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Assayy for the isolation of hepatogenic factors 

Keyy molecules in hepatocyte formation and liver morphogenesis 

1.. Introduction 
Duringg embryonic development, pluripotent cells from the endoderm layer 

aree directed toward specific cell lineages, leading to the formation of highly 
specializedd organs, such as liver, lung, and pancreas. In case of liver, 
hepatocytee specification and maturation is the result of a tissue interaction 
betweenn pre-hepatic endoderm and adjacent cardiac mesoderm and, 
subsequently,, the mesenchyme of the septum transversum. During these 
interactions,, molecules regulating hepatogenesis ("hepatogenic factors") are 
presentedd to the endoderm by the mesoderm (1,2). In rat, the inductive potential 
off  the mesoderm (hepatogenic activity) is highest until embryonic day (ED) 12 
andd subsequently fades to background level, reached at ED 15 (3). 

Ourr laboratory is interested in isolating the molecules involved in 
hepatocytee formation and maturation. Their identification, in combination with 
ann analysis of their spatio-temporal expression pattern during embryonic 
development,, will provide insight in the molecular pathways underlying liver 
formationn and regeneration and possibly organ formation in general. The 
techniquee we developed for isolating the hepatogenic factors involves the 
followingg components: a representative cDNA expression library prepared 
fromm the inductive tissue, a mammalian expression system for in vitro 
productionn of the proteins encoded by the library, and a responder tissue for 
identificationn of cDNA clones encoding the inducing molecules. Our method 
requiress the preparation of only a single cDNA library, provides a 
comprehensivee way to study all cDNA clones present in this library for their 
biologicall  activity, and yields full-length cDNA clones suited for immediate 
furtherr study. In more detail, four methodological key steps can be 
distinguishedd (Fig. 1). First: Construction of a full-length cDNA library (4), 
uni-directionallyy cloned into an eukaryotic expression vector and representative 
forr the inducing tissue, in this case hearts from ED 12 rats (see Notes 1 and 14). 
Selectionn of an expression vector containing the SV40 origin of replication, 
suchh as pcDNA3 (InVitrogen, Carlsbad, CA, USA), provides the possibility to 
inducee replication of the plasmid and, hence, to enhance the level of expression 
off  the inserted cDNA (see step three). Second: Setup of a system for in vitro 
culturee of the responder tissue or an analog, such as a pluripotent cell line. 
Becausee primary undifferentiated endoderm could not be obtained in sufficient 
quantities,, and a pluripotent endodermal cell line that can differentiate into 
hepatocytess is not available, de-differentiated ED 15 rat hepatocytes were used. 
Thesee cells no longer express hepatocyte-specific genes such as glutamate 
dehydrogenasee (GDH) and have a fibroblast-like appearance (5). Therefore, 
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Fig.. 1. Schematic representation of the strategy followed to isolate hepatogenic factors: 
moleculess involved in the formation of hepatocytes from pluripotent endoderm. A cDNA 
expressionn library, derived from ED12 rat hearts, is transfected into COS-1 cells. Some of the 
cDNA-encodedd proteins are presented to primary de-differentiated ED 15 rat hepatocytes 
followingg co-cultivation. In case of a hepatogenic factor, the de-differentiated cell 
re-differentiatess and start (re-)expressing hepatocyte differentiation markers, such as 
carbamoylphosphatee synthetase (CPS). Both CPS-positive cells, identified via 
immunohistochemistry,, and surrounding COS-1 cells are harvested and cDNA constructs are 
recovered. . 

de-differentiatedd hepatocytes may be regarded as an intermediate cell-type 
betweenn undifferentiated endoderm and embryonic hepatocytes, primed for 
differentiation.. Third: Identification of cDNA clones encoding the inductive 
biologicall  property via a functional assay employing the co-cultivation of two 
differentt cell types. One is a mammalian cell line transfected with the cDNA 
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expressionn library (6), thus serving as producer cells. If a large T-antigen-
expressingg cell line like COS-1 is selected, then this will result, in combination 
withh a transfected plasmid carrying the SV40 origin of replication, in high 
replicationn of the plasmid and therefore in a high level of protein expression 
(7).(7). The other cells are the natural responder tissue or an analog, in our case 
de-differentiatedd hepatocytes. During co-cultivation, the transfected cDNA 
constructss are expressed by the COS-1 cells, and some of the encoded proteins 
wil ll  be presented to the de-differentiated hepatocytes. After 36-48 h of 
culturing,, the mixed cell population is screened, by means of 
immunohistochemistry,, for the (re-)expression of a hepatocyte differentiation 
marker,, in our case carbamoylphosphate synthetase (CPS), the first enzyme of 
thee ornithine cycle. The reason CPS is used is two-fold: First, CPS is not 
detectablee before ED 15 in rat hepatocytes and only starts accumulating 
thereafterr (8). This provides an excellent possibility for monitoring hepatocyte 
differentiation.. Second, CPS can be induced in primary cultures of ED 14 rat 
hepatocytess by hormonal stimulation (8). CPS therefore represents a composite 
and,, hence, sensitive parameter for complete hepatocyte de-differentiation. In 
alll  experiments (>20), control cultures of de-differentiated hepatocytes under 
hormonall  stimulation failed to express CPS, showing the loss of this 
characteristicc behaviour (see Note 14). A positive hepatocyte in the co-culture 
indicatess that the adjacent transfected COS-1 cell produces the inductive 
moleculee of interest (5). Fourth: Isolation of the cDNA clones of interest. 
Positivee responder cells and surrounding COS-1 cells are harvested and cDNA 
constructss are isolated (9). This initially yields an enriched cDNA library and 
eventuallyy leads, after several rounds, to purification of the construct of 
interest. . 

