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Paramccia 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 paramccia with LiCl in a time- and conccnlrauon-dcpcndcnl
manner modifies the normal response to folate, acetate, and lactate from ion to no or even I

to NH Cl were unaficcted and to cCAMP were variably affected by LiCl. 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 LiCl for 1 h dramatically slowed
swimming speed from about 1 mm/s in NaCl or KCI (control) to 0.18 mm/s in LiCl. Li-treated cells subsequently incubated in 4
mM NaCl, KCI or sequentially in KCl and NaCl for a total of 20 min increased their swnmnmg speed to 035 0.45 and 0.67
mmy/s, respectively. Paramecia readily took up Li* in Na*- and K*-frec media hi of 5-10 mM
in 10 mM extraccllular Li*. Efflux of i Nular Li* was d 35% by Hular 10 mM NaCl and 185% by 16 mM
KCl over 10 mM choline chioride. Incubation of cells in 10 mM LiCl for 1 h inhibited the rate of Ca** cfflux by 44% compared
to cells in 10 mM NaCl. This may relate to the mechanism by which Li* perturbs chemoresponsc. A mutant with defects in Ca

homeostasis responds normally .0 NH,,Cl, but not to any of the stimuli that are affccted by LiCl.

Introduction

Paramecium tetraurelia is a ciliate that exhibits
chemosensory swxmmmg behavior {1]. The detection of
specific icals, which ily rep-
resent food cues, causes the cells to accumulate in
areas of higher concentration of the stimuli [2]. The

transduction path appears to be
mediated by external receptors speclﬁc for the attrac-
tants [3,4], and when the receptors are sufficiently
occupied, the plasma membrane hyperpolarizes {5).
Alterations of membranc potential have been shown to
modulate directly the pattern of ciliary bcanng that

The 4 of the att imulated hyper-
polarization has been elusive. An extensive study by
Preston and Van Houten [S] has ruled out Na* and
K* as the current-carrying mns, and there is only
indirect evid that ch dent active ex-
trusion of Ca®* may for the ti
lated hyperpolarization. Electrophysiological evid
tor Ca?* efflux is difficult to obtain, given that the
active transport of Ca?* is sustainable over a very large
electrochemical gradient.

In our efforts to perturb Ca?* metabolism in order

to study any sut effects on ch we
found that Li* p dly alters ion behavi
Li* does not appear to affect the turnover of mosnol

PRI

ultimately controls ch p (e
or dnspersal of the cells) [6}. Hence, the
of swi ior is i poten-

tial changes and transduciion evcms that occur at the
molecular level. For this reason, Paramecium is an
attractive system in which to study chemosensory trans-
duction.

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

ipids or inositol thereby affecting
chemoresponse (Indeed, to date, no functicn has been
attributed to phosphoinositide metabolism in Parame-
civm [7]). However, we have found Lit to affect Ca?*
fluxes. Li*, therefore, p a phar Il ] tool
for the study of chemoresponse.

Materials and Methods

Cell culture. P ium tetraurelia, 51-S,
to killer, was grown in culture medium which consisted
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of wheat grass extract supplemented with Na,HPO,,
Tris-HCl, 0.66 g/! protecose peptone and 1 mg/| stig-
masterol [8]. Paramecia were added to the culture
medium 24 h after it had been inoculated with Kleb-
siella iae and were d 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 for 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 Both sol
1 mM Ca(OH),, 1 mM citric acid and approx. 1.3 mM
Tns base to adjust the pH to 7.05 (buffer A). The test

contained the (e.g. 2 mM disodi

folate), and the control solution was balanced for
monovalent cations by the addition of the appropriate
salt (e.g. 4 mM NaCl). 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 sclutions collected,
and the number of cells in cach solution was deter-
mined. Based on the number of cells found in the test
and control solutions we calculated the index of
chemokinesis (/,.), 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 Iy, of 0.5
indicates that the cells are not responsive to the test
solution, an I, > 0.5 indicates that the cells are at-
tracted to the test solution, and an /0.5 indicates
that the cells are repelled by the test solution. AlI
incubation as well as test and control T-maze sol

Pasteur pipets were filled to within 1 inch of the top
with 2% sucrose dissolved in huffer 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-SII
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 min. 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 Corning 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 LiCl buffer. The cell suspension was divided
into equal portions, centrifuged at 350 X g for 1 min
and the supernatants aspirated. The cell pellets were
rapidly resuspended in 10 mM choline chloride, 10 mM
NaCl or 10 mM KCl (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.

