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Abstract 

 

Exploring the cell biology of hepatocytes in vitro could be a powerful strategy to dissect the molecular 

mechanisms underlying the structure and function of the liver in vivo. However, this approach relies 

on appropriate in vitro cell culture systems that can recapitulate the cell biological and metabolic 

features of the hepatocytes in the liver whilst being accessible to experimental manipulations. Here, 

we adapted protocols for high-resolution fluorescence microscopy and quantitative image analysis to 

compare two primary hepatocyte culture systems, monolayer and collagen sandwich, with respect to 

the distribution of two distinct populations of early endosomes (APPL1 and EEA1-positive), 

endocytic capacity, metabolic and signaling activities. In addition to the re-acquisition of 

hepatocellular polarity, primary hepatocytes grown in collagen sandwich but not in monolayer 

culture recapitulated the apico-basal distribution of EEA1 endosomes observed in liver tissue. We 

found that such distribution correlated with the organization of the actin cytoskeleton in vitro and, 

surprisingly, was dependent on the nutritional state in vivo. Hepatocytes in collagen sandwich also 

exhibited faster kinetics of low-density lipoprotein (LDL) and epidermal growth factor (EGF) 

internalization, showed improved insulin sensitivity and preserved their ability for glucose 

production, compared to hepatocytes in monolayer cultures. Although no in vitro culture system can 

reproduce the exquisite structural features of liver tissue, our data nevertheless highlight the ability 

of the collagen sandwich system to recapitulate key structural and functional properties of the 
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hepatocytes in the liver and, therefore, support the usage of this system to study aspects of 

hepatocellular biology in vitro.   

 

Abbreviation: 

AKT/PKB, protein kinase B; APPL1, adaptor protein, phosphotyrosine interaction, PH domain and 

leucine zipper containing 1; EEA1, early endosomal antigen 1; EGF, epidermal growth factor ; G6Pase, 

glucose-6-phosphatase ; LDL, low-density lipoprotein ; LDLR, LDL-Receptor; MRP2, multidrug 

resistance-associated protein 2; NAFLD, non-alcoholic fatty liver disease ; Pepck, 

Phosphoenolpyruvate-Carboxykinase; ZO-1, zona occuldens protein 1 

 

Keywords: Liver, primary hepatocyte cultures, endocytosis, metabolism, cell polarity 
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Introduction 

The liver performs a wide number of metabolic functions such as regulation of glucose and 

lipid metabolism, glycogen storage, plasma protein synthesis, detoxification and bile acid production, 

which are essential for maintaining whole body physiology. Dysfunction of these processes is 

associated with common human diseases, e.g. drug-induced liver diseases, cholestasis, type-2 

diabetes and non-alcoholic fatty liver disease (NAFLD)1-4. Type-2 diabetes and liver disease are 

amongst the 10 most common causes of death worldwide. Therefore, alterations of liver physiology 

have major consequences for general health.  

The central cells responsible for liver metabolic function are the hepatocytes. Hepatocytes are 

polarized cells, whose apical membranes collectively form a continuous network of bile canaliculi 

(BC) throughout the liver. Their basal membranes are in contact with the sinusoidal endothelial 

network where the blood flows. From the blood, hepatocytes take up nutrients, signaling molecules 

(e.g. hormones) and metabolites via a process called endocytosis. Endocytosis is an essential cellular 

function, not only for the uptake of nutrients but also for mediating signal transduction and metabolic 

processes5-8. Defects in endocytosis have severe pathological consequences at the organism level. For 

example, mutations causing dysfunctions in low-density lipoprotein (LDL) uptake in familiar 

hypercholesterolemia result in cardiovascular defects leading to heart attack9. In addition, 

endocytosis is mandatory for maintaining apical and basal membrane integrity. Junctional 

components and polarized cargo have to be sorted to the correct plasma membrane domain via 

specialized endocytic and recycling membrane trafficking pathways10. Defects in trafficking cause 

diseases in organs in which epithelial cell polarity is crucial, such as kidney, intestine and liver2,11. 

Loss of cell polarity in the liver results in a redistribution of apical bile acid transporters and the 

appearance of intracellular pseudocanaliculi2,12,13. This has severe pathological consequences leading 

to the development of various diseases, e.g., bile secretory failure (cholestasis). The impaired 

integrity of tight junctions causes an increased permeability between blood and bile14, resulting in 

liver damage15.  

Studying the molecular mechanisms responsible for hepatocyte polarity is therefore essential 

for the understanding of liver tissue structure and function. The understanding of such mechanisms 

has been pioneered by A. Hubbard and G. Palade, who described apical and basolateral trafficking 

pathways in the liver in vivo using subcellular fractionation techniques16-18. Progress was later 

enormously facilitated by the use of in vitro culture systems amenable to cell biological manipulation. 

For example, the vesicular trafficking pathways of hepatocytes have been explored due to the original 

work by Hubbard and colleagues on hepatic cell lines19. However, with very few exceptions20, the 
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conventional cell lines used to address this problem are either derived from various tumors and, thus 

not polarized, or do not recapitulate all in vivo functions of hepatocytes21. On the other hand, primary 

culture models that reconstitute cell polarity in vitro similar to hepatocytes in liver tissue in vivo are 

hard to develop and manipulate. When hepatocytes are grown conventionally as monolayers they fail 

to re-establish cell polarity and can preferable be used in the first 24 hours after isolation22-25. They 

exhibit a rapid loss of liver-specific functions26 and even revert their metabolic pattern to that of non-

polarized cells within 2 days27,28. Despite these limitations, the culture of hepatocytes as 2D 

monolayers is employed by many laboratories as the system of choice to investigate hepatocyte 

functions in vitro29,30. However, the loss of cell polarity questions the use of the 2D system for 

studying mechanisms that are relevant to the structure and function of hepatocytes as in the liver. An 

in vitro system should ideally recapitulate hepatocellular polarity, including the expression, 

endocytosis and intracellular transport of junctional components and apical transporters to the bile 

canalicular membrane while preserving metabolic and signaling functions. 

A well-established system that reproduces hepatocellular polarity is the “collagen sandwich”, 

where primary hepatocytes are cultured between two layers of collagen. Here, the cells are able to re-

establish cell polarity and maintain hepatic functions31-35. These properties depend on LKB1 

mediated activation of AMP-activated protein kinase (AMPK), which is necessary for BC network 

formation and maintenance36. Interestingly, these cellular features are associated with the 

modulation of metabolism specifically occurring in the collagen sandwich system. Activation of AMPK 

induces mitochondrial activity to switch from glycolysis to oxidative phosphorylation36. 

