
Bull. Environ. Contam. Toxicol. (1992) 49:892-899 
�9 1992 Springer-Verlag New York Inc. 

i S n v i r o n r n e n t a l  
C o n t a m i n a t i o n  
and Toxk=ok~w 

Chemosensory and Electrophysiological Responses in 
Toxicity Assessment: Investigations with a 
Ciliated Protozoan 

W. Pauli and S. Berger 

Institute of Biochemistry and Molecular Biology, Free University of Berlin, 
Ehrenbergstr. 26-28, 1000 Berlin 33, Federal Republic of Germany 

The development of rapid, reliable, sensitive and cost effective screening methods is 
essential for the hazard assessment of environmental chemicals. The need to reduce 
vertebrate mfimal testing for ethical reasons is recognized. Trace levels of aquatic 
pollutants which do not directly impair survival of animals have been observed to 
limit their feeding, distribution, orientation, migration or reproductive behavior. 

Chemoreception plays an important role in mediating behavior of aquatic eatimMs. 
The ability to select favorable conditions is of obvious importance to survival. Alt- 
hough ciliated protozoa are often described as 'swimming neurons or receptors', 
few attempts have been made to utilize their sensory characteristics as sublethal 
endpoints in ecotoxicological risk assessment. 

Tetrahymena thermophfla, a ubiquitous freshwater, ciliated protozoan, exhibits che- 
mosensory responses to various stimuli. It plays an importaat ecological role in 
microbial based food chains, regeneration of nutrients and regulation of bacterial 
populations in the aquatic environment. Due to the ease with which it can be cul- 
tivated axenically and the comprehensive knowledge available on its biochemistry 
and physiology, Tetra~ymena has gained recognition in toxicity testing. 

In this study a quantitative method for the measurement of negative chemosensory 
response is presented. The effects of five aniline deriv&tives on the chemosensory re- 
sponse (i.e., repulsion) of Tetrahymena thermophfla were determined. The relation- 
ship between these results and perturbation of the membrane potential, determined 
with a fluorescent dye, was examined. In a~ldition, growth impairment, a common 
cytotoxic endpoint was determined for these five industrial chemicals. 

MATERIALS AND METHODS 

The test chemicals, obtained from PAedel de Hahn, Seelze, were of the highest 
purity available (aniline: >99.5%, 2,4-dinitromfiline: 97%, 4-nitroaniline: >99%, 
3-hydroxyaniline: 99%, 4-hydroxyanfline: 98%). Chemicals were chosen for their 
ecotoxicological relevance: industrial chemicals having a high exposure to the envi- 
ronment. 

Tetrshymena thermophila B HI, kindly supplied by Dr. Tiedke, M6nster, was grown 
axenically without shaking at 28~ in defined medium (Rasmussen and Modeweg- 
Hansen, 1973). 

Send reprint requests to W. Pauli at the above address 
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Figure 1. Cross section of the chemosensory assay chamber. OC outer compartment; 
IC inner comp~-tment. 

The chemosensory assay was performed using the appar&tus designed by Leick (1983, 
scheme of one assay unit see Fig. 1). It  comprises two compartments: an outer 
chamber , conta/ning the cell suspension, and the inner tube filled with buffer and 
various concentrations of the chemical to be tested. The two compartments are 
joined by 16 c~piilaries (0.5 mm in diameter and 3 mm in length). Within these 
c&plllaries & st&ble gradient from the inner to the outer compartment is upheld 
during the test period (for 2,4-dinitroanlline a diffusion of less than 3% through 
the capillaries was measured). This assay is designed so that the inner chamber 
functions as ,~ trap. The cells have to swim in & horizontal direction through the 
c~pillaxies and tend to swim upwards once they reach the inner compartment. 

