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Summary
Prolonged exposure to KCl has long been recognized to reappeared during 6—8 h in KCI, with backward swimming

modify swimming behaviour in Paramecium tetraurelia a
phenomenon known as ‘adaptation’. In this study, we have
investigated behavioural adaptation systematically. A 24h
exposure to 30 mmolt! KCI deprived cells of the ability to
respond behaviourally to two established chemoeffectors.
We also explored the effects of 30mmaill KCI on the
duration of backward swimming induced by B&* and
Mg2*. A brief (60min) exposure prevented cells from
swimming backwards in response to either cation, but
recovery was rapid (<60 min) following a return to control
medium. Prolonged (48h) exposure caused a more
persistent loss of response to B4, so that several hours was

durations increasing to more than 300 % of control values
after 26h. Thus, we can distinguish two phases to
adaptation. The short-term phase is characterized by an
inability to respond behaviourally to most stimuli and
might be adequately explained in terms of C& channel
inactivation and K*-induced shifts in membrane potential.
The long-term phase is characterized by enhanced
responses to Mg" (and also to N&), suggesting that a more
extensive reprogramming of membrane excitability may
occur during chronic K*-induced depolarization.
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now required for recovery. Surprisingly, responses to Mg current, B&* response, Mg} response.

Introduction

The phenomenon of adaptation Raramecium caudatum control of the membrane potential. Encountering a noxious
was first described by Dryl (1952, 1959) more than fourchemical or colliding with an object in the cell’'s swimming
decades agdP?arameciumis a motile, freshwater protozoan path triggers a depolarizing receptor potential. If the stimulus
that responds behaviourally to a variety of environmentails sufficiently strong and the receptor potential sufficiently
stimuli, including chemicals (for a review, see Van Houtenlarge, it activates a voltage-sensitive 2Caurrent (cg
1992), heat (Nakaoka and Oosawa, 1977; Tominaga arabsociated with the ciliary membrane. The resultant increase in
Naitoh, 1992), touch (Eckeret al. 1972), gravity (see intraciliary C&* concentration causes the cilia to reverse their
Machemeret al. 1991) and light (Iwatsuki and Naitoh, 1983). beating direction and the cell swims backwards. Weak stimuli
Dryl (1959) was curious to know what would happen to thecause a brief Gdinflux and a turn, whereas strong stimuli can
cells’ ability to respond to various stimuli if they were cause backward swimming for tens of seconds or minutes. The
maintained for 24 h in high (20-40 mmoh) concentrations of membrane potential iRarameciumas in most excitable cells,
salts such as KCI, NaCl, Mgg£or CacCp. Interestingly, KCI is very sensitive to extracellulart*kconcentration such that
rendered the cells unresponsive to quinine and ethanddding KCI extracellularly causes depolarization. This places
chemicals that are noxious and strongly repellent under contrtile cell in a predicament, because as long as the membrane
conditions. The consequences of this sensory deprivation weremains depolarized by KCl, it is ‘blind’ to other (potentially
often lethal. lethal) stimuli. To protect against such sensory deprivation, the

In the years since Dryl's (1952, 1959) original observationsgell modulates its ‘resting’ ion conductances to bring the
the mechanisms that control swimming behaviour infmembrane potential slowly back towards pre-stimulus levels
Parameciunhave been dissected (for a review, see Preston arf@kaet al. 1986; Machemer-Rohnisch and Machemer, 1989).
Saimi, 1990) and we have a better understanding of wh#&esetting membrane excitability in this manner allows the cell
happens to the cell during prolonged exposure to KCI (for o respond to new stimuli, despite the continued presence of
review, see Machemer, 1989). Paramecium motility is  KCI, and the cell is said to have ‘adapted’. Once adapted,
determined by the activity of some 5000 cilia that cover thénowever, the background stimulus must be maintained for
cell body. Ciliary activity is, in turn, under the exclusive normal responsiveness, because returning cells to a non-
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adapting medium causes the membrane potential to deep&xposure to KCI on behaviour, cells were maintained in C7
This means that the receptor potentials generated by noxio(isontrol medium’) or C7 + 30mmof}t KCI (‘adapting
and depolarizing stimuli (such as quinine and ethanol) armedium’) at room temperature. The time course of de-
insufficient to cross the threshold required for activatiotcgf adaptation was also determined at room temperature
and the cell fails to swim backwards. (22-25°C). When examining the effects of a series of KCI
The phenomenon of adaptation has been revisited mampncentrations on behaviour, cells were adapted for 24h at
times since Dryl's (1952, 1959) original observations28°C (cell generation time at 28 °C was 5.3+0.3 h, mean.
(Shustermaret al. 1978; Shusterman, 1981; Hansma, 1981N=3, compared with 7.9h at room temperature; see Results).
Thomsoret al.1981; Okeet al.1986; Oka and Nakaoka, 1989) When comparing the effects of KCI exposure with the effects
yet the underlying molecular mechanisms remain unknown. lof exposure to other ions, cells were maintained in C7 for at
fact, while the concept of adaptation is simple and easy teast a week. When comparing the effects of KCI with the
grasp, it is mechanistically far from trivial. What are theeffects of stimuli that can be metabolized by bacteria (choline,
pathways that modulate ‘resting’ ion conductances duringlutamate, sorbitol), cells were twice concentrated by
sustained depolarization? Are other conductances affected@ntrifugation, resuspended in C7 saline and then exposed to
Similar questions have yet to be answered with respect to tlaglaptation stimuli for 24 h at 28°C.
excitable cells of higher organisms. Here, we begin studies of

the mechanisms of membrane adaptationParamecium Behavioural assays
tetraurelia with a systematic investigation of its basic Responses to organic chemoeffectors were quantified using
properties. a T-maze assay (Van Houtehal. 1982). Cells were washed

