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ASSESSMENT OF TWO ALTERNATIVE METHODS 
FOR PREDICTING THE IN VIVO TOXICITIES 
OF METALLIC COMPOUNDS 

L M. Hulme, H. L Reeves, R. H. Clothier 

Departr:nent of Human Morphology, University 
of Nottmgham Medical School, Queen's Medical Centre 
Nottingham, United Kingdom ' 

M. Smith 

Fund for the Replacement of Animals in Medical 
Experiments (FRAME), Nottingham, United Kingdom 

M. Balls 

Department of Human Morphology, University 
of Nottingham Medical School, Queen's Medical Centre, 
Nottingham, United Kingdom 

The FRAME in vitro cytotoxicity assay and a physicochemical parameter for metal ions 
(i.e., "sohness," a,; were assessed for their ability to predict the in vivo acute toxicities 
of 52 metallic compounds. The in vitro assay was found to be more useful, since it 
measures the toxicity of the whole compound, as does the in vivo method. The soh
ness parameter applies to the metal ion only, so it cannot be used to predict the 
toxicity of compounds containing relatively nontoxic metal ions and toxic anions 
(e.g., potassium fluoride). The in vitro toxicity values (expressed as 1050 values, i.e., 
concentrations of test chemicals that reduced the final cellular protein content of test 
cultures by 50% in comparison with appropriate solvent control cultures) correlated 
better with mouse ip L050 values than with rat oral LQ50 values. 

INTRODUCTION 

The exposure of living organisms to metallic compounds is increas
ing, but the potential toxic hazard of most metals remains poorly un
derstood (Friberg and Nordberg, 1986). At present, the vast majority of 
toxicity tests are conducted on laboratory animals. However, relatively 

This work was supported by the industrial sponsors of the FRAME Research Programme. 
Requests for reprints should be sent to Dr. R. H. Clothier, Department of Human Morphology, 

University of Nottingham, Queen's Medical Centre, Nottingham NG7 2UH, United Kingdom. 
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simple ,an~ rapid in vitro assays are now being developed that could act 
as preliminary screens and possibly replace the need for animal tests 
altogether (Balls and Horner, 1985). The use of quantitative structure
activity relationship models (involving parameters such as metal "soft
ness") is also increasingly a part of the initial phase of toxicity assess
ment (Balls, 1986). 

Th~ FRAME test is a straightforward and reproduCible method for 
assessmg acute basal cytotoxicity (Knox et aI., 1986). The results of a 
blind trial with 150 chemicals and mouse 3T3-L 1 fibroblastlike cells 
have re~~~tly been published (Clothier et aI., 1988). In this paper, the 
cytotoxIcities of 52 metallic compounds (expressed in terms of the 
I ~50 value, i.e., the concentration of test chemical required to reduce 
fmal total cellular protein to 50% of appropriate solvent control levels 
after a 72-h exposure period) are compared with published in vivo 
acute toxicities. 

Rat oral LD50 values are widely used as indices of acute toxicity. 
However, Fry et aL (1988) have recently suggested that data obtained 
following exposure by the intraperitoneal (ip) or intravenous (iv) route 
might be more appropriate for comparison with in vitro cytotoxicity test 
results. Both rat oral and mouse ip LD50 values were therefore used in 
ou r analysis. 

A physicochemical parameter, namely, the Iisoftness" of the metal 
ion, has been compared with in vivo and in vitro metal ion acute toxic
ity (Williams et aL, 1982; Cox and Harrison, 1983; Tan et aL, 1984; Ba
bich et aL, 1986). The IIsoftness" of a metal ion governs its metal
ligand interactions, but the biological significance of this (in terms of 
metal-ligand binding as the toxic mechanism) is questionable. There is 
some controversy concerning the capacity of the softness parameter 
to predict the in vivo acute toxicities of certain groups of metals (Wil
liams et aI., 1982; Kaiser, 1985). We therefore carried out in vitro/soft
ness and in vivo/softness comparisons, in addition to the in vivo/in 
vitro comparisons. 

