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S U M M A R Y  

The "paranoiac" mutants of Paramecium aurelia show prolonged backward 
swimming in solutions containing Na +, unlike wild-type paramecia, which jerk back 
and forth in Na + solutions. The paranoiac mutants in Na + solutions also show large 
losses of cellular K + and large influxes of Na +. Three different paranoiac mutants all 
show similar defects in ion regulation but to different degrees. Wild-type Paramecium, 
in contrast, shows no Na+-dependent loss of cellular K + and a much smaller Na + 
influx. In K+-containing solutions, there is no difference between wild-type and para- 
noiac paramecia with respect to their cellular K + content. 

The Na + influx, the K + loss, and the duration of backward swimming are all 
proportional to the extracellular Na + concentration. Electrophysiologically, the 
backward swimming of the paranoiac mutants corresponds to a prolonged depolariza- 
tion of the membrane potential, while the backward jerks of wild-type Paramecium 
correspond to a series of transient depolarizations. We propose that the large Na + 
influxes and the large K + eflluxes in paranoiacs occur during the periods of backward 
swimming, while the membrane is depolarized. 

I N T R O D U C T I O N  

Paramecium has many advantages for studying the biochemistry of membrane 
excitation. The electrophysiology of this excitable membrane has been extensively 
studied [1, 2]. Furthermore, the membrane potential changes in Paramecium can be 
readily observed by their effects on the swimming behavior of the cell [1, 3]. Thus, 
biochemical data can be easily correlated with electrophysiological data through 
simple behavioral observations. Since Paramecium is a unicell, there is no problem 
with. interfering cell types; and large numbers of identical cells can be cultured for 
biochemical analyses. 

Abbreviat ion:  HEPES,  N-2-hydroxyethylpiperazine-N'-2-e thanesulphonic  acid. 
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Kung and co-workers have used the behavioral correlates of membrane activity 
to "dissect" genetically the excitable membrane of Paramecium [4-6]. They have 
isolated mutants of Paramecium with various types of abnormal behavior. Many of 
these mutants have corresponding abnormalities in membrane excitation. They thus 
provide a unique system for studying the mechanisms of membrane functions and the 
mechanisms of simple types of behavior. 

The class of mutants studied here is called "paranoiac". The name describes the 
mutants' over-reaction to Na + stimulation. In Na + solutions, the paranoiac mutants 
swim backward for long distances [4, 7]. When normal (wild-type) paramecia are 
transferred to Na + solutions, in contrast, they jerk backward and forward but show 
little discernable backward swimming. The transient backing of wild type and the 
sustained backing of the mutants are both due to a reversal of the direction of the 
ciliary beat [4]. lntracellular recordings of membrane potential show that the wild- 
type membrane has repeated transient depolarizations and the mutant membrane has 
sustained depolarizations in Na + solutions [7]. 

We have found that the cation fluxes of three independent paranoiac mutants 
are grossly abnormal. The abnormalities in their ion fluxes correlate well with their 
behavioral abnormality. 

MATERIALS AND METHODS 

Supplies. Cerophyl (powdered, dehydrated rye leaves) was obtained from 
Cerophyl Laboratories, Inc., Kansas City, Mo. U.S.A. Tris (tris(hydroxymethyl)- 
aminomethane) and HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) 
were both obtained from Sigma Chemical Co., St. Louis, Mo. U.S.A. Sodium-22 as 
NaC1 in 0.5 M HC1 was obtained from ICN Life Sciences Group, Irvine, Ca. U.S.A. 

Cell stocks. All strains were Paramecium aurelia, species 4. The wild-type 
Paramecium were stock 51s (non-kappa bearing). The following paranoiac mutants 
were also used: d4-90, genotype PaA PaA, (designated as strain "PaA'); d4-149, 
genotype fnae fna P, (fnaP'); and d4-150, genotype PaC PaC, ('PaC') (Van Houten, J., 
Chang, S.-Y. and Kung, C., in preparation). These mutants were derived from 51s and 
were isogenic except for the single mutations. 

