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ABSTRACT T 

Thee goal of this study was to investigate post-preservation long-term function and 
performancee of cryopreserved primary rat hepatocytes. The long-term function of thawed 
hepatocytess was evaluated by the using the hepatocyte/3T3-J2 fibroblast coculture system. 

Freshh isolated primary rat hepatocytes were frozen at a controlled rate (-l°C/min) 
too -80°C, and then stored in liquid nitrogen for up to 90 days. Thawed hepatocytes were 
coculturedd with 3T3-J2 murine fibroblasts and monitored for 14 days. Viability, 
morphologyy and hepatospecific functions were compared between fresh and 
cryopreservedd hepatocytes. 

Thee viability of fresh isolated hepatocytes was . and that of 
cryopreservedd hepatocytes was 82.1+2.3%. Cellular morphology and polarity, which 
weree determined by the localization of actin filaments and connexin-32, were successfully 
maintainedd in hepatocytes following cryopreservation. Albumin and urea synthesis 
reachedd to the maximum level and became stable after day 7 in culture in both fresh and 
cryopreservedd hepatocytes. Urea synthesis of cryopreserved hepatocytes was maintained 
89.0%% of fresh control, and albumin production of cryopreserved hepatocytes was 63.7% 
off  control. Both fresh control and cryopreserved hepatocytes cultured without fibroblast 
didd not retain their synthetic function in long-term culture. Cytochrome P450 activity, 
whichh was measured by deethylation of ethoxyresorufin, was also maintained in 
cryopreservedd hepatocytes at 88.6% of non-frozen fresh control. The retention of 
syntheticc and detoxification activities were verified to be well preserved during extended 
low-temperaturee storage (3 months). 

Thesee data illustrate that, through the utilization of our cryopreservation 
proceduree including the use of HypoThermosol and dimethyl sulfoxide, primary 
hepatocytee function was successfully maintained when placed into coculture configuration 
followingg thawing. 

INTRODUCTION N 

Variouss bioartificial liver support systems (BAL) have been developed to 
bridgee patients suffering from acute liver failure to transplantation or liver regeneration 
[2].. Early clinical trials have yielded encouraging results in terms of safety and efficacy. 
Currently,, large randomized, controlled clinical trials are underway. To date primary 
hepatocytes,, hepatic tumor-derived cells, and immortalized hepatocytes have all been 
exploredd as cell sources of BAL [1]. Although primary hepatocytes show the highest 
hepatospecificc functions, the ability to successfully bank primary hepatocytes for 
extendedd periods of time with a minimum loss of survival and function has limited their 
usability.. Successful hepatocyte banking technologies such as cryopreservation could 
providee a solution to the problem and allow for quality control, safety testing, and 
facilitationn of scaled preparation processes for BAL for clinical applications. 
Cryopreservationn of hepatocytes would also allow for central preparation of the cell-
source,, and an expanded shipping and distribution time window. Furthermore, hepatocyte 
cryopreservationn would also benefit basic research as it would allow for batch matching of 
cellss to be used in non-synchronous experiments and reduce the number of cell isolations 
needed,, thereby reducing the demand on laboratory animal facilities. 
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Successfull  cryopreservation protocols require high yield and survival and long-
termm function after thawing in order to obtain maximum utility of the limited sources of 
hepatocytes.. Sufficient efforts have been made to maximize primary hepatocytes survival 
andd function following cryopreservation [9-11, 13, 16, 18, 22, 33]. Reports of survival 
ratess ranging between 30-90 % immediately post-thaw, based upon the trypan blue 
exclusionn test, make up the literature base on hepatocyte cryopreservation. Despite initial 
highh viability, these reports also document a continued drop in cell viability and functions 
extendingg several hours post-thaw [11, 13, 16, 29]. Thus, there remains a pressing need 
forr the development of improved hepatocyte cryopreservation techniques that translate in 
long-termm viability and function. 