and concentrated by centrifugation to a final density of
. approximately 500 cells mt in 5mmol 1 KCI and placed in
Materials and methods the centre arm of a modified three-way stopcock. The control
Cell stocks and culture conditions arm of the maze and the stopcock bore contained 5mol|
The present studies were performed usPayamecium KCI, while the test arm contained 5 mnidi potassium acetate
tetraurelia, stock 51 (sensitive). Cells were cultured either inor 0.1 mmolt? quinidine (+5mmolt! KCI). When responses
wheat-grass medium (Sonneborn, 1970) or in ‘C7’, a semiwere assayed under depolarizing conditions, all three arms of
defined, artificial medium similar to that devised originally bythe maze and the tap bore contained an additional 25 mmol |
Y. Saimi (University of Wisconsin-Madison; Presten al.  KCI. The maze was opened for 5min, the tap was then closed
1990). C7 contained 3mmotNaOH, 0.5 mmoltl KoHPQy, and the number of cells in each arm was counted under low-
0.5mmol!l CaCb, 0.2mmolfl MgSQu, 0.2gf! glucose, power magnification. Indices of chemokinesiaciy were
0.1gFammonium acetate, 0.5 nmg ktigmasterol, 5mmott  determined from the number of cells in the test arm divided by
Hepes and 7.5 mgl Phenol Red. Both types of medium were the total number of cells in the test and control anmge
inoculated withEnterobacter aerogendg$o provide a source values below 0.5 indicate repulsion from the test solution,

of food) 16—24 h before addirgaramecium values greater than 0.5 indicate attraction. Responses to GTP
were determined in a similar manner, but all three arms of the
Solutions maze contained 5mmof NaCl and 1 mmoHt MgCl; in
Unless stated otherwise, all solutions containeglace of KCI.
0.75mmoltl CaCh, 0.25mmoltl Ca(OHY, 0.01 mmolfl Responses to inorganic ions (MgNa', Ba*, K*) were

EDTA, 1mmolf!l Hepes buffer, pH7.2. Other ions were determined by transferring individual cells briefly (<20s) to
added to this solution as required and at the concentrationsntrol solution and then forcing them from a micropipette into
stated. Mg* responses were assessed in 2Mgolution’,  a test solution. The cells’ responses were noted under low-
containing 5mmoH?! MgCl2 and 10mmoltl  power magnification, and the duration of backward swimming
tetraethylammonium (TEA chloride; Na responses were was recorded with a stopwatch.

determined in ‘Nasolution’, containing 5 mmott NaCl and The dependence of adaptation on protein synthesis was
5mmol 1 TEA*, or in 20mmolt! NaCl (no TEA); Ba&*  assessed using G-418 (Geneticin; Gibco BRL). The inhibitor
responses were determined in 2Basolution’, containing was added to the cells at a concentration qfgd®I~1, 90 min
8mmol 1 BaCh. ‘K* solution’ contained 30 mmot} KClI, prior to KCI exposure. Previous studies have showmgaalt
whereas ‘control solution’ contained 1mmdlIKCl. To  G-418 to be more than 95% effective in preventing the
determine the effects of prolonged exposure to KCI in théncorporation of labelled amino acids irfarameciumHaga
absence of nutrient®arameciumwvere maintained in a saline et al. 1984).

solution of similar ionic composition to C7. ‘C7 saline’ Paramecium tetraurelishowed considerable variability in
contained 3mmoft NaCl, 1mmolt! KCI, 0.4mmolfl the duration of responses to ionic test solutions from day to

CaCb and 0.2 mmoli! MgCla. day and from cell culture to cell culture. This variability was
_ _ normal and common and did not prevent identification of
Adaptation and de-adaptation statistically significant differences between the responses of

When studying the time course of the effects of prolongedontrol and test populations. To help emphasise changes in the
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cells’ responses to test solutions following exposure to = 120+
adaptation stimuli, backward-swimming durations were =
normalized to control values. Tests were typically conducted S 1004
on five cells and were repeated on four different occasions over g Mg?2*
the course of several weeks. < 80
All data are presented as meanso:, with significance of &
differences between means being determined using a Student’s §
_ S 60
t-test. =X
=
1S
E 404
Results H
Effects of adaptation on chemoresponses 5 20 Ba?*
Dryl's (1959) original studies of adaptationParamecium 2
caudatum focused on chemoresponses, so we began our § o