#Ca?* efflux. Harvested paramecia were rinsed and
resuspended in a small volume of buffer B (5-10 ml).
4CaCl, (2 uCi/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 smail
volume of concentrated LiCl or NaCl was added io ihe
suspension to yield a final concentration of 10 mM.
The cells 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 “*Ca*) containing the same salt composition.
Samples (0.5 ml) were taken from each suspension at
the appropriate times and centrifuged (as above)

consisted of buffer A with the indicated salt (pH 7.05).
Lithium uptake. Harvested paramecia were rinsed in
100 ml of buffer containing 0.25 mM Ca(OH),, 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 Ged i an iate volume of
buffer B and allowed to equilibrate for 30 min. LiCl
(50 mM) prepared in buffer B (pH 7.0) was added to
the cell suspension to a final concentration of 10 mM
and rapidly mixed. At the indicated times, 0.5 ml
les were d from the and as-
sayed for the amount of Li* taken up into the cells.
Intracellular Li* (and/or K*) content was deter-
mined using methods modified from Hansma and Kung
[10]. Centrifuge tubes made by sealing the ends of

gh 2% 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.

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




o0 Table 111 Aliquots of the cells from each incubation
condition were placed onto glass slides and allowed to
recover from the mechanical stimulation for 1 min [11].
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.

Me of inositol ph and inositol phos-
pholipids. Phosphoinositol lipids werc labeled to equi-
librium by incubating cells with 2P (PBS.11A) or *H-
inositol (Amersham). Aliquots of the labeled cells were
stimulated with folate 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 wnth 1%
potassium oxalate. Chloroform/ / ol

s
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TABLE 1
Effect of Li* on the chemoresponse of Paramecium to folate

Cells were incubated for the indicated length of time in NaCl or
LiCl. The cells were subsequently assayed for their response to 2
mM disodium folate vs. 4 mM Nati using the T-maze assay. Iy, > 0.5
indicates attraction; [y, <0.5 indicates repulsion, The 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 Iy +S.D.
(min)
2 mM NaCi (control) 30 0774006
2mM LiCl N 0.66+004
2mM LiCi 15 0.60+007 *
2mM LiCl 30 0.34£0.06 *
4 mM NaCl (control) 30 0.76+0.09
4 mM LiCl 5 0.2730.04 *
4 mM LiCl 15 0.16+0.06 *
4 mM LiCl 30 0.1840.07 *

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

tion 4-10 mM LiCl was used in different experiments
d ding on the of the cells to Li* at that

acetic acid/water (40:15:13:12:8) was ‘used as the
solvent phase [13]. Radioactive phospholipids (2P ia-
beled) were identified by autoradiography. Phospha-

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

tidylinositol, which comigrated with an authentic stan-
dard (Sigma), was scraped from the plates and quanti-
tated by liquid scintillation counting.

Results

Effect of Li* on chemoresponse
Alterations in P imming 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 NaCl control, ie. [y, >0.5 (Table I).
However, when cells were pretreated in buffer contain-
ing 2-4 mM LiCl as the only monovalent cation, the
cells’ ion to folate gradually d d in a con-
ion and time-d dent manner to the degree
that they actually became repelled, ie. /4, <0.5 (Ta-
ble ). The effective concentration of Li* and the time
of exp y to elicit a |
response to disodium folate 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 lation of

chemoresp possibly from an intracellular site.

We ined the ct of Pe ium to
several other at I! g Li* (Ta-
ble 1I). The responses to sodlum acetate and sodium
lactate are clearly affected by Li*, and similar to
disodium folate, responses chanige from ottraction to
repulsion. Attraction to Na-cAMP is also diminished
by Li* incchation, 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* Some slight d 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 NH,Cl compared to 0.88 + 0.06 vs.
0.54 + 0.14 for the same ion of cells
vs. treated with Li* responding to disodium folate).
These results may indicate that attraction to ammo-
nium is mediated by a distinct transduction mechanism
(e.g. alteration of intracellular pH).

The data in Table 11 compare responses of cells

cells, prolonged exposure or a high concentration of
Li* lly evoked a bation of the normal
chemoresponse. Throughout the course of investiga-

bated in LiCl with those with no pretreatmem,
instead of with cells incubated in
of NaCl or KCl Table IIl shows that use of cells
without preincubation is a valid control.




