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Cytogenetic effects of inhaled benzene in murine bone marrow:
Induction of sister chromatid exchanges, chromosomal aberrations,
and cellular proliferation inhibition inDBA/2 mice
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ABSTRACT Exposure of adult male and female DBA/2
mice to 3100 ppm benzene for 4 hr significantly increased the
frequency of sister chromatid exchanges in bone marrow cells
of both sexes, inhibited marrow cellular proliferation (but only
in male mice), and did not significantly increase the frequency
of chromosomal aberrations in either sex. Phenobarbital pre-
treatment synergistically interacted with benzene exposureto
further increase sister chromatid exchanges in female mice,
induce greater inhibition of cellular proliferation in male mice,
and induce a significant level of chromatid-type chromosomal
aberrationsin both sexes. During the second day after exposure
to benzene there was increased inhibition of cellular prolifer-
ation in male mice and both new DNA damage and persistence
of old DNA damage in female mice. The differences in both the
type and magnitude of the response of bone marrow cellular
pulations, as determined by different cytogenetic end points
in male and female DBA /2 mice exposed to benzene or to
phenobarbital and benzene, suggest not only that a metabolite
of benzene is responsible for the observed effects, but that dif-
ferent metabolites may be involved in different end points.

The extensive use of benzene in industry and local commerce
has resulted in both a large degree of human exposure and a
considerable potential for environmental contamination (1).
Acute exposure to benzene produces a dose-dependent de-
pression of the central nervous system, whereas chronic expo-
sure can lead to pancytopenia or aplastic anemia and, in some
cases, leukemia (1-4).Both cellular toxicity and carcinogenic
potential have been suggested to be causally related to an
agent’s clastogenic activity (5-7). Therefore, these chronic ef-
fects may be due to the observed ability of benzene to cause
chromosomal aberrations in bone marrow cells of occupation-
ally exposed workers and experimentally exposed animals (1 -4).
Recently, cytogenetic techniques have been developed that
permit the simultaneous assessment of both sister chromatid
exchanges (SCE)and cellular proliferation kinetics in vitro or
in vivo (8, 9). SCE induction has been suggested to correlate
with an agent’s mutagenic/carcinogenic potential (10-12), and
perturbations in cellular proliferation kinetics should correlate
with cytotoxic effects. Therefore, we examined the ability of
benzene to induce SCE or chromosomal aberrations (or both)
and to affect cellular proliferation kinetics in murine bone
marrow.

Recent evidence suggeststhat a liver-mediated metabolite(s)
of benzene, rather than benzene itself, may be primarily re-
sponsible for benzene’s interference with erythrocyte and
leukocyte production in the bone marrow (13, 14). Phenobar-
bital, a well-known inducer of liver metabolism (15), has been
used to assess the effect of increasing hepatic xenobiotic me-
tabolism on the health effects of benzene (1-4). The results of
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these studies have been largely contradictory: phenobarbita
has been shown to ameliorate benzene’s effects in some case
and to increase it in others (1-4). To further examine this pos
sible relationship between increased hepatic metabolism anc
the health effects of benzene, we incorporated phenobarbita
pretreatment into our experimental design.

This approach, based on the simultaneous assessment of thre:
separate cytogeneticend points, should allow insight into th,
nature of the benzene-induced cellular events leading to bon.
marrow depression and leukemia. The use of inhalation expo
sure provides a system directly comparable to normal huma;
experience with benzene.

MATERIALS AND METHODS

Eight- to ten-month-old male (30-35 g) and female (25-30 ¢
DBA/2 mice, obtained as weanlings from Jackson Laborator:
were used throughout the experiments. Virgin animals wer.
kept at a population density no greater than one animal per &
em? on corn cob bedding (BedO’Cobs, . R. Nielsen and Sons
S. Windsor, CT), which was changed weekly. Food (Purin.
Rodent Laboratory Chow 5001) and water were provided a«
libitum. Animals were maintained on a 12-hr light:dark cycl.
(7 to 7) at 25°C,; relative humidity was held at 50%, with 20 ai
exchanges per hr. Some animals were pretreated with sodiun
phenobarbital (30 mg/kg) or with control saline injected in
traperitoneally twice daily for 3 days prior to benzene exposure
Randomized groups of mice were exposed in five separate run
to benzene vapor (mean value = 3130 £ 170 ppm) for 4 h
(12,500 + 680 ppm-hr), beginning at 0900 hr. Exposures wer
conducted in an isolation chamber that has been describe:
elsewhere (16). Control animals were similarly treated, bu
without exposure to benzene. Benzene vapor was generated b
bubbling filtered compressed air through tiquid benzene ai
diluting the vapor effluent appropriately. Beazene conc
tration was measured at half-hour intervals by a gas chroun.:
tograph (Packard, model 417, equipped with a column of 10
silicone SE-30 on chromasorb W-HP), with an automati
sampling valve.