Concomitantly, the expression of metabolic genes is much increased in this system37. Nevertheless, 

how such as system compares with the 2D culture system and to what extent it recapitulates 

additional features of hepatocytes in vivo is unclear. What are the consequences of loss of cell polarity 

for hepatocyte function in vitro? Which culture method preserves the most native functional 

properties besides hepatocellular polarity of the hepatocytes in the liver and by which criteria? Here, 

we performed a cell biological characterization of the most commonly used culture methods of 

monolayer and collagen sandwich cultures. We focused on cell polarity, endosomal distribution and 

endocytosis, metabolic activity and signaling responses as diagnostic features of hepatocytes under 

physiological conditions.  

 

 

 

 



 5 

Material and Methods 

 

Animals 

All animal studies were conducted in accordance with German animal welfare legislation and 

in strict pathogen-free conditions in the animal facility of the Max Planck Institute of Molecular Cell 

Biology and Genetics, Dresden, Germany. Protocols were approved by the Institutional Animal 

Welfare Officer (Tierschutzbeauftragter), and necessary licenses were obtained from the regional 

Ethical Commission for Animal Experimentation of Dresden, Germany (Tierversuchskommission, 

Landesdirektion Dresden).  

 

Antibodies and Reagents 

Rabbit anti-EEA1 and rabbit anti-APPL1 were developed in the Zerial lab. Other rabbit 

polyclonal antibodies were as follows: anti-ZO1 from Invitrogen (Darmstadt, Germany), anti-AKT and 

phospho-AKT (Ser473) from Cell Signaling Technology (New England Biolabs GmbH Frankfurt/Main, 

Germany). Rat anti-CD13 was obtained from Novus Biologicals Europe (Cambridge, UK). Rabbit anti-

MRP2 was a generous gift from Bruno Stieger, University hospital Zuerich, Switzerland38. Secondary 

antibodies labeled with Alexa fluorophores and Alexa-488-phalloidin were purchased from 

Molecular Probes, Europe. Fluorescently labeled EGF was purchased from Invitrogen. LDL was 

purified from human serum and labeled as previously described39. All other chemical were from 

Sigma unless otherwise stated.  

 

RT-PCR 

Quantitative RT-PCR was carried out as described before12. The primers and reference genes 

used are listed in Table S1. 

 

Western Blots and Quantification 

For western blot analysis cell lysates were prepared from monolayer and sandwich cultures, 

lysates were sonicated for 2 min, rotated for 1 hour followed by a high-speed spin. From the 

supernatant 10/25 μg of total protein were run on SDS\PAGE gels, transferred to nitrocellulose 

membranes and incubated with various antibodies. Protein bands were detected using the ECL 

solution reaction and quantified with ImageJ as described in the method outlined at 

http://lukemiller.org/index.php/2010/11/-analyzing-gels-and-western-blots-with-image-j/.  
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Histology 

Methanol fixed and PFA-perfused liver sections were obtained as described before12. 

 

Hepatocyte isolation and culturing 

Primary hepatocytes were isolated from C57BL/6NHsd male mice via collagenase perfusion 

as described previously40. Cells were plated onto collagen (0.9 mg/ml) coated 24-well plates at 

200,000 cells/well in Williams E medium (PAN Biotech, Aidenbach, Germany), substituted with 10% 

FBS, 100 nM dexamethasone and penicillin/streptomycin and maintained at 37°C in an atmosphere 

with 5% CO2. After three to four hours of attachment, cultures were washed with phosphate buffer 

saline (PBS) and either coated with a second layer of collagen (0.6 mg/ml) to obtain a sandwich 

culture or maintained in medium for the length of the experiment. Medium was changed every day. 

For insulin stimulation, four days after plating, cells were starved in medium without serum for two 

hours and the incubated in starvation medium with 170 nM insulin for five to ten minutes. After the 

cells were harvested for western blot analysis. 

 

Immunofluorescence and LDL uptake assay in primary hepatocytes 

For immunofluorescence analysis of primary hepatocytes in sandwich culture cells were fixed 

in 4% paraformaldehyde at room temperature for 30 min, washed twice with PBS, permeabilized for 

one hour with 0.1% Triton X-100, washed and blocked in 10% horse serum for two hours. Holes 

were applied to the top layer collagen using fine aspiration to ensure better antibody penetration. 

Cells were incubated with primary antibodies at room temperature over night, washed for two hours 

in wash buffer (300 mM NaCl, 0.1% Tween, 10 nM Tris/HCl) with extensive exchanges of buffer. The 

secondary antibodies were incubated for five hours at 37�C in a humidified chamber. Thereafter cells 

were washed extensively and mounted onto glass slides using 0.1 g/ml Mowiol (Calbiochem).  

For immunofluorescence of monolayer cultures cells were fixed in 4% PFA for 15 min, 

washed with PBS, permeabilized for five min with 0.1% Triton X-100, washed and blocked in 10% 

horse serum for 10 min. Cells were incubated with primary and secondary antibodies at room 

temperature for 1 hour and 30 min, respectively. After, cells were mounted onto cover slips with 

Mowiol for imaging. 

LDL uptake experiments were performed as described before12. For EGF uptake kinetics, 

primary hepatocytes were starved for two hours prior to a555-EGF (200 ng/ml; continuous uptake) 

addition. Continuous EGF uptake was performed for various time points in full medium followed by a 



 7 

cold wash with PBS and fixation in 4% paraformaldehyde. Nuclei were stained with DAPI and cells 

were mounted as described above. 

Samples were analyzed using a Laser Scanning Confocal Microscope (Olympus Fluoview 1000, 

LMF facility, MPI-CBG, Dresden) equipped with an Olympus UPlanSApo 60x 1.35 Oil immersion 

objective at a resolution of app. 100 μm/pixel and 500 nm step size. Images were analyzed using 

Motion Tracking and Fiji software and adjusted for presentation by Adobe Photoshop. All 

experiments were repeated with similar results.  

 

Immunofluorescence quantification by Motion Tracking  

Quantitative multi-parametric image analysis was performed as described before12. 

