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Summary

The kinetics of gravitaxis and gravikinesis in (gravikinesis) at 1g had reached a steady state after 1 min;
Paramecium caudatunwere investigated by employing (1) at this point, gravikinesis counteracted the effects of
step transitions from normal gravity (1g) to weightlessness sedimentation (negative gravikinesis). A step transition to
(microgravity) and (2) turns of the experimental chambers  microgravity initially reversed the sign of the gravikinesis
from the horizontal to the vertical position at 1g. The  (positive gravikinesis). The relaxation of this kinetic
transition to microgravity left existing cell orientations  response was not completed during 10s of microgravity.
unchanged. Relaxation of negative gravitaxis under The data suggest that gravikinesis is functionally unrelated
microgravity took longer than 10s and may be described to gravitaxis and is strongly affected by the rate of change
by the time constant of the decay of orientation coefficients. in acceleration. We present a model explaining why
Gravitaxis was started at 1g by turning the experimental  gravikinesis reverses sign upon the onset of a step frong 1
chamber from a horizontal to a vertical position. to microgravity.

Gravitaxis activated rapidly during the turning procedure
and relaxed to an intermediate level after the turning had Key words: gravikinesis, gravitaxis, mechanotransduction, response
stopped. Gravity-induced regulation of swimming speed kinetics,Paramecium caudatum.

Introduction

The graviresponses of free-swimming protists, i.e. changagated channels are likely to be affected by the manner in which
in orientation and in swimming speed, have been documentéhe cytoskeleton connects to the plasma membrane (Hamill and
under conditions of normal gravity @], microgravity and McBride, 1997). In Paramecium caudatuyman intimate
hypergravity (for reviews, see Machemer and Braucker, 1992;ssociation between gravisensory channels and specialized
Hader and Hemmersbach, 1997; Machemer, 1998). Theytoskeletal elements has been postulated (Machemer-
investigations suggested that gravitaxis and gravikinesis afohnischet al. 1996).
steady and do not adapt in equilibrated cells (Hétlak. 1995; The objective of the present study was to investigate the time
Hemmersbachet al. 1996; Machemer and Machemer- courses of changes in gravitaxis and gravikinesis, which appear
Rohnisch, 1996; Kohler and Braucker, 1997). Moreoverio take much longer than expected from the
graviresponses change with alterations in the angle of attagtectrophysiological properties of mechanoreceptor channels.
and strength of the vector of acceleration. It has been proposBa the kinetics of graviresponses give cues to gravisensory
previously that gravisensory transduction employsransduction and associated mechanisms? There are two major
mechanically sensitive membrane channels (Machemat.  obstacles in studying graviresponse kinetics: (1) gravity is not
1991; Lebertet al. 1997). The time characteristics of easily stepped up or down; (2) there are lower limits to the
mechanoreceptor channels in ciliates are well known: respongéstance (and time) a swimming cell needs to cover for its
latencies and times of activation and relaxation of recept®peed and orientational response to be recorded. Time
currents occur in the time range of a few milliseconds (seeesolutions between 1 and 1.5s were obtained from a 4.6s
Machemer and Deitmer, 1985). Initial studies on themicrogravity time in a drop tower (Machemet al. 1993)
mechanosensory channel properties of flagellated protisend, at this low time resolution, a complex relaxation of
indicate potentially longer times (5-12s) for activationgravikinesis was apparent iRaramecium caudatunand
(Yoshimura, 1996). The kinetic properties of mechanicallyDidinium nasutumPreviously, we used a drop facility which
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provided 10s of weightlessness following a step transitiopH 7.0, suspended in the same solution and introduced into the
from normal gravity (B) to the weightless condition experimental cuvette, where they were kept for equilibration
(microgravity). We have evaluated the data obtained fronimes of 90—-140 min. We found that healthy, equilibrated cells
these experiments using an improved time resolution oflere important for the results; the two different preparation
swimming tracks. methods did not cause observable differences in cell behaviour.
Gravity step transitions from microgravity taggXor other  Preparations of cells in the two experimental solutions will be
defined gravity levels) to activate cellular graviresponses aneferred to as preparations | and Il in the text.
only feasible with great technical effort. We have therefore
analyzed the onset of graviresponseBarfamecium caudatum Cuvettes for recording
at 1g following a turn of the experimental cuvette (and the Experimental cuvettes had an acrylic bottom and a glass
enclosed planar swimming space) from horizontal to verticakover leaving a depth of 2mm. The lateral dimensions of the
Such onset of responses cannot be compared directly with offuid space were 35mx35mm (preparation 1) and
responses following adtto-microgravity step. However, the 25mnx20mm (preparation 1l); cuvettes were lined with
data show that orientational and kinetic graviresponses starygon tubing (preparation I) or silicone rubber (preparation ).
within a few seconds after turning the swimming space fronin both cuvettes, the field of view for video recording was
the horizontal plane. Different time courses ofapproximately 18 mm24mm. The cuvettes with cell
activation/relaxation of gravitaxis and gravikinesis suggest thaireparations are referred to as cuvettes | and Il in the text.
these types of responses are based on different mechanisms.
Experimental system for weightlessness
. The drop shaft of the Japan Microgravity Center (Jamic,
Materials and methods Kamisunagawa, Hokkaido, Japan) provides 490 m of free fall
Cultures corresponding to 10s of weightlessness. A high-quality
Paramecium caudatunEhrenberg, line G3 (syngen 3, microgravity (1039 after 0.4s; 10*g after 0.6s; 1P g after
mating type V), was kindly provided by Dr Mihoko Takahashi,1.3s; JAMIC User’s Guide, 1996) is obtained employing the
Tsukuba, Japan. Cells were reared in complex organic mediapsule-in-capsule principle: the inner capsule encloses a rack
in two ways: solution | contained 0.2 % (w/v) cerophyl powderholding several experimental modules. Both the inner and
(Cerophyl Laboratories, Inc., Kansas City, KA, USA) in outer capsules are guided by magnetic rails. Atmospheric drag
double-distilled water, autoclaved, and buffered at pH 7.0 witlon the outer capsule is overcome by air thrusters under
Sorensen buffer (1.8mmolH NaHPQ, 0.2mmolf?  feedback regulation. The outer capsule is evacuated to
NaHPQy). Cultures in solution | were bacterized with uncouple the inner capsule mechanically. A near-simultaneous
Enterobacter aerogengsultured at 22°C in a 14h:10h L:D release of the inner (0s) and outer (+40ms) capsules induces
photoperiod and harvested after 3 days in the early stationatiye inner capsule to float in the vacuum. After 10s of
phase. Solution II, a solution of 1.5 mmdiCaChk, 2mmolFl  microgravity, rising air pressure in the shaft decelerates the
MgSQu, 2mmol Il citric acid, 1 mmolt! Mops, adjusted to drop unit within 5s at a maximum value €8.5g.
pH at 7.0 using KOH, was supplemented with vitamins and
lipids (in pg mI~1): calcium pantothenate, 5, nicotinamide, 5; Recording and experimental protocol
pyroxidal-HCI, 5; pyridoxamine, 2.5; folic acid, 15; Experiments included up to 10 recording units per ‘flight’.
thiamine—HCI, 15;p-biotin, 0.00125;pL-thioctic acid, 0.05; Each experimental unit consisted of an experimental cuvette
riboflavin, 5; stigmasterol, 5; phosphatidylethanolamine, 50)(‘chamber’) containing between 100 and 300 cells in
Cultures were bacterized wittEnterobacter aerogengs experimental solution, which was turned by 90° from the
incubated at 22°C and harvested after 7 days in the earhorizontal to the vertical position. A ring of 48 green light-
stationary phase. Cultures in solutions | and Il will be referreémitting diodes (LEDs; 565 nm) was attached to each chamber,

