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effect is associated in part with its capability to increase 
Mrp2 activity, evidenced here by the increase in ITR of 
GS-MF. Our study supports the use of SCRHs as an in vitro 
model useful to quantify canalicular transport function 
under conditions of cholestasis and choleresis.
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Introduction

 Hepatocellular cholestasis results from any condition 
primarily affecting the ability of hepatocytes to produce 
bile. Agents able to induce hepatocellular cholestasis 
include drugs, hormones and cytokines (Roma et al. 2008). 
Changes in transporter expression, activity or localization 
may represent the primary causal factor of the cholestatic 
dysfunction. Bile flow can be impaired within minutes by 
endocytosis of canalicular transporters from their mem-
brane domain to an endosomal compartment (Crocenzi 
et al. 2012).

The need to study these rapid changes in hepatocyte 
transport function in a rapid and reproducible manner, 
avoiding the use of experimental animals, has encouraged 
the development of in vitro, polarized models of hepatocel-
lular transport. For example, isolated rat hepatocyte cou-
plets (IRHCs) have been successfully used since the early 
1980s to study structural alterations (cytoskeleton, tight 
junctions), impairment in function and localization of trans-
porters induced by toxic and/or cholestatic compounds, and 
their prevention by hepatoprotective compounds (Cole-
man and Roma 2000; Milkiewicz et al. 2002b; Roma et al. 
2008). Administration of either the endogenous estradiol 
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metabolite estradiol-17ß-d-glucuronide (E17G) (Crocenzi 
et al. 2003a, 2008) or the monohydroxylated bile salt tau-
rolithocholate (TLC) (Crocenzi et  al. 2003b; Milkiewicz 
et al. 1999) to IRHCs induces acute cholestasis, accompa-
nied with endocytic internalization of the canalicular trans-
porters Mrp2 and Bsep and the associated impairment in 
transport function, in line with the acute cholestatic effects 
of these cholestatic agents in vivo (Crocenzi et al. 2003a, b; 
Mottino et al. 2002). These findings have potential clinical 
relevance, since E17G has been implied as a key metabo-
lite involved in pregnancy-induced cholestasis (Vore et al. 
1997), whereas TLC was proposed to play a role in the liver 
dysfunction occurring in primary biliary cirrhosis (Murphy 
et  al. 1972), progressive familial intrahepatic cholestasis 
(Linarelli et  al. 1972), total parenteral nutrition-induced 
cholestasis (Fouin-Fortunet et al. 1982), and neonatal chol-
estasis (Setchell et al. 1998).

Dibutyryl cyclic AMP (DBcAMP) was shown to stimu-
late the targeting of transporters to the canalicular mem-
brane (Kipp et al. 2001; Roelofsen et al. 1998; Roma et al. 
2000), and to counteract the impairment in apical secretory 
function and retrieval of canalicular transporters induced by 
both TLC (Crocenzi et al. 2003b; Milkiewicz et al. 2002a) 
and E17G (Crocenzi et  al. 2003a, 2005; Mottino et  al. 
2002), both in vivo and in IRHCs. As a consequence of 
its ability to stimulate insertion of canalicular transporter-
containing vesicles into the apical domain, DBcAMP can 
also increase the circumference, and therefore the volume, 
of canalicular vacuoles in IRHCs (Boyer and Soroka 1995).

It has become progressively apparent that both E17G 
and TLC induce cholestatic alterations by activation of sev-
eral intracellular signaling pathways (Barosso et al. 2012; 
Beuers et al. 1999, 2003; Boaglio et al. 2010, 2012; Cro-
cenzi et  al. 2008; Schonhoff et  al. 2013; Zucchetti et  al. 
2013). Evaluation of the nature of these signaling pathways 
requires time-lapse activation studies (by enzyme activity 
tests or Western blot). However, this requires amounts of 
protein hard to obtain from IRHCs, due to the relatively 
low yield per preparation. In addition to evaluate the role 
of a signaling pathway by measuring its activation, or the 
effect of its inhibition using specific chemicals inhibitors, 
more direct evidences are required nowadays, for example 
knockdown of the gene encoding the candidate signaling 
molecule using state-of-the-art interference RNA technol-
ogy. However, gene knockdown studies are usually carried 
out between 48 and 72  h after cell transfection with the 
respective interference RNA. This makes IRHCs useless, 
since they preserve functionality for approximately 10  h 
(Wilton et  al. 1993). Thus, an alternative polarized hepa-
tocellular model, based upon primary cultured hepatocytes 
to better reproduce physiological conditions, which bears 
longer stability and higher protein yield than IRHCs, needs 

to be established and validated for functional studies of 
cholestasis in vitro.

