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Epstein (1974) and Heidelberger (1975) suggest that 60-90% of all 
human cancers involve a chemical carcinogen. Many of these 
chemicals have been isolated from discharges to the aquatic 
environment (Dunn and Stich 1976; Kraybill 1977; Payne and 
Rahimtula 1981), and examination of contaminated areas has shown 
a relationship between enhanced levels of known carcinogens and 
neoplastic disease in fish (Brown et al. 1973; Smith et al. 1979; 
Black et al. 1980, 1982). A chemical agent etiology is further 
supported by the production of tumors in fish following exposure 
to carcinogens (Ashley 1970; Sato et al. 19731 Piiss and 
Khudoley 1975), by the ability of fish to metabolically activate 
chemical carcinogens (Balk et al. 1982; Egaas and Varanasi 1982; 
Varanasi et al. 1982), and by the binding of these active 
metabolites to fish DNA (Ahokas et al. 1979; Varanasi et al. 1981; 
Bailey et al. 1982). 

A number of in vivo test systems for studying genotoxic effects of 
chemicals on aquatic organisms have been proposed (Kligerman et al. 
1975; Kligerman 1979; Pesch and Pesch 1980; Dixon and Clarke 
1982; Harrison and Jones 1982; Hooftman and de Raat 1982), but 
there has been comparatively little research on in vitro systems 
(Barker and Rackman 1979; Slooff and van Kreijl 1982; Walton 
et al. 1983). 

In mammalian test systems, the UDS technique has proven to have 
in vivo and in vitro applications and responds to many classes of 
carcinogens (Mitchell et al. 1983). HDS is also of practical 
significance, since failure to repair damaged DNA is linked to 
increased tumor incidence (Cleaver and Bootsma 1975). Studies by 
Ishikawa et al. (1978) in vivo and by Woodhead et al. (1980) and 
Walton et al. (1983) in vitro have shown limited UDS in fish cells 
independent of the cell line's tissue or species of origin 
following chemical mutagen exposure. In this paper, we present 
data showing how the in vitro UDS assay with rainbow trout gonad 
(RTG) cells may be modified to enhance grain production, thus 
increasing the sensitivity of the assay. 

340 



MATERIALS AND METHODS 

RTG-2 cells (passage 60), obtained from the American Type Culture 
Collection, Rockville, MD, were maintained in sealed 75 cm 2 
plastic culture flasks (Falcon Plastics) at 18~ in a dry 
incubator. The cells were cultured in Eagle's minimal essential 
medium (MEM, Grand Island Biological Co.) supplemented with 10% 
fetal calf serum, antibiotics (streptomycin sulfate, 29.5 ~g/ml; 
penicillin G, 204 ~g/ml; kanamycin, i00 ~g/ml; fungizone, 
2.5 ~g/ml) and sodium bicarbonate (5 ml/800 ml medium). 

N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG) and 4-nitroquinoline-1- 
oxide (4NQO) were obtained from Aldrich Chemical Co., Milwaukee, 
WI. [Methyl-3H]thymidine (3HTdR, sterile aqueous solution, 
25 Ci/mmole specific activity) was from the Amersham Corporation, 
Amersham, U.K. 

Approximately 80,000 cells were seeded onto l0 x 35 mm coverslips 
in stoppered Bellco Leighton tubes. After 2-3 days in growth 
medium (MEM plus 10% serum), cell proliferation was arrested by 
placing the cultures into arginine-deficient medium (ADM) with 
2.5% serum (2.5% ADM) for 4-5 days. 

MNNG dissolved directly into 2.5% ADM, while 4NQO required initial 
dissolving in dimethylsulfoxide (DMSO) prior to dilution with 
medium. 3HTdR was diluted with 2.5% ADM to attain a working 
concentration of i0 ~Ci/ml. Cells were simultaneously exposed to 
mutagen and 3HTdR for the treatment period. 

Following exposure, the cells were treated with 0.5% sodium citrate 
for i0 min and then fixed in ethanol/acetic acid (3:1). Air-dried 
coverslips were mounted on slides with paraffin wax, processed 
autoradiographically using Kodak Nuclear Track Emulsion (NTB-3, 
Eastman Kodak, Rochester, NY), and stained in aceto-orcein. The 
amount of UDS was determined by scoring the number of grains over 
nuclei of equal size and staining intensity, and subtracting the 
background grain count from an equivalent area adjacent to the 
nucleus. Each data point represents the mean number of silver 
grains for at least 30 nuclei. 