to as cultures | and Il in the text. providing dark-field illumination at 800Ix. Video cameras
_ _ o (25framess!) and 8mm tape recorders documented the
Experimental solutions and equilibration movements of cells in the horizontal as well as the vertical

Cells from culture | were washed in the experimentaplane. For the graviresponse relaxation experiments, recording
solution of 1 mmoltl CaCk, 1 mmol ! K* (ClI- and OH as  started 4-5min before the drop. After 3-3.5min of recording
anions), 0.1 mmolt MgSQu, 1 mmol 1 Mops, buffered with  in the horizontal position, up to six chambers were turned to
KOH at pH 7.0, and collected using gravitactic accumulationthe vertical position at a rate of 1.5*gMachemeret al.
Washed cells were mixed in the recording cuvette with ad993; Braucker, 1994). Another 30-40s was allowed for
equal volume of deoxygenated experimental solution to adjusictivation of graviresponses and recording in the vertical
the & concentration to 50% air saturation. The cellposition at Iy. The drop was then carried out with the
preparation was given 130 min to equilibrate in the recordinghambers in the vertical position. Recording was stopped 2-5s
device. Cells from culture Il were collected by centrifugationafter the end of microgravity.
at 245 for 6s, washed in the experimental solution of For experiments aiming at activation of graviresponses at
0.1mmolfrl CaCb, 6.5mmolfl KCI, 1mmol! Mops at 1g, cells were incubated in chambers in the horizontal position,
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which were turned to the vertical position. Cells swir A
horizontally in chambers in the horizontal position,
maintaining their distance from the upper and lower walls 8%
Viewing vertically down a horizontal chamber a, bnly the
horizontal components,f) of locomotion are seen, whereas 6%
the residual vertical component, (parallel to the viewing
direction), including sedimentation, is not recorded (Machem:
and Braucker, 1992; Machemer, 1998). The horizontal spe
of Paramecium caudatuntorresponds to cell propulsion
unbiased by gravity (Machemet al. 1993). Horizontally
swimming cells were recorded for 2.5min. Recording
continued during 60s of turning the chamber to the vertici
position and during 10 min in that position. 03 B
The chambers and modules for recording were kept at roc O P I &0

temperature (20—22 °C) before enclosure in the drop capsu L o P oooOOOO o Ooooo"%o %
Inside the capsule, the temperature of the air surrounding t
chambers was regulated at 22 °C.

