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ABSTRACT 

A single injection of thioacetamide (~AA) induces a 

significant increase in hepatocytes' DNA synthesis and 

mitosis within 48 hours without accompanying pathology. 

The present study explores this mitogen system by charac

terizing several changes in the livers of young adult SD 

rats following an injection of TAA under controlled 

conditions. 

Radioautography of 3H-thymidine labeled livers 

showed an initial depression in the number of hepatocytes 

in S phase after TAA. This was followed by a significant 

increase in DNA synthesis beginning by 24 hours. The 

hepatocytes entering DNA synthesis and subsequently under

going mitosis were localized initially to zone 1, followed 

by zone 2. The labeled hepatocytes remained localized for 

at least 8 weeks. 

The hepatocyte mitotic index was slightly depressed 

for 30 hours after TAA and then increased for 36 hours. 

The increase in the mitotic index followed that in the DNA 

synthetic index by 8 to 12 hours. 

The natural synchrony of hepatocytes' cell cycles 

was verified. The increased proliferative response after 
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TAA was also synchronous, a'l though a slight lengthening of. 

the S + G2 interval may have occurred. 

The percentage of binucleated hepatocytes decreased 

between 24 and 30 h.ours after TAA; possibly indicating that 

binucleatedcells enter a round of cell division more 

readily than other hepatocytes. 

Plasma alpha-fetoprotein (AFP) concentrations 

increased significantly during the first and third days 

after TAA. The first wave was a GI event indicating that 

hepatocytes in you~g adult rats remain capable of synthe

sizing AFP and that, they need not have entered a round of 

DNA synthesis and ~itosis prior to secreting AFP. Immuno

fluorescent labeling speciflic for AFP verified that virtu

ally all of the differentia~ed hepatocytes were responsible 

for the AFP synthesis. 

This mitogen systeml to explore liver proliferation 

and growth control is proposed as an alternative to partial 

hepatectomy. The regimen of a single low dose of TAA 

creates a model system of cellular proliferation with which 

to study the earliest changes leading to DNA synthesis and 

mi tosis and the enh,anced expression of AFP genes without 

the requirement of extended time periods as with chronic 

administration of h.epatocarcinogens. 



CHAPTER 1 

INTRODUCTION 

A general concern currently exists about the 

potential hazards and carcinogenicity of various sub

stances in the environment. Hundreds of chemicals have 

been tested as potential carcinogens using the mutageni

city assay developed by Ames and currently in use in over 

2000 labs (Ames et al., 1972; Ames, Sims, and Grover, 

1972; McCann et al., 1975; Hartman, 1980). This is an in 

vitro test system combining liver homogenates for activa

tion and bacteria (Salmonella) for detection (Ames, Lee, 

and Durston, 1973; Ames, McCann, and Yamasaki, 1975). 

Many chemical carcinogens are thought to be enzymatically 

converted to a reactive intermediate (electrophilic reac

tant) which is then the actual initiator of carcinogenesis 

(Farber, 1976; Rubin, 1976). The liver microsomes in the 

homogenate are responsible for the transformation or acti

vation of the chemicals. The mutagenic effect of the chem

ical or its intermediate is then determined on mutant 

tester strains of Salmonella. The compound to be tested, 

bacteria of a single tester strain and a mammalian liver 

homogenate are combined on a petri plate. Several different 
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histidine-requiring mutants are routineli used with each 

chemical studied; the number of bacterial revertant colo

nies are counted on each plate after 2 days of incubation. 

Each colony consists of the descendants of a bacterium 

whose defective histidine gene was mutated to a functional 

one. 

Another in vitro assay system utilizes Chinese 

hamster V79 cells incubated with hepatocytes to determine 

the mutagenic potential of carcinogenic nitrosamines 

(Jones and Huberman, 1980). Recently a ne\"l short-term 

mammalian carcinogenicity test \lIas developed which uti

lizes a combination in ~-in vitro approach (Nashed and 

Chandra, 1980). Chemicals are administered to rats via 

whatever route a human would potentially receive them 

and 2 weeks later the rat's peritoneal cells are cultured 

to see· if colony growth on soft agar is possible. 

A battery of short-term tests is needed for 

screening environmental.chemicals because each system 

detects a few carcinogens that others do not (Ames, 1979). 

The goal of this line of testing is to identify potentially 

carcinogenic agents and through publicity, lesiglation or 

other means, to limit man's exposure to them in hopes of 

preventing cancers. While such in vitro assay systems 

can be extremely useful for widespread screening of large 



numbers of chemicals, information is also needed from in 

vivo systems. 
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Some work is currently focused on the induction of 

liver cancer both as in vivo tests for carcinogens (Tsuda, 

Lee, and Farber, 1980) and in attempts to delineate or 

identify preneoplastic hepatocyte populations (Ogawa, 

Solt, and Farber, 1980). Much remains to be learned about 

early changes in liver carcinogenesis, prior to definite 

lesions. One current model holds that chemical hepato-

carcinogenesis is a sequential process and that discrete 

initiation and promotor events in this process should be 

definable (Solt and Farber, 1976; Farber and Solt, 1978; 

Farber, 1980). Experimentally induced hepatocarcino

genesis often takes several weeks or even months to 

manifest. The early stages of carcinogenesis must be 

elucidated and understood for significant progress to be 

achieved in terms of prevention, early detection, and 

cure of cancers. Induced growth states can potentially 

be used as models for the study of early changes or alter

ations of growth patterns whether or not hepatocarcinoma 

is the.long-term result. Additionally, induced growth 

states offer opportunities to study basic liver prolifer

ation and growth control. Induced growth states can be 

used as model systems to study basic cell growth and cell 

cycle kinetics. It should be remembered that an induced 



growth state may reflect an increased rate of normal pro

liferation or it may reflect an abnormal growth type. 
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The induced growth states also serve as models of cell, 

tissue, or organ response to injury. In some cases it may 

be informative to try to separate non-specific cytotoxic 

effects of carcinogens from those effects that might be 

more intimately related to the carcinogenic process; both 

effects may be occurring simultaneously but in different 

locations (zones) in the liver (Bannasch, 1968; Farber, 

1976). Regenerative growth after partial hepatectomy has 

been a favorate model system for the study of liver growth. 

This restorative growth shows exquisite control--the growth 

slows and stops as the liver approaches its original mass, 

so the growth following partial hepatectomy does not push 

the liver beyond its normal size. Chemical stimulation 

as presented here offers an alternative model system with 

which to study liver growth. This research studies and 

defines morphologically. a chemically induced growth state 

in which thioacetamide is used to alter the growth state 

in the young adult rat liver as measured by hepatocyte 

DNA synthesis and mitosis. After thioacetamide adminis

tration a depression in hepatocyte DNA synthesis is seen 

which is followed by a synchronous recovery and overshoot 

beyond the normal level. 



Normal Liver 

Before an induced growth state can be discussed 

the normal histology of the liver should be described as 

well as the normal pattern of growth. 

Histology 

The liver is situated in the abdominal cavity 
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just inferior to the diaphragm and is covered by a con

nective tissue capsule. Like other organs the liver is 

composed of stroma and parenchyma. The stroma, which pro

vides internal support, consists of a connective tissue 

tree which branches extensively as it extends into the 

substance of the liver. The parenchymal cells, called 

hepatocytes, are epithelial and are endodermal in origin. 

The liver receives approximately 70% of its blood supply 

from the portal vein and a much smaller amount from the 

hepatic artery. The vascular drainage of the liver is 

through the hepatic veins while the exocrine secretion, 

the bile, exits via the bile ductules. These vessels 

and ducts travel within the connective tissue tree; they 

enter or exit the liver at a short deep fissure on the 

inferior surface called the porta of the liver. 

With the exception of lipids, all material 

absorbed in the intestines reaches the liver via the por

tal vein. Thus the hepatocytes are in a unique position 



to gather and transform metabolites and to neutralize and 

eliminate toxic substances. Hepatocytes synthesize and 

secrete several plasma proteins including albumin, 

fibrinogen, and prothrombin. The hepatocytes, in the 

presence of insulin, can remove glucose from the blood 

and store it as glycogen. Lipids can also be stored by 

6 

the liver and released as lipoproteins. The liver is 

essential for detoxification of various drugs and undesired 

sUbstances that are absorbed in the intestine, formed in 

the body, and otherwise introduced into the bloodstream. 

The enzymes responsible for the oxidations, methylations 

or conjugations of the toxins are mainly located in the 

smooth endoplasmic reticulum (SER). As expected, a pro

liferation of SER in hepatocytes is seen following the 

administration of various toxins. 

within the liver the afferent vessels (portal 

vein and hepatic artery) branch into smaller and smaller 

vessels, eventually terminating in a system of sinusoids. 

The sinusoids extend a variable distance and then several 

combine to form the beginning of a terminal hepatic venule. 

Interposed among the sinusoids are the hepatocytes which 

are arranged in plates. These cell plates are irregular 

in shape near the afferent vessels but straighten and 

become only one cell thick near the terminal hepatic 

venule. Likewise, the sinusoids are tortuous at their 
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beginning and straight near their terminations. The lin

ing of the sinusoids is a continuous layer of endothelial 

cells which are highly fenestrated. Phagocytic Kupffer 

cells are present within the sinusoids. Between the 

sinusoid lining and the hepatocytes is a modified extra

vascular area, the space of Disse. Formed elements of the 

blood are the only blood components excluded from this 

space. Numerous microvilli of the hepatocytes extend into 

the space of Disse allowing a close association between 

hepatocytes and plasma. 

Classically the liver has been divided into 

lobules. A lobule is considered to be a hexagon of 

parenchyma which is surrounded by a layer of connective 

tissue and has a terminal hepatic venule at its center. 

More recently the liver has been described as being 

divided into acini (Rappaport et al., 1954; Rappaport, 

1958) • 

An acinus as described by Rappaport is a struc

tural unit based primarily on the circulatory physiology 

of the liver. It is an irregular shaped and sized mass 

of parenchyma arranged around an axis. The axis consists 

of a terminal hepatic arteriole, terminal portal venule 

(TPV) , bile ductule or ductules, lymph vessels and nerves. 

These travel via the branches of the connective tissue 

tree and are the smallest ramifications of those structures 



commonly recognized when cut in cross section in portal 

areas, canals or triads (PC). An acinus lies between 

two (or more) terminal hepatic venules (THV). It is most 

easily visualized in its simplest form as approximating a 

diamond shape with the two long points each converging on 

a terminal hepatic venule. 
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The simple liver acinus is divided into three 

circulatory zones. According to Rappaport (1976) these 

zones "surround the axial structures like layers of a 

bulb." Cells in zone 1 are situated close to the nourish

ing vessels; the blood reaching them is a mixture of the 

arterial and portal blood and is highest in oxygen ten

sion and nutrient level. Cells in zone 3 are the furthest 

from the nourishing vessels as well as from those feeding 

the neighboring acini. Therefore zone 3 is situated at 

the microcirculatory periphery of the acinar unit and 

receives blood that has already exchanged gases and metabo

lites with cells in zones I and 2. 

Zone 2 is a transitional stretch of tissue between 

zones I and 3. With changes in microcirculation the 

relative areas of zones I and 3 may shift, causing alter

ations in the amount of area in zone 2. These changes of 

microcirculation can be due to variable arteriolar activ

ity, to fluctuations in peripheral resistance or to 

nutritional changes. It should be stressed that these 



zones are arbitrary and are only an aid to understanding 

the complexities of the liver; the zones reflect a con

tinuum of parenchyma extending from afferent to efferent 

vessels and this continuum is arbitrarily divided into 

thirds. 

The simple liver acinus is also the secretory 

unit of the liver. The terminal bile ductule, a part of 

the axial triad, receives the bile produced within that 

particular acinus. The watershed line of the bile flow 

is actually the line of demarcation between two adjacent 

acini (Rappaport, 1976). 
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It is well established that there is also a meta

bolic or biochemical zonation within each acinus (Rappaport, 

1963). This organization is in close connection with the 

direction of blood flow. For example, cells of zone 3 

are most sensitive to damage through ischaemia, anoxia, 

congestion and nutritional deficiency. The entire zone 3 

is affected when there is a major degree of circulatory 

or nutritional deficiency. The glucogenic enzyme glucose-

6-phosphatase is predominantly located in the periportal 

zone 1 (Katz et al., 1976). Toxins such as carbon tetra

chloride affect different zones specifically. Using the 

acinus as the unit of the liver alleviates the problem of 

discrepancies often encountered when looking at the tradi

tional liver lobules because sites of damage at the 



periphery of the lobule can be varied. The periphery of 

a lobule can include more than one acinar or functional 

zone. 

Growth 

10 

In their radiographic analysis of the postnatal 

growth of many tissues and organs, Messier and LeBlond 

(1960) defined normal postnatal liver as an expanding cell 

population from the fact that throughout life ~he liver 

shows a low persisting number of labeled nuclei after a 

pulse of 3H-thymidine. The persistance of the labeling 

with time further indicates that the new cells do not 

degenerate nor migrate away but remain in situ. The new 

cells are added on to the old population rather" than 

replacing old cells. The liver parenchymal cells under

going ~NA synthesis and mitosis are fully differentiated 

functioning hepatocytes. Unlike in some renewing cell 

populations there are no stem-cell hepatocytes responsible 

for continued new cell production. Every hepatocyte has 

the potential to divide and under the proper conditions 

probably all hepatocytes are capable of dividing. 

Neonatal growth of the liver is marked by rapid 

cell proliferation which leads to an increase in cell num

ber, but this rate soon declines. The acini or lobules 

enlarge as the cell number increases (LeBouton and 
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Marchand, 1970; LeBouton, 1974, 1976). It is generally 

thought that the number of lobules may increase in the 

very youngest animals but that new lobules are generally 

not formed with age (White, 1939; McKellar, 1949). The 

increasing size of the lobule or acinus in early neonates 

is due primarily to an increase in cell number but later 

is probably due to an increase in cell size. The increase 

in volume of the lobule or acinus seems to be adequate to 

account for the gain in weight of the liver. Within the 

growing acinus the hepatic parenchymal cell plates are 

thick and irregularly arranged from birth to 4 days 

postpartum. By 10 days the plates begin to assume the 

adult configuration--irregular and thick in zone 1 but 

straight and thin in zone 3 (LeBouton, 1974). 

Normally growing liver, as well as several other 

organs, exhibits diurnal variation in the levels of DNA 

synthesis (Messier and LeBlond, 1960; Fabrikant, 1967; 

Barbiroli and Po~ter, 1971) and mitotic activity (Jackson, 

1959; Schulte-Hermann and Landgraf, 1974). The maximum 

3H-thymidine labeling index is found when the injection 

is given in the early morning (4-7 a.m.). The mitotic 

peak is found later in the morning or middle of the day 

and follows the peak of DNA synthesis by 6-8 hours (Barnum, 

Jardetzky, and Halberg, 1958; Messier and LeBlond, 1960). 

The peak mitotic values found during the day by Jackson 



(1959) in 24-day-old rats were 5-6 times higher than the 

minimum values found at night. 

The events leading to growth of the liver do not 

occur uniformly throughout the acinus or lobule. At 

12 

birth the cells synthesizing DNA and those in mitosis are 

fairly evenly distributed throughout the acinus but a 

specific localization of proliferating hepatocytes is soon 

established. McKellar in 1949 noted that at 1 week mitosis 

in the liver is predominantly periportal (equivalent to 

zone 1) and this segregation continues through the second 

and third week. The area around the central vein (zone 3) 

contains a~ost no mitotic cells. The concentration of 

mitotic activity in the periportal region or acinar zone 1 

has been observed by LeBouton (1974, 1976). The mitotic 

index is highest in zone 1 and lowest in zone 3 of the 

liver acinus through at least the first 30 days postpartum. 

Cells in mitosis (M) should have gone through a previous 

. synthetic (S) phase in order to double their DNA. With 

the aid of radioautography LeBouton (1974, 1976, personal 

communication) has demonstrated that the labeling of cells 

with 3H-thyrnidine followed a pattern similar to the mitotic 

index pattern from 0 to 30 days. The DNA synthetic level 

as measured by the percent labeled nuclei is highest in 

zone 1. 
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The rat continues to grow through life and so 

does its liver, retaining its characteristic adult rela

tive weight of about 4% (Doljanski, 1960). So~e measures 

of age or differentiation of liver cells are the formation 

of binucleated hepatocytes and increased polyploidization. 

The number of binucleate cells is low in very young ani

mals but increases with age (White, 1939; McKellar, 1949; 

St. Aubin and Bucher, 1952; Marquardt and Glass, 1957). 

Binuclearity is considered to be a step in the formation 

of polyploid nuclei (Carriere, 1969). A diploid mono

nucleated hepatocyte may proceed through DNA synthesis 

(S phase of the mitotic cycle) and then enter mitosis. 

Normal mitotic spindle formation with nuclear cleavage 

followed by failure of cytoplasmic cleavage at late ana

phase or 'telophase would yield a single binucleated hepato

cyte with each nucleus being diploid. Binucleated 

hepatocytes may arise by cell fusion or other non-mitotic 

routes in addition to the route of no cytokinesis (LeBouton; 

1976). Binucleated hepatocytes undergo a mitotic cycle 

with the chromosomes of b~th nuclei sharing a single 

spindle at metaphase, thus producing two daughter nuclei 

of the next higher ploidy. Mitosis of a diploid binucle

ated hepatocyte will yield either two tetraploid mono

nucleated hepatocytes or one tetraploid binucleated 
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hepatocyte depending on whether or not cytokinesis occurs. 

The formation of two cells seems to occur with a higher 

frequency (Carri~re, 1969). 

The incidence of polyploid cells of rat liver 

parenchyma has been determi~ed throughout the first year 

(A1fert and Geschwind, 1958; Carriere, 1962; Nadal and 

Zajde1a, 1966; Wiest, 1973). Virtually all hepatocytes 

are diploid mononuc1eates at birth but this homogeneity 

is soon lost. There is a dramatic increase in the number 

of binuc1eated diploid cells beginning at three weeks; the 

distribution of binuc1eated cells is such that most are 

found in zone 3 and only a few in zone 1 (McKellar, 1949; 

LeBouton, 1976). This appeara.nce of binuc1eated cells in 

large numbers occurs shortly after weaning and can be 

delayed by delaying weaning (Wheatley, 1972). These diploid 

binuc1eates decline after a peak at five to six weeks of 

age. Tetraploid mononuc1eates begin to appear in signif

icant numbers at 5-6 weeks, coincident with the peak of 

diploid binuc1eates. The diploid binuc1eates then decline 

in percentage. During this decline a rapid increase of 

tetraploid mononuc1eates is seen followed by a more 

gradual slight rise of binuc1eated cells \'Tith t'V1O tetra

ploid nuclei. By eight weeks of age tetraploid mononuc1e

ates account for about half of all hepatocytes with lesser 

amounts attributable to diploid mononuc1eates and diploid 
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binucleates (both of which are declining in incidence) 

and to the slightly expanding tetraploid binucleate po~u

lation. 

Regenerating Liver 

Another mode of growth of the liver is that 

occurring after partial hepatectomy. This growth is not 

regeneration in the true sense of the word since the lobes 

removed are not regrown; rather there is a compensatory 

growth of the remaining mass. Hence, a better term would 

be "compensatory hyperplasia," a term proposed by Bucher 

(1975). But the term regeneration for this type of growth 

is firmly entrenched in the literature. 

Regenerative (compensatory) growth after partial 

hepatectomy has been a favorite model system for the study 

of induced liver growth and growth regulation. This 

cellular proliferation is exquisitely controlled because 

it ceases when the liver attains its original mass. As 

. such, the regenerating liver is valuable as a model for 

the study of control of cell proliferation in the cancer 

problem. The control exerted to slow the hepatocyte pro

liferation as the regenerating liver reaches its original 

mass may not be the same mechanism of control persisting 

during normal growth of this expanding cell population. 

But it must be stressed that in this situation the liver 
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is only trying to recoup the number of cells it has lost 

rather than adding more cells to the normal number. 

Another drawback of the partial hepatectomy induced growth 

system is that a surgical procedure is required. 

Typically in a partial hepatectomy about 65-70% 

of the liver is removed under ether anesthesia by excising 

the two main lobes (median plus left lateral) after tying 

off the vessels to these lobes. This procedure was first 

described by Higgins and Anderson (1931). Within an hour 

changes can be seen in the remaining hepatocytes as the 

basophilic bodies of the cytoplasm (clumps of endoplasmic 

reticulum) begin to disintegrate (Bucher, 1967). This 

begins in the hepatocytes at the periphery of the tradi

tional lobule and spreads to the center in the next eight 

hours. Also fat globules begin to accumulate and glycogen 

stores are rapidly depleted in the first few hours. The 

cells, nuclei, and nucleoli begin to enlarge by six to 

twelve hours (Stowell, 1948; Bucher, 1967). 

