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Mutant frequencies induced by BfQ and 1,7-Phe in five organs of Muta™Mouse for the expression time of 56 days
Tissue  Treatment lacZ assay cil assay
Individual animal data Average & 8.D.  Individual animal data Average & §.D.
No.of  No.of  MF x 105 MF x 10° No.of  No.of MFx 10° MF x 10°
phages mutants phages mutants
analyzed analyzed
Liver Control 246500 21 8.5 79 £ 1.3 960700 18 1.9 1702
{olive oil) 168500 12 7.1 1161000 21 1.8
636500 39 6.1 3351900 65 1.9
155500 15 2.6 1978900 27 14
BfQ 259000 24 9.3 115 £ 2.8 543600 14 26 24 £ 02"
367000 35 9.5 2746500 60 22
714000 116 16.2 3693000 97 26
180500 20 111 2490600 57 23
1,7-Phe 653000 63 9.6 148 £ 3.7* 1468200 64 4.4 4.8 & 1.2™
266500 35 " 13.) 1140000 36 3.2
497000 94 189 4469100 286 6.4
126000 22 17.5 306600 16 52
Spleer  Control 603500 47 7.7 78+ 04 1825800 53 2.9 29+ 06
(olive oil} 347500 26 7.5 1304400 48 3.7 ’
355500 30 8.4 1224600 36 29
389500 29 74 1106400 22 2.0
BfQ 440000 38 8.6 84 %03 2245800 32 1.4 33&25
242500 2] 8.7 860400 14 1.6
354000 30 8.5 1090800 83 7.6
460500 36 7.8 946200 24 25
1,7-Phe 567000 81 14.3 100 £ 25 1022400 22 22 2.2 + 0.04
231500 18 78 976800 22 23
336000 29 8.6 1059000 23 2.2
253500 24 9.5 865800 19 2.2
Lung Conirol 390500 25 6.4 7.9 %19 657600 13 2.0 31 k09
{olive oil) 218500 21 9.6 1230600 30 2.4
558500 32 5.7 936000 35 37
474500 47 2.9 928800 38 4.1
BfQ 332500 26 7.8 1212 742200 19 2.6 3.7+19
554500 43 1.8 1035000 25 24
476000 39 8.2 839400 59 7.0
386000 20 5.2 651000 17 26
1,7-Phe 731500 56 7.7 17x09 1365600 25 1.8 3.0% 09
412000 32 7.8 728400 29 4.0
494500 44 89 966600 26 2.3
519000 33 6.4 946800 335 3.7
Kidney Control 442500 26 5.9 8224 1874400 64 34 25+ 06
(olive oil) 217000 26 12.0 2313600 43 1.9
333000 25 6.5 1139400 25 22
596500 50 8.4 1437600 39 2.7
BfQ 552500 41 7.4 7.1+ 1.0 1629600 60 3.7 29 0.7
479000 39 8.1 1360800 33 24
774500 56 7.2 1446000 50 35
698500 38 5.4 1277400 27 21
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Table 2 (Continued}

Tissue Treatment JacZ assay

cff assay

Individual animal data

No. of No, of
phages mutants

Average & S.D. Individual animal data
MF x 165 MF x 10° No.of  No. of

Average % 5.D.
MF x 10° MF x 10°

phages mutants

analyzed analyzed

1,7-Phe 299500 19 6.3 73+ 1.1 1201800 26 22 2203
567500 50 8.8 1393200 35 2.5
877500 70 8.0 1409400 35 25
513500 32 6.2 1060200 19 1.8

Bone marrow  Control 607500 43 71 79%12 1334700 21 1.6 19+ 04
{alive oil} 829000 57 6.9 1204800 25 21
924500 70 7.6 1441800 23 1.6
605500 60 9.9 1184400 30 25

BRQ 429000 26 6.1 69 %21 1703400 19 1.1 39+ 41
661500 69 104 1287600 15 12
893000 47 53 1256400 136 10.8
791500 45 5.3 1249200 29 23

1,7-Fhe 605500 92 152 9.0 %38 1206600 13 11 1.5+ 03
447500 39 8.7 1700400 22 13
507000 30 59 876000 14 1.6
1188000 71 6.0 1444200 28 1.9

* Significantly different from the control group, P < 0.05.
** Significantly different from the control group, P < 0.01.

taining bottom agar. The plates were incubated for
48h at 25°C for selection of off mutants. The wild
type phage, recovered from Muta™Mouse, has a
¢I~ phenotype, which permits plaque formation with
the Afi~ strain at 37 °C but not at 25°C. The mutant
frequency was calculated by the following formula:

mutant frequency
total number of plaques on sclection plates
= ( total number of plaques on titer plates )
x dilution factor.

The significance of differences in the mutant fre-
quency between the treated and control groups was
analyzed by using Student's #-test.

2.2.5. Sequencing of mutants

The entire lambda el region was amplified directly
from mutant plaques by the use of Tag DNA poly-
merase (Takara Shuzo, Tokyo, Japan) with primers
Pl; 5-AAAAAGGGCATCAAATTAAACC-3, and
P2; 5-CCGAAGTTGAGTATTTITGCTIGT-3' as
previously reported [14] (Fig. 3). A 446bp PCR

product wag purified with a microspin column (Amer-
sham Pharmacia, Tokyo, Japan) and then used for
a sequencing reaction with the Ampli Taq cycle se-
quencing kit (PE Biosystems, Tokyo, Japan) using
the primer P1. The reaction product was purified
by ethanol precipitation and analyzed with the ABI
PRISM™ 310 genetic analyzer (PE Biosystems).

3. Resulis
3.1. Mutant frequency of BfQ, BhQ, and 1,7-Phe

BfQ, BhQ, and 1,7-Phe (Fig. 1) were tested for
in vive mutagenicity using lacZ transgenic mice
(Muta™Mice). The mutant frequencies observed in
the DNA preparations extracted from the five organs
ar¢ shown in Tables | and 2. Over 10 mutant plaques
were analyzed in most organs. For the bone marrow
in Table 1, the mutant frequency of one animal in the
BhQ-treated group was missing and the number of
mutants in two animals in the control group was in-
sufficient because the isolated DNA was not enough
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to be analyzed. The spontaneous mutant frequencies
observed in the control group were similar for the
five organs in both lacZ and clf assays regardless of
the expression time (14 or 56 days), the rate ranging
from 6.0 to 8.2 x 1075 and from 1.3 to 3.1 x 1075,
respectively. These results were similar to those of
our previous studies [9,12-14].