N=3096,— roc=0.153 N=10292, roc=0.256
\L/ \L/

0.2

Data evaluation

Digitized video images were superimposed to obtain tracl
of moving cells. Monitoring the relaxation of graviresponse
after a transition from @ to microgravity requires a high time
resolution in the track analysis. Tracks were subdivided int
14 segments of equal time intervals marked by differer 0
colours. Time intervals depended on digitizing time. Thu
resolution of speed ranged betweeni@s! and 2jums?

. S . . -10 -8 -6 -4 -2 0
depending on digitizing time and magnification. Numbébs (
per data point given in the figures refer to the number «
individual tracks seen in the time segment used. TrackFig. 1. Steady-state gravitaxis inParamecium caudatum
including kinks from cellular reversals were not used for(A) Circular histograms of orientation of two cell samples showing a
measurements of speed. Orientational responses of cweak negative gravitaxis atgl(cell preparation |, left; cell
samples are represented by the cell orientation coefficielPreparation i, right; sampling period 10s). The histograms show cell
(roc), which describes cell orientations determined from traclProPO!tions (as a percentage) inside 15° sectors of cell orientation.
orientations after accounting for the sedimentation rat/TO"S 9ive the direction of the gravity vectol, number of tracks

. . evaluated;roc, orientation coefficients based on cell orientations.
(Machemer et al. 1997). The Sedlm?ntaﬂon ,rate of Both values are significant (see Materials and methods). (B) Time
Parameuum caudatur@3 has been d.eterm'ned previously fOrcourse of changes in the orientation coefficient of preparation Il at
experimental chambers of 2mm fluid depth to be g™ 1g preceding the step transition to micrograviyranging between
(Nagelet al.1997) and 118.fms™ (Watzkeet al. 1998). We 300 and 1200). The step transition to microgravity occurred at time
use a value of 11fm s for sedimentation rate. zero.

0.1F

Orientation coefficientroc

Time (s)

Statistics
Non-parametric statistics were applied because Gaussi&istograms of two cell samples with orientation coefficients of
distributions were not achieved. Median values are represent@dl5 and 0.26. Applying a high time resolution (230ms)
with 95% confidence intervals if applied. Tests of statisticatonfirmed that negative gravitaxis was maintained at a constant
significance of speed differences are based on thevel until the preparation entered into microgravity (Fig. 1B).
Mann-Whitney U-test. Coefficients of orientational
distributions were determined using the Rayleigh test. No orientational change upon transition to microgravity
Differences between orientation functions were tested using The swimming direction was very little affected by the step
Kuiper's test. For all tests, the limit of significance was set atransition of cells from @ to microgravity, as illustrated by a
an error probability o5 %. plot of the frequency distribution of the angular changes
between time intervals preceding and following the onset of
weightlessness (Fig. 2). This virtual absence of an orientational
Results response to the gito-microgravity step transition suggests
Gravitaxis that, with orientational cues missingParamecium caudatum
Cells equilibrated for 1.5-2h atglshowed a weak cell continues, at least initially, to swim along its previous
preference for upward swimming. Fig. 1A shows polardirection. This comparison of individual swimming directions
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Fig. 2. Frequency distribution of changes in angular orientation of B
Paramecium caudatunfollowing a step transition from normal L
gravity to microgravity. Periods of 1.4s preceding and immediately
following the step were used for the comparison. The vast majority of 0.2+
cells continued in the same direction as (100 % = 504 tracks). o

during the X-to-microgravity step transition explains the 01 0 © 0°

similarities in orientational distributions Birameciunbefore
and after a change in acceleration found in previous studies
(Machemeret al. 1992; Hemmersbach-Krausé al. 1993).

Gravitaxis relaxation

When the weightless condition continued for more than a
few seconds, negative gravitaxis relaxed. Fig. 3A shows
orientational histograms for the period between 7 and 10s of
microgravity. The orientation coefficients of 0.043 and 0.145
indicate a significant decrease in degree of orientation 0.2 %0
compared with the g condition (Fig. 1A;P<0.05 %, Kuiper's °°88°°o o
test). This is documented more clearly by the changes in - °°°O°Oo° o %
orientation coefficient during the 10s microgravity period 000
(Fig. 3B,C). Orientational relaxation approximates a 0.1 °
logarithmic course and may be represented by the time constant =21s
T, the time required for decay to proceed to 1/e of the initial
value. The time constant differed in different cell samples, but 0
residual orientation was still seen after 10s in all cases. In the

present experimentsyanged between 4s and 21 s (Fig. 3B,C). | | | |
0 2 4 6 8 10

Phasic and tonic activation of gravitaxis Time (s)