RESULTS AND DISCUSSION 

Extending the 3HTdR treatment period (Fig. i) to 6 hr resulted in 
higher grain counts. Presumably, a longer treatment period 
permits more DNA to be repaired, hence 3HTdR incorporation. No 

3 
toxic effects were observed with the longer HTdR exposure. Data 
point comparisons generally indicate that grain count increases 
are not proportional to increases in 3HTdR exposure time, probably 
a consequence of the rapidly falling rate of repair following 
mutagen exposure (Walton et al. 1983). A longer 3HTdR treatment 
period following mutagen exposure has also been found to increase 
grain counts in rat primary hepatocytes (Williams and Laspia 1979). 
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Fig. 1. The effect of increased 3HTdR exposure time ( �9 30 min; 
�9 , 60 min; A , 90 min; y , 180 min; O, 360 min) on UDS in 
cultured RTG cells following a 30 min MNNG treatment. The assay 
was conducted at 18~ and emulsion-coated slides kept in light- 
tight boxes for 18 days prior to development. Mean grain counts 
are plotted with 99% confidence intervals. 

Assay temperature influences grain production (Fig. 2). Conducting 
the assay over a temperature range of 4 to 25~ indicated maximal 
UDS at 25~ Cell killing from the temperature change was not 
observed during the course of the experiment. Enhanced grain 
production by elevating the assay temperature to 25~ may result 
from increased activity of the DNA repair enzymes, since immediate 
changes in poikilothermic cells (Hazel and Prosser 1974) are more 
likely to be enzyme-related than, for example, membrane composition 
alterations (de Torrengo and Brenner 1976), which could affect 
chemical mutagen or 3HTdR uptake. Observation of RTG cell cultures 
maintained for several passages at 25~ showed an increase in the 
number of karyorrhexie nuclei, indicating that the nature of the 
DNA may be influenced by temperature. Plumb and Wolf (1971) found 
the optimal temperature for RTG cell growth to be approximately 
20~ with only slightly Less growth at 25~ 

Increasing the duration of exposure to the emulsion (Fig. 3) also 
yielded an increase in nuclear grain count. A longer emulsion 
exposure period permits more 3HTdR to decay and react with the 
emulsion to produce more grains over the nucleus. As the half-life 
of tritium is 12.3 years (Rogers 1979), the rate of decay should 
be constant over the 30-day exposure period used here. As expected, 
the results (Fig. 3) show a proportional grain count increase with 
increase in emulsion exposure time. 
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Fig. 2. The UDS increase with assay temperature ( �9 4~ �9 , 
IIoC; �9 , 18~ �9 , 25~ in cultured RTG cells exposed simul- 

taneously to 3HTdR and b~NG for 6 hr was examined. The cells were 

seeded at 18~ and given 48 hr to acclimatize to the new tempera- 
ture prior to the experiment. The cells were exposed to emulsion 
for 18 days prior to development. Mean grain counts are plotted 

with 99% confidence intervals. 

Increased grain production was found by lengthening the duration 
of carcinogen exposure to approximately 30 min (Fig. 4). Between 
30 and 60 min there is only a slight increase in grain count, and 

the slight decrease in counts beyond 60 min may indicate a toxic 
effect from the mutagen. An increase in rat primary hepatocyte 
grain counts has also been found with longer mutagen exposure 

(Williams 1977). 

Other factors investigated, including varying the cell division 
arrest time in 2.5% ADM prior to mutagen exposure, increasing the 

culture media's fetal calf serum concentration, varying the 3HTdR 

concentration, and using RTG cells differing by an excess of 30 
passages, had little effect on the observed level of UDS. 

By conducting the assay at 25~ instead of 18~ increasing the 
3HTdR treatment period from 3 to 6 hr, and extending the emulsion 
exposure period from 18 to 30 days, grain production in RTG cells 
can be increased two to threefold (Fig. 5). 
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Fig. 3. Following simultaneous exposure to MNNG and 3HTdR at 18~ 
coverslips of cultured RTG cells were mounted on slides and exposed 

to emulsion for varying periods of up to 28 days ( �9 7 days; 
B, 14 days; �9 , 21 days; �9 , 28 days) prior to development. Mean 
grain counts are plotted with 99% confidence intervals. 
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Fig. 4. The UDS increase in cultured RTG cells at 25~ with 
increased exposure time to 5x10 -4 M 4NQO ( �9 , experimental; �9 , 
control) is shown. The 4NQO exposure was followed by a 6-hr 
3HTdR treatment and a 30-day emulsion exposure. 
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Fig. 5. A comparison of UDS in cultured RTG cells exposed to MNNG 
(O) or 4NQO ( [] ) utilizing (A) the original experimental conditions 

(assay at 18~ using a simultaneous 3-hr 3HTdR treatment and 18- 

day exposure period to emulsion), and (B) the conditions found to 
enhance grain production (assay at 25~ using a simultaneous 6-hr 
3HTdR treatment and 30-day exposure period to emulsion) is shown. 

Mean grain counts are plotted with 99% confidence intervals. 

Background grain counts, observed to increase slightly, were 
minimized by using a low cell density on each coverslip and by 

thorough rinsing of the coverslip during the preservation 
procedure to remove non-incorporated 3HTdR. 

Further research will determine whether this enhanced response is 
sufficient for the RTG DNA repair assay to be a viable genotoxicity 

testing procedure. 
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