Table 1 shows mutant frequencies with the test
compounds in the five organs 14 days after the last
injection. BfQ slightly, but not significantly, increased
the mutant frequency in the liver in both assays. On
the other hand, Bh(} significantly increased the mu-

Table 3

tant frequency in the lung in the lacZ assay. 1,7-Phe
significantly increased the mutant frequency in the
liver in both assays and in the lung in the JacZ
assay,

Mutant frequencies observed in the DNA prepara-
tions extracted from the five organs 56 days after the
last injection are shown in Table 2. BfQ significantly
increased the mutant frequency in the liver in the cif
assay, whereas the mutart frequency in the lacZ assay
was slightly, but not significantly, increased. 1,7-Phe
significantly increased the mutant frequency in the
liver in both assays like the results obtained 14 days

Sequences of cIf mutations in the liver of BfQ-treated Muta™ Mouse for the expression time of 14 days

Mutant no. Position Mutation Sequence Amine acid change
Al 113 CtoT AAG TCG CAG Ser to Leu
A2 99100 GG to TT GTG GGC GTT Gly to Cys
A3 107 AwcC GTT GAT AAG Asp to Ala
Ad 57 Cto G CTT AAC AAA Asn to Lys
A5 214 CtoT GCG CGA CAA Arg to Stop
A6 18] Gt T TGG GGG GTC Gly to Trp
A7 34 CtT CTA CGA ATC Arg to Stop
A8 103 Gto A GGC GTT GAT Val to lle
A9 196 GtoT GAC GAC ATG Asp to Tyr
AlO 129 GtoC AGG TGG AAG Trp to Cys
All 34 CtoT CTA CGA ATC Arg to Stop
Al2 25 Gto A AAC GAG GCT Glu to Lys
Al3 241-246 —A AA4 AA4 CGC Frameshift
Al4 179-184 -G TGG GGG GTC Frameshift
Als 57 CtoA CTT AAC AAA Asn to Lys
Alé 35 GtoT CTA CGA ATC Arg to Leu
Al7 179-184 +G TGG GGG GTC Frameshift
Alg 90-91 GG to TT GCG GAA GCT Ghi to Stop
Al9 94 GtaT GAA GCT GTG Ala to Ser
A20 115 CtoT TCG CAG ATC Gln to Stop
A2l 193 Gto A GAC GAC GAC Asp ta Asn
A22 64 Gto A ATC GCA ATG Ala to Thr
A23 103 Gto A GGC GTIT GAT Val to Ile
A24 104 TtoC GGC GTT GAT Val to Ala
A25 89 CwT ACA GCG GAA Ala to Val
A26* 64 G A ATC GCA ATG Ala to Thr
A27 175 Gto T CTT GAA TGG Glu to Stop
A28 25 Gto A AAC GAG GCT Glu to Lys
A29 34 CtoT CTA CGA ATC Arg to Stop
A30 100 Gto A GTG GGC GTT Gly to Ser
A3l 62 TwwC AAA ATC GCA Ite to Thr
A32® 25 Gto A AAC GAG GCT Glu to Lys
A33 196 Gto A GAC GAC ATG Asp to Asn
A34 179-184 -G TGG GGG GTC Frameshift
A35 115 CtoA TCG CAG ATC Gln to Lys
A36 134 Gt C AAG AGG GAC Arg to Thr

* Ascnibable to the same mutation obtained in an identical mouse.
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after the last injection. 1,7-Phe did not increase the
mutant frequency in the lung for the expression time
of 56 days.

3.2. Mutation spectra of BfQ, BhQ, and 1,7-Phe-
induced mutations

A total of 36 BfQ-induced mutants in the liver for
the expression time of 14 days, 37 BhQ-induced mu-
tants in the lung for 14 days, and 43 1,7-Phe-induced
mutants in the liver for 56 days were subjected to se-

Table 4

quence analysis. The mutations are characterized in
Tables 3-5, and summarized in Table 6. In Table 6, the
same mutations in an identical mouse were treated as
single events. The data of the spontancous mutations
are from our previous report [9].

1,7-Phe-induced mutations consisted mainly of
base substitutions (36/39); G:C to AT transitions
(15/39) and G:C to C.G transversions (10/39) pre-
dominated. Compared with the spontaneous mutation
spectrum, G:C to A:T transitions decreased and G:C
to C:G transversions increased in the mutations by

Sequences of ¢Jf mutations in the lung of BhQ-treated Muta™Mouse for the expression time of 14 days

Mutant no. Posttion Mutation Sequence Amino acid change
Bl 196 Gto A GAC GAC ATG Asp to Asn
B2 179-184 +G TGG GGG GTIC Frameshift
B3 149 AT CCA AAG TTC Lys to Met
B4 241-246 —A AAA A44 CGC Frameshift
BS 34 CtoT CTA CGA ATC Arg to Stop
B6 113 CtoT AAG TCG CAG Ser to Leu
B7 215 GtoT GCG CGA CAA Arg to Leu
Bg* 34 CtoT CTA CGA ATC Arg to Stop
B9 166 Gt C CTT GCT GTT Ala to Pro
B10 25 Gto A AAC GAG GCT Glu to Lys
B11 34 CtT CTA CGA ATC Arg to Stop
B12 62 TtwC AAA ATC GCA Ite to Thr
B13* 34 CtoT CTA CGA ATC Arg to Stop
Bl4 233 TteC ATT CTC ACC Leu to Pro
Bi5 40 Gto A ATC GAG AGT Glu to Lys
B16 212 CtoT TIG GOG CGA Ala 1o Val
B17T 212 CtT TTG GCG CGA Ala to Val
BIS 113 CT AAG TCG CAG Serto Leu
B19 46 GtoC AGT GCG TIG Ala to Pro
B20 179-184 +G TGG GGG GTC Frameshift
B21 89 CwT ACA GCG GAA Ala to Val
B22 196 Gto A GAC GAC ATG Asp to Asn
B23 190-198 ~GAC GAC GAC GAC Frameshift
B24 34 CtoT CTA CGA ATC Arg to Stop
B25 205 CwT GCT CGA TTG Arg to Stop
B26 179-184 -G TGG GGG GTIC Frameshift
B27 122 GtoT ATC AGC AGG Ser to Je
B28 28 Gto A GAG GCT CTA Ala to Thr
B29 52 CtoG TTG CIT AAC Leu to Val
B30 197 AtoG GAC GAC ATG Asp to Gly
B31 212 CwT TTG GCG CGA Ala to Val
B32 9 GtoT GCG GAA GCT Glu to Stop
B33 205 CtoT GCT CGA TTG Arg to Stop
B34 40 Gto A ATC GAG AGT Glu to Lys
B35 34 CtoT CTA CGA ATC Arg to Stop
B36" 40 Gto A ATC GAG AGT Glu to Lys
B37 89 CtoT ACA GCG GAA Ala to Val

* Ascribable to the same mutation obtained in an identical mouse.



