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Benzene is an industrial solvent and a ubiquitous environmental pollutant that

induces hematopoietic damage; although, the mechanism by which this damage occurs

is uncertain. The hematologic effects of benzene vary widely among different mouse

strains, and intermittent exposure of mice to benzene is more highly toxic and

carcinogenic than low, constant exposure.  The goal of the research described in this

dissertation was to investigate the sensitivity of two genetically engineered mouse

models of carcinogenesis, Tg.AC and p53 +/- mice, and parental strains FVB/N and

C57BL/6 respectively, to hematologic toxicicity resulting from inhaled benzene.

Tg.AC mice contain an activated v-Ha-ras  oncogene, and the p53 +/- mouse is

haplosufficient for the p53 gene. Hypotheses of this work included that benzene is

hematotoxic, and that greater genotoxic damage caused by benzene would be evident

in the p53 +/- mouse.  Another hypothesis was that benzene would induce Tg.AC

transgene expression in the spleen. The research was divided into three specific aims.

First, genotoxicity resulting from exposure to benzene was determined by

micronucleus formation in blood. These studies showed a time-dependent, but not a

concentration-dependent increase in micronuclei following benzene exposure.  The

p53 +/- mice were not more sensitive to benzene-induced micronuclei than the

parental strain (p53 +/+).  For the second specific aim, benzene hematotoxicity was



assessed and spleen analyses were conducted.  Benzene induced a significant

cytopenia and reduced spleen weight in all of the strains examined. The C57BL/6

mice were less sensitive to benzene hematotoxicity than the FVB/N strain for all of the

hematologic parameters examined.  For the third specific aim, expression of the

Tg.AC transgene mRNA was assessed by reverse transcriptase-polymerase chain

reaction of splenic tissue.  Evidence of the Tg.AC transgene expression was absent in

these tissues.  Overall, the findings showed a marked strain-related difference between

FVB/N and C57BL/6 mice in the hematotoxicity of benzene.  In most parameters

investigated, the Tg.AC or p53+/- genetic alterations were not useful adjuncts for

investigating the hematotoxic mechanisms of benzene.   Investigation of the genetic

differences between these two mouse strains may lead to further understanding of the

biological determinants of benzene hematotoxicity.



EFFECT OF BACKGROUND STRAIN ON THE HEMATOLOGIC

TOXICITY OF INHALED BENZENE IN FVB/N-TG.AC AND C57BL/6- TRP

53 +/- KNOCKOUT MICE

By

LAURA NAN HEALY

A dissertation submitted to the Graduate Faculty of

North Carolina State University

In partial fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

VETERINARY MEDICAL SCIENCES

Raleigh

1999

APPROVED BY:

John M. Cullen Leslie Recio
Chair of Advisory Committee

Philip L. Sannes Robert R. Maronpot

Gregg A. Dean



iii

BIOGRAPHY

Laura Nan Healy was born on October 8, 1960 in New York City, New York

to Lois and James Healy.  She attended primary school in Paramus, New Jersey and

graduated from John. H. Glenn High School, Huntington, New York in 1978.

Laura attended the State University of New York at Geneseo, where she earned

the degree of Bachelor of Science in Biology in 1983.  She attended the State

University of New York at Delhi for two years during her tenure at Geneseo where she

graduated with the degree of Associate of Applied Science in Veterinary Technology

in 1983.  Laura worked for 2 years as a cattle embryologist in an embryo transfer

clinic, and for 4 years at Marshall Farms as a veterinary technician before returning to

school. In 1993, Laura graduated from the University of Illinois with Doctor of

Veterinary Medicine and Master of Science in Veterinary Science.  She remained at

the University of Illinois for one year of graduate course work combined with

residency training in veterinary pathology.  In 1994, Laura was afforded the

opportunity to join the Chemical Industry Institute of Toxicology in Research Triangle

Park, North Carolina to complete residency training in Pathology and graduate study

at the North Carolina State University College of Veterinary Medicine.  After

completion of the residency program, Laura began her dissertation research at the

Chemical Industry Institute of Toxicology, first under the direction of Dr. Thomas

Goldsworthy, then under the direction of Dr. Leslie Recio.



iv

ACKNOWLEDGEMENTS

I would first like to thank Chris Craig for reminding me what fun is, and for

his love and support through my preparation for ACVP board certification and my

graduate studies.  I thank Dr. Leslie Recio for the opportunity to work in his laboratory

at CIIT.  I thank my current graduate committee for their support throughout this

effort, as they often went beyond the ordinary guidance of graduate research.  Dr. John

Cullen, my committee chair, was a valuable source of information throughout my

residency and graduate training.  His stories and humorous anecdotes were always a

welcomed diversion from work.  Dr. Robert Maronpot always made himself available

for guidance and help throughout my training here, especially when the going got

rough.  Dr. Philip Sannes and Dr. Greg Dean provided helpful perspectives during

committee meetings and consultations.  I thank Dr. Richard Miller and Dr. Thomas

Goldsworthy for the time they served on the committee.  I particularly wish to thank

Dr. Julian Preston for his guidance and support, without which I may not be writing

this today.  He kept me focused on my goals, and I appreciate him for being my

“knight in shining armor”.  To everyone at CIIT, I extend a thank you for contributing

to the work I’ve done here.  A special thank you is extended to Linda Pluta who taught

me a great deal in the laboratory, Stan Piestrak for his help with posters and slide

presentations, and to Roger McClellan for his efforts to make the benzene study, on

which this dissertation is based, happen.



v

TABLE OF CONTENTS

LIST OF TABLES.......................................................................................................viii

LIST OF FIGURES ……………………………………………..................................ix

LIST OF ABBREVIATIONS………………………..………………………........…xii

GENERAL INTRODUCTION

Benzene...................................…………………………………………………1

Micronuclei.........................................................................................................6

Bone Marrow and Hematopoiesis.......................................................................7

Spleen and Erythropoiesis...................................................................................8

Hematotoxicity of Benzene.................................................................................9

Genetically Altered Mouse Models..................................................................10

OUTLINE OF RESEARCH.........................................................................................14

MANUSCRIPT I...........................................................................................................17

Abstract.............................................................................................................18

Abbreviations....................................................................................................19

Introduction.......................................................................................................20

Materials and Methods......................................................................................21

Results...............................................................................................................26

Discussion.........................................................................................................28

Acknowledgements...........................................................................................31

References.........................................................................................................32



vi

Legends.............................................................................................................35

MANUSCRIPT II.........................................................................................................44

Abstract.............................................................................................................45

Introduction.......................................................................................................47

Materials and Methods......................................................................................50

Results..............................................................................................................55

Discussion.........................................................................................................58

References.........................................................................................................60

Figures and Tables............................................................................................63

AIM III

Assessment of v-Ha-ras expression in Spleen tissue of Tg.AC mice...............83

Assessment of splenic extramedullary hematopoiesis proliferation.................84

GENERAL DISCUSSION...........................................................................................87

FUTURE INVESTIGATION.......................................................................................90

GENERAL REFERENCES..........................................................................................92

APPENDIX...................................................................................................................10

4

MANUSCRIPT III..........................................................................................105

Abstract...............................................................................................106

Introduction.........................................................................................107

Materials and Methods........................................................................109



vii

Results.................................................................................................114

Discussion...........................................................................................116

Acknowledgements.............................................................................117

References...........................................................................................118

Figures.................................................................................................120



viii

LIST OF TABLES

MANUSCRIPT II

Table 1.  Hematocrit %.....................................................................................82



ix

LIST OF FIGURES

GENERAL INTRODUCTION

MANUSCRIPT I

Figure 1.  Experimental design of exposure to benzene...................................37

Figure 2(A).  Total micronuclei in peripheral blood of C57BL/6 and p53+/-

mice...................................................................................................................38

Figure 2(B).  Total micronuclei in peripheral blood of FVB/N and Tg.AC

mice...................................................................................................................39

Figure 3(A).  Percentage of micronucleated reticulocytes in peripheral blood of

C57BL/6 and p53+/- mice.................................................................................40

Figure 3(B).  Percentage of micronucleated reticulocytes in peripheral blood of

FVB/N and Tg.AC mice...................................................................................41

Figure 4(A).  Percentage of total reticulocytes in peripheral blood of C57BL/6

and p53+/- mice................................................................................................42

Figure 4(B).  Percentage of total reticulocytes in peripheral blood of FVB/N

and Tg.AC mice................................................................................................43

MANUSCRIPT II

Figure 1.  Peripheral White Blood Cell (WBC) count......................................68

Figure 2.  Peripheral White Blood Cell (WBC) count......................................69



x

Figure 3(A).  Peripheral White Blood Cell (WBC) count in FVB/N background

mice...................................................................................................................70

Figure 3(B).  Peripheral White Blood Cell (WBC) count in C57BL/6

background mice...............................................................................................71

Figure 4(A).  Peripheral neutrophil/lymphocyte ratio; % > 0.5, FVB/N

background mice...............................................................................................72

Figure 4(B).  Peripheral neutrophil/lymphocyte ratio; % > 0.5, C57BL/6

background mice...............................................................................................73

Figure 5(A).Mean Corpuscular Volume (MCV), FVB/N background

mice...................................................................................................................74

Figure 5(B). Mean Corpuscular Volume (MCV), C57BL/6 background

mice...................................................................................................................75

Figure 6.  Bone marrow total femoral cell counts.............................................76

Figure 7A.  Bone marrow differential counts, Neutrophil series, FVB/N

background mice...............................................................................................76

Figure 7B.  Bone marrow differential counts, Neutrophil series, C57BL/6

background mice...............................................................................................77

Figure 8A.  Bone marrow differential counts, Eosinophil series, FVB/N

background mice...............................................................................................76

Figure 8B.  Bone marrow differential counts, Eosinophil series, C57BL/6

background mice...............................................................................................77

Figure 9.  Spleen weight (g) at 15 – week necropsy.........................................78



xi

Figure 10.  BrDU incorporation in splenic hematopoietic tissue (Red Pulp)...79

AIM III

Figure 1.  Flow cytometric evaluation of BrDU incorporation in total spleen

cells collected at 15 weeks of exposure............................................................86

APPENDIX

MANUSCRIPT III

Figure 1.  1.5% Agarose gel electrophoresis......................................122

Figure 2.  Immunoprecipitation Western Blot....................................123

Figure 3.  Immunohistochemistry.......................................................124

Figure 4.  Immunohistochemistry.......................................................124

Figure 5.  Immunohistochemistry.......................................................124

Figure 6.  Immunohistochemistry.......................................................124



xii

LIST OF ABBREVIATIONS

ANOVA analysis of variance

BD 1,3-butadiene

BrDU bromodeoxyuridine

CBC complete blood count

CFU-E Colony Forming Unit- erythroid

CFU-S Spleen colony forming unit

CSF Colony stimulating factor

CYP-(P450) 2E1 Cytochrome P450 2E1

DNA deoxyribonucleic Acid

EMH extramedullary hematopoiesis

E.O.D. every other day

Epo erythropoietin

FITC fluorescein isothiocyanate

HSC hematopoietic Stem Cell

IL interleukin

MCV mean corpuscular volume

MN micronuclei

MN-RBC micronucleated red blood cell

MN-RET micronucleated Reticulocyte

PAGE polyacrylamide gel electrophoresis



xiii

PBS phosphate buffered saline

PCR polymerase chain reaction

RBC  red blood cell

RET reticulocyte

RNA ribonucleic acid

RNase ribonuclease

RNAsein ribonuclease inhibitor

ROS reactive oxygen species

RT-PCR reverse transcriptase-polymerase chain reaction

SCF stem cell factor

SD standard deviation

WBC white blood cell

Units of measurement

mM millimolar

ml milliliter

ppm parts per million

µg microgram

µl microliter



1

General Introduction

Benzene

Benzene is a widely used industrial solvent and is a ubiquitous environmental

pollutant (1).  It is a clear, colorless, highly flammable liquid with a strong aromatic

odor (2).  Benzene is accepted as an environmental carcinogen by US regulatory

agencies (3).  It is often described as an established human leukemogen; however, the

mechanism(s) by which it causes leukemia is unknown (3-6).  In humans

occupationally exposed to benzene at high levels for protracted periods, there is an

association between hematopoietic toxicity and onset of leukemia (7).  This

connection between pancytopenia (myelotoxicity) and acute leukemia is the focus of

considerable debate.  The majority of evidence for the leukemogenic properties of

benzene is from epidemiological data from humans occupationally exposed to

benzene.  In a study of workers in Turkey, Aksoy reported that of 51 workers with

benzene-induced pancytopenia, 13 subsequently developed leukemia (8).  Another

study was based on a cohort exposed to benzene in the manufacture of Pliofilm.  In

the Pliofilm study, a significant increase in the incidence of acute myelocytic or acute

monocytic leukemia (10 observed, 1.61 expected) was observed with a strong dose-

response trend (9).  Data from the Pliofilm corhort showed that occupational exposure

only to very high concentrations (>10 ppm) of benzene had leukemogenic potential

(10).  A number of other reports describing leukemia induction in workers exposed to
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benzene have been published (4,11-13).  Little doubt exists that leukemia has been

observed in individuals with repeated, relatively high exposures to benzene; however,

the association of leukemia with lower exposure concentrations is less certain (7).  In

addition to leukemia, malignant lymphoma,  multiple myeloma, and  lung cancer have

all been reported as a result of benzene exposure (8).

