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Abstract The swimming behaviour of Halobacterium
salinarium can be modulated by light. Changes of the light
intensity that induce reversals of the swimming direction
are called repellent stimuli, those that suppress reversals,
which otherwise would occur spontaneously from time to
time, arecalled attractant stimuli. Bacteriawere stimul ated
by periodic pulse-like stimuli, and the frequency of in-
duced reversals was recorded. Stimulation with a period
length between 16 and 6.5 s let the cells reverse periodi-
cally with the frequency of the external force. After the
stimulation had been stopped, the cells continued to re-
verse periodically for 3 to 9 periods which, however,
switched to a value of about 6 to 8 s, independent of the
frequency of preceding stimulation. This endogeneous os-
cillation was most distinct when the stimulation period ei-
ther equalled the endogeneous period or was twice or half
of its length. During the endogeneous oscillation, the re-
sponsiveness to an attractant stimulus showed a pro-
nounced phase-dependence. These results point to the os-
cillation of asignal in the sensory pathway which, differ-
ent from our former assumption, seems to be not self-sus-
tained but has to be set going by external stimulation.
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Introduction

Halobacterium salinarium swims by rotating polarly in-
serted flagella. Every few seconds the sense of flagellar
rotation changes and the cell reversesits swimming direc-
tion (Alam and Oesterhelt 1984). By means of retinal pro-
teins (rhodopsins) the organisms can detect light stimuli
and thereby orient themselves in their environment
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(Schimz et al. 1983; Spudich and Bogomolni 1984). A
light-increasein theyellow-green or alight-decreasein the
blue/UV, aso-called attractant stimulus, suppresses rever-
sals for some ten seconds and thereby prolongs the swim-
ming intervals. An intensity change of the opposite sign,
i.e. alight-decrease in the yellow-green or light-increase
intheblue/UV, aso-called repellent stimulus, inducesare-
versal and thus shortens the swimming intervals (Hilde-
brand and Dencher 1975; Spudich and Stoeckenius 1979;
Hildebrand and Schimz 19834a). In free-swimming cells,
clockwise (CW) and counterclockwise (CCW) rotation of
the flagellar motor are equivalent at least with regard to
the average length of the swimming intervals and the
responsiveness to light stimuli (Hildebrand and Schimz
1985).

The frequency distribution of the intervals between
spontaneous reversals is asymmetric (Hildebrand and
Schimz 1985). Its exponential decrease gave rise to mod-
els which describe the spontaneous switching of the mo-
tor as a stochastic process, i.e. the essential step between
the CW and CCW states was assumed to occur with acon-
stant probability per unit time (Marwan and Oesterhelt
1987; McCain et al. 1987). At the same time, several ob-
servations pointed to an oscillatory activity of the cell.
These were in particular: a phase-response relationship in
the case of attractant stimulation (Schimz and Hildebrand
1985); anon-random behavioural patternintemporal light
gradients (Schimz and Hildebrand 1989), phase-locking,
period-doublings, and presumably chaotic motion during
periodic stimulation and upon changes of a supposed con-
trol parameter to certain constant level s(Schimz and Hilde-
brand 1992). We therefore assumed that spontaneous tran-
sitions between the two states of the motor were also con-
trolled by oscillatory activity of the cell. Recent experi-
ments, however, did not confirm the phase-dependence of
the response when the cells were sufficiently adapted to
constant light (Krohs 1994). This result, together with the
observation of atransient periodicity in the motor behavi-
our after repellent stimulation (Schimz and Hildebrand
1992; Krohs 1995), suggests a stimulus-induced damped
oscillation as postulated by Krohs (1995) instead of a self-
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Fig. la—c Time-series of reversals of the swimming direction of
H. salinariumafter singlestimuli. Stimuli weregiven 2 safter aspon-
taneousreversal (t=0), and successive reversalswere recorded from
the same bacterium. The number of reversals in 2-s bins is plotted
vs. time. Light and dark sections are marked on the abscissa. Verti-
cal barsindicate the average time at which the first reversal after a
stimulus occurred. N =50 cellsin each series. a Repellent stimulus;
step-down at 565 nm. b Attractant stimulus; step-up at 565 nm.
¢ 1.5 s pulse; step-down followed by step-up, 565 nm

sustained one. In this paper we demonstrate atransient in-
trinsic oscillationinduced by brief periodic stimulationand
its dependence on the stimulation regime.