 

Immunofluorescence quantification by Fiji 

The quantification of LDL receptor surface levels was obtained as described before12. 

 

Glucose secretion assay in primary hepatocytes 

 The glucose secretion assay from primary hepatocytes was adapted from Sakai et al.41. 

Primary hepatocytes five days post isolation were starved in phenol-free DMEM for over night 

containing 0.5% FBS, 5mM glucose, 4 mM glutamine. After the cells were washed twice with PBS at 

room temperature and stimulated with DMEM containing 4 mM glutamine, 2 mM pyruvate, 20 mM 

lactate plus/minus 100 nM glucagon for stimulation for 5 hours. Collected medium was centrifuged 

and glucose content measured using an Amplex Red glucose assay kit (Invitrogen). The remaining 

cells were lysed to measure protein content for well-based normalization. 

 

 

 

Results 

Hepatocyte sandwich system recapitulates polarized liver morphology  

The collagen sandwich culture of primary mouse hepatocytes has proven difficult for the 

immunohistochemistry analysis of small organelles, such as endosomes and for endocytic uptake 

assays, because the second layer of collagen acts like a barrier to antibody and cargo penetration. 

Therefore, to evaluate the subcellular localization of various endosomal markers and internalized 

ligands, we first had to optimize the culture conditions and protocols for confocal microscopy and 

quantitative image analysis, using software developed for the morphological analysis of cell and 
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tissue architecture from microscopy images42. As previously shown for rat hepatocytes, isolated 

primary mouse hepatocytes assemble into clusters when plated onto the surface of manually coated 

collagen coverslips (Fig.1A). After the initial phase of cell attachment (6 hours), hepatocytes were 

overlaid with the second layer of collagen to allow the membrane to re-polarize and form apical 

plasma membrane (Fig.1A, B and C). The apical surface is characterized by the high density of actin 

filaments, staining for the tight junction marker ZO1 (Fig.1B) and the transcytotic marker CD13 

(Fig.1C, 6 hour time point, white arrows). These patches grow between hepatocytes and expand 

laterally with time until they form a small bile canalicular network in vitro (Fig.1B and C, 20-35 hour 

time point)36. To follow the polarization process, cells were fixed at different periods of time after 

addition of the second layer of collagen and prepared for immunofluorescence staining. For this, we 

either gently removed the top layer of collagen via low-pressure suction or introduced small holes to 

facilitate the penetration of the antibodies (Fig.1A). In addition, softer top layers of collagen, longer 

antibody incubation times and extensive washes with detergent-containing buffers were essential to 

obtain reliable and specific antibody stainings (see Materials and Methods for detailed protocol).  

To ensure that the primary culture system recapitulates liver tissue morphology, we 

compared the hepatocytes in monolayer and collagen sandwich cultures in vitro with hepatocytes in 

vivo in liver tissue sections (Fig.2). We used a series of markers, including the junctional protein ZO-1, 

the transcytotic marker CD13 and an apical bile acid transporter MRP2 (also called canalicular multi-

specific organic anion transporter 1) to label the apical plasma membrane, phalloidin to decorate the 

actin filaments and two Rab5 effectors, APPL1 and EEA1, to label distinct early endosomal 

populations43. In the liver, the apical bile canalicular membrane is enriched in actin filaments and 

positive for the tight junction marker ZO-1, which is absent from the basolateral membrane (Fig.2A 

left panel and12). Similarly, CD13 and MRP2 were localized to the apical membrane (Fig.2B and C left 

panels). These features were recapitulated in the collagen sandwich culture system.  ZO-1, CD13 and 

MRP2 were all localized to the apical surface positioned between adjacent hepatocytes (Fig.2A, B 

and C middle panel and Fig.1B, C), reflecting the existence of functional polarized sorting 

machineries in this in vitro culture system as reported for rat hepatocytes36. In contrast, in monolayer 

cultures the actin cytoskeleton was spread throughout the cell cortex and stress fibers were 

frequently observed. ZO-1 was evenly distributed along the membrane (Fig.2A right panel), and 

CD13 and MRP2 were dispersed throughout the cells (Fig.2B, and C right panels), indicating that the 

cells were not polarized. Taken together, only the collagen sandwich system reproduces basic 

morphological features of hepatic cell polarity as in liver in vivo. 
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Polarized distribution of endosomal components in liver and collagen sandwich hepatocytes 

Maintenance of hepatocellular polarity requires distinct basal and apical endocytic and 

recycling transport routes intersecting specialized endosomal compartments10. The canonical marker 

of early endosomes EEA1 (early endosome antigen 1) is enriched in the somato-dendritic domain in 

hippocampal neurons and basolaterally in epithelial cells44. Intriguingly, EEA1 is distributed to both 

basolateral and sub-apical early endosomes in polarized hepatic WIF-B cells45. In order to determine 

the intracellular distribution of EEA1 we stained liver sections and in vitro primary cultures of 

hepatocytes (Fig.2D). We found EEA1 enriched in the perinuclear region but also underneath the 

apical membrane in liver in vivo and hepatocytes sandwich cultures in vitro (Fig.2D left and middle 

panel), consistent with previous observations45. These results suggest a potential function of EEA1-

positive early endosomes in the apical early endocytic pathway in hepatocytes. In monolayer cultures, 

however, EEA1 showed a disperse distribution throughout the cytosol (Fig.2D right panel). In 

contrast, the APPL1-positive early endosomes were distributed throughout the cytoplasm, showing 

no clear polarity both in liver sections and in in vitro cultures (Fig.2E).  

We next quantified the distribution of early endosomes in hepatocytes sandwich cultures as a 

function of the distance from the apical membrane labelled by ZO-1 (Fig. 3A, B, D) using the 

MotionTracking software42. In the sub-apical region of hepatocytes, the density of EEA1-positive 

endosomes increased by 70%, from 20 to 35 endosome/100 μm2 (Fig. 3C, red line). In contrast, 

APPL1 endosomes were evenly distributed (Fig. 3C, black line). Such a distribution was similar to 

that observed in peri-portal hepatocytes in vivo (Fig. 3E, F). Note that although APPL1-positive 

structures appeared to be enriched in the basal region, these structures most likely belong to the 

sinusoidal endothelial cells, which are not stained in the image.  

