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Paramecia respond to environmental stimuli by altering swimming behavior to disperse from or accumulate in the vicinity of the 
stimulus. We have found, using the T-maze assay, that treatment of paramecia with LiCI in a time- and concentration-dependent 
manner modifies the normal response to folate, acetate, and lactate from attraction to no response or even repulsion. Responses 
to NH4CI were unaffected and to cAMP were variably affected by LiCI. Cells incubated in the presence of K +, or both Na + and 
K +, but not Na + alone reliably recovered attraction to folate. Treatment of cells with 4 mM LiCI for I h dramatically slowed 
swimming speed from about I m m / s  in NaCI or KCI (control) to 0.18 m m / s  in LiCk Li-treated cells subsequently incubated in 4 
mM NaCI, KCI or sequentially in KCI and NaCl for a total of 20 min increased their swimming speed to 0.35, 0.45 and 0.67 
mm/s,  respectively. Paramecia readily took up Li + in Na +- and K+-free media reaching intraeellular concentrations of 5-10 mM 
in 10 mM extracellular Li +. Efflux of intracellular Li + was stimulated 35% by extracellular 10 mM NaCI and 185% by 1O mM 
KCt over 10 mM choline chloride. Incubation of cells in 10 mM LiCI for l h inhibited the rate of Ca 2+ efflux by 44% compared 
to cells in 10 mM NaCl. This may relate to the mechanism by which Li + perturbs chcmorcsponse. A mutant with defects in Ca 
homeostasis responds normally .o NH4CI, but not to any of the stinmli that are affected by LiCI. 

Introduct ion 

Paramecium tetraurelia is a ciliate that  exhibits 
chemosensory swimming behavior  [1]. The detection of 
specific environmental  chemicals, which general ly rep- 
resent food cues, causes tire cells to accumulate  in 
areas of higher concentrat ion of the stimuli [2]. The 
st imulus-response transduction pathway appears  to be 
mediated by external  receptors specific for the attrac- 
tants  [3,4], and when the receptors are sufficiently 
occupied, the plasma membrane  hyperpolarizes [5]. 
Al tera t ions  of membrane potential  have been shown to 
modulate  directly the pat tern  of ciliary beat ing that  
ult imately controls chemoresponse (i.e. accumulation 
or dispersal  of the cells) [6]. Hence,  the measurement  
of swimming behavior  is indicative of membrane  poten- 
tial changes and transduction events that  occur at  the 
molecular  level. For this reason, Paramecium is an 
attractive system in which to study chemosensory trans- 
duction. 

The  mechanism of the at t ractant-s t imulated hyper- 
polarizat ion has been elusive. An extensive study by 
Preston and Van Houten  [5] has  ruled out Na + and 
K ~" as the current-carrying ions, and there is only 
indirect  evidence that  channel - independent  active ex- 
trusion of Ca 2+ may account for the at tractant-st imu- 
lated hyperpolarization.  Electrophysiological evidence 
for Ca 2+ efflux is difficult to obtain, given that  the 
active t ransport  of Ca 2+ is sustainable over a very large 
electrochemical  gradient.  

In our  efforts to per turb Ca 2+ metabolism in order  
to study any subsequent  effects on chemoresponse,  we 
found that  Li + proioundly alters at t ract ion behavior. 
Li + does not appear  to affect the turnover of inositol 
phospholipids or inositol phosphates ,  thereby affecting 
chemoresponse.  (Indeed,  to date,  no function has  been 
at t r ibuted to phosphoinosi t ide metabolism in Parame- 
cium [7]). However, we have found Li + to affect Ca 2+ 
fluxes. Li +, therefore, presents  a pharmacological  tool 
for the study of chemoresponse.  

Correspondence to: J.L. Van Houten. Department of Zoology, Uni- 
versity of Vermont, Burlington, VT 05405, USA. 

Mater ia l s  and  Methods 

Cell culture. Paramecium tetraurelia, 51-S, sensitive 
to killer, was grown in cul ture medium which consisted 
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of wheat gross extract supplemented with Na2HPO4, 
Tris-HCI, 0.66 g / l  proteose peptone and 1 mg/ I  stig- 
masterol [8]. Paramecia were added to the culture 
medium 24 h after it had been inoculated with Kleb- 
siella pneumoniae and were cultured until late log phase 
at 25°C. The cells were harvested by filtering the 
medium through tissue paper (Kim Wipes, Kimberly- 
Clark) followed by centrifugation at 350 x g for 1 min 
in oil-testing centrifuge tubes. The cell pellet was col- 
lected with Pasteur pipet and used as indicated in the 
individual experiments. 

