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ABSTRACT 

The popular use of in vitro systems for toxicity studies has 

increased dramatically over the past decade. Among the in vitro systems 

used, primary hepatocyte cultures are the most widely employed. 

However, in addition to being difficult to obtain and maintain in 

culture, the functional heterogeneity of liver is absent in hepatocyte 

cultures. 

Primary organ cultures of thin liver slices should overcome 

these limitations but the lack of a reproducible method for the rapid 

preparation of thin, consistent slices, combined with the difficulty in 

maintaining adult liver tissue in culture, has hindered their use for ~ 

vitro hepatotoxicity studies. Using a recently-developed tissue slicer, 

thin, consistent liver slices were prepared rapidly under minimally 

traumatic conditions. Subsequent culture of these slices in a novel 

dynamic organ culture system resulted in a maintenance of hepatocyte 

functional integrity. Slice ATP and K+ content were maintained at in 

vivo levels, following an initial recovery period (2-4 h) for up to 

20 h. Protein synthesis and secretion were linear for 20 hand 16 h, 

respectively. Slices also synthesized glycogen between 4 and 12 h in 

culture and were hormonally-responsive during the 20 h culture period as 

demonstrated by a two-fold stimulation of glucose production by glucagon 

(10- 7 M). 

xi 



xii 

Bromobenzene and allyl alcohol hepatotoxicity were studied in 

this system of organ culture. The slices retained their biotransforma

tion ability for at least 6 h based on measurements of cytochrome P-450 

content and O-deethylase activity. Either compound caused dose (0.1-

1.0 mM) and time (0-6 h) dependent cytotoxicity as indicated by the loss 

of slice K+, inhibition of protein synthesis and leakage of LDH. By 

2 h, a significant (p<0.05) inhibition of protein synthesis was observed 

in allyl alcohol (0.5 mM) treated slices. At 4 hand 6 h, significant 

loss of slice K+, LDH, and inhibition of protein synthesis were evident 

in slices exposed to allyl alcohol (0.25 mM) or bromobenzene (0.5 mM). 

This toxicity was blocked by co-treatment with pyrazole (1.0 mM) or SKF 

525-A (100 ~M) in slices exposed to allyl alcohol or bromobenzene, 

respectively. Therefore, this system provides a new tool for the ~ 

vitro study of hepatotoxicity under conditions where hepatocellular 

functional integrity and functional heterogeneity are maintained. 



INTRODUCTION 

In Vitro Toxicity Testing 

As we approach the twenty-first century we find ourselves 

exposed to an ever-increasing number of chemical contaminants in our 

environment. This number increases nearly exponentially on a yearly 

basis. Therefore, the need for prompt evaluation of potential toxicity, 

followed by effective regulatory controls, becomes paramount in 

importance if we truly hope to first define and later contain the risks 

which these agents present to human health. While epidemiological or 

clinical studies have been used to assess risk to human health from 

exposure to potentially toxic agents, they are often incomplete and have 

many associated disadvantages. For example, there is often difficulty 

in measuring individual exposure patterns and in controlling factors 

which may modify or confound the quantitative measures of health risk. 

~Ioreover, the time between exposure and detection of a measurable effect 

can take many years (Brown, 1983). As a result, the testing of drugs 

and chemicals for their toxicological significance has relied almost 

exclusively on the use of ~ vivo systems. Such models allow for the 

demonstration that a compound of questionable toxic potential adversely 

affects the animal under conditions of physiological significance 

(Zimmerman, 1978). The use of these models also makes it possible to 

study the pathologic consequences of chemical exposures to toxins, which 

aids in the subsequent identification of the target organ(s). In 

addition, limited insight into the mechanism(s) of toxicity may be 

1 



provided and potential human health hazards associated with the agent 

under study ascertai ned (Tardi ff, 1978). 

2 

The use of whole animal systems for toxicity testing has been 

extensively supplemented during the past decade with in vitro test 

systems (Tardiff, 1978). Such systems, through continued improvement 

and expanded versatility as research tools, hold great promise for the 

rapid, inexpensive evaluation of the potential toxicity of new and 

existing chemicals and pharmaceuticals (Nardone, 1977). Rationale for 

~ vitro toxicity testing is based on the following considerations; (a) 

Large numbers of new chemicals find their way into the environment each 

year without prior screening for potential toxicity (Mayer and Flamm, 

1975). (b) Environmental chemical s have been impl icated as mutagens 

(Newcombe, 1973), carcinogens (Heidelberger, 1973a), and agents 

responsible for causing a wide variety of other toxic responses 

(Christensen, 1972). (c) The use of whole animal s in toxicity testing 

is very expensive; long durations of exposure are often required in 

order to produce a toxic end point (Condouris, 1971) and elaborate 

control groups are required to evaluate nonspecific toxic side effects 

(Grisham et al., 1978). In addition, there is strong opposition from 

animal welfare and animal rights advocates to in vivo toxicity 

evaluation (Dagani, 1984; Push, 1984). (d) Finally, in vitro systems 

have the advantage of allowing for mechanistic studies into drug and 

xenobiotic toxicity and metabolism under conditions where the 

experimental setting can be rigidly controlled (Grisham, 1979). Such 

investigations are difficult to evaluate in vivo because of complicating 
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secondary systemic effects and the difficulty in identifying short-lived 

toxic metabolites (Moldeus et al., 1978). 

There are a variety of ~ vitro test systems currently utilized 

for toxicity studies, each having a relatively specific set of 

applications. The major categories include microorganism, cell/tissue 

cul ture, and organ cul ture systems (Tardiff, 1978). 

Microorganism systems employ various strains of cultured yeast 

(Zimmermann, 1973) and bacteria (Legator and Malling, 1971; Ames, 1971) 

for the detection of mutational events. These screens are based on the 

hypothesis that carcinogens are mutagens and act because they modify DNA 

and lead to mutations, including neoplastic transformation. For 

example, point mutations have been effectively measured using unique 

mutant strai ns of S. typhimuri urn in the "Ames mutagenesi s assay" (Ames 

et al., 1975). In addition to recognizing direct acting mutagens in 

this system, it is also possible to supplement the growth medium with a 

liver microsomal fraction (the "5-9" fraction of homogenized liver) 

along with other required co-factors necessary for mixed-function 

oxygenase activity and thereby generate reactive metabolites from 

promutagens (Ames et al., 1975). The Salmonella system, in particular, 

has found widespread application to the screening of potential 

carcinogens (Purchase et al., 1976). 

The use of mammalian cell/tissue culture systems for ~ vitro 

toxicology studies is seen as a valuable adjunct to whole animal studies 

as these systems permit an analysis of the toxic responses of isolated 

cells to drugs and xenobiotics (Tardiff, 1978). Tissue culture was 

originally devised as a method for studying mammalian cells free of the 
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systemic influences which were apparent in the whole animal under normal 

physi 01 ogica 1 conditions or under condi ti ons of stress produced duri n9 

experimentation (Harrison, 1907; Carrel, 1912). Undisaggregated 

fragments of tissue were cultured and growth was restricted to the 

migration of cells from these fragments or "explants", with occasional 

mitoses in the outgrowth cells. The subsequent culture of cells from 

these primary explants of tissue ("primary explant culture") dominated 

the fiel d for more than hal f a century. The term "cell cul ture" 

technically refers to cultures derived from dispersed cells obtained 

from the original tissues, from a primary culture, or from a cell line 

or cell strain by enzymatic, mechanical, or chemical disaggregation. 

Despite the historical differences described above, the terms "tissue 

cul ture" and "cell cul ture" are currently used interchangeably and, 

generally, refer to the culture of isolated, dispersed cells (Freshney, 

1983) • 

The use of cell/tissue culture techniques for toxicity testing 

was originally proposed by Pomerat and Leake (1954) who demonstrated 

that antihistamines were highly toxic to skin cultures, confirming the 

clinical observation of skin injury following topical application. 

Since then the applications of such techniques have been widespread and 

diverse. Examples include the use of mouse liver explant cultures to 

study the comparative toxicity of erythromycin and phenothiazine 

derivatives (Dujovne et a1., 1970), epithelial cell cultures in the 

study of oxygen toxicity (Boat et al., 1973), cul tured epidermal cell s 

for the study of aromatic hydrocarbon toxicity (Dietz and Flaxman, 

1971), the culture of ascites tumor cells for studies on the comparative 



toxicity of organic solvents (Holmberg and Malmfors, 1974), and the 

study of aflatoxin B1 cytotoxicity in primary hepatocyte cultures 

(Sal ocks et al., 1981), to name only a few. 

Unfortunately, however, many cell culture methods employ 

5 

metabo1 ical1y-1 imited mammal ian cell s which have been subcul tured 

repeatedly and in which many of the differentiated functions have been 

lost. For example, the microsomal enzymes, most often involved in 

biotransformation, are usually poorly expressed in such cells (K1inge1e, 

1973). Thus, quite often only nonspecific toxicity of eukaryotic cells 

to directly active chemicals is studied. Attempts to overcome the 

problem associated with limited bioactivation potential have included 

the development of co-culture systems incorporating the use of perfused 

liver, liver homogenates or slices, microsomal fractions (Goldberg, 

1974), selective enzyme induction (Alfred and Gelboin, 1967), or host

mediated activation (Legator and Na11 ing, 1971). Pre-treatment of the 

parent toxicant in a bioactivating system and subsequent exposure of the 

cultures to the products of bioactivation has also been employed 

(Nardone, 1977). 

More recent advances in the short-term culture of a variety of 

functionally-competent epithelial cells have led to improvements in the 

evaluation of the toxic potential of a wide variety of chemicals, 

including protoxins which require bioactivation. This has made possible 

the study of "epithel iocyte-specifie" toxicity.!.!! vitro (Grisham, 1978). 

Such cells are much better able to metabolically-activate protoxic 

chemicals than cells of mesenchymal origin (Harris et a1., 1973); a 

finding which may correlate with the greater susceptibility of 
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epithelial tissue to toxic agents in vivo (Grisham, 1978). Currently, 

the most popular system in which short-term cultures of epithelial cells 

are studied is hepatocyte primary cultures in which the isolated 

hepatocytes maintain their functional and biochemical integrity such 

that they may be used for cytotoxicity studies (Dougherty et al., 1980). 

One of the most appealing attributes of these systems for toxicity 

studies is that cells, from the species and the organ or tissue at risk, 

may be utilized thereby permitting the cellular aspects of species- and 

organ-specific toxicity to be studied (Grisham, 1978). 

Organ culture represents another in vitro technique which can be 

used for toxicity studies. While organ culture methods are overshadowed 

by the more popular cell/tissue culture techniques, their application to 

toxicity studies represents an area which has not been widely explored 

in recent years and, thet'efore, may be one of unreal i zed potenti a 1. 

Because this method of culture is of central importance to this 

dissertation, it will be given a more thorough review than the methods 

described previously. Organ culture, by definition, is the "maintenance 

of tissues in a differentiated functional state in a nutrient medium in 

vitro" (Fell, 1975). This implies that the architecture which is 

characteristic of the tissue ~ vivo is retained, at least in part, in 

the culture (Freshney, 1983). The surface to volume ratio of tissue in 

an in vitro system becomes important since Fick's law predicts 02 

diffusion to be directly proportional to the exposed surface. The 

barriers to diffusion are represented by both the layer of medium 

covering the submerged tissue and the tissue thickness. The height of 

this layer and the tissue thickness are inversely proportional to the 
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rate of 02 diffusion. In isolated suspended cells and monolayer 

cultures, a larger surface to volume ratio is achieved and distances 

over which 02 must diffuse are effectively reduced, in contrast to the 

situation existant in multilayered tissue pieces. In order to overcome 

these limitations, thin tissue pieces are cultured at the liquid/gas 

interface on some type of a supporting matrix, hence minimizing the 

distance over which 02 must diffuse. 

Organ Culture:Historical Aspects 

A brief historical review of the development of organ culture as 

a science reveals that the basic concept was originally reflected in a 

statement by the noted physiol ogi st, Cl aude Bernard (1856) over a 

hundred years ago that " ••• physiologica1 occurrences must, as far as 

possible, be isolated outside the organism by means of experimental 

procedures. This isolation can then allow us to see and understand 

better the deepest associations of the phenomena, so that their vital 

ro 1 e may be fo 11 owed 1 ater in the organi sm. II 

The earliest reports of attempts to culture organs in vitro date 

back to the latter half of the 19th century (Vu1pian, 1859; Born, 1897). 

By the early 1900's a clear divergence was beginning to evolve between 

cell culture and organ culture (Hodges, 1975). This distinction was 

originally put forth by Thompson (1914) who emphasized the differences 

between control led growth of explants isolated from chick embryos which 

contrasted with the uncontrolled outgrowth of cells which he observed at 

cut tissue surfaces. This observation was later termed organotypic 

growth (~aximow, 1925) or today, as primary explant culture (Freshney, 
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1983). Using the hanging drop technique which he developed, Thompson 

(1914) demonstrated that explants of embryonic chick organs increased in 

size and retained their morphological characteristics when cultured on a 

plasma/embryo extract clot. This method of culture was most popular up 

until the late 1920's when the pioneering studies of Strangeways and 

Fell (1926, 1927) and Fell and Robison (1929) signalled the advent of 

the modern era of organ culture (Hodges, 1975). These workers devised 

procedures which resulted in minimal loss of structure and function in 

isolated tissues. This watch-glass method consisted of a plasma/embryo 

extract clot which comprised the medium and which was formed in the 

center of the glass. Tissue explants were placed on the surface of the 

clot and incubated. At two day intervals, explants were removed from 

the clot, washed and replaced on fresh medium. This method proved to be 

very successful for the cul ture of a variety of tissues. However, some 

tissues become necrotic and underwent severe degeneration. Chen (1954), 

for example, demonstrated that explants of embryonic rat pancreas 

deteriorated rapidly due to the accumulation of secretory products 

around them. To overcome this problem he utilized a liquid medium, 

which allowea for diffusion of these materials away from the explant. 

To bypass the degeneration which occurred in most explants submerged in 

a pool of fluid medium, Chen placed the explants on floating rafts of 

1 ens paper ina fl ui d medi urn of serum and embryo extract. These rafts 

allowed for the maintenance and growth of the tissue for more than ten 

days. The current state of the art in organ culture derives from this 

earlier work and the work of Trowell (1959), whose simple technical 

innovation revol utionized the cul ture of adul t organs (Fell, 1975). 
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Trowell used a shal low table of tantalum wire gauze seated in a flat

bottomed culture dish to support tissue explants which were cultured at 

the liquid-gas interface in humidified chambers. In various forms, this 

system is the one which is most widely used today (Fell, 1975). 

The progress of organ culture has been marked by the increasing 

complexity of the questions which the cultures have been required to 

answer (Fell, 1975). As improvements in culture methods continued, 

ma~nalian organ culture found a wider application in the field of 

endocrine and vitamin research (Fell, 1953; 1964), in studies which 

involved the interactions between normal and malignant tissues 

(Grobstein, 1953; Wolff, 1956), and host-virus interactions (Bang and 

Niven, 1958). Further applications have included studies of tumor 
. 

biology (Leighton, 1968), chemical carcinogenesis (Heidelberger, 1973b), 

immunology (Fell et al., 1966), genetics (Mayer and Fishbaine, 1972), 

and toxicology (Parsa, 1974; Gates et al., 1975). Additonally, 

refinements in biochemical techniques have led to an increasing use of 

organ culture in the analysis of the phsjiological and biochemical 

properties of cultured tissue (Hodges, 1975). 

Culture of Adult Mammalian Liver 

Since the early part of this century, many attempts have been 

made to maintain adult liver in organ culture. While progress has been 

made towards this goal, it has been both slow and not entirely 

successful (See Trowell, 1959; Kalus et al., 1968; Laufs and Walker, 

1970; Campbell and Hales, 1971; Sigot-Luizard, 1973; and Hart et al., 

1983). The difficulties encountered may be explained, in part, by the 
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drastic chemical changes that occur when liver tissue is put into 

culture (Reed and Grisham, 1975). Indeed, although his innovative 

methodology resulted in the successful culture of a number of other 

adult mammalian organs, Trowell (1959) could not satisfactorily maintain 

adult rat liver in culture. Despite this, other workers continued to 

pursue the development of this culture technique. In 1970, Laufs and 

Walker had limited success in the maintenance of adult marmoset liver 

explants in culture. The tissue architecture remained intact in the 

explants with the exception of a small central necrotic area. The size 

of this area increased with the length of the culture period and wa3 

shown to be oxygen-dependent since it was larger when air without 

additional oxygen was used. However, in cultures maintained under 60% 

oxygen, the necrotic area was both much smaller and took longer to 

develop. When either pure oxygen was used or when hyperbaric conditions 

were employed, toxicity occurred as evidenced by necrosis near the gas

organ interface. Although some necrosis occurred in this system, other 

indicators of viability, such as the maintenance of macromolecular 

synthesis measured by the incorporation of radiolabeled precursors into 

either protein or nucleic acids, were encouraging. 

Campbe 11 and Hales (1971) estab 1 i shed an organ cul ture of 

mature rat liver which was subsequently found to be hormonally

responsive for up to six days (Campbell and Siddle, 1973). These 

workers also demonstrated the need for proper oxygenation of the culture 

as evidenced by light and electron microscopy, macromolecular 

composition (DNA, RNA, protein and glycogen content), ATP, and ion 

content. While a majority of ~he cells were necrotic within 24-48 h 
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when cultured in a gas phase of 95% air/5% C02, the measurement of ATP 

and ion content suggested that the pieces of liver were fully oxygenated 

when incubated under hyperbaric conditions (3 atm 02). However, under 

these conditions the toxic effects of oxygen were apparent within 24 h. 

Optimal conditions in their system were established when a mixture of 

02:C02 (95%:5%) was used to gas the cultures. This resulted in a zone 

of viable cells at the gas-tissue interface for up to six days. The 

cells which were present at the media-tissue interface, however, 

underwent severe degeneration. 

Recently, an organ culture system of thin rat liver slices was 

described by Hart et al., 1983. While the culture proved to be 

successful for the maintenance of neonatal rat liver for up to 72 h, it 

did not overcome the problems associated with the culture of adult rat 

liver. For exam~le, while protein synthesis remained linear for up to 

24 h, one-third of the slice area was found to have degenerated except 

for a 200 ~m layer of normal-looking cells which was maintained along 

the surface exposed to the gas phase. 

It is we 11 known that adul t ti ssue in cul ture will not survi ve 

under anoxic conditions but rather that a requirement for high oxygen 

levels exists (Parker, 1936). Therefore, the diffusion of oxygen from 

the gas phase will be a critical factor in the survival of adult organ 

cultures. For the culture of tissues such as liver and kidney from 

either mice or rats, this finding takes on added significance since 

these tissues have comparatively higher respiratory rates than the same 

tissues from larger animals. For example, Krebs (1950) determined the 

fol lowing order, with regard to rates of oxygen consumption, for a 
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variety of species using isolated liver slices; mouse> rat> guinea pig 

= ca t > rabbi t > dog> sheep> catt 1 e > horse. 

As oxygen diffuses through the cultured tissue, it will be 

consumed in such a manner that the concentration will be minimal at the 

center. Gerard (1931) derived an equation with which to predict the 

expected thickness of surviving tissue in an organ culture. This 

equation predicts that a piece of liver 0.5 mm thick should survive in 

95% 02. However, in the study by Campbell and Hales (1971), described 

previously, histological examination together with measurement of 

biochemical composition showed that this prediction was not borne out. 

Indeed, tissues of this thickness required hyperbaric oxygen which was 

ultimately found to be toxic. Trowell (1959) found that, in practice, 

this limiting thickness was directly dependent on the normal oxygen 

consumption, being smaller in organs with high consumption rates (e.y., 

liver and kidney), and larger in organs with low consumption rates 

(uterus, ovary, skin, lung and fat). He suggested that explants which 

were naturally thin or which flattened out in culture, such as prostate, 

mammary gland, lymph nodes and adipose tissue generally were easier to 

maintain in culture than those which remain spherical or cubical such as 

liver, kidney, ovary and adrenal, because they are in a better 

equilibration with both the gas phase and the medium from the standpoint 

of 02 and metabolite diffusion. From this he further speculated that 

thin organ slices should be more suitable for culture than either cubes 

or spheres of the same volume. 

In addition to the thickness of the cultured tissue, there is 

another major contributing factor to the uneven nutrient and gas 
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exchange which occurs and which is regarded as the major drawback of 

static culture systems. This drawback is the lack of mixing or stirring 

in these static Trowell cultures, which may explain partly why 

variations in viability occur within a given organ explant. Because of 

the static situation, there are actual tissue differences between areas 

which are either at the gas-tissue or the tissue-medium interface 

(Hodges, 1975). The circulation and gas exchange may be improved by 

agitation of the culture vessel (Medawar, 1948) or by passing a 

continuous flow of gas through the culture medium (Petrovic and Heusner, 

1963). 

New and Mizell (1972) underlined the importance of gentle mixing 

of the medium for improved oxygenation. They suggested that this mixing 

would continuously expose a fresh layer of medium to the gas phase. 

Using roller tubes under continuous rotation, they demonstrated that the 

growth of explanted embryos was much greater than in static cultures. 

Finally, Freshney (1983) has pointed out the major advantages of roller 

culture over static culture and these include: (1) the increase in 

surface area; (2) the constant, but gentle, agitation of the medium; and 

(3) the increased ratio of medium surface area to volume, allowing gas 

exchange to take place at an increased rate. 

Experimental Hepatotoxicity:Rationale 

The stuQy of experimental hepatotoxicity has taken on great 

relevance in today's industrialized societies because of the rapidly 

growing rate of morbidity and mortality from liver disease due to drug 
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and chemical exposures (Leevy et al., 1980). Experimental hepato

toxicity studies help to verify the etiology of overtly hepatotoxic 

states in humans and animals and to define the nature and mechanism(s) 

of injury (Zimmerman, 1978). Previous examples include studies of the 

toxic effects of carbon tetrachloride (Recknagel and Glinde, 1973), 

chloroform (Fassett, 1963) and aflatoxins (Salocks et al., 1981), to 

name a few. In addition, it is conceivable that models of hepatic 

injury could result in the development of new therapeutic rationale for 

the treatment of liver-specific toxicity. Indeed, studies of the 

pathogenesis of hepatic necrosis by acetaminophen have led to the use of 

therapeuti ca lly-effecti ve nuc 1 eophi 1 i c agents for the treatment of 

acetaminophen poisoning (Mitchell et a1., 1973). Furthermore, testing 

for the hepatotoxic potential of drugs and chemicals prior to their 

introauction into clinical medicine or the workplace, respectively, is 

considered a routine responsibility of industrial medicine (Popper, 

1962). 

Other areas in which studies of experimental hepatic injury have 

provided insight inclUde those involving chronic diseases caused by 

hepatotoxins (Kraybi1 1, 1974) and studies of hepatic physiology (Michael 

et al., 1976). Chemical hepatic injury has al so provided a useful model 

for the general study of cell injury and death (Manjo, 1964). 

In Vitro Toxicology:Relevance of Cultured Liver 

The anatomical and biochemical uniqueness of the liver results 

in great susceptibility of this organ to damage by chemical agents. 

This appears to be largely a consequence of its primary role in the 



metabolism and disposition of foreign substances (Roui1ler, 1964). 

Otner factors, however, contribute to the special vulnerability of the 

liver to chemical injury and these include its strategic anatomical 

location as a portal to the tissues (Farber and Fisher, 1980), the 

excretion of agents or their metabolites in the bile, and the 

concentration of foreign chemicals in the liver (Zimmerman, 1978). 
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Many chemicals require metabolic activation in order to produce 

toxicity. Of all tissues, liver has the broadest ability to metabolize 

chemicals of a variety of different classes (Weisburger and Williams, 

1975), and this organ most often provides the tissue of choice for in 

vitro toxicity studies (Greim, 1980). Indeed, contemporary insights 

into the metabolism of exoyenous chemicals by the liver probably are 

more detai 1 ea than for any other ti ssue (Gri sham, 1979). 