Cells were grown to late logarithmic phase, harvested st 500 x g, washed and re- 
suspended in 10 mM Tris/HCl, pH 7.4 (control solution) st s cell concentration of 
8 x 106/mL. Two mL aliquots of cells were transferred to the outer chamber and 
left for lhr a~ter centrifugation to recover and adapt to the buffer. The inner com- 
payment,  into which the cells migrate, was filled with control solution with/without 
various concentrations of the chemical to be tested. Substances were dissolved di- 
rectly in the buffer with the exception of 2,4-dinitroaalline, where DMSO was used 
as solvent up to s maximum test concentration of 0.025% (no observed effect up 
to 0.1%). In the case of 4-hydroxyaniline, the control solution was supplemented 
with lmg/mL ascorbic acid to prevent oxidation. Since in addition, this chemical 
increases swimming speed in low concentrations (d&t& not shown), isobutyl-methyl- 
xanthine (IBMX, 2raM), s well known phosphodiesterase inhibitor, was added to 
both compartments. IBMX itself effectively increases the swimming speed of the 
cells and can thereby compensate for this effect of the chemical: speeding of cells 
in the chemical gradient of the c~pi]laxies can lead to an ~ccumulstion in the inner 
chamber, which would falsify the results (Hellung-Larsen et al. 1986). 

The inner compartment was placed in the outer chamber. The experiment was 
run for 90 rain after which the concentration of cells in the inner chamber is about 
3 x 108/mI. The number of cells in the plexiglasa assLy tubes was determined 
electronically (Coulter Counter, Luton, UK). All measurements were in triplic&te 
and repeated on three different d&ys. The d ~ e  in cell migration into the inner 
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chamber serves as a measure for repulsion due to the presence of toxicants. A linear 
regression analysis (least squares) was made between the loglo dose of the chemicals 
and the % decrease in migration. From this best fit, dose response curves were 
established. Threshold values were determined by extrapolating the regression line. 

The fluorescence dye, rhodamlu 6G (R6G), was purchased from Sigma Chemie, 
Deisenhofen. Fluorescence was measured with a Perkin Elmer (Connetient, USA) 
650-40 fluorescence spectrophotometer at 23~ (excitation wavelength: 520 nm, 
emission wavelength: 550 nm and 5nm slit widths on both excitation sad emission 
monochromators). Ceils from the late logarithmic growth phase were washed twice 
with control solution and resuspended in the same buffer ( lxl0 e cells/mL). Two #L 
of a stock solution of R6G (dissolved in DMSO) were added to 2 mL cell suspension 
in a cuvette to a test concentration of 0.7 #M). This suspension was allowed to 
equilibrate under gentle stirring with a magnetic stirrer for 20 rain at 23 ~ by 
which time a constant fluorescence signal was obtained. 

A given volume of the aniline derivatives, dissolved in DMSO, was added to the 
cuvette and the fluorescence intensity was measured. The final concentration of 
DMSO never exceeded 0.2%. Up to this concentration no effect was observed on 
the fluorescence activity. The change in the fluorescence intensity was determined 5 
min after the addition of the chemicals. Since all these aromatic substances showed 
quenching effects on the fluorescence signal, a control containing only the fluores- 
cence dye was measured for each concentration of the chemicals in parallel, from 
which a correction factor was derived. After subtraction of the background fluores- 
cence of the cells (<10%), which remained unaltered by the addition of the anilines, 
and correction by this factor, the change in the fluorescence intensity was defined 
as dF = (F-F0)/F0,  where F0 and F represent the fluorescence signal before and 
after addition of the chemical. The effects were determined from two experiments 
on different days. 