Thiss chapter provides a quick method for identifying and isolating cDNA 
cloness encoding a protein with known biological transacting function from an 
eukaryoticc cDNA expression library. In this particular case, the identification of 
moleculess involved in the development of hepatocytes from pluripotent 
endodermall  cells is described, but the method should also be applicable for the 
isolationn of other molecules involved in cell lineage determination and cell 
maturation,, either via direct tissue interactions or paracrine pathways. 

2.. Materials 

2.1.. Hepatocyte isolation and de-differentiation 
1.. Dulbecco's Modified Eagle's Medium:Ham's Nutrient Mixture F12 (1:1) 

(DMEM/F12,, with L-Glutamine and 15 mM HEPES, without sodium 
bicarbonate;; Gibco-BRL, Solana Beach, CA, USA) with antibiotics. 
Dissolvee powder medium in 90% of final required volume deionized 
double-distilledd water (NPBI, Emmer-Compascuum, The Netherlands) at 
roomm temperature (RT). Dissolve per liter 1.125 g NaHC03 (Merck, 
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Darmstadt,, Germany). Adjust pH with 1 M NaOH or 1 M HC1 to 0.2 below 
thee desired final working pH (7.4), as the pH rises with filtration. Add per 
literr medium 10 mL penicillin/streptomycin solution (10,000 U penicillin 
andd 10 mg streptomycin/mL) (Gibco-BRL) and 0.1 g kanamycin sulfate 
(Gibco-BRL).. Adjust to final volume with deionized double-distilled water 
(NPBI).. Sterilize by filtration through a 0.2-um acrocapfllter (Gelman 
Sciencee Inc., Ann Arbor, MI, USA). Dispense into sterile containers and 
storee in the dark at 4°C (2 - 4 wk) or at -20°C (long term storage). 

2.. Digestion solution: DMEM/F12 (Gibco-BRL) containing 0.25% trypsin 
(Gibco-BRL)) and 1 mM ethylene glycol-bis(6-aminoethyl ether)N,N,N',N'-
tetraaceticc acid (EGTA; Merck). Store in 1 mL aliquots at -20°C. 

3.. Fetal bovine serum (FCS; Gibco-BRL). 
4.. Deoxyribonuclease I (DNase I; from bovine pancreas Grade II; Boehringer-

Mannheim,, Mannheim, Germany). 
5.. Rat-tail collagen I (Becton Dickinson, Franklin Lakes, NJ, USA). 
6.. Phosphate-buffered saline (PBS), pH 7.4: Add 0.5 M NaH2P04 (Merck) to 

0.55 M Na2HP04 (Merck) until pH reaches 7.4. Dilute 5X with double-
distilledd water and add 87.5 g NaCl per liter. This gives a 10X PBS stock 
solution.. Dilute 10X with double-distilled water before use. Store at 4°C. 

7.. Trypsinization solution: DMEM/F12 (Gibco-BRL) containing 
0.25%% trypsin (Gibco-BRL) and 1 mM EGTA (Merck). Prepare fresh by 
dilutingg a 1-mL aliquot of 2.5% trypsin 10X with DMEM/F12 containing 
1.11 mMEGTA. 

2.2.. COS-1 cell transfection and co-cultivation 
1.. DMEM/F12 (see section 2.1.). 
2.. FCS (see section 2.1.). 
3.. PBS (see section 2.1.). 
4.. Trypsinization solution (see section 2.1.). 
5.. "Cytomix" (10): Prepare the following stock solutions in deionized double-

distilledd water (NPBI): A, 2.4 M KC1 (Merck); 5, 30 mM CaCl2 (Merck); 
C,C, a mixture of 200 mM K2HP04 (Merck) and 200 mM KH2P04 (Merck) at 
aa ratio yielding pH 7.6; D, 0.5 M N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonicc acid (HEPES; Sigma, St. Louis, MO) set to pH 7.6 with 5 M KOH; 
E,E, 80 mM EGTA (Merck) set to pH 7.6 with 5 M KOH; F, 100 mM MgCl2 

(Merck).. Mix to prepare 2X cytomix: 10 mL A, 1 mL 5, 10 mL C, 
100 mL D, 5 mL £,10 mL F and 54 mL deionized double-distilled water. 
Storee at 4°C for up to 4 wk. Shortly before use add 3 mg glutathione 
(reducedd form, Merck) per mL 2X cytomix. 

6.. Glutathione (reduced form, Merck). 
7.. Deionized double-distilled water (NPBI). 
8.. Dibutyryl-A-3,5-MP, cyclic (cyclic AMP; Boehringer-Mannheim). 
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9.. Dexamethasone (cell culture tested; Sigma). Prepare a 20,000X stock 
solutionn in ethanol {see Note 14) and store at 4°C in the dark. 

10.. 3-isobutyl-l-methylxanthine (IBMX; Sigma). Prepare a 100X stock 
solutionn in DMEM/F12 {see Note 14) and store at 4°C in the dark. 