Interestingly, the polarized distribution of EEA1 endosomes was subjected to modulation by 

the actin cytoskeleton and metabolism. First, we found that the sub-apical enrichment of EEA1 

endosomes correlated with the apical enrichment of F-actin. Those hepatocytes that displayed an 

aberrant accumulation of actin stress fibers (mostly in the monolayer but often also in the sandwich 

culture) had lost the polarized distribution of EEA1 endosomes (Fig. 3D, compare cells with and 

without actin stress fibers). Second, such polarized distribution was not a permanent feature of 

hepatocytes because starvation of the animals for 12 hrs caused a dramatic redistribution of EEA1 

endosomes throughout the cytoplasm, which resembled that of APPL1 endosomes (Fig. 3G, H). This 

indicates that the metabolic state has profound effects on the intracellular distribution of the EEA1-

positive endosomal population.  
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Taken together these data indicate that the collagen sandwich culture but not the monolayer 

system recapitulates the intracellular distribution of early endosomal markers in hepatocytes as 

observed in liver tissue.  

 

Loss of polarity in monolayer cultures leads to reduced LDL and EGF endocytosis 

Hepatocytes in the liver are highly dependent on endocytic transport processes to mediate 

their metabolic functions8,12. Since the spatial distribution of early endosomes correlates with 

hepatocyte polarity in vitro and in vivo (see Fig.2 and 3), we tested whether also endocytosis was 

altered in non-polarized hepatocytes compared to cells grown in collagen sandwich. As a major task 

of the liver is the regulation of lipid metabolism and lipoprotein uptake, we investigated the uptake of 

LDL. Primary hepatocytes grown as monolayer or in the collagen sandwich were compared for their 

capacity to internalize LDL. Hepatocytes in collagen sandwich exhibited an efficient uptake of LDL 

over time (Fig.4A). Using our image analysis software we quantified the number of LDL-positive 

endosomes and found that they increased over time and stabilized after 30 min, indicating that the 

number of endosomes containing LDL saturated (Fig.4C), as expected. Strikingly, in monolayer 

cultures, both the vesicular intensity of LDL and number of LDL-positive endosomes were strongly 

reduced, indicating a much-reduced endocytosis of LDL (Fig.4A, C). The mRNA levels of LDLR were 

only slight decreased in monolayer cultures compared to the collagen sandwich system (Fig.5A), 

which could not account for the reduction in LDL endocytosis. Furthermore, the decrease in LDL 

internalization was not due to an altered expression of LDLR on the cell surface, as monolayer and 

sandwich cultures showed similar DiI-LDL binding (Fig.S1). 

 To test whether the culture conditions determine a general effect on endocytosis, we 

repeated the same internalization experiments with fluorescently labeled epidermal growth factor 

(EGF). As for LDL, the internalization of EGF into primary hepatocytes in collagen sandwich saturated 

after 30 min, as evidenced by their stabilized vesicular intensity and vesicle number (Fig.4B, D). 

Interestingly, monolayer cultures exhibited a reduction in the vesicular intensity of EGF, but less 

change in the number of EGF-positive vesicles. This suggests that EGF enters the hepatocytes more 

slowly in monolayer cultures than in the sandwich system but occupies all endosomes, whereas LDL 

enters with even slower kinetics and therefore the number of endosomes increases correspondingly 

more slowly. Altogether, these data strongly suggest that hepatocytes grown in collagen sandwich 

exhibit a more efficient uptake of LDL and EGF than when grown as monolayers. 

 

Hepatocytes in collagen sandwich remain glucagon sensitive and are able to perform gluconeogenesis 
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A recurrent problem with the monolayer culture of primary hepatocytes is the loss of key 

metabolic activities when grown conventionally26-28. Since hepatocytes grown in the collagen 

sandwich system seem to retain much of their physiological properties as in liver, they may also have 

improved metabolic functions, as suggested before37. A unique function of the liver is to maintain 

blood glucose homeostasis by inducing gluconeogenesis under fasting conditions. Therefore, we 

compared the monolayer and sandwich cultures for the expression of the rate-limiting genes 

involved in gluconeogenesis, glucose-6-phosphatase (G6Pase) and Phosphoenolpyruvate-

Carboxykinase (Pepck) (Fig.5A). Interestingly, G6Pase and Pepck levels were 5-fold higher in collagen 

sandwich compared to monolayer cultures. Since G6Pase and Pepck are major drivers of 

gluconeogenesis, we next investigated the response of the cultured hepatocytes to glucagon 

stimulation by performing gluconeogenesis in vitro. Hepatocytes starved overnight were incubated 

with 20mM pyruvate with or without 100nM glucagon for 5 hours and the production of glucose into 

the medium was measured. In line with an increase in G6Pase levels, hepatocytes in collagen 

sandwich cultures showed a 50% increase in glucose production in response to glucagon stimulation 

(Fig.5B). In contrast, hepatocytes grown in monolayer were glucagon insensitive (Fig.5B). These 

data show that only hepatocytes grown in the collagen sandwich system retained the ability to 

perform gluconeogenesis and further support the use of this culture method over the monolayer 

system for investigating liver-specific metabolic functions in vitro. 

 

Improved insulin sensitivity in sandwich culture hepatocytes 

Since metabolism is regulated by signaling pathways, we wondered whether changes in cell 

polarity can also correlate with signaling outcomes. The maintenance of glucose homeostasis is 

mediated by an interplay between glucagon and insulin signaling, where insulin is the predominant 

pathway46. Therefore, we measured the ability of primary hepatocytes grown as monolayers or 

collagen sandwich to respond to insulin stimulation by measuring insulin-induced AKT activation 

(phosphorylated, p-AKT) as direct readout for insulin receptor signaling. Hepatocytes in monolayer 

and sandwich culture were starved for 2 hours and stimulated with 170 nM insulin for 5 and 10 min 

(Fig.6A, B). Monolayer hepatocyte cultures exhibited a reduced ability to activate p-AKT (Ser473) in 

response to insulin stimulation compared to collagen sandwich cultures, demonstrating that proper 

insulin signaling correlates with cell polarity. Altogether, these data show an improvement of 

hepatocellular function in hepatocytes grown in collagen sandwich over monolayer culture, 

emphasizing the necessity of a cell-polarized system for studying liver biology in vitro.  
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Discussion 

In vitro culture systems amenable to dissecting the mechanisms of hepatocellular 

organization and function, as well as their dysfunction in disease are in rising demand. In this study, 

we performed a cell biological characterization and comparison of the most commonly used in vitro 

cultures of primary mouse hepatocytes, the collagen monolayer and sandwich cultures. Our aim was 

not to demonstrate that such in vitro systems can replace the study of liver in vivo, but to determine 

to what extent they are able to recapitulate fundamental properties of hepatocytes in their natural 

context. Out of the two systems analyzed, we found that the collagen sandwich is the only one that 

reproduces to a significant degree such a set of cellular properties. The hepatocytes cultured in 

collagen sandwich exhibit a polarized distribution of junctional components, apical proteins and 

endosomal markers. Maintenance of cell polarity was accompanied by fast internalization kinetics of 

two endosomal cargoes (LDL and EGF), and a correct spatial distribution of early endosomes 

compared to non-polarized monolayer cultures. Responsiveness to hormonal stimulation with 

insulin and glucagon was further preserved leading to enhanced signaling and metabolic activities. 