Previous.i!!. vitro systems employing cultured liver have been 

used for a variety of studies including studies to determine pathways of 

metabolism of selected chemicals, to evaluate mechanisms of toxicity, 

ana to screen for potentially toxic or carcinogenic chemicals (Grisham, 

1979) • 

When using isolated cells or explants, the environment can be 

directly manipulated, allowing subsequent comparisons between control 

and chemically-treated preparations from the same animal. As pointed 

out by Jeejeebhoy and Phillips (1976), this should, theoretically, 

provide a sensitive test for the chemical in question. Through the use 

of such systems several laboratories have reported positive correlations 

between cytotoxicity in liver cell cultures in vitro and the known or 

suspected incidence of clinical and experimental hepatotoxicity in vivo 



16 

(Schmidt et al., 1959; Dujovne et al., 1972; Dujovne, 1975). While 

studies with primary cell cultures of isolated hepatocytes have 

contributed to our knowledge of mechanisms of toxicity, they possess 

certain limitations. In addition to being difficult to obtain and to 

maintain in culture, the method of isolation most routinely employed 

involves collagenase digestion which is not ideal for the recovery of 

cells and enzymatic activities (Ichihara et al., 1980). Furthermore, it 

has been suggested that cells from the centrilobular area may be 

selectively damaged when the liver is digested with collagenase 

(Sweeney, 1983). There may also be functional variability between 

batches of cell s isol ated at different times (Grisham, 1979). Finally, 

the anatomical basis for the functional heterogeneity of the liver is 

destroyed when isolated hepatocytes are employed. This heterogeneity 

normally results in differences in oxygen tension, rates of protein 

synthesis, protective hydrolytic and conjugating enzymes, and 

concentrations of glutathione across the liver acinus (Sweeney, 1983; 

Jungermann and Sasse, 1978; Jones and Mason, 1978; Gumucio and Miller, 

1981; Jungermann and Katz, 1982). 

Therefore, a method for culturing liver under conditions where 

the architecture of the tissue is maintained and collagenase digestion 

is avoided, should provide significant further information regarding the 

mechanism(s) of toxicity of drugs and xenobiotics. Liver slices in 

organ culture could provide these advantages, however, the lack of a 

reproducible method for the rapid production of thin slices under 

minimally-traumatic conditions has hindered their use for ~ vitro 

hepatotoxicity studies (Smith et al., 1985). Furthermore, as described 
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earlier, organ cultures of adult mal111lalian liver have been difficult to 

maintain in static culture because of apparent limitations in oxygen 

(Campbell and Hales, 1971) and nutrient diffusion which results in the 

spontaneous occurrence of cellular degeneration (Reed and Grisham, 

1975). Hence, organoid cultures of adult liver do not appear to be 

readily adaptable to the evaluation of hepatotoxicity ~ vitro. 

However, this application of organ and explant cultures has not been 

explored widely in recent years, at a time when organotypic cultures, 

generally, are receiving much attention in cancer research (Grisham, 

1978) • 

Objectives 

In light of the above discussion it is evident that in vitro 

syster.ls employing cultured liver offer unlimited potential for 

applications to hepatotoxicity studies. While isolated hepatocytes in 

primary cul ture are currently the system of choice for such studies, an 

alternative system, such as the organ culture of adult liver in which 

functional heterogeneity is maintained, should provide toxicologists 

with further insights. Such a system, in which a higher level of 

biological complexity exists, may also facilitate extrapolation to the 

in vivo level. 

In summary, the maintenance of organotypic cul tures of adul t 

liver have not been entirely successful. Reasons for this lack of 

success include the static rather than dynamic nature of the culture, 

and the tissue thickness and lack of uniformity; both of which result in 

uneven oxygen and nutrient diffusion. Another problem has been the 
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tissue trauma produced during the preparation of the organ cultures. 

All of these factors may contribute to spontaneous cellular degeneration 

upon culturing. 

The major objective of this project, therefore, was to develop a 

workable organ culture system of adult rat liver for hepatotoxicity 

studies. In this regard it was necessary to overcome problems 

associated with earlier organ culture methods of adult liver. The need 

to prevent spontaneous tissue degeneration in the control culture is of 

paramount importance because many of the effects produced by the toxins 

parallel spontaneous degenerative changes. 

The project was undertaken with three basic goals in mind. 

Initially, it was necessary to identify a method in which thin sections 

of freshly-isolated adult rat liver could be prepared under conditions 

which resulted in minimal tissue trauma. Furthermore, it was important 

that these tissue sections be of consistent thickness both within a 

given slice and between groups of slices. 

It was then necessary to develop a method for culturing these 

thin slices for an appropriate period of time (up to 20 h). Maintenance 

of the functional integrity of these cultures was paramount in 

importance because the biochemical evaluation of cytotoxicity was to be 

based upon alterations, by cytotoxic agents, in certain normal cell 

physioloyical processes. 

Validation of the utility of this system for ~ vitro 

hepatotoxicity studies was the final objective. Two classical 

hepatox1cants, bromobenzene and allyl alcohol, were chosen for 

evaluation in this system. These agents are uniquely different in their 
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mechanisms of toxicity, which for either compound is based on prior 

bioactivation by different enzyme systems (Figure 1). The modulation in 

toxicity of either compound by selective enzyme inhibitors was also 

investigated in order to demonstrate the potential application of this 

system for studying mechanisms of hepatotoxicity. 
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Figure 1. Bioactivation schemes for two classical hepatotoxicants studied in the dynamic organ 
culture system (DOCS). The upper pathway shows the cytochrome P-450 mediated 
bioactivation of bromobenzene. The lower pathway demonstrates the bioactivation of 
allyl alcohol by alcohol dehydrogenase. 
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f4ATERIALS AND METHODS 

Chemicals 

Bromobenzene was purchased from American Drug and Chemical Co. 

(Culver City CAl. Dimethyl sulfoxide was purchased from Eastman Kodak 

Co. (Rochester NY). Allyl alcohol and phenobarbital sodium were 

purchased from r4all inckrodt Inc. (St. Louis MO). Waymouth's ~IB 752/1 

powdered medium specially prepared without phenol red, fetal bovine 

serum (mycoplasma tested), and l-glutamine were purchased from Gibco 

Laboratories (Grand Island NY). Falcon tissue culture dishes were 

purchased from American Scientific Products (Tempe AZ). Gentamycin 

sulfate, bovine serum albumin (fraction V), adenosine triphosphate 

(disodium salt), colchicine, cycloheximide, crystalline porcine insulin, 

calf thymus deoxyribonucleic acid, Tris-HCl (reagent grade), the 

adenosine triphosphate kit (No. 366-UV), the lactate dehydrogenase kit 

(No. 226-UV), nicotinamide adenine dinucleotide phosphate (reduced form) 

and nicotinamide adenine dinucleotide (reduced form) were all purchased 

from Sigma Chemical Co. (St. Louis MO). Betaphase liquid scintillation 

cocktail was purchased from WestChem Products (San Diego CAl. 3H

Leucine (specific activity: 5.0 Ci/mmole) was purchased from New 

England Nuclear (Boston MA). Pyrazole, 7-ethoxycoumarin, 7-

hydroxycoumarin, and 3,5-diamino benzoic acid· 2HCl were purchased from 

Aldrich Chemical Co., Inc. (I~ilwaukee WI). I3-Diethylaminoethyl-2,2-

diphenylvalerate·HCl was a gift from Smith, Kline and French, Inc. 
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(Philadelphia PAl. Crystal line porcine glucagon was purchased from 

E1anco (Indianapolis IN). DEAE-sephadex A-25 ion exchange resins were 

purchased from Pharmacia Fine Chemicals (Summit NJ). Gi11's triple 

strength hematoxylin and the glycol methacrylate embedding kit were 

purchased from Po1ysciences Inc. (Warrington PAl. Eosin-Y and 

trichloroacetic acid were purchased from Fisher Scientific (Fairlawn 

NH). Bio-Rad protein reagent concentrate was purchased from Bio-Rad 

Labs (Richmond CAl. All other reagents used were of the purest 

analytical grade commercially available. 

Treatment of Animals 
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Adult male Sprague-Dawley rats (200-350 g) were used in all 

experiments except in the preliminary glycogenolysis experiments where 

adult male Wistar rats were used. Animals were obtained from either the 

breeding colonies at the University of Arizona Department of Animal 

Resources, or from Harlan Sprague Dawley (Madison WI). Animals were 

allowed food (Wayne Lab B10x) and water ad libitum and were housed up to 

six per cage on wood shavings at 12 h/12 h light/dark cycles. For the 

bromobenzene toxicity experiments, rats were pretreated with 

phenobarbital sodium to induce the mixed function oxygenases by giving 

them an initial i.p. injection (80 mg/kg) and placing them on 

phenobarbital sodium drinking water containing phenobarbital (1 gil) for 

five days. On the day before animals were to be terminated, no 

phenobarbital was administered. Animals were terminated by cervical 

dislocation. 



Preparation of Liver Slices 

Three different methods of tissue slicing were investigated in 

an attempt to determine the instrument most ideally suited for this 

purpose. These included the Oxford Vibratome, Lancer, Inc. (Bridgeton 

MO), the Stadie Riggs microtume, Stadie and Riggs (1944) and the 

Krumdieck tissue sl icer (Krumdieck et ale, 1980). 
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The Oxford Vibratome is a semi-automatic microtome which cuts 

fresh or fixed tissue evenly and without distortion. Sectioning takes 

place in a fluid bath by a vibrating blade. The blade vibrator, feed 

rate, cutting angle and section thickness can be varied to suit the 

specimen. This instrument cuts single sections and stops when the blade 

carriage reaches its limit of travel (Clouser, 1977; Zelander and 

Kirkeby, 1978). 

Fresh rat liver was perfused for 10 min with ice cold Krebs 

Henseleit buffer (pH 7.4) and cut into small tissue blocks (1 cm2). 

Freshly cut blocks were stored in oxygenated buffer at 10°C. One block 

at a time was fastened to a chuck with cyanoacrylate glue. The mounted 

tissue block was then placed in the Vibratome holding vice and covered 

with ice cold Krebs Henseleit buffer. Temperatures in the cutting bath 

were maintained between 8-10°C. The instrument settings which provided 

the most satisfactory sectioning conditions were a blade angle setting 

of 15°, lateral blade speed setting of 9.4, and forward blade speed 

setting of 1. Fol lowing the preparation of slices over a range of pre

set thicknesses (50-200 ~m), sections were fixed in 10% buffered neutral 



formalin for two days. Paraffin sections were then stained with H 

and E. 
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The Stadie-Riggs microtome is a hand-held device which holds a 

definite thickness of tissue between the under surface of a transparent 

plate and the advancing edge of a thin, flat razor blade. In theory, 

this method should produce multiple slices quickly with minimal trauma 

and with considerable reproducibility (Stadie and Riggs, 1944). 

Fresh rabbit liver was placed in ice cold Krebs Henseleit buffer 

and quickly dissected into individual lobes. Lobes were then sectioned 

by placing an entire lobe in the Stadie Riggs slicing chamber and 

applying slight and even pressure to the cover plate. A long razor 

blade (11 cm stainless steel), Arthur H. Thomas Co. (Philadelphia PAl was 

introduced into the microtome and advanced with a to and fro motion 

until a slice was produced. To remove the slice it was often necessary 

to lift the entire lobe of liver back out of the tissue holder and to 

lift away the adhering slice with forceps. From any given slice, random 

sections were taken for a comparison of thicknesses both within a given 

slice and between different slices. Fol lowing fixation in 10% buffered 

neutral formalin, slices were embedded in glycol methacrylate plastic in 

such a way that microtome sections produced a transverse cut through the 

slices, allowing for such a comparison to be made. 

The Krumdieck tissue slicer used for this project was a 

modification of the original version (Krumdieck et al., 1980). The 

current model (Figure 2) incorporates a motor-driven vibrating blade 

rather than the manually-operated blaae of the original model. This 

tissue slicer has been deSigned to produce rapidly slices of nearly 
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identical thickness and of very similar shapes and dimensions in a 

control led environment with minimal tissue trauma. Fresh rat liver was 

immediately placed in ice-cold Krebs Henseleit buffer at pH 7.4 and 

tissue cylinders were prepared with a sharpened metal tube (1 cm outer 

diameter) by slowly turning and advancing the metal tube with constant 

pressure into the liver lobes which were spread out on either a flat wax 

block or a cardboard support. Following the preparation of 8-10 uniform 

tissue cylinders, tissue slices were prepared from individual tissue 

cylinders at various thickness settings under ice-cold, oxygenated 

(95%:5% 02:C02) Krebs Henseleit buffer. Individual tissue cylinders 

were placed into a cylindrical plastic holder (1 cm 0.0.) on top of 

which was placed a weighted plastic piston. The distance between an 

adjustable base plate and the bottom of the tissue holder then 

determines the resultant thickness of the slices, which are produced by 

pulling the immobilized tissue cylinder across a vibrating razor blade 

(Gillette "Super Stainless", Boston MA). The freshly-sectioned slices 

are collected automatically after being carried in a circulating channel 

of buffer to a collecting seive. During the interim between slicing and 

culture, tissue slices were placed in ice-cold Krebs Henseleit buffer 

and gassed with 95%:5% 02: C02 (30 min). Sections of liver produced with 

the Krumdieck slicer were treated for histology in a manner analogous to 

those which were produced with the other slices. 
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Figure 2. The Krumdieck tissue slicer. 
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Histological Methods 

In order to assess slice consistency with regard to thickness, 

both within a given slice and between slices, it was necessary to 

develop a method by which transverse sections of tissue slices could be 

prepared and evaluated. These sections could also be used for the 

evaluation of slice histopathology following toxic insult. However, for 

the histological evaluation of zonal necrosis (e.g. periportal or 

centrolobular), it was necessary to evaluate a larger surface of the 

slice than that which was provided by transverse sections. 

To evaluate slice thickness, s~ices were fixed in 10% buffered 

neutral formalin for at least 24 h. This solution was prepared as 

follows; to 900 m1 H20 add 100 m1 formal in (37-40%), Na2HP04 (6.5 g) and 

NaH2P04·H20 (4 g), and adjust pH to between 6.9 and 7.2. Individual 

slices were then cut into three nearly equivalent rectangular pieces and 

skewered with a one- to two-inch long cactus spine so that consecutive 

pieces of tissue laid on top of one another. Skewering was facilitated 

by placing the slice sections on a flat wax surface so that the spine 

could completely pierce individual sections. In this manner, up to 15 

sections from as many as five different slices could be evaluated in the 

same microscope slide. After fixed sections were loaded on to spines, 

tissues were dehydrated in 70% ethanol (4 changes at 12-15 min each), 

fol lowed by 95% ethanol (2 changes at 12 min each). Once dehydrated, 

the tissues were infiltrated with a glycol methacrylate monomer, 

Polysciences, Inc. (Warrington PAl for 3 h (exchange infiltrate for 

fresh solution after the first 1.5 h). Infiltration was carried out in 

plastic embedding boats, Fisher Scientific (Phoenix AZ) with the end of 
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the tissue distal to the cactus spine placed at the bottom of the boat. 

Tissues were then embedded after first aspirating off the spent 

infiltration mixture and slowly adding catalyzed glycol methacrylate 

resin. It was important that the catalyzed solution be kept on ice to 

slow down the polymerization process. At this point, either a plastic 

disposable chuck (EBH-2 block holder), Polysciences, Inc. (Warrington PA) 

or a reusable aluminum chuck, Fisher Scientific (Phoenix AZ) was placed 

on the upper surface of the boat and the solution was allowed to 

polymerize at room temperature. This process is diagrammed in Figure 3. 

In order to evaluate a larger surface area of a given slice it 

was important to keep slices as flat as possible throughout the 

fixation-embedding process. Following culture, slices were placed into 

a drop of Krebs Henseleit buffer in the center of a petri dish with the 

media-tissue side of the slice face up. This orientation was important 

throughout the embedding process so that artifacts, associated with the 

stainless steel supporting matrix on which slices were cultured, were 

minimized. The buffer was then aspirated thus allowing the slice to 

remain flat and several drops of fixative were placed on top of the 

slice to fix it in this position. Fixed slices were then placed in the 

bottom of embedding boats and infiltrated/embedded as described above. 

Plastic sections (2-5 ~m) from the various embedded tissue 

samples were cut with a JB-4 microtome, Sorvall Instruments (Newtown CT} 

using glass knives (3/811 or 1/211 ), Fisher Scientific (Phoenix AZ). 

Hand E-staining of the plastic sections was based upon a modification 

(P.F. Smith, unpublished method} of a routine Hand E methacyrlate stain 

(Castro, 1985}. Briefly, slides were placed in fresh Gill's hematoxylin 
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(triple strength, diluted 1:2) for 10 min and rinsed in running tap 

water (30 min). Sections were then dipped continuously in a saturated 

solution of lithium carbonate (30 sec). At this stage it was possible 

to examine the nuclei for basophilic staining and to repeat the above 

steps if they were understained. Next, the slides were placed in a 

solution of eosin-phloxine for 2-5 min, followed by a 2 min rinse in 

running tap water. Slides were allowed to dry, cover slips put in place 

with permount, and examined by light microscopy. 

Preparation of the Culture Media and Slicing Buffer 

Cu 1 ture medi a was prepared from Waymouth ' s MB 752/1 dry powdered 

medium which had been stored at 4°C without phenol red. In an effort to 

prolon~ the shelf life of the powder, sodium bicarbonate and l-glutamine 

were al so excl uded from the stored powder. To 900 011 of H20, one packet 

of powder (enough for 1 1) was added under constant, gentle stirring at 

room temperature. The empty packet was then rinsed and the rinsate 

added to the mixture. Sodium bicarbonate (2.24 g) was then added, 

followed by 1.68 ml of a 50 mg/ml solution of gentamycin sulfate 

(Salocks et al., 1981). In addition, 12 ml of a 200 ~M stock solution 

(stored frozen) of l-glutamine was added. In cases where the media was 

to be stored for more than one week, fresh l-glutamine was added, at the 

above concentration, on the day of the experiment. The pH of the media 

was then adjusted to 7.4 with IN HCl and the volume adjusted to 1 1 with 

H20. The media was finally filter-sterilized using a Nalgene filter 

sterilization unit (Type LS, 0.45 ~m), Nalgene (Rochester NY) and stored 

in sterilized glass bottles (150 ml), which had been autoclaved for 40 
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min at 122°C, in the cold room (4°C). For the experiments in which the 

biochemical viability of cultured slices WdS determined, the media was 

supplemented with an extra 25 mM glucose on the day of the experiment. 

In general, media was used within one to two months of preparation • 
.. 

The buffer which was used for the preparation of slices with the 

Krumdieck tissue slicer was a Krebs Henseleit buffer of the following 

composition (mM); NaCl, 118.0; KC1, 4.8; KH2P04, 0.95; NaHC03' 23.8; 

MgS04'7H20, 1.2; CaC12'2H20, 2.89; and d-gl ucose, 25. Buffer was 

prepared by dissol ving all of the sal ts except for the MgS04'7H20 and 

the CaC12'2H20 in H20. These final two salts were dissolved separately 

in 10 ml H20 each and added to the above. The pH of the solution was 

adjusted each time prior to use, after gassing with 95% 02;5% C02 for 30 

min or longer, and was used within a 2-week period. This buffer was 

also stored in the cold room at 4°C. 

Static Culture of Rat Liver Slices 

Subsequent to the preparation of adult rat liver slices it was 

necessary to establ ish a system of primary cul ture in which sl ice 

functional and morphological integrity would be maintained for up to 

20 h. Initial experiments focused on the use of conventional static 

organ culture methodologies which were derived from Trowell's original 

work (Campbell and Hales, 1971; Reed and Grisham, 1975). Slices (300 

~m) were prepared with the Krumdieck tissue slicer as described earlier 

and pooled in chilled Krebs Henseleit buffer. One slice each was then 

transferred to a stainless steel mesh culture support which was 

subsequently placed on top of the center well of a falcon aryan culture 
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dish (No. 3010), American Scientific Products (Tempe AZ) [Figure 4]. 

Thi s center we 11 contai ned 0.6 ml of Waymouth's MB 752/1 medi urn 

supplemented wah gentamycin (84 ~g/ml) and 10% fetal bovine serum. The 

volume of medium used resulted in the lower half of the cultured slice 

just touching the liquid with the upper half exposed to the gas phase. 

The outer well of the culture dish contained a ring of filter paper cut 

from Whatman filter paper and saturated in H20. The dishes were then 

covered with plastic lids, placed in racks in a stainless steel Torbal 

jar, Torsion Balance Company (Clifton NH) [Figure 5], and gassed with 

95% °2:5% C02 for 20 min at a flow rate of approximately 2 l/min. The 

inlet and outlet valves were closed and the jar was placed in a 37°C 

room. Media was exchanged and the jar was regassed every 12 h. 

Following the appropriate times, slices were removed from culture and 

prepared for histological evaluation as described earlier. 

Dynamic Culture of Rat Liver Slices 

Using the conventional static organ culture techniques it soon 

became apparent that degeneration of the cultured slices at the slice

media interface was inevitable. This finding necessitated the 

development of a culture system which would allow both top and bottom of 

the cultured slices to be exposed to the gas phase during the course of 

incubation. Slices were prepared as previously described and pooled in 

a flat plastic tray containing ice cold Krebs Henseleit buffer. 

Individual slices were then lifted, with the aid of a spatula (the end 

of which was bent 120°), into stainless steel mesh cylinders equipped 

with two stainless steel wheels (1.6 cm 0.0.,0.16 cm wall), The fvlicro 



Figure 4. 

Figure 5. 

Falcon organ culture dish with liver slice on stainless 
steel mesh tissue support. 
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Torbal stainless steel organ culture jar (1) with organ 
culture dish shelves (r) used in initial experiments for 
the static organ culture of Krumdieck tissue slices. 
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Group (Medway MA) under cold, oxygenated buffer. These cylinders were 

prepared from stainless steel screen (250 ~m pore size), Tetco Inc. 

(Monterey Park CAl which was cut into 3 cm x 2 cm rectangular pieces 

with metal shears. The pieces of screen were then formed into cylinders 

by wrappiny them around a cylindrical tube and placing wheels at either 

end of the newly formed cylinder. A small amount of screen (2 mm) was 

allowed to protrude beyond the wheels at either end of the cylinder and 

these protrusions were then bent up against the wheels in such a manner 

as to hold the wheels in place. Following the loading of a slice, the 

cylinder was removed from the loading buffer, carefully blotted with 

tissue paper to remove a~ adhering liquid, and loaded horizontally into 

a glass scintillation vial containing 1.7 ml of Waymouth's medium 

supplemented with fetal bovine serum (10%) and gentamycin (84 ~g/ml) 

[Figures 6 and 7]. Prior to the loading of slices, the media was gassed 

for at least 30 min by a stream of 02: C02 (95%:5%). Vials were 

subsequently yassed by placing an entire unca~ped vial into a plastic 

box, which was saturated with 02:C02 (95%:5%), for 15 sec, at which 

point they were capped and placed horizontally onto a heated (37°C) vial 

rotator set at 3.5 rpm (Figure 8). The vial rotator was housed in an 

acrylic plastic box so that temperature changes resulting from ambient 

fluctuations would be minimized. To assure adequate oxygenation and 

appropriate media pH, vials were regassed every 2 h during the first 8 h 

of incubation and every 4 h thereafter. 



Figure 6. 

Figure 7. 

roller vial 

stainless steel screen (cylindrical) 

culture medium.__ 

Diagrarr~atic of the dynamic organ culture system (DOCS) 
used for the culture of adult rat liver slices. 

