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Abstract : This study was performed to evaluate using wild-type (WT) and C×32 knockout (KO) mice

if lack of cell to cell communication by connexin 32 gap junction enhances the benzene-induced

hematotoxicity and hemopoietic tumor development. The WT and C×32 KO mice were exposed to 300

ppm of benzene for 6 hours/day, 5 days/week for a total of 26 weeks by inhalation, and then sacrificed

to evaluate the toxicities of hemopoietic organs or allowed to live out their life span to evaluate the

hemopoietic tumor incidence. The significant increase and decrease of organ weight were respectively noted

in spleen and thymus of both WT and C×32 KO mice without significant difference between the genotypes.

Histopathologically, benzene exposure for 26 weeks induced the morphological changes in hemopoietic

organs, characterized by fat cell accumulation in the bone marrow and extramedullary hemopoiesis in the

spleen. The fat cell accumulation was, compared with that of WT mice, considerably exacerbated in the

C×32 KO mice. However, no significant difference was observed in the changes of hematological values

and bone marrow cellularity as well as in the onset and incidence of hemopoietic tumors between WT

and C×32 KO mice. In conclusion, this study indicated little significant role of the cellular communication

by C×32 gap junction in the action mechanism of benzene hematotoxicity and leukemogenicity. 
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Introduction

Benzene, which has widely been used as an

industrial solvent and is a component of gasoline, is

an environmental contaminant that can induce

hematotoxicity and hemopoietic neoplasia in humans

and mice [1, 2, 4-6, 8]. Its hematotoxicity includes

depression of bone marrow cells including hemopoietic

progenitor (CFU-GM, E) and stem cells (CFU-S) [5,

6, 26], resulting in aplastic anemia [5]. The mechanism

underlying benzene-induced hematotoxicity and leukemia

is, however, still not fully understood, although DNA

damage by benzene metabolites and free radicals

produced and aberrant cell cycle regulation of hemo-

poietic progenitor cells have been proposed to be

associated with the mechanism [16, 25, 26]. 

Hemopoiesis and its regulation are achieved in the

microenvironment where bone marrow-stromal cells

are closely contacting with hematopoietic stem and

progenitor cells and they are dynamically interacting

each other for blood cell proliferation and differentiation

[28]. The mechanism by which bone marrow stromal

cells interact with hematopoietic cells is not fully

understood, but production of growth factors has been

believed as one mechanism and direct cell to cell

communication was proposed as another possible one

[13, 19-22]. 

The cell-cell communication through gap junctions

may also play an important role in hemopoiesis at

normal and regenerating status [13, 19-22]. The

presence of connexin 43 (C×43) gap junction protein

and its active participation in hemopoiesis at the

normal and regenerating states had been reported in the

bone marrow [3, 13, 21, 22]. C×37 and C×26 proteins
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were also detected in the arteriolar endothelium, even

their contributions in association with hemopoiesis

have not yet been clarified [13, 22]. On the other hand,

other connexins including C×32 have been undetectable

in bone marrow at protein level [13] and thus their

presence and function are still controversial.

It has been postulated in various organs that disorder

of GJICs including C×32 is closely associated with

tumorigenesis [7, 9, 10, 12, 29-30], but it has not yet

been studied if C×32 plays any role in the homeostasis

of hemopoiesis in bone marrow and its disorder

contributes to development of hemopoietic neoplasm. 

Based on the background, in the present study, a

possible role of C×32 in the benzene-induced hematotoxic

and leukemogenic mechanism was investigated. For the

purpose of study, we evaluated bone marrow toxicity and

hemopoietic tumor incidence using C×32 KO mice after

exposing to 300 ppm benzene for 26 weeks by inhalation

and then compared the results with those from the WT

mice under same experimental protocol.

Materials and Methods

Animals

C×32 KO mice, from the Institute für Genetik,

Universität, Germany [18], were maintained as heterozy-

gous KO mice at the animal facility of National

Institute of Health Sciences (NIHS), Japan. C×32 WT

and KO mice were obtained by breeding the

heterozygous mice at each experiment. The resulting

neonates were identified by PCR for their homozygosity.

