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breaks cannot be related to a specific exposure, when 
com pared to e.g., D N A-adduct form ation that indi
cates specific pollution. Nevertheless, the relative 
simplicity o f the technique, com pared to D N A-ad
duct determinations that require sophisticated detec
tion techniques, makes it an interesting tool to esti
mate global DN A damage.

Many laboratories have put efforts in improving 
the usefulness o f the com et assay in a wide range of 
research domains [1,2]. These developm ents resulted 
in a large num ber o f different protocols of, mainly, 
modified methods o f Singh et al. [3] and T ice [1] in a 
sense that “ there are as many protocols as there are 
laboratories perform ing the test”  (Verschaeve, 1997). 
Consequently, interlaboratory com parisons are com
promised by the lack o f standardisation.

The m icronucleus test has also been used to esti
mate the level o f exposure to contam inants by many 
researchers since the beginning o f the eighties (for 
review, see Ref. [4]). This test m easures structural or 
numerical chrom osom e dam age and was previously 
most com monly used to assess genotoxicity (for 
review, see Refs. [5,6]). The test is a recom m ended 
indicator in environm ental studies under laboratory 
conditions and in the field [4],

The com et assay has great potential to estimate 
DNA dam age in fish— they are characterised by 
karyotypes consisting o f many sm all chromosom es 
— because neither m etaphases nor know ledge of the 
chrom osom e num bers are required [7]. D espite these 
technical advantages, the com et test has rarely been 
used in studies of pollution-induced DNA dam age in 
marine fish. M ost published studies have used fresh
w ater fish such as bullheads ( Am eiurus nebulosus) 
and carp ( Cyprinus carpio ; [8]), brow n trout ( Salmo 
trutta fario', [7]), zebra danio ( Brachydanio rerio; 
[9]) and rainbow trout ( O nchorynchus mykiss; [10]). 
Only Nacci e t al. [11] reported on the application of 
the com et assay to m arine flatfish (flounder, Pleu
ronectes am ericanus). In the m arine environment, 
flatfish are especially suitable and recom m ended for 
monitoring purposes because these animals are sedi
ment dwellers and sedim ents are know n sinks for 
contaminants. The com et assay has mostly been 
applied to erythrocytes and lym phocytes in blood 
because these cell types can easily be sam pled and 
cell dissociation is not needed [7], however, gills [9] 
and livers [10,11] have also been used.

In the present study, the usefulness of the com et 
assay for detecting DNA dam age was tested on 
marine flatfish (turbot, Psetta maximus).

Several param eters of the com et assay were stan
dardised, including effectiveness o f tissue dissocia
tion, cell storage, slide storage, neutralisation and 
fixation o f the slides, intra- and interindividual varia
tion and electrophoretic conditions. Ethyl methane- 
sulphonate (EM S), a known genotoxic agent in vivo 
in fish [7], was used in the standardisation experi
ments. Four different tissue types were screened 
because genotoxic effects o f contaminants are often 
tissue-specific [11]. The tissues were selected on 
procedural a n d /o r  functional criteria: (1) erythro
cytes because o f easy and non-destructive sampling, 
no further isolation steps are needed, (2) liver tissue, 
which is the main m etabolising organ, (3) gills for 
their continuous contact w ith the water phase, and 
(4) kidney, w hich is the blood producing organ.

2. Materials and methods

2.1. Chemicals

E th id ium  b rom ide , G iem sa, T ris(hydroxy- 
m ethyO -am inom ethane, sodium  hydroxide, sodium 
chloride and EMS w ere obtained from Merck 
(Darm stadt, Germany). Phosphate buffered saline 
(PBS), RPM I 1640 medium, low melting point 
(LM P) and norm al m elting point (NMP) agarose 
were purchased from Gibco BRL. A-lauroyl sarco- 
sine, dim ethyl sulfoxide, and Triton-X  100 were 
obtained from  Sigma (St. Louis, MO, USA), while 
A -r-butyl-a-phenylnitrone was obtained from Aldrich 
(Belgium).

Artificial seawater at a total salt concentration of 
30% o  was prepared w ith HW  sea salt (Belcopet, 
Belgium).

2.2. Test organisms and feed ing  regime

Juvenile turbot (P . maximus, approximately 120 - 
200 days old, weighing between 8.27 and 47.39 g 
and with a length size between 8.5 and 15.0 cm were 
purchased from  the com mercial supplier France Tur
bot (Noirm outier, France). The fish were kept in 
500-1 glass tanks containing natural seawater that 
was filtered through a 4-m  sand bed and a 1 to 2-cm
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thick layer o f rinsed sand. The fish were fed on a 
pelleted diet, supplied by the hatchery, 2 X /d a y . 
The food quality was exam ined by GC-ECD and 
H P L C -U V /F luorescence and considered good since 
the contents o f organochlorines and polyarom atic 
hydrocarbons w ere below the detection limits. The 
water tem perature was kept at 15 ±  1°C in a tem per
ature controlled room.

2.3. Laboratory exposure system

Exposure experim ents were perform ed in glass 
tanks w ith a w orking volume of 10 1 artificial seaw a
ter. Random ly selected turbot w ere allocated into 
each tank (4 f ish /ta n k ) . The fish w ere exposed to 50 
m g /1  ethyl EM S. Every 24 h, a  2-1 volume was 
rem oved and replaced with fresh EM S-containing 
solution so that the final concentration added to the 
tanks rem ained 50 m g /1 . This 24 h renewal was 
based on experience in the laboratory [12]. Gentle 
aeration was also provided. Samples were taken after 
3 and 7 days o f exposure. These sam pling periods 
were chosen because a clear response in trout 
erythrocytes was seen with the com et assay after 3 
and 7 days treatm ent w ith EMS [7].

2.4. Preparation o f  cell suspensions

Three and seven days after the prim ary exposure 
(on a total exposure period o f 7 days), 2 to 3 
f ish /co n d itio n  w ere sacrificed. The capacity o f the 
electrophoresis unit (21 slides) did not allow more 
fish to be analysed. However, in the future m ore fish 
per experim ental po in t could be sam pled with adapted 
equipm ent. B lood was taken by cardiac puncture, 
and im m ediately afterwards the fish were killed by 
decapitation and dissected. No anesthetic was used. 
All handling o f tissue dissection, dissociation, and 
preparations w ere perform ed on ice under yellow 
light, to prevent UV -induced DN A damage. The 
tissues were dissected and im m ediately washed 3 
tim es w ith 9%o N aC l solution. D ifferent techniques 
for cell dissociation w ere tested:
• M incing in PBS buffer +  100 mM  EDTA during

20 s and 1-min periods.
• Pressing the tissue trough a 100-/xm mesh filter

in a  syringe in the presence o f PBS and 100 mM
EDTA.

• Potter hom ogenisation in PBS containing 1 mM  
m ercaptoethanol w ith a P otter-E lvehjem  ho- 
m ogeniser.

• Incubation in 10 ml PBS containing 200 mM  
A/'-i-butyl-a-phenylnitrone (after the work o f S ingh 
[16]).