92 K. Yamada et al./Mutation Research 559 (2004) 83-95

Table 5

Sequences of ¢/l mutations in the liver of 1,7-Phe-treated Muta™ Mouse for the expression time of 56 days

Mutant no. Position Mutation Sequence Amino acid change
Cl 113 . CtoT AAG TCG CAG Ser to Leu
c2 212 CtoT TTG GCG CGA Ala 1o Val
Cc3 125 GtoC AGC AGG TGG Arg to Thr
C4 196 GtoA GAC GAC ATG Asp to Asn
Ccs 40 GiloA ATC GAG AGT Glu to Lys
Cce* 212 CtoT TTG GCG CGA Ala to Val
c? 46 GtoC AGT GCG TIG Ala to Pro
Cc3 94 GtoC GAA GCT GTG Ala to Pro
c9 134 GtoT AAG AGG GAC Arg to Met
Clo 163 CtoT COG CTT GCT Leu to Phe
Cll 34 CtoT CTA CGA ATC Arg to Stop
CI2 179-240 -62bp Frameshift
C13 193 Gl A GAC GAC GAC Asp to Asn
Ci4 65 CtwoT ATC GCA ATG Ala to Val
Cl15 164-165 =T CTT GCT GTT Frameshift
166 Gto A
Cl6 1 AtoG cat ATG GTT Met to Vat
Cc17 224 CwA GTT GCT GCG Ala to Asp
cis 196 Gt A GAC GAC ATG Asp to Asn
C19 150 GtoT CCA AAG TTC Lys to Asn
C20 113 CtoT AAG TCG CAG Ser to Leu
c2)? 150 GtoT CCA AAGTTC Lys to Asn
c22 129 GtoA AGG TGG AAG Trp to Stop
C23 37 AtoT CGA ATC GAG Ile to Phe
C24 140-141 GG to CT GAC TGG ATT Trp to Ser
C25 89 CloA ACA GOG GAA Ala to Glu
C26 34 CtoT CTA CGA ATC Arg to Stop
c27 212 CteT TTG GCG CGA Ala to Val
C28 233 TtweC ATT CTC ACC Leu o Pro
Cc29 28 GtoC GAG GCT CTA Ala to Pro
C30 95 CtoA GAA GCT GTG Ala to Asp
C31? 39 Cto G ACA GOG GAA Ala to Gly
C32 100 GwC GTG GGC GTT Gly to Arg
C33 25 GtoT AAC GAG GCT Glu to Stop
C34 39 Cto G CGA ATC GAG lle to Met
C35 103 Gt C GGC GTT GAT Val to Leu
C36 212 CtoT TIG GCG CGA Ala to Val
C37 64 GwoA ATC GCA ATG Ala to Thr
€38 193 GwT GAC GAC GAC Asp ta Tyr
C39 95 CtoA GAA GCT GTG Ala to Asp
C40 74 GtoC CTT GGA ACT Gly to Ala
C41 120 CtoG CAG ATC AGC Ile to Met
c42? 39 Cto G CGA ATC GAG Ile to Met
ca3* 64 Gt A ATC GCA ATG Ala to Thr

* Ascribable to the same mutation obtained in an identical mouse.

1,7-Phe. On the other hand, BfQ and BhQ-induced
cil mutant spectra showed no characteristics com-

4. Discussion

pared with that of the control and consisted mainly
of G:C to AT transitions (15/34 and 18/33, respec-

tively).

In this study, we attempted to investigate the in
vivo mutagenicity of three tricyclic aza-arenes, BfQ,
BhQ, and 1,7-Phe, They were injected daily for 4 days
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Table 6
Summary- of ¢/7 mutation spectra in Muta™ Mouse
Mutation class Control® (%) BfQ" (%) BhQ® (%) 1,7-Phe® (%)
Total 32 (100) 34 {100) 33 (100) 39 {100)
Base substitution 28 (88) 28 (32) 28 (85) 36 (92)
Transitions
GC to AT 18 (56) 15 (44) 18 (55) 15 (38)
AT 1o GC 103) 2 (6) 3(9) 2 (5)
Transversions
AT to TA 3(9) 0(0) _ 1(3) 1(3)
AT to CG 0 (0) 1(3) 0 (0) 1(3)
GCto TA 5(16) 7 (20) 3 (9) 7(18)
GC to CG 143) 39 3 (9) 10 (26)
—1 frameshifts 13) 3(9) 2 (6) 0 (0)
+1 frameshifts 2 (6) 1(3) 2 (6) 0 (0)
Deletion 0 (0) 0 (0 1(3) 1(3)
Insertion 0 (0) 0(0) 0 (0) 0 (0)
Complex 1(3) 2(6) 0 {0) 2 (5)

The same mutations from an identical mouse were counted as single events.
® The data of the spontaneous mutations are from our previous report [9].

b Mutant plaques from the liver.
¢ Matant plaques from the lung.

into Muta™Mice at the total doses of 400, 400, and
200mg/kg intraperitoneally, respectively, based on
their tolerance doses determined in preliminary tests.
Although these aza-analogs of phenanthrene were
weak mutagens in MutaT™ Mouse, different effects on
the target organ specificity and mutant spectrum were
observed depending on the N-substituted position.
BfQ increased the mutant frequency in the liver for
the expression times of both 14 and 56 days. On the
other hand, BhQ increased mutagenicity in the lung,
but not in the liver. BfQ has a nitrogen atom in the bay-
region and BhQ in the non-bay-region. Therefore, the
difference in the nitrogen position in the benzoquino-
line molecule might alter the target organ. Quinoline
has previously shown a potent in vivo mutagenicity
in Muta™Mice [12-14). These results suggest that
in vivo mutagenicity is decreased by the benzene-ring
fusion on the quinoline moiety. 1,7-Phe significantly
increased mutagenicity in the liver for the expression
times of both 14 and 56 days and in the lung for
the expression time of 14 days. It may be suggested
that 1,7-Phe induced mutation both in the liver and
lung because 1,7-Phe has a nitrogen atom in both the
bay- and non-bay-regions. Our previous data indicated
that metabolic activation of these phenanthrene aza-
analogs might take place in the pyridine moiety [18]

(Fig. 2). LaVoie and co-workers reported that BfQ
might be converted to the ultimate form not only by
the bay-region mechanism but also by another mech-
anism [17], supporting our opinion.