Altogether, our results encourage the use of the collagen sandwich over the monolayer system to 

study aspects of liver cell biology in vitro. 

Hepatocellular polarity is essential for liver structure and function. The apical surfaces of 

hepatocytes pair with their neighbors to form a three-dimensional bile canalicular network 

throughout the liver tissue42,47,48. It is therefore essential to recapitulate cell polarity in any in vitro 

culture system that aims at studying key cell biological properties of hepatocytes as in the liver. 

Especially the polarized distribution of liver bile acid transporters should be preserved, since mis-

targeting of these transporters leads to perturbation in bile acid metabolism, resulting in 

Cholestasis12,13. Our study shows a striking correlation between apico-basal polarity and other 

cellular functions such as endocytosis, endosome distribution, glucose metabolism and signaling. 

Loss of the integrity of the endo-lysosomal pathway has dramatic consequences for the sorting of 

apical transporters to the bile canaliculi12. This and the importance of Rab11a and the endosomal 

recycling machinery for proper localization of apical transporters49 underscore the necessity of the 

early endosomal system for cell polarity8,12. A new finding of our study is that two Rab5 effectors and 

early endosomal markers, APPL1- and EEA1, have a different spatial distribution in hepatocytes, with 

EEA1 being enriched in the sub-apical region and APPL1 more evenly distributed throughout the 

cells. These data support the idea that these two markers indeed label two distinct populations of 

early endosomes43. The accumulation of actin stress fibers negatively correlated with the sub-apical 

enrichment of EEA1 endosomes in vitro. This suggests that in vitro culture systems, which do not 
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support the proper organization of the actin cytoskeleton as in vivo, are not suitable to reproduce the 

organelle distribution under physiological conditions. This is probably one of the reasons why the 

monolayer system is less optimal to study endocytosis and endosomal distribution than the collagen 

sandwich system.  

The sub-apical localization of EEA1-positve early endosomes suggests a role of these 

compartments in polarized endocytic transport. The endosomal system is required for the transport 

of bile acid transporters to the apical surface12 and the EEA1 endosomes are the primary candidate 

compartments for such trafficking. This interpretation is supported by the observation that the 

subcellular distribution of EEA1 endosomes was also modulated by the metabolic state of the cells. It 

is know that after a meal, circulating bile acids are reabsorbed by the liver50 inducing an increase in 

the translocation but also endocytosis and recycling of apical bile acids transporters to the apical 

membrane51. This process may therefore require an activation of the secretory and endosomal 

machinery, manifested by the specific redistribution of the EEA1-positive early endosomes, but not 

APPL1 endosomes, toward the bile canalicular membrane. These results support the tight link 

between endocytosis and metabolism observed previously8.  

Another remarkable difference between hepatocytes in collagen sandwich vs. monolayer was 

the kinetics of LDL and EGF uptake and the intracellular distribution of early endosomes. Efficient 

endocytosis reflects the properties of the liver for fast LDL clearance from the blood. Reduced uptake 

of LDL is known to cause hypercholesterolemia9. The reduced uptake of LDL in monolayer cultures 

therefore reflects a pathological condition and, thus, could be exploited as a disease model. The 

reduction in EGF internalization suggests a general perturbation of endocytosis, which leads to 

broader alterations in nutrient availability, turnover of plasma membrane transporters and signaling 

receptor internalization and recycling. The internalization of signaling receptors and distribution in 

early endosomes regulates the amplitude and lifetime of the signaling response52. Given the severe 

reduction in endocytic uptake and perturbed endosomal distribution, it is not surprising that 

hepatocytes in monolayer cultures show impairment in signal transduction (pAKT). Caution should 

therefore be applied when using hepatocytes in monolayer cultures to study and interpret signaling 

processes in vitro.  

Nevertheless, although hepatocytes grown in collagen sandwich show many improvements in 

recapitulating the functional properties of the hepatocytes in the liver compared to monolayers, 

there are limitations as with any in vitro culture system. Hepatocytes in collagen sandwich become 

cholestatic over time, since they do preserve the expression and function of some bile acid 

transporters leading to a constant efflux of bile acid into the canalicular membrane leading to 
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junctional rupture53. In addition, BSEP (bile salt export pump) is downregulated in this culture 

leading to alterations in bile acid metabolism and cholestasis, limiting the usage of this system to 1-2 

weeks32,54. Despite such pathological signatures, the restoration of cell polarity in the collagen 

sandwich system makes this in vitro culture system suitable to study mechanisms of hepatocyte 

organization, trafficking, signaling and metabolism.  

The occurrence of cholestasis can be overcome by organoid cultures or spheres, where much 

less extracellular matrix is needed and where the cells are rather supported by a hollow fiber 

bioreactor55. In this bioreactor, cells respond with enhanced albumin and urea secretion, and 

improved metabolic activity compared to sandwich and monolayer cultures. Nevertheless, sandwich 

cultured hepatocytes still largely performed better also in this respect compared to monolayers, 

except for glucose production, which is in contrast to our analysis. One possible explanation is that 

the sandwich culture method used by Lu et al. employs a higher concentration of collagen I (1.5 

mg/ml) compared to our study (0.6 mg/ml), which produces a stiffer matrix known to negatively 

influence hepatocyte function56. In addition, primary hepatocytes require time (3-5 days) to fully 

polarize and develop metabolic functions in culture. Just 24 hours after plating, hepatocytes in 

sandwich culture fail to properly respond to insulin stimulation and are less suitable to study glucose 

metabolism57. Only after 5 to 6 days in collagen sandwich can hepatocytes recover insulin and 

glucagon sensitivity and be usable for glucose metabolism studies. 