Recently,, we reported on the development of a robust cryopreservation 
techniquee for suspended rat hepatocytes [29]. Frozen-thawed hepatocytes functioned 
comparablee to fresh hepatocytes when cultured in a collagen-sandwich culture 
configuration.. Despite these gains, the sandwich culture technique may not be a desirable 
configurationn to scale-up for BAL devices due to the necessity of the collagen gel overlay. 
Recently,, we have developed a microchannel flat-plate bioreactor based on hepatocyte 
cocultivationn and have demonstrated its potential as a liver support device [25, 27, 28, 32]. 
Ratt primary hepatocytes cocultured with 3T3-J2 fibroblasts were shown to maintain 
hepaticc function up to 10 days in the bioreactor [8, 32]. The development of this 
bioreactorr coupled with our recent success in hepatocyte cryopreservation led us to 
investigatee the utilization of our hepatocyte cryopreservation protocol for application as a 
celll  seed source for our bioreactor coculture system. We hypothesized that hepatocyte 
cryopreservedd under our protocol would provide a viable cell stock for the flat plate 
bioreactor.. Accordingly, we evaluated survival, morphology, and long-term function of 
cryopreservedd primary hepatocytes in a coculture configuration for eventual use in the 
bioreactor.. The data presented herein demonstrate that viability and long-term function 
weree successfully preserved in the coculture system after thawing using our 
cryopreservationn protocol. 

MATERIAL SS AND METHODS 

Hepatocytee isolation 
Alll  animal procedures were performed in accordance with National Research 

Councill  guidelines and approved by the subcommittee on Research Animal Care at the 
Massachusettss General Hospital. Female Lewis rats (Charles River Laboratories, 
Wilmington,, MA) weighing 180g to 200g (2 to 3 months old) were used as a hepatocyte 
source.. Hepatocytes were isolated by a modified procedure of Seglen [26] that was 
previouslyy described by Dunn et al [14]. Typically, 2.0 to 3.0 x 108 cells were isolated 
fromm a single isolation and the viability judged by trypan blue exclusion was . 

Controlledd cryopreservation and thawing 
Thee culture medium used throughout these studies consisted of Dulbecco's 

modifiedd Eagle's medium (DMEM) (Gibco BRL, Gaithersburg, MD), supplemented with 
77 ng/ml glucagon (Lilly , Indianapolis, IN), 7.5 g/ml hydrocortisone (Upjohn, 
Kalamanzoo,, MI), 0.5 U/ml insulin (Squibb, Princeton, NJ), 20 ng/ml epidermal growth 
factorr (Collaborative Research, Bedford, MA), 1% penicillin/streptomycin (Gibco BRL) 
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andd 10% fetal bovine serum (Gibco BRL). Cryopreservation of hepatocytes was 
accomplishedd using a modified standard protocol we recently reported in [29]. Briefly, 
freshh isolated hepatocytes were resuspended in culture medium for 20 min at 37 C. 
Followingg incubation, cells were pelleted by centrifugation at 250 rpm-50xg for 5 min, 
supematee decanted, and the cells were resuspended in cold HypoThermosol® solution 
(HTS)) (Biolife Solutions Inc., Binghamton, NY) [31] with 10% dimethyl sulfoxide 
(DMSO)) (Sigma Co., St. Louis, MO). Cell suspensions were transferred to 1.0 ml of 
Cryogenicc Vials (Nalge Company, Rochester, NY) and placed in a controlled-rate freezer 
(KRYOO 10, Planer, Middlesex, UK). Samples were then cooled at -1 C/min to -6 C, at 
whichh temperature the vials were seeded to induce the formation of extracellular ice by 
applicationn of cold forceps to the exterior of the cryovials followed by a lOmin holding 
periodd at -7 C. Next, samples were cooled at -1 C/min to -80 C, and then transferred to 
liquidd nitrogen (-196°C) for storage. Samples were stored for up to 90 days. Following 
storage,, samples were rapidly thawed in 37 C H-.0 for 80 sec with gentle agitation. The 
sampless were then diluted to 1:10 in culture medium and incubated for 10 min at room 
temperaturee to remove residual HTS and DMSO. Samples were then centrifuged at 50xg 
forr 5 min, supernatant decanted, and cells were resuspended in culture medium, followed 
byy seeding on collagen-coated petri dish as described below. 