The growth assay was performed in 200 mL Eflenmeyer flasks each containing 20 mL 
defined medium and various concentrations of the chemicals to be tested. In the case 
of 2,4-dlnitroaniline DMSO was used as a solvent to final concentration of 0.25% at 
which no effect was observed. The medium was supplemented with 1 mg/mL ascor- 
bic acid to prevent oxidation of the hydroxy~nillnes. Organisms from the stationary 
phase were added to an initial concentration of 20,000 celis/mL. Growth kinetics 
were followed by measuring the optical density of the suspension at 530 nm (Lunge 
Digitalphotometer, Berlin, Germany) over a period of 48 hr. A calibration curve 
relating the optical density to the cell concentration was established using electronic 
cell counting. All values are the average of at least three experiments, performed in 
duplicate. From the reduction of the proliferation rate, dose response curves were 
obtained: regression lines, by the method of least squares, were determined from the 
probit transformed percentage of growth rate impairment and the loglo concentra- 
tion of the respective chemicals. The NOEC-values represent the highest values at 
which no effect was observed. 

RESULTS AND DISCUSSION 

All aniline derivatives can cause irreversible physiological damage to Tetrahvmena 
at high concentration leading ultimately to cell death. Far below this concentration 
range (40 to 10#00 times) an avoiding reaction of these animals can be observed. 
This relative sensitivity of chemoreception indicates that the organisms can recognize 
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Figure 3. The Fluorescence increase (dF) of 0,?/~M Rhoda~oe 6G in Tetra~ymcna 
suspensions versus the concentrations of the anilines. 

harmful substamces at much lower concentrations than those leading to damage. 
The ecological function of this rejective behavior rosy be to assist these animsls in 
avoiding suboptimal environmental conditions. 

Fig. 2 illustrates the concentration dependent negative chemosensory response of 
Tetrabymena towards all five chemicals. Despite different slopes, repulsion increases 
lineaxly with the logarithm (log) of the concentration of the compounds tested. 
Thz~shold values were determined by extrapolating this relationship and raage from 
0.2/~M to 500/zM for the five aniline derivatives. The anilines with nitro-groups 
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elicit a response at a significantly lower threshold level than the hydroxyanilines 
and aniline itself, between which no marked differences in threshold concentration 
is observed. 

Alterations in the membrane potential of Tetrahymena after addition of the anilines 
were monitored by measuring the fluorescence intensity of R6G. A concentration 
dependent quench of the RSG fuorescence signal (cell-free dye solution) was obser- 
ved for each of the five compounds. The fluorescence intensity, corrected for the 
respective quench, also increases linearly as a function of the log concentration in 
each case (Fig. 3). An increase in the R6G fluorescence signal implies that depo- 
larization occurs in response to the stimulus (Ainchi et al. 1980). Each compound 
has a respective threshold concentration at which the fluorescence intensity starts to 
increase. Table I shows that the threshold concentrations required to elicit fluores- 
cence increase and repulsion in Tetrahymena are practically identical for the five 
compounds tested, compare also Fig. 2 and Fig. 3. 

Table 1. Thresholds (in ~moles/L) for the five aniline deriwtives in all three test 
systems. 

Repulsion Fluorescence Growth impairment 

3-hydroxyaniline 500 450 500 
aniline 340 200 80 
4-hydroxyaniline 200 200 50 
2,4-dinitroaniline 0.7 0.5 10 
4-nitroaniline 0.2 0.125 20 

For salts and hydrophobic stimuli, this increase in fluorescence signal is strictly 
correlated with a negative chemosensory response (Aiuchi et al. 1980; Tanabe et al. 
1980). It is known that ciliate motile behavior is finely controlled by the membrane 
potential: graded shifts in membrane potentials induce graded trmutitions in ciliary 
motor responses (Machemer and Sugino 1989). A depolarization reduces the forward 
locomotion or reverses the ciliary beat. The ciliary membrane includes voltage- 
sensitive calcium channels, and ionic calcium is an intracellniar messenger of the 
electromotor coupling process. Electric membrane signals are rapidly exploited for 
the generation of motor responses (Machemer 1986). Both fluorescence increase and 
chemosensory response illustrate this direct connection: the R6G fluorescence signal 
increases (depolarization) shortly after the addition of the chemicals ; cells having 
a normal SWimming speed of 0.2 mm/sec have only about 15 sec to react to the 
chemical gradient in the horizontal capillaries (Pig. 1), before becoming trapped in 
the inner chamber. 