T-maze assay. Paramecia were assayed tor their be- 
havioral responses to attractants using the modified 
T-maze assay as described by Van Houten et al. [9]. In 
these assays, populations of cells were placed in a 
T-maze (stopcock), which gives the cells equal access to 
a test and a control solution. Both solutions contained 
1 mM Ca(OH) z, 1 mM citric acid and approx. 1.3 mM 
Tris base to adjust the pH to 7.05 (buffer A). The test 
solution contained the attractant (e.g. 2 mM disodium 
folate), and the control solution was balanced for 
monovalent cations by the addition of the appropriate 
salt (e.g. 4 mM NaCI). Thus, the test and control 
solutions differed only by their content of folate, ac- 
etate, lactate, or cAMP vs. CI-  and NH~ vs. Na +. To 
run the assay, paramecia were suspended in the control 
solution and placed into the stopcock of the T-maze. 
At the start of the assay the stopcock was opened to 
allow access to the test and control solutions. After 30 
min the stopcock was closed, the solutions collected, 
and the number of cells in each solution was deter- 
mined. Based on the number of cells found in the test 
and control solutions we calculated the index of 
chemokinesis (lchc), which is equal to the number of 
cells in the test solution divided by the number of cells 
in the test and control solutions. Thus, an lch e of 0.5 
indicates that the cells are not responsive to the test 
solution, an Ich ~ > 0.5 indicates that the ceils are at- 
tracted to the test solution, and an lchc0.5 indicates 
that the cells are repelled by the test solution. All 
incubation as well as test and control T-maze solutions 
consisted of buffer A with the indicated salt (pH 7.051. 

Lithium uptake. Harvested paramecia were rinsed in 
100 ml of buffer containing 0.25 mM Ca(OH)2, 1 mM 
citrate and approx. 5.2 mM Tris base to yield a pH of 
7.05 (buffer B). The cells were collected by centrifuga- 
tion and rcsuspended in an appropriate volume of 
buffer B and allowed to equilibrate for 30 min. LiCI 
(50 mM) prepared in buffer B (pH 7.0) was added to 
the cell suspension to a final concentration of l0 mM 
and rapidly m~xed. At the indicated times, 0.5 ml 
samples were removed from the suspension and as- 
sayed for the amount of Li ÷ taken up into the cells. 

lntracellular Li + (and /or  K +) content was deter- 
mined using methods modified from Hansma and Kung 
[10]. Centrifuge tubes made by sealing the ends of 

Pasteur pipets were filled to within 1 inch of the top 
with 2% sucrose dissolved in btfffer B. The 0.5 ml cell 
samples were layered over the sucrose solution and 
centrifuged at 2000 rpm for 1 min in an IEC HN-SI1 
centrifuge. The tips of the tubes containing the rinsed 
cells were etched with a diamond pencil, broken off 
and crushed in conical polystyrene centrifuge tubes in 
1-2 ml of distilled water. Two drops of glacial acetic 
acid were added to each tube. They were vortexed and 
heated to 80-90°C for 10 rain. After cooling, the sam- 
ples were centrifuged at full speed in a clinical cen- 
trifuge for 5 min. The supernatant was removed and 
analyzed for Li + or K ÷ content using a Coming model 
51-Ca flame photometer. Li + and K + standards were 
used for calibration with each set of samples. 

To measure Li + efflux, cells were loaded for 1 h in 
10 mM LiCI buffer. The cell suspension was divided 
into equal portions, centrifuged at 350 × g for 1 mln 
and the supernatants aspirated. The cell pellets were 
rapidly resuspended in 10 mM choline chloride, 10 mM 
NaCI or 10 mM KCI (in buffer B). Samples (0.5 ml) 
were taken at the indicated times and treated as above 
to analyze for the content of Li + remaining in the cells. 

45Ca2+ efflux. Harvested paramecia were rinsed and 
resuspended in a small volume of buffer B (5-10 ml). 
45CACI2 (2 / zC i /ml  final concentration) was added to 
the suspension and the cells were incubated overnight 
under a humidified atmosphere to prevent evapora- 
tion. After the cells no longer incorporated counts 
(equilibrium was reached after approximately 6 h), the 
suspension was divided into equal portions and a small 
volume of concentrated LiCI or NaCI was added to lh~ 
suspension to yield a final concentration of lO mM. 
The ceils were incubated for 1 h longer to allow the 
uptake of Li +. After this time the suspensions were 
centrifuged and the supernatant was aspirated. The 
cell pellets were rapidly resuspended in buffer B 
(without 4SCa2 +) containing the same salt composition. 
Samples (0.5 ml) were taken from each suspension at 
the appropriate times and centrifuged (as above) 
through 2% sucrose dissolved in buffer B [10]. The tips 
containing the cells were crushed in scintillation vials 
containing ! ml of 2% Triton X-100 to dissolve the 
cells. Scintillation fluid was added and the content of  
45Ca2+ was analyzed in a Beckman LS 7000 scintilla- 
tion counter. The data points were found to fit to 
exponential rate equations using the Medas curve fit- 
ting program. 