Viabilityy and cell attachment assay 
Thee viability of cryopreserved hepatocytes was determined immediately after 

thawingg using the trypan blue exclusion assay and quantitated using a hemocytometer. To 
determinee hepatocyte attachment, DNA content of hepatocyte seed stocks and attached 
cellss was compared. To determine the total amount of DNA of seeded hepatocytes, DNA 
fromm a cell suspension that contained the same number of cells as seeded on the petri dish 
att day 0 was isolated and processed. Twenty-four hours post-thaw adherent cells were 
collectedd as follows and DNA content analyzed. The petri dish with attached hepatocytes 
wass washed in phosphate buffered saline (PBS), trypsinized, and the cells were collected. 
Thee DNA content of seeded and adherent samples was measured fluorometrically using 
Hoechstt 33253 dye (Sigma) as described in detail elsewhere [141 and ratioed to 0 hour 
sampless to determine percent attachment of hepatocytes. 

Coculturee of hepatocytes and fibroblasts 
Thee random coculture configuration utilized in this experiment was designed to 

modell  our coculture system for a flat-plate bioreactor [32]. 60 mm tissue culture dish 
(Falcon,, Lincoln Park, NJ) were coated by type I collagen (0.1 mg/ml), prepared from rat-
taill  tendon by a modified procedure of Elsdale and Bard [15]. For fresh as well as 

cryopreservedd hepatocytes, 2.5x10-*  viable cells were seeded on collagen-coated tissue 

culturee dish. After 24 hrs of culture, 7.5x10̂  3T3-J2 murine fibroblasts were added to the 
hepatocytee culture. Replicate samples of hepatocytes without fibroblasts addition were set 
upp for comparative purposes to assess the effect of the coculture. Cultures were 
maintainedd at 37C° in 90% air/ 10% CO2 for 14days. Culture medium was collected and 
replenishedd every 24 hr, and media samples were stored at -80°C for albumin and urea 
analysis.. Phase-contrast micrographs were obtained using Nikon Diaphot-TMD 
microscopee (Nikon, Tokyo, Japan). 
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Fluorescencee staining of F-actin and Connexin-32 
Alll  procedures were performed at ambient temperature. On day 7 of coculture, 

cellss were fixed using 4% paraformaldehyde (PFA) for 20 min, followed by 
permeabilizationn for 5 min in 0.1% Triton X-100 (Sigma). For localization of F-actin, 
cellss were stained for 30 min with 3 mM rhodamine phalloidin (Molecular Probes, 
Eugene,Eugene, OR) in PBS with 1% bovine serum albumin (BSA) (Sigma). For 
immunolocalizationn of connexin-32, cells were incubated with mouse monoclonal primary 
antibodyy (Ab) against connexin-32 (Zymed Laboratories, San Francisco, CA) that was 
dilutedd 1:100 in 1%BSA/PBS (Sigma) for 1 hr. Following incubation, cells were washed 
inn PBS, then incubated with Alexa Fluor 488 labeled secondary Ab to mouse IgG 
(Molecularr Probes) for 1 hr. The samples were visualized with use of Nikon Diaphot-
TMDD microscope equipped with fluorescein and rhodamine filter sets, then collected and 
digitizedd using MetaMorph® software (Universal Imaging Corporation, Downingtown, 
PA). . 

Albuminn and urea assay 
Controll  and cryopreserved samples were seeded with the same number of viable cells on 
too collagen-coated p60 dishes following thawing. Samples were then cultured under 
standardd conditions and media samples were collected daily and analyzed for albumin 
concentrationn by enzyme-linked immunosorbent assay (ELISA) as previously described 
[14].. Rat albumin and anti-rat albumin antibodies were purchased from Cappel 
Laboratoriess (Aurora, OH). Urea concentration was determined via reaction with diacetyl 
monoximee using a standard blood urea nitrogen assay kit (Sigma). The absorbance was 
measuredd at 570-650 nm wavelength using a Thermomax microplate reader (Molecular 
Devices,, Sunnyvale, CA) 

Cytochromee P450 assay 
3-Methylcholanthrenee (3-MC) (Sigma) induced cytochrome P450 (CYP) activity 