The impairment of the growth rate reflects a wide range of different cytotoxic inter- 
actions. This toxic endpoint was measured and the no observed effect concentrations 
(NOEC) were compared to the threshold values obtained with the ehemosensory and 
fluorescence assays. Above the NOEC a dose dependent reduction of cell prolifera- 
tion in exponentially growing cultures was observed. Sigmoidal dose reponse curves 
were obtained for all chemicals tested. 

No significant correlation (p>0.05) exists between the thresholds for growth inhi- 
bition (NOEC) and those for the chemosensory response end fluorescence increase 
(Table 1). The logxo concentrations were taken for this regression analysis due to 
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Figure 4. shows the dose dependent increase in R6G fluorescence, repulsion and 
growth rate imps~ment for 3-hydroxyaniline in a linear scale. 

the wide range of values involved. The impairment of the cell growth rate is only 
slightly more or equally sensitive in three of five cases, whereas the thresholds for 
chemosensory and fluorescence assays are one to two orders of magnitude more 
sensitive towards the two nitroanilines. Furthermore the sigmoidal dose response ki- 
netics obtained for all substances from the growth assay are in contrast to the typical 
L-shaped curves obtained for the chemicals in the fluorescence and chemosensory as- 
says, indicating a different underlying mechanism of interaction with the compounds 
(Shirszi and Lowrie 1988). As an example Fig. 4 shows the dose response curves of 
all three test systems for 3-hydroxyaniline. 

Whereas the growth r&te reflects the sum of a variety of sublethal cytotoxic effects, 
the translation of different external stimuli into the appropriate behavioral responses 
occurs in cill~tes via the cell membrane. Despite the existence of specific receptors in 
Tetrabymena (Csabs 1985; KGhidai et al. 1986; O'Neill et al. 1988), effects of hydro- 
phobic compounds are mainly attributed to aspecific receptor binding (Franks and 
Lieb 1990) or accumuhLtion of the molecules in the lipid phase of the biomembrane 
and thereby afecting the membrane potential (Ata~  et al. 1978). Hydrophobic 
compounds with polar groups (i.e., alcohols and so-cailed odorants) have been ob- 
served to perturb the surface and intra~embraae diffusion potential of Tetrahyznena 
(~mabe et al. 1980), both reflected in the membrane potential. Differences in the 
polarity of substances may account for the extent of these perturbations. Anilines 
are described as weaidy polar narcotics (Veith and Broderius 1990), having a sur- 
face active effect and are almost uncharged at physiological pH (Elliott and H~ydon 
1989). The strong electron attracting property of the nitrogroups leads to higher 
polarity of the aromatic ring (high ~-Hammett values, Hansch and Leo 1979) and 
could explain the high sensitivity of the threshold levels for these anilines. From 
quantitative structure activity relationships (QSAR) studies an excess toxicity has 
been reported for nitro substituents conta~Ling arom&tes and was attributed to elec- 
trophilicity (Hermens et al. 1985; Roberts 1987; Schultz et el. 1991), i.e., the ability 
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to undergo nucleophilic substitution reactions with macromolecules. This chemical 
reactivity may not only play an important role for the toxic effects of the respective 
aniline derivatives, but may also account for the differences in sensitivity between 
the growth rate and chemosensory / fluorescence assays, carried out in media with 
distinct formulation (defined medium, Tris/HC1 buffer~respectively). 

The combination of the common cytotoxic endpoint growth with a behavioral cha- 
racteristic (avoiding reaction) offers the possibility to implement a complementary 
set of sublethal endpoints in ecotoxlcologieal risk assessment. 

Acknowledgments. This work was supported by a grant from the Federal Environ- 
mental Agency, FRG. We are grateful to Dr. Vagn Leick, University of Copenhagen, 
for supplying us with the chamber for the chemotactic assay. 