Isolated hepatocytes, when cultured in between two 
layers of gelled collagen, i.e., in sandwich configuration, 
acquire a morphology that resembles that present in vivo, 
including the formation of intact canalicular networks, with 
physiological secretion levels of many liver-specific pro-
teins and organic compounds, like urea, albumin and bile 
acids, as first demonstrated by Dunn et  al. (1989, 1991, 
1992). In addition, a conserved expression of membrane 
transporters crucial for uptake and canalicular excretion 
of bile salts (Ntcp and Bsep, respectively) and non-bile 
salt organic anions (Oatps and Mrp2, respectively) was 
described up to 4 days of culture in sandwich-cultured rat 
hepatocytes (SCRHs) (Swift et al. 2010). Due to the con-
served transport and metabolism of endogenous and exog-
enous compounds, this model was further employed for the 
study of hepatic clearance of xenobiotics, drug–drug inter-
actions and drug-induced hepatotoxicity (De Bruyn et  al. 
2013).

Two different methodologies have been described and 
applied for the study of canalicular transport in SCRHs. 
One is based on the calculation of the biliary excretion 
index (BEI) of radioactive or fluorescent canalicular trans-
porter substrates, by measuring the difference between the 
amount of fluorescent/radioactive compound accumulated 
in the whole culture (cells plus bile canaliculi) and the 
amount of compound retained after exposure to a Ca2+-
free medium to impair tight junctions and to allow for the 
release of the canalicular content. This requires two iden-
tically treated culture wells per single preparation to be 
differentially exposed to a Ca2+-containing or a Ca2+-free 
buffer medium, followed by homogenization of the cells, 
measurement of the fluorescence or radioactivity present 
in the supernatant and finally, calculation of BEI (Liu et al. 
1999). By using this approach, the well-known capability 
of certain drugs to impair bile acid transport, such as cyclo-
sporine A and glyburide, could be confirmed in the SCRH 
model (Ansede et al. 2010).

However, this method has important drawbacks that 
complicate and even preclude its use for bile formation 
studies, namely:

1.	 The method is cumbersome, since it has a number of 
steps including extraction from the culture homogen-
ate and the further spectrofluorescence or radioactivity 
quantification of the tested substrate.

2.	 Reproduction of the results is difficult, because of 
potential sources of heterogeneity of the culture fea-
tures in both wells (e.g., differential growth pattern, 
attachment, etc.) and chiefly, methodological errors 
associated with the multiple steps required.
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3.	 The potential perturbation produced by the changes 
in extracellular Ca2+ levels when signaling-dependent 
events are evaluated, due to the well-recognized prop-
erties of Ca2+ as a signaling molecule itself.

An alternative, more direct and less time-consuming 
method has been proposed recently and proved successful 
to measure Bsep- (Kruglov et al. 2011) and Mrp2-mediated 
(Cruz et al. 2010) transport processes. It requires monitor-
ing the increase with time of the fluorescence associated 
with a specific fluorescent substrate into the canaliculi by 
quantitative time-lapse imaging (QTLI), with the aid of an 
inverted fluorescence microscope (Nakanishi et  al. 2011). 
Nakanishi et  al. (2011) have pointed two main reasons to 
consider this method superior to BEI measurement, namely 
(1) extraction of the substrate tested from cell homogenate 
and quantification of their concentration is unnecessary and 
(2) apical fluorescence accumulation can be monitored over 
time in all the bile canaliculi present on a microscopy field 
in a single well.

At present, it has not been systematically evaluated 
whether the functional alterations induced by cholestatic 
compounds in canalicular transporters involved in bile 
formation, and its reversion by anticholestatic agents, can 
be reproduced in SCRHs. Therefore, the aim of this work 
was to validate the use of SCRHs as a model for cholesta-
sis studies, focusing on two clinically relevant cholestatic 
agents, such as TLC and E17G, and their effect on Mrp2 
localization and transport function. Additionally, the ability 
of DBcAMP to prevent these cholestatic effects in SCRHs 
was tested. Finally, we have focused on the effect of the 
cholestatic compounds and the DBcAMP treatment on can-
alicular volume, and the possible influence of changes in 
this parameter on the quantification of the Mrp2-dependent 
transport process.

Materials and methods

Chemicals

Estradiol 17β-d-glucuronide (E17G), taurolithocholic acid 
(TLC), collagenase type A (from Clostridium histolyticum), 
bovine serum albumin, L-15 culture medium, dimethyl sul-
foxide (DMSO), Triton X-100, paraformaldehyde, N6,2′-
O-dibutyryladenosine 3′:5′-cyclic monophosphate (DB-
cAMP) and urethane were acquired from Sigma Chemical 
Co. (St. Louis, MO). 5-Chloromethylfluorescein diacetate 
(CMFDA) was obtained from Molecular Probes (Eugene, 
OR). Mouse antihuman MRP2 (M2III-6) was obtained 
from Alexis Biochemicals (San Diego, CA). Anti-mouse 
IgG (31430) was obtained from Thermo Fisher Scientific, 
Inc. (Waltham, MA). Dulbecco’s modified Eagle’s medium 

(DMEM), Alexa Fluor 568 phalloidin and 4,6-diamidino-
2-phenylindole were acquired from Invitrogen (Carlsbad 
CA). Cy2-labeled goat anti-mouse IgG was from Zymed 
(San Francisco, USA). All other chemicals were of the 
highest grade available.