investigation of similar phenomena iR. tetraurelia by f T 1
examining the effects of KCI on responses to an established 0 1(,) 20
attractant (acetate) and a repellent (quinidine; Van Houten, KCI concentration (mmol 17%)
1978). Under control (non-adapting) conditioRstetraurelia  Fig. 1. Effects of prolonged exposure to KCl on cell behaviour. Cells
were attracted to 5mmofi potassium acetate with an index were maintained in wheat-grass medium with increasing
of chemotaxislfichg of 0.69+0.03 l=6). After 24 h of growth  concentrations of KCI for 24h at 28°C and then tested for the
in wheat-grass medium supplemented with 30 mmdKICl, duration of backward swimming in Basolution (filled circles) and
acetate was no longer an attractdntne=0.51+0.11,N=6).  Mg?* solution (open circles). Points are meang) responses from
Similarly, 0.1 mmolt® quinidine was strongly repellent f. 20 cells, and durations are given as a percentage of control durations.
tetraurelia under control conditionslri{che=0.32+0.09,N=6)
but not following adaptation to 30mmotl KCI
(Inche=0.51£0.07,N=6). Responses to both chemoeffectorsvia a voltage-sensitive currenta Prolonged (24 h) exposure
depend on the cells being able to turn at the border betweém 5 mmol 1 KCI significantly reduced the duration of this
the test and control solutions (Jennings, 1906). Turning iresponse (Fig. 1, filled circles), while cells that had been
dependent, in part, on resting membrane potential. Previomsaintained in 10 mmott K* or above failed to respond.
work onP. caudatunsuggested that prolonged exposure to a P. tetraureliaalso swim backwards in Mg solution, but
depolarizing stimulus such as KCI causes a compensatory shifis behaviour depends on €antry via the ciliary Ica and
in membrane potential that might account for the loss oMg?* entry via a Mg?*-specific current)mg. Under control
chemosensitivity (see Discussion). Thus, we tested the abiligonditions,P. tetraureliaswam backwards for 6x1 Bl€20) in
of cells to respond to acetate and quinidine when th&lg2* solution. Cells that had been maintained for 24h in
depolarizing stimulus (30mmof KCI) was maintained medium supplemented with 5-20 mn13|IKCI also swam
during the assayP. tetraureliawere now attracted to acetate backwards in Mg solution for times that were not
(Inche=0.59£0.09, N=6) and repelled by quinidine significantly different from those of controls (Fig. 1, open
(Inche=0.40+£0.09,N=6), although the acetate response wagircles).
significantly weaker than under non-adapting, control
conditions (see above). Membrane adaptation under controlled conditions
We also examined the effects of adaptation on responses toThe wheat-grass medium used to raise cells for the
0.1umol "1 GTP. GTP is also repellent (Clagkal.1993), but  experiments described above was based on an infusion of a
the underlying mechanisms are different from those involvedatural product and its composition was largely unknown.
in responses to quinidine (see Discussion). A 24 h exposure This made it difficult to control in any systematic fashion.
30mmolFl KCI had no effect on repulsion from GTP Thus, we next investigated the progress of adaptation in a
(Inche=0.28+0.07,N=6, in control cells and 0.28+ 0.0BI=7, synthetic medium with a known and readily manipulated
following adaptation). ionic composition. An additional advantage of growing cells
in this medium is that they are far less susceptible to the
Effects of adaptation on responses to inorganic ions  deleterious effects of high*Kconcentrations compared with
We next examined the effects of chronic exposure to KCtells grown in wheat-grass medium. This allowed us to
on the responses to various ions. These responses are usgdmine the effects of strong and saturating adaptation
routinely to test for the presence and normal functioning o$timuli.
several key ion conductancesHntetraurelia Fig. 2 shows the effects of a 24 h exposure to a range of KCI
Ba2* solution caused cells to swim backwards for 23+3 soncentrations (0—40 mmof) on responses to Basolution
(N=20) under control conditions. The Baresponse is a and Mg solution. As seen previously (Fig. 1), the duration of
direct reflection of the duration of &€aentry into the cilium backward swimming in Bd solution was reduced
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?gu Fig. 3. Time course of the effects of KCI on cell behaviour. Cells
g 0- I T T — were transferred to a C7 growth medium supplemented with
g 0 10 20 30 40 30mmol 1 KCI at time zero and then tested at regular intervals for

the duration of backward swimming in Basolution (filled circles)

or Mg?* solution (open circles). Cell cultures were maintained at
Fig. 2. Effects of prolonged exposure to KCI in a semi-definecroom temperature. Points represent mean responses from 8—40 cells.
growth medium. Cells were maintained in C7 medium withError bars have been omitted for clarity: variance was similar to that
increasing concentrations of KCl for 24 h at 28 °C and then tested fshown in Figs 1 and 2. Durations are given as a percentage of control
the duration of backward swimming in Basolution (filled circles)  durations.

or Mg?* solution (open circles). Points are meas.{d) responses

from 16 cells, and durations are given as a percentage of contr

durations. Time course of de-adaptation

The initial phase of adaptation that is manifest as a loss of
backward swimming in both B& and Mg* solution is
significantly by prolonged exposure to 5mm&IKCl and was  sufficiently rapid that it might be explained in terms ofCa
suppressed fully by 20mmol and above (Fig. 2, filled current inactivation and activation of mechanisms that
circles). In contrast, backward swimming in Mgolution was compensate for the *Kinduced depolarization (see
significantly enhanced by KCI, with response durationdiscussion). The time required for the reappearance and
increasing by more than 300 % at 20-40 mmidKICI (Fig. 2,  ultimate enhancement of the Rtgesponse represented more
open circles). than three cell generations, however (generation time in
30mmol ! KCl is 7.940.7h,N=3, at room temperature),
Time course of adaptation suggesting that cell growth and protein synthesis might be
To explore the time course of adaptation, cells wergequired. If so, the time course of de-adaptation upon removal
transferred to growth medium containing 30 mmbKCl and  of KCI might also be expected to show two distinct phases that
then examined at frequent intervals over a period of 48h farorrespond to an initial, rapid recovery from channel
responses to Baand Mg+ (Fig. 3). The duration of backward inactivation and a slower degradation or replacement of the
swimming in B&* solution decreased to less than 30% ofnewly synthesized adaptation factors.
control values within seconds of transferring the cells to KCI- To determine the time course of de-adaptation, cells were
supplemented medium (Fig. 3, filled circles) and then declinedxposed to 30 mmot} KClI for 1, 2, 4, 8, 12, 16 or 48h and
further in the ensuing 8 h until it was no longer possible to elicithen returned to control growth medium. The duration of
a response. Backward swimming in2Baolution was not backward swimming in B4 solution or M@* solution was
regained in the continued presence of KCI. determined immediately before removal from KCI| and at
Responses to Mg showed a similarly rapid decline during regular intervals thereafter (Fig. 4).
the initial seconds of exposure to KCIl and by 30 min had been Exposing cells to 30 mmott KCI for 1h caused B4d-
suppressed fully (Fig. 3, open circles). After 6-8 h, howeverinduced backward swimming durations to decrease to
the cells regained the ability to swim backwards in2Mg approximately 35% of control values. These cells recovered
solution and response durations increased slowly towards anapidly when returned to control medium, with response times
above control values. The duration of backward swimmingpproaching 80% of control values during the initial 20 min
eventually reached a plateau of approximately 300%Fig. 4A, filled circles). Cells that had been exposed to KClI for
(approximately 22 s) at 26 h. No further increases in sensitivitionger periods required correspondingly longer to recover. A
were observed between 26 and 48h. 16h exposure suppressed backward swimming i?* Ba
Thus, there appeared to be two phases to adaptation sdution completely (Fig. 4A, open squares), and this
manifested in the duration of backward swimming irPMan  inhibition persisted for approximately 1h after a return to
initial, rapid loss of responsiveness, followed by (or coincidentontrol medium. Once recovery began, however, its time
with) a slower enhancement of swimming duration. course approximated that observed following shorter-term