MATERIALS AN D METHODS 

3T3-L 1 cells were cultured, exposed for 72 h to the test chemicals, 
and then final cellular protein content was determined by the ,kenacid 
blue assay method, as previously described (Knox et aL, 1986; Riddell et 
aI., 1986). Pb(CH]COO) .. and CrCI3·6H 20 were obtained from Sigma 
Chemical Co. Ltd., Poole, Dorset, UK, and KCI, CaCI 2 • 2H 20, 
Ba(CH]COO)2, AICI]' 6H 20, SnCI .. · 5H 20, CuCI 2, Zn(CH3COO)u Mn-
50 '4H ° Ni50 ... 7H 20, Fe50 ... 7H20, Fe2(SOJ3, and BeS04 '4H 20 were 
obt~ined from BDH Ltd., Dagenham, Essex,. UK. The remai~i~g com
pounds were obtained from Aldrich Chemical Co. Ltd., Gillingham, 
Kent, UK. The test compounds were dissolved directly into culture me-
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Pb(CH 3COO)4 and TeCI4, which were dissolved in dimethyl sulfoxide 
(DMSO). The DMSO was diluted to 1 % final concentration in the test 
solution according to a previously published protocol (Riddell et aI., 
1986). 

Metal salts present as components of the cell culture medium were 
1.8 mM calcium(ll) chloride, 0.3 x 10- 3 mM iron(lll) nitrate, 5.4 mM 
potassium(1) chloride, 0.81 mM magnesium(ll) sulfate, 110 mM sodium(l) 
chloride, 45 mM sodium(l) hydrogen carbonate, and 0.9 mM sodium(l) 
dihydrogen phosphate. 

Acute in vivo toxicity data (rat oral and mouse ip LD50 values) were 
taken from the ICI Toxicology Profiles (Clothier et al., 1989) or, if not 
available from this source, from the NIOSH Registry of Toxic Effects of 
Chemical Substances (Lewis and Tatken, 1980). 

The "softness" (up) of a metal is defined in terms of the coordinate 
bond energies (CBE) of the iodide (I) and fluoride (F) of the metal: 

CBE(F) - CBE(I) 
u -

p CBE(F) 

Softness values were taken from Williams et al. (1982), except those for 
L"+ N + K+ C + C 2+ F 2+ S 2+ AI)+ y3+ d L 3+ h" h k I, a, , u, a , e , n, , , an a, w IC were ta en 
from Pearson and Mawby (1967). 

Linear regression analysis was performed on in vivo versus in vitro 
values, in vivo versus softness values, and in vitro versus softness val
ues, using log ID50, log LD50, and log up values. 

RESULTS 

The ID50 values (mM) for the 52 compounds tested are shown in 
Table 1, and range from 0.001 mM to more than 100 mM. Selected in 
vivo data (namely, rat oral and mouse ip LD50 values) are also given, 
where available, along with softness values. 

The results for different salts of the same metals (e.g., lithium, so
dium, and potaSSium, Table 1) indicate that the toxicity of the anion of 
the metallic compound is also of great importance. Of the halides, fluo
rides are clearly the most toxic in vitro. Sulfates also appear to be 
slightly more toxic than the chlorides, bromides, and iodi~e"s: Since 22 
chlorides were tested, direct comparison between the toxIcities of the 
metal ions is possible. " 

Comparison of in vitro and in vivo ~oxicities ga~e good co~relatlons 
(Table 2a) with in vitro results correlating better With mouse Ip values 
(r - .86) than with rat oral values (r - .73). The correlation coefficients 
were slightly higher for the chlorides than for all the met~1 compounds 
(r - .90 and .75 for mouse ip and rat oral values, respectively). 
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TABLE 1. In Vitro Cytotoxicities of 52 Metallic Compounds to 3T3-L 1 Cells. with Rat Oral LD50. 
Mouse ip LDSO. and Softness (a~ Values 

LDSob LDSob 
IDSoa rat oral mouse ip Softness' 
(mM) (mmol/kg) (mmollkg) (a~ 

Cadmium(ll) chloride 0.001 0.48 0.05 0.081 
VanadiumM oxide 0.01 0.05 
Silver(l) nitrate 0.01 0.13 0.073 
Mercury(lI) chloride 0.02 0.004 0.02 0.064 
Copper(ll) chloride 0.02 1.0 0.06 0.104 