Benzene is carcinogenic in numerous mouse bioassays by several routes of

exposure (1,14,15).  Target tissues for tumor induction include Zymbal gland,

lymphoid tissue, lung, Harderian gland, preputial gland, ovary and mammary gland

(1).  The susceptibility of these target tissues has been linked to tissue-specific

metabolism of benzene, particularly by peroxidases and sulfatases (16).  These reports

clearly identify benzene as a carcinogen; however, no consistent animal model of

benzene-induced leukemia has been described.  Because hematotoxicity, observed

clinically as pancytopenia, precedes the onset of leukemia (17), a further

understanding of the mechanism by which benzene induces cytotoxicity to blood cell

precursors is critical.

To be hematotoxic, benzene must first be metabolized to reactive intermediates

(18,19).  The mechanism of benzene-induced hematotoxicity is incompletely

understood, and the putative metabolite responsible for benzene’s hematotoxicity has

not been clearly identified (2); however, evidence exists that quinones and related

reactive oxygen species (ROS) are the ultimate toxic metabolites of benzene (5).  Most
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evidence suggests that the hematotoxicity of benzene is associated with the interaction

of benzoquinones with cellular DNA (7). The major site of benzene metabolism

occurs in the liver where it is oxidized to its major oxidative products including

phenol, catechol, and hydroxyquinone (20). The cytochrome P450 isozyme 2E1

(P450-2E1) is important in the bioactivation of toxic and carcinogenic metabolites of

benzene (21).  Following oxidation of benzene by P450-2E1 to form benzene oxide

(epoxide), action of epoxide hydrolase results in the formation of 1,2-dihydrodiol,

which leads to the formation of catechol.  Benzene oxide can undergo non-enzymatic

rearrangement to phenol, which is converted to hydroquinone.  Quinone or

semiquinones derived from catechol or hydroquinone are possible genotoxic

metabolites (fig. 1) (7).
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Contrary to most “classic” carcinogens, which are strongly electrophilic and

form covalent bonds with DNA, none of benzene’s metabolites are hard electrophiles

and few bind DNA to great extents (23).  Oxidative damage is thought to be a major

contributor to the DNA and other macromolecular damage resulting from benzene

exposure. Benzene epoxide is relatively stable in blood (24).  The triphenolic

metabolite of benzene, 1,2,4-benzenetriol (BT), is oxidized to its corresponding

quinone via a semiquinone radical. During this process, active oxygen species are

formed that may damage DNA and other cellular macromolecules (25).  There is some

evidence that the interaction of metabolites is important for toxicity of benzene;

phenol and hydroquinone administered together produce myelotoxicity, but alone they

do not (26).  Benzene metabolites induce DNA-protein cross links in bone marrow

cells in vivo, whereas trans, trans, muconaldehyde alone did not (27). Tissue-specific

metabolism of benzene has been demonstrated in solid tumor target tissues and bone

marrow.  Cytochrome P450 isozyme CYP-2E1 is present in the bone marrow of mice

(22).  Sulfatases and peroxidases, particularly myeloperoxidase, found in target tissues

such as the Zymbal gland and bone marrow, are thought to contribute to tissue-

specific benzene metabolism and tissue tumor susceptibility (16). Bone marrow

contains high levels of myeloperoxidase which can catalyze  phenolic metabolites to

reactive free radical species, which through redox cycling produce ROS.  This active

oxygen may cause oxidative DNA damage and induce genotoxic effects associated

with benzene exposure (28).  Cytochrome P450 isozyme CYP-2E1 has been
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demonstrated in the testes of rats and mice (29,30), and sperm head abnormalities have

been documented following exposure to benzene (31).

Benzene, through its metablolites, causes chromosomal damage to bone

marrow cells and is reflected in peripheral blood lymphocytes. Benzenetriol, a

triphenolic metabolite of benzene,  increases the level of 8-hydroxy-2'-

deoxyguanosine, a marker of active oxygen-induced DNA damage (25). In workers

exposed to benzene, numerical (hyperdiploidy) and structural (translocations)

chromosomal aberrations of chromosomes 8 and 21 were 15 fold higher than in non-

exposed controls (23).  Stable translocations as a result of benzene exposure may be

the link to leukemia induction, since these are common features of leukemic cells

(23,32).

Micronuclei

A micronucleus (MN) is formed when chromosomal damage occurs in

replicating cells, leading to separation of a whole or partial chromosome fragment

during mitosis.  This fragment becomes surrounded by a nuclear envelope and forms a

separate small nucleus.  This damage may occur directly through the action of

clastogens or through mechanisms of mitotic spindle dysfunction (25).  Kinetochore

positive MN may contain entire chromosomes, and represent misincorporation of

whole chromosomes into MN or aneuploidy.  Kinetochore negative MN contain
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chromosome fragments, and represent clastogenicity (33).  Benzenetriol increased the

frequency of MN formation in lymphocytes and in HL60 cells in vitro with the

majority of MN kinetochore positive (25).

Within the bone marrow, chromosomal damage resulting from benzene

metabolites occurs in stem cells during mitosis of progenitor cells.  Since mature

erythrocytes are normally devoid of DNA, they are useful to establish MN formation,

as the micronucleus is not extruded with the nucleus. Assays for MN induction in

rodent blood are widely used to identify chemicals or other agents for genotoxic

activity (34-36).  Mice are particularly useful to detect chromosomal damage using

this assay because their spleens are much less efficient at removing micronucleated

erythrocytes than are the spleens of rats and humans (34,37).  In the mouse,

micronucleated erythrocytes have a lifespan in the peripheral circulation similar to that

of normal erythrocytes (38,39).  Flow cytometric methods of evaluating MN have

been developed that increase the analysis rate and accuracy of data due to the large

numbers of cells analyzed compared to slide-based analysis (40,41).  Micronucleus

assays are further discussed in manuscript I of this dissertation.

Bone Marrow and Hematopoiesis

The bone marrow (and sites of extramedullary hematopoiesis) is responsible

for the generation of all blood cells. A small population of stem cells, capable of
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extensive self-renewal, resides in the bone marrow. The progenitor pool of multipotent

cells within the bone marrow are self-renewing and must also give rise to large

numbers of mature blood cells each day (42).  One theory of hematopoietic stem cell

(HSC) differentiation and self-renewal postulates that different classes of HSC include

rare quiescent cells that maintain the progenitor pool and cycling progenitor cells that

are multipotent with limited self-renewal potential that give rise to lineage-committed

progenitors (42).  Continued division and maturation of lineage-specific progenitors

result in mature cells of the blood.  These cells include neutrophils, eosinophils, mast

cells, macrophages, erythrocytes, megakaryocytes and lymphocytes (43).  When

hematotoxic agents deplete the stem cell population within the bone marrow, stem

cells proliferate and attempt to restore the population (44). Stem cell division,

differentiation and functional development are controlled by colony stimulating

factors (CSF) and other cytokines, such as interleukins (IL) (43).  The c-kit  receptor,

and its ligand, stem cell factor (SCF), act together to stimulate growth of primitive

hematopoietic cells, and is necessary for maintenance of normal hematopoiesis.  In

adult mice, treatment with SCF causes mobilization of primitive hematopoietic cells

from the bone marrow to the spleen (45).

Spleen and Erythropoiesis

In mice, the spleen remains hematopoietically active in adults (43).

Multipotential stem cells, as in the bone marrow, reside within the red pulp of the



9

spleen, and can undergo “homing” to the spleen if they are released into the peripheral

blood stream from the bone marrow  (45,46).  In mice injected with erythropoietin

[(Epo), a growth factor for the proliferation of erythrocytes], total body erythropoiesis

was not changed, but a redistribution of erythropoiesis from marrow to spleen

occurred, resulting in decreasing marrow and increasing splenic erythropoiesis.

Splenic erythropoiesis produced red blood cells as much as eight times more

efficiently than marrow.  The colony forming unit-erythroid (CFU-E) in the spleen

produced erythroblasts at a higher efficiency at all Epo doses (1.5 to 5 times); at the

highest Epo concentrations nearly 70% of all erythroid cells reside in the spleen (47).

Splenic hematopoiesis in mice increases following treatment with various

hematotoxins, including benzene (1,48).

Hematotoxicity of Benzene

Results of numerous bioassays of the hematologic effects of benzene vary

considerably between laboratories and between mouse strains studied.  In a study

utilizing CD-1 mice, granulocytopenia and lymphopenia without changes in the white

cell differential counts were observed following benzene exposures by inhalation

above levels of 103 ppm for 5 days of exposure.  Bone marrow and splenic cellularity

were both reduced at those exposure levels (< 103 ppm), including nucleated RBC.  In

the same study, RBC counts were depressed only at exposure levels above 2416 ppm

at 5 weeks, but animals were anemic after 26 weeks of exposure to 302 ppm benzene
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(49).  In another bioassay of inhaled benzene utilizing AKR/J and C57BL/6 mice,

anemia and lymphocytopenia were produced in benzene-exposed AKR/J mice, and

20% of those mice developed bone marrow hypoplasia.  In the same study, the

C57BL/6 mice developed anemia, lymphocytopenia, and neutrophilia with a left shift,

and 33% of those mice developed bone marrow hyperplasia often limited to

granulopoietic hyperplasia.  A high frequency of the C57BL/6 mice in this study also

developed splenic hyperplasia due to ectopic hematopoiesis (48).  In CBA/Ca mice

exposed to 100 ppm – 400 ppm benzene by inhalation, decreases in blood lymphocyte

counts, decreases in bone marrow cellularity, decreases in marrow content of spleen

colony forming units (CFU-S), and an increased fraction of CFU-S in DNA synthesis,

but no effect on granulocytes was reported (50).  When inhalation of 3000 ppm

benzene for 8 days was compared to 300 ppm for 80 days (same cumulative exposure)

in CBA/Ca mice, 300 ppm was more damaging (50).  The wide variability between

strains of mice indicates a genetic component to benzene’s toxicity.  These may either

be due to variation in metabolism, variation in levels of antioxidant systems, or

differential susceptibility of the bone marrow.

Genetically Altered Mouse Models

Transgenic or genetically altered mouse models are currently under

investigation as early detection models for the study of chemical carcinogenesis (51).

Two models, the Tg.AC (v-Ha-ras) transgenic mouse and the Trp 53 heterozygous
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mouse (p53 +/-) have alterations of genes that are common to many forms of human

cancer, and are currently accepted by US regulatory agencies for use in 6-month

cancer bioassays as adjuncts to two-year carcinogenicity bioassays.  These two models

have increased sensitivity to carcinogenic chemicals with decreased tumor latency in a

number of compounds tested compared to wildtype mice (52,53).

The Tg.AC mouse strain was constructed by zygote injection of a gene

construct that contains the ζ-globin promoter/regulatory region fused to an activated

form of the ras oncogene (v-Ha-ras; activating point mutations in codon 12 and 59)

and a 3' SV40 polyadenylation signal (54).  The native ζ-globin promoter region that

is fused to the ras oncogene regulates expression of the mouse embryonic ζ- globin

gene and is expressed in primitive, nucleated erythrocyte precursors.  Since Tg.AC

mice are genetically initiated for cancer by the presence of activating ras gene

mutations, the Tg.AC mouse strain is proposed to be useful for the detection of tumor

promoters (55).

The transgene in Tg.AC mice is apparently not constitutively expressed in non-

tumor bearing tissues in the skin, but is expressed in proliferative areas of papillomas

and SCC (52,56,57).  The development of tumors in the Tg.AC mouse strain is

associated with the sustained expression of the v-Ha-ras gene.  The sustained

expression of the v-Ha-ras gene in Tg.AC mouse in skin is proposed to alter normal
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epithelial differentiation ultimately resulting in the formation of papillomas.  The

detection of v-Ha-ras mRNA and protein occurs concomitantly with hypomethylation

of the transgene DNA sequence (58).  The alteration in DNA methylation status of the

v-Ha-ras gene that can result in its expression indicates that the expression of this

transgene occurs through a biologically relevant mechanism that is a common genetic

event in cancer.  The mechanisms responsible for tumor promoter-induced

hypomethylation of the v-Ha-ras  gene and its expression are uncertain.

Erythroleukemia in Tg.AC mice occurs following exposure to benzene and

various other chemicals by skin painting; although, an association with chemical

application was not definitive (four erythroleukemia cases with chemical treatment

versus two controls without chemical treatment) (59).  Hepatosplenomegaly was

observed in these mice, which correlated to infiltrates of neoplastic erythroid cells.

The Tg.AC transgene was expressed within the spleen, liver and bone marrow of

leukemic animals (59).  Because of this animal model’s propensity for leukemia

induction, it appeared to be a good model for the study of benzene induced leukemia.

