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This study describes a unique function of taurocholate in bile
canalicular formation involving signaling through a cAMP-Epac-
MEK-Rap1-LKB1-AMPK pathway. In rat hepatocyte sandwich cul-
tures, polarization was manifested by sequential progression of
bile canaliculi from small structures to a fully branched network.
Taurocholate accelerated canalicular network formation and con-
comitantly increased cAMP, which were prevented by adenyl
cyclase inhibitor. The cAMP-dependent PKA inhibitor did not pre-
vent the taurocholate effect. In contrast, activation of Epac, another
cAMP downstream kinase, accelerated canalicular network forma-
tion similar to the effect of taurocholate. Inhibition of Epac down-
stream targets, Rap1 and MEK, blocked the taurocholate effect.
Taurocholate rapidly activated MEK, LKB1, and AMPK, which were
prevented by inhibition of adenyl cyclase or MEK. Our previous
study showed that activated-LKB1 and AMPK participate in cana-
licular network formation. Linkage between bile acid synthesis,
hepatocyte polarization, and regulation of energy metabolism is
likely important in normal hepatocyte development and disease.
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Hepatocytes, the major epithelial cells in the liver, are po-
larized. Tight junction proteins, including occludin, claudin,

and ZO-1, seal the canalicular lumen, thereby separating apical
and basolateral membrane domains and forming the bile cana-
liculus (1). Polarization is essential for biliary secretion. The
mechanisms of polarization are complex and include cytoskele-
tal, tight junctional, and intracellular trafficking components (2–
5). Loss of polarity causes bile secretory failure (cholestasis) and
liver damage (6).
Bile acids are synthesized from cholesterol in hepatocytes, se-

creted by ABCB11 (Bsep) into the bile canaliculus, and then mostly
absorbed into the enterohepatic circulation (7). Themajor bile acids
in mammals are tauro or glycine conjugates of cholic, deoxycholic,
and chenodeoxycholic acids (8). In addition to their traditional
function in emulsification of dietary fat (8), recent studies reveal that
bile acids function as signalingmolecules (9), which increase calcium
mobilization (10) and cellular cAMP (9); translocate and activate
protein kinase C (11), nuclear farnesoid X receptor (FXR), and
pregnane X receptors (PXR) (7, 9); activate PI3K/AKT/glycogen
synthase kinase 3 (GSK3) (12); and enhance liver regeneration (13).
During embryonic development, early fetal hepatocytes are

not polarized (14–16). In fetal mice and rats, infrequent small
canaliculi are present, but do not attain an adult appearance until
several days postpartum (17). Bile acid synthesis, turnover, and
secretion are sparse in fetal liver, and rapidly increase postnatally
(18, 19), concomitant with hepatocyte polarization and develop-
ment of a branched canalicular network. Based on these events,
we postulated that bile acids may regulate hepatocyte polarization
and canalicular formation. Using collagen sandwich cultures of
rat primary hepatocytes, we confirmed this hypothesis by quan-
tifying canalicular network formation after exposure to bile acids
and identifying the signaling pathways involved.

Results
Canalicular Network Formation in Sandwich Culture of Rat Hepato-
cytes and the Effect of Bile Acid. Using primary rat hepatocytes in
collagen sandwich cultures (20), we analyzed the effect of bile