Swimming speed analysis. Time-exposure, dark field 
photographs were taken to measure swimming speed 
under various ionic conditions. Paramecia were pel- 
leted and resuspended in solutions of 4 mM NaCI, KCI 
or LiCI (dissolved in buffer A) for 1 h. Cells that were 
incubated in LiCI and subsequently allowed to recover 
were incubated in 4 mM KCI or NaCI or sequentially 
in each for a total of 20 min as indicated in the legend 



CO Table 1II. Aliquots of the coils from each incubation 
condition were placed onto glass slides and allowed to 
recover from the mechanical stimulation for 1 min [l 1]. 
The slides were illuminated from the side by a high 
intensity light. The pictures were taken with an expo- 
sure time of 5 s using a Polaroid camera equipped with 
a 50 mm lens. The movements of the cells appear as 
white streaks and the distances traveled over the 5 s 
time exposure were measured. 

Measurement o f  inositol phosphates rind inositol phos- 
pholipids. Phosphoinositol lipids were. labeled to equi- 
librium by incubating cells with 32p (PBS.11A) or 3H- 
inositol (Amersham). Aliquots of the labeled cells were 
stimulated with relate or folate and Li. The reaction 
was stopped by the addition of chloroform/methanol/  
HCI (100: 200: 2) followed by vigorous vortexing. The 
aqueous and organic phases were separated with the 
addition of chloroform and water followed by a brief 
centrifugation. The tritiated inositol phosphates pre- 
sent in the aqueous phase were separated by anion 
exchange chromatography using Dowex-50 columns 
(Bio-Rad) [12] and counted in a Beckman LS 7000 
scintillation counter. The phospholipids, present in the 
chloroform phase, were separated on silica gel plates 
(EM Science) that had been impregnated with 1% 
potassium oxalate. Chloroform/acetone/methanol/  
acetic acid/water (40:15 : 13:12: 8) was used as the 
solvent phase [13]. Radioactive phospholipids (32p la- 
beled) were identified by autoradiography. Phospha- 
tidylinositol, which comigrated with an authentic stan- 
dard (Sigma), was scraped from the plates and quanti- 
tated by liquid scintillation counting. 

Results 

Effect o f  Li + on chemoresponse 
Alterations in Paramecium swimming behavior in 

response to chemical stimuli can be quantitated using 
the modified T-maze assay [9]. In the T-maze, parame- 
cia are normally attracted to 2 mM disodium folate 
over 4 mM NaCi control, i.e. lche > 0.5 (Table I). 
However, when cells were pretreated in buffer contain- 
ing 2-4 mM LiCl as the only monovalent cation, the 
cells' attraction to folate gradually decreased in a con- 
centration and time-dependent manner to the degree 
that they actually became repelled, i.e. lch e < 0.5 (Ta- 
ble I). The effective concentration of Li + and the time 
of exposure necessary to elicit a maximal inhibitory 
response to disodium relate were quite variable be- 
tween different populations of cells and appeared to 
depend on various factors including feeding condition, 
growth state and the temperature at which the cells 
were cultured. However, for any given population of 
cells, prolonged exposure or a high concentration of 
Li + eventually evoked a perturbation of the normal 
chemoresponse. Throughout the course of investiga- 
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TABLE l 
Effect of Li ÷ on the chemoresponse of Paramecium to [elate 

Cells were incubated for the indicated length of time in NaCI or 
LiCI. The cells were subsequently assayed for their response to 2 
mM di~dium relate vs. 4 mM Na~l using the T-maze assay. Ieh ~ > 0.5 
indicates attraction; leh ~ <0.5 indicates repulsion. Th~ data are 
means of three tests+S.D. The absolute response to any given set of 
conditions is quite variable but similar trends have been obtained in 
many other experiments. 

Incubation Time Ic, ~ ± S.D. 
train) 

2 mM NaCI (control) 30 0.77 + 0.06 

2 mM LiCI 5 0.66±0.04 
2 mM LiCI 15 0.60+0.07 * 
2 mM LiCI 30 0.34 + 0.06 * 

4 mM NaCI (control) 30 0.76+0.09 

4 mM LiCI 5 0.27+0.04 * 
4 mM LiCI 15 0.16±0.06 * 
4 mM LiCI 30 0.18+0.07 * 

* Values are significantly different than control (P < 0.05) using the 
Mann-Whitney U-test. 

tion 4-10 mM LiCI was used in different experiments 
depending on the response of the cells to Li + at that 
time. It should be noted that Li + was not present in 
the solutions used in the T-maze assay. Therefore, it 
appears that Li + exerts a protracted effect on 
chemoresponse, possibly from an intracellular site. 

We examined the chemoresponse of Paramecium to 
several other attractants following Li + treatment (Ta- 
ble II). The responses to sodium acetate and sodium 
lactate are clearly affected by Li ÷, and similar to 
disodium folate, respon~=s cha.¢,¢ fr:~,, ~ttraction to 
repulsion. Attraction to Na.cAMP is also diminished 
by Li + incubation, in some experiments repulsion be- 
ing observed; however, the response is more variable 
than with folate or acetate (data not shown). On the 
other hand, attraction to ammonium was not as sensi- 
tive to Li + treatment. Some slight decrease from con- 
trol was observed, but a change from attraction to 
repulsion never occurred, even when the same cells 
were strongly repelled by folate after LiCl treatment 
(0.90 + 0.02 vs. 0.75 + 0.02 for untreated vs. Li*.treated 
cells responding to NH4C! compared to 0.88 + 0.06 vs. 
0.54 + 0.14 for the same population of cells untreated 
vs. treated with Li + responding to disodium relate). 
These results may indicate that attraction to ammo- 
nium is mediated by a distinct transduction mechanism 
(e.g. alteration of intraeellular pH). 