The WT and C×32 KO mice aged 8th to 9th weeks

were used for the study. During the study, the mice

were housed within stainless-steel wire-cages in the

inhalation chambers and kept on a 12-hr light-dark

cycle. The basal pellet diet (Funabashi Farm, Japan)

was provided ad libitum, except during a 6-hour daily

inhalation of benzene food was withdrawn. Water was

supplied automatically throughout the study.

Benzene exposure

The mice were exposed 1.3 m3 inhalation chambers.

Benzene was purchased from Wako (Japan). The

benzene atmospheres were generated by heating liquid

benzene to 16oC to form a vapor (Sibata Scientific,

Japan). The benzene-laden air then was directed into

the inhalation chambers. The benzene concentration in

the chambers was measured at half-hourly intervals

during daily exposures using a gas chromatograph

(Shimadzu, Japan). The temperature and humidity in the

chambers were automatically controlled to 24 ± 1oC and

55±10%, respectively.

The WT and C×32 KO mice were respectively

divided into sham-control and benzene-exposed groups;

each group was composed of 10 to 12 mice. The

experimental groups were exposed to 300 ppm of

benzene for 6 hours/day, 5 days/week for a total of 26

weeks; the sham-control mice were maintained under

the same conditions without benzene inhalation. Five

to six mice from each group were first sacrificed after

the 26 week exposure to evaluate the toxic effects of

benzene on blood and bone marrow and the remaining

five to seven mice from each group were allowed to

live out their lives to further evaluate the incidence of

the hemopoietic neoplasia.

Clinical signs

The clinical sign was examined twice a day, every

morning and evening, before and after daily inhalation

during the 26-week exposure.

Hematology and bone marrow cellularity

After 26-week benzene inhalation, peripheral blood

was collected from orbital plexus, and then blood count

and its parameters were assessed using a Sysmax M-

2000 blood cell counter (Sysmex, Japan). For

differential count, Giemsa stain was carried out on the

smeared blood samples. 

To evaluate bone marrow cellularity, bone marrow

cells were harvested from one femur of five mice per

group according to the protocol described previously

[26]. Briefly, bone marrow cells were flushed out of

the bone shafts with 2 ml Dulbeco Minimum Essential

Medium (DMEM) without phenol, using a 27-gauge

hypodermic needle syringe, and then counted using

Sysmax M-2000 blood cell counter.

Necropsy and histopathology

After 26-week benzene exposure, five to six mice from

each group were sacrificed for autopsy. The mice were

grossly examined, and hemopoietic tissues including

bone marrow, thymus and spleen and other solid organs

were fixed in 10% neutral buffered formaldehyde for 48

hours. After routine processing, the paraffin-embedded

sections were stained with hematoxylin and eosin and

examined under the light microscope. 
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Mortality and Tumor incidence

Mortality of animal was evaluated throughout the

study. The died animals were immediately autopsied

and, after recording the date and gross examination, all

the organs including bone marrow were formalin fixed

for histopathological examination.

Statistical analysis

Student t-test was used to evaluate the significant

differences of food consumption and body weight

between the non-exposed and benzene-exposed group

of wild-type and C×32 KO mice as well as between

wild-type and C×32 KO mice of each group.

Results

Clinical signs and survival ratio for life time obser-

vation

No animal died during the 26-week benzene exposure,

but a systemic cyanosis and the increase of activity was

found in both of benzene-exposed WT and C×32 KO

mice. After the exposure, most of the benzene-exposed

WT and C×32 died of various cancers including

hemopoietic malignancies (Fig. 1). The benzene exposure

to the mice for 26 weeks considerably shortened their

life span of both WT and C×32 KO mice. Interestingly,

in the benzene-exposed groups, the life span of the

C×32 KO mice was longer than that of the WT mice

(Fig. 1). 

Food consumption and body weight

During the benzene inhalation for 26 weeks, there

was no difference in food consumption between non-

exposed group and benzene-exposed group of both WT

and C×32 KO mice and between WT and C×32 KO

mice of both groups. In body weight, significant

difference was not observed between WT and C×32

KO mice of non-exposed group throughout the study,

even if the mean values of C×32 KO mice was a little

less than those of wild-type mice at the late stage of

this study (Fig. 2). 