The sandwich system proved useful for a cell biological characterization of hepatocytes8,12, 

something that is difficult in other in vitro systems, e.g. spheroid structures. We have defined a 

number of cellular features that can be used as diagnostic markers to assess the suitability of in vitro 

culture systems to recapitulate properties of the hepatocytes in vivo. In addition, the possibility to 

manipulate these polarized hepatocyte cultures by RNAi provides the necessary tools to ask 

mechanistic questions in liver cell biology8,12. In conclusion, our study supports the use of the 

sandwich culture of primary hepatocytes as a system that reproduces structural features as well as 

functional properties of the hepatocyte and thus liver biology. 

 

 

Conflict of interest statement: 

The authors declare no conflict of interest. 

Financial support statement: 

This work was financially supported by the Virtual Liver initiative (www.virtual-liver.de) funded by 

the German Federal Ministry of Research and Education (BMBF), the Max Planck Society (MPG) and 



 15 

the DFG. A.Z. was supported by a grant from Marie Curie Action, Intra-European Fellowship (fp7-

people-ief-2008). 

 

Authors’ contributions: 

M.Z. conceived and directed the project. A.Z. designed the experiments, established the primary 

culture, developed the staining procedures for the tissue sections, the endocytosis assays and 

staining protocols in primary hepatocytes in collagen sandwich. A.W. performed the endosomal 

stainings in starved and fed liver tissue sections. S.S. under the supervision of A.Z. performed the 

Western blot analysis and the hepatocyte isolation and primary culturing. G.M. under the supervision 

of Y.K. adapted the QMPIA for primary hepatocytes and liver tissue and performed the image analysis. 

M.Z. and A.Z. wrote the manuscript. 

 

Acknowledgements: 

We acknowledge H. Nonaka and M.P. McShane for discussions and comments on the manuscript. We 

thank W. John and A. Muench-Wuttke from the Biomedical Services Facility for mouse care and 

injections. We acknowledge J. Peychl for the management of the Light Microscopy Facility.  

 
 



 16 

References 

1 Beyoglu, D. & Idle, J. R. The metabolomic window into hepatobiliary disease. J Hepatol 59, 

842-858, doi:10.1016/j.jhep.2013.05.030 (2013). 

2 Gissen, P. & Arias, I. M. Structural and functional hepatocyte polarity and liver disease. J 
Hepatol 63, 1023-1037, doi:10.1016/j.jhep.2015.06.015 (2015). 

3 Sun, Z. & Lazar, M. A. Dissociating fatty liver and diabetes. Trends Endocrinol Metab 24, 4-12, 

doi:10.1016/j.tem.2012.09.005 (2013). 

4 Perry, R. J., Samuel, V. T., Petersen, K. F. & Shulman, G. I. The role of hepatic lipids in hepatic 

insulin resistance and type 2 diabetes. Nature 510, 84-91, doi:10.1038/nature13478 (2014). 

5 Sorkin, A. & von Zastrow, M. Endocytosis and signalling: intertwining molecular networks. 

Nature reviews. Molecular cell biology 10, 609-622, doi:10.1038/nrm2748 (2009). 

6 Antonescu, C. N., McGraw, T. E. & Klip, A. Reciprocal regulation of endocytosis and metabolism. 

Cold Spring Harbor perspectives in biology 6, a016964, doi:10.1101/cshperspect.a016964 

(2014). 

7 Settembre, C. et al. TFEB controls cellular lipid metabolism through a starvation-induced 

autoregulatory loop. Nature cell biology 15, 647-658, doi:10.1038/ncb2718 (2013). 

8 Zeigerer, A. et al. Regulation of liver metabolism by the endosomal GTPase Rab5. Cell Rep 11, 

884-892, doi:10.1016/j.celrep.2015.04.018 (2015). 

9 Goldstein, J. L. & Brown, M. S. A century of cholesterol and coronaries: from plaques to genes 

to statins. Cell 161, 161-172, doi:10.1016/j.cell.2015.01.036 (2015). 

10 Apodaca, G., Gallo, L. I. & Bryant, D. M. Role of membrane traffic in the generation of epithelial 

cell asymmetry. Nat Cell Biol 14, 1235-1243, doi:10.1038/ncb2635 (2012). 

11 Stein, M., Wandinger-Ness, A. & Roitbak, T. Altered trafficking and epithelial cell polarity in 

disease. Trends Cell Biol 12, 374-381 (2002). 

12 Zeigerer, A. et al. Rab5 is necessary for the biogenesis of the endolysosomal system in vivo. 

Nature 485, 465-470, doi:10.1038/nature11133 (2012). 

13 Wang, L. & Boyer, J. L. The maintenance and generation of membrane polarity in hepatocytes. 

Hepatology 39, 892-899, doi:10.1002/hep.20039 (2004). 

14 Rahner, C., Mitic, L. L. & Anderson, J. M. Heterogeneity in expression and subcellular 

localization of claudins 2, 3, 4, and 5 in the rat liver, pancreas, and gut. Gastroenterology 120, 

411-422 (2001). 

15 Koivisto, U. M., Hubbard, A. L. & Mellman, I. A novel cellular phenotype for familial 

hypercholesterolemia due to a defect in polarized targeting of LDL receptor. Cell 105, 575-

585 (2001). 

16 Saucan, L. & Palade, G. E. Membrane and secretory proteins are transported from the Golgi 

complex to the sinusoidal plasmalemma of hepatocytes by distinct vesicular carriers. J Cell 
Biol 125, 733-741 (1994). 

17 Bartles, J. R., Feracci, H. M., Stieger, B. & Hubbard, A. L. Biogenesis of the rat hepatocyte 

plasma membrane in vivo: comparison of the pathways taken by apical and basolateral 

proteins using subcellular fractionation. J Cell Biol 105, 1241-1251 (1987). 

18 Bartles, J. R. & Hubbard, A. L. Biogenesis of the rat hepatocyte plasma membrane. Methods 
Enzymol 191, 825-841 (1990). 

19 Ihrke, G. & Hubbard, A. L. Control of vesicle traffic in hepatocytes. Prog Liver Dis 13, 63-99 

(1995). 