Culturing and harvesting cells. Cells were grown in flasks of autoclaved Cero- 
phyl medium [8, 9] bacterized with Enterobacter aerogenes. Cultures were filtered 
through gauze and centrifuged for 2 min at 330 × g in an oil-testing centrifuge (IEC 
Model HN-S). The cell pellets were removed and washed by recentrifugation in one of 
the salt solutions described below. 

Cellular potassium analyses. This procedure was developed for studying the 
effect of different salt solutions upon the cellular K + content of Paramecium [9]. 
Cells were washed and suspended in salt solution A containing 1 mM KCI. (Solution 
A 1 mM CaZ+/l mM citrate/l mM Tris, pH approx. 7.2.) After 15-30 min in this 
solution, the cells were recentrifuged and the cell pellet was resuspended to a density 
of 1-5 • 105 cells/ml. 1-ml aliquots of this cell suspension were pipetted into narrow- 
tipped centrifuge bottles containing 100 ml of different incubation solutions (Solution 
A with various concentrations of NaC1 or KC1). 

At the end of the incubation period, the samples were centrifuged for 2 rain at 
2000 × g in an oil-testing centrifuge. The supernatants were decanted, and the insides 
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o f  the inver ted bot t les  were r insed with glass-dist i l led water  to remove as much  of  the 
con tamina t ing  salt  so lut ion f rom the cell samples  as possible.  

The cell pellets were then suspended in disti l led water.  Al iquots  o f  each suspen- 
sion were taken  for  pro te in  de te rmina t ions  [10]. Inorgan ic  ions were ext rac ted  f rom 
the remain ing  cells by the me thod  o f  D u n h a m  and  Child [11, 12]: 2 drops  of  glacial 
acetic acid  were added,  and  the tubes were hea ted  for  5-10 min in a water  ba th  at 
85-90 °C. This p rocedure  ext rac ted  99-100 ~, of  the to ta l  cel lular  po tass ium [9, 11 ]. 

Before flame pho tomet r i c  analysis,  the samples were centr i fuged 10-15 min at 
25 000 × g  to pel let  the cell debris.  The concent ra t ions  o f  K + in the superna tan ts  were 
measured  with. an E p p e n d o r f  flame pho tomete r .  S t anda rd  solut ions  of  known  K*  
concent ra t ions  were measured  with each set of  samples.  The results were expressed as 
#mol  K + per  g o f  cel lular  protein.  

The N a  + content  of  the samples  was also measured  by flame pho tomet ry .  
These da ta  were unrel iable,  however,  since the flame pho tome te r  is much less sensi- 
tive for  N a  + than K + and the con tamina t ion  with ext racel lu lar  N a  + was high [9]. 

22Na uptake. This p rocedure  was developed for measur ing  N a  + up take  by 
cells incuba ted  in solut ions of  different Na  + concentra t ions .  

Cells were washed and suspended in salt  solut ion B (1 m M  Ca2+/ l  m M  
citrate/1 m M  Tris/1 m M  HEPES,  p H  approx.  7.2). After  10-20 min, the cells were 

Fig. 1. Disposable centrifuge tubes for studying tracer uptake by cells in suspension. Centrifuge 
tubes are 6-inch disposable Pasteur pipets with the tip sealed in a flame; tubes are a simple version 
of those developed by Baadenhuijsen et al. [15]. Left: cell suspension layered over wash solution; 
centrifuge tube is held in rubber-stopper adapter in centrifuge cup for pear-shaped oil tube. Right: 
after centrifuging, the cell pellet can be cut off by inverting the centrifuge tube and nicking the tube 
at the arrow with a diamond-tipped glass-marking pen. 
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recentrifuged; and the cell pellet was removed. Aliquots of the cell pellet were trans- 
ferred to vials containing the incubation solutions (Solution B with. 22Na and non- 
radioactive NaCI added at various concentrations). 