The data in Table It compare responses of cells 
preincubated in LiCI with those with no pretreatment, 
instead of with cells incubated in comparable amounts 
of NaCI or KCL Table Ill shows that use of cells 
without preincubation is a valid control. 



226 

TABLE !1 

Effect o f  Li + treatment on tile response o f  Paramecium to rarious attractants 

Cells were treated with 10 raM LiCI for 30 rain, or used directly (control) before they were cenlrifugcd and resuspended in the appropriate 
control buffer (5 mM NaCI) and tested in T-mazes for their response to the indicated attractant. Attraction to relate under ,dentieal conditions 
was used for cmnparison with each experiment. 

Attractant Control n Pretreated n 

5 mM sodium acetate 0.74 + 0.07 9 0.29 ± 0.04 8 

2.5 mM disodium relate 0.73 + 0.11 9 0.45 4- 0.22 8 
5 mM sodium lactate 0.75 4- 0.14 9 0.50 A 0.21 9 

2.5 mM disodium relate 0.744-0.14 9 0.324-0.20 9 
5 mM NH4CI 0.824-0.14 12 0.67±0.(2 12 

2.5 m M disodium folate 0.78 ± 0.12 9 0.43 ± 0.17 9 
5 mM potassium acetate 0.73 ± 0.13 21 0.54 ± 0.10 21 

TABLE Ill 

The effect o f  incubation in ~'arioas salt solntions on the response o f  
Paramecium to the attractant disodium fnlate in the T.maze 

Cells were assayed directly from culture medium or incubated in the 
indicated salt solution for 30 rain before being assayed for response 
to ~? mM disodium relate vs. 4 mM NaCl, 

Treatment /~h,, n 

None 0.87 + 0.04 6 
10 mM NaCI 0.85 ± 0.02 6 
10 mM KCI 0.88±0.06 6 
10 mM LiCI 0.424-0.07 * 5 

* Ich,: is significantly different (P < 0.05) from the untreated condi- 
tions by the Mann-Whitney U-test. 

To  examine recovery from Li + t reatment ,  we incu- 
bated cells in LiCI to per turb chemoattract ion,  and 
subsequently assayed their  chemoresponse after  allow- 
ing the cells t ime in NaCI or  KCI solutions. As shown 
in Table  IV, Li +-treated cells did not exhibit significant 

TABLE IV 

Re~'ersibility o f  the effect o f  Li + treatment on chemoresponse to folate 

Cells were treated in 4 mM LiCI for 45 rain. A fraction of the cells 
were then assayed directly while others were allowed to recover for l 
h in 4 mM NaCI or 4 mM KCI before being assayed for cht,'morc- 
sponse. The T-maze contained 2 mM disodium relate vs. ~, mM 
NaCI. lose ;~ 0.5 indicates attraction to folate; Ich¢ < 0.05 indicates 
repulsion from relate. The data are the means of n determinations+ 
S.D. 

Treatment Recovery incubation Ieh~ n 

4 mM LiCI none 0.39+0.12 6 
4 mM LiCI 4 mM NaCI 0.54+0.11 6 ns 
4 mM LiCI none 0.50 + 0.08 9 
4 mM LiCI 4 mM KCI 0.764.0.14 9* 

m The Ichc is not significantly different (P ~ 0.05) than the LiCI 
treated cells. 

* The les ¢ is significantly different (P ,g 0.05) than the LiCI treated 
cells by the Mann-Whitney U-test. 

TABLE V 

Re:,ersibility o f  tile effect o f  Li + treatment on cllemorespmzse to 
acetate 

Cells were incubated in 4 mM or 10 mM LiCI for 45 rain and then 
assayed immediately (no recovery incubation) or incubated in NaCI 
or KCI for 60 rain before being assayed for response to 5 mM sodium 
acetate vs. 5 mM NaCI in the T-maze. 

Treatment Recovery incubation Ich c n 

45 rain 4 mM LiCI none 0.42+0.12 3 
60 rain 4 mM NaCI none (}.24+0.24 3 
60 rain 4 mM KCI none 0.78 + 0.03 * 3 
45 rain 10 mM LiCI none 0.11 +0.0l 3 
None 60 rain 10 mM NaCI 0.32 + 0.02 * 3 
None 60 rain 10 mM KCI 0.71 + 0.08 * 3 

• /ca,: is significantly different (P < 0.05) than the no recovery 
incubation conditions by the Mann-Whitney U-test. 