Components of the dynamic organ culture system (DOCS). 
Adult rat liver slices were cultured in this roller vial 
while suspended on a stainless steel mesh cylinder. 
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Figure 8. 
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The dynamic organ cu 1 ture system. Ro 11 er cu 1 ture vi a 1 s 
with inner tissue-supporting cylinder are cultured on a 
heated vial rotator. 
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Biochemical Indicators of Slice Viability 

K+ Content 

Following the appropriate times in culture, slices were blotted, 

weighed (toxicity experiments only), placed in either 1 ml of ice cold 

6% TCA (used when ATP levels were measured in the same slice) or 1 ml of 

H20 (used when only K+ levels were measured) and sonicated immediately 

(15 pulses) with a cell disrupter (Model 350), Branson Sonic Power Co. 

(Danbury CT). In the toxicity experiments, where slices were originally 

homogenized in H20, 20 ~l of PCA (70%) was added following sonication. 

The resultant homogenate was then centrifuged (10,000 x g, 5 min) in a 

Microfuge B, Beckman Instruments (Palo Alto CAl and the supernatant 

assayed for K+. The K+ levels were measured on a flame photometer 

(fvlodel CA-51), Perkin Elmer (Danbury CT), set in the urine K+ mode, 

based on a standard curve (Figure A.1) which ranged from 0 to 2 mM (for 

slices which weighed approximately 20 mg). The stock standard solution 

was 8u mM KCl which had been appropriately diluted. The sample K+ 

concentrations were calculated from the standard curve by linear 

regression analysis of the l'ine in which concentration (~moles/ml) was 

plotted against photometer output (2 mM = 100%). 

ATP Content 

After the appropriate times in culture, slices were immediately 

transferred to microfuge tubes containing 1.0 ml ice cold TCA (6%), 

sonicated and pelleted as described for the K+ samples. ATP levels were 

measured based on an enzymatic procedure described by Adams (1963), 

using a commercial kit (Cat. No. 366-UV), Sigma Chemical Co. {St. Louis 
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MO). The assay was done using quartz microcuvettes which allowed for 

the reduction in volume of necessary reagents by a factor of 10. The 

ATP standard curve (0-350 ~M) [Figure A.2] was generated using a 1 mM 

stock solution of ATP (disodium salt) made up in 6% TCA. The sample ATP 

levels were calculated from the standard curve by linear regression 

analysis of the line in which concentration (~moles/l) was plotted 

against the change in optical density at 340 nm. The zero-time values 

for both K+ and ATP content were determined on freshly-prepared slices 

taken directly from the ice cold Krebs buffer. 

DNA Assay 

The slice K+ and ATP content data were normalized by DNA based 

on a modification of the technique of Kissane and Robins (1958), and 

expressed as percent of maximal content. This assay measures the 

product of the reaction of deoxyribose and DABA. The pellet which 

remained after acid-precipitaiton and sedimentation, was resuspended in 

1 ml H20. To this solution, 50 ~l BSA (5 mg/ml) and 500 ~l of TCA/HCl 

solution (500 9 TCA plus 500 ml 6N HC1) were added. The solution was 

vortexed and centrifuged (5 min, microfuge B). The supernatant was 

discarded and 1.5 ml of cold ethanol (100%) plus 50 ~l of concentrated 

HCl were added. The tubes were gently shaken for 30 min, and then 

chillea at 4°C for a minimum of 2 h. After chilling, the tubes were 

again centrifuged as above (1 min only) at 4°C. The supernatants were 

discarded and the tubes were evaporated to dryness in an exhaust hood. 

For the determination of sample DNA content, 100 ~l of a 30% (w/v) 

solution of DABA was added to each tube, tubes were then capped and 
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heated in a water bath at 70-BO°C for 35 min. The tubes were 

subsequently cooled and 1 ml of IN filtered HCl was added with gentle 

vortexing. Fluorescence was read on an Aminco-Bowman spectrofluoro

meter, N~erican Instrument Co. (Silver Springs MD) with excitation and 

emission wavelengths set at 420 nm and 520 nm, respectively. The 

standard curve (0-50 ~g DNA) [Figure A.3] was prepared from dilutions of 

a 0.1 mg/ml cal f thymus DI~A stock in H20 which had to be autocl aved for 

5 min at 120°C to dissolve the DNA. The sample DNA levels were 

calculated from the standard curve by linear regression analysis. 

Glycogen Content 

Glyc0gen content and protein synthesis measurements were made on 

the same slices, therefore, the media which was used contained 3H

leucine (0.3 ~Ci/ml). The radiolabel was added to a stock solution of 

media prior to culture. After the appropriate times in culture, the 

stainless steel mesh cylinders holding the cultured slices (lor 2 

slices per roller vial) were removed and immediately washed in two 

changes of ice-cold, glucose-free Krebs buffer. The purpose of this 

step was to remove any adherent glucose from the slices. Slices were 

then placed in 1 ml of ice-cold 1N KOH and homogenized. Glycogen was 

extracted by boiling the homogenates for 10 min. Aliquots (20 ~l) of 

the homogenates were taken for protein determination according to the 

method of Lowry et al. (1951). Following the addition of an equal 

volume of 1.5 N acetic acid, the samples were sedimented at 3000 x g in 

a Beckman TJ-6R tabletop centrifuge, Beckman Instruments (Palo Alto CAl 

for 10 min. A 100 ~l aliquot of the supernatant was then analyzed for 
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glycogen (Krack et al., 1980). Data are expressed as percent of zero 

time content because of the variability in the initial glycogen content 

of the livers. 

Protein Synthesis 

The precipitate which was obtained from this glycogen analysis 

was suspended in 0.5 ml of 0.5N NaOH. A 0.4 ml aliquot was then 

neutralized by the addition of 115 ~l of 2N HCl and the radioactivity 

quantified by liquid scintillation counting in 5 ml of Betaphase using a 

Beckman LS 5800 liquid scintillation counter, Beckman Instruments (Palo 

Alto CAl. Data are expressed as the amount of 3H-leucine incorporated 

per mg protein (DPM/mg). 

The effects of either cycloheximide or colchicine on protein 

synthesis were determined as a positive control, over a 6 h culture 

period. Cycloheximide was prepared as a stock solution in 10 ml of 100% 

ethanol and diluted in culture medium to a concentration of 0.17 mN. A 

10 ~l aliquot of this solution was then added directly to the cultured 

slices ("time 0"), for a final concentration of 10-5 M. The final 

ethanol concentration was 0.06%. Colchicine was dissolved in water to a 

concentration of 0.17 mM and added to the cultured slices in the same 

manner as cycloheximide for a final concentration of 10-5 M. These data 

are given as percent of control incorporation. 

Protein Secretion 

Secretion of acid-precipitable radiolabeled proteins was 

measured over the 20 h culture period. The sample source of these 

proteins was the media from the protein synthesis/glycogen content 
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experiments. At the appropriate times, a 0.7 ml aliquot of the culture 

medium was removed from the roller vial and mixed with 0.2 ml of ice

cold 10% PCA. The denatured extracellular proteins were collected by 

centrifugation (3,000 x y, 10 min) and washed by resuspending the 

precipitate in 2 ml of ice-cold 20% PCA. The pellet was washed two more 

times in this manner and the final pellet was dissolved in 0.5 ml of 

0.5N NaOH. The incorporation of 3H-leucine was then determined as 

described earlier. In all radiochemical experiments (protein synthesis 

and protein secretion), values were normalized for total radioactivity 

added to the media. Data are expressed as amount of 3H secreted per ml 

of culture medium (DPM/ml). As a positive control for the protein 

secretion experiments, the effects of either colchicine (10-5 M) or 

cycloheximide (10-5 M) on secretion were investigated over a 6 h culture 

period using the procedures already described. These data are expressed 

as percent of control counts appeariny in the medium. 

Glucagon-Stimulated Glucose Production 

The ylucayon which was used in these assays was purified on 

DEAE-Sephadex A-25 columns to remove desamido-glucayon fol lowing the 

procedure described by Bromer et ale (1972). Purified glucagon was 

initially dissolved in 2 mN sodium carbonate to a concentration of 10-

4 M and dilutions were made from this stock with 25 mM Tris-HCl 

(pH 7.5), containing 1% BSA, to concentrations required for the 

stimulation experiments. Aliquots of the diluted solutions were 

lyophilized and stored at -20°C. 
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Glucagon-stimulated glucose release was measured in slices after 

various times in culture (up to 24 h) in media supplemented with insulin 

(1 ~g/ml). Slices were removed from culture, rinsed in glucose-free 

Krebs Henseleit buffer (pH 7.4, 37°C) and transferred to siliconized 

25 ml Erlenmeyer flasks with raised conical centers (2 slices per flask, 

approximately 40 mg of tissue). The incubation flasks contained 2 ml of 

Krebs buffer supplemented with BSA (1 mg/ml), with or without 10-7 M 

glucagon. Flasks were incubated with mild agitation in a Dubnoff 

metabolic shaker bath, Precision Scientific (Chicago IL) under an 

atmostphere of 95% 02:5% C02' After 30 min, samples of the incubation 

buffer were collected and analyzed for glucose with a glucose analyzer, 

Beckman Instruments (Fullerton CA). Results are expressed as mg glucose 

produced per gram wet weight x 30 min. "Zero time" for these 

experiments refers to slices which had been previously cultured for up 

to 20 min. 

In preliminary experiments which were undertaken to determine 

the kinetics of the glucagon response with regard to maximal glucose 

release, samples of the incubation buffer were collected at various 

times over a 90 min period. These results are expressed as fold

stimulation above control (non-stimulated) slice glucose release. The 

zero time values were derived from slices taken from ice cold Krebs 

in~ediately after they were prepared (e.g. uncultured slices). 

Cytotochrome P-450 Content 

Slices were removed from culture, blotted, quickly weighed, and 

immediately placed in microfuge tubes (2 slices per tube; 40-50 mg 



tissue) containing 1 ml of ice-cold buffer (.05 mM Tris-KC1, 20% 

glycerol, pH 7.4). Slices were then homogenized by sonication in the 

cold (12-15 pulses, 4°C) and samples were diluted 1:1 with ice-cold 

buffer. The carbon monoxide difference spectra was then determined 
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following sodium dithionite reduction as described by Omura and Sato 

(1964). A Beckman DU-7 scanning spectrophotometer, Beckman Instruments 

(Palo Alto CAl was used for these studies. Absorbances were determined 

from 500 nm to 400 nm. Cytochrome P-450 co.ntent was cal cul ated by the 

following equation; 

nmo 1 es cyt P-450/mg 1 i ver = 
A450-480 x 1,000 

-----------------------------------91 A units/ x mg slice wet weiyht/ 
nmol ml in cuvette 

The P-450 content can then be expressed per 1 x 106 cells using 

the conversion factor, 1.2 x 108 cells/g wet weight, determined by 

Moldeus et al. (1978). In this study a comparison was made between 

slices from phenobarbital-induced rats and controls with regard to P-450 

content over the culture period. Results of these studies are expressed 

as nmoles of cytochrome P-450 per gram of liver. 

Ethoxycoumarin-O-Deethylase Activity 

The method which was employed was a modification of that which 

was developed by Greenlee and Poland (1978). Liver slices from either 

phenobarbital-induced or control male Sprague Dawley rats were removed 

from culture at the appropriate times, quickly blotted and weighed. A 

post-mitochondrial supernatant fraction was then prepared from slices by 

initially pl acing them (one each) in 1 ml of ice-col d 0.15 ~1 KCl and 

sonicatiny (20 pulses). The resultant slice homogenates were then 
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centrifuged on a Beckman microfuge B, BecKman Instruments (Palo Alto 

CA), for 20 mi n at 10,000 x gin the co 1 d (4°C). The supernatant was 

decanted and saved on ice. Assay buffer consisted of the following 

(mM); KH2P04, 74.3; NADPH, 0.57; NADH, 0.57; MgC12' 5.7; and bovine 

serum albumin, 1 mg/ml. The assays were carried out in 30 ml ylass 

extraction tubes by adding 100 ~l of the enzyme preparation to 0.875 ml 

of assay buffer on ice. Reactions were initiated by the addition of 25 

~l of 7-ethoxycoumarin (500 nmoles) and incubation at 37°C for 10 min in 

a Dubnoff metabolic shaker bath, Precision Scientific (Chicago IL), with 

vi~orous shaking. The redction was stopped by the consecutive addition 

of 125 ~l of 15% TCA and 2 ml of chloroform. Tubes were pl aced back 

into the shaker bath and shaken vigorously for 10 min to separate the 

substrate (7-ethoxycoumarin) from the fluorescent product (7-

hydroxycoumarin). Using a pre-wetted Pasteur pipet, 1 ml of the 

chloroform phase was removed and dispensed into a clean glass extraction 

tube. The 7-hydroxycoumarin was then back-extracted from the chloroform 

into an aqueous basic phase by adding 1.5 ml of 0.01 N NaOH/1 r'4 NaCl, 

vortexing for 20 SEC, and allowing phase separation to occur. The 

aqueous phase was removed and fluorescence determined on this phase at 

excitation and emission wavelengths of 368 nm and 456 nm, respectively, 

on an Aminco Bowman spectrofluorometer, American Instrument Co. (Silver 

Spri ngs j\iD). 

To determine percent recovery, a range (25 nN to 2.5 IlM) of 7-

hydroxycoumarin solutions were prepared by adding 25 III of the 

appropriate stock solutions to the reaction mixture after the TCA

chloroform step, and carrying these through the remainder of the assay 
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as described above. A 7-hydroxycoumarin standard (75 ~M) was made up in 

50% methanol and used to determine 100% fluorescence. The assays were 

normalized for the amount of protein added, based on the method of 

Bradford (1976). The reaction rates were calculated from the following 

three equati ons: 

1. 100% fluorescence = % transmission x meter multiplier 
produced by 

2. 

3. 

7-hydroxycoumari n (75 ~~J) 

% transmission from sample x meter multiplier 

100% fluorescence 
= nmoles product/ml 

nmoles product/ml x 3 

incubation time (min) x mg protein 
= nmoles product/ 

min x mg protein 

Data are expressed as nmoles of 7-hydroxycoumarin formed per min 

x mg protei n. 

Finally, as a positive control, the dose-dependent inhibition of 

7-ethoxycoumarin-0-deethylase activity by SKF 525-A was investigated. 

Stock solutions of the inhibitor were prepared in H20 and 10 ~l of the 

appropriate stocks were added to the reaction mixture, in the presence 

of enzyme, for final concentrations between .01 and 0.5 mM. Results are 

expressed as percent inhibition of ethoxycoumarin-O-deethylase activity. 

In Vitro Hepatotoxicity Studies 

The in vitro hepatotoxicity of either bromobenzene or allyl 

alcohol was studied in cultured rat liver slices over a period of 6 h. 

Liver slices from adult male Spra~ue Dawley rats (250-350 g) were 

prepared and cultured. In the allyl alcohol studies, control animals 
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(non-induced) were used whereas both control and phenobarbital-induced 

animals were used in the studies involving bromobenzene toxicity. Stock 

solutions of allyl alcohol were prepared in H20 and bromobenzene 

solutions were made up in DMSO. As soon as slices had been placed into 

the culture vials, the toxins (either allyl alcohol or bromobenzene) or 

appropriate control vehicles (DMSO or H20) were pipetted directly into 

the culture medium. In experiments where slices were co-treated with 

the selective cytochrome P-450 inhibitor, SKF 525-A (final concentra

tion, 10 ~M) or the alcohol dehydrogenase inhibitor, pyrazole (final 

concentration, 1 mM), these inhibitors were added 30 min before the 

hepatotoxicants or control vehicles. 

Cytotoxicity was evaluated between 0 and 6 h by measuring slice 

K+ content, protein synthesis, leakaye of LDH, and histopathology. 

Slice K+ content was aetermined as described previously and is expressed 

as ~moles per gram of slice wet weight. LDH activity was measured in 

aliquots (10 ~l) of culture medium using the method of Wroblewski and 

LaDue (1955), which was modified such that only one-tenth the volume of 

necessary reayents were required. Data are expressed as units of LDH 

released into the culture medium per gram of slice wet weight. Protein 

synthesis was determined and expressed as described earlier and slices 

were processed for histology also as previously described. 

Statistical Analyses 

Except where it is stated otherwise, data are presented as the x 
± SE~I for values compiled from three or more animals in which duplicate 

slices were used in each experiment. The dose-response curves for allyl 
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alcohol and bromobenzene were evaluated by a 2-way ANOVA program and 

differences between control means and specific treatment means were 

determined using Dunnett's test for multiple comparisons (Dunnett, 

1964). The data from the enzyme inhibitor experiments involving 

bromobenzene or allyl alcohol toxicity was analyzed by a one-way ANOVA 

program and differences between specific means were compared using the 

Newman-Keul's post hoc test (Steel and Torrie, 1960). All other 

comparisons were made using Student's two-tailed t-test for independent 

samples. Differences with p < 0.05 were considered significant. 



RESULTS 

Comparison of Tissue Slicers 

Of the three instruments evaluated for the preparation of thin 

liver slices of fresh rat liver, the Krumdieck tissue slicer (Figure 2) 

was clearly the best. The Oxford Vibratome had a number of serious 

disadvantages including the lengthy process of preparing slices (up to 3 

min/slice), tne high frequency of vibration of the knife, and the 

potential toxicity of the cyanoacrylate glue used to attach the tissue 

blocks to the cutting chuck. The time-honored Stadie-Riggs microtome, 

while proving to be more effective than the Vibratome in terms of 

slicing speed, also fell short when compared with the Krumdieck slicer 

because, in addition to being more time-consuming, it did not provide 

for either the minimization of tissue trauma during slicing or the 

option of varying slice thickness. Another problem was the lack of 

uniformity both within individua-l slices and between consecutively

prepared slices. This inconsistency is clearly demonstrated in Figure 9 

which shows transverse histological sections from five random rat liver 

slices. The mean slice thickness values ranged from 380 to 650 ~m with 

a coefficient of variation of nearly 20%. 

The Krumdieck tissue slicer fulfilled all of our original 

criteria for a slicing apparatus. Up to 40 slices/min could be prepared 

under minimally-traumatic conditions. The uniformity of these slices is 

demonstrated in Figure 10, which shows histological sections from six 

random liver slices prepared at a setting of approximately 400 ~m. 
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Figure 9. 

Figure 10. 
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Transverse section from five consecutive liver slices 
prepared with a Stadie Riggs microtome. The mean 
thickness of individual slices ranges frqm 380 to 650 ~m. 
The average thickness of the comb i ned slices is 490 ~m ± 
82 ~m (mean ± SO) and the coefficient of variation is 
17%. 

-

Transverse section from six consecutive liver slices 
prepared with the Krumdieck tissue slicer. The mean 
thickness of individual slices ranges from 360-400 ~m. 
Average thickness of the combined slices is 381 ~m ± 
19.7 ~m (mean± SO) and the coefficient of variation is 
5%. 
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Values for the mean thickness of these slices ranged from 360 to 400 ~m 

with a 5% coefficient of variation. This value is four times less than 

that determined for slices prepared by the Stadie-Riggs microtome. 

Histology of Cultured Liver Slices 

Two different methods of organ culture were compared using adult 

rat liver slices (250-300 ~m) prepared with the Krumdieck tissue slicer. 

Conventional static culture (e.g. Reed and Grisham, 1975) of these 

slices resulted in marked cellular degeneration, manifested as a 

histological "banding" phenomenon of dying cell s which occurred inward 

from the slice-media interface. This degenerative change was clearly 

apparent by 4 h (Figure 11) and became progressively worse. After 20 h, 

up to 50% or more of the cultured tissue had undergone severe 

degenerative changes including necrosis (Figure 12). 

When slices were cul tured in the dynamic oryan cul ture system on 

revolving mesh supports, there was a total absence of the deyenerative 

bandiny pattern observed in the static-cultured tissue. Indeed, 

although changes in tissue architecture were apparent by 9 h, and dead 

cell s were occasionally observed, the nuclei remained intact with 

prominent nucleoli and the differential staining (H and E), which is 

characteristic of healthy tissue, was maintained for 20 h (Figure 13). 

K+ and ATP Content of Cultured Slices (0-20 h) 

To further substantiate the viability of organ cultured adult 

rat liver slices, a number of biochemical indicators of viability were 

studied. These indicators were chosen because they accurately reflect 

the maintenance of hepatocyte functional integrity. 
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Following initial recovery periods, the K+ ion and ATP content 

of cultured slices both rose to maximal levels which were nearly 

maintained for 16 to 20 h (Figures 14 and 15). By 2 h, K+ levels were 

maxima 1, whereas the recovery of ATP to maxima 1 1 evel s requi red between 

4 and 6 h. Slice ATP content dropped off slightly to approximately 80% 

of maximal after 16 h. The K+ content of cultured slices also fell to 

approximately 80% of maximal, but this occurred after 6 h in culture. 

These level s, which corresponded with ~ vivo level s, were then 

maintained for the duration of the 20 h culture period. 

Protein Synthesis and Secretion (0-20 h) 

Protein synthesis was evaluated by the incorporation of 3H 

leucine into aCid-precipitable slice protein as a function of time. 

This incorporation into cultured liver slices was nearly linear over the 

20 h culture period (Figure 16). Fol lowing a brief lag period of 2 h, 

the secretion of 3H-labeled acid-precipitable proteins from the cultured 

liver slices increased at a linear rate for 16 h (Figure 17), after 

which time the amount of radiolabeled proteins recovered in the medium 

remained unchanyed. 

As shown in Table 1, cultured liver slices were sensitive to the 

effects of either cycloheximide or colchicine. Cycloheximide (10 ~M) 

rapidly inhibited the rate of incorporation of 3H-leucine into slice 

proteins and, consequently into secreted proteins. By 4 h, this effect 

was maximal with 76% and 68% inhibition for protein synthesis and 

secretion, respectively. Colchicine (10 ~M), which interferes with the 

hepatic microtubul ar system invol ved in protein export (~Iaryul is, 1973), 
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Adult rat liver slice (250 11m) cultured for 4 h in a 
static organ culture system. This photomicrograph of a 
transverse section through the slice shows the gas-tissue 
interface (g), and the slice-media interface (m). Note 
the early degenerative changes which have occurred at the 
slice-media interface (m) and which include cytoplasmic 
vacuolation, condensation of nuclei, and abnormal 
staining. (Hand E-stained section of plastic-embedded 
slice x 100). 
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Adult rat liver slice (250 llm) cultured for 20 h in a 
static organ culture system. This transverse section 
shows the gas-tissue interface (g) and the slice-media 
interface (m). Note the dramatic degenerative chanyes 
which have occurred over more than half the slice at (m). 
Cells in this area have condensed, pyknotic nuclei, 
severe cytoplasmic vacuolation and abnormal staining. In 
addition many necrotic cells are observable. (li and E
stained section of plastic-embedded slice x 100). 
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Figure 13a-d. Photomicrographs (H ano E-stained x 100) of adult rat 
1 iver slices (250 1-1m) cultured in the dynamic organ 
culture system over a period of 20 h. Note the total 
absence of degenerative banding at any of the time 
points. a) Time 0 h; open sinusoids, nonnal 
architecture. b) Liver slice after 3 h in culture; some 
ce 11 swe 11 i ng, further 1 oss of cut ce 11 s from the 
periphery, minimal vacuolation. c) After 9 h some loss 
of tissue architecture is apparent, also eel 1 swelling, 
norn1a 1-1 ook i ng nuc 1 ei with prominent nuc 1 eo 1 i, 
cytoplasmic vacuolation and occasional necrotic cells. 
d) After 20 h there is further loss of architectural 
maintenance and more necrotic cells, increased 
cytoplasmic vacuolation and apparent normal nuclei. 
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~Iaintenance of sl ice K+ content over 20 h in dynamic 
oryan culture. Values given are the mean ± SEM from 
three or more animals. Maximal K+ value corresponds to 
100 ~moles/y wet weiyht. Zero time value was determined 
on slices directly after isolation at 4-10°C. 
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Maintenance of slice ATP content over 20 h of incubation 
in dynamic oryan culture. Values yiven are the mean ± 
SEN from three or more animal s. Maximal sl ice ATP 
content corresponds to 2.3 ~mo1es/g wet weight. The zero 
time value was determined on slices directly after 
isolation at 4-10°C. 
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3H Leucine incorporation into acid precipitable protein 
in rat liver slices cultured for 20 h. Values given are 
the mean ± SEN from at least three animals. Results are 
expressed as DPM per mg protein. When not observed, 
error bars are within the shapes of the symbols. 
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Protein secretion in rat liver slices cultured for 20 h. 
Secretion was determined by the incorporation of 3H
leucine into medium proteins. Values given are the mean 
± SEN from at 1 east three animal s and are expressed as 
DPN recovered per ml of medium. When not observed, error 
bars are within the shapes of the symbols. 



