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Abstract

The mutagenicity of benzene was evaluated using several

techniques. A host-mediated assay using Salmone11 a typhimurium

TA 1950 as the indicator organism in mice was conducted following

two subcutaneous injections of benzene (0.1 ml/kg) or saline

(0.1 ml/kg). The results showed no differences between the two

treatments in the assay. A dominant lethal as say was conducted

following a single intraperitoneal injection of olive oil

(0.50 ml/kg), benzene (0.50 ml/kg) or triethylenemelamine

(0.25 mg/kg) using male rats. Necropsy data from pregnant fe

males obtained by mating two female rats/week with each treated

male over a 10-week period were analyzed. No dominant 1e thal

effects were observed in the female rats after benzene treatment

of the male rats whereas after triethylenemelamine treatment of

the male rats, a significant increase was observed in dead

implants/pregnant female during weeks 2, 3 and 4. Cytogenetic

studies were conducted on bone marrow and blood specimens

collected at 1, 8, 30 and 70 days following a single intraperi

toneal injection of olive oil (0.50 mi/kg) or benzene (0.50 ml/kg)

using male rats. Metaphase spreads were analyzed for chromosome

aberrations. A significant increase in the number of cells con

taining achromatic lesions, chromatid deletions, and chromosome

deletions was observed in bone marrow specimens from the benzene

treated animals at 1 day and in chromatid deletions at 8 days.

Double minutes, restricted solely to the benzene- treated animals,

were observed at 1, 8, 30 and 70 days in bone marrow chromosome

preparations. Technique problems in culturing the blood speci

mens to obtain metaphase spreads were encountered with the 30

Vi





and 70 day blood specimens from both treatment groups

resulting in the loss of the 30 day samples and reduced growth

in the 70 day samples. Chromosome pycnosis was observed in

blood specimens from the benzene - treated animals at 1, 8 and

70 days and very few metaphase spreads were 10cated. Double

minutes were detected in the 1, 8 and 70 day blood specimens

obtained from the benzene- treated animals. No double minutes

were observed in blood specimens obtained from control animals.

Results from testing benzene in the bacterial plate as say with

Salmonella typhimurium TA 100 and TA 98 as the indicator

organisms showed no increase in reversion rates. Liver homo

genates prepared from rats treated with 3-methylcholanthrene

or phenobarbital were incorporated into the assay. No increase

in the reversion rates was observed using benzene at several

concentrations in the activated bacterial plate assay. Testing

of benzene after the addition of 1,1,1,– trichloro-2,3-epoxy

propane at several concentrations to the 1iver homogenate mixture

in the activated bacterial plate as say produced data similar to

the results observed with benzene alone. Bromobenzene and

chlorobenzene were tested in the activated bacterial plate

assay with Salmone11 a typhimurium TA 100 and TA 98 using a

liver homogenate from 3-methylcholanthrene- treated animals ;

both compounds were negative. Use of bone marrow homogenates

from rats treated with 3-methylcholanthrene or untreated in the

activated plate assay in place of liver homogenates was unsuc

cessful. Using the micronucleus test in rats, three concentra

tions of benzene (0.05, 0.10 and 0.50 ml/kg) were evaluated

vii



following intraperitoneal injection of one-half the dose 30

hours before sacrifice and one-half the dose 6 hours before

sacrifice. Olive oil (1.0 ml/kg) and triethylenemelamine

(0.25 mg/kg) injected similarly served as the negative and

positive controls, respectively. A significant dose-related

increase in polychromatic erythrocytes containing micronuclei

was observed in the benzene - treated animals. The results of

the various techniques are compared and discussed. The results

are also discussed in relation to the mutagenic risk posed by

benzene exposure.

viii



HISTORICAL

Information concerning the metabolism and toxicity of

benzene has been available from the 1iterature for several

years. My interest in benzene has been stimulated by the

appearance in the 1iterature in the 1ast few years of several

articles which increasingly point to benzene exposure as having

an effect on human chromosomes. Most of these articles are

based on clinical observations following exposure at one time

or another to varying concentrations of benzene alone or in

combination with other solvents. Preliminary studies have

also demonstrated the chromosome effect experimentally. Since

the biotransformation of benzene gives rise to several meta

bolites which may be involved, in addition to the benzene

itself, a consideration of the metabolism must be included.

Background

Benzene has wide use in the present day industrial set

ting. It is used extensively as a solvent in the chemical and

drug industries and as a starting material and intermediate in

the Synthesis of numerous chemicals. The lastest figures

available indicated production in excess of one billion gallons

in 1969 (NIOSH, 1974).

It is probably one of the most hazardous solvents in

common use. Acute poisoning by benzene appears to be due to

a narcotic action. The inhalation of high concentrations may

cause exhilaration followed by drowsiness, fatigue, vertigo,

nausea and headache. At higher concentrations or longer



exposure times, convulsions followed by paralysis and loss

of consciousness may ensue. Death can result quickly from

respiratory paralysis. The acute toxicity problem concerning

benzene is of secondary importance in industrial situations

to the chronic toxicity.

The effects of benzene inhalation over prolonged periods

of time, measured in terms of years, are of paramount impor

tance to the occupational use of this agent. The National

Institute for Occupational Safety and Health (NIOSH) estimates

that two million individuals in the work force have a potential

for exposure (NIOSH, 1974). The Threshold Limit Value (TLV)

has been set at 25 ppm but it is considered not good practice

to exceed this even for brief periods without suitable respira

tory protection (Fed. Reg., 1972). The NIOSH recommended

standard for occupational exposure to benzene suggests the

lowering to 10 ppm with a ceiling of 25 ppm.

Due to its lipid solubility, benzene tends to be accumu

1ated in fat and the bone marrow. The chronic toxic effects

of benzene exposure therefore are those of injury to the bone

marrow, producing degenerative changes in the hematopoietic

system, with the salient feature of a plastic anemia sometimes

coexisting with areas of hyperplasia. The symptoms, signs and

blood changes may not always present a typical picture of

severe anemia and leukopenia. In addition, there appear to be

host differences in susceptibility and in the capacities of

individuals to reestablish normal hematopoietic function

following chronic exposure.



The relation of benzene poisoning to leukemia has never

definitely been resolved but there have been many reports which

tend to substantiate such a relation. The pathogenesis of

leukemia is obscure and its etiological relation to any parti

cular exposure, possibly 15 years earlier, is difficult to

establish. Wigliani and Saita (1964) published a study con

ducted between 1942 and 1963 in Italy. Of forty-seven patients

observed with benzene hemopathy from industrial exposures, six

developed leukemia. The patients were all documented benzene

exposures although the exact concentrations were never deter

mined. It was assumed that the concentrations were significantly

above the maximum allowable values. Published in this report

were similar results from a French study in which six cases of

leukemia were observed out of 42 cases of benzene myelopathy.

According to the Italian authors, the risk of death from

1eukemia in subjects exposed to benzene is 20-fold that of the

general population in the area. More to the point was the ob

servation that of those patients who died from chronic benzene

poisoning, approximately 50% died from one form or another of

1eukemia. These authors suggested it would be interesting to

undertake a systematic study of the chromosomes of bone marrow

cells in chronic benzene poisoning and to follow clinically

and hematologically the patients with altered patterns.

Benzene Metabolism

The biotransformation of benzene has been we 11 documented.

The classic studies were carried out in rabbits by Parke and

Williams (1953) and are outlined by Williams (1959) in



Detoxification Mechanisms. Following the initial outline

little was added until recently when several workers mainly

at the National Institutes of Health (NIH) initiated studies

on aromatic hydroxylation reactions in mammalian liver systems.

It is now thought that formation of an epoxide interme

diate may be the primary metabolic step by which hepatic mon

oxygenase enzymes transform aromatic compounds. While this

concept is not a new idea, Boyland and Wolf (1950) suggested

that this was a likely method, most of the experimental evi

dence has been produced in the last few years. Vogel and

Gunther (1967) pushed the work forward when they developed

synthetic methods for the production of several of the postu

lated intermediates. These intermediates were called arene

oxides and refer to the epoxidation of one double bond of the

aromatic nucleus. The production of several synthetic arene

oxides by the NIH group and in vitro testing published in a

series of articles documented the biological existence of

epoxide intermediates.

The enzymatic conversion of arene oxides was first shown

to produce the metabolites found following the in vivo trans

formation of the parent molecule. Jerina et al. (1968a)

demonstrated this using a benzene oxide-oxep in tautomer.

Phenol, 1,2-dihydro-1,2-dihydroxybenzene, catecho 1 and a glu

tathione conjugate were isolated from in vitro incubation of

the benzene oxide in a rat liver system. All of the products

formed are also seen when benzene is administered and meta

bolized in vivo. The isolation of an arene oxide in a



biological system following the administration of the parent

compound had to be shown. Jerina et al. (1968a) attempted
14 but no benzene-c"this in a liver system using benzene - C

oxide could be isolated. The authors reported that this may

have been due to technique problems or the low rate of metab

olism in vitro and instability of the benzene oxide. A
direct demonstration of an arene oxide in the metabolism of

benzene has yet to be reported (Jerina and Daily, 1974).

Jerina et al. (1968b) did isolate 1,2-naphthalene oxide formed

from naphthalene. Jerina et al. (1970) demonstrated that in

the case of naphthalene, the oxide was the primary oxidation

product and that its formation probably was the rate limiting

step.

Data has been accumulating which indicates that the pro

duction of an epoxide on biotransformation of aromatic hydro

carbons can occur with a wide variety of compounds. Udenfriend

(1971) suggested that from a chemical basis, a11 microsomal

hydroxylations of aromatic compounds could involve similar

mechanisms and that a pattern of metabolites such as phenols,

dihydrodiols, catechols and mercapturic acid derivatives may be

taken as presumptive evidence of an active arene oxide inter

mediate. Isolation of more complex ring system epoxide inter

mediates has been reported from the microsomal metabolism of

Phenanthrene, benzo(a)pyrene, benzo(a) anthracene, dibenzo(a,h)-
anthracene (Sims et al., 1971; Wang et al., 1972).

The production of an active intermediate epoxide has been



suggested as one possible mechanism for the toxicity, muta

genicity and carcinogenicity of biological unreactive a romatic

compounds such as the polycyclic aromatic hydrocarbons (PAH)

and simpler monocyclic aromatic hydrocarbons. Following con

version of the compound to an epoxide, there appear to be

several means to detoxify the intermediate. Boyland and

Williams (1965) reported on a rat liver enzyme, glutatione

S-epoxidetransferase, and suggested that this was probably

the enzyme responsible for in vivo glutathione conjugation of

epoxy derivatives. This conjugation has been suggested as a

protective reaction for tissue nucleophilic sites from elec

trophilic attack thereby protecting the nucleophilic sulfhydryl

groups of enzymes (Boyland and Chasseaud, 1969). Jerina et al.

(1968a) demonstrated the conversion of arene oxides to phenolic

compounds in a non-enzymatic but protein catalyzed rearrange

ment making possible the detoxification in the liver by conju

gation with glucuronic and sulfuric acid then elimination. A

third pathway appears to be the conversion of the epoxide to

a dihydrodio1 catalyzed by a microsomal enzyme, epoxide hydrase

(Jerina et al., 1968a; Oesch et al., 1971).

Weibel et al. (1971) reported that there appear to be at

least two forms of this enzyme system in rat tissues which can

be differentially induced in vivo by phenobarbital or 3-methyl

cholanthrene. As a consequence, the profile of metabolites may

also differ in various tissues producing differences in the

levels and distribution of the active intermediates. The in

duction of the monoxygenase to produce the epoxide and of the



epoxide hydrase for further transformation does not occur in

parallel and the combined effect of both enzyme systems may

depend on the degree of association between the two in the

microsomes (Jerina and Daily, 1974).

Most of the work concerning monocyclic aromatic hydro

carbon epoxide formation as a mechanism of toxicity has been

with halogenated benzenes. Brodie et al. (1971) and Mitchell

et al. (1971) reported on in vivo studies of bromobenzene

induced hepatonecrosis. Phenobarbital induction of microsomal

enzymes increased the severity of necrosis from bromobenzene

administration. Those animals which had the greatest hepatic

damage had the lowest concentration of bromobenzene in the

liver and plasma. The severity of necrosis was decreased by

beta-diethylaminoethyl diphenylpropyl acetate (SKF 525-A), a

microsomal enzyme system inhibitor, which increased plasma

and liver 1evels of bromobenzene. These workers suggested

that the active epoxide produced the necrosis by alkylation

of various macromolecules in hepatocytes. Evidence of the

binding in hepatonecrosis was provided by autoradiograms using

c”-bromobenzene (Krishna et al., 1971).

Experiments depleting liver glutathione using diethyl

maleate pre-treatment or increasing the level of glutathione

by administration of cysteine established a protective role

for glutathione in halobenzene-induced liver necrosis (Reid

and Krishna, 1973). Similar attempts to show the epoxide

hydrase enzyme in a protective role against hepatonecrosis

induced by halobenzenes were inconclusive (Oesch et al., 1973).



Benzene Exposure and Chromosome Studies.

Industrial workers. Tough and Court Brown (1965) pub

lished a preliminary investigation on chromosome aberrations

and exposure to ambient benzene from 1 to 20 years without

signs of toxicity. On-site personnel who were considered not

to have been exposed and randomly selected males from the

general population were used as controls. Cells containing

aberrations were scored and the two control groups did not

significantly differ. Tough and Court Brown did report a

significant increase in the number of cells with aberrations

from the exposed workers as compared to both control groups.

The authors were confident that radiation exposure was not

responsible. In a later paper, Tough et al. (1970) took two

other groups of factory workers from different locations who

had been exposed to benzene, ran cytogenetic studies and

compared the data from these two factories with the previous

study. In the two new groups there were no significant

increases observed in cells with aberrations in the exposed

workers when compared to their on-site controls. In one of

the new groups, there was an increase when compared to the

general population sample but in the other, exposed workers,

on-site controls and general population controls were a11

about the same. Various reasons were suggested to account

for the discrepancy in results including the possibilities,

a) that the on-site controls could have had significant ben

zene exposure, b) that the age of the workers in the groups

which tended to be somewhat different could account for the

results and c) the suggestion that the benzene exposure



level of the group where no differences were seen could have

been less than for the other two groups.