Animals

Adult female Wistar rats weighing 250–300  g under ure-
thane anesthesia (1  g/kg, intraperitoneally) were used in 
all studies. All animals received humane care according to 
the criteria outlined in the “Guide for the Care and Use of 
Laboratory Animals” Eighth Edition, National Academy 
of Sciences. Experimental procedures were carried out 
according to the local Guideline for the Use of Laboratory 
Animals (Resolution No. 6109/012, Faculty of Biochemi-
cal and Pharmaceutical Sciences, National University of 
Rosario, Argentina).

Isolation and culture of SCRHs

Hepatocytes were isolated as described previously (Gar-
cia et al. 2001). Every well of six-well plastic culture plates 
was covered with 800 µL of rat tail collagen type I (5 mg/
mL), dissolved in 0,02  N acetic acid, mixed with 100  µL 
of DMEM 10X, and adjusted to pH 7,4 with 0.2 N NaOH 
(approx. 100  µL). Isolated hepatocytes were plated at a 
density of 1.3 to 1.5 × 105 cells/cm2 and incubated for 2 h, 
to allow the cells to attach, at 37 °C, 95 % O2/5 % CO2 in 
DMEM medium with FBS 5 %, containing antibiotics (gen-
tamicin, streptomycin, penicillin and amphotericin D), dexa-
methasone (0.8 mg/L) and insulin (100 U/L). Thereafter, the 
medium was replaced by fresh one to remove cellular detritus 
and death cells. Then, the medium was replaced every 24 h.

Twenty-four hours later, the medium was removed and 
collagen was overlaid on the cells (120 μL of the prepa-
ration described above, gently added drop by drop). The 
SCRHs were incubated for 1 h under a 5 % CO2/95 % air 
mixture, at 37 °C, and then DMEM with the supplements 
indicated above was added. The culture was continued for 
48 h under 5 % CO2/95 % air mixture at 37 °C, to obtain 
a collagen-sandwich configuration, as previously described 
(Barosso et al. 2012).

SCRHs treatments

Sandwich-cultured rat hepatocytes were incubated in 
L-15 with E17G (25–200 µM), TLC (1–2.5 µM), or vehi-
cle (DMSO) in controls, at 37  °C for 30  min. To assess 
the ability of DBcAMP to prevent the effects of E17G and 
TLC, SCRHs were pre-incubated with DBcAMP (10 μM) 
for 15 min. Then, TLC (2.5 μM) or E17G (200 μM) were 
added, and cells were incubated for another 30-min period.

Author's personal copy



982	 Arch Toxicol (2015) 89:979–990

1 3

Assessment of Mrp2 secretory function in SCRHs

After treatments, plates containing the SCRHs were placed 
on an inverted fluorescence microscope (Zeiss Axiovert 
25), over a plate thermostated at 37 °C. Then, the SCRHs 
were washed, and CMFDA, a metabolic precursor of the 
fluorescent substrate of Mrp2 glutathione methyl fluores-
cein (GS-MF), was added to L-15, so as to reach a final 
concentration of 2.5 µM. QTLI was performed to observe 
the fluorescence of GS-MF accumulated in the bile canali-
culi for up to 8 min after CMFDA addition. 12-bit images 
were taken every 1 min with an exposure time of 200 ms 
and a lens of 10×, using an attached digital camera (Olym-
pus QColor5).

Image analysis was carried out using ImageJ software. 
In order to correct subtle displacement between images, 
each series of images were aligned with the StackReg 
(Rigid Body) plugin. Regions of interest (ROIs) of 2 × 2 
pixels were selected inside every canaliculus present in the 
visual field, and the fluorescence intensities obtained from 
80 to 120 ROIs in each image were averaged per pixel, 
using the Stacks-T-Function (Time Series Analyzer) plugin. 
The mean fluorescence value from all the ROIs was used 
to quantify canalicular accumulation of GS-MF in each 
image. The fluorescence values were plotted against time, 
and a linear regression analysis was carried out using val-
ues obtained from time 0 to 4 min, i.e., the time window 
where canalicular fluorescence showed a linear increment. 
Slope of the linear regression curves was considered to be 
the Mrp2-mediated initial transport rate (ITR).