Table 1 

Effects of Cycloheximide and Colchicine 
on the Incorporation of (3H)-Leucine into Cellular Protein 

and Secretion of (3H)-Leucine Labelled Protein 
into the Medium in Cultured Rat Liver Slicesc 

Time in Protein Synthesis Protein Secretion 
Cu1 ture (% of control) (% of control) 
(hours) 

59 

Co1chicinea Cyc10heximideb Co1chicinea Cyc1 oheximi deb 

0 105 92 102 

2 136 56 76 

4 86 24 43 

6 107 23 49 

a Final concentration of cy1coheximide was 10-5 M. 

b Final concentration of colchicine was 10-5 M. 

100 

82 

32 

28 

c Slices were cultured in the dynamic organ culture system; values are 
the average of dup1 icate sl ices from one representative experiment. 
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did not modify the rate of protein synthesis when compared to control 

over the 6 h culture period but significantly reduced protein secretion 

after 2 h (24% i nhi bi ti on). By 4 h, i nhi biti on of secreti on by 

colchicine was maximal (57%). 

Glycogen Content of Cultured Liver Slices (0-20 h) 

Hepatocellular glycogen content, an indicator of cellular eneryy 

reserves, was measured in cultured liver slices over a period of 20 h. 

When slices, which had been prepared in glucose-free Krebs buffer, were 

cultured in Waymouths medium in the absence of insulin, the glycogen 

levels fell to 65% of the initial (time 0) levels by 2 h. After this 

initial decrease the glycogen content remained constant for 6 h, at 

which point it decreased further in a nearly linear fashion to 20% of 

the initial 1 evel s by 20 h (Figure 18). However, when sl ices were 

prepared in Krebs buffer containing 25 mM glucose and cultured in 

insulin-supplemented (1 ~g/ml) Waymouths medium, glycogen levels were 

maintained for 12 h. An initial drop in glycogen content was observed 

under both experimental conditions. However, glycogen synthesis 

restored levels to even greater than the initial levels by 6 h in the 

insulin-glucose supplemented experiments. After 12 h of culture, there 

was a dramatic decline in slice glycogen content to nearly the same 

levels observed with the unsupplemented media (Figure 18). 

Glucagon-Stimulated Glucose Production (0-20 h) 

The hormonal sensitivity of cultured liver slices to glucagon 

was studied over a period of 20 h. In preliminary experiments, the 

kinetics of this response were investigated. These experiments were 
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undertaken such that the time at which maximal response in the post

culture bioassay could be determined. Slices which had been cultured 

for 0, 3, 6, 9 and 24 h were incubated in the presence or absence of 

glucagon (10-7 M) for up to 90 min and glucose release into the 

incubation buffer was determined. The most responsive slices (3, 6 and 

9 h) produced glucose maximally between 30 and 60 min following glucagon 

stimul ation (Figure 19). 

In experiments which fol lowed, post-culture liver slices were 

incubated with or without glucagon (10-7 M) for 30 min only, at which 

time glucose production was determined. Glucagon significantly 

stimulated glucose release from liver slices by nearly two-fold above 

basal glucose output in slices which had been cultured for up to 8 h. 

While it was still significantly higher than basal glucose release, this 

stimulation was reduced between 12 and 20 h to an average of 1.6 times 

contro 1 (Fi gure 20). 

pH of the Culture Medium (0-20 h) 

Although the pH of the culture medium is not a direct 

measurement of the functional integrity of the organ-cultured tissue, 

changes in the hydrogen ion concentration of the medium of cell culture 

systems have been shown to markedly affect different parameters of cell 

behavior (Ceccarini and Eagle, 1971; Morris, 1971; Rubin, 1971). 

Therefore it was of interest to follow the pH changes which occurred in 

this system in which a C02/bicarbonate buffering system was utilized. 

Table 2 lists the pH of the culture medium, in which one liver 

slice (20 mg) was incubated per roller vial, over a 20 h period. By 
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012 4 6 8 12 16 20 

TIME (h) 

Glycogen content of rat liver slices cultured for 20 h 
and expressed as percent of glycogen present at the start 
of incubation (449 ± 68 ~g/mg protein). Liver slices 
were prepared in ei ther a 25 m~l gl ucose-contai ni ng Krebs 
buffer and incubated in insulin-supplemented Waymouths 
(tt) or in a glucose free Krebs and incubated in non
supplemented Waymouths (~). Each point gives the mean ± 
SEM from four animals. Values which are significantly 
different between the two conditions are given; 
*(p<0.05). When not observed, error bars are within the 
shapes of the symbols. 
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Kinetics of glucagon-stimulated glucose release in 
incubations of post-cultured rat liver slices. Values 
given are the mean ± SEM from three animals except for 0 
and 24 h. Results are expressed as fold-stimulation by 
glucagon (10- 7 M) above basal glucose production. 
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Glucagon-stimulated glucose production in incubated rat 
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1 iver sl ices following up to 20 h in cul ture. Hatched 
bars indicate glucagon-treated slices (10- 7 M); open bars 
indicate control slices. Values represent the mean ± SEM 
from at least three animals. Points which are 
significantly different from control are indicated; 
*(p<0.05), **(p<0.025), and ***(p<O.Ol). 



pH of 
the medium 

2 

7. n b 

±0.01 

Table 2 

Culture Medium pH from Organ-Cultured 
Adult Rat Liver Slicesa Over a Period of 20 Hours 

Time in Culture (h) 

4 6 8 12 

7.54 7.38 7.39 7.36 

±O.04 ±0.03 ±0.05 ±O.07 

(7.50-7.90)c (7.34-7.67) (7.31-7.50) (7.14-7.54) (7.13-7.65) 

16 20 

7.25 7.20 

±0.01 ±0.04 

(7.20-7.28) (7.14-7.36) 

a Liver slices prepared with the Krumdieck tissue slicer were cultured (one per vial) in the dynamic 
organ cul ture system (DOCS). 

b Values given are the x ± SEM from 3 or more experiments. 

c Numbers in parentheses are the range of the observed pH values. 

C'\ 
<.TI 



2 h, the pH of the medium was slightly alkaline (7.72), but gradually 

became more acidic over the course of time. Between 6 and 12 h the pH 

stabilized at approximately 7.4. Between 12 and 16-20 h, however, a 

significant drop in pH was observed (7.2). 

Cytochrome P-450 Content (0-8 h) 

66 

The cytochrome P-450 content of cultured rat liver slices from 

either phenobarbital-induced or control animals was measured over a 

period of 8 h. In the slices obtained from phenobarbital-induced rats, 

the P-450 content was completely maintained during the first 2 h of 

culture. Between 2 and 4 h the P-450 concentration began to drop (80% 

of time-O at 4 h). This decrease continued to the end of the culture 

period and was 70% of the initial concentration at 8 h. The P-450 

content of cultured slices obtained from control animals was between two 

to three times lower than that in slices from phenobarbital-induced 

animals. However, in the control slices, the P-450 content was 

maintained for a longer period of time. After 8 h of culture, levels in 

the control slices were approximately 90% of time-O (Figure 21). Data 

are expressed as nmoles of cytochrome P-450 per gram of liver wet 

weight. 

Ethoxycoumarin-O-Deethylase Activity (0-20 h) 

As an index of mixed function oxygenase activity, the 0-

deethylation of 7-ethoxycoumarin was measured over a 20 h period in the 

post-mitochondrial supernatant prepared from cultured rat liver slices 

from either phenobarbital-induced or control animals. In cultured 

slices from induced animals, the activity fell between 0 and 8 h in a 
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manner which was strikingly similar to the fall in P-450 content 

described earlier. By 8 h, the activity was approximately 60% of time 0 

and this level was maintained for up to 16 h. By 20 h, only 50% of the 

O-deethylase activity remained. The ethoxycoumarin-O-deethylase 

activity of control rat liver slices was five times less than the 

activity present in the induced slices. The pattern of activity in the 

control slices, however, almost exactly paralleled the changes observed 

in the activity from induced slices (Figure 22). As a positive control, 

the inhibtion of ethoxycoumarin-O-deethylase activity by SKF 525-A was 

investigated. At concentrations between 10 and 50 ~M, SKF 525-A 

produced a 50% inhibition of O-deethylation. Maximal inhibition was 

produced by 0.25 mM SKF 525-A (Table 3). Data are expressed as nmoles 

of 7-hydroxycoumarin (product) formed per min x mg protein. 

In Vitro Hepatotoxicity Studies 

Bromobenzene Toxicity 

Bromobenzene hepatotoxicity was studied ~ vitro using rat liver 

slices cultured in this system. Preliminary experiments were aimed at 

determinin~ the differential toxicity between slices from control and 

phenobarbital-induced rats at a single concentration (1 mM). Slice K+ 

ion content and LDH leakage were used as indicators of cell injury over 

a 6 h period of culture. In slices from non-induced animals, 

bromobenzene did not produce a signficant reduction in K+ content 

(Figure 23) or a significant enhancement in the leakage of LDH (Figure 

24) when compared with control slices. However, when liver slices from 

phenobarbital-induced animals were cultured in the presence of the same 
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Cytochrome P-450 content of cultured rat liver slices. 
Liver slices from either phenobarbital-induced (tt) or 
control (())animals were incubated for up to 8 hand P-
450 content was determined in slice homogenates. Values 
given are the mean± SEM from three or more animals, 
except for control values at 0 and 8 h which are from two 
animals. Results are expressed as nmoles of cytochrome 
P-450 per gram of liver. 
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Ethoxycoumarin-D-deethylase activity in the post
mitochondrial supernatant fraction from cultured liver 
slices. Cultured slices were prepared from either 
phenobarbital-induced animals (tt) or controls (») and 
enzyme activities determined at the stated tinles. Values 
given are the mean ± SEM from three induced and three 
control animals. Results are expressed as nmoles product 
formed per min x mg protein. 



Figure 23. 

-C) ..... 
en 
Q) 

I 

t-
I 

70 

I I 
-6 -. - I 

'0 
E 
::1 

I • I 

I~I 
t 

-+~ 
20 

o ~l __________ ' __________ ' ________ ~' 

024 6 

TIME (h) 

Slice K+ content of cultured rat liver slices from 
control (non-induced) animals exposed to bromobenzene. 
Values given are the mean ± SEM from three animals. 
Control slices (tt) were exposed to DMSO (1%) and treated 
sl ices (.) were exposed to bromobenzene (1 mM) del ivered 
in a DMSO vehicle. Results are expressed as umo1es K+ 
rema i ni ny in the s 1 ices per gram of wet wei ght. 
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LDH acti vi ty in the cu 1 ture medi urn of bromobenzene
treated (~) versus control (tt) slices prepared from 
non-induced rat liver. Values given are the mean ± SEM 
from three animals. Bromobenzene concentration was 1 mN. 
Results are expressed as units of LDH activity in the 
medium per gram of slice wet weight. 



Table 3 

Inhibition of Ethoxycoumarin-O-Deethylase Activity by SKF 525-A 
in Cultured Rat Liver Slicesa 

% inhibition of 
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nmoles 7-hydroxycoumarin ethoxycoumarin-O-deethylase 
[SKF 525-A]C formed/min x mg protein activity 

o (control) 1.40b 0 

0.01 mM 0.78 44 

O. 05 mr~ 0.48 66 

0.25 mM 0.21 85 

0.50 m~1 0.19 87 

a Adult male Sprague Dawley rat liver slices from phenobartal-induced 
animals were cultured in the dynamic organ culture system for 4 h 
prior to preparation of post-mitochondrial supernatant. 

b Values are the average of duplicate samples from one representative 
experiment. 

c SKF 525-A was added to the reaction mixture just prior to addition of 
enzyme samples to achieve final concentrations listed. 
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bromobenzene concentration, a time-dependent toxicity was clearly 

observed. Slice K+ content began to decline after 2 h and by 4 and 6 h 

was 20% and 17% of control levels, repsectively (Figure 25). In 

addition, LDH leakage occurred in a linear fashion in slices obtained 

from phenobarbital-treated rats exposed to this toxicant (Figure 26). 

By 4 and 6 h, the leakage of LDH was approximately 200% and 300% of 

control, respectively. 

In the subsequent bromobenzene dose-response experiments, only 

phenobarbital-induced animals were used. In addition to the measurement 

of slice K+ content and LDH leakage, protein synthesis was also measured 

as an indicator of cytotoxicity. Liver slices were cultured over a 6 h 

period in the presence or absence of various doses of bromobenzene (0.1-

1.0 mM). Concentrations of 0.5 mM and above produced a significant loss 

of intracellular K+ (50% of control) [Figure 27] and inhibition of 

protein synthesis (30% of control) [Figure 28] by 4 h. After 6 h, slice 

K+ content dropped to 20% of control, protein synthesis was 30% (0.5 mM) 

and 18% (1 mM) of control, and LDH leakage was approximately 300% of 

contro 1 (Fi gure 29). Except for protei n synthes is at 6 h, 0.5 or 1 mr'& 

bromobenzene produced essentially the same degree of response. 

Inhibition of Bromobenzene Toxicity 

Modification of bromobenzene toxicity by the P-450 inhibitor SKF 

525-A, was studied in this system using the indicators of toxicity 

described above as well as histopathology. Since changes in the three 

biochemical end-points were apparent by 4 h at a concentration of 1 ml'l, 

these same conditions were used for the inhibition experiments. 
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K+ content of cultured rat liver slices from 
phenobarbital-induced animals. Slices were incubated in 
the presence (~) or absence (tt) of bromobenzene (1 mM). 
Values given are the mean ± SEM from three animals and 
differences between treated and control slices are 
indicated; *(p<O.OOl). Results are expressed as ~moles 
K+ remaining in the slice per gram of wet weight. 
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Leakage of LDH from rat liver slices exposed to 
bromobenzene. Slices were prepared from phenobarbital
induced rats and incubated in the presence (~) or 
absence (~) of 1 mM bromobenzene for up to 6 h. Values 
given are the mean ± SEN from three animals and 
differences between treated and control slices are 
indicated; *(p<O.OOl). Results are expressed as units of 
LDH activity in the medium per gram of slice wet weight. 
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Loss of intracellular K+ in cultured rat liver slices in 
response to bromobenzene. Slices were prepared from the 
livers of phenobarbital-induced animals. Values given 
are the mean ± SHI from three an; rna 1 sand di fferences 
between control and treated slices are indicated; 
*(p<0.05). Control (.),0.1 mM (6), 0.5 mM (e), and 
1.0 mM ((») bromobenzene. Results are expressed as 
~moles of K+ remaining in the cultured slices per gram 
wet wei ght. 
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Dose- and time-dependent inhibition of protein synthesis 
in cu1 tured rat 1 i ver sl ices by bromobenzene. Sl ices 
were prepared from the livers of phenobarbital-induced 
animals. Values ~iven are the mean ± SEM from three 
animals and differences between control and treated 
sl ices are indicated; *(p<O.OS). Control (6), O.S mlvt 
(.), and 1.0 mN (e) bromobenzene. Resu1 ts are 
expressed as DPM in acid-precipitable slice proteins per 
m9 protein. When not observed, error bars are within the 
shapes of the symbols. 
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Leakage of LDH from cultured rat liver slices in the 
presence of bromobenzene. Slices were prepared from the 
livers of phenobarbital-induced animals. Values given 
are the mean ± SEN from three animals and di fferences 
between control and treated slices are indicated; 
*(p<0.05). Control (.),0.1 mM (6),0.5 mN (e), and 
1.0 mM ((») bromobenzene. Results are expressed as 
activity of LDH in the medium per gram of slice wet 
weight. When not observed, error bars are within the 
shapes of the symbo 1 s. 
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SKF 525-A (100 ~M) was effective in completely blocking bromobenzene 

toxicity at 4 h. The K+ levels were 44%, protein synthesis was 40%, and 

LDH leakage was 188%, of the controls which had been co-treated with SKF 

525-A (Table 4). Histopathology of these slices revealed that, although 

cytoplasmic vacuolation occurred in slices co-treated with SKF 525-A and 

those treated with bromobenzene alone, there were other morphological 

changes associated with bromobenzene intoxication. For example, in the 

co-treated slices, nuclei remained rounded with prominent nucleoli 

(Figure 30) whereas the slices which received only bromobenzene had 

nuclei which were more condensed with less-prominent nucleoli. Also, 

theintracell ul ar basophi 1 ic staining normally associated with the 

presence of various cytoplasmic organelles, was markedly reduced in 

these s 1 ices and the ce 11 s were swo 11 en (Fi gure 31). 

Allyl Alcohol Toxicity 

Allyl alcohol toxicity was studied in experiments which were 

analogous to the bromobenzene dose-response studies described above. 

The one exception in these studies being that control rather than 

phenobarbital-induced animals were used exclusively. Liver slices were 

cultured over a 6 h period in the presence or absence of a dose-range of 

allyl al cohol (0.1-1.0 m~l). Concentrations of 0.5 m~1 or greater caused 

a siynificant loss of intracellular K+ (70% of control) by 4 h (Figure 

32). At concentrations of 0.75 m~1 or higher, allyl al cohol al so caused 

significant LDH leakage by 4 h (200% of control) [Figure 33]. Protein 

synthesis, which appeared to be the most sensitive indicator of allyl 
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Table 4 

Inhibition of Bromobenzene Toxicity 
in Cultured Rat Liver Slices by SKF 525-A 

Treatment Potassium Content LDH Leaka,e Protein Synthesis 
( ~mo 1 / 9 ) c , f (U/g)d, (dpm/mg protein)e,f 

Control 43.3 ± 4.3 26.9 ± 2.7 2,292 ± 569 

SKF 525-Aa 43.5 ± 6.3 29.4 ± 1. 7 2,267 ± 118 

SKF 525-Aa plus 35.2 ± 7.5 27.6 ± 3.5 2,113 ± 150 
bromobenzeneb 

Bromobenzeneb *15.6 ± 2.3 *52 ± 9.3 *819 ± 50 

a I3-Diethylalllinoethyl-di~henyl propyl acetate (SKF-525A) was added to 
the incubation medium one-half hour prior to bromobenzene addition for 
a final concentration of 100 ~M. 

b A stock solution of bromobenzene was prepared in dimethyl sulfoxide 
and was added to the incubation medium for a final concentration of 
1 mM. 

c Potassium content remaining in liver slices as ~moles per gram wet 
weight; values are X ± SEM from 3 or more animals. 

d Lactate dehydrogenase leakage from cultured liver slices was measured 
in the medium and expressed as Units released per gram wet weight; 
values are X ± SEM from 3 or more animals. 

e Values are ~ ± SEM from 3 or more animals. 

f Values were determined after 4 h in culture. 

* Statistically different from all other treatment groups, p < 0.05. 



Figure 30. 

Fi ~ure 31. 

Photomicrograph (Hand E stain x 400) of a rat liver 
slice cultured for 4 h in the co-presence of SKF 525-A 
(100 llM) and bromobenzene (1 m~l). Some cytoplasmic 
vacuolation is apparent. Also note the maintenance of 
tissue architecture, nuclear membrane integrity, and 
prominent nucleoli. 

81 

Photomicrograph (Hand E stain x 400) of a rat liver 
slice cultured for 4 h in the presence of bromobenzene (1 
mM). Note dead cells, loss of tissue architecture, eel 1 
swelling, decreased basophilic staininy of the cytoplasm 
and condensed nuclei. 
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Dose- and time-dependent loss of intracellular K+ from 
cultured liver slices exposed to allyl alcohol. Values 
gi ven are the mean ± SHl from three anima 1 s. Di fferences 
between control and allyl al cohol-treated sl ices are 
indicated; *(p<0.05). Control (.), 0.1 mM (6), 0.5 m~1 
(e), 0.75 mM (0), and 1.0 mM (.). Results are 
expressed as ~moles of K+ remaining per gram wet weight. 
When not observed, error bars are within the shapes of 
the symbo 1 s. 
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Dose- and time-dependent leakage of LDH from cultured 
liver slices exposed to allyl alcohol. The activity of 
LDH was measured in the incubation medium. Values given 
are the mean ± SEM from three animals. Differences 
between control and allyl alcohol-treated slices are 
indicated; *(p<0.05). Control (6),0.1 mM (,6), 0.5 mM 
( • ), 0.7 5 m ttl (0), and 1.0 m f4 (.) all y 1 a 1 co h 0 1. 
Resul ts are expressed as medium LDH activity per gram wet 
weight. When not observed, error bars are within the 
shapes of the symbo 1 s. 
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alcohol toxicity, was significantly inhibited by 1 mM allyl alcohol at 

2 h (33% of control), and by concentrations of 0.25 mM or greater at 4 h 

(Figure 34). By 6 h, concentrations equal to or greater than 0.5 mM 

caused significant changes in all of the measured end-points of 

toxicity. The observed biochemical changes associated with allyl 

alcohol toxicity were all dose- and time-dependent. 

Inhibition of Allyl Alcohol Toxicity 

The inhibition of allyl alcohol toxicity by the alcohol 

dehydrogenase inhibitor, pyrazole, was studied usiny the same three end

points that were used for the dose-response curves. In addition, 

histopathology was evaluated in the co-presence and absence of pyrazole. 

pyrazole (1 mM) proved to be very effective in blocking the toxicity of 

0.5 ruM allyl alcohol in slices which were co-treated with this inhibitor 

for 4 h (Table 5). The K+ content of the unprotected slices was reduced 

to 7% of time 0, LDH leakage was 262%, and protein synthesis was 22%, of 

the cultures which received co-treatment with pyrazole. When co-treated 

slices were compared with slices which received allyl alcohol alone, 

histopathological differences were clearly apparent (Figures 35 and 36). 

In addition to there beiny more cytoplasmic vacuolation in the non

protected slices, there were also more dead cells and less basophilic 

staining of the cytoplasm, similar to that observed in the bromobenzene

treated slices. 
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Dose- and time-dependent inhibition of protein synthesis 
in cultured rat liver slices by allyl alcohol. Values 
given are the mean ± SEM from three animals. Differences 
between control and allyl al cohol-treated sl ices are 
indicated; *(p<0.05). Control (.), 0.1 m~l (6),0.25 mM 
(e), and 0.5 mM (0) allyl alcohol. Results are 
expressed as DPM in acid-precipitable slice proteins per 
mg protein. When not observed, error bars are within the 
shapes of the symbols. 



Treatment 

Table 5 

Inhibition of Allyl Alcohol Toxicity 
in Cultured Rat Liver Slices by pyrazole 

Potassium Content Protein Synthesis 

86 

(",mol/g)c,f 
LDH Leakafe 

(U/g)d, (dpm/mg protein)e,f 

Control 69.2 ± 5.9 34.4 ± 8.5 2,566 ± 281 

pyrazol ea 74.4 ± 2.8 24.6 ± 5.2 2,617 ± 379 

pyrazolea plus 68.4 ± 2.7 30.5 ± 5.3 2,230 ± 189 
allyl alcohol 

Allyl Alcohol b *4.85 ± 0.43 *80 ± 11.4 *485 ± 65 

a Pyrazole was added to the incubation medium one hal f hour prior to 
allyl alcohol addition for a final concentration of 1 mM. 

b Allyl alcohol was added to the incubation medium for a final 
concentrati on of 0.5 mN. 

c Potassium content remaining in liver slices as ",moles per gram wet 
weiyht; values are ~ ± SEN from 3 or more animals. 

d Lactate dehydrogenase leakage from cultured liver slices was measured 
in the medium and expressed as Units released per yram wet weight; 
values are i ± SEM from 3 or more animals. 

e Val ues are x ± SHI from 3 or more animal s. 

f Values were determined after 4 h in culture. 