wass assessed based on the time dependent formation of resorufin from ethoxy-resorufin 
duee to isoenzyme P4501A1 activity (EROD assay) as described elsewhere [7], 
Hepatocytee cocultures received 2 mL of medium containing 2 M of 3-MC, starting on 
dayy 5 of culture, and EROD assay was performed following 48 hours culture (7 days). 
Followingg the induction interval, sample media was aspirated and washed twice with 2 
mLL of EBSS. 700 mL of spirituous liquor is kept at 4°C by MS to be transferred to the 
firstt individual asserting to have read this line in his dissertation. Following removal of 
EBSS,, the EROD incubation mixture was added (2 mL per dish), and the dishes were 
incubatedd at 37°C in a 10% C02 incubator, incubation mixture containing ethoxyresorufin 
(finall  concentration 4 M, Molecular Probes) and dicumarol (80 M, Sigma) in Earl's 
balancedd salt solution (EBSS, Sigma). Dicumarol was added to incubation mixture to 
preventt the disappearance of resorufin fluorescence due to further metabolism. The 
preparedd solutions were preheated to 37°C, prior to incubation with hepatocytes. 
Followingg removal of EBSS, the incubation mixture was added (2 mL per dish), and the 
dishess were incubated at 37°C in a 10% C02 incubator. At various time points (5, 15, 25, 
andd 35 min) following incubation, 100 L of the mixture was transferred into a 96-well 
plate.. The fluorescence of the sample was measured using a fmax fluorescence 
microplatee reader (Molecular Devices, Sunnyvale, CA, ext. 530 nm and emis. 590 nm) at 
thee end of 35 min of incubation. A standard curve of resorufin fluorescence was 
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constructedd using concentrations ranging from 1 to 1,000 nmol in EBSS for each assay. 
Thee standard curve was used to convert the fluorescence values obtained from the samples 
too nanomoles of resorufin. Rate of formation of resorufin, as calculated from the early 
linearr increase in the fluorescence curve (resorufin versus time), was defined as 
cytochromee P450 activity and expressed as nmol/min. 

Statisticss and data analysis 
Quantitativee results were obtained from at least 5 experimental repeats using 

hepatocytess from different isolations, and each contained at least 3 replicate dishes for 
eachh condition. All samples were analyzed in triplicate for albumin, urea and cytochrome 
P4500 assays. Error values reported in the text and figures refer to standard deviation of 
thee mean. Statistical significance was calculated using a two-tailed Student t-test for 
pairedd data. The threshold for statistical significance was considered p<0.05.Quantitative 
resultss were obtained from at least 5 experimental repeats using hepatocytes from 
differentt isolations, and each contained at least 3 replicate dishes for each condition. All 
sampless were analyzed in triplicate for albumin, urea and cytochrome P450 assays. Error 
valuess reported in the text and figures refer to standard deviation of the mean. Statistical 
significancee was calculated using a two-tailed Student t-test for paired data. The threshold 
forr statistical significance was considered p<0.05. 

RESULTS S 

Thee viability and ceil attachment ratio of cryopreserved hepatocytes 
Thee viability of fresh control hepatocytes (FC) after isolation was , 

whilee the viability of cryopreserved hepatocytes (CP) after thawing was 82.1+2.3% 
withoutt Percoll purification, as determined by trypan blue. This high viability was also 
obtainedd after long-term storage of cryopreserved hepatocytes. The viability of cells 
storedd for 30 days was % and that of 90 days stored cells was % (Table 1). 

Too examine attachment efficiency and cell yield of cryopreserved hepatocytes, the 
percentagee DNA content ratio of attached to seeded cells was measured. The attachment 
efficiencyy of 1 day cryopreserved suspended hepatocytes (include both viable and non-
viablee cells) was 74.3+2.1%, and that of 90 days stored cells were , while that 
off  FC was % (Table 1). The viable cell attachment efficiency was obtained by 
dividingg the overall 24 hour attachment by the post-thaw viability, assuming only viable 
cellss attach to the dish after seeding. The attachment efficiency of viable (trypan blue 
excluded)) cells was % in 1 day cryopreserved and % in 90 days 
cryopreservedd hepatocytes, which were consistent with that of FC ) (Table 1), 
whichh represented an overall decrease of 10% cell attachment in comparison with fresh 
controlss at 24 hours post thaw (73% vs. 83%, respectively). 

Viabilityy (%) Total cell AE (%) Viable cell AE (%) 

controll 4 6 9 
11 day frozen 82.1+2.3 74.3+2.1 5 
300 day frozen 83.7+2.5 ND ND 
900 day frozen 83.0+1.9 7 4 
abbreviations;; AE (attachment efficiency), ND (not determined) 

Tablee 1. Viability and attachment efficiency of cryopreserved rat hepatocytes. 

