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ABSTRACT

THE CALCiUM, POTASSIUM, AND SODIUM CONTENT OF MOUSE
LIVER MITOCHONDIA DURING THE COURSE OF HEPATOMA
INDUCTION WITH CARBON TETRACHLORIDE

by Wilbur Lesley Dungy

Strain-A mice were force-fed thirty doses of 40%
CClu in olive o01l, in order to induce hepatoma. It has been
demonstrated that a dose of 0.005 ml 40% CClu solution per
gram of body weight administered on a tri-weekly basis
will induce hepatoma formation. Attempts were made to
accelerate hepatoma induction by administering doses of
greater concentration (0.010 ml to 0.025 ml/gm. body wt.).
Female mice tolerated dose levels as high as 0.015 ml., but
males falled to survive the feeding regime at dose levels
exceeding 0.005 ml/gm. body welght. Castrate females
treated with testosterone propionate were as sensitive to
CClu as intact males, while castrate males treated with
stilbesterol tolerated CClu as well as intact females.
Castrate males and females tolerated CClu equally well.
This suggested that the presence of androgens in some manner
increased the sensitivity of mice to the toxin.

Samples of whole livers and liver mitochondria were

analyzed periodically during the course of hepatoma
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induction for concentrations of calcium, sodium, and po-
tassium. Mitochondria were obtained by homogenization of
liver tissue in 0.25M sucrose solution, followed by d4dif-
ferential centrifugation. The metal ions were extracted
from whole liver and mitochondrial samples by wet ashing
with 2% trichloroacetic acid. The extracts were analyzed
for metal ion content by flame photometry. The calcium
content of mitochondria increased to a maximum of five
times the control level between 25 and 72 hours. Potassium
concomitantly decreased to below 50% of the control level.
During the interval, sodium concentrations did not vary
markedly from normal values. Both calcium and potassium
levels returned toward normal levels within 112 hours
following feeding.

In the multiple feeding experiment, the ion changes
during the first nine feedings were similar to the pattern
of 1on fluctuations of mitochondria following a single
exposure to CClu. The calcium content increased to a
maximum of nearly 8 times control levels, while potassium
concentration decreased to 1/3 of the control value.
Following the ninth feeding, both ion concentrations
approached control values, although remaining signifi-
cantly different from them.

Oxygen utilization of liver slices was monitored
during the course of these experiments as a means of

estimating mitochondrial disruption. Oxygen utilization
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was depressed to 30% of control levels following a single
exposure to CClu, but increased toward control values at
48 to 72 hours. The oxygen utilization of liver slices
of mice during the multiple feeding experiment decreased
to a minimum of 42% of control values at the fifth feeding.
From this point there was a generally variable but in-
complete approach toward recovery of control levels.

Maximum depression of aerobic respiration of 1liver
slices was assoclated with maximum accumulation of
calcium and loss of potassium by mitochondria. Recovery
of respiration closely paralleled the decline of calcium
concentrations and recovery of potassium with time.

The relations of the ion fluctuations and the
alterations 1n aerobic respliration to the histological
changes observed during the course of the investigation

were discussed.
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CHAPTER I
INTRODUCTION

Various chemical agents have been utilized to induce
tumors 1in susceptible specles in order to facilitate the
study of the origin and development of neoplasia. In early
investigations the etlology of the neoplaslia was deter-
mined primarily by histological criteria. In later studiles,
however, blochemical analyses have been utilized to an
increasingly greater extent as techniques for the deter-
mination of disruption of normal cellular functilons.

The A-Jax mouse 1s one specles 1n which hepatic
tumor may be 1nduced upon sufficient exposure to carbon
tetrachloride. It was first demonstrated by Edwards (1941)
that high incidences of hepatic tumor can be induced in
strain-A mice that have been force-fed carbon tetrachloride
for eight to sixteen weeks. Many investigators have re-
ported extensive necrotic destruction of liver tissue of
various species, as well as general disruption of metabolic
functions, following a single dose of carbon tetrachloride.
Vallee (Thiers et al. 1960) has demonstrated that rat liver
mitochondria exposed directly to a single dose of carbon
tetrachloride in vitro, or indirectly in vivo by portal

Circulation of an absorbed, orally-administered dose,
1



degenerate within ten hours as evidenced by cloudy swelling,
loss of bound DPN, and uncoupling of oxidative phosphory-
lation. The time course of this degeneration follows the
rapid sequestering of calcium and the concomitant loss of
potassium by these organelles.

In view of the fact that these striking changes 1in
metal ion content of rat liver cells and mitochondria
occur following a single feeding of carbon tetrachloride,
and that this particular chemical lesion appears to be
relatively speclific to carbon tetrachloride-induced liver
injury, the question arose as to whether the initial
disturbances evidenced followling a single dose of carbon
tetrachloride persisted until and beyond the definitive
tumor development requiring approximately thirty tri-
weekly doses. It also seemed of 1lnterest to know whether
these early and subsequent ion effects, and their con-
sequent metabolic disturbances could be utilized with any
degree of accuracy as 1indications of histological and
biochemical changes assoclated with neoplastic develop-
ment.

The purpose of this study, then, was to investigate
the effects of regular doses of carbon tetrachloride on
the oxldative metabolism and the histologlcal appearance
of hepatic cells, and to relate these to the calcium,
potassium, and sodium content of their mitochondria during

the 1nductlon process as well as at 1ts termination.



The rationale of the investigation was to determine
at weekly intervals, forty-eight hours following every
third dose, the changes 1n mitochondrial ion concen-
trations which occur in strain-A mouse livers. By taking
tissue samples each time mitochondrial suspensions were
prepared, it was possible to obtain histological data
from each liver as well as total and mitochondrial ion
concentrations. The metabolic activity of liver samples
was determined by measuring oxygen utilization of liver

slices incubated in buffered glucose phosphate medium.



Blle 1in canaliculus flows on toward

bile duct

Central
Vein

br. portal vein
and hepatic artery enters
the central vein of lobule.

ginusoids where 1t flows toward

Figure 1.--Drawing at high power magnification showing
path of blood flow from portal vein and hepatic artery,
into sinusoids, and thence into central vein. (Redrawn
from A. W. Ham, Histology, ed. 4 Philadelphia, Lippin-
cott.)



CHAPTER II
LITERATURE REVIEW

The liver of the mouse, as 1s true of mecst mammals,
1s subdivided anatomically into a number of functional
units termed lobules. These lobules, which are approxi-
mately 1 mm. 1In diameter and up to 2 mm. 1n length, have
been described by Deane (1954). A brief description of
the liver lobule will provide a basls for the correlation
of metabollc descriptions observed in this series of
investigations to alterations in lobular archltecture
induced by exposure to carbon tetrachloride.

The liver lobule (Fig. 1) is bounded by branches
of the afferent liver vessels (portal vein and hepatic
artery) as well as blle ducts. The parenchyma tissue of
the lobule 1s subdivided into radiating plates, two cells
in thickness, by the sinusoldal capillariles which transfer
blood from the peripheral vessels to the central vein,
which connects to the hepatic veins. Studles 1involving
transillumination of intact rat livers, Wakim and Mann
(1942) described the intralobular blcod flow as proceed-
ing through the sinusoidal spaces from portal branches
to central vein. They reported circulation to be
intermittent in sinusoids, with 75% being inactive at

a2 given time. A metabolic gradient in terms of the



chemical quality of its blood exists across the lobule,
according to Greep (1954). As a consequence of their
preemptive position in regard to supplies of exygen and
nutrient materials as well as reduced exposure to metabolic
waste materials, the peripheral cells exhibit evidence of
greater metabolic capaclty than cells of the central vein
region of lobules.

Additional evidence of a metabolic gradient 1s cited
from the observations of Noel (1923) by Meglitisch et al.
(1959) regarding the distribution of mitochondria in the
nepatic lobules of the white mouse. He described the
following three zones on the basis of mitochondrial
morphology: (1) a zone of permanent function at the
periphery of each lobule contalning granular or rod-like
mitochondria (2) a zone of permanent repose surrounding
the central veln, containing fine thread-like mitochondria
which are not altered by the nutritional state of the
organism, and (3) an intermediate zone between central
and peripheral zones in which mitochondrial morphology
varies with the level of activity of the liver. They
Suggest that differences iIn the nature of mitochondria
reflect differences in metabolic involvement of cells,
and that activity decreases along a gradient from periphery

to central zone during the course of digestion.

Pharmacology and Toxicology of Carbon tetrachloride

Carbon tetrachloride 1s a halogenated hydro-carbon
chemically related to chloroform. It is of interest



clinically because its widespread use as an industrial
and household solvent makes 1t a significant source of
poisoning. It 1is of interest to the biologist because
it may be used as an effective tool for the induction of
experimental injury to various organs.

The effects of CClu on various organs of the body
depend upon the amount of CClu circulating in the blood.
The blood concentration in turn depends upon the site of
absorption. Maximal absorption of CClu occurs when 1its
vapor 1s inhaled. Absorption is much less rapid from the
intestinal tract than from the respiratory tract. As a
consequency, according to Goodman and Gillman (1952), a
single, large, orally-administered dose, most of which
passes unabsorbed, is much less toxic than a seriles of
small doses equalling the same total amount.

Robbins (1929) injJected amounts of CClq, ranging
from 3 cc. (therapeutic antihelminth dose) to 100 cc.
directly into the stomachs, small intestines or large
intestines of dogs. Ninety-six percent of the therapeutic
dose was recovered 1in the expired air during the subsequent
24-hour period. The highest concentrations of CClu were
found in portal blood, while concentrations reaching the
arterial circulation (carotid blood) were too slight for
detection. The concentrations of CClu recovered in expired
air were approximately the same for all doses. If the

liver were by-passed by shunting the portal blood directly






into the vena cava, the concentrations of CClu recovered

varied with the magnitude of the dose.

Effects of a Single Non-Lethal Dose of CCl, on Liver

Numerous investigations have utilized CClu for liver
regeneration studies and induction of hepatomas. The
majority of these studies have involved a variety of
strains of rats and A-jax strain of mice.

Following the administration of a single dose of
CClu to rats, Bassi (1960) reported considerable cel-
lular deposition of fat accompanied by extensive swelllng
cf the endoplasmic reticulum and mitochondria of the
livers. The liver lobules exhibited a zonal distribution
of damaged tissue: the central vein zone was char-
acterized by extensive necrosis accompanied by infil-
tration of fat, loss of glycogen and nuclear disorgani-
zation. The cells of the midzonal region appeared swollen
and highly vacuolated (vacuoles contained neither fat
ror glycogen), while the cells of the peripheral (lobular
vein) zone appeared relatively normal and unaffected.
These regional differences are clearly evident within
24 hours. Similar descriptions of liver damage resulting
from a single feeding of CClu have been reported by Drill
(1958), Christie & Judah (1954). If only a single sub-
lethal dose of CClu is administered, the disruptive changes

are transitory; the necrotic tissue of the central zone
1s cleared by fragmentation and phagocytosis (Edwards 1943)






and autolysis (Rouiller 1964), and 1s replaced by pro-
liferation of the peripheral cells which are unaffected
(Eschenbranner 1946, Morrison 1965).