* Statistically different from all other treatment groups, p < 0.05. 



Figure 35. 

Fiyure 36. 

Photomicrograph (Hand E stain x 400) of a rat liver 
slice cultured for 4 h in the co-presence~f pyrazole 
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(1 mM) and allyl alcohol (1 mM). Tissue architecture is 
intact, cytoplasmic vacuolation is minimal and nuclei 
remain rounded with prominent nucleoli. 

Photomicrograph (Hand E stain x 400) of a rat liver 
slice cultured for 4 h in the presence of allyl alcohol 
(1 mM). There is extensive cytoplasmic vacuolation, 
condensation of nuclei, presence of necrotic eel ls and 
decreased basophilic staining of the cytoplasm. Also 
note the presence of a mitotic figure in center of 
photomicrograph. 



DISCUSSION 

The central theme of this dissertation was based upon a simple 

hypothetical question. Namely, "could thin slices of cultured liver be 

of practical use for hepatotoxicity studies. II Unfortunately, in the 

biomedical sciences answers to simple questions are themselves rarely 

simple. Such was the case in this project. The major difficulty 

stemmed from the fact that no satisfactory organ culture system was 

currently available. Indeed, as discussed in the introduction, attempts 

to culture adult rat liver have been particularly difficult and not 

completely successful. 

The original criteria which were established for the proposed 

system included; (a) the rapid production of precision-cut, thin (200-

300 ~m) liver slices of consistent dimension, under minimally-traumatic 

conditions, (b) the primary culture of these slices in a system 

conducive to the prolonged maintenance of their biochemical, 

morphological, and functional integrity, and (c) the demonstration that 

compounds of known hepatotoxic potential would produce a similar 

toxicity in this system. Also that responses of the cultured tissue to 

factors which modify toxicity remained consistent with those observed in 

other more established tissue culture systems. 

Perhaps the greatest impediment to the successful culture of 

liver slices has been the lack of a suitable instrument with which to 

prepare them; that is, one capable of producing thin, uniform slices 

rapidly under conditions which result in minimal tissue injury. Several 

88 



89 

reports have addressed the disadvantages of using liver slices for 

biochemical studies (Krebs, 1974; Ichihara et al., 1982) or for the 

evaluation of cytotoxicity (Grisham et al., 1978). The major problem is 

spontaneous occurrence of cellular degeneration. This cellular 

degeneration may be due to tissue damage produced during the slicing 

process (Chayen and Bitensky, 1968; Pollard and Dutton; 1982; Sturdee et 

al., 1983). Indeed, Trowell (1959) concluded that the trauma produced 

when tissue was sliced was much greater than that produced when tissue 

cubes or spheres were used. He postulated that slices were useless for 

oryan culture although adequate for 2 h biochemical experiments. 

In this project the disadvantages associated with the use of 

tissue slices prepared by conventional slicing methods were bypassed 

thanks to a recently-developed tissue slicing instrument. The Krumdieck 

tissue slicer (Krumdieck et al., 1980), with which slices were prepared 

from adult rat livers, quickly allowed me to realize my first objective. 

The speed, simplicity, and slicing precision of this instrument, 

together with the favorable conditions under which slices were prepared, 

made this the instrument of choice when it was compared to either the 

Vibratome or Stadie-Riggs microtome. The design of this instrument was 

such that the forces applied to the tissue during slice preparation 

(e.g. compression to support the block of tissue and the pressure of the 

cuttiny blade) were held nearly constant during operation. In addition, 

the movement of the blade had no effect on the absolute position of the 

tissue being sliced which contrasts with previously described slicers. 

For instance, the Stadie-Riggs (Stadie and Rigg, 1944) microtome and 

several others of more recent design (Faulhaber et al., 1972; Rink and 
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Smith, 1976) have hand-held knives and/or hold the tissue block in place 

during slicing by manually exerted pressure. 

Another problem with previous slicers is that the removal of the 

cut slice has always been a slow process, dependent upon the skill of 

the operator and requiring the use of forceps or wire loops. The 

Krumdieck slicer, however, was designed to operate submerged in an 

appropriate medium in which a suitable internal current rapidly removes 

the cut slice from the pOint of contact with the blade and carries it to 

a reservoir. This greatly simplifies the task of the operator and 

speeds up the process of tissue slicing which is very important when 

working with tissues having high oxygen demands and, therefore, not 

tolerating long periods of anoxia. In addition, by operating the 

instrument submerged, adhesion of the tissue to the blade is eliminated 

by the continuous lubrication provided; also tissue temperature can be 

readily control led, dessication and osmotic insults prevented, and 

adequate oxygenation of the slices achieved. The Krumdieck slicer 

allows the production of several hundred uniform, thin rat liver slices 

in less than 15 min under very favorable conditions. Because each slice 

could be used as an individual experimental unit, it was possible to 

design experiments in which a number of slices obtained from the same 

liver could be used. Thus, fewer animals are required and the problem 

of interindividua1 variation is eliminated. 

Initial attempts to maintain adult rat liver slices in culture, 

using conventional static culture methods, did not prove to be entirely 

satisfactory. While a portion of the cultured tissue remained 

morphologically near-normal, based on histological evaluation, 
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spontaneous degeneration of the slices at the slice-media interface 

occurred by as early as 4 h. This degenerative phenomenon, which often 

occurs in static cultures of adult mammalian liver, has been well

documented in the organ culture literature and was extensively discussed 

in the introduction. The cause of this injury is believed to be 

insufficient 02 diffusion through the culture medium and into the 

section of cultured tissue which is adherent to the supporting grid (the 

slice-media interface). In an effort to overcome this apparent 

limitation in oxygenation of the cultured slices and, therefore, to 

provide a more viable ~ vitro preparation, a novel dynamic organ 

culture system (DOCS) was developed. The cultured slices in this system 

benefited from the combined advantages of roller culture (increased 

surface area, constant agitation of the medium, increased rate of gas 

exchange) and static organ culture (retention of architecture with 

consequent cell interactions, maintenance of differentiated structure) 

which resulted in a tissue preparation free of the histological 

abnormalities observed in the static-cultured slices. 

The rationale which was used for the design of this system was 

relatively simple. From the original results with the static culture of 

liver slices it became apparent that both sides of the slice needed to 

be exposed to the gas phase continually during the incubations. This 

was achieved by placing slices on the inside walls of stainless steel 

mesh cylinders, which were rotated inside of glass roller vials 

containing tissue culture medium on a heater vial rotator. While the 

surface of the tissue not in contact with the mesh screen was always in 

a state very similar to the conventional static systems (and in which it 
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was demonstrated to be well-maintained for at least 20 h), that surface 

of the slice which was in contact with the screen was alternately 

exposed to the culture medium and the gas phase. This system therefore, 

in addition to providing a component which was analogous to conventional 

organ culture methods (e.g., Hart et a1., 1983), also provided both a 

stirring effect and shorter distance for gas diffusion at the lower 

surface of the cultured tissue. 

Evidence that slices received oxygenation from both surfaces 

(e.g., the gas-tissue and tissue-media interfaces) was provided when 

slices of a diffusion-limitiny thickness (400 ~m) were cultured and 

evaluated histologically (data not shown). In these slices a central 

band of necrotic cells was clearly apparent by 12 h. However, a band of 

normal appearing cells extending inward from both the upper and lower 

surfaces was maintained. The combined thickness of the surviving zones 

was between 200-250 ~m, suggesting that slices of this thickness should 

be adequately maintained in this system. This agreed well with the 

results obtained in cultures of 250 ~m thick slices in which the 

degenerative banding phenomenon was absent. The thickness of tissue 

receiving oxygen in this system also agreed with the calculated 

thickness (190 ~m) of oxygenated tissue in an atmosphere of 95% oxygen 

using the equation of Berndt (1976). In this equation an oxygen 

consumption rate of 0.166 ml/ml tissue x min for adult liver tissue 

(Trowell, 1959) is assumed. In fact, when slices of this thickness were 

cultured for up to 20h in this system, they retained a number of 

morphological characteristics commonly associated with viable cells. 

The nuclei were well-roundeo with prominent nucleoli, cytoplasmic 
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basophilic staining associated with intracellular organelles was 

evident, and vacuolation was minimal to moderate. however, after 9 h, 

the architecture of the cultured slices was noticeably different. This 

change was manifested as a loss of sinusoidal architecture and a 

somewhat flattening-out of the hepatocytes which may have resulted from 

the forces imparted on the cultured slices by the roller system. 

Another possibility is that the disappearance of sinusoidal spaces 

resulted from cell swel ling due to uptake of water. Campbell and Hales 

(1971), for example, showed that inadequate oxygenation of cultured 

adult rat liver resulted in a decline in ATP content, loss of Na+ pump 

activity, and a concommitant increase in cellular water content. 

However, since the ATP levels were maintained in our slices, it is 

unlikely that decreased Na+/K+ ATPase activity will occur. In the 

absence of decreased Na+/K+ ATPase activity, swelling is unlikely (Van 

Rossum, 1972). Further evidence that the slices received adequate 

oxygenation at this time was provided by the fact that glycogen levels 

were maintained at or above the levels present in fresh liver slices. 

Under conditions of hypoxia the glycogen content of liver tissue 

declines rapidly (Quistorff et al., 1973; Hers, 1981). 

Results from the early culture experiments using thin rat liver 

slices in this system were encouraging. However, evaluation of these 

slices was based upon histological observation only. Therefore, it was 

necessary to determine other, more sensitive, indicators of slice 

viability. To accomplish this, a rather extensive study of the 

functional integrity of cultured adult rat liver slices was undertaken 

using a number of different biochemical viability indicators. 
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While there are no "ideal" viability parameters and no single 

test supplies full information about the metabolic competence of 

cultured liver cells, the criteria to be used should at least question 

the integrity and function of the plasma membrane and the metabolic 

performance of the cells (Krebs et al., 1979). The parameters of slice 

viability which were chosen, therefore, were directed at fulfilling 

these minimal requirements for functional integrity and, in addition, at 

providing an integrated picture of the maintenance of various 

biochemical functions in the cultured liver slices over a period of up 

to 20 h in thi s system. 

The permeability of cells to certain ions that are normally 

concentrated intra- or extracellularly is a reflection of plasma 

membrane integrity (Grisham, 1979). Baur et ale (1975), for example, 

showed that the intracellular levels of Na+ and K+ were the most 

sensitive indicators of injury in isolated hepatocytes when compared 

with various other parameters of cell viabil ity in freshly isol ated 

cells. Others have further suggested that the K+ content of cells, in 

addition to being a sensitive index of cell membrane integrity, is also 

very useful as a monitor for chemically-induced responses (Judah and 

McLean, 1962; Medzihradsky and Marks, 1975; Klaassen and Stacey, 1982). 

Based on this sensitive indicator of plasma membrane integrity, 

1 iver sl ices cul tured in this system were found to maintain their K+ 

content for up to 20 h in culture at near.!.!!. vivo levels (80%). This 

finding is in contrast with the work of Campbell and Hales (1971) in 

which the K+ content fell steadily, reaching 50-60% of normal by 6 h, in 

static cultures of adult rat liver. The observation that initial levels 
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of slice K+ were low and then recovered after 1-2 h in this culture 

system may be explained as a temperature-dependent re-equilibration 

phenomenon that occurs upon rewarming the slices as they are transferred 

from ice-cold buffer (used for the preparation of slices) to the warmer 

conditions of incubation. Barnabei et al. (1974) also observed a 

decrease (44%) in the intracellular K+ content of liver cells following 

incubation at 4°C, but demonstrated a similar recovery to a level 

greater than the initial K+ content during a successive incubation at 

37°C. In other studies employing liver slices from adult rats, Van 

Rossum and Russo (1981) demonstrated a two-fold increase in the K+ 

content of liver slices following the transfer of these slices from a 

1°C buffer to 38°C. The time for this recovery was approximately 1h, 

which is in good agreement with observations made in this system, which 

suggest that dynamically-cultured liver slices were better able to re

establish and maintain their intracellular l~vels of K+ than hepatocytes 

isolated by collayenase perfusion. Cells isolated by this method have 

been shown to contain significantly reduced levels of K+ (up to a 60% 

loss of the total K+ content) upon isolation and fail to reestablish 

normal levels during incubation (Barnabei et al., 1974). Quistorff et 

a1. (1973) have suggested that the initial loss of intracellular K+ may 

be due to a combination of factors including the low temperature during 

the cell wash and the high perfusion flow rate and pressure applied in 

the method. It is also possible that membrane damage incurred by the 

cells during the collagenase perfusion step could lead to a leak of this 

intracellular ion (Tanaka et ale 1978). 
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Although it is not as sensitive an indicator of cell damage as 

the K+ content (Baur et al., 1975), the level of ATP is a fairly 

sensitive indicator of cellular integrity (Klaassen and Stacey, 1982) and 

may be applied as an estimate of the functional metabolic capacity of 

liver cells (Dickson and Pogson, 1977). Measurement of the adenine 

nucleotide content also provides information on the energetic status of 

the cell s (Van d~ Werve, 1980). Following a recovery period of 

approximately 2 h, ATP levels in slices were maintained for between 16-

20 h. While the ATP levels in both freshly prepared slices and those 

cultured for up to 2 h were only 60% of the maximal levels observed, by 

4 h these levels had recovered dramatically and by 6-16 h they were 

maximal. Maximal ATP levels corresponded to approximately 80% of the 

reported normal levels determined in freeze clamped rat liver (Krebs, 

1974) and were equivalent to levels reported for the perfused rat liver 

(Hems et al., 1966). 

The initial decline in ATP levels which were observed in these 

slices has been reported by others. Krebs (1974), for example, showed 

that freshly prepared rat liver slices lost up to 70% of their total 

adenine nucleotides and he attributed this dramatic decline to the 

process of making slices. The actual ATP levels which he reported, 

within less than a minute after making a slice, were, however, only 50% 

of the levels which were demonstrated in this report and which may 

reflect the more favorable conditions under which slices were prepared. 

Similar to these findings, Van Rossum (1972) observed a nearly two-fold 

increase in ATP levels in rat liver slices as they were removed from a 

1°C buffer and placed in a 38°C buffer. This has been explained by the 
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finding that the utilization of ATP exceeds its synthesis as slices are 

cooled, resulting in a lower steady state ATP level. Since metabolism 

is totally arrested at 1°C, ATP is neither synthesized nor utilized at 

this temperature (Russo et al., 1977). Upon rewarming, the higher 

physiological steady state is re-established. 

Using hepatic parenchymal cell s isol ated by coll agenase 

perfusion, Bissel et ale (1973) demonstrated a significant fall in the 

ATP concentration. After incubation under monolayer conditions these 

levels doubled to near normal; however, this recovery took up to 24 h, 

which suggests that the liver slices may be better able to restore 

normal levels of intermediates, lost during slice preparation, than 

isolated hepatocytes which lose these intermediary metabolites during 

cell preparation. 

When compared with conventional static cultures of adult rat 

liver, dynamically-cultured l'iver slices appear to provide a more 

suitable preparation for the maintenance of ATP levels. For example, 

Campbell and Hales (1971) observed a dramatic decline in ATP levels to 

20% of normal within 30 min in static cultures of adult rat liver slices 

under 95%:5% - 02:C02. During the 6 h culture period, no recovery took 

place. As the oxygen tension in the cultures was raised, (3 atm 02) 

there was a corresponding rise in ATP content which was not 

significantly different from normal liver. However, after 24 h the ATP 

content had dropped to 8% indicating that 3 atm 02 was toxic to the 

cell s. 

Glycogen synthesis was also measured as an in vitro marker of 

cell viabi 1 ity in this system. This marker refl ects a specific function 
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of the liver which has been shown to be particularly sensitive to 

exogenous factors such as glucose, amino acids, and serum (Krack et al., 

1980). In addition, measurement of the cellular glycogen content 

provides information relating to the degree of .!!!. vitro "stress" of the 

cultured cells and of their ability to maintain adequate energy stores 

(Reed and Gri sham, 1975). 

The preparation of liver slices in the presence of 25 mM glucose 

and their subsequent incubation in a high glucose (50 mM), insulin

supplemented medium did not significantly attenuate the high initial 

glycogen breakdown observed in slices prepared without glucose and 

incubated without supplementary insulin. This early initial 

glycogenolysis which was observed (0-2 h) had previously been reported 

to occur at early stages of liver cell incubations, even in the presence 

of high glucose (Hers, 1981). Others have demonstrated a lag period 

before glycogen synthesis could be detected (Krack et al., 1980). 

However, the rate of glycogen synthesis observed during the following 

4 h of culture was significantly higher (1.7 times) than in the 

unsupplemented slices. Indeed, the insulin-stimulated rate of glycogen 

synthesis (0.4 ~mol/min x g protein) in the presence of high glucose was 

in the range of in vivo levels (Hers, 1981) and this value was very 

similar to that obtained by Horiutti et ale (1982) with 10-7 M insulin 

(1.5-fold stimulation of glycogen synthesis) in primary cultures of 

1 i ver cell s. 

Despite efforts to replace medium or to supplement with either 

additional glucose or insulin (data not shown), glycogenolysis became 

predominant in the slices after leveling off between 8-12 h in culture. 
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This loss of glycogen from the cultured slices may have been the result 

of either decreased glycogen synthetase activity or an activation of 

glycogen phosphorylase. The activity of the synthetase has been shown 

to decline rapidly in primary hepatocyte cultures (Bernaert et al., 

1979). Alternatively, a number of conditions have been known to cause 

an activation of the glycogenolytic enzyme (phosphorylase) including 

anoxia (Hers, 1981). Additional studies on the balance between these 

two enzymes would be necessary to determine definitively the cause of 

glycogen breakdown in cultured slices. 

For tests of metabolic adequacy, quantitative measurements of 

the rates of biosynthetic processes are the most exacting (Krebs, 1976). 

Protein synthesis, therefore, provided a good indicator of the 

maintenance of such a process in rat liver slices cultured in this 

system over a 20 h period. The active incorporation of radiolabeled 

leucine into proteins during the incubation also suggests that general 

metabolic deterioration is not occurriny (Liberti et al., 1971). 

Another process, which provides one of the best biochemical markers of 

hepatocyte activity, is the secretion of radiolabeled proteins into the 

culture medium. This process changes rapidly and sensitively in 

response to changes in internal and external conditions (Ichihara et 

al., 1982). Protein secretion is a multi-step, energy-dependent process 

which requires the maintenance of a variety of interactive cell 

functions and an intact system of microtubules (Margulis, 1973; Olmsted 

and Borisy, 1973). 

The incorporation of 3H leucine into TCA-precipitable slice 

proteins was nearly linear over the 20 h incubation period. A slight 
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leveling off of the rate of incorporation was observed between 8-12 h, 

similar to that observed by either Liberti et ale (1971) using incubated 

Stadie-Riggs slices. Similar results were obtained by Dickson and 

Pogson (1977) in cultured rat hepatocytes. Using a static organ culture 

system of thin adult rat liver slices, Hart et al. (1983) demonstrated a 

linear incorporation of 3H leucine after 24 h. However, they also 

observed that 1/3 of the cultured tissue had deteriorated after 24 h 

which is in apparent contradiction with the observation that protein 

synthesis was maintained. 

Following a short lag period, the secretion of newly-synthesized 

liver plasma proteins into the culture medium was linear for up to 16 h 

in this system. This lag period (1-2 h) corresponds with observations 

made in freshly isolated hepatocytes (Tanaka et al., 1978) and in 

incubated liver slices (Redman et al., 1975). The leveling off of 

protein secretion after 16 h could possibly be explained by depletion of 

amino acids in the medium. Ichihara et ale (1982), for example, have 

shown that a rapid decrease in the secretion of serum proteins from 

isolated hepatocytes occurs in amino acid-deficient medium. They 

reported that this secretion could be restored by supplementing the 

meoium with amino acids. This possibility, however, was not 

investigated in this system. It is also possible that the decreased 

rate of protein secretion was due to cellular damage. While the 

previous viability markers were all apparently maintained, the loss of 

histo-architecture which was observed duriny the latter stages of 

incubation might help to explain this observation since the secretory 

process is so dependent upon maintenance of the cytoskeleton. 
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Interestingly, the cytoskeleton has also been shown to play an important 

role in the process of glucagon-stimulated glycogenolysis. Damage to 

the cytoskeleton by either colchicine or cytochalasins blocks the 

migration of cyclic AMP-dependent protein kinase towards the glycogen 

granules (Ichihara et al., 1982) where enzyme activation occurs. An 

apparent temporal relationship was observed between the decline in 

protein secretion and a decreased responsiveness of liver slices to 

glucagon stimulation, thus suggesting the possibility that cytoskeletal 

damage may have caused both phenomena. 

The specific and distinctive effects of cycloheximide and 

colchicine which were observed in regard to protein synthesis and 

secretion indicate that these two complex metabolic processes were 

preserved in the cultured liver slices. The immediate effect of 

cycloheximide on protein synthesis and its delayed effect on secretion 

agree well with similar studies on isolated hepatocytes (Grave1a et a1., 

1977). At the concentrations used (10-5 M), the degree of inhibition by 

either cycloheximide or colchicine on protein synthesis and secretion in 

adult rat liver slices also agrees with other published reports (Liberti 

et a1., 1971; Redman et a1., 1975; Agostini and Muci, 1978; Ichihara et 

al., 1982). 

Another approach towards assessing metabolic competency is the 

measurement of the response of cultured cells to hormones (Krebs, 1975). 

The process by which hepatocytes respond to peptide hormones such as 

glucagon and insulin involves many levels of intracellular organization 

as well as integrity of the plasma membranes and the membrane-bound 

hormone receptors (Van der Werve, 1980). The cascade phenomenon which 
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results fol lowing hormone-receptor coupling, therefore, requires a high 

degree of metabolic competence of the responding cells. Such competence 

was clearly demonstrated in liver slices cultured in this system by 

glucagon-stimulated glucose production. The two-fold stimulation of 

glucose production by glucagon which occurred after up to 8 h of culture 

agrees quite well with the level of stimulation reported by other 

laboratories using various in vitro preparations. These other systems 

included hepatocytes used within 1-2 h post-isolation (Birnbaum and 

Fain, 1977; Hruby et al., 1981), cells maintained in primary culture for 

24 h (Ichihara et al., 1980), and the intact perfused liver (Pilkis et 

al., 1974; Saitoh and Ui, 1975; Khan et al., 1980). 

The fall in glucagon stimulation 12-16 h of culture may have 

been related to the concurrent drop in the glycogen content of the 

slices which occurred despite the presence of insulin and high glucose 

levels in the culture medium. Another possible explanation for the 

decreased response of liver slices to glucagon was discussed previously 

and involves possible cytoskeletal damage to the slices incurred during 

the cul ture period. 