Assessment of Mrp2 localization in SCRHs by confocal 
microscopy

To evaluate the intracellular distribution of Mrp2, a dif-
ferent set of SCRHs belonging to the same SCRH prepa-
rations used for Mrp2 transport function was incubated 
with E17G (200 µM), TLC (2.5 µM), or vehicle in controls 
(DMSO), with or without pre-treatment with DBcAMP 
(10 μM). After this, SCRHs were fixed with 4 % paraform-
aldehyde in PBS for a 30-min period, blocked and permea-
bilized with 3 % bovine serum albumin and 0.5 % Triton 
X-100 for another 30-min period. Then, cells were incu-
bated with a mouse monoclonal antibody against human 
MRP2 (1:200) overnight at 4  °C, followed by incubation 
with a Cy2-labeled goat anti-mouse IgG (1:100, 2  h). To 
delimit the canaliculi, F-actin was stained by coincubat-
ing cells with Alexa Fluor 568 phalloidin (1:100, 2  h). 
Cellular nuclei were stained by incubating during 10 min 
with 1.5  mM 4,6-diamidino-2-phenylindole. Finally, cells 
were mounted and examined with a Nikon C1 Plus con-
focal laser scanning system attached to a Nikon TE-2000 
inverted microscope. All samples were coded and scored 

according to morphological criteria (canalicular presence, 
canalicular length per cell). At least five imaged areas of 
confluent cells were randomly selected from each culture 
dish.

Estimation of canalicular volume in SCRHs

Measurement of the average canalicular volume and its 
putative surrogate parameter, canalicular width, were per-
formed in each SCRH preparation, to account for morpho-
logical heterogeneity among different preparations.

The average canalicular width of each SCRH prepara-
tion was carried out as a first approach to correct for distor-
tions in fluorescence intensity induced by changes in cana-
licular volume induced by the treatments. For this purpose, 
the average width of 40 canaliculi assessed in 2D confocal 
images of F-actin staining, where canalicular limits can be 
visualized, was measured using the imaging software NIS-
Elements Ar 4.0 (Nikon Instruments Inc.).

In addition, to estimate the actual canalicular volume, 
3D stacks of F-actin-stained confocal images were builded 
with the Stack Building plugin of the ImageJ software. 
Threshold was adjusted to clearly detect Alexa Fluor 568 
phalloidin-dependent fluorescence, and Particle Analysis 
(Object Counter3D) plugin was applied to estimate the can-
alicular volume.

Statistical analysis

Results are expressed as mean ± standard error of the mean 
(SEM). One-way ANOVA, followed by Newman–Keuls’ 
test, was used for multiple comparisons. Values of p < 0.05 
were considered to be statistically significant.

Results

Initial transport rate (ITR) is a sensitive parameter to detect 
changes in Mrp2‑mediated transport induced by E17G, 
TLC and DBcAMP

Figure 1a shows representative images of the time-depend-
ent increase in GS-MF-associated fluorescence inside the 
canaliculi of SCRHs under control conditions, or after 
incubation with the cholestatic compound E17G. Altera-
tions in the canalicular transport mediated by Mrp2 can be 
visualized as a delay in the appearance of intracanalicular 
GS-MF-associated fluorescence; whereas fluorescence sig-
nal was already visible by 2 min after addition of CMFDA 
in controls, it took an additional minute to become detect-
able after treatment with the cholestatic compound.

Temporal changes in the average fluorescence accu-
mulated in the canaliculi are shown in Fig.  1b. ITR was 
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calculated as the slope of the regression curves, taking 
into account the points of the curve where the fluorescence 
increments show a linear pattern (from 1 to 4 min, demar-
cated zone in the left panel). The graph on the right panel 
shows the regression curves calculated with points within 
this time window; E17G induced a clear decrease in the 
slope of the regression curve, which was normalized by 
pre-incubation with DBcAMP, compound that increased 
per se this parameter.

Concentration–response studies were carried out by var-
ying the concentration of the cholestatic compound in the 
incubation medium (25–200 µM for E17G, and 1–2.5 µM 
for TLC). Both E17G (Fig. 2a) and TLC (Fig. 2b) signifi-
cantly decreased ITR of GS-MF from a concentration of 
50 and 1.5 µM onwards, respectively. Further increments in 
the concentration of both E17G and TLC resulted in a trend 
toward a higher decrease in ITR, although it did not reach 
statistical significance.

Fig. 1   a Representative time-lapse images of GS-MF transport, taken 
every minute, in control SCRHs and in SCRHs exposed to E17G 
(200 µM, 30 min) after the addition of CMFDA (2.5 µM). Note the 
delay in the appearance of GS-MF-associated fluorescence inside the 
canaliculi of SCRHs exposed to the cholestatic compound. b Repre-
sentative curves of canalicular fluorescence intensity associated with 
GS-MF versus time after CMFDA addition. The curve was obtained 
by plotting the average of GS-MF-associated canalicular fluores-
cence versus time. The average of fluorescent intensity at each time 
was estimated by using the ImageJ software. SCRHs were exposed to 