• Proteolytic digestion in RPMI 1640 medium con
taining 0.125%  collagenase.
The cell suspensions were then centrifuged at 

3020 X g  fo r 10 min. After centrifugation, the super
natants w ere rem oved, and the pellets resuspended 
by gently tapping the culture tube. The viability of 
the individual cells was determined by trypan blue 
uptake as follows: a  m ixture of 500 /xi, 0.4% trypan 
blue solution and 300 /xi H ank’s buffer solution 
w ere added to 200 /xi o f the cell suspension, mixed, 
and incubated for 5 min. The num ber of blue cells 
(dead) and white cells (alive) am ong 1000 cells were 
counted in a  counting chamber.

2.5. Cryo-preseruation o ff is h  tissues

Three different protocols for cryo-preservation of 
the tissues w ere compared.

2.5.7. M ethod 1
Blood, cell suspensions, and com plete organs were 

im m ersed in 500 /xi RPM I containing 25%  FCS and 
cooled, 20% D M SO  was added when the tem pera
ture reached 4°C.

2.5.2. M ethod 2
A total o f 50 pA blood was added to 500 /xi 

RPM I containing 25%  FCS and cooled, 20% glyc
erol was added when the temperature reached 4°C.

2.5.3. M ethod 3
The cells w ere dehydrated in RPM I containing 

20%  FCS and 0.25%  or 0.5% sucrose for 5 min. 
Blood, cell suspensions and com plete organs were 
added to 500 /xi of RPMI +  20%  FCS +  0.5 M 
sucrose +  25% DM SO.

A fter these preparations the cryo-tubes containing 
the cells were flash-frozen in liquid nitrogen.

2.6. Variance analysis

The individual variability was determ ined by cal
culating the coefficient o f variation (CV =  standard 
d ev ia tion /m ean  • 100).
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2.7. A lkaline comet assay

The alkaline com et assay was perform ed under 
yellow  light with a modified m ethod of Tice et al. 
[13]. N orm al slides were dipped in 1% NM P agarose 
gel in  w ater and air-dried overnight. The cells (10 /xi 
o f 20-fold diluted blood samples, 10 /xi for gili, 50 
/xi for liver and 30 /xi for kidney preparations) were 
added to 300 /xi o f 0.8% LM P agarose gel, which 
was gently placed on top of the 1% NM P layer and 
covered w ith a coverslip. The slide was put on ice

for no longer than 5 m in to allow the gel to solidify. 
The coverslip was then removed and the slides were 
put in cold fresh  lysis buffer (2.5 M NaCl, 100 mM  
N a2EDTA, 10 mM  Tris, 1% /V-lauroylsarcosine, 1% 
Triton-X  100, 10% DM SO) for 1 -2  h. After lysis, 
the discrim ination pow er of the electrophoresis was 
tested under several electrophoretic conditions at 
18°C (Table 4). The electrophoresis buffer (300 mM 
NaOH, 1 m M  EDTA, pH >  13) was gently recircu
lated at low  rate to avoid accum ulation of salt near 
the negative pole. For the alkaline version both

T ab le  1
E ffects  o f  cell dissocia tion  protocol on m edian o f  ta il length  (T L ), ta il m om ent (T M ) a n d  tail D N A  (T D N A ) afte r dissocia tion  o f  gili, liver 
and  k idney  cells

C om et param eter G ili m edian L iver m ed ian K idney m edian

T L TM T D N A T L TM TD N A T L TM TDN/>

D issoc ia tion  p ro to co l (electrophoretic condition) 
1 .3 0  m in in P B N a 9.5 0.50 5.31 10.61 0.41 4.62
2 . 30  m in in P B N a 10.06 0.52 4.82 11.45 0.41 3.97 8.94 0.42 5.11
3. 60  m in  in P B N a 9.5 0.48 5.37 8.94 0.23 2.33 9.78 0.56 5.17
4. 60  m in  in  P B N a 8.94 0.31 3.11 9.5 0.52 5.59 8.38 0.25 2.62
5. 10 m l P o tte r-E lv eh je m  hom ogenisation  in PB S 10.06 0.87 9.2 11.73 0.64 5.59 9.5 0.65 7.65
+  m M  m ercap toethanoP
6. 10 mi P o tte r-E lv eh je m  hom ogenisation in PB S 31.28 6.62 13.54 32.12 8.57 26.08 35.47 7.62 20.00
+  1 m M  m ercap toethanoP
7. 0 .5 m l P o tte r-E lv eh jem  hom ogenisation  in PBS 22.35 3.96 22.39 29.89 5.56 20.79 20.39 2.09 11.19
+  1 m M  m ercap toethanoP
8. P ressing  though  100 p.m  m esh filter w ith  PBS 15.36 1.75 12.47 29.61 5.31 18.89 18.72 1.60 8.92
+  100 m M  ED TA b
9. P ressing  though 100 /xm  m esh filter w ith  PBS 18.99 2.46 19.04 24.3 4.72 19.82 20.39 2.81 14.88
+  100 m M  E D T A C
10. P ressing  though 100 p m  m esh filter w ith  PBS 24.58 3.96 16.72 _ _ _ 14.52 1.48 11.03
+ 1 0 0  m M  E D T A 1 
11. 2 0  s m inc ing  in PBS buffer w ithd 19.83 4,86 26.37 41.06 15.2 37.6 15.64 2.52 17.27
100 m M  ED TA d
12. 1 m in m inc ing  in  PB S buffer w ithd 44.69 35.96 93.02 41.62 27.96 67.92 45.25 36.37 78.51
100 m M  EDTAd

D igestion  w ith  0 .125%  collagenase in R P M I 1640 m edium  
1. 30  m inb 21.23 2.51 14.08 27.37 5.31 19.71 26.26 5.07 51.89
2. 30  m inb 18.99 1.23 8.6 22.9 5.40 16.59 - - -
3. 60  m inb 26 .26 13.65 53.32 26.26 10.62 36.56 46.93 40.81 88.48
4. 60  m inb 9.5 0.7 7.72 - - - 25.14 3.74 16.99
5. 90  m inb 11.73 0.85 7.20 11.73 0.71 6.55 16.20 1.46 9.49
6. 90 m inb 34.64 24.7 70.68 43.02 35.04 84.14 31.28 15.65 21.62
7. 90  m inb 14.24 4.57 25.94 15.64 2.58 26.86 16.48 1.69 10.36

P B N  =  10 m l PB S supplem ented  w ith 200 m M  A -t-bu ty l-a -pheny ln itrone . 
T he  fo llow ing  are  the electrophoretic conditions. 
a2 0  m in  dénaturation , 10 m in electrophoresis  (0 .4  V /c m ,  30 0  m A ).
b20  m in  dénaturation , 10 min electrophoresis  (0.7 V /c m ,  30 0  m A).
c30  m in  dénatu ra tion , 10 m in electrophoresis  (0 .7  V /c m ,  300 mA).
d40  m in  dénaturation , 20  m in electrophoresis  (0 .7  V /c m ,  30 0  mA).
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dénaturation and electrophoresis were perform ed in 
the same alkaline electrophoresis buffer. For the 
‘neutral version’ dénaturation (20 m in) was also

done in the alkaline buffer, but electrophoresis was 
perform ed in neutral TBE buffer for 10 min (1 
V /c m ).