At the end of the incubation period, duplicate or triplicate aliquots of the cell 
suspensions containing 3-10 • 104 cells were layered over a washing solution in centri- 
fuge tubes made from disposable Pasteur pipets (Fig. 1). The wash solution was 
Solution B with 1 0/o sucrose added to increase the density: in some experiments, the 
wash solution also contained non-radioactive NaCI at the same concentration as the 
incubation solutions (see figure captions), The tubes were centrifuged, and the tip of  
the tube containing the packed cell pellet was broken off. The radioactivity of the 
cell pellet was measured directly in a well-type gamma counter (Nuclear Chicago), The 
radioactivity of the total cell suspension was also measured to determine the specific 
activity of the extracellular Na +. Protein determinations were made on aliquots of the 
cell suspension. The results were expressed as itmol Na + taken up per g of  cellular 
protein. 

Measurements of  swimming behavior. Cells in culture fluid were suspended in 
several volumes of Solution B for at least 15 min before beginning behavioral observa- 
tions. To observe behavior, we transferred individual ceils from Solution B to a 
depression slide containing one of the Na + solutions. We observed the cells under a 
dissecting microscope and timed with a stopwatch the duration of backward swim- 
ming of the cells immediately after transfer to the Na + solution [5]. 

RESULTS 

Swimming behavior 
The characteristic feature of the paranoiac mutants is their abnormally pro- 

longed backward swimming in Na+-containing solutions [4, 5, 12]. The behavior of  
wild type and three paranoiac mutants was examined in a series of  solutions with Na + 
concentrations ranging f rom 0 to 20 mM (Fig. 2). We used the same set of solutions 
for the ion-regulation experiments below, in order to correlate the two membrane- 
related processes, the excitation-driven behavior and the ion fluxes. 

Wild-type Paramecium shows brief backward jerks in these solutions, which 
usually last less than 1 s; and the cells seldom swim backward for more than 3 s. 
Three paranoiac mutants, in contrast, show prolonged backward swimming in solu- 
tions of  high Na + concentration. The duration of this backward swimming increases 
as the Na + concentration of the solution increases (Fig. 2). The paranoiacs PaA and 
PaC swim backward longer in 20 mM Na + thanfna ~. After this period of backward 
swimming, the cells show alternating periods of  backward and forward swimming. 
The three paranoiac mutants, PaA, PaC, and fna e have mutations in three different 
genes. The mutations of  PaA and PaC are closely linked (3 map units apar t )and  are 
unlinked to fna p (Van Houten, J., Chang, S.-Y. and Kung, C., in preparation). 

Most, but not all of  the paranoiac cells swim backward immediately after 
transfer to the solutions containing 8 or 20 mM Na +. The percentage of cells that 
immediately swims backward is dependent upon the external Na + concentration. 
70-85 ~,,~ of the paranoiac cells swim backward immediately after transfer to 8 mM 
Na +, while 85-95 ~,,, swim backward after transfer to 20 mM Na +. The variability in 
response to Na + is probably due in part  to the variable stimulation of the cells' 
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Fig. 2. Backward swimming of Paramecium in N a + solutions. Data show the duration of backward 
swimming in seconds (7",) immediately after cells were transferred into solutions of the specified 
Na + concentrations. ©, wild-type Paramecium. Closed symbols, paranoiac mutants PaA (0),  PaC 
(A), and fna P (11). Each point shows mean for 20 cells. Since all populations contained some cells 
that did not swim backward initially, the distributions of the individual data were not Gaussian. 
Therefore, the standard deviations were not calculated. For the paranoiacs that did swim backward 
immediately in 20 mM Na + (85-95 ~,, of cells), the standard deviations were 20-50 ~ of the means. 

mechanical receptors dur ing  transfer to the solutions, since mechanical  s t imulat ion of  
Paramecium is known to cause ciliary reversal under  some condit ions [1 ]. 

Potassium regulation b), Paramecia in sodium solutions 
The paranoiac defect is characteristically expressed only in Na + solutions [5]. 

We have found that this behavioral  defect is paralleled by a defect in the regulation of  
cellular K + levels by paranoiacs in Na + solutions. 

Wild-type Paramecium maintains  a high cellular K + content  even in solutions 
of high Na + concentra t ion  (Fig. 3a). There is a small, but  statistically significant, 
decrease in the K + content  of cells incubated in 1 mM Na + solution. The cause of 
this decrease is unknown.  Since the cells were adapted in a solution of 1 mM K +, 
however, this is the only Na + solution in which the cells experience no change in 
ionic strength. 