2.3.. Detection of specific gene products 

2.3.1.. Immunohistochemistry on cultured cells 
1.. PBS {see section 2.1.). 
2.. Fixation solution: 40% methanol (Merck), 40% acetone (Merck), 

20%% double-distilled water. Chill on ice before use. 
3.. Dehydration solutions: double-distilled water:ethanol (Merck) series of 

compositionn 70:30, 50:50, and 30:70, respectively. 
4.. Hydrogen peroxide (30%; Merck). Prepare fresh 0.3% and 2% hydrogen 

peroxidee in 70% ethanol. 
5.. TENG-T: 100 mM Tris-HCl (Gibco-BRL), pH 8.0, 50 mM ethylene-

diaminetetraaceticc acid (EDTA; Merck), 1.5 M NaCl (Merck), 2.5% gelatin 
(Merck),, 0.5% polyoxyethylene sorbitan monolaurate (Tween-20; Merck). 
Thiss gives a 10X TENG-T stock solution. To prepare a IX solution, melt 
thee mixture in a waterbath at 60°C, homogenize, dilute 10X with double-
distilledd water and set pH to 8.0 with HC1 or NaOH. Store at 4°C. 

6.. Primary antibody directed against gene product of interest. 
7.. Rabbit-peroxidase-anti-peroxidase conjugated antibody directed against the 

finall  antibody on the specimen (R-PAP; Nordic, Tilburg, The Netherlands) 
{see{see Note 20). 

8.. Peroxidase reaction buffer: add 17 mL of a 0.2 M solution of acetic acid 
(HAc;; Merck) in double-distilled water to 33 mL of a 0.2 M solution of 
NaAcc (Merck) in double-distilled water. This yields a 2X HAc buffer 
pHH 4.9. Dilute 25 mL 2X HAc buffer with 25 mL double-distilled water 
andd add 25 mg 3-amino-9-ethyl-carbazole (AEC; Sigma) dissolved in 
2.55 mL N,N'-dimethyl formamide (Merck). Mix, filter immediately, and 
addd H202 (Merck) to a final concentration of 0.1%. Prepare fresh. Buffer 
shouldd be slightly orange after filtration. Use fumehood when working with 
dimethyll  formamide (volatile, toxic) and avoid direct contact with AEC 
(carcinogenic)) and H202. 

2.3.2.. In situ hybridization on cultured cells 
1.. Rat-tail collagen I {see section 2.1.). 
2.. PBS {see section 2.1.). 
3.. Formaldehyde fixative: 4% formaldehyde (Merck) in IX PBS, pH 7.5. 

Preparee fresh. Keep at 4°C until use. 
4.. Dehydration solutions: double-distilled watenethanol (Merck) series of 

compositionn 65:35, 50:50, 30:70,4:96 and 0:100, respectively. 
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5.. 0.2 M HC1 (Lamers en Pleuger, Den Bosch, The Netherlands). 
6.. Permeabilization solution: 2X SSC, pH 7.0. (IX SSC: 150 mM NaCl 

(Merck),, 15 mM sodium citrate (Merck)). 
7.. Pepsin solution: 0.1% pepsin (800-2500 U/mg; Sigma) in 0.01 M HC1. 

Preparee a 10% pepsin stock solution in sterile double-distilled water and 
incubatee for 2 h at 37°C. Aliquots stored at -20°C are stable for at least one 
year.. Working solutions, prepared from aliquots, should be incubated for 
ann additional 45 min at 37°C and used within 3 h. 

8.. 0.2% glycine (Brunschwig, Amsterdam, The Netherlands) in PBS. 
9.. 10 mM EDTA (Merck), pH 8.0. Set pH to 8.0 with NaOH. 
10.. 10 mM Dithiotreitol (DTT; Merck). Store in aliquots at -20°C and keep on 

icee prior to use. Aliquots may be freeze-thawed for 5X at maximum. 
11.. Herring testes DNA (Sigma). Dissolve in double-distilled water at 

lOmg/mLL by stirring overnight at 4°C. Adjust NaCl concentration to 
0.11 M, extract IX with phenol (Biosolve, Amsterdam, The Netherlands) 
andd IX with phenol:chloroform (Merck):isoamylalcohol (Merck) of 
compositionn 25:24:1, respectively. Recover aqueous phase and shear DNA 
byy passing 12X rapidly through a 17-gage hypodermic needle. Precipitate 
withh 2 vol 96% ethanol, collect by centrifugation, dry, dissolve in double-
distilledd water at 10 mg/mL, boil for 10 min, chill on ice, aliquot, and store 
att -20°C. 

12.. Hybridization solution: 50% formamide (deionized; Merck), 10% dextran 
sulfatee (Pharmacia, Piscataway, NJ, USA), 2X SSC, 2X Denhardt's solution 
(IXX Denhardt's: 0.02% bovine serum albumin (BSA, fraction V; Sigma), 
0.02%% polyvinylpyrrolidone (Sigma), 0.02% Ficoll 400 (Pharmacia)), 
0.1%% Triton X-100 (Merck), 10 mM DTT (Merck), 200 ng/uL herring 
testess DNA (Sigma) and labeled cRNA probe at a concentration of 
2-44 x 104 cpm/uL. Herring testes DNA and cRNA probe must be heated for 
55 min at 100°C and 3 min at 80°C, respectively, and quickly chilled on ice 
beforee adding to the hybridization solution. 

13.. 35S-labeled ([a-35S]-UTP; lOOOCi/mmol; Amersham, Piscataway, NJ, 
USA)) cRNA probe for gene product of interest, prepared according to 
standardd in vitro transcription protocols (e.g., see ref. 11). The probe 
shouldd be of high specific activity (indication for a single-labeled probe: 
1.677 x 109cpm/ug). 