A . Blood

Exposed fish 1

Exposed fish 2

0  1 2  3 4  5 6  7  8  9  10  11 12 13  14  1 5  16  17  18  1 9  2 0

Ratio tail moment frozen / tail moment fresh

Exposed fish 1

Exposed fish 2

v //////# ///////m ^ ^

■  b

i3c 

&d 

Be 

f

0 h

2  3  4  5  6  7 8  9  10  11 12  13  14  1 5  16  17  1 8  19  2 0

Ratio tail moment frozen I tail moment fresh

Fig. 1. E ffects on  the  com et assay resu lts  a fte r cryo-preservation  o f  b lood (A ), g ili (B ), liver (C ) and kidney (D ) tissue  in liquid  nitrogen for 
1 w eek. T he  results are  p resen ted  as  ratio  ‘m edian ta il m om ent frozen s a m p le /m e d ia n  ta il m om ent fresh  sam p le ’. T he  treated fish w ere 
exposed  to  50  m g E M S /1  for 3 days, w ith  an excep tion  in protocol e  w here  the  fish w ere treated  fo r 7 days. E lec trophoresis  conditions: 0.4 
V /c m  and 300 m A  for 60 min. L eg en d  f o r  the  cryo-preserva tion  p ro toco ls, (a ) C ell suspension  in 5 00  /¿I R P M I m edium  supplem ented  
w ith  25% FC S. A fte r coo ling  o f  th is so lu tion  to  4°C , 20%  D M S O  (room  tem perature) w as added, (b ) C ell suspension  in 500 p. 1 R PM I 
m edium  supp lem ented  w ith  25% FC S. A fte r coo ling  o f  this so lution to 4°C , 20%  glycerol (room  tem peratu re) w as added, (c , d, f  and g) 
Pre-dehydrate  the  b lood o r com ple te  tissue  fo r 5 m in  in R PM I m edium  +  0.25 M  sucrose  +  20%  FC S, then  for 5 m in in R PM I 
m edium  +  0.5 M sucrose  +  20%  FC S. F lash -freeze  in 500 /xi R PM I +  20%  FC S +  0.5 M  su cro se  +  3.5 M  D M S O . (e ) Sam e freezing 
pro tocol as in c  (com ple te  tissue), but fish  w ere  trea ted  fo r 7  da>s w ith  EM S. (h and i) P re-dehydrate  the  cell suspension  fo r 5 m in in R PM I 
m edium  +  0.25 M  sucrose  +  20%  FC S, then  fo r 5 m in in R PM I m edium  +  0.5 M  sucrose -I- 20%  FC S. F lash-freeze in 500 /xi R PM I +  20%  
FC S +  0.5 M  sucrose +  3.5 M  D M S O . In th is p ro toco l d issocia ted  cell suspensions w ere frozen  instead  o f com ple te  organs.
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C. L iv e r

Control fish 1

□  e

Elf

Control fish 2

Exposed fish 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Ratio tail moment frozen /  tail moment fresh

D . K id n e y

Exposed fish 1

ÆtMÊÊÊÊÊÊÆÊÊi
E  c 

¡3d  

m e

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Ratio median tail moment frozen /  median ta il moment fresh

F ig . 1 ( c o n tin u e d ) .

At the end o f the electrophoresis, the slides were 
neutralised with 0.4 M  Tris (pH =  7.5) and fixed in 
pure ethanol or m ethanol. Tw o different ways of 
neutralisation and fixation were tested. In Protocol 1 
the slides w ere neutralised 3 tim es for 5 min each 
and afterw ards fixed in cold pure methanol for 5 
min, as described in the work o f Klaude et al. [14], 
Protocol 2 used two neutralisation steps for 15 min 
each and was follow ed by fixation in 100% cold 
ethanol. A fter 30 m in, the anhydrous ethanol was

replaced w ith 60 -7 0 %  ice cold ethanol for 30 min. 
F inally, the slides were stored at room  tem perature 
for a m axim um  of 1 week, prior to the analysis. 
Before im age analysis and processing, the slides 
w ere rehydrated with 200 /xi distilled water for 10 
min, then stained with 100 /xi ethidium  brom ide (20 
/x g /m l)  fo r 10 min, rinsed with distilled w ater and 
kept in a m oist cham ber at 4°C. The electrophoretic 
patterns w ere analysed with a fluorescence micro
scope (Leitz, 25 X oil imm ersion objective) equipped
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w ith an im age analysis system (K om et 3.0, K inetic 
Im aging). A  total o f 50 c e lls /s lid e  w ere m easured, 
unless otherw ise stated. All slides w ere coded. The 
param eters measured to analyse the electrophoretic 
patterns were: tail length (measured from  the m iddle

o f the head to the end o f the tail), relative DNA 
content in the tail, and the tail m om ent (tail length X  

relative tail DNA content). The following criteria 
were met to  obtain precise m easurem ents: (1) m ea
surements near the edges of the slides were avoided;

A . B lood

C ontro l fish  1 

C on tro l fish 2 

E x p o se d  fish  1 

E x p o se d  fish  2

B. G ili

ggpzzzzzzzzza

□  E x p erim en t 3: 3  d a y s  
e x p o su re

■  E x p erim en t 3: 7  d a y s  
e x p o su re

□  E x p erim en t 4: 3  d a y s  
e x p o su re

□  E x p erim en t 4: 7  d a y s  
e x p o su re

0  0 ,2  0 ,4  0 ,6  0 ,8  1 1 ,2  1 ,4  1,6 1,8

ra tio  ta il m o m e n t s to re d /ta il m o m e n t fresh

C ontro l fish 1

C ontro l f ish  2

E x p o se d  fish  1

E x p o se d  fish  2

0  0 ,2  0 ,4  0 ,6  0 ,8  1 1,2 1,4 1 ,6  1 ,8  2

□  E x p erim en t 3 

■  E x p erim en t 3  

0  E x p erim en t 4

□  E x p erim en t 4

3  d a y s  e x p o su re  

7  d a y s  e x p o su re  

3  d a y s  e x p o su re  

7  d a y s  e x p o su re

R atio  m edian  ta il m o m e n t s to re d /ta il m o m e n t fresh

C . L iv e r

C ontro l fish  1

C o n tro l fish  2

E x p o s e d  fish  1

E x p o s e d  fish  2

□  3  d a y s  e x p o s u re  

■  7  d a y s  e x p o su re

0 0 ,2  0 ,4  0 ,6  0 ,8  1 1 ,2  1 ,4  1,6 1 ,8  2

R atio  m ed ian  ta il m o m e n t s to re d /m e d ia n  ta il m o m en t fresh

Fig. 2. E ffects  on  com et assay results after sto rage o f  s lides in  ly s ing  bu ffer fo r 1 week: b lood  (A ), g ili (B ) and liver (C) tissue. T he  results 
are  p resen ted  as ra tio  ‘m edian ta il m om ent s to red  s a m p le /m e d ia n  ta il m om ent fresh sam p le ’. T he  trea ted  fish  w ere exposed  to  50  m g 
E M S / I  fo r 3 days o r 7 days.
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(2) no cells were scored near or in a trapped air 
bubble and (3) only slides with low background were 
used. The same operator m ade all measurem ents.