Mutation of the p53 gene is one of the most common genetic alterations that

occurs in human cancers.  Specific gene targeting techniques were used to inactivate

one of the p53  alleles resulting in mice that are heterozygous for p53  alleles (p53+/-)

.  p53+/- mice are predisposed to develop spontaneous and chemically-induced tumors

over a short period (6-12 months of age) (60).  P53+/- mice appear to be susceptible to



13

tumor induction by mutagenic carcinogens.  Limited studies using chemical mutagenic

and non-mutagenic carcinogens have demonstrated a clear distinction in tumor

response in p53+/- mice (53).   Significant increases in tumor induction occur after 24-

week exposure period and are consistent with studies in the "traditional" 2-year rodent

bioassays.  P53+/- mice are also susceptible to tumor induction following γ-irradiation

(61).  The response of p53+/- mice to tumor induction by genotoxic carcinogens may

be related to the cellular role of p53 in responding to DNA damage (61).  The impact

of the p53+/- genotype in the hematopoietic damage from benzene can also be

investigated utilizing these mice.

The induction of hematotoxicity in p53+/- mice by benzene can contribute to

the assessment of the role of p53 in benzene-induced hematotoxicity and may be

useful in identifying common steps in the development of benzene-induced

pancytopenia in rodents and humans.  Whether or not the Tg.AC transgene, with an

activated form of ras coupled to the ζ-globulin promoter expressed in erythropoietic

progenitor cells, will effect the hematologic toxicity of benzene may elucidate

pathways of hematopoietic regulation perturbed by benzene exposure.
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Outline of Research

A collaborative study between the Chemical Industry Institute of Toxicology

and the National Institute of Environmental Health Sciences was initiated to

investigate the toxicity of inhaled benzene in Tg.AC and p53+/- mice.  Because

benzene is not typical of non-genotoxic or genotoxic carcinogens, the response of

these mouse models to inhaled benzene was uncertain.  The overall objective of this

study was to assess these animal models as short-term cancer bioassays and to

determine their utility in the study of benzene toxicity and carcinogenesis.  A second

objective of the research described in this dissertation was to assess genotoxicity as a

result of benzene exposure, and the hematologic effects of inhaled benzene under

different exposure parameters.  To investigate whether the changes observed were a

result of the genetic manipulation of the mouse models, parental wild-type strains

were included in all benzene exposed and air-control groups.  The hypotheses were: 1)

that benzene would be hematotoxic in these animal models and that the genetic

alterations in the Tg.AC and p53+/- mice would effect the hematopoietic response to

the toxicity; 2) that benzene exposure to the p53+/- mouse would result in higher

levels of detectable amounts of chromosomal damage in blood cells compared to wild

type mice because of decreased DNA damage checkpoint control; 3) that the Tg.AC

transgene would drive erythropoiesis despite benzene exposure; and 4) that benzene

exposure would induce transgene expression in the splenic hematopoietic tissue of the
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Tg.AC mice.  The research to test these hypotheses was divided into three specific

aims:

1.  Assess genetic damage by analyzing micronucleus formation in

the peripheral blood of mice exposed to benzene.

2. Assess the alterations to hematologic parameters of mice

exposed to benzene.

3. Determine whether the Tg.AC transgene is expressed in

spleens of mice exposed to benzene

Two manuscripts included in this dissertation address specific aims 1 and 2.

Manuscript I describes the induction and accumulation of micronuclei (genotoxicity)

following exposure to benzene using a flow cytometric assay.  This work has been

submitted to Carcinogenesis.  Manuscript II describes the hematologic changes

resulting from benzene exposure and the strain-related differences encountered in the

hematologic profiles of the two mouse strains used.  Data on splenic parameters are

included in this manuscript as they relate to hematopoietic function in the mouse.  This

manuscript will be submitted for publication in Blood.  The results of Aim 3 are

discussed in a separate chapter following Manuscript II.  The general discussion

summarizes data from the two manuscripts and contains discussions related to aim 3.
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A third publication is included in the appendix.  This manuscript, “Expression and

distribution of cytochrome P450 2E1 in B6C3F1 mouse liver and testes”, was

published in Chemico-Biological Interactions, 121: 199-207 (1999).  This manuscript

describes the zonal distribution of P450 2E1, the primary CYP450 involved in

benzene biotransformation, in the liver and expression of this enzyme in the testes of

mice.  This work was completed prior to the inception of the benzene study.
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Manuscript I

Benzene exposure by inhalation induces time-dependent accumulation of

micronuclei in peripheral blood of p53+/-, Tg.AC, and parental wildtype

(C57BL/6 and FVB/N) mice.

Laura N. Healy1, Linda J.Pluta1, R. Arden James1, Derek B. Janszen1, Dorothea

Torous2, John E. French3, and Leslie Recio1

1  Chemical Industry Institute of Toxicology, Research Triangle Park, NC 27709
2  Litron Laboratories, Rochester, NY
3 National Institute of Environmental Health Sciences, Research Triangle Park, NC

Running title: Benzene-Induced micronuclei in Tg.AC and p53+/- mice
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Abstract

In this study, we evaluated the induction of micronucleus formation in the

peripheral blood of two genetically altered mouse models, the FVB/N/Tg.AC mouse

and the C57BL/6/ p53+/- mouse, and their isogenic parental strains, FVB/N and

C57BL/6, following inhalation exposure to benzene. Our objective was to determine

the impact of genetic manipulation in Tg.AC and p53+/- mice on micronuclei

induction following exposure to inhaled benzene. A flow cytometric technique that

distinguishes micronucleated red blood cells (MN-RBC) from micronucleated

reticulocytes (MN-RET) was used.  Mice were exposed to 0, 100, or 200 ppm benzene

on a 5-day/week, Monday-Friday (daily) exposure schedule (0, 100 ppm) or a 3-day/

week, Monday-Wednesday-Friday (E.O.D.) exposure schedule (100 ppm, 200 ppm)

with all benzene-exposed groups having an equal weekly cumulative exposure (3000

ppm-hours).  Significant elevations of MN-RBC and MN-RET were observed at 1-

week of exposure in all benzene-exposed groups at all time points examined and

increased in a time-dependent manner up to 13 weeks of exposure.  Fewer MN-RBC

and MN-RET were induced by 200 ppm benzene than by 100 ppm benzene, with

equal cumulative weekly exposure in all genotypes.  In the haploinsufficiet p53+/-

mice, a significant reduction in the frequency of micronuclei was observed compared

to the C57BL/6 isogenic strain.  No differences were observed in the MN-RBC or

MN-RET frequency in the Tg.AC compared to the FVB/N isogenic controls.  These

results indicate that inhaled benzene induces the formation of micronuclei in a time-

dependent, but not a concentration-dependent manner at 100 or 200 ppm, and that the

p53+/- genotype, but not the Tg.AC transgene, influences the induction of micronuclei

by benzene.
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Abbreviations

E.O.D.,Every other day (Monday-Wednesday-Friday) exposure schedule; MN-

RBC, micronucleated red blood cells; MN-RET,micronucleated reticulocytes; RET,

reticulocytes; SD, standard Deviation; FITC, fluorescein Isothiocyanate; PI, propidium

iodide; ppm, parts per million
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Introduction

In contrast to many chemical carcinogens, benzene is a weak or nonmutagen in

most in vitro and in vivo assays but does produce chromosome aberrations and sister

chromatid exchanges both in vivo and in vitro (1). The micronucleus assay is widely

used to screen chemicals for genotoxic activity in mice (2-5). Significantly increased

frequencies of micronuclei have been reported in peripheral blood of humans exposed

to benzene (6).  Although micronucleus formation in mice following inhalation

exposure to benzene has been reported (7,8), the potential modification of this

response by genetically altered mice is unknown.

Two transgenic mouse tumor models, one carrying an activated form of the ras

oncogene v-Ha-ras (Tg.AC) and another with an inactivated copy of the p53 tumor

suppressor gene (C57BL/6; p53+/-), are being proposed as useful short-term

carcinogenicity bioassays (9,10). Preliminary findings of the neoplastic responses of

these mouse models to chemical carcinogens investigated by the NTP have been

summarized (11).  Their findings indicated that the p53+/- mouse was sensitive to

genotoxic carcinogens and that the Tg.AC mouse was sensitive to some types of

nongenotoxic carcinogens with decreased time-to-tumor onset (11).  Because the

mechanism by which benzene induces chromosomal damage is unclear, the role

deficiency of p53 may play in the impact of benzene exposure was investigated.  Since

benzene does not follow the typical nongenotoxic or genotoxic carcinogen

characterization, the impact of the Tg.AC transgene in Tg.AC mice on micronucleus

formation was also investigated.  Our goal in this study was to investigate the response

of micronucleus induction in FVB/N-Tg.AC mice and C57BL/6- p53+/- mice and

their isogenic parental strains, FVB/N and C57BL/6 respectively, following exposure

of inhaled benzene.
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Materials and methods

Animals

FVB/N, FVB/N-Tg.AC, C57BL/6, and C57BL/6- 53 +/- mice were obtained

from Taconic Farms (Germantown, NY) at approximately 4 to 5 weeks of age, held

for 1-3 weeks and acclimated to wire caging within the inhalation chamber 1 week

prior to initiation of benzene exposure. At the initiation of benzene exposure the ages

of mice ranged from 6 to 9 weeks.  Water (reverse osmosis-treated) and commercially

available rodent diet were available ad libidum, and feed exposed to benzene was

discarded following each exposure period.   Mice were kept in a reverse day-night

cycle (lights on at 1 AM, off at 1 PM); exposures took place during the light cycle.

Each exposure or control group was housed in a separate 8-m3 inhalation chamber, and

all mice were individually housed in stainless steel wire mesh cages.   The institutional

Animal Use and Care Committee of the Chemical Industry Institute of Toxicology

(CIIT) approved all conditions and animal use.

Experimental Design

This study used 3  exposure groups: two at 100 ppm, one at 200 ppm, and one

control group at 0 ppm benzene. The control group and one group at 100 ppm benzene

were exposed 5 days/week for 6 h/day (daily) the other group at 100 ppm was exposed

on an E.O.D. schedule (Mon.- Wed.- Fri.) for 10 hours/day.  The group at 200 ppm

was exposed E.O.D. for 5h/day. This schedule maintained all benzene-exposed groups

equal at 3000 ppm-h/week of exposure (Fig.1). Animals were bled at exposure week

1, 9, and 13, then at approximately 6 months of exposure.  Start dates for each

exposure group were staggered at intervals of 1 to 2 weeks apart.
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Inhalation Exposures

Animals were exposed for up to 38 weeks in 8-m3  inhalation chambers to

target benzene concentrations of 100 ppm every-other-day (E.O.D.), 100 ppm daily or

200 ppm E.O.D..  Benzene concentrations were generated by metering known

amounts of liquid benzene into a heated j-tube.  The benzene vaporized in the j-tube

and was carried in a nitrogen stream to the HEPA-filtered 8-m3 chamber air supply

where it was diluted to the target concentrations.   The 8-m3 chamberair supply flowed

at approximately 1800 L/min and was conditioned to approximately 72 °F and 50 %

relative humidity. The control chamber (0 ppm) operated under similar environmental

conditions.  The environmental conditions were monitored continuously; 30-min

averages were recorded and printed daily.

Benzene analysis

Benzene exposure concentrations were measured with four calibrated infrared

spectrophotometers (MIRAN 1A, The Foxboro Co., Foxboro, MA) with one

spectrophotometer sampling each chamber.  Voltages from the spectrophotometer

corresponding to the benzene exposure concentration were transmitted to the Andover

Infinity Building Automation System (Andover Controls Corp., Andover, MA),

logged, and printed in a daily report.  The distribution of benzene was checked at nine
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locations in each of the exposure chambers prior to initiation of exposures.

Benzene exposures

The average concentrations ± standard deviation (SD) of benzene for the 100

ppm every-other-day (E.O.D.), 100 ppm daily and 200 ppm E.O.D. were 100 ppm (±

0.7), 100 ppm (± 0.9) and 200 ppm (± 0.6), respectively.  Concentrations of benzene

during distribution checks varied by less than 8%.  The average temperatures ranged

from 71.1 to 72.8 °F for the four exposure groups.  The average relative humidity

ranged from 49 to 57% for the four exposure groups.

Micronucleus assay

Sample preparation and micronucleus evaluation were performed as described

in a beta-version of MicroFlowPlus™ Mouse Micronucleus Assay Kit (Stratagene, La

Jolla, CA), based on the procedures of Dertinger, et al. (12).  Approximately 50 µl of

blood,  collected from the retro-orbital plexus during isofluorane (IsoFlo®, Abbott

Laboratories, Chicago, IL) anesthesia,was suspended in 300 µl Hank’s balanced salt

solution (Sigma Chemical #H6648, St. Louis, MI), with 500 U/ml heparin (Sigma

Chemical H3393). The suspension was injected directly into 2 ml methanol at

approximately –80˚C, struck sharply to dissociate aggregated cells, and stored at

–80ûC until analysis.  To prepare cells for analysis, tubes were struck sharply several
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times when removed from the freezer, and 10 ml of bicarbonate-buffered saline (0.9%

NaCl + 5.3 mM sodium bicarbonate) were added.  The cells were isolated by

centrifugation and stained according to the manufacturer’s recommendations.  Cells

were incubated in a working solution of fluorescein Isothiocyanate (FITC) conjugated

antibody and RNase and resuspended in propidium iodide(PI) for analysis.