14.. Wash solution 1: 50% formamide (deionized; Merck), IX SSC. 
15.. Wash solution 2: IX SSC. 
16.. Wash solution 3:0. IX SSC. 
17.. RNase buffer: 10 mM Tris-HCl (Gibco-BRL), pH 8.0, 5 mM EDTA 

(Merck),, 0.5 M NaCl (Merck). 
18.. Ribonuclease A (RNase A; Boehringer-Mannheim). To prepare DNase free 

RNasee A, dissolve RNase A at 10 mg/mL in 10 mM Tris-HCl, pH 7.5, 
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15mMM NaCl, and heat for 15 min at 100°C Equilibrate slowly to RT, 
aliquot,, and store at -20°C. 

19.. 0.3 M ammonium acetate (Merck). 
20.. Ilford Nuclear Research Emulsion G-5 (Ilford, Leiden, The Netherlands). 

Storee at 4°C, protected from radiation and light. 
21.. 2% glycerol (Brunschwig) in double-distilled water. 
22.. Developing solution: Dissolve 1.13 g of 4-hydroxy 1,3-phenylenedi-

ammonium-dichloridee (Amidol; Fluka, Zwijndrecht, The Netherlands) and 
4.55 g NajSĈ  (Merck) in 250 mL double-distilled water, filter, and add 
22 mL 10% KBr (Merck). Prepare fresh just prior to use. 

23.. Fixation solution: 30% Na2S203.5H20 (Merck) in double-distilled water. 

2.4.. Plasmid recovery from immunohistochemically stained cells 
1.. Lysis buffer: 100 mM NaCl (Merck), 10 mM Tris-HCl (Gibco-BRL), 

pHH 8.0, 25 mM EDTA (Merck), 0.5% sodium dodecylsulfate (SDS; USB, 
Cleveland,, OH), 100 ug/mL proteinase K (fungal; Gibco-BRL). Add 
proteinasee K shortly before use. 

2.. Herring testes DNA (Sigma). 
3.. DNA purification: phenol (Biosolve):chloroform (Merck):isoamylalcohol 

(Merck)) of composition 25:24:1, respectively. Avoid direct contact with 
phenoll  and work in fumehood. 

4.. TE: 10 mM Tris-HCl (Gibco-BRL), pH 8.0, 1 mM EDTA (Merck), pH 8.0. 
5.. 3 M NaAc (Merck). Set pH to 5.2 with glacial acetic acid (HAc; Merck). 
6.. Glycogen (from muscle; Boehringer-Mannheim). 

3.. Methods 

3.1.. Hepatocyte isolation and de-differentiation 
Ratt embryos of desired age are harvested from pregnant rats as follows. 

Sacrificee rats by decapitation under C02 anesthesia. Isolate embryos, with 
surroundingg membranes, by cutting the antimesometrical wall of the uterus 
withh blunt scissors and transfer to DMEM/F12 in a Petri dish at RT. Release the 
embryoss from the membranes and decapitate immediately with a scalpel. 
Extractt the liver under the dissecting microscope, cut into small pieces (2 mm3) 
andd transfer to a 2-mL Eppendorf tube on ice containing 1 mL digestion 
solutionn {see Note 2). Incubate at 37°C in a waterbath for 15-20 min. Triturate 
10-15XX with a Pasteur pipet and incubate for an additional 10 min. Swirl every 
55 min during incubation {see Note 3). Add 100 uL fetal bovine serum (FCS) 
andd 100 uL 0.1% DNase I in DMEM/F12 and triturate as above {see Note 4). 
Transferr the suspension to a tube containing 9 mL DMEM/F12 with 10% FCS 
andd 0.002% DNase I at RT. Collect cells by centrifugation for 7 min, 100 x g at 
RTT (100 x g corresponds to 480 rpm in a Jouan GR 4.11 centrifuge). Resuspend 
cellss in 10 mL DMEM/F12 with 10% FCS at RT and filter the suspension 
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throughh a double-layered nylon mesh (pore size 50-100 urn) to remove large 
debris.. Collect cells as above. Resuspend cells in DMEM/F12 with 10% FCS at 
RTT and seed the cells in rat-tail collagen I-coated 6-well culture plates (Nunc, 
Wiesbaden-Biebrich,, Germany) at appropriate density (day 1) (see Notes 5 and 
6).. Incubate overnight at 37°C, 5% C02-95% air, 90% relative humidity, and 
replacee the culture medium by fresh, pre-warmed (37°C) DMEM/F12 with 
10%% FCS. Passage cells at day 3 as follows: wash IX with PBS (37°C), IX 
withh trypsinization solution (RT), and incubate at 37°C, 5% C02-95% air, 
90%% relative humidity. Monitor cell detachment under the microscope at 
regularr intervals, (3-5 min). Harvest cells in 10 mL DMEM/F12 with 10% FCS 
att RT and collect by centrifugation for 7 min, 100 x g at RT. Seed and culture 
cellss as above. Wash cells at day 5, passage at day 6, wash at day 7, and harvest 
att day 8 for co-cultivation (see Note 7). 