K Cl concentration (mmol 1-1)
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Fig. 5. Recovery of normal behaviour following adaptation to

Fig. 4. Time course of recovery of normal behaviour followingvarious KCI concentrations. Cells were maintained for

removal from KCI. Cells were exposed to 30 mmblKCI for 1h approximately 1 month in growth medium with various
(filled circles), 2h (open circles), 4h (filled triangles), 8h (openconcentrations of KCI. At time zero, cells were transferred to control

triangles), 12h (filled squares), 16h (open squares) or 48growth medium, and the duration of backward swimming in (A)

(diamonds) and then washed into control growth medium. Cells werBa?* solution or (B) Mg* solution was tested at regular intervals
tested at regular intervals thereafter for the duration of backwarthereafter. Concentrations of KCl used to adapt cells were 5mmoll
swimming in (A) B&" solution or (B) M@' solution. Points (filled circles), 10mmolt (open circles), 15mmott (filled
represent means from 16—24 cells. Error bars have been omitted triangles), 20 mmolt (open triangles), 30 mmof (filled squares)
clarity: variance was similar to that shown in Figs 1 and 2. Durationor 40 mmolt? (open squares). Points are mean responses of 16 cells.
are given as a percentage of control durations. Error bars have been omitted for clarity: variance was similar to that
shown in Figs 1 and 2. Durations are given as a percentage of control
durations.

exposure. Cells that had been adapted for 48 h required mc
than 2h in normal medium before restoration of backwar
swimming in B&* solution could begin. Fig. 4B shows the recovery was delayed following a return to normal medium
time course of de-adaptation as reflected in responses?o Mg(for up to 3h at 30—40 mmolil KCI; Fig. 5A, squares), but
Exposing cells to KCI for 1, 2 or 4h suppressed backwargroceeded with a similar time course once backward
swimming in M@™ solution almost fully (Fig. 3), but recovery swimming in B&* had resumed.
was complete within approximately 30 min after removal from Prolonged exposure to KCI enhanced backward-swimming
KCI (Fig. 4B, circles, triangles). Cells that had been incubatetimes in Mg™* solution (Fig. 5B), as seen previously. Once
with KCI for 8h or more showed a biphasic recovery.removed from KCI, however, recovery of the Mgesponse
Returning these cells to control medium caused a rapidroceeded with a similar time course regardless of the strength
increase in the backward-swimming duration during the initiabf the adaptation stimulus.
30min, followed by a gradual decline towards control values There are several points of interest in these data. First, cells
during the subsequent 4h (Fig. 4B, squares, diamonds). that had been exposed to KCI for short periods recovered
We also examined recovery time courses followingresponsiveness to both Baand Mg* rapidly, whereas
adaptation to various concentrations of KCI. Cells wereaecovery from prolonged KCI exposure required several hours
exposed to KCI for at least a month to ensure that the chang@sg. 4). Thus, we can distinguish two phases to adaptation on
that occur during adaptation were complete (Fig. 5). Exposurde basis of onset and offset rates: a short-term phase (complete
to 5mmol 1 KCI reduced backward swimming times in2Ba  within 4—6h) and a long-term phase (requiring 24-48h). A
solution by approximately 60% (Fig. 5A, filled circles), but second point of interest is the rapid increase in the duration of
recovery following a return to control medium was completehe Mg?* swimming response over the first 30 min following
within approximately 3h. 10 mmaii KCI further suppressed removal from KCI (e.g. Fig. 4B, squares; Fig. 5B, squares).
the B&* response, but recovery was again rapid once the cel&e might interpret these observations as indicating that cells
had been removed from KCI. At 15mmdiIKCI or more, recovered rapidly from the effects of short-term adaptation (i.e.
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A long-term adaptation on responses to2Ma@re shown in
100+ Fig. 6B (filled circles) After removing the inhibition of
80 4 backward swimming caused by short-term adaptation, long-
60 term enhancement of the Rfgresponse was evident after
5 __ Long-term adaptation approximately 6 h in KCI and required between 24 and 36 h for
= 40 maximal effect (Fig. 6B, open circles).
>
o 6 20 Dependence of long-term adaptation on KCI concentration
E g 0-, T T T | We used a similar strategy to examine the dependence of
E < 0 12 24 36 48 long-term adaptation on KCI concentration, recognizing that
E S 10004 allowing time for recovery from short-term adaptation may
& 800 Long-term adaptation cause us to underestimate long-term effects at low KCI
2 600 N\ concentrations €10mmolfl: see Fig.5B). Cells were
,Eé exposed to 0-40 mmofi KCl and then tested for the duration
400 + of backward swimming in B4 and Md¢* solutions and also
200 - in Na* and K solutions. Cells were tested both immediately
0. after removal from adaptation medium and also 30 min after

o 5 o % 18 they had been returned to the conFroI medium (Fig. 7). KCI
TimeinKCl (h) exposure suppressed backward swimming |?-1+.Balut|on in
a concentration-dependent manner (Fig. 7A, circles). KCl also
Fig. 6. Time course of long-term adaptation. Cells were transferreguppressed backward swimming int Kolution (Fig. 7A,
to growth medium supplemented with 30 mma&IKCI at time zero.  triangles). K solution is traditionally used to collapse
At regular intervals thereafter, cell samples were removed and spihembrane potential and to examine the effectsafctivation
into two groups. The first was tested immediately (filled circles) fof, the absence of a repolarizing Kfflux. A 30 min return to

the duration of backward swimming in (A) Basolution or (B)  ¢,n461 medium allowed the cells to regain partial sensitivity
Mg?* solution, the second was incubated in control medium for, both B&* and K solutions (Fig. 7C). KCl exposure