either vehicle (DMSO, control), DBcAMP (10 µM, 15 min), or E17G 
(200 µM, 30 min), in the presence or absence of a pre-treatment with 
DBcAMP (10  µM, 15  min). About 70–100 canaliculi were selected 
per image (n  =  6, from three independent SCRH preparations) to 
calculate the average fluorescence intensity. In order to calculate the 
transport activity of Mrp2, the points of the curves where GS-MF-
associated fluorescence increased linearly (1–4  min) were selected 
(demarcated zone), and the curves adjusted by linear regression 
(r2 >0.98, p <0.001, right graph). The slope of the regression curves 
was referred to as initial transport rate (ITR) of GS-MF
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From the statistical analysis of the slopes of the regres-
sion curves for each experimental group (ITR values) 
shown in Fig.  3, it becomes apparent that ITR properly 
reflects the expected changes in Mrp2 transport function in 
response to the different treatments. Indeed, this parameter 
is decreased by E17G, a cholestatic compound that induces 
rapid endocytic internalization of Mrp2 both in vivo (Mot-
tino et al. 2002) and in IRHCs (Crocenzi et al. 2005). On 
the other hand, ITR increased in response to treatment with 
DBcAMP, a finding in line with the well-established prop-
erty of cAMP to stimulate the quick sorting of Mrp2 to the 
apical domain (Kipp et  al. 2001; Roelofsen et  al. 1998; 
Roma et  al. 2000). Finally, pre-treatment with DBcAMP 
fully prevented the decrease in ITR induced by E17G, a 
finding in line with the capability of DBcAMP to counter-
act E17G-induced Mrp2-dependent transport function both 
in vivo (Mottino et al. 2002) and in IRHCs (Crocenzi et al. 
2005). A similar decrease in ITR to that induced by E17G 
was recorded after incubation of SCRHs with the choles-
tatic agent TLC, which was also prevented by pre-treatment 

with DBcAMP. Again, these changes correlate well with 
previous reports showing that TLC acutely impairs Mrp2 
transport function both in vivo (Roma et  al. 1994) and 
in IRHCs (Crocenzi et  al. 2005; Milkiewicz et  al. 1999, 
2002a).

The DBcAMP‑dependent increment in ITR of GS‑MF 
and the DBcAMP‑mediated prevention of E17G‑ 
and TLC‑induced deleterious effects on this parameter are 
associated with changes in Mrp2 localization

Previous studies by our group and others on the choles-
tatic effects of E17G and TLC both in vivo (Mottino et al. 
2002), in IPRL (Beuers et  al. 2001) and in IRHCs (Cro-
cenzi et  al. 2005), as well as its prevention by DBcAMP, 
showed that the degree of Mrp2 endocytic internalization 
consistently reflected Mrp2 transport activity. To ascertain 
whether the changes in Mrp2 transport function, as evalu-
ated by ITR of GS-MF, also reflect changes in Mrp2 locali-
zation in the SCRH model, the effect of E17G and TLC, 
in the presence or absence of DBcAMP, on Mrp2 localiza-
tion, was evaluated by immunostaining followed by confo-
cal microscopy. Figure 4 shows confocal images of SCRHs 
stained for Mrp2 under the different treatments. F-actin 
was also stained to demarcate the limits of the canalicular 
membrane, since actin network exhibits a predominant per-
icanalicular distribution in polarized hepatocytes (Tsukada 
et al. 1995). The image in the control group confirmed that 

Fig. 2   Concentration–response effect of E17G and TLC on GS-MF 
canalicular transport. SCRHs were exposed to different concentra-
tions of E17G (25–200 µM, a) or TLC (1–2.5 µM, b) for 30 min. The 
slope of the curve obtained by plotting the average GS-MF-associated 
fluorescence of 70–100 canaliculi versus time was used to estimate 
the ITR of GS-MF, a measure of Mrp2 transport activity. ITR values 
were expressed as percentage of control values (n =  6, from three 
independent SCRH preparations). *p < 0.05 versus control

Fig. 3   DBcAMP increases ITR of GS-MF and prevents E17G- and 
TLC-induced decrease of this parameter. SCRHs were pre-incubated 
with 10 µM DBcAMP for 15 min and then exposed to 200 µM E17G 
or 2.5 µM TLC for another 30 min. The slope of the curve obtained 
by plotting the average GS-MF-associated fluorescence of 70–100 
canaliculi versus time was used to estimate ITR of GS-MF, a meas-
ure of Mrp2 transport activity. ITR values were expressed as percent-
age of control values (n =  6, from three independent SCRH prepa-
rations). *p  <  0.05 versus control; #p  <  0.05 versus the respective 
cholestatic group
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Mrp2 was mainly confined within the canalicular space. 
SCRHs treated with DBcAMP exhibited the same distri-
bution pattern. On the other hand, treatments with E17G 
and TLC-induced retrieval of Mrp2 from the canalicular 

membrane into the endosomal compartment, as indicated 
by the presence of Mrp2-containing intracellular vesicles. 
Pre-treatment of SCRHs with DBcAMP prevented this 
relocalization.