At both extremes of the Na  + concentra t ions  tested, i.e., 0 m M  (approx. 
0.01 m M  [9]) and 20 raM, the cellular K + content  is approx. 120/~mol/gm protein. 
Given the protein content  (0.015 #g/cell) and cell volume (1.5.  10 -7 ml), the K + 
content  is equivalent  to a K + concentra t ion of 12 raM, assuming that the cell is a 
single equimolar  compar tment .  

In contrast  to wild type, the three strains of paranoiac  mutants  ( fna P, PaA, 
and  PaC) all show large losses of cellular K + when incubated in solutions of high Na + 
concent ra t ion  (Fig. 3b, c, d). The K + loss in all three paranoiac  mutan t s  is p ropor t ion-  
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Fig. 3. Cellular K + content of Paramecium after incubation for 30 50 min in solutions of different 
Na + concentrations. Each point is the mean of duplicate incubations of cells. The two symbols (O 
and A) represent data from two experiments run on different days using different batches of cells. 
A, wild-type Paramecium. B, C, and D are the paranoiac mutants fna e, PaA, and PaC, respectively. 

al to the external Na + concentrat ion.  Both PaA and  PaC lost approx, three quarters 
of  their cellular K + after 30 rain in 20 m M  Na + solution. 

There was no cell death dur ing incubat ion  or centrifugation of the cells in any 
of the solutions. All cells were alive at the end of the centrifugation,  as determined by 
counts  of swimming cells before and  after the experiment  [9]. Thus, the loss of K + by 
paranoiacs cannot  be at t r ibuted to a K + release by lysed cells. Cell death was observed 
only after incuba t ion  in solutions of 50 m M  Na + or more. 

The cellular K + as shown in Fig. 3 was measured after 30-50 min incubat ions  
in the test solutions. Dur ing  this period of incubat ion,  most  of the K + loss occurred, 
as shown in Fig. 4. The cells in these experiments were transferred from 1 m M  K + to 
8 mM Na + solution, in which they were incubated for different lengths of time. 
Wild-type Paramecium showed a rapid K + loss, which was essentially complete after a 
10 rain incubat ion.  This K + loss is probably  not  due to the external Na +, since wild 
type has a similar K + content  in 0 and  8 mM Na + (Fig. 3). The K + loss is probably  
due instead to the large decrease in extracellular K + at zero time (1 m M  to 0.01 m M  
K +). The paranoiacJha P showed a larger K + loss dur ing the first 10 min of incubat ion 
and cont inued to lose K + even after 30 rain incubat ion.  In addit ion,  the K + loss f rom 
f na  v was caused in part  by the extracellular Na +. 
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Fig. 4. Time course of  K + efflux from Paramecium incubated in 8 mM Na  ÷ solution. Cells were trans- 
ferred at time = 0 f rom 1 mM K + solution to 8 mM Na  + solution. Open symbols = wild-type 
Paramecium. Closed symbols = paranoiac mu tan t Jha  P. See Fig. 3 legend for additional description 
of  symbols. 
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Fig. 5, Cellular K + content of  Paramecium after incubation for 30-45 min in solutions of  different 
K + concentrations. Cells were adapted in 1 m M  K+-solut ion before transfer to the incubation 
solutions. Actual K + concentration was 0.01 mM in the incubation solution of  "'0 raM" K ÷. A, 
wild-type Paramecium. B, paranoiac m u t a n t / n a  p. See Fig. 3 legend for description of  symbols. 
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Potassium regulation by Paramecia in potassium solutions 
Cells in 1 m M  K + were transferred to solutions conta in ing  0.01 to 20 m M  K + 

and  were incubated for 30-50 min. Similar results were obtained for wild-type 
Paramecium and the paranoiac  mutan t ,  .fna e (Fig. 5). In both wild type and this 
paranoiac,  the cellular K + almost doubled as the extracellular K + concentra t ion 
increased from 0.01 m M  to 1 raM. Browning and  Nelson [13] have identified an 
energy-dependent  K + uptake system in P. aurelia with a K m of approx. 0.03 raM. 
This may account  for the large increase in cellular K + that we have observed. 