30min and then tested behaviourally (open circles). Note that contr%? . . . Ly
values for both B& and Mg@* responses change during a 30min enhanced the duration of backward swimming in*Mg

incubation in control medium so that the two curves in B appear t§olution  (Fig. 7B, circles), with maximal effects being
superimpose. Points are means from 12-28 cells. Error bars ha9@served at 30 mmotl. The percentage increase in backward-

been omitted for clarity: variance was similar to that shown in Figs Bwimming times in Mg solution was greater than that
and 2. Durations are given as a percentage of control durations.  observed in Fig. 2, but the dependence on KCI concentration
was similar. Fig. 7B (squares) shows that responses in Na
solution were also enhanced by KCI with a similar
from KCl-induced suppression of backward swimming inconcentration-dependence to that seen foP*Megsponses.
Mg2* solution) to reveal the full consequences of long-termiWhereas the Mg responses reflect activation lefa and the

adaptation (enhanced backward swimming). Ca*-dependentlyg, the responses to Nasolution reflect
_ _ activation oflcaand a Cé*-dependentna. Fig. 7D shows that
Time course of long-term adaptation the responses to both solutions were still enhanced following

We re-examined the effects of 30mn@dIIKCI on  a 30min respite in control medium.
behaviour in B&" and Mg* over time but, in addition to
testing cells immediately after removal from KCI, we also  Effects of KCl on cells under non-growth conditions
tested their responses 30 min after returning them to the controlThe protracted time course of long-term adaptation
medium. This 30 min respite was to allow the cells to recovesuggested that cell growth might be required. If so, cells that
from short-term adaptation so that their behaviour would revedlave been maintained in KCl in the absence of nutrients should
the progress of long-term adaptation alone. The results aexhibit behavioural changes that reflect short-term adaptation
shown in Fig. 6. As found previously (Fig. 3), exposure to KClalone. To test this hypothesis, cells were washed into a non-
caused a rapid decrease in the duration of backward swimmimgitrient saline solution of similar ionic composition to culture
in Ba2* solution, with complete inhibition being observed by medium (see Materials and methods). They were then exposed
approximately 13h (Fig. 6A, filled circles). This responseto KCI for 24h and tested for the duration of backward
reflected the net effect of combined short-term and long-termwimming in B&* and Mg solution. The results are shown
adaptation mechanisms. Stripping out the contribution of shortn Fig. 8. B&* responses were suppressed by KCI at
term adaptation from the total revealed that long-terntoncentrations of 10mmofl and above (Fig. 8A, filled
adaptation also reduced backward swimming duration #i Ba circles). A 30 min incubation in control solution did not relieve
solution, but that the effects were more gradual than short-terthis inhibition fully, however, suggesting that the cells had
adaptation, requiring approximately 36 h to reach a maximurindeed undergone long-term adaptation (Fig. 8A, open circles).
(Fig. 6A, open circles). The combined effects of short-term an@he effects of nutrient deprivation on backward swimming in
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1209 A 10001 B
100 - 800
~ 80- Mg?}
o 600
‘g 60 - -
5 40 2 400
X 4
\g 20 ) 200 Na*
® 0- |K—|—|—|—| 0, T T T )
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Fig. 7. Effects of KCI exposure on behavioural E 1204 ¢ 10001 D
responses to various test solutions. Cells were exposed t& 1qq |
0-40mmoltl KCl for 24 h at 28 °C and then tested for the F 800
duration of backward swimming in (A) B#a solution 'g 80 BaZt Mg2+
(circles) and K solution (triangles) or (B) MR solution E 60 600
(circles) and Na solution (squares). (C) Responses to g K" 400 -
Ba2* (circles) and K (triangles) solution after a 30min @ 40
incubation in control medium. (D) Responses to2Mg 20 - 200 - N
(circles) and N& (squares) solution after a subsequent 0 0 Na
30min in control medium. Points are means.ifd) from T T T T 1 T T T T )
16 cells. Durations are given as a percentage of control 0 10 20 30 40 0 10 20 30 40
durations. KCI concentration (mmol -1)
response to MRS solution are shown in Fig. 8B. While KClI
did not appear to have any effect on backward-swimming
. . . . . . 1204 A
times in cells taken directly from adapting saline, a 30 min
return to control solution produced a substantial increase in 100 +
backward swimming duration that was characteristic of the 80
effects of long-term adaptation seen previously (Fig. 7D). 60 4
Similar results were obtained with cells that had been
maintained in a nutrient medium until they had exhausted their 40 1
food supply before adding KCI (results not shown). 20 A
While P. tetraureliaappeared to be capable of adapting to 0 -

KCl in the absence of growth, the experiments described above
do not address a need for protein synthesis. To examine this
directly, cells were exposed to KCI in the presence of G-418.

Backward swimming duration (% of control)

1200 -
G-418 is used routinely to block protein synthesis in 1000 - B
Parameciunsp. (Hageet al. 1984; Hayne®t al. 1995), but it
failed to prevent the inhibition of backward swimming ir?Ba 800
following a 24 h exposure to 30 mmotKCI (Table 1). It also 600 -
failed to prevent an increase in the long-term?Mgsponse 400 _
(Table 1), suggesting that protein synthesis was not required
for either short-term or long-term adaptation. 200 4
04
Adaptation to other ions 0 10 20 30 40
A priori, behavioural adaptation could represent a cellular KCl concentration (mmol 1-1)

response to KCI as an osmotic agent or to the charge carried ) o ) ) )

by K* and Ct. To investigate these possibilities, cells WereF'g' 8. Behavioural adaptation in a non-nutrient saline solution (see
exposed to sorbitol or various ions in place of KCI and theMaterials alnd methods)Samples of cells were exposed to
tested in B&- K* M92+ and N& solutions. Behaviour was 0—40 mmolt! KCl in a non-nutrient saline solution for 24 h and then