In cells moving horizontally, the or!entzi_tlon coeffICIe.n.t Fig. 3. Orientational distributions ¢faramecium caudatumfter an
fluctuates about a value of zero at any time if other modahUeeXpOsure to microgravity for longer than 7s. (A) Two polar
of stimuli (light, temperature and chemical gradients) areistograms of cell orientations between 7 and 10s after the onset of
absent (Machemeet al. 1993). We tested the onset of microgravity (preparation I, left; preparation II, right). A comparison
negative gravitaxis inrParamecium caudatuncells, whose with Fig. 1A shows that the relaxation of gravitaxis was significant.
restricted swimming space was gradually turned from thOpen arrows indicate the direction of the gravity vector during free
horizontal to the vertical position at a rate of 1.8°&ig. 4  fall. Other details are as in Fig. 1A. (B) Time course of changes in
shows that gravitactic orientation increased from the beginninthe orientation coefficient following exposure to microgravity. The

. . . preparation is the same as that shown in A (left) and in Fig. 1A (left)
g];iteur:tr:il tri]gnthec?))érfJf(iegi”ennim?rlwgreaansqgsr t?(\;vargs tg;)\(/ier};tﬁl' -I(-)?for 1g. Preparation IN=600-800. (C) Time course of changes in the

. orientation coefficient following exposure to microgravity. Cell
approximately 0.4 by the end of the turn, then decreased agagampies are the same as shown in A (right) and in Fig. 1A (right) for
settling at approximately 0.15 after 10min. The relaxation 01q. Preparation 1IN=200-1000. The time constam) ©f the decay
orientation from a transient peak response is not compatibof gravitaxis is calculated as the time required for decay to proceed
with a simple logarithmic decay. The time course of gravitaxito 1/e of the initial value.

0.3

Orientation coefficientroc
o
N
I
()]
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0.5 2mm deep. The difference in vertical swimming ratesgais1
approximately 13ams™. Using these values in equation 1
gives a negative value of gravikinest) (of approximately
-50um s for swimming under normal gravity. During the
weightless condition, the difference in vertical swimming
0.3 ° rates, Vp-Vu, remained significantly above zero for 6s
o (Fig. 6).
o2 o | % o o Because the sedimentation component of swimming cells
comes to an immediate standstill under microgravity, the
remaining offset of theVp-Vy data from zero (Fig. 6)
01 oo indicates a continuation of the gravikinetic response during
° the first 10 s of microgravity. Fig. 7 shows that gravikinesis
oLl . | | PR IR AT N NI changed from a negative value, approximate&d@ums1 at
—200 0 200 400 600 19, to a positive value, 118ns? or less, in the weightless
Time (s) condition, and that the value tended to decline near the end
of the 10s period of microgravity. It is likely that positive
gravikinesis would have relaxed fully with longer exposure

04+ o

Orientation coefficient, roc

Fig. 4. Activation of gravitaxis oParamecium caudaturiollowing a
turn of the experimental cuvette at a rate of 175 frem horizontal to . .
vertical. The shaded bar represents the 60s period of turning. Tie mlcrog.rawty. o i . .
orientation coefficient increased immediately after the onset of turning, AVeraging gravikinesis over time intervals of 3s (Fig. 7)
reaching a peak valueot=0.4) and then decreasing rtec=0.2 after ~ Masks the variation p—Vu values during the relaxation (Fig.
approximately 1 min and t®c=0.15 after 10 min. Preparation I, 100% 6). The variation in the speed data resolved at 230 ms periods
air saturation, 4 h equilibration timki=2000-2500. was less than §0m s at 1g; this variability increased to more
than 10Qums? (Fig. 5B). The generally positive/p—Vu
values under microgravity (Fig. 6) suggest that negative
suggests two mechanisms: an early phasic activation amglavikinesis relaxed along a damped oscillation with some
relaxation, and a late tonic response. The kinetic properties @vershooting’, resulting in positive gravikinesis (see
gravitaxis activation at d (Fig. 4) differ greatly from those of Discussion).
gravitaxis relaxation seen under microgravity (Fig. 3B,C).
Gravity-induced activation of swimming rates
Swimming rates preceding and following a transition to In horizontally swimmingParamecium caudatusrgravity
microgravity does not affect the speed of locomotion (Oeyaal. 1992;