acid treatment on canalicular network formation as identified
by immunofluorescence of occludin, a tight junction marker, and
ABCB1 (P-glycoprotein), an apical membrane marker. Cana-
licular shape, length, and network formation were recorded from
days 1 through 6. In control cultures, the canalicular network
sequentially grew (Fig. 1 A and B). In day 1 cultures, canaliculi
were infrequent and small, indicating loss of polarity because of
isolation of hepatocytes. In day 2 cultures, polarization was
manifested by an increase in canalicular number and length per
cell. From days 3 to 5, canaliculi progressively elongated and
connected to form branched structures. Canalicular length per
cell increased daily. In day 6 cultures, canaliculi formed an ex-
tensive branched network, which replicates the mature mor-
phological form in vivo (15) (Fig. 1 A and B). After the fully
branched network was formed, canalicular structure and length
per cell remained unchanged up to 14 d, when cells began to
deteriorate. The effect of bile acid on the sequential process of
polarization/canalicular network formation was next studied.
Day 2 cultures were treated with taurocholate, chenodeox-
ycholate, or ursodexocholate (25–200 μM, 24 h). Immunofluo-
rescence results showed that taurocholate, but not cheno- or
ursodexocholate, resulted in a dose-dependent increase in cana-
licular branching and length per cell (P < 0.001) (Fig. 1 C and D
and Fig. S1 A and B). The response to taurocholate was maximal
at 100 μM(Fig. S1A andB). Taurocholate- (24 h, 100 μM) treated
cells had canalicular network formation similar to day 6 cells.
Maximal canalicular network formation was achieved in day 5
and 6 cultures, and retained up to 2 to 3 wk. Day 2 cultures treated
with 100 μM taurocholate for 24 or 48 h had similar network for-
mation, indicating that 24-h incubation produced maximal cana-
licular network formation. Because taurocholate is a conjugated
bile acid and cheno- and ursodeoxycholate are unconjugated,
we also tested the effect of two conjugated bile acids, taur-
ochenodeoxycholate and tauoursodeoxycholate. Both moderately
accelerated the canalicular network compared with the greater ef-
fect of similar concentrations of taurocholate (Fig. S1 C and D).
Therefore, we focused on themechanismof the taurocholate effect.

Taurocholate-Accelerated Canalicular Network Formation Is Unaffected
by Inhibitors of PI3K, FXR, and CaMKK. Taurocholate activates many
cellular signaling pathways in hepatocytes, including FXR, PI3K,
and calcium-CaMKK (9). To determine the mechanism of taur-
ocholate-accelerated canalicular network formation, the involve-
ment of FXR, PI3K, and calcium-CaMKK was examined. In day 2
cultures, hepatocytes were treated with specific inhibitors of FXR
(Z-Guggulsternone, 45 μM), PI3K (LY294002, 1 μM), or CaMKK
(STO-609, 800 nM) for 24 h in the presence or absence of taur-
ocholate. Canalicular structure and length in cells treated with
taurocholate with or without the inhibitors was similar (Fig. S2),
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indicating that taurocholate-accelerated canalicular network for-
mation may not be dependent on FXR, PI3K, and CaMKK path-
ways. Day 2 cultures were also treated with a specific nonsteroid
FXR activator, GW4064 (50 nM, 24 h). Canalicular structure and
length per cells were similar to that in untreated control cells, con-
firming that FXR is not involved in taurocholate-accelerated cana-
licular formation (Fig. S2 C andD). Different concentrations of the
inhibitors and activator (LY29002: 0.1–100 μM; Z-Guggulsternone:
45–180 μM; STO-609: 200–800 nM; and GW4064: 50–2000 nM)
had no effect on canalicular network formation.

Role of Adenylate Cyclase in Taurocholate-Accelerated Canalicular
Network Formation. Because bile acids activate adenylate cyclase
in different cells (7), the possible role of adenylate cyclase was
tested using a specific inhibitor, 2′,5′-Dideoxyadenosine (2′5′-dd-
Ado). Treatment with 2′5′-dd-Ado (200 μM, 24 h) in day 2
cultures completely blocked taurocholate-accelerated canalicular
network formation. Cells treated with taurocholate plus 2′5′-dd-
Ado had a typical day 3 bar-shape canalicular structure and
length per cell (Fig. 2 A and B), but 2′5′-dd-Ado alone (50–250
μM) did not affect canalicular structure (Fig. 2 A and B). MDL-
12 330A, another adenylate cyclase inhibitor, also completely

inhibited taurocholate-accelerated canalicular network forma-
tion, confirming the role of adenylate cyclase in taurocholate-
accelerated canalicular formation.

Taurocholate Increases Cellular cAMP. Activation of adenylate cy-
clase by bile acids increases cellular cAMP in many cells (21–23);
however, whether this occurs in hepatocytes is unknown. Because
taurocholate-accelerated canalicular network formation is ade-
nylate cyclase-dependent (Fig. 2 A and B), the effect of taur-
ocholate on cellular cAMP was examined. Day 2 cultures were
treated with or without 100 μM of taurocholate for 15 to 1,440
min. After 15 min of taurocholate treatment, cAMP increased
50% (P < 0.01) and remained at 33 to 50% increments up to 6 h
(P < 0.05) (Fig. 2C). An adenylate cyclase inhibitor, 2′5′-dd-Ado,
reduced cAMP by 24% after incubation for 15 min with taur-
ocholate, whereas 2′5′-dd-Ado alone caused an∼34% decrease in
cAMP (Fig. 2D). The inhibitory effect of 2′5′-dd-Ado on taur-
ocholate-mediated cAMP corresponded to its effect on taur-
ocholate-accelerated canalicular network formation, suggesting
that cAMP mediates the effect of taurocholate on canalicular
network formation.

