduces
the density of the bile salt export pump, Bsep, in
canalicular membranes of rat liver, whereas Bsep
density in the pericanalicular area was increased,
suggesting TLCA-induced retrieval of Bsep from the
apical hepatocyte membrane. The anticholestatic
bile acid, TUDCA, reversed the effect of TLCA
on Bsep density in canalicular membranes and
mediated insertion of Bsep into canalicular mem-
branes of cholestatic rat liver along with stimulation
of bile flow, vesicular exocytosis, and organic anion
secretion in the same experimental model as
reported recently.7,8 These data complement and
corroborate our previous immunoelectronmicro-
scopic findings which showed that TUDCA stimu-
lates insertion of another key apical carrier, the
conjugate export pump, Mrp2, into its target
membrane in bile acid-induced cholestasis.7 Bile
acids and Mrp2 substrates such as glutathione
conjugates represent the major driving forces of bile
formation. Therefore, stimulation of Bsep and Mrp2
insertion into canalicular membranes may contri-
bute to the anticholestatic effect of UDCA amides in
cholestasis.

The exact molecular mechanism by which TUD-
CA stimulates exocytotic fusion of vesicles at the
apical membrane7,25 and apical carrier insertion7,12,13

remains elusive. Various signaling molecules in-
cluding isoforms of PKC,7,9,13 cytosolic-free calcium
(Ca2þ )i,

9,25 mitogen-activated protein (MAP) kinases
p38MAPK6,12,13 and p44/42MAPK,11,14 src kinase6 as well
as PI3K8,26–28 have been shown to be involved in bile
acid-dependent hepatobiliary exocytosis and carrier

Table 2 Morphometric analysis of (peri-)canalicular area of zone 2 hepatocytes from livers treated with DMSO (0.1%, v/v), TLCA
(10mmol/l), or TLCA (10mmol/l)+TUDCA (25mmol//l), each for 50min

(n) DMSO (control) (5) TLCA (10mmol/l) (4) TLCA (10mmol/l)+TUDCA
(25mmol/l) (5)

Arbitrary units (AU)
Pericanalicular zone (1 mm) volume 52.276.3 58.973.2 61.876.1*
Canalicular lumen volume 14.873.1 17.773.5 17.475.2
Canalicular membrane (without
microvilli) surface area

11.072.4 9.872.5 10.771.3

Microvilli surface area 17.372.0 19.772.8 19.576.0

Liver tissue was fixed immediately after perfusion. Morphometric analysis was performed by electronmicroscopy at a magnification of � 40 000
according to Weibel et al23 and Weibel.24 For experimental details, see also Methods.7 Results are given as mean7s.d. of 4–5 tissue samples in
arbitrary units of volume or area, (each single data point represents a mean of six measurements per tissue sample). *Po0.05 vs control, unpaired
two-tailed Student’s t-test.

TUDCA inserts Bsep into liver membranes
Frank Dombrowski et al

169

Laboratory Investigation (2006) 86, 166–174



TUDCA inserts Bsep into liver membranes
Frank Dombrowski et al

170

Laboratory Investigation (2006) 86, 166–174



insertion/retrieval in apical membranes under var-
ious experimental conditions.29

In the normal rat liver, TUDCA may trigger
insertion of Bsep into canalicular membranes by a
dual integrin-dependent signaling pathway which
includes activation of p44/42MAPK on one hand and
activation of p38MAPK on the other hand6,11–13

Preliminary evidence suggests that this pathway
may be less relevant for the anticholestatic effect
of TUDCA in bile acid-induced cholestasis14,15

In TLCA-induced cholestasis, the anticholestatic
effect of TUDCA appears to be mediated in part
by PKC-dependent mechanisms although the exact
isoform involved has not yet been determined.7

PKCa is selectively activated by TUDCA in rat
hepatocytes30–32 and PKCa has been shown to
phosphorylate Bsep.33 The assumption that PKCa
may mediate TUDCA-induced vesicular exocytosis
in cholestatic liver7 was questioned recently,34 but
further studies are needed to clarify the exact
molecular mechanisms of PKC-dependent antic-
holestatic action of TUDCA. Interestingly, PKC was
recently shown to be also involved in TUDCA-
induced Bsep targeting to pseudocanaliculi in
Ntcp-transfected HepG2 cells.13 Thus, the present
finding that TUDCA stimulates Bsep insertion in
the rat liver made cholestatic by TLCA stimulates
further efforts to clarify the exact molecular