226

TABLE 1l

Effect of Li* treatment on the response of Paramecium to rarious aftractants

Cells were treated with 10 mM LiCl for 30 min, or used directly (control) before they were centrifuged and resuspended in the appropriate
control buffer (5 mM NaCl) and tested in T-magzes for their response to the indicated attractant. Attraction to folate under «dentical conditions

was used for comparison with each eaperiment,

Attractant Control Pretreated n
5 mM sodium acetate 0.7410.07 9 0.2910.04 8
2.5 mM disodium folate 0.73+0.11 9 0454022 8
5 mM sodium lactate 0.75+0.14 9 0.50::0.21 9
2.5 mM disodium folate 0.7410.14 9 0.32+£0.20 9
5mM NH,Cl 0.82+0.14 12 0671012 12
2.5 mM disodium folate 0.78+0.12 9 043+0.17 9
5 mM potassium acetate 0.73£0.13 21 0.541+0.10 21
TABLE 111 TABLE V

The effect of incubation in various salt solutions on the responsc of
Paramecium 1o the attractant disodium folate in the T-maze

Cells were assayed directly from culture medium or incubated in the

indicated salt solution for 30 min before being assayed for response
10 2 mM disodium folate vs. 4 mM NaCl.

Treatment Lo n
None 0.87+0.04 6
10 mM NaCl 0.85+0.02 6
10 mM KCl 0.88+0.06 6
10 mM LiCl 042007 * 5

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

To examine recovery from Li* treatment, we incu-
bated cells in LiCl to perturb chemoattraction, and
subsequently assayed their chemoresponse after allow-
ing the cells time in NaCl or KCI solutions. As shown
in Table IV, Li*-treated cells did not exhibit significant

TABLE 1V
Reversibility of the effect of Li* treatment on chemoresponse to folate

Cells were treated in 4 mM LiCl for 45 min. A fraction of the cells
were then assayed directly while others were allowed to recover for 1
h in 4 mM NaCl or 4 mM KCl before being assayed for chemore-
sponse. The T-maze contained 2 mM disodium folate vs. 4 mM
NaCl. I, > 0.5 indicates attraction to folate; /g, <0.05 indicates
repulsion from folate. The data are the means of # determinations +
S.D.

Treatment Recovery incubation Iehe n
4mM LiCl none 039+0.12 6
4 mM LiCl 4 mM NaCl 0.5410.1) 6"
4mM LiCl none 0.50+0.08 9
4 mM LiCl 4 mM KCl 0.7610.14 9*

™ The I, is not significantly different (P > 0.05} than the LiCi
treated cells.

* The I, is significantly different (P < 0.05) than the LiCl treated
cells by the Mann-Whitney U-test.

Reversibility of the effect of Li* treatment on chemoresponse to
acelate

Cells were incubated in 4 mM or 10 mM LiCl for 45 min and then
assayed immediately (no recovery incubation) or incubated in NaCl
or KC for 60 min before being assayed for response to 5 mM sodium
acetate vs. S mM NaCl in the T-maze.

Treatment Recovery incubation o, n
45 min 4 mM LiCl none 0421012 3
69 min4 mM NaCl  none 0244024 3
60 min 4 mM KCl none 078+£003% 3
45min l0mM LiCI  none 0.11+001 3
None 60 min 10mM NaCl  032+£002* 3
None 60 min 10 mM KCI 071£008 * 3

* I 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 NaCl. However, when Li*-treated
cells recovered in 4 mM KCI before being assayed for
h ponse, they exhibited a strong attraction to 2
mM disodium folate. A similar approach was used to
test recovery of attraction to sodium acetate. Li*-
treated cells allowed to recover in KCl for 1 h were
strongly attracted to sodium acetate, while Li*-treated
cells incubated in NaCl did not corsistently recover
their attraction to sodium acetate, although the re-
sponse was much more variable (Table V). These re-
sults are somewhat uncxpected, since Li* often acts as
an analog of Na* and Na*/Li* exchange is the pri-
mary pathway for Li* efflux in most, if not all, celi
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* treatment.
The appropriate test of this would be to incubate cells
in KCl followed by T-mazes with K* salts (KOAc vs.
KCl, for example). However, technically this was not




possible because, as shown in Table H, Li*-treated
cells were already recovering in the T-mazes with
KOAc. This, combined with the less robust ciemore-
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 LiCl.