Vallee (Theirs et al. 1960) reported drastic changes
in intracellular cation distribution following a single
dose of CCl“. The mitochondrion was the site of earliest
alteration in cation concentration, with the Ca ion
increasing 15 fold accompanied by a decrease in mito-
chondria K+ to 1/4 its normal value within 48 hours. The
concentrations of both ion species were reported to return
to normal values within 72 hours. Share and Recknagel
(1959) demonstrated similar depletion of K ions in CClu-
poisoned mitochondrla, but reported that these K+ depleted
mitochondria were unable to reaccumulate K+.

Christie and Judah (1954) have shown that within 10
to 15 hours following ingestion of CClu there was consider-
able disorganization of the TAC cycle. There was general
depression of oxidation of citrate, octonocate, glutamate,
and pyruvate; the rate of oxidation of succinate, however,
remained unimparied.

Christie and Judah (1954), Basi (1960), Smuckler
(1962) presume the hepatic damage to be the result of the
direct effects of CClu on the 1lipid components of cellular
Nembrane systems including those of the endoplasmic reti-
culum. The possibility that hepatic damage results from

anoxia or hypoxia as a consequence of vasoconstriction
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arising from increased titers of circulating catecholamines
promoted by CClu has been suggested by Calvert and Brody
(1960).

Effects of Multiple Doses of CCl, on Liver Tissue

Edwards and Dalton (1943), who were the first to
report hepatoma induction by CClu, determined that a tri-
weekly dose of 0.1 cc L40% CClu in olive o1l administered
orally to mice one to five months of age caused hepatic
necrosis. Although definitely toxic to the liver, this
dose rate did not cause renal tubular necrosis, and was
rnot lethal when repeatedly administered. There was no
evidence of hepatoma 1n mice receiving less than 23 doses,
while most mice exhibiting hepatomas received 35 to 58.
The overall incidence of hepatoma in mice of The National
Cancer Institute strains C3H, Y, C and A was 88%, while
Strain A, with an incidence of 98.4% of 64 mice, showed
the greatest susceptibility to the toxin.

Eschenbrenner (1944) in experiments involving
variations of quantity of dosage and of interval between
doses reported a dependence between these variables.
Working with a constant number of doses (30 feedings of
a single concentration) ranging from 10—4 to 16 x lOwLl
cc/gm. of body weight administered over intervals of 1
to 5 days, he found the incidence of hepatoma to in-
crease with increase in total time during which the total

dose is administered. On the other hand, if the doses
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of the concentration range cited above were administered
on the same temporal basis, the incidence of hepatoma was
found to 1ncrease with the magnitude of the dose.

Eschenbrenner (1946) reported that livers of mice
developed partial to complete reslistance to the necrotizing
effects of CClu depending upon the dosage rate. Mice
receiving 30 feedlings over a period of 120 dayé developed
little resistance. Livers exposed to the same quantity
of CClu divided into 120 feedings administered over 120
days, despite some necrosis 1nitially, soon became re-
sistant or insensitive to the agent.

The incldence of hepatoma increased with the degree
of necr'osis.l By utilizing non-necrotizing doses however,
it was demonstrated that repeated liver necrosis and
concomitant regenerative processes are not essential

for hepatoma induction with CClu.

Effects of Carbon Tetrachloride on Kidney

Nephrotoxic effects of CClu are less well understood

than hepatlc effects. Following ingestion of sufficlently

lThe term "necrosis" may be interpreted as either
cellular death or the advanced post mortem changes
resulting in destruction of the cell following cellular
death. Evidence of morphological changes in tilssue
sections may not occur until some time following
irreversible damage to cells. According to Rouiller
(1964) the only reliable sign of necrosis 1s destruction
of the nucleus, and this occurs some time subsequent to
cellular death. In this report necrosis refers to the
visible, morphological changes associated with cellular
destruction.
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high concentrations, necrosis of lower segments of the
renal tubules occurs accompanied by decreased renal blood
flow, glomerular filtration and oliguria (Drill, 1958).
Eschenbrenner (1946) reported general necrosis of tubular
epithelium (with the exception of the capsule and portions
of the proximal tubule adjacent to the capsule) in all male
mice, but not in females, 1n response to high doses of
chloroform. He reported no evidence of necrosis in the
kldneys of female mice at a dose level of chloroform
equivalent to the dose level of CClu of our experiments.
#We have seen, as have Dalton and Edwards (1943) that the
dose of CClu administered chronically to produce hepatoma

in mice 4id not produce renal damage.

Regenerative Properties of Liver

In order to understand and to properly interpret the
cytological and biochemical changes occurring in liver
following mechanical or chemical damage, we attempted to
learn the behavior of cells during the process of res-
toration and regeneration. Since the events associated
with recovery from partial hepatectomy and recovery from
other forms of experimental liver injury are somewhat
comparable, a comparison of regenerative processes fol-
lowing partial hepatectomy and CClu poisoning will be
presented.

Yokoyama et al. (1953), in studies of recovery fol-

lowing partial hepatectomy of rats, noted a considerable
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increase in mitotic activity which reached a maximum by
the third day, then fell off to resting frequency by the
seventh day. Liver weight-body welght ratios were observed
to fall immediately after surgery, obviously, but returned
to normal levels in some cases as early as the fourth

day, although total body and liver welghts were below
normal. Parenchymal cells increased in volume during the
period of active mitosis and were noted to increase even
more during the period from the fifth to the seventh days,
which was suggested to be the time of greatest synthesis
of parenchymal cell protoplasm.

Various mechanisms proposed for the regulation of
cell division and tissue growth have been reviewed by
Swann (1958). He suggests that neither recognized en-
docrine glands, dietary factors, excretory products nor
variations in portal vein blood flow are likely to be
critically involved in the regeneration stimulus for the
liver. Glinos and Gey (1952) and Glinos (1956 proposed
the hypothesis that certain components of normal blood
serum inhibit growth at normal circulating levels. The
lowering of the serum concentrations of these components
by the reduction of the amount of functional hepatic
tissue through partial hepatectomy results in initiation
of regenerative activity in the liver. They were able
to promote cell division in livers of normal rats by

decreasing the concentration of plasma constituents by
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plasmapheresis, and to inhibit cell division in regenerating
livers by increasing the concentration of serum constit-
uents through restriction of fluid intake. Comparable re-
sults were reported by Stich (1958) and Zimmerman (1960).
Further evidence for promotion of cell division by dilution
of serum was obtained from experiments involving para-
biotic twin rats and parabiotic triplets (Buchner, 1951).
The mean mitotic rate in the liver of the normal rat 1n
each case (assocliated with partially hepatectomized part-
ners) was reported to increase 6-fold and 50-fold re-
spectively. Thus, in case of the liver there may be a
blood-borne inhibitory substance, possibly associated with
the albumin fraction. The normal concentrations of this
humoral agent could be controlled by some sort of feed-
back mechanism involving the liver itself.

Tsuboi et al. (1951) studied the events of recovery
of mouse liver from CClu and reported extensive regenerative
activity within liver lobules superimposed upon the de-
structive necrotic processes. The bulk of the necrotilc
tissue developed by the second day and was rapidly re-
moved followlng the fourth day, with little evidence
remaining by the sixth day. Regenerative processes were
evident as early as the second day. Mitosis was observed
to reach maximal levels by second or third day and to be
essentially complete prior to disappearance of necrotic

tissue. Comparisons of dry weights of livers of control
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and experimental animals following extractions of lipids
indicated that CClu—treated liver weights exceeded control
values by as much as 32% by the fourth day. The nitrogen
content of experlmental livers exceeded that of controls
by 29% by the fourth day, with the bulk of the nitrogen
being 1dentified with the proteln fraction which ex-
ceeded control values by 25% by the sixth day.

Thus, considerable overlapping of destructive and
recovery processes were observed during the second, third
and fourth days, with regenerative activities dominating
the picture from the fourth day. The vigorous restoration
processes occurred at rates exceeding the removal of
necrotic tissue, and resulted in the eventual overgrowth

of the regenerated 1liver.

Mitochondrial Structure and Function

History of Mitochondrial Study

Cytoplasmic granules, known today as mitochondria,
were described as early as 1850 by Kolliker, and isolated
from insect flight muscle by him in 1888. Michaelis
(1300) introduced Janus green as a supravital stain for
mitochondria. In addition, the oxidation-reduction
capacity of mitochondria was demonstrated for the first
time as they were shown to effect redox changes in the
Janus green dye. Extensive 1lnvestigations since this

time have demonstrated the existence of mitochondria
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in all cells except those of bacteria and blue-green
algae.

Early cytologists suggested that mitochondria pos-
sessed considerable plasticity, based upon their obser-
vations of variation in size, form and position in fixed
preparations. Lewls and Lewis (1914) observed that mito-
chondria in 1living cells of chick embryo tissue undergo
consliderable change in size, form, and position in
response to agents such as heat, carbon dioxide, acids,
fat solvents and osmotic changes. The conclusion was
that there were no definite types of mitochondria, and
that any one type could change into another momentarily.
Studies of embyonic fibroblasts by Frederick (1956) and
Tobloka (1956), based upon utilization of the more recent
techniques of phase mlicroscopy and time-lapse photography,
support this idea. Furthermore, Lehniger (1964) suggests
that the number, size, and location of mitochondria in
living cells 1s an expression of the nutritional or en-
docrine state of the cell.

Bensley's attempt to isolate mitochondria from
broken cell suspensions of liver tissue (1934) laid the
ground work for development of the separation of cell
organelles by differential centrifugation. Unsatisfactory
isolation medlia hampered early efforts to 1solate intact,
functional mitochondria. Hogeboom, Schneider, and Palade

(1948) :reported that .when 0.88M sucrose was utilized as
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a suspending medium, rat liver mitochondria were readily
obtained in the elongate form characteristic of these
structures in fixed preparations, and that they were
readily stalned by Janus green or other specific agents.
They demonstrated, on the other hand, that preparations
obtalned from saline solutlions or sucrose solutions
isotonic to intact cells ylelded spherical, swollen mito-
chondria which were not readily stained by Janus green.
Following refinement of techniques for 1solation of

intact, functional cell organelles in the late 1940s bio-
chemlsts were able to relate specific metabolic functions
to these organelles. As a consequence of the coordinated
cytological and biochemical investigations of the past
twenty years, it has been possible to identify specific
biochemical systems with the mitochondrial fractions of
cells, and to demonstrate that there is a close correlation
tetween the integration of these biochemical activities
and the structural integrity of mitochondria.

| Since it has been demonstrated that structural al-
terations in mitochondria as a result of exposure to
chemical or physical agents 1s reflected in disorganization
of metabolic function, a brief account of the presently
accepted mitochondrial structural concept,
the blochemical systems, and the physiological functions

attributed to them will be presented.
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Mitochondrial Structure

Lehninger (1964) reported that typical mitochondria
of the middle of the spectrum of size and shape (of which
rat liver mitochondria are representative) are roughly
ellipsoidal rods 3.3u in length by 1.0u in diameter.

The pioneering efforts of Palade (1953) and Sjoestrand
(1953), who developed techniques for the study of ultra-
thin sections of tissue, have provided considerable 1n-
formatlon about details of internal structure of mito-
chondria. The structural model conslstent with these
studies depicts the mitochondrion as a structure whose
lumen is enclosed by a palr of concentrically arranged
membrane systems (Fig. 2). The outer membrane 1s rela-
tively smooth, while the inner membrane is thrown into
numerous folds (christae) which exhibit the double membrane
structure of the mitochondrial surface. The numbers of
christae are related to the metabolic capacity of the tissue
involved. (Palade 1956).