3.2.. COS-1 cell transfection and co-cultivation 
Culturee COS-1 cells in DMEM/F12 with 10% FCS at 37°C, 5% C02-

95%% air, 90% relative humidity, until subconfluent (approximately 3-4 x 106 

cellss in a 80 cm2 tissue-culture flask (Nunc)) (see Note 8). Wash the cells IX 
withh 4.5 mL PBS (37°C), IX with 1.5 mL trypsinization solution at RT, and 
incubatee at 37°C, 5% C02-95% air, 90% relative humidity until cell 
detachment.. Collect cells in 10 mL DMEM/F12 with 10% FCS at RT. Swirl 
andd load a sample into a cell-counting chamber. Collect cells by centrifugation 
forr 7 min, 100 x g at RT; meanwhile, count cells. Resuspend cell pellet in 
100 mL PBS at RT and collect cells as above. Resuspend cells in 2X "cytomix", 
containingg 3 mg per mL glutathione, at a density of 3.5 x 106 cells per 250 uL 
(see(see Notes 9 and 10). Add cDNA (plasmids) to be transfected (dissolved in 
2500 uL deionized double-distilled water), mix gently, transfer to a sterile 
cuvettee with a 2-mm electrode gap and incubate for 10 min at RT (see Notes 11 
andd 12). Electro-shock at 1200 uF and 260 V (see Note 10). Incubate for 
100 min at RT and transfer the sample to a tube containing 12 mL of a 1:1 
mixturee of DMEM/F12 with 10% FCS and NIH/3T3 mouse fibroblast-
conditionedd medium at RT containing appropriate hormones (see Notes 13 and 
14).. Wash cuvette IX with 500 uL DMEM/F12 with 10% FCS at RT to collect 
remainingg cells. Distribute the cell suspension evenly over 10 wells of two 
6-welll  culture plates (Nunc) and incubate at 37°C, 5% C02-95% air, 
90%oo relative humidity. Simultaneously harvest the responder cells in the 
co-cultivationn system (de-differentiated hepatocytes), via trypsinization as 
describedd above, and resuspend the cell pellet in 13 mL of the medium-mixture 
containingg the hormones. Add equal portions of the cell suspension to the 
transfectedd cells, mix by gentle swirling, and incubate overnight at 37°C, 
5%% C02-95% air, 90% relative humidity (see Note 15). Next morning, replace 
halff  the culture medium by fresh pre-warmed (37°C) medium-mixture 
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containingg hormones, culture for 36-48 h in total and analyze for expression of 
markerr enzymes ((re-)differentiation) (see Note 16). 

3.3.. Detection of specific gene products 

3.3.1.. Immunohistochemistry on cultured cells 
Thee following protocol does not require that cells are grown on cover slips, 

butt can be applied directly to cells grown in culture dishes. 
Washh the cells 3X with PBS at RT and fix by incubation in pre-cooled 

fixationn solution for 10 min at 4°C (see Note 17). Wash 2X with 70% ethanol 
att 4°C. Treat the cells with 0.3% H202 in 70% ethanol and subsequently with 
2%% H202 in 70% ethanol for 10 min each at 4°C (see Note 18). Rehydrate cells 
byy passing through 50% ethanol, 30% ethanol and PBS, respectively, for 2 min 
each.. Wash 3X with PBS and incubate in TENG-T for 30 min at RT with gentle 
agitationn (see Note 19). Wash 3X with PBS. Incubate with the primary, 
intermediatee and final (labeled) antibody in PBS for required time span and at 
appropriatee dilutions. Wash 3X with PBS at RT following each antibody 
incubation.. Detect the conjugated label with peroxidase reaction buffer and 
analyzee using a light microscope (see Note 20). 

3.3.2.. In situ hybridization on cultured cells 
Iff  in situ hybridization is the method of choice to detect specific gene 

products,, cells should be cultured on rat-tail collagen I-coated microscope 
slidess with flexiperm 8-well mounts (Heraeus, Hanau, Germany). One should 
keepp in mind that it is not possible to recover DNA from cells subjected to 
inin situ hybridization. 

Washh the cells 3X for 5 min with PBS at RT and fix by incubation in 
formaldehydee fixative for 1 h at RT with gentle agitation. Wash 3X for 5 min 
withh PBS at RT, dehydrate the cells by passing through a graded series of 
ethanoll  (35, 50, 70, 96, and 100%, respectively), for 10 min each, air-dry for 
300 min in a filtered air stream (0.2-um filter), and store at -20°C with desiccant 
untill  use. Equilibrate to RT and incubate for 5-10 min in 0.2 M HC1 to remove 
basicc proteins, 5 min in double-distilled water, 5 min at 70°C in 
permeabilizationn solution to improve penetration of the probe, 5 min in double-
distilledd water, and finally 10 min at 37°C in pepsin solution to enhance 
accessibilityy of mRNAs. Then in sequence, 30 s in 0.2% glycine in PBS to 
terminatee proteolytic activity, 2X for 30 s in PBS, 20 min in formaldehyde 
fixative,fixative, 5 min in PBS, 10 min in 10 mM EDTA to dissociate the ribosomes 
fromm the RNA, and finally 5 min in 10 mM DTT. Air-dry in a filtered air 
streamm as short a time as possible and proceed within 3 h. Hybridize overnight 
att 54°C in hybridization solution containing 35S-labeled cRNA probe 
(approximatelyy 4 x 104 cpm/uL). Next morning, rinse the cells with 2 mL IX 
SSCC to remove excess probe. Wash, while gently shaking, 2X for 15 min at 
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Fig.. 2. Localization of albumin mRNA in ED14 rat hepatocytes, cultured for 24 h in the 
presencee of dexamethasone, cAMP, and IBMX. Albumin transcripts were detected by means 
off  in situ hybridization with a 35S-labeled cRNA probe (bright field illumination). The 
hybridizationhybridization signal was restricted to the cytoplasm of the hepatocytes, showing the nuclei as 
brightt dots. Scale bar: 25 \xm. 