20 Braiterman, L. T. a. H., A.L. in The Liver - Biology and Pathobiology Vol. 5th edition  (ed I. Arias) 

Ch. 6, 73-105 (Wiley-Blackwell, 2009). 

21 Decaens, C., Durand, M., Grosse, B. & Cassio, D. Which in vitro models could be best used to 

study hepatocyte polarity? Biology of the cell / under the auspices of the European Cell Biology 
Organization 100, 387-398, doi:10.1042/BC20070127 (2008). 



 17 

22 Grant, M. H., Melvin, M. A., Shaw, P., Melvin, W. T. & Burke, M. D. Studies on the maintenance of 

cytochromes P-450 and b5, monooxygenases and cytochrome reductases in primary cultures 

of rat hepatocytes. FEBS letters 190, 99-103 (1985). 

23 Godoy, P. et al. Recent advances in 2D and 3D in vitro systems using primary hepatocytes, 

alternative hepatocyte sources and non-parenchymal liver cells and their use in investigating 

mechanisms of hepatotoxicity, cell signaling and ADME. Arch Toxicol 87, 1315-1530, 

doi:10.1007/s00204-013-1078-5 (2013). 

24 Bissell, D. M. & Guzelian, P. S. Phenotypic stability of adult rat hepatocytes in primary 

monolayer culture. Ann N Y Acad Sci 349, 85-98 (1980). 

25 Meyer, C. et al. Hepatocyte fate upon TGF-beta challenge is determined by the matrix 

environment. Differentiation 89, 105-116, doi:10.1016/j.diff.2015.04.001 (2015). 

26 Brandon, E. F., Raap, C. D., Meijerman, I., Beijnen, J. H. & Schellens, J. H. An update on in vitro 

test methods in human hepatic drug biotransformation research: pros and cons. Toxicol Appl 
Pharmacol 189, 233-246 (2003). 

27 Bissell, D. M., Levine, G. A. & Bissell, M. J. Glucose metabolism by adult hepatocytes in primary 

culture and by cell lines from rat liver. Am J Physiol 234, C122-130 (1978). 

28 Yamada, S., Otto, P. S., Kennedy, D. L. & Whayne, T. F., Jr. The effects of dexamethasone on 

metabolic activity of hepatocytes in primary monolayer culture. In Vitro 16, 559-570 (1980). 

29 Lauer, B., Tuschl, G., Kling, M. & Mueller, S. O. Species-specific toxicity of diclofenac and 

troglitazone in primary human and rat hepatocytes. Chem Biol Interact 179, 17-24, 

doi:10.1016/j.cbi.2008.10.031 (2009). 

30 Dash, A. et al. Liver tissue engineering in the evaluation of drug safety. Expert Opin Drug 
Metab Toxicol 5, 1159-1174, doi:10.1517/17425250903160664 (2009). 

31 Tuschl, G. & Mueller, S. O. Effects of cell culture conditions on primary rat hepatocytes-cell 

morphology and differential gene expression. Toxicology 218, 205-215, 

doi:10.1016/j.tox.2005.10.017 (2006). 

32 Dunn, J. C., Yarmush, M. L., Koebe, H. G. & Tompkins, R. G. Hepatocyte function and 

extracellular matrix geometry: long-term culture in a sandwich configuration. FASEB J 3, 174-

177 (1989). 

33 LeCluyse, E. L., Audus, K. L. & Hochman, J. H. Formation of extensive canalicular networks by 

rat hepatocytes cultured in collagen-sandwich configuration. Am J Physiol 266, C1764-1774 

(1994). 

34 Musch, A. The unique polarity phenotype of hepatocytes. Exp Cell Res 328, 276-283, 

doi:10.1016/j.yexcr.2014.06.006 (2014). 

35 Godoy, P. et al. Gene network activity in cultivated primary hepatocytes is highly similar to 

diseased mammalian liver tissue. Arch Toxicol 90, 2513-2529, doi:10.1007/s00204-016-

1761-4 (2016). 

36 Fu, D., Wakabayashi, Y., Ido, Y., Lippincott-Schwartz, J. & Arias, I. M. Regulation of bile 

canalicular network formation and maintenance by AMP-activated protein kinase and LKB1. J 
Cell Sci 123, 3294-3302, doi:10.1242/jcs.068098 (2010). 

37 Toritsuka, N. et al. Well maintained expression of CYP genes in sandwich-culturing 

hepatocytes: quantitative analysis using real-time PCR method. Res Commun Mol Pathol 
Pharmacol 110, 311-318 (2001). 

38 Fickert, P. et al. Effects of ursodeoxycholic and cholic acid feeding on hepatocellular 

transporter expression in mouse liver. Gastroenterology 121, 170-183 (2001). 

39 Rink, J., Ghigo, E., Kalaidzidis, Y. & Zerial, M. Rab conversion as a mechanism of progression 

from early to late endosomes. Cell 122, 735-749, doi:10.1016/j.cell.2005.06.043 (2005). 

40 Zellmer, S. et al. Transcription factors ETF, E2F, and SP-1 are involved in cytokine-

independent proliferation of murine hepatocytes. Hepatology 52, 2127-2136, 

doi:10.1002/hep.23930 (2010). 



 18 

41 Sakai, M. et al. CITED2 links hormonal signaling to PGC-1alpha acetylation in the regulation of 

gluconeogenesis. Nat Med 18, 612-617, doi:10.1038/nm.2691 (2012). 

42 Morales-Navarrete, H. et al. A versatile pipeline for the multi-scale digital reconstruction and 

quantitative analysis of 3D tissue architecture. Elife 4, doi:10.7554/eLife.11214 (2015). 

43 Kalaidzidis, I. et al. APPL endosomes are not obligatory endocytic intermediates but act as 

stable cargo-sorting compartments. J Cell Biol 211, 123-144, doi:10.1083/jcb.201311117 

(2015). 

44 Wilson, J. M. et al. EEA1, a tethering protein of the early sorting endosome, shows a polarized 

distribution in hippocampal neurons, epithelial cells, and fibroblasts. Mol Biol Cell 11, 2657-

2671 (2000). 

45 Tuma, P. L., Nyasae, L. K., Backer, J. M. & Hubbard, A. L. Vps34p differentially regulates 

endocytosis from the apical and basolateral domains in polarized hepatic cells. The Journal of 
cell biology 154, 1197-1208, doi:10.1083/jcb.200105138 (2001). 