Forni et al. (1971a) reported on chromosome studies

carried out on workers exposed to benzene, toluene or both

chemicals. The benzene workers ran the gamut from no signs

of toxicity to severe benzene hemopathy. Controls were matched

for sex and age. The proportions of chromosome aberrations

were significantly higher in the benzene group as compared to

the toluene and control groups. There was a non-significant

increase observed between the toluene and control groups. In

another study, Forni et al. (1971b) observed chromosomes of

1ymphocytes from 25 subjects who had recovered from benzene

hemopathy, 4 subjects with bone marrow toxicity from benzene

and 3 subjects who had recovered from acute benzene poisoning.

A11 had significantly increased rates of chromosome aberrations

which were still present several years after cessation of
exposure and clinical recovery from the poisoning. No correla

tion seemed to exist between the severity of benzene poisoning

and the persistence of chromosomal changes.

Benzene - induced 1.eukemia. Forni and Moreo (1967) reported

on a patient who had benzene induced anemia which evolved into

acute myeloblastic leukemia after a long latent period. At a

time when the patient showed severe anemia, aplastic bone

marrow and no inmature leucocytes, a high rate of chromosome

aberrations were found. Later, still in the absence of inmature

1eucocytes, numerous cells with 47 chromosomes were detected in

bone marrow. When myeloblasts appeared in the blood all cells

with 47 chromosomes, prepared from bone marrow and blood,



showed the same karyotype with an extra C group chromosome.

The many chromosome changes observed in bone marrow cells

before the onset of 1eukemia changed when clinical leukemia

was diagnosed to a single abnormal clone present in 1eukemic

cells of bone marrow and blood. A hypothesis was suggested

that benzene exposure may induce different chromosome changes

and that leukemia may occur in those cases where a potentially

1eukemic clone with selective advantage was produced by the

benzene. These two workers reported (1969) on another patient

in whom cytogenetic studies were carried out who had a case of

acute erythroleukemia which occurred after benzene exposure.

In preparations from blood and bone marrow, a stemline of 46

chromosomes was present with a pseudodiploid karyotype due to

the absence of 2 chromosomes of group E and the presence of 2

small markers. The abnormal chromosome complement seemed to

characterize a stem-cell common to both series.

Hartwich et al. (1969) reported on chromosome studies

from a patient who developed acute myeloid leukemia after four

years of benzene exposure. Their studies showed an anomaly

rate of 20% as compared to controls of 5%. A11 anomalies were

simple break phenomena.

Experimental studies. While the clinical data that have

been accumulating, mainly from the Italian studies, seem to

indicate that benzene inhalation will produce chromosome

aberrations, 1 ittle experimental work has been carried out

using controlled conditions. Dean (1969) published a study

demonstrating the applicability of cytogenetic methods in rats

to the evaluation of chemically induced damage and benzene was

10



one of four substances tested to demonstrate the technique.

He injected benzene subcutaneously in single doses of 0.5,

1.0 and 2.0 ml/kg with male and 0.5 and 1.0 ml/kg with female

rats. Aberrations were observed in bone marrow cells in rats

of both sexes 24 hours after treatment with the 1.0 ml/kg

dose. Only the male rat showed aberrations 24 hours after

the 0.5 ml/kg injection and the male treated with 2.0 ml/kg

showed less chromosome damage than the male at 1.0 ml/kg. In

preparations made 8 days after treatment no damage was seen.

Peripheral blood cultures which were made only with female

rats showed damage 24 hours after treatment at both 0.5 and

1.0 levels and those prepared 8 days after treatment showed

a much reduced level of damage. The study was extremely

1imited with one animals used for each treatment and can not

be considered conclusive.

Philip and Jensen (1970) published a brief report on the

induction of chromosome abnormalities in rat bone marrow cells

using benzene. Five groups of 3 rats each were injected sub

cutaneously with benzene (2.0 ml/kg). Group I receive benzene

48 and 24 hours before sacrifice and group II, 72, 48 and 24

hours before sacrifice. Groups III, IV and V received a

single injection 12, 24 or 36 hours, respectively, before

sacrifice. A11 treatment groups except V showed structural

aberrations which were exclusively chromatid deletions.

Dobrokhotov (1972) in one section of his study adminis

tered benzene (0.2 g/kg) subcutaneously to 5 rats daily for

12 days and analyzed bone marrow samples for chromosome

aberrations. He reported a 3-fold increase in aberrations

11



INTRODUCTION

It has become increasingly recognized in recent years

that many substances to which man is exposed present potential

genetic hazards but to test the entire spectrum would exhaust

the abilities of those workers in the field of chemical muta

genicity. The approach suggested by many groups is to consider

first all available information such as previous mutagenicity

testing, population exposure potential, type of usage and

chemical structure among other criteria to determine where to

place priorities for extensive testing. At the time of plan

ning my thesis, application of this approach to benzene seemed

warranted.

While there have been no definitive epidemiologic studies

published, the available evidence collected from industrial

situations (Tough & Court Brown, 1965; Tough et al., 1970;

Forni et al., 1971a & 1971b; Forni & Moreo, 1967 § 1969;

Hartwich et al., 1969) seems to indicate that chronic benzene

exposure with or without progression to a leukemic state may

produce chromosomal aberrations. The limited animal studies

reported to date re-inforce these epidemiologic observations

(Dean, 1969; Philip & Jensen, 1970; Dobrokhotov, 1972). In

addition, there is strong circumstantial evidence that the

mammalian biotransformation of benzene 1eads to a highly re

active intermediate epoxide (Jerina & Daly, 1974) which may be

responsible for many of the toxic symptoms seen in chronic

benzene intoxication and may also be mutagenic based on evi

dence available for other epoxides (Mrak Commission, 1969).

13



This information, when considered in conjunction with both

the high production volume and the 1arge occupational force

exposed (NIOSH, 1974), points out the significant genetic

threat posed by benzene exposure. The seriousness of the

situation mandates additional, extensive study.

Discussions at a recent workshop on the evaluation of

chemical mutagenicity (de Serres & Sheridan, 1973) emphasized

the concern felt by many workers in the field regarding the

reliability of individual test procedures employed in muta

genicity testing. While awaiting the development and trial

of more reliable tests, the best approach seemed to be the

judicious use of a battery of tests which might give more

assurance in the estimation of risks. In 1969, the Advisory

Panel on Mutagenicity of Pesticides (Mrak Commission, 1969)

reviewed various methods for mutagenicity testing and recom

mended the testing of compounds in three mammalian systems,

the dominant lethal, the host-mediated and in vivo cytogenetic,

along with ancillary microbial systems. This basic approach

has also been endorsed by others (Legator, 1969; Malling, 1970).

Because the available information increasingly pointed to

the mutagenic threat from benzene exposure, this study was

initiated to evaluate the problem more extensively. The first

phase of the study was designed to evaluate the mutagenic

potential of benzene using three mammalian test systems: a)

the host-mediated as say in mice using Salmone11 a typhimurium

as the indicator organism (Legator, 1973), b) the dominant

lethal test in rats (Epstein, 1973) and c) in vivo cytogenetic

14



analyses of bone marrow and blood specimens from rats (Farrow

et al., 1975). The development by Nemenzo et al. (1975) of

techniques for obtaining bone marrow samples for cytogenetic

analyses repeatedly from the same rat permitted the simultaneous

assessment of cytogenetic and dominant lethal mutagenicity over

a 10-week period. In the second phase, ancillary microbial

testing of the mutagenicity of benzene using a liver-activated

Salmonella typhimurium plate assay (Ames et al., in press,

1975) was incorporated into the study. Liver homogenates from

rats treated with 3-methylcholanthrene or phenobarbital were

employed as the activation system. Use of 1,1,1-trichloro-2,

3-epoxypropane in an attempt to block the in vitro biodegrada

tion of the theoretical epoxide intermediate was included in

several of the bacterial tests. Trial use of bone marrow homo

genates from rats treated with 3-methylcholanthrene or untreated

as the in vitro activation system in the bacterial plate assay

was attempted for comparison. Further assessment with another

mammalian system, the micronucleus test using rats (Schmid,

1975), was included for a dose-response evaluation. A11 testing

with benzene, excluding the microbial procedures, was conducted

following single, relatively large doses, parenterally injected.

It is hoped that this work may serve as a starting point for

further animal mutagenicity studies involving chronic inhalation

of benzene. In the interim period, the data obtained should

provide answers for application to the question of benzene

mutagenicity.

15



METHODS

Solutions and Media

The complex mixtures used for the research procedures are

given below along with the reference for their composition.

Simple mixtures used in the work will be described when

mentioned.

VB Salts (Vogel à Bonner, 1956)

warm distilled water (45° C. ) 670 ml
magnesium sulfate (MgSO, 7 H2O) 10 g
citric acid monohydrate 100 g
potassium phosphate, dibasic, anhydrous (K2 HP0,) 500 g
sodium ammonium phosphate (NaNH, HPO, 4 H2O) 175

IOOOTmI

Add the salts in the order indicated. Allow each salt to
dissolve completely before adding the next. When the salts are
all dissolved, let the solution cool to room temperature. Add
5 ml chloroform per liter of solution and store in a capped
bottle at room temperature.

Nutrient Broth

Bacto-nutrient broth (Difco) 0.8 g
sodium chloride 0.5 g
disti 11ed water 100 ml

Dissolve the ingredients and dispense into capped closure
tubes. Autoclave and store at room temperature.

Minimal Glucose Agar Plates (Ames, 1971)

A. WB salts 20 ml
distilled water 500 ml

B. agar (Difco) 15 g
distilled water 500 m.1

C. 40% glucose solution 50 ml

Autoclave solutions A, B and C in separate containers.
While still hot, mix together and pour plates (30 ml/plate).

Top Agar (Ames, 1971)

agar (Difco) 0.6 g
sodium chloride 0.5 g
distilled water 100 ml
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Dissolve the ingredients and autoclave. Maintain at 45° C.
to prevent hardening. Add a trace of histidine and an excess of
biotin to the solution prior to adding the bacteria (10 ml/100ml -
histidine-biotin solution).

Histidine - Biotin Solution (Ames, et al., in press, 1975)

L-histidine • HC1 (0.5 mM) and biotin (0.5 mM) in distilled water.
Do not autoclave : Sterilize by filtration. Use 10 ml/100 ml of
Top Agar.

S-9 Mix (Ames, et al., in press, 1975)

S-9 fraction 1.0 ml
(3 ml sterile KCL solution (1.15%) per gram
of liver)

sodium phosphate buffer, 200 mM (pH 7.4) 5.0 ml
magnesium chloride solution, 8 mM 1.1 ml
glucose-6-phosphate (Sigma) 14 mg
NADP (Sigma) 35 mg
distilled water, sterile 2.9 ml

The magnesium chloride and sodium phosphate buffer are
prepared in advance and stored. Before use, they are auto
claved. The NADP and G-6-P are not autoclaved but are dissolved
in the sterile distilled water. Variations in the amount of S-9
fraction used require compensation by increased or decreased
amounts of 1.15% KC1 solution.

Blood Culture Media (Moorehead, et al., 1960)

Minimum Essential Medium (MEM) 100 ml
(Microbiological Associates)

Fetal Calf Serum 25 ml
(Microbiological Associates)

Phytohemaglutinin P (Difco) 6.2 ml
1.5 ml dissolved in 4.7 ml MEM

sodium heparin, 100 units/ml (Invenex) 2 ml
L-glutamine, 200 mM 2 ml
penicillin G, aqueous (Squibb) 200,000 units
streptomycin sulfate (Pfizer) 4 mg

Copper Sulfate - Sodium Potassium Tartrate Solution (Lowry, et
I951)

1. ,

copper sulfate pentahydrate 1% in water 1 ml
sodium potassium tart rate 2% in water 1 ml
sodium carbonate 2% in 0.1 N sodium hydroxide

solution 98 ml

Mix right before use.

Giemsa Stain

Giems a dye, 1 gram, mixed in 66 ml of glycerin. He at to 60° C.
for 2 hours and cool. Add 66 ml of methanol, stir for 24 hours
and filter.
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May - Greenwald Stain

Mix 0.3 grams of May-Greenwald dye in 100 ml of methanol,
warm to 50° C. then cool to room temperature. Let stand with
occasional shaking for 24 hours and filter.

Host-Mediated Assay

A total of 16 male Swiss albino mice (23–28 g) were used

with 5 in the control group, 5 in one benzene- treated group

and 6 pre-treated for enzyme induction then treated with ben

zene. The 6 mice in the last group received phenobarbital

sodium intraperitoneally (35 mg/kg) twice daily for 3 days

prior to initiation of the experiment.

Nutrient broth was inoculated from a standard culture of

TA 1950 strain of Salmonella typhimurium LT-2 and incubated

overnight at 37° C. The grown culture was then diluted with

sterile saline 1:4. On the day of the experiment, each mouse

was injected intraperitoneally with 2 ml of this fresh bacteria

ce 11 suspension. Following this, a11 mice were injected sub

cutaneously, behind the head at the base of the neck, with

either 0.1 ml of sterile saline solution (control) or 0.1 ml

of benzene. This injection was repeated one hour later at a

slightly different area at the base of the neck. The usual

third injection an hour 1ater was not given due to the de

teriorated condition noted in the benzene - treated mice.

The mice were sacrificed by cervical dislocation 3. hours

after injection of the bacteria cell suspension. The initial

injections were made at 10 minute intervals and the mice sacri

ficed at 10 minute intervals to a 11ow time for removal of the

bacteria from the peritoneal cavity while keeping the time

18



sequence constant for a 11 of the mice. To recover the bacteria,

the abdominal region of the sacrificed mouse was swabbed with

ethanol, 1.5 ml of sterile saline was injected into the peri

toneum and the abdominal area gently massaged to mix the

bacteria with the saline solution. The abdominal cavity was

opened aseptically using sterile scissors and the exudate with

drawn using a sterile 1 ml disposable syringe. As much fluid

as possible was removed from each mouse and placed in separate

Sterile test tubes. Dilution blanks, containing 1.8 ml of

Sterile Saline for the initial dilution and 4.5 ml for the

following dilutions, were prepared in advance for each speci

men. Tenfold serial dilutions were made of each peritoneal

sample (0.2 ml + 1.8 ml then 0.5 ml + 4.5 ml) yielding a con

centration series from 10° (undiluted peritoneal exudate)

through 10’’.
To determine the total bacteria count and the number of

revertants obtained from each mouse, 0.1 ml of each concentra

tion in the series was plated on minimal glucose agar plates.