54°CC with wash solution 1, and IX for 10 min at RT with wash solution 2. 
Rinsee with IX SSC. Incubate for 30 min at RT in RNase buffer containing 
100 ug/mL RNase A. Rinse with IX SSC, wash for 10 min with wash solution 2 
andd for 10 min with wash solution 3, both at RT. Dehydrate by passing through 
aa graded series of ethanol (50, 70, and 96%, respectively), containing 0.3 M 
ammoniumm acetate, for 3 min each. Air-dry in a filtered air stream for 1 h. 
Visualizee probe as follows: Dilute Ilford Nuclear Research Emulsion G-5 2.5X 
withh 2% glycerol in water and warm to 39°C. Apply a thin film of emulsion 
ontoo the cells, place the slide for 10 min on an ice-cooled glass plate, dry for 
600 min at RT, and expose for 10-12 days at 4°C in the dark. Equilibrate 
specimenss to RT and develop the emulsion, in the dark, at 18°C as follows: 
Incubatee for 4 min at 18°C with developing solution with gentle agitation, for 
11 min at 18°C with double-distilled water to terminate reaction, for 10 min at 
18°CC with fixation solution with gentle agitation, and finally wash for 1 h in the 
darkk with running tap water at 18°C. Counterstain the cells (e.g., with toluidine-
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bluee or nuclear-fast-red) and mount under a cover slip in embedding medium 
(e.g.,, Malinol) (Fig. 2). 

3.4.. Plasmid recovery from immunohistochemically stained cells 
Harvestt area of positive cells (Fig. 3) by scraping with a yellow tip, 

transferr to a 2-mL Eppendorf tube containing 300 uL lysis buffer, and incubate 
forr at least 1 h at 50°C in a waterbath (see Notes 21 and 22). Add 15 ug herring 
testess carrier DNA to the lysate, extract IX with phenohchloroform: 
isoamylalcoholl  (25:24:1, respectively), and re-extract the organic phase 2X 
withh 0.5 vol TE. Precipitate the recovered DNA overnight at -20°C with 0.1 vol 
33 M NaAc, pH 5.2, and 2 vol of 96% ethanol, with 10 ug glycogen as a carrier. 
(see(see Notes 23 and 24). Collect the DNA by centrifugation for 30 min, 
13,0000 rpm (16,000 x g) in a Eppendorf centrifuge at 4°C. Dissolve the pellet 
(enrichedd cDNA library) in 20 uL of TE, pH 8.0, and store at 4°C. (see Notes 
255 and 26). 

Fig.. 3. Expression of the hepatocyte differentiation marker carbamoylphosphate synthetase 
(CPS)) in a co-culture of de-differentiated hepatocytes and COS-1 cells transfected with the 
EDD 12 rat heart cDNA expression library. Marker enzyme expression was detected via 
immunohistochemistry.. The negatively stained cells in the center are most likely COS-1 cells 
synthesizingg the inductive protein, whereas the CPS-positive cells (arrows) are 
re-differentiatedd hepatocytes. Note that the nucleus of CPS-positive cells is negative, whereas 
deadd cells are homogeneously stained. Scale bar: 35 urn. 
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Notes s 
1.. In total, 363 ED 12 rat hearts were used for RNA isolation, yielding 405 |ig 

off  total RNA. The amount of mRNA isolated from total RNA, utilizing 
Promega'ss polyATtract mRNA isolation system (Promega, Madison, WI, 
USA),, represented 0.7-1% the amount of total RNA. To save mRNA, its 
integrityy was monitored indirectly via analysis of the extracted total RNA 
fractionn (polyA"), in two ways: First, via denaturing agarose gel 
electrophoresis,, to determine the ratio between ribosomal 28S and 18S 
RNAA (the ratio should be approx 2:1, respectively). Second, via Northern 
blotting,, applying the sarcoplasmic reticulum Ca2+ATPase-probe 
(SERCA2)) for visualization of residual cardiomyocyte mRNA. Information 
onn mRNA isolation efficiency can be obtained by loading an equal amount 
off  total RNA on the Northern blot. To enhance both uniform and 
full-lengthh cDNA synthesis, a primer was used containing one additional 
nucleotide,, either cytidine, guanosine, or adenosine, at the 3' end of a 
stretchh of 25 thymidine residues, hence providing site-directed 
hybridizationn at the 5' end of the polyA tail of the mRNA. For 
uni-directionall  cloning purposes a Notl recognition site was introduced in 
thee primer at the 5' end of the stretch of 25 thymidine residues. The 
uni-directionall  cDNA expression library contained 2.2 x 107 independent 
clones.. Insert analysis of 12 randomly picked clones yielded cDNAs 
varyingg from 500 to 2300 basepairs (bp) (median: 1200-1500 bp). 