Benzene exposure induced a significant decrease in

the body weight during benzene exposure in the

benzene-exposed groups of both WT and C×32 KO

mice. However, the decrease was much more marked

in C×32 KO mice. In C×32 KO mice, significant

difference appeared from after seven weeks of

exposure (p<0.05). On the other hand, in WT mice,

the significant difference was observed from after

fourteen weeks of exposure. Furthermore, from after

the twelfth week of exposure, the mean value of body

weight showed a significant difference between

benzene-exposed wild-type and C×32 KO mice

(p<0.05) and the surprising decrease of body weight

was noted in benzene-exposed C×32 KO mice from

after 24-week exposure.

Absolute organ weights 

Significant increases were noted in the organ weight

Fig. 1. Survival ratio of WT and C×32 KO mice for whole

life span. WT-C, sham-control group of wild-type mice;

WT-T, benzene-exposed group of wild-type mice; C×32-

C, sham-control group of C×32 KO mice; C×32-T,

benzene-exposed group of C×32 KO mice.

Fig. 2. Change of body weight in the wild-type (WT) and

C×32 KO mice exposed to 300 ppm of benzene for 26

weeks. Note the marked decreases of body weights in WT

and C×32 KO mice during the benzene exposure. WT-C,

sham-control group of wild-type mice; WT-T, benzene-

exposed group of wild-type mice; C×32-C, sham-control

group of C×32 KO mice; C×32-T, benzene-exposed group

of C×32 KO mice.
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values of lung in both benzene-exposed wild-type

(p < 0.05) and C×32 KO mice (p < 0.05). On the other

hand, the organ weights of testes of the benzene-

exposed C×32 KO mice (p < 0.05) and of thymus of

both benzene-exposed wild-type (p < 0.01) and C×32

KO mice (p < 0.01) were significantly decreased by

26-week exposure of 300 ppm of benzene (Fig. 3).

Relative organ weights 

The organ weights of lung and spleen were significantly

increased in both benzene-exposed WT (p < 0.05) and

C×32 KO mice (p < 0.05) after benzene exposure for

26 weeks. Significant increases in the organ weights

of brain and kidney of C×32 KO mice (p < 0.05) and

the organ weight of heart of WT mice (p < 0.05) were

also noted after the 26 week-exposure of benzene. On

the other hand, the organ weight of thymus was

significantly decreased in the WT mice exposed to

benzene for 26 weeks (p < 0.01) and markedly decreased

in the benzene-exposed C×32 KO mice (Fig. 3).

Blood values, differential count, and bone marrow

cellularity

Significant decreases in the number of peripheral

leukocytes (WBC) (p<0.05), red blood cells (RBC)

(p < 0.01 and p < 0.05), and platelet (p < 0.05) were

noted in both wild-type and C×32 KO mice after the

exposure of benzene for 26 weeks (Fig. 4). The values

of hemoglobin (HGB) in both benzene-exposed WT

(p < 0.01) and C×32 KO mice (p < 0.05), hematocrit

(HCT) in benzene-exposed wild-type mice (p < 0.01)

were significantly decreased (Fig. 4). Mean corpuscular

volume (MCV) was significantly increased in both WT

(p < 0.05) and C×32 KO mice (p < 0.05) after 26-week

benzene exposure (Fig. 4). In differential count, a significant

decrease in the portion of lymphocytes (p < 0.01,

p < 0.01) and a significant counteracting increase

(p < 0.01, p < 0.01) in the portion of neutrophils were

noted in both WT and C×32 KO mice exposed to

benzene for 26 weeks. On the other hand, in the bone-

marrow cellularity, no changes were observed in the

benzene-exposed group of both WT and C×32 KO

mice (Fig. 4). Consequently, there was no notable

difference in the toxic effects of benzene on

hematological parameters and bone marrow cellularity

between WT and C×32 KO mice when they were

exposed to 300 ppm benzene for 26 weeks (Fig. 4). 