2.8. Statistics

For the com et assay, all data sets were tested for 
normality and hom ogeneity of variance and, when 
these criteria w ere met, the data were compared 
using Student’s M est. W here the data failed to meet 
assumptions for norm ality, the non-param etric Kol- 
m ogorov-S m im ov test was used. Statistical signifi
cance was set at an alpha level o f 0.01 (instead of 
0.05, since non-param etric tests are often too sensi
tive). The data o f the control fish (only two control 
fish were used) w ere pooled and com pared to the 
data of the pooled exposed fish (two or three 
fish /sam pling  tim e) using S tudent’s M est or Kol- 
m ogorov-Sm im ov test. Pooling of two fish with the 
same treatm ent was in som e cases not statistically 
justified, however, for statistical analysis the pooling 
made a com parison w ith the other treatm ents possi
ble.

3. Results

3.1. Effects o f  tissue cell dissociations

T he effects o f different tissue cell dissociation 
systems were tested to optim ise the isolation of 
individual cells from  liver, gili, and kidney tissues of 
fish.

T he results are sum m arised in Table 1 for the 
non-enzymatic digestions and for the digestion with 
collagenase.

M ost protocols resulted in a detectable control 
values of tail lengths (ranging from  10.06 to 44.69 
/xm), tail DNA contents (ranging from  0.7%  to 
35.96%) and tail m om ents (between 7.72 and 93.02 
¡Xm) when the electrophoretic conditions w ere set at 
0.7 V /c m  and 300 m A , as described by Tice [15]

(protocols 5 - 1 2  in Table 1). However, to be able to 
d iscrim inate the controls from  the exposed cells, it is 
preferable to  have low control values so as to min
im ise a specific DNA dam age in controls. This was 
reached by lowering the voltage of the electrophore
sis (protocols 1 -4  in Table 1). D issociation in PBS 
in the presence of 200 m M  AM-butyl-a-phenyl- 
nitrone fo r 30 m in or 1 h and subsequent elec
trophoresis at low voltage level (0.4 V /c m  instead 
of 0.7 V /c m  and 300 m A ) for 10 min resulted in 
significant lower DNA m igration in the controls. 
Also, the y ie ld  of single cell suspensions using this 
dissociation m ethod was satisfactory. Unfortunately, 
a shortened electrophoresis tim e of 10 m in did not 
lead to differences between controls and EM S-treated 
fish. Therefore, other electrophoresis conditions were 
applied in  an attem pt to make the m ethod more 
sensitive (see  Section 2.4). D issociation using colla
genase did not result in lower control values than the 
dissociation with 200 m M  AM-butyl-a-phenyl- 
nitrone.

In all further experim ents the dissociation of gili, 
liver, and kidney tissues were done in the presence 
o f AM -butyl-a-phenylnitrone. The viability of the 
cells, m easured with trypan blue exclusion, was in 
all cases h igh  ( >  94% for liver and kidney cells and 
>  72%  fo r gili cells).

3.2. E ffects o f  cryo-preservation o f  f is h  tissues and  
cell isolates on comet param eters

Cell sam ples were prepared by cryo-preservation 
in the presence of a perm eating agent (DM SO or 
glycerol) o r in the com bined presence o f a perm eat
ing and non-perm eating agent (sucrose). The effects 
o f the preservation protocol w ith cells isolated from 
control and exposed animals w ere investigated.

All results (Fig. 1A -D ) w ere expressed as the 
ratio ‘m edian tail m om ent in the cryo-preserved 
sam p le /m ed ian  tail mom ent in the fresh sam ple’. 
The ratio clearly dem onstrates the storage effects. A 
ratio low er or higher than 1 indicates that the tail

Fig. 3. E ffects o f  fixation and  neu tra lisation  p ro toco ls  in the  com et assay: b lood (A ), g ili (B ) and liv e r (C ) tissue. T w o  protocols for 
neutralisation and  fixation  o f  the  slides are  com pared . Pro tocol 1 =  neutra lisation  3 tim es fo r 5 m in w ith 0 .4  M  T ris, and fixation  in 100% 
co ld  e thanol fo r 5 m in (a fte r the  w ork  o f  K laude e t al. [14]). Pro tocol 2  =  neutra lisation  2  tim es for 15 m in and  fixation  in 100% cold 
e thanol for 30  m in, fo llow ed  by 6 0 -7 0 %  co ld  e thanol fo r 30 m in. R esults are p resen ted  as ‘ra tio  pro tocol 1 /p ro to c o l 2 ’. B o th  protocols 
w ere com pared  tw ice.
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T ab le  2
R ange  fo r th e  coeffic ien t o f variation fo r indiv idual fish (C V  =  S D /m e a n  ■ 100) *

T issue R ange fo r tail length R ange  fo r tail m om en t R ange  for tail D N A

B lood  contro ls 7 .3 4 % -1 1 0 .0 % 2 5 .9 % -1 0 6 .8 % 19.596-88 .6%
B lood  exposed 4 .8 % -5 5 .0 % 8.69b—111.998» 5 .0 % -8 9 .2 %
G ili contro ls 5 % -3 8 .5 % 10 .3% -14 .4% 8 .9 % -1 0 7 .4 %
G ili exposed 6 .8 % -1 5 .9 % 8 .8 % -1 0 0 % 4 .1 % -8 7 .6 %
L iver controls 7%  -6 0 % 17 .6% -95 .2% 14.1% —93.6%
L iver exposed 5 .5 % -1 7 .2 % 8 .7 % -9 5 .5 % 4 .8 % -8 8 .2 %
K idney contro ls 3 .0 3 % -3 2 .0 % 21.6%  -1 0 6 .3 % 17.1 % —99.3%
K idney exposed 4 .8 8 % -1 9 .0 % 8 .7 7 % -1 0 1 .3 % 6 .0 % -8 7 .8 %

* T h is  reflects the  in traindiv idual varia tion  w ith in  fish  (50  cells w ere  m easured  on o n e  slide).

m om ent has, respectively, decreased or increased 
after storage. For ‘protocol a ’ (Fig. 1A; RPM I +  25% 
FCS +  20%  DM SO) a ratio o f 1.06 was calculated 
for the ratio of the tail moments, indicating only a 
slight increase in DNA damage. The other freezing 
techniques ( ‘RPM I 1640 medium +  25%  FCS +  20% 
glycerol’ and ‘RPM I 1640 medium +  25%  FCS +  0.5 
M sucrose +  25% D M SO ’) revealed ‘f ro z e n /f re sh ’ 
ratios higher than 1 in m ost cases. For gili (Fig. IB ) 
and kidney (Fig. ID ) the ratios w ere som etim es as 
high as 20. In som e cases (e.g., Fig. 1A and B 
protocol b, Fig. 1C protocol h) com et m igration was 
low er after freezing (ratio o f fro z en /fresh  is <  1).

This was generally the case in control fish. None of 
the tested protocols provided a perfect preservation 
of the fish tissues.