Copper(l) chloride 0.03 2.7 0.112 

Thallium(l) sulfate 0.03 0.215 

Thallium(l) acetate 0.07 0.14 0.215 

Zinc(ll) chloride 0.07 2.6 0.23 0.115 

Manganese(11) sulfate' 4H2O 0.07 2.4 0.124 

I ron(1I) sulfate' 7H2O 0.07 2.1 0.42 0.129 

Zinc(1I) acetate 0.08 14 0.31 0.115 

Teliurium(lV) chloride 0.08 
Cobalt(1I) chloride 0.09 0.62 0.38 0.130 

Selenium(lV) oxide 0.09 
Nickel(1I) sulfate' 7H2O 0.12 0.14 0.126 

Tin(lV) chloride' 5H2O 0.18 0.18 0.075 

Rhodium(lll) chloride'3H2O 0.21 0.055 

Sodium(l) tetrathionate' 2H2O 0.24 0.211 

Lead(lV) tetraacetate 0.27 
Tin(ll) chloride 0.28 3.7 0.35 0.148 

I ron(1I1) sulfate 0.31 0.097 

Nickel(lI) chloride' 6H2O 0.32 0.81 0.20 0.126 

Lead(ll) nitrate 0.36 0.131 

Palladium(ll) chloride 0.58 1.1 0.59 0.069 

Yttrium(lll) nitrate'6H2O 0.68 6.2 0.147 

Beryllium(ll) sulfate'4H2O 0.89 0.78 0.172 

Indium(1I1) nitrate' xH20 1.0 0.100 

Gadolinium(1I1) chloride'6H2O 1.0 1.4 0.157 

Lanthanum(lll) chloride' 7H2O 1.2 17 0.49 0.171 

Sodium(l) fluoride 1.3 4.3 1.2 0.211 

Potassium(l) fluoride 2.6 4.2 0.232 

Lithium(l) fluoride 3.0 0.247 

Aluminum(111) nitrate' 9H2O 3.2 0.7 0.136 

Aluminum(11I) chloride'6H2O 3.4 28 0.136 

Barium(lI) acetate 3.8 3.6 0.184 

Chromium(1I1) chloride' 6H2O 5.6 6.7 2.0 0.107 

~he IDSO values were taken from Clothier et al. (1988). The ID50 is the concentration oi test 
chemical which reduces the final cellular protein content of test wells by 50% in comparison With 

that of appropriate solvent control wells. 
blDSO values were taken from the Registry of Toxic Effects of Chemical Substances (LewIs and 

Tatken, 1980), except those for lithium chloride. potassium iodide, and sodium chloride, whid 

were taken from ICI Toxicology Profiles (Clothier et al., 1989). 
cSoftness (af! values were taken from Williams et al. (1982), except for those for Li" . Na" . K" 

Cu +, Ca2+, Fe +, Sn2 +, AI3+, y 3 +, and La3+, which were taken from Pearson and Mawby (1967). 
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TABLE 1. In Vitro Cytotoxicities of 52 Metallic Compounds to 3T3-L1 Cells, with Rat Oral LD50, 
Mouse ip L050, and Softness (C7 p) Values (Continued) 

LOsot> L050b 
1050a rat oral mouse ip Softness' 
(mM) (mmol/kg) (mmollkg) (C7P> 

lithium(l) chloride 13 18 14 0.247 
Strontium(ll) chloride' 6H2O 15 14 5.7 0.1n 
lithium(l) sulfate 22 0.247 
Calcium(ll) chloride'2H2O 26 9.0 2.5 0.181 
Magnesium(lI) chloride' 6H2O 28 40 1.0 0.167 
lithium(l) iodide 35 0.247 
lithium(l) bromide 38 0.247 
Potassium(l) iodide 44 6.7 0.232 
Potassium(l) sulfate 45 0.232 
Potassium(l) chloride 58 7.4 0.232 
Sodium(l) sulfate 63 0.211 
Potassium(l) bromide 65 0.232 
5odium(l) iodide 79 29 5.8 0.211 
50dium(l) bromide 96 34 0.211 
Sodium(l) chloride 107 74 53 0.211 

ol-fhe 1050 values were taken from Clothier et aL (1988). The 1050 is the concentration of test 
chemical which reduces the final cellular protein content of test wells by 50% in comparISon with 
that of appropriate solvent control wells. 

bLDSO values were taken from the Registry of Toxic Effects of Chemical Substances (Lewis and 
Tatken, 1980), except those for lithium chloride, potassium iodide, and sodium chloride, which 
were taken-from ICI Toxicology Profiles (Clothier et aL, 1989). 

cSoftness (C7f.) values were taken from Williams et aL (1982), except for those for li + , Na + , K + • 

Cu+, Ca2 +, Fe +, 5n2 +, AI3+, y3+, and La3+, which were taken from Pearson and Mawby (1967). 