At 1g, the downward swimming speedsVp] of Machemeret al.1993), in agreement with predictions from
Paramecium caudaturexceeded the upward swimming ratestheory (Machemeret al. 1991). Gradual turning of the
(Vu) by approximately 13fims?, and the speed of experimental chamber from the horizontal to the vertical
horizontally swimming cells\(H) was intermediate (Fig. 5A). position at 1.5°3 under 1g resulted in increasedp and
All these speeds varied little. A transition to microgravity reducedvy values, withVp—Vy eventually reaching a median
caused a reduction ivip by 70ums™ and an increase My  value of 14Qums? (Fig. 8A). During the 60s turn of the
by approximately 4ams™1, butVp stabilized at a higher level chamberVy increased by approximately gn s to a median
than Vu. The difference in the median values\af andVy  value of 725um s with the chamber in the vertical position
remained significant during 6s of microgravity. Beyond thaiFig. 8A).
time, Vp and Vy were no longer statistically distinguishable. The turning of the chamber induced downward swimmers
VH remained at a median of 5gth st and was unaffected by to increase their speed by approximately80s1; at the same
the gravity transition. time, upward swimmers reduced their speed byr6821. The

increase in downward swimming rates is due, in part, to an
Gravikinesis increase in effective sedimentation rate (vector component

The difference betweevip andVy, after accounting for the parallel to the major plane of the fluid space) towards a final
sedimentation rateS), is proportional to gravikinesisA)  value of 11ums™ (Nagelet al. 1997).

(Machemeret al. 1991) according to the equation:
Activation of gravikinesis

(Vo =Vu)2=S+4, (1) Application of equation 1 t&p andVy shows that negative
where a positive value é&f means thaBandA act in the same gravikinesis increased steadily during chamber repositioning.
direction, and a negative value &findicates that they act in Gravikinesis had a median value-ef7ums by the end of
opposite directions. The median sedimentation rate drning; it continued to rise to a maximum vals& {ums1)
stationary cells of our culture line &aramecium caudatum 2-4min after turning had been completed and then settled at a
G3 ranges between 1fiims?! (Nagel et al. 1997) and value of approximately-70ums? after 7min in the vertical
118.5ums? (Watzkeet al. 1998) for experimental cuvettes orientation (Fig. 8B).
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Fig. 5. Swimming rates dParamecium caudatutnefore and after a step transition to microgravity. (A) Median downvyd’§, horizontal
(@, O) and upward &, A) swimming speed during 10s before (filled symbols) and 10s following (open symbolgHtitrenicrogravity step
transition. Swimming categories include +45°. Shaded zones give 95% confidence intervals. (B) Swimming speeds at a eégbkitiomef
the cell sample shown in A reveal an increased variation in the data points comparegl #fthrlthe transition to microgravity (at time zero),
the speeds of vertically swimming cells initially continue at the previous level and then begin to converge. Speeds aliyneviamming cells
remain unchanged during the microgravity period and are omitted for clarity. Prepara{io?00—1000 per 230 ms time segment.

Discussion orientational and kinetic behaviours may be based on different

Gravitaxis and gravikinesis relax in the weightless conditiofmechanisms, we discuss our results on gravitaxis and
with different time constants. The kinetics of this relaxationgravikinesis separately below. We conclude with a comparison
might be a useful tool for investigating a possible commoretween the kinetics of gravitaxis and gravikinesis.
mechanism regulating the orientational and kinetic responses
of Paramecium caudatum However, helical tracks of Gravitaxis is hlgh'y sensitive to input from circumstantial
Parameciumcells are commonly straight in the absence of a stimuli
gravitational cue (Hemmersbach-Krause al. 1993). This Gravitaxis relaxed in microgravity (Fig. 3B,C) and in
phenomenon can be explained as follows. The swimming helbesponse to turning at gl (Fig. 4) with varying time
of many unicellular organisms is made up of one translationaharacteristics. According to previous evidence, the precision
and two rotational force components. Rotation about thef orientation of swimming cells is a function of the strength
longitudinal axis neutralizes the effects of rotation about thef gravity (Brauckeet al. 1994; Hadeet al. 1991, 1995) and
transverse (right—left) axis of the cell (Naitoh and Suginopf time (Fukui and Asai, 1985; Machenwdral. 1993; Hader
1984), causing the axis of the helix to be straight duringt al.1997). Fig. 3B,C shows that the relaxation time constants
unbiased swimming. A previous cell orientation (gravitaxis),of gravitaxis varied independently of gravitational input. What
therefore, will persist, whereas a gravikinetic response wilis the nature of the mechanism controlling this relaxation? We
eventually fail in microgravity. Because the relaxation ofhave proposed that ciliary reversals (identified as kinks in the
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Fig. 6. Time course of the difference between downward and upward 20 B
swimming ratesVp—Vu, of Paramecium caudaturiollowing a step
transition to microgravity. The dashed line (approximately 0
135ums?1) gives the median value o¥p-Vuy at 1g. Same ﬁ;
preparation as in Fig. 5. c
= —20
K
3
swimming track; see Machemer and Braucker, 1996) tend to £ _,, | *
randomize swimming direction and are therefore antagonists > »
of gravitaxis (Machemer, 1998). In equilibratBdramecium 10 ¢
caudatum one event of ciliary reversal was identified every -60 — * o
10s per cell (see Machemer, 1989). Assuming that ‘threshold L '3 TS 2 2 T
reversals’, i.e. transient cessation of forward locomotion and -80 LI ! , % @& ||,
small redirections of the track, are as frequent as regular -200 0 200 400 600
reversals, 20% of an undisturbed cell sample will be engaged Time (s)