Materials and methods

Halobacterium salinarium (formerly H. halobium), strain
FIx3 (Spudich and Spudich 1982), wasgrown for 3—4 days
in standard medium as described previously (Hildebrand
and Schimz 1983Db). The culture was diluted 10-fold with
peptone-free medium, and the cell suspension was ob-
served in a glass chamber of about 0.2 mm depth through
a phase-contrast microscope connected to an IR-sensitive
video system. A single bacterium in the sample was se-
lected, and successive intervals between reversals of the
swimming direction were measured with an electronic
stopwatch connected to a printer. Light for periodic stim-
uli came from a DC-driven 150 W Xe-lamp (Osram XBO
150) equipped with a band pass-filter, A, =565 nm, half
width 13 nm. The light intensity in the plane of the
sample was 2.5x10' photonsxmm—2 s, Stimulating light
was directed through an incident-light illuminator and the
objective onto the sample. Periodic dark pulsesof 1.5 sdu-
ration were produced by closing and opening an electronic
shutter; the frequency was set by a pulse-generator. The
stimulation regime was started after a spontaneous rever-
sal had been observed. For technical reasons, the program
did not directly start with a pulse buth with a delay that
equals the gap between pulses. Reversals were recorded
while 9 dark pulses were given and the train ended with a
light-off step. Subsequently, 10 further reversals were re-
corded withthe samecell. Usually, about 10 such runswere
carried out with one preparation. Singlerepellent or attrac-
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tant stimuli were given 2 s after a spontaneous reversal.
Prior to each series, the cellswere allowed to adapt to light
of 565 nm wavelength for 3 to 5 min. To measure phase-
response curves, test stimuli were obtained from a DC-
driven 200 W Hg-lamp (Osram HBO 200) connected to a
Zeiss monochromator M4QIIl. The intensity at 565 nm
(half width 30 nm) was 9x10'2 photonsxmm = s, Obser-
vation light came from a 150 W Xe-lamp with an inserted
IR filter, A>830 nm (Schott & Gen., RG 830). The tem-
perature of the samplewas kept at 25 °C by means of apel-
tier-controlled microscopic stage. Additional details will
be described in the figure legends.

Results and discussion

Periodic light stimuli cannot be given but by switching the
light on and off. In a pulse-like stimulus, however, the on-
flank and the off-flank are seen by the organism as a se-
guence of two opposite stimuli. A single step-down stim-
ulusat 565 nminducesareversal within3to5 s(Fig. 1a).
The second peak, which occurred 11 to 13 s after the stim-
ulus will be discussed later. A single step-up stimulus at
565 nm acts as an attractant stimulus and suppresses rever-
sals for some time (Spudich and Stoeckenius 1979; Hilde-
brand and Schimz 1983a). The first events occurred 13 to
15 s after the stimulus (Fig. 1b). A sequence of both,
namely a dark-pulse, elicited both types of response, one
after another: a reversal-induction 3 to 4 s after the off-
flank of the pulse followed by a suppression of reversals
that lasted up to about 14 s after the on-flank (Fig. 1c¢).

In the following experiments, the cells were stimulated
by periodic dark pulsesat sel ected frequencies, endingwith
arepellent stimulus. Examples of the obtained time series
are shown in Fig. 2. In parallel, the frequency of interval
lengths in subsequent time windows (Fig. 3) isgiven asa
more sensitive device to look for the temporal develop-
ment of behaviour. During periodic stimulation, reversals
occurred periodically with the same frequency as the ex-
ternal force, provided that the period of stimulation was
within the range 16 to 6.5 s. The delay between the off-
flank of the pulse and the induced reversal was about 3.5 s
throughout. The distribution of interval lengths during
periodic stimulation showed steep and narrow maxima
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Fig. 2a,b Time-seriesof re-
versals during and after period-
ic stimulation. Successive re-
versals during stimulation and
thereafter were recorded from
the same bacterium. T=0 refers
to a spontaneous reversal. The
vertical barsindicate a period
of 6.5 s beginning with the last
stimulus-induced reversal. P
denotes the period of stimula-
tion in seconds. The number of
bacteriain each series was