The thickness of each of the mitochondrial membranes
and the space between have been demonstrated to be rela-
tively constant across the spectrum of cell types studied.
With osmium staining, the generalized membrane system can
be resolved into a pair of electron dense lines each 40
to 60 A° thick spearated by an electron lucid line 60 to

90 A° wide (Mercer 1960).

Permanganate-stained preparations, on the other hand,

show two palrs of electron-dense lines, separated by an
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Figure 2.--Comparison of osmlum-dense and KMnOu—dense
lines of mitochondrlal membrane systems. (After J. B.
Finean, Chemical Ultrastructure in Living Tissues,
Charles C. Thomas, Springfield, Illinoils, p. 86.)
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electron-lucid line approximately 100 A° in thickness. Each
of the palr of dense lines 1s 25 A° in thickness and separ-
ated by a light space of 25 A° in width. Each of the pair
of membranes when properly stained exhibit dimensions
similar to those of the plasma membrane and apparently con-
form to the unit membrane concept proposed by Robertson
(1959). The patterns arising from the two staining pro-
cedures are compared in Filg. 2.

Fernandez-Moran (1963) applied the principle of
negative staining to the study of the ultrastructure of the
beef heart mitochondria, and his negatively stalned images
demonstrated the presence of many spherical or ellipsoidal
particles approximately 80 A° in diameter which were con-
nected by stalks to the electron lucid area of the inner
membrane system primarily. Stoeckenius (1963) has reported
the existence of a similar sub-mitochondrial component in
mitochondria of Neurospora, while Parsons (1963) has
demonstrated the exlistence of these mlitochondrial subunits
on the christae of eleven different types of mitochondria,
including liver, brain, kidney, pancreas, and hepatoma.

Green (Ziegler 1958) identified particles associated
with the christal membranes of rat liver mitochondria
which, in contrast to those described by Fernandez-Moran,
were larger (120 A° in diameter) and stalkless. It was
suggested that these structures called elementary par-

ticles (EP by Fernandez-Moran), and electron transport
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particles (ETP) by Green, may exhibit modifications in size

and form depending upon the tissue in question.

Biochemical Systems

To date, four integrated enzyme systems or functional
units have been ldentified in mitochondria in general
(Mercer 1960). Studies beginning with Schneider and Potter
(1948), Schneider and Hogeboom (1956), Schneider (1959),
and recently by a great number of workers, have provided
evidence that some of the enzymes assoclated with the TCA
cycle apparently are confined to the mitochondrial fraction
of the cells exclusively. While Kennedy and Lehninger
(1949) found isolated rat liver mitochondria capable of
carrying out the oxldation of all the TCA cycle inter-
mediates at rates comparable to those determined from
studies of intact liver, Schneider (1948) and Kennedy and
Lehninger (1949) provided evidence for the presence of a
blochemical system in mitochondria capable of exidizing
fatty acids to completion, the activities of which are
sufficient to account for the activity of the intact cells.

Evidence has been provided by many sources that
the enzyme systems associlated with formation of high
energy phosphates during aercobic respiration reside in
the mitochondria, and that the actlvity of this system in
tissue balance studies seems to follow the mitochondrial
fraction. Linanne (1958), Pullman (1958) cite evidence

for existence of enzyme systems in mitochondria capable
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of coupling the various oxidative processes to phosphory-
lation, while Green (1962) has isolated the soluble proteins
from mitochondrial fractlons which possess this capaclty

for phosphorylation.

Osmoregulatory Processes of Mitochondria

Two osmoregulatory processes have been shown to be
generally associated with mitochondria: (1) ability to
accumulate salts against a gradient, and (2) the ability
to undergo controlled volume changes. Considerable evi-
dence has been provided by the work of Bartley and Davies
(1954), MacFarlane and Spencer (1953) Spector (1953), and
Lehninger and Rossi (1963), and others that in vitro pre-
parations of mitochondria maintalned under circumstances
of adequate oxidative phosphorylation are not only capable
of maintaining pre-existing gradients of the cations K+,
Na+, Ca++, amng++but also exhibit the capacity of ac-
cumulating these ions from the incubation media. Green
(1962) and others have demonstrated the abllity of respiring
mitochondrial .preparations to accumulate inorganic phosphate.
Lehninger et al. (1963) reported that inorganic phosphate
of the medium accompanies Caffduring active accumulation
of the latter. Presumably Ca++uptake may passively accom-
pany the active accumulation of phosphate and result in
retention of calcium as the lnsoluble phosphate salt of
calcium. Lehninger (1964) reported that rat liver mito-

++
chondria accumulate Ca in the absence of respiration if
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ATP or an ATP regenerating system (which is oligomycin,
or DNP sensitive but cyanide insensitive) is present.

Changes 1in volume of mitochondria have been observed
in living cell cultures as well as 1n isolated mito-
chondrial suspensions. These volume changes have been
related both to passive, osmotic processes assoclated
with semipermeabllity of the membranes as well as to
active processes which are respiration dependent.

Tedeschl (1959) accurately predicted the degree of
mitochondrial swelling as a function of osmotic activity
over a wlde range of concentrations of various solutes.
Neither permeability nor availlable surface area varied
significantly for 1lipid-soluble substances, but an 1in-
crease 1n avallable surface area for absorption of polar
compounds was noted as swelllng progressed. These results
suggested a highly convoluted membrane, and that the
surface area of the convolutions (presumed to be christae)
became available only after being unfolded by swelling.
Volume increases 1n extremely hypotonic solutions were
less than those expected by osmotic prediction. This was
taken as evidence of membrane damage which permitted loss
of osmotically active solute. Mitochondria have been
observed to lose their oxidative capacity as a result of
loss of low molecular welght soluble components such as
NAD, NADP, and adenine nucleotides (Lowey & Siekevitz

1963).
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Lehninger (1962) described an "active" type of swel-
ling which was 1ndependent of variations in osmotic con-
centration, dependent upon respiration, and stimulated by
such swelling agents as thyroxine, 1lnorganic phosphate,

Ca++,etc. Swelling stimulated by these agents was re-

versed by addition of ATP and Mg'T

,and thls ATP-driven
enzyme mechanism (possibly contractile in nature) was found
to be independent of coupled oxidation-phosphorylation
processes. (Swelling induced by CClu, digitonin, and
glutathione was not readily reversed by this mechanism.)

Lehninger suggests that the swelling-contraction
phenomena may represent two entirely separate enzymatic
processes restricted to different membranes or morpho-
logical compartments of the mitochondrion, rather than
being a single reversible mechanoenzyme process.

Neifakh and Kazakova (1963) demonstrated the ex-
istenqe of a contractile protein in mitochondrial mem-
branes possessing properties simllar to actomyosin. Silnce
relaxed mitochondria permit ready release of endogenuous
adenine nucleotides and soluble factors which have a
stimulatory effect upon glycolysis, while contraction of
membranes renders them relatively impermeable to these
substances, it has be§n postulated that he control of
cytoplasmic processes may be regulated by the variable
permeability of mitochondrial membranes resulting from

the variable degree of contraction of contractile mechanisms.
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Relationship of Mitochondrial Ultrastructure to Function

Considerable effort has been directed toward developing
techniques that will provide structurally intact mito-
chondria for studles deslgned to 1dentify the blochemical
and physiological functions of mitochondria and to elucidate
the integrated nature of these activities in the func-
tionally intact unit. Concurrently, in a number of labora-
tories, a series of investigations have been conducted which
involve degradation of mitochondria into increasingly
smaller units of decreasing complexity. These studles
permit the identification of individual steps in the bio-
chemical and physiological phenomena of mitochondria, as
well as the 1identification of the structural subunits to
which these various activities are linked.

Studies such as these are of significance because
they demonstrate that certain mitochondrial functions
follow specific submitochondrial units, and that inte-
gration of these activitles 1s lost as the subunits are
separated, or severely restricted if the intact mito-
chondrion 1s physically distorted. Thus mgchanical damage
due to isolation techniques may account for disorgani-
zation of integrated mitochondrial fuﬂction under experi-
mental circumstances, and distortion of mitochondrial
structure undoubtedly is responsible, to some extent,
for metabolic disruptlons under certain pathological

circumstances.



26

Mitochondria become swollen in hypotonlc media,
phosphorylation becomes uncoupled from oxidation, and a
latent ATPase 1s activated. Green (1964) considers the
enzymes assocliated with oxldatlon, as well as those assoc-
iated with synthetic reactions powered by ATP, to be
located in the outer mitochondrial membrane, while those
concerned with electron transport are located on the
inner membrane. Thus, swellling may alter metabolic
function by causing very critical spatial requirements
to be exceeded. Novikoff (1956) found that mitochondria
isolated in 0.88M sucrose, although retaining their typical
red shape, exhibited limited oxidative phosphorylation and
enhanced ATPase activity. It was suggested that these
mitochondria may have been overly constricted.

Submitochondrial particles produced by the method of
Keilin and Hartee (1947), or by more recent modifications,
retain considerable succinic and DPNH oxidase activity
but do not retain significant capacity for coupled oxldative
phosphorylation.

Keilley and Bronk (1957) produced a broad spectrum
of submitochondrial fragments by exposure of rat liver
mitochondria to sonic vibration. These particles were
capable of coupling oxidation and phosphorylation with
succinate, DPNH, etc. as substrates, but not with sub-
strates dependent upon presence of DPN+ which seemed to

be lost by these particles.
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Devlin & Lehninger (1958) obtained submitochondrial
fragments by sedlimentation of a digitonin-treated suspendion
of rat liver mitochondria at 100,000 x g. These particles
retained considerable organization of both electron trans-
port system and phosphorylating enzymes, but were incapable
or organized TCA cycle or fatty acid cycle activities.

Green (1963) has reported the isolation and recon-
stitution of a submitochondrial particle (presumably the
EP particles of Fernandez-Moran) that uniquely contains
all of the fixed components cf the electron transfer system.
These isolated particles appear to be physical and func-
tional aggregates of the four complexes known to constitue

the electron transport system.



CHAPTER III

METHODS AND MATERIALS

Experimental Animals

The animals used in this series of experiments were
strain-A mice obtained from the Roscoe B. Jackson Memorial
Laboratory and maintained in our laboratory. Mice of this
strain were selected because: (1) much of the related
work regarding carbon tetrachloride-induced hepatoma studiles
has involved this strain, and (2) the incidence of spon-
taneous hepatoma 1n strain-A mice has been reported to be
less than 1% through 16 months of age (Edwards and Dalton
1942), which is lower than that reported for other strains
that have been investigated. The mice utlilized were
approximately elght weeks of age at the beginning of each
experiment, and had attained a body weight of approxi-
mately 20 grams. Males and females were kept in separate
metal cages with four mice per cage. All mice were fed
Purina dog chow pellets and tap water ad libitum. En-
vironmental temperatures were maintained at 750Fi10.

Carbon tetrachloride solutlons were prepared by
dilution with olive oil to a 40% solution by volume.
Measured doses of control and experimental solutions were

28
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administered by stomach tube on a body weight basis.