in redirecting the course of swimming 'eve.ry seconq. C'I,"fmi:ig. 8. Gravikinetic responses &aramecium caudaturfollowing
reversals are bro“ght about by depoIe'lr'lzatlon-s.ensmve Clllarthe onset of a slow turn (at 1.5%sof the experimental cuvette from
Ce* channels. lonic and other conditions which favour arghe horizontal to the vertical position atg.l The shaded bar
increase in the number of ciliary reversals (Machemer, 198%epresents the 60s period of turning. (A) Median downw3 (
enhance random orientation and can therefore depress the tihorizontal ®) and upward &) swimming rates. Swimming
constant of relaxation of gravitaxis. According to this view, thecategories include +45° (also applied to the horizontal chamber).

Fig. 7. Medians of gravikinesis (see equation 1) gtahd after a

20
a 0
n
€
=
0
2 -20
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<
g
O -40 |H

ol 1 1 1 | L1

Time (s)

Speed changes between the horizontal and the vertical position are
significant. (B) Gravikinesis (see equation 1) calculated for the data
in A. Same preparation as in Fig.N52000-2500.

differences irt seen in Fig. 3B,C are due to different rates of
ciliary reversals causing cellular reorientations.

Fig. 4 shows relaxation of gravitaxis following turning
under 1g. In this case, relaxation followed a steep activation
of gravitaxis during slow turning of the experimental chamber
to the vertical position. Turning by 90° causes transient
angular accelerations of cells at different orientations in space.
Mechanical stimuli such as a shock imposed on the chamber,
or caused by pipetting the cells, are known to generate summed
hyperpolarizing mechanoreceptor potentials (Machemer and
Deitmer, 1985) inducing a few minutes of rapid forward
swimming and a reduction in the probability of ciliary reversals
(see Machemer, 1989). The observed transient increase in the

transition (at time zero) to microgravity. Medians were calculated fospeed of horizontally swimming cells following chamber
3s time intervals. Same preparation as in Fig. 5.

turning (Fig. 8A) reflects such mechanically induced
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hyperpolarization. Thus, the simultaneous occurrence of peaksnsient asynchrony in the stimulation of gravisensory
in orientation coefficient and swimming speed (Figs 4, 8A)hannels at the opposite endsPaframecium caudatum

during turning is due to unmasking of gravitaxis from random

cellular reorientations. In any case, the observed relaxations oft model of gravikinetic relaxation faramecium caudatum
gravitaxis after the turning procedure are unrelated to gravity The density of the cytoplasm &faramecium caudatum
and are therefore unsuited for investigations of graviresponsesxceeds the density of the surrounding body of water by
This is in agreement with previous findings suggesting a#0 kg nt3 (Kuroda and Kamiya, 1989). This differential mass
absence of adaptation in gravitaxis (Machemer-Réhm@iseh  is effective in gravistimulation. The cytoplasmic body of a

1993; Hadeet al. 1995; Hemmersbacht al. 1996). vertically swimming Paramecium caudatummay be
_ o o modelled as a mass suspended between the membranes at the
Slow relaxation and activation of gravikinesis anterior and posterior ends of the cell. The viscoelastic

Previous work using 4.6 s of microgravity in a drop towerproperties of the cytoplasm including the cytoskeleton can be
had suggested that vertical and horizontal swimming rates ofiodelled as parallel springs and dashpots (Fig. 9). Gravity-
Paramecium caudatunequalized by 3s of microgravity induced outward deformation of the lower membrane
(Machemeret al. 1993). Our present data using a more activates mechanically sensitive channels in this area,
extended period of microgravity confirmed thaf andVy  whereas the steady inward pull exerted on the upper
became more similar in microgravity (Fig. 5B). To our membrane by the same force is less effective on local channel
surprise, however, gravikinesis was still observed even afterctivation (Machemer and Bréucker, 1992). A stepwise
10s of microgravity, as shown by the continued disparitytransition to microgravity induces the more dense
between the speeds of downward and upward swimmers. é&toplasmic body to shift upwards relative to the external
slow relaxation of gravikinesis is evident in the differencebody of water. The upper and lower viscoelastic junctions
Vp—Vu (Fig. 6), which is directly related to gravikinesis (seereact to this shift in the manner of a damped oscillation
equation 1). including outward as well as inward deformations of the