With regard to the suitable expression time in the
evaluation of in vivo mutagenicity, different tendencies
were observed between the mutagenesis of 1,7-Phe in
the liver and that in the lung. 1,7-Phe showed similar
mutagenicities in the liver after the expression time of
both 14 and 56 days. However, in the lung, 1,7-Phe
increased the mutant frequency in the lung after the
expression time of 14 days, but not after 56 days. Sun
and Heddle reported that mutation by ethylnitrosourea
in the liver was more firmly established after about 40
days post-treatment than after 20 days [25]. It seems
that an appropriate expression time may be necessary
to evaluate the in vivo mutagenicity of chemicals in
each organ.

1,7-Phe also depressed the G:C to A: T transition and
increased the G:C to C:G transversion like quinoline
[14], a hepatomutagen possessing the partial structure
of 1,7-Phe, compared with the spontaneous mutation
spectrumn. Therefore it may be suggested that the in-
crease of G:C to C:G transversions might be a com-
mon feature of the quinoline-type metabolic activation
in aza-arenes.
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Although a major question to be answered is how
the position of the nitrogen atom is responsible for
the differences in mutagenicity between these tri-
cyclic aza-arenes, the present data suggest that the
position of the nitrogen atom in the polycyclic aro-
matic ring might influence in vivo mutagenicity with
respect to the target organ specificity and mutational
pattern.
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Abstract

Toxic cyanobacteria (blue-green algac) water blooms have become a serious problem in several industrialized areas of
the world. Microcystin-LR (MCLR) is a cyclic heptapeptidic toxin produced by the cyanobacteria. In the present study, we
used human lymphoblastoid cell line TK6 to investigate the in vitro genotoxicity of MCLR. In a standard 4 h treatment,
MCLR did not induce a significant cytotoxic response at <80 pg/ml. In a prolonged 24 h treatment, in contrast, it induced
cytotoxic as well as mutagenic responses concentration-dependently starting at 20 pug/ml. At the maximum concentration
(80 p.g/ml), the micronucleus frequency and the mutation frequency at the heterozygous thymidine kinase (7X) locus were
approximately five-times the control values. Molecular analysis of the 7K mutants revealed that MCLR specifically induced
loss of heterozygosity at the TK locus, but not point mutations or other small structural changes. These results indicate
that MCLR had a clastogenic effect. We discuss the mechanisms of MCLR genotoxicity and the possibility of its being a

hepatocarcinogen.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Water pollution by cyanobacteria (blue-green algae)
causes serious environmental and public health prob-
lems in several areas of the world [1-3]. Some genera,
such as Microsystis, Oscillatoria, and Anabaena pro-
duce microcystines, cyclic heptapeptides, with potent
hepatotoxic activity. Fifty different cyanobacterial mi-
crocystines have been discovered. They have caused
the death of fish, birds, wild animals, and livestock
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[1,4] and sometimes have had adverse health effects on
humans through contaminated residential water sup-
plies [5,6). '

Microcystin-LR (MCLR) is the most toxic micro-
cystine. Only 1-2 pg MCLR given intraperitoneally
is lethal to mice, with most accumulating in the liver
[7,8]. While MCLR hepatotoxicity has been well
documented in vitro and in vivo [9-12], few reports
describe its genotoxicity. MCLR is not genotoxic in
the Ames test, although cyanobacterial extracts are,
both with and without metabolic activation [13]. In a
human cancer cell line, on the other hand, MCLR in-
duces point mutations, and it produces DNA fragmen-
tation and degradation in mouse liver in vivo [14,15].
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To evaluate the in vitro genotoxicity of MCLR, we
used the in vitro micronucleus (MN) assay and the
thymidine kinase (7K) gene mutation assay on treated
human lymphoblatoid TK6 cells [16,17]. The TK gene
mutation assay is capable of detecting a2 wide range
of genetic damage, including gene mutations, large
scale chromosomal changes, recombination, and ane-
uploidy. Most of the changes occur in human tumors
and are presumably relevant to carcinogenesis. Use of
a human cell line makes this genotoxicity evaluation
appropriate for human hazard evaluation. Molecular
analysis of the TX-mutants may help us understand
the genotoxic mechanism of MCLR [18,19].

2, Materials and methods
2.1. Cells culture and chemical treatment

The TK6 human lymphoblastoid cell line has
been described previously [18). Cells were grown
in RPMI1640 medivm (Gibco-BRL, Life technol-
ogy Inc., Grand Island, NY) supplemented with
10% beat-inactivated horse serum (JRH Biosciences,
Lenexa, KS), 200 pg/ml sodium pyruvate, 100 unit/ml
penicillin, and 100 pg/ml streptomycin. The cultures
were incubated at 37 °C in a 5% COQ; atmosphere with
100% humidity and maintained at densities ranging
from 10° to 106 cells/ml.

MCLR (Cas.# 101043-37-2) was purchased from
Wako Pure Chemical Co. (Tokyo, Japan) and dis-
solved in phosphate-buffered saline just before use.
Prior to their exposure, the cells were cultured in
CHAT (10 pM deoxycytidine, 200 uM hypoxanthine,
0.1 pM aminopterin, 17.5 uM thymidine) medivm
for 2 days to reduce the background mutant fraction,
Cultures of 20ml at 5.0 x 10° cells/ml and of 50ml
at 2.0 x 10° cells/ml were treated at 37°C with se-
rial dilution of MCLR for 4h and 24 h, respectively.
They were then washed once, re-suspended in fresh
medium, and cultured in new flasks for the MN assay
and 7K gene mutation assay, or diluted to be plated
for survival estimates.

2.2. MN assay

Forty-eight hours after exposure, the MN assay
samples were prepared as previously reported 20].

Briefly, approximately 106 cells suspended in hypo-
tonic KCl solution were incubated for 10 min at room
temperature, fixed twice withice-cold fixative (glacial
acetic acid: methanol, 1:3), and then re-suspended
in methanol containing 1% acetic acid. A drop of
the suspension was placed on a clean glass slide and
air-dried. The cells were stained with 40 pg/ml acri-
dine orange solution and immediately observed with
the aid of an Olympus model BX50 fluorescence mi-
croscope equipped with 2 U-MWBYV band pass filter.
At least 1000 intact interphase cells for each treat-
ment were examined, and the cells containing MN
were scored.