Flow cytometric analysis

The flow cytometric analyses were carried out on a FACS Vantage flow

cytometer (Becton Dickenson, San Jose, CA).  The laser was tuned to provide 488 nm

excitation with UV set at 20 mW as the regulation beam.  The FL1 photomultiplier

tube was used with a filter (DF 530/30) for the green (FITC) signal, and FL2 was used

for the red (PI) signal using a 580LP filter.  Malaria-infected mouse blood was used as

a reference standard for consistently defining micronucleus analysis windows, as well

as establishing proper PMT voltages and compensation on a daily basis (13).

Micronuclei were identified in PI positive cells, and reticulocytes were identified as

CD71 (transferrin receptor)-FITC positive cells. A solution of 1% Clorox™ bleach

with 50 mM NaOH in distilled water was passed through the sample line for

approximately 1 min between each sample.

Statistics

Multivariate analysis of the micronucleated red blood cells (MN-RBC),
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micronucleated reticulocytes (MN-RET) and reticulocyte (RET) frequencies was used

to determine whether there were global interactions between time points, groups, and

genotypes.  As a global interaction was present between these parameters, data sets

were individually evaluated with a univariate two-way analysis of variation (ANOVA)

using contrasts of least square means to determine treatment effect within each time

point.  Statistical significance was determined at an _= 0.05 Bonferonni-corrected for

the appropriate number of comparisons.  The absolute numbers and percentages from

the various parameters were presented as mean values +/- (SD).
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Results

Total micronuclei

Total MN-RBC frequencies were increased in all exposure groups and in all

genotype-groups compared to 0 ppm controls.  There was a cumulative increase in

MN-RBC frequency with time up to 13 weeks of exposure.  At 6 months of exposure,

there was no increased MN-RBC frequency above the level determined at 13 weeks

(weeks at 6-month time point differ because of staggered start dates).  All genotypes

had fewer MN-RBC when exposed to 200 ppm E.O.D. as compared to 100 ppm either

E.O.D. or daily exposure (Figure 2A, B).  There was no difference in the frequency of

MN-RBC between the wild-type FVB/N or Tg.AC mice.  Among the benzene-

exposed groups, p53+/- mice had significantly fewer MN-RBC than the isogenic

C57BL/6 controls at one or more time points (figure 2B).

Micronucleated Reticulocytes

MN-RET were significantly increased by benzene exposure above control (0

ppm) levels in all groups at most time points.  There were two time points at which the

MN-RET were not increased above control levels (Figure 3A,B). At week 5 in the 100

ppm E.O.D. group, the cause for the reduction in MN-RET to control levels is

uncertain.  The other parameters (MN, RET) on the same cells fall within expected

ranges (Figures 2,3).  At week 1 in the 200 ppm E.O.D. group, the cells were collected

immediately following exposure; the low MN-RET results for that time point may

reflect the recent cytotoxic impact of benzene on the bone marrow. MN-RET occurred

at a greater frequency in the FVB/N background mice as compared with the C57BL/6

background mice (Figure 3A, B).
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Reticulocytes

Total reticulocytes (RET) (CD-71 positive cells) were decreased in the 100

ppm daily group compared to controls in the FVB/N background mice, but not in the

C57BL/6 background mice.  Total RET were increased above controls in all genotypes

exposed to benzene at 100 ppm E.O.D. (Figure 4A, B).  Tg.AC mice had a higher

frequency of RET in the 200 E.O.D. group compared to the FVB/N animals in the

same exposure group (Figure 4B).
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Discussion

This study is based on the analysis of peripheral blood to detect micronucleus

formation following inhalation exposure to benzene in FVB/N-Tg.AC and C57BL/6-

p53+/- mice and their isogenic parental strains.  In addition, to investigate the impact

of daily versus every-other-day exposures, three different exposure protocols were

followed.

Benzene exposure was associated with an increase in MN-RBC frequency in a

time-dependent manner up to 13 weeks of exposure. At some point between 13 weeks

and ~ 6 months, the frequency leveled off.  The frequency of MN-RBC reported here

are similar to those reported by Farris et. al. (8) at 100-ppm benzene exposure up to 8

weeks (8).

In this study, exposure of mice to 200 ppm benzene resulted in fewer MN-

RBC than exposure to 100 ppm in all four genotypes examined.  These data are in

contrast to the increased frequency at 200 ppm compared to 100 ppm benzene reported

by Farris et al. (8), in which there was a concentration-dependent increase in MN-

RBC.  In that study, mice were exposed to 100 or 200 ppm benzene for 6 h/day, 5

days/week.  The mice in our study were exposed to 200 ppm for 5 h/day, Mondays,

Wednesdays, and Fridays, 100 ppm for 10 h/day, M.W.F, or 100 ppm for 6 h/day 5

days/week.  This finding suggests that the length of exposure, as well as the pattern of

exposure (intermittent versus daily), is more critical for the accumulation of

chromosomal damage than the actual benzene concentration.  Possibly, the 200 ppm

concentration is cytotoxic to rubriblasts, and cells developing during the 200 ppm

exposure are removed from the population of cycling cells at a higher rate than at 100

ppm exposure.  Because the 200 ppm exposures in our study were shorter than the 100

ppm exposures, fewer erythrocytes with chromosomal damage matured to the

reticulocyte stage; therefore, fewer MN-RBC were observed in the peripheral blood.
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The E.O.D. exposure schedule allowed for recovery of the bone marrow progenitor

cells.  Consequently, release of normal reticulocytes occurred between exposures, thus

keeping the MN-RET frequency reduced compared with the 100 ppm groups.

The frequency of MN-RETs was reduced in all genotypes at two time points;

200 E.O.D. at week 1, and 100 E.O.D. at week 5.  The week 1 data for the 200 E.O.D.

group may have resulted from blood collection immediately following exposure.  The

other collection time points for the E.O.D. groups were on non exposure days

(Tuesday or Thursday).  Since MN-RETs  represent recently formed micronuclei, the

cytotoxicity of 200 ppm benzene would reduce the formation and release of MN-RETs

from the bone marrow immediately following exposure.  The cause for the low

frequency of MN-RETs in the 100 E.O.D. group at week 5 is uncertain.

Benzene must first be metabolized to form the major toxic metabolites

hydroquinone, catechol, and trans-trans-muconic acid to be hematotoxic and/ or

carcinogenic (14). One possibility for the reduced MN-RBC frequency in the 200 ppm

group compared with the 100-ppm groups is that the metabolism of benzene at 100

ppm is saturated and that levels above 100-ppm do not increase the levels of these

metabolites.  In that case, the mice in the 200 ppm groups would be exposed to lower

total amounts of toxic metabolites formed in the relatively short exposure time.    The

observation that short-duration, high-level exposure is less toxic than lower, long-term

exposure has been previously reported; inhalation of 3000 ppm benzene for 8 days

was less damaging than 300 ppm for 80 days (15).

Haploinsufficiency of p53 resulted in a reduced frequency of micronuclei

compared to the C57BL/6 isotype parental controls.  This finding was unexpected.

Due to the role of p53 in genotoxic stress response, we expected the haploinsufficient

state of p53 to allow for increased survival of chromosome-damaged erythrocyte

precursor cells resulting in an increase in circulating micronucleated erythrocytes.
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The possibility of compensatory up-regulation of other DNA damage repair or

apoptosis regulation is currently under investigation in our laboratory.  Another

possibility for the reduced MN-RBC frequency in the p53+/- animals is a difference in

benzene metabolism rates between the genetically altered p53 model and the parental

strain; however, the similar reticulocyte frequency between the p53+/- mouse and the

C57BL/6 in all exposure groups would suggest that the bone marrow dynamics of

erythrocyte production are similar between these two strains.  Although statistically

significant, the differences in MN-RBC frequency may not be biologically significant.

However, we can conclude that the p53+/- mouse is not more sensitive to benzene

genotoxicity as assessed by MN-RBC formation than in the C57BL/6 wildtype.  This

finding is consistent with that reported by Buettneret al.  where no differences  in

mutation  frequency  or spectrum  between the p53 +/+ and p53 -/- genotypes  were

found in any of the tissues examined (16).

There was an increased frequency of reticulocytes in the 100-ppm E.O.D.

group as compared to the 100-ppm daily group among all mouse genotypes examined.

We hypothesize that this reflects recovery in the bone marrow between exposures in

the intermittent, E.O.D. exposure.  Why the 200 ppm E.O.D. group did not have the

same increase in reticulocytes is uncertain, but may be due to increased toxicity

relative to the 100 ppm E.O.D. group.

The increased frequency of reticulocytes in the Tg.AC mice as compared to the

FVB/N parental strain in the 200 ppm group may reflect activation of the transgene in

the spleens of these animals and a resulting proliferation of erythrocytic precursor

cells.  In mice, most of erythroid expansion as a result of destruction-related anemia

occurs in the spleen (17).  Since the v-Ha-ras transgene is normally expressed in the

bone marrow of the Tg.AC mice (18) and the frequency of reticulocytes in the control

(0 ppm benzene) Tg.AC animals was not significantly different from the FVB/N

isotype controls, whether increased expression of the transgene in the hematopoietic
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tissue would increase the frequency of circulating reticulocytes is unclear.  There was

a reported association, however, between the expression of the v-Ha-ras transgene in

the spleens of Tg.AC mice with the oncogenic ras protein-induced proliferation of

erythropoietic cells and the development of erythroleukemia (18).

The data represented here are from high-level exposures to benzene (100 or

200 ppm).  Subtle differences in micronucleus formation due to contributions of the

genetic alterations in these mice may be more significant at lower exposure

concentrations.  A study defining the shape of the dose-response curve for MN formed

using these animals would be useful to determine dose-dependent differences in

response between strains and between the wild-type and transgenic mice.

In summary, our results demonstrate that the frequency of micronuclei was

reduced in p53+/- mice relative to wild-type mice and that the Tg.AC transgene did

not affect MN-RBC induction following exposure to inhaled benzene under the

exposure conditions used in this study.  Additionally, we demonstrated that high-level

discontinuous exposure to 200 ppm benzene resulted in fewer MN-RBC than did 100-

ppm benzene at equal cumulative weekly exposures.
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Legends

Fig. 1.Experimental design of exposure to benzene.  Two groups at 100 ppm: 5

days/week (Monday-Friday) for 6 hours and 3 days/week (Monday-Wednesday-

Friday) for 10 hours, and one group at 200 ppm (Monday-Wednesday-Friday) for 5

hours, all with equal weekly cumulative exposure.

 Fig. 2 (A) Total micronuclei in peripheral blood of C57BL/6 and p53+/- mice.  The

frequency of MN-RBCs increased with time up to 13 weeks (P < 0.0001), and the

p53+/- mice have fewer MN-RBCs compared to the C57BL/6 at the time points

indicated († = P < 0.01). * MN significantly elevated in all benzene groups in all

weeks compared with controls. Error bars indicate standard deviation. (B) Total

micronuclei in peripheral blood of FVB/N and Tg.AC mice.  The frequency of MN-

RBCs increased among all groups with time up to 13 weeks* (P < 0.0001).  The

transgene in Tg.AC mice did not influence MN-RBC frequency in any group. * MN

significantly elevated in all benzene groups in all weeks compared with controls. Error

bars indicate standard deviation.

Fig. 3 (A)  Percentage of micronucleated reticulocytes  in the peripheral blood of

C57BL/6 and p53+/- mice.  The frequency of MN-RETs is increased in all exposure-

groups in at least 3 timepoints (P < 0.0001). † = time points at which MN-RETs were

not increased above controls. Error bars indicate standard deviation. (B) Percentage of

micronucleated reticulocytes in the peripheral blood of FVB/N and Tg.AC mice. The

frequency of MN-RETs was increased in all exposure groups in 3 or more time points

(P < 0.0001). † = time points at which MN-RETs were not increased above controls.

Error bars indicate standard deviation.

Fig. 4 (A)  Percentage of total reticulocytes in the peripheral blood of C57BL/6 and

p53+/- mice.  Total RETs were increased at 5 and 13 weeks of exposure in the 100
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ppm E.O.D. exposure-group (P <  0.0005). Error bars indicate standard deviation. (B)

Percentage of total reticulocytes in the peripheral blood of FVB/N and Tg.AC mice.

Total RETs were increased at 5 weeks (P < 0.0005), and at 13 weeks (P < 0.04) of

exposure in the 100-ppm E.O.D. exposure-group.  The Tg.AC mice had significant

increases in the total RET frequency in the 200-ppm E.O.D. exposure group at 1 week

of exposure compared to FVB/N mice (P < 0.003). Error bars indicate standard

deviation.
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Figure 1.
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Figure 2 A.
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Figure 2 B.
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Figure 3 A.
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Figure 3 B.
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Figure 4 A.
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Figure 4 B.
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Abstract

To investigate the utility of the C57BL/6-Trp53+/-, and FVB/N- Tg.AC mouse

models for the study of benzene-induced hematotoxicity and tumor induction, these

mice and co-isogenic parental strains (FVB/N and C57BL/6, respectively) were

exposed to inhaled benzene.  Benzene was delivered in whole body inhalation

chambers at concentrations of 100 ppm or 200 ppm with intermittent, every-other-day

(E.O.D.; M-W-F), exposure or daily (5 days/week) exposure schedules with varied

exposure times to produce equal 3000 ppm∗ hours/week exposures in each group.