attraction to 2 mM disodium folate even after 1 h for 
recovery in 4 mM NaCI. However ,  when Li+-treated 
cells recovered in 4 mM KCI before being assayed for 
chemoresponse,  they exhibited a strong attraction to 2 
mM disodium folate. A similar approach was used to 
test recovery of attraction to sodium acetate.  Li +- 
t reated cells allowed to recover  in KCI for 1 h were 
strongly at t racted to sodium acetate,  while Li~-treated 
cells incubated in NaCI did not cor:sistently recover 
their attraction to sodium acetate,  although the re- 
sponse was much more  variable (Table V). These re- 
suits are  somewhat  unexpected, since Li + often acts as 
an analog of Na + and N a + / L i  + exchange is the pri- 
mary pathway for Li + efflux in most, if not all, cell 
types studied [14]. Due to the design of  the experiment,  
the recovery in K + was followed by exposure of  the 
cells to Na + for 30 min during the T-maze  assay. 
Therefore ,  it is possible that  both K ÷ and Na + and not 
K + alone is optimal for recovery from Li + t reatment .  
The  appropriate  test of this would be to incubate cells 
in KCI followed by T-mazes  with K + salts (KOAc vs. 
KCI, for example).  However ,  technically this was not 



possible because, as shown in Table 11, Li+-treated 
cells were already recovering in the T-mazes with 
KOAc. This, combined with the less robust chemore- 
sponse in K + salts, made an adequate test difficult. 
However, other indications (below) point to a combina- 
tion of K + and Na + as optimal for recovery from LiCI. 

Swimming speed analysis 
Direct observation of Paramecium swimming behav- 

ior using time-exposure dark field photography reveals 
that Li + exposure in Na +- and K+-free buffers dramat- 
ically alters motility. Cells incubated in 4 mM LiCI for 
1 h exhibited a much slower forward swimming speed 
(0.18 + 0.09 ram/s) compared to cells similarly incu- 
bated in NaCI or KCI (1.02+0.31 and 0.95 ±0.30 
ram/s, respectively) (Table VI). 

Since the observations made with the T-maze assay 
suggested that K + may be more effective than Na + in 
reversing the effect of Li + on chemoattraction, we 
examined the swimming behavior of Li+-treated cells 
after subsequent exposure to Na + and K + (Table VI). 
Paramecia were treated in 4 mM LiCI for 1 h followed 
by a recovery period of 20 rain in 4 mM NaCi or 4 mM 
KCI or allowed to recover 10 rain each in KCI and 
subsequently NaCI. The 20 rain time period was chosen 
since Na + or K+-stimulated Li + effiux has plateaued 
within this time (see below). The cells in KCI had a 
significantly greater swimming speed (ANOV, P < 0.05) 
than the cells in NaCI solution (0.47 + 0.16 vs. 0.35 + 
0.22 ram/s). Li +-treated cells sequentially incubated in 
KCI and NaCI for a total of 20 rain had a significantly 
greater swimming speed (0.67 + 0.27 ram/s)  than cells 
recovering in either Na + or K + alone (P < 0.05). 

TABLE VI 

Swimming speed of Paramecium after various ionic treatments 

Cells were incubated in the various ionic buffers as indicated below. 
After the last incubation a small aliquot of the cell suspension (0.15 
ml) was placed onto a glass slide and allowed to equilibrate for I rain 
before a dark field photograph was taken as described in Materials 
and Methods. The swimming speed represents the mean distance 
traveled by the cells (n) divided by the time of exposure (5 s)+S.D. 
Recover,J conditions were incubation in 4 mM NaCI or KCI for 20 
rain or KCI followed by NaCl for 10 rain each. All LiCl treated cell 
conditions were significantly slower than cells treated in KCI or NaCI 
(P ~ 0.05). The cells allowed to recover in NaCI, KCI or KCI and 
NaCI were significantly faster (P ¢ 0.05) than cells treated with LiCI 
alone. Significance was determined by ANOV. 

Treatment conditions Recovery Swimming speed n 
incubation (mm/s) 

4 mM KCi, 1 h none 0.95+0.30 35 
4 mM NaCL 1 h none 1.02±0.31 36 
4 mM LiCI. I h n o n e  0.18±0.09 34 
4 mM LiCI, 1 h NaCI  0.35±0.22 58 
4 mM LiCI, 1 h KCI 0.474-0.16 63 
4 mM LiCI, I h KCI, NaCI 0.67 ±0.27 37 
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Fig. 1. Li + uptake and K + efflux in Paramecium in NaCI or LiCI. 
Concentrated LiCI or NaCI was added to equal cell suspensions in 
standard buffers to yield a 10 mM final concentra~.ion. Samples were 
collected and processed as described in Materials and Methods and 
analyzed for their content of Li + and/or K + by flame photometer. 
A K + content of cells in 10 mM NaCI; *, K + content of cells in 10 
mM LiCI; o, Li + uptake by cells in 10 mM LiCL Data arc the 

means + S.E. of three ¢xperimenls conducted in duplicate. 

Li + fluxes 
We have studied Li ÷ fluxes in Paramecium in an 

attempt to correlate Li ÷ movements into and out of 
the cells with the behavioral observations. We also 
examined the K + content of the cells treated with Li +, 
since it has become apparent in the behavioral studies 
that K + metabolism may somehow be linked to Li + 
fluxes. 