Softness values can only be used on a comparative scale among 
ions of the same valency (Williams et aI., 1982). The compounds tested 
were therefore divided into metal valency groupings before their in 
vitro and in vivo toxicities were compared with their up values. How
ever, the numbers of compounds containing monovalent, trivalent, and 
tetravalent metals were inadequate for valid correlations to be made. 
Hence, correlation coefficients were calculated for all the divalent com
pounds tested and for divalent chlorides only (Table 2b). 

For all divalent compounds, the softness parameter had a similar 
correlation with in vivo toxicities (r - .71 and r - .69) to that for the in 
vitro assay (r - .71). The softness/in vivo correlations improved when 
divalent chlorides only were used in the comparison (Table 2b). Never
theless, the highest correlation coefficient (r - .89) was obtained when 
the in vitro 1050 values were compared with mouse ip L050 values. 



594 
L. M. HULME ET Al. 

TABLE 2. Comparison of In V"t d I V· .. 
M II

· C I ro an n IVO Acute TOXIcities and Softness Parameter Values tor 
eta IC ompounds 

(a) Correlation of In Vivo (log 1050) with In Vitro (log LD50) Toxicities 

Comparison Compounds tested 
Correlation 
coetiicient (f) n 

Rat oral/in vitro All compounds 0.73 ., .. -, 

Mouse ip/in vitro 
Chlorides only 0.75 17 
All compounds 0.86 28 
Chlorides only 0.90 18 

(b) Correlation In Vivo (log L050), Softness (log up)' and In Vitro (log 1050) Values 

Correlation 
Comparison Compounds tested coefficient (f) n 

Rat oral/up All divalents 0.69 15 
Divalent chlorides 0.81 11 

Mouse ip/up All divalents 0.71 15 
Divalent chlorides 0.76 11 

In vitro/up All divalents 0.71 18 
Divalent chlorides 0.73 11 

Rat oral/in vitro All divalents 0.61 15 
Divalent chlorides 0.70 11 

Mouse ip/in vitro All divalents o.n 15 
Divalent chlorides 0.89 11 

DISCUSSION 

Of the two alternatives assessed, the in vitro cytotoxicity assay was 
found to be the better predictor of in vivo toxicity for the metallic com
pounds tested. 

The in vitro toxicity data gave a better correlation with mouse ip 
values than with rat oral values (Table 2a). Absorption of metallic com
pounds from the gut is known to vary widely according to the metal 
and anion concerned, the solubility of the compound, and the state of 
the subject animal (Camner et aI., 1986; Nordberg et aI., 1986). Continu
ous treatment of cells in culture with a compound possibly mimics 
better ip dosage, where there are fewer absorption barriers to tissue 
exposure (Fry et aI., 1988). 

In order to compare toxicities of the metal ions, one should select 
compounds with the same anion, bearing in mind the predominant 
anion in the culture medium is chloride. The contribution of the anion 
to the toxicity of a compound is unimportant when the more toxic 
compounds are tested [e.g., tin(ll) chloride, 1050 0.28 mM). However, 
when compounds of low toxicity [e.g., sodium(1) chloride, ID50 107 
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mM] are dissolved, a Significant increase in the total anion concentra
tion in the culture medium occurs, giving the possibility of anion ef
fects. 