46 Puigserver, P. et al. Insulin-regulated hepatic gluconeogenesis through FOXO1-PGC-1alpha 

interaction. Nature 423, 550-555, doi:10.1038/nature01667 (2003). 

47 Hubbard, A. L., Barr, V. A. & Scott, L. J. in The Liver: Biology and Pathobiology   (ed I.M. Arias, 

Boyer, J.L., Fausto, N., Schachter, D. and Shafritz, D.A.)  pp. 189–214 (Raven Press, 1994). 

48 McNiven, M. A., Wolkoff, A. W. & Hubbard, A. A stimulus needed for the study of membrane 

traffic in hepatocytes. Hepatology 50, 345-348, doi:10.1002/hep.23004 (2009). 

49 Wakabayashi, Y., Dutt, P., Lippincott-Schwartz, J. & Arias, I. M. Rab11a and myosin Vb are 

required for bile canalicular formation in WIF-B9 cells. Proceedings of the National Academy 
of Sciences of the United States of America 102, 15087-15092, doi:10.1073/pnas.0503702102 

(2005). 

50 Dawson, P. A. Role of the intestinal bile acid transporters in bile acid and drug disposition. 

Handb Exp Pharmacol, 169-203, doi:10.1007/978-3-642-14541-4_4 (2011). 

51 Wakabayashi, Y., Kipp, H. & Arias, I. M. Transporters on demand: intracellular reservoirs and 

cycling of bile canalicular ABC transporters. The Journal of biological chemistry 281, 27669-

27673, doi:10.1074/jbc.R600013200 (2006). 

52 Villasenor, R., Nonaka, H., Del Conte-Zerial, P., Kalaidzidis, Y. & Zerial, M. Regulation of EGFR 

signal transduction by analogue-to-digital conversion in endosomes. Elife 4, 

doi:10.7554/eLife.06156 (2015). 

53 Turncliff, R. Z., Tian, X. & Brouwer, K. L. Effect of culture conditions on the expression and 

function of Bsep, Mrp2, and Mdr1a/b in sandwich-cultured rat hepatocytes. Biochem 
Pharmacol 71, 1520-1529, doi:10.1016/j.bcp.2006.02.004 (2006). 

54 Swift, B., Pfeifer, N. D. & Brouwer, K. L. Sandwich-cultured hepatocytes: an in vitro model to 

evaluate hepatobiliary transporter-based drug interactions and hepatotoxicity. Drug Metab 
Rev 42, 446-471, doi:10.3109/03602530903491881 (2010). 

55 Lu, Y. et al. A novel 3D liver organoid system for elucidation of hepatic glucose metabolism. 

Biotechnol Bioeng 109, 595-604, doi:10.1002/bit.23349 (2012). 

56 Wells, R. G. The role of matrix stiffness in regulating cell behavior. Hepatology 47, 1394-1400, 

doi:10.1002/hep.22193 (2008). 

57 Hansson, P. K., Asztely, A. K., Clapham, J. C. & Schreyer, S. A. Glucose and fatty acid metabolism 

in McA-RH7777 hepatoma cells vs. rat primary hepatocytes: responsiveness to nutrient 

availability. Biochim Biophys Acta 1684, 54-62, doi:10.1016/j.bbalip.2004.06.005 (2004). 

 

  



 19 

Figure legends 

Fig.1: Development of cell polarity in collagen sandwich hepatocytes. (A) Schemata of the culturing 

method for primary mouse hepatocytes in collagen sandwich. Cells are plated onto a manually coated 

coverslip in 24-wells after isolation. Following an app. Three to four hour attachment the cells are 

overlaid with a second layer of collagen to allow polarity re-establishment. Application for 

immunofluorescence is achieved by a soft peeling of the top layer of collagen at indicated times. (B, 

C) Time course of polarity establishment in cultures stained for actin using 488-phalloidin and the 

tight junction marker ZO1 (B) and the transcytotic marker CD13 (C). Scale bar = 20μm. 

 

Fig.2: Polarized distribution of junctional components and endosomal proteins in liver in vivo and 

collagen sandwich hepatocytes in vitro. Representative confocal microscopy images of liver sections 

and primary hepatocytes in monolayer and sandwich configuration five days post-isolation stained 

with alexa-488 phalloidin (actin), Dapi and ZO1 (A), CD13 (B), MRP2 (C), EEA1 (D) and APPL1 (E) in 

red. Scale bar = 20μm.  

 

Fig.3: Polarized distribution of EEA1 endosomes is sensitive to actin cytoskeleton rearrangements and 

metabolism. (A, B) Representative confocal microscopy images of EEA1 and APPL1 endosomes in 

primary hepatocyte sandwich system and quantification of their intracellular distribution with 

QMPIA (C) (mean±SEM). Apical localization of EEA1 in vitro was disturbed in stressed cells evidenced 

by actin stress fibers (D, white arrow). Representative confocal microscopy images of liver sections 

stained for EEA1 (E, G) and APPL1 (F, H) under fed (E, F) or after 12 hrs fasting (G, H). White arrows 

point at the apical distribution of EEA1 under fed condition. Scale bar = 20μm. 

 

Fig.4: Sandwich culture hepatocytes exhibit a fast internalization of LDL. (A, B) Representative 

confocal microscopy images of monolayer and sandwich cultured hepatocytes after 60 min of DiI-LDL 

(~2.5 μg/ml; continuous uptake) (A) and fluorescently-labeled EGF (~200 ng/ml; continuous 

uptake) (B) internalization and their fluorescence quantification by QMPIA in (C, D). Key parameters 

are presented. (mean±SEM) 

 

Fig.5: Maintenance of glucose production in sandwich cultured hepatocytes. (A) Relative mRNA 

expression normalized to three housekeeping genes of LDLR, G6Pase, and Pepck1 from monolayer 

and sandwich grown hepatocytes five days post isolation (representative experiment shown). (B) 

Glucagon (100 nM) -induced glucose production from monolayer and sandwich hepatocytes. 
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Fig.6: Improved insulin sensitivity in sandwich cultured hepatocytes. (A) Western blots of p- and t-AKT 

following 170nM insulin stimulation for 5 and 10 min in monolayer and sandwich cultures and 

quantification thereof (B). Scale bar = 20μm, (mean±SEM). 
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