2.. All non-hepatic tissues should be removed carefully but quickly from the 
liverss to diminish the number of fibroblasts in the primary culture and to 
preventt overgrowth of the hepatocytes during de-differentiation. In an 
effortt to remove non-parenchymal liver cells, hepatocytes were also 
culturedd in a selective medium deficient in arginine (12) but supplemented 
withh ornithine. In theory, non-parenchymal cells die under these conditions 
ass a result of the lack of essential arginine, whereas hepatocytes survive by 
metabolizingg ornithine to arginine via the ornithine cycle. For up to 
122 days we observed clusters of cells with characteristic hepatocyte 
morphology,, positive for GDH, while very few fibroblasts were present. 
Duringg this period, the hepatocytes did not de-differentiate and displayed 
hardlyy any mitotic activity. A medium change to DMEM/F12 with 
10%% FCS, resulted in growth and de-differentiation of the hepatocytes but 
alsoo in a normal percentage of fibroblast contamination, indicating 
survival.. Therefore this approach is not suited to eliminate non-
parenchymall  cells from the culture. Another alternative to suppress growth 
off  non-parenchymal cells, addition of hormones to the culture medium (see 
Notee 14), is also not applicable, as this will retain the hepatocytes in the 
differentiatedd state (13). 

3.. These incubation times are optimized for ED 15 rat livers. Liver tissue of 
earlierr stages can be suspended with shorter incubation times and less 
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trypsinn (0.05%). Livers of later stages can be suspended as mentioned but 
withh inclusion of 0.025% collagenase. 

4.. FCS is added to inactivate the trypsin. DNase I prevents the solution from 
becomingg viscous as a result of DNA release from disrupted cells. 

5.. Rat-tail collagen I is used to enhance hepatocyte attachment. 
6.. Plating density greatly affects cell behaviour. A high cell density promotes 

celll  attachment but inhibits hepatocyte de-differentiation. As a rule of 
thumb,, seeding of 2.0-2.5 ED 15 rat livers in 2.5 mL culture medium per 
welll  of a 6-well tissue culture plate (Nunc) yields cultures that are 
70%% confluent. Following overnight incubation, islands of hepatocytes 
shouldd be present, comprising 40-70 cells. Some non-parenchymal cell 
contaminationn is allowed inbetween islands but should not exceed 
10-15%% of the initial cell population. 

7.. The de-differentiation of ED 15 rat hepatocytes in primary culture follows a 
highlyy reproducible time scale if initial plating density is not changed. At 
dayy 3, the hepatocytes still display characteristic morphology and are 
positivee for GDH. Islands {see Note 6) have expanded to 100-150 cells. 
Thee space between the islands is confluent with non-parenchymal cells. At 
dayy 4, after first passage, islands of GDH-positive hepatocytes with 
characteristicc morphology are present, comprising 70-100 cells with non-
parenchymall  cells in between. At day 6, the culture has grown confluent. 
Hepatocytess are still weakly expressing GDH but are clearly losing their 
characteristicc morphology and start to look like fibroblasts. At day 7, after 
secondd passage, all cells have a fibroblast-like appearance. Occasionally a 
singlee cell shows weak GDH expression, slightly above background. At 
dayy 8, all cells in the culture have a fibroblast-like appearance and are no 
longerr expressing the hepatocyte-specific marker-molecule GDH. 

8.. Cells from subconfluent cultures give a higher transfection efficiency 
comparedd with cells from confluent cultures, probably because of 
differencess in protein content of the cell membrane and the composition of 
thee extracellular matrix (6). In addition, exponentially growing cells give 
thee highest transient expression of a transfected construct (14). 

9.. During electrotransfection, large pores are created in the cell membrane, 
makingg the cells very sensitive to the composition of the medium. 
"Cytomix""  resembles the intracellular concentration of most important ions 
(10).(10). Glutathione is added (shortly before transfection) to prevent oxidation 
off  cytoplasmic components and to enhance cell membrane restoration and 
preservationn (15). 

10.. In case of COS-1 cells, 3.5 x 106 cells per 250 \iL gave best results. 
However,, optimal cell density (and electroporation conditions) must be 
empiricallyy determined for every cell type separately (14). 

11.. The amount of DNA that gives best results has to be established 
empirically.. In general 3-10 ug per kilobase of DNA is used (6). In case of 
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thee cDNA expression library, we use 5 ug plasmid DNA supplemented 
withh 20 ug linearized pBluescript as carrier. The volume of the DNA 
solutionn (dissolved in deionized double-distilled water) is also of great 
importance,, because this influences the osmolality of the electroporation 
mediumm and, as a consequence, the expression of the transfected construct 
andd cell viability. The osmolarity of the electroporation medium should be 
3000 mOsm (16). 

12.. It is very important to use cuvettes with the prescribed interelectrode gap. 
Modifyingg the distance between the electrodes will affect the electric field. 
Thiss is one of the two important parameters in electroporation, because the 
electricc field strength is what determines the size and number of pores 
createdd per cell. (The other parameter is the sample's conductivity and thus 
thee pulse time; see ref. 6). 

13.. The NIH/3T3 mouse fibroblast-conditioned medium enhances attachment 
off  (de-differentiated) embryonic hepatocytes during passaging. To obtain 
it,, culture NIH/3T3 fibroblasts (17) under standard conditions, collect the 
mediumm at confluency, centrifuge for 7 min, 100 x g at RT to spin down 
anyy cells, take the supernatant and store at 4°C for up to 2 wk or at -20°C 
forr long term storage. 