In 10 mM LiCI buffer, and in the absence of other 
monovalent cations, paramecia readily took up Li + 
(Fig. 1). Association of Li + with cells at short time 
periods, before the first sample was removed at 15 s, 
was very rapid and this apparent uptake probably in- 
cludes binding to external sites on the cells. (The assay 
measures only incorporated Li + that is not readily 
washed off by centrifugation, i.e. both externally bound 
and internal Li+.) After the rapid initial phase (0-2 
rain) the cells exhibited a slightly slower uptake (2-8 
rain) followed by much slower but sustained uptake for 
the rest of the study (10-60 rain). The uptake curve 
does not conform to simple kinetic equations so that a 
meaningful single rate can not be calculated. Neverthe- 
less, the results clearly show that paramecia take up 
substantial quantities of Li + over a time scale similar 
to that observed for Li + inhibition of chemoattraction. 
Using the conversion factors for volume and protein of 
paramecia reported by Hansma and Kung [10], we 
calculate that cells incubated in 10 mM Li + for 1 h, on 
the average, took up enough Li + to yield an intra- 
cellular concentration of 5-10 mM. Measurements of 
K + content in the same Li+-treated cells and in NaCI- 
treated control cells reveals that Li + treatment caused 
a net loss of (up to 50% of) cellular K + whereas there 
was no net K + loss from Na+-treated cells (Fig. 1). 
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To measure Li + efflux, cells were loaded in 10 mM 
LiC! for 1 h and then rapidly resuspended in Li +-free 
medium containing 10 mM choline chloride, 10 mM 
NaCI or 10 mM KCI. The effluxes of Li + over time, 
under  all three conditions (Fig. 2), very closely fit single 
exponential  rate equations determined with the Medas  
curve fitting program. Based on the first minute  of 
efflux we calculate that  Na + slightly s t imulated the 
rate of Li + efflux over choline from 5.3 n m o l / m g  per  
rain to 7.2 n m o l / m g  per  rain, while K ÷ doubled the 
rate of Li + efflux over Na + with a rate of 15.1 n m o l / m g  
per  rain (mean of  three experiments).  Hence,  the 
somewhat  puzzling fact that  K + was more effective 
than Na + in reversing the effect of Li + on chemore- 
sponse and motil i ty may be explained by the greater  
efficacy with which K +, as compared to Na +, stimu- 
lates the loss of Li + from the cells. 

Ca 2 ÷ e f#ux  
We examined the efflux of Ca 2+ from cells that  

were incubated in 10 mM NaCl or 10 mM LiCl for 1 h 
prior  to the start  of the assay. After  the 1 h incubation 
the cells were resuspended in a s imilar  medium with- 
out  4~Ca2+ and the content  of 45Ca2+ remaining in the 
cells over t ime was determined (Fig. 3). The efflux of 
Ca 2+ closely conforms to a single exponential  ra'.e as 
de termined  by the Medas  curve fitting program. Based 
on the first minute, the Li+-treated ce!ls had a rate of 
Ca 2+ efflux that  was 56% of the Na+-treated control 
cells. 
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Fig. 2. Li + efflux from Paramecium in |0 mM choline chloride, 10 
mM NaCI or lfl mM KCI. Ceils were incubated in l0 mM LiCI for l 
h to allow the uptake of Li +. The cell suspension was divided into 
three equal fractions and centrifuged. The cell pellets were rapidly 
resuspended in medium containing 10 mM choline chloride, 10 mM 
NaCI 0[ tO mM KCI. Samples wcrc taken from each suspension as 
described in Materials and Methods and the content of Li + in the 
cells was determined by fame photometry, o, Li + effiux in choline 
chloride; o. Li + effiux in NaCI; ~, Li + effiux in KCI. Data are the 
means:l=S.E, of three experiments conducted in duplicate. S.E. is 

smaller than the data point symbol if not shown. 
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Fig. 3. 45Ca :÷ efflux from Paramecium in 10 mM NaCI or |0 mM 
LiCI buffers. Cells were labelled to equilibrium with 4SCo:+ as 
described in Materials and Methods. One hour before Ca 2+ mea- 
surements were initialed, concentrated NaCI or LiCI was added to 
equal portions of the cell suspension to yield u final concentration of 
10 raM. After the incubation, the cells were centrifuged and the cell 
pellets were rapidly resuspended in the same medium without '~SCa2 +. 
Samples were taken as described in Materials and Methods ana the 
amount of 45Ca2+ remaining in the cells over time was determined. 
I, 45Ca2+ efflux in l0 mM NaCI; o, 45Ca2+ efflUX in l0 mM LiCI. 
Data are the means_+S.E, of four or five experiments conducted in 

duplicate. 