Our in vivo/softness correlations (Table 2b) show how softness be
ing a property of the metallic ion, becomes more useful in compari~ons 
~etween compoun?s .with the same anion. The softness parameter is 
~~cap~?le . of predl~lng th.e }oxi~ities of compounds consisting of 

tOXIC anions and nontoxIc cations [such as sodium(1) tetrathionate 
and potassium(l) fluoride]. In addition, in vivo/softness comparisons 
among compounds with the same anion are only meaningful where 
there are sufficient metal ions in the valency groupings. This limits 
comparisons involving metal ions with unusual valencies. A further lim
itation of the softness alternative is the variability and availability of 
published up values for metals in all their valency states. Thus, there is 
no positive indication that up has any real value as a means of predicting 
metal toxicity, least of all metal compound toxicity. 
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THE POTENTIAL USEFULNESS OF A DIFFERENTIATING 
TERATOCARCINOMA CELL LINE IN IN VITRO 

TOXICITY TESTING 
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Abstract-A number of in vitro systems have been put forward as potential alternative methods for testing 
chenucals for teratogenic potential. The most promising of these systems, for example mammalian whole 
embryo culture and the micromass technique, are currently undergoing further interlaboratory validation. 
However, such tests involve the use of a considerable number of animals. It was therefore decided to 
investigate the possible use of a permanent cell line that possessed many of the properties of embryonic 
cells, that is a differentiating cell line. F9 (derived from a mouse teratocarcinoma), in the development 
of an in vitro teratogenicity test. In a preliminary study, six chemicals were tested for their modulating 
effects on differentiation in undifferentiated. differentiating and differentiated F9 cells. These effects were 
assessed morphologically and by measunng the production of laminin (a biochemial marker of F9 
differentiation). The use of the F9 cell line in in vitro teratogenicity testing shows promise, but further 
work is necessary before its potential can be fully evaluated. 

IntroductiOD 

Over the past decade a variety of in vitro systems have 
been suggested as possible alternatives for use in the 
prediction and evaluation of the teratogenic potential 
of chemicals (for reviews, see Brown and Freeman, 
1984; Neuben, 1989). Of these, mammalian whole 
embryo culture (Schmid, 1983) and the micro mass 
technique (Flint, 1987) appear to be among the most 
promising. Already established as prescreens, these 
methods are currently undergoing further interlab
oratory validation to assess their potential as genuine 
replacement alternatives. However, both these 
methods require the sacrifice of a significant number 
of animals. and the whole embryo method is legally 
classified as an animal experiment in Britain. It was 
therefore decided to investigate the possible use of a 
permanent cell line that would grow and di~erentiate 
in culture in a manner related to that whIch occurs 
during embryonic development, th.us elirI1:in~ting the 
need for animals. Since cell dJfferentJatlon and 
growth are pivotal events duri~g em~ryoge~esi~. th.eir 
modulation in vitro by a chemIcal nught be mdlcatJve 
of teratogenic potential of the latter. A literature 
survey revealed that a number of c::ell lin~ . are 
commonly used as in vitro models of differentJatJon. 
For example, Mummery et aI. (1984) ~ a neuro
blastoma cell line in a test for teratogeruClty but the 
endpoint of differentiation was only assessed mor
phologically; it is desi~ble to. use a quantJfiable 
endpoint wherever poSSible (Kimmel et al., ~ 982). 

F9 cells. originally derived from a mouse. tes.tJcu1~ 
teratocarcinoma. can be stimulated by retJnolc aCid 
(RA) to differentiate biochemically as well as mor-

eTo whom correspondence should be addressed. 
Abbrnilliioru: ELISA _ en.zyme-Unked immunosorbent as

say; PBST _ phosphate buffered saline conWDlDI 
O.OS'I. v/v Tween 20; RA - reunOIC aad. 

phologically (Strickland and Mahdavi, 1978), hence 
allowing differentiation to be both observed and 
quantified. The biocbemical markers of the differen
tiation include increased synthesis of laminin and 
plasminogen activator, increased infectivity by SV40 
virus and decreased alkaline phosphatase activity 
(Moore et al., 1986; Strickland and Mahdavi, 1978). 
The differentiated phenotype is thought to resemble 
that of parietal endoderm cells in the mouse embry
onic ectoderm (Hogan et al., 1983; Strickland et al., 
1980), and the cells have been widely used as an 
in vitro model of early events in embryogenesis 
(Strickland, 1981). 

In a preliminary study, the general cytotoxicities 
and the effects on cellular morphology of six chemi
cals were determined in undifferentiated, differentiat
ing and differentiated F9 cells. The amount of 
laminin produced by differentiated cells exposed to 
chemicals was measured and compared with final 
total cellular protein levels. The potential use of F9 
cells in an in vitro test for teratogenicity is discussed. 