One hour after exposure to benzene, exposed and contre
mice were infused with bromodeoxyuridine (BrdUrd. 5
mg/kg per hr) for various time intervals (generally, 24 hr) a
described (17). Two hours prior to the termination of th
infusion, Colcemid (GIBCO)was injected intravenously at
concentration of 1 ug/10 g body weight. Animals were kille
by cervical dislocation, femurs were removed, and the marros
was flushed out with phosphate-buffered saline (pH 7.2). Th
resulting material was treated with hypotonic KCl and fixativ
flame-dried slides were prepared and stained with the Hoech:
33258 (American Hoechst)/black light/Giemsa (Harlec:

Abbreviation: SCE, sister chromatid exchanges.
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technique as described (17).For determination of chromosomal
aberration frequencies, 50 metaphase cells (firstgeneration after
benzene exposure only) were examined per animal on ran-
d  =ed slideshy previously described criteria (17). Five ani-
n.. were examined for each treatment. Where necessary,
BrdUrd infusions of short duration (100r 18hr) were run to
obtain comparable proportions of first-generation to subse-
guent-generation metaphase cells in bone marrow preparations
indl animals. For SCE studies, 25 second-generationmetaphase
cells were examined in each animal to determine the mean
number of SCE per cell. In addition, in some animals 25
third-generation metaphase cells were examined for the
number of SCE that had been induced in the first two repli-
cation cycles or in the third replication cycle. In these meta-
phase cells, SCE induced during the first two replication cycles
appear as nonsymmetrical disruptions in the longitudinal
staining pattern of chromosomes, whereas SCE induced in the
third replication cycle appear as symmetricalexchanges in the
longitudinal staining pattern (18). Statistically significant dif-
ferences between groups of animals were determined by Stu-
dent's ¢ test at the P < 0.01 level of significance. Cellular pro-
liferation Kinetics were assessed in each animal by determining,
in 100 metaphase cells, the proportion of cells that had repli-
cated for one (I),two (I1), or three (III) cycles in the presence
of BrdUrd (19).Statistically significant differences between
groups of animals were determined by x? analysiswith P <
0.01 level for significance.

RESULTS

Inhalation of benzene by DBA/2 mice induced a significant
increase (P < 0.01)in the level of SCE in bone marrow cells
compared to unexposed controls(Table 1). The magnitude of
' -esponse was not significantly different between malesand
v ales (89%and 8296, respectively). This increase in SCE
frequency occurred at a level of benzene exposure that did not
significantly increase the frequency of chromosomal aberrations
(Table 1), suggesting that, as for many other DNA-damaging
agents (10-12), SCE induction may be a more sensitive indi-
cator of agent activity than aberration yields. Phenobarbital
pretreatment in itself had no effect on SCE or chromosomal
aberration frequency. However, phenobarbital pretreatment
did synergistically interact with benzene exposure to further
increase the frequency of SCE and to elicit a significant level
of Chromatid-typeaberrationsin bone marrow cellsof exposed
animals (Table 1).Thisinteraction between phenobarbital and
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benzene exhibited obvious sex differenceswith regard to both
the type of the increased response and the magnitude of that
response. Pretreatment with phenobarbital caused a further
increase in SCE frequency in female but not in male mice ex-
posed to benzene, and whereas chromosomal aberration yields
were dramatically increased in both sexes, male mice had al-
most twice as many damaged cells as did females similarly
treated with both agents.