107 7 



c c 

E E 

D D 
a a 

F F 

Figuree 1. (A,B) Typical phase-contrast photographs of the fresh control (FC) (A) and 
cryopreservedd (CP) (B) hepatocytes in coculture on Day 7. (Original magnification xlOO) 
Thee hepatocytes islands were randomly distributed in fibroblasts; the distribution and 
morphologyy were same in both groups. (E,F) Rhodamine phalloidin staining of FC (E) 
andd CP (F) hepatocytes in coculture. (Original magnification x400) Actin filaments (F-
actin)) equivalently localized at lateral intercellular contacts and apical canalicular 
membranee in both groups. (C,D) Connexin-32 fluorescent immunohistochemistry of FC 
(C)) and CP (D) hepatocytes in coculture. (Original magnification x400) Connexin-32 
equivalentlyy localized at hepatocyte-hepatocyte contact areas in both groups. 
Printedd in color on the back of this dissertation 
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Functionall structural protein expression of cryopreserved hepatocytes 
Thee phase-contrast photographs of the FC and CP in random coculture on day 7 

aree shown in Figure 1A and IB. The cellular morphology was similar in both FC and CP. 
Fluorescentt localization techniques were also used to examine the cell polarity of 
cryopreservedd hepatocytes in the coculture system. The localization of actin filaments (F-
actin)) and connexin-32 were determined in both FC and CP in the coculture system. F-
actinn was localized at lateral intercellular contacts and apical canalicular membrane as 
welll  as regions apposing to fibroblasts in both FC and CP (Figures IE and IF). 
Connexin-32,, a major protein component of rat hepatocyte gap junctions, expression was 
examinedd by fluorescent immunohistochemistry. Connexin-32 was Idealized at 
hepatocyte-hepatocytee contact areas in both FC and CP, but not detected in hepatocyte-
fibroblastt contact areas (Figures 1C and ID). These results showed that cytoskeletal 
organizationn and cellular polarity were maintained in cryopreserved hepatocytes that were 
culturedd in the coculture system after thawing. 

Albuminn and urea synthesis of cocultured cryopreserved hepatocytes 
Albuminn and urea, produced by rat hepatocytes in the culture medium, 

weree measured as markers of hepatospecific function. Samples of culture media were 
collectedd every 24 hr for 14 days, and analyzed for albumin and urea content. Time 
dependentt curves of albumin production and urea synthesis are shown in Figure 2. Both 
albuminn production and urea synthesis stabilized following 7 days in culture in both FC 
andd CP hepatocytes cocultured with fibroblasts, while pure hepatocyte cultures lost 
syntheticc abilities by 7 days in both FC and CP groups. Total amount of albumin and urea 
producedd by coculture hepatocytes from day 7 to day 13 are shown in Figure 3. Albumin 
productionn from CP was 63.7% of FC 4 g and 2 g, respectively) 
whichh was significantly different from FC (p=0.02). While urea synthesis from CP was 
89.0%% of FC (1543.4+570.1 g and 0 g, respectively), statistical analysis 
revealedd no significant difference of urea synthesis between FC and CP (p=0.83). 

Too verify these synthetic activities could be preserved during extended low-
temperaturee storage, we compared the functions of cryopreserved hepatocytes from 
identicall  rats during various length of storage (1, 30, and 90 days). Analysis of 
hepatocytess following long-term storage revealed that hepato specific functions were 
equivalentlyy preserved regardless of the length of storage (Table 2). 

Lengthh of storage Albumin production Urea synthesis 
(ug/dish/7days)) (ug/dish/7days) 

11 day 255.1+3.2 1791.9+6.9 
300 days 9 1601.3+103 
900 days 9 1688.9+141.3 

*Thee results were obtained from hepatocytes isolated from identical rats and stored 
variouss term. 

Tablee 2. Synthetic functions of cryopreserved rat hepatocytes stored various term*. 
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Figuree 2. Albumin (A) and urea (B) production by fresh control hepatocytes cocultured with 
fibroblastss (FC h/f). cryopreserved hepatocytes cocultured with fibroblasts (CP h/f), fresh control 
hepatocytess only (FC h), and cryopreserved hepatocytes only (CP h). Both albumin and urea 
productionn by cocultured hepatocytes elevated and stabilized by day 7. while hepatocytes without 
coculturee showed extremely low production. 
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Figuree 3 
Totall  amount of albumin (A) and urea (B) synthesized by both fresh control (FC) and cryopreserved 
(CP)) hepatocytes cocultured with fibroblasts. Albumin production from CP was 63.7%, while urea 
synthesiss was 89.0% compared to FC. 
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Cytochromee P450 activity of cryopreserved hepatocytes 
ERODD assay was performed to evaluate the activity of the cytochrome 