2.3. TK gene mutation assay

The TK6 cell cultures were maintained for 3 days
after exposure to permit expression of the TX de-
ficient phenotype. To isolate the 7X deficient mu-
tants, we seeded cells into 96-well microwell plates
at 40,000 cells/well in the presence of 3.0 pg/m! tri-
fluorothymidine (TFT). Cells from each culture were
also plated at 1.6 cells/well in the absence of TFT for
the determination of plating efficiency (PE). All plates
were incubated for 14 days at 37°C in a 5% CO3,
humidified incubator, and then scored for colony for-
mation. Plates containing TFT were then re-fed with
TFT, incubated for an additional 14 days, and scored
for the appearance of slow-growing TK mutants. Mu-
tation frequencies were calculated according to the
Poisson distribution [21].

2.4. LOH analysis of TK mutants

Genomic DNA was extracted from 7K mutant cells
and used as a template for PCR. The PCR-based
LOH analysis at human TK gene was described
previously [19]. Two sets of primers were used to
amplify the parts of exons 4 and 7 of the TX gene
containing frameshift mutations. Another primer
set for amplifying parts of the B-globin was also
prepared. Quantitative-multiple PCR was subjected
to co-amplification of the three regions and qual-
ify and quantify the PCR products. They were
analyzed with an ABI310 genetic analyzer (PE
Biosystems, Chiba, Japan), and classified them into
non-LOH, hemizygous LOH, or homozygous LOH
mutants.
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Fig. 1. Cytotoxic responses represented by RS and relative cell
growth (RSG) of TKS cells treated with MCLR for 4 or 24h.

3. Results
3.1. Cytotoxic response fo MCLR

TK6 cells were exposed to various doses of MCLR
for 4 or 24 h, Fig. 1 shows cytotoxic responses; relative
survival (RS) and relative suspension growth (RSG),
which is relative cell growth during 72 h after expo-
sure. Exposure to MCLR for 4 h did significantly affect
RS or RSG. Exposure for 24 h, however, decreased

RSG concentration-dependently, but did not signifi-
cantly alter RS.

3.2. Genotoxic responses to MCLR

Exposure to MCLR for 24 h induced both MN and
TK mutation in a congentration-dependent manner
(Fig. 2). The maximum induction of MN and 7K
mutations were 4.8- and 5.1-times the control values,
Two distinct phenotypic classes of 7K mutants were
generated. Normally growing (NG) mutants grew at
the same rate as the wild type cells (doubling time
13-17h), and slowly growing (SG) mutants grew
at a slower rate (doubling time >21h). NG mutants
result mainly from intragenic mutations, while SG
mutants result from gross genetic changes beyond the
TK gene. The proportion of SG mutants increased in
MCLR induced mutants, suggesting that MCLR was
clastogenic.

3.3. Molecular analysis of TK mutants

Spontaneously arising and MCLR-induced 7K mu-
tants were isolated independently. The MCLR-induced
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Fig. 2. MN induction (a), mutation frequency at TK Jocus (b), and percentage of slowly growing (SG) mutants (c) among TK-deficient

mutants treated with MCLR. for 24 h.
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Table 1

Cytotoxic and mutational response to MCLR? and LOH analysis of TK-mutants

Treatment Cytotoxic and mutational response LOH analysis at 7K gene
RSG (%) MF {x1076) % SG No. analyzed None - Hemizygous Homozygous
LOH LOH LOH

Spontaneous 100 2.19 56 56

NG mutants 19 14 (714) 3 (16) 2(1n

SG mutants 37 0 (0) 9 (24) 28 (76)
MCLR-induced 326 11.2 80 36

NG mutants 9 4 (44) 5 (56) 0 (0)

SG mutants 27 0 (0) 10 (37} 17 (63)

80 ug/ml for 24 h.

mutants were produced by the treatment at 80 pg/ml
for 24 h. The cytotoxicity (RSG), mutation frequency,
and proportion of SG mutants by the treatment are
shown in Table 1. We used PCR-based LOH analysis
of genomic DNA from 7K mutants to classify the
mutants into 3 types; Non-LOH, hemizygous LOH,
and homozygous LOH. We analyzed 58 spontaneous
and 36 MCLR induced 7X mutants, including NG and
SG type (Table 1). Every SG mutant was a result of
LOH regardless of the treatment, suggesting that SG
mutants were always associated with gross genetic
changes. Among the MCLR-induced mutants, 56% of
NG mutants and 100% of SG mutants exhibited LOH, .
Every LOH in the NG mutants was hemizygous, and
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Fig. 3. Frequency and spectra of 7K mutations in spontaneous and
MCLR (80g/ml, 241h) induced TK mutants in TKé cells. The
fraction of each mutational event was calculated by considering the
ratio of NG and SG mutants and the result of molecular analysis
{Table 1).

63% of LOH in the SG mutants was homozygous.
This is in contrast to spontaneous TK mutants, where
the majority of spontaneous NG and SG mutants
were non-LOH (74%) and homozygous LOH (76%),
respectively. Fig. 3 shows the spectra of spontaneous
and MCLR-induced TK mutants in TK6 cells, which
were adjusted by considering % SG mutants, These
data clearly indicate that MCLR induced LOH, but
not point mutation or other small genetic changes.

4. Discussion

Although MCLR causes severe hepatoxoxicity in
mammais [9~12], its genotoxicity and carcinogenicity
are inconclusive. Ding et al. [13] reported that mi-
crocystic cyanobacteria extract (MCE) significantly
induced mutations in the Ames assay regardless of
metabolic activation, although pure MCLR did not.
Tsuji et al. [22,23] also fziled to demonstrate MCLR
genotoxicity in the Ames assay. On the other hand,
MCLR has some genotoxic effects in mammalian
cells. Ding et al [13] observed DNA damage in pri-
mary rat hepatocytes in comet assay, and Rao and
Bhattacharya [14] found that MCLR could induce
DNA fragmentation and sfrand breaks in mouse liver
in vivo, Two studies reported the induction of chromo-
some aberrations and gene mutations in mammalian
cells [15,24].