3.3. Effects o f  storage o f  slides in lysing buffer

Effects o f prolonged storage in lysing buffer on 
the integrity o f DNA dam age o f the different fish 
tissue nuclei were assessed. The results, expressed as 
‘ratio m edian tail m om ent stored sam ple /m edian  tail 
m om ent fresh sam ple’, are presented in Fig. 2 A -C . 
Again, a ratio higher than 1 indicates that the num ber 
of DNA breaks have increased after storage in the

T ab le  3
In terind iv idual variation betw een tw o an im als from  the sam e treatm ent

E xposure E xperim ent no. B lood  CV L iver CV G ili CV

T L TM T D N A T L TM T D N A T L TM T D N A

C ontro ls  3 days 1 0.18 23.55 1.45 - - - - - -
2 39.96 48.89 24.63 - - - 17.48 43.18 19.09
3 11.42 8.62 1.76 39.84 47.06 14.07 - - -
4 0.18 2.34 0.80 - - - 1.34 29 .10 24.85

C ontro ls  7  days 1 10.09 12.74 0.22 15.46 26.40 18.28 24.70 51.77 32.50
z
3 _ _ _ 4.51 13.85 12.54 22.31 28.46 14.86
4 22.04 37.13 18.62 - - - 0.40 2.68 2.70

E xposed  3  days 1 2.31 12.86 12.51 - - - - - -
2 6.33 12.34 2.05 - - - 0.58 1.82 2.38
3 0.13 1.18 1.40 17.91 38.21 21.13 0.55 15.26 16.13
4 0.31 6.68 3.57 - - - 3.82 2.78 0.67

E xposed  7  days 1
9

5.6 6.38 3.33 4 .00 13.89 10.28 - - -
z.
3 15.94 15.91 0.06 6.45 5.56 1.00 61.92 8.13 6.46
4 0.96 1.16 1.56 - - 6.95 14.46 7.70

T h e  exposed  fish  w ere  treated  w ith 50  m g  E M S / I  fo r 3 o r 7  days. 
T he  C V  w as calcu lated  as the  S D /m e a n  • 100.
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lysing buffer, a ratio lower than 1 indicates a de
crease.

Slides from control fish show ed a clear decrease 
(Fig. 2A) in tail m om ents after 7 days of storage as 
com pared to fresh slides. On the other hand, the tail 
m om ents in slides of EM S treated fish, exposed to 
50 mg E M S /1  during 3 to 7 days, generally slightly

increased when stored in lysing buffer (highest ratio: 
2). In two cases decreases in tail moments were 
observed in blood (Fig. 2A) and gili (Fig. 2B) slides 
from 7 days exposed animals in experim ent 3. These 
results indicate the that storage of slides in lysing 
buffer for only 7 days may produce changed com et 
patterns. Since no other storage techniques are cur-

B lo o d Gili L iv e r K id n e yA
I I a fter 3 days 
i //A  a fter 7 days 

o O utliers

7 0

ca)
E
o
2
cah-

20

Control E x p o sed Control Exposed Control E xposed Control E x p o sed

B B lo o d G ili L iv e r K id n e y
8 0

I I after 3 days 
Y//A  after 7 days 

o  Outliers
7 0

6 0

5 0

4 0

3 0

20

10

0

E x p o sed E xposed ControlControl Control E x p o sed Control E x p o sed

Fig . 4. E ffects o f  E M S exposure  in four rep lica te  experim ents  (A -D ): box-p lo ts  fo r tail m om ent after 3  o r 7 days exposure to 50  m g 
E M S /1 . E ach b ox  represen ts  an an im al, and  ou tlie r value re fe r to  cells. T he  edges o f the  boxes rep resen t th e  25%  and  75% . T he w iskers 
show  the non-outlier range. O utlier =  i f  data  p o in t >  U B V  +  1.5 • (U B V  -  L B V ) or data  po in t <  L B V  -  1.5 ■ (U B V  -  LB V ), w here  
U B V  =  upper va lue  o f  the  box and L B V  =  lo w er value o f  the  box. E lectrophoretic  conditions: 2 0  m in  dénaturation , 60 m in  electrophoresis 
(0 .4  V /c m ,  300 m A ). * =  E xposed vs. con tro l: p  <  0.001.
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Fig. 4  (continued).

rently available, this type of preservation is consid
ered as an acceptable alternative to freezing o f tissue 
samples.

3.4. Effects o f  neutralisation and fixa tion  o f  slides

T he influences o f two neutralisation and fixation 
protocols, according to Klaude et al. [14] (protocol 1) 
and Singh [16] (protocol 2) were exam ined and

com pared. T he slides for the two fixation methods 
were run at the same time.

The results are expressed as the ratio ‘median tail 
m om ent protocol 1 /m e d ia n  tail m om ent protocol 2 ’ 
(Fig. 3 A -C ). If  protocol 1 would lead to  an im 
proved discrim ination between the control and ex
posed m easurem ents the ratio for the control fish are 
expected to be always lower than 1 a n d /o r  the ratio 
fo r the exposed fish would be always higher than 1.
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Since none of the protocols led to an improved 
discrim ination between controls and exposed fish, 
protocol 1 was chosen as the standard neutralisation 
and fixation procedure in all experim ents because it 
is less time-consum ing.

3.5. Intrasam ple and interindividual variation o f  the 
com et m igration

The intraindividual and interindividual (between 
individuals) variation of the com et m igration was 
exam ined. The CV for one slide was calculated as: 
CV =  S D /m e a n  • 100. The range for the CV o f the 
different com et parameters for the blood, liver, gili 
and kidney is given in Table 2. Apart from  some 
exceptions (6% ) the ascending order was: CV of 
TM  >  CV o f tail DNA >  CV of T L  in 81 %, and CV 
o f TM  >  CV of TL >  CV of tail DNA in 13% of the 
cases. All tissues show both extrem ely high and low 
C Vs, w hich indicates that high or low C Vs are not 
intrinsically bound to a certain tissue type. The CV 
o f controls is m ost often higher than that o f exposed 
animals. Besides intraindividual, also interindividual 
variability can be im portant in the interpretation of 
com et results, i.e., variability between two fish treated 
in the sam e way. This variability is also expressed as 
the coefficient o f variation (CV =  S D /m e a n  - 100). 
The m ean and S D o f different com et param eters 
from  fish treated sim ilarly were used to calculate the 
CV for control and exposed fish in experim ents 1 to

4 (Table 3). For this interindividual variation the CV 
for TM  (ranging from 2.34%  to 51.77%  for controls, 
and from  1.16%  to 38.21% for exposed fish) was in 
64.7%  of the cases higher than the CV for TL
(ranging from  0.18%  to 39.96%  for controls and
from  0.13%  to 61.92%  for exposed) and tail DNA 
(ranging from  0.22%  to 32.50%  for controls and
from 0.06%  to 21.13%  for exposed fish). In m ost of
the cases, the CV between control fish is higher than 
the CV between exposed fish.

3.6. Tissue specific responses o f  EM S-induced DNA  
damage

Tissue specific responses of blood, liver, gili and 
kidney were studied in fish exposed to 50 mg E M S /I  
for 3 or 7 days. In experim ent 1 the exposure time 
was prolonged until the 14th day. The cells isolated 
from all exposed tissues showed increased tail lengths 
and tail DNA at day 3 during the exposure (Fig. 
4 A -D ) and the effects had further increased in fish 
exposed for 7 days. The significance levels are shown 
in Fig. 4.