An 18 gauge metal needle, with tip blunted by a mass of
solder rounded to the diameter of the mouse esophagus,
served as a stomach tube. Measured doses of solutions
were administered through this tube from a 1 cc. syringe,
graduated in 1/100 cc. units. The mice were force-fed
under light either anesthesia in order to prevent puncture
of the esophagus or undue damage to teeth as a result of
chewing on the metal feedlng tube.

Prior to obtaining tissue samples for various experi-
mental observations, the animals were killed by cervical
dislocation and exsangulnated. The livers were quickly
exclsed and placed in 1ce-cold 0.25M sucrose buffered
at pH 7.2 with tris buffer. All subsequent preparative
procedures were carried out 1n a cold room at a temperature

of 0°- 49%.

Histological Preparations

Necropsies were performed on mice at predetermined
intervals, and whenever possible on mice dying of CClu
poisoning during the course of each experiment. The extent
of macroscopic hepatic reaction was noted (color, texture,
appearance of nodules), and samples of hepatic tissues
were prepared for hlstological studies. All visceral
organs were examlined grossly, and the kidneys in addition
were subjected to microscopic examination periodically

for evidence of reaction to carbon tetrachloride.
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Analytical Procedures

Preparation of Mitochondria

Liver mitochondrial suspensions were prepared by
homogenization of the tlssue and differential centri-
fugation in a 0.25M sucrose medium in essentially the
same manner suggested by Hogeboom et al. (1948). Centri-
fugations were carried out in a Servall centrifuge, Rotor
Number SS~34. The homogenates were spun initially at
300 x g for 10 minutes in order to sediment nuclei, in-
completely ruptured cells and connective tissue. The
resulting supernatants were centrifuged at 10,000 x g
for ten minutes in order to sediment the mitochondria.
The mitochondria were washed with a fresh volume of
sucrose medium equal to that of the supernatant, and
centrifuged. This process was repeated. The twice
washed mitochondria were then resuspended in a volume
of sucrose medium equal to 2 1/2 times the wet weight of
the original liver sample if metabolic determinations
vwere to be made, or in a volume equal to 9 x the weight
of the liver sample 1f lon determinations were to be
made.

Phosphate fixation-oxygen reduction ratios were
determined from randomly selected preparations approxi-
mately every two to three weeks in order to demonstrate
that the mlitochondria were not damaged by the ex-

traction procedures. Swollen or otherwise damaged
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mitochondria do not maintain proper coupling of oxidative
and phosphorylative activities and, therefore, are in-
capable of either actively concentrating ions or of
maintaining ion gradients established prior to the damage
(Spector 1953).

Oxlidation and coupled phosphorylation were measured
by a manometric technique utilizing a multiple unilt cons-
tant pressure respirometer designed and described in detaill
by Reineke (1961). To the reaction mixture in each standard
Warburg reaction vessel was added an aliquot of mito-
chondrial suspension equivalent to 10 to 15 mg. of mito-
chondrial protein. The flasks in position on the respiro-
meter were allowed to equilibrate in a water bath at 37°C
for 7 minutes, following which side arm vents were closed
and readings taken at convenient intervals (5 to 10 minutes)
for 20 to 30 minutes.

Immediately prior to affixing flasks to the respiro-
meter, and again upon completion of the incubation per-
iod, 0.3 ml. aliquot of the contents of each vessel were
transferred to labeled test tubes containing 4.7 ml ice-
cold 5%TCA solution. Both zero-time and 30 minute TCA
samples were centrifuged and their supernatants recovered
in order to determine inorganic phosphate depletion

according to the method of Fisk and Subbarow (1925).
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Ion ‘Analyses

In order to measure the concentrations of ions in a
sample of tissue by use of flame photometry, it 1s necessary
to atomize into a gas flame a solution of the sample. Under
proper conditions the flame has sufficient thermal energy
to excite electrons of the elements to levels at which
they will radlate emissions characteristic for each element.

A Coleman Model 21 flame photometer was used in this
study for ion determinations. The 1nstrument was fitted
with a direct atomizing oxygen-natural gas burner, and its
operation has been described in the Coleman Co. instruction
manual "Operating Insturctions for the Model 21 Coleman
Flame Photometer D-248." The burner was operated at a
pressure of 12 1lbs. of oxygen per square inch and five to
six cubic feet of natural gas per hour, which 1s the
requirement for city gas flow. This provided the optimum
burner conditions according to the manufacturer.

The intensities of the 1solated radiations were
measured by an auxillary indicating instrument, the Coleman
Model 22 Grav-O-Meter.

Because ion concentrations of liver homogenates and
mitochondrial suspensions are not uniformly distributed
between solution and suspended particles, it was necessary
to extract calclum, potassium and sodium from these
samples. It was originally proposed to extract lons from

whole liver and liver mitochondria by dry ashing samples
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in a muffle furnace at 550°C for 24 hours, and the initial
ion extractions were obtained in this fashion. Monib and
Evans (1957) have reported that homogenization of tissues
in 2% trichloroacetic acid gives results which appear to
be reliable and in good agreement with other methods of
extracting ions from tissue.

We compared this 2% TCA method with the dry ashing
procedure previously proposed. The two methods gave results
which were 1in agreement to within 3%. Since the TCA method
proved to be much more conservative of time than the dry
ashing procedure, and inasmuch as some of the procedures
for other determinations involving these same tissue
samples involved the use of TCA, this method was subse-
quently adopted as the routline method for 1lon extraction.

A 30% TCA solution (w/v) was made by dissolving
150 gm. of TCA in 500 ml. of de-ionized water. Whole
liver samples were accurately weighed and homogenized for
2 to 3 minutes with a Potter Elvehjem motor driven
homogenizer.  The ‘1liver suspensions were then transferred
to metal-free polyethylene bottles to which were added
3.3 ml. of 30% TCA and enough de-ionized water to bring
the volume to 50 ml. in each. Washed mitochondrial pellets
derived from centrifugation of liver homogenates were
resuspended directly in sufficient 2% TCA to give a final
volume of 10 ml. These final volumes represented approxi-

mately 100:1 W/V dilutions of the sample materials.
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Following overnight storage at SOC, the precipitated pro-
teins of the TCA suspensions were separated by centri-
fugation, and the supernatant solutions filtered through
#40 Whatman filter paper and stored in polyethylene vials
at -5°C prior to analysis.

Standard solutions of clacium, potassium and sodium
were prepared according to Dean (1960). Standard curves
were established, based upon analyses of serial dilutions
of these standard solutions. Each sample extract was
read against the standard solutions and the concentrations
of calclum, potassium and sodium were estimated from the

standard curves.

Protein Determination

The proteln concentration of the samples from which
ions were extracted was determined according to the method
of Gornall et al. (1949). Gloudiness, resulting from lipid
content of livers and liver fractions resulting from ab-
sorption of CClu, was resolved by shaking the resulting
Biuret solution with an equal volume of ethyl ether. After
centrifugation, ether was removed by aspiration, and the
protein concentration of the resulting clear Biuret solution
was determined with the Beckman Model Du spectrophotometer

at the wave length of 450 mu.
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Carbon Tetrachloride Feedlng Experiments

Determination of Maximum Tolerable Dose of CCly
Per Feeding on a Sustalned Basis

According to Eschenbrenner (1944), the incidence of
CClu—induced hepatoma in mice increases as the time during
which a constant dose is administered increases. In addi-
'tion, the rate of hepatoma inductlion increases as the total
amount of CClu administered during a constant time 1interval
increases.

A tri-weekly feeding schedule was most convenient
for our purposes. The initial investigation was designed
to determine the maximum tolerable dose of CClu that could
be adminlstered on thls basis, in order to develop a
satlsfactory 1incidence of tumor as qulckly as possible.

Five groups of mice were force-fed 40% CClu in olive
0il tri-weekly, while two control groups were force-fed
olive oil. Groups (1) and (2) were control groups
recelving 0.3 ml and 0.1 ml of olive oll respectively.
Groups (3) received 0.5 ml 40% CClu; group (4) received
0.3 ml 40% CClu; group (5) received 0.2 ml 40% CClu; and

group (6) received 0.1 ml 40% CClu.

Determination of Time Required for Induction of Hepatoma

One of the majJor obJectives of thils series of in-
vestigations was to ldentify, i1f possible, the time
interval during which hepatoma induction occurs in mice

exposed to repeated feedlngs of CClq. The maximum time
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was to be established by noting the time required for
gross symptoms of hepatoma to become evident by palpation
or at autopsy. Although several investigators have
reported 70% to 100% success in inducing hepatomas in
mice ranging in age from 1 - 5 months, as a result of
administering 0.1 ml 40% CClu solution two or three times
weekly to a total of at least 30 feedings, there has been
little indication as to the approximate period of time
required for the actual induction of hepatomas. Edwards
(1941) reported 70% to 98% tumor incidence in several
strains of CClu-treated mice, with strain-A mice exhi-
biting the highest incldence. The majority of these
mice, however, were autopsied after having received well
over 35 feedings and up to 54 feedings. Eschenbrenner
(1946) reported 100% tumor induction in strain-A mice
surviving 30 tri-weekly feedings of 0.1 ml 40% CClu;
however, autopsy was not performed until 150 days followilng
the initial feedilngs.

A group of mice, males and females, was placed on
a tri-weekly feedlng regime which was extended over a
ten-week period during which 30 doses of CClu solution
(0.1 ml 40% CCl, per dose) were administered. In order
to establish the time for development of gross evidence
of hepatoma, the mice of this group as well as those
used in other experiments of this investigation were

examlned for evidence of liver tumor post mortem.
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Determlination of Effects of Sex Hormones on
Resistance to CClu Toxicilty

The previous experiments regarding the determination
of the optimum tolerable dose of CClu for strain-A mice
demonstrated that the mortality rate for females 1s much
lower than for males, especilally at high dose levels. Our
working dose level of 0.005 ml 40% CClu in olive o1l per
gram of body welght 1s the highest level at which the
mortality rate 1s approximately the same for both sexes.
The differences between mortality rates of males and
females with increasing dose levels suggested a possible
involvement of sex hormones 1in the mouse tolerance to CClu.

The following experiment was designed to determine
(1) whether this assumption was valid, and (2) if so,
whether androgens tend to render animals more sensitive
to the effects of CClq or whether estrogenic substances
offer a degree of protection against the effects of CClu.

Male and female straln-A mice were castrated, or
sham operated (gonads exposed but not removed) and per-
mitted a ll-day post-operative recovery period before
initiation of the CClu regime along with normal control
mice, as follows:

Mice were divided into 6 groups of 8 males and 8

females each. Group (A) contained untreated (no hormones

lThis dose level was derived from the standard dose
of 1 ml. of 40% CCl, solution per mouse used routinely by
other investigators 'in tumor induction studies, and is
equivalent to 0.1 ml. per 20 gram mouse.
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injected), unoperated mice which received olive o0il without
CClu throughout the experimental period; group (B) con-
talned mice upon which sham operations were performed,
and which received olive 01l without CClu at each feeding
and 0.1 ml corn o1l subcutaneously when mice of group E
were glven hormone injections; group (C) contained un-
treated mice which received 0.015 ml 40% CCla solution/gm.
body welght at each feeding; group (D) contained castrate
mice which received 0.015 ml 40% CClu/gm. body wt. at each
feeding;2group (E) contained castrate males which received
daily injections of stilbesterol (0.1 ugm in 0.1 ml corn
0il) and ovariectomized females which received daily in-
Jections of testosterone proplonate (60 ugm in 0.1 ml
corn o0i1l), and were fed 0.015 ml 40% CClu/gm. body wt.;
group (F) contained castrated mice which were treated
exactly like those of group (E) except that the hormone
injections were started 12 days prior to the CClu feeding
schedule; group (G) was a group of mice used in a previous
experiment in which untreated animals received 0.3 ml
Log CClu per mouse.