) . ) . tested behaviourally in (A) B&solution or (B) M@* solution. Filled
asse_ssed immediately upor_l tak'”g cglls from adaptfmosymbols show responses of cells immediately upon removal from
medium and after a 30min respite in control mediumkci-supplemented medium, open symbols show responses following
(Table 1). Prolonged (24 h) exposure to 60 mmoborbitol 4 30min incubation in control solution. Points are mean responses
decreased backward swimming durations in most of our te(+s.p.) from 16 cells. Durations are given as a percentage of control

solutions compared with control values (Table 1). A 30 mirdurations.
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Table 1.Specificity of behavioural adaptation Baramecium tetraurelia

Test solution

Concentration
Group Adaptation stimulus (mmofY) Ba* K* Mg2* Na*
Immediate responses
0] Control 0 1005 100+16
G-418 0 59+11* 178426
KCI 30 0+0* 44+14*
G-418+KCl 30 0+0* 45+12*
(ii) Control 0 1005 10044 100+24 100+34
KCI 30 0+5* 0+0* 104+48 5+2*
Sorbitol 60 83+5* 7345* 49425 36+17*
Potassium glutamate 30 0£0* 0+0* 4+4* 0£0*
Choline chloride 30 0£0* 0+0* 0+0* 0£0*
(iii) Control 0 1007 100+6 100+6 1007
KCI 20 0+0* 0+0* 528+71* 482+89*
LiCl 20 0+0* 53+6* 53+13* 40+10*
(iv) Control 0 100+7 100+4 100+6 100+12
KCl 30 0+0* 0+0* 769+67* 1029+143*
NacCl 30 2+2* 94+9 155+27* 321+71*
MgCl2 15 21+3* 31+8* 145431 393+66*
SrCh 15 0+0* 0+0* 0+0* 0+0*
CaCb 15 195+25* 167+17* 247+44* 342+78*

Responses after 30 min in control saline solution

0] Control 0 100+3 100+13
G-418 0 62+10* 122422
KCI 30 60+7* 340+25*
G-418+KCl 30 68+7* 337+27*
(i) Control 0 10045 100+3 100+16 100+11
KCI 30 59+4* 36+3* 290+24* 185+25*
Sorbitol 60 755* 8316 135420 7310
Potassium glutamate 30 42+5* 41+6* 278+26* 157+20*
Choline chloride 30 0+0* 35+15* 0+0* 7+5*
(iii) Control 0 100+3 10045 10011 100+7
KCI 20 25+2* 49+4* 315+39* 131412
LiCl 20 98+9 59+6* 110+17 170+23
(iv) Control 0 10048 1004 100+12 10048
KCl 30 27+4* 37+3* 701+93* 475+142*
NacCl 30 122+12 110+6 17737 123+40
MgCl2 15 67+4* 57+3* 81+12 100+31
SrCh 15 92+14 39+6* 51+10* 0+0*
CaCb 15 224+15* 123+7* 236+24* 102+16

Responses of cells to BaK*, Mg?* or Na' solutions tested immediately upon removal from adaptation medium (immediate responses) or
after 30 min in control solution.

Four separate groups of cells were used in compiling these data. The first two groups (i and ii) were maintained in Qhgadirltiu
exposure to the adaptation stimuli listed. The second two groups (iii and iv) were maintained in C7 growth medium withgHisteatifor at
least 1 week during adaptation.

Values are means sp. for normalized backward swimming durations (as a percentage of the control value) from 20 cells (except for group
i, in which only 12 cells were tested). Asterisks indicate that values are significantly different from cBrO @S,