Following the partial hepatectomy the residual 

lobes increase their size in 48 hours and there is com

plete restoration of the initial mass of the organ in 7 

to 14 days in rats. Sidorova (1959) and Grisham (1962) 

contend that few if any new lobules are formed; the exist

ing lobules hypertrophy with the parenchymal cell prolif

eration. Sidorova arrived at this conclusion by counting 



17 

the number of central veins (terminal hepatic venules) 

visible per microscope field at a given magnification and 

also by measuring the area of lobules. After 24 hours, 

the number of central veins per field decreases which 

means the size of the lobules increases. By the third 

day the differences are quite exaggerated. For instance, 

at a given magnification a lobule of normal liver occu

pies about one-sixth of the field; but in the regenerating 

liver three days after partial hepatectomy a lobule occu

pies about one-third of the field at the same magnifica

tion (Sidorova, 1959). 

Simp~on and Finckh (1963) found that with repeated 

partial hepatectomy the number of lobules does increase. 

They performed a partial hepatectomy, waited for five to 

seven weeks for regeneration to occur, then repeated this 

sequence for a total of five operations. After the ini

tial partial hepatectomy the density of vessels decreased 

(and thus the lobules enlarged). But after the second 

and subsequent operations they calculated that the restored 

liver was derived from only 4% of the original mass. In 

this case, the density of vessels rose again and therefore 

the number of lobules must have increased. 

Following partial hepatectomy, increased labeling 

with 3H-thymidine is found in all three major cell types 

in the rat liver: parenchymal cells (hepatocytes), cells 
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lining the sinusoids (littoral), and bile duct cells 

(Grisham, 1962). Labeled hepatocytes peak at 20 hours 

after partial hepatectomy. Most of these DNA replicating 

cells are localized in zone 1 (Grisham, 1962; Fabrikant, 

1967, 1968). For the littoral cells and duct cells the 

peak of labeling is not reached until 42 hours. Fabrikant 

(1968) also found a 24 hour delay in littoral cell prolif

eration as compared to parenchymal cell proliferation. 

Grisham (1962) has concluded that labeled littoral cells 

are randomly distributed but gives no data to corroborate 

this. Proliferating duct cells are found only in zone 1 

in the portal canals. Decreases in the number of binucle

ated cells under conditions of increased proliferative 

activity have been noted in liver restoration following 

partial hepatectomy (Bucher and Glinos, 1950; St. Aubin 

and Bucher, 1952) and follo\tling carbon tetrachloride 

. injury (Himes et al., 1957; Gerhard, Schultze, and Maurer, 

1973). Following partial hepatectomy, the diurnal varia

tion in rate of hepatocyte proliferation is similar to 

that occurring in intact liver during postnatal growth. 

Again the daily peak of DNA synthesis is early in the day 

and is followed several hours later by a late-morning or 

midday peak of mitosis (Jaffe, 1954; Barbiroli and Potter, 

1971) . 
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Chemically Sti~ulated Liver 

While partial hepatectomy has been the most 

studied model of induced proliferation, other systems 

have also been examined. To avoid the need fo~ partially 

hepatectomized animals efforts have been made to stimu

late DNA synthesis in the intact animal. 

Short and colleagues (1972) used a solution called 

"TAGH" (tri-iodothyronine, amino acids, glucagon, heparin) 

to stimulate DNA synthesis in a search for a link between 

liver function and DNA regulation. When infused through 

the tail vein the TAGH solution stimulates the incorpora

tion of 3H-thymidine into the nuclear DNA of the livers 

of intact Fischer and Sprague-Dawley (SD) derived rats. 

Fischer rats respond more to the infusate and to 70% 

hepatectomy than do SD-derived rats. As measured by the 

labeling of DNA and by radioautography of histological 

preparations, a 30-£old rise in liver DNA synthesis is 

induced by the TAGH solution compared to a 50-fold rise by 

partial hepatectomy. The time curve is similar to partial 

hepatectomy--there is a rise in DNA synthesis in 14 hours 

and a maximum at 22 hours. Each ingredient of the solu

tion contributes to stimulation of DNA synthesis but the 

T3 is the most important. The authors gave no indication 

as to whether the induced synthesis follows the same 

zonal patterns as in regenerative growth. 
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Thioacetamide Administration 

Thioacetamide (TAA) was first introduced as a 

medium for the control of molds gro\ling on oranges in the 

citrus industry in the mid-1940s (Childs and Siegler, 

1946). It is a white, crystalline compound with ~he 

formula: 

It possesses a slight odor and is easily soluble in water 

and in absolute alcohol. A 2% aqueous solution keeps for 

several months without deterioration. In acid or alkaline 

media, TAA undergoes hydrolysis and liberates hydrogen 

sulfide (H 2S), a reaction used in analytical chemistry and 

in the activated sludge process of sewage purification. 

Thioacetamide though simple is a reactive molecule. The 

possibility exists for potential disulfide bonds between 

it and molecules found in the body. The amine group is 

also a potential reactive site. 

Soon after its introduction as a preservative for 

oranges, TAA was shown to have carcinogenic activity in 

rats (Fitzhugh and Nelson, 1948; Ambrose, DeEds, and 

Rather, 1949). While it is no longer used as a preserva-

tive, TAA has been used experimentally for a variety of 

reasons. Many of these research projects have explored 



the toxic and carcinogenic activity of TAA in an attempt 

to elucidate the underlying cellular mechanisms involved 

in carcinogenesis. Basically TAA has been administered 
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to experimental animals in 3 types of regimens,: in chronic 

low doses, in large acute doses, and in smaller acute 

doses. 

Chronic Administration. Chronic low doses of TAA 

are usually administered in the drinking water of experi

mental animals at a concentration of 0.05% (Bader, 1973) 

or in their diet at 0.03% (Gupta, 1955). Within a week 

hepatocyte nuclei and nucleoli are enlarged (Tongiani et 

al., 1976). Bader et ale (1967) report that this occurs 

after only one day and is localized to those hepatocytes 

near central veins (acinar zone 3). Bader (1973) has 

observed a decrease in the percentage of binucleated 

cells in the first week and an increase in the second and 

third weeks. In a matter of weeks fibrosis and cirrhosis, 

are induced (Tongiani et al., 1976; Anghileri et al., 

1977). Subsequently the liver becomes coarsely nodular 

in appearance (Bannasch, Hesse, and Angerer, 1974; 

Tongiani et al., 1976). Cholangiocarcinomatous tumors 

are also found in large percentages of cases (Gupta, 

1955; Svoboda and Higginson, 1968; Anghileri et al., 

1977). There is variation among strains of rats concern

ing the amount of time required to induce malignant 
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hepatomas but at least several weeks of treatment is 

needed (Shetty, Narurkar, and Narurkur, 1971). Reports 

on mortality vary from no mention in most cases to 33% 

mortality by 9 weeks of 0.032% TAA in the diet and 50% 

mortality after 8 weeks when TAA is administered as 0.05% 

of drinking water (Tongiani et al., 1976). Gonzalez

Mujica and Mathias (1973) fed 0.033% TAA in the diet to 

rats and concluded that the TAA alters the normal devel

opment of the rat liver nuclei and interferes with the 

appearance of tetraploid nuclei in parenchymal cells. 

Acute Administration--Large Dose. A single large 

dose of TAA (200-250 mg/kg body weight) produces necrosis 

around the terminal hepatic venule within 24 hours and 

increased mitotic activity in periportal regions (Gupta, 

1956; Bartsokas, 1974; Tongiani et al., 1976). Mitosis 

contin~es periportally for at least 3 days~ Also after 

one day the nuclei are swollen and there is nucleolar 

enlargement and canalicular branching (Barker, 1970; 

Ekelund, 1971; Moraru et al., 1974; Olason and Smuckler, 

1976). Repeated daily injection of TAA cause nucleolar 

enlargement (Steele et al., 1965; Ballal and Busch, 1973) 

that is especially pronounced in the cells near the center 

of the classic lobule (Kullmann, Kiefer, and Sandritter, 

1971). Following a large dose of TAA (200 mg/kg body 

weight) there is a decrease of various substrates such as 



'tricarboxylic-acid cycle intermediates by liver mito

chondria (Gallagher et al., 1956). Calcium accuruulates 
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in most necrotic tissue including that damaged by a large 

dose ,of TAA. A calcium chelator added to the mitochondrial 

preparation was shown to reverse the inhibitions caused 

by TAA (Gallagher et al., 1956). This same dose of TAA 

modifies· the morphology of the endoplasmic reticulum 

(Barker, 1970). Further there is a decreased activity in 

microsomal mixed-function o~ygenases (Barker and Smuckler, 

1972). Thus functional alterations correlate with the 

morphological modifications of the endoplasmic reticulum. 

Alpha-fetoprotein is a serum protein normally 

found in large amounts during embryonic life and only in 

nanogram amounts in adult mammals (Abelev, 1971). It is 

found in larger amounts in the serum of human adults with 

hepatocarcinomas (Abelev, 1971; Prakash et al., 1976; 

Amery et al., 1977; Chen and Sung, 1977) but is only 

slightly elevated during liver regeneration in experi

mental animals (Abelev, 1971; Nayak et al., 1975; 

Engelhardt et al., 1976). Following a single large dose 

of TAA (200 mg/kg body \'1eight) with which centrolobular 

necrosis is identifiable by 12 hours, the serum alpha

fetoprotein levels are increased by 48 hours (Smuckler, 

Koplitz, and Sell, 1976). A 10\,1 dose of TAA (40 mg/kg 

body weight), administered following partial hepatectomy 



of the rat, further increases the DNA synthesis (as mea

sured by 3H-thymidine incorporation) but not the serum 

a1pha-fetoprotein level (Watanabe, Miyazaki, and ~aketa, 

1976a) • 

TAA has been administered in conjunction with 

other treatments. Partially hepatectomized rats given a 

single large dose of TAA (150 mg/kg body weight) in the 
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14 hours following surgery have a two-fold higher labeling 

with tritiated thymidine and two-fold higher mitotic index 

than found in animals that are only partially hepatec-
,.. 

tomized (Micronescu and Ciovirnache, 1971). Partially 

hepatectomized mice that are subsequently given 0.03% TAA 

in the diet for several months develop liver tumors 

earlier than do intact mice treated only with the TAA 

diet (Date, Gothoskar, and Bhide, 1976). After 15 weeks 

of concurrent treatment with both TAA and 1asiocarpine 

(a pyrro1izidine alkaloid) the livers of 87% of the rats 

show development of hyperplastic nodules and cirrhosis. 

There is no evidence of cirrhosis or nodule formation in 

the liver of animals treated with either substance alone 

(Reddy, Rao, and Jago, 1976). 

Acute Administration--Sma11 Dose. A single lower 

dose of TAA was given to male rats by Reddy, Chiga,· and 

Svoboda (1969). They found that a single i.p. injection 

of TAA (25 or 50 mg/kg body weight) induces a significant 
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increase in DNA synthesis and mitosis of hepatocytes which 

is not accompanied by any other pathology. The 3H-thymidine 

incorporation into hepatic DNA is apparent by 18 hours and 

reaches a maximum at 36 hours. Fifty mg TAA/kg body 

weight is the optimum dose. A 33% increase in total 

hepatic DNA is seen 48 hours after TAA injection. ~lore 

than half of the hepatocytes are stimulated to enter 

mitosis between 24 and 54 hours after a single injection 

of TAA at a dosage of 50 mg/kg body weight. This is the 

best study to date of the hyperplasia induced by TAA but 

many questions are unanswered. They did not take into 

account the diurnal rhythms of thymidine incorporation 

and mitotic activity in normal rat liver (Schulte-Hermann 

and Landgraf, 1974; Schulte-Hermann, 1975) and in rat 

liver parenchyma following partial hepatectomy (Jaffe, 

1954; Hopkins et al., 1973) which may influence this 

situation. Also they did not look at the kinetics of the 

location of the dividing cells. 

More recently Morley and Boyer (1977) have demon

strated the existence of a serum factor in TAA-treated 

rats that will stimulate hepatocellular proliferation. 

The rats were given 5,0 mg TAA/kg body weight, the same 

dose used by Reddy's group. Thirty-six hours later 

3H-thymidine incorporation into hepatic DNA reached a 

peak. The percentage of labelled nuclei seen by 
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radioautography increased six-fold and later the mitotic 

index of the liver also increased ten-fold. Serum taken 

from the rats 6 to 48 hours after TAA administration and 

then injected into healthy mice doubled the hepatic DNA 

synthesis but did not stimulate ki~ney DNA synthesis in 

these second animals. Fifty mg TAA/kg body weight to the 

rats is the dose which causes the rat serum to elicit the 

maximum stimulation of mouse hepatic DNA synthesis. The 

optimum time following this dosage for finding the hepatic 

growth factor(s) is 48 hours after the TAA administration. 

The serum factor(s) causing this hepatic stimulation 

is(are) non-dialyzable and heat stable. The factor 

involved is probably not TAA that has been left in the 

bloodstream. This can be said because the rat serum col

lected 48 hours after TAA was more effective in the mice 

than rat serum collected at earlier intervals. Presumably 

the circulating levels of TAA itself would decrease with 

time or at least not increase. 

There has long been a debate on the possible 

mechanism of control of growth in the liver after partial 

hepatectomy (for review see Sidorova, 1978). One proposal 

is that the liver or another organ secretes a hepatic 

mitotic stimulant following partial hepatectomy. Another 

idea is that there is stimulation resulting from imbalance 

between normal blood components and hepatocyte number. 
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A third hypothesis is that dimunit{on of a circulating 

inhibitor causes or allows the regenerative growth. The 

serum factor found in the TAA-treated rats may be a direct 

stimulant to hepatocytes or it may inhibit or bind to an 

inhibi tor. As yet it is not knm-m whether the liver 

response to TAA is primary or secondary in nature or 

whether there is one or more factors influencing hepatic 

growth in the serum. 

Statement of Problem and Objectives 

Liver mitogens are needed as tools in the analysis 

of pathological processes in the liver and as probes for 

the study of the control of liver cell proliferation. 

Partial hepatectomy is the frequently used model system 

for such studies but has several disadvantages including 

the requirement of surgical intervention. Thioacetamide 

was shown by Reddy et ale (1969) to be a liver mitogen, 

causing a burst of DNA synthesis and hepatocyte mitosis 

within 48 hours after injection. However, Reddy's report 

did not provide a complete picture of the induced hepatic 

growth and the research published did not mention control 

of environmental factors such as lighting schedules nor 

take into account normal diurnal variations in hepatocyte 

DNA synthesis and mitosis~ Proliferating liver, induced 

by TAA, is potentially valuable as a model system with 

which to study liver proliferation and gro,.;th control. 
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A comprehensive picture of the events in the four days 

after TAA injection under controlled conditions is needed. 

Therefore, this study was proposed to explore and study 

by morphological means the effects, including mitogenicity, 

of a single injection of TAA (50 mg/kg) on the rat liver. 

The specific objectives of the present study were 

to: (1) determine radioautographically the course of the 

hepatocyte DNA-synthetic index (number of 3H-thymidine 

labeled interphase nuclei) after TAA; (2) determine the 

hepatocyte mitotic index after TAA; (3) determine the 

zonal distribution of the DNA-synthetic and mitotic 

hepatocytes; (4) determine any changes in the percentage 

of binucleated hepatocytes after TAAi (5) examine the 

location of the "new cells" over a period of 8 weeks; 

(6) measure serum alpha-fetoprotein levels after TAA; and 

(7) ascertain by immunofluorescence which cells produce 

AFP. The data acquired from the above objectives was 

then compared with the data known about other induced 

hepatic growth systems, especially the regenerating liver 

after partial hepatectomy. The system using TAA results 

in a situation 'Vlhere an excess of cells is imposed on the 

intact organ in vivo rather than the liver attempting to 

recoup the mass of cells it has lost during partial 

hepatectomy. The TAA system is proposed as an 



alternative model system for the study of the early 

changes in induced proliferation. 
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CHAPTER 2 

l'1ATERIALS A..~D HETHODS 

Male Sprague-Dawley rats (Hill Top Animal Labs, 

Chatsworth, California) were used in all experiments. 

Young rats, weighing 150 grams (range 136-165 g) were 

used unless otherwise noted; a few large (and therefore 

much older) rats were used in attempts to manipulate their 

liver's control of alpha-fetoprotein by colchicine inter

ruption of cellular secretion (see page 37). The animals 

had free access to food and water and they were kept on 

a lighting schedule of 12 hours light/12 hours dark (7 

a.m.-7 p.m. light) for at least 8 days prior to use. 

Daily fluctuations of hepatocyte DNA synthesis and mitosis 

occur regularly when the animals are maintained on a 

regular 12 L/12 D cycle. Furthermore, these rhythms can 

be shifted 12 ~hours by inverting the lighting schedule 

(Halberg et al., 1958). The rhythms are only indirectly 

controlled by light and more directly controlled by the 

timing of the animals' food intake (Barbiroli and Potter, 

1971; Schulte-Hermann and Landgraf, 1974). Rats and mice 

eat predominantly at night especially in the first half 

of the dark period even when given food and water ad 

30 
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libitum. Natural segregation of their feeding and non-

feeding times sets up a regular cycle of diurnal rhythms. 

TvlO groups of young (150 g) male rats were used to deter-

mine the times and magnitudes of the circadian fluctuations 

in mitotic and DNA synthetic hepatocytes under the environ

mental conditions which were to be used throughout this 

research, project. 

Circadian Fluctuations 

Diurnal Mitotic Index 

The mitotic index (or percent dividing cells) was 

determined using the chochicine-arrest technique. 

Colchicine arrests mitotic cells in metaphase of mitosis 

(Bertalanffy, 1964), making them readily identifiable with 

light microscopy and accentuating even small fluctuations 

in the mitotic index (Allen, Smith, and Gardner, 1937; , 

LeBlond and Allen, 1937). The colchicine used in this 

study (Sigma,lot * 86C-0153) was dissolved in 1 mg/ml 

normal saline and was injected subcutaneously at a dosage 

of 0.1 mg/IOO g body weight. The colchicine was given 4 

hours prior to sacrifice; this allm'1ed about a 3 1/2 hour 

collection of cells in metaphase (Bertalanffy, 1964). 

The work by Schulte-Hermann and Landgraf (1974) predicted 

that the peak mitotic index should be about 8 hours into 
, 

the light phase of a 12 L/12 D cycle. Animals \'lere sampled 
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throughout the 24-hour day but more heavily (more animals 

at closer time periods) near this point of the light phase. 

The schedule was 3 animals at 1 p.m., 2 p.m., 3 p.m., 

4 p.~., and 5 p.m.; 2 animals at 9 p.m., 1 a.m., 5 a.m., 

and 9 a.m. At sacrifice the livers \-1ere removed under 

ether anesthesia and cut into pieces about 6 x 6 x 2 rom 

with one of the large faces being the peritoneal surface. 

The liver samples were immersion fixed overnight at room 

temperature (24°C) in Brazil Fast Fix plus 1% HgC1 2 
(Appendix A). After fixation the liver samples were 

washed in tap water for 24 hours followed by 8 to 10 hours 

in Lugol's iodine solution (Appendix A). The samples 

were then stored in 70% alcohol. For processing into 

paraffin, the tissues were dehydrated in 95% and then 

100% ethanol (1 hour each), cleared in one change of 

xylene. (30 minutes), infiltrated with Paraplast Plus 

under vacuum (10 rom Hg) at 58°C for 30 minutes and then 

embedded in Paraplast plus. Dehydration and clearing \-1ere 

done at room temperature with the tissues stirred by a 

tissue rotator (Lipshaw). Sections were cut at 7 ~m, 

mounted with gelatin on chemically clean glass micro

slides and dried. The sections were then stained with 

Harris' hematoxylin and eosin Y (Appendix A) . 

For each animal 3 random fields of at least 1000 

cells each were counted for mitotic figures and total 



cells. Only hepatocytes were counted and the mitotic 

figures were expressed as a percent of the total hepato

cytes counted. 

Diurnal DNA Synthetic Index 
(number of labeled nuclei) 
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These animals were given tritium-labeled thymidine 

to identify hepatocytes undergoing DNA synthesis. The 

thymidine-[methyl-3H] (New England Nuclear, Lot # 1130-094, 

6.7 Ci/mmo1 specific activity, aqueous solution) was 

injected subcutaneously one hour prior to sacrifice; the 

dosage of 3H-thymidine was-1 ).lCi/g body weight. According 

to Messier and LeBlond (1960), the peak of syn'thesis 

should normally precede the mitotic peak by about 6 hours; 

a similar 6-8 hour interval \'las seen by Grisham (1962) in 

regenerating liver. The number of animals used in this 

group and the times sampled were similar to the mitotic 

circadian study with the exception that the sacrifice 

schedule was moved back by 8 hours, so that a cluster of 

times existed around the dark to light transition time. 

The schedule was 3 animals at 5 a.m., 6 a.m., 7 a.m., 

8 a.m., and 9 a.m.; 2 animals at 11 a.m., 1 p.m., 5 p.m., 

9 p.m., 1 a.m., and 3 a.m. 