A standard pour-plate technique was used: 0.1 ml of the

bacteria sample and 2.2 ml of molten top agar containing

histidine-biotin solution were mixed in a sterile tube and

poured over the surface of the base plate. This was allowed

to harden, the plate inverted and incubated at 37° C. for 48

hours. Enumeration for his' prototrophic revertants was made

using plates prepared from the undiluted peritoneal samples

while total cell count was determined from plates prepared
5from the 10 ” dilutions.

Colony- forming units (CFU) per ml of the undiluted exudate
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were calculated for each mouse from the total cell count X

the dilution factor and a mutation frequency (MF) calculated.

his’ revertants/ml undiluted exudate
MF = CFU/ml undiluted exudate

The MF of the control group of animals was compared with that

of the benzene-treated groups.

An in vitro assay using the TA 1950 strain was conducted

to parallel the host-mediated as say. Fifteen minimal glucose

agar plates were overlayed with 2.2 ml of top agar containing

histidine - biotin solution and 0.1 ml of undi 1.uted TA 1950

culture. To prepare the mixture, 100 ml of top agar was

autoclaved then held in a water bath at 45° C. Ten ml of

histidine-biotin solution was mixed into the agar and 5 ml of

the undiluted culture was added. From this mixture, 2.3 ml

was pipetted directly onto each minimal glucose agar plate and

the overlay allowed to harden. Five plates were 1eft untreated

for determining the spontaneous reversion rate, 5 had a crystal

of nitrogen mustard placed in the center of the plate and 5 had

one drop of benzene placed in the center. The plates were

inverted and incubated in the dark at 37° C. for 48 hours.

The number of his' revertants per plate was determined and

comparison made between the untreated, benzene - treated and

nitrogen mustard-treated plates.

The methods used are a modification of those reported by

Legator (1973) for the host-mediated assay and Ames et al.

(1973b) for the bacterial plate assay.
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Liver-Activated Bacterial Plate Assay

Several activated bacterial plate assays were conducted

using a modification of the methods outlined by Ames et al.

(in press, 1975). TA 100 and TA 98 strains of Salmone11a

typhimurium LT-2 were employed as the indicator organisms.

Separate tubes of nutrient broth (5 ml) were inoculated from

frozen cultures and placed in an agitating water bath. The

bacteria samples were cultured overnight at 37° C. with shaking.

The liver homogenate used in the activation system was

prepared in advance and stored. Eight male, Long-Evans rats

(180-200 g) were intraperitoneally injected to induce liver

enzymes. Two induction procedures were used with 4 rats in

each treatment group ; 1) phenobarbital sodium (75 mg/kg)

once daily for three days prior to sacrifice and 2) 3-methyl

cholanthrene (3-MC) in corn oil (75 mg/kg) 24 hours prior to

sacrifice. On the day of preparation, a11 equipment, glassware

and several containers of 1.15% KC1 solution were sterilized

then placed on ice. The animals were sacrificed by decapita

tion and the livers removed as quickly and aseptically as

possible. The individual livers were rinsed in KC1 solution

to remove any adhering hairs and weighed in tared beakers

containing KC1 solution. The livers were removed and homo

genized as rapidly as possible without excessive heating using

3 ml of KC1 solution per gram of 1 iver. A Potter-Elvehjem

tissue grinder immersed in ice water was used for homogeniza

tion. A11 liver homogenates from the same induction treatment

were pooled, mixed and centrifuged at 9000 X g for 20 minutes

using a refrigerated centrifuge (4° C. ). The supernatant
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(S-9 fraction) was pipetted into sterile vials, quick frozen

in dry ice-acetone and stored in a freezer at - 80° C.

Protein was determined on the pooled liver samples of

each treatment procedure by the method of Lowry et al. (1951).

Four separate protein concentration measurements were made

for each liver sample at dilutions with distilled water of 30,

90, 270 and 810. The four values were averaged to obtain the

final value by comparison with prepared dilutions of Bovine

Serum Albumin (BSA). One ml of all samples was mixed with 1 ml

of copper sulfate - sodium potassium tart rate solution and

allowed to sit for 10 minutes. Then 0.5 ml of Folin–Cioca.1teu

Reagent (0.1 N) was added to each sample and allowed to develop

for 30 minutes. The samples were read at 660 nanometers using

a Beckman DU and the protein concentrations calculated by

comparison with the known BSA concentrations.

On the day of the experiment, a vial of S-9 fraction was

removed from storage, thawed and kept on ice. The activation

mixture (S-9 mix) was prepared using sterilized solutions and

containers. The amount of S-9 fraction incorporated into the

S-9 mix varied depending on the experiment. The final volume

of the S-9 mix was adjusted using 1.15% KC1 solution to main

tain the desired concentrations of co-factors. After preparing,

the S-9 mix was always kept on ice and the leftover portion

discarded at the end of the day.

Individual, covered culture tubes were autoclaved and

placed in a water bath at 45° C. A 250 ml flask containing

100 ml of top agar was autoclaved, placed in a water bath at

45° C. to prevent hardening and 5 ml of fresh, fully grown
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culture was added. Ten ml of histidine - biotin solution was

added to the mixture using a filter sterilization system

attached to a syringe. The solution was agitated to mix, 2.3

ml pipetted into each culture tube and the tube returned to

the water bath.

Test compounds were dissolved in sterile DMSO before

addition to the tubes containing the prepared top agar and

bacteria. Volumes of 1ess than 100 u1 of these solutions were

added to the culture tubes using a Schwarz-Mann Biopitte

delivery system. The tubes were agitated to mix the test com

pounds in the agar and 0.5 ml of S-9 mix was pipetted into the

tube. The tube was immediately and rapidly rotated between

the palms of the hands to thoroughly mix the contents which

were then poured onto a minimal glucose agar plate. The

plates were allowed to harden, inverted and incubated in the

dark at 37° C. for 48 hours. The number of his’ reWertant S On

each plate was recorded and compared to a negative and positive

control.

Benzene at concentrations of 0.1, 0.5 and 1.0 u1 per plate

was evaluated using concentrations of S-9 fraction per plate of

0, 1, 10, 20 and 50 u1. Benzo (a)pyrene (BP) in DMSO at concen

trations of 10 pg/plate and 1 ug/plate was used as the positive

control and DMSO (25 u1/plate) served as the negative control

to determine the spontaneous reversion rate. The compounds

were examined with both TA 100 and TA 98 as the tester strain

and using S-9 mix prepared from phenobarbital and 3-MC-induced

animals. As a general screen, only one plate was used for each

test condition.
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A series of experiments using 3-MC-induced liver and TA

100 tester strain was conducted with the addition of 1,1,1-

trichloro-2,3-epoxypropane (TCPO) in DMSO to the reaction

mixture in an attempt to block one of the pathways of benzene

metabolism. The amount of S-9 fraction in the activation mix

ture was maintained constant for all runs at 50 u1/plate.

Concentrations of benzene from 0.1 to 2.0 u1/plate were eval

uated with and without the addition of TCP0. TCP0 at final

concentrations of 0.05, 0.10 and 0.25 mM in the top agar-S-9

mix overlay was used. BP at concentrations of 0.5, 1.0 and

5.0 ug/plate was tested simultaneously as a positive control

without TCP0. TCP0 was added to an additional BP plate (0.5

ug/plate) overlay to test for any enhancement of reversion of

the positive control.

One experiment was conducted in which the S-9 mix (50

u1/plate), bacteria and test solutions were mixed in sterile

culture tubes and incubated in a water bath (37° C. ) for 50

minutes with agitation. Following this procedure, top agar

containing histidine-biotin solution was added to each tube

(2.2 ml) and the tubes pour plated on minimal glucose agar

plates. The plates were then handled as usual. Concentra

tions of benzene in the culture tubes was reduced to 0.05,

0.15 and 0.3 u1 to prevent 1ethality to the bacteria. TCP0

at a final concentration in the tube of 0.25 mM was added to

a second series of benzene tubes at the same concentrations.

A BP series (0. 1, 0.4 and 0.8 ug) was used as positive control

with TCP0 included in an additional BP tube at the 10west

concentration.
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An experiment employing the usual method was conducted

on the benzene analogs, bromobenzene and chlorobenzene. The

concentrations of these agents was the same as for benzene,

0. 1, 0.5 and 1.0 p.1/plate. Liver activation was provided by

phenobarbital induced S-9 at concentrations of 1, 10, 20 and

50 u1 S-9 fraction per plate.

Bone Marrow Activated Bacterial Plate Assay

An attempt was made to use rat bone marrow as an activa

tion system in conjunction with the bacterial plate assay.

Two, large untreated male Long-Evans rats (397 & 424 g) were

sacrificed by carbon dioxide inhalation in a chamber and both

femurs from each rat were removed. An opening was made at each

end for removing the marrow in the same manner as that used in

the micronucleus test. The marrow was flushed out using 2 ml

of ice - cold 1.15% KC1 solution. The marrow from all four femurs

was flushed into a small Potter-Elvehjem tissue grinder and

homogenized. The fluid was centrifuged at 9000 X g for 20

minutes at 4° C. and the supernatant collected for use. Because

of possible contamination problems the supernatant was then

sterilized by filtration, pore size 0.35 micron. The sterile

fluid was then used as the S-9 fraction in making S-9 mix. The

concentration of all co-factors was identical to that used when

liver served as the S-9 fraction source. Concentrations of the

bone marrow S-9 fraction per plate of 10, 20, 50 and 100 p.1

were tested using benzene concentrations of 0.1, 0.5 and 1.0 p.1.

DMSO (25 ul) and benzo (a)pyrene (10 ug) were used as the nega

tive and positive controls, respectively, with TA 100 serving
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as the indicator organism. Pour-plating and handling of the

minimal glucose agar plates was conducted in the usual manner.

The above experiment was repeated using 3 male Long Evans

rats (400 g each). The animals were pre-treated with 3-methyl

cholanthrene (75 mg/kg) 24 hours prior to sacrifice. The

animals were sacrificed and the femurs removed as before. A

total of 5 ml of ice-cold 1.15% KC1 was used to f1ush out all

six femurs in an attempt to concentrate the marrow. The sus

pension was homogenized, centrifuged and filtered. Concentra

tions of bone marrow S-9 fraction per plate of 0, 10, 20, 50

and 90 p.1 were employed using benzene concentrations of 0.1,

0. 5, 1.0 and 3.3 u1. DMSO (25 u1) and benzo (a)pyrene (10 ug)

were used as the negative and positive controls, respectively,

with TA 100. Handling was as before.

The protein concentration in the final filtered S-9

fraction was determined using a modification of the method of

Lowry et al. (1951). The procedure employed was exactly that

used for determination of 1 iver samples except dilutions of 1,

3, 9 and 27 were employed.

Bacteria Strains

The bacteria strains used for mutagen testing were donated

by Dr. B. N. Ames, University of California, Berkeley. The

initial samples were cultured and stored at our laboratory at

-80° C. The following table from Ames et al. (in press, 1975)

indicates the genotype of the TA strains used.
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histidine mutation additional mutations

his G46 his D3052 LPS Repair R factor

TA100 TA 98 rfa AuvrB + R

TA 1950 + AuvrB - R

A11 strains were originally derived from Samone 11a typhimurium

LT-2. The rifa (deep rough) mutation eliminates the polysaccha

ride side chain of the lipopolysaccharide (LPS) that coats the

bacterial surface. Wild-type LPS gene is indicated by a +.

The deletion (A) through the uvrB region of the chromosome

eliminates the excision repair system for DNA. Two strains,

TA 98 and TA 100, contain an R factor (plasmids carrying anti

biotic resistance genes), pKM101, which increases muta genesis

with certain mutagens (McCann et al., 1972).
-

The TA 98 strain contains the his tidine mutation his D3052,

a frameshift mutation, which is reverted by a variety of poly

cyclic aromatic hydrocarbons (Ames et al., 1973b). Strains TA
100 and TA 1950 contain the histidine mutation his G46 which is

a missense mutation. It is well reverted by a variety of muta

gens that cause base-pair substitutions (Ames, 1971).

Dominant Lethal - Cytogenetic Study

A preliminary LD50 range test of a benzene - olive oil

mixture (1:1) was made using mature Long-Evans male rats prior

to initiation of the study. Twelve rats were injected intra

peritonea 11y with the mixture, 6 at 1.0 ml/kg of benzene and 6

at 2.0 ml/kg of benzene to check the estimated LD50 obtained

from the literature. From this work, a rough estimation of 2.0

ml/kg of benzene for the 24 hour LD50 of a 1:1 solution of
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benzene - olive oil was established. Following recommendations

outlined in other dominant lethal studies, approximately

0.2 X LD50 or 0.5 ml/kg of benzene was selected as the optimal

dose for use in the study. The dose of aqueous triethylene

melamine (TEM) was the same as that used in previous dominant

1ethal Studies conducted by the author in the same laboratory

(0.25 mg/kg).

A total of 43 male Long-Evans (320-400 g) rats was used

in the combined dominant lethal-cytogenetic study. These

animals were 12 weeks old, mature breeders required for mating

in the dominant lethal portion. The animals were randomly
divided into the three treatment groups and ear punched for

identification. Fourteen animals received olive oil (0.5

m1/kg) as a negative control group, 10 received aqueous TEM

(0.25 mg/kg) for use as a positive control in the dominant

1ethal study and 19 were injected with sufficient 1:1 benzene

olive oil solution so that they received 0.5 ml/kg of benzene.

A11 treatments were single intraperitoneal injections.