Taurocholate-Accelerated Canalicular Network Formation Signals
Through Epac. Both protein kinase A (PKA) and exchange pro-
tein directly activated by cAMP (Epac) are activated by cAMP
(24). Therefore, their roles in taurocholate-accelerated canalic-
ular network formation were investigated. Day 2 cultures were
treated with the specific PKA inhibitor, amide14-22, in the
presence or absence of taurocholate (100 μM, 24 h). Canalicular
structure and length per cell in amide14-22 (50–1,000 nM) plus
taurocholate-treated cells were similar in cells treated with
taurocholate alone, revealing that inhibition of PKA did not
block taurocholate effect on canalicular network formation (Fig.
3 A and B). Day 2 cultures were also treated with PKA specific
activator, 6-Bnz-cAMP (50 μM, 24 h). Canalicular structure and
length were similar to untreated control cells (Fig. 3 A and C),
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Fig. 1. Effects of bile acids on canalicular network formation. Immuno-
fluorecence of occludin and ABCB1 were performed. (A) Daily progress of
canalicular network formation in sandwich culture. (Scale bars, 15 μm.) (B)
Mean canalicular length per cell (± SD) from four individual experiments (n, cell
number; **P < 0.01, ***P < 0.001). (C) Day 2 cells were treated with 100 μM
taurocholate (TC), chenodeoxycholate (cheno), or ursodeoxycholate (urso)
for 24 h. (D) Mean canalicular length per cell (± SD) from four individual
experiments (n, cell number; ***P < 0.001).
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Fig. 2. Adenylate cyclase inhibitor prevents taurocholate-accelerated canalic-
ular network formation. (A) Day 2 cells were treated with adenylate cyclase
inhibitor (2′5′-dd-Ado) in the presence or absence of taurocholate (100 μM,
24 h). (B) Mean canalicular length per cell (± SD) from three individual
experiments (n, cell number; ***P < 0.001). (C) Day 2 cells were treated with
100 μM taurocholate. The relative cAMP levels were normalized to time
0 (from four individual experiments; **P < 0.01). (D) Relative cAMP level in
cells treated with 2′2′-dd-Ado in the presence or absence of taurocholate
(from three individual experiments).
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confirming that PKA does not participate in taurocholate-ac-
celerated canalicular network formation.
Because there is no available Epac inhibitor, the role of Epac

was examined using a specific Epac activator, 8-CPT-2′-O-Me-
cAMP. Day 2 hepatocytes were treated with 8-CPT-2′-O-Me-
cAMP (3 μM, 24 h). Canalicular formation and length were
accelerated and similar to day 5 and 6 morphology, and to results
with taurocholate treatment (Fig. 3 D and E) (P < 0.01). In
addition, the adenylate cyclase inhibitor did not prevent the
Epac effect on canalicular network formation (Fig. S3 A and B).
Epac activation resulted in a similar effect as taurocholate,
suggesting a role for Epac in taurocholate-accelerated canalic-
ular network formation.

Involvement of Epac Downstream GTPase, Rap1, and MEK in
Taurocholate-Accelerated Canalicular Network Formation. To con-
firm the role of Epac in taurocholate-accelerated canalicular

formation, downstream, Rap1 was also examined. Rap1 is a Ras-
like small GTPase that is involved in many cellular events, in-
cluding proliferation, junction formation, and polarity, and can be
activated by many stimuli, including Epac (25). Day 1 cultures
were infected with Rap1Gap-GFP adenovirus (∼10–15% in-
fection rate), which results in GDP-bound inactive Rap1 (26).
GFP adenovirus was used as a control to ensure that infection per
se did not affect canalicular structure (∼10–15% infection rate).
One day after infection, cells were treated with taurocholate (100
μM, 24 h). Immunostaining showed that taurocholate-accelerated
canalicular network formation was completely inhibited in cells
overexpressing GFP-Rap1Gap, and was unaffected by infection
with GFP-adenovirus, which did not prevent the effect of taur-
ocholate (Fig. 4 A and B). These results indicate that inhibition of
Rap1 prevented the effect of taurocholate.
Downstream targets of Rap1 were then tested. Rap1 has sev-