Materials and Methods 

Cells. F9 cells. a gift from Dr A. K. Daly of the 
University of Newcastle-upon-Tyne, UK. were cul
tured according to the method of Daly and Redfern 
(1987). 

Reagents. Cell culture reagents. lamir,tin and .anti
laminin antibody were obtained from Glbco, PaIsley, 
UK; anti-rabbit IgO alkaline phosphatase conjugate. 
all-trans retinoic acid. caffeine. cyclophospbamJde, 
Tween 20 and p-nitrophenol phosphate were from 
Sigma Chemical Co. Ltd, Poole. Dorset. UK; cad
mium (II) chloride and S-ftuorouraClI were from 
Aldrich Chemical Co. Ltd, Gillingham, UK; and 
dimetbylsulpboxide was from SOH. P,,?le, Dorset. 
UK. Thalidomide was a gift from Rhone-Poulenc 
Ltd, Da~ UK. 
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Table I. /" VitrO tOXICIties of SIX cherruca1s to undifferentiated. differentlaung and differentiated F9 
cells 

1010 (mM)-

Undifferentiated Differentiating Differenttated 
Chcnncal cells cells cells 

S· Fluorouracil <0.0001 0.001 0.001 
Cadmium (II) chloride 0.006 om 0.01 
Thalidomide 0.13 >1.9t > 1.9t 
Caffeine 0.57 1.9 1.7 
Cyclophosphamide 6.3 2.8 4.9 
Dimetbylsulphoxide 365 328 322 

-The 1010 is the concentrauon of test chemical that reduced the final cellular protem content of test 
wells by SO-/_ in companson With that of appropnate solvent control wells. 

tMulmum solubility In aqueous medium. 

Cytotoxicity tests. 
(a) On undifferentiated cells. 5 x 10" cells/well were 

plated in 24-well tissue culture plates and incubated 
overnight. The medium was replaced with medium 
containing test chemical dissolved in solvent, with 
solvent alone (final concentration of solvent being 
maintained at I %) or with medium alone. After 
exposure to test chemicals for 48 hr, the cells were 
assayed for total cellular protein by the kenacid blue 
method (Knox et aI., 1986). 

(b) On differentiating cells. Cells were plated and 
treated as for differentiated cells, but test chemical 
and control media also contained 0.1 x 10-6 M-RA. 
After the 48-hr exposure, cells were solubilized in 
1 M-NaOH for 2 hr and the extracts were assayed for 
total cellular protein by the method of Bradford 
(1976). Standards were prepared from a protein 
standard solution (Sigma). -

(c) On differentiated cells. Differentiated cells were 
prepared by growing F9 cells for 5 or 6 days (includ
ing one subculture) in the presence of 0.1 x 10-6 M-

RA. Chemical treatments and the Bradford assay 
were conducted as for differentiating cells. 

Each chemical concentration was tested in tripli
cate on at least three separate occasions. The 1D5O 
values. that is concentrations that reduced the final 
total cellular protein content of test wells by 50% in 
comparison with the appropriate solvent control 
wells. were calculated from the dose-response curves. 

2 3 4 5 e 7 8 

concentr8tlon (mM. 10-3) 

Fig. I. The effects of S-ftuorouracil on laminin and protem 
levels from differentiated F9 cell cultures. (-e-) lammm 

in culture medium (-0-) cellular protein. 

Enzyme-linked immunosorbent assay (ELISA) for 
laminin. This method was modified from that of 
Williams et al. (1987). Medium samples were taken at 
the end of the 48-hr test period, and were stored at 
- 20°C until required. Samples were centrifuged to 
remove dead cells, diluted 1 in 5 in phosphate 
buffered saline (PBST; containing 0.05%, v/v. Tween 
20) and co-incubated overnight at 22°C with rabbit 
anti-Iaminin antibody. Co-incubations were then 
transferred to a laminin-coated ELISA microplate 
(50 ng laminin/well) for 30 min at room temperature. 
After washing with PBST. anti-rabbit IgG alkaline 
phosphatase conjugate was left on for 60 min. After 
further washing with PBST, the enzyme substrate. 
p-nitrophenol phosphate. was added in a pH 9.8 
buffer. The production of yellow p-nitrophenol was 
measured at 404 nm in a Kontron plate reader. A 
standard curve was constructed using purified mouse 
laminin in the co-incubation. 