Unexposed control animals received exposures to filtered, conditioned air.  Complete

blood counts were evaluated up to 21 weeks of exposure, and bone marrow cytology

was assessed at 15-weeks of exposure.  Benzene induced a marked leukocytopenia,

anemia and reduced spleen weight in all mice, but all were most severe in the FVB/N

background mice.  Among all of the mice in this study, the 200 ppm E.O.D. groups

were less severely affected by benzene exposure than either 100 ppm exposure group

for the hematologic endpoints examined.  All genotypes showed a leukocyte

“reversal” (neutrophil:lymphocyte ratio >0.05) following exposure to benzene.  At 15-

weeks of exposure, bone marrow femoral total cell counts were significantly reduced

by benzene exposure only in the FVB/N background mice; the C57BL/6 mice had no

significant reduction in femoral total cell counts.  There was a reduction in the number

of leukocyte precursor cells in the bone marrow of the FVB/N background mice, but

not in the C57BL/6 mice.  In the C57BL/6 mice, there was an increase in total femoral

cell counts of mature and band neutrophils.  The p53+/- mice showed the least

hematotoxicity as compared to their C57BL/6 parental strain controls and the FVB/N

strains.  Our results show a marked difference in hematologic parameters between

mouse parental strains used in the production of genetically altered mouse models, and

a difference in the sensitivity to inhaled benzene-induced hematotoxicity in these

strains.  For the parameters investigated, the FVB/N strain is more sensitive to

benzene than the C57BL/6 strain.  The genetic alterations in the p53+/- and Tg.AC
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mice had little impact on the endpoints examined.  Benzene induced a pancytopenia in

all strains that was more severe in groups exposed to 100 ppm than those exposed to

200 ppm with equal weekly cumulative exposures.
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Introduction

Protracted or repeated high level exposure to benzene is hematotoxic and

benzene is classified as a human leukemogen 1.  In humans, aplastic anemia often

results from benzene toxicosis and commonly precedes diagnosis of leukemia 2.  In

mice (CBA/Ca), myelogenous leukemia has been reported following inhalation

exposure to benzene 3, but was not repeatable under the similar conditions in other

reports 4,5.

Benzene induces cancer at multiple sites in rodent cancer bioassays both by

gavage 6 and by inhalation 3,4.  An elevated incidence of tumors in mice following a

discontinuous exposure to benzene versus continuous exposure has been demonstrated

5.  To date, there are no consistent rodent models of benzene induced leukemia, and

the hematotoxicity induced by benzene is poorly understood.  Although hematologic

parameters following inhaled benzene exposure were reported in CBA mice by Farris,

et al., 1993, the neutrophilia reported could not be fully ascribed to benzene exposure

because of confounding infectious processes in the mice investigated 4.  In C57BL/6

mice, lifetime exposure to 300 ppm benzene on a 5 day/week exposure schedule

produced anemia, lymphocytopenia and neutrophilia with a left shift 7.

Two transgenic mouse tumor models, one carrying an activated form of the ras

oncogene v-Ha-ras (Tg.AC) and another with an inactivated copy of the p53 tumor

suppressor gene (C57BL/6; p53+/-), are being proposed as useful short-term

carcinogenicity bioassays 8,9.  Exposure of Tg.AC (v-Ha-ras) mice and p53+/- mice

to benzene by skin painting and oral gavage induces tumors (predominantly skin

papillomas and squamous cell carcinomas of the forestomach in Tg.AC mice,
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respectively, and sarcomas in the p53+/- mice).  In Tg.AC mice a myelodysplastic

syndrome following skin painting of benzene has been reported (French, personal

communication).  The hematologic effects of inhaled benzene in these mouse models

have not been reported.

In mice, the spleen is an active site of hematopoiesis and reacts to various

conditions effecting the hematopoietic system.  Splenic hyperplasia resulting from

extramedullary hematopoiesis (EMH) has been reported following lifetime exposure

of 100 or 300 ppm benzene 7.  With erythropoietin treatment in mice, a transfer of

blast forming unit - erythroid (BFU-E) from bone marrow to spleen occurs that is

eight times more efficient than bone marrow BFU-E 10.  When adhesion molecules

required for the homing of hematopoietic progenitor cells to the bone marrow are

disrupted, homing to splenic sites is not, and a resulting increase in splenic

hematopoietic homing under these conditions has been reported 11.  This suggests that

splenic hematopoietic tissue is under different regulation than that of the bone marrow.

Bone marrow stromal cells have been implicated to play a role in the hematotoxicity

of benzene 12; whether similar events occur in the hematopoietic tissue of the spleen

is uncertain.

Since p53 and H-ras are involved in cell growth regulation, and alterations in

these genes have been demonstrated in many types of human hematopoietic

neoplasms, these animal models were selected to investigate how alterations of these

genes may impact myelotoxicity from exposure to benzene.  To investigate the

hematologic effects of inhaled benzene in Tg.AC and p53+/- mice, we conducted a

short-term pathogenesis study using high levels (100 or 200 ppm) of benzene with

intermittent versus daily inhalation exposures.  We have assessed hematologic

parameters (complete blood count (CBC), spleen weight, splenic EMH

bromodeoxyuridine (BrDU) incorporation and bone marrow cytology) at 15 weeks of
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exposure, and CBC at week one and every 4th week thereafter for up to 21 weeks of

exposure.
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Materials and Methods

Animals

Male, FVB/N, FVB/N-Tg.AC (Tg.AC), C57BL/6, and C57BL/6-Trp 53+/-

(p53+/-) mice were obtained from Taconic Farms (Germantown, NY) at

approximately 4 to 5 weeks of age, held for 1-3 weeks and acclimated to wire caging

within the inhalation chamber one week prior to initiation of benzene exposure.  The

ages of mice ranged from 6-9 weeks at the initiation of benzene exposure.  Water

(reverse osmosis-treated) and certified NIH-07 rat & mouse wafers (Zeigler Brothers,

Inc., Gardners, PA) were available ad libidum, and feed exposed to benzene was

discarded following each exposure period.  Mice were kept in a reverse day/night

cycle (lights on at 1 AM, off at 1 PM); exposures took place during the light cycle.

Each exposure group was housed in a separate 8 m3 inhalation chamber, and all mice

were individually housed in stainless steel wire mesh cages.  Five sentinel animals

were housed in each exposure chamber for disease monitoring.  Serologic testing for

for Minute Virus of Mice, Mouse Hepatitis Virus, Mycoplasma pulmonis, Mouse

Parvovirus, Pneumonia Virus of Mice, Sendai Virus, Theilers’s Mouse

Encephalomyelitis Virus, Epizootic Diarrhea of Infant Mice Virus, Lymphocytic

Choriomeningitis Virus, Cillia Associated Respiratory Bacillus Virus, Ectomelia

Virus, K Virus, Mouse Adenovirus, Murine Cytomegalovirus, Polyoma Virus,  and

Reovirus was done by Bioreliance (Rockville, MD) on all sentinel animals.  The CIIT

institutional animal use and care committee approved all conditions and animal use.

Experimental Design

This study used three benzene exposure groups; two at 100 ppm, one at 200

ppm, and one control group at 0 ppm benzene.  Each exposure or control group was

housed in a separate 8 m3 inhalation chamber, and all mice were individually housed
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in stainless steel wire mesh cages.  Groups at 0 (CTL) and 100 ppm benzene were

exposed 5 days per week for 6 hours (CTL; 100 D).  One group at the 100 ppm

concentration was exposed on an every-other-day (E.O.D.) schedule (Mon.- Wed. -

Fri.) for 10 hours/day (100 E.O.D.).  The group at 200 ppm was exposed for 5 hours a

day with an E.O.D schedule (200 E.O.D.).  This exposure schedule maintained all

benzene-exposed groups equal at 3000 ppm-hours per week of exposure.

Inhalation Exposures

Animals were exposed for up to 38 weeks in 8 m
3

 inhalation chambers to target

benzene concentrations of 100 ppm E.O.D., 100 ppm daily or 200 ppm E.O.D.

Benzene concentrations were generated by metering known amounts of liquid benzene

into a heated j-tube.  The benzene vaporized in the j-tube and was carried in a nitrogen

stream to the HEPA-filtered 8 m
3

 chamber air supply where it was diluted to the target

concentrations.  The 8 m
3

 chamber air supply flowed at approximately 1800 L/min and

was conditioned to approximately 72 °F and 50 % relative humidity.  The control

chamber (0 ppm) operated under similar environmental conditions.  The

environmental conditions were monitored continuously; 30 minute averages were

recorded and printed daily.

Benzene Exposures

Benzene exposure concentrations were measured with four calibrated infrared
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spectrophotometers (MIRAN 1A, The Foxboro Co., Foxboro, MA) with one

spectrophotometer sampling each chamber.  Voltages from the spectrophotometer

corresponding to the benzene exposure concentration were transmitted to the Andover

Infinity Building Automation System (Andover Controls Corp., Andover, MA),

logged and printed in a daily report.  The distribution of benzene was checked at nine

locations in each of the exposure chambers prior to initiation of exposures.

The average concentrations (± SD) of benzene for the 100 ppm every-other-day

(E.O.D.), 100 ppm daily and 200 ppm E.O.D. were 100 ppm (± 0.7), 100 ppm (± 0.9)

and 200 ppm (± 0.6), respectively.  Concentrations of benzene during distribution

checks varied by less than 8%.  The average temperatures ranged from 71.1 to 72.8 °F

for the four exposure groups.  The average relative humidity ranged from 49 to 57 %

for the four exposure groups.

 Time Points for Blood and Tissue Collection

Mice were selected for all blood collection and necropsy groups by computer

generated randomization using JMP version 3.2.2 software (SAS Institute, Inc, Cary,

NC).  Blood was collected by retro-orbital puncture at week one of exposure and every

4 weeks up to 21 weeks  (six serial collections) from 40 randomly selected mice in

each exposure group (10 of each strain).  Blood was also collected at 15 weeks of

exposure prior to necropsy (one terminal collection) from 80 randomly selected mice

in each group (20 of each strain).  For necropsy, mice were killed by carbon dioxide

asphyxiation followed by exsanguination.  Bone marrow was collected from both

femora of 40 mice at the 15-week necropsy time-point.  Spleen and liver were also

collected from mice at the 15-week necropsy; they were weighed, and fixed routinely

for paraffin embedding or frozen in liquid nitrogen and stored at approximately –

70˚C.
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Blood analysis

Blood (approximately 250 µl) was collected into a microtainer® (Becton

Dickinson) with EDTA anticoagulant.  Complete blood counts were conducted at a

contract hematology lab (Antech Diagnostics, Atlanta, GA).

Bone Marrow

At the week-15 necropsy, each femur from ten animals in each group was

removed, and soft tissue was cleaned away aseptically.  For each femur, the epiphysis

was removed, and the marrow cavity was flushed with 1.5 ml of 3% bovine albumin in

Hank’s balanced salt solution (HBSS, Sigma, Saint Louis, MO).  Cells aggregates

were disrupted to single cell suspensions by drawing through a 25 g needle.  Femora

were flushed within 5 minutes of death, and suspensions were iced until analysis (not

longer than 2 hours).  Bone marrow was analyzed on an automated hematologic

analyzer (Bayer Diagnostics) set on the WBC setting.  Cytospins of bone marrow were

made following analysis at a concentration of 50,000 cells/ 200µl using HBSS as the

diluent, and stained with wright-Geimsa for cytologic evaluation. Bone marrow from

one control, unexposed animal was run for calibration on each day of analysis.

Spleen Histopathology and Morphometric analysis

At the 15-week necropsy, spleen weights were recorded for each animal.

Tissue was processed routinely for paraffin embedding and sectioning, then stained

with hematoxylin and eosin.  Spleen sections were analyzed by computerized

morphometry using digitized color images captured using an image analysis system

(Image-1/ AT, Universal Imaging Corp., West Chester, PA).  Lymphoid tissue was

measured by a 2-dimentional area using a  threshold on basophilic areas and traced to

include only organized lymphoid follicles.  Relative lymphoid mass was calculated by
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multiplying relative lymphoid area (lymphoid/ total area analyzed) by spleen weight.

Prior to the 15 week necropsy, 10 randomly selected animals in each group

were injected with Bromodeoxyuridine (BrDU) one hour before euthanasia for

labeling of bone marrow and splenic hematopoietic cells as described in Farris, et al.

13.  Spleen sections were immunohistochemically stained as described in Foley, et al.

14 with the following differences; Antigen retrieval was done in 2N HCl for 2 min

followed by incubation with 1:500 dilution of BrDU antibody (MD 5000, Catlag,

Burlingame, CA) for 30 min.  Supersensitive® alkaline phosphatase detection

reagents (Biogenex, San Ramon, CA) were used for detection of antibody.  Slides

were counter stained with Alcian blue and methyl green.  Splenic BrDU incorporation

was analyzed by computerized morphometry of digitized color images.  The area of

BrDU positive cells was divided by the total area of the image.  Results are shown as

the fraction of BrDU incorporation / area of spleen.