3.7. Effects o f  dénaturation and electrophoresis

An attem pt to improve the sensitivity o f the test 
was made by changing the dénaturation and elec
trophoresis tim es. Four com binations of varying dé
naturation and electrophoresis conditions in alkaline

T ab le  4
E ffects  o f  e lectrophoresis  conditions on  com et assay  results: b lood , g ili, liver and kidney

E lectrophoretic  condition Blood L iver G ili K idney

M ean
TM

M edian
T M

M ean
TM

M edian
T M

M ean
TM

M edian
T M

M ean
TM

M edian
TM

C ondition  A C ontrols 1.20 ±  1.16 0.89 0 .5 0  ±  0.64 0.27 0.47  ±  0.74 0.32 0.34 +  0.46 0.20
E xposed 8.63 ± 5 .8 2 7.47 8.32 ±  3.13 8.54 7.57  ±  3.37 7.52 7.66 ± 4 .1 4 7.06

C ondition  B C ontrols 2 .54  ±  1.60 2.16 2 .14  ± 2 .2 6 1.60 1.21 ± 2 .5 1 0.67 1.00 ±  1.33 0.71
E xposed 17.55 +  4.47 17.68 11.45 ± 5 .0 2 11.24 14.72 ±  7.24 13.63 11.41 ±  8.07 9.96

C ondition  C a C ontrols 3.97 ± 2 .0 1 3.74 1.74 ±  1.42 1.31 1.33 ±  1.33 L I I 0.53 +  0.54 0.30
Exposed 15.62 ± 2 .3 1 15.45 18.79 ± 2 .5 4 18.93 14.55 ± 2 .6 5 13.61 17.39 +  3.92 17.01

C ondition  D a C ontrols 10.61 + 2 .7 5 10.65 3.02 ±  1.50 2.71 2.57 ± 2 .1 7 1.74 2.05 +  2.18 1.54
E xposed 30 .60  ±  3.72 30.33 34.12 ± 4 .5 4 35.58 35 .32  ± 5 .1 6 35.49 34.63 ±  6.94 36.16

D ata from  tw o fish  w ere  pooled  for each  condition .
aA  total o f  50  c e l ls /s l id e  w ere m easured in cond itions A and B , 25 c e l ls /s l id e  in conditions C and  D.
L eg en d  f o r  e lectrophoretic  conditions: C ondition  A: 20  m in dénatu ra tion , 10 m in  electrophoresis (0 .4  V /c m ,  300 m A ). C ondition  B: 20 
m in  dénatu ra tion , 10 m in  electrophoresis (0.7 V /c m ,  300 m A). C ondition  C: 40  m in dénaturation , 20  m in electrophoresis (0 .4  V /c m ,  300 
m A ). C ondition  D: 20  m in dénaturation , 60  m in e lectrophoresis  (0 .4  V /c m ,  300 mA).
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T ab le  5
M ean taii D N A  +  SD , expressed  as percen tage  o f  total D N A , of 
tissues o f fish  treated w ith  50  m g E M S / I

T issue 0 .4  V /c m  (60  m in). 0.7  V / c m  (10  m in).
cond ition  D condition  B

B lood 75.27 +  6.16 5 6 .4 7 + 1 1 .8 8
L iver 80.58 +  5.91 10.73 +  9.42
G ili 7 8 .5 3 +  12.13 4 6 .3 7 + 1 8 .4 2
Kidney 7 6 .0 2 + 1 0 .2 1 36.46 +  20.39

buffer (300 mM  NaOH, 1 m M  EDTA, pH >  13) 
were tested (Table 4).

The results o f this approach are shown in Table 4. 
Small but significant ( p <  0.001) differences be
tween the DNA patterns of exposed and control 
animals were obtained after electrophoresis at 0.4 
V /c m  during 10 min (Table 4, condition A). A 
higher voltage (0.7 V / cm) resulted in  a better sepa
ration between controls and exposed fish, but the tail 
variability within the pools of exposed cells became 
higher (see Table 5). The best separations between 
control and exposed sets w ere obtained by prolonged 
electrophoresis time up to 60 m in at low voltage (0.4 
V /c m ), as specified in condition D. This elec
trophoresis condition was used in all further experi
ments.

R eplacem ent o f the alkaline buffer with a neutral 
TBE buffer in the electrophoresis step but not in the 
dénaturation step resulted in  less clear discrimination 
in tail m om ents between exposed and control fish. 
The protocol and electrophoretic conditions for the 
neutral version followed the m ethod described by

Koppen [17] fo r plant cells. The results are shown in 
Table 6.

4. Discussion

There is a  clear need for sensitive methods that 
are suitable to  assess the chronic im pact o f contami
nants on organism s. In 1997, the ICES ACM E con
cluded that the  com et assay is a prom ising technique 
for the detection o f D N A  dam age but also that more 
research is needed to get the technique ready for 
future inclusion into an integrated bio log ical/chem - 
ical marine environm ental m onitoring strategy [18]. 
Klaude et al. [14] argued that to achieve this goal the 
research should  focus on the influences of natural 
and artificial factors and on the provision of a fully 
standardised protocol. This report seeks to standard
ise the com et assay procedure and investigates the 
effects o f cell dissociation techniques, tissue cryo- 
preservation, slide storage, electrophoretic condi
tions, neutralisation and fixation.

One of the advantages of the com et assay is that it 
provides inform ation at the single cell level. This, 
however, im plies that a suspension o f well preserved 
single cells is needed. M any options are open and 
some were already dealt w ith in earlier publications 
[9,19]. The use of the com et assay for monitoring 
purposes requires quick, sim ple, and inexpensive 
dissociation techniques. W ith regard to tissue disso
ciation, sufficient cells and an acceptable low DNA 
dam age level in control cells w ere obtained by incu

Table  6
V alues fo r ta il D N A  (m ean ±  S D ) after a lka line  and  neutra l e lectrophoresis

Tissue F ish A lkaline  e lectro 
phoresis (a fte r 3 days)

N eutral e lectro 
phoresis (a fte r 3 days)

A lk a lin e  e lec tro 
p h o res is  (a fte r 7  days)

N eutral e lectro 
phoresis (after 7

B lood C ontro l 1 22 .34  ±  4.00 7.37 ±  4.43 36 .97  ±  12.72 -

C ontrol 2 22 .99  ±  4.03 6.82  +  4.92 48 .1 9  +  9.45 6.55 ±  4.41
E xposed 1 32.31 ± 2 .7 0 8.53 +  5.88 73 .07  ±  8.16 8.75 +  7.17
E xposed 2 32.45 ±  2.29 8.39 ±  5.47 74.71 ± 6 .5 2 10.34 +  6.41

Gili C ontro l 1 2 0 .1 6 +  12.49 6.80 +  4.30 46 .89  +  9.20 8.86 ±  4.58
C ontro l 2 14.13 ±  7.87 8.80 +  5.71 4 8 .72  +  7 .94 5 .54  +  5.21
E xposed 1 55 .54  ±  9.36 11.29 +  7.90 81 .74  +  7.08 18.63 ±  14.56
E xposed 2 55.01 ±  8.70 9.50 +  6.19 7 3 .30  +  7.56 11.53 +  6.65