return to control saline solution did not produce an increase ithus does not produce any sustained change in membrane
response durations over controls (Table 1). Comparing thgotential; Preston and Usherwood, 1988) showed that
effects of 24h of exposure to KCI and potassium glutamatthey produced equivalent behavioural changes (Table 1),
(glutamate does not permeate €hannels irParameciunand  suggesting that Krather than Clis the effector of both short-
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and long-term adaptation. To determine the specificity of thprolonged exposure to KCl and occurred in two phases. During
actions of K, cells were exposed to RbCI, LiCl and NaCl. an initial, short-term phase (0—4h), the cells rapidly (<30 min)
RbCl was lethal at 10 mmofior above, so was excluded from lost the ability to swim backwards in both Baand Mg*
the study. LiCl was also lethal at high concentrationssolutions. Long-term adaptation was manifest as a more
(30 mmol Y, but cells readily survived prolonged exposure atpersistent loss of response irtBsolution and a gradual return
20 mmol i1, Cells tested immediately following removal from and ultimate enhancement of backward swimming duration in
LiCl showed no response to Bawhile responses to'lKMg2*  Mg?2* solution over a period of 24-36h. The two phases were
and Nd& were all significantly reduced (Table 1). A 30min also evident in the time course of recovery: short-term-adapted
return to LiCl-free medium permitted recovery of responses toells recovered fully in less than an hour, whereas long-term
all of our test solutions with the exception of Krable 1). adaptation was accompanied by behavioural changes that
NaCl suppressed backward swimming duration id*Bad  persisted for 5-6h. While the slow time course of long-term
significantly enhanced backward swimming durations if"™Mg adaptation might suggest that cell growth is required, the
and Nd& solutions (Table 1). Cells that had been returned tdehavioural changes proceeded in the absence of nutrients and
control medium for 30min exhibited responses that werén the presence of a protein synthesis inhibitor.
slightly elevated compared with controls, but these differences
were not significant (Table 1). Cells were also exposed to Electrophysiological basis for behaviourfh tetraurelia
various divalent cations (Table 1). MgCl like KClI, Ejecting P. tetraureliafrom a micropipette into B4 or
suppressed backward swimming in2Band Kt solution and Mg2* test solutions activates voltage-sensitive*Gzhannels
enhanced responses to*Nterestingly, however, the latter in the ciliary membrane and allows €anflux. The rising
effect did not persist when the cells were returned to contrahtraciliary C&* concentration reverses the direction of the
medium for 30 min. SrGlsuppressed backward swimming in ciliary power stroke, and the cell swims backwards. Recovery
all of our test solutions, but partial recovery of all responsefom backward swimming requires inactivation of the ciliary
except to N& was evident following a return to control C&* current, an event triggered by €anflux itself (Brehm
medium. CaCl was notable in that it increased backward-et al. 1980). Membrane repolarization is facilitated by K
swimming times in all test solutions (Table 1), and responsesfflux via separate voltage-dependent and*@ependent K
to Ba*, Kt and Mg* remained elevated after a return to conductances (Oertet al. 1977; Brehmet al. 1978; Satow,
control solution (Table 1). We also incubated cells with1978; Saimet al. 1983), while recovery of forward swimming
choline, a non-permeant cation. Choline suppressed responsegquires that intraciliary Ga concentration fall, presumably
to all test solutions and this inhibition persisted following athrough sequestration or extrusion. These events are usually
30 min respite in choline-free saline solution. transient, but B& permeates the €achannel and interferes
Finally, we re-examined the effects of KCI on cell with inactivation (Brehmet al. 1980). This prolongs Ga
behaviour, but we used 20 mmdiINa* as a test solution in influx to produce prolonged backward swimming2Balso
place of 5mmoH! Na* and 5mmoltl TEA*. The purpose inhibits K* conductances to further prolong the reversal
was to determine whether the behavioural changes reportegsponse. Mg similary activates the ciliary Ga
above persisted when normal membrane recovery mechanisemnductance, but the rise in intracellular?Caoncentration
were not suppressed by KKhannel inhibitors. KCI enhanced ([Ca2*];) also elicits Mg* influx via a Mg?*-specific
the duration of backward swimming in 20mnm@INa* with  conductance (Preston, 1990). Mggntry further depolarizes
a concentration-dependence that was similar to that reportéige cell and prolongs ciliary reversal. The ¥gest solution
above (Fig. 7; data not shown). The time course of onset aefdditionally contains TEA to block K- efflux and
these changes followed that described for2MEFig. 6B).  repolarization, and this further potentiates the response. Thus,
Cells that had been incubated with 30mmbIKCI for 2h  while both B&* and Mg"* responses reflect activatidga,
showed an almost complete inability to swim backwards itMg2* responses also reflect [€h and an inward Mg current
20mmol I Na* compared with controls (624 %I=20), buta  (Img).
30min respite in control solution allowed almost complete
recovery of the response (71+7 %20). Long-term adapted ~ Chronic KCI exposure is associated with changes iff Ca
cells (more than 48 h in 30 mmotIKCI) swam backwards for excitability
1020£75 % K=20) longer than non-adapted controls, an effect Although we have not examined the effects of prolonged
that persisted following a 30min return to control solutionKCl exposure onlca per se previous findings on the
(720464 %,N=20). electrophysiological and behavioural consequences of
depolarization irParameciumallow us to discuss our results
in terms of its effects on this current.
Discussion The membrane potential ifParamecium as in most
We have investigated behavioural adaptation Fn  excitable cells, is maintained in part by a ‘resting* K
tetraurelia, a phenomenon first described by Dryl (1952,conductance. Thus, adding KCI extracellularly depolarizes the
1959). Adaptation was manifest as changes in the duration oéll and thereby causes backward swimming through
backward swimming stimulated by various ions duringactivation of the ciliaryca Several compensatory mechanisms
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are triggered to help restore normal excitability. Fitsg  activatelca even accounting for any KCl-induced shifts in
inactivates through the actions of the rapid (withinexcitability. The resultant Gaflux caused ciliary reversal, and
milliseconds) C&"-dependent pathway discussed above and the cells thus swam backwards normally.

slower (within tens of seconds, Hennessey and Kung, 1985)

Ca*-independent mechanism. These pathways retakd CaAdaptation is a response to chronic membrane depolarization
influx and aid recovery of forward swimming. The drawback Adding KCI to the extracellular medium challenges cells
to Icainactivation is that it also desensitizes the cell to otheionically and osmotically. Cronkitet al (1985, 1993) and
stimuli. This not only prevents avoidance of noxious andCronkite and Pierce (1989) showed that hyperosmotic stress
repellent conditions, it also prevents responses to attractantd, Parameciumsp. caused the accumulation of free amino
such as food (Van Houten, 1978). The cell escapes from théids, principally proline and alanine. Similar osmoprotective
dilemma through modulation of ‘resting’ membrane mechanisms occur in bacteria and yeast (for a review, see
conductances that allow slow (over a period of 2-3 h) recovergerrano, 1996). While such changes might also affect
of membrane potential towards levels that approximate thoseembrane excitability, the data in Table 1 suggest that
recorded before adding KCI (Okaal.1986). For a discussion adaptation was not a response to increased osmolarity. If
of the theoretical consequences of increasing extracelldlar Kbosmotic stress were a factor, inorganic ions should produce
concentration and the cell's response to this insult, interestemtjuivalent behavioural changes regardless of ionic species,
readers are referred to an excellent review by Macheméaut this was clearly not the case (Table 1). Further,
(1989). This cell and membrane ‘adaptation’ enédiéo reset  challenging the cells with a non-ionic osmoticant (sorbitol)
and excitability to be restored. Once adapted, however, tHailed to elicit long-term adaptation, suggesting that charge
background levels of KCI have to be maintained for normalvas important. Sorbitol did produce a general suppression of
cell responsiveness. Transferring cells to KCl-free mediunbackward swimming that persisted to some extent for at least
(such as the B4 and Mg* test solutions) causes the 30min following a return to control medium, but this may
membrane potential to hyperpolarize away from the newlhave reflected non-specific effects on cell viability (cells died
established membrane potential, and a depolarizingfter 48h in a non-nutrient saline solution when stressed
mechanoreceptor potential is now insufficient to activete  osmotically).