REFERENCES 

Aiuchi T, Tanabe H, Kurihara K, Kobstake Y (1980) Fluorescence changes of rho- 
damine 6G associated with chemotactic responses in Tetrahymena pyriformis. Bio- 
chem. Biophys. Acta 628:355-364 

Ataka M, Tsuchii A, Ueda T, Kurihara K, Kobatake Y (1978) Comparative studies 
on the reception of bitter stimuli in the frog, Tetrahymena, slime mold and Nitella. 
Comp Biochem Physiol 61A: 109-115 

Csaba G (1985) The unicellular Tetrahymena as a model cell for receptor research. 
Int Rev Cyt 94:327-377 

Elliott J, Haydon D (1989) The actions of neutral anaesthetics on ion conductances 
of nerve membranes. Biochem. Biophys. Acta 988:257-286 

Franks N, Lieb W (1990) Mechanisms of general anesthesia. Environ Health Persp 
87:199-205 

Hansch C, Leo A (1979) Substituent constants for correlation analysis in chemistry 
and biology. John Wiley Sons, NY 

Hellung-Larsen P, Leick V, Tommerup N (1986) Chemo~ttraction in Tetrahymena: 
on the role of chemokinesis. Biol Bull 170:357-367 

Hermens J, Busser F, Leeuwanch P, Musch A (1985) Quantitative correlation 
studies between the acute lethal toxicity of 15 organic halides to the guppy 
(Poecilla reticul~ta) and chemical reactivity towards 4-nitrobenzylpyridine. To- 
xicol Environ Chem 9:219-236 

KShidai L, Muto Y, Noz~w~ Y, Cs~ba G (1986) Studies on the interrelationship 
between hormonal imprinting and membrane potential in model experiments on 
Tetrahvmena. Cell Mol Biol 32 (6): 641-645 

Leick V, Helle J (1983) A quantitative assay for ciliate chemotaxis. Anal Biochem 
135:466-469 

Machemer H (1986) Electromotor coupling in cilia. Fortschritte der Zoologie 33, 
Gustav Fischer Verlag, Stuttgart 

Machemer H, Sugino K (1989) Electrophysiological control of ciliary heating: a basis 
of motile behaviour in ciliated protozoa. Comp Biochem Physiol 94A: 365-374 

O'Neil J, Pert C, Ruff M, Smith C, Higgins W, Zipser B (1988) Identification and 
characterisation of the opiate receptor in the cili~ted protozoan, Tetrahvmena. 
Brain Res 450:303-315 

Rasmussen L, Modeweg-Hansen L (1973) Cell multiplication in Tetrahymena cultu- 
res after addition of particulate material. J Cell Sci 12:275-286 

898 



Roberts DW (1987) An analysis of published data on fish toxicity of nitrobenzene 
and aailine derivatives. In: Kaiser KLE (ed) QSAR in environmental toxicology-H. 
D Reidel Publishing Co, Dordrecht, pp 295-308 

Schultz TW, Lin DT, Arnold M (1991) QSAR for monosubstituted anilines eliciting 
the polar narcosis mechmLism of action. Sci Tot Environ 109/110:569-580 

Shirazi M, Lowrie L (1988) An approach for integration of toxicological data. In: 
Adams WJ, Chapman GA, Landis WG (eds) Aquatic toxicology and hazard asses- 
sment, vol 10. American Society for testing and materials, Philadelphis, 343-360 

Tanabe H, Kurihara K, Kobatake Y (1980) Changes in membrane potential and 
membrane fluidity in Tetrahvmens vyriformis in association with chemoreception 
of hydrophobic stimuli: fluorescence studies. Biochemistry 19:5339-5344 

Veith G, Broderius S (1990) Rules for distinguishing toxicants that cause type I and 
type II narcosis syndromes. Environ Health Persp 87:207-211 

Received March 2, 1992; accepted May 30, 1992. 

899 