Our present study clearly demonstrated the in vitro
genotoxicity of MCLR, which induced MN forma-
tion as well as gene mutations in human cells. A 24h
treatment was required, however, to express the ef-
fects. Although MCLR is toxic and highly lethal to
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mice in vivo, it seems less toxic in vitro, particu-
larly in non-liver cells. That may be because cyclic
heptapeptide microcystines do not generally penetrate
most cells including bacteria, and 2 specific transport
system may be required [25]. We used 2 parameters
to estimate MCLR cytotoxicty—RS and RSG. RS is
relative plating efficiency just after exposure, while
RSG is relative cell growth for the 3 days following
exposure. RSG exhibited stronger response than RS,
suggesting that MCLR has an inhibitory effect on cell
growth [26]. Because the cytotoxicity was not severe,
the genotoxic responses to MCLR must have been due
to physiological effects. In the TK gene mutation as-
say, MCLR elevated not only the frequency of mu-
tants, but also the fraction of SG mutants, suggesting
that MCLR induced predominantly gross structural
changes, such as large deletions, recombinations, and
rearrangements.

Molecular analysis strongly supported this hypoth-
esis. Most of the TK mutants induced by MCLR were
the result of LOH, while the fraction of non-LOH
mutants hardly changed (Fig. 3). LOH is an impor-
tant genetic event in tumorigenesis and is frequently
observed in a variety of human tumors. The two
major mechanisms for generating LOH are deletion
(hemizygous LOH) and inter-allelic recombination
(homozygous LOH) [18,19]. Both mechanisms in-
volve the repair of chromosomal double strand breaks
(DSBs), either non-homologous end-joining and ho-
mologous recombination (HR), although their reg-
ulation and role have not been clarified [27]. Other
mechanisms may be involved, too, including illegiti-
mate recombination and mitotic non-disjunction {26].
DSB-inducing agents, such as ionizing irradiations,
effectively produce LOH mutations through the repair
pathways [17,18]. MCLR clastogenic activity may
also involve DSBs. Honma and Little [28] demon-
strated that 12-O-tetradecanoyl-phorbol-13-acetate
(TPA), which is the most active tumor promoter
known, preferably induces homozygous LOH through
HR. MCLR also has tumor promoting activity; like
the tumor promoter Okadaic acid, it inhibits protein
phosphatase types 1 and 2 A [29]. A cyanobacterial
toxin, nodularin, which also inhibits protein phos-
phatases 1 and 2A with the same potency as does
MCLR has been recognized as rat liver carcinogen
rather than a tumor promoter [30]. The genotoxicity
of nodularin, however, has not been clear. Matsushima

et al. [31] demonstrated that MCLR promotes rat liver
cancer initiated with diethyl-nitrosamine. The tumor
promoting activity of MCE has been also shown in a
two-stage transformation assay in vitro using Syrian
hamster embryonic cells [32]. The induction of LOH
by MCLR through recombination may be associ-
ated with its tumor promoting activity. It is reported
that Okadaic acid induces minisatellite mutation in
NIH3T3 cells probably through recombination events
[33]. The potent hepatocarcinogen aflatoxin B1 also
preferably induces LOH through HR in TK6 cells and
mouse lymphoma L5178Y cells [34,35].

In conclusion, MCLR was clastogenic in human
cells in the present study. It induced LOH, but not
point mutations. The genotoxic activity may have
been associated with the inductions of DSBs and/or
its promoting activity. The association between a high
incidence of primary liver cancer and drinking of pond
and ditch water polluted by high level of cyancbacte-
ria producing MCLR [3,36,37] suggests that liver is a
target organ for MCLR carcinogenisity. Further stud-
ies using liver cells and tissues are required to clarify
the mechanisms of MCLR genotoxicity in the liver.
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A liver micronucleus assay using young rats
exposed to diethylnitrosamine: methodological
establishment and evaluation
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Abstract. We have developed a simple liver micronuclcus
assay using young rats (up to 4 weeks old) to assess cytogenetic
damage of chemicals in liver cells. Diethylnitrosamine (DEN)
was used as a model rodent hepatocarcinogen in this study.
Compared to the partial hepatectomy method most commonly
uscd for the liver micronucleus assay, the present assay method
showed equal or even higher practicability. The young rat liver
micronucleus assay was a)so characterized for rat strain differ-
ences, sampling time afier treatment, single treatment vs. split
treatment, ape of animals, administration route, and staining

method. Although based on one modcl chemical, we proposcan
acceptable protocol for the micronucleus assay using young rat
liver as follows: Up to 4-week-old rats shouid be used; oral or
intraperitoneal administration can be used; single or repeated
treatment protocols ¢an be applied; sampling time is 3-5 days
after the last treatment; hepatocytes are prepared by the colla-
genase perfusion method; and cells are stained with the AO-
DAP] double staining method.

Copyright @ 2003 5. Karger AG, Basel

Micronucleus assays have been widely performed using
bone marrow cells ta assess the clastogenic potential of chemi-
cals in vivo. Since bone marrow (BM} is one of the continuously
proliferating tissues in adult animals, it has been used as a com-
mon target organ for cytogenetic studies. However, it is well
known that some compounds need metabolic activation in the
liver, and it has been pointed cut that some pro-mutagens elicit
a negative response in the BM micronuclevs assay (Morita ct
al.. 1997). It may be considered that some active metabolites
have a very short lifespan and do not reach the BM at sufficient
concentrations to induce micronuclei. In fact, some rodent liv-
er carcinogens, including di-alkyl-nitrosamines, nitro aromatic
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compounds, and azo derivatives, gave negative results in a BM
assay (Angelosanto, 1995). It is worthwhile, therefore, to con-
sider the selection of other organs for evalvating genotoxicity of
test chemicals, especially the liver for detecting liver carcino-
gens. The use of suvitable organs for genotoxicity determination
is also recommended in the guidance proposed by the Commit-
tee on Mutagenicity of Chemicals in Food, Consumer Products
and the Environment (Committce on the Mutagenicity of
Chemicals, 2000).

In recent years, various investigators have tried to develop a
liver micronucleus assay. Due to extremely low mitotic activity
in adult animals, procedures require mitotic stimulation of liv-
cr cclls together with treatment of animals with test chemicals,
Tates et al. (1980) reported a method comprising partial hepa-
tectomy (PH) before or after chemical treatment for the Jiver
micronucleus assay. The division of hepatocytes is stimulated
by PH, and positive responscs were obtained in induction of
micrenuclei in liver cells after treatment with liver carcinogens
that gave negative resulls in the BM assay. Other investigators
also evaluated the chemical clastogenicity potential in the liver
by the PH method (Cliet et al,, 1989; Roy and Das, 1990; Mere-
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to et al.,, 1994; Zhurkov et al., 1996). There are, however, two
shortcomings in the PH method: 1) Technically it is not easy to
perform successful hepatectomy on all animals used in the
assay, and 2) it has been reported that cylochrome P430, sty-
rene mono-axygenasc, epoxide hydrolase, and glutathione-§-
epoxide transferase activities decrcased by 50, 35, 50, and 35 %,
respectively 12 h after PH (Rossi et al,, 1987).