The cells thus fail to swim backwards. KCI also challenges cells ionically. Substituting a large
impermeant anion (glutamate) for-Glad no effect on short-
Effect of KCI exposure on chemoresponses or long-term adaptation (Table 1), suggesting thawis the

The effects of adaptation on responses to acetate awdfector. K depolarizes cells in part through a reduction in
quinidine are consistent with this interpretation of the effectshe transmembrane gradient and also through interaction with
of KCI exposure on cell excitability. Quinine and quinidinethe strong negative surface potential tHR&aramecium
repel by causing cells to turn on contact (Jennings, 1906). Thievelops as a result of life in a medium of low ionic strength
turn results from a depolarizing receptor potential that theffresh water). How this affects membrane potential is
triggersica (Van Houten, 1979; Oami, 1996). Cells were nocomplex and controversial (Eckert and Brehm, 1979;
longer repelled from quinidine after KCI exposure (seeMachemer-Réhnisch and Machemer, 1989; Genet and
Results), consistent with the idea that the chemorecept@ohen, 1996; for a review, see Machemer, 1989), but surface-
potential was now inadequate to trigfiex If the background potential theory predicts that other cations should act
concentration of KCl was maintained during the cells’similarly to depolarize the cell. An exception is2Cahich,
encounter with quinidine, however, they retained their abilityfor reasons that are detailed elsewhere (Machemer, 1989), is
to respond, as predicted. Similarly, cells were no longepredicted to hyperpolarize rather than depolarize the
attracted to acetate after exposure to KCl unless themembrane. An examination of the ability of various cations
background stimulus persisted during the assay (see Results).substitute for KCI in eliciting adaptation reveals that all
Attraction to acetate depends on the cell being able to turn upgwith the exception of Ca@)l suppressed backward
leaving the area of stimulation (Van Houten, 1978). swimming in B&* solution (Table 1; immediate responses).

Chronic exposure to KCI had no effect on behaviourallhis included choline, a large organic cation that was chosen
responses to GTP, a nucleotide that elicited strong repulsidn separate the extracellular effects of cations from those
through repeated bouts of prolonged backward swimmingssociated with permeation. None was able to reproduce the
(Clark et al. 1993). Since KCI prevented repulsion from long-term effects of KCI or potassium glutamate on théMg
quinidine, one might expect GTP responses to have beeasponse (Table 1), suggesting that the enhanced backward
affected similarly, but recent studies show that the tweswimming duration may have reflected the cells’ attempt to
repellents act by fundamentally different mechanismsrestore membrane potential when a primary means of
Applying GTP to cells under voltage clamp was found to causeepolarization (K efflux) had been perturbed by the reduced
periodic increases in [€4; that occurred independently of the transmembrane Kgradient.
ciliary Ica (Clark et al. 1997). The C# oscillations triggered
Ca*-dependent M@ and N& fluxes and resultant Mechanism of short-term and long-term adaptation
depolarizations that were greatly in excess of that required to The effects of KCI exposure on responses t&'Bad Mg+
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suggest that adaptation is a much more complex phenomenanprotein synthesis inhibitor (Table 1), suggesting that the
than suggested previously (O&bal. 1986; Oka and Nakaoka, observed behavioural changes occurred without the synthesis
1989; Machemer, 1989; Machemer-Rohnisch and Machemeof new, ‘adapted’ Ci channels or of a channel modifier. If
1989). During the initial minutes in KQB,. tetraureliarapidly  protein synthesis is not required, then what accounts for the
lost the ability to swim backwards in Baand Mg solution  slow time course and persistence of the long-term effects? One
(Fig. 3). This insensitivity can readily be explained in terms opossibility is that the cells synthesize a negatively charged
Ica inactivation (Brehm and Eckert, 1978; Hennessey andholecule to compensate for the altered transmembrane K
Kung, 1985) and the cells’ attempts to restore membrangradient, and this molecule then influences the conductances
potential in the continued presence of ¢Oka et al. 1986). and/or ionic equilibria that determine motile behaviour. De-
This short-term phase of adaptation has also been referredadaptation upon removal from KCI might then involve
as membrane ‘accommodation’ (Machemer and De Peyedegradation or dumping of this molecule. A second possibility
1977; Machemer-Réhnisch and Machemer, 1989). is that KCI exposure causes the ciliary?Cehannels or their
Long-term adaptation is clearly distinct from the short-termipid surrounds to be modified by pre-existing regulatory
effect and cannot be explained simply in terms &f€hannel  enzymes. The purpose of this modification would presumably
inactivation and membrane accommodation. Its onset wase to ‘reprogramme’ the electrical output of the cells to
slow, requiring approximately 36 h to cause full depression obptimize responsiveness in the new environment.
backward swimming in Ba solution and enhancement of Regardless of mechanism, these behavioural studies have
Mg?2* responses (Fig. 6, open symbols). The effects were alsevealed an important and unsuspected process by which one
persistent, such that recovery of &Beesponse did not begin excitable cell can modify its output in response to chronic
until 3—4 h after removing cells from 30-40mmB3IKCl and  stimulation. Studies oParameciumbehaviour over the past
recovery was still not complete after 8h in control mediumwo decades have uncovered several fundamental truths about
(Fig. 5A, squares). The nature of the effect of long-ternthe function of excitable membranes, so it will be interesting
adaptation on the responses to 2¥gFigs 3, 6B) and N to see whether neuronal cells of higher animals possess similar
solutions may indicate a substantial change in the properties aflaptive capabilities.
the ciliary C&* conductance itself. The behaviours in response
to Mg?* and N& solutions are dependent dpg and Ina, We are grateful for the support of the National Institute of
respectively, currents that both require an increase i"Ca General Medical Sciences at the National Institutes of Health
to activate (Saimi, 1986; Preston, 1990). Thus, th€GM51498). This work is dedicated to the memory of
simultaneous enhancement of both behaviours could indicagtanislaw Dryl.
a common, adaptation-induced increase Iga An
accompanying shift in the voltage sensitivityle might also
explain the observed loss of Baensitivity. Alternatively, the References
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