14.. Hormones, in combination with the inductive protein presented by the 
transfectedd cell, may be required to obtain expression of the marker 
enzymee for (re-)differentiation. As we have chosen CPS as a marker, the 
culturee medium contains cAMP (103 M), dexamethasone (106 M) and 
IBMXX (104 M) (final concentrations; see ref. 13). (GDH, another early 
hepatocytee marker, is not suited for our system, because it is endogenously 
expressedd by COS-1 cells). It is essential to investigate whether hormonal 
stimulationn by itself is sufficient for induction of marker enzyme 
expression.. To test this, primary ED 15 rat hepatocytes were cultured to 
de-differentiationn (see section 3.1. and Note 7) and changed to hormone 
containingg medium. After 3 days of culturing, in the presence of hormones, 
cellss remained fibroblast-like, and both CPS and GDH could not be 
detectedd via immunohistochemistry. In addition, the same result was 
obtainedd with de-differentiated cells co-cultivated under hormonal 
stimulationn with either untransfected or mock transfected COS-1 cells. We 
alsoo tried to induce (re-)differentiation in de-differentiated hepatocytes by 
co-culturingg with ED 12 rat hearts. However, this experiment could not be 
properlyy evaluated, since it proved technically impossible to isolate the 
embryonicc heart without hepatocyte contamination. 

15.. Optimal cell mixing, resulting in optimal producer/responder cell 
interaction,, is obtained with suspended cells. This was investigated by 
mixingg COS-1 cells with primary hepatocytes in the differentiated state. 
Whenn cells were mixed in suspension, clusters of 10-15 cells of a single 
celll  type were formed. If either cell type was allowed to attach before 
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addingg the second cell type, clusters of a single cell type consisted of up to 
1000 cells. Following attachment, the mixed cell culture should be close to 
confluentt if cell-to-cell contact is needed for the inductive interaction. 

16.. The culture medium may contain the inducing molecule in a soluble form. 
Too avoid removing the active component from the culture and to reduce the 
chancee of dropping below biologically active thresholds, only one half of 
thee culture medium is refreshed. In case the inductive protein is secreted 
intoo the medium, it may become too diluted to exert its effect on the 
responderr cell. In such case, a hierarchical co-culture can be tried. This 
impliess culruring the responder cell on top of the producing cell with a 
0.025%% collagen layer sandwiched in between. With this setup the 
inductivee protein will become trapped in the collagen matrix, leading to 
locallyy higher concentrations. 

17.. Cell fixation at low temperature diminishes dehydration shrinkage of the 
cellss (18). 

18.. This step is performed to reduce endogenous peroxidase activity (18). 
19.. TENG-T acts as a blocking agent, reducing non-specific binding of 

antibodyy (18). 
20.. In our experiment, the final antibody is labeled with peroxidase, which 

enzymee activity can be detected with the 3-amino-9-ethyl-carbazole (AEC) 
substratee (19). The progression of the staining is monitored by using a light 
microscopee and terminated by washing with double-distilled water when 
specificc staining is profound and background staining is still low. Store the 
immunostainedd cells under bidest at 4°C. Plasmid DNA should be isolated 
withinn 3 days following immunohistochemistry; otherwise, it will be 
degraded.. Another commonly used peroxidase substrate, 3,3'-diamino-
benzidinee (DAB), should not be used, since no DNA can be recovered from 
DAB-treatedd cells. Both AEC and DAB are carcinogenic. 

21.. When harvesting the positive cells, the culture dish should be as dry as 
possible,, with only a thin film of fluid on top of the cells. This prevents the 
scrapedd cells from floating away and makes them stick to the yellow tip. To 
suspendd the cells in lysis buffer, carefully attach the tip with the cells onto 
aa 200-uL pipet, set at 80 uL, and pipet up and down in the buffer 25X. 

22.. In our procedure, the total DNA content (plasmids and genomic DNA) is 
isolatedd from the harvested cells. Per harvested area (transfected cell) 
approximatelyy 5 plasmids can be recovered. A different method for the 
isolationn of the DNA of interest from the immunohistochemically stained 
cellss is that of Hirt (20). It utilizes differential precipitation of genomic 
DNAA and plasmid DNA and, possibly because of this, gives approximately 
aa two-fold lower yield than our method (two to three plasmids recovered 
perr transfected cell). In addition, time-consuming centrifugation steps are 
involved,, which is not the case with our method. 
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23.. If precipitation is performed over time periods exceeding overnight, it wil l 
resultt in the formation of insoluble complexes. 

24.. To avoid losing the plasmid DNA during isolation, the use of carrier 
materiall  is of critical importance. 

25.. To further purify the cDNA clones of interest, the enriched cDNA library is 
amplifiedd in bacteria (e.g., XLl-Blu e MRF') and used for another round of 
screening. . 

26.. The fold-enrichment that can be obtained depends on the initial 
concentrationn of the plasmid of interest in the library. If the initial 
concentrationn is high, the enrichment factor wil l be low. To validate our 
procedure,, we performed an experiment employing an ED 13 rat heart 
cDNAA library, from which we isolated two abundant cDNA clones: 
a-smoothh muscle actin (ct-SMA) (1300 bp) and 6-myosin heavy chain 
(6-MHC)) (6000 bp). After one round of enrichment, we found a two-fold 
enrichmentt for fl-MHC and a three-fold enrichment for a-SMA. If further 
enrichmentt of the plasmid of interest can no longer be obtained via 
repeatedd transfections and isolations, one can divide the enriched cDNA 
libraryy into subpopulations (e.g., according to cDNA insert size) and screen 
thee resulting subdivisions individually or turn to screening of separate 
cDNAA clones. 
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