Phosphoinositide metabolism 
The potent ia l  role of phosphoinosi t ide metabolism 

in the signal t ransduction pathway of Paramecium 
c h e m o r e c e p t i o n  was  a s sessed  by look ing  for 
a t t ractant- induced changes in the levels of inositol 
phospholipids or their  metaholites.  The phosphoinosi-  
t ide pools were readily labeled with a2p and 3H-in- 
ositol. However, under  no condit ions (i.e. incubation 
with 2.5 mM disodium folate or disodium folatc and 4 
mM L i O )  could we detect  the s t imulated formation of 
inositol phosphates,  or changes in the pools of 
phosphatidylinositol  or phosphat idic  acid (data not  
shown). 

Also suggesting that  a t ransduction pathway inde- 
pendent  of inositol lipid hydrolysis is involved, we 
found that  incubation of cells in 1 /zM TPA for up to 
17 h had no affect on chemoatt ract ion to folate (data 
not shown). 

Discussion 

The primary conclusion of this report  is that  
Paramecium readily takes up Li + and that  intraccllular  
Li + directly alters chemoreception and motility in the 
cells. This conclusion is suppor ted by the observation 
that the t ime course of Li + uptake is similar  to the 
t ime course for the loss of chemoresponse upon incu- 
bation with Li + and that  the ionic conditions which 
st imulate the efflux of cellular Li ~ also tend to reverse 
the effect of Li + t reatment  on chemoresponse and 
motility. The mechanism of Li + transport  into al~d out 
of Paramecium is not the focus of this paper,  but  in 



the endeavor to understand the behavioral aspects of 
Li + treatment on chemoresponse we discovered that 
K + is 2-fold more effective than Na + at stimulating 
Li + efflux from Li+-Ioaded cells (Fig. 2), and that Li + 
displaces intrace!lular K + (Fig. 1). These observations 
are quite curious in light of the fact that Li + usually 
functions as an analog of Na + and that in most systems 
studied, if not all, Li + effiux is primarily carried by a 
Na +/Li + exchange mechanism [14]. In human erythro- 
cytes, 75% of Li + efflux occurs via Na+/Li + counter 
exchange, and replacement of external Na + with 
choline or K + inhibits the rate of Li + efflux by 75% 
[15]. In our system, the rate of Li + efflux is reduced by 
only 26% when choline is substituted for Na ~, and in 
K ~ medium, the rate of Li + efflux is actually double 
compared to the Li + efflux of cells in Na +. These data 
strongly suggest that Na+/Li + exchange is not a pri- 
mary mechanism of Li + efflux ill Paramecium. 

A logical candidate for I:he Li + carrier in Parame- 
cium is a Na+/K + pump. In erythrocytes, under non- 
physiological conditions, i.e. no extracellular K + and 
low intracellular Na +, it has been demonstrated that 
the Na+/K + pump will transport Li + in place of 
either Na + or K + [16]. Under normal physiological 
conditions for the erythrocyte, however, no Li + is 
transported by the Na+/K + pump due to the compar- 
atively low affinity of Li + for the Na + and K + sites 
[18,19]. Paramecium lives in a freshwater environment 
of low ionic concentration and the intracellular con- 
centrations of Na + and K + are estimated to be only 
3-4 mM and approximately 15-20 mM, respectively 
[15,16]. Therefore, if we place Paramecium in buffer 
with Li* as the only monovalent, inorganic cation and 
assume that Li + largely displaces intracellular Na +, as 
well as some K +, we have basically created the 'non- 
physiological' conditions used to stimulate Li + effiux 
by the Na÷/K + pump in erythrocytes. A major depar- 
ture from the erythrocyte model, however, is that the 
K+-stimulated Li + efflux is not sensitive to 0.2 mM 
ouabain t, data not shown). It should be noted that a 
ouabain-sensitive Na+/K + pump has yet to be un- 
equivocally identified in Paramecium and the mecha- 
nisms of active transport of Na + and K + are virtually 
unknown [20]. in this light, Li + may be useful as a tool 
in further studies of ion regulation in Paramecium. 

Our laboratory is interested in elucidating the mech- 
anism of signal transduction in the chemoresponse of 
Paramecium. We originally examined the effect o r Li + 
on chemoattraction in hope of ascertaining whether 
phosphoinositide metabolism may be part of the signal 
transduction pathway. The initial results showed that 
Li + treatment did, indeed, perturb normal chemore- 
ception (as we predicted if phosphoinositide turnover 
were involved), and it appeared that inhibition of inosi- 
tel phosphate recycling might be the locus of Li + 
interference in chemoresponse. Moreover, Li + inhibi- 
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tion of Ca 2+ efflux (Fig. 3) also tended to support a 
role for phosphoinositide metabolism in the release of 
intracellular Ca ~+ and its subsequent effiux. Neverthe- 
less, direct biochemical analysis of phosphoinositide 
metabolism revealed no evidence of attractant stimu- 
lated changes in the levels of the inositol phospholipids 
or the soluble inositol phosphates (data not shown). 
Similarly a combination of Li + and attractant had no 
effect on inositol l:~hospholipid pools; and incubation of 
Paramecium for up to 17 h in 1 p.M TPA had no effect 
on chemoattraction (unpublished results). Therefore, 
our conclusion is that the inhibitory effect of Li + upon 
chemorcsponse must involve a mechanism(s) distinct 
from Li + perturbation of phosphoinositide metabolism, 
since there is no direct evidence that phosphoinositide 
metabolism is involved in Paramecium chemoreeep- 
tion. 