We have also measured the K + content  of cells incubated in 4 mM K +. For all 
three paranoiac mutants ,  the mean K + content  was within 10 ~ of that of  wild-type 
Paramecium, which is within the variability found among  different samples of wild- 
type cells. Thus there appears to be no difference between wild-type and  paranoiac 
Paramecium in their ability to regulate cellular K + levels in K + solutions. 

Sodium f luxes 
The paranoiac  mutants  lose cellular K + when suspended in Na + solutions, as 

shown in Figs. 3 and 4. This K + efflux must  be balanced by another  ion flux if the cell 
is to mainta in  electroneutrality.  Since the paranoiac  defect is seen in Na + solutions, a 
Na + influx might be expected. 
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Fig. 6. Na + Uptake by Paramecium during 30-45 min incubations in solutions of different Na + 
concentrations containing 2ZNa. The two symbols (circles and triangles) represent data obtained 
from two experiments run on different days using different batches of cells. Wash solutions contained 
non-radioactive Na + at the same concentrations as in the incubation solutions. A, wild-type Para- 
mecium. B, C, and D are the paranoiac mutantsfna ~', PaA, and PaC, respectively. 
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Fig. 6 shows the Na + uptake by wild-type and paranoiac cells after 30-45 min 
incubations in solutions containing different concentrations of 22Na. The paranoiac 
mutants PaA, PaC, andfna  p all show an uptake of Na + similar to that of wild-type 
Paramecium in solutions of  I mM Na + or less. After incubation in solutions of 8 mM 
Na + or more, however, the three paranoiacs show much larger Na + influxes than 
wild-type Paramecium. These results are consistent with the behavioral data of Fig. 2 
and the cellular K + data of Fig. 3, since PaA and PaC show larger Na + influxes than 

. fna P. 

The time course of  Na + uptake by wild type andJha e is shown in Fig. 7. The 
initial rate of Na + uptake is much more rapid in the paranoiacJha e than in wild type. 
Preliminary studies show that PaC also has a higher initial rate and a higher final 
amount  of  Na + uptake than wild type. 

When grown in a medium containing 10 mM Na +, the paranoiac mutants have 
a total of Na + content almost twice that of  wild type. lsotopic equilibrium measure- 
ments at 20 h give a value of 60/~mol Na+/gm protein for wild type and 95-110/~mol 
Na+/gm protein for the paranoiacs Jha e and PaC. Flame photometric analysis of 
large samples of  cells gives 65 pmol Na+/gm protein for wild type and 130/~mol 
Na+/gm protein for the paranoiac PaC. These data suggest that the increased uptake 
of 22Na by paranoiacs (Figs. 6 and 7) reflects a net Na + uptake and not only an 
increased rate of Na + exchange. 
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Fig. 7. Time course of  N a  + influx in Paramecium incubated in 8 mM Na+-solu t ion .  Cells were 
t ransferred at t ime -- 0 from an adap ta t ion  solut ion conta in ing no added N a  + or K + to an incuba- 
t ion solution conta in ing 8 m M  N a  + and 22Na. Al iquots  of  the cell suspension were analyzed for 
cellular 22Na after the indicated incubat ion  times, s tar t ing at t = 20 s. Open symbols  --- wild-type 
Paramecium. Closed symbols  -- paranoiac  mutant fna  e. See Fig. 6 legend for addi t ional  description 
of  symbols.  Wash  solut ions did not  conta in  N a  +. The difference in N a  + uptake at  40 rain between 
Figs. 6 and  7 is due to changes in the experimental  procedures between the two sets of  exper iments  
(cell densities, wash solutions,  etc.). 
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DISCUSSION 

We have found a biochemical correlate for the membrane defects of  a class of 
membrane mutants in Paramecium known as "paranoiacs."  In solutions of  8 mM Na + 
or higher, where the electrophysiological and behavioral abnormalities are best 
observed, these mutants show large losses of  K +, large gains in Na +, and prolonged 
backward swimming. In each case, the paranoiacs PaA and PaC differ from wild type 
Paramecium somewhat more than the paranoiac mutant fna P. The K + loss from the 
paranoiac mutants is similar in magnitude to the Na + uptake, although exact com- 
parisons cannot be made because different methods were used to measure the two ions. 