eral downstream effectors, including MEK, which are engaged in
transcription, proliferation, differentiation, and cell polarity (25,
27, 28). Day 2 cultures were treated with PD98059 (100 μM),
a specific MEK inhibitor, with or without taurocholate for 24 h.
MEK inhibition completely blocked the taurocholate effect on
canalicular network formation, but did not affect steady state
canalicular structure (Fig. 4 C and D). Another MEK inhibitor,
U1026, reproduced similar effects. In addition, MEK inhibitor
PD98059 prevented Epac-mediated acceleration of canalicular
formation (Fig. S3 A and B).
To determine whether taurocholate activates MEK, phosphor-

ylated (serine 217 and 221) MEK was detected by Western blot-
ting (28–30). Within 15 min, taurocholate activated MEK sixfold,
as detected by the ratio of phos-MEK to total MEK (Fig. S4 A and
B). Adenylate cyclase inhibitor (2′5′-dd-Ado) and MEK inhib-
itor (PD98059) prevented taurocholate-mediated MEK activation
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Fig. 3. Taurocholate-accelerated canalicular network formation is via Epac. (A)
Day 2 cells were treated with PKA inhibitor (Amide 14–22) with or without
taurocholate (100 μM, 24 h), or treated with PKA activator (6-Bnz-cAMP) for
24h. (B)Mean canalicular lengthper cell (± SD) fromfive individual experiments
(n, cell number; **P < 0.01). (C) Canalicular length per cell in the PKA activator
treated cells from three individual experiments (n, cell number; **P < 0.01). (D)
Day 2 cells were treated with specific Epac activator (8-CPT-2′-O-Me-cAMP) for
24 h. (E) Mean canalicular length per cell (± SD) from four individual experi-
ments (n, cell number; **P < 0.01).
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Fig. 4. Effect of Epac downstream GTPase, Rap1, and MEK, on taurocholate-
accelerated canalicular network formation. (A) Day 1 cells were infected with
GFP or GFP-Rap1GAP adenoviruses. Twenty-four hours postinfection, immu-
nostaining was performed in control cells (occludin and ABCB1), GFP cells
(ABCB1), and GFP-Rap1GAP cells (ABCB1) with or without taurocholate (100
μM). (B) Mean canalicular length per cell (± SD) from three individual experi-
ments (n, cell number; ***P < 0.001). (C) Day 2 cells were treated with specific
MEK inhibitor (PD98059) with or without taurocholate (100 μM, 24 h). (D)
Mean canalicular length per cell (± SD) from three individual experiments (n,
cell number, ***P < 0.001).
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(Fig. S4 C–F), which correlated with the observed morphological
effects (Figs. 2A andB and 4C andD). Similarly, Epac activator, 8-
CPT-2′-O-Me-cAMP, which accelerated canalicular network for-
mation, activated MEK fivefold within 15 min (Fig. S4 G and H).
MEK inhibitor (PD98059) blocked 8-CPT-2′-Me-cAMP–mediated
activation of MEK (Fig. S4 I and J). Collectively, the results indi-
cate that the Epac-Rap1-MEK pathway mediates taurocholate-
accelerated canalicular network formation.

Role of LKB1/AMPK in Taurocholate-Accelerated Canalicular Network
Formation.We then investigated how MEK activation is linked to
taurocholate-accelerated canalicular network formation. Our
previous study revealed that AMP-activated protein kinase
(AMPK) and its upstream kinase, Liver Kinase B1 (LKB1), are
required for canalicular network formation (20). Within 15 min,
taurocholate activated LKB1 (phos-Ser-431) and AMPK (phos-