Histopathology 

After a 26-week exposure of 300 ppm of benzene,

notable histopathological lesions in association with

benzene exposure were observed in the bone marrow,

spleen, and lung of the benzene-exposed WT and C×32

KO mice (Table 2). However, those findings were in

general severe in C×32 KO mice compared with those

noted in WT mice, as shown in Table 2. In bone

marrow, hypoplastic change characterized by moderate

to severe accumulation of fat cells was found in the

medullary areas close to epiphyses with a diffuse and

prominent increase of brown-pigmented macrophages

(Fig. 5). In spleen, extramedullary hemopoiesis was

very active in red pulps with depletion of lymphoid

cells in the white pulps, resulting in atrophy of the

Fig. 3. Changes of absolute and relative organ weight of

thymus in the wild-type (WT) and C×32 KO mice exposed

to 300 ppm of benzene for 26 weeks. *, significantly

different from each control value at p<0.05; **, significantly

different from each control value at p<0.01. WT-C, sham-

control group of wild-type mice; WT-T, benzene-exposed

group of wild-type mice; C×32-C, sham-control group of

C×32 KO mice; C×32-T, benzene-exposed group of C×32

KO mice.
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white pulps (Table 1). Diffuse interstitial pneumonia

was noted in both benzene-exposed WT and C×32 KO

mice, but much more prominent in the lungs of C×32

KO mice. A notable increase in the number of mucus-

secreting cells was observed in the bronchi and

bronchioles of benzene-exposed WT and C×32 KO

mice and, sometimes, in the proliferating alveolar

epithelial cells of C×32 KO mice. The proliferation of

basophilic alveolar epithelial cells in terminal bronchioles

and alveolar ducts was frequently noted in the lungs

of benzene-exposed C×32 KO mice (Table 2). 

Tumor incidence

No tumor was observed in both WT and C×32 KO

mice exposed to 300 ppm benzene for 26 weeks. After

cessation of benzene exposure, most of the mice in

both sham-control and benzene-exposed group died of

tumors, but long-term benzene exposure was characterized

Fig. 4. Changes in hematological values and bone marrow cellularity in the wild-type and C×32KO mice exposed 300

ppm of benzene for 26 weeks. *, significantly different from each control value at p<0.05 **, significantly different from

each control value at p<0.01 WT-C, sham-control group of wild-type mice; WT-T, benzene-exposed group of wild-type

mice; C×32-C, sham-control group of C×32 KO mice; C×32-T, benzene-exposed group of C×32 KO mice.
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by earlier onset of hemopoietic tumors in both

benzene-exposed groups of WT and C×32 KO mice

independent of the presence of C×32 (Fig. 6). 

Discussion

Although the underlying mechanism by which

benzene induces leukemia is still not fully understood,

both of genetic and epigenetic effects by reactive

benzene metabolites and reactive oxygen species

produced have been implicated [11, 16, 23, 16].

Disruption of gap junction intercellular communication

coupled with such kinds of proliferating stimuli has

been considered as a tumorigenic mechanism of various

epigenetic carcinogens [12, 17, 29, 30]. In case of

benzene, repeated on-and-off exposure pattern as well

as exposure dosage has been shown to be an important

encouraging factor to induce hemopoietic neoplasm

[5], by providing the disturbing microenvironment for

stem cell proliferation and differentiation resulting in

unstability of tumor suppressor genes such as p53 [26].

However, it has not yet been studied how important

the intercellular communication by connexins is in the

process of hemopoietic carcinogenesis of benzene, even

Table 1. Histopathological findings in the wild-type and C×32 knockout mice exposed to 300 ppm of benzene for 26

weeks

Histopathology 

 Group
WT-C WT-T C×32KO-C C×32KO-T

 No. of mice examined 6 5 5 5

Bone marrow

Accumulation of fat cells

  Moderate

Severe

Brown pigmented macrophages

Mild

     Moderate

 Severe

0 (0.00)*

0 (0.00)

3 (60.0)

2 (40.0)

1 (20.0)

3 (60.0)

3 (60.0)

0 (0.00)

0 (0.00)

4 (80.0)

4 (80.0)

3 (60.0)

1 (20.0)

1 (20.0)

1 (20.0)

Spleen

Hemopoiesis

    Moderate

 Severe

Atrophy of white pulp

 Severe

0 (0.00)