B oth  electrophoresis  s teps w ere  p receded  by  20  m in  dénaturation  in a  m ix tu re  o f  300 m M  N aO H  and 1 m M  E D T A . F o r the  alkaline 
protocol electrophoresis  w as pe rfo rm ed  in  th e  sam e bu ffer fo r 60 m in (0 .4  V /c m ) .
T he  neutral electrophoresis  w as pe rfo rm ed  in  T B E  bu ffer fo r 10 m in (1 V /c m ) .
F ish  w ere exposed to  50 m g E M S /I  fo r 3 o r 7  days.
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bating the exam ined tissues (liver, kidney and gili) in 
a  200-m M  /V-i-butyl-a-phenylnitrone solution in PBS 
for 1 h. This cell suspension was then filtered and 
centrifuged. Further dissociation by means of m inc
ing or proteolytic digestion was redundant. Nacci et 
al. [11] described another sim ple technique in the 
absence of enzym es, but the disadvantage is that it is 
too tim e-consum ing, especially when many samples 
should be processed, as for pollution assessment.

ICES A CM E recom m ended the handling of a 
total o f 25 f ish /sa m p lin g  site [20]. This may rapidly 
lead to a chaotic workload especially when several 
subsam ples are needed per individual. The use o f the 
com et assay in aquatic field surveys usually also 
involves many samples. An effective m ethod for the 
preservation o f sam ples is thus clearly a prerequisite 
to broaden the application of this technique. Two 
preservation techniques, nam ely, storage in lysing 
buffer and cryo-preservation were examined. Nacci 
et al. [11] stored slides in lysing buffer for periods of 
up to 4 months. However, to our knowledge no 
reports on effects o f storage in lysing solution exist. 
Com et analysis o f slides from blood, gili, and liver 
tissues which w ere stored in lysing buffer for 1 week 
(Fig. 2) revealed that the num ber of DNA breaks 
decreased significantly in controls (tail mom ent ra
tios low er than 1, ranging from 0.02 to 0.43), whereas 
slight increases w ere noted in the EMS exposed 
samples (ratios higher than 1, raging between 1.11 
and 2.0) as com pared to  slides fo r which the com et 
protocol proceeded after 1 h of lysis. Consequently, 
the changes that occur after storage in  lysing buffer 
result in higher but specific signals that may be 
erroneously interpreted as increased levels o f DNA 
damage. It is also difficult to clarify these contradict
ing changes but it may be expected that diffusion of 
very sm all DNA fragm ents are likely to occur in 
controls, which can result in a higher background 
and thus a final low er DNA content o f the com et tail. 
It should also be noted that DNA dam age may be 
caused by oxidation during storage. Adding DM SO 
to the lysing buffer can prevent oxidative damage 
[13]. A possible explanation for the increase in tails 
in exposed cells is that the prolonged storage at pH 
10 may also induce the conversion of alkali labile 
sites to DNA strand breaks.

Freezing o f isolated cells and tissues as well as 
whole organism s at — 196°C led in the majority o f

the cases to an increase in DNA dam age which was 
not proportional between fresh and cryo-preserved 
exposed and control samples. In other words, the tail 
m om ents o f control and exposed samples had not 
equally increased after cryo-preservation. Fig. 1 
clearly shows that many ratios are higher than 1.

A n overall conclusion is that the examined tech
niques fo r cryo-preservation with perm eating (DM SO 
or glycerol) and non-perm eating (sucrose) agents did 
not satisfactorily contribute to stable long-term stor
age o f biological samples. However, the changes in 
the com et patterns rem ain low est in blood, but high
est in gili and kidney. The form er tissue might be a 
good candidate for freezing, after perfection of or 
changes to the storage protocols. Still com et data, 
obtained from preserved samples, should therefore 
be treated with caution. The potential o f cryo-pre
servation o f tissues in liquid nitrogen is recognised 
and the actual research currently focuses on the 
long-term  preservation of living em bryos and bone 
m arrow  cells [21], It may be expected that these 
developm ents contribute to better procedures to p re
serve the integrity o f the samples for com et analysis. 
A t present other protocols using trehalose and slow 
freezing are being evaluated.

The use o f dried slides for sample preservation 
pending image analysis was first introduced by 
Klaude et al. [14]. The use of dried slides facilitates 
transport and the slides can be rehydrated at any 
suitable time. The protocol consists o f three neutrali
sation steps for 5 m in each and a fixation step in 
cold absolute ethanol or methanol during 5 min. 
However, Singh [16] em phasised that better results 
m ay be obtained with prolonged neutralisation and 
fixation. If so, one w ould expect the ratios for con
trols in Fig. 3 to increase (i.e., the fixation according 
to Singh would give low er control values) a n d /o r  
the ratios for exposed to decrease (i.e., the fixation 
according to Singh w ould result in longer tails), 
which should lead to a better discrim ination between 
control and exposed animals. This was not always 
the case. Therefore, we can conclude that S ingh’s 
technique did not enhance the detection of DNA 
dam age nor provide a better discrim ination between 
control and exposed fish com pared to the protocol 
suggested by Klaude et al. [14], N either o f the two 
techniques is clearly superior to the other. The latter 
technique was applied in all experim ents because it
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is less tim e consuming. The results indicate, how 
ever, that neutralisation and fixation can influence 
the outcom e of an experiment. It is therefore sug
gested that the operational conditions of these inter
m ediate steps should be described in detail.

Intraindividual heterogeneity in response and vari
ability am ong sim ilarly treated anim als, were exam 
ined in all exposure experiments by com paring the 
coefficients o f variation (CV =  S D /m e a n  • 100). For 
the intraindividual variation (Table 2) these calcula
tions revealed that: (i) the CV for TM  is higher than 
for tail DNA, both are higher than the CV for TL, 
w ith few exceptions; (ii) an extrem ely low or high 
CV is not intrinsically characteristic for a certain 
tissue type; (iii) the variability within one slide from 
control fish is higher than in slides from  exposed 
fish. W hen interindividual variation is considered the 
variation between control fish is often higher than 
the variation between exposed fish (Table 3). This is 
particularly so for the tail moment. On the contrary, 
De Boeck et al. [22] recently found that variability 
betw een human donors could only be observed after 
treatm ent and not in control cultures. As a general 
conclusion, it can be argued that the variation within 
one slide (intraindividual) is often higher than the 
interindividual variation (between individuals).