Another method used 4-acctyl aminofluorene (4AAF), a
mitogen for liver cells (Braithwaite and Ashby, 1988), to acti-
vate ccll proliferation. In this method, the possibility of interac-
tion with the test chemical has not becn ignored (Parton and
Garriolt, 1997). An in vivo/in vitro assay system has also been
reported, i.e., after treatment of animals with test chemicals in
vivo, hepatocytes were coliected and primary cell cultures were
established with growth factors before cell harvest for slide
preparation (Sawada ct al., 1991). However, this in vivo/in
vitro methad is labor-intensive, costly and time consuming;
thus it has not been used as a routine method to evaluate chem-
ical clastogenicity in the liver.

The use of proliferating tissue is a prerequisite for the raicro-
nucleus assay. In 4-week-old rats, the hepatoeytes are still pro-
liferating, and the percentage of S phase cclls is more than 40
times higher than in adult rat liver (Parton and Garriott, 1997).
Sipes and Gandolfi (1993} reported that P450 levels reach a
maximum at 4 weeks of age in the rat. Considering these points,
we developed and evaluated the young (4-week-old) rat liver
micronucleus assay. We used diethylnitrosamine {DEN), which
is a well-known rodent liver carcinogen, as a model compound.
DEN was negative in the conventional BM micronucleus assay
(Morita et al., 1997), but positive in the liver micronuclens
assay using the PH method (Tates et al., 1980). This papcr
describes the comparison of the PH and young rat methods and
investigations of technical points in the voung rat liver micro-
nucleus assay.

Materials and methods

Animals

Male Fischer 344 (F344} and Sprague Dawley (SD) rats were purchased
from Charles River Japan, The animals were housed under & 12-hour light-
dark cycle and allowed free access to food and water,

Chemicals

Dicthylnitrosamine {DEN, CAS No. 55-18-5), was purchased [rom
Wako Pure Chemical Industrics, Ltd. (Osaka, Japan), DEN was dissolved in
physiological saline immediately before treatment and given once or twice by
intraperitoneal injection or gavage 10 rats,

Comparison of the young ral method with the partial hepateciomy (PH)

method

F344 or 5D rats were treated orally with 50 mg/kg of DEN at 3 or 4 woeks
of age in Ihe young rat method, and at 6 wecks of age in the PH method, In
the former method, slide preparations were made 2-5 days after single treat-
ment, and peripheral blood samples were collected and supravitally stajned
with acridine orange (AOQ)-coated slides (Huyashi et al., 1990) betore and 1,
2, and 3 days after treatment. In the latter method, PH was performed 7 days
after treatment, und the slides were prepared 2-5 days after PLHL

Dase dependency and age effect

DEN at dose Jevels of 12,5, 25, and 50 mg/kg was administered 1o 4-
weck-old rats, and hepatocytes were jsolated § days after treatment. To inves-
tigate the effect of age, F344 rais at 3-9 weeks of age were treated with DEN
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(50 mp/kg) once and slide preparations were made on the 5th day after treat-
ment as with the dose-response assay,

Administration route difference und treatmem times

4-weck-old F344 rats were treated by gavage or intraperitoneally with
DEN once at 40 mg/kg or twice al 20 my/kg with a 24-hour interval, Hepato-
cytes were isolated 2-5 days after the last treatment,

Preparation of hepatocytes

Hepatocytes were isoluted from anesthetized rats by the collagenase per-
fusion method, rinsed with 10% neutral buffered formalin 2 or 3 times and
centrifuged at 50 g (500 rpm) for 1 min (Clict ex al., 1989). Hepatacytes were
suspended with t0% neutral buffered formalin and stored in a refrigerator
until analysis, In the case of PH, two-thirds of the liver was removed accord-
ing Lo the published method (Higeins and Anderson, 1931), The hepatocytes
were suspended with 10 % neutral buffered formalin, and kept in a refrigera-
tor until analysis.

Microscopy and micromeceus determinarion

fmmediately prior to analysis. 10-20 pi of hepatocyte suspensions were
mixed with an equal volume of AO-4,6-diamidino-2-phenylindole dihy-
drochloride {DAPI) stain solution for fluorescent microscopy. The AO-DAP]
stain solution contains one part of 500 pg/ml of AQ aqueous solution and one
part of 10 pg/ml of DAPI aguecus solution. Approximately 10-20 pl of
stained hepatocyte suspension was dropped onto a glass slide und covered
with a coverstip {24 x 40 mm).

Hepatocytes were analyzed under 2 {luorescent microscope (x400 or
highes) equipped with a L'V excilation system. The number of micronu-
cleated hepatocytes (MNHEPs) was recorded based on analysis of 2000
hepatocytes (in two ficlds) from cach animal. In accordance with the meth-
ods of Braithwaite and Ashby (1928) and Clict ct al, {1989}, the following
clagsification eriteria for MNHEPs were used: Round or distinet micronucle]
staincd with the same color as the nuclei, with diameters of 1/4 or less that of
the main nuclei, The number of mitotic cells was also counted in [000 hepa-
1ocytes in cach animal 1o determine the mitotic index (M) for administra.
tion route or treatment time differe nces. Mitotic cells were delined as colls al
any stage from prophase to telophase.

Peripheral blood micronucleus assay

5-10 pl of peripheral blood samptes were collected from the tail vein and
dropped on AQ-coated stides (Hayashi ¢t al., 1990), covered with a covetslip
and stored overnight in a refrigerator yntil analysis. Reticulocytes supravital-
lv stained with AQ were analvzed under a fluorescent microscope (x600 or
higher) equipped with a blue light excitation system, The number of micro-
nucleated reticulocytes (MNRETSs) was recorded by cvaluation of 2000 retic-
ulocytes in two ficlds per animal,

Statistical analysis

The incidences of micronucleatzd hepatacytes or reticulocytes were ana-
lyzed statistieally by wsing Kastenbzum’s and Bowman's tables {Kastenbaum
and Bowman, 1970).

Results

AO-DAPI double fluorescent staining

Figure 1 shows fluorescent microphotographs of nuclei in
voung rat hepatocytes stained with AQ alone (Fig. la), DAPI
alone (Fig. tc), and combination of AO and DAPI (Fig. 1b).
Compared to AO or DAPI zlone, the double staining allows
better distinction of micronuclei and cytoplasm.