Statistics

Multivariate analysis of the blood CBC analysis, bone marrow cytology,

spleen weights and spleen BrDU was used to determine whether there were global

interactions between time points, groups, and genotypes.  As a global interaction was

present between these parameters, data sets were individually evaluated with a

univariate two-way analysis of variation (ANOVA) using contrasts of least square

means to determine treatment effect within each time point.  Statistical significance

was determined at an α= 0.05 Bonferonni-corrected for the appropriate number of

comparisons.  The absolute numbers and percentages from the various parameters

were presented as mean values (+/- SD).
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Results

Peripheral Blood Analysis

CBC results showed a significant (P < 0.01) difference between strains in

control animals for white blood cell (WBC) counts and red blood cell (RBC) counts.

Benzene exposure induced a marked decrease in total WBC counts and RBC counts

for all 4 genotypes of mice with significant differences between parental strains in

each group (Fig. 1 and 2).  The WBC counts in the 200 ppm group were less severely

reduced than either 100 ppm group, and the mice of the FVB/N background strain

were more severely leukopenic than the mice of the C57BL/6 background strain (Fig.

3 A, 3 B).  A time-dependent decrease in WBC counts occurred in all benzene-

exposed groups in the FVB/N background strain.  No time-dependent decrease was

observed in the C57BL/6 strain; however, the terminal, 15–week WBC counts were

higher than the serially collected blood samples (every 4 weeks) in both strains.

Hematocrits were reduced following exposure to benzene in all strains (Table 1).

FVB/N mice had significantly lower hematocrits than the Tg.AC mice (P < 0.001).

There was no statistically significant difference between the hematocrits of the

C57BL/6 mice and the p53+/- mice. Platelet numbers were not reduced in any group.

To assess the relative leukocyte populations, and determine the effect of

benzene on these cells, the absolute number of neutrophils was divided by the absolute

number of lymphocytes for each blood sample.  A “reversal” was indicated by the

ratio of neutrophils/lymphocytes > 0.5.  There was an exposure-related leukocyte

reversal in all groups.  This reversal occurred in a greater percentage of FVB/N strain

when compared with the C57BL/6 strain.  The reversal was most marked in the

FVB/N strain in the 100 D group (Fig. 4 A, 4 B).

The mean corpuscular volume (MCV) was similar among control animals in
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both strains. Benzene exposure was associated with a time-dependent increase in mean

corpuscular volume (MCV) that was significantly different between parental strains in

all benzene-exposed animals.  The MCV increase was most marked in the FVB/N

background mice, and in the 100 E.O.D. group. (Fig. 5 A, 5B).

Bone marrow analysis

In control animals, femoral bone marrow total cell counts were similar among

both strains and genetically altered mice. Bone marrow cell differentials were

markedly different depending on parental strain in both control and benzene-exposed

mice.  Femoral bone marrow total cell counts were reduced by benzene exposure only

in the FVB/N mice; there was no significant decrease in the C57BL/6 mice (Fig. 6).

In the FVB/N mice, there was a significant reduction in neutrophil precursor cells

(Fig. 7 A).  Band and segmented neutrophils were more significantly reduced in the

FVB/N mice compared to the Tg.AC mice in the 100 ppm groups.  The C57BL/6

strain had increased numbers of band and mature neutrophils in bone marrow, but did

not have reduced precursor cells as seen in the FVB/N strain (Fig. 7 B).

Bone marrow cytology was also markedly different between strains for the

eosinophil series.  There was a significant decrease in eosinophil precursor cells in the

bone marrow of the FVB/N background mice, and complete loss of mature eosinophils

in those animals (Fig. 8 A).  The C57BL/6 mice had greater numbers of eosinophil

lineage cells in the bone marrow of control animals compared to the FVB/N animals,

and benzene exposure reduced the precursors of this cell lineage less than in the

FVB/N mice.  Additionally, the C57BL/6 mice had a greater reduction of eosinophil

precursors than the p53+/- mice (Fig. 8 B).
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Splenic analysis

The FVB/N strain had larger spleens (adjusted for body weight) than the

C57BL/6 mice in control groups, and a greater reduction in spleen weight following

exposure to benzene.  At week 15 of benzene exposure, splenic weight was reduced in

all genotypes.  There was no significant difference between the genetically altered

mice and their respective parental strains.  Benzene exposure of 100 ppm (both

groups) reduced spleen weight more than the 200 ppm exposure level in all genotypes

(Fig. 9).  Morphometric analysis of splenic compartments (lymphoid vs. red pulp)

showed that benzene exposure reduced both compartments equally (data not shown).

BrDU incorporation was significantly lower in spleen extramedullary hematopoietic

tissue of the 200 ppm groups compared to air controls in all groups except for the

p53+/-.  The p53+/- mouse had lower BrDU incorporation in control spleens than in

the C57BL/6 mouse, and no decrease following benzene exposure.
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Discussion

The hematologic data observed in this study indicate that benzene inhalation in

wildtype parental strains, FVB/N-Tg.AC, and C57BL/6- p53+/- mice, induces a

marked peripheral blood bicytopenia (RBC and WBC), reduced spleen weight,

reduced splenic EMH BrDU incorporation, and a reduction in hematopoietic

progenitor cells and lymphoid tissue within the spleen.  At 15-weeks of exposure, a

marked reduction in femoral total cell counts was seen only in the FVB/N background

mice.  The femoral total cell counts in the C57BL/6 mice were not affected by

benzene exposure; however, there was an increase in the mature neutrophil pool

within the bone marrow of these mice suggesting that there may be a delayed or

altered release of these cells from the bone marrow (ineffective hematopoiesis).  The

erythrocytic macrocytosis, along with the anemia observed in the FVB/N strain mice

also suggests a ineffective hematopoiesis, and has been reported in human patients

treated with azothioprine 15.  Evaluation of folate levels (another cause of

macrocytosis) was not done on these mice. Platelets numbers were not reduced by

benzene exposure, but may have been increased by the retro-orbital blood collection

method used.

The CBC data described here are similar to those reported by Green, et al

following 5 weeks of exposure to benzene 16.  Our results of pancytopenia following

inhalation exposure to benzene differ from those previously reported in which animals

exposed to benzene developed lymphocytopenia and anemia without a decrease in

granulocytes 3,5,6, or an increase in granulocytes 7.  Similar to the report by Snyder et

al., in which the C57BL/6 mice were shown to be less sensitive to the effects of

benzene than AKR mice, our results showed the same decreased sensitivity of

C57BL/6 mice compared to the FVB/N mice7.
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The mice in our study responded to benzene exposure with reduced spleen

weight and either reduced femoral cell counts (FVB/N background mice) or no change

in femoral cell counts (C57BL/6 background mice).  Many reports of benzene exposed

mice describe increased spleen weight and hyperplasia in the spleen and bone marrow

6,7,16.  Possibly, the differences we show result from the different exposure

concentration, exposure schedules or the length of exposures.  Also, bone marrow

cytology and spleen data in our study were taken at exposure-week 15, not terminally

as in those reports (~40 weeks).  One similarity between the Snyder et al. 7study

results and ours is the observation of increased peripheral and bone marrow

neutrophilia.  Although an absolute neutrophilia was not observed in most mice, the

leukocyte reversal we observed in benzene-exposed mice suggests that the

proliferative capacity of the granulocyte series is less sensitive to benzene

hematotoxicity than the lymphocyte population.  In addition, the 100 ppm daily

exposure had a greater increase in mature neutrophils than the other exposure groups

(100 E.O.D., 200 E.O.D.), which also suggests that the intermittent exposure allowed

for recovery of the bone marrow and a reduction in the granulopoiesis that seems to be

stimulated by benzene exposure.

In summary, the results of this study indicate that the FVB/N mouse strain is

more sensitive to benzene than the C57BL/6 mouse.  The presence of the Tg.AC

transgene or haploinsufficiency for p53 had no or little impact on the response to the

endpoints examined.  Benzene induced a bicytopenia in all strains that was more

severe in groups exposed to 100 ppm than those exposed to 200 ppm with equal

weekly cumulative exposures.  These results suggest that the length of exposure is

more critical than the concentration of exposure at the high levels of exposure tested.
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Figures and Tables

Figure 1.  Peripheral White Blood Cell (WBC) count.  WBC were reduced in

peripheral blood following exposure to 100 or 200 ppm benzene in all mouse strains.

Benzene at 100 ppm either daily (M-F) or E.O.D. (M-W-F) reduced peripheral WBC

counts more than 200 ppm E.O.D. in all mouse strains.  FVB/N background mice had

a greater reduction in WBC counts compared to C57BL/6 background mice in all

exposure groups. The p53+/- mice were least affected by exposure to benzene.

Figure 2. Peripheral Red Blood Cell (RBC) count.  RBC were reduced in peripheral

blood following exposure to 100 or 200 ppm benzene in all mouse strains.  Benzene at

100 ppm either daily (M-F) or E.O.D. (M-W-F) reduced peripheral RBC counts more

than 200 ppm E.O.D. in all mouse strains.  FVB/N background mice had a greater

reduction in RBC counts compared to C57BL/6 background mice in all exposure

groups. The p53+/- mice were least affected by exposure to benzene.

Figure 3 A.  Peripheral White Blood Cell (WBC) count in FVB/N background mice.

There was a time dependent decrease in peripheral blood WBC count in serially

collected blood samples (week 1-21).  The WBC counts at the terminal blood

collection (week 15, no prior collections) were higher than the serially collected

samples compared to the 17-and 21- week serially collected samples.
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Figure 3 B.  Peripheral White Blood Cell (WBC) count in C57BL/6 background mice.

There was no time dependent decrease in peripheral blood WBC count in serially

collected blood samples (week 1-21) as seen in the FVB/N mice.  The WBC counts at

the terminal blood collection (week 15, no prior collections) were higher than the

serially collected samples compared to the serially collected samples.

Figure 4 A.  Peripheral neutrophil / lymphocyte ratio;  % > 0.5, FVB/N background

mice.  The peripheral neutrophil / lymphocyte ratio was increased by benzene

exposure in all exposure groups by week 13.  Represented are the percentages of mice

with a neutrophil / lymphocyte ratio of greater than 0.5.

Figure 4 B.  Peripheral neutrophil / lymphocyte ratio;  % > 0.5, C57BL/6 background

mice.  The peripheral neutrophil / lymphocyte ratio was increased by benzene

exposure in all exposure groups at most timepoints.  Represented are the percentages

of mice with a neutrophil / lymphocyte ratio of greater than 0.5.

Figure 5 A.  Mean Corpuscular Volume (MCV), FVB/N background mice.  MCV

increased with benzene exposure in all groups.

Figure 5 B. Mean Corpuscular Volume (MCV), C57BL/6 background mice.  MCV

increased with benzene exposure in all groups. The control MCV was similar to the

FVB/N mice; however, the benzene- induced increase was not as great in the C57BL/6
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mice compared to the FVB/N mice.

Figure 6. Bone marrow total femoral cell counts.  Total femoral cell counts were

reduced in benzene-exposed FVB/N background mice but not C57BL/6 background

mice.

Figure 7 A.  Bone marrow differential counts, Neutrophil series, FVB/N background

mice.  The neutrophil precursor cells (Myelocytes, Metamyelocytes, and band

neutrophils) were all reduced by benzene exposure in the FVB/N mice. Band and

segmented neutrophil counts were significantly different between the Tg.AC and

FVB/N mice in the 100 ppm groups.

Figure 7 B.  Bone marrow differential counts, Neutrophil series, C57BL/6 background

mice.  Benzene exposure resulted in an increased band and segmented neutrophil

count in the bone marrow of C57BL/6 mice.  The increase was greater in the p53+/-

mice compared to the C57BL/6 parental strain.  There was no decrease in precursor

cells as seen in the FVB/N background mice.

Figure 8 A. Bone marrow differential counts, Eosinophil series, FVB/N background

mice.  The eosinophil precursor cells (Myelocytes, Metamyelocytes, and band

eosinophils) were all reduced by benzene exposure in the FVB/N mice. Band and

segmented eosinophil counts were significantly different between the Tg.AC and
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FVB/N mice in the 100 ppm groups.

Figure 8 B.  Bone marrow differential counts, Eosinophil series, C57BL/6 background

mice.  There were greater numbers of eosinophil series cells in the bone marrow of the

C57BL/6 mice compared to the FVB/N mice.  Benzene reduced eosinophil precursors

to a greater degree in the C57BL/6 mice than in the p53+/- mice.  There were no

mature eosinophils in the bone marrow except in the 200 ppm groups of the C57BL/6

and p53+/- mice.

Figure 9.  Spleen weight (g) at 15 – week necropsy.  Spleen weights were significantly

reduced by exposure to benzene in all genotypes and all benzene-exposed groups.

FVB/N background mice had larger spleens (corrected for body weight) than the

C57BL/6 mice, and had greater reductions in spleen weight following benzene

exposure.  Benzene at 100 ppm (both groups) reduced spleen weight greater than 200

ppm in all genotypes.

Figure 10.  BrDU incorporation in splenic hematopoietic tissue (Red Pulp).  BrDU

labeling by area/ area of spleen section analyzed; Control vs. 200 ppm Benzene.