Membrane excitation 
The electrophysiological correlate for the backward swimming of the para- 

noiacs is shown in Fig. 8 (lower trace). The periods of  backward swimming correlate 
exactly with the membrane depolarizations [7]. The paranoiac mutants in Na +- 
solutions swim backward for 15 s or more at a time; thus, their membrane potentials 
show prolonged depolarizations. Wild type Paramecium, in contrast, jerks backward 
only briefly; and its membrane potential record shows depolarizations each lasting 
only about 0.5 s (Fig. 8, upper trace). 

The depolarizations of both wild type and paranoiacs are due in part  to an 
inward Ca 2+ current [1,4, 14, 15]. This Ca 2+ influx raises the Ca 2+ concentration in 
the cilia, which results in a reversal of  the direction of the ciliary beat and, hence, 
backward swimming [1 ]. 

Ion fluxes vs. membrane excitation 
The K + losses and the Na + influxes of the paranoiac mutants might be occur- 

ring primarily during any one of the three phases of  membrane activity: (1) while the 
membrane is at the resting potential level; (2) while the membrane is at the excited, 
depolarized state; or (3) while the membrane is depolarizing and repolarizing. We 
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Fig. 8. lntracellular recording of  membrane potentials of  wild-type Paramecium (upper trace) and 
the paranoiac mutant  PaA (lower trace) in Na  + solutions. Na  + solutions (4 mM NaCI, I mM Ca z+, 
I mM citrate, 1.2 mM Tris - 1-[CI pH 7.2) was let into the bath in place of  an adaptation medium 
(a K + so[ution) at points marked by the arrows beneath the traces. A small part of  the wild-type 
response is also shown in faster oscilloscope sweep-speed (insert). Broken lines mark the reference 
zero potential level. Calibration: vertical bar, 40 mV, horizontal bar, 25 s (5 s for the insert). (Data 
o f  Satow, Y. and Kung, C.]. 
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believe that the large cation fluxes of  the paranoiac mutants  occur primarily across 
the depolarized membrane,  for the following reasons. 

First, the Na  + uptake and the K + loss are directly related to the duration of  
backward swimming, when we vary the extracellular Na + concentrat ion or when 
different strains o f  paramecia  are compared  (Figs. 2, 3 and 6). Al though complicated 
hypotheses could be developed to explain this relationship, the simplest hypothesis is 
that  the cation fluxes are occurring across the depolarized membrane and are for that 
reason correlated with the duration o f  the excited, depolarized state or the duration of  
backward swimming. 

Second, current pulses delivered to the membrane of  PaA show that the 
depolarized, excited membrane has a much higher conductance than the resting 
membrane [12]. Wild type membrane  also has a high conductance when artificially 
depolarized with a long d.c. pulse. There is no obvious difference in the conductance 
at rest between wild-type and paranoiac  membranes  (Satow, Y. and Kung, C., unpub- 
lished results). I f  the resting conductance and the excited conductance in wild type 
and paranoiac  are the same, then th.e time-averaged conductances or permeabilities o f  
the paranoiac  membrane  will be greater than those of  wild type, since the paranoiac  
membranes  spend more  time in the excited, high conductance state. Thus, the large 
cation fluxes we have measured in the paranoiacs are apparently due to the higher 
average conductances of  the mutant  membranes.  

Our data, therefore, suggest that there are large Na  + influxes and large K + 
effluxes occurring while the paranoiac mutants are swimming backward:  and we 
have gained some understanding of  how the paranoiacs swim backward. We are now 
beginning to find out  why the paranoiac  mutants swim backward; i.e., what  gene is 
mutated in each. paranoiac.  For PaA, we have hypothesized a defect in membrane 
repolarization [12]. Forfna e, we have recently found an altered Na+-"car r ieF  ' that 
could cause the prolonged depolarizations of  this mutant  (Hansma,  unpublished 
results). Thus, this system is proving to be useful for studying the molecular mecha- 
nism of  membrane excitation. 
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