Fig. 4   DBcAMP prevents E17G- and TLC-induced endocytic 
internalization of Mrp2 in SCRHs. Representative confocal images 
showing cellular distribution of Mrp2, F-actin, and merged images 
(with F-actin in red and Mrp2 in green) in SCRHs under the dif-
ferent treatments. Nuclei (blue) are also shown in merged images. 
Note that under control conditions, Mrp2-associated fluorescence is 
mainly localized at the canalicular membrane in the area delimited 

by the pericanalicular actin network. The cholestatic compounds, 
E17G (200  µM) and TLC (2.5  µM), induced a clear internalization 
of Mrp2-containing vesicles beyond the limits of the pericanalicular 
actin (white arrows); this phenomenon was significantly prevented by 
pre-incubation with 10 µM DBcAMP. None of the treatments affected 
the normal distribution of F-actin, which showed a predominant peri-
canalicular distribution (color figure online)
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The different treatments modify the bile canaliculus width 
and volume on SCRHs

Since canaliculi in SCRHs are sealed spaces with no drain-
age way, changes in bile formation should be reflected 
in changes in their average volume; this relationship was 
confirmed in other hepatocellular polarized models such 
as IRHCs (Gautam et al. 1989) and HepG2 cultured cells 
(Larocca et al. 2009) which, like SCRHs, exhibit a sealed 
luminal space. Furthermore, such a phenomenon was suc-
cessfully employed to quantify canalicular bile formation 
in vitro. This prompts us to ascertain whether this holds 
true for the SCRH model as well.

Estimation of actual canalicular volume in SCRHs is 
somewhat laborious, since it requires acquisition of 3D 
confocal images and a computer-assisted 3D reconstruction 
of the canaliculi. On the contrary, assessment of the aver-
age canalicular width is more approachable, since it can be 
easily calculated from conventional 2D confocal images. 
Therefore, we evaluated the feasibility of using average 
canalicular width as a surrogate parameter of the canalicu-
lar volume for rapidly quantifying changes in canalicular 
bile formation in the SCRH model.

As shown in Table 1, exposure to DBcAMP resulted in 
a significant increase in both parameters, while both E17G 
and TLC induced a significant drop of them. Finally, pre-
treatment with DBcAMP completely prevented E17G- and 
TLC-induced impairment of both parameters.

A highly significant correlation was obtained when 
average canalicular volume and average canalicular width 
were correlated (r2 = 0.92; p < 0.002) (Fig. 5). From these 
results, it is apparent that either of both parameters can be 
used to estimate canalicular bile formation in the SCRH 
model and support the use of the average canalicular width 

as an easier and quicker alternative to estimate changes in 
canalicular volume in SCRHs.

Canalicular width correctly estimates the canalicular 
volume and can be used to estimate biliary excretion rate 
in the SCRH model

Initial transport rate, calculated as described above, denotes 
the initial increment in canalicular concentration of the flu-
orescent substrate with time. Apart from depending on the 
rate of transport of the substrate, ITR also depends on the 

Table 1   Changes in canalicular width and volume of SCRHs 
induced by the different treatments

The canalicular width was estimated by NIS-Elements Ar 4.0 soft-
ware on 2D confocal images, and the estimation of the canalicular 
volume was carried out by ImageJ software on 3D stacks. Between 
20 and 30 canaliculi per experimental group were measured, from 
three independent preparations

* p < 0.05 versus control

# p < 0.05 versus E17G or TLC

Canalicular  
width (μm)

Canalicular 
volume (μm3)

Control 2.9 ± 0.2 4,587 ± 493

DBcAMP 4.0 ± 0.2* 7,113 ± 562*

E17G 2.4 ± 0.1* 2,743 ± 247*

E17G+DBcAMP 3.2 ± 0.1# 4,295 ± 345#

TLC 2.5 ± 0.1* 3,250 ± 281*

TLC+DBcAMP 3.3 ± 0.2# 4,579 ± 181#

Fig. 5   Correlation between canalicular volume and canalicular 
width. The data shown in Table 1 of canalicular width and canalicular 
volume estimation in the different experimental groups were plotted, 
and a regression analysis was performed. Between 20 and 30 canali-
culi per experimental group were measured, from three independent 
preparations. Data are expressed as mean ± SEM. A tight correlation 
was recorded (r2 = 0.92, p < 0.002)

Table 2   Effects of corrections for canalicular width and volume on 
changes in ITR values induced by the different treatments

ITR values for the different experimental groups shown in Fig.  3 
were corrected by multiplying the mean of the calculated values per 
average canalicular width or the average canalicular volume. Both 
calculated and corrected ITR are presented as percentage of change, 
referred to their respective control

* p < 0.05 versus control

# p < 0.05 versus E17G or TLC
†  p < 0.05 versus not corrected value

ITR (% of changes referred to control)