0 (0.00)

5 (100.0)

2 (40.0)

3 (60.0)

3 (60.0)

3 (60.0)

0 (0.00)

0 (0.00)

5 (100.0)

1 (20.0)

4 (80.0)

4 (80.0)

4 (80.0)

Lung

Interstitial pneumonia

 Mild

      Moderate

   Severe

Hyperplasitic foci of basophilic alveolar epithelial cells

6 (100.0)

6 (100.0)

0 (0.00)

5 (100.0)

1 (20.0)

4 (80.0)

1 (20.0)

5 (100.0)

5 (100.0)

0 (0.00)

5 (100.0)

1 (20.0)

4 (80.0)

3 (60.0)

WT-C, control group of wild-type mice; WT-T, benzene-exposed group of wild-type mice; C×32KO-C, control group of

C×32KO mice; C×32KO-T, benzene-exposed group of C×32KO mice.

*, No. of mice with pathological lesions and its percentage in parentheses.

Fig. 5. Accumulation of fat cells in the bone marrow of

C×32 KO mice exposed to 300 ppm of benzene for 26

weeks. This histological change was, compared with that

of WT mice, exacerbated by lacking of C×32. H&E. ×100.
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if there have been studies evidencing a functional role

of direct cell-cell communication in regulating hemo-

poiesis at normal and pathological statuses in human

and mouse bone marrow [13, 20, 22]. 

Hemopoietic stem cells lodge and grow in a delicate

space within bone marrow stroma, so called ‘niche’,

where dynamic cell:cell communication is present

between the stem cells and stromal cells [22]. So far,

C×43 and C×37 were shown to be detectable in bone

marrow [13]. In particular, C×43 is believed to be a

major gap junction protein regulating cell to cell

communication in human and mouse bone marrow [3,

13, 21, 22]. On the other hand, the expression of C×32

in bone marrow and its functional role for blood

formation has been controversial. We hypothesized that

only small number of primitive hemopoietic stem cells

might be present in bone marrow with C×32 gap

junction, resulting in those controversial data. On the

point of view, benzene leukemogenicity study using the

mouse lacking C×32 might give an answer to our

questions concerning a functional role of the gap

junction protein in hemopoiesis. Furthermore, if C×32

plays a role in hemopoietic stem cell physiology, it

would be quite of interest to see if lack of C×32-

mediated cell communication affects the benzene-

induced hematotoxicity and leukemogenicity. 

Long-term benzene exposure for 26 weeks in the

present study gave mild to significant effects on the

hemopoietic organs such as the bone marrow, spleen,

thymus and lung with or without histopathological

changes both in the WT and C×32 KO mice. Among

the organs histopathologically examined, in the bone

marrow and lung tissues, lack of C×32 gap junction

protein considerably exacerbated the toxic effects of

benzene. We discussed in the previous paper about the

exacerbated peumotoxicity and its plausible mechanism,

which was associated with proliferation of the alveolar

epithelia expressing CYP2E1, a major enzyme for

benzene metabolism, in the lung of the benzene-

exposed C×32 KO mice [27]. The marked decreases

of body weights noted in the WT and C×32 KO mice

during the benzene exposure were in a good correlation

with the pulmonary lesions [27].

The exacerbating effect of benzene on the bone

marrow lacking of C×32 was characterized by

accumulated fat cells, possibly associated with the

decrease of bone marrow cellularity comparable with

its increase in the WT mice. It is, however, interesting

here that hematological analyses including serum

chemistry did not indicate any notable difference in

their parameters between WT and C×32 KO mice,

suggesting that, without cell to cell communication by

C×32, hemopoietic stem cells in bone marrow were

capable of compensating the continuous blood cell loss

by benzene exposure throughout 26 weeks. Furthermore,

in the onset and incidence of hemopoietic tumors, no

difference was noted between WT and C×32 KO mice

as well. Therefore, our results may indicate little

significant role of the cellular communication by C×32

gap junction in the action mechanism of benzene with

regard to its hematotoxicity and leukemogenicity.

Nevertheless, the marrow atrophic change exacerbated

in C×32 KO mice might suggest a possible role of

C×32 in maintaining the physiological environment of

bone marrow, although we could not determine the

exact role of C×32.