The dose level of testosterone propionate for this
experiment was set at 60 ugm daily on the basis of reports
by Rubenstein and Solomon (1940) that an 11% increase in

body weight of rats 26 days of age (average weight 45

2This dose level is equivalent to 0.3 ml 40% CCl,
soclution per average 20 gram mouse.
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grams) was produced by daily injections of 50 ugm tes-
tosterone propionate, and that six daily injections of 75
ugm of the hormone caused effective regression of the x-
zone of the adrenal glands of castrate mice (Starkey &
Schmidt 1938). The 0.1 ugm dose level of stilbesterol

was established on the basis of reports by Emmens (1939)
that this represented the mouse unit for stilbesterol, and
by Leighty and Wick (1939) that estrus is induced in

spayed mice by 0.066 gamma of stilbesterol.

Oxygen Utlllzation by Mitochondria in Situ

The metabollsm of isolated mitochondria during in vi
vitro studies 1s subject to question, due to difficulties
in duplication and malntenance of conditions 1like those
in vivo. It was, therefore, decided to investigate the
effects of CClh on the metabolic integrity of mitochondria
in mouse liver slices by measuring the rate of oxygen
consumption. The tissue slice is thought to represent

organized surviving tissue in which observed metabolic

activities are qualitatively comparable to those occurring
in the original tissue (Umbreit 1964).

Sixteen mice (8 males and 8 females) were given a
single oral dose of 0.005 ml 40% CClu/gm. body weight, and
the oxygen utilization of liver slices of two males and
two females was determined at 24, 48, and 72 hours.

A second group of mice of both sexes was given tri-

weekly feedings of CClu solution at the dose level indicated
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above, and 48 hours following each third feeding (when
possible) oxygen utilization by liver slices of two males
and two females was determined.

Livers of mice were quickly excised and placed in
ice-cold 0.25M sucrose solution. Slices ranging from 0.3
to 0.5 mm in thickness were prepared wlth a Stadie-Riggs
hand microtome, blotted free of excess solution, and
weilghed. Slices were transferred to the main vessels of
a standard Warburg flasks which contained 2.0 ml of 0.01
M glucose in Kreb's Ringers phosphate (pH 7.2) (Umbreit
1964). The center well of each flask contained 0.1 ml
10% KOH absorbed in a filter paper wick. The gas phase
was replaced with oxygen, and flasks were attached to a
multiple unit constant pressure respirometer. All flasks
were 1incubated at 37OC with constant agitation. The
protein content of samples was determined by the Biluret
method and metabolic quotients (QO2) were evaluated on the

basis of protein content rather than sample weight.






CHAPTER IV

RESULTS

Histologxl

Liver sections prepared twenty-four hours following
a single dose of 0.1 ml 40% CCl, exhlbited extensive
necrosis of hepatic cells in the central portions of
lobules and to a lesser extent in the midzonal regilons.
Parenchyma of the portal vein-bile duct regions resembled
those of control sections in appearance. Necrotic portions
of lobules of the central zones contrasted sharply with the
adjacent, apparently normal parenchyma of the peripheral
zones. Necrotic cells exhibited bright orange to red
cytoplasm (H and E stain) with nuclel either missing or
in various stages of pycnosis, while non-necrotic cells
possessed a granular, purple-stalned cytoplasm. The bulk
of the necrotic tissue 1n assoclation with inflammatory
changes (infiltration of leucoytes and Kuppfer cells)
persisted through the 100 hour observational period.

Regenerative changes were evident at forty-eight

hours. Binuculeate cells and mitotic figures were present

lSlides of liver and kidney sections were reviewed
by Dr. Pack of the Detroit Cancer Institute.
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throughout the intact tissue, but seemed to be most pre-
valent 1n areas adjacent to necrotic zones.

At seventy-two hours there is substantial evidence
of hepatic cell regeneration as evidenced by recession of
necrotic areas, -and increasing numbers of mitotic figures
and binucleate cells. Our studies indicate considerable
overlapping of necrotic and regenerative processes from
forty-eight hours through the 100-hour observational
period.

Liver sectlions examined following three, six, and
nine doses of CClu exhibit essentially the same patho-
logical features as those assoclated with the single feeding
experiment. However, degenerative changes were more pro-
nounced following the earllier feedings while regenerative
phenomena were more prominent following the later feedings.
Eosin-hematoxylin-stained sections showed extensive hyaline
degeneration of parenchyma 1in the central vein zone of
lobules, accompanied by fatty changes in the remaining
liver cells. Normal liver lobular patterns were distorted
by the development of slightly more fibrous tissue in the
central and peripheral zones. The hepatic cells show
marked variations in slze and nuclear forms. Nuclel were
large and prominent in some cells and pyknotic in others.
Mitoses were more numerous than for the comparable period
following a single dose of CClu. This fact, in addition to

numerous cells with double nuclei, was suggestlve of active
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regeneration. Following the eighteenth feeding, the de-
position of fibrous tissue of unknown origin becomes in-
creasingly more evident. A definite pattern of false
lobules 1s produced by deposition of this fibrous tissue
accompanied by dense inflitration of plgmented Kuppfer
cells.

Following thirty or more doses there were one or
more nodules protuding from the surfaces of some of the
livers examined at autopsy. These were firm and pink to
gray in color, and from a macroscopic point of view, fit
the description of CClu-induced "hepatomas" reported by
others (Edwards 1943). Microscopically there was no
evidence of capsule formation between the nodular area and
the liver proper. Cells of these masses were highly
differentiated and closely resembled hepatic cells. These
tissue masses might either constitute benign tumors or
non-neoplastic nodules of regeneration, both of which
exhibit comparable histological features (Edwards 1943).

Examination of kidney sections at 24, 48, and 72
hours following a single dose of CClu, and at 48 hours
following each third dose of the multiple-feeding regime,
showed no histological changes of significance. With
the .exception of occasional evidence of mild epithelial
swelling, . kidney sections of mice exposed to either
.single .or multiple doses of CClu of the concentration used

routinely in .this seriles of studies, resembled those of

. control mice.
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Carbon Tetrachloride Feeding Experiments

The numbers of mice surviving the varlous dose levels
of CCl, are summarized in Table 1. Seven of 49 control
mice dled during the course of the Experiments. None of
the males and two of four females receiving 0.5 ml. 40%
CCl,4 solution per mouse survived the three-day interval
followlng the initial feeding. The animals of this group
were qulte slugglish, showed little spontaneous movement,
and appeared to have conslderable loss of welght at the
time of death. (Weight records were not maintained during
this experiment). The hair of the anal and pelvic regions
was heavlly stailned with a yellowish brown discharge,
either of renal or intestinal origin (the source was not
determined). Because of the severe effects of the 0.5 ml
dose level, this feeding regime was terminated after
administration of the 1nitial dose.

All of the males (12) and seven of 31 females re-
ceiving 0.3 ml CClu per mouse (average body welght = 20
grams) diled prior to the 18th feeding. Eleven of the 12
males falled to survive the eighth feeding, while only
four females died during this period. Fourteen of 31
females were still alive at the termination of this feeding
schedule, which involved 36 feedings over a 90-day period.

Of the group receiving 0.1 ml of CClu solution per
mouse, thirteen of 24 males and 12 of 20 females survived

53 feedings over a 1l46-day period.
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TABLE 1.--Survival of strain-A mice following repeated oral
administration of carbon tetrachloride solution.

Denominators
Numerators

numbers of mice observed
number of mice surviving

DOSE

2
2
2
2

— — — —
(0] O O (@]
SEX ¥ 5 ” 5 ~ 5 ~ 5
Q Jé (@] (e} o [ o o
(0] o (0] (@]
O (@] O O
M 0/8  L/4 0/12 3/3 0/12 - 13/24  6/9
F o/4 6/8 1431  8/8 - - 12/20 15/17
] )

Milliliters of 40% solution CCl,,to a total of at
least 30 doses for surviving mice per SO gm. mouse
administered triweekly.

2Controls received a volume of olive o0il equivalent

to volume of CClu of experimental dose.
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There were no females in the group receiving 0.2 ml
CClu solution per mouse. However, the mortality levels of
females receiving 0.1 ml and 0.3 ml dosages provides infor-
mation regarding the probable fate of females exposed to
the 0.2 ml dose level. None of the males survived the 71lst
day of the experiment (18 feedings), and most (9 of 12)
died within the first three weeks of the feeding regime.

The survival of mice 1s shown in Fig. 3, as a function
of magnitude of the chronically administered dose. It 1is
evident that the LD50 dose for females 1s greater than
0.005 ml 40% CCl, per gm. body weight.

The survival rate of mice at the various dose levels
is plotted in Fig. 4 against time (or the total number of
doses administered). Agalin 1t 1is evident that females may
survive 30 or more feedings at elevated dose levels. How-
ever, males do not survive the 30 feedings estimated to
be required for tumor induction at dose levels exceeding
0.005 ml. 40% CCl, per gm. body weight.

The results of the pooled observations in regard to
tumor induction are summarized in Table 2. There was no
gross evidence of tumor formation in any of 139 mice
autopsied prior to the 23rd feeding. One female that had
received 0.3 ml CClu solution per feeding exhibited a
small tumor at the twenty-fourth feeding. None of 15
females or of 5 males examined prior to the 30th feeding

displayed visible evidence of hepatoma. None of three
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Figure 4.-~Total number of tri-weekly administered
doses of 40% CCl, survived by groups of mice
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TABLE 2.--Induction of macroscopic hepatic changes in
strain-A mice followling chronic feeding of CClu.

Numerator = positive occurrences
Denominator = number of mice observed

Number of Doses

]
o o =
SEX - 2 o &
[QV] | [} { =
| = — — O
— [QV] o = O
M 0/80 0/5 0/3 10/10 0/16

F 0/59 1/16 2/10 23/26 0/33
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males and 2 of 10 females examined between the 30th and 40th
feedings exhibited evidence of tumor. Twenty-three of 26
females receiving 40 or more doses of CClu solution dis-
played well-defined tumors (multiple in many cases) at the
time of autopsy. Ten of ten males that received 40 or more
feedings exhibited weil—defined tumors at autopsy. There
was no evidence of hepatomas 1n any of the control mice
examined post mortem.

Table 3 shows the incidence of death in each of the
groups of mice involved in the experiment to determine the
effects of sex hormones on resistance to CClu toxicity.

One male and one female of the ihtact control group (A)

and none of the sham-operated control mice (group B) died
during the course of the experiment. The mortality figures
for the castrate males and females receiving CClu do not
vary appreciably from those of the control groups. None of
the intact females receiving CClu (groups C and G) nor any
of the estrogen-treated male castrates receiving CClu
(groups E and F) died during the course of the experiment.
However, the intact males (groups C and G) and castrate
females injected with testosterone (groups E and F) ex-

hibited marked sensitivity to CClu.