Table 3 Morphometric analysis of distribution of the bile salt export pump, Bsep, in (peri-)canalicular area from livers treated with
DMSO (0.1%, v/v), TLCA (10mmol/l), or TLCA (10mmol/l)+TUDCA (25mmol//l), each for 50min

Control TLCA (10mmol/l) TLCA (10mmol/l)+TUDCA (25mmol/l)
(nBsep) (5) (4) (5)
(nMrp2) (6) (4) (8)

Gold dots
Pericanalicular zone
Bsep 3.371.7 6.771.9* 6.473.0
Mrp27 5.672.3 5.873.2 4.772.4

Canalicular membrane
Bsep 2.471.3 0.770.5* 2.370.9#

Mrp27 1.270.8 0.370.3* 0.970.6#

Microvilli
Bsep 6.872.6 3.271.4* 3.171.9*
Mrp27 4.871.7 5.172.6 4.072.3

Canalicular membrane+microvilli
Bsep 9.272.2 3.971.6* 5.472.3*
Mrp27 8.176.0 5.472.7 4.972.9

Gold dots/canalicular membrane and microvilli surface area (AU)
Canalicular area
Bsep 0.3370.10 0.1470.04* 0.1970.10
Mrp27 0.4470.47 0.1870.07 0.1970.10

Gold dots/pericanalicular zone (1mm) volume (AU)
Pericanalicular area
Bsep 0.0770.04 0.1170.03 0.1170.05
Mrp27 0.1170.04 0.1070.05 0.0870.06

(Gold dots/canalicular membrane and microvilli surface area)/(gold dots/pericanalicular zone (1 mm) volume) (AU)
Bsep 6.3173.35 1.2770.42 2.9473.21
Mrp27 4.5874.94 2.2471.57 3.2572.66

For comparison, distribution of the conjugate export pump, Mrp2, under identical experimental conditions is provided as reported recently.7

Liver tissue was fixed immediately after perfusion. Morphometric analysis was performed by immunoelectronmicroscopy at a magnification of
� 40000. For experimental details, see Methods.7,23,24 Results are given as mean7s.d. of the number of gold dots per surface area/volume in 4–8
tissue samples (each single data point represents a mean of six measurements per tissue sample). *Po0.05 vs control, #Po0.05 vs TLCA alone,
unpaired two-tailed Student’s t-test.

Figure 1 Immunoelectronmicroscopic demonstration of bile salt export pump (Bsep) localization in canalicular membranes (double
arrowhead), microvilli (arrowhead), and pericanalicular cytoplasm (arrow) of isolated perfused rat liver. Livers were treated for 50min
with (a) DMSO alone (0.1%, v/v; control), (b) TLCA (10mmol/l), or (c) TLCA (10mmol/l)þTUDCA (25mmol/l). At the end of each
experiment, the liver was perfused with a fixation buffer and removed. Slices of liver tissue were embedded in Lowicryl without
osmiumtetroxide fixation.7 The bile salt export pump, Bsep, was labeled with gold particles (black dots) and is indicated by arrows and
arrowheads. A blinded morphometric analysis7 (see Results, Table 3, Figure 2) revealed significant differences in the density of Bsep in
canalicular membranes under varying experimental conditions. Pale areas within the cytoplasm represent areas of glycogen (washed out)
and smooth endoplasmic reticulum. Mitochondria (m), endoplasmic reticulum (eR). Original magnification � 40000.
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mechanisms including the role of PKC isoforms
involved in apical carrier insertion by TUDCA in
cholestasis.