Swimming speed analysis

Direct observation of Paramecium swimming behav-
ior using ti dark field pk hy reveals
that Li* exposure in Na*- and K*-free buffers dramat-
ically alters motility. Cells incubated in 4 mM LiCl for
1 h exhibited a much slower forward swimming speed
(0.18 £ 0.09 mm/s) compared to cells similarly incu-
bated in NaCl or KCl (1.02+0.31 and 0.95 1030
mm/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

ined the swimming beh of Li*-treated cells
after subsequent exposure to Na* and K* (Table VI).
Paramecia were treated in 4 mM LiCl for 1 h followed
by a recovery period of 20 min in 4 mM NaCl or 4 mM
KCl or allowed to recover 10 min each in KCl and
subsequently NaCl. The 20 min time period was chosen
since Na* or K*-stimulated Li* efflux has plateaued
within this time (see below). The cells in KCl had a
significantly greater swimming speed (ANOV, P < 0.05)
than the cells in NaCl solution (0.47 + 0.16 vs. 0.35 +
0.22 mm/s). Li*-treated cells sequentially incubated in
KCI and NaCl for a total of 20 min had a significantly
greater swimming speed (0.67 + 0.27 mm/s) than cells
recovering in either Na* or K* alone (P < 0.05).

TABLE V1

Swiraming speed of Paramecium after various ionic treatments

Cells were incubated in the various ionic buffers as indicated below.
After the last incubation a small aliguot of the cell suspension (0.15
ml) was placed onto a glass slide and allowed to equilibrate for 1 mi
before a dark field h was taken as described in Material.
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ut or KT (nmol /mg)

100

Fig. 1. Li* uptake and K* efflux in Paramecium in NaCl or LiCl.
Concentrated LiCl or NaCl was added to equal cell suspensions in
standard buffers to yield a 10 mM final concentraiion. 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 NaCl; ®, K* content of cells in 10
mM LiCl; o, Li* uptake by cclls in 10 mM LiCl. Data are the
means + S.E. of three experiments 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 b pparent in the bel | studies
that K* metabolism may somehow be linked to Li*
fluxes.

In 10 mM LiCl 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 centrif ion, i.e. both lly bound
and internal Li*.) After the rapid initial phase (0-2
min) the cells exhibited a slightly slower uptake (2-8
min) followed by much slower but sustained uptake for

and Methods. The swimming speed represents the mean distance
traveled by the cells (#) divided by the time of exposure (5 s)£8.D.
Recovery conditions were incubation in 4 mM NaCi or KCI for 20
min or KCI followed by NaCl for 10 min each. All LiCl treated cell
conditions were significantly slower than cells treated in KCI or NaCl
(P <0.05). The cells allowed to recover in NaCl, KCi or KCi and
NaCl were significantly faster (P < 0.05) than cells treated with LiCl
alone, Significance was determined by ANOV,

the rest of the study (10-60 min). 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* inhibiiion of ch i

Using the conversion factors for volume and protein of

reported by Hansma and Kung [10), we
calculate that cells incubated in 10 mM Li* for 1 h, on

Treatment conditions  Recovery Swimmingspeed n
incubation  (mm/s)

4mMKCL1h none 0.95+0.30 35
4mMNaCl.1h none 1024031 36
4mMLICL1h none 0.18+0.09 34
4mMLICLth NaCl 0.35+0.22 58
AmMLICL1h KCl 0.47+0.16 63
4mMLICL, 1 h KCl, NaCl  0.6740.27 37

the ge, took up enough Li* to yield an intra-
cellular concentration of 5-10 mM. Measurements of
K* content in the same Li*-trcated cclls and in NaCl-
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
LiCl for 1 h and then rapidly resuspended in Li*-free
medium containing 10 mM choline chloride, 10 mM
NaCl or 10 mM KCl. 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 stimulated the
rate of Li* efflux over choline from 5.3 nmol/mg per
min to 7.2 nmol/mg per min, while K* doubled the
rate of Li* efflux over Na* with a rate of 15.1 nmol/mg
per min (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 motility may be explained by the greater
efficacy with which K*, as compared to Na*, stimu-
lates the loss of Li* from the cells.