Ion .Distrilbution..Experiments

The values for metal lon concentrations per mg. of
protein of whole liver and liver mitochondria are graphed

in Fig. 5 as a function of time after the administration
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TABLE 3.--Relation of sex hormones to resistance to

carbon tetrachloride polsoning.
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mice receiving olive oll orally

sham-operated mice receiving corn oil injections
and ollve oll orally

unoperated

mice receiving 0.015 ml/gm body wt. CClu

castrate mice recelving 0.015 ml/gm body wt. CClu
solution orally

castrate mice receiving 0.015 ml/gm body wt. CClu
solution orally: males injected with 0.lug
stilbesterol, and females with 60ug testosterone

proplonate

conditions
injections

unoperated

same as those for (E) except that hormone
started 12 days prior to exposure to CClu

mice receiving orally 0.3 ml CClu per mouse
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of CClu. The sodium levels 1n liver mitochondria after

a single CClu dose do not vary markedly from normal values.
The calcium content, however, increases to a maximum of
five to six fold between 24 and 72 hours, while potassium
rapidly decreases to below 50% of the control level. Both
of these ion concentrations return to normal levels within
112 hours following feeding.

Thus the comparison of the data for the rat to that
of the mouse (Fig. 5a) following a single feeding of CClu
shows that the time course of the ion change 1n mouse liver
mitochondria and the direction of these changes are similar
in the two species.

Fig. 5b shows the time course of ion changes 1n whole
liver homogenates following a single dose of CClu. The
maximum calcium and minimum potassium levels occur at times
corresponding to those of the mitochondria. The whole
liver data no doubt reflect the influence of residual plasma
of unperfused livers, note higher Na+ level, as well as al-
terations of Ca++and K+ excretion rates by the kidneys.

. Experimental animals exhibited a marked decrease in
body weight following the first feeding of CClu. Fig. 6
discloses that the average body welghts of mice decrease
to 90% .of the original levels 24 hours following ingestion
of CCl,, and reaches a minimum of 87.4% of the original
welight by the third day. It should be noted that the mean

welght .of females did not decrease to the same extent as
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did that of males. Moreover, the mean welght of the females
actually increased between the second and third day, while
that of males continued to decrease.

Observation of livers of experimental animals revealed
a marked increase 1n mean liver welght during the course of
the experiment (Fig. 7). Ratios of liver wt. to total body
wt. were determined for each animal at the time of death,
and a plot of these ratios as a function of time discloses
the increase in liver mass over the four-day interval.

Liver welght-body weight ratios for normal mice were observed
at random during the course of other experiments, the mice
ranging in age from six weeks to 12 months. These ratios

did not differ significantly from those of the control mice
of this experiment. The protein content of the liver and
mitochondria was used as a base line for the determination

of 1on concentrations in terms of unit mass of metabolically
active tissue.

In Fig. 8 the values for the protein concentration per
gram of liver increase to a maximum of 15% above control
values at 48 hours, and decline toward control values from
that point. In view of the fact that these values exceed
control values during the experimental period when the total
liver mass also exceeds control values, we consider this as
evidence for a net synthesls of protein during this interval.
Since purity of the isolated mitochondrial fraction rather

than maximum recovery of the total fraction was of primary
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importance, data are not avallable for total mitochondrial
protein/unit mass of liver.

In Fig. 9b the changes in concentrations of sodium,
potassium and calcium of mitochondria obtained from livers
of mice exposed to tri-weekly feedings of CClq are shown.
The general trend of the ion changes during the period of
the first 9 feedings 1is similar to the pattern of ion fluc-
tuations of mitochondria following a single exposure to
CClu. The calcium content increased to a maximum of nearly
8 times the control value following the third feeding. Fol-
lowing the 9th feeding when the concentration is 7 times
the control value, the calcium content steadily declined
and approached control values, although remaining signifi-
cantly (Student's t test) higher throughout the duration
of the experiment. The potassium concentration decreased
to one-third of the control value following the third
feeding, after which time the potassium concentrations
were, for the most part, not significantly different from
control values throughout the experiment.

Fig. 9a compares the sodium, potassium, and calcium
concentrations 1n whole livers as a function of the cumu-
lative amount of CClu ingested. The potassium and calcium
concentrations were gquite variable during the course of
the first nine feedings and in general varied in the same
direction rather than in the reciprocal fashion as seen in

the mitochondria (Fig.9b). Alterations in sodium
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concentrations, although paralleling the directions of
potassium and calcium changes, did not vary significantly
(Student's t test) from control values during this interval.
The ion concentrations vary much less markedly from the
ninth through the 30th feedings. The potassium concen-
trations were near or lower than control values during
this interval, while calclum concentrations agaln were
generally not significantly different from control levels.

Welght records were kept for all mice during the
course of this experiment. All mice receiving CClLl exhibit
a 12% to 20% decrease in welght by the second day following
the initial feedling. Fig. 10 compares the welght records
of control and experimental mice. The average weight of the
experimental group exceeds that of the control group by
2% at the beginning of the experiment, while the average
welght of the control group exceeds that of the experi-
mental mice by 7% at the end of the 30th feeding. After
the initlal decrease in weight following the first feeding
of CClu, the growth record of the experimental group
roughly parallels that of the control group, although re-
maining significantly lower.

There was a general increase 1in liver mass of CClu—
fed mice during the course of the experiment. Fig. 11
shows the ratio of liver weight to body weight to increase
from 4.99 at the beginning of the feeding regime to 8.03

at the end of 30 feedings. 1Initially the decrease in
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body weight may be as important a factor in the elevatilon

of these ratios as an increase in liver mass. The fact that
the values for concentrations of protein per gram of liver
(Fig. 12) exceed control values from the 9th through the
18th feeding suggesﬁs a net synthesis of protein during

this time. The fact that the protein concentration per

gram of liver decreases from the 18th through the 30th
feeding in spite of the fact that total liver welight in-
creased during this interval suggests accumulation of some
other liver constituent (possibly lipid or water), and a

consequent dilution of proteiln.

Oxygen Utilization by Mitochondria in Situ

The results of the investigations of the oxygen
utilization 1n relation to the toxic effects of a single
dose of CClu are summarized in Fig. 13a. The oxygen up-
take was computed on the basis of liver protein concen-
tration. The oxygen utilization is reduced to 30% of
the control level at 24 hours and steadlly increases to
62% and 72% of control values respectively at 48 and 72
hours.

The O2 uptake of liver slices obtained from mice to
which CClq was adminlstered repeatedly is shown in Fig. 13b.
The oxygen utilization falls to approximately 42% of

control values on the basis of the liver protein index.

From this point there i1s a generally variable, but always
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incomplete approach toward recovery of control levels of
O2 utilization during the remainder of the experimental
period.

Phosphate flxatlon-oxygen redquction ratios were not
determined routinely for mitochondrial preparations utilized
for ion determinations. The results of the determinations
that were made at selected intervals, however, indicate
that the mitochondria we prepared retained their functional
capacity and, thus, are representative of the normal physio-
logical activity of the liver (Table 4). The experimental,
mean P/0 ratios were 1.47 for succinate preparations (theo-
retical maximum = 2.0) and 3.26 for ketoglutarate pre-
parations (theoretical maximum = 4.0). The experimental
ratios compare favorable with expected, theoretical ratios,
and represent acceptable, practical values.

In view of the fact that agents foreign to the physilo-
logical systems must be added for protection against swel-
ling and other kinds of degeneration of mitochondria 1n
vitro, and that unnatural phosphate traps are utilized to
obtain maximum P/O ratios (hexokinase or creatine kinase
systems), P/0 determinations cannot be utilized to assay
the true, specific activities of the enzyme system in
vivo. However, since the metabolic work of moving ions
through membranes, especially against their electro-
chemical gradients, 1s of conslderable magnitude, it is

of importance to remark that those data show that our
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TABLE U4.--Reaction system and results for phospate fixation-
oxygen reduction determinations.

Substrate Flasks
PQ, Buffer 0.65M 0.5 ml 0.5 ml
Succinate 0.1M 0.2 -
Ketoglutarate 0.1M - 0.2
Malonate 0.1M - 0.2
ATP .015M 0.1 0.1
MgCl2 .015M 0.1 0.1
Hexokinase 1% in 0.1 0.1

0.1% glucose

Mitochondria (equivalent 0.5 0.5
to 20-30 mg Proteiln)

Sucrose (.24M) EDTA (.003M) 0.4 0.2

KOH 10% 0.1 ml in center well of each flask

Results: (means of eight determinations)
Substrate P/0
Succinate l.U?iO.N3

Ketoglutarate 3.26%0.56
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preparations are capable of satisfying the needed energy

requirements.



CHAPTER V
DISCUSSION

As indicated earlier, the incidence of CClu—induced
hepatoma increases as the rate at which a measured dose 1is
administered decreases; and the incidence of hepatoma
increases with the magnitude of the dose of CClu admin-
istered at a constant dose rate. Our study to determine
the maximum dose that could be tolerated on the basls of
a tri-weekly feedling schedule revealed that the quantity of
0.005 ml of 40% CCl, solution per gm. of body weight (0.1
ml per 20 gm. mouse) was the most satisfactory dose that
could be administered regularly without increasing the
mortality rate.

At a chronic dose level of 0.1 ml, both male and
female mice survive reasonably well over a long period of
time. With increasing concentrations above 0.1 ml, however,
males apparently become increasingly more sensitive to the
toxic effects of CClu than females. Our observations
indicate that female mice may be maintained over the period
of time required for the development of liver tumors at a
dose level as high as 0.3 ml per 20 gm. mouse with no

histological evidence of kidney derangement. No males

68
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survived the tumor-induction period (30 weeks) at dose
levels exceeding 0.1 ml. Those that survived the exposure
to the 0.3 ml dose level for several weeks did exhibit
renal necrosis.

If there is a close relationship between frequency of
hepatoma and dose levels in this series of experiments,
it 1s not evident. Three of nine females receiving 0.3
ml CClu solution and 3 of 15 females receiving 0.1 ml per
dose developed tumors prior to the 40th feeding. Six of
nine females receiving 42 feedings of 0.3 ml CClu solution
and 16 of 16 females receiving 40 to 50 feedings of 0.1 ml
per dose exhibited tumors.

The nodules of tissue observed in this study, arising
in mice exposed to CClu, resembled regenerating liver
tissue. The CClu-induced neoplastic growths described by
Dalton and Edwards (1942) (1943) and others closely re-
sembled regeneration nodules. With eosin-hematoxylin
staining, normal and regenerating hepatic cells display an
eoslnophilic cytoplasm, while CClu-induced hepatoma cells
frequently show a slight basophilic cytoplasm. Differen-
tiation on this basls, however, is by no means clear-cut
and distinct.

If these nodules do indeed consist of hepatoma cells,
they are derived from liver parenchyma cells and are not
appreciably different from them histologically (Edwards

1943). 1In any event, the determination of the transition
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from normal regenerating liver parenchyma cell to true
hepatoma cell will require histochemical, cytochemical,
and autoradiographic techniques which can detect the
apparently subtle differences between regenerating cells
and hepatoma cells.