At sacrifice the livers were removed under ether 

anesthesia and cut into pieces as described above. The 

samples were fixed overnight in Brazil Fast Fix and then 
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processed as described for the diurnal colchicine animals 

with the omission of the steps using water and Lugol's 

iodine. The microscope slides prepared from these liver 

samples were stained either with Harris, hematoxylin and 

eosin Y or processed as radioautograms (details of this 

latter process are presented below in the section on 

radioautography) . 

The radioautograms used to determine the diurnal 

DNA synthetic index were exposed for 3 weeks and stained 

with Nuclear Fast Red (Appendix A) and picric acid 

(saturated in 95% ethanol). Hepatocytes with labeled 

nuclei were counted and expressed in terms of total 

hepatocytes in a manner similar to the mitotic circadian 

study. 

Experimental Groups 

The mitogen, thioacetamide (Mallinckrodt, analy

tical reagent), was dissolved in normal saline (20 mg/ml) 

. and was used wi thin 4 hours. The TAA was inj ected in.tra

peritoneally (i.p.) at 50 mg/kg body weight while the 

rats were under light ether anesthesia. Three main groups 

of experimental animals were utilized. Group I received 

the TAA at various times before sacrifice and an addi

tional injection of colchicine 4 hours prior to sacrifice. 

This procedure collected any cells stimulated to go into 

mitosis by TAA. Group 2 received the TAA and then 
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tritiated-thymidine 1 hour before killing. Thetritiated 

thymidine labeled those cells stimulated to enter DNA 

synthesis by TAA. Group 3 was given TAA 40 hours prior 

to an injection of 3H-thymidine and then killed at extended 

intervals. The cells in DNA synthesis 40 hours after TAA 

were thus labeled and they (or their descendants) could 

be visualized several weeks later. In all three groups 

the rats were in the 136-165 gram weight range at the 

time of TAA injection. 

Colchicine Animals (Group 1) 

Colchicine arrests cells in metaphase of mitosis 

and was used to localize such cells. This group of animals 

was given an interscapular subcutaneous injection (I mg/kg 

body wt.) of colchicine (Sigma, lot # a6C-0153) and the 

TAA injection. This dose in a rat causes virtually all 

cells entering mitosis to arrest in metaphase. This per

sists for over 6 hours, beyond which cells begin to escape 

the arrest and continue through mitosis. Mice require a. 

dosage twice as large as rats to accomplish complete arrest 

and colchicine is ineffective in Syrian hamsters. The 

colchicine solution was 1 mg/ml in normal saline, was 

made fresh weekly and was stored away from light at 4°C. 

These animals \'lere sacrif.iced at 2 p.m., the time of peak 

circadian mitosis (previously determined to be 7 hours 

into the light phase). The TAA was given at various 
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intervals prior to the 2 p.m. time of sacrifice. In each 

case the colchicine was injected at 10 a.m., which was 4 

hours prior to sacrifice. Thi~ allowed 3 1/2 hours of 

metaphases to accumulate as there is a lag time of about 

1/2 hour from the time of a subcutaneous injection of 

colchicine in a rat until all cells entering mitosis are 

arrested in metaphase. The schedule was 2 animals at 0, 

1, 2, 4, 6, 12, 18, 24, 30, and 36 hours after TAA injec-

tion; 3 animals at 40, 44, 48, and 52 hours and 2 animals 

at 58, 64, 7~, 80, 88, and 96 hours. 

At the appropriate times, the rats were anesthe-

tized with ether and the median and left lateral lobes 

of the liver were removed. The lobes were trimned into 

pieces (4 x 6 x 2 rom) so that one of the large surfaces 

was peritoneal. The liver samples were fixed, processed, 

sectioned at 7 ~m, and stained with Harris' hematoxylin 

and eosin Y as described for the diurnal mitotic index 

study. 

Short-term 3H-thymidine 
Animals (Group 2) 

In this group, tritium-labeled thymidine was used 

to identify those liver cells undergoing DNA synthesis. 

This group of animals was given the TAA injection a"nd 

also under light ether anesthesia, an interscapular sub

cutaneous injection of thymidine- [methyl-3H] (Ne\v England 
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Nuclear, lot # 1130-172, 6.2 Ci/mmol specific activity, 

aqueous solution). The dose of 3H-thymidine was 1 ~Ci/g 

body weight and it was administered 1 hour prior to kill

ing. These animals were sacrificed between 7 and 8 a.m. 

(during the first hour of light) which corresponds to 

the time of diurnal peak DNA synthesis. Thioacetamide 

injectiop was at various times prior to this. The 

schedule used was 2 animals at 0, 6, 12, 18, and 24 hours 

after TAA injection; 3 animals at 30, 32, 34, 36, 38, and 

40 hours and 2 animals at 44, 48, 52, 58, 64, 72, 80, 88, 

and 96 hours. . 

At the appropriate times, the peritoneal cavity 

was opened while the rat was under ether anesthesia and 

50 u.s.P. units of heparin (Riker Laboratories, Inc.) were 

injected into the inferior vena cava (IVC). The portal 

vein was then exposed, cleaned, and two loose ligatures 

were placed around it. Blood (2-4 ml) was drawn from 

the IVC into a syringe fitted with either an 18 or 21 

gauge needle. A nick was made in the portal vein between 

the two ligatures and a piece of polyethylene tubing (PE 

90, Clay-Adams) was inserted. Both ligatures were then 

tied. The distal one encircled the hepatic artery which 

was occluded when the distal ligature was tightened. The 

free end of the polyethylene tubing was fitted with a 



38 

tubing-to-female luer adapter to which a syringe could be 

attached. 

The ribs and sternum were quickly resected. The 

heart was removed, then a nick was made in the infradia

phragmatic portion of the vena cava. Perfusion of the 

liver was started immediately; 50 ml of warm (40°C) saline 

containing sodium nitrite (0.04%) as a vasodilator (Palay 

et al., 1962) were flushed through the liver with a hand

held syringe over a period of 2-3 minutes. During this 

procedure the openings in the vena cava were alternately 

compressed and released with fingertips, causing the liver 

to cycle through turgid and flaccid states. By the time 

the warm saline-nitrite flush was completed the color of 

the liver changed from maroon to a creamy tan. The pro

cedure was repeated with 50 m1 cold (4°C) saline. 

Imm~diate1y afterwards the liver was removed and placed 

in a saline-filled beaker in an ice bath. 

Portions of the liver were then processed in 

various ways. The median lobe was placed in a chilled 

Stadie-Riggs microtome and a 1.5 mm slice was cut parallel 

to either the superior or inferior peritoneal surface. 

The slices were immediately placed in a rubber-bottomed 

container of cold saline. A 4.5 mm diameter brass ·cork 

borer was then used to punch wafers from the liver slices. 

The liver wafers were fixed for 4 hours at 4°C in 4% 



39 

para formaldehyde depolyrnerized to active formaldehyde 

(Humason, 1979, p. 388) in 0.1 M Na cacodylate buffer at 

pH 7.4. After fixation the wafers of liver tissue were 

washed, processed into paraffin, and sectioned for irnrnuno-

fluorescence (LeBouton and Masse, 1980a). 

Other portions of the perfused livers were cut 

from the· left lateral lobe, trimmed (4 x 6 x 2 rnm) and 

placed in Brazil Fast Fix (without HgC12 ) for overnight 

fixation. The tissue was then processed as described 

for the diurnal DNA synthetic index study. The micro-
. 

scopic slides prepared from these liver samples were 

either stained with Harris' hematoxylin and eosin Y or 

processed as radioqutograms. 

The remainder of the liver was stored frozen in 

glass vials (-10°C). Heparinized whole blood was centri

fuged for 10 minutes at 15,500 x g. The plasma was 

recovered and stored frozen in glass vials for later 

analysis of alpha-fetoprotein content. Notice was made 

that all animals had full stomachs at the time of sacri-

fice. Thus they had eaten during the preceeding night 

irrespective of the time of TAA injection. 

3 h 'd' Long-term H-t ym1 1ne 
Animals (Group 3) 

This third experiment was designed to elucidate 

the fate of the cells that were caused to go through a 
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burst of DNA synthesis by TAA. The experimental rats 

received the standard i.p. injection of TAA while the con-

trol animals received a similar volume of normal saline 

at 3:30 p.m. Forty hours later at 6:30 a.m. (time of 

peak circadian DNA synthesis) they were each given an 

injection of 3H-thymidine (subcutaneous, 1 ~Ci/g body 

weight) under light ether anesthesia. The animals were 

sacrificed 1, 2, 4, or 8 weeks later by the same procedure 

as described above "for the short-term 3H-thymidine animals. 

Two experimental rats (TAA-treated) were killed at each 

of the 4 times; there was one control rat (saline-treated) 

killed at 1, 2, and 4 weeks and 2 control rats at 8 weeks. 

Microscopic sections of the perfused liver were processed 

as radioautograms and the plasma was stored frozen. 

Other Experiments 

Newborn Sprague-Dawley rats (2 days old) were 

anesthetized by chilling them on an ice cube. With three 

of the rat pups, the peritoneal cavity was opened and. the 

livers removed while still blood-filled. In five other 

pups, an attempt was made to perfuse the livers free of 

blood. Using a syringe fitted with a 30-gauge needle, 

2-5 ml of warm (40°C) saline containing 0.04% sodium 

nitrite was perfused through the liver via the portal 

vein. In at least 3 cases the perfusion was successful 



as judged by the color change of the livers from dark 

maroon to a light creamy tan. 
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Small pieces of the newborn rat livers, either 

blood-filled or blood-free, were fixed for 4 hours in the 

4% para formaldehyde solution at 4°C. After fixation the 

pieces of liver tissue were washed, processed into 

paraffin, sectioned, and processed for immunofluorescence 

(LeBouton and Masse, 1980a). 

Several animals were used in an attempt to manipu

late their liver's content of alpha-fetoprotein. Two rats 

(192 g and 480 g) were given the standard TAA injection 

18 hours prior to sacrifice.' In addition these 2 rats 

were given an intravenous (i.v.) injection of colchicine 

(10 mg/IOO g body weight) to prevent secretion but not 

synthesis of plasma proteins (Redman et al., 1975). Two 

additional large rats (560 g each) were partially hepatec

tomized by the method of Higgins and ~nderson (1931) 

three days prior to sacrifice. One of these partially 

hepatectomized rats was also injected with the large dose 

of colchicine (10 mg/IOO g) three hours prior to sacri

fice. A third rat (535 g) was sham-operated three days 

prior to sacrifice as a control. Another large control 

rat was given only colchicine three hours prior to sacri

fice. Three additional large adult male rats received no 

treatment. 
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The procedure at sacrifice for these six rats was 

to cannulate the portal vein as previously described. 

Prior to perfusion, the left lateral lobe was isolated 

with a tight ligature around its base and vessels. The 

remainder of the liver was perfused free of blood. The 

left lateral lobe was then used as a blood-filled sample 

and the median lobe provided the blood-free samples. Only 

blood-free samples of the colchicine control rat were 

available. Wafers of the various liver samples were cut 

and fixed for 4 hours in the 4% paraf?rmaldehyde solution 

at 4°C. The wafers of liver tissue were washed, processed 

into paraffin, sectioned, and processed for immunofluor

escence. 

Mitotic Analysis 

Mitotic analysis was performed on the livers of 

the animals given colchicine and TAA. Adjacent micro

scopic fields were scored for hepatocytes in mitosis until 

at least 1000 adjacent cells were counted. This analysis 

was repeated twice more in different areas of the section 

or in another section 40 to 50 ~m away from the first. 

Thus at least 3000 cells were scored per animal. The 

mitotic figure count was expressed as a percent of the 

total hepatocytes counted to give the mitotic index. 

The zonal distribution of mitotic hepatocytes in 

the simple liver acinus was determined from the same 
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paraffin sections used for the total mitotic index. The 

sections were scanned with low magnification until areas 

were located where two terminal hepatic venules (THVi 

commonly called central veins) were far enough, apart to 

show evidence of a terminal portal venule (TPVi corres

ponding to one side of the classic hexagonal lobule) 

coursing· midway between them. This delimits a simple 

liver acinus. Moving to higher magnification the simple 

liver acinus under study was projected onto a sheet of 

white paper with the aid of a Zeiss drawing tube. The 

terminal hepatic venules at either end of the acinus were 

traced onto the paper and the distance between them was 

measured and divided by 12. This quotient was the radius 

of six adjacent circles which were constructed along a 

line connecting the venules. Through the microscope the 

six circles on the paper were seen superimposed on the . 

section and each mitotic hepatocyte was traced on the 

paper within its respective circle. The total number of 

hepatocytes within each circle was also counted. To be 

included in the tally, one-half or more of a cell had to 

be within a circle. The data were then consolidated by 

combining the scores of the six circles into three in the 

following manner. The values of the circles at either 

end, adjacent to the terminal hepatic venules, were com

bined as acinar zone 3. Zone 1 was formed by the summed 
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scores from the two midqle circles and the combined values 

of the intermediate circles were acinar zone 2. Routinely 

10 acini were scored for each animal. 

Radioaut09:ral?hy 

Radioautograms were prepared from the paraffin

embedded samples of liver from the short-term and long

term rats injected with 3H-thymidine. The method used to 

prepare the radioautograms was slightly modified from 

that described by Thrasher (1966). Sections were cut 

7 ~m thick and mounted on chemically clean microscope 

slides. They were deparaffinized and dipped in NTB-2 

nuclear track emulsion (Eastman Kodak). A red safe light 

was used in the darkroom during the dipping procedure, 

but a distance of at least 4 feet was maintained between 

the safe light and the emulsion. The dipped slides were 

dried in total darkness (2-4 hr) and then stored with 

desiccant in black plastic slide boxes at 4°C. Two sets 

of radioautograms were prepared; one was exposed for 3 

weeks and the other for 9 weeks. Development ~as done 

in undiluted Dektol (Eastman Kodak) for 2 minutes with 

agitation. The radioautograms were rinsed briefly in a 

1% acetic acid solution, and then in Kodak fixer for 15 

to 20 minutes followed by a one-hour rinse in running 

tap water. These solutions were all at l7-20°C. Nuclei 

were stained with 0.1% Nuclear Fast Red in 5% aluminum 



sulfate. The cytoplasm was briefly counterstained with 

0.1% Fast Green FCF in 1% acetic acid. All staining was 

done through the photographic emulsion. 
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The three week exposures of liver sections from 

rats given 3H-thymidine and killed after a short-term 

were used to obtain the DNA synthetic index (number of 

cells in. S phase) profile following TAA. Adjacent micro

scope fields were scored for labeled hepatocytes until 

at least 1000 adjacent cells were counted. This was 

twice repeated in other areas of the section so that 

three thousand hepatocytes were scored per animal. The 

labeled cells were expressed as a percent of the total 

hepatocyte count to give the hepatocyte DNA synthetic 

index. In a similar manner three thousand endothelial or 

littoral cells were counted and the endothelial DNA syn

thetic index was generatRd. The bile ductule cell DNA' 

synthetic index was determined by counting all bile duct 

cells (labeled and unlabeled) in sections taken from 

deep within the liver. 

The zonal distribution of 3H-thymidine-labeled 

hepatocytes in the simple liver acinus was determined with 

the aid of the Zeiss drawing tube in the same manner as 

explained for the mitotic hepatocytes. Some of the 3 

week exposures were used for this analysis, but more 

often the longer exposed radioautogram for the particular 



animal'was utilized. Again ten acini were routinely 

scored for each animal. 

The 9-week exposures of liver sections from rats 

given 3H-thymidine and killed after long intervals were 
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used to count cells that had been in DNA synthesis 40 

hours after TAA and which still were labeled weeks later. 

These overexposed radioautograrns (9-week exposures) would 

show as labeled not only the daughter cells but probably 

the granddaughter cells of a hepatocyte in DNA synthesis 

40 hours after TAA. Adjacent microscope fields were 

scored for the presence or absence of labelling in hepa-

tocytes until at least 1000 cells were counted. This 

analysis was repeated twice more in different areas of 

the section or in another section 40 to 50 microns away 

from the first section. Thus at least 3000 cells were 

scored' per animal &nd the labeled cells ·were expressed as 

a percent of the total hepatocyte count. 

With both the short-term and long-term 3H-thymidine 

sections, the 9-week exposed radioautograms were used for 

photography. 

Binucleated Cells 

An increase in binuclearity of hepatocytes ~s one 

phenomenon of the maturation process in the rat liver 

(White, 1939; McKellar, 1949; St. Aubin and Bucher, 1952). 

The percentage of binucleated hepatocytes following the 
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dose of TAA was determined. The rats given tritiated 

thymidine I hour prior to killing were used for this 

analysis. The paraffin embedded sections were deparaffi

nized, hydrated and stained with Harris' hemat~xylin and 

Eosin Y. As with the mitotic and DNA synthetic indexes, 

cells in adjacent fields were scored for the presence or 

absence of the binucleated condition until a total of at 

least 1000 hepatocytes was counted. This was done three 

times per sample. 

Tissue Alpha-fetoprotein 

Immunofluorescence was used to demonstrate the 

presence of any alpha-fetoprotein (AFP) in liver cells 

that might be synthesized as a result of TAA treatment. 

The paraformaldehyde-fixed, paraffin-embedded tissue 

wafers were used for this procedure. These were from the 

short-term 3H-thymidine-injected rats and from both the

blood-free and blood-filled newborn rat pups. Also 

analyzed were the liver samples from the partially hepatec

tomized and sham-operated rats, those rats given colchi

cine (i.v.) three hours prior to sacrifice, and from the 

rats that had received no treatment. 

Tissue preparation 

The liver wafers were processed into paraffin as 

previously described. Sections were then cut at 7 ~m, 
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floated out on warm distilled water (42°C) and affixed to 

chemically clean glass microslides. Adherence of the 

sections to the slide was achieved by lightly rolling a 

9lass vial over a piece of filter paper placed on the 

section (blot-roll). The slides were then put on a warmer 

at 45°C for at least 1 hour and then either used immedi-

ately or stored at 4°C. 

Immune Sera 

The indirect method of antiserum application was 

used. The primary antiserum was goat anti-rat AFP and 

was a gift from Dr. Stewart Sell, Department of Pathology, 

University of California at San Diego. The secondary 

antiserum was a fluorescein (FITC)-conjugated IgG fraction 

of rabbit anti-goat gamma globulin (Cappel Labs., lot # 

11039)-. Both antisera were diluted \0,7ith phosphate-

buffered saline (PBS) (Appendix A); tissue sections were 

incubated with antisera at room temperature (21°C) in a 

humi9 chamber. 

Immunofluorescent Staining 
for Alpha-fetoprotein 

Staining of the paraffin sections was done in the 

following manner: (a) Two changes of xylene, 1 minute 

each. (b) Two changes of 100% ethanol, I minute each. 

(c) 95% ethanol, 1 minute. (d) 70% ethanol, 1 minute. 

(e) Two changes of PBS, 5 minutes each. (i) Blot-roll. 
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(j) Secondary antiserum (1:20), 1 hour. (k) Two changes 

of PBS, 5 minutes each. (1) Coverslip with glycerol:PBS 

(9:1) • 

Controls 

The following controls for the specificity of the 

immunofluorescence procedures were used: (a) FITC-

conjugated secondary antiserum only. (b) Normal goat 

serum in place of the primary antiserum. (c) Secondary 

antiserum absorbed with the supernatant from the sucrose 

homogenate of a normal rat liver. (d) Normal goat serum 

prior to the primary antiserum. (e) Primary antiserum 

absorbed overnight with plasma shown by radioimmunoassay 

to be high in alpha-fetoprotein. 

Plasma Alpha-fetoprotein 

The frozen plasma samples from the short-term . 

3H-thymidine animals and the one-week long-term 3H-thymidine 

animals were taken to the University of California at San 

Diego. There the samples were analyzed for the presence 

of AFP using radio-immunoassay in Dr. Sell's laboratory. 

Liquid Scintillation 

3 h 'd' '1 After the short-term H-t ym1 1ne an1ma s were 

sacrificed a quick estimate of the relative amounts of 

3H-thymidine uptake was needed while waiting for tpe 

radioautograms to expose. This information was necessary 
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in order to estimate the time interval between the injec

tions of TAA and 3H-thymidine for the long-term 3H-thymidine 

rats. This was an attempt to optimize 3H-thymidine uptake 

in the 'long-term animals. 

The extra perfused and frozen liver tissue from 

the short-term animals was thawed but kept chilled. A 

portion of each liv'er was minced and 0.5 g was weighed 

and placed in a glass homogenizer. To this was added 2 ml 

of 0.25 M sucrose solution. A Teflon pestle driven by a 

motor at 1000 rpm was used to homogenize the liver. The 

homogenizer was kept in an ice bath while a rapid passes 

were m~de with the pestle. 

Samples (100 A) of the homogenate were placed in 

clean glass scintillation vials and then dissolved in 10 

ml of Aquasol scintillation fluid with 0.5 ml NCS (Nuclear 

Chicago Solubilizer) added to each vial to complete the 

solubilization. Each sample was prepared in triplicate. 