Without  
correction

Corrected  
by width

Corrected  
by volume

DBcAMP +60 ± 18* +125 ± 24*† +153 ± 28*†

E17G −50 ± 4* −59 ± 4*† −70 ± 3*†

E17G+DBcAMP +10 ± 12# +20 ± 13# +3 ± 11#

TLC −43 ± 2* −52 ± 2*† −60 ± 1*†

TLC+DBcAMP −12 ± 10# 0 ± 11# −12 ± 10#
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bile volume preexisting in the lumen space; this factor is 
critical in our case, since the cholestatic (E17G, TLC) or 
choleretic (DBcAMP) agents we are dealing with have a 
direct influence in the canalicular volume, irrespective of 
the changes these compounds may have on Mrp2-mediated 
canalicular transport. A more appropriate measurement 
of canalicular transporter activity in this case is the excre-
tion rate of the fluorescent substrate, which represents the 
amount (and not the concentration) of a substrate excreted 
into the biliary space per time unit. This parameter can be 
calculated in our system as the product of ITR by the aver-
age canalicular volume, or, tentatively, by its surrogate 
parameter, the average canalicular width.

Table 2 shows the percentage changes of ITR in treated 
SCRHs, as compared to control SCRHs. Correction of 
ITR by either average canalicular width or average cana-
licular volume significantly modified the pattern of change 
obtained when ITR without correction was considered 
in SCRHs treated with either E17G or TLC. Indeed, the 
percentages of decrease in ITR observed in both E17G 
and TLC groups were higher than those obtained without 
correction, reaching values that did not differ from those 
without correction when these groups were pre-treated 
with DBcAMP. The correction became critical to estimate 
canalicular excretion of the solute under choleretic condi-
tions. Whereas DBcAMP alone increased ITR by 63  %, 
this increment was far greater when correction by width or 
volume were applied (+125 and +153 %, respectively).

As shown in Fig.  6, when individual ITR values 
belonging to all experimental groups corrected by canali-
cular width were plotted against those corrected by cana-
licular volume, a strong correlation was found (r2 > 0.98; 

p  <  0.001). This further confirms the feasibility of using 
canalicular width as a simple way to correct ITR, so as to 
make this parameter independent of changes in canalicular 
volume and to better estimate biliary excretion rate under 
conditions of variable bile flow.

Discussion

In this work, we provided evidence supporting the utility of 
SCRHs to reproduce in vitro canalicular cholestatic altera-
tions induced by model cholestatic compounds of clini-
cal relevance, such as E17G and TLC. Besides, choleretic 
and anticholestatic effects of the pro-exocytic compound 
DBcAMP were also readily apparent in SCRHs. This sup-
ports the use of SCRHs not only to reproduce and study 
cholestatic alterations, but also to investigate anticholes-
tatic treatments or cholestatic pathomechanisms. The cur-
rent evidence provided by our group and others that many 
forms of experimental and clinical cholestasis can be 
explained by the endocytic internalization of canalicular 
transporters relevant to bile formation, like Mrp2 used here 
as a model, and that this retrieval is a signaling-mediated 
event (Crocenzi et  al. 2012), opens enormous opportuni-
ties to investigate the phenomenon at a molecular level. 
However, this requires stable, polarized in vitro models of 
bile secretion that better mimic the physiological situation. 
The SCRH model is ideal for this purpose, because it is the 
only available in vitro model employing primary cultured 
hepatocytes that keeps all the features of hepatocytes in situ 
for a period of time long enough for knockdown studies, 
or enough sample yield for Western blot studies (Berth-
iaume et al. 1996). Furthermore, human hepatocytes can be 
cultured in collagen-sandwich configuration and, actually, 
they are commercially available nowadays.

Incubation with a fluorescent substrate of a canalicular 
transporter such as GS-MF followed by QTLI was previ-
ously claimed to be a useful tool to detect impairment of 
canalicular transporter activity (Nakanishi et  al. 2011). 
Although potentially useful for kinetic studies of func-
tion of transporters relevant to bile formation (Mrp2, in 
this case), the method had been only applied to an “all or 
nothing” condition (Mrp2-deficient Eisai hyperbilirubine-
mic rats), but its use in conditions of partial impairment in 
transport activity induced by a pathological condition, or its 
recovery after a proposed treatment, needed to be validated. 
Meticulousness of the data analysis was also limited. Trans-
porter activity was measured as the fluorescence accumu-
lated into the bile canaliculi until a not clearly established 
time point, without analyzing the influence of changes in 
linearity of the fluorescence signal in such an assessment. 
Actually, in agreement with our results (see Fig.  1), fluo-
rescence accumulation lost linearity very shortly (4–5 min 