Thus, the question remains open: what is the bio- 
chemical basis for the observed effect of Li + on 
chemoattraction? Currently we have two hypotheses 
which we consider the most plausible: 

(1) There is electrophysiological evidence to suggest 
that modulation of Ca 2+ effiux may be an essential 
component of the chemoresponse mechanism (see Ref. 
5), and as we have shown here, measurements of Ca "+ 
efflux in wild-type cells suggest that intracellular Li + 
inhibits the rate of Ca e+ effiux (Fig. 3). Also in support 
of a role for Ca 2+ homeostasis in chemoresponse, 
behavioral data (T-maze assays) gathered on a putative 
Ca 2+ homeostasis mutant, K-shy [21], reveal these cells 
are unable to accumulate in relate and acetate but 
show normal accumulation in NH4CI [22]. Curiously, 
LiCI affects responses of normal cells to folate, acetate 
and lactate but has little effect on attraction to NH4CI 
(Table ll) [22]. Although this evidence is correlative, it 
suggests that Ca 2+ metabolism may be a common 
factor which, if perturbed in any manner, will disrupt 
normal chemoresponse. We are presently studying the 
mechanism of Li + inhibition of Ca 2+ efflux in greater 
detail and have found that Li ÷ may inkibit a Ca 2+- 
pumping ATPase by displacing intracellular K + which 
is needed for optimal activation of the pump [23]. 

(2) Reports indicate that low millimolar concentra- 
tions of Li + will immobilize demembranated flagella 
from sea urchin sperm and *.he flagella will resume 
their normal beat when Li + is removed [24]. Li + ap- 
pears to interact with a regulatory factor which con- 
trols microtubule switching and ultimately controls 
flagellar oscillation [25], Presently we have no experi- 
mental evidence that Li + directly affects the ciliary 
beat of Paramecium, but the remarkable structural 
homology between cilia and flagella from diverse 
species, and the fact that Li + uptake dramatically 
decreases the motility of Paramecium in a reversible 
manner (as in sperm flagella), prompts speculation that 
Li + may be affecting ciliary function. This hypothesis 
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loses credibility, however, when considering that  cells 
remain almost  normally responsive to NH4CI despite  
Li + treatment .  If  a general  effect on motil i ty and not 
on chemosensory transduction were at  work, the re- 
sponse to NH4CI might  not  be spared the Li + effect. 
However, it is conceivable that  LiCI acts e~clusively at  
the level of  the axoneme to affect motility and not in 
upstream steps of  the signal transduction pathway that  
are ini t iated by stimuli such as acetate  and folate. 
Possibly the NH4CI zignal t ransduction pathway cou- 
ples differently to the axoneme compared to the o ther  
pat~'.,'ay and NH4CI-induced behavior  is left intact  
while the acetate-  or folate-patltway is affected at  the 
level of the axoneme. Until we know raure about  the 
two pathways, we cannot make  this distinction. 

The variable response of Paramecium to different 
a t t ractants  following Li + incubation may indicate that  
a complex interplay of Li + effects are involved (i.e. 
inhibition of Ca 2+ efflux and ciliary motility) in chang- 
ing chemoatt ract ion to repulsion. In theory, the or- 
ganic a t t ractants  folate, acetate  and lactate are per- 
ceived via external  receptors that,  when occupied, hy- 
perpolarize the cell, possibly by activating a Ca 2+ pump. 
On the o ther  hand,  the at t ractant  ammonium is thought  
to influence cellular  behavior  through a direct  effect on 
internal  pH [26,27], bypassing the receptor-mediated 
transduction pathway. The  responses of  the cells to 
ammonium were the least  influenced by Li + treatment .  
For  the receptor  media ted  at t ractants  that  may require 
Ca 2+ effiux, the tendency to become repel lents  may 
result  from the combined effects of Li t on ciliary 
motil i ty and Ca 2+ efflux. 

In mammal ian  cells, Li + has been found to interfere 
with o ther  eel! functio.ns, which, if present  in Parame- 
cium, could conceivably be par t  of the chemorecept ion 
signal t ransduct ion pathway. The two most likely possi- 
bilities from other  cell types are inhibition by Li + of 
G-protein-mediated,  receptor-response coupling [28] 
and inhibition by Li + of adeny!.ate cyclase activity [29]. 
In the case of these two cellular  functions, no ligand- 
s t imulated G-prote in  turnover or  l igand-st imulated 
adenylate cyclase activity has  been reported to date  in 
Paramecium. In agreement  with this, we have been 
unable  to find any at t ractant  s t imulated changes in 
cAMP levels [30]. Therefore,  the effects of Li + on 
Ca  2+ homeostasis  a h d / o r  ciliary activity remain the 
most promising possibilities in the search for the mech- 
anism of  Li + per turbat ion of chemoresponse.  
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