Thr-172), and increased 2.7- and 2.2-fold the ratios of phos-
LKB1 ser431/total LKB1 and phos-AMPK Thr-172/total AMPK,
respectively (Fig. 5 A and B). These results associate involvement
of LKB1 and AMPK with taurocholate effects on canalicular
network formation. In addition, adenylate cyclase inhibitor (2′5′-
dd-Ado) and MEK inhibitor (PD98059) prevented taurocholate-
mediated activation of LKB1 and AMPK (Fig. 5 C–F), which
parallels their inhibitory effect on taurocholate-accelerated
canalicular network formation. Forskolin, which activates ade-
nylate cyclase, also activated LKB1-AMPK and produced similar
morphological changes, as did taurocholate (20). Within 15 min,
Epac activator, 8-CPT-2′-O-Me-cAMP, also activated LKB1 and
AMPK (1.6- and 1.7-fold, respectively) (Fig. 5 G and H), and
MEK inhibitor (PD98059) blocked 8-CPT-2′-O-Me-cAMP–
mediated activation of LKB1 and AMPK (Fig. 5 I and J). These
results reveal that LKB1-AMPK participates in taurocholate-
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Fig. 5. Protein levels of total LKB1, phos-LKB1 (Ser-431), total AMPK, and phos-AMPK (Thr-172). Day 2 cells were treated with various treatments for 0, 15,
30, 60, 120, 360, and 1,440 min. Western blotting of LKB1, phos-LKB1 (Ser-431), AMPK, and phos-AMPK (Thr-172) were performed. Densitometric meas-
urements were from three individual experiments. (A and B) Cells were treated with taurocholate (100 μM). Ratio of phos-LKB1/total LKB1 and phos-AMPK/
total AMPK. (C and D) Cells were treated with taurocholate (100 μM) and adenylate cyclase inhibitor (2′5′-dd-Ado, 200 μM). Ratio of phos-LKB1/total LKB1 and
phos-AMPK/total AMPK. (E and F) Cells were treated with taurocholate (100 μM) and MEK inhibitor (PD98059, 100 μM). Ratios of phos-LKB1/total LKB1 and
phos-AMPK/total AMPK. (G and H) Cells were treated with Epac activator (8-CPT-2′-O-Me-cAMP, 3 μM). Ratios of phos-LKB1/total LKB1 and phos-AMPK/total
AMPK. (I and J) Cells were treated with 8-CPT-2′-O-Me-cAMP and PD98059. Ratios of phos-LKB1/total LKB1 and phos-AMPK/total AMPK. (K) Day 2 cultures are
treated with or without 100 μM taurocholate for 24 h. (immunostaining for occludin and ABCB1). (L) Day 1 cells were infected with either KD-LKB1 ade-
novirues. Twenty-four hours postinfection, cells were treated with or without taurocholate (100 μM, 24 h). (immunostaining of LKB1 and ABCB1). (M) Day 1
cells were infected with either Myc-DN-AMPK adenovirues. Twenty-four hours postinfection, cells were treated with or without taurocholate (100 μM, 24 h)
(immunostaining of Myc and ABCB1). (N) Mean canalicular length per cell (±SD) from three individual experiments (n, cell number; ***P < 0.001, **P < 0.01).
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accelerated canalicular network formation through the cAMP-
Epac-Rap1-MEK pathway.
In addition, day 1 cells were infected with either kinase-dead

LKB1 mutant (KD-LKB1) or dominant-negative AMPK mutant
(Myc-DN-AMPK) adenoviruses (5–10% infection rate). Twenty-
four hours later, cells were treated with or without taurocholate
(100 μM, 24 h). Both KD-LKB1 and Myc-DN-AMPK resulted in
loss of canalicular network and reduced canalicular length (Fig. 5
K–N) (P < 0.01). When compared with control cultures, addition
of taurocholate restored canalicular network formation in KD-
LKB1– or DN-AMPK–infected cells. However, when compared
with results in taurocholate-treated control cells, the responses
was ∼45% of response to taurocholate alone (Fig. 5 K–N). These
results confirm the role of LKB1-AMPK in canalicular network
formation (20).