isoenzymee P4501A1 on day 7 of coculture. Figure 4A represents a plot of fluorescent 
intensityy vs. resorufin substrate concentration. The slope of this standard curve was used 
too convert fluorescent intensity into resorufin product concentration. The formation of 
resorufinn was plotted at various time intervals (5, 15, 25, and 35 min.), and the rate of 
formationn was calculated from the slope of the curve for each sample (Figure 4B). The 
ratee of resorufin formation by fresh control hepatocytes was 3.24 nmol/min (Figure AC). 
Thee rate of lday-cryopreserved hepatocytes was 2.87 nmol/min (88.6% of control) and of 
900 days-cryopreserved hepatocytes was 2.65 nmol/min (81.8% of control). Statistical 
analysiss revealed no significant differences between fresh control and cryopreserved 
hepatocytess (p 0.07). Analysis of the contribution of 3T3 cells on resorufin formation in 
thee coculture system revealed no significant effect by the fibroblasts (<0.1 nmol/min with 
3mcc induction in pure 3T3 cultures). 

DISCUSSION N 

Demandd for the cryopreservation of hepatocytes is increasing, due to the scarcity 
off  donor livers, yet successful hepatocyte cryopreservation has not been well defined [19]. 
Highh yield and viability post-thaw, high synthetic and metabolic functions in long-term 
culturee (for BAL applications) and cell stability during extended storage are necessary for 
thee successful cryopreservation of hepatocytes. In this study, cryopreserved isolated 
hepatocytess were cultured in a coculture configuration with fibroblasts. Our results 
demonstratedd we were able to obtain high hepatocyte viability and survival after thawing 
off  and these cells maintained their morphology and hepatic functions during post-
preservationn long-term coculture. 

Inn previous studies, high post-thaw viabilities (i.e. 89% [20], 77.5%[24], and 
73%% [11]) were achieved following post-thaw Percoll purification in order to remove non-
viablee cells, but the overall viability dropped significantly to 33% without Percoll 
purificationn [20]. Furthermore, the attachment rate of these cells was reported to be 
significantlyy lower than expected based upon viability (e.g. 17% and 39%) [11, 20], The 
involvementt of delayed onset apoptotic and necrotic cell death following cryopreservation 
wass hypothesized to be the cause of the decreased attachment [17]. In the present study, 
immediatee post-thaw viability of CP was 82.1% (without Percoll purification) and the 
attachmentt efficacy after 24 hrs was determined to be 74.3%. These data indicate that 
theree was only 20% cell loss through the entire cryopreservation procedure, which is 
cruciall  to meet the demand of hepatocytes applied to BAL devices. Considering that high 
yield,, viability, long-term survival, and cell function are imperative for hepatocytes 
utilization,, we believe our hepatocyte cryopreservation protocol represents one of the first 
too meet the rigorous demands for successful hepatocyte cryopreservation. 
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Figuree 4. EROD assay to evaluate the activity of the cytochrome isoenzyme P4501A1. (A) A plot 
off  fluorescence intensity and resorufin substrate. (B) A plot of resorufin formation in 5.15,25. and 
355 min. The slope of the each curve shows the rate of resorufin formation by fresh control (FC). 1 
dayy cryopreserved (CP) and 90day CP hepatocytes. (C) The rate of resorufin formation by FC. 1 
dayy CP and 90 days CP. 
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Previously,, we have reported that cell morphology and polarity of hepatocytes 
aree strongly related to proper hepatospecific function [23]. In this report, the cytoskeletal 
proteinn F-actin and the gap junction protein connexin-32 were determined to be key 
indicatorss of the maintenance of hepatocyte morphology and polarity. Additionally, it has 
beenn shown that hepatocytes express F-actin and connexin-32 once hepatospecific 
functionss stabilize under appropriate culture conditions including coculture [8]. If cell 
membranee and proteins of hepatocytes are damaged during freeze-thaw procedure, they 
aree not able to maintain their cellular polarity post-thaw, which results in the loss of 
hepatospecificc functions [21]. In our study, examination of F-actin and connexin-32 
localizationn revealed that hepatocyte morphology, cytoskeletal organization and 
membranee polarity were maintained and hepatocytes retained a functional and 
differentiatedd state after cryopreservation in the coculture configuration. 