Radioactivity was estimated in a Searle Analytic 92 

liquid scintillation spectrophotometer at a temperature 

of aoc. The data were converted to disintegrations per 

minute (dpm) from counts per minute (cpm) using the 

formula dpm = (l/efficiency) (cpm). Counting efficiency 

was indicated by the external standard channels ratio 

(ESR) for each sample. Previously the counting efficiency 

(y-axis) had been poltted versus the ESR (x-axis) for each 
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sample of a standard quenched set for tritium; the slope 

and y-intercept of this plotted line were used in the 

linear equation y = mx + b to determine the efficiency at 

each of the ESRs of the counted experimental s~mples. 



CHAPTER 3 

RESULTS 

Normal Diurnal Variation 

DNA synthesis and mitosis in hepatocytes of 

normal intact male Sprague-Dawley rats exhibited a typical 

circadian fluctuation. When the animals were kept on a 

controlled lighting schedule of 12 hours light/12 hours 

dark the two cycles were distinctly out of phase by 7 to 

8 hour~ (fig. 1). The peak of' DNA synthesis as revealed 

by radioautography of 3H-thymidine labeled cells occurred 

near the end of the dark period; values were highest in 

those animals pulsed with 3H-thymidine then killed either 

at the end of darkness (7 a.m.) or after one hour into 

the light period (8 a.m.). The lowest amount of DNA syn

thesis was found toward the end of the light phase. There 

was a 95 percent decrease from the high point of DNA syn-

thesis to the low; or conversely there was a nineteen 

fold increase from the lowest amount of DNA synthesis 

(0.3%) to the highest (5.8%). The peak of hepatocyte 

mitotic frequency (3.4%) occurred 7 hours into the light 

phase; the highest individual frequencies of colchicine 

arrested mitoses (5.8% and 5.3%) were in animals killed 
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at 2 and 3 p.m. (7 and 8 hours into the light phase). 

Lowest mitotic values occurred in the latter half of the 

dark phase (1 a.m. and 5 a.m.). There was a 98 percent 

decrease from high to low. 
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Both peaks were sharp rather than broad in shape. 

There was a narrow band of time during which DNA synthe

sis was much increased; seven hours later there was a 

similar narrow band of time during which mitotic activity 

rose, peaked, and dropped off. 

Changes Following Thioacetamide 

Microscopic Observation 

Following the single injection of TAA no change 

was seen with light microscopy in the cytoplasm of hepato

cytes. In acinar 'zone 3, which surrounds terminal hepatic 

venules, the cytoplasm was evenly stained; glycogen stores 

could be seen as unstained irregular areas in the cytoplasm 

which were especially prominent in zone 1 or near the 

portal region (fig. 2). This normal pattern of cytoplasmic 

staining was found at all the times following the admin

istration of TAA. By the beginning of the second day 

(24 hours) a few nucleoli appeared to be slightly enlarged. 

Some nucleoli remained prominent and enlarged for several 

hours; they had begun subsiding in size and prominence by 



44 or 48 hours and appeared normal by 72 hours. Few 

necrotic cells were seen at any time. 
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The most striking morphological change following 

the administration of TAA was the appearance of a cellular 

infiltrate of unknown origin in acinar zone 3 (fig. 2A). 

This inflammatory infiltrate which included lymphocytes 

and other white blood cells as well as numerous small 

cells of unknown origin began to appear around an occa

sional terminal hepatic venule by 12 and 18 hours. The 

amount of infiltrate progressed in extent with time; most 

terminal hepatic venules were completely surrounded by 

infiltrate at 30 hours and remained so through 44 hours. 

By 48 hours the amount of infiltrate began to diminish 

slightly. At 72 hours only a thin layer of infiltrated 

cells remained around the terminal hepatic venules. No 

evidence of continued infiltration was seen at 80, 88, 

or 96 hours (fig. 2B). 

The portal canal region renlained unaltered follow

ing TAA. At 30, 32, and 34 hours the portal triad was 

somewhat obscured by crowding; close inspection revealed 

that the 3 characteristic elements of the triad (hepatic 

arteriole, portal venule, and bile ductule) were morpho

logically normal even if crowded. The crowding was' 

probably due to the infiltration at the other end of the 

acinus at these times. 



Uptake of 3H-thymidine 

The hepatic uptake of 3H-thymidine was estimated 

by liquid scintillation spectrophotometry to obtain an 

approximation of the times of increased DNA synthesis 

55 

after TAA. The results were expressed as' disintegrations 

per minute (dpm) per 20 mg wet weight of perfused liver 

(fig. 3). An initial decrease of radioactive levels was 

found which lasted from 6 through 24 hours after TAA; 

12 hours was the low point of 3H-thymidine uptake. 

Following the initial depression there was a broad increase 

in radioactive levels lasting 28 hours (from 30 to 58 

hours after TAA). There were 2 slight peaks of radioac

tivity at 40 and 48 hours after the TAA injection. Highest 

individual uptake values were at 38 and 40 hours, although 

the variation was large from animal to animal in most 

groups. The triplicate samples were close in each case. 

After the 58-hour sample point the levels of radioactiv

ity decreased again. There was a statistically insignif

icant rise at 88 hours. 

Using this data on uptake of 3H-thymidine, forty 

hours was selected as the interval between the injection 

of TAA and the subsequent injection of 3n-thymidine in 

the long-term animals; these animals were then killed 1, 

2, 4, or 8 weeks after the 3H-thymidine injection. The 
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assumption was made that most DNA synthesis and 3H-thymidine 

uptake would be due to TAA. 

Labeled Cells 

In general, TAA profoundly increased the number 

of hepatocytes that normally enter S phase, as assessed 

by radioautography following a pulse-label. of 3H-thymidine 

(fig. 4). From a zero time level near 6 percent, the 

number of labeled hepatocytes dropped to a low of 0.6% 

at 18 hours. Then there was an abrupt increase in the 

labeling index -of more than 12-fo1d in the ensuing 6 hours 

(from 0.6% at 18 hours to 7.4% at 24 hours): The increase 

continued, reaching highest levels at 34-36 hours. The 

number of hepatocytes in S phase was elevated above normal 

from 24 to 58 hours after TAA~ this 34-hour elevation 

total indicated a broad response to TAA. More than twice 

as many hepatocytes entered DNA synthesis after 24 hours 

as had been held back prior to 24 hours (fig. 4). The 

area on the graph which is above zero-level after 24 hours 

is over twice as large as that area which is below zero

level prior to 24 hours. The decline in the labeling 

index after 38 hours was more gradual than the ascent had 

been. The decline was steady w.ith the exception of a 

slight increase at 52 hours, and zero-time or normal 

values were attained by 58 hours. At 72 to 96 hours the 

percentages of labeled hepatocytes were again lower than 



those at zero-time. There was a slight increase at 80 

hours. 

Radioautographic analysis revealed that changes 

in D~A synthetic indices also occurred in endothelial 

cells and bile ductule cells after a TAA injection 

(fig. 4). Endothelial cells showed a 2% labeling level 

at zero time. Low levels of labeling persisted through 

24 hours. By 30 hours there was a significant increase 
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in the percentage of labeled endothelial cells. This 

increase continued, reachirig peak levels at 38-40 hours. 

The percentage of endothelial cells in S phase remained at 

least three times higher than normal levels through 52 

hours after TAA. At 72 to 96 hours the percentages of 

labeled endothelial cells were back to normal zero-time 

levels. Levels of labeling in bile ductule cells showed 

fair amounts of individual variation. But generally it 

can be seen in figure 4 that low initial levels of label

ing persisted through 40 hours after TAA. Labeling levels 

were elevated 2-3.times above zero-time levels from 44 to 

52 hours and then declined back toward normal levels. 

Initial increases in labeling and times of peak synthesis 

in these two types of stromal cells (endothelial and duc

tile) occurred later than peak synthesis in the parenchymal 

cells (hepatocytes). 
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The distribution of hepatocytes engaged in DNA 

synthesis at any time after TAA was not uniform throughout 

the liver acinus. This distribution of labeled cells can 

be understood or visualized best when the data in figure 4 

are reviewed concurrently with that in figure 5. Zonal 

analysis revealed that initially 50% of the labeled cells 

were found in zone land only 15% in zone 3; the remainder 

or 35% of the labeled cells were in zone 2, the intermedi

ate zone. The relationship of zone 1 having the most 

labeled cells, zone 2 an intermediate portion and zone 3 

the fewest (Zl > Z2 > Z3) held throughout the 96 hou,rs 

following a single injection of TAA. However, the magni

tude of the dominence of zone 1 in labeling did vary. 

The percentage of the labeling found in~one 1 increased 

to 75% at 34 hours; from 30 to 38 hours after TAA over 

65% of' the labeled hepatocytes were in zone 1. Both 

zones 2 and 3 had decreased percentages of labeling dur

ing this time period; 25% of the labeled cells were in 

zone 2 and approximately 5% were in zone 3. After 38 

hours the proportion of labeling in zone 1 began to drop 

while the zone 2 portion rose; zone 3 labeling remained 

below 10% of the total. From 48 to 96 hours after TAA 

the distribution of labeling among the 3 zones of the 

acinus was similar to the zero-time levels. 
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A dramatic change found after the TAA injection 

was an increase in the amount or percentage of all cells 

in zone 1 which were in DNA synthesis (fig. 6). At 6, "12, 

and 18 hours the total percent labeled hepatocytes was 

depressed (fig. 4): this decrease occurred in all three 

zones (fig. 6). However the abrupt increase in the label

ing index that began 24 hours after TAA was not reflected 

evenly in all three zones. Zone 1 showed the most 

dramatic response: the increase in zone 1 labeling began 

abruptly in the interval from 18 to 24 hours. From a low 

of 1.2% at 12 hours, zone 1 reached a peak labeling of 

24% at 34 hours; at 34 hours 75% of all labeling was in 

zone 1. Zone 2 responded with a 2-step moderate increase. 

The first increase in zone 2 labeling also began during 

the 18 to 24 hour interval when it increased from 1.1% 

to 5.6%. This level of about 6% labeling was maintained 

through the 38-hour test time. Then zone 2 exhibited the 

second step of its increase rising to 10% at 44 hours: 

this magnitude of labeling continued through 52 hours. 

Though lower than at 52 hours, the amount of labeled 

cells in zone 2 was still elevated at 58 hours; zone 2 

labeling then approached normal or zero-time levels from 

72 to 96 hours. Zone 3 never did respond with an 

increase in the percentage of its cells in DNA synthesis. 
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The segregation of labeling is apparent from the 

quantitative zonal analyses. This segregation is so 

explicit that it also can be seen qualitatively on a low 

power view of radioautograms (fig. 7). In each photo

micrograph of figure 7 the area around a terminal hepatic 

venule, zone 3, is seen to be virtually devoid of labeled 

hepatocytes. This created a striking pattern at times of 

increased zone I and zone 2 labeling such as 34 hours 

(fig. 7C) and 40 hours (fig. 7D) after TAA injection. 

The pattern, though less striking, persisted at later 

times after TAA (figs. 7E and 7F). At zero-time (fig. 7A) 

the pattern was less apparent but the distribution still 

showed a paucity of labeled nuclei in zone 3, the area 

around a terminal hepatic venule. At 18 hours after TAA 

there were so few labeled cells that often only a single 

labeled nucleus could be found in a microscope field 

(fig.7B). 

Mitosis 

The changes in the mitotic index following the 

injection of TAA resembled in nature and magnitude those 

changes in the DNA synthetic index. Initially, as with 

DNA synthesis, there was a decrease in the percent 'of 

hepatocytes arrested in mitosis, then a rapid increase 

fo~lowed by a more gradual'decline (fig. 8). Additionally, 

a second smaller peak was seen in both indexes. The 



shapes of the 2 graphs (figs. 4 and 8) are similar, but 

corresponding points on the curves are out of phase with 

each other with respect to time. The changes in the 

mitotic index succeeded those in the DNA synthetic index 

by 8 to 14 hours. 
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At 18-24 hours the number of colchicine-arrested 

metaphase figures was depressed below the normal level of 

slightly over 3% seen at zero-time· (fig. 9A). Although 

still depressed below the normal amount, the number of 

mitoses had started to increase by 30 hours after TAA. 

The percentage of colchicine-arrested mitoses increased 

at each of the four succeeding collection times reaching 

a peak of nearly 12% at.48 hours. It must be noted that 

individual animals having hepatocyte mitotic levels 

exceeding 11% were found at 40 and 44 hours as well as at 

48 hours (fig. 9B). During the 3 1/2 hour collection 

ending at 52 hours after TAA injection, the number of 

mitotic hepatocytes had decreased to 6.9%. The decline 

then continued, gradually reaching normal mitotic levels 

of about 3% at 88 and 96 hours. There was a slight 

increase at 64 hours which is statistically insignificant. 

However, it is interesting to note its similarity to the 

slight increase seen at 52 hours in the DNA synthetic 

index. 
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After TAA there were increased numbers of hepato

cytes in DNA synthesis and then increased numbers of 

mitotic hepatocytes. Each of these responses covered a 

wide span of time. The time that elapsed from the first 

increase of DNA synthesis (at 24 hours) to the second 

peak at 52 hours was 28 hours. Similarly the number of 

cells in mitosis began to increase at 36 hours and the 

second peak of this increase was also 28 hours later at 

64 hours. Though the total response time was similar the 

times from peak DNA synthesis to peak mitosis did not 

correlate as well. As shown in figure 1 the daily peak 

of DNA synthesis preceeded the mitotic peak by 7-8 hours. 

Following the TAA injection the responses were broad 

increases rather than sharp narrow peaks as seen in the 

circadian fluctuations. The apparent peak of DNA synthesis 

34 hours after TAA preceded the mitotic peak (at 48 hours) 

by 14 hours. Both DNA synthesis and mitosis exhibited 

small second peaks; these 2 peaks were separated by 12 

hours. 

Zonal analysis of those hepatocytes arrested in 

mitosis by colchicine further associated them with the 

preceeding event of DNA synthesis (fig. 10). A zero-time 

the normal situation was seen with zone 1 containing the 

most mitotic hepatocytes and zone 3 the fewest; this 

relationship of Zl > Z2 > Z3 was the same as seen in the 
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distiibution of cells in DNA synthesis. At 18 and 24 

hours there were not enough mitotic figures for an adequate 

zonal analysis. Only one animal at 24 hours had a suffi

ciently high enough mitotic index (1.2%) to allow zonal 

analysis. Of the few mitotic figures available in this 

24-hour animal, 85% were in zone 1, 15% in zone 2, and none 

were found in zone 3. This extreme segregation of mitotic 

figures almost exclusively into zone 1 holds true in the 

30-hour animals as well. Thereafter the percentage in 

zone 1 declined while zone 2 increased until the two 

percentages leveled out between 72-96 hours. 

The overall total mitotic level rose above normal 

between 30-36 hours after TAA (fig. 8). Figure 11 shows 

that this increase was localized in zone 1 which had over 

14% of its hepatocytes in mitosis by 36 hours. Zone 2 at 

36 hours had a near normal value of 5% "mitotic hepatocytes 

while zone 3 had fewer than 1% of its hepatocytes in 

mitosis. From 36 to 48 hours zone 1 continued to have 

elevated numbers of its hepatocytes in mitosis with a 

value over 20% at 44 hours. The largest portion of the 

overall increased mitotic level could be found in zone 1. 

However, zone 2 also made a significant contribution. 

At 44 and 48 hours a two-fold or more increase could be 

seen in zone 2 over its normal zero-time levels. Zone 2 

as well as zone 1 responded with an increase in the 
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percentage of hepatocytes entering mitosis during the 

second day after the injection of TAA. Again no response 

was seen in zone 3. 

At 52 hours a decreased percentage of mitotic 

hepatocytes was seen in both zones 1 and 2. By 72 hours 

and continuing through 96 hours, zone 1 and zone 2 had 

virtually identical percentages of mitotic hepatocytes. 

Zone 3 contributed a negligible amount to the overall 

mitotic index at all times. 

" Binucleated Hepatocytes 

Figure 12 shows the percentage of hepatocytes 

that were binucleated at various times after TAA' injection. 

Though there was a wide amount of variation and fluctua-

tion between and within groups the graph shows that in 

general the pre-3D hour values were higher than the post-

30 hour values. The binucleates levels were highest when 

DNA synthesis and mitosis were actually depressed below 

normal. Thus the number of binucleated hepatocytes 

began to decrease at 30 hours after TAA which was the 

same time that the percentage of mitoses first began to 

increase. No zonal analysis of binucleates was performed. 

Long-term Labeling 

R t h ' h lIb 1 d 'th 3 ' , a s w lC were pu se- a e e Wl H-thymldlne 

40 hours after an injection of either TAA or saline were 



then killed over a period of several weeks. Using the 

radioautograms, labeled hepatocytes were counted and 

expressed as a percentage of total hepatocytes. Table 1 

shows the percentages of hepatocytes that were labeled 
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in both TAA and saline pre-treated rats. The TAA-treated 

rats had 17% labeled hepatocytes one week after the 

3H-thymidine injection. This was slightly higher than 

the 13% average labeling of hepatocytes in the 40-hour 

short-term animals (~ig. 4). The labeling figures 

expressed in figure 4 and table 1 cannot be directly com

pared, however. The animals reflected in table 1 were 

killed one week after their 3H-thymidine injection which 

means that each labeled cell probably had given rise to 

at least 2 descendant cells. The cells in the short-term 

exp~riment which were labeled one hour prior to sacrifice 

did not have time to proceed through G2 and M after 

labeling and before death. One week allowed ample time 

for either reutilization of 3H-thymidine or a subsequent 

second round of synthesis and division of some of the 

initially labeled hepatocytes to yield yet a further 

increased number of labeled cells. By 8 weeks the level 

of labeling in the TAA-treated animals had fallen to 10% 

of all hepatocytes. This was an overall decrease of 41%. 

The saline control rat showed 3.9% labeled hepatocytes 
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after one week. An average of 2.5% was seen in the 2 con-

trol rats at a weeks for an overall decrease of 36%. 

While there was a decrease in the percentage of 

labeled hepatocytes during the a weeks following a pulse

label of 3H-thymidine, this decrease occurred whether the 

animals were injected either with TAA or with saline prior 

to the radioactive pulse-label. Furthermore, over the 

a-week period there was no significant difference in the 

percentage decrease in labeling between groups. 

The distinctive pattern of labeling in the radio

autograms of the short-term animals reported above (see 

fig. 7) was also seen in the long-term animals (fig. 13). 

This pattern resulted from the segregation of the cells in 

DNA synthesis to mainly zone I with lesser amounts in 

zone 2 and few in zone 3. Figure 13A shows the liver of 

a TAA treated rat killed I week after 3H-thymidine injec

·tion; though there is a high overall level of labeling 

very few labeled hepatocytes are seen in zone 3, the area 

immediately surrounding a terminal hepatic venule. At a 

weeks the pattern remained in the TAA-treated rats with 

few labeled nuclei in zone 3, but many midway between 2 

terminal hepatic venules which is zone I (fig. 13B). The 

pattern was much less noticeable in the saline cont"rol 

rats because there were fewer labeled hepatocytes. How-

ever, both at I week (fig. 13C) and a weeks (fig. 13D) 
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few if any labeled nuclei were seen in zone 3. The labeled 

nuclei more closely surrounded portal triads. 

Alpha-fetoprotein 

Plasma Alpha-fetoprotein 

Alpha-fetoprotein (AFP) in the plasma of the 

3H-thymidine animals was measured by radioimmunoassay in 

Dr. S. Sell's laboratory (San Diego, California). The 

results are presented in figure 14. All zero-time animals 

and all samples from control animals not injected with TAA 

(not shown on graph) and AFP levels in a very narrow range 

(0.049-0.087 ~g/ml). Many of the animals (29 out of 44) 

had plasma AFP levels at least two-fold higher (> 0.18 

~g/ml) when killed over the 96 hours after the TAA injec

tion. Two waves of increased plasma AFP levels could be 

seen. One which was higher but not sustained was centered 

around 18 hours after TAA and the second which was lower 

and broader was found 2 days later at 58 to 72 hours after 

TAA. Between the two waves of increased plasma AFP was 

a trough lasting 22 hours (30 to 52 hours after TAA) . 

Thirteen of the 24 animals in this time period had AFP 

values in the 0.~5-0.l2 ~g/ml range; in other words plasma 

AFP levels were depressed nearly back to control levels. 

The first wave of plasma AFP preceded the wave of 

hepatocyte DNA synthesis induced by TAA. More specifically, 
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the first AFP wave correlated with the almost complete 

depression in hepatocyte DNA synthesis. Additionally, 

the first AFP wave passed and a low level was reached. at 

24 hours prior to the drop in number of binucleated hepa

tocytes at 30 hour (fig. 12). The second wave of AFP was 

post-mitotic, that is it followed the time of maximal 

hepatocyte mitotic activity induced by TAA.· The highest 

concentration of AFP detected was 2.5 ~g/ml in an animal 

killed 18 hours after TAA injection; this was a thirty-

five-fold increase over average zero-time AFP levels. The 

highest level in the second wave was 1.24 ~g/ml in a 64-

hour animal and represented an eighteen-fold increase 

over normal levels. 