Although the magnitude of the increase in SCE due to ben-
zene exposure alone exhibited no sex dependency, inhalation
of benzene significantly retarded proliferation of bone marrow
cells in male but not in female DBA/2 mice (Fig. 1). This re-
duced replicative ability in male mice exposed to benzene is
demonstrable by a significant shift in the proportions of first
(1)-, second (1), and third (111)-generation metaphase cells
observed in control animals toward a greater number of first-
generation metaphase cells and fewer second- and third-gen-
eration metaphase cells. Furthermore, phenobarbital, which
enhanced benzene's clastogenic activity in a sex-dependent
fashion, also dramatically increased the inhibitory effect of
benzene on cellular proliferation in a similar manner. Pheno-
barbital, by itself, caused a slight alteration in the rate of cellular
proliferation in both male and female mice (Fig. 1).However,
after benzene inhalation, phenobarbital-pretreated male mice
exhibited almost a complete retardation of proliferative ca-
pacity. No cell had divided more than once in the 25 hr after
benzene exposure, compared with a normal proliferative time
for bone marrow cells under these conditions of approximately
10 hr per cell division (20). In female mice, the combination of
benzene with phenobarbital pretreatment had no effecton the
proliferative capacity of bone marrow cells.

Another set of experiments, designed to examine the in-
duction of SCE at later times after exposure (i.e., 20~30 hr and
40-50 hr), again underscoresthe sex-dependent effect of ben-
zene on bone marrow proliferative capacity (Fig 2). With a
30-hr BrdUrd infusion, mice were infused either immediately
after exposure to benzene or after approximately a Iday delay.
At both times, benzene-exposed male mice exhibited a signif-
icant inhibition of cellular proliferation when compared to
control male or female mice or to exposed female mice (Fig.
2). However, the inhibition was much greater after the I-day
delay than that observed for the same period immediately after
inhalation of benzene. In the first 30 hr after benzene irtalation,
78%af the metaphase cells had divided at least twice, wheress
inan identical 30-hr period but after a 1-day delay only 1%wof

Table 1. Effect of inhaled benzene on SCE frequency and chromosomal aberration yields in bone marrow cells of DBA/2 mice with and
without phenobarbital pretreatment

Exposure SCE Chromatid aberrations'
group Sex frequency n* Achromatic lesions Deletions Iso deletions Abnormal cells. %

Control M 46+ 0.2 6 0.068 + 0.012 0.024+ 0.012 0.004 + 0.004 88+ 12
F 45+ 0.3 6 0.092 + 0.020 0.020+« 0.012 0.004 + 0.004 108+ 22
Benzene M 8.7 £ 0.48 io 0.092+ 0.016 0.046 + 0.004 0.002 £ 0.002 128+ 20
F 8.2+ 0.7 11 0.100+ 0.017 0.044 @ 0.008 0.000 + 0.000 12.0+ L3
Phenobarbital* M 41102 T 0.088 x 0.018 0.028 + 0.014 0.002 + 0.002 108+ 20
F 42+0.2 6 0.080 £ 0.014 0.020 + 0.006 0.002 + 0.002 96+ 1.2
Phenobarbital? M 83+0.4 6 0.296 + 0.038' 0.192 + 0.020% 0.014  0.004% 424 + 3.6
+ benzene F 127 + 1.0% 7 0.216 £ 0.0236 0.096 + 0.0124 0.012 + 0.004% 256+ 1.74

g

san frequency per cell per animal + SEM between animals is shown.
* umber of animals examined for SCE data.
t Dab were derived fran 5 animals in each group. 50 cellsin each animal.
t Animals were injectad with sodium phenobarbital (50 mg/kg) twice daily for 3 days prior to benzene exposure.
1 Statistieally significantincrease above appropriate control valuesat the 1% level.
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Fic. 1. Effectof inhaled benzene on cellular oroliferation kinetics of bone marrow cells of DBA/2 mice. ith and without phenobarbital
(Pheno) pretreatment. The histograms present the replicative profile—that is, the relative proportions of metaphase cells that had divided
for one (D), two {ID), or three (I111) generations during the BrdUrd infusion period. Range bars indicate SEM between animals. The number of

animalsin each treatment ranged from 5 to 12.

the metaphase cells had proliferated to this extent. These results
support the observations of Lee et al. (21), which, besed on the
level of iron-59 incorporation into developing erythrocytes as
a measure of benzene-induced bone marrow depression, also
indicated increased depressioncof bone marrow activity during
the second day after benzene exposure.