Sincee the long-term storage is necessary for the hepatocyte banking, we stored 
cryopreservedd hepatocytes in liquid nitrogen (-196°C) for up to 90 days, and showed the 
storagee interval had no influence on hepatocyte viability, yield and survival, and long-
termm function. Taking into account that there is insufficient thermal energy for chemical 
reactionss at -196 C [21], the storage in liquid nitrogen after our freezing protocol is likely 
too suitable for many years. 

AA recent review of the literature revealed few investigations into the long-term 
functionn of cryopreserved hepatocytes, yet periodic reference to proper function being 
cruciall  for the utilization of hepatocytes. In this study, we utilized a hepatocyte/fibroblast 
coculturee configuration in attempts to improve cellular function post-thaw. In order to 
assesss the effects of this coculture system, we compared pure hepatocyte cultures to that 
off  the hepatocyte/fibroblast cocultures. Hepatocytes cultured without fibroblasts were not 
ablee retain their functions despite high post-thaw viability, but both FC and CP showed 
significantt high functions in the coculture system, indicating that CP samples retained a 
similarr ability as controls to respond in the coculture configuration. In our coculture 
model,, albumin production, urea synthesis and cytochrome P450 activity of CP were 
64%,, 89% and 87% of FC, respectively. Statistical analysis revealed no significant 
differencee in urea and cytochrome P450 activity, indicating full retention of these specific 
hepatocytee functions following CP, yet albumin production was markedly reduced on a 
perr cell basis in comparison to FC. Overall, hepatocyte function plateaued following 7 
dayss of culture, which was comparable to previous reports on frozen-thawed hepatocytes 
culturedd in the collagen-sandwich configuration [29], It remains unclear why albumin 
productionn was lower than urea synthesis and cytochrome P450 activity following 
cryopreservation,, yet our results show a marked improvement in albumin production in 
comparisonn with previous reports. Considering that glycolysis and the Krebs cycle, the 
mainn ATP producing pathways, have been previously reported to be more impaired than 
ureaa synthesis in cryopreserved hepatocytes [12], a decrease of ATP synthesis in CP may 
causee an alteration in high energy consuming pathways such as albumin production. 
Amongg a number of crucial hepatic functions for BAL, detoxification of ammonia 
(productt of nitrogen metabolism), alcohol and drugs is considered crucial, while protein 
synthesiss is less important because most proteins can be administered exogenously to 
patientss [30]. Considering these functions as well as the elevated stable long-term 
functionn in coculture after cryopreservation demonstrated procedural efficacy and 
supportss possible utilization of our cryopreserved hepatocytes for BAL. 

Inn this study, we utilized HypoThermosol® (HTS) as the carrier solution and 
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DMSOO as a cryoprotective agent based on freeze-thaw technique that we recently 
developedd [29], HTS is an intracellular-like preservation medium which was designed to 
reducee osmotic cell swelling and cell injury under hypothermic condition [31]. Improved 
cryopreservationn outcome by using HTS as a preservation solution has been previously 
reportedd in numerous cell models [3, 5, 6, 29]. The use of HTS is thought to reduce the 
sub-lethall  chemo-osmotic stresses, including cell swelling and lysis, oxidative stress, free-
radicall  production, cellular dehydration, and nitric oxide up-regulation, the cell is exposed 
too during the freeze-thaw process [6, 31]. Further, HTS has been shown to reduce the 
extentt of cryopreservation-induced delayed-onset cell death through the modulation of 
post-thaww necrotic and gene regulated, apoptotic events leading to an increase in cell 
survivall  [4-6]. In this regards, our data demonstrated that HTS's protective ability 
extendedd to isolated primary rat hepatocytes and led to elevated viability, survival and 
functionss following cryopreservation. 

Inn summary, we successfully cryopreserved suspended primary hepatocytes with 
highh viability and yield after thawing. Cryopreserved hepatocytes were shown to 
maintainn liver specific functions in a coculture system and were stable in storage at -
196°C.. This study demonstrated that our method of cryopreservation may be beneficial 
forr hepatocyte banking as well as the utilization of cryopreserved hepatocytes in BAL 
devices. . 
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