The long-term animals killed 1, 2, and 4 weeks 

after 3H-thymidine all showed low levels of plasma AFP. 

Thioac'etamide-treated rats showed no difference from 

saline-treated rats after 1, 2, or 4 weeks. AFP was not 

measured in the plasma of the 8 week animals. From an 

average of 0.071 ~g/ml at 1 week there was a decrease to 

0.036 ~g/ml average at 4 weeks; during this 3-week time 

period the animals also doubled their body weights. 

Tissue Alpha-fetoprotein 

An attempt was made to demonstrate the presence of 

AFP by immunofluorescence in liver tissue after TAA admin

istration. The levels of fluorescence were low at most 
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times after TAA and many samples looked quite similar. 

The staining intensity of hepatic tissue from the 150 g 

rats sacrificed at 0, 12, 48, or 58 hours after TAA admin

istration was visually indistinguishable. The liver 

sample from a large normal rat appeared only slightly less 

fluorescent (fig. l7E) than the liver from the younger 

TAA-treated rats. Liver sections from the l8-hour TAA

treated rats fluoresced more than other TAA-treated rat 

livers when stained for AFP (figs. l5B and l7A). The 

specificity of AFP detection 18 hours after TAA was evi

dent when compared to the reduced levels of fluorescence 

seen in the controls (figs. l5D and l5F). The most 

important of these controls, absorption of the primary 

antiserum with plasma high in AFP content, showed much 

reduced fluorescence (fig. l5D). Use of the secondary 

antiserum alone also yielded very low levels of fluorescence 

(fig. l5F). Livers from rats killed 96 hours after TAA or 

from large older normal rats showed very low levels of 

fluorescence after routine staining for AFP. The stain

ing intensity of the 96-hour rats was as low as, and 

indistinguishable from, the controls on the l8-hour TAA 

rats (figs. l5D and l5F). Overall staining levels varied 

slightly from batch to batch in controls and routinely 

stained sections but care was taken to compare only those 

liver sections that had been processed in the same batch. 
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Additionally for each figure included here (figs. 15, 16, 

and 17) the camera and light source settings used to 

produce the negative were identical for each sub part of 

the figure as were all processing conditions to print the 

negative (e.g., paper, exposure time and intensity, 

development time) . 

An occasional small cell fluoresced very intensely 

after immunofluorescence for AFP. These were in nearly 

all sections stained from animals killed 18 to 58 hours 

after TAA injection (fig. 16A and 16B). These small cells 

were found in the area around the terminal hepatic venules 

where the inflammatory infiltrate occurrerl. They were 

small and round and at least one appeared to be binucleated. 

The bright cells appeared to be of parenchymal origin. 

They were not shaped like endothelial cells and their 

nuclei'were round rather than horsehoe-shaped or lobulated 

as were many white blood cells found in this area in H & E 

stained sections viewed with regular light microscopy. 

Alpha-fetoprotein was demonstrated by immuno

fluorescence in newborn rat livers, both blood-free and 

blood-filled. The serum AFP level at this age is around 

6000 ~g/ml (Sell et al., 1974). During fetal life AFP 

is synthesized by the fetal liver and yolk sac; after 

birth the liver continues to synthesize AFP in amounts 

which decrease with age (Sell et al., 1974). The results 
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as seen in figure l6C and l6D were positive; there was an 

intense fluorescent reaction in both cases demonstrating 

the presence of AFP. In the blood-filled specimens, 

intensely fluorescent deposits of AFP were also present 

in many larger blood vessels (fig. l6D). Control stain

ing of the blood-free newborn rat liver (figs. l5C and 

l5E) showed much reduced levels of. fluorescence when com

pared to newborn liver stained in the routine manner 

specific for AFP (fig. l5A). 

To test whether the immunofluorescence technique 

was sensitive enough to show the expected amount of AFP 

in the liver tissue at anyone time, an attempt was made 

to increase the intracellular AFP concentration. This 

was done by giving an injection of colchicine to stop 

secretion but not synthesis of AFP (Redman et al., 1975). 

Alpha-fetoprotein is assumed to be synthesized and 

secreted by the same cellular route and mechanism as 

albumin and other plasma proteins. Redman et ale (1975) 

showed that a large dose of colchicine (10 mg/IOO g; 

100 times larger than the dose used to arrest mitoses) 

administered intravenously to a rat prevented the secre

tion of plasma proteins from the liver but did not stop 

the cellular protein synthesis. Thus the intracellular 

concentrations of proteins for export increased signifi

cantly after colchicine. Two young rats were given TAA 



72 

18 hours prior to killing; one of them also received 

colchicine 3 hours prior to sacri~ice. Hepatocytes from 

the TAA plus colchicine rat (fig. 17B) did appear to 

contain more AFP than those from ~;he rat treated only 

with TAA (fig. 17A). A similar cqlchicine injection was 

given to a rat that had been part~ally hepatectomized 3 

days prior. Again hepatocytes frqm the calchicine rat 

(fig. 17D) appeared to contain mor,e AFP than those from 

the rat that was only partially h~patectomized (fig. 17C). 

The colchicine appeared to increa~e the level of AFP in 

the hepatocytes to a level more e~sily dettected by the 

immunofluorescence technique. Col,.chicine: alone caused 

an increased fluorescence of a nor,mal young adult male 

liver stained for AFP (fig. 17E v~rsus fig. 17F) but the 

normal adult does make small amour~ts of All'P. 



Figure 1 Normal Diurnal Variation of Hepatocyte 
DNA Synthesis and Mitosis. 

DNA synthesis was determined by radio
autography of 3H-thymidine label injected 
one hour prior to sacrifice. Mitotic 
figures were arrested by an injection of 
colchicine 4 hours prior to sacr~fice. 
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Figure 2 Hepati9 Morphology after Thioaceamide. 

Radioautograms of 3H- t hymidine labeled 
liver showing normal hepatic morphology. 
(THV) terminal hepatic venule; 
(PC) portal canal (375X) 
A. 48 h after TAA, note mitotic figures 

at arrows. 
B. 96 h after TAA. 
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Figure 2 Hepatic Morphology after Thioacetarnide 



Figure 3 Hepatic Uptake of 3H-thymidine after 
Thioacetamide. 

Radioactive counts of whole liver 
homogenates at various times after TAA. 
3H-thymidine was injected 1 h prior to 
sacrifice. 
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Figure 4 DNA Synthetic Index after Thioacetamide. 

Hepatocyte, endothelial cell and bile 
ductule cell labeling one hour after 
injection of 3H-thyrnidine at various 
times after TAA. Dotted line represents 
the zero-time or normal level of 
hepatocyte labeling. 
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Figure 5 Distribution of Labeled Hepatocytes. 

Labeled parenchymal cells in the three 
acinar zones one hour after injection 
of 3H-thymidine at various times after 
TAA expressed as a percentage of· all 
labeled cells in the acinus. 
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Figure 6 Intrazonal Labeled Hepatocytes. 

Labeled 'parenchymal cells in the three 
acinar zones one hour after injection of 
3H- t hyrnidine at various times after TAA 
expressed as a percentage of total cells 
within each zone that are labeled. 
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Figure 7 Pattern of Labeling after Thioacetamide. 

Radioautograms of 3H-thymidine labeled 
liver showing few if any labeled cells in 
zone 3, the area around a terminal hepatic 
venule (THV). Labeling is seen in zones 
I and 2. (PC) portal canal. (180X) 
A. Zero hours after TAA 
B. 18 hours after TAA 
c. 34 hours after TAA 
D. 40 hours after TAA 
E. 48 hours after TAA 
F. 72 hours after TAA 
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Figure 7 Pattern of Labeling after Thioacetamide 



Figure 8 Mitotic Index after Thioacetamide. 

Accumulated hepatocyte mitoses four hours 
after injection of colchicine at various 
times after TAA. Dotted line represents 
the zero-time or normal level of mitosis. 
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Figure 9 Colchicine-arrested Mitotic Figures. 

Light micrographs of liver showirig 
blocked mitotic figures (arrows). 
H & E stain. 
A. Zero h after TAAr 2.8% mitotic 

hepatocytes (300X). 
BO. 40 h after TAA, 14% mitotic 

hepatocytes (375X). 
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Figure 9 Colchicine-arrested Mitotic Figures 



Figure 10 Distribution of Blocked Mitoses. 

Blocked mitoses in the three acinar 
zones four hours after colchicine 
injection at various times after TAA 
expressed as a percentage of total 
blocked mitoses in the acinus. 
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Figure 11 Intrazonal Blocked Mitoses. 

Blocked mitoses in the three acinar 
zones after injection of colchicine 
at various times after TAA expressed 
as a percentage of total cells within 
each zone that are blocked in mitosis. 
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Figure 12 Binucleated Hepatocytes after 
Thioacetamide. 

Percentage of binucleated hepatocytes 
in the liver at various times after 
TAA. Dotted lines represent first the 
average of zero to 24 hO,urs and second 
the average of 30 to 96 hours. 
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Figure 13 Labeling Pattern Preserved. 

Radioa~tograms of liver from animals 
given H-thymidine 40 hours after TAA 
or saline and then sacrificed weeks 
later. Compare to Fig. 7D. Labeling 
is seen in zones 1 and 2 with virtually 
no labeled hepatocytes in zone 3 even 
after 8 weeks. 
(THV) terminal hepatic venule. (95X) 
A. 1 week after TAA and 3H-thymidine 
B. 8 weeks after TAA and 3H-thymidine 
C. 1 week after saline and 3H-thymidine 
D. 8 weeks after saline and 3H- t hymidine 
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Figure 13 Labeling Pattern Preserved 



Figure 14 Plasma A1pha-fetoprotein. 

The concentrations of plasma a1pha
fetoprotein at various times after 
TAA were determined by radioimmuno
assay by Dr. S. Sell, UCSD Medical 
Center. Note the two waves of 
increased AFP values. The first is 
before the times of peak labeling 
(DNA synthesis) and the second is 
after the time of peak mitosis. 
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Figure 15 Immunofluorescence for Alpha-fetoprotein. 

Localization of AFP and controls for 
specificity of the localization in 
newborn (left) and adult 18 hour TAA
treated (right) rat liver. A and B 
show that AFP is localized in the cyto
plasm of hepatocytes; the nuclei appear 
darker than the cytoplasm. The control 
section (C,D,E,F) show reduced levels 
of fluorescence. (240X) 

A. & B. Normal immunofluorescent proce
dure; virtually all hepatocytes 
fluoresce. 
A. Newborn 
B. Adult 18 hours after TAA 

C. & D. Primary antiserum absorbed 
overnight with plasma shown by 
RIA to be high in AFP. 
C. Newborn 
D. Adult 18 hours after TAA 

E. & F. Secondary antiserum only; no 
application of primary anti
serum. 
E. Newborn 
F. Adult 18 hours after TAA 
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Figure 15 Immunofluorescence for Alpha-fetoprotein 



Figure 16 Tissue Alpha-fetoprotein. 
I 

A. & B. AFP ~/las loca.lized in a few 
small cells lin the area of the 
portal regidn infiltrate after 
TAAilthis w~s in addition to 
the l!:!.FP showrn localized in most 
hepatocytes Ithroughout the 
acinus. (340X) 
A. l8 hoursl after TAA 
B. 34 hours: after TAA 

I 

C. & D. AFP was easily localized in 
newborn's hepatocytes whether 
the liver was fixed while 
blooa-free or blood-filled. 
C. Newborn, blooc-free. (185X) 
D. Newborn, blood-filled, note 

the intense fluorescence of 
bf the blood in the large 
vessel. (230X) 
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Figure 16 Tissue Alpha-fetoprotein 



Figure 17 Colchicine Effect on Tissue A1pha
fetoprotein. 

Localization of AFP by immunofluorescence 
in two experimental situations and in 
normal adult rat liver was enhanced by 
an i.v. injection of colchicine to stop 
secretion but not synthesis of proteins. 
(230X) 
A. 18 h after TAA 
B. 18 h after TAA, 3 h after colchicine 
c. 3 d after partial hepatectomy 
D. 3 d after partial hepatectomy, 3 h 

after colchicine 
E. Normal adult, no treatment 
F. Normal adult, 3 h after colchicine 
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Figure 17 Colchicine Effect on Tissue Alpha-fetoprotein 



TABLE 1 Decrease in Percent Labeled -Hepatocytes. 

Time 

1 week 

2 weeks 

4 weeks 

8 weeks 

Labeled hepatocytes eA~ressed as a per
centage of the total number of hepato
cytes at vari~us times after a single 
injection of H-thymidine. Forty hours 
prior to the thymidine injection the 
animals were pre-treated with either 
thioacetamide or saline. 

TAA-trea ted Saline-controls 

17 % 3.9 % 

16 % 2.8 % 

13 % 

10 % 2.5 % 

Overall decrease 41 % 36 % 
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CHAPTER 4 

DISCUSSION 

Within hours, a single injection of TAA evokes a 

series of significant responses in the livers of young 

rats. Perhaps the most dramatic response is a burst of 

induced hepatocyte DNA synthesis followed by mitosis. 

Partial hepatectomy has been repeatedly used to induce 

hepatocyte proliferation but it appears that a single 

injection of TAA is a much simpler way of ihducing hepatic 

proliferation. Unlike after partial hepatectomy, this 

growth is not restorative in nature, but instead culminates 

in an excessive amount of hepatocytes, a situation which 

is more similar to neoplastic behavior. A neoplasm is 

abnormal tissue that grows by cellular proliferation more 

rapidly than normal. Throughout the following discussion 

an attempt will be made to compare as well as contrast 

the hepatic proliferation induced by TAA with the restora

tive growth after partial hepatectomy. Due to similarities 

in experimental design, extensive comparisons of hepatocyte 

DNA synthesis and mitosis can be made with the classical 

study done by Grisham (1962) on partially hepatectomized 

rats. 
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Microscopic Findings 

Changes in hepatic appearance after an injection 

of TAA were minimal as seen by light microscopy. Cyto

plasmic staining of the hepatocytes was normal at all 

times after TAA injection; the cytoplasm of hepatocytes 
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in acinar zone 3 was evenly stained while zone 1 hepato

cyte cytoplasm showed unstained irregular areas corres

ponding to glycogen stores. Few necrotic cells were found 

after a 50 mg/kg injection of TAA. Reddy et ale (1969) 

also found negligible cellul~r damage in the first 54 

hours but Morley and Boyer (1977) reported 8% hepatic 

necrosis after a 50 mg/kg dose of TAA. A higher dose of 

TAA (200 mg/kg) is known to produce extensive hepatic and 

renal necrosis (Barker and Smuckler, 1974); in the liver 

this necrosis is localized in zone 3 or the centrilobular 

hepatocytes (Gupta, 1956). Likewise Tongiani et ale 

(1976) found acute necrosis of hepatocytes around the 

central vein (zone 3) 24 and 48 hours after a 250 mg/kg 

injection of TAA; they also noted that hepatocytes in the 

portal regions (corresponding mainly to zone 1) showed 

normal basophilic cytoplasm and mitotic activity. 

The slight inflammatory infiltrate found surround

ing most terminal hepatic venules from 30 to 44 hours 

after TAA was probably in response to minimal unseen 

cellular damage. Neutrophils and mononuclear phagocytes 
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enter inflammatory foci to ingest cellular debris or other 

unwanted particulate material (Ryan and Majno, 1977). The 

amount of cell death was limited in scope as very few 

necrotic cells were seen; the level or rate of cell death 

was probably so low that the necrotic cells were quickly 

ingested and removed. The infiltrate was small in amount 

and its presence was quite limited in time following the 

50 mg/kg injection of TAA indicating minimal cellular 

damage which was localized in zone 3. Larger doses of 

TAA cause extensive necrosis in zone 3 which in turn 

elicits large amounts of inflammatory infiltrate for more 

extended periods of time (Barker, 1970). Another element 

of the infiltrate in the present study could be the so

called "oval cells" which are commonly found in the early 

induction of experimental hepatocarcinogenesis. These 

will be discussed in the subsequent section on AFP. 

A transient increase in the size of hepatocyte 

nuclei and nucleoli was noted following the injection of 

TAA. This finding is in agreement with the work of Olason 

and Smuckler (1976) who found enlarged nuclei in periportal 

hepatocytes within 8 hours after either a low (50 mg/kg) or 

high (200 mg/kg) dose of TAAi the increase of nuclear size 

was maximal at 48 hours and declined thereafter. Concur

rently they observed an increase' in size and number of 

some hepatocyte nucleoli. The presence of enlarged 



nucleoli following a large dose of TAA (150-250 mg/kg) 

which also causes extensive zone 3 necrosis has been 

repeatedly reported (Barker, 1970~ Busch and Smetana, 
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1970; Ekelund, 1971). The enlarged nucleoli contain 

increased numbers of granular elements which are ribonucle

oprotein particles (Barker, 1970; Koshiba et al., 1971; 

Smetana and Busch, 1974). Daily injections of 50 mg/kg 

for 9 days caused hepatocyte nucleolar enlargement (Steele, 

Okamura, and Busch, 1965~ Koshiba et al., 1971). Rather 

(1951) reported that after only two days on a diet con

taining 0.032 percent TAA, rats showed an increase in the 

size of their hepatocyte nuclei and nucleoli. This 

occurred in the absence of cell death or damage. This 

dietary dosage is equivalent to a daily dose of about 

25 mg/kg. 

. The enlarg~d nucleoli found after acute or chronic 

doses of TAA have been found to be correlated with an 

increase in the amount of synthesis of nucleolar RNA and 

some nucleolar prot~ins (Steele et al., 1965; Koshiba et 

al., 1971; Gonzalez-Mujica and Mathias, 1973~ Simard et 

al., 1974). An enhanced total transport of ribosomal RNA 

from rat hepatocyte nuclei was found after only one dose 

of TAA (50 mg/kg); a significant increase in nucleo'side 

triphosphatase activity in the nuclear envelope was also 

found in the same study (Clawson et al., 1980). In 
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another study, the same low dose of TAA was injected into 

rats, and the hepatocyte nucleoli were isolated. The 

nucleoli isolated 24 hours after TAA showed a maximal 

five-fold increase in the rate of RNA synthesis in vitro 

as compared to liver nucleoli of rats. treated with carbon 

tetrachloride or'sa1ine (Andersen, Ba11a1, and Busch, 

1977). This increased rate was maintained with daily 

injections of TAA. 

Nucleoli of regenerating liver enlarge within 6 

to 12 hours after partial hepatectomy and reach a maximum 

by 24 hours by which time the mean nucleolar volume has 

quadrupled (Stowell, 1948). The proliferative and meta

bolic activities of cells have been suggested to correlate 

with the size of their nucleoli (Steele et a1., 1965). 

Generally, cells undergoing rapid protein synthesis or 

replication have en1~rged nucleoli. However, it should 

be noted that in some experimental situations hepatocyte 

nucleoli can be stimulated to hypertrophy even in nonrep1i

cating nuclei (Bailey, Short, and Lieberman, 1976). 

Nucleolar hypertrophy, while no longer regarded 

as a pathognomonic sign of cancer cells, is typical of 

cells engaged in active protein synthesis and particularly 

of actively dividing cells (Robbins, 1974). The presence 

of some enlarged nucleoli in the hepatocytes of the rats 

in the present study correlates well with the dramatic 
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increase found in the number of cells engaged in DNA syn

thesis. These results will be discussed subsequently. 

DNA Synthesis 

3H-thymidine Uptake 

Thymidine is not normally on the main intracellu

lar pathway that leads to DNA synthesis but it is readily 

incorporated into the cell and phosphorylated to thymi

dine monophosphate by thymidine kinase. Thymidine kinase 

(and kinases of the other deoxynucleosides) probably exist 

as salvage enzymes to make use of the breakdown products 

from dead cells in the whole animal (Cleaver, 1967). 

This salvage pathway allows for entrance of radiolabeled 

thymidine into the intracellular DNA synthesis pathway. 

A sequence of phosphorylation steps leads to radiolabeled 

thymidine ~riphosphate which is' then assembled, together 

with other nucleoside triphosphates, into DNA (Cleaver, 

1967; Kornberg, 1974). 

The results presented in figure 3 show an initial 

small decrease followed by a larger and longer lasting 

increase of 3H-thymidine uptake into the livers of rats 

previously injected with TAA. The amount of 3H-thymidine 

counted in such a sample of whole liver correlates only 

roughly with actual levels of DNA synthesis. The counts 

were not a measure of true incorporation of the 3H-thymidine 
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into DNA but rather uptake by the whole liver, whether 

incorporated into DNA or not. The DNA was not isolated, 

thus all the tritium counted was not necessarily that 

which had been incorporated into DNA. Some of the counts 

may have been due to 3H-thymidine non-specifically binding 

to other molecules, especially peptides, in the cells 

(Morley ~nd Kingdon, 1972). The 3H-thymidine also may 

have been metabolically converted to products other than 

DNA such as RNA; the tritium could still have been in the 

sample counted. 