Results 

Six chemicals were tested for cytOtoxlClty to 
undifferentiated, differentiating and differentiated F9 
cells. They were chosen because of their widely 
varying toxicities, modes of action and effects in vivo. 
The results (Table 1) indicate that the cells in the 
three culture situations were equally sensitive to 
cadmium (II) chloride, cyclophosphamide and 
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Fig. 2. The effects of cadmium (II) chloride on laminm and 
protein levels from differentiated F9 cell cultures. (-e-) 

laminin in culture medium. (-0-) cellular protem. 
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dimethylsulpboxide. and that the differentiating and 
differentiated cells were less sensitive to 5-ftuoro
uractl. thalidomide and caffeine. 

Treatment medium samples from cytotoxicity tests 
with differentiating and differentiated F9 cells were 
assayed for tbe presence of laminin. Medium samples 
from differentiating cells did not show any detectable 
laminin (lower limit of detection is approximately 
5 ng/ml), while differentiated cells produced laminin 
in readily detectable amounts. 

Three categories of relationship between protein 
and laminin levels following exposure to the chemi
cals were observed: (a) where the protein level fell 
more than tbe laminin level, with 5-ftuorouracil 
(Fig. 1) and caffeine (data not shown); (b) where the 
laminin level fell more than the protein level, with 
cadmium (II) cbloride (Fig. 2); (c) where the protein 
and laminin levels followed each other, with 
dimethylsulphoxide (Fig. 3), cyclophosphamide and 
thalidomide (data not sbown). 

Apart from RA, none of the chemicals tested 
induced morphological changes in normal F9 cells at 
the concentrations and over the time scales tested 
(except for the expected shrinkage of dying cells). 
Morphological changes induced by RA in the differ
entiating and differentiated cell test were not affected 
by the chemicals tested. 

Discussion 

F9 cells possess several characteristics that make 
them a useful model of cellular differentiation in 
toxicity studies: (I) they differentiate morphologically 
and biochemically in response to RA and other 
chemicals (Moore et al., 1986; Nishimure et al., 1983). 
(2) They are easy to maintain in culture, and, being 
a continuous cell line, offer considerable advantages 
over primary cultures in terms of cost, technical 
expertise required and reproducibility. (3) The bio
chemical marker of differentiation, that is laminin, is 
readily quantifiable by ELISA without needing to fix 
or disrupt the cells. 

These preliminary observations suggest that fu~
ther investigations in the potential use of F9 cells In 
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in vitro teratogenicity testing would be worthwhile. It 
appears tbat different chemicals can affect lamlnin 
production by differentIated F9 cells in several wavs. 
and tbat the differentiated functIon as well as ~ll 
division can be the target for chemIcal actlon. 

There appears to be no simple explanatlon as to 
why differentiating and differentiated F9 cells are less 
sensitive to 5-ftuorouracil. thalidomide and caffeine 
than normal cells. Differentiated cells have a slower 
growth rate tban tbe undifferentiated cells. but this is 
not true for the differentiating cells, so altered growth 
rate cannot be the only reason why there is differen
tial sensitivity. 

The biochemical marker of differentiation. that is 
the laminin level in the medium. was higher than 
expected from tbe protein level in 5-ftuorouracil 
(Fig. 1) and caffeine-treated culture wells. Micro
scopical observation showed a slow build-up of tox
icity over tbe 48 hr-period for both chemicals. hence 
laminin may have been released by cells before they 
were killed. Alternatively, 5-ftuorouracil may have 
affected cell division without affecting cell viability or 
its ability to produce laminin. CadmIUm (II) chloride 
caused the laminin level to drop below that expected 
from the protein level (Fig. 2). This points to 
cadmium interfering with the process of lamimn 
production either intracellularly or at surface sites. 
without affecting cell proliferation. 

In addition to the effect of chemicals on laminin 
production by differentiated cells, the possibility of 
chemicals inducing differentiation or inhibiting the 
action of retinoic acid over longer time scales needs 
to be examined. 
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