Ten control, 10 TEM- and 15 benzene- treated males were

immediately placed into individual cages containing 2 mature,

virgin female Long-Evans rats. The remaining 4 control and 4

benzene-treated males were housed in two separate cages in the

same area as the other animals. A11 animals received food and

water ad libitum throughout the study. In the dominant lethal

portion of the study, two virgin females were supplied each

male every week. Twenty female rats were assayed for each

male over the 10 week course of the experiment (2/week) for a

total of 700 females. After caging with the male rat for one
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week, the two females were placed in a separate cage for

additional holding. The females were sacrificed by carbon

dioxide inhalation in a chamber 17 days after first caging

with the male. The pregnant females were necropsied for

gross abnormalities: corpra lutea, total implants, early

fetal deaths and 1ate fetal deaths were scored. At the time

of necropsy, the pregnancies were between 10 to 17 days into

term.

The four additional males in the control and in the

benzene- treated groups were used for cytogenetic analysis.

These animals were treated at the same time as the ones used

for the dominant lethal study and sampled during the course

of the experiment. Bone marrow biopsies and blood samples

were obtained from each of these animals at 24 hours, 8 days,

30 days and 70 days.

To obtain blood and bone marrow samples for cytogenetic

analysis, the rats were anesthetized using methoxyflurane

(Abbott) and wrapped with a towe 1, 1eaving the lower extremi

ties uncovered. The initial puncture was made in the skin at

the center of the pate11ar groove using a heparinized spinal

needle containing a stylus. The needle was inserted through

the boney structure into the distal end of the femoral canal,

the stylus removed and a 5 ml disposs able sterile syringe

containing 0.1 ml of heparin solution fitted tightly into the

needle adapter. The plunger was retracted gradually until a

brownish-red material entered the syringe and mixed with the

heparin solution. Approximately 0.1 to 0.2 ml of bone marrow

was collected from one femur of each animal. The bone marrow
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samples were immediately flushed into 5 ml of pre-warmed

(37° C. ) Minimum Essential Medium containing 10 ug/ml of col

cimed (Denecolcine - Ciba) and incubated for two hours at 37° C.

The blood samples were collected by making a small trans

verse incision just above the clavicle at the mid-clavicular

line exposing the cubclavian vein as it emerges at the Supra

clavicular fossa. A 2 ml heparinized sterile plastic syringe

with a 20 gauge needle was used to extract 1 to 1.5 ml of

blood. The incisions were closed by surgical wound clips and

the rats returned to their cages.

Two-tenths to 0.3 ml of the freshly drawn blood was added

to 5 ml of pre-warmed (37° C. ) blood culture media made the day

of the experiment. The tube was sealed with a rubber stopper

and the suspension incubated at 37° C. for 3 days. The sus

pension was agitated once daily during the incubation. At the

end of the 3 day period, 1 ug of colcemid in aqueous solution

was added to the suspension and the suspension was incubated

for another 4 hours.

After incubation with the colcimed, both the bone marrow

and the blood culture suspensions were centrifuged at 100 g

for 5 minutes. The supernatant was removed and the cell

buttons resuspended with 0.075 M KC1 for 15 minutes at room

temperature. The suspension was then recentrifuged as before

and the supernatant removed. The cell buttons were resuspended

in 5 ml of fixative (3:1, methanol: glacial acetic acid), then

a11owed to stand at room temperature for 20 minutes before

being recentrifuged. The process of changing the fixative was

repeated twice until a final suspension was made for smear
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preparation. A chromosome spread was made by dropping a few drops of the

preparation onto a pre-cleaned microscope slide previously dippled into

distilled water. The slides were air dried then stained with Giemsa

stain diluted 1:20 with distilled water for 10 minutes. All slides were

coded with a diamond pencil and then covered with a glass cover slip to

protect the preparation.

The slides were scanned under low power magnification (70X) and cells

selected for inclusion on the basis of the quality of chromosome spreading.

Once selected, the cell was microlocated using the stage calibrations so as

to preclude the same cell being used more than once. Seven to 10 slides

were made from each rat bone marrow or blood suspension and the cells used

for analysis were always obtained from more than one slide. In the case of

some of the blood preparations, all available slides were completely searched

before it was recorded that no metaphases were present. All metaphases

selected for use were photographed under oil immersion magnification (2900X)

using a Zeiss photomicroscope, enlarged (2X), and printed for analysis.

These prints were coded to prevent bias. Independent scoring was carried

out by two investigators. In case of doubts or disagreements between the

two, the original cell was re-checked with the microscope and a third opinion

obtained.

The metaphases were scored for numerical and structural aberrations.

Numerical aberrations consisted of polyploidy, aneuploidy and endoreduplica

tion. Structural aberrations consisted of achromatic lesions, chromatid

deletions, chromosome deletions, rearrangements, minutes and fragmentation.

An arbitrary definition was used to distinguish between lesions and deletions:

deletions- any distinct discontinuity in the chromatin which exceeds the

width of a chromatid of that cell. Lesion- any discontinuity which is less

than the width of a chromatid and in which the distal piece is aligned with

the proximal piece, or which contains visible material connecting the proximal
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and distal portions, regardless of the width (Nichols et al., 1972).

A maximum of 20 metaphases were analyzed at each time period for every

rat using slides prepared from blood specimens. In some cases, abnormal

cell-types were found containing several nuclear bodies of varying size.

These were denoted as chromosome pycnosis (Koller, 1972) and the frequency

of this type of cell per 1000 normal-appearing nucleated cells were scored.

For bone marrow analysis, 50 metaphases were scored for each rat at the

indicated time periods.

A modified version of the mouse dominant lethal technique reported by

Epstein (1973) was used for testing the rats. The cytogenetic blood culture

procedure employed was similar to that reported by Farrow et al. (1975).

Biopsy technique and culturing methods used for serial sampling of bone

marrow specimens were developed and refined by J. Nemenzo of this department

(1975).

Micronucleus Assay

Twenty-five male, 5 week old, Long-Evans rats (110-135 g) were randomly

divided into groups of five for use in a micronucleus assay. The procedure

used was a modification of that reported by Schmid (1975). The negative

Control group received olive oil (1.0 ml/kg) and the positive control group

was treated with aqueous TEM (0.25 mg/kg). The remaining three groups received

injections of benzene-olive oil. The benzene doses used for the 3 groups were

0.05 ml/kg, 0.10 ml/kg and 0.50 ml/kg. All treatments were intraperitoneally

injected, one-half of the total dose at 30 hours and ; at 6 hours prior to

sacrifice. Thirty-six hours after the initial injection, the rats were

sacrificed by carbon dioxide inhalation in a chamber and the right femur was

dissected from each animal. The cartilagious cap was removed and a small

piece of the apiphysis at the distil end of the femur was clipped off
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opening the femoral canal. The ball joint was cut from the proximal end

and a 19 gauge disposable needle tightly inserted into the remaining

portion of the ball joint shaft. A syringe containing 5 ml of fetal calf

serum was securely attached to the needle and the bone marrow flushed from

the femur into a tube. The mixture was immediately agitated to separate

and suspend the bone marrow cells. The tubes were centrifuged at 100 X g

for 5 minutes and the supernatant drawn off. The cell button remaining was

mixed by agitation and a small amount aspirated into a siliconized capillary.

A drop was placed on a pre-cleaned glass slide and spread by pulling a cover

slip over the slide. Ten slides were prepared from each animal and allowed

to air dry overnight. All slides were coded using a diamond pencil.

The following day, the slides were stained in groups of 30 using

horizontal staining jars and a staining rack. The slides were stained in

undiluted May-Greunwald solution for 3 minutes, in May-Greunwald solution

diluted with buffered (pH 7.4) distilled water 1:6 for 10 minutes. The

rack of slides was rinsed in buffered distilled water, the individual slides

removed from the rack and blotted dry on filter paper. The back of each

slide was cleaned with methanol and the slides replaced in the rack. After

all 30 slides were cleaned, they were cleared in xylene for 10 minutes and

covered with glass slips using slide cement. The slides were air dried for

2 days to allow the cement to set and then scanned under oil immersion

(2900X) magnification using the Zeiss photomicroscope.

For each animal, 2000 polychromatic erythrocytes were counted and the

number of these cells containing micronuclei recorded. The number of mature

erythrocytes containing micronuclei noted while scanning the 2000 polychro

matic cells was recorded as an internal control for artifacts resembling

micronuclei.
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Statistical Procedures

Comparison of sample means by the t-test was used in several of the

experiments. This consisted of comparing the magnitude of the observed

difference between the two means (XI-X.) with an estimate of its standard

error, *(X, -X.)” and referring to the t distribution as expressed below.1 **2

(X, -X.,)t = +- s—(XI-X.)

If the observed tº exceeded the tabulated critical value for t at p = 0.01

or p = 0.05 with the calculated degrees-of-freedom (df) contributed by both

samples, it was concluded that the means differed from each other signifi

cantly (Goldstein, 1964). The following formula was used to calculate the

above values.

n = sample size

x = sample measurements

X = Ex/n = mean

df = n1 + n2 - 2

2 2
2 (EXI) 2 (EX2)

Exi
-

+ ºx: -
S.- := - 1 n2 + 1 +

(XI-X2) n1 + n2 - 2 n1 n2

In the analysis of two measurements made in the dominant 1ethal experi

ment, dead implants/pregnant female and dead implants/total

implants per pregnant female, an arcs in transformation of the

basic data was applied before computation of the t value. This

was used to stabilize the variances which were derived from

basic observations that have a binomial distribution. These

observations are proportions, where the variance and means are

related and transformed with the following
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formula (Winer, 1962):

l
X' = 2 arcsin (x)?

A Chi-Square test using a 2 x 2 contingency table was used for

determining significance between enumeration data in the experiments.

category 1 category 2

# Observed al b

# without C d

An estimated expectation for each cell of the table from the pooled data was

determined. The contribution of each ce11 to Chi-Square was calculated

making the Yates correction for continuity using the method outlined by

Goldstein (1964) with the following formula:

N a + b + c + d

(lad-bc|- #0° (N)
Chi-square = TIETIET■■ r■ j■ r■ )

The calculated values were compared to tabulated critical values of Chi

Square.

In extreme cases, where one or more of the cells in the 2 × 2 contingency

table contained values Smaller than 5, the above method was not valid. In

these cases, it was necessary to compute the exact probability to determine

significance. The following formula was used for this purpose (Goldstein,

1964):

= (a+b); (cºd)} (a+c)! (b+d):
p N! a! b. c. d!

An analysis of variance (AOW) was conducted on the control olive oil

data in the dominant lethal experiment. Five one-way AOV were made of samples
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drawn from the data and a variance estimate computed for each. The variance

was partitioned for that arising between males for each test week and within

the males for each week. An F-ratio of the variance estimate between treat

ment weeks and within treatment week was compared to critical table values

for significance at p = 0.01. The F-ratio was calculated from the following

formula (Goldstein, 1964):

SS = sum of squares

2N.C.-X)* = between-sample SS

20-X)* = within-sample SS

where:

^m = each measurement in a particular sample
X = overall mean

Xm = mean of particular sample

number of measurements in a particular sample\m
df (between males) = number of males - 1

df (within males) = number of females assigned to individual

male that become pregnant - 1

between-sample SS
F-ratio = within-sample SS
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RESULTS

Host-Mediated Assay

Results of the host-mediated assay conducted using benzene are

presented in Table 1. No deaths occurred in the control mice and the mice

treated only with benzene. The mice pre-treated with phenobarbital (Pb)

appeared to be severely affected by the subsequent injections of benzene.

These mice were sedated and lying on their backs following the first benzene

injection. One mouse out of the six originally in this group died within the

hour after this injection. The second benzene and saline injections were

given to all the animals but the third injection was withheld as the Pb

group appeared as if they would not survive.

During the procedure involving the injection of saline intraperitoneally

to flush and remove the bacteria, the loss of another data point from the Pb

group occurred due to contamination of the peritoneal sample. This left only

four animals in this group.

The mean mutation frequency (MF) and standard deviation for each group

along with the individual MF calculated for each mouse are shown in Table 1.

There was extreme variability noted in these values. Within the control

group differences approaching 10-fold were observed. Considering this vari

ability, it was surprising that the mean MF for the groups were within 1 unit

of each other. No significant differences can be demonstrated between the

group means.

Results of the bacterial plate assay using TA 1950 as the indicator

organism are presented below. This assay was conducted in conjunction with

the host-mediated assay for an in vitro comparison.
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... +
number Counts/plate his revertants

treatment of plates + standard deviation

control 5 13.4 + 4.0

benzene 5 7.0 + 4.2

nitrogen mustard 5 280.0 + 164.9

The mean spontaneous reversion rate of 13.4/plate is similar to that observed

using this strain in other plate assays. On the benzene-treated plates, a

kill-area in the center of the plate of 5 to 10 mm was observed on all plates.

In this area no revertants or background growth was observed. The mean re

version rate of 7.0/plate indicates some lethality to the organism by high

concentrations of benzene encountered in the central area of application as

noted above. A 20-fold increase in the reversion rate per plate was observed

with the nitrogen mustard.

Liver-Activated Plate Assay

Tables 2 and 3 contain the data obtained testing the effect of the two

differently induced liver fractions at several concentrations with benzene

in the activated bacterial assay. TA 100 and TA 98 were used with several

concentrations of benzene as shown in Tables 2 and 3, respectively. Benzo(a)-

pyrene (BP) was used as the positive control in both systems. With both

bacterial strains, the 1iver prepared from 3-methylcholanthrene (3-MC) induced

animals produced more reversions using BP than the phenobarbital (Pb)-induced

1ivers did. At 50 p.1/plate of S-9 fraction, the highest activation was

obtained with the 3-MC liver with both bacteria strains. Use of 1 u1/plate

appeared to be below the concentration necessary for activation with the 3-MC

liver while the 10 u1/plate series produced some activation with both strains

and both liver fractions. The 10 u1/plate concentration appeared to be the

optimal concentration tested for activation using Pb induced-liver; decreased
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activation was noted when more-or-1ess S-9 fraction was used. The BP did

not produce reversion without activation at the 1evels used as demonstrated

on the plates which contained 0 u1/plate of S-9 fraction.