N =50

Fig. 3a—f Frequency distribu-
tion of swimming intervals dur-
ing periodic stimulation (a—e)
and during subsequent time
sections thereafter (a;—e3). The
number of bacteriawere N=50
inseriesaand e, N=100 to 110
inb, c,andd; N=1, 473 inter-
valsin f. The respective time-
windows are given on each dia-
gram in seconds; t=0 refers to
the last spontaneous reversal
before stimulation asin Fig. 2.
P indicates the period of stimu-
lation in seconds. The vertical
dashed lines mark an interval
length of 6.5 s or the twofold,;
the dotted lines indicate the
mean interval length between
spontaneous reversals of about
9 s obtained from f

(Figs. 3a—e) which met the respective periods of stimula-
tion and differed considerably in shape from the broad and
asymmetric distribution of intervals in the spontaneous
state (c.f. Fig. 3f). With stimulation periods of 13t06.5 s,
period doublings showed up besides the main peaks
(Figs. 3b—d). Period 3 produced a broad and unstructured
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distribution (Fig. 3€). Previous experiments with much
longer sequences of 200—600 periodic stimuli suggested
that thisfrequency range of stimulation may lead to chaotic
motion (Schimz and Hildebrand 1992).

After periodic stimulation was stopped, reversals con-
tinued to occur periodically and were synchronized for



some time, but now with anew interval length of 6to 8 s,
whichwasindependent of thefrequency of preceding stim-
ulation and significantly shorter than in the unstimulated
state. The interval distributions during the first 15 s after
the stimulation protocol showed more or less sharp max-
imain all series (Fig. 3a;—e;). The extent and duration of
this endogeneous periodicity was not exactly the same in
all series. In the subsequent window from 15 to 40 s after
stimulation, the 6 to 8 s interval clearly persisted when
the stimulation period had been 13 s (Fig. 3b,), 6.5s
(Fig. 3d,), and 3 s(Fig. 3e,). Inaddition, roughly thetwo-
fold interval length showed up at least in two series
(Fig. 3b,, d,, d3). Subsequent to stimulation with period
lengths of 6.5 and 3 s, the endogeneous period of 6t0 8 s
even persisted up to 65 s after stimulation (Fig. 3ds, e3),
whereasinthecaseof 16 s, 13 s,and 10 stheinterval length
approached the spontaneous value of 8to 10 shy that time
(Fig. 3a,, bs, c,). In two cases both the endogeneous pe-
riod and the mean interval in the spontaneous state showed
up side by side (Fig. 3¢5, d3).

Time-series like those presented in Fig. 2 confirm the
different effectiveness of the period of stimulation: Syn-
chronization of reversals could be detected for at least 3
cycles after stimulation; it lasted even longer with partic-
ular stimulation periods of 13, 6.5 (Figs. 2a, b), and 3 s
(not shown). Another parameter to influence the persis-
tence of the initiated endogeneous oscillation was found
to be the duration of the periodic stimulation. When the
stimulation at period 13 was cut down to 5 cycles, the sub-
sequent oscillation was reduced to 3 cycles (data not
shown).

We know that already a single repellent stimulus in-
duces adamped oscillation that persists for one or two cy-
cles after the response (Krohs 1995). Accordingly, Fig. 1a
shows a first peak of reversal frequency as a response to
the stimulus and a second peak about 8 s later, but no
marked further periodicity. While a single repellent stim-
ulus evokes only aweak oscillating signal, periodic stim-
ulation obviously leads to an amplified signal that persists
for alonger time depending on the stimulation period. The
most effective way to set going the endogeneous oscilla-
tion, is the use of a stimulation period that either equals
the endogeneous period, or is of half or twiceits length.

Itistobeexpectedthat therewill beadifferencewhether
the train of periodic stimuli ends with arepellent or an at-
tractant flank. Under the latter condition, the attractant
flank suppressed the endogeneousreversalsfor at least 12
to 16 s in the same way as a single attractant suppressed
spontaneous reversals (Fig. 1b). Thereafter, reversals oc-
curred in a synchronized manner for about 6 cycles of 6.5
to 10 slengths (datanot shown). Thisobservation suggests
that the oscillating signal induced by the repellent stimu-
lusis not cancelled by the attractant signal and that repel -
lent and attractant signals are qualitatively different.