The sign of the vertical speed differencép{Vu) was mechanically sensitive membrane.
usually positive, in agreement with previous findings Inthe case of upward-swimming cells (Fig. 9A), the reduced
(Machemeret al. 1993). Because the sedimentation rateoutward deformation of the posterior membrane results in
(117ums?) vanishes immediately upon transition to closure of the K channels and, hence, hyperpolarization
microgravity, a simple calculation suggests MatVy should  decreases. At the same time, the viscoelastic link near the
be negative in microgravity assuming that negativeanterior membrane pushes the upper membrane outwards,
gravikinesis relaxes more slowly than sedimentation (sewhich opens the Gachannels and induces a depolarizing shift
equation 1).Vp—Vu will be zero if negative gravikinesis in the membrane potential. IRaramecium caudatumhe
relaxes instantaneously or is absent. A chand&itVu from  mechanical definition of these anterior and posterior links is
positive to negative was seen in the ciliBidinium nasutum sufficient to generate a summed depolarizing receptor potential
after a step transition to microgravity (S. Machemer-Réhnischat the onset of microgravity in an upwardly swimming cell.
R. Braucker and H. Machemer, unpublished data). Inspectiohhe resulting inhibition of ciliary activity compensates for the
of Figs 5B and 6 suggests thé& continued to be larger than depressing effect of sedimentation so that, initially, upward
Vu from the very beginning of microgravity. Thus, the sign ofswimmers change speed very little (Fig. 5B).
gravikinesis reversed from negative undgrtd positive under Downward-swimming cells face conditions analogous to
microgravity (Fig. 7). upward swimmers (Fig. 9B). Removal of the cytoplasmic load

leads to closure of the €achannels at the anterior end and
Gravikinetic relaxation reveals superposition of antagonizingactivation of the K channels at the posterior end. The
mechanisms summation of receptor conductances (generates a

An examination of the speed data at a high time resolutiohyperpolarizing potential and ciliary activation which
at the transition to microgravity (Figs 5B, 6) shows that theeompensates for the loss of sedimentation. Therefore, the
variability of Vpb—Vu values increases in microgravity. This initial downward speed of these cells in microgravity
variability is not due to noise inherent in the data (see data feesembles their speed undeg (Fig. 5B).
1g). We therefore propose that the ‘noisy’ relaxation of The initial response of the viscoelastic links between the
gravikinesis inParamecium caudaturhas a physiological cytoplasm including the cytoskeleton and the membrane does
basis consisting of two mechanically coupled systems afiot persist because (1) the elastic elements of the links relax
gravisensory transduction: a Talependent depolarizing towards a new steady state under microgravity, (2) this
activation and a kdependent hyperpolarizing activation of relaxation to the new steady-state condition occurs as
gravikinesis (Machemeet al. 1991). The existence and oscillations between extension and compression, and (3)
topographical separation of these mechanosensory systemsatillations of the upper and lower links are not in phase. The
the polar ends dParamecium caudatufmas been established summed effect of these properties is the observed increased
previously (see Machemer and Deitmer, 1985). Here, weariability in speed superimposed on the gradual reduction
propose that a step transition frorg tb microgravity leads to towards zero of th&p—Vy values (Fig. 6).
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Fig. 9. Schematic diagram to explain the relaxation of gravikinesiRamamecium caudaturfollowing a step transition to microgravity.
Viscoelastic elements connect the cytoplasmic mass (shaded rectangular body) with the membrane, which incorporates nigeh@gdsensi
channels (anteriorly) and*kchannels (posteriorly). Channels in the ‘lower’ membrane are activated ugptercduse outward deformation of

the sensitive membrane is caused by gravity. Such outward deformation is likely to be mealiedetpression of local viscoelastic elements

of the cytoskeleton. (A) In cells swimming upwards undgr K* channels in the posterior membrane open and hyperpolarize the membrane
and ciliary frequency increases, thus increasing upward swimming velocity (=negative gravikinesis). A step transitionr&vityicemgoves

the gravitational load from the lower spring, which moves the cytoplasmic mass upwards, charging the upper spring (theniRepeolds

cells such a®arameciunis 1073 or less, so that the inertial drag of the mass of the cell is negligible). The resulting outward deformation of the
anterior membrane activates the?Cahannels, while the posteriorrkchannels close. The summed conductances generate a depolarizing
potential, decreasing ciliary frequency and reducing the upward swimming rate (=positive gravikinesis) at the beginnipgrioftioé
microgravity. (B) Cells swimming downwards undeg have their anterior G4 channels activated by gravity, inducing a reduction in
downward swimming rate (=negative gravikinesis). Removal of the gravitational load leads to an expansion of the lowen spriragda

shift of the cytoplasmic mass, opening of the posteribckannels and closure of the anterio?Cehannels. A summed hyperpolarizing
potential generates augmentation of the downward swimming rate (=positive gravikinesis). The relaxation properties ofl#stiosigtks
determine the swimming behaviour during the subsequent exposure to microgravity.