In conclusion, in this study, lack of C×32 in the bone

marrow did not enhance the hematotoxicity and

hemopoietic tumor incidence induced by long-term

benzene exposure. However, it still remains to elucidate

a potential physiological role of C×32 in the microen-

vironment of bone marrow.

Fig. 6. Accumulated incidence of the hemopoietic neoplasia

developed for whole life span in the wild-type and C×32

KO mice after the exposure of 300 ppm of benzene for

26 weeks. WT-C, sham-control group of wild-type mice;

WT-T, benzene-exposed group of wild-type mice; C×32-

C, sham-control group of C×32 KO mice; C×32-T,

benzene-exposed group of C×32 KO mice.



524 Byung-IL Yoon

Acknowledgements

The author thanks Drs. Tohru Inoue, Yoko

Hirabayashi, Yukio Kodama, Yasushi Kawasaki and

Jun Kanno at NIHS of Japan for their collaboration in

this study. 

References

1. Aksoy M, Erdem S, Dincol G. Leukemia in shoes-

workers exposed chronically to benzene. Blood 1974,

44, 837-841.

2. Aksoy M, Erdem S, Dincol G. Types of leukemia in

chronic benzene poisoning. A study in thirty-four

patients. Acta Haematol 1976, 55, 65-72.

3. Cancelas JA, Koevoet WLM, De Koning AE,

Mayen AEM, Rombouts EJC, Ploemacher RE.

Connexin-43 gap junctions are involved in multicon-

nexin-expressiong stromal support of hemopoietic

progenitors and stem cells. Blood 2000, 96, 498-505.

4. Cronkite EP, Bullis J, Inoue T, Drew RT. Benzene

inhalation produces leukemia in mice. Toxicol Appl

Pharmacol 1984, 75, 358-361.

5. Cronkite EP, Drew RT, Inoue T, Hirabayashi Y,

Bullis JE. Hematotoxicity and carcinogenicity of

inhaled benzene. Environ Health Perspect 1989, 82, 97-

108.

6. Farris GM, Robinson SN, Gaido KW, Wong BA,

Wong VA, Hahn WP, Shah RS. Benzene-induced

hematotoxicity and bone marrow compensation in

B6C3F1 mice. Fundam Appl Toxicol 1997, 36, 119-

129.

7. Fujimoto E, Satoh H, Negishi E, Ueno K,

Nagashima Y, Hagiwara K, Yamasaki H, Yano T.

Negative growth control of renal cell carcinoma by

connexin 32: possible involvement of Her-2. Mol

Carcinog 2004, 40, 135-142.

8. Huff JE, Haseman JK, DeMarini DM, Eustis S,

Maronpot RR, Peters AC, Persing RL, Chrisp CE,

Jacobs AC. Multi-site carcinogenicity of benzene in

Fischer 344 rats and B6C3F1 mice. Environ Health

Perspect 1989, 82, 125-163.

9. King TJ, Lampe PD. The gap junction protein

connexin 32 is a mouse lung tumor suppressor. Cancer

Res 2004, 15, 7191-7196.

10. King TJ, Lampe PD. Mice deficient for the gap

junction protein connexin 32 exhibit increased

radiation-induced tumorigenesis associated with elevated

mitogen-activated protein kinase (p44/Erk1, p42/Erk2)

activation. Carcinogenesis 2004, 25, 669-680.

11. Kolachana P, Subrahmanyam VV, Meyer KB,

Zhang L, Smith MT. Benzene and its phenolic

metabolites produce oxidative DNA damage in HL60

cells in vitro and in the bone marrow in vivo. Cancer

Res 1993, 53, 1023-1026.

12. Klaunig JE, Ruch RJ. Role of inhibition of

intercellular communication in carcinogenesis. Lab

Invest 1990, 62, 135-146.

13. Krenacs T, Rosendaal M. Connexin 43 gap junctions

in normal, regenerating, and cultured mouse bone

marrow and in human leukemias. Their possible

involvement in blood formation. Am J Pathol 1998,

152, 993-1004.