Four replicate experiments, in which fish were 
exposed to 50 mg E M S /1  for 3 or 7 days, were 
conducted. In this way we could determ ine the sensi
tivity o f flatfish and tissue specific responses to a 
direct acting mutagen and check whether all tissues 
are equally sensitive to this mutagen. A high interex
perim ental variation was observed (i.e., the replicate 
experim ents have a low reproducibility). N everthe
less, the different tissues show sim ilar response pat
terns in all experiments. The use o f tail length  as 
discrim inating param eter did not provide consistent 
evidence for genotoxic effects o f EMS. A clearer 
tissue responsiveness was observed when the tail 
DNA  o f control and exposed animals was com pared. 
Especially for ta il D NA , clear differences in re
sponses to EMS exposure were found for the time 
course of the exposure depending on the tissue type. 
Gili cells seem ed more sensitive than blood cells and 
the responsiveness o f liver cells was even lower. For 
kidney cells no clear trend was seen. A sim ilar 
tissue-dependent response was noted by Sasaki et al. 
[19]. In our experim ents exposed blood cells showed

significantly higher tail lengths, tail m oments, and 
tail DNA after 3 days (except in replicate 2) and 
even higher tail m om ent and tail DNA after 7 days, 
while significant effects on liver tissue were only 
observed at day 7. Gili tissue gave the m ost uniform 
results: all three param eters increased significantly 
upon exposure at both sam pling m om ents. All pa
rameters in kidney tissue also increased except tail 
DNA at day 3 of exposure. These results clearly 
indicate that the assessm ent o f genotoxic effects of 
contam inants can best be achieved in tissues such as 
blood or gills based on tail DNA rather than tail 
length. The responses are tim e-dependent. In Fig. 4 
only ‘tail m om ent’ is presented. Tail m om ent takes 
into account both tail length and tail DNA, and is 
therefore often a valuable param eter to use.

Our findings on tim e response in fish related to 
cytogenetic effects o f contam inants using the comet 
assay confirm  the findings of several authors. Deven
ter [9] also saw  a clear tim e-related genotoxic effect 
in liver and gili cells from fish exposed to 80 ¡xM 
MMS during 8 h. Nacci et al. [11] observed a 
significant increase in com et tails o f flounder 
erythrocytes exposed to hydrogen peroxide concen
trations between 1 and 100 fxM.  After exposure of 
flatfish to B[a]P-spiked sediment, only a significant 
effect was seen in gut, but not in blood and liver. 
The absence o f responses in the liver may be sought 
in the production of diverse nuclear lengths and 
qualities from crude liver hom ogenates which may- 
obscure the detection of effects o f exposure on spe
cific cell types. M ultiple washing o f the tissues, as 
shown in this paper, can prevent contam ination of 
specific tissue slides with erythrocytes. Pandrangi et 
al. [8] dem onstrated increased DNA dam age after 
exposure of bullhead ( A.  nebulosus) and carp (C. 
carpio) to cyclophospham ide. Devaux et al. [10] also 
measured increased tail lengths with the com et after 
in vitro exposures of hepatocytes to B [a]P  and hy
drogen peroxide.

All o f these previous publications, including this 
one, prove that the com et assay is indeed able to 
detect DNA dam age caused, by different classes of 
mutagens in fish. The response will, o f course de
pend on the experimental conditions, the species, the 
cell type, the mutagen, and the duration of exposure.

There is no standardised protocol for the com et 
assay at the moment. Lysing conditions, dénatura-
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tion, electrophoresis tim es and electrophoretic condi
tions vary considerably between different published 
reports and laboratories. A pparently different cell 
types require different unwinding tim es, current, 
buffers etc. [14,23,24]. This resulted in a w ide vari
ety o f different protocols. In this paper, an attem pt 
was therefore made to establish an uniform  and 
reproducible com et assay protocol suitable for use 
with different tissue types o f fish. O ur studies on the 
effects o f the electrophoretic conditions w ere mainly 
based on the recom m endations o f Singh [16] to 
perform  a long-term low voltage potential elec
trophoresis at 0.4 V /c m  instead of shorterterm  at 
higher voltage (usually 0.7 V /c m ). Low voltage 
electrophoresis seem s to give a better discrim inating 
power. The choice o f the electrophoretic conditions 
should thus ideally be adapted to the latter condition 
and minimise the aspecific DNA dam age in controls 
[23,24]. Optimal com et conditions may be different 
for different organs [19]. The tissue-specificity o f the 
electrophoretic resolution was clearly shown by Nacci 
et al. [11], The optimal conditions to dem onstrate 
DNA dam age in flounder ( P. am ericanus) cells are 
15 m in of unwinding followed by 20 m in elec
trophoresis, while oyster ( Crassostrea virginica) 
haem ocytes needed a longer unw inding period (up to 
60 min) and 5 min electrophoresis. Pandrangi et al. 
[8] successfully used 15 min unw inding in an alka
line buffer and 20 min electrophoresis (25 V, 2 6 5 -  
270 m A ) as a standard protocol for blood cells o f 
bullheads (A. nebulosus) and carp (C. carpio). The 
authors also revealed that prolonged running in
creased the tail length. Influences o f electrophoresis 
duration were also mentioned by N avarrete e t al. 
[23]: the difference in m igration after 2 and 4 Gy of 
y-irradiation was only clear when electrophoresis 
took place for 20 min, but not after only 10 min.

Our conclusions are that electrophoresis at low 
voltage (0.4 V /c m )  for 60 min, instead o f short term 
(10 m in) electrophoresis at higher voltage (0.7 
V /c m )  led to a better discrim ination between control 
and exposed fish. One disadvantage associated with 
prolonged electrophoresis may be the possible occur
rence o f additional DNA dam age due to free radicals 
generated in the alkaline electrophoresis solution [16]. 
Therefore, it is suggested that antioxidants should be 
added to the electrophoresis solution for a  better 
detection of contam inant-induced DNA dam age in

exposed cells. The presence of radical scavengers in 
the electrophoretic solution and the use o f an intense 
fluorescent dye, Y O Y O -1, w ould further enhance the 
sensitivity, according to Singh [16],

An overall conclusion is that the com et assay may 
be an interesting m onitoring tool to dem onstrate 
genotoxic exposures and investigate the health im 
pacts o f DNA dam age, repair, and recovery in species 
o f environm ental concern [11]. In this respect, three 
main advantages were identified: (i) any nuclear cell 
type can be used; (ii) only small samples are needed 
(5 0 0 0 -5 0  000 cells); (iii) the assay is quick, sensitive 
and inexpensive. The com et assay may be used to 
replace or com plem ent m easurem ents o f chrom oso
mal aberrations, m icronucleus, and sister chromatid 
exchanges. The sensitivity and specificity o f the 
assay can be im proved by the use o f purified repair 
enzymes applied to the DNA during the course of 
the com et assay procedure [2], Som e important d is
advantages remain: (i) the inability to detect genetic 
dam age such as, e.g., gene m utation; (ii) the gener
ated DNA lesions are not fixed and can be repaired 
so that the estim ation of long-term  effects on the 
organism  is difficult; (iii) high inter- and intraindi
vidual variability obscures clear interpretation of the 
results; (iv) quantification of the num ber o f breaks 
has not been possible. In this study, statistically 
significant results were obtained for all tissues with 
the com et assay. Evidence was obtained that for fish 
tissues, the following conditions are optimal: solid 
tissue dissociation in PBS +  200 mM  V-r-butyl-a- 
phenylnitrone, electrophoresis at 0.4 V /c m  for 60 
min, fixation and neutralisation according to Klaude 
et al. [14] and tissue or slide storage should be 
prevented or restricted to short periods. At the pre
sent time, the results o f an in situ biom onitoring field 
study using the com et and m icronucleus test to de
tect genotoxic effects in fish blood, liver, gili, and 
kidney tissues are being evaluated. This will con
tribute to the future applicability o f these tests for 
m onitoring purposes.
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