Benzene exposure reduced BrDU incorporation within the hematopoietic tissue of the

spleen in all genotypes except for p53+/-.  In p53 +/- animals, there was little BrDU

incorporation in splenic EMH compared to C57BL/6 control animals.
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Table 1.  Hematocrit (%).  All benzene exposed groups had significant (P< 0.0001)

decreases in hematocrit (*).  The C57BL/6 strain had a significantly higher hematocrit

than the FVB/N strain (P< 0.004) in all groups, but there was not differences between

the C57BL/6 mice and the p53+/- mice.  The FVB/N mice had significantly lower

hematocrits than the Tg.AC mice (†) in each group (P< 0.001).
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Figure 1.
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Figure 2.
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Figure 3 A.
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Figure 3 B.
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Figure 4 A.
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Figure 4 B.
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Figure 5 A.
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Figure 5 B.
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Figure 6.
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 Figure 7 A.
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Figure 7 B.
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Figure 8 A.
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Figure 8 B.
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Figure 9.
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STRAIN CONTROL 100 DAILY* 100 E.O.D.* 200 E.O.D.*

C57BL/6 52.13 +/- 3.5 43.66 +/- 5.9 46.03 +/- 3.0 48.16 +/- 4.0

p53 +/- 51.90 +/- 5.0 47.31 +/- 4.4 48.19 +/- 3.3 48.10 +/- 4.8

FVB/N   44.96 +/- 2.8 35.23 +/- 4.7 35.34 +/- 5.3 39.30 +/- 4.4

Tg.AC   47.59 +/- 2.6 38.33 +/- 3.6 38.93 +/- 5.0 41.95 +/- 4.9

Table 1.
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 Aim III

Assessment of v-Ha-ras expression in Spleen tissue of Tg.AC mice

For the third aim, the expression of the transgene in response to benzene

exposure induced hematotoxiciy in the spleens of Tg.AC mice was analyzed for

transgene expression and proliferation index.  Expression of the v-Ha-ras, transgene

has been detected in normal bone marrow of Tg.AC mice, and in tissues with

erythroleukemic infiltrates (59).  Transcription of the transgene mRNA was initiated

from the natural ζ-globin promoter start site, indicating that the ζ-globin promoter

directs v-Ha-ras expression in erythrocyte progenitor cells (59).  The hypothesis of

this aim was that through hematotoxicity resulting from exposure to benzene, the

transgene would be expressed in the hematopoietic tissue of the spleen, that could

ultimately lead to the formation of a leukemia.

Spleen tissue from Tg.AC mice was collected and frozen in liquid nitrogen at

the 15-week necropsy for all exposure groups and controls.  Reverse transcriptase-

polymerase chain reaction (RT-PCR) of total RNA extracted from frozen spleen tissue

as described by Trempus, et al. (59), failed to show expression of the transgene.

However, the RT-PCR product was produced using similar quantities of total RNA

from bone marrow and solid, non-hematopoietic tumor masses.  Transgene expression
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in Tg.AC mice is reported to be critical in skin tumorigenesis (57,62), and was

expressed in tumors from mice in this study.

Splenic recovery and hematopoietic expansion following damage to bone

marrow occurs in mice as a result of exposure to chemicals, including benzene

(1,45,48,49).  In contrast, some reports of benzene exposure indicate a decrease, or no

change in splenic hematopoietic tissue (49,63).  These conflicting data may represent

differences in strain responses as in Green, et al. (49), or differences in length of

exposure when analyzed.  Expression of the Tg.AC transgene was expected in spleen

erythropoietic tissue of Tg.AC mice, had the hematopoietic expansion occurred as in

previous reports.

Assessment of splenic extramedullary hematopoiesis proliferation

The c-kit receptor is present on primitive hematopoietic cells, and can

be used as a surface marker for these cells (45).  To analyze the splenic hematopoietic

population for proliferative index, a flow cytometric assay was used.  Ten animals in

each exposure group were injected with Bromodeoxyuridine (BrDU) 60 minutes prior

to euthanasia for labeling of bone marrow and splenic hematopoietic cells as described

in Farris, et al. (64).  Spleen cells were harvested and stained for surface antigen (c-

kit) and subsequently for BrDU incorporation following the manufacturer’s protocol

(Pharmingen, San Diego, CA).  Results of BrDU analysis are shown in figure 1.
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Benzene exposed groups are significantly different from controls (P < 0.02).  Because

of consecutive necropsy scheduling, degradation of cells prior to flow cytometric

analysis may have affected these results.  The c-kit/BrDU assay was not informative.

The variability of these data (high standard deviation) and the lack of useful

information from the c-kit/ BrDU double-positive cells are unfortunate.

Immunohistochemistry for BrDU incorporation also showed a significant decrease in

hematopoietic cell labeling as a result of benzene exposure with more reasonable

standard deviations, and these data are shown in Manuscript II.  Although the flow

analysis of BrDU is quite variable, the trend of lower BrDU incorporation aligns with

the immunohistochemistry results.  These results differ from those reported by Farris,

et al. (64) where reduced spleen weight was attributed to loss of lymphoid tissue only.

In that report, however, labeling index was analyzed in lymphocyte populations only,

and red pulp regions of the spleen were subjectively assessed by light microscopy of

hematoxylin and eosin stained sections.
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Figure 1.  Flow cytometric evaluation of BrDU incorporation in total spleen cells
collected at 15 weeks of exposure.  Benzene exposure groups are significantly
different from controls (P < 0.02).
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GENERAL DISCUSSION

In Manuscript I, the results of the micronucleus assay were similar to those

previously reported (65). However, one of the original hypothesis was that the p53+/-

mouse would have an increased frequency of micronucleus formation due to loss of

DNA damage checkpoint control to allow for survival of cells with damaged DNA.  In

contrast, these mice were not more sensitive to benzene as determined by

micronucleus formation.  The p53+/- mice had significantly fewer overall micronuclei

than the C57BL/6 controls; although, the biological significance of the difference is

questionable.  The lack of a difference may be due to the high exposures used in this

study.  High exposure to benzene for short-term is not as biologically effective as

long-term lower level exposures.  Similar to results by Cronkite, et al. (50), there was

a reduced effect of benzene at high concentrations for shorter exposures than the same

cumulative exposure at a lower concentration over a longer exposure time.  This

contrasts to the findings of Snyder, et al. (14), where discontinuous exposure to

benzene was more carcinogenic than continuous.

In rats, it has been observed that the frequency of chromosome aberrations

seen after 2 hours of exposure to benzene was significantly higher than that seen after

6 hours at the same exposure concentration (66).  In mice, increased levels of DNA-

protein cross-links were observed at 2 and 4 hours after benzene injection, but not

after 8 hours (27).  This evidence suggests that there are few susceptible cells at one
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given time (possibly in a certain phase of the cell cycle) that once damaged by

benzene are removed from the population, most likely by apoptosis and phagocytosis.

The recovery of the bone marrow and resurgence of cycling cells may be the

reason for the reported increase in toxicity with intermittent versus continuous

exposure to benzene (14).  Continued, long-term exposure may inhibit progenitor cells

from entering the cell cycle, thus protecting them from the clastogenic effects of

benzene metabolites.

The results of the hematologic endpoints examined in Manuscript II, as in

Manuscript I, indicate that there were few significant differences between the

genetically altered model and the representative parental strain.  The expected

contribution of the Tg.AC transgene to drive erythroid hematopoiesis was not

observed at the timepoints examined.  Possibly, the timepoints examined were too

early (up to 21 weeks of exposure) to identify contributions from the Tg.AC transgene

in exposed animals.

The cytopenia observed in our study was unlike most reports of benzene-

induced myelotoxicity.  A lymphocytopenia with or without anemia is often reported

following benzene exposure (1,14,48,50), with no decrease in granulocytes, or in some

reports, an increase in granulocytes (48).  Our results are similar to those reported by

Green, et al. (49), where granulocytes were reduced as well as lymphocytes at 5 weeks
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of exposure.  One interesting observation is that many animals with higher than

average neutrophil counts had concomitant neoplasms in tissues other than the

hematopoietic system.

The overall lack of significant contribution from the genetic alterations in the

p53+/- and Tg.AC mouse models to their response to benzene’s hematotoxic effects

was an unexpected finding.  Since benzene acts like both a genotoxic chemical and

non-genotoxic promoter, some knockout or transgene effects were expected in one or

both of these models.  The timepoints selected for the hematologic parameters

investigated may have been too early to identify differential responses between

transgenic and wild-type mice.  Possibly, the levels of exposures (100 or 200 ppm

benzene) were above the levels at which the sensitivity of the transgene would

influence the response in the mouse strains utilized. Although previously reported to

some extent, the marked differences between parental strain controls to the effects of

benzene for the parameters examined were also unexpected.  Additionally, the

differences in control animals between the parental strains were also markedly

different, and emphasize the need to include isotypic parental strains when

investigating potential effects of genetic manipulation.  Had both strains not been

included as non-manipulated controls, significant differences would have been

attributed to the transgene, when in fact they were simply strain-related differences.
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FUTURE INVESTIGATION

The two parental strains of mice utilized in this study (FVB/N and C57BL/6)

showed marked differences in the sensitivity to the hematotoxicity of benzene.

Investigations into the biological cause of these differences may be useful to

determine the mechanism by which benzene exerts its effect on the hematopoietic

system.  Differences in gene expression within the bone marrow are currently being

investigated by gene array technology.  Strain-specific alterations in colony

stimulating factors or other cytokines which regulate hematopoiesis may be identified

by comparing the results between control and benzene exposed animals.  Since

reactive oxygen species (ROS) are implicated in the toxicity of benzene metabolites,

investigations into the systems that quench ROS may lead to strain differences that

account for the differences in hematotoxicity between the strains investigated.  Levels

of glutathione, catalase and superoxide dismutase, may differ among FVB/N and

C57BL/6 mice. Additionally, differences in benzene metabolism pathways between

these two strains of mice may elucidate important metabolic aspects of benzene

toxicicity.  Investigations of the specific DNA and protein adducts formed in the bone

marrow of benzene exposed mice may also lead to the cause for the strain-associated

differences in hematopoietic toxicity.

The exposures used in this study (100 or 200 ppm benzene) were intentionally

high to establish hematotoxicity within the Tg.AC and p53 +/- mice, and to study the
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tumor response in these animal models.  A dose response study may be useful to

further explore differences in benzene toxicity between these mouse models and

possibly to enhance more subtle differences of their response to lower concentrations

of benzene. Development of a flow cytometric assay to investigate the presence or

absence of kinetochores in MN would be useful to further investigate the types of

DNA damage resulting from exposure to inhaled benzene in these animals.

Assessment of genotoxic endpoints more relevant to hematopoietic cancers would

allow further understanding of the changes occuring in the bone marrow stem cells

that may lead to a leukemia.  Finding specific translocations or alterations in specific

chromosomes, as occurs in human leukemia and radiation-induced murine leukemia,

respectively would give helpful insights to the mechanism by which benzene induces

hematopoietic damage.
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Abstract

Cytochrome P450 2E1 (CYP2E1 ) is believed to have a significant role in the

bioactivation of 1,3-butadiene (BD) to DNA reactive epoxide metabolites that induce

somatic and germ cell genotoxicity in mice.  To assess the potential role of in situ

bioactivation of BD by mouse testes for inducing germ  cell genotoxicity, we have

demonstrated the presence of CYP2E1 in testes by reverse transcriptase-polymerase

chain reaction (RT-PCR), immunoprecipitation-western blotting methods and

immunohistochemistry of tissue sections. Detection of CYP2E1 in the testes was

limited to interstitial cells.   In liver a known site of BD bioactivation and a positive

control tissue used for these studies, we have shown a discrete, zonal staining pattern

of liver CYP2E1 expression detected by immunohistochemical staining. These results

suggest that in situ bioactivation of BD in testes by CYP2E1  may contribute to BD-

induced germ cell genotoxicity.

Key words: Cytochrome P450 2E1, Testes, Liver, B6C3F1 mouse,

Immunohistochemistry
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Introduction

The enzymatic activity of cytochrome P450 2E1 (CYP2E1) is responsible for the

metabolism and bioactivation of many xenobiotics and chemical carcinogens (1,7). 1,3

butadiene (BD) is a carcinogen for which CYP2E1 is believed to have a significant

role in the bioactivation of BD to DNA reactive epoxide metabolites (3,4,5).  The

bioactivation of BD to epoxybutene and diepoxybutane occurs in mouse, rat and

human liver microsomes (3,4).  Studies using cDNA expressed CYP450 isozymes

have shown that human CYP2E1 can metabolize epoxybutene to dipepoxybutane and

at low exposure concentrations CYP2E1 is hypothesized to be the primary CYP450

invloved in the bioactivation of epoxybutene to dipepoxybutane (3,4,5).

The formation of The DNA reactive metabolites derived from BD form DNA

adducts in rodent tissues following inhalation exposure to BD and are direct acting

mutagens in vitro (5).  BD inhalation exposure of mice is mutagenic in somatic tissues

and in the germ cells of mice (6).  Following inhalation of 500 ppm BD, a higher level

of epoxybutane-derived DNA adducts occurred in testes relative to the level observed

in the lungs of the same animals (7).  The increased levels of DNA adducts in the

testes compared to lung from the inhalation exposure of BD may be due to inefficient

repair of the DNA adducts quantified in testes or in situ bioactivation in testes to form

genotoxic metabolites.