Ca?* efflux

We examined the efflux of Ca®* 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 similar medium with-
out Ca?* and the content of **Ca®* remaining in the
cells over time was determined (Fig. 3). The efflux of
Ca?* closely conforms to a singie exponential rate as
determined by the Medas curve fitting program. Based
on the first minute, the Li*-treated cells had a rate of
Ca®* efflux that was 56% of the Na*-treated control
cells.

N o 3
o o 8 8
\
-
[4

8

Percent 45Ca2+ remaining

o
o

10 20 30 40 50 60
Time

Fig. 3. **Ca®* ¢fflux from Paramecium in 10 mM NaCl or 10 mM
LiCl buffers. Cells were labelled to equilibrium with *Ca’* as
described in Materials and Methods. One hour before Ca®* mea-
surements were initiated, concentrated NaCl or LiCl was added to
equal portions of the cell suspension to yield a final concentration of
10 mM. After the incubation, the cells were ifuged and the cell
pellets were rapidly resuspended in the same medium without *5Ca?*.
Samples were taken as described in Materials and Methods ana the
amount of **Ca%* remaining in the cells over time was determined.
®, ¥Ca?* efflux in 10 mM NaCl; 0, *Ca?* efflux in 10 mM LiCl.
Data are the means+S.E. of four or five experiments conducted in
duplicate.

Phosphoinositide metabolism
The ial role of phosphoinositide

in the signal t duction p of Par
chemoreception was assessed by looking for
attractant-induced changes in the levels of inositol
hospholipids or their
tide pools were readily labeled with **P and *H-in-
ositol. However, under no conditions (i.e. incubation
with 2.5 mM disodium folate or disodium folate and 4
mM LiCJ) could we detect the stimulated formation of
inositol phosphates, or changes in the pools of
phosphatidylinositol or phosphatidic acid (data not

Also suggesting that a transduction pathway inde-
pendent of inositol lipid hydrolysis is involved, we
found that incubation of cells in 1 uM TPA for up to
17 h had no affect on chemoattraction to folate (data

80 ?\I 1
cl ‘\?\O 1
E _Ae )
~ sof\ "\ I T é shown).
2 Y4 \ 1
E st 1IN, T——03p% °
) o A\_ .

20 a

not shown).
"o s 10 15 20

Time

Fig. 2. Li* efflux from Parameciwm in 10 mM choline chloride, 10
mM NaCl or 10 mM KCl. Cells were incubated in 10 mM LiCi for 1
b to allow the uptake of Li*. The cell suspension wes divided into
three equal fractions and centrifuged. The cell pellets were rapidly
resuspended in medium containing 10 mM choline chloride, 10 mM
NaCl or 18 inM KCl. Samplcs were taken from cach suspension as
described in Materials and Methods and the content of Li* in the
cells was determined by flame photometry. O, Li* efflux in choline
chioride; ®. Li* efflux in NaCl; a, Li* efflux in KCL. Data are the
means+S.E. of three experiments conducted in duplicate. S.E. is
smaller than the data point symbol if not shown.

The primary conclusion of this report is that
Paramecium readily takes up Li* and that intracellular
Li* directly alters chemoreception and motility in the
cells. This conclusion is supported by the observation
that the time course of Li* uptake is similar to the
time course for the loss of chemoresponse upon incu-
bation with Li* and that the ionic conditions which
stimulate the efflux of cellular Li™ also tend to reverse
the effect of Li* © on ch 5p and
motility. The mechanism of Li* transport into and out
of Paramecium is not the focus of this paper, but in




the endeavor to understand the behavioral aspects of
Li* on p we di d that
K* is 2-fold more effective than Na™* at stimulating
Li* efflux from Li*-loaded celis (Fig. 2), and that Li*
displaces intracellular 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* efflux 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
chotine or K* inhibits the rate of Li* efflux by 75%
[15]. In our system, the rate of Li* efflux is reduc=d 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 in Paramecium.