" The tlime course of the development of a satisfactory
incidence of tumor 1s approximately 100 days. Since these
tumors average 5 mm. or less in diameter, additional time
would be required for them to develop to sufficlent mass
to allow recovery of enough sample material for practical
chemical and metabolic analysis. Obviously, the actual
induction of hepatoma must begin prior to the 40th feeding
and would have to be determined on a histological, histo-
chemical, or blochemical baslis.

The high mortallty of male mice and female castrates
injected with testosterone proplonate suggests that the
androgen 1s in some fashion responsible for the lncreased
sensitivity to CClu. The fact that only one of the castrate
males receiving CClu, but no hormone and one of the castrate
males receiving stilbesterol and CClu died during the course
of the experiment 1s not sufficient evidence that the es-
trogen, on the other hand, provides a protective effect.

Eschenbrenner (1945), in studying the effects of
chloroform intoxication in strain-A mice, observed for
high doses general necrosis of renal tubular epithelium

(with the exception of the proximal tubule adjacent to
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the capsule) in all male mice, but not in females. He
reported no evidence of necrosis in female kidney at a
dose level of chloroform equivalent 1in concentration to
the dose level of carbon tetrachloride of our experiments.
Observations of kidney sectlons of male and female mice
receiving 0.005 ml 40% CClu per gram of body welght in
our experiments show no evidence of necrosis in either sex.
Crabtree (1940) reported a high percentage of
glomerular capsules lined with cuboidal rather than
squamous eplthelium 1n male mice, as opposed to a much
lower percentage of such capsules in the female kidney.
This sex-linked difference relative to the structure of
Bowman's capsule was observed in strain-A mice by Eschen-
brenner (1945) and again during this series of investi-
gatlons. The percentage of cubiodal cell capsules in
castrate males was observed by Crabtree (1941) to decrease
to approximately the female level for animals of the same
age. Administration of testosterone propionate to female
castrates resulted 1n a marked increase in cuboidal
capsules. . Although 1t appears that testosterone exerts
a characteristic and specific effect on kidney tissue,
it is difficult to evaluate this finding. Selye (1939)
suggests that the hormone may either have a direct,
trophic effect upon the kidney, which would affect its
function, or the primary influence may effect general me-
tabolic changes which would necessitate increased kidney

function.
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From the data regarding the time course of weight
loss in mice receiving chronic feedings of CClu a sudden
decrease in weight following the initial feeding is sug-
gestive of a fluid loss which 1s more serious 1in the male
than in the female. The increase in liver protein concen-
tration noted in the early hours of our experiment, when
protein synthesis is reported to be depressed (Smuckler
1962), also is suggestive of dehydration. The possibility
exlsts that a CClu-induced diuresia in the initilal 24-
hour period following CClu feeding may be responsible for
this phenonmenon. Cornish (1964) indicates that the normal
volume of urine produced in 24 hours by one rat (8-10 ml.)
is doubled during the first 24 hours following exposure
to CClu. The urine output returned to normal levels with-
in the second 24-hour interval. The condition should be
more pronounced in the male than in the female since the
tubular epithelium of the male appears to be more sensitive
to CClu, or products of CClu metabolism, than that of the
female. Urinalyses and glomerular filtration studies
should clarify this point.

A damaged intestinal epithelium could serve as another
avenue for fluid loss. CClu does produce diarrhea. The
relevance of this particular point has not been resolved
at the time. There has been no report of structural
dimprphism of the gastro-intestinal tract of the mouse.

A functional dimorphism of the observed fluid loss 1s not
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excluded on this basls, however. The possibility exists
that different products of CClu catabolism might be pro-
duced under influence of sex hormones such that the gas-
trointestinal tract of the male might be exposed to a
somewhat more toxic product of CClu catabolism via the
bile than that of the female.

Calcium 1s known to accumulate in tissue cells that
are undergoing necrosis. Rouiller (1964), Rees et al.
(Gallagher 1956) demonstrated this to be true of rat liver
in which necrosis was 1nduced by thiocacetamide intoxication.
An increase in calcium was found to be associated with
necrosis in rat liver resulting from dietary injury
(Wachstein et al. 1962), while similar results were shown
by Stowell and Lee (1951), (Reynolds 1962), Calvert &
Brody et al. (1958), Vallee (Reynolds (1962) in rat livers
as a result of exposure to necrotizing doses of CClu.

This evidence 1is 1in agreement with the results reported
here regarding accumulation of calcium by livers of
Strain-A mice exposed to necrotizing doses of CClu. The
marked increase of calcium is associated with a decrease
of potassium. Vallee (Reynolds 1960) found the increase
in calcium to precede the loss of potassium from rat
liver mitochondria, and thus suggested an interdependence
of the lon fluxes. Such an interdependence could be a
manifestation of an exchange of calcium for potassium

at a fixed number of mitochondrial binding sites, an
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isosmolar exchange of calcium 1ions for potassium ions, or
the fixing of calcium by an lncreasing number of valences
made avallable through unfolding of protein chains which
undergo denaturation during the development of necrosis.
Observations of Hunter (1955) and Gamble (1957)
suggest that normal oxldative activity of mitochondria
depends upon thelr capacity to maintain adequate con-
centrations of potassium. Excess calcium was first shown
by Hunter (1955) and Rees et al. (Gallagher 1956) to
interfere with normal mitochondrial respiration. Reducation
of the calcium level of the medium by chelating agents
was shown to diminish the leaching of dehydrogenases from
liver slices (Judah 1960). The recovery of in vitro
rates of oxidation equal to control levels (Rees et al.)
(Gallagher 1956) demonstrated that inhibition of respir-
atlion could be attributed directly to the presence of
accumulated calcium. The source of the accumulated
calcium 1is uncertain, although observations of Vallee
(Reynolds 1962) suggest the serum to be the source.
Calvert and Brody (1958) found the sodium content
of hepatic intracellular fluid increases by 60% and the
potassium levels decrease some 40% following CCl4 in-
toxication. Concomitantly, plasma solium concentrations
decrease some 5%, while potassium levels increased by
an equivalent amount. Thus, the fact that in our experi-

ments .the .cations of the whole liver homogenates and
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mitochondria behave 1n the same way, we interpret as
evidence that the cations are equilibrating from their
higher to their lower concentration compartments, rather
than hetween the mitochondrial and extra-mitochondrial
cell fractions. Furthermore, the toxic effects of CClu
can be assumed to be the same on the partitioning mechanism
(membranes) of the cell and the mitochondria. The less
prolonged effect on mitchondria 1s doubtless the con-
sequence of a less severe 1nitial injury resulting from
the diluting effect of the extra-mitochondrial cytoplasmic
fraction.

The ion shifts in livers and mitochondria of strain-
A mice are comparable in both direction and time to those
in rats (Reynolds 1960). The magnitude of the ion shifts
is less striking than that obtained by Vallee either be-
cause our dose level of CCl, was less (0.5 ml 40% CClu/
100 gm. body wt. as opposed to 0.5 ml 50% CClu/IOO gm.
body wt.), or the ion shifts did indeed attain comparable
maxima, but at times that did not coincide with our
scheduled .times of analysis (24, 48, 72 and 112 hours).

The fluctuations in ion concentrations of whole
livers and mitochondria during the first few feedings
of the long term experliments are as drastic as those
resultlng from a single exposure; however, these shifts
become less pronounced and erratic subsequent to the

ninth feeding. Thils 1s perhaps a result of a progressively
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increasing number of cells which are resistant to the toxic
effects of CClu. Likewise, histological observations show
the degree of necrosis following the first few feedings

of the multiple feedlng experiment to be about the same as
that assoclated with a single dose. However, the degree

of necrosis begins to diminish following the 1initial ex-
posure. Thus the marked 1on shifts due to CClu sensitive
cells would become progressively masked by the less pro-
nounced shifts of resitant hepatocytes with time.

The development of a specific resistance of hepatic
cells to the necrotizing influence of CClu has been re-
ported by Eschenbrenner (1946). The basis of this re-
sistance 1s not known, but may be related to the fact
that developling neoplasms do not acquire a portal source
of circulation (Wilson, 1951), and thus these cells would
escape immediate exposure to absorbed CC14. The concen-
tration of CClu in hepatic arterial bloocd would be con-
siderably less than that of portal blood. The fact that
the necrotizing effects of CClu are reduced at a time when
regenerating cells are exposed to portal circulation sug-
gests that some cellular changes must evolve which are
protective 1in nature.

The effect of CClu on mitochondrial and cellular
protein .concentrations during the single feeding experi-
ment and .generally throughout the multiple feeding ex-

periment can be due elther to a stimulation of protein
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synthesis or to dehydration. Due to insufficient amount
of liver tissue for all types of determination required,
dry welghts of samples were not obtalned on a routlne basis.
Tsubol et al.(1951), however, found the moisture levels of
livers of mice to be somewhat above control levels through-
out a period of 18 days subsequent to a single exposure

to CClu. During this period during which livers were
actually hydrated, protein fractions were found to reach

a maximum of 25% above normal values (on a lipid-free dry
welght basis) by the sixth day, and to be somewhat above
control values during the interval corresponding to the
duration of our single feedlng experiment. During the
course of 20 weeks of exposure to 0.1 ml 40% CClu, Stowell
et_al. (1951) found the nitrogen content of livers to be
generally above normal values in non-neoplastic hepatic
tissue, although the nitrogen content of neoplastic tissue
itself was below control values. These results suggest
that the effect of CClu on liver is a stimulation of pro-
tein synthesis superimposed upon the protein of necrotic
tissue, the bulk of which still exists until the fourth
day following a single exposure. Cellular membranes are
damaged much earllier by CClu intoxication than are mito-
chondrial membranes as evidenced by the presence of
cytoplasmic dehydrogenases in serum (Gallagher et al.
1960) some 10 to 20 hours prior to detection of mito-

chondrial enzymes and co-factors in serum. (Rees and
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Sinha 1960). Intact, metabolizing mitochondria might
actually control their water content at a time when
hepatocytes are hydrated. 1In addition, a decrease 1in the
capacity of mitochondria to bind ions could result in
loss of loosely bound ions and the establishment of new
ionic and osmotic equilibria during the preparation and
centrifugation of mitochondria. Since sodium 1s much less
strongly accumulated and bound by liver mitochondria than
either calcium or potassium (Ulrich 1959) Spector (1953),
quite likely the bound sodium fraction rather than the
total sodium was measured in our experiments (mitochondria
were twice washed). Thus, dehydration as a factor in
protein concentration cannot be entirely ruled out.
Schwarz et al. (1955) have demonstrated that slices
obtained from livers during the onset of necrosis are unable
to maintain normal levels of respiration based upon oxygen
consumption determinations under standard conditions.
Calvert and Brody (1960), among others, have reported that
the primary effect of CClu, and other chlorinated hydro-
carbons, on the liver is a reduction in blood flow re-
sulting from the release of catecholamines from the
autonomic nervous system and the adrenal glands. The
disruption of biochemical activities of the liver pre-
sumably would be a secondary consequence attributable to
the 1ischemia arising from the circulatory impairment.
However, 1t was demonstrated by Brauer et al. (1961) that

blood flow through perfused livers exposed to chloroform
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exceeds in vivo flow rates. Thils being the case, the
effects of chloroform on the liver could be due to no form
of anoxia other than possibly histotoxic anoxia. Granted
that blood flow rates in isolated liver preparations are
higher than in vivo rates (Brauer et al. 1956) (1959),
there 1s evidence of a chloroform-induced vasodilation in
their preparations. If this condition pertains in the
intact organism, respiratory derangements would presumably
result from a direct effect upon respiratory organelles
(mitochondria) and/or respiratory mechanisms.