Comparison of the young rat method with the partial

hepatecromy method

The results of the assay with DEN at 50 mg/kg are shown in
Fig, 2. Both methods revealed significant increases in the num-
bers of MNHEPs in comparison with concurrent controls, The
frequencics of MNHEPs in young rats were generally higher



Fig. 1. Fluorescent microphotographs of he-
patoryte nuclej from young rats stained with {(a)
AQ alone, (b) a combination of AQ and DAPI,
and (¢} DAP] alone.
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Fig. 2. Frequencies of MNHEPs (micronuclei/i000 hepatocytes) 2 to §
days afier administration of 50 mg/kg DEN to (a) F344 rats and (b) SD rats
in (he young rat method and PH method. Mean of 4-5 animals. * P <0.05,
v P2 0.01, significantly dificrent from the concurrent solvenl control.

than those of the PH method and it was shown that the
MNHEP frequencies of F344 rats (Fig. 2a) were higher than
those of SD rats (Fig. 2b) in both methods. There was no statis-
tically significant difference in MNRET induction observed in
peripheral blood at any treatment time in either F344 or SD
rats (data not shown).
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Fig. 3. MNHEP frequencies (evaluation of 2000 hepatocytes} $ days afier
administration of DEN {12.5, 25 and 50 mg/kg) to F344 rats (column with
standard deviation bar). Rody weight (BW) gain was only marginally affected
at the highest dose,

Dose dependency and age effect

The MNHEP frequencies after administration of DEN
(12,5, 25, 50 my/kg) to 4-week-old F344 male rats increased
dose dependently and reached approximately 9- to 20-fold the
concurrent solvent control (Fig. 3). During this study, the rate
of body weight gain was only marginally decreased at the high-
est DEN dose. The MNHEP frequency after 50 mp/kg DEN
administration to F344 rats aged between 3 and 9 wecks
decreased age-dependently, with the highest value (2.3%) at 3
weeks of age, and lowest (0.17%) at 9 weeks of age (Fig. 4).

Route difference and treatment times

To determine the influence of administration route, DEN
was given either orally or intraperitoneally to 4-weck-old F344
rats. MNHEP frequency was similar for both routes, 2-5 days
after single (40 mg/kg) or the second treatment for a split-dose
(2 = 20 mgfkg) regime (Fig. 5a, b). The MNHEP frequency
increased depending on the time after DEN treatment (up to 5
days). On days 2, 3, and 4, split DEN dosing resulted in higher
MNHEP frequencics compared to the single dose protocol.
Mitotic cells were observed in 1.2 £ 0.30% to 1.5 = 0.74% of
cclls in the solvent contro} group 5 days afler treatment, and in
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peritoneal injection. Results are the mean of five
animals with standard deviation,

0.7 £ 0.21%to0 1.7 + 0.68 % of cells in the DEN group (Fig. 6a,
b}. The incidence of metaphase celis tended to be lower after
the double treatment of DEN.

Discussion

Since Tates et al. reported a liver micronucleus assay in
1980, a number of variations have been published (Cliet et al.,
1989; Roy and Das, 1990; Mereto et al., 1994; Zhurkov et al.,
1996). In these studies, the PH method, the chemical mitogens
method, and an in vivo/in vitro method have been applied to
assess micronucleus induction in liver cells, These methods
have been used on a case by case basis, but they have not been
used routinely for evaluation of genotoxicity of chemicals.
Some criticisms of these methods are 1) introduction of abnor-
mal physiological conditions (e.g., PH method), 2) increased
unknown factors as a result of interaction between test chemi-
cal and mitogen, 3) laborious and time-consuming (c.g., in
vivo/in vitro method). We have thus paid attention to the
method based on proliferating activity of liver cells in young
rats up to about 4 wecks of age. Although the method using
young rat liver was reported by Parton and Garriott (1997), it
has not been well characterized and evaluated,

We consider the young rat liver micronucleus assay method
as advantageous because it docs not require any physical injury
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such as PH, nor pretreatment with mitogens that may interact
with a test substance, nor setting up of primary culture that also
may cause damage Lo the target cells. Therefore, we propose to
use the present method as a tool for evaluation of chemical
genotoxicity that may eceur in the liver.

As shown in Fig. 6, we confirmed that there were many
mitotic cells in the liver of 4-week-old rats, The mitotic index
(M) cbserved in the present study was comparable 1o that
reported by Parton and Garriott (1997). As shown in Fig. 4, the
incidence of MNHEP decreased with the age of the rats. This
can be explained by an age-related decrease in proliferation of
hepatocytes and dilution of the cells with micronuclej with
undivided normal hepatocytes. This phenomenon was also
observed in the PH method. The M1 in regenerating hepato-
cytes is 3.6% and decreases betow 1% at 72 h afier PH (Gri-
sham, 1962; Parton and Garriott, 1997). To restrict the cell
population to one ccll division aficr treatment, co-treatment
with cylochalasin B could be considered. It would, however, be
important 1o consider possible interactions between test chemi-
cal and cytochalasin B, Therefore we believe that it is accepta-
ble to perform the assay without co-treatment of cytochalasin B
as long as rats at 4 weeks of age are used,

The AO-DAPI staining method, which was originally devel-
oped for the testis micronucleus assay (Noguchi, 1997), was
efficient for analysis of micronuelei in cytoplasm of hepato-
cyles. This novel staining method gave clearer distinction of



micronucleus, nucleus, and cytoplasm than the single Muores-
cent staining with cither AOQ or DAPL. To evaluate the practica-
bility of the staining method, 12 laboratories participated in the
collaborative 1rial and obtained similar MNHEP frequencies
aftcr treatment with 40 mp/kg DEN. This resull indicated that
the new staining method is powerful even for novice users of
the liver micronuclcus assay,

We chose the 4-weck-0ld rat for the liver micronucleus assay
based on our present results and also on the knowledge of age-
rclated changes in metabolic enzyme profiles: Cytochrome P-
450 content in young rats is similarto that in adult rats (Imacka
et al., 1991); there is no major difference between 30-day-old
and 100-day-old rats in the activity of hexobarbital hydroxyla-
tion, N-demethylation of ethylmorphine, O-demethylation of
p-nitroanisole or hydroxylation of aniline (Furncr et al., 1969).
P-450-1A2, 2A1, 2BI, 2B2, 2E1, 3A), and 3A2 activity levels
reach a maximum at about 30 days of age, thercafter, the levels
of these P-450 species plateau in the liver due to growth hor-
mone action. Conversely, P-4502C7, 2C11, 2C12, and 2C22
arc expressed rapidly after 30 days of age (Kato and Yamazoe,
1992). Thus, & compound which is principally activated by
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