The major breakdown pathway of thymidine is through 

thymine, dihydrothymine, S-ureidoisobutyric' acid (BUlB) 

and S-aminoisobutyric acid (BAlB) to carbon dioxide and 

water (Potter, 1959; Cleaver, 1967). BAlB, CO2 and H20. 

are then easily excreted in mammals. Lesser amounts of 

thymidine are converted via minor pathways to 5-carboxy

uracil, 5-methy1barbituric acid, S-alanine or to RNA. 

Thymidine can enter RNA as ribothymine which replaces 

uracil in about lout of 100 uracil molecules (Potter, 

1959). The methyl group of thymidine can be incorporated 

into various proteins but the amount of label incorporated 

into proteins is very small compared to the amount incor-

porated into DNA (Cleaver, 1967). 

Of the total amount of 3H-thymidine injected only 

a small portion enters any particular organ such as the 
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liver. Unincorporated precursor (3H-thymidine) is cleared 

from the blood stream in about 30 minutes. Metabolism is 

quite rapid since breakdown products of 3H-thymidine are 

found in the rat liver within 2 min. of the injection 

(Chang and Looney, 1965). By one hour after injection, 

when the samples in this study were taken, most of the 

tritium labeled breakdown products had been excreted. Of 

the tritium remaining in the liver a major proporti.on had 

been incorporated into DNA while a lesser portion had 

probably entered such products as RNA and proteins. A 

portion of the intracellular tritium might be thought to 

be in the form of phosphorylated derivatives of 3H-thymidine. 

These pools can be quite large in tissue culture but in 

vivo these intracellular pools are cleared at about the 

same rate as the blood stream (Cleaver, 1967). 

. The amount of plasma 3H-thymidine after a single 

injection decreases greatly from its peak at or before 20 

minutes (Messier and LeBlond, 1960) and is essentially 

cleared by one hour (Thrasher, 1966). The livers in this 

study had been thoroughly perfused so few counts can be 

attributed to contamination by plasma. The radioautograms 

that were exposed for 9 weeks support this. As well as 

having scant labeling over the cytoplasm they showed few 

silver grains over the sinusoids and other vessels (see 

fig. 2). 
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TeA-precipitation and further isolation of the DNA 

was not done prior to the liquid scintillation counting of 

the tritium. Because the livers had been perfused free of 

blood and because most of the tritium in the liver after 

one hour is incorporated into DUA there would only have 

been a small amount of free or soluble 3H-thymidine in the 

liver homogenate. While TeA precipitation might have 

decreased the magnitude of the counts (dpm) in anyone 

liver sample, it would not have changed the temporal 

sequence of decreased then increased uptake of 3H-thymidine 

reflected in figure 3. 

The homogenized liver samples that were measured 

for tritium included both parenchymal and stromal hepatic 

cells. Hepatocytes, the parenchyma of the liver, consti-

tute 60.6 percent of the normal liver cells. Littoral 

(lini~g, sinusoidal endothelial) cells compose 33.4 per

cent and ductal cells account for about 2 percent (Daoust, 

1958). The remainder of the normal liver composition is 

due to such cells as fibroblasts and smooth muscle cells. 

Figure 3 shows the amount of radioactivity in the liver 

one hour after injection of 3H-thymidine which was given 

at various times after TAA injection. The peak 3H-thymidine 

uptake at 38-40 hours follows the peak at 34 hours 'of DNA 

synthesis in the hepatocytes (see fig. 4). After TAA the 

peak DNA synthesis' in the hepatocytes preceeds the times 



100 

of peak DNA synthesis in the other cell ~ypes. The peak 

of DNA synthesis in endothelial cells is 38-40 hours 

after TAA while slightly increased labeling of bile duct 

cells is seen 44-52 hours after TAA. These clear cut 

temporal differences of responses of parenchymal and 

stromal cells can not be detected by looking at a whole 

liver homogenate. The peak 3H-thymidine uptake at 38-40 

hours reflects the overlap of the parenchymal and stromal 

responses. As seen by radioautographic analysis (fig. 4) 

the parenchymal response to TAA of increased DNA synthe-

sis is prior to the time of stromal response. In 

regenerating rat liver, Grisham (1962) found clear-cut 

temporal differences between periods of DNA synthesis in 

hepatocytes, ductal cells and littoral cells. Peak 

synthesis in ductal and littoral cells occurred at least 

16 hours later than peak synthesis in hepatocytes. 

Fabrikant (1968) likewise found that the onset of DNA 

synthesis in littoral cells followed the onset of paren

chymal cell proliferation after partial hepatectomy by 

24 hours. He found bile duct epithelium lagged even 

further behind. 

Radioautography--Short-term Labeling 

Radioautography of the 3H-thymidine labeled livers 

was done to ascertain the DNA synthetic index of the 

parenchymal cell population and of two stromal components 



(endothelial and bile ductule cells). 3H-thymidine was 

originally believed to be incorporated exclusively into 

DNA (Reichard and Estborn, 1951) but then Potter (1959) 
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showed ribothymine's natural occurrence in RNA. The incor

poration of 3H-thymid~ne is mainly into DNA. No radio

autographic reaction is seen following treatment of 

sections. from 3H-thymidine injected animals with the 

enzyme DNAase (Messier and LeBlond, 1960). Treatment 

with RNAase also does not significantly reduce the amount 

of radioautographic reaction. The incorporated 3H-thymidine 

is not removed during fixation and subsequent histological 

procedures while the acid soluble breakdown products of 

3H-thymidine are removed. If the tritium is in the 

thymidine methyl group, as it was in this study, scant 

tritium will be incorporated into protein and thus con

taminate the histological section. 

3H-thymidine, injected either intravenously or 

subcutaneously, is available to the tissues in any sizable 

amount for only a brief period (Messier and LeBlond, 1960) •. 

An injection of 3H-thymidine can be regarded as a pulse 

label with a duration of about 30 min. (Thrasher, 1966). 

The pool size of TdR must be increased by the injection 

but is temporary as the pool is cleared about as quickly 

as the bloodstream (Cleaver, 1967). Additionally, at the 

concentrations used in the present study the amount of 



3H- TdR introduced creates a tracer effect on the pOOli 

much larger amounts of 3H- TdR would have to be injected 
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to create a flooding condition which might then inhibit 

growth (Cleaver, 1967). Once 3H-thymidine is incorporated 

into DNA it remains there with t:he label being retained 

in the nuclei for at least many months (LeBlond, Messier, 

and Kopriwa, 1959; Messier and LeBlond, 1960). The label 

is diluted only by subsequent division of the cell 

(Bertalanffy, 1964). 

The decay of tritium to stable helium produces a 

beta particle of low average energy (a maximum of 0.018 

Mev). These low energy electrons travel only a short 

distance through the photographic emulsion; 50% of them 

step within 1 ~m and 90% of them travel less than 3 ~m 

(Hughes et al., 1958; Perry, 1964). Using tritium labeled 

thymidine allows good radioautographic resolution (Taylor, 

Woods, and Hughes, 1957) which means there is so little 

scattering that two adjacent objects can be clearly 

differentiated as to which is labeled. When labeled 

cells are viewed from above the majority of reduced silver 

grains are superimposed directly above the nucleus 

(Thrasher, 1966). In a radioautogram, labeled and 

unlabeled hepatocytes are easily differentiated from each 

other and from the liver stromal cells (see fig. 2). 



To summarize, there are several advantages of 

using 3H-thymidine under the conditions of the present 

study. First, 3H-thymidine has been shown to be incor-
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porated into and retained in DNA. Second, an injection 

of 3H-thymidine in vivo can be considered a pulse label. 

Finally, the tritium label allows excellent radioauto

graphic resolution. For these reasons radioautography is 

a valuable tool because it allows the determination of 

the percentage of hepatocytes (or other particular cell 

types) engaged in DNA synthesis at the time of the pulse. 

Furthermore it is possible to determine from the radio

autograms the acinar location of those hepatocytes under-

going DNA synthesis. 

Following an inj ection of TAA. there were signif

icant changes in the percentage of cells in DNA synthesis 

in the hepatocyte population (fig. 4). The zero-time 

animals had nearly 6% of their hepatocytes labeled with 

3H-thymidine. This value is in good agreement \'lith the 

values published for similar aged male Wister rats by 

Grisham (1969). He found the percent labeled hepatocytes 

fell from 7% at 4 weeks to about 3% at 6 weeks of age. 

The animals in the present study were all injected during 

the last hour of the l2-hour dark period and sacrificed 

one hour later. This corresponded to the time of the 

normal peak diurnal DNA synthesis found for the lighting 
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conditions u~ed ~ere (see fig. 1). Using the time of peak 

diurnal labeling as the ~ime of sacrifice throughout the 

experiment allow~d for the potential visualization of any 

decreases in labeling as: well as expected increases. 

Decreases in hep~tocyte labeling occurred at 6, 12, and 

18 hours after TM admin~istration (fig. 4). This appears 

to represent a s~gnificant decrease in the numbers of 

hepatocytes ente;ring DNAI synthesis during the first 18 

hours following ·the TAA injection. 

The circ~dian cy~les of DNA synthesis and mitosis 

in the rat liver are linked not only to the lighting 

schedule but more specif:ically to the eating patterns of 

the rats. Rats, being nocturnal, generally eat the largest 

daily amount soo;n after :the lights go off; their peak 

hepatocyte DNA synthesisl is about 12 hours later when the 

lights. go back o;n. Four: weeks of continuous illumination 

with food and wa·ter ad llibitum flattened out the circadian 

variations in DNj\ synthe:sis as measured by 3H-thymidine 

incorporation into DNA (Schulte-Hermann and Landgraf, 

1974). When the rats we~e then allowed access to food for 

only as-hour pe:;riod each 24 hours, a rhythm was re

established with the time of increased DNA synthesis 

following the st~rt of the feeding period by 12 hotirs. 

The TAA in the p;resent study appeared not to have affected 

the rats' eating patterni. That the rats ate during this 
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time period was evidenced by their full stomachs at the 

time of sacrifice. However, the efficiency of food diges

tion and utilization after TAA is unknovln. It can be 

said that 6, 12, and 18 hours following an injection of 

TAA the percentage of labeled hepatocytes is significantly 

lowered as compared to controls if all animals are sacri

ficed at. the time of normal peak daily DNA synthesis. In 

the regenerating liver no change was seen in the percen

tage of labeled hepatocytes at 6 or 12 hours after partial 

hepatectomy (Grisham, 1962). 

The zero-time percentage of hepatocytes in DNA 

syntheses of 5.8% (corresponding to normal peak diurnal 

levels) in this study were slightly higher than the value 

of 3.4% in a diurnal study done by Hessier and LeBlond 

(1960). There are 2 possible reasons for their somewhat 

lower values. First they only tested 4 times during the 

24-hour day and thus decreased their chances of locating 

the maximum point as was done in the present study. 

Second, the rats they tested were slightly larger or 

older and for this reason vlOuld have a lower DNA synthetic 

rate because the rats' growth slows with age. The peak 

in the number of rat hepatocytes which are synthesizing 

DNA occurs during the postnatal second week and has been 

shown to decrease with increasing age (LeBouton, 1974, 

1976). The mitotic activity of liver parenchyma is also 



highest in young rats and decreases with age (McKellar, 

1949; Do1janski, 1960; Nadal and Zajde1a, 1966). 
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The percentage of labeled hepatocytes at zero-time 

in this study (5.8%) is much higher than the 0.26% that 

Grisham (1962) found in his study of liver regeneration 

following partial hepatectomy. Several differences in 

procedures may account for at least part of the disparity. 

First, different strains of rats were used in the 2 

studies and although the body weights were nearly identi

cal the Wistar rats used by Grisham were probably 3 to 5 

weeks older than the S-D rats used here. Second, in 

Grisham's work the times of sacrifice were not carefully 

optimized for times of peak diurnal DNA synthesis and 

mitosis. All rats were killed during a two-hour period 

in the morning on the assumption that both DNA synthesis 

and mitosis were high then, but we know from the present 

work that the two peaks are further apart than two hours 

(see fig. 1). Third, Grisham did not publish what sort 

of a light/dark cycle was used in the animal quarters, 

which could have been different. Finally, the rats in 

the regenerative study were fasted 12 hours prior to 

operation so the zero-time animals killed just after 

partial hepatectomy or just after sham operation had not 

eaten during the immediately preceding light or dark 

periods; this may have decreased the labeling index during 
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the normally high morning hours. Fasting during the first 

22 hours of regeneration after partial hepatectomy has 

been shown to depress the peak of DNA synthesis in wean

ling rats while adult 'rats are not significantly affected 

(Bucher, 1963). Leduc (1949) also noted a decrease or 

cessation in mitotic activity in livers of young mice 

after 16, hours of fasting. A corresponding decrease in 

DNA synthesis levels would be expected several hours prior 

to a decrease in mitotic activity. She also found that 

refeeding after a 24-hour fast causes an increase of liver 

mitotic activity even in old mice with normally low 

mitotic activity, thus any experimental procedure involv

ing enforced fasting must be carefully evaluated. Admin

istration of TAA and fasting each seem able to depress 

the number of hepatocytes in the DNA synthesis/mitosis 

cycle. Likewise with time after TAA or with refeeding . 

after fasting an increase is observed. 

Following the initial decrease, a large increase 

was found in the percent of labeled hepatocytes after TAA 

(fig. 4). The peak labeling after partial hepatectomy 

occurs more quickly and reaches somewhat higher levels 

than after TAA. Grisham (1962) found peak DN~ synthesis 

at 20 hours after operation with 29% labeled hepatocytes 

and Fabrikant (1968) found a peak hepatocyte labeling 

index of 44% at 25 hours. Following TAA the labeling 
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index as seen in figure 4 remained increased for a longer 

period of time than found by either Grisham (1962) or 

Fabrikant (1967, 1968) in the regenerating liver after 

partial hepatectomy. A sharper peak was seen after partial 

hepatectomy than after TAA. The prolonged response after 

TAA is probably due to a combination of events. Those 

hepatocytes that were inhibited from undergoing normal 

rounds of DNA synthesis in the first 18 hours after TAA 

may have been released from this inhibition. The initial 

surge of increased numbers of hepatocytes going into DNA 

-
synthesis can be accounted for by a "catch-up" phenomenon 

by the liver. However, the size of the peak of DNA 

synthesis is too large to only represent a catch-up 

effect. Additional hepatocytes must have been recruited 

to undergo an extra or at least early round of DNA 

synthesis. 

The decline in percent labeling of hepatocytes 

after TAA was more gradual than its abrupt ascent; simi-

larly, an abrupt increase in activity followed by a more 

gradual decline was found in regenerating liver after 

partial hepatectomy (Grisham, 1962; Fabrikant, 1967, 

1968). This pattern was also seen in the liver after 

injury due to bromobenzene (Nostrant et al., 1978) "and 

carbon tetrachloride (Schultze et al., 1973) as well as 

during the increased hepatocyte DNA synthesis induced by 
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a solution of triiodothyronine and glucagon (Short et al., 

1972) . 

A slight increase or second peak of labeling was 

seen at 52 hours after TAA. This small peak m~y repre

sent a group of hepatocytes going through a second round 

of DNA synthesis. Enough time had elapsed after the 

initial increase at 30 hours for some hepatocytes to have 

gone through a round of synthesis followed by mitosis and 

then to have entered a second round by 52 hours. A time 

of 16.5 hours for a complete hepatocyte c~ll cycle has 

been estimated in regenerating liver of similarly aged 

rats (Grisham, 1969). A second peak in the labeling 

index ~fter partial hepatectomy was not found by Grisham 

(1962) but Fabrikant (1967) noted a second much smaller 

wave of DNA synthesis at 48 hours, 23 hours after the 

initial large peak. Rabes, Wirsching, and Tuczek (1976) 

presented fraction of labeled mitoses curves which suggest 

that some hepatocytes in the periportal and intermediate 

regions may re-cycle after having completed the first 

mitotic phase after partial hepatectomy. 

Following TAA the general response of hepatocyte 

DNA synthesis is an increase. The decrease noted at 6, 

12, and 18 hours is more than offset by the greatly 

increased labeling index extending from 30 to 52 hours 

after TAA. A significant portion of the increase can be 
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explained by the delayed entrance into DNA synthesis of 

the hepatocytes which were held back during the 6- to 18-

hour period. Another portion of the hepatocytes which 

enter DNA synthesis in a group beginning after 24 hours 

represent cells that had been blocked in GO. The recruit

ment of noncycling GO blocked cells is shown by a delayed 

release, while Gl or G2 blocked cells would have shown an 

earlier release (Gelfant, 1977). 

Zonal analysis of the radioautograms showed that 

'the hepatocytes engaged in DNA synthesis were not randomly 

distributed throu9hout the acinus after TAA injection 

(fig. 5). Nor were they randomly distributed at zero

time. The hepatocytes engaged in DNA synthesis at zero

time ~ere primarily localized in zone 1 with an interme

diate amount in zone 2 and few in zone 3. This distribu

tion or segregation begins early in the postnatal period 

of rats (LeBouton and Marchand, 1970; LeBouton, 1974) 

and continues through 20 days (LeBouton, 1976) to at 

least 30 days (LeBouton, personal communication). The 

rats in the present study were about 5 weeks old, a time 

when their body and liver weights were still rapidly 

increasing. The zero-time values reflect the normal 

distribution of replicating hepatocytes with about '50% 

localized in zone 1, 35% in zone 2 and 15% in zone 3 

(fig. 5). Following TAA administration the levels of 
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DNA synthesis were greatly increased but the distribution 

of labeled hepatocytes remained Zl > Z2 > Z3. The hepato

cytes induced by TAA' to begin a round of DNA synthesis 

were primarily located in zone 1 especially during the 24-

to 38-hour period. The response seen in zone 2 was 

smaller in magnitude and had a longer time delay. The 

division of the acinus into 3 zones is arbitrary and the 

acinus must also be thought of as a continuum with a 

gradation along the sinusoids from portal to hepatic ends. 

If. the acinus had been divided into 4 rather than 3 zones, 

then the intermediate 2 zones might have shown the grada

tion even more dramatically. For instance in such a case 

zones 1 and 2 might show high intrazonal percent labeling 

(as in fig. 6, zone 1) and zones 3 and 4 would have a much 

lower level. Hypertrophy of cells at one end of the acinus 

could have the effect of artifactually shifting labeled 

cells from one zone to the next. Since no change in 

hepatocyte size was apparent in any of the three zones, 

the point remains that the portal end of the acinus was 

the site of,maximal response to the TAA in terms of 

increased hepatocyte DNA synthesis levels. Zone 2 showed 

some response and reflects the gradation of response from 

high (zone 1) to low (zone 3). Zone 3 never did respond 

with increased levels of hepatocyte DNA synthesis. 

Increasing the dosage of TAA would not cause increased 



zone 3 labeling but ~ould rather cause cell injury and 

necrosis in t~is zons. 
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The p~ttern o:f the response to TAA described in 

the present study is Isimilar to the initial response 

after two-thiJ;ds partiial hepatectomy. During the times 

of increased ONA synthesis after partial hepatectomy well 

over 60% (and as muchl as 85%) of the labeled hepatocytes 

were localize~ in zon!e 1 with few in zone 3 and the 

remainder in ~one 2 (Grisham, 1962; Fabrikant, 1967, 

1968). Alexallder and! Grisham (1965) mapped large areas 

of radioautogJ;ams frqm regenerating liver. Using serial 

reconstructio~ls they :determined that zone 1 or the area 

of parenchyma immedialtely adj acent to the terminal portal 

venules was the most active site of proliferation of 

hepatocytes. Furthermore, the pattern of zonal distribu

tion in early stages after partial hepatectomy or after 

TAA injection is simillar to the normal distribution (Zl > 

Z2 > Z3). In contrast to that, during later stages 

after partial hepatec,tomy the normal pattern is lost. 

By 42 hours (~;risham,1 1962) or 48 hours (Fabrikant, 1967, 

1968) after p~rtial h:epatectomy the labeled hepatocytes 

are evenly di,tributed among the 3 zones which differs 

greatly from i~he segregation seen 42-48 hours after TAA. 

The differenc~ may re:flect the relatively different meta

bolic load on the two: types of liver. After partial 
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hepatectomy only a small portion of hepatocytes remain 

yet they must proliferate and still carry the entire 

metabolic load. All original hepatocytes remain intact 

after TAA however, and those replicating remain localized. 

This even distribution continues through at least 72 

hours (Grisham, 1962) but later time periods have not been 

studied. One might expect that as the regenerative or 

"restorative growth slows, then stops, the normal distri

bution would be reestablished with most replicating hepato

cytes residing near the portal end of the acinus. 

Like the hepatocyte population there were signif

icant changes in the percentage of endothelial and bile 

ductule cells in DNA synthesis following an injection of 

thioacetamide (fig. 4). However, temporal differences 

among the responses of the three cell types were seen. 