Control levels for spontaneous reversion using DMSO show little varia

tion at each 1iver concentration with both strains. There appeared to be no

increased reversion produced by benzene with any of the liver concentrations

used. The differences observed fall within the observed range of individual

plate variation.

The average of the four protein determinations for each of the pooled

1iver specimens were 25.7 mg/ml for the Pb-induced animals and 23.7 mg/ml

for the 3-MC-induced animals. Considering the methodology, these values are

identical.

The work conducted using the bacterial plate assay technique with the

addition of 1,1,1-trichloro-2,3-epoxypropane (TCPO) is summarized in Table 4

and is a combination of several experiments. These data were obtained using

a liver activation system prepared from rats treated with 3-methylcholan

threne. In the text table below are shown the data obtained without the

addition of any activation system to check the response of the bacterial test

system (TA 100) and to test benzene mutagenicity and lethality without meta

bolic activation.

test plate his revertants/ test plate his revertants/
Compounds COIlC. plate compounds Conc. plate

Spontaneous
-

82 benzene 1.0 p.1 83
DMSO 25 || 1 87 benzene 5.0 L1 62
MNNG crystal 1000 benzene 10.0 p.1 39

The spontaneous reversion rate (negative control) and the rate seen with the

addition of DMSO are essentially the same, 82 and 87, respectively. One

plate containing a crystal of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), a
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positive control used to check the response of the system, was reverted

with a count exceeding 1000 for the plate. Benzene in DMSO at the three

concentrations tested, 1.0 u1, 5.0 pil and 10.0 pil, produced no increase

above the spontaneous reversion rate. At the highest benzene concentration

(10.0 u1/plate) a definite lethality was observed with a reduction in re

vertants on that plate versus plate counts observed for the spontaneous

control and the lowest benzene concentration (1.0 p.1/plate), 39 versus 82

and 83, respectively.

The four series of test in Table 4 were conducted with the addition of

S-9 mix prepared from rats induced with 3-MC and a concentration of 50 p.1

S-9 fraction/plate was used throughout the series. In the various sections

of this work, different spontaneous reversion rates can be observed. This

is a result of the tests being conducted at different times and accounts for

the requirement that simultaneous controls be included each time. In the

four experiments, an activation of the BP with allied increases in the

reversion rates can be seen. The increased reversion rates followed a dose

response with the highest rate seen at the highest concentration of BP. No

increase in the spontaneous reversion rate was produced by the addition of

TCPO at the levels used (0.05–0.25 mM). Preliminary work had indicated that

TCPO at a concentration of 0.5 mM and above produced increased reversion

with the TA 100 strain therefore, requiring use of the 10wer concentrations.

A dose range of benzene from 0.1 to 2.0 u1 produced no increase in the

reversion rate and the addition of TCPO to the system had no effect within

the range used when compared to the simultaneous controls. The combination

of TCPO at all concentrations and the lowest concentration of BP (0.5 lig)

also produced values within range of those seen with the BP alone indicating

no enhancement of the mutagenicity of BP by the addition of TCPO to the top

agar. In the last series, incubated in the water bath, the levels of
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revertants/plate are lower indicating lethality to the bacteria while

incubating but the pattern of the results remained the same; namely, no

enhancement of reversion with the addition of TCP0.

Data from the experiment performed using analogs of benzene in combina

tion with Pb-induced liver S-9 mix are presented in Table 5. The DMSO and

BP control plates are the same as those presented in Table 2 because the

assays were simultaneously conduced. As can be observed, there was no

increased reversion of the TA 100 strain noted with either bromobenzene or

chlorobenzene at the concentrations used.

The results obtained from the two separate experiments attempting the

use of homogenized bone marrow as the activation system in a bacterial plate

assay are presented in Table 6. Protein determinations from the pooled S-9

fraction of bone marrow from the non-induced rats indicate the presence of

0.97 mg/ml. The femurs from rats used to obtain the marrow were each flushed

with 2 ml of KC1 solution. The other S-9 fraction used was obtained from

3-MC-induced rats and each of these femurs were flushed with 0.8 ml of KC1

solution in an attempt to provide a more concentrated S-9 fraction. The

concentration of protein from this fraction was 2.0 mg/ml.

The results from both S-9 fractions verus benzene indicated no increase

in the reversion rate at any concentration combination used. The number of

revertants counted was within the range of that obtained using DMSO as

control. A concentration of benzene (3.3 p. 1) was used in the 3-MC-induced

series and this concentration had a lethal effect on the indicator organism.

The number of revertants per plate was reduced by 1/2 to 1/3. It was also

noted that the background 1awn of TA 100 was reduced. BP (10 ug) was not

activated with either S-9 fraction at any concentration.
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Dominant Lethal Study

Presented below in the text table is the preliminary

range - finding study conducted to determine the optimal dose

for use in the subsequent study. The animals were adminis

tered a single dose of benzene-olive oil mixture (1:1) intra

peritoneally and observed for two weeks to determine the

death ratio.

Weight (grams)
Dose rat # day 0 day 7 day T4 death ratio

benzene 1 34.7 38.2 400
2 3.71 375 397

1 ml/kg 3 2.54 257 273 0/6
4 241 262 301
5 230 251 286
6 260 264 32.5

benzene 1 264 252 338
2 273 dead 10 hours

2 ml/kg 3 23.9 dead 10 hours 4/6
4 2.53 290 329
5 252 dead 10 hours
6 268 dead 10 hours

The recommended dose for preliminary dominant lethal assays is

0.2 LD50 (Epstein, 1973). The observed 2 week mortality of 4/6

using a dose of 2 ml/kg was used to calculate a dose of 0.4

ml/kg which was rounded up to 0.5 ml/kg.

No deaths were noted in 19 rats injected with benzene

(0.5 ml/kg) for use in the dominant lethal- cytogenetic study.

Similarly, no deaths were observed in the olive oil control or

triethylenemelamine (TEM) groups. The group weights (mean +

standard deviation) of the treated male rats used for breeding

and cytogenetic samplings are presented below. The animals

were weighed before injection and at the termination of the

breeding sequence (70 days).
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olive oil benzene TEM

number of animals 10 19 10
day 0 362 + 19 g 353 + 22 g 367 + 28 g
day 70 541 + 21 g 500 + 41 g 497 f 53 g
weight gain (mean + S. D.) 180 + 17 g 147 £ 45 g 129 + 35 g

Comparison of the mean weight gain between the olive oil groups

and the TEM and benzene groups indicate significant depressions,

p < 0.01 and p < 0.05, respectively.

A summary of the necropsy data from the 10 week dominant

lethal study is presented in Table 7. The parameters measured

are listed with the group value determined by week. Five one

way analyses - of-variance were performed on the control group

data for the 10 week period. Parameters analyzed were number

of pregnant females, number of implantations/pregnant female,

number of dead implantations/pregnant female, number of dead

implantations/total implantations for each pregnant female and

the pre-implantation loss. No significant differences were

detected in these categories in the control group over the

course of the experiment. One male rat in the olive oil group

proved to be sterile for the entire experiment and a11 data

derived from this rat were dis carded.

A comparison was made each week between the olive oil

group and the benzene and TEM groups of the fertility index

defined as the number pregnant/number mated. Using a Chi-Square

analysis, no significant differences were detected at any week.

The total implantations/pregnant female for each group by

week was analyzed using a t test. The olive oil and benzene

data showed little variation by week. A decrease was observed
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for the TEM group week 2, 3 and 4 with the minimum at week 4.

This decrease was significant (p < 0.01) each of the three

Weeks when compared to the olive oil contro 1 values of the

concurrent week.

The group ratios of dead implantations/pregnant female

and dead implantations/total implantation are presented in the

next two columns. No significant differences were detected at

any week in either parameter between the olive oil and benzene

groups. The TEM group showed a significant (p < 0.01) increase

the first 5 weeks in both values when compared to the control.

The highest increases were observed in weeks 2, 3 and 4 with

the values returning to control levels by week 6. The pre

implantation loss/pregnant female, defined as the corpora lutea

count minus total implantation count/pregnant female, is given

by week for the groups. No significant differences were de

tected at any week between benzene and TEM data when compared

to the controls.

Bone Marrow Cytogenetic Study

The data obtained from cytogenetic analyses of bone marrow

Samples taken at 1, 8, 30 and 70 days following a single admin

istration of benzene or olive oil are presented in Tables 8 and

9 then summarized in Table 10. In Tab1e 8 are shown the total

number of each type of aberration for each individual animal

detected from screening 50 metaphases per animal at each time

period. Table 9 contains similar data presented on the basis

of the number of cells from each individual animal which con

tained the aberration. From these two tables containing the

data of each animal, it can be seen that the aberrations
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observed were spread among the animals in that group and not

concentrated entirely in one member. The data from Tables 8

and 9 were pooled for analysis and are presented in Table 10.

Several observations can be made regarding the data in this

table.

Achromatic lesions (gaps) are variable even in the olive

oil group. This parameter was recorded and included for analy

sis even though Nichols et al. (1972) and Legator et al. (1973)

report that gaps are the least conclusive measurement. A signi

ficant increase (p < 0.01) was noted in the benzene group at 24

hours. In contrast, at 8 days, the olive oil group was elevated

above the benzene group but both values are much lower than that

for benzene at 24 hours.

Chromatid deletions (breaks) were analyzed using a Chi

Square test. Based on the number of cells containing the

aberration at each time period, a significant (p < 0.01) increase

was noted at 1 and 8 days in the benzene group compared to the

concurrent control. The data on this parameter at 30 and 70

days were not significantly increased but a trend can be seen.

The increase observed in the number of cells with breaks in the

benzene group gradually falls off approaching control level at

70 days. Control levels of breaks maintained a fairly constant

1evel of 4 or less cells affected at each sampling period.

Chromosome deletions present a striking example of this gradual

fall with time. A significant increase (p < 0.01) was noted

at 24 hours with diminishing numbers found until by 70 days no

chromosome deletions were detected. In contrast, no chromosome
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deletions were observed at anytime in the control group.

Rearrangements of different types were noted, always in

the benzene group, but the number detected was too small to

be significant statistically.

Double minutes present another type of aberration where

none was found in the control group but they were detected in

the benzene group. Again the number found was too small to

be statistically significant but as can be seen, this type of

aberration appears to persist. Per two hundred cells analyzed

at each time period in the benzene group, 2 were found at 24

hours, 2 at 8 days, 1 at 30 days and 3 at 70 days.

One polyploidy was noted in a benzene treated animal at

8 days. No other polyploid cells were detected and no signi

ficance can be made of the one alone.

An analysis of the number of ce 11s observed at each time

period for each group that contained the normal count of chromo

somes is presented below.

Percentage of cells containing the normal complement
of 42 chromosomes (mean + standard deviation)

1 day 8 days 30 days 70 days

control 82.5 + 8.5 88.0 + 4.9 91.5 + 5. 3 93.5 + 2.5

benzene 83. 0 + 2.0 89.5 + 6.8 92.0 + 3. 7 88.8 + 7. 1

There are no significant differences between these values at

each time period when compared with the simultaneously run

control.
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Blood Specimen Cytogenetic Study

In the same manner as the bone marrow data, the peripheral

blood cytogenetic data are presented in Table 11 as the total

number of aberrations found in the cells analyzed and in Table

12 as the number of cells containing the specific aberrations.

Both are on the basis of the individual animal. The data were

pooled and are summarized in Table 13.

Difficulty was encountered in the culturing of the lympho

cytes from the blood samples at the last two sampling periods

of 30 and 70 days. The blood samples were not stimulated by

the phytohemaglutinin P used to a sufficient degree to obtain

the minimum of 20 metaphases used for analysis. At 70 days,

only one control animal produced enough metaphases for total

analysis, two were somewhat responsive so that 13 and 14 meta

phases were located using a 11 ten s 1 ides available and one

sample produced no metaphases. This makes it difficult to

extract useful data from the 70 day data. The 30 day control

data were entirely useless.

At 24 hours, only one benzene animal (#6) responded with

the minimum 20 metaphases for analysis and two produced none

while one metaphases was found for the other. A11 control

animals were sufficiently stimulated to obtain 20 metaphases

per animal. The 8 day sample from control animals again gave

20 metaphases per animal. In the benzene group, the same

animal (#6) produced 20 again. Rat #5 appeared to be recovering

from treatment and 18 metaphases were 10cated. Rat #7 was still

suppressed and only 5 were 10cated while rat #8 was totally

suppressed. Because a 100% response was noted in the control
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animals at 1 and 8 days, it is felt that the failure to 10cate

the minimum of 20 metaphases in the benzene-treated animals

at 1 and 8 days is due to the benzene treatment and not to

technique problems as encountered at 30 and 70 days.

A Chi-square analysis of the number of cells containing

the specific aberrations was made for each time period between

the pooled data of the olive oil and the benzene groups. Due

to the very small numbers of cells analyzed and the correspond

ing number of aberrations found, no significant differences

were detected. It should be noted that double minutes were

again observed solely in the benzene group, 1/21 cells at 24
hours, 3/42 cells at 8 days and 1/53 cells at 70 days. The

presence of this type of aberration was constant and persistent.

No polyploid cells were observed and only 2 rearrangements in

one cell of a benzene- treated animal at 8 days.

As in the bone marrow study, no significant differences

were detected between the percentage of cells containing the

normal complement of 42 chromosomes. The data are presented

below.

Percentage of cells containing the normal
complement of 42 chromosomes (mean + std. dev. )

1 day 8 days 70 days

control 97.5 + 2. 9 80. 0 + 12. 2 80. 3 + 4. 2

benzene 97.5 + 3. 5 89.3 + 9.3 86. 3 + 13.1

The slides prepared from the blood specimens of each rat

were scanned for viable nucleated cells actively growing. In

the benzene treated animals, ce 11s were observed which contained

chromosome pycnosis (fragmentation). No pycnosis was observed
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in any of the olive oil control slides. The data from the

benzene animals are summarized in Table 14. Two observations

can be made from these data. The number of pycnotic cells

observed/1000 viable nucleated cells falls off with time after

treatment in three of the four animals. The animal (rat #6)

in which the minimum 20 metaphases were found for analysis at

1 day was the lowest in pycnotic count. The same observation

can be made at 8 days. The data are confused at 70 days by

the failure of the PHA-P to stimulate fully but pycnosis was

again observed in a11 animals.