In an attempt to assess both the persistence and time-de-
pendent formation of the benzene-induced lesions capable of
eliciting an SCE response, we examined both the number and
origin of SCE in metaphase cells that had replicated three times
during a 30-hr infusionof BrdUrd in female mice killed 31 and
51 hr after benzene inhalation. Only female mice were used
because their bone marrow proliferative activity remained
normal after the exposure to benzene. Using these infusion
durations and time periods we were able to compare the
number of SCE induced during the first two BrdUrd replication
cycles (= 1-21 and = 21-11 hr) with those induced during the
third BrdUrd replication cycles (= 21-31 and = 41-51 hr) in
bone marrow cells after benzene exposure. During each suc-
cessive cell generation there exist two possible mechanisms for
an increase in SCE above control levels: from new DNA lesions
induced during that cell cycle or from DNA lesions induced
during previous generationsthat had persisted as a consequence
of a lack of repair. Determination of which mechanism is in-
volved is based ona comparison of the number of SCE formed
during the first two generations of BrdUrd infusion with those
formed during the third generation (18, 22, 23). If all of the
DNA lesions are induced prior to the first DNA synthetic period
and no repair of this DNA damage takes place during subse-
quent replicative cycles, than the ratio of SCE formed during
the first two cycles of BrdUrd incorporation to those SCE
formed during the third cycle of BrdUrd incorporation will be

6:1, discounting background SCE. This ratio is based on the
restriction of DNA damage to old DNA strands(i.e., strandsfree
of BrdUrd substitution) and a subsequent dilution of these
strands to daughter cells in a random fashion. If repair o these
lesionsdoes take place after their induction of SCE in the first
BrdUrd incorporation cycle, preventing subsequent formation
of SCE, then this ratio will become greater.than 6:1; the mag-
nitude of the increase depends directly on the efficiency of the
DNA repair system(s) involved. Conversely, if new lesigns are
induced after the first BrdUrd incorporation cycle, them the
ratio of first-generation plus second-generation SCE to third-
generation SCE becomes less than 6:1. A combination of both
new DNA lesions and persistence of old DNA lesions will also
keep this ratio below 61. Our results (Table Z} suggest that both
new lesions and persistence of old lesions occurred during the
five generations of bone marrow cells examined in female mice
after benzene exposure. SCE levels are still elevated above
control values and, after background valuesare discounted, the
ratios of first-generation plus second-generation SCE to third-
generation SCE at both 31 and 51 hr after benzene exposure
(2.0:1 and 1.4:1, respectively) are significantly lower than
theoretical ratios derived for SCE occurring either as a result
of persistent or of new lesions alone.

DISCUSSION

Although benzene is clearly both clastogenic and cytotoxic in
thisin vivo system, the relationship between the induced DNA
damage and cellular inhibition remains unclear. First, both
male and female DBA /2 mice exhibited increased numbers of
SCE after exposure to benzene. Considering the suspected
etiology of SCE induction, that of a replicative bypass mecha-
nism permitting the progression of DNA synthesis in the pres-
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F1c. 2. Cellular proliferation kinetics in DBA/2 mice infused with BrdUrd either directly after benzene inhalation or after a 1-day delay.
T* . histograms present the replicativeprofile—that is, the relative proportions of metaphase cellsthat had divided for one (1), two (11), or three
zenerations during the BrdUrd infusion period. Range bars indicate SEM between animals. The number of animals in each treatment

wasfive Of SiX.

ence of certain typesand locatians of lesions (24, 25), this in-
crease presumably reflects the presence of an agent capable of
damaging DNA to an equal extent in koth sexes However. only
male mice exhibited irhibitian of cellular proliferation and this
inhibitionoccurred in the absence of a significant increase in
chromosomalaberrations. Second, phenobarbital pretreatment
clearly enhanced the induction of SCE, the induction of chro-
mosomal aberrations, ad theinhibition of cellular proliferation,