Discussion
In rodent fetal liver, hepatocytes are unpolarized and have in-
frequent small canaliculi, and bile acid synthesis is sparse (16, 18).
Postpartum, hepatocytes rapidly polarize. Parallel to the morpho-
logical change, bile acid synthesis accelerates (16), suggesting that
bile acids may influence hepatocyte polarization. Because of diffi-
culties in conducting in vivo developmental studies in fetal liver, we
took advantage of a novel in vitro collagen sandwich culture of rat
primary hepatocytes, which mimics the in vivo system morpho-
logically and functionally (31, 32). After perfusion of rat liver with
collagenase, isolated hepatocytes are not polarized; however, in
collagen sandwich culture, they sequentially develop into a fully
polarized canalicular network, which is accelerated by taur-
ocholate. Our study reveals a unique function of taurocholate and,
to a lesser extent, taurodchenodeoxycholate and tauroursodeox-
ycholate, on hepatocyte polarity and canalicular network forma-
tion. The dihydroxy bile acids, cheono- and ursodeoxycholate, did
not modulate canalicular network formation, possibly because
hydrophilicity and chemical structure determine the effect of
different bile acids on signaling pathways (9). In collaboration
with Lee Hagey (University of California San Diego), initial mass
spectroscopy study of hepatocyte cultures from days 1 to 6
revealed little endogenous bile acids. Bile acid accelerated can-
alicular network formation. Their role in normal development is
under investigation.
In many types of cells, bile acids increase cellular cAMP by

binding to TGR5, a G protein-coupled receptor that activates
adenylate cyclase (7–9); however, hepatocytes may not express
TGR5 at mRNA or protein levels. Although bile acids had no
effect on cAMP production in suspension culture of hamster he-
patocytes (33), taurocholate rapidly increased cAMP in sandwich
cultures and adenylate cyclase inhibitor prevented taurocholate-
mediated increased cAMP. In contrast to suspension cultures,
collagen sandwich culturemorphologically and functionallymimics
events in vivo (31, 32). The culture medium contains insulin (0.02
mg/mL) and glucagon (0.0284 μg/mL), which increase cAMP (34,
35); however, taurocholate and forskolin significantly increased
cAMP compared with control cells. The mechanism by which
taurocholate increases cAMP in collagen sandwich cultures may
involve an unknown G protein-coupled receptor (36).
Previous work showed that deoxycholic or chenodeoxycholic

acid activated MEK-ERK in mouse hepatocytes (37). Our results
reveal that taurocholate, a mammalian primary bile acid, activates
MEK in association with accelerated canalicular network for-
mation. Prior studies additionally suggested that deoxycholic acid
activates MEK-ERK via EGFR in rat hepatocytes (38); however,
we found that two EGFR-specific inhibitors did not prevent
taurocholate-accelerated canalicular network formation in sand-
wich culture. Taurocholate and deoxycholic acid, therefore, may
activate different signal molecules.
The mechanism by which taurocholate signaling through the

cAMP-Epac-Rap1-MEK pathway activates LKB1-AMPK is un-
certain. In mouse melanoma cells and rat embryonic fibroblasts,
MEK activated LKB1 via ERK and p90 ribosomal S6 kinase
(p90RSK) (39–41), and HGF-induced phosphorylation of p90RSK

and LKB1 (Ser-431) was abolished by MEK-ERK inhibitor,
U0126, suggesting that LKB1 phosphorylation is MEK-ERK– and
p90RSK-dependent (41). In contrast, MEK activation in human
cancer cell lines inhibited LKB1 phosphorylation by ERK-p90RSK
(42). Whether phosphorylation of LKB1 by ERK and p90Rsk is
activating or inhbitory is controversial (39–42). In hepatocyte
sandwich cultures, MEK activation correlated directly with LKB1
and AMPK activation and canalicular network formation.
LKB1-AMPK activation is involved in intestinal and neuronal

cells, and Drosophila polarity (43–45), and is essential for he-
patocyte polarity (20). Overexpression of KD-LKB1 or DN-
AMPK prevented canalicular network formation; however, these
inhibitory effects were partially overcome by taurocholate (Fig. 5
K–N). These studies do not identify which kinase is primary
because comparatively little residual LKB1 activates AMPK.
Because endogenous bile acid synthesis is marginal at best, it is
unlikely that KD-LKB1 or DN-AMPK work through inhibition
of bile acid synthesis.
Precisely how LKB1-AMPK regulates canalicular formation

remains unknown. Previous studies revealed that AMPK regu-
lates tight junction assembly (46, 47), possibly by affecting the
actin cytoskeleton through phosphorylation of myosin regulatory
light chain (48). Polarity effects of LKB1 have also been asso-
ciated with PAR proteins, AMPK-related kinases NUAK1/2,
which are activated by LKB1, and control of cell adhesion by
regulating myosin phosphatase complexes (49). In addition,
AMPK may regulate canalicular network formation through the
apical recycling pathway. Dominant-negative Rab11a or motor-
less myosin Vb inhibited the recycling pathway and prevented
polarization, suggesting that the Rab11a recycling system pro-
vides polarization cues through essential components or by sig-
naling to downstream targets (5).
Our results suggest association between bile acid production