General conclusions the free fall (see Materials and methods). We are unable to

Gravikinesis relaxation and activation exclude the possibility that such instability contributed to the

Our hypothetical model accounts for the inversion of thenitial behavioural responses ifParamecium caudatum
sign of gravikinesis ifParamecium caudaturobserved after However, the persistence of cell orientation during gravity
a step transition to microgravity. Results from previoudransition (Fig. 2) and the persistence of the post-transition
experiments (Machemeat al. 1993) and the present study characteristics of th&p—Vy response for 10s (Fig. 6) suggest
suggest that gravikinesis atglneutralizes the effects of that this early instability of the gravity step played a minor role,
sedimentation (=negative gravikinesis) and that, upon stepany, in the relaxation of gravikinesis.
entry to microgravity, persisting gravikinesis acts for a limited We wish to emphasize that step-type transitions of gravity
time in an analogous way to sedimentation (=positivedlo not occur in the daily life of swimmin@aramecium
gravikinesis). Our experiments were designed to extend thmaudatumso that the paradoxical inversion of the sign of
period of microgravity studied and to increase the timegravikinesis can be obtained under these conditions only. A
resolution for analysis of the orientations and kinetic responsdgee-swimming Paramecium caudatunthat changes from
of cells. A major conclusion from these experiments is thatipward to downward swimming, andce versa undergoes
gravikinetic relaxation following gravity step transitions takeschanges in linear and angular acceleration in addition to
longer than the 10s used in the present study, presumahifianges in the point of action of the gravity vector. Our
because of the viscoelastic properties of the gravisensosxperiments on the activation of gravikinesis by slow turning
system ofParamecium caudatum (Fig. 8B) suggest that gravikinesis Raramecium caudatum

We were able to separate gravikinetic responses from the sensitive to angular as well as to linear acceleration. We have
effects of sedimentation by applying gravity step transitionstecently found that mechanical vibrations, which might occur
The release of the drop unit used to achieve microgravitguring turning of the chamber, do not affect gravikinesis in this
includes a brief instability in acceleration at the beginning otell (R. Braucker, unpublished data).
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Gravikinetic activation under d conditions is a slow HADer, D. P.anD HEMMERSBACH, R. (1997). Graviperception and
process. Swimming rates were near steady-state approximatelygraviorientation in flagellate®lanta203 7-10.
30s after completion of turning of the chamber (Fig. 5), buHADER, D. P., BRsT, M., TAHEDL, H., RCHTER, P.AND LEBERT, M.
Fig. 8B suggests that it took 1 min for median gravikinesis (1997). Gravitactic orientation in the flagell&&eiglena gracilis
values to stabilize. A possible conclusion from these Microgravity Sci. Technoll0, 53-57.
observations is that gravikinesis Baramecium caudatum ADER: D- P., FEINECKE, E., VOGEL K. AND KREUZBERG K. (1991).
saturates if a cell swims in a particular direction without turns Responses of the photosynthetic flageli&aglena gracilis to

_ L hypergravity.Eur. Biophys. J20, 101-107.
or reversals. It should be noted that the transient activation g{ADyEF; g P );bSUM A pScyHAFER J.AND HEMMERSBACH, R. (1995)

the cilia induced by slow turning of the chamber (Fig. 8A;  Gravitaxis in the flagellat&uglena gracilisis controlled by an
increased horizontal and downward speeds, decreased upwardciive gravireceptod. Plant Physial146, 474-480.

swimming speeds) did not apparently interfere with theqawiL, O. P.anp McBRIDE, D. W. (1997). Mechanogated channels
increase in negative gravikinesis (Fig. 8B). In accordance with in Xenopusoocytes: different gating modes enable a channel to
this finding, it has been shown previously that gravikinesis is switch from a phasic to a tonic mechanotransdiRiet. Bull. mar.
independent of the absolute speed of cells (Machemer andbiol. Lab., Woods Hol&@92 121-122.
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Relaxation of gravitaxis had variable time constants of up t )
21s (Fig. 3). The time constant for the relaxation ongMMERSBACHKRAUSE R., BRiEGLES, W., HADER, D. P., \0GEL K.,

iki . . d ined. b iaht be of th GROTHE, G. AND MEYER, |. (1993). Orientation oParamecium
gravikinesis remains undetermined, but might be of the SaME nder the conditions of weightlessneds.Euk. Microbiol. 40,

order. The activation of gravitaxis was associated with a 439_446.

transient peak in the orientation coefficient (Fig. 4), whereagenier, R. aNd BRAUCKER, R. (1997). Physiological graviresponses
the activation of gravikinesis of the same cell sample was a of Paramecium caudatumuring and after adaptation to different
continuous function of time (Fig. 8B). The time-dependence of ionic concentrationsl. Euk. Microbiol 44, 31A.

gravitaxis (Figs 3, 4) could be explained by an antagonisti&urobpa, K. anp Kamiva, N. (1989). Propulsive force &faramecium
mechanism: the probability of events of cellular turning. A as revealed by the video centrifuge microscépg. Cell Resl84,
comparison between the kinetics of activation of gravitaxis and 268-272.

gravikinesis (Figs 4, 8B) provides no clues about a commokEBERT, M., RCHTER, P.AND HADER, D. P. (1997). Signal perception
basis for these mechanisms. In the absence of positive evidenc&"d transduction of gravitaxis in the flagellteglena gracilis J.
from the comparison of kinetics, we conclude that theivl Plant Physiol.150 685-690.
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