Micronucleus Assay

The data from the micronucleus assay are presented in

Table 15. The data obtained from all 5 animals in each group

were pooled, the mean value calculated and comparisons made

with the control olive oil values using a t test. The values

observed with the lowest benzene dose of 0.05 ml/kg were not

significantly different from the control value while the other

two levels were significantly (p < 0.01) increased 2- to 3-fold

above control levels. The number of micronuclei observed with

TEM used as positive control was also significantly increased

(p < 0.01), approximately 12-fold. While counting the number

of polychromatic cells containing micronuclei, a running total

of the number of normal erythrocytes containing micronuclei

was kept for control purposes. In a 11 rats, the number varied

from 0 to 5 indicating little interference by artifacts in the

procedure.
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MouseHost
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mutationfrequency
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standarddeviation)
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Table 2. Liver - Activated Bacterial Plate Assay using
Salmonella typhimi rium TA 100

his’ revertants/plate a

IT/EIAEETSTJTFaction (3-MCTiver)
-

compound –"— —— 4– 20 –39–

DMSO 25 ul - 141 152 1.45 142 168

Benzene 0.1 ul 142 1 4 3 141 129 148

Benzene 0.5 lul 1 38 136 136 131 162

Benzene 1.0 ul 1 35 1.SS 1 S6 154 14.
Benzo(a)pyrene 5 pig l 23 1 SS 252 71.4 14 S 9

111/p late S-9 fraction (Pb liver)

–0 - 10 in so
DMSO 25 pil

-
1 5 9 164 134 157

Benzene 0.1 ul
- -

146 164 1S 2
-

147

Benzene 0.5 pul
- -

1.59 170 17 3 168

Benzene 1.0 ul - 158 169 1 S3 136

Benzo (a)pyrene 10 11g
-

218 316 28 1 2.49

* One plate was used per compound with each liver concentration.

b 3-MC = 3-methylcholan threne, Pb = sodium phenobarbital. See
method section for procedure.
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Table 3. Liver-Activated Bacterial Plate Assay using
Salmone J la typhimi rium TA 98

... +
his revertants/plate a

ul/plate S-9 fraction (3-MC liver)

compound
-

–4– —— 10 - 20 —50

DMSO 25 pil 17 18 18 19 32

Benzene 0.1 pil 23 22 24 35 33

Benzene 0.5 pul 26 17 23 30 23

Benzene 1.0 p 1
- 15 20 17 24 34

Benzo (a)pyrene 5 ug 15 19 86 157 33.3

ul/plate S-9 fraction (Pb livers)

–9– —— to 20 50

DMSO 25 || 1 - 18 .23 23 24

Ben z c ne 0 . 1 || 1
-

24 33 27 23

Benzene U. S M 1
-

1 7 19 24 22

Benzene 1. U pul
- -

16 21 31 30

Benzo (a)pyrene 1 1 g
-

40 9 1 62 . 5 1

One plate was used per compound with each liver fraction conce n
tration.

3-MC = 3-methylcholan rene, Pb = sodium phenobarbital. See method
section for procedure.
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3.

Table4.
Summaryof

Liver-Activated"BacterialPlateTestingusingSalmonel
1a

######"

Ci

LT-2TA100withandwithout
1,

1,1-trichloro-2,3-Epoxypropanc(TCPO)addedTtoT TopAgar.

TCP0(0.05mM)addedtotopagar

platecounts/platecounts/platecounts/

testcompoundsconc.platetestcompoundsconc.platetestcompoundsconc.plate spontaneous
-99

Spontaneous
-67 benzo(a)pyrene0.5ug281benzo(a)pyrene0.5pig258 benzo(a)pyrenel.0ug37.2benzene

0.1||176
benzene0.1ul75 benzo(a)pyrene5.0pg766benzene0.2ºul75

benzene0.2p.16S DMSO25ul86
benzene
0.5ul88
.

benzene0.5
!,l90

-

benzene0.8ul68
benzene0.8p.1
105 benzene1.0ul67

benzene1.0p.163
benzene2.0ul72
benzene2.0ul86

TCP0(0.10mM)addedtotopagar

spontaneous
-Sl

-

spontaneous
-33 benzo(a)pyrene0.5

Lg291benzo(a)pyrene0.5
Lg2S8 benzo(a)pyrene

l.0Lg309
---,

benzene0.7ul29 benzo(a)pyrene5.0ug790
-

benzene1.0ul27 DMSO25ul40

TCP0(0.25mM)addedtotopagar

spontaneous
-37

spontaneous
-33 benzo(a)pyrene0.5g65
.-

benzo(a)pyrene0.5
-g78 benzo(a)pyrene

l.0g89
benzene0.8ul56 benzo(a)pyrene5.0g173b

TCP0(0.25mM)in
incubationmix

spontaneous"
-20b

spontaneous
-25 benzo(a)pyrene0.1ug25

benzene0.05u110benzo(a)pyrene0.1ug32 benzo(a)pyrene0.4ug8S
benzene0.15
lll3

benzene0.15ul15 benzo(a)pyrene0.8ug106benzene0.30
-112
benzene0.30ul18 DMSO25ll18 *

Liverhomogenatepreparedfromratsinducedwith
3-methylcholanthrene
(50ulS-9

fraction/plate).
b
Thisserieswasincubatedfor50mins.at37°C.inawaterbathbeforepourplating.



Table 5. Liver-Activated Bacterial Plate Assay of Benzene
Analogs using Sal Inone l l a typhimurium. LT-2 TA 100.

... +
h is revertants/plate"

u1/p late S-9 fraction (Pb livers)

compound –– 10 20. 50.

DMSO 25 lul
-

1.59 164 134 157

Bromobenzene 0.1 p 1 136 18 S 167 156

Bronobenzene 0. 5 || 1 141 180 178 1.59

Bromobenzene l. 0 | 1 146
-

169 13 S 18.5

chlorobenzene 0.1 !ll 164 128 176 174

Chlorobenzene 0.5 J 1 193 1 49 170 16.1

Chlorobenzene 1.0 ul 1.69 162 162 17 S

Benzo (a)pyrene 10 ug 21.8
-

316
-

281 249

* One plate was used with each compound at each liver concen -
tration. Pb = phenobarbital.
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Table 6. Activated Bacterial Plate Assay of Benzene using
Salmonell a typhimurium LT-2 TA 100 with Rat Bone Marrow
Honogenate as the STS Fraction. b

his’ revertants/plate"
u 1/p late S-9 fraction

compound –4– 10 20 _50 100.

DMSO 25 u1 141 153 145 154 144
Benzene 0.1 ul 142 14.4 139 119 , 156

Benzene 0. S ul 138 is 8 17.4 1 4 0 125

Benzene 1.0 ul 135 135 135 139 131

Benzo(a)pyrene 10 ug 1 2 3 1 4.5 147 157 147

u1/p late S-9 fraction (3-MC- induced)

-º- - 10 20 50 90

DMSO 2 S 1 . 1 S2 162 127 1 4 3 124

Benzene 0.1 !ll 1 SS 16 3 174 1.65 14.5

Benzene 0.5 ul 1 34 157 172 1 4.5 16.1

Benzene 1.0 ul 122 17.3 1 4 0 153 134

Benzene 3.3 ul
-

S1 ss 56 70 69

Benzo (a)pyrene 10 ug 158 1 S6 1 SS 1 S6 162

&l - -One plate was used with each compound at each S-9 fraction concen
tration . .

Prote in determinations on the S-9 fractions indicated 0.97 mg/ml
for the bone marrow from non-induced rats and 2.0 mg/ml ■ or the
3-MC induced rats.
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Table8.CytogeneticDatafromSerialBoneMarrowSpecimens
ofRats"following
a
Single

IntraperitonealAdministration
ofOliveOil(0.05ml/kg)or
Benzene(0.5ml/kg).

totalnumberof
aberrations/50metaphases

time
a
■ ter
a

CTTCTTEICTCHFO■ .EIdTCHFOTOSomedouble

rat
#

treatmenttreatmentlesionsdeletionsdeletionsrearrangementsminutespolyploidy l
oliveoil
1
day
320000 2

oliveoil
1
day020000 3

oliveoil
1
day400000 4

oliveoil1day
700000 S

benzene
l
day138500*0 6

benzene
1
day
892O00 7

benzene
1
day23233l
exchange
30 8

benzene
1
day1093l
exchange
00

•1
oliveoil8days
300000

2o
liveoil8days
520000 3

oliveoil
8
days11C0000 4

oliveoil
8
days
400000 S

benzene
8
days
7S0l

dicentric
0.0 6

benzene
8
days
43000l 7

benzene
8
days
1.52l

dicentric
00 8

benzene
8
days
22l--20 1

oliveoil50days
0l0000 2

oliveoil30days
000000 3

oliveoil30days
4l0000 4

oliveoil30days
230000 S

benzene
30days
452000 6

benzene
30days
5600l0 7

benzene
30days
300O00 8

benzene
30days
42l000 I

oliveoil70days
2O0000 2

oliveoil70days
000000 3

oliveoil70days
000000 4

oliveoil70days
3l0-00O S

benzene
70days
320020 6

benzene
70days
Sl0000 7

benzene
70days
2520l0 8

benzene
70days
3001
ring
00

*
Fouranimalswereusedineachtreatmentgroupandthesamefoursampled
ateachtimeperiod.
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Table9.
CytogeneticDatafrom
.

SerialBoneMarrowSpecimens
ofRats.”following
a
Single

IntraperitonealAdministrationofOliveOil(0.05ml/kg)or
Benzene(0.05ml/kg).

numberofcellswithaberration/50analyzed

timeaftCra
chromaticCºromatºidchromosomeJouble

rat
#

treatmenttreatmentlesionsdeletionsdeletionsrearrangementsminutespolyploidy lo
liveoil
1
day
320000 2

oliveoil
1
day
020O00 3o

liveoil
1
day
400000 4

oliveoil
.1
day600000 S

benzene
1
day1085000 6

benzene
1
day
S82000 7

benzene
l
day17153l
exchange
20 8

benzcine
1
day
77.2l
exchange
0.0 l

oliveoil8days
200000 2o

liveoil
8
days
420000 3

oliveoil
8
days1000000 4

oliveoil8days
400000 'S

benzene
8
days
5401

dicentric
00 6

benzene
8
days
43000l 7

bc.nzcre
8
days
lS2l

dicentric
00 8

benzene
S
days
221.020 1

oliveoil30days
0l0000 2

oliveoil50days
000000 3

oliveoil30days
4l0-000 4.

oliveoil30days
220000 S

benzene
50days
442000 6

benzene
30days
5S00l0 7

benzene
50days
300000 8

benzene
30days
42l000 1

oliveoil70days
200000 2

oliveoil70days
000000 3

oliveoil70days
000000 4

oliveoil70days
3l0000 S

benzene
70days
3200l0 6

benzene
70days
3l0000 7

benzene
70days
2S20l0 8

benzene
70days
2001
ring
00

*
Fouranimalswereusedineachtreatmentgroupandthesamefoursampled
ateachtimeperiod.
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Table10.SummaryofCytogeneticAnalysisforSerialBoneMarrowSpecimensfromRats.”

following
a

SingleIntraperitonealAdministration
ofOliveOilor
Benzene.

Aherrations

achromaticchromatidchromosomedouble

treatmentcriticrialesionsdeletionsdeletionsrearrangementsminutespolyploidy oliveoilno.animalsaffected
320-0O0 -1

daytotalno.found
b1440000

no.cellsaffected
1340000

benzeneno.animalsaffected
4442l0 -1

daytotalno.found
S449132
exchanges
30

no.cellsaffected
39=38×12*220

oliveoilno.animalsaffected
410000 -8

daystotalno.found2320000

no.cellsaffected
2020000

benzeneno.animalsaffected
4422ll -8

daystotalno.found
..
141532

dicentrics
2l

no.cellsaffected
1214×322l

oliveoilno.animalsaffected
230000 -30daystotalno.found

6S0000

no.cellsaffected
640000

benzeneno.animalsaffected
432010 -30daystotalno.foundl61330l0

no.cellsaffected
16ll300

oliveoilno.animalsaffected
2l0000 -70daystotalno.found

S10000

no.cellsaffected
S10000

benzeneno.animalsaffected
430l2.0 -70daystotalno.found13801ring

30

no.cellsaffected
1080l20

a

Fouranimalswereusedineachtreatmentgroupandthesamefoursampledateachtimeperiod.
bTwohundredcellswereanalyzedforeachgroupateachtimeperiod,fiftymetaphasesperanimal.

x- -

Valuessignificantlydifferfromcontrolvaluesatp<0.01.
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Tablell.CytogeneticDatafromSerialBloodSpecimens
ofRats"following
a
SingleIntra

peritonealAdministration
ofOliveOil(0.05ml/kg)orBenzene(0.5ml/kg).

b
totalnumberof
aberrations

timeafterno.scored"achromaticchromatºidchromosomedouble

rat
#

treatmenttreatmentmetahases
lesionsdeletionsdeletionsrearrangementsminutes 1

oliveoil1day20ll000 2
oliveoil
1
day2030O00 3

oliveoil
1
day202l000 4o

liveoil
1
day2000000 S

benzene
I
day
00000C 6

benzene
1
day

-
2022O01 7

benzene
1
day
l00000- 8

benzene
1day000000 1

oliveoil
8
days2010000 2

oliveoilSdays203l000 3
oliveoil
8
days2040000 4

oliveoil8days2020000 5

benzene
8
days187l02
exchanges
0 6

benzene
8
days2031003 7

benzene
8
days
50.000O 8

benzene
8
days
000000 1

oliveoil70days200l0O0 2
oliveoil70days143l000 3

oliveoil70days
000000 4

oliveoil70days13l000.0 5

benzene
70days
l00000 6

benzene
70days203l10l 7

benzene
70days2030000 8

benzene
70days1200000 Fouranimalswereusedineachtreatmentgroupandthesamefoursampled

ateachtimeperiod.
A
maximumof20
metaphaseswerescoredforeachratateachtreatmenttime.Inthosecases wherelessarescored,allavailableslidesweresearched

toobtainthemaximumnumber possible.
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Table12.
CytogeneticDatafromSerialBloodSpecimens
ofRats”following
a
SingleIntra

peritonealAdministration
ofOliveOil(0.5ml/kg)or
Benzene(0.5ml/kg).