Increased labeling of endothelial cells was first seen "at 

30 hours; this was 6 hours after the initial increase of 

hepatocyte labeling. Peak labeling of endothelial cells 

was about 4-6 hours later than peak hepatocyte labeling. 

The time of increased labeling in bile ductule cells 

lagged a~ter the increases in both hepatocytes and endo

thelial cells. The initial increased labeling of bile 

ductule cells at 44 hours was 24 hours after the initial 

increase of hepatocyte labeling and 10 hours after peak 

hepatocyte labeling. The stromal cells may be responding 
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directly to the TAA or they may be responding to the 

response of the parenchymal cells. Following partial 

hepatectomy in rats Grisham (1962) found similar temporal 

differentials. As mentioned previously he found peak 

parenchyma~ labeling at 20 hours. Peak labeling of both 

duct cells and littoral cells occurred at 36-42 hours· 

after partial hepatectomy. Following partial hepatectomy 

or thioacetamide injection the increased DNA synthetic 

activity occurs in parenchymal cells prior to the two 

stromal cell types evaluated. 

Radioautography--Long-term Labeling 

The long-term labeling study was done in an 

attempt to ascertain the fate of the cells which were 

induced by TAA to undergo a round of DNA synthesis. Ani

mals were given an injection of 3H-thymidine 40 hours 

after the injection of TAA or saline. They were then 

killed 1, 2, 4, or 8 weeks later. Over the 8-week period 

there was an overall decrease in the percentage of labeled 

hepatocytes in both groups (table 1). This most likely 

reflects the continued cell division of both labeled and 

unlabeled hepatocytes. The cells not in DNA synthesis 

at the time of the· 3H-thymidine pulse label subsequ.ently 

went through 1 or more rounds of synthesis and mitosis 

during the eight-week period of study. This in turn 

resulted in a reduction of the percentage of labeled 
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hepatocytes. Reduction in the percentage of labeled cells 

over time probably is not due to de1iterious effects of 

the incorporated 3H-thymidine when low specific activity 

isotope is used at the dosage used in the present study 

(1 ~Ci/kg body weight). This is the same dose used by 

Messier and LeBlond (1960) in their classic work on cell 

pro1ifer~tion and migration in tissues of adult rats. 

They scrutinized tissues taken from rats at intervals 

several hours to 95 days after 3H-thymidine injection and 

found no adverse morphological effects. A similar low 

dose is used for in vivo analysis of cell cycle kinetics 

based on fraction of labeled mitoses curves (Quast1er and 

Sherman, 1959; Quast1er, 1963). Increased mitotic activ

ity in the duodenum of adult mice has been demonstrated 

almost immediately after a single injection of normal or 

trit'iated thymidine at a dose of approximately o. 3 ~g/g 

body weight (Greulich, Cameron and Thrasher, 1961). 

Further work showed this effect to be dose dependent and 

is probably negligible at doses less than 0.05 ~g/g 

(Greulich, 1962). The dosage of thymidine in the thio

acetamide studies presented here was 0.04 ~g/g body weight 

and it was ,assumed that this weight of an exogenous 

thymidine load would have minimal effects on the intact 

animal. 
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3H-thymidine and other radioactive DNA precursors 

could have harmful effects on the timing of the normal 

cell cycle. Perturbations in cell cycle progression of 

several mammalian cell lines were demonstrated with pro-

longed or sustained radioactive labeling in vitro (Ehmann 

et al., 1975). Ten hours of incubation with high levels 

of 3H-TdR(0.5 and 1.0 rnCi/ml) caused a cell cycle block 

as evidenced by increased numbers of cells being in G2H1. 

It is difficult to correlate such in vitro continuous 

labeling conditions with in vivo labeling by a single 

injection. In the intact animal the radioactive DNA pre

cursor is rapidli cleared from the bloodstream so the 

cells do not continue to be bathed in highly radioactive 

plasma unlike the cells in culture which are immersed in 

radioactive media. A 20 minute flash labeling in vitro 

at a high 3H- TdR concentration (20 ~Ci/ml) caused a cell 

cycle block at 4 hours but by 8 hours the cells had over-

corne the block and progressed into Gl ' and then continued 

through at least 2 apparently normal generations (Ehmann 

et al., 1975). Deliterious effects of 3H-thymidine in 

the long-term animals of the present study would have to 

come only from the incorporated 3H-thymidine as the blood

stream was virtually cleared within an hour of injection. 

The 3H-thyrnidine may have slowed the normal cell cycle 

progression initially during uptake and incorporation. 
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However, this 1 ~Ci/g in vivo dose has not been shown to 

have distinctive effects on the replication time and 

pattern of hepatocytes in the growing rat (Post, Huang 

and Hoffman, 1963; Post and Hoffman, 1964). At the low 

dose and specific activity used here, the 3H-thymidine 

is not growth inhibitory or cell cycle slowing as is 

seen at higher dosages in vivo and even more often seen 

in culture where the whole body control and regulation 

of circulating TdR levels is removed (Cleaver, 1967). 

These long-term a~imals showed a distinctive 

pattern of labeling (fig. 13). The pattern is created by 

the preponderance of labeled cells in zone 1. This dis

tinctive pattern was also seen in the short-term animals 

(fig. 7). The pattern remained throughout the eight weeks 

with very few labeled hepatocytes ever being found in 

zone 3 surrounding terminal hepatic venules either in 

the controls or TAA-treated rats. Evidently, the large 

or excess amount of cells induced into DNA synthesis by 

TAA do not move out of zone I and are not removed from 

the general hepatocyte popula~ion preferentially. Nor 

are any new lobules formed since labeled cells are not 

dramatically shifted to other zones. 

Mitosis 

The changes in the mitotic index after TAA (fig. 8) 

parallel the changes in the DNA synthetic index (f~g. 4) 
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with a time lag of 8 to 14 hours. Doubling of the DNA 

complement is generally regarded as a prerequisite of 

mitosis (Bucher, 1967). Most cells that proceed from Gl 

into S then continue to complete a mitotic cycle (Gerson, 

1978). However, a few subpopulations of G2 arrested 

cells have been demonstrated (Gelfant, 1963, 1966, 1977; 

Perry and Swartz, 1967); such groups of cells could pre

sumably enter mitosis directly. The peak of parenchymal 

cell mitosis (11.7%) was found 48 hours after TAA with 

the first increase noted between 30 and 36 hours. Reddy 

et ale (1969) also found the highest percentage of meta

phase hepatocytes at 48 hours after an identical dose of 

TAA. They used a 6-hour colchicine collection time 

interval so the 18.5% metaphases that they found at 48 

hours was expectedly higher than found in the present 

study with a 4-hour colchicine collection. After TAA 

the mitotic peak, like the preceding DNA synthetic peak, 

was broad rather than sharp in shape. This reflects the 

incomplete synchrony of the hepatocytes as they respond 

to the TAA. Mitosis in most mammalian cells, including 

hepatocytes during regeneration, lasts only forty-five 

to sixty minutes (Edwards and Koch, 1964; Mitchison, 

1971); if cells are in near-perfect synchrony then the 

peak in their mitotic index should be narrow and sharp. 

The curve demonstrating the mitotic response of hepatocytes 
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to TAA was similar in shape and magnitude to that found 

after partial hepatectomy (Grisham, 1962; Fabrikant, 1968; 

Bertalanffy et al., 1970). However, the increased mitotic 

activity occurs more quickly after partial hep?tectomy 

than after TAA. The peak mitotic index is found 26 to 36 

hours after partial hepatectomy and about 48 hours after 

TAA. A slight second peak of mitotic activity after TAA 

was seen at 64 hours, 16 hours after the first peak of 

parenchymal labeling (fig. 8). This could represent a 

group of hepatocytes recycling through a second round of 

mitosis after TAA. A similar small second wave of mitosis 

has been noted 56 hours after partial hepatectomy, or 23 

hours after the first peak (Fabrikant, 1968). 

The zero-time values in figure 10 confirm that 

normally most mitotic hepatocytes, like their precursors 

the DNA-replicating hepatocytes, are located in zones 1 

and 2 with very few in zone 3. The first increase in 

mitotic activity at 30 and 36 hours was localized in 

zone 1 with a less pronounced increase seen in zone 2 at 

a later time (fig. 11). Again it must be remembered that 

the zones are arbitrary divisions of a continuum into 

thirds. The increased mitotic activity, like the increase 

in DNA synthesis, appears to move like a wave away from 

the terminal portal vessels and loses its magnitude as it 

spreads. 
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Fabrikant (1967, 1968) analyzed the zonal dis

tribution of the mitotic index in lobules after partial 

hepatectomy. The initial response was in the "outer" zone 

(corresponding to zone 1); the increased activity then 

spread into the "middle" zone (zon~ 2). Earlier Harkness 

(1952) had noted that the parenchymal cells in mitosis 24 

hours after partial hepatectomy were mainly in periportal 

areas. A continued periportal distribution was not found 

at 48 hours. Thus after either partial hepatectomy or 

TAA the initial and largest increase in mitotic activity 

is in zone 1; the response then spreads in wave-like 

fashion to zone 2. Fabrikant (1967, 1968) also found a 

smaller but significant response in the inner zone after 

partial hepatectomy; no corresponding zone 3 response was 

seen after TAA. 

The second wave of mitosis after partial hepatec

tomy is due to cells in both zones 1 and 2 (Fabrikant, 

1967, 1968). Similarly the second rise of mitotic 

activity noted here at 64 hours after TAA (fig. 8) was 

due to cells dividing in zone 2 as well as zone 1 (fig. 11). 

Hepatocyte Dynamics 

Normal Hepatocyte Synchrony 

As seen in the circadian study (fig. 1) rats 

normally exhibit diurnal rhythms of hepatocyte DNA 
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synthesis and mitosis. When kept on a 12/12 light/dark 

schedule the amount of hepatocyte DNA synthesis was highest 

at the dark to light transition and lowest at the end of 

the light period. There is general agreement that the 

peak of DNA synthesis is in the morning (Halberg et al., 

1958; Messier and LeBlond, 1960; Barbiroli and Potter, 

1971). .In the present study a sufficient number of sam

ple times were obtained to show that the time of increased 

diurnal synthesis is limited; the peak is narrow and 

sharp. This indicates that there is a great deal of 

synchrony among the normally proliferating hepatocytes. 

A further demonstration of this natural synchrony 

is seen in the plot of the circadian mitotic index (fig. 1). 

Diurnal variation in the levels of hepatocyte mitoses 

have long been documented (Bullough, 1948; Halberg, 1953). 

Levels are lowest at night and are highest in the morning 

(Jaffe, 1954; Barnum et al., 1958). The present study was 

precise enough to demonstrate that the peak mitotic index 

occurred in the second half of the light period and fol

lowed the DNA synthetic peak by 7 or 8 hours. The narrow 

shape of the mitotic index peak confirms that the hepato

cyte synchrony present in S phase is maintained through 

G2 and into mitosis. 

It is apparent that the 2 peaks in fig. 1 are 

similar in shape but differ in height. Since the 
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duration of the DNA synthesis phase (S) is longer than 

that of the mitotic phase (M), the labeling index is cor

respondingly larger than the mitotic index (Quastler and 

Sherman, 1959i Quastler, 1963). The ratio of cells 

labeled to those in mitosis at corresponding points on 

the 2 curves is a function of the relative time taken for 

DNA synthesis as compared to mitos.is (Grisham, 1962). 

Grisham (1962) demonstrated a ratio with a range of 6:1-

8:1 for parenchymal cells after partial hepatectomy which 

implicated that DNA synthesis takes 6 to 8 times longer 

than mitosis. Mitosis has been observed to last 45-60 

minutes and DNA synthesis about 8 hours in hepatocytes 

after partial hepatectomy (Edwards and Koch, 1964; Grisham, 

1969). In the present study colchicine was used to col

lect in metaphase those cells entering mitosis. The 

colchicine injection 4 hours prior to killing allows 

about a 3 1/2 hr collection of metaphases (Bertalanffy, 

1964) without increasing the rate of mitosis (Brues, 

1936; Ludford, 1936). If M takes an hour or slightly 

less, using colchicine in this manner should directly 

increase the actual mitotic index by about 3-4 times. 

The DNA synthetic index is not similarly enhanced with 

the pulse-label technique used here. The true mit6tic 

index can be obtained by dividing that found with colchi

cine collection by 3 or 4. The peak diurnal mitotic 
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index in the present study of 3.4% actually reflects a 

mitotic index of 0.85-1.1%. The ratio of the peak amounts 

of cells in DNA synthesis (5.8%) to the true amount in 

mitosis at peak time (0.85-1.1%) is about 6:1. This is 

in good agreement with the ratio of 6:1-8:1 found after 

partial hepatectomy (Grisham, 1962). 

The time from the onset of increased DNA synthe

sis to that of increased mitosis should represent the 

combined time it takes a cell to traverse S+G2 as well. 

From the data in figure 1 the time for S+G2 can b~ calcu

lated to be 7-8 hours for young Sprague-Dawley male rats 

(150 g). This value for S+G 2 is compatible with the idea 

that S is fairly constant, lasting 6 to 8 hours and G2 

is generally short, lasting from less than 1 hour to about 

4 hours in a few cases (Bertalanffy, 1964). 

The diurnal fluctuations can have dramatic influ

ences by maximizing or minimizing the results in particu

lar experimental situations. A clear example of this was 

shown in the work of Bertalanffy et ale (1970). They 

looked at 6-hour colchicine collections of metaphase 

hepatocytes 48 hours after partial hepatectomy and found 

that it could vary from 6% to 16% depending upon the time 

of day of sacrifice. In the present TAA study the times 

of day of peak DNA synthesis and peak mitosis were used 



as the sacrifice times in an attempt to allow enhanced 

visualization of the effects of TAA. 

Synchrony after TAA 

After TAA the peaks of hepatocyte DNA synthesis 

(fig. 4) and mitosis (fig. 8) are broad or extended in 

contrast to the normal daily peaks (fig. 1). The wide 
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peak shapes represent an incomplete synchrony of response 

to the TAA. A large number of hepatocytes are induced to 

enter DNA synthesis but not all do so at the same time. 

The response time is different for various hepatocytes. 

In general there appears to be a recruitment of hepato

cytes with the fastest recoverers and responders being in 

zone 1; the response then flows into zone 2 (fig. 6). 

Similarly a recruitment later is seen in the mitotic 

index. The entrance of hepatocytes into induced mitosis 

after TAA is sustained over several hours (fig. 8). The 

response begins in zone 1 and proceeds to zone 2 (fig. 11). 

The time from peak DNA synthesis to peak mitosis 

(7-8 hours) in the daily rhythm can be an estimate of the 

time necessary for S+G2 • The elapsed time between the 

two peaks after TAA is 12-14 hours. Whether or not this 

represents an increase in the amount of time for cells 

to traverse Sand G2 is debatable. There must be some 

amount of variabtlity in recovery times 'among individual 

hepatocytes. A clear cut assessment of cell cycle times 
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from the data available is not possible. This is due to 

the broad response time evident in both DNA synthesis and 

mitosis. The prolonged response is a result of a gradual 

recruitment of hepatocytes out of GO and into ~ round of 

cell division with the earliest responders being localized 

in zone 1. 

The data obtained in this study suggest a possible 

increased amount of time involved in S+G2 • The broad 

peaks of synthesis and mitosis obscure definitive measure

ments. A mitosis trigger (Harris, 1978) may be involved 

in that mitosis might not be triggered exactly at the same 

rate as DNA synthesis. Thioacetamide may induce hepato

cytes to leave GO and proceed into S. But it may also 

disrupt the normal S + G2 and G2 + M transitions or the 

time needed in Sand/or G2 • 

During normal post-natal growth the replication 

time lengthens, with most of the increase due to a 

lengthening of the Gl phase (Post and Hoffman, 1964). 

Rabes and colleagues (1976) found that in the partially 

hepatectomized liver there was a constant duration of S 

phase throughout the whole liver and subunits of the 

lobule·. However, following partial hepatectomy the dura

tion of G2+M was lengthened from the periportal to the 

perivenous zone. These results were obtained from 

autoradiographs by dividing the periportal to the 
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perivenous distance into 10 areas and compiling fractions 

of labeled mitoses curves for each area. 

Binucleate Hepatocytes 

The rats in the present study were slightly older 

than when the age of peak diploid binucleated cells 

occurs. Thus their binucleate population was already in 

a transition state. When the percentage of binucleated 

hepatocytes was determined much variation was encountered 

at most time periods (fig. 12). Generally the values were 

higher prior to 30 hours and lower after 30 hours after 

TAA injection (see dotted lines fig. 12). The binucleate 

population decreases during increased DNA synthesis and 

proliferation. This phenomenon of decreased numbers of 

binucleates during increased proliferative activity has 

been noted following partial hepatectomy (Bucher and 

Glinos, 1950; St. Aubin and Bucher, 1952) and after carbon 

tetrachloride injury in rats (Himes et al., 1957) and 

mice (Gerhard et al., 1973). During regeneration Fabrikant 

(1968) noted that binucleated hepatocytes had higher 

labeling _indices than mononucleates and must account for 

a greater than expected proportion of the proliferative 

activity. As the proportion of binucleated cells drops 

the ploidy increases accordingly (Bucher, 1967). 

A colchicine-blocked diploid mononucleate is 

indistinguishable-from a blocked diploid binucleate on 
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its way to becoming 'two tetraploid mononucleates, in either 

case only one mitotic spindle forms. Based on the data 

presented in figure 12 diploid binucleated hepatocytes 

respond to TAA within 24 to 30 hours. The most probable 

cause for the decrease in numbers is for a binucleate to 

undergo a round of synthesis followed by mitosis thus 

yielding two tetraploid mononucleated hepatocytes per 

binucleate stimulated. The drop in the percentage of 

binucleated hepatocytes which occurs around 30 hours 

after TAA is prior to the increase in the mitotic index 

for the hepatocyte population as a whole. After TAA the 

diploid binucleated hepatocytes are the first to undergo 

division in appreciable numbers. One possible reason for 

this could be the higher nucleus/cytoplasm ratio in a 

binucleate as compared to a mononucleate. The TAA or a 

reactive derivative of it may bind to the nuclear membrane 

exerting an influence which leads to DNA synthesis and 

mitosis. The diploid binucleated he~atocyte population 

is readily challenged by TAA, carbon tetrachloride, and 

partial hepatectomy to decrease its number by increasing 

ploidy and absolute numbers of hepatocytes. 

Alpha-fetoprotein 

Alpha-fetoprotein. which is produced by the liver 

and yolk sac is a major serum protein during most of fetal 

life (Abelev, 1971). After birth its concentration 



128 

declines rapidly to an adult level in the rat of less than 

0.06 ~g/ml while the major adult serum protein, albumin, 

climbs to 40 mg/ml (Sell et al., 1980). The serum levels 

of AFP can be elevated in association with hepatocellular 

carcinomas, during restitutive proliferation of the liver 

and early after exposure to some chemical carcinogens. 

These are special growth states in the liver and can be 

compared to normal fetal and early post-natal growth. 

While other organs have been implicated as the site of 

synthesis of several carcinoembryonic antigens, the liver 

is the only proven site of synthesis of AFP. Increases in 

AFP levels were found in the present study after the TAA 

injection. 

Plasma Levels 

The plasma AFP levels rose significantly during 

the first and third days after a TAA injection which sup

ports the assertion that hepatocytes in young adult rats 

remain capable of synthesizing AFP when appropriately 

stimulated. In addition the hepatocyte population as a 

whole need not have entered a round of DNA synthesis and 

mitosis prior to secreting AFP. The first peak of plasma 

AFP was coincident with the initial decrease of hepato

cyte DNA synthesis. In fact the highest level of plasma 

AFP was correlated with the lowest level of hepatocyte 

DNA synthesis; one animal sacrificed 18 hours after TAA 



had a plasma AFP concent1ra tion of 2.5 lJg/m1 while its 

hepatocyte DNA synthetici index was depressed to 0.20%. 
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The first peak ot plasma AFP correlates in time with the 

documented nuc.1eq.r and nluc1eo1ar hypertrophy and increased 

transport of rRN~ (Olaso~ and Smuck1er, 1976; Andersen 

et a1., 1977). ~he rapid increased production of AFP 

may be due to a <iirect T,AA interaction with the nuclear 

material. 

The syntbesis and secretion of the first wave of 

AFP would appear to be a: G1 (or GO) event. In terms of 

the transition p~obabi1tty model of Smith and Martin 

(1973) the first secreti:on of AFP could correlate with 

the transition o~ a group of hepatocytes from the A state 

to the B state; j,.n the B state the hepatocytes would then 

be committed to q:ontinue through a round of DNA synthesis 

and mitosis. Th~ synthesis and secretion of AFP in the 

young adult rat 4efinitely reflects an altered growth 

state but whethe]~ the hepatocytes have "de-differentiated" 

or not is unc1ea~. 