and hepatocyte polarity, which may explain why rapid polariza-
tion parallels bile acid synthesis during postpartum liver de-
velopment. Whether hepatocyte polarity and canalicular network
formation are altered in inheritable disorders affecting either
bile acid synthesis or ABCB11 has not been investigated. Be-
cause taurocholate affects hepatocyte polarity by activating the
cAMP-Eapc-Rap1-MEK-LKB1-AMPK pathway (Fig. 6), tar-
geting this pathway may provide a therapeutic approach for
polarity-relevant liver diseases.

Materials and Methods
Reagents and Antibodies. Amide 14–22 and 6-Bnz-cAMP were from Sigma-
Aldrich. Taurocholate, chenodeoxycholate, ursodeoxycholate, LY294002,
Z-Guggulsterone, 2′5′-Dideoxyadenosin, PD98058, and 8-CPT-2′-O-Me-
cAMP were from Calbiochem. STO-609 and GW4064 were from Tocris
Bioscience. Mouse anti ABCB1 C219 antibody was from Alexis Bio-
chemicals. Rabbit anti-occludin antibody was from Invitrogen. Rabbit
anti-LKB1, anti-AMPK, anti–phospho-AMPK (Thr-172), anti-MEK1/2, and
anti–phospho-MEK1/2 (Ser217/221) antibody were from Cell Signaling
Technology. Rabbit anti–phospho-Ser-431 LKB1 antibody was from Santa
Cruz. Peroxidase-conjugated goat anti-rabbit and anti-mouse IgG were
from Jackson ImmnoResearch.

Adenoviruses. GFP-tagged Rap1GAP and GFP adenovirus were provided by
Erika Wittchen (University of North Carolina, Chapel Hill, NC) (26). Myc-
tagged dominant-negative AMPK-α1, -α2 (Myc-DN-AMPK), and kinase-dead

Taurocholate Epac-Rap1-MEK/ERK

LKB1/AMPK

Adenylate
cyclase cAMP

Canalicular network
 formation

Fig. 6. Signaling pathway model for taurocholate-accelerated canalicular
network formation.
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mutant LKB1 (D194A, KD-LKB1) adenovirus were provided by Yasuo Ido
(Boston University, Boston, MA).

Rat Liver Perfusion, Hepatocyte Isolation, and Collagen Sandwich Culture.
Briefly, using protocol (ASP 07-010) approved by Animal Care and Use Com-
mittee at National Institute of Child Health & Human Development/National
Institutes of Health, Sprague–Dawley rats were anesthetized, the liver was
perfused with buffer, followed with collagenase A buffer. After isolation, 2 ×
105 hepatocytes were seeded in the microwell of 35-mm glass-bottom dishes
(MatTek) precoated with type-1 collagen. After overnight incubation, hepa-
tocytes were overlaid with collagen. Cell density was 2.56 × 105/cm2, which is
similar to in vivo density (2–3× 105/cm2). Details were described previously (20).

Immunofluorescence. Briefly, cultureswerefixed, blocked, and permeabilized.
After incubation with primary antibodies and washing, cells were incubated
with secondary antibody, followed by washing. Confocal images were taken
using a Zeiss 510 Meta confocal microscopy and LSM 510 program (Zeiss). All
images were projections of z-stacks, and analyzed using Image J program
(National Institutes of Health, Bethesda, MD). Details are described in SI
Materials and Methods.

Western Blot Analysis. Cultures were harvested and sonicated in lysis buffer.
Fifty micrograms of total protein extracts were subjected to SDS/PAGE gel.
Following transfer and blocking, PDVF membranes were incubated with
primary antibody. After washing, membranes were incubatedwith secondary
antibody. Proteins were detected using ECL-Plus chemiluminescence de-
tection system (GE Healthcare). Densitometry was measured using the Image
J program. Details are described in SI Materials and Methods.

Cellular cAMPMeasurement. Taurocholate was added to day 2 cultures with or
without 2′5′-Dideoxyadenosin for different periods of time. Sample prepa-
ration and cAMP measurement were according to the cAMP EIA Kit protocol
(Cayman Chemical).

Statistics. Student’s t test was used for densitometry and canalicular length
analysis.
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