In rat hepatocyte cultures, the loss of phenobarbital-type 

cytochrome P-450, followed by loss of the mechanism for synthesizing 

this form of P-450, appears to be one of the earliest changes to take 

place during culture and, therefore, may be considered an important 

viability parameter (Bridges, 1981). While its importance as an index 

of viability is questionable, the maintenance of this activity is of 

paramount importance for in vitro toxicity studies since many 

potentially toxic agents require metabolic activation for their toxic 



potential to be realized (Sipes and Gandolfi, 1982). Indeed, the 

activity of the hepatic microsomal cytochrome P-450 linked drug 

metabolizing system frequently parallels the toxicity of many natural 

and synthetic chemicals (Paine and Legg, 1978). For these reasons, an 

evaluation was made of the drug metabolizing capacity in control and 

phenobarbital-induced rat liver slices during culture in this system. 
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The content of cytochrome P-450 remaining in slices was measured 

after culture for up to 8 h. Additionally, the activity of 

ethoxycoumarin-O-deethylase was measured in the post-mitochondrial 

supernatant prepared from slices cultured over a period of 20 h. The 0-

deethylation of 7-ethoxycoumarin to the highly fluorescent product, 7-

hydroxycoumarin is a particularly sensitive indicator of monooxygenase 

activity (Greenlee and Poland, 1978) and a variety of the multiple forms 

of cytochrome P-450 can metabolize this substrate (Edwards et al., 

1984). 
The cytochrome P-450 content which was measured in freshly-

prepared control rat liver slices was approximately 60% of the normal 

value determined for fresh rat liver (Maslansky and Williams, 1982; 

Acosta et al., 1979), and nearly equivalent to values determined in 

freshly-isolated hepatocytes (Mol deus et al., 1978; Maslansky and 

Williams, 1982). This level was essentially maintained for 8 h of 

culture at 80% of control. Slices from phenobarbital-induced animals 

contained between two to three times more P-450 than control slices. 

When the slices from induced rats were cultured and P-450 levels 

determined, a temporally-related drop occurred resulting in a loss of up 

to 30% of the original cytochrome P-450 content after 8 h. 
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The ethoxycoumarin-O-deethylase activity observed in cultured 

liver slices which were prepared from either induced or control animals 

very closely paralleled the P-450 content observed in induced slices 

over the first 8 h of culture; the activity in induced slices being 

between four to five times higher than that of controls. Over the 

remainder of the culture period (8-20 h), the activity of 

ethoxycoumarin-O-deethylase in either induced or control slices remained 

nearly constant (between 50-70% of the original activity), thus specific 

isozymes might have been lost. The values which were obtained for the 

activity of this enzyme in fresh slices were very similar to those 

reported by others using isolated hepatocytes in suspension (Fry et al., 

1975; Sturdee et al., 1982). 

The fairly rapid decline of the mixed-function oxygenase system 

in cultured liver slices from phenobarbital-induced animals was similar 

to that observed in hepatocyte cultures, which lose more than 50% of 

their cytochrome P-450 content during the first 24 h of culture 

(Guzelian et al., 1977; Paine and Legg, 1978; Maslansky and Williams, 

1982). This loss can be temporarily prevented by replenishment of the 

culture medium with a mixture of hormones (Decad et al., 1977), by the 

addition of various other compounds such as ligands (Paine et al., 1979; 

Paine et al., 1980), or by using a cysteine-deficient medium (Paine and 

Hockin, 1980). Recently, the prolonged maintenance of active cytochrome 

P-450 was reported in a co-culture system of adult rat hepatocytes with 

another rat 1 iver epithel ial cell type (Begue et al., 1984). Such 

supplemental measures to prevent the observed decline in mixed function 
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oxygenase activity were not investigated in this system. However, this 

is clearly an area which should receive attention in the future. 

!!!. vitro systems employing cultured liver cells that maintain a 

"reasonab1e level of function" may not only form the basis of cheaper, 

more precise and sensitive techniques to screen for hepatotoxic 

chemicals, but also promise to yield knowledge of the fundamental nature 

of chemically-induced cellular lesions (Grisham, 1979). Adult rat liver 

slices cultured in this novel system clearly maintained a IIreasonable 

level of function", thereby ful fill ing the second major objective. The 

functional and biochemical analysis of these cultured liver slices has 

provided an integrated picture of the maintenance of these functions, 

which included membrane integrity, energy reserves, cyclic nuc1eotide

mediated protein phosphorylation (e.g., cyclic AMP-dependent activation 

of glycogen phosphorylase), biosynthetic processes, secretory processes, 

and maintenance of drug metabolizing enzymes. The degree to which these 

various processes were maintained was, in most cases, either equivalent 

to or better than that in the primary hepatocyte cultures or previous 

static organ culture systems of adult rat liver, to which they were 

compared. Not all of the functional parameters measured in this system 

were maintained equally. The retention of sensitivity to hormonal 

stimulation, adequate protein secretion and glycogen synthesis, and the 

retention of cytochrome P-450 levels proved to be the most difficult. 

In the case of the two former parameters (hormone stimulation and 

protein secretion), although each was well-preserved for up to 12-16 h, 

their rather dramatic decline after this time period suggests some 

common impairment in the system. In 1 ight of this suggestion, it was 



quite possible that damage to the cytoskeleton may have occurred since 

the maintenance of this network is so important for each of these 

responses and since histological evidence was provided demonstrating a 

loss of histo-architecture at later culture times. 
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In an attempt to minimize structural damage in the cultured 

slices, two suggestions are offered. The first is based upon a 

histological observation which was made of slices following 3 h or 

longer in culture. The slice/media surface of the tissue, after this 

time, contained a regular pattern of areas of damaged cells extending 

several cells deep. This anomaly was apparently due to the pressure 

exerted by the stainless steel mesh at points where the slice contacted 

the mesh. It is, therefore, quite possible that the weight of the slice 

was not distributed evenly enough. By employing a finer grade mesh, 

thi s woul d all 0\,1 for more poi nts of contact and a better wei ght 

distribution of the slice may be aChieved. Another factor which could 

possibly affect the structural integrity of the cultured slices is the 

speed (3.5 rpm) at which sl ices were rotated. Conceivably, forces 

imposed upon the slice may be reduced by decreasing the rotational speed 

of the vial rollers. However, attempts to decrease the speed of 

rotation must be done judiciously since the beneficial effects derived 

by the slices from this mixing phenomenon should not be compromised. 

In addition to the possibilities previously discussed for the 

decrease in slice functional integrity after 12-16 h, it is important to 

note that, during this period, the pH of the culture medium dropped to 

7.25 or lower (range: 7.20-7.28). Thi s fa 11 in pH was apparentl y due to 

the overproduction of both CO2 and lactic acid by the metabolically 
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competent slices (Freshney, 1983). As Olsen and Jalling (1976) have 

discussed, minor changes in the extracellular pH may influence the 

metabolic functions of isolated liver cells. In this regard, future 

efforts should be directed towards maintaining a more constant pH in the 

culture medium, for example, by the addition of bicarbonate (Waymouth, 

1972), or by exchanging the medium. While it is a relatively poor 

buffer at physiological pH (Freshney, 1983), the importance of using a 

bicarbonate buffer is underlined by the fact that, in addition to the 

bicarbonate ion being a metabolic requirement of the cells, (Runyon and 

Geyer, 1967; Freshney, 1983; Waymouth, 1972; Sies, 1976), these buffers 

are inexpensive and relatively non-toxic. 

With the Krumdieck tissue slicer the rapid preparation of large 

numbers of minimally-injured liver slices became a possibility. 

Furthermore, the development of this system may have helped to eliminate 

some of the problems associated with earlier organ cultures of adult rat 

liver which caused the occurrence of spontaneous degeneration. In this 

system, such degenerative changes were delayed for up to 16 h. By 

exposing both sides of the cultured tissue to the gas phase continually, 

apparent limitations in 02 diffusion were overcome and, as a result, 

functional integrity was satisfactorily maintained. Hence, the first 

two objectives of the project, namely the adequate preparation and 

satisfactory culture of liver slices, were fulfilled making it possible 

to pursue the third and final one. 

Using this system, a series of toxicity studies were undertaken 

with two hepatotoxicants, bromobenzene and allyl alcohol. The choice of 

these particular compounds was based upon the following considerations: 
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1) The toxicity of the chosen compounds should be relatively acute 

(within 12 h after culture) since a partial decline in the functional 

integrity of the slices was observed after 12-16h. 2) The use of 

proximate toxicants (those requiring bioactivation) rather than direct

acting agents would serve to demonstrate the potential utility of this 

system for mechanistic studies with biotransformation enzyme inducers 

and inhibitors, as well as to provide indirect evidence for the 

maintenance of the particular bioactivating enzymes concerned 

(Zimmerman, 1978). 3) For either compound, there exists an extensive 

literature on and ready availability of inhibitors of these enzyme 

systems. 4) These two compounds damage different zones within the liver 

acinus. 

Initial studies focused on the ~ vitro hepatotoxicity of 

bromobenzene in cultured adult rat liver slices. This compound is a 

well known hepatotoxicant which has been ext~nsively used as a test 

compound to study mechanisms of hepatotoxicity (Goethals et al., 1984). 

Bromobenzene is metabolized to a reactive intermediate, which has been 

tentatively identified as bromobenzene-3,4-epoxide (Jollow et al., 

1974). This metabolite, which is formed in a cytochrome P-450-dependent 

reaction, may subsequently rearrange non-enzymatically to yield the 

corresponding phenol, act as a substrate of epoxide hydrase to produce a 

trans-dihydrodiol, or react with GSH to form the corresponding 

conjugate. Depletion of GSH by the reactive epoxide al lows for this 

epoxide to accumulate intracellularly and subsequently to react with 

various nucleophiles, eventually resulting in liver cell death (Thor et 

al., 1978a; Thor and Orrenius, 1980). The reactive epoxide has also 
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been shown to diffuse extensively from the hepatocytes where it is 

generated and, therefore, may contribute to extrahepatic toxicity (Monks 

et al., 1984). 

In slices prepared from control rats and cultured over a period 

of 6 h, bromobenzene (1 mM) failed to produce toxicity based either on 

the leakage of LDH or the slice K+ content. These particular endpoints 

were chosen since they reflect alterations in the integrity of the 

plasma membrane, which appears to be a primary target in bromobenzene

induced cytotoxicity (Thor and Orrenius, 1980; Lamb et al., 1984). 

Using a system of primary hepatocyte culture, Hayes et al. (1984) 

concluded the hepatocytes from control (non-induced) livers were not 

susceptible to bromobenzene at concentrations up to 1.6 mM; a finding 

which is consistent with ours. However, in liver slices prepared from 

phenobarbital-induced rats, bromobenzene (1 mM) produced a time

dependent loss of slice K+ and leakage of cytosolic LDH over the 6 h 

culture period resulting in a two-fold increase in LDH activity of the 

media and a 70-80% loss of slice K+. Others have also demonstrated this 

requirement for phenobarbital induction in order to produce toxicity 

with bromobenzene ~ vitro. For example, Dankovic and Billings (1984) 

demonstrated that 1 mM bromobenzene results in a loss of LDH in 

hepatocyte suspensions from phenobarbital-induced rats at 6 h. In 

control hepatocytes, a three-fol d higher concentration (3 mN) of 

bromobenzene was required to produce a similar effect. In the work of 

Hayes et al. (1984), it was shown that, while cells from non-induced 

animals showed no susceptibility to bromobenzene, hepatocytes from 

phenobarbital-induced animals exposed to this toxin (1.6 mM) for 20 h 
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released 70% of their total LDH activity. Thor and Orrenius (1980) 

demonstrated similar effects of bromobenzene using hepatocytes from 

phenobarbital-induced, diethyl maleate-treated rats. Diethy1 maleate 

was used to deplete the cells of GSH and therefore increase their 

sensitivity to bromobenzene. In their system, bromobenzene-induced 

cytotoxicity was also characterized by marked effects on plasma membrane 

structure and function. Bromobenzene (0.6 mM) caused a 70% loss of 

intracellular K+ after 3 h. Results obtained with rat liver slices 

showed dose-responses for bromobenzene from 0.1-1.0 mM in 6 h. While 

0.1 mM bromobenzene was not toxic, concentrations of 0.5 mM or greater 

were indeed cytotoxic after 4 h producing a 60% loss of slice K+ and 

after 6 h, a 2.5-fo1d increase in LDH activity measured in the media. 

This suggests that a dose-threshold existed for bromobenzene between 

0.1-0.5 mH. Such a threshold for bromobenzene-induced hepatic necrosis 

has been previously demonstratea both ~ vivo and in vitro and is 

correlated with a depletion of GSH (Jollow et a1., 1974; Thor et a1., 

1978b). It was of interest to note that there were no quantitative 

differences in bromobenzene toxicity at concentrations equal to or 

greater than 0.5 mM, up to 1 mM in the liver slices. This finding was 

in complete agreement with that of Thor et a1 (1978b) and is reportedly 

related to saturation of the metabolism of bromobenzene. In a 

comparison of the rates of metabolism at three different bromobenzene 

concentrations in isolated hepatocytes, these workers demonstrated that 

metabolism was optimal at 0.6 mM and that the rate was the same for 1 mM 

bromobenzene, while being significantly reduced at 0.3 mM. 



The measurement of protein synthesis is another parameter of 

bromobenzene toxicity which was studied in cultured slices. By 4 h, a 

significant inhibition of 3H leucine incorporation into slice proteins 

was observed (60-70% inhibition). Again, there was little to no 

difference in the extent of this inhibition produced by either 0.5 or 

1 mM bromobenzene. In cultured hepatocytes from phenobarbital-induced 

rats, a similar level of inhibition (60%) was produced in either 

isolated hepatocytes exposed to 0.6 mM bromobenzene after 3 h or in 

perfused livers from rats pretreated with bromobenzene (1 ml/kg, i.p.) 

for 4 h (Davis et al., 1973). 
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The severity of bromobenzene-induced hepatotoxicity depends on 

the rate of metabolism of this hydrocarbon. ~ vivo prior administra

tion (Mitchell et al., 1971), or ~ vitro co-treatment (Thor et al., 

1978b) with SKF 525-A, which inhibits hepatic microsomal enzymes 

(Axelrod et al., 1954), inhibits the metabolism of bromobenzene and 

prevents bromobenzene-induced toxicity (Reid et al., 1971). The utility 

of this system as a tool with which to study mechanisms of hepatotoxicy 

~ vitro, was further demonstrated when cultured liver slices from 

phenobarbital-induced rats were co-treated with SKF 525-A (100 ~~I) and 

bromobenzene (1 mM). At this concentration, SKF 525-A almost completely 

inhibited bromobenzene toxicity after 4 h as indicated by slice K+ 

content, LDH leakage, and protein synthesis. Indeed, for each of these 

indicators, none of the co-treatment groups were significantly different 

from the controls at this time. This inhibitor of bromobenzene 

metabolism prevented the two-fold or greater decrease in slice K+, 

increase in media LDH activity, and decrease in protein synthesis, 



observed in the bromobenzene-alone treatment groups. Similar results 

have been reported with isolated hepatocyte cu1tures (Hayes et al., 

1984; Thor et al., 1978b) and with the perfused liver (Davis et al., 

1973) • 
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In a somewhat analogous series of experiments, allyl alcohol 

toxicity was investigated in rat liver slices prepared from control 

animals. Like bromobenzene, this compound has also been extensively 

studied as a model hepatotoxicant, however it is uniquely different in 

that it produces a periportal rather than a pericentral necrosis in vivo 

(Reid,1972). Allyl alcohol is metabolized to the highly-reactive 

aldehyde, acrolein, via the cytosolic enzyme, ADH, in an NAD+-dependent 

dehydrogenation (Serafini-Cessi, 1972). Acrolein subsequently binds 

directly to free sulfhydryl groups and reacts very rapidly with 

intracellular GSH (Dawson et al., 1984; Ohno et al., 1985). This 

results in a depletion of GSH which may then lead to cell death via 

lipid peroxidation (Zitting and Heinonen, 1980) and damage to the plasma 

membrane (Belinsky et al., 1984a). In addition, acrolein has been 

demonstrated to cause a denaturation of cytochrome P-450 in vitro, 

presumably via an interaction with sulfhydryl groups in the P-450 

protein (Berrigan et al., 1980). 

There is currently much controversy over the mechanism(s) by 

which allyl alcohol causes exclusive necrosis of periportal hepatocytes. 

Previously, it was thought that this particular lesion resulted from 

selective allyl alcohol metabolism in periportal regions of the lobule. 

Higher concentrations of ADH were reported to occur in this region of 

the acinus (Greenburger et al., 1965; Rees and Tarlow, 1967; Gumucio et 
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al., 1978; Nostrat et al., 1978). However, this hypothesis is not 

supported by the observation that the rates of metabol ism of allyl 

alcohol were actually higher in pericentral regions than in periportal 

regions (Belinsky et al., 1984b). Indeed, most recently, Kato et al. 

(1985) have demonstrated that ADH was distributed predominantly in zone 

3 (pericentrally) of the liver acinus using histochemical and 

immunohistochemical techniques. While the reason for this apparent 

difference in necrosis between the two different areas of the liver 

lobule is currently unknown, Belinsky et al. (1984a) have suggested that 

it may involve differences in energetics due to inhibition of the 

mitochondrial respiratory chain by acrolein. This suggestion was based 

on findinys in which miniature 02 electrodes were used to demonstrate 

that allyl alcohol and acrolein affected the respiratory chain only in 

periportal areas (Belinsky et al., 1984b). They concluded that the 

respiratory chain in periportal regions may be more sensitive to the 

toxic effects of acrolein or, alternatively, that mechanisms may exist 

which protect hepatocytes in peri central regions from the effects of 

acrolein on 02 uptake. 

Since allyl alcohol toxicity is manifested in vitro as an 

alteration in plasma membrane integrity (Belinsky et al., 1984a), both 

slice K+ content and leakage of LDH were used as endpoints of toxicity. 

The inhibition of protein synthesis, another sensitive indicator of 

allyl alcohol-induced cytotoxicity (Rees and Tarlow, 1967), was also 

studied. Allyl alcohol produced dose- and time-dependent cytotoxicity 

in rat liver slices cultured in this system over a 6 h incubation. At 

concentrations of 0.25 mM and above, protein synthesis, was 
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significantly inhibited after 2 h of culture. By 6 h, these levels of 

allyl alcohol resulted in a 60%, or greater, inhibition in the degree of 

incorporation of 3H leucine. Using a metabolic precursor of allyl 

alcohol, rat liver slices prepared from animals which had been pre

treated with allyl formate (the precursor), Rees and Tarlow (1967) also 

observed a 60% inhibition of protein synthesis. Furthermore, allyl 

alcohol (6 mM) itself produced an 82% inhibition of the incorporation of 

14C-leucine into protein by a postmitochondrial fraction of rat liver 

and a dose-dependent inhibition of protein synthesis (0-1 m~l) in rat 

liver slice incubations (Rees and Tarlow, 1967). These effects of allyl 

formate on protein synthesis were either completely abol ished or 

significantly reduced when GSH or other thiol compounds were co

incubated with the toxin (Rees and Tarlow, 1967). 

Allyl alcohol also produced a dose- and time-dependent loss of 

slice K+ in dynamic cultures of rat liver slices. While the K+ content 

proved to be a sliyht1y less sensitive indicator of toxicity than 

protein synthesis, plasma membrane damage was indeed apparent after 4 h 

of exposure to allyl alcohol (0.5-1 mM). Concentrations of 0.5 mM or 

greater resulted in more than a 60% loss of intracellular K+ after 6 h. 

Similarly, the leakage of LDH into the culture medium was also dose- and 

time-dependent in these rat liver slices. This endpoint suygests severe 

and irreversible membrane damage (Baur et a1., 1975) and, 

correspondingly, turned out to be the least sensitive indicator of allyl 

alcohol toxicity. By 4 h, allyl alcohol (0.75-1 mM) produced 

significant LDH leakage (two-fold or greater than control) and after 

6 h, concentrations of 0.5 mM and greater resulted in a similarly 
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dramatic release of LDH from the slices. Allyl alcohol produced similar 

dose- and time-dependent membrane damage in isolated hepatocytes 

incubated in Krebs-Henseleit buffer (Ohno et al., 1985). For example, 

while 0.1 mM allyl alcohol was not apparently toxic, concentrations 

equal to or greater than 0.2 m~l caused significant increases in NADH 

penetration. This apparent threshold effect for the inhibition of 

protein synthesis was also observed in the slice system, suggesting that 

the critical concentration required to produce overt toxicity in vitro 

was between 0.1-0.2 mM. This concept of a threshold effect by allyl 

alcohol is also consistent with observations that the depletion of the 

endogenous protective nucleophile, GSH, is directly-coupled with the 

cytotoxic response and that repletion of the culture medium with thiol

containing compounds reduces or prevents allyl alcohol toxicity (Rees 

and Tarlow, 1967; Badr and Thurman, 1985; Belinsky et al., 1984a; Dawson 

et al., 1984; Ohno et al., 1985). Although these allyl alcohol

depenaent increases in NADH penetration into isolated hepatocytes 

occurred earlier than similar membrane damage observed in this system, a 

Krebs-Henseleit buffer was employed in the hepatocyte incubations 

whereas a complete medium was used for the slice cultures. It is 

possible, therefore, that the isolated hepatocytes were more susceptible 

to allyl alcohol toxicity. Thor et al. (1978a), for example, have 

demonstrated that isolated hepatocytes, incubated in an incomplete 

medium (Krebs-Henseleit buffer), are more sensitive to the toxicity of 

products which require GSH for detoxification than those cultured in a 

complete medium which contains the amino acid precursors required for 

GSH synthesis. 
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Finally, the inhibition of allyl alcohol-induced toxicity by the 

ADh inhibitor, pyrazole, was studied in this system. Pyrazole 

effectively prevents the oxidation of alcohols both in vivo and in vitro 

by inhibiting the liver ADH (Magnusson et al., 1972; Lester and Benson, 

1970) and has previously been demonstrated to inhibit the in vivo 

hepatotoxicity of allyl alcohol in rats (Reid, 1972), the ~ vitro 

toxicity of allyl alcohol in isolated hepatocytes (Ohno et al., 1985), 

and the conversion of allyl a 1 coho 1 to acro 1 ei n (Ohno et a 1., 1985). 

The toxicity of allyl alcohol (0.5 mM) in cultured liver slices was 

completely inhibited by pyrazole (1 mM). These results agreed well with 

those of Ohno et ale (1985) in which similar concentrations of allyl 

alcohol and pyrazole were used in isolated hepatocytes. In their 

system, the inhibition of 0.25 mM allyl alcohol-induced GSH depletion by 

pyrazole was observed at a concentration of 50 ~M and maximal protection 

occurred at 0.5 mM pyrazo 1 e. 

Future toxicity studies with allyl alcohol and bromobenzene in 

this system should include an evaluation of the GSH levels in liver 

slices during the exposure period since these levels have been shown to 

directly influence the toxicity of either compound in previous in vitro 

studies (Thor et al., 1978a; Ohno, 1985). The apparent dose-threshold 

which was observed for either compound suggested that GSH-depletion may 

have resulted in the accumulation of reactive intermediates and produced 

the observed cytotoxicity. By comparing the time course of GSH 

depletion with that of the observed toxicity, a temporal relationship 

between the two could be derived thus providing insigh~ into the role of 



GSH in the dose-threshold of these compounds in the cultured liver 

slices. 
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The toxicity of bromobenzene or allyl alcohol in liver slices 

closely paralleled that which has been observed in other, well

established in vitro systems on a quantitative and qualitative basis. 

Furthermore, factors which modified the toxicity of either compound did 

so in a manner consistent with the proposed mechanism(s) for this 

modification and, which also agreed closely with results obtained in 

previous tissue culture systems. Therefore, the final objective had 

been achieved. Using these two classical hepatotoxins, this novel organ 

culture method did indeed provide a system in which both descriptive and 

mechanistic hepatotoxicity studies were possible. Future studies with 

this system will be required in order to establish which other classes 

of hepatotoxic agents can be most successfully studied. Clearly 

halogenated aromatic hydrocarbons which require metabolic activation via 

cytochrome P-450, can be studied in this system as indicated by the 

bromobenzene data presented earlier, and by current, ongoing studies 

with a series of chlorinated benzenes. The data from these studies 

suggest that this system provides the sensitivity required to 

differentiate between the toxicity of closely-related structural isomers 

(Fisher et al., 1986). The possibility to study compounds which have 

alkylating properties due to a stable carbonium ion (allyl alcohol s) 

[Dimmock et al., 1978] was also underlined by the successful evaluation 

of allyl alcohol toxicity. These types of compounds are used 

extensi vely in cancer chemotherapy and, therefore, may provide a 1 arge 

group of agents amenable to study in the cultured liver slice system. 
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One compound of particular interest in this group is the widely used 

anticancer and immunosuppressive agent, CPA. Following activation by 

the hepatic microsomal mixed function oxygenase system (Berrigan et al., 

1980), CPA undergoes a chemical a-elimination to form acrolein, the 

major metabolite of allyl alcohol (Fry and Bridges, 1977). 