Table 2. Frequencies of symmetrical and asymmetrical SCE in
third-generation metaphase cells of female DBA/2 mice examined
31and 51 hr after benzene exposure

Time after
benzene SCE?
exposure. Exposure No.of  Asym- Symmet- Ratio
he* -group  animals metrical rical A/St
31 Exposed 6 91+£03 34%02 201
Control 5 43+£03 10+£02
51 Exposed 4 66402 28401 141
Caontrol 5 45403 13402

® All animah were infused With BrdUrd for 30 hr prior to sacrifice.
t Mean value for SCE per cell per animal £ SEM between animals,
Twenty-five third-generati cells vere scored in each
animal for the number of SCE induced in the first two generations
3rdUrd exposure (asymmetrical-appearingexchanges) and for
number of SCE induced in the third generation of BrdUrd ex-
posure (symmetrical-appearing exchanges).
¢ Meen ratio of asymmetrical SCE to symmetrical SCE after sub-
Sraction of background.
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suggesting that a metabolite(s), rather than benzene itself, was
primarily responsible for these cytogenetic effects. However,
because the various known metabolites of benzene were not
actually measured in these experiments, it is not possible to
definitely conclude whether phenobarbitol pretreatment al-
tered the peak levels of certain metabolites by increasing the
rate of benzene metabolism, altered the metabolic profile by
inducing new pathways for benzene metabolism, or, in fact,
interacted with benzene in a manner completely independent
of phenobarbitol's known ability to enhance hepatic metabo-
lism. The sex-related differences in both the type and magni-
tude of the observed responses suggest that phenobarbital is
acting to alter benzene's metabolism and that different me-
tabolites may have been responsible for the increasesin these
different cytogenetic endpoints. Although sex differencesin
the response of animals to benzene have also been reported for
rats (26), there ismo real evidence to suggest that femalehumans
(react)differently from male humans when exposed to benzene
1-4).

We cannot conclude whether the proliferative inhibition
observed in male mice expased to benzene is due to an elon-
gation of thecell eyele or to a reduced ability forcells to enter
new generations The restriction of chromesomal aberrations
to chromatid type, as observed in thisstudy and in an earlier
study (27), is consistent with the type of damage induced by
inhibitors of DNA synthesis (28). Because these agents also re-
tard cell proliferation, our results may indicate a similar kind
of interaction during the 2 days after benzene exposure in male
mice. Yet female mice alS0 exhibited an incresse in this type
of chramosaral aberration, but with no apparent decline in
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bone marrow proliferativecapacity. The loerease i inhibition
observed in male mice after a | day delay between benzene
exposureand BrdUrd infusion may indicate either an increase
in thelevel oF a metabolite(s) of benzene capable oF inhibiting
cellular proliferation aa delayed response to an earlier dam-
aging event(s). Previous studies based on the use of tritium-
labeled benzene have concluded that metabolism and DNA
binding in mice s essentially complete: within 10-hr after
benzene exposure (29). This observation suggests t h t the in-
creased inhibition may result from a delayed response.

ThiS study suggests that the relationship between exposure
to benzeneand ik various hematologica! effectsmay be much
more complex then was previously envisioned. It isalso clear
that the examination of only one cytogenetic end point in a
single sex may lead to a rather naive interpretationof the data.
Furthermore, the results presented here suggest that there is
NO & priori reason to assume some Syt of common molecular
mechanism among the induction of SCE, chromosomal aber-
rations, or cell cycle inhibition. The fact that male and female
DBA/2 mice differed so greatly in both the magnitude and type
df bone marrow response to benzene exposure or phenobarbital
pretreatment (or both) suggests that TiSin cico system may be
extremely valuable in elucidatingwhich metabolic pathways
are responsible for which effects Perhaps most important from
the standpoint of the known leukemogenic properties of ben-
zene is the observation that some of the DNA lesiasinduced
by benzene exposure may persist through subsequentgenera-
tions. Persistence of damage has been shown to correlate with
carcinogenic induction in other systems (30, 31). The signifi-
cance of this finding depends on a greater understanding of
what types of lesions give rie to SCE and the relationship of
these lesions to carcinogenesis.
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