Once stin,1U1ated by TAA the hepatocytes must be 

capable of transq:ribing AFP-specific mRNA, translating it, 

and secreting th~ newly Isynthesized AFP while still in GO 

or G1 . Subsequently many of the hepatocytes enter a 

round of DNA syn~hesis a:nd mitosis (figs. 4 and 8) during 

which time the pJ,_asma AF;P levels are low. Thus it seems 
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that little or no new AFP is being secreted during times 

of greatly increased hepatocyte DNA synthesis and mitosis. 

DNA replication probably precludes the continued trans

cription of AFP mRNA. Additionally the translation of 

the rnRNA is interrupted during S, G2 , and M. Protein 

synthesis consumes large amounts of energy with four high

energy phosphate bonds required for the synthesis of each 

peptide bond of the completed peptide (Lehninger, 1975). 

High synthetic rates of proteins which are for export are 

probably incompatible with concurrent extensive replica

tion of DNA. Later during mitosis it would be expected 

that protein synthesis would be interrupted while the 

cytoplasm undergoes drastic rearrangement. Alpha

fetoprotein synthesis and secretion have been related to 

specific parts of the cell cycle by others. Cell cultures 

of hepatoma cells (Tsukada and Hirai, 1975) and fetal rat 

hepatocytes (Guillouzo et al., 1979) have shown AFP syn

thesis occurs in Gl • However, Leffert and Sell (1974) 

studied fetal rat hepatocytes in culture and concluded 

that AFP is either synthesized and released in G2 or 

synthesized in Gl and released as the cells cross the 

G2-M boundary. 

The second wave of increased plasma AFP concen

trations again occurred during low rates of DNA synthesis 

and mitosis. The AFP was probably being synthesized and 
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secreted by Gl cells which had completed DNA synthesis 

and mitosis. The rnRNA would have been transcribed in the 

previous Gl but its translation was interrupted by S, 

G2 , and M and then renewed in the subsequent G~. 

After a large dose of TAA (200 mg/kg), which pro-

duces extensive necrosis, an increase of serum AFP was 

found by. 48 hours and reached a 20-fold peak at 72 hours 

(Smuckler et al., 1976). This occurs at a time similar 

to that of the second wave of plasma AFP found in the 

present study from 58 to 72 hours after TAA. A burst of 

mitosis was noted by 36 to 48 hours after the large dose 

of TAA. The timing of this increased activity is similar 

to that found in the present study with a lower dose of 

TAA. 

Increased levels of plasma AFP have been noted in 

rats following partial hepatectomy (Abelev, 1971; Sell ·et 

al., 1974). The concentrations attained were inversely 

proportional to age; 5 week old (75 g) rats showed higher 

levels than 7-week-old (150 g) rats which in turn had 

higher concentrations than adults (300 g). In each age 

or size group the increase of AFP began in day 2 and 

peaked during day 3. This increase of plasma AFP levels 

after partial hepatectomy follows the peaks of DNA syn

thesis and mitosis (Grisham, 1962). This is different 

from the observations in the present study where the 



increase of plasma AFP levels preceded the peaks of DNA 

synthesis and mitosis. 
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No extremely early peak of AFP after partial 

hepatectomy was found in Sprague-Dawley rats which were 

younger, the same age, or older than the r~ts in the pre

sent study (Sell et al., 1974). In fact, the younger 

rats (75 g) had a significant fall in serum AFP concen

tration within 6 to 12 hours after operation. The first 

wave of AFP after TAA has no counterpart after partial 

hepatectomy. The serum concentration of AFP three and 

four days after partial hepatectomy in 7-week-old (150 g) 

SD rats was 0.8-0.9 ~g/ml (Sell et al., 1974). This is 

nearly identical to that found in the second wave of the 

present study (58 to 72 hours after TAA). The increase 

in serum AFP after partial hepatectomy seems to depend on 

a prior round of DNA synthesis and mitosis. After TAA, 

increased levels of AFP were seen before as well as after 

the large round of hepatocyte DNA synthesis and mitosis. 

Carbon tetrachloride can cause liver necrosis 

with subsequent cell proliferation. Smuckler et ale 

(1976) found that the increased AFP levels occur after 

the extensive mitosis induced by carbon tetrachloride in 

rats. Cell death was observed by 3 hours, peak mitosis 

at 48 hours and peak AFP at 96 hours. Shorter time periods 

following carbon tetrachloride intoxication have now been 
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examined and unlike the effects observed after TAA, no 

increased serum AFP levels were found (Ausse1, Stora, and 

Krebs, 1980). Engelhardt et a1. (1976) were able to show 

that after carbon tetrachloride mouse hepatocytes may 

synthesize AFP even before entering the S phase. This 

was further supported by Mohanty et a1. (1978) who detected 

AFP in the serum of mice 18 and 24 hours after carbon 

tetrachloride intoxication while an increase in mitosis 

was not seen until after 24 hours. 

Under certain other experimental conditions with 

rats, increased levels of serum AFP are noted prior to 

increased hepatic DNA synthesis or mitosis. A single 

. injection of the hepatocarcinogen ethionine (100 mg/IOO g) 

was given to 5-week-old rats by Watanabe, Miyazaki and 

Taketa (1975, 1976b). Similar to the TAA in the present 

study, the ethionine caused no appreciable liver cell 

necrosis. DNA synthesis was initially depressed at 1 and 

2 days and subsequently showed a small rise at day 5. 

However serum AFP levels were elevated from day 2 through 

day 5 with a peak on day 4. A similarity can be seen 

between ethionine and TAA with each showing increased 

plasma levels of AFP prior to increased DNA synthesis and 

actually during a time of depressed DNA synthesis. 

Ethionine, like TAA, contains sulfur and will cause 

hepatocellular carcinomas in rats fed the chemical for 
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weeks or months (Farber, 1963). The increase in DNA syn

thesis after a single injection of ethionine occurs at 5 

days and is minimal. It is thought that the single 

injection of ethionine transiently depresses DNA synthesis 

and then stimulates hepatocytes to begin and complete the 

normal cycle of cell division (Watanabe et al., 1976b). 

The present study shows that TAA likewise suppresses DNA 

synthesis transiently but then stimulates many more hepato

cytes to undergo DNA synthesis than ethionine does. 

Additionally TAA appears to act more quickly in that the 

pattern of depressed DNA synthesis with increased plasma 

AFP followed by increased DNA synthesis spans about two 

days as compared to five days with ethionine. 

Various other studies have shown increasing serum, 

AFP levels in the course of developing carcinogenesis. 

In these studies the time frames are weeks to months. 

Thus the "early" appearance of AFP found by Watabe (1971) 

was during the third week after the onset of feeding of 

4-dimethylaminoazobenzene. Becker and Sell (1979) 

examined the time course of the appearance of serum AFP 

when rats were fed either of two known hepatocarcinogens, 

diethylnitrosamine (DEN) or acetylaminofluorene (AAF). 

Levels of serum AFP were elevated after only one w~ek of 

dietary AAF; however, a carcinogenic dose of DEN in the 

drinking water was given for 5 to 6 weeks before the 



serum AFP levels were elevated. Transient increases of 

serum AFP that may have occurred in the first 24 hours 

of administration of the carcinogen would have been 

missed. 
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The age of the animal has a direct relationship 

on the amount of AFP seen in the serum after various 

experimental procedures. Younger rats appear to be more 

responsive and therefore perhaps most suitable for use in 

studies of induced growth. After partial hepatectomy 

younger rats show a higher elevation of serum AFP than 

older rats (~ell et al., 1974; Nayak et al., 1975). 

Similarly, higher levels of AFP are attained in younger 

rats after ethionine (Watanabe et al., 1976b) and after 

carbon tetrachloride treatment (Watanabe et al., 1976a). 

Young animals were used in the present stu~y and two 

periods of increased plasma AFP levels were seen; one 

wave preceded increased DNA synthesis and the second 

followed the large induced round of mitosis but preceded 

the slight rise of DNA labeling seen at 80 hours after 

TM. 

The TM injection produces significantly increased 

amounts of AFP in the serum within a few hours. The con

centrations attained at 18 hours exceed those found 2-4 

days after ethionine. Long-term administration of hepato

carcinogens (such as DEN or AAF) can induce even higher 
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concentrations of serum AFP but this occu+s only after 

periods of several weeks. Thioacetamide!s ~hus attrac

tive to use in that it quickly produces h!gh :amounts of 

AFP. Additionally the use of TAA will al:~ow Ithe study of 

two waves,of augmented synthesis and secr~tion of AFP by 

hepatocytes of adult rats. In the first wavel, which does 

not occur after partial hepatectomy, pre-~xistent cells 

are stimulated to produce the protein pri~~r t,o cell 

division while in the second wave smaller amo!unts of AFP 

are secreted after cell division. Whethe+ this second 

wave represents a totally different mecha~1ism by new cells 

or continued secretion by the originally ~timulated cells 

is not known. 

Tissue Alpha-fetoprotein 

Immunofluorescence was used to lo~aliJze those 

cells synthesizing AFP. While most liver sedtions showed 

background levels of fluorescence only, tl,1e Iii vers of some 

'TAA-treated animals demonstrated a positive ~eaction for 

AFP. The animals sacrificed 18 hours aft~r ~AA injection 

showed 'high levels of reaction as seen in figs. l5B and 

l6A. The low levels of fluorescence in t~1e controls 

(figs. l5D and l5F) verify the detection ~f ~FP in the 

18 hour TAA-treated rats. The AFP contaiping cells, 

labeled by specific immunofluorescence, a~e hepatocytes 

and the AFP is localized in the cytoplasm~ ~his is in 
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agreement with the work of Kuhlmann (1979a) who localized 

AFP by ultrastructural immunoperoxidase cytochemistry 

during normal development of rat hepatocytes. From birth 

to 28 days the AFP was shown to be localized in the peri-

nuclear space, on the rough-surfaced endoplasmic reticulum 

and the Golgi apparatus of hepatocytes. He also noted 

that AFP. was localized in hepatocyte cell stages which 

ranged from the fetal to the adult cell-type and that in 

the course of post-natal liver maturation AFP production 

was not due to the generation of morphologically immature 

cells. It is evident from figure l5B that 18 hours after 

TAA mature hepatocytes are responsible for the synthesis 

of relatively large amounts of AFP. Alpha-fetoprotein 

has also been localized in the cytoplasm of differentiated 

hepatocytes after carbon tetrachloride intoxication in 

mice (Kuhlmann, 1979b), after galactosamine injury in 

rats (Kuhlmann and Wurster, 1980; Sell, 1980), and after 

partial hepatectomy on young rats (Sell, 1980). Sell 

(1980) was able to double label the cells in the partial 

hepatectomy study and show that the AFP containing cells 

also contained albumin, the predominant adult plasma pro-

tein made by hepatocytes. 

That the immunofluorescence procedure was capable 

of detecting AFP could also be seen in the newborn livers 

". 
(figs. l5A, l6C, and l6D). Whether blood-filled or 
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blood-free, the newborn livers showed intense fluorescent 

staining for AFP. T'hese data agree with the known serum 

AFP levels of 6-9 mg/ml in newborn Sprague-Dawley rats 

(Sell et al., 1974). The controls showed 'low levels of 

fluorescence. 

An explanation can be offered for the low levels 

of fluorescence seen in many of the TAA-treated rats 

livers when stained for AFP. Although all hepatocytes 

may produce AFP, at anyone time there may not be enough 

AFP in each cell to be detected even when the liver is 

stimulated by TAA. Kuhlmann (1979a) was unable to detect 

cellular staining for AFP in hepatocytes beyond the 

fourth week of normal development and concluded that the 

quantity of AFP produced by single hepatocytes was too 

low to be detected by the intrastructural immunoperoxidase 

labeling method. 

Several reports in the literature show immuno

localization of F~P in scattered discrete hepatocytes 

with varying location or distribution during regeneration 

after partial hepatectomy (Mohanty et al., 1978; Sell, 

1980), after carbon tetrachloride induced necrosis 

(Engelhardt et al., 1976; Mohanty et al., 1978) and dur-

ing normal ontogeny (Nayak and Mital, 1977). In ea~h of 

these studies AFP was assumed to be synthesized by some 

but not all hepatocytes. In each case the livers were 
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not p~rfusedlfree of blood prior to fixation. LeBouton 

and ~1~sse (1980a, 1980b) have demonstrated that fixing 

liver tissuelwhile blood-filled leads to an artifactual 

rando~-appearing distribution of hepatocytes containing 

album;in as seen with inununoperoxidase and inununofl uores

cence. All mepatocytes were shown to synthesize albumin. 

In th~ presemt study the livers were perfused free of 

blood and itlis evident that virtually all hepatocytes 

synth~size AFP in both newborn rat liver (fig. 15A) and 

in young adult rat liver 18 hours after TAA injection 

(fig. 15B). 

During fetal and neonatal life, probably all 

hepatpcytes synthesize AFP. Each hepatocyte in newborn 

liver (fig. 15A) unequivocably shows the presence of AFP. 

The s~rum levels of AFP drop to <0.06 ~g/ml in the adult 

rat while the albumin level is 40 mg/ml (Sell et al., 

1980). The ~idult serum AFP level may be maintained by 

each ;hepatoc~rte producing AFP, but at such low levels 

that it cannc)t be demonstrated above background staining 

with inununofluorescence. Using colchicine to increase 

the i~tracellular concentration increased the overall 

level of fluorescence in normal, partially hepatectomized, 

and T~-treated rats (fig. 17). The colchicine increased 

the intracellular concentration of AFP in each case to a 

level more easily detected by virtue of colchicine's 
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ability to stop the secretion but not the synthesis of 

plasma proteins made in the liver (Redman et al., 1975). 

Colchicine enhancement allowed the demonstration of the 

presence of AFP in livers of TAA-treated rats, partially 

hepatectomized rats and normal adult rats. 

While the normal low adult level of serum AFP may 

be maintained by all hepatocytes, the high levels found 

during various carcinogenic regimens may be due to another 

cellular source. Proliferation of small oval-shaped cells 

has been noted during the induction of experimental 

hepatocarcinogenesis caused by N-nitrosomorpholine 

(Kuhlmann, 1978), ethionine (Shinozuka et al., 1978), 

N-2-fluorenylacetamide (Sell, 1978), or dimethylamino

azobenzene (Dempo et al., 1975; Fujita et al., 1975). In 

the present study occasional small cells were seen which 

fluoresced intensely when immuno-stained for alpha

fetoprotein (figs. 16A and 16B). These could be the 

"oval ll cells described by the various othe~ authors. The 

AFP staining small cells were found in the area of the 

inflammatory infiltrate and may have been macrophages. 

The type and origin of many of the cells in the infiltra

tion area is unknown but the small brightly fluorescent 

cells appeared somewhat parenchymal. These small, 'highly 

fluorescent cells were found in nearly all liver sections 

of animals sacrificed 18 to 64 hours after TAA and they 
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persisted even when the inflammatory infiltrate began to 

decrease in extent. The number of these highly fluores-

cent small cells remained low, never reaching the density 

documented in the above mentioned experimental states of 

hepatocarcinogenesis which take weeks to induce. In the 

present study mature hepatocytes are probably responsible 

for most, of the AFP synthesis. The small intensely stain-

ing cells may represent a small new group of proliferative 

"oval" cells which are responsible for a small amount of 

the increased AFP production after the TAA treatment. 

Summary and Conclusions 

Changes in the livers of young adult Sprague-

Dawley male rats (150 g) after a single injection of TAA 

(50 mg/kg) were characterized morphologically. The find

ings by Reddy et al. (1969) that a si,ngle i.p. injection 

of TAA induces a significant increase in DNA synthesis 

and mitosis of hepatocytes within 48 hours \'li th no accom-

panying pathology were confirmed in the present study. 

Radioautography of 3H-thymidine labeled livers 

appeared to show an initial depression in the DNA synthetic 

index from 6 to 18 hours after TAA which was then followed 

by substantially increased numbers of hepatocytes in DNA 

synthesis. The hepatocytes entering DNA synthesis in the 

burst beginning at 24 hours were localized primarily in 

zone 1. Gradually an increased number of labeled 
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hepatocytes was also seen in zone 2 and no change was seen 

in zone 3. The burst of hepatocytes stimulated to enter 

DNA synthesis after TAA remained localized in zones 1 

and 2. Few were found near terminal hepatic venules 

(zone 3) even 8 weeks after the TAA and 3H-thymidine 

injections. 

The hepatocyte mitotic index after TAA was deter

mined with the aid of colchicine to arrest cells in meta

phase. A slight depression was found from 2 to 30 hours 

after TAA which was t~en followed by a large increase of 

the mitotic index from 36 to 72 hours. The increase in 

mitotic index followed the increase in the DNA synthetic 

index by 8 to 12 hours. The mitotic hepatocytes were 

first localized in zone 1 with a subsequent and smaller 

increase seen in zone 2. 

The natural synchrony of hepatocytes was demon

strated in the fluctuation of the diurnal DNA synthetic 

and mitotic indices. The synchrony present daily in S 

phase was maintained through G2 and into mitosis. The 

increased proliferative response after TAA was also 

synchronous. A slight lengthening of the S+G2 interval 

may have occurred for the average of the responding 

hepatocyte population. 

The percentage of binucleated hepatocytes decreased 

between 24 and 30 hours after TAA which may reflect a 
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propensity of binucleated cells to enter a round of cell 

division. 

Plasma AFP concentrations, measured by radio-

immunoassay, increased significantly during the first and 

third days after TAA. The first wave was a presynthetic 

or Gl event, indicating that hepatocytes in young adult 

rats remain capable of synthesizing AFP and that the 

hepatocyte population as a whole need not have entered 

a round of DNA synthesis and mitosis prior to secreting 

AFP. Immunofluorescent labeling specific for AFP verified 

that the differentiated hepatocytes were responsible for 

the AFP synthesis. AFP was demonstrated to be present 

in virtually all hepatocytes 18 hours after TAA. 

Finally, this mitogen system is proposed as an 

alternative to partial hepatectomy with which to study 

liver proliferation and growth control. An initial sup-

pression of normal DNA synthesis levels after TAA admin-

istration helps to accumulate hepatocytes for a subsequent 

synchronous burst of hepatocyte DNA synthesis. This 

burst of DNA synthesis is slightly larger than can be 

accounted for only by the prior amount of suppression, 

thus indicating some stimulation by the TAA. The growth 

or round of DNA synthesis and mitosis induced by TAA is 

perhaps more analagous to cancer than is that resulting 
, 

from partial hepatectomy; after TAA the liver adds on 



144 

cells in excess of the normal number rather than replacing 

lost numbers of cells. The regimen of a single low dose 

of TAA creates a model system of cellular proliferation 

with which to study the earliest changes leading to a 

round of DNA synthesis and mitosis. The TAA quickly 

causes the expression of the AFP genomic material thus 

eliminating the need for prolonged administration of the 

drug as is the case with other carcinogens which cause 

elevated AFP levels. 



APPENDIX A 

SOLUTIONS 

1. Brazil Fast Fix (Rapid Fix) 

40% Formaldehyde 
Absolute alcohol 
Picric acid 
Trichloroacetic acid 

for Rapid Fix + HgC1 2 
add 45 gm HgC1 2 to the above 

2. Eosin Y 

1200 ml 
3300 ml 

10 gm 
22 grn 

10 gm powdered eosin dissolved in 100 ml H2 0 
~950 ml of 95% alcohol 
O.S ml conc. HCl acid in SO ml H20 

Measure alcohol; pour part of it in bottle; 
add dissolved eosin; add remainder of alcohol; 
add diluted HCl. 

3. Harris' Hematoxylin (from Luna, ~96S) 

Hematoxylin crystals 
Absolute alcohol 
Ammonium or potassium alum 
Distilled water 
Mercuric oxide (red) 

5.0 grn 
50.0 ml 

100.0 ml 
1000.0 ml 

2.5 gm 

Dissolve the hematoxylin in the alcohol arid the alum 
in the water by the aid of heat. Remove from heat 
and mix the two solutions •. Bring to a boil as rapidly 
as possible (less than 1 min with stirring). Remove 
from heat and add the mercuric oxide slowly. Reheat 
to a simmer until it becomes dark purple, remove from 
heat immediately and plunge the vessel into a basin 
of cold water until cool. Addition of 2-4 ml of 
glacial acetic acid per 100 ml of solution increases 
the precision of the nuclear stain. Filter before use. 
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4. Lugol's Iodine (from Luna, 1968) 

Iodine 
Potassium iodide 
Distilled water 

5. Nuclear Fast Red 

Nuclear fast red 
Aluminum sulfate (5% solution) 

1.0 gm 
2.0 gm 

100.0 ml 

0.1 gm 
100.0 ml 
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Dissolve with heat; cool; filter; add grain of thymol 

6. Phosphate Buffered Saline (PBS) 0.01 M 

Na2HP04 (anhydrous, MW 14l.96) 

NaH2Po4·H20 (MW 137.99) 

NaCl 

H20 to make 1000 ml 

1.20 gm 

0.22 gm 

8.50 gm 
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