In preliminary studies, the failure of two other indirect 

hepatotoxins, galactosamine and ethionine, which cause hepatic injury by 

selective depletion of various nucleotides (Zimmerman, 1978), to produce 

cytotoxicity in cultured liver slices suggested that a longer period of 

exposure was required (data not shown). Since the length of culture is 

currently limited to 16h, the stuQy of compounds which produce latent 

toxic effects may be limited. However, by choosing more appropriate and 

sensitive endpoints of toxicity, this problem may be overcome. For 

example, ethionine toxicity results in an inhibition of protein 

synthesis (Farber, 1967) whereas toxicity by galactosamine depresses 

nucleic acid and glycogen synthesis (Decker and Keppler, 1972). 

Unfortunately, in the preliminary studies mentioned earlier, these 

endpoints were not evaluated. This requirement for the most sensitive 

indicators of toxicity for any particular compound, should, therefore, 

apply universally to agents being considered for evaluation in this 

system. This also points out the need for continued efforts aimed at 

findiny new, sensitive and early indicators of cytotoxicity. 

In summary, the dynamic organ culture system of precision cut 

liver slices which I have developed provides a viable alternative to 

isolated hepatocyte cultures and an apparent advantage over existing 

adult liver organ culture systems for toxicological studies. Since many 
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liver slices can be prepared and cultured from a single animal and 

because each slice is used as an individual experimental unit in this 

system, it may provide a method for the screening of potential toxicants 

in which fewer laboratory animals are required. In addition, when 

compared with isolated hepatocytes, the higher level of biological 

organization present in the cultured slices may, in some cases, 

facilitate the extrapolation of toxicological findings to higher levels 

of organization up to the ~ vivo level. 
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Figure A.1 Standard curve of the flame-photometric potassium assay. 
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List of Abbreviations 
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ADH 

ANOVA 

ATP 

BSA 

CaC12°2H20 

CO2 

Cyclic AMP 

DASA 

DEAE 

DNSO 

DNA 

DOCS 

GSH 

Hand E 

KOH 

KH 2P04 

LDH 

MgC1 2 

MgS04° 7H20 

NaCl 

NAD 

NADH 

Alcohol dehydrogenase 

Analysis of variance 

Adenosine triphosphate 

Bovine serum albumin 

Calcium chloride dihydrate 

Carbon dioxide 

3',5'-Cyclic adenosine monophosphate 

Diaminobenzoic acid 

Diethyl amino ethyl 

Dimethyl sulfoxide 

Deoxyribonucleic acid 

Uynamic organ culture system 

Disintegrations per minute 

Glutathione (reduced) 

Hematoxylin and eosin 

Hydrochloric acid 

Distilled deionized water 

Potassium ion 

Potassium hydroxide 

Potassium phosphate 

Lactate dehydrogenase 

Magnesium chloride 

Magnesium sulfate 7-hydrate 

Sodium chloride 

Nicotinamide adenine dinucleotide 

Nicotinamide adenine dinucleotide (reduced) 
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NADPH 

NaHC03 

Na2HP04 

NaH2P04·H20 

NaOH 

Nicotinamide adenine dinucleotide phosphate (reduced) 

Sodium bicarbonate 

Sodium phosphate dibasic 

Sodium phosphate monobasic 

Sodium hydroxide 

Na+/K+ ATPase Sodium/Potassium adenosine triphosphatase 

Na+ Sodium ion 

O2 Oxygen 

O.D. Outer diameter 

PCA Perchloric acid 

P-450 Cytochrome P-450 isozymes 

p Level of statistical probability 

RNA Ribonucleic acid 

rpm Revolutions per minute 

SD Standard deviation 

SEM Standard error of the mean 

SKF 525-A Diethylaminoethyl diphenyl propyl acetate 

TCA Trichloroacetic acid 

Tri s Tri s hydroxy-ethYl ami ne 

IIthi s systemll The dynamic organ cul ture system of preci si on cut 1 her 
slices 

126 



REFERENCES 

Acosta, D., Anuforo, D.C., ~1cMi 11 in, R., Soi ne, W.H. and Smi th, R. V. 
Comparison of cytochrome P-450 levels in adult rat liver, 
postnatal rat liver, and primary cultures of postnatal rat 
hepatocytes. Life Sci. 25:1413-1418, 1979. 

Adams. H. Adenosine-5 1-.triphosphate determination with phosphoglycerate 
kinase. IN: Methods of Enzymatic Analysis, (H.U. Bergmeyer, 
ed.), Academic Press, New York, pp. 539-543, 1963. 

Agostini, C. and Muci, F. Effects of cycloheximide on protein synthesis 
in human lung tumors, regenerating rat liver and hepatomas. 
Experientia 35:518-519, 1978. 

Alfred, L.J. and Ge 1 boi n, H. V. Benzopyrene hydroxy 1 ase induction by 
polycycl ic hydrocarbons in hamster embryonic cell s grown in 
vitro. Science 157:75-76, 1967. -

Ames, B.N. The detection of chemical mutagens with enteric bacteria. 
Chern. Mutagens: Princ. Methods Their Detect. 1:267-282, 1971. 

Ames, B.N., McCann, J. and Yamasaki, E. Methods for detecting 
carci nogens and mutagens wi th the Sal mone 11 a/mamma 1 i an-mi crosome 
mutagenicity test. ~lutat Res. R:347-364, 1975. 

Axelrod, J., Reichental, J. and Brodie, B.B. Mechanism of the 
potentiating action of a-diethy1 aminoethyl diphenyl propyl
acetate. J. Pharmacol. Exptl. Ther. 112:49-54, 1954. 

Badr, M.Z. and Thurman, R.G. r7~tective role of glutathione in hepato
toxicity due to allyl alcohol. Toxicologist ~:152, 1985. 

Bang, F.B. and Niven, J.S.F. A study of infection in organised tissue 
cul tures. British J. Exptl. Pathol. 39:317-322, 1958. 

Barnabei, 0., Leghissi, G. and Tomasi, V. Hormonal control of the 
potassium level in isolated rat liver cells. Biochim. Biophys. 
Acta 362:316-325, 1974. 

Baur, H., Kasperek, S. and Pfaff, E. Criteria of viability of isolated 
liver cells. Hoppe-Sey1er' s Z. Physiol. Chern. 356:827-838, 
1975. 

127 



128 

Begue, J.M., Guguen-Guillouzo, C., Pasdeloup, N. and Guillouzo, A. 
Prolonged maintenance of active cytochrome P-450 in adult rat 
hepatocytes co-cultured with another liver ce11 type. 
Hepatology i:839-842, 1984. 

Bel insky, S.A., Papp, J.A., Kauffman, F.C. and Thurman, R.G. Trypan 
blue uptake as a new method to investigate hepatotoxicity in 
periportal and pericentral regions of the liver lobule: Studies 
with allyl alcohol in the perfused liver. J. Pharmacol. Expt. 
Ther. 230:755-760, 1984a. 

Bel insky, S.A., Natsumura, T., Kauffman, F.C. and Thurman, R.G. Rates 
of allyl alcohol metabolism in periportal and pericentral 
regions of the 1 i ver 1 obul e. ~10l. Pharmacol. 25:158-164, 1984b. 

Bernaert, D., Wanson, J.C., Dr0chmans, P. and Popowski, A. Effect of 
insu1 in on u1 trastrv;;ture and glycogenesis in primary cu1 tures 
of adul t rat hepatocytes. J. Cell. Biol. 74:878-900, 1977. 

Bernard, C. Lecons de physiologie experimenta1e. Paris, 1856. 

Berndt, W.O. Use of the tissue slice technique for evaluation of renal 
transport processes. Env. Health Persp. ~:73-88, 1976. 

Berri gan, M.J., Gurtoo, H.L., Sharma, S.U., Struck, R.F. and tvIari nell 0, 
A.J. Protection by N-acety1cysteine of cyclophosphamide 
metabolism-related in vivo depression of mixed function 
oxygenase activity an~vitro aenaturation of cytochrome P-
450. Biochem. Biophys. IRes. Commun. 93:797-803, 1980. 

Birnbaum, N.J. and Fain, J.N. Activation of protein kinase and glycogen 
phosphoryl ase in i sol ated rat 1 i ver cell s by gl ucagon and 
catecho1amines. J. Biol. Chern. 252:528-535, 1977. 

Bisse1, D.M., Hammaker, L.E. and Meyer, U.A. Parenchymal cells from 
adult rat liver in nonpro1iferating monolayer culture. J. Cell. 
Bio1. 59:722-734, 1973. 

Boat, T.F., K1einerman, J.L, Fanaroff, A.A. and Matthews, loW. Toxic 
effects of oxygen on cultured human neonatal respiratory 
epithe1 ium. Pediatr. Res. 1:607-615, 1973. 

Born, G. Uber verwachsungsversuche mit amphibien 1arven. Roux Archiv 
fur Entwick1ung i:517-623, 1897. 

Bradford, M.M. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of 
protein-dye binding. Ana1yt. Biochem. 72:248-254, 1976. 



129 

Bridges, J.W. The use of hepatocytes in toxicological investigations. 
IN: Toxicity Testing, (J.W. Gorrod, ed.), Taylor and Francis, 
Ltd., London, pp. 125-143, 1981. 

Bromer, W.W., Boucher, r~.L, Patterson, J.M., Pekar, A.H. and Frank, 
B.H. Glucagon structure and function. I. Purification and 
properties of bovine glucagon and monodesamidoglucagon. J. Biol. 
Chern. 247:2581-2585, 1972. 

Brown, C.C. Learning about toxicity in humans from studies on animals. 
Chemtech, pp. 350-358, June, 1983. 

Campbe 11, A.K. and Ha 1 es, C.N. Maintenance of vi ab 1 e cell sin an organ 
cul ture of mature rat 1 iver. Exp. Cell Res. 68:33-42, 1971. 

Campbell, A.K. and Siddle, K. The establishment of a hormonally 
sensitive organ culture for adult rat liver. Diabetologia ~:62, 
1973. 

Carrel, A. On the permanent life of tissues outside of the organism. 
J. Exp. Med • .!i:516-528, 1912. 

Castro, ~I.D. A hematoxylin-eosin phloxine stain for tissues embedded in 
glycol methacryl ate. J. Histotechnol. ~:23-24, 1985. 

Ceccarini, C. and Eagle, H. pH as a determinant of cellular growth and 
contact inhibition. Proc. Nat. Acad. Sci. USA 68:229-233, 1971 • 

. 
Chayen, J. and Bitensky, L. Multiphase chemistry of cell injury. IN: 

The Biological Basis of Medicine, Vol. 1, (E.E. Bittar and N. 
Bittar, eds.), Academic Press, New York, pp. 337-368, 1968. 

Chen, J.M. The cultivation in fluid medium of organised liver, pancreas 
and other tissues of foetal rat. Exptl. Cell Res. 7:518-529, 
1954. -

Christensen, H.L, (ed.), The Toxic Substances List. U.S. Dept. of 
Hea 1 th, Educati on and Welfare, Rock v ill e MD, 1972. 

Clouser, T.E. Tissue bath improvments for the Oxford Vibratome. Stain 
Technol. 52:319-322, 1977. 

Condouris, G.A. The natural laws concerning the use of drugs in man and 
animals. IN: Drill's Pharmacology in Medicine, (J.R. DiPalma, 
ed.), 4th ed., ~lcGraw-Hi 11, New York, pp. 10-20, 1971. 

Dagani, R. In vitro methods may offer alternatives to animal testing. 
Chern. and Eng. News, Nov. 12, pp. 25-28, 1984. 

Dankovic, D.A. and Bill ings, R.E. 
in isolated hepatocytes. 

Bromobenzene toxicity and metabolism 
Toxicologist 4:Abstract No. 313, 1984. 



130 

Davi s, D.C., Hi shimoto, ~1. and Gill ette, J.R. Effects of bromobenzene 
and carbon tetrachloride on the synthesis and release of 
proteins by perfused rat liver. Biochem. Pharmaco1. 22:1989-
2001, 1973. 

Dawson, J.R., Norbeck, K., Anundi, I. and Mo1deus, P. The effectiveness 
of N-acety1cysteine in isolated hepatocytes, against the 
toxicity of paracetamo1, acrolein, and paraquat. Arch. Toxico1. 
55:11-15, 1984. 

Decad, G.M., Hsieh, D.P.H. and Byard, J.lo Maintenance of cytochrome P-
450 and metabolism of aflatoxin B1 in primary hepatocyte 
cu1 tures. Bi ochem. B i ophys. Res. Convnun. 78: 279-287, 1977. 

Decker, K. and Keppler, D. Galactosamine induced liver injury. IN: 
Progress in Liver Disease, Vol. IV, (H. Popper and F. Schaffner, 
eds.), Grove and Stratton, New York, pp. 183-199, 1972. 

Dickson, A.J. and Pogson, C.I. The metabo1 ic integrity of hepatocytes 
in sustai ned i ncubati ons. FEBS Lett. 83:27-32, 1977. 

Dietz, ~i.H. and Flaxman, B.A. Toxicity of aromatic hydrocarbons on 
normal human epidermal cell s in vitro. Cancer Res. l!.:1206-
1£09, 1971. 

Dimmock, J.P., Smith, P.J., Noble, loM. and Pannekock, W.J. Synthesis 
of oximes, aziridines, and allyl alcohols derived from 
substituted 1-pheny1-1-noven-3-ones as potential cytotoxic and 
anti tumor agents. J. Pharm. Sci. 67: 1536, 1978. 

Dougherty, K.K., Spi 1 man, S.D., Green, C.L, Steward, A.R. and Byard, 
J.L. Primary cultures of adult mouse and rat hepatocytes for 
studying the metabolism of foreign chemicals. Biochemical 
Pharmaco1. 29:2117-2124, 1980. 

Dujovne,C.A. Liver cell cu1 ture toxi ci ty and surfactant potency of 
er'ythromycin derivatives. Toxicol. Appl. Pharmacol. 32:11-20, 
1975. --

Dujovne, C.A., Lavelle, G., Weiss, P., Bianchine, J.R. and Lasagna, lo 
Toxicity of hepatotoxic drugs on mouse liver tissue culture. 
Arch. Int. Pharmacodyn. 186:84-93, 1970. 

Dujovne, C.A., Shoeman, D., Bianchine, J. and Lasagna, L. Experimental 
bases for the different hepatotoxicity of erythromycin 
preparations in man. J. Lab. C1 in. Med. 79:832-844, 1972. 

Dunnett, C.W. New tables for multiple comparisons with a control. 
Biometrics 20:482-491, 1964. 



131 

Edwards, A.M., G1 i stak, M.L., Lucas, C.M. and Wi 1 son, P.A. 7-
Ethoxycoumarin deethy1ase activity as a convenient measure of 
liver drug metabolizing enzymes: Regulation in cultured rat 
hepatocytes. Biochem. Pharmaco1. 33:1537-1546, 1984. 

Farber, E. Ethionine fatty 1 iver. Advances in Lipid Res. ~:119, 1967. 

Farber, E. and Fisher, M.~l. Toxic Injury of the Liver. Part B. Marcel 
Dekker, Inc., New York, p. iii, 1980. 

Fassett, D.W. Toxicology of organic compounds: A review of current 
problems. Ann. Rev. Pharmacol. 3:267-292, 1963. 

Faulhaber, J.D., Klor, H.U. and Ditschuneit, H. New device for 
preparing thin slices of adipose tissue for metabolic studies in 
vitro. J. Lipid Res.Q:816-818, 1972. -

Fell, H.B. Recent advances in organ culture. Science Progress 162:212-
231, 1953. 

Fell, H.B. The role of organ culture in the study of vitamins and 
hormones. Vitamins and Hormones 22:81-127, 1964. 

Fell, Ii.B. The development of organ culture. IN: Organ Culture in 
Biomedical Research, (M. Ball s and M.A. Monnickendam, eds.), 
Cambridge University Press, New York, pp. 1-13, 1975. 

Fell, H.B., Coombs, R.R.A. and Dingle, J.T. The breakdown of embryonic 
(chick) cartilage and bone cultivated in the presence of 
complement-sufficient antiserum. I. Morphological changes, 
their reversibility and inhibition. Intl. Arch. All. and Appl. 
IlI1TIunol. 30:146-176, 1966. 

Fell, H.B. and Robison, R. The yrowth, development and phosphatase 
activity of embryonic avian femora and limb buds cultivated in 
vitro. Biol. Journal 23:767-785, 1929. 

Fisher, R., Smith, P.F., Gandol fi, A.J., Sipes, LG. and Brendel, K. 
Hepatotoxicity of dichlorobenzene isomers in Sprague Dawley rat 
liver organ explants. Toxicologist (submitted), 1986. 

Freshney, R.I. Cul ture of Animal Cell s - A Manual of Basic Technique. 
Alan R. Liss, Inc., New York, 1983. 

Fry, J.R. and Bridges, J.W. A novel mixed hepatocyte-fibroblast culture 
system and its use as a test for metabolism-mediated 
cytotoxicity. Biochem. Pharmaco1. 26:969-973, 1977. 

Fry, J.R., Jones, C.A., Wiebkin, P., Bellemann, P. and Bridges, J.w. 
The enzymatic isolation of adult rat hepatocytes in a functional 
and viable state. Analyt. Biochem. Z!:341-350, 1976. 



132 

Gater S., Brown, D. and Balls, M. The use of amphibian organ cultures 
in toxicological investigations. IN: Organ Culture in 
Biomedical Research, (M. Ball s and M.A. Monnickendam, eds.), 
Cambridge University Press, New York, pp. 503-514, 1975. 

Gerard, R.W., Biol. Bull. 60:245, 1931. 

Goethal s, F., Krack, G., Deboyser, D., Vossen, P. and Roberfroid, ~I. 
Critical biochemical functions of isolated hepatocytes as 
sensi ti ve indi cators of chemical toxici ty. Fund .• Appl. Tox. 
i:441-450, 1984. 

Goldberg, L. Short-term predictive tests. Proc. Eur. Soc. Study Drug 
Toxic. 15:178-191, 1974. 

Gravela, Eo, Pol i, G., Al bano, Eo and Dianzani, ~1. Studies on fatty 
liver with isolated hepatocytes. I. The action of colchicine, 
phalloidin, cytochalasin B and cycloheximide on protein and 
triglyceride synthesis and secretion. Exptl. Molec. Pathol. 
27: 339-352, 1977. 

Greenburger, N., Cohen, R. and Isselbacher, K.J. The effect of chronic 
ethanol administration on liver alcohol dehydrogenase activity 
in the rat. Lab. Invest • .!i:264-271, 1965. 

Greenlee, W.F. and Poland, A. An improved assay of 7-ethoxycoumarin-0-
deethyl ase acti vi ty: Induction of hepatic enzyme acti vity in 
C57BL/6J and DBA/2J mice by phenobarbital, 3-methylcholanthrene 
and 2,3,7,8-tetrachlorodibenzo-p-dioxin. J. Pharmacol. Exptl. 
Ther. 205:596-605, 1978. 

Greim, H. Isolated cell systems as a tool in toxicological research. 
Arch. Toxicol. 44:209-210, 1980. 

Grisham, J.W. Use of hepatic cell cultures to detect and evaluate the 
mechanisms of action of toxic chemicals. Int. Rev. Exptl. Path. 
20:123-210, 1979. 

Grisham, J.W., Charl ton, R.K. and Kaufman, D.G. In vitro assay of 
cytotoxic"lty with cultured liver: accomplishments and 
possibi 1 ities. Env. Heal th Persp. 25:161-171, 1978. 

Grobstein, C. Inductive epithelio-mesenchymal interaction in cultured 
organ rudiments of the mouse. Science 118:52-55, 1953. 

Gumucio, J.J. ana Miller, D.L. Functional implications of liver cell 
heterogenei ty. Gastroenterology 80: 393-403, 1981-

Gumucio, J.J., Demason, L.J., Mi 11 er, D.L., Krezoski, S.O. and Keener, 
Ivl. Induction of cytochrome P-450 in a selective sub-popu1 ation 
of hepatocytes. Am. J. Physio1. 234:C102-C109, 1978. 



133 

Guzelian, P.S., Bissell, D.M., Meyer, U.A. Drug metabolism in adult rat 
hepatocytes in primary monolayer culture. Gastroenterology 
72: 1232-1239, 1977. 

Harris, C.C., Kaufman, D.G., Sporn, M.B., Boren, H., Jackson, F., Smith, 
J.M., Pauley, J., Dedick, P. and Saffiotti, U. Localization of 
benzo(a)pyrene-3H and alterations in nuclear chromatin caused by 
benzo(a)pyrene-ferric oxide in the hamster respiratory 
epithelium. Cancer Res. 33:2842-2848, 1973. 

Harrison, R.G. Observations on the living developing nerve fiber. 
Proc. Soc. Exp. Bi 01. Med. !: 140-143, 1907. 

Hart, A., Mattheyse, F.J. and Bali nsky, J.B. An organ cul ture of 
postnatal rat liver slices. In Vitro 19:841-852,1983. 

Hayes, M.A., Roberts, Eo, Roomi, M.W., Safe, S.H., Farber, E. and 
Cameron, R.G. Comparative influences of different PB-type and 
3-MC-type polychlorinated biphenyl-induced phenotypes on 
cyctocidal hepatotoxicity of bromobenzene and acetaminophen. 
Toxicol. Appl. Pharmacol. 76:118-127, 1984. 

Heidelberger, C. Current trends in chemical carcinogenesis. Fed. Proc. 
32:2154-2161, 1973a. 

Heidelberger, C. Chemical oncogenesis in c~lture. Adv. in Cancer Res. 
18:317-366, 1973b. 

Hems, R., Ross, B.D., Berry, M.N. and Krebs, H.A. Gl uconeogenesi sin 
the perfused rat 1 iver. Biochem. J. 101:284-292, 1966. 

Hers, H. Non-hormonal control of glycogen synthesis. IN: Short-term 
regulation of liver metabolism (L. Hue and G. Van de Werve, 
eds.), Elsevier, New York, pp. 105-116, 1981. 

Hodges, G.N. Rev i ew of methodo logy in organ cu 1 ture. I N: Organ 
Culture in Biomedical Research, (M. Balls and M.A. Monnickendam, 
eds.), Cambri dge Uni versi ty Press, New York, pp. 15-50, 1975. 

Holmberg, B. and ~Ialmfors, T. The cytotoxicity of some organic 
sol vents. Environ. Res. 2:183-192, 1974. 

Horiutti, Y., Nakamura, T. and Ichihara, A. Role of serum in 
maintenance of functional hepatocytes in primary culture. J. 
Bi ochem. 92: 1985-1994, 1982. 

Hruby, V.J., Agarwal, N.S., Griffen, A., Bregman, M.D., Nugent, C.A. and 
Brendel, K. Glucagon structure-function relationships using 
isolated rat hepatocytes. Biochim. Biophys. Acta 674:383-390, 
1981. -



134 

Ichi hara, A., Nakamura, To, Tanaka, K., Tomi ta, Y., Aoyama, K., Kato, S. 
and Shinno, H. Biochemical functions of adult rat hepatocytes 
in primary cul ture. Ann. N.Y. Acad. Sci. 354:77-84,1980. 

Ichihara, A., Nakamura, T. and Tanaka, K. Use of hepatocytes in primary 
culture for biochemical studies on liver functions. Molec. and 
Cell. Biochem. 43:145-160, 1982. 

Jeejeebhoy, K.N. and Phil 1 ips, M.J. Isol ated mammal ian hepatocytes in 
cu 1 ture. Gastroentero logy Z!.: 1086-1096, 1976. 