Finally, wereaddressed the question of whether the sen-
sitivity to an attractant stimulus shows a phase-depen-
dency, i.e. whether on the basis of an oscillating signal the
sensitivity to stimuli also oscill ates. When an attractant test
stimulus was applied during the first swimming interval
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Fig. 4 Phase-responserelation of the attractant response during the
first swimming interval after periodic stimulation. Bacteria were
stimulated as described in Fig. 2a and a single attractant stimulus
(step-up at 565 nm) was given with various delays after the last in-
duced reversal (t=0). The interval length between that reversal and
the next one was measured as the response. Data points represent
single measurements from different cells. The dashed line marksthe
moment of stimulation with regard to both axes and separates rever-
sals which occurred before and after the stimulus. Pointsup to 3 s
above this line are regarded as spontaneous reversals (Krohs 1994)
and were omitted from the calculation of the average values, that are
connected by solid lines

following periodic stimulation (Fig. 4) or during the sec-
ond one (data not shown), the response showed a marked
dependence on the moment of stimulation. As in former
experiments that were done under slightly different condi-
tions (Schimz and Hildebrand 1985; Hildebrand and
Schimz 1990), the response reached a maximum when the
stimulus was delayed about 2 s with respect to the last in-
duced reversal (t=0). When the same experiment was per-
formed during the tenth interval after periodic stimulation,
i.e. when the endogeneous oscillation had faded away, no
significant phase-dependenceof theresponsewasl eft (data
not shown). Thisisin agreement with the results obtained
by Krohs (1994), when he used cells which had been suf-
ficiently adapted to constant light. Data points below the
dashed linein Fig. 4 result from those cells, which, due to
theinitiated endogeneous oscillation, reversewith aperiod
of 6 to 8 s before they see the attractant stimulus. During
the first cycle, 75—80% of the cells behaved in that way.
The remaining cells, however, skipped this reversal, and
only those could be used for measurements at longer de-
lays. The phase-response curve shows a second maximum
between 7 and 8 s. Thisindicatesthat also in the case when
reversal s are skipped the endogeneous oscillation goes on,
although the amplitude may be too small to trigger a mo-
tor event.

A main result of this work is that the oscillation that
persists after the periodic stimulation was terminated,
shows a period that isinvariant and almost constant what-



650

ever the period of entrainment may have been. The ques-
tion arises of whether stimulation synchronizes a pre-ex-
isting free-running but noisy oscillation, that controls
spontaneous reversals, or whether it initiates the oscilla-
tion. In our experiments, the trains of periodic stimuli start
at various times after a spontaneous reversal, i.e. at differ-
ent “phase-angles’. Nevertheless, neither a phase-shift in
the entrained oscillation nor changes of the period of en-
dogeneous oscillation could be observed. This would be
rather in agreement with the hypothesis that stimulation
triggers an oscillating response at any given time.

The initiation of damped endogeneous oscillation by
stimulation has parallels in higher developed organisms.
For example, 40—60 Hz oscillations in the mammalian
brain are initiated by visual stimuli and persist for a short
time. They are assumed to be essential for information pro-
cessing (Gray et al. 1989; Podvigin et al. 1992). The fea-
tures which we describe here in a prokaryote are also con-
cerned with processing of photosensory information.

According to the results which we presented here, we
have to assume that different from our former assumption
of a self-sustained oscillation in Halobacterium (Schimz
and Hildebrand 1985, 1992) oscillationisinitiated by stim-
ulation as proposed by Krohs (1995). At present we do not
know what parameters determine the frequency of the en-
dogeneous oscillation. A possible sourcefor itsgeneration
in the sensory pathway may be the feedback |oop that con-
nectsthe excitatory signal to the methylation of transducer
proteins and thereby causes adaptation (Yao and Spudich
1992; Marwan et al. 1995). I n previous experimentswe ob-
served that inhibition of methylation increasesthelifetime
of sensory signals (Hildebrand and Schimz 1990) and prob-
ably shifts the range at which the cells become entrained
(Schimz and Hildebrand 1989, and unpublished results).
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