The TLCA-induced decrease of Bsep density
in the canalicular membrane and a concomitant
increase of Bsep in the pericanalicular area of
hepatocytes in the present study corroborate the
assumption that TLCA stimulates Bsep retrieval into
the cell. Interestingly, reduction of Mrp2 density in
apical membranes by TLCA in the identical experi-
mental model was not accompanied by an increase
of Mrp2 in the pericanalicular area of hepatocytes.7

This difference might be explained by a limited
sensitivity of the immunoelectronmicroscopic ap-
proach to detect small changes in carrier density in
an area as ‘large’ as the pericanalicular area (defined
as a 1mm zone around the canaliculus) when

compared to the amount of carriers in the apical
membrane. However, this difference might also
confirm observations indicating that Mrp2 is largely
retained at the apical membrane in differentiated
hepatic cells, while Bsep undergoes dynamic endo-
cytosis and recycles between the canalicular mem-
brane and a subapical region17,35,36 The potential
difference in the dynamics of these two carriers has
been linked to differences in linkage to the actin-
based cytoskeleton. While Mrp2 interacts via its
PDZ domain with ezrin–radixin–moesin (ERM)
proteins,37 which bind directly to actin thereby
providing a tight apical retention mechanism, Bsep
does not contain a PDZ domain and does probably
not interact with ERM proteins. In addition, other
factors such as protein membrane solubility may
affect differences in carrier endocytosis.17,18
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Figure 2 Effect of bile acids on (a) Bsep density and—for comparison—(b) Mrp2 density (as reported previously7) in the pericanalicular
zone (1mm), the canalicular membranes (without microvilli), and the microvilli of zone 2 hepatocytes in the isolated perfused rat liver.
Livers were treated for 50min with DMSO alone (0.1%, v/v, control), TLCA (10mmol/l), or TLCA (10mmol/l)þTUDCA (25mmol/l). Bsep
and Mrp2 density in areas of interest was determined in a blinded fashion by immunoelectron microscopy in six canaliculi per liver as
described recently.7 Results are expressed in arbitrary units and are given as mean7s.d. of 4–8 experiments. *Po0.05, two-tailed
unpaired Student t test.
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A relevant loss of Bsep into the bile canalicular
lumen during administration of TLCA appears
unlikely to explain the decrease of Bsep density
in canalicular membranes. Although hydrophobic
bile salts have been shown to induce external hemi-
leaflet exocytosis of phospholipid vesicles,38,39

the mechanisms for protein retention within the
canalicular membrane during biliary phospholipid
secretion appear to be very effective.40 Thus, Bsep
retrieval into the pericanalicular zone (see Figures 1
and 2) appears to be the predominant mechanism
leading to Bsep deprivation of apical hepatocyte
membranes exposed to TLCA.

TUDCA normalized Bsep (and Mrp2) density only
in the canalicular circumference, whereas TLCA-
induced alterations in the pericanalicular zone and
on microvilli were not affected during the limited
time of perfusion (Figure 2, Table 3). Changes in the
membrane density of canalicular transporters during
short-term exposure to the anticholestatic bile acid,
TUDCA, may mainly be observed at the site of first
contact of carrier-loaded vesicles with their target
membrane. Vesicles carrying Bsep and Mrp2 ranged
from 100 to 160nm in size in previous studies in
rat hepatocytes19,40 Migration of vesicles of this
size along the inner lumen of microvilli, which
was below 100nm in our preparations (Figure 1),
appears barely possible. Lateral diffusion of carrier
proteins along microvilli membranes after insertion
into the canalicular circumference appears more
likely to explain localization of Bsep and Mrp2 on
microvilli membranes. Thus, an early increase in
membrane density of apical transport proteins
should occur at the canalicular circumference rather
than on microvilli membranes in cholestatic hepato-
cytes after exposure to an anticholestatic agent.

In conclusion, the present data provide further
evidence for inverse post-transcriptional regulation
of apical carrier insertion/retrieval by the cholestatic
bile acid, TLCA, and the anticholestatic bile acid,
TUDCA. As the bile salt and conjugate export pumps,
Bsep and Mrp2, are regarded as key contributors
to bile formation, these findings further support
the hypothesis that UDCA conjugates may improve
impaired bile secretion of the cholestatic liver
by stimulating insertion of carrier proteins into
the canalicular hepatocyte membrane25,41,42 The
exact molecular mechanisms need to be further
elucidated.
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