A logical candidate for the Li* carrier in Parame-
cium is a Na*/K* pump. In erythrocytes, under non-
physiological conditions, i.e. no extracellular K* and
low intraceliular Na*, it has been demonstrated that
the Na*/K* pump will transport Li* m place of
either Na* or K* [16]. Under normal iologil
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tion of Ca’* efflux (Fig. 3) also tended to support a
role for phosphoinositide metabolism in the release of
intracellular Ca?* and 1ts subsequent efflux. Neverlhe-
less, dlrect bioch lysis of phosph

no of stimu-
lated changes in the levels of the inosito! phospholipids
or the soluble inositol phosphates (data not shown).
Similarly a combination of Li* and attractant had no
effect on inositol phospholipid pools; and incubation of
Paramecium for up to 17 h in 1 «M TPA had no effect

e "

on raction ( blished results). Therefore,
our fusion is that the inhibitory effect of Li* upon
chemoresponse must involve a mechanism(s) distinct
from Li* t of phosphoinositide boli
since mere is no direct ewdence that phosphomosmde

is lved in P D-
tion.

Thus, the question remains open: what is the bic-
chemical basis for the obscrved effect of Li*
chemoattraction? Currently we have two hypotheses
which we consider the most plausible:

(1) There is electrophysiological evidence to suggest
that modulation of Ca** efflux may be an essential
comp of the ch hanism (see Ref.

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
{18,191, Par. lives in a fresh
of low ionic ration and the intr 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* efflux
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 {data not shown). It should be noted that a
ouzbain-sensitive Nat/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 t di }

ion in the of
Paramecium. We originally examined the effect of 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, mdeed perlurb normal chemore-
cepuon (as we p d if p h itide turnover
were Ived), and it app d that i of inosi-
tol phosphate recycling might be the locus of Li*
interference in chemoresponse. Moreover, Li* inhibi-

5), and as we have shown here, measurements of Ca?*
efflux in wild-type cells suggest that intracellular Li*
inhibits the rate of Ca?* efflux (Fig. 3). Also in support
of a role for Ca** homeostasis in chemoresponse,
behavioral data (T-maze assays) gathered on a putative
Ca®* homeostasis mutant, K-shy {21}, reveal these cells
are unable to accumulate in folate and acetate but
show normal accumulation in NH,Cl [22]. Curiously,
LiC! affects responses of normal cells to folate, acetate
and lactate but has little effect on attraction to NH,Cl
(Table 11 [22]. Although this evidence is correlative, it
suggests that Ca®* metabolism may be a common
factor which, if perturbed in any manner, will disrupt
normal ct p We are 1 dying the
mechanism of Li* inhibition of Caz" efflux in greater
detail and have found that Li* may inkibit a Ca?*-
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 immobilizc demembranated flagella
from sea urchin sperm and the 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 tiat cells
remain almost normally responsive to NH,Ci despite
Li* treatment. If a general effect on motility and not
on chemosensory transduction were at work, the re-
sponse to NH,Cl might not be spared the Li* effect.
However, it is conceivable that LiCl acts exclusively at
the levei of the axoneme to affect motility and not in
upstream steps of the signal transduction pathway that
are initiated by stimuli such as acetate and folate.
Possibly the NH,C1 signal transduction pathway cou-
ples differently to the axoneme compared to the other
pathway and NH,Cl-induced behavior is left intact
while the acetate- or folate-pathway is affected at the
Ievel of the axoneme. Until we know iiure about the
two pathways, we cannot make this distinction.

The variable response of Parameaum to different
at foll g Li* b may indi that
a complex interplay of Li* effects are involved (i.e.
inhibition of Caz* efflux and ciliary motility) in chang-
ing ch to repulsi In theory, the or-
ganic attractants folate, acetate and lactate are per-
ceived via external receptors that, when occupied, hy-
perpolarize the cell, possibly by acuvatmg aCa* pump.
On the other hand, the istl h
to influence cellular behavior through a direct effect on
mtemal pH 126, 27], bypassing the receptor-mediated

The of the cells to
ammonium were the least influenced by Li* treatment.
For the p diated att that may require

Ca®* efflux, the tendency to become repellents may
result from the combined effects of Li* on ciliary
motility and Ca?* efflux.

In mammalian cells, Li* has been found to interfere
with other cel! functions, whick, if present in Parame-
cium, could conceivably be part of the chemoreception
signal transduction pathway. The two most likely possi-
bilities from other cell types are inhibition by Li* of
G-protei di p coupling [28]
and inhibition by Li* of ndeny!ate cyclase activity [29].
In the case of these two cellular functions, no ligand-
stimulated G-protein turnover or ligand-stimulated
adenylate cyclase activity has been reported to date in
Paramecium. In agreement with thls, we have been
unable to find any lated ch in
cAMP levels [30). Therefore, the effects of Li* on
Ca?* homeostasis and/or ciliary activity remain the
most promising possibilities in the search for the mech-
anism of Li* perturbation of chemoresponse.