b
numberofcell
S
withaberration

timeafterno.scored”achromaticchromatidchromosomedouble

rat
#

treatmenttreatmentmetaphaseslesionsdeletionsdeletionsrearrangementsminutes l
oliveoil
1day20ll000 2o

liveoil
l
day20l0000 3o

liveoil
1
day202l000 4

oliveoil1day200000,0 S

benzene
1
day
0O000O 6

benzene
1
day201200l 7

benzene
1
day
100000 8

benzene
1
day
000000 lo

liveoil8days20l0000 2
oliveoil8days203l000 3o

liveoil8days2030000 4
oliveoil8days20l000O 5

benzene
8
days18SlO20 6

benzene
8
days2031002 7

benzene
:8
days
500000 8

benzene
8
days
O00000

.1
oliveoil70days20010()0

2
oliveoil70days14l1000 3o

liveoil70days
000000 4

oliveoil70days13l0000 5

benzene
70days1.0O000 6

benzene
70days2021l0l 7

benzene
70days2030000 8

benzene
70days1200000 Fouranimalswereusedineachtreatmentgroupandthesamefoursampled

ateachtimeperiod.
A
maximum
of20
metaphaseswerescoredforeachratateachtreatmenttime.Inthosecases wherelessarescored,allavailableslidesweresearched

toobtainthemaximumnumber possible.
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Table13.SummaryofCytogeneticAnalysisforSerialBloodSpecimensfromRats”following
a
SingleIntraperitonealAdministration
ofOliveOilor
Benzene

aberrations

achromaticchromatidchronosomedouble

treatmentcriterialesionsdeletionsdeletionsrearrangementsminutes oliveoilno.cellsscored"
8080808080 -1

dayno.animalsaffected
320-00

totallno.found
620 -00 no.cellsaffected

4200Q

benzeneno.cellsscored2121212121 -1dayno.animalsaffected
llO0l

totalno.found
-22001 no.cellsaffected

l2001

oliveoilno.cellsscored8080808080 -8
daysno.animalsaffected
4lO00

totalno.found10l000 no.cellsaffected
8l000

benzeneno.cellsscored
-

4242424242 -8
daysno
.

animalsaffected
220ll

totalno.found10202
exchanges
3 no.cellsaffected

820l2

oliveoilno.cellsscored4747474747 -70daysno
.

animalsaffected
22000

totalno.found
42000 no.cellsaffected

22000

benzeneno.cellsscoredS3S35353S3 -70daysno.animalsaffected
2ll0l

totalno.found
6ll0l no.cellsaffected

Sll0l

*
Fouranimalswereusedineachtreatmentgroupandthesamefoursampled
ateachtimeperiod.

bA
maximum
of80cellswereanalyzedforeachgroupateachtimeperiod,
20
metaphasesper

-

animal.
Inthosecaseswherelessarescored,allavailableslidesweresearched
toobtain themaximumnumberpossible.



Table 14. Chromosome Pycnos is Data for Serial Blood Specimens
from Rats" following a Single Int rape ritoneal
Administration of Benzene (0.5 ml/kg).

pycnotic cells/1000 viable nucleated cells

rat no . l day 8 days 70 days
S 21

-
12 10

6 3 8 2

7 17 19 8

8 31 14 S

18 - 1.2” 13 + 4.6 6. 3 + 3. S

a The same four an imals were sampled at each time period.

Mean t the standard deviation.
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Table15.Resultsofthe
MicronucleusAssayinRatsfollowingIntraperitoneal”Adminis
-

trationofOliveOil,Benzene
or
Triethylenemelamine(TEM). PercentCellscontainingMicronuclei

/
2000PolychromaticErythrocytesScored oliveoilbenzenebenzenebenzeneTEM

rat
#
(1.0ml/kg)(0.05ml/kg)(0.10ml/kg)(0.50ml/kg)(0.25mg/kg) 1

0.300.250.5S0.652.30 2
0.150.250.400.402.80

3
0.150.400.500.652.65 4

0.050.050.50C.752.U0 S
0.300.150.750.952.90

inCan0.19t0.110.22
+
0.130.S0+0.17%
A
0.68
+
0.20
**2.S3+0.37*
* +SD *

Eachanimalreceivedone-halfthedose30hoursandone-half
6
hoursbeforesacrifice.

k-

Significantlydifferentfromcontrolvalue
,p<
0.01.



DISCUSSION

Any discussion concerning the mutagenic potential of a

chemical should be preceeded by a short review of the problem.

A mutation can be defined as any hereditary alteration in the

informational content or in the distribution of the hereditary

material in an organism or cell not due to polyploidy or re

combination (Freese, 1971). The mutation may be the result of

a chemical transformation of an individual gene (point muta

tion) or it may involve a gain, loss or rearrangement of a

chromosome or a part of a chromosome (chromosomal mutation).

Mutations can occur in germ cells which are used for propaga

tion of the organism and in somatic cells which do not contri

bute to the progeny of the organism but die with it. Mutations

may lead to morphological or biochemical changes with the con

sequences depending on the developmental state of the organism.

Most mutations producing effects 1 arge enough to be observed

are deleterious, although they may produce effects of little or

no consequence and in certain rare cases may be advantageous

(Committee 17, 1975). It is generally accepted that most muta

tions are detrimental to the organism.

Assays for detecting mutagens have as their endpoint muta

tion and many organisms and systems have been developed to

as certain this effect. Basic recommended programs suggest the

testing of compounds in three mammalian systems, the dominant

1ethal, host-mediated and in vivo cytogenetics (Mrak Commission,

1969) with any ancillary systems that may be useful. The

recommendations indicate a degree of confidence in the precision
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and interpretation of results from these methods but there

is also uncertainty because of a lack of experience with the

problems of methodology and interpretation (Friedman, 1973).

The research reported in this dissertation had as its

endpoint an evaluation of the mutagenicity of benzene. In

addition, a direct comparison of two methods was made possible

by the simultaneous use of more than one procedure. The results

from the various tests employed will be discussed in relation

with each other as well as to the problem of benzene mutageni

city itself.

Mammals can convert non-mutagenic compounds to highly

mutagenic metabolites. In order to combine the metabolism of

mammals with the sensitive microbial systems for measuring

point mutations, the host-mediated assay and in vitro activa

tion systems were developed. In the host-mediated as say

(Gabridge and Legator, 1969), a host animal is injected with

an indicator microorganism in which mutation frequencies can

be measured and the animals are then treated with a potential

mutagen via a different route. After a time period, the

microorganisms are withdrawn from the animal and the induction

of mutants determined. A comparison is made between the

ability of the test compound to mutate the indicator micro

organism in the host and on the organism directly. The results

can be used to indicate if the host can detoxify the compound

or if mutagenic products can be formed as a result of host

metabolism. Using this system, streptozotocin, dimethylmitro

samine (DMNA) and cycas in have been demonstrated to be sources

of active mutagens as compared to in vitro assays where the

parent molecules were inactive (Legator and Malling, 1971).
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In my host-mediated study, a histidine auxtroph of

Salmone11 a typhimurium LT-2 was used. The parent organism

has a base substitution which alters one codon in the mRNA

from the gene coding for the first enzyme of histidine bio

synthesis and requires histidine for growth (Ames, 1971).

The specific strain employed (TA 1950) has a deletion through

the uvrB gene which also includes the nitrate reductase and

biotin genes. This particular strain was used in place of the

standard TA 1530 strain which has an additional mutation for

partial loss of the lipopolysaccharide barrier that coats the

surface of the bacteria because in previous work at this lab

oratory, viability of the TA 1530 strain proved to be a problem

in the mouse peritoneum. The TA 1950 was considered to be

advantageous over the parent his G46 due to the additional muta

tion, uvrB, which produces a defective excision repair system

that greatly increases the sensitivity to mutagens.

From the results, benzene was not mutagenic in the host

mediated as say nor in the in vitro plate as say conducted

without any activation. The proximity of the indicator organ

ism to the site of metabolism is probably related to mutagenic

activity in terms of orders of magnitude. Malling and Frantz

(1973) presented data that indicated that the peritonea 1

cavity was a very ineffective place to measure 1abile mutagenic

metabolites formed in the 1iver. Highly reactive metabolites

may be short-lived and not easily survive transport from the

liver to the peritoneum. Their work also demonstrated that an

in vitro activated system was a few orders of magnitude more

sensitive than the intraperitoneal host-mediated system. In
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the in vitro activated assay, the indicator organism can more easily come

in contact with an active metabolite. Another problem with the host

mediated assay is the survival of the host which determines the maximum

dose that can be used. The toxicity noted after two injections of 0.1 ml

of benzene precluded further injections or increased dose. The benzene may

be too toxic to allow an adequate dose to be given the host animal so that

a mutagenic concentration can be distributed to the peritoneal cavity and

the indicator organisms.

Considering the methodological and possible theoretical problems

associated with the host-mediated assay, emphasis was shifted to use of an

in vitro plate assay in conjunction with an in vitro metabolism system.

Ames et al. (1973) published a procedure using an in vitro activation

System with his Samonella typhimurium strains. Use of in vitro activation

circumvented the problems a) of toxicity of benzene to the host but not to

the organism, b) of the viability of the organism in the host and c) of

the potential transport of a labile metabolite to the organism. It also

enabled the use of more sensitive indicator organisms.

Ames's research group improved the tester strains for mutagenic assays

introducing two new strains, TA 100 and TA 98. The TA 100 strain has the

same histidine mutation, a base substitution, and uvrB deletion as the

previous used TA 1950. In addition, the TA 100 strain contains two refine

ments. A r■ a (deep rough) mutation which removes the lipopolysaccharide

coat down to the ketodeoxyoctanoate-1ipid core that facilitates penetra

tion of large mutagens to the cell membrane (Ames et al., 1973) and the

addition of an R factor plasmid, pKM101, which
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increases sensitivity to some compounds (McCann et al., 1975).

The TA 98 strain contained a histidine frameshift mutation,

his D3052, as well as the previously discussed rfa, uvrB dele

tions and R factor. At present, these two strains are the

most sensitive available from the Salmone11 a typhimirium series.

TA 100 reverts well with methylmethane sulfonate, N-methyl-N'-

nitro-N-nitroso guanidine, furylfuramide, niridazole, and TA 98

with 4-nitroquinoline-1-oxide, 2-nitrosofluorene, ICR-191.

Both strains with activation are reverted by a flatoxin B1,
benzo (a)pyrene, 7, 12-dimethylbenzo (a) anthracene and 2-amino

anthracene (McCann et al., 1975).

The plate assay involving activation is not a simple

enzyme assay. Various complicating factors influence the yield

of revertants such as the amount of S-9 used on the plate, the

activation then further inactivation of compounds, and the 10s S

of activity of the system on incubation (Ames et al., 1973a).

Over the range of S-9 fraction (0-50 p.1/plate) and benzene

(0.05-1.0 p.1/plate) used, no mutagenic response was noted with

either strain or either induction system for the animals.

The lack of reversion seen using the in vitro test system

with an induced liver homogenate may be a function of several

factors. Foremost would be the assumption that benzene itself

or its metabolites are not mutagenic in the system. Alterna

tives would again be with the system itself. Although benzo (a)-

pyrene was activated, in vitro metabolism of benzene may not be

as efficient due to 1ack of the right cofactors or other condi

tions which are required for its biotransformation. Snyder et

al. (1967) reported only 1-3% of the added benzene was meta

bolized using rat liver homogenates. Jerina and Daily (1974)
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suggested that a low rate of metabolism of benzene and insta

bility of the suspected epoxide intermediate in 1jver homo

genates were responsible for their inability to detect the

metabolite. Incorporation of 1,1,1-trichloro-2,3-epoxy

propane (TCP0) into the system was an attempt to circumvent

the problem of further metabolism of the intermediate. Oesch

et al. (1971) reported that TCPO was a potent uncompetitive

inhibitor of epoxide hydrase. The problem encountered in this

attempt was that TCP0 was mutagenic in the assay system by

itself. The concentration had to be kept below the threshold

level of mutagenicity which may be also below the 1eve 1

necessary for adequate inhibition of the epoxide hydrase. At

any rate, if the data reported by Williams (1953) using rabbits

are any indication, phenol and its conjugates account for the

major end products of benzene metabolism. This step is thought

to be the result of spontaneous is omerization of the epoxide

(Jerina et al., 1968a), therefore blockage of enzymatic hydra

tion by the addition of TCPO would have minor consequences on

the concentration of the epoxide intermediate.

Testing of the two benzene analogs, bromobenzene and

chlorobenzene, was conducted using the liver activation system

because these agents have as their prime toxicity, hepatone

crosis. This action is believed to be the result of an epoxide

intermediate produced in the liver (Brodie et al., 1971). It

was felt that there was an increased possibility that these

compounds would be metabolized in the in vitro liver system.

Phenobarbital-induced 1 ivers were used as this type of induction

was reported to enhance hepatonecrosis using in vivo experiments.
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Neither agent was positive.

Use of bone marrow homogenate as the S-9 fraction was an

attempt to try another activation system for use with benzene.

It seemed possible that bone marrow may provide activation

since this organ system is the major site of action of benzene.