14. Kolaja KL, Engelken DT, Klaassen CD. Inhibition

of gap-junctional-intercellular communication in intact

rat liver by nongenotoxic hepatocarcinogens. Toxicology

2000, 146, 15-22.

15. Laskin DL, Heck DE, Punjabi CJ, Laskin JD. Role

of nitric oxide in hematosuppression and benzene-

induced toxicity. Environ Health Perspect, 1996, 104

(Suppl 6), 1283-1287.

16. Lee EW, Garner CD. Effects of benzene on DNA

strand breaks in vivo versus benzene metabolite-

induced DNA strand breaks in vitro in mouse bone

marrow cells. Toxicol Appl Pharmacol 1991, 108, 497-

508.

17. Mally A, Chipman JK. Non-genotoxic carcinogens:

early effects on gap junctions, cell proliferation and

apoptosis in the rat. Toxicology 2002, 180, 233-248.

18. Moennikes O, Buchmann A, Romualdi A, Ott T,

Werringloer J, Willecke K, Schwarz M. Lack of

phenobarbital-mediated promotion of hepatocarcinoge-

nesis in connexin32-null mice. Cancer Res 2000, 60,

5087-5091.

19. Montecino-Rodriguez E, Dorshkind K. Regulation of

hematopoiesis by gap junction-mediated intercellular

communication. J Leukoc Biol 2001, 70, 341-347.

20. Ploemacher RE, Mayen AE, De Koning AE,

Krenacs T, Rosendaal M. Hematopoiesis: gap

junction intercellular communication is likely to be

involved in regulation of stroma-dependent proliferation

of hemopoietic stem cells. Hematology 2000, 5, 133-

147.

21. Roseendaal M, Green CR, Rahman A, Morgan D.



Lack of connexin 32 does not enhance the benzene-induced hematotoxicity and hemopoietic tumor incidence in mice 525

Up-regulation of the connexin43+ gap junction network

in haemopoietic tissue before the growth of stem cells.

J Cell Sci 1994, 107, 29-37.

22. Rosendaal M, Krenacs T. Regulatory pathways in

blood-forming tissue with particuclar reference to gap

junctional communication. Pathol Oncol Res 2000, 6,

243-249.

23. Smith MT. The mechanism of benzene-induced

leukemia: A hypothesis and speculations on the causes

of leukemia. Environ Health Perspect 1996, 104 (Suppl

6), 1219-1225.

24. Snyder CA, Goldstein BD, Sellakumar AR,

Bromberg I, Laskin S, Albert RE. The inhalation

toxicology of benzene: Incidence of hematopoietic

neoplasms and hematotoxicity in ARK/J and C57BL/

6J mice. Toxicol Appl Pharmacol 1980, 54, 323-331.

25. Subrahmanyam VV, Ross D, Eastmond DA, Smith

MT. Potential role of free radicals in benzene-induced

myelotoxicity and leukemia. Free Radic Biol Med

1991, 11, 495-515.

26. Yoon BI, Hirabayashi Y, Kawasaki Y, Kodama Y,

Kaneko T, Kim DY, Inoue T. Mechanism of action

of benzene toxicity: Cell cycle suppression in

hemopoietic progenitor cells (CFU-GM). Exp Hematol

2001, 29, 278-285.

27. Yoon BI, Hirabayashi Y, Kawasaki Y, Tsuboi I, Ott

T, Kodama Y, Kanno J, Kim DY, Willecke K, Inoue

T. Exacerbation of benzene pneumotoxicity in connexin

32 knockout mice: enhanced proliferation of CYP2E1-

immunoreactive alveolar epithelial cells. Toxicology

2004, 195, 19-29.

28. Wu A, Till J, Siminovitch L, McCulloch E. A

cytological study of the capacity for differentiation of

normal hemopoietic colony-forming cells. J Cell

Physiol 1967, 69, 177-184.

29. Yamasaki H. Role of disrupted gap junctional

intercellular communication in detection and

characterization of carcinogens. Mutat Res 1996, 365,

91-105.

30. Yamasaki H, Mesnil M, Omori Y, Mironov N,

Krutovskikh V. Intercellular communication and

carcinogenesis. Mutat Res 1995, 333, 181-188.