Acknowledgments

This work was supported by NiH and ile Vermont
Cancer Center.

References

1 Jennings, H.S. (1906) Behavior of the lower organisms, Columbia
University Press, New York, 41-70.

2 Van Houten, J.L. and Preston, R.R. (1988) in Paramecium (Giriz,
H.-D., ed.), pp. 283-300, Springer-Verlag, New York.

3 Schulz, S., Denaro, M., Xypolyta-Bullock, A. and Van Houten,
J.L. (1984 J. Comp. Physiol. A155, 113-119.

4 Smith, R., Preston, R.R., Schulz, 8., Gagnon, M.L. and Van
Houten, J.L. (1987) Biochim. Biophys. Acta 928, 171-178.

5 Preston, R.R. and Van Houten, J.L. (1987) J. Comp. Physiol.
A160, 525-535.

6 Van Houten, J.L. (1979} Science 204, 1160-1103.

7 Schultz, L.E., Klumpp, S. and Hmnchsen. R.D. (1990) in Calcium
as an i ic microbes (O'Day, D.,
ed.), pp. 124-150, Am, Soc. Mn:mbml., ‘Washington, DC.

8 Sasner, I.M. and Van Houten, J.L. (1989) Chem. Senses 14,
587-595.

9 Van Houten, J.L., Martel, E. and Kasch, T. (1982) J. Protozaol.
29, 226-230.

10 Hansma, H.G. and Kung, C. (1976) Biochim. Biophys. Acta 436,
128-139.

11 Van Houten, }.L. (1978) J. Comp. Physiol. 127, 167-174.

12 Jolles, J., Zwiers, H., Dekker, A., Wirtz, KW.A. and Gispen,
W.H. (1981) Biochem. J. 194, 283-291.

13 Berridge, M.J., Dawson, R.M.C., Downes, C.P., Helsop, 4.2, and
Irvine, RF. (1983) Biochem. J. 212, 473-482.

14 Ehrlich, BE. and Diamond, J.M. (1980) J. Membr. Biol. 52,
187-200.

15 Ehrlich, B.E. and Diamond, J.M. (1979) Am. J. Physiol. 237,
C102-Cl10.

16 Dunham, P.B. and Senyk, O. (1977) Proc. Natl. Acad. Sci. USA
74, 3099-3103.

17 Pandey, G.N., Sarkadi, B., Haas, M., Gunn, R.B., Davis, J.M. and
Tosteson, D.C. (1978) J. Gen. Physiol. 72, 233-247.

13 Hansma, H.G. (1979) J. Cell Biol. 81, 374-381.

19 Hansma, H.G. (1981) J. Exp. Biol. 93, 81-92.

20 Connolly, J.G. and Kerkut, G.A. (1983) Comp. Biochem. Physiol.
T6A, 1-16.

21 Evans, T.C., Hennessey, T. and Nelson, D.L. (1987) J. Membr.
Biol. 98, 275-283.

22 Van Houten, J.L. (1390) in Biology of the chemotactic response
(Armitage, J.P. and Lackie, J.M., eds.), pp. 297-321, Cambridge
University Press, Cambridge.

23 Wright, M.V. and Van Houten, J.L. (1990) Biochim. Biophys.
Acta 1029, 241-251.

24 Gibbons, B.H. and Gibbons, L.R. (1984) Nature 309, 560-562.

25 Brokaw, C.J. (1987) J. Cell Biol. 105, 1789-1798.

26 Boron, W.F. (1983) J. Membr. Biol. 72, 1-16.

27 Bear, CE, Davison, J.S. and Shaffer, E.A. (1988) Biochim.
Biophys, Acta 944, 113-120.

28 Avissar, S, Schreiber, G., Danon, A. and Belmaker, R.H. (1988)
Nature 331, 440-442,

29 Zatz, M. (1979) J. Neurochem. 32, 1315-1321.

30 Van Houten, J.L. and Preston, R.R. (1987) in Advances in
experimental medicine and biology: Molecular mechanisms of
neuronal responsiveness (Ehrlich, Y.H., Lenox, R.H., Kornecki,
E. and Berry, W., eds.), pp. 375-384, Plenum Press, New York.