The results reported here are in agreement with the
latter concept. Cilrculatory phenomena are of no consequence
in relation to slices of excised tissue, and could not
account for the observed decreases 1n oxygen uptake by CClu-
treated tissues. 1In fact, hepatocytes, in general, are
exposed to oxygen tensions no greater than 104 mm Hg.,
while the oxygen tension at the center of a liver slice
of 0.3 mm thickness in an atmosphere of pure oxygen is
of the order of 450 mm Hg (Umbreit 1964); thus, availl-
ability of oxygen should not have been a limiting factor
in this investigation.

Mitochondria vary in number, size, ultra-structure,
as well as functional integrity within the liver lobule
under normal circumstances. Metabolic changes within
physiological 1limits, and very definitely those of patho-

logical proportions, alter the distribution and the
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functional capacity of llver mitochondria. Numbers of
functional mitochondria have been found to increase in
liver sections examined following partial hepatectomy
(Rouiller, 1964). Similar increases in numbers of mito-
chondria have been observed durling the regenerative pro-
cesses which occur following liver damage by various
hepatotoxins, including CClu (Bridgers, 1957).

The decrease 1in oxygen utilization observed within
the first 24 hours of the single feeding experiment un-
doubtedly represents a decrease 1in the numbers of func-
tionally intact hepatocytes as well as a considerable
decrease in numbers of functionally intact mitochondria
resulting from the necrotizing effects of CClu. The ap-
proach to normal respiratory levels at 48 and 72 hours
may be interpreted as a reflection of mitochondrial re-
generation and the resynthesls of mitochondrial enzymes
and cofactors.

The approach to normal levels of oxygen uptake ob-
served subsequent to the fifth feeding of the multiple
feeding experiment presumably reflects less extensive
liver damage with increasing exposure to CClq, as a con-
sequence of development of increasing numbers of hepatocytes
resistant to the toxic effects of the agents.

, Inhibition of respiration caused solely by accumu-
lation of calcium has been demonstrated by Gallager et al.

(1956). Comparison of Fig.'s 5 and Fig. 9 to Fig!s 13a
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and 13b shows the time courses of lon changes and of

oxygen utlilization respectively. The maximum depression
of respiration 1is correlated with maximum accumulation of
calcium by mitochondria. The approach toward normal levels
of oxygen uptake by liver slices parallels closely the

decline of calcium concentrations with time.



CHAPTER VI
CONCLUSIONS

The 1nvestigation of the possibilities of accel-
erating tumor inductilion by manipulation of dose levels
of CClu solution administered on a tri-weekly basis has
shown that:
1. At a chronic dose level of 0.005 ml 40% CCl, solution
per gram of body welght, male and female mice survive
equally well over a long period of time.
2. With increasing concentration of doses above this level
the mortality rate of males is greater than of females.
3. The maximum dose level of 40% CClu per gm. body weight
that can be maintalined over the period of time fequired
for the development of liver tumors may be as high as 0.015
ml for females but no higher than 0.005 ml for males.
4., Approximately 100 days are required for the development
of palpable hepatomas on a tri-weekly feeding regime.
Acceleration of tumor development by an increase in dose
rate does not seem possible.
5. The high mortality of both male and female castrates
injected with testosterone suggests that the presence of
androgens 1is more significant than the absence of estrogens

in the expression of sensitivity to CClu.
82
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The studies of ion distributions and oxygen utili-
zatlon subsequent to administration of a single dose of
CClu, as well as following multiple doses of the toxin,
have shown the following:

1. The time course of 1on changes in mouse liver mito-
chondria and the direction of these changestare similar
to those reported for the rat following a single exposure
to CCl,.

2. The kinds of 1lon changes occurring in mouse livers
and liver mitochondria following a single feeding persist
through the period of 30 feedlngs required to induce
hepatoma. However, following early feedings lon levels
approach but do not quite attain control values.

3. Depression of aerobic respiration of liver slices of
mice fed CClu solution was shown to parallel calcium
accumulation by mitochondria, while recovery paralleled
reductions 1in calcium accumulations with time.

4, Histological changes in liver and kidney tissue were
described and difficulties regarding differentiation
between hepatoma cells and regenerating liver parenchyma
were discussed.

On the basis of the above 1t was not possible to
determine the onset of hepatoma formation, and thus to
correlate the alterations in ion concentrations and
respiration with the onset and subsequent development

of hepatoma cells.
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TABLE A.--Effects of single dose of CCl, on metal ion
content of liver and liver mitochondria.

Time

after
n CClu Na+ K+ Ca++
Whole Liver: micrograms of ion/mg. protein
4 control  2.30 + 0.27 13.38 + 0.74  0.45 + 0.12
4 24 hrs. 3.68 + 0.50°  6.99 + 0.49% 1.54 + 1.12
4 48 2.76 + 0.06 10.55 + 0.94° 1.19 + 0.13
4 72 3.54 + 0.68° 17.53 + 2.63 1.25 + 0.22
by 112 3.76 + 0.50° 17.50 + 1.31  1.19 + 0.36°
Mitochondria:
4 control  0.26 + 0.02  3.64 + 0.12  0.40 + 0.03
4 24 hrs. 0.28 + 0.06  1.29 + 0.03* 1.54 + 0.73
4 48 0.31 + 0.09  1.35 + 0.24% 1.60 + 0.24°
4 72 0.45 + 0.08° 1.80 + 0.12° 2.30 + 0.60°
4 112 0.20 + 0.19  2.93 + 0.30 0.40 + 0.12

41¢ significance
bS% significance

Mean values presented 1n thesis Fig. 5.



TABLE B.--Liver weight#¥
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bodyweight relationship in mice

following a single dose of carbon tetrachloride.

Time

Liver wt. 100

after CCl, n Body weight® Liver weight® Body wt.

control 4 23.61 +
24 hours 4 24 .45 +
48 hours 4 22.69 +
72 hours 4L 21.62 +
112 hours 4 20.82 +

1.09 1.19 + 0.10  4.99 + 0.26
1.31 1.34 + 0.14  5.70 + 0.55
1.59 1.42 + 0.29  6.26 + 0.14°
0.68 1.55 + 0.05  7.19 + 0.27°
1.34 1.59 + 0.05  7.77 + 0.58°

ai standard error
bl% significance

Liver weight-body
Fig. 7.

of mean

welght ratios presented in thesis
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TABLE C.--Effect of chronic feeding of CCl
content of mouse liver homogenates.

on metal ion

o?oégiu n Na+2 K+2 Ca++2
Control L 2.30 + 0.27 13.38 + 0.74 0.45 + 0.12
3 4 2.80 + 0.36 19.93 + 3.78° 10.06 + 0.47°
6 4 1.81 + 0.08 11.61 + 3.72  0.49 + 0.05
8 3 2.48 17.05 1.26
9 4 1.79 + 0.26° 10.99 + 0.41° 9.90 + 4.87°
13 4 0.79 + 0.21° 10.30 + 0.12  0.74 + 0.23
18 4 2.21 + 0.47  14.49 + 1.97  0.79 + 0.28
22 4 1.28 + 0.25°  9.87 + 1.37° 1.04 + 0.26°
30 b 2.69 + 0.19° 15.45 + 0.90° 1.39 + 0.50°
34 3 2.71 19.66 1.63
37 2 3.06 10.82 0.99
39 2 2.86 17.64 1.07
ai standard error of mean
bl% significance
€59 significance
Mean concentrations presented in thesis Fig. 9a.
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TABLE D.--Effect of chronic feeding of CCl,_l on metal ion
concentration of mouse liver mitochondria.

o?oégiu n Na+2 K+2 ca++2
control 4 0.26 + 0.02 3.64 + 0.12 0.41 + 0.03
3 4 0.25 + 0.05 1.19 + 0.05° 3.35 + 0.65°
6 4 0.29 + 0.21 2.58 + 0.37° 0.82 + 0.12°
8 4 0.38 1.92 1.15
9 4 0.20 + 0.02° 1.56 + 0.02° 2.84 + 1.67°
13 4 0.28 + 0.01 2.94 + 0.23° 1.70 + 0.20
18 4 0.27 + 0.02 2.61 + 0.32° 1.12 + 0.39°
22 4 0.27 + 0.02 3.22 + 0.49  2.91 + 0.85°
25 3 0.28 2.81 1.49
30 4 0.34 + 0.02° 14.90 + 0.37° 0.93 + 0.15°
34 3 0.75 2.25 1.02
37 2 0.34 2.08
39 2 0.34 2.37 1.08

ai standard error of mean
bl% significance
€53 significance

Mean concentrations presented in thesis Fig. 9b.
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--Liver weight-body weight relationship in mice
during chronic feeding of carbon tetrachloride.

Dos

es

Liver wt

of CC1, n  Body Weight Liver Weight Body wt. * 100
0 4 23.61 + 1.09 1.10 + 0.10  4.98 + 0.21
4.45 + 1.31 1.34 + 0.14  5.70 + 0.55
3 L 21.85 + 1.18 1.34 + 0.04  6.23 + 0.342
5 4 20.05 + 0.70 1.4L4 + 0.10 7.31 + 0.70%
6 3 18.67 1.30 6.94
8 3  15.40 1.47 9.53
9 4 19.95 + 0.50 1.29 + 0.13 6.41 + 0.492
12 4 22,22 + 0.26 1.37 + 0.07  6.18 + 0.232
13 4 21.25 + 0.44 1.23 + 0.10  5.80 + 0.39°
15 4 20.80 + 0.86 1.33 + 0.06  6.43 + 0.38%
19 4 22.95 + 0.87 1.55 + 0.05 6.75 + 0.242
22 4 20.87 + 0.93 1.33 + 0.04  6.49 + 0.172
25 3 21.43 1.56 7.29
30 4 22.12 + 1.21 1.80 + 0.29  8.04 + 0.582

Fig.

a1 significance

bS% significance

Liver welght-body

11.

welight ratios presented in thesis



101

TABLE H.--Oxygen utilization of liver slices of mice
following single feeding of CClu.

Time after . QO
CClu n 2%
control Y alo.uu't 1.51
24 hours 4 3.01 + 0.54°
48 hours 4 6.43 + 0.84b
72 hours Y 7.51 + 0.22°

*microliters of O2 per mg. liver protein per hour
at standard error of mean
bl% significance
C5q significance

Mean values presented 1n thesis Fig. 13a.
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TAELE I.--Oxygen utilization of liver slices of mice during
chronic feedlng of CClq.

o?oggiu n QO2a
control 4 10.44 + 1.51
3 4 7.57 + 1.28
5 4 .38 + 0.70°
9 4 7.56 + 1.83
12 4 6.03 + 0.40°
19 4 8.05 + 2.3k
22 4 6.02 + 0.71°
25 3 8.51

@nicroliters of O2 per mg. liver protein per hour
bl% significance

Mean values presented in thesis Fig. 13b.
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