The first experiment using non-induced rats indicated no acti.

vation with either benzene or the benzo(a)pyrene used for

control. After making protein determinations, it was found

that the concentration was 25-fold 1ess than that of the 1iver

fractions. In attempting to increase the concentration a

doubling was obtained but because of a fairly 1arge volume of

fluid must be used to completely flush the femur with the

technique used no higher concentration could be achieved. In

duction of the animals with 3-MC before removal of the marrow

was tried because this treatment gave the best activation with

1iver S-9 fraction. No activation of benzene or the control

benzo (a)pyrene was observed; several possibilities could account

for this failure. The cofactor system used in the S-9 mix was

adapted directly from the 1iver system and may not be optimal

for bone marrow. The concentration of protein from the bone

marrow samples, even from the 3-MC-induced animals, was still

much below that used for best activation using liver. Maximum

activation of benzo (a)pyrene using 3-MC-induced liver was

achieved with 1.25 mg of protein per plate with no activation

at 0.025 mg per plate and little activation at 0.25 mg/plate.

The highest protein concentration per plate used with bone

marrow was 0.20 mg and this is at the 10wer range for activa

tion of the benzo (a)pyrene even for 3-MC-induced 1 iver. As a
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beginning, I would suspect the metabolic activation system

in the bone marrow plate assay as being inactive.

Finally, some consideration should be given to the detec

tion system employed in the preceeding work. The most recent

tester set, TA 98 and TA 100, are the most sensitive available

of the Salmonella typhimirium series for detecting point muta

tions. This system is based on a reverse mutation at a specific

site within the histidine gene and the original mutants were

produced by a known type of DNA damage, base-pair substitution

or frameshift mutation. It is possible that point mutations

using benzene may occur in other base sequences not represented

in the reverse system of the two strains. Ames (1973) reported

that carcinogens and mutagens have specificity as to the DNA

sequence in which they produce mutations. Different results

may be obtained in experiments with forward mutation systems

which detect genetic damage throughout the gene rather than a

specific sequence for reversion (de Serres, 1973).

The dominant 1ethal assay was used to evaluate potential

mutagenic damage to germ cell 1 ines. Other methods are avail

able such as cytogenetic evaluation of chemicals on mouse germ

cells but the dominant assay is the most widely used and thus

has the advantage of much background data. A dominant lethal

mutation is a genetic event that kills the individual carrying

it in a heterozygous state. The genetic basis of the test is

reported to be the induction of structural and numerica1 chromo

somal anomalies which sequentially may induce pre-implantation

1osses of non-viable zygotes and early embryonic death (Bateman
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and Epstein, 1971). This type of damage would be self

1imiting but it is felt that agents that produce dominant

1e thality would also cause point mutations. With rats, use

of a 10 week serial mating sequence provides a differential

evaluation of all the spermatogenic stages exposed to the

chemical. Effects manifested in week 1 and 2 following admin

istration of the chemical represent damage to sperm in the

epididymis, weeks 3, 4 and 5 damage to spermatids, weeks 6 and

7 to spermatocytes and weeks 8, 9 and 10 to spermatogonia

(Grice, 1974).

The assay conducted using benzene with triethyleneme 1

amine (TEM) as the positive control demonstrated no dominant

lethal effects associated with the benzene treatment. Neither

compound produced any antifertility effect. The TEM showed a

definite dominant lethality at weeks 1-5 representing damage

at the postmeiotic stage of spermatogenesis. The lack of

effect by TEM on pre-implantation loss as measured by corpora

lute a count was not without 1 iterature precedent. Green and

Springer (1971) reported pre-implantation loss variability

which may be due to corpora 1ute a count problems and Epstein

et al. (1972) reported the same. The lack of effect seen with

in this test may not completely rule out a germinal effect for

this compound.

Dominant lethal effects induced in meiotic and premeiotic

stages of male germ cells tend to be selectively eliminated

prior to fertilization (Bateman, 1973). It is possible that

benzene treatment may induce effects in the early stages and

the damaged cells are selectively removed. The dominant
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lethality would not be recognized if it killed or sterilized

the gametes carrying it. In the as say, the test chemical is

assumed to gain access to the spermatogenic cells in the semi

niferous tubules, tubuli recti, rete testes, efferent ducts,

epididymis and was defferens (Dixon and Lee, 1973). The blood

testicular barrier, a permeability barrier surrounding the

Seminiferous tubules of mammalian testis, may exclude from the

lumen of these tubules many substances present in testicular

blood (Setchell et al., 1969: Fawcett et al., 1970: Dyn and

Fawcett, 1970). This suggests the possibility of negative

results due to distribution. Based on the ready passage through

the blood-brain barrier, benzene would probably not be hindered

but a 1abile metabolite such as an epoxide intermediate could be

excluded. Benzo (a)pyrene has been reported to be positive in

dominant 1ethal testing in mice but further testing is indicated

because of a lack of consistency between experiments (Epstein

et al., 1972). If the genetic effects of this compound are

mediated through an epoxide intermediate as suggested (Ames

et al., 1973a), then the relative stability and reactivity of

the intermediates may account for the different dominant letha 1

results observed for it and for benzene. To be effective, a

compound must achieve an adequate concentration at the site of

action, a function of exposure, absorption, distribution,

binding, metabolism and excretion. The end determinant of the

action of an individual chemical on chromosomes at the cellular

1evel could vary according to the metabolic pathways open to it

at that site. The absence of 10 calized benzene metabolism
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Within the testis could be responsible for the lack of dominant

lethality observed. Finally, the dominant lethal as say measures

a very narrow spectrum of germinal genetic effects and the many

other possible effects would pass undetected in the assay.

Cytogenetic analysis of bone marrow and blood specimens

Stands as one of the most widely used methods of mutagenicity

evaluation. One of the goals of genetic toxicology is to

develop tests that detect genetic damage and mutations with great

Sensitivity and to have these test relevant to man. No test

completely fulfills this requirement but the cytogenetic techni

que is an excellent method for detecting chromosomal abnormal

ities with sensitivity and the only one directly applicable to

I■ la Il .

It has been stated that any discussion of the genetic

implications of induced chromosomal aberrations involves more

Speculation than fact (Grice, 1974). Changes in chromosomes

can be heritable and are significant to the human population

(Carter, 1969). The question is whether clastogenic events can

serve as an indicator for point mutations. There is a high

correlation between the ability of an agent to produce point

mutations and chromosome breaks (Nichols, 1973). We would like

to be able to make quantitative estimates of the relation between

a given dose of an injurious agent, the number and type of

chromosome aberrations produced and the ultimate genetic changes

or disease state which would result but this is beyond the

present day state of the art (Nowe 11, 1969). Many chromosome

aberrations will result in cell death or at 1east the inability

to complete mitosis, but some changes which functionally alter
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the cell still 1eave it capable of proliferation.

The results derived from the cytogenetic portion of the

study clearly indicate a clastogenic response with benzene

treatment. The work reported in this dissertation is unique

in that the same animals were followed serially to as certain

the fate of the 1esions. The results indicate a gradual

falling off of the number of cells containing chromatid dele

tions, chromosome deletions and rearrangements but not double

minutes (DM). This last named type of aberration, restricted

exclusively to the benzene-treated animals, maintained a low

but persistent presence even at 70 days post treatment. The

blood specimen study did not prove to be as concise as that

of the bone marrow. The fragmentation as shown by chromosome

pycnosis and suppression of metaphases in the initial portion

of the study eliminated the possibility of detecting any signi

ficant number of aberrations. In contrast to bone marrow

ce 11s, which represent a heterogenous cell population, actively

undergoing proliferation, blood specimens consist of circula

ting lymphocytes which do not divide unless stimulated by phyto

heamaglutinin (PHA). In the 1ater portion of the study at 30

and 70 days, the variation in the response of the 1ymphocytes

to PHA further complicated the problem. Lack of stimulation

of rat lymphocytes using commercia11y derived batches of PHA

has been reported previously (Farrow et al., 1975). The

presence of DM exclusively in metaphases from the benzene- treated

animals' blood specimens reinforces the findings in bone marrow.

As before, the number seen was extremely small but some were
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present at all time periods and the number was relatively

consistent regardless of 1ength of time post- exposure.

DM are extremely rare aberrations in rat preparations

from the author's experience. Sometimes called interstitial

deletions (Evans and O'Riordan, 1975), DM have been associated

with neoplastic conditions. Mark (1966) reported the finding

of DM during chromosome work with Rous sarcomas in mice.

Cyto genetic analyses of human neuroblastoma tissue (Levan

et al., 1969), of human medulloblastoma and neuroblastomas

tissue (Lubs and Salmon, 1965), and of human meningiomas

(Zank1 and Zang, 1971) also indicate the presence of DM-1 ike

aberrations. In a 11 of these cases, metaphases were 1 ocated

containing from one to several hundred DM. In contrast, with

the benzene treatment reported on here, DM were usually singly

located with the exception of two ce 11s each of which contained

two DM.

Chromosomal aberrations induced either by radiation or

chemicals are selected against in proliferating systems but

in some cases have been found to persist for long times in these

systems (Puck, 1958; Bender and Booch, 1963). In ce 11s contain

ing an aberration several possible fates have been postulated

for the aberration at ce 11 division (Carrano and Heddle, 1973).

Lacking a centromere, the aberration could be lost to both

daughter nuclei or it could split with incorporation into one

or both daughter nuclei. The third case would be incorporation

of the aberration into one daughter nucleus. Data of Sasaki

and Norman (1967) indicates that the second case rarely occurs.

This means that fragment transmission appears to be an all-or

77



none process with either both pieces going to a single

daughter nucleus or the fragment is lost possibly to become a

micronuclei. It appears from the data with benzene treatment

that aberrations affecting 1arge portions of a chromosome

such as the chromatid and chromosome de 1etions produce cell

death but the DM follows the third procedure and are incorpor

ated into one of the daughter nuclei upon ce 11 division. The

possibility also exists that cells missing the DM chromatin

fragments may be present. Those ce11s if they survived would

be scored normal but the 10s s in itself may be deleterious.

The micronucleus test was developed for screening chemi

cals for clastogenic effects in vivo (Schmid, 1975). This

method detects the presence of fragments which resemble a

nucleus but are much smaller. These sate 11 ite nuclei result

from particles of chromatin materia1 which do not migrate to

the poles during anaphase and are not incorporated into the

nuclei of the daughter ce 11s. Use is made of polychromatic

erythrocytes of the bone marrow to ease the analysis. Shortly

after completion of the 1ast mitosis, erythroblasts expel

their nucleus but not the sate 11 ite nuclei. For several hours

following the 1ast division, the cytoplasm of these young

erythrocytes retain their basophilic staining capacity (poly

chromatic) allowing the differential scoring of those cells

in mitosis during a restricted period. By scoring these ce1ls

from bone marrow 24 hours after chemical treatment of the

animal, a selected cell population which was undergoing mitosis

at the time of treatment is obtained. The method is relatively
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rapid and the procedure permits the analysis of a large

number of cells as opposed to metaphase cytogenetic tests.

Relatively little background data are available for this

method. Several strong alkylating agents, trenimon, mito

mycin C and TEM, have been evaluated and the results were in

line with those expected from cytogenetic metaphase work. In

contrast, recently published work with this method using TEM

in a dose - response study was not as concise (Je 11ema and

Schardein, 1975) probably a result of technique problems, such

as artifacts.

The benzene study reported here demonstrated a dose-related

increase in micronuclei using 3 levels of benzene treatment.

These results give added impact to the concern that benzene in

vivo may be mutagenetic. The results did indicate a no effect

1eve 1 at the lowest level of benzene treatment (0.05 ml/kg).

One regret regarding the combined dominant lethal-cytogenetic

study is that I was not set-up to do micronuclei testing upon

completion of the 70 day breeding sequence. Analysis of those

erythrocytes that underwent mitos is the last 24 hours of the

study could have provided interesting data for comparison with

the chromosomal analysis.

The 1ack of effect in the dominant lethal study as

opposed to the very strong response observed in the cytogenetic

and micronuclei portions may be explained as out 1 ined in the

dominant lethal discussion. A11 three systems assay chromo

somal mutations but the findings with one test substance in

one test system are not necessarily to be expected with the

same compound in another system (Schleiermacher, 1971). Results
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from tests conducted by this worker with cytoxan were

interpreted to indicate that damaged spermatogonia seem to

be much more sensitive to the agent than bone marrow cells.

They appeared to undergo cell death while bone marrow cells

survived and reached the following mitosis. This same

argument could be applied to the dual benzene study.

The use of chronic benzene treatment preferably by

inhalation exposure as opposed to the single injection used

in these studies may provide different results in the dominant

lethal as say. It would be interesting to obtain data from

Such a dominant lethal assay using the maximum tolerated level

at 5 days/week for 6 weeks to assist in the evaluation of

occupational exposures.

The frequency of genetic effects measured in various

as say systems can be affected by the usual pharmacologic factors

such as distribution, absorption, metabolism and excretion of

the mutagen. Additional factors in the detection of mutagenic

effects would be the extent and effectiveness of repair pro

cesses and immunological response. An apparent threshold of

mutation induction can be expected to occur and was detected

using the micronucleus technique. But even though a compound

may not be mutagenic at the concentration used in a specific

test, the total number of deleterious mutations induced with

this concentration in the whole population over a pro longed

period of time could be substantia 1 (Malling, 1970). It has

been suggested that mutagenic effects are more insidious than

toxic effects because a single mutated cell that multiplies
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can produce a massive effect on an organism. In comparison,

the death of a single cell is relatively harmless except when

it occurs during embryogenesis (Freese, 1973). Bloom (1972)

feels the evidence is convincing that populations with increased

1evels of induced aberrations are at increased risk in terms of

development of malignant diseases. A no effect level in any

study is a function of the test system employed and any altera

tion in the artificial test system can affect this level. To

make recommendations based on these no effect 1evels in the

case of mutagens and carcinogens may be extremely hazardous.
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SUMMARY

Several conclusions may be drawn from this work. Acute

benzene treatment appears to produce a strong clastogenic

effect as demonstrated in both the metaphase cytogenetic study

and the micronuclei test. The cytogenetic results indicate

that one of these effects, the double minutes, are persistent.

The possibility of other, more subtle and undetected effects,

which persist can not be excluded. A dominant 1 ethal effect

and point mutations as measured in the bacterial plate assay

with and without activation could not be demonstrated but are

still not excluded. Based on the micronuclei test, an apparent

no effect 1eve 1 can be as certained for a mutagenic effect but

extreme care should be exercised in its use. Further evalua

tion using chronic inhalation studies should be considered.
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