The tissue distribution of CYP2E1 has been primarily detected by asssessing
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enzymatic activities or specific mRNAs in tissue homogenate preparations (2,8).

CYP2E1  activity in mice has been detected at varying levels in homogenates prepared

from liver, lung, nasal mucosa, brain, renal tissue, and small intestine (2,8).  Although

BD induces significant bone marrow toxicity following inhalation exposure in

B6C3F1 mice, examination by Western blot and immunohistochemistry failed to

demonstrate the presence of CYP2E1 in the bone marrow of B6C3F1  mice (9).  These

data indicate that the bone marrow toxicity observed from exposure to BD may be due

to liver (or lung) bioactivation and transport to the bone marrow or bioactivation in the

bone marrow through other enzymatic pathways.

Although a number of studies have examined the somatic cell genotoxic and

carcinogenic effects of BD in rodents, recent studies have focused on the germ cell

effects of BD including the estimation of genetic risk to male germ cells from BD

exposure (6).  We are investigating the potential role of CYP2E1 in mediating the

somatic and germ cell genotoxic effects of BD in mice. The induction of germ cell

genotoxicity and the observation of an increased level of DNA adduct levels in the

testes of mice compared to lung following BD inhalation exposure (6,7) prompted us

to investigate the presence and distribution of CYP2E1 in the testes of B6C3F1 mice.

The liver of mice, a known site of BD bioactivation was used as a positive control

tissue for these studies.
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Materials and Methods

Animals: Six male, 10–12 week-old, B6C3F1 mice were purchased from Charles

River Laboratories (Raleigh, NC). The mice were housed in standard plastic caging

with free access to food (NIH-007 rodent chow, Ziegler Bros., Gardners, PA) and

water. Animals were acclimated for 12 days at a temperature of 68 ± 2°F and

50% ± 10% humidity.

Reagents:  Antibody for immunohistochemical and Western blot detection of

CYP2E1 (goat anti-rat IgG) and microsome standard CYP2E1 was purchased from

Gentest Corp. (Woburn, MA). Goat anti-rabbit CYP2E1 IgG for immunoprecipitation

was purchased from Oxford Biomedical Research, Inc. (Oxford, MI). All other

reagents were of the highest purity commercially available unless otherwise specified.

Tissues:  Mice were killed by carbon dioxide narcosis and exsanguination by

cardiopuncture. Portions of liver and one testes from each mouse were fixed in 10%

neutral buffered formalin for 24 hours, and switched to 70% ethanol until processed

by routine methods for paraffin embedding. Remaining liver and testes from each

mouse were flash frozen in liquid nitrogen and stored at approximately -70°C.

Immunohistochemistry: Sections of liver and testes (embedded together) from 3

mice were deparaffinized in xylene, rehydrated in graded ethanol solutions, and
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incubated in a solution of 3.0% hydrogen peroxide in phosphate buffered saline (PBS)

for 10 minutes. Antigen retrieval was performed by microwaving sections in 10 mM

sodium citrate buffer, pH 6.0, 3 times for 2 minutes. Sections were blocked with

normal serum for 60 minutes. Goat anti-rat CYP2E1 (Gentest)  was applied to the

sections at a 1:400 dilution and incubated for 2 hours at room temperature in a

humidified chamber. Antibody detection was performed using biotinylated secondary

IgG and Vector ABC reagent according to the manufacturer’s instructions (Vector

Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin, blued

with automation buffer, sealed with Crystal/Mount® (Biomeda Corp., Foster City,

CA), and examined by light microscopy.

Immunoprecipitation/Western Blot analysis (IP-Western):  Proteins were extracted

from frozen liver and testes tissue from 3 mice by homogenization in RIPA lysis

buffer (PharMingen, San Diego, CA). Protein concentration was quantitated by BCA

microtiter protein assay according to the manufacturer’s instructions (Pierce,

Rockford, IL). Approximately 2 mg of protein from liver or testes was incubated

overnight at 4°C with 3 µl of goat anti-rabbit CYP2E1 IgG (Oxford), precipitated with

protein-A beads (Pierce), and separated on a 12% SDS-polyacrylamide gel. Ten µl of

rat-CYP2E1 standard (1 mg/ml, Gentest) was run along with samples. Proteins were

transferred to nitrocellulose using a TE70 Semiphor Transphor unit (Amersham

Pharmacia Biotech, San Francisco, CA) at 70 mA for 1 hour. The nitrocellulose was
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blocked using 5.0% non-fat dry milk in PBS with 0.1% Tween 20. CYP2E1 was

detected with goat anti-rat CYP2E1  (Gentest) at a 1:1000 dilution overnight at 4°C,

followed by horseradish peroxidase linked anti-goat antibody (Vector Laboratories,

Burlingame, CA) at 1:10,000 for 1 hour. Chemiluminescent detection of signal (NEN

Life Science Products, Boston, MA) was captured on Bio Max  film (Kodak,

Rochester, NY).

RT-PCR and DNA sequencing primers: RT-PCR, and DNA sequencing primers

were synthesized using an ABI DNA synthesizer. Three sets of primers were

constructed. Set number one (2E1-1: 2E1-2) has a sense primer beginning at base 371

of the CYP2E1 gene with the sequence 5_-AAGGACGTGCGGAGGTTTTCC-3_ and

an antisense primer beginning at base 835 with the sequence 5_-

TACATGGGTTCTTGGCTGTGT-3_. This set was used for RT-PCR of liver and

testes and for the sequenced PCR product. Set number two (2E1-3: 2E1-4) has a sense

primer beginning at base 491 and has a sequence 5_-

GGCCAGCCTTTTGACCCTACC-3_, and an antisense primer beginning at base 992

and has a sequence

5_-GCTTGGCCCAATAACCCTGTC-3_. Set number three (2E1-5: 2E1-6) has a

sense primer beginning at base 789 with a sequence 5_-

CCCGGGATGTGACTGACTGTC-3_, and an antisense primer beginning at base

1280 with a sequence 5_-TGCAGAAAACGCCTTGAAATA-3_. All three primer sets
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were used for RT-PCR amplification of liver and testes RNA from 3 mice.

Additionally, RT-PCR amplification of RNA from liver and testes with primers 2E1-1

and 2E1-6,which spans the region of the 2E1 gene from base 371-1280, was carried

out.

Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR): Total RNA was

extracted from frozen liver and testes tissue from 3 mice by Nucleobond® RNA/DNA

mini kit according to manufacturer (Clontech Laboratories, Inc., Palo Alto, CA).

Approximately 2.0 µg of RNA (equal amounts from liver or testes) was reverse

transcribed with 200 U Moloney Murine Leukemia Virus (Gibco BRL, Gaithersburg,

MD), 40 U RNAsin (Promega, Madison, WI), 200 µM of each dNTP (Pharmacia,

Piscataway, NJ). RT buffer (10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2)

and 50 pmol 2E1 3' primer (2, 4, or 6 respectively). The RT reaction was incubated in

a Perkin Elmer 9600 (Perkin Elmer, Foster City, CA) for 30 minutes at 37°C, 99°C for

5 min., then at 4°C until the PCR was started. For the subsequent PCR amplification,

80 µl PCR mixture (200 µM of each dNTP (Pharmacia, Piscataway, NJ), PCR buffer

(as above), 5U Taq (Perkin Elmer, Foster City, CA) and 50 pmol of each 5' and 3'

primer (1-2, 3-4, 5-6, or 1-6) were added to the RT tubes. The PCR cycle program, in

a Perkin Elmer 9600, was 94°C for 2 min., followed by a two-step cycle: 1 min

denaturation at 94°C and 2 min annealing at 68°C for 25 cycles, then a final cycle of 2

min at 72°C for extension. PCR products were purified using Wizard® PCR prep kit
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(Promega, Madison, WI).

DNA sequence analysis. Six µl of each purified PCR product (from primer pair 1-2,

described above) was used in a DNA cycle sequencing reaction using taq

DyeDeoxy™FS Terminator cycle sequencing kit (Perkin Elmer). For DNA sequence

analysis of the PCR amplified CYP2E1 cDNA, the 2E1-1: 2E1-2 primers were used

for both PCR amplification and DNA sequence analysis. Sequencing reactions were

analyzed on a 6% denaturing gel using an Applied Biosystems 373A DNA sequencer

(Applied Biosystems, Inc., Foster City, CA).
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Results

RT-PCR: To assess the presence of CYP2E1  mRNA, RT-PCR was performed

using RNA isolated from liver and testes. RT-PCR of liver and testes RNA yielded an

amplified portion of the CYP2E1 gene for all three primer groups described (data not

shown). The quantity of PCR product from liver was always greater than that

observed from the testes when visualized in ethidium bromide stained agarose gels. A

1.5% agarose gel demonstrates the PCR product from liver (lanes 2, 3, and 4) and

from testes (lanes 5, 6, and 7) from 3 individual mice using primers  2E1-1 and 2E1-6

(Figure 1).  The DNA sequence of the RT-PCR product from the mouse liver RNA

using primers 2E1-1 and 2E1-2  was identical to  the published sequence of the mouse

CYP2E1 gene (data not shown).

Immunoprecipitation Western blotting: To detect the presence of CYP2E1 protein

in the testes and liver, IP-Western blot of protein lysates was done. The blot

demonstrates a band consistent with, and migrating with, the commercially available

standard for human CYP2E1  for both mouse liver and testes tissue lysates. The

immunolabeled band is of greater intensity in the liver compared to the testes (Figure

2).

Immunohistochemistry: To identify the cell distribution of CYP2E1 expression

within the liver and testes, formalin fixed tissue sections were stained with anti-
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CYP2E1  immunoglobulin. Sections of liver had a discrete, centrilobular to midzonal

pattern with intense hepatocellular cytoplasmic staining (Figure 3). No portal areas

stained positively for the presence of CYP2E1 protein. In the testes cytoplasmic

staining was limited to the interstitial (Leydig) cells (Figure 4).
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Discussion

We have shown the presence of CYP2E1 in the testes and liver by RT-PCR and

immunochemical detection.  The difference in levels of CYP2E1  expression between

testes and liver is likely due to the observation that only the interstitial cells in the

testes are positive for CYP2E1 protein, compared to the intense staining of a large

proportion of the liver. The tissue-dilution factor in the testes results in lower relative

amounts of mRNA and protein quantity from in the testes as compared to the liver as a

result of homogenization methods used for extraction of RNA and protein.

The discrete, zonal distribution of CYP2E1 in the liver has not previously been

described. The centrilobular distribution of CYP2E1 expression in the liver follows

the pattern of hepatocellular hypertrophy following microsomal enzyme induction

(10). The expression of CYP2E1 in the testes may partially explain the increased DNA

adduct levels in the testes relative to the lung through in situ bioactivation in the testes.

These data also suggest that testes exposure to DNA reactive metabolites from BD

inhalation resulting in male germ cell genotoxicity may be systemic as well as from

the in situ bioactivation in testes (2,3).  Recently, constitutive CYP2E1 protein in

Sprague-Dawley rat testes, and inducible CYP2E1 mRNA in testes and prostate

following administration of pyridine was determined (4).   These results indicate that

in rodents,  testes may contribute to the in situ bioactivation of certain germ cell

mutagens that are bioactivated by CYP2E1.
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These data provide evidence for the constitutive expression of CYP2E1 in the

interstitial cells of B6C3F1 mouse testes, and demonstrate discrete localization of

expression to centrilobular to midzonal hepatocytes in the liver. To our knowledge,

this is the first report of CYP2E1 expression in the testes of B6C3F1 mice.  These data

suggest that in situ bioactivation of BD in testes by CYP2E1  may contribute to BD

germ cell genotoxicity.
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Figures

Figure 1.

1.5% Agarose gel electrophoresis. Lanes 1 and 10: 100 base pair standards; Lanes 2-4:

Liver RNA (2.0 µg) RT-PCR product from CYP2E1 primer pair 1&6; Lanes 5-7:

Testes RNA (2.0 µg) RT-PCR product from CYP2E1 primer pair 1&6. Lane 8: RT-

PCR control, primer pair 1&6, no RNA; Lane 9: RT-PCR control, liver RNA (as in

lane 2), no primers. Each lane represents RNA from different mice.

Figure 2.

Immunoprecipitation Western Blot. 12 % SDS-PAGE transferred to nitrocellulose.

Lane 1: 10 µl 2E1 standard; Lanes 2-4: Liver CYP2E1-IP, 2 mg protein lysate; Lanes

5-7: Testes CYP2E1-IP, 2 mg protein lysate. Each lane represents protein from

different mice.

Figure 3.

Immunohistochemistry. Liver, CYP2E1 antibody at 1:400. Centrilobular to midzonal

hepatocytes are intensely stained. Portal areas are negative for immunoreactivity to

CYP2E1. Magnification = 25X before enlargement.

Figure 4.

Immunohistochemistry. Testes, CYP2E1 antibody at 1:400. Interstitial cells are
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intensely stained. Spermatic tubules are negative for immunoreactivity to CYP2E1.

Magnification = 25X before enlargement.
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