Fig. 6   Correlation between ITR values corrected by canalicular 
width and volume. Calculated ITR of GS-MF values (arbitrary fluo-
rescence unit—AFU/min) were corrected by width (AFU × µm/min) 
and plotted against those corrected by volume (AFU  ×  µm3/min). 
Then, a regression analysis was performed. Between 20 and 30 cana-
liculi were measured from three independent cellular preparations. A 
tight correlation was recorded (r2 = 0.98, p < 0.001)
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onwards). Another critical aspect is that it relies on the 
measurement of the florescence intensity in the bile cana-
liculi, a parameter that reflects biliary concentration of the 
fluorescent substrate rather than its actual excretion rate. 
Indeed, this parameter is affected by changes in the bile 
flow leading to modifications of the preexisting canalicular 
volume; this dilutes or concentrates the solute in the canali-
cular lumen, thus modifying the rate of fluorescence signal 
increase. This is critical in cholestasis or choleresis studies. 
Lack of correction for an increase in canalicular volume 
(choleresis) would lead to underestimation of the meas-
ure of transport activity, whereas lack of correction for a 
decrease in canalicular volume (cholestasis) would lead to 
overestimation of this parameter.

To overcome these methodological drawbacks, we have 
proposed here a number of modifications and corrections to 
the approach originally reported by Nakanishi et al., so as 
to make it appropriated even under conditions of variable 
bile flow generation. First, we properly took advantage of 
the kinetic nature of the approach to calculate transporter 
activity as the initial rate of fluorescence gain (ITR) by 
measuring the slope of the time-course fluorescence curves 
during the initial linear phase, where no saturation of the 
transport system nor saturation of the fluorescence signal in 
the canalicular lumen occur. Second, we introduced a cor-
rection by the changes in the canaliculus volume by multi-
plying (ITR) by the average canalicular volume, assessed 
by acquiring 3D stacks of confocal SCRH images using 
F-actin to demark the bile canaliculus edge. Furthermore, 
since this is a rather time-consuming step, we successfully 
validated the use of the average canalicular width as a sur-
rogate parameter of the canalicular volume; measurements 
of the canalicular width only require the acquisition of sim-
ple 2D confocal images. This assumption is based on the 
tight relationship obtained when both parameters were cor-
related (Fig. 5).

Another contribution of this work is the validation of 
the SCRH model for functional studies of cholestasis. For 
this purpose, we took advantage of two well-characterized 
cholestatic compounds, E17G and TLC, and we succeed in 
reproducing the deleterious effects that had been described 
in whole rats (Crocenzi et al. 2003b; Mottino et al. 2002), 
perfused rat livers (Beuers et al. 2001; Boaglio et al. 2010, 
2012), and IRHCs (Boaglio et  al. 2010, 2012; Crocenzi 
et  al. 2003b, 2005). First, we were able to reproduce and 
quantify in the SCRH model the capability of both chole-
static agents to impair canalicular bile formation, as evalu-
ated by assessing both the bile canaliculus volume and 
the bile canaliculus width (Table  1). Second, we were 
able to reproduce the capability of the cholestatic agents 
to inhibit Mrp2 transport function, as assessed by ITR of 
GS-MF; interestingly, the decrease in ITR of GS-MF in 
SCRHs treated with 200  µM E17G and 2.5  µM TLC (50 

and 43 %, respectively) were of similar magnitude to that 
reported for canalicular vacuolar accumulation of GS-MF 
in IRHCs (Boaglio et al. 2010; Crocenzi et al. 2005). Third, 
we were able to visualize the endocytic internalization of 
Mrp2 induced by both cholestatic agents, a main patho-
mechanism involved in their cholestatic effects (Crocenzi 
et  al. 2012). Finally, we reproduced in the SCRH model 
the capability of the anticholestatic compound DBcAMP to 
revert all these cholestatic manifestations. Furthermore, the 
well-known choleretic effects of DBcAMP when admin-
istered alone were readily apparent from the increase in 
the canalicular volume/width values (see Table  1); this 
choleretic effect is associated in part with the capability of 
cAMP to increase Mrp2 activity, a property that could be 
reproduced here as well by measuring ITR of GS-MF (see 
Table  2). These latter results demonstrate that the SCRH 
model can be also used for studies on the mechanisms of 
choleresis.

In conclusion, our results clearly support the utility of 
SCRHs as an in vitro model for the study of changes in 
canalicular bile formation induced by either choleretic or 
cholestatic compounds. We have also provided here a way 
to quantify changes in canalicular bile flow generation and 
activity of canalicular transporters involved in this phe-
nomenon. Finally, we have reproduced and visualized in 
the SCRH model a main mechanism by which cholestatic 
compounds induce biliary secretory failure, i.e., the endo-
cytic internalization of canalicular transporters. There is an 
increasing demand for well-characterized and efficient in 
vitro models for studies of polarized hepatocellular trans-
port at a molecular level under both physiological and 
physiopathological conditions. With the methodological 
approach provided here, the SCRH model may become the 
method of choice for this purpose.
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