Jollow, D.J., Mitchell, J.R., Zampaglione, N. and Gillette, J.R. 
Bromobenzene-induced liver necrosis. Protective role of 
glutathione and evidence of 3,4-bromobenzene oxide as the 
hepatotoxic metabolite. Pharmacology ~:151-169, 1974. 

Jones, D.P. and Mason, H.S. Gradients of 02 concentration in 
hepatocytes. J. Biol. Chern. 253(14):4874-4880, 1978. 

Judah, J.D. and McLean, A.E.~I. Actions of antihistamine drugs in vitro 
- II. Ion movements and phosphoproteins in whole cell~ 
Biochem. Pharmacol. .!l:593-602, 1962. 

Junyermann, K. and Katz, N. Functional hepatocellular heterogeneity. 
Hepato logy ,£:385-395, 1982. 

Jun~ermann, K. and Sasse, D. Heterogenei ty of 1 i ver and parenchymal 
cells. Trends Biochem. Sci. ~:198-209, 1978. 

Kalus, r~., Jenson, A.B., Rabin, LR. and Melnick, J.L. Marmoset liver 
organ culture infected with herpes virus. Exp. Mol. Pathol. 
~: 388-393, 1968. 

Kato, 

Khan, 

H., Ishii, S., Aiso, S., Yamashita, S., Ito, D. and Tsuchiya, M. 
Histochemical and immunohistochemical evidence for hepatic zone 
3 distribution of alcohol dehydrogenase. Hepatology 5:Abstract 
No. 111, 1985. -

B.A., Bregman, M.D., Nugent, C.A., Hruby, V.J. and Brendel, K. 
(Des-histidine1 ) (N-phenythio-carbamoyllysine12 )-glucag on: 
Effects on glycogenolysis in perfused rat liver. Biochem. 
Bi ophys. Res. Commun. 93:729-736, 1980. 

Kissane, J.M. and Robins, E. The fluorometric measurement of 
deoxyribonucleic acid in animal tissues with special reference 
to the central nervous system. J. Bi 01. Chern. 233: 184-188, 
1958. -

Klaasen, C.D. and Stacey, N.H. Use of isolated hepatocytes in toxicity 
assessment. IN: Toxi co logy of the Li ver, (G. Pl aa and W. 
Hewi tt, eds.), Raven Press, New York, pp. 147-179, 1982. 



135 

Klingele, H.O. Biotransformation. IN: Absorption, Distribution, 
Transformation and Excretion of Drugs, (P.K. Knoeffel, ed.), 
Thomas, Springfield IL, pp. 77-108, 1973. 

Krack, G., Goethals, F., Deboyser, D. and Roberfroid, M. Interference 
of chemicals with glycogen metabolism in isolated hepatocytes. 
Toxicology 18:213-223, 1980. 

Kraybill, H.F. The toxicology and epidemiology of natural hepat.otoxin 
exposure. Isr. J. Med. Sci. lQ.:416-425, 1974. 

Krebs, h.A. Body size and tissue respiration. Biochim. Biophys. Acta 
!: 249-269, 1950. 

Krebs, h.A. General discussion on methodological aspects, assessment of 
physiological competence of isolated cells, quantitative aspects 
and expression of results. IN: Use of Isolated Liver Cells and 
Kidney Tubules in Metabolic Studies, (J.M. Tager, H.D. Soling 
and J.R. Williamson, eds.), American Elsevier Publishing Co., 
New York, p. 263, 1976. 

Krebs, H.A., Cornell, N.W., Lund, P. and Hems, R. Isolated liver cells 
as experimental material. IN: Regulation of Hepatic 
Metabolism, (F. Lundquist and N. Tygstrup, eds.), Munksgaard, 
Copenhagen, pp. 726-750, 1974. 

Krebs, H.A., Lund, P. and Edwards, M. Criteria of metabolic competence 
of isolated hepatocytes. IN: Ce"ll Populations, (E. Reed, ed,), 
El lis Howard, Chichester, p. 1, 1979. 

Krumdi eck, C.L., Dos Santos, J.L, Ho, K.J. A new instrument for the 
rapid preparation of tissue slices. Analyt. Biochem. 104:118-
123, 1980. -

Lamb, R.G., McCue, S.B., Taylor, D.R. and McGuffen, M.A. The rol e of 
phospholipid metabolism in bromobenzene- and carbon 
tetrachloride-dependent hepatocyte injury. Toxicol. Appl. 
Pharmaco 1. 75:510-520, 1984. 

Laufs, R. and Walker, W. Metabolic and virologic studies in primate 
liver organ cultures. Proc. Soc. Exp. Biol. Med. 133:1006-1017, 
1970. -

Leevy, C.~I., Quinlan, D.P. and Leevy, C.B. Evaluation of toxic liver 
lnJury. IN: Toxic Injury of the Liver - Part B, (E. Farber and 
M.H. Fisher, eds.), Marcel Dekker, Inc., New York, p. 488,1980. 

Legator, M.S. and Mal ling, H.V. The host-mediated assay, a practical 
procedure for evaluating potential mutagenic agents in mammals. 
Chern. Mutagens: Prine. Methods Their Detect. ~:569-589, 1971. 



136 

Leighton, J. Invasive growth and metastasis in tissue culture systems. 
Meth. Cancer Res. i:86-124, 1968. 

Lester, D. and Benson, G.D. Alcohol oxidation in rats inhibited by 
pyrazole, oximes, and amides. Science 169:282-284, 1970. 

Liberti, J.P., DuVall, C.H. and Wood, D.M. In vitro induction of 
tyrosi ne ami notransferase in 1 iver 51 ices by hydrocorti sone. 
Can. J. Biochem. 49:1357-1361, 1971. 

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. Protein 
measurement with the folin phenol reagent. J. Biol. Chern. 
193:265-275, 1951. 

Magnusson, G., Nyberg, J.A., Bodin, N.O. and Hansson, E. Toxicity of 
pyrazole and 4-methylpyrazole in mice and rats. Experientia 
28: 1l98-1200~ 1972. 

Manjo, B. Death of 1 iver tissues: A review of cell death, necrosis, 
and autolysis. IN: The Liver, Vol. II., (C. Rouiller, ed.), 
Academic Press, New York, pp. 269-313, 1964. 

Margulis, L. Colchicine-sensitive microtubules. Int. Rev. Cytol. 
34:333-361, 1973. 

Itlaslansky, C.J. and Williams, G.M. Primary cultures and the levels of 
cytochrome P-450 in hepatocytes from mouse, rat, hamster, and 
rabbi t 1 i ver. In Vi tro .!!!.:683-693, 1982. 

Mayer, T.C. and Fishbane, J.L. Mesoderm-ectoderm interaction in the 
production of the agouti pigmentation pattern in mice. Genetics 
l.!.:297-303, 1972. 

fvlayer, V.W. and Flamm, W.G. Legislative and technical aspects of 
mutagenicity testing. Mutat. Res. 29:295-300, 1975. 

Maximow, A. Tissue cultures of young mammalian embryos. Contributions 
to Embryology, Carnegie Institute 16:47-113, 1925. 

Medawar, P.B. The cultivation of adult mammalian skin epithelium in 
vitro. Quarterly J. Microscop. Sci. 89:187-196, 1948. -

Medzihrasky, F. and ~Iarks, M.J. Measures of viability of isolated 
cell s. Biochem. Med. g:164-177, 1975. 

Michael, U.F., Barenberg, R.L. and Levi, D. Abnormal sodium regul ation 
in rats following chronic intermittent exposure to carbon 
tetrachloride. Proc. Soc. Exp. Biol. Med. 138:796-799, 1976. 



137 

~litche11, J.R., Reid, W.D., Christie, B., Moskowitz, J., Krishna, G. and 
Brodie, B.B. Bromobenzene-induced hepatic necrosis: Species 
differences and protection by SKF 525-A. Res. Commun. Chern. 
Pathol. Pharmacol. £:877-888, 1971. 

Mi tche11, J.R., Jo11 ow, D.J., Potter, W.Z., Gi 11 ette, J.R. and Brodie, 
B.B. Acetaminophen-induced hepatic necrosis. IV. Protective 
effects of glutathione. J. Pharmaco1. Exp. Ther. 187:211-217, 
1973. -

Mo1deus, P., Hogberg, J. and Orrenius, S. Isolation and use of liver 
cells. IN: Methods in Enzymology, Volume 52: Biomembranes. 
Part C: Biological Oxidations, Microsomal Cytochrome P-450 and 
Other Hemoprotein Systems, (Fleisher, S. and Parker, L, eds.), 
Academic Press, New York, pp. 60-71, 1978. 

Monks, T.J., Lau, S. and Gill ette, J.R. Diffusion of reactive 
metabolites out of hepatocytes: Studies with bromobenzene. J. 
Pharmacol. Exptl. Ther. 228:393-399, 1984. 

Morris, J.E. Enhancement of glutamine synthetase induction by pH 
adjustment in culture of embryonic neural retina. Expt1. Cell 
Res. 66:449-457, 1971. 

Nardone, R.~l. Toxicity testing in vitro. IN: Growth, Nutrition, and 
Metabo1 ism of Cell s in Cu1 ture, Vol. 3, (G.H. Rothb1 att and V.J. 
Cristofalo, eds.), Academic Press, New York, pp. 471-495, 1977. 

Newcombe, H.B. Techniques for monitoring and assessing the significance 
of mutagenesis in human populations. Chern. Mutagens: Princ. 
Methods Their Detect. ~:57-77, 1973. 

New, D.A.T. and l~izel1, M. Opossum fetuses grown in cul ture. Science 
175:533-535, 1972. 

Nostrat, ToT., Mi 11 er, D.L. i Henry, M.P., Appl eman, H.D. and Gumucio, 
J.J. Acinar distribution of liver cell regeneration after 
selective zonal injury in the rat. Gastroenterology 75:181-186, 
1978. --

Ohno, Y., Ormstad, K., Ross, D. and Orrenius, S. Mechanism of allyl 
alcohol toxicity and protective effects of low-molecular-weight 
thiols studied with isolated rat hepatocytes. Toxicol. Appl. 
Pharmacol. 78:169-179, 1985. 

01 msted, J .B. and Bori sy, G.G. M i crotubu 1 es. Ann. Re v. Bi ochem. 
42:507-534, 1973. 



138 

Olsen, C. and Jalling, O. Effect of pH, C02' and bicarbonate on the 
transport of reduc i ng eqll i val enti from cytosol to mi tochondri a. 
IN: Use of Isolated Liver Cells and Kidney Tubules in Metabolic 
Studies, American Elsevier, New York, pp. 450-453, 1976. 

Omura, T. and Sato, R. The carbon monoxide binding pigment of liver 
microsomes. J. Biol. Chern. 239:2370-2378, 1964. 

Paine, A.J. and Hockin, L.J. Nutrient imbalance causes the loss of 
cytochrome P-450 in 1 i ver cell cul ture: Formul ation of cul ture 
media which maintain cytochrome P-450 at in vivo concentrations. 
Biochem. Pharmacol. 29:3215-3218, 1980. ---

Pai ne, A.J. and Legg, R.F. Apparent 1 ack of correl ation between the 
loss of cytochrome P-450 in hepatic parenchymal cell culture and 
the stimulation of haem oxygenase. Biochem. Biophys. Res. 
Commun. 81:672-679, 1978. 

Paine, A.J., Hockin, LJ. and Legg, R.F. Relationship between the 
ability of nicotinamide-adenine dinucleotide in rat liver cell 
culture and its effect on cytochrome P-450. Biochem. J. 
184:461-463, 1979. 

Paine, A.J., Villa, P. and Hockin, LJ. Evidence that 1 igand formation 
is a mechanism underlying the maintenance of cytochrome P-450 in 
rat liver cell culture. Potent Maintenance by metyrapone. 
Biochem. J. 188:937-939, 1980. 

Parker, R.C. Cultivation of large quantities of adult tissue in fluid 
media. Science 83:579-581, 1936. 

Parsa, I. ~Iorphological transformation of organ cultured embyronic rat 
1 i ver by N-2-fl uorenyl acetamide (2-FAA). Fed. Proc. 33:595, 
1974. -

Petrovic, A. and Huesner, A. Culture organotypique prolongee de rate, 
de thymus et de ganglion lymphatique de Souris adulte en milieu 
semi-synthetique liquide continuellement oxygene. Compte rendue 
Acad. Sci. 257:4050-4052, 1963. 

Pilkis, S.J., Exton, J.H., Johnson, R.A. and Park, C.R. Effects of 
gl ucagon on cyc 1 i c AIY1P and carbohydrate metabo 1 ism in 1 i vers 
from diabetic rats. Biochim. Biophys. Acta 343:250-267, 1974. 

Pollard, M.R. and Dutton, G.J. Liver snips; a simple, rapid and 
reproducible method for studying metabolism in small fragments 
of tissue, as applied to glucuronidation in rat liver. Biochem. 
J. 202:469-473, 1982. 



Pomerat, C.M. and Leake, C.D. Short term cultures for drug assays: 
general considerations. Ann. N.Y. Acad. Sci. 58:1110-1128, 
1954. -

Popper, h. Potential drug toxicity to the liver. Clin. Pharmacol. 
Ther. ~:385-388, 1962. 

139 

Purchase, I.F.H., Longstaff, Eo, Ashby, J., Styl es, J.A., Anderson, D., 
Lefevre, P.A. and Westwood, F.R. Eval uation of six short term 
tests for detecting organic chemical carcinogens and 
reconunendati ons for thei r use. Nature 264:624-627, 1976. 

Push, S. Scientists eye Draize test alternatives. The Johns Hopkins 
Center for Al ternatives to Animal Testing Newsletter 3:1-8, 
1984. -

Quistorff, B., Bondesen, S. and Grunnet, N. Preparation and biochemical 
characterization of parenchymal cell s from rat 1 iver. Biochim. 
Biophys. Acta 320:503-516, 1973. 

Recknagel, R.O. and Glinde, E.A., Jr. Carbon tetrachloride 
hepatotoxicity: An example of lethal cleavage. CRC Crit. Rev. 
Toxicol. ~:263, 1973. 

Redman, C.M., Banerjee, D., Howell, K. and Palade, G.E. Colchicine 
inhibition of plasma protein release from rat hepatocytes. J. 
Cell. Biol. 66:42-59, 1975. 

Reed, G.B. and Gri sham, J.W. Insu 1 in and hydrocori sone effects on 
viability and glycogen stores of postnatal rat liver organ 
cul ture. Lab. Invest. 33:298-304, 1975. 

Rees, K. and Tarlow, M.J. The hepatotoxic action of allyl formate. 
Biochem. J. 104:757-761, 1967. 

Reid, W.D. Mechanism of allyl alcohol-induced hepatic necrosis. 
Experientia 28:1058-1061, 1972. 

Reid, W.O., Christie, B., Krishna, G., Mitchell, J.R., Moskowitz, J. and 
Brodie, B.B. Bromobenzene metabolism and hepatic necrosis. 
Pharmacol ogy ~:41-55, 1971. 

Rink, T.J. and Smith, W. A hand-held device for the rapid production of 
thin sl ices of fresh tissue. J. Physiol. 254:5P-6P, 1976. 

Rouiller, C. Experimental toxic injury of the liver. IN: The Liver, 
Vol. I I, (C. Roui 11 er, ed.), Academic Press, New York, pp. 335-
476, 1964. 

Rubin, H. pH and population density in the regulation of animal cell 
mul tipl ication. J. Cell. Biol. g:686-702, 1971. 



140 

Runyan, W.S. and Geyer, R.P. Partial replacement of C02 in strain Land 
HeLa cul tures. Proc. Soc. Exp. Biol. Med. 125:1301-1304, 1967. 

Russo, M.A., Van Rossum, G.D.V. and Galestti, T. Observations on the 
regu 1 ati on of cell volume and metabo 1 i c contro 1 in vitro. 
Changes in the composition and ultrastructure of Tlver slices 
under conditions ov varying metabolic and transporting activity. 
J. Membrane Biol. ~:267-299, 1977. 

Saitoh, Y. and Ui, ~1. Activation and inactivation of phosphorylase and 
glycogen synthetase during perfusion of rat livers as influenced 
by epinephrine, glucagon and hydrocortisone. Biochim. Biophys. 
Acta 404:7-17, 1975. 

Salocks, C.B., Hsieh, D.P.H. and Byard, J.L. Butyl ated hydroxytol uene 
pretreatment protects against cytotoxicity and reduces covalent 
binding of alfatoxin B1 in primary hepatocyte cultures. 
Toxicol. Appl. Pharmacol. 59:331-345, 1981. 

Schmidt, J.L, ~lclntire, F.C., Martin, D.L, Hawthorne, M.A. and 
Richards, R.K. The relationships among different in vivo 
properties of local anesthetics and toxicity to ceTl cultures in 
vitro. Toxico1- Appl. Pharmacol. .!..:454-461 , 1959. -

Serafini-Cessi, F. Conversion of allyl alcoh01 into acrolein by rat 
1 iver. Biochem. J. 128:1103-1107, 1972. 

Sies, H. General discussion on methodological aspects, assessment of 
physiological competence of isolated cells, quantitative aspects 
and expression of results. IN: Use of Isolated Liver Cells and 
Kidney Tubules in Metabolic Studies, (J.M. Tager, H.D. Soling 
and J.R. wi 11 iamson, eds.), American El sevier, New York, p. 266, 
1976. 

Siyot-Luizard, M.F. Culture organotypique de foie normal de rat 
nouveau-nee Comptes Rendue Acad. Sci. [D] 276:619-620, 1973. 

Sipes, I.G. and Gandolfi, A.J. Bioactivation of aliphatic 
organohalogens: Formation, detection, relevance. IN: 
Toxicology of the Liver, (G.L Plaa and W.R. Hewitt, eds.), 
Raven Press, New York, pp. 181-212, 1982. 

Smith, P.F., Gandolfi, A.J., Krumdieck, C.L, Putnam, C.W., Zukoski, 
C.F., Davis, W.M. and Brendel, K. Dynamic organ cul ture of 
precision liver slices for in vitro toxicology. Life Sci. 
36:1367-1375, 1985. -

Stadie, W.C. and Riggs, B.C. Microtome for the preparation of tissue 
slices for metabolic studies of surviving tissues in vitro. J. 
Biol. Chern. 154:687-690, 1944. 



141 

Steel, R.G.D. and Torrie, J.H. Principles and Practices of Statistics, 
McGraw-Hi 11, Inc., New York, 1960. 

Strangeways, T.S.P. and Fell, H.B. Experimental studies on the 
differentiation of embryonic tissues growing in vivo and in 
vitro. I. The development of the undifferentl'a""te"d"l imb bud. 
Proceedings of the Royal Society, Ser. B, 99:340-364, 1926. 

Strangeways, T.S.P. and Fell, H.B. Experimental studies on the 
differentiation of embryonic tissues growing in vivo and in 
vitro. II. The development of the isolated early eye of-rhe 
fowl when cultivated in vitro. Proceedings of the Royal 
Society, Ser. B, 100:213-283, 1927. 

Sturdee, A.P., Bei rne, J.~I., Sorman, A.E., Orton, T.C. and Cri sp, D.N. 
Metabolic capability of rat hepatocytes isolated by perfusion 
and tissue slice techniques. Life Sci. 32:1463-1469, 1983. 

Sweeney, G.D. functional heterogeneity among liver cells: Implications 
for drug toxicity and metabolism. IN: Drug Metabolism and 
Distribution, (J.W. Lamble, ed.), Elsevier Biomedical Press, New 
York, pp. 42-48, 1983. 

Tanaka, K., Sato, ~., Tomita, Y. and Ichihara, A. Biochemical studies 
on liver functions in primary cultured hepatocytes of adult 
rats. I. Hormonal effects on cell viability and protein 
synthesis. J. Biochem. 84:937-946, 1978. 

Tardiff, R.G. In vitro methods of toxicity evaluation. Ann. Rev. 
Pharmacol. Toxicol. 18:357-369, 1978. 

Thompson, D. Some further researches on the cultivation of tissues in 
vitro. Proceedings of the Royal Society of Medicine 7:21-46:-
1914. -

Thor, H. and Orrenius S. The mechanism of bromobenzene-induced 
cytotoxicity studied with isolated hepatocytes. Arch. Toxicol. 
44:31-43, 1980. 

Thor, H., Moldeus, P., Hermanson, R., Hogbery, J., Reed, D.J. and 
Orrenius, S. Metabolic activation and hepatotoxicity. Toxicity 
of bromobenzene in hepatocytes isolated from phenobarbital- and 
diethylmaleate-treated rats. Arch. Biochem. Biophys. 188:122-
129, 1978a. -

Thor, H., Mol deus, P., Kri stoferson, A., Hogberg, J., Reed, D.J. and 
Orrenius, S. Metabolic activation and hepatotoxicity; 
metabolism of bromobenzene in isolated hepatocytes. Arch. 
Bi ochem. Bi ophys. 188: 114-121, 1978b. 



142 

Thor, H., Mo1deus, P. and Orrenius, S. Metabolic activation and 
hepatotoxicity: Effect of cysteine, N-acety1cysteine, and 
methionine on glutathione biosynthesis and bromobenzene toxicity 
in isolated rat hepatocytes. Arch. Biochem. Biophys. 192:405-
413, 1979. -

Trowe11,0.A. The culture of mature organs in a synthetic medium. 
Expt1. Cell Res. l&:118-147, 1959. 

Van de Werve, G. Isolation and characteristics of hepatocytes. 
Toxicology 18:179-189, 1980. 

Van Rossum, G.D.V. The relation of sodium and potassium ion transport 
to the respiration and adenine nucleotide content of liver 
slices treated with inhibitors of respiration. Biochem. J. 
129:427-438, 1972. 

Van Rossum, G.D.V. and Russo, M.A. Ouabain-resistant mechanism of 
volume control and the ultra-structural organization of liver 
slices recovering from swelling in vitro. J. Membrane Sio1. 
59:191-209, 1981. -

Vu1pian, M.A. Note sur 1es phenomenes de deve10ppement qui se 
manifestant dans 1a que que de tres jeunes embryons de 
Grenoui11e, apres qulon 11a separee du corps par une section 
transversale. Compte Rendue Acad. Sci. Paris 48:807-811, 1859. 

Waymouth, C. Construction of tissue culture media. IN: Growth, 
Nutrition and Metabolism of Cells in Culture, (G.H. Rothb1at and 
V.J. Cristofa10, eds.), Vol. I, Academic Press, New York, pp. 
11-47, 1972. 

Weisburyer, J.H. and Williams, G.M. Metabolism of chemical carcinogens. 
IN: Cancer, a Comprehensive Treatise, Vol. I., (F.F. Becker, 
ed.), Plenum Press, New York, p. 185, 1975. 

Wolff, E. Essais de culture dlune tumeur de Souris sur des organes 
embryonnaires de Pou1et cu1tives in vitro. Compte Rendue Acad. 
Sci. 242:1537-1538, 1956. -

Wroblewski, F. and La Due, J.S. Lactic dehydrogenase activity in blood. 
Proc. Soc. Expt 1. Bi 01. Med. 90:210-213, 1955. 

Ze1ander, T. and Kirkeby, S. Vibratome sections of difficult tissues. 
Stain Technol. 53:251-255, 1978. 

Zimmerman, H.J. Hepatotoxicity, App1eton-Century-Crofts, New York, p. 
169-180, 1978. 



143 

Zimmermann, F.K. Detection of genetically active chemicals using 
various yeast systems. IN: Chemical Mutagens: Principles and 
Methods for Their Detection, Vol. 3, (A. Hollaender, ed.), 
Plenum Press, New York, pp. 209-240, 1973. 

Zitting, A. and Heinonen, T. Decrease of reduced glutathione in 
isolated rat hepatocytes caused by acrolein, acrylnitrite and 
the thermal degradation products of styrene copolymers. 
Toxicology 12:333-341, 1980. 




