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for a period of 4 to 5 minutes. 

The most puzzling and least studied 
sensory pathway in Phycomyces is the 
avoidance response. By a yet unknown 
mechanism, a sporangiophore senses the 
presence of a solid barrier a short dis- 
tance away and will bend away from it 
after a latency period of about 3 minutes 
(1). We have found that this response 
can be inhibited by a blue-light stimulus 
given in combination with the avoidance 
stimulus. Such interference is evidence 
of a significant physiological interaction 
between these two sensory pathways in 
the regulation of cell growth. 

Although genetic studies by Bergman 
et al. (2) indicate that the two pathways 
share a common element, previous work 
has provided no physiological evidence 
for such interaction. A study by Cohen 
et al. (3) reports that the avoidance bend- 
ing response is not affected by steady il- 
lumination, even at light intensities as 
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high as 20 mW/cm2, conditions under 
which the sporangiophore has lost the 
ability to respond to any light stimulus. 
Similarly, Ortega and Gamow (4) report 
that, after a saturating 10-minute light 
stimulus at 82 mW/cm2, a normal avoid- 
ance growth response (bilateral barrier 
stimulus) still occurs. 

In the work we report here, the avoid- 
ance stimulus was a plastic cover slip 
placed about 1 mm from a stage IV spor- 
angiophore and kept at a constant dis- 
tance throughout each experiment. Spor- 
angiophores were grown in white light 
and adapted to red light for at least 5 
minutes before each experiment. The 
blue-light stimulus was either a 1-minute 
pulse or a step (continuous light) at 315 
gW/cm2, with light from a 100-W tung- 
sten bulb filtered through a Corning 5-61 
filter. The light was split into two equal 
beams that struck the sporangiophore on 
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each side at an angle of 30? from the hori- 
zontal. The angle of bending was mea- 
sured in red light by use of a microscope 
with a goniometer eyepiece. 

The application of a blue light step 
stimulus at 3, 7, or 10 minutes after the 
avoidance stimulus causes a temporary 
reversal of avoidance bending (Fig. 1, 
curves c, d, and e). Table 1 shows that, 
regardless of the time the light stimulus 
is applied and the amount of forward 
bending that has occurred, the inter- 
ference period begins about 3 minutes af- 
ter the light stimulus is applied and has a 
duration of 4 to 5 minutes. Similar results 
were obtained with 1-minute light pulse 
stimuli. 

Not only does a light stimulus interfere 
with an ongoing avoidance response but 
if given earlier it can also interfere with 
the onset of this response (Fig. 1, curves 
a and b). Table 2 shows that the avoid- 
ance latency period, defined as the inter- 
val between application of the barrier 
and the start of avoidance bending, is 4 
to 5 minutes longer in the presence of a 
light stimulus than in the absence of blue 
light. The light stimulus clearly interferes 
with the onset of avoidance bending, and 
the additional delay is roughly the same 
as the interference periods described 
above. 

We also found that a succession of 1- 
minute light pulse stimuli, given at 10- 
minute intervals during an avoidance re- 
sponse, elicits a corresponding succes- 
sion of bending reversals. Each reversal 
begins about 3 minutes after the pulse 
and lasts 4 to 5 minutes. When two pulses 
are spaced only 3 minutes apart, there 
is an overlap of the two interference peri- 
ods, resulting in an unusually long re- 
versal. 

From the fact that the interference 
caused by a 1-minute pulse of light is 
comparable to that caused by a step, we 
conclude that the interference is not due 
to the presence of light per se but is in- 
stead a result of the growth response to 
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Table 1. The time of onset and duration of the interference period and the magnitude of the 
reversal induced by a light stimulus applied during an ongoing avoidance response. Steps were 
continuous blue light at 315 /W/cm2; pulses were 1-minute flashes of the same light. Light 
stimuli were begun 3, 7, or 10 minutes after the barrier stimulus was applied. Values are means 
+ standard errors of the means. The number of experiments is given in parentheses. Time of 
onset is the interval between the beginning of the light stimulus and the beginning of the revers- 
al. Interference duration is the duration of reversed bending. 

Light Time of interfer- Interference Reversal 
stimulus ence onset (min) duration (min) magnitude (deg) 

Step(t = 3) 3.38 + 0.13 (4) 3.75 + 0.48 (4) 2.45 + 0.61 (4) 
Step (t = 7) 2.63 + 0.24 (4) 5.50 + 0.64 (4) 5.25 + 1.08 (4) 
Step(t = 10) 2.13 + 0.23 5.00 + 0.35 (4) 7.75 ? 0.92 (4) 

Mean, all steps 2.71 + 0.23 4.75 + 0.35 
Pulse (t = 3) 3.00 + 0.00 (5) 4.33 + 1.64 (2) 6.25 + 0.25 (2) 
Pulse (t = 7) 2.67 + 0.17 (3) 4.83 + 0.66 (3) 8.33 + 2.19 (3) 

Mean, all pulses 2.88 + 0.08 4.58 + 0.79 
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Table 2. The avoidance latency following light 
treatments. Dark indicates barrier applied in 
the absence of blue light; step, barrier applied 
1 minute after the beginning of a blue light 
step at 315 /W/cm2; and pulse, barrier applied 
immediately following a 1-minute pulse of the 
same light. Latency is the interval between 
application of the barrier and the beginning of 
avoidance bending. Values are means + stan- 
dard errors of the means. The number of ex- 
periments is given in parentheses. 

Light Latency 
treatment (min) 

Dark 3.01 + 0.78 (15) 
Step 8.07 + 0.80 (7) 
Pulse 7.13 + 0.37 (3) 
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light. The latter typically shows a 3-min- 
ute latency, a 4- to 5-minute period of 
rapid growth, and a final decrease in 
growth rate to baseline levels (1)-a pat- 
tern that coincides with the light-induced 
period of interference we have observed. 

Our evidence for interference between 
the light growth response and the avoid- 
ance response does not contradict the 
findings of Ortega and Gamow (4), be- 
cause they did not apply the avoidance 
stimulus until 12 minutes after the light 
stimulus. Our experiments show that a 
light stimulus is capable of causing inter- 
ference only for a period of 3 to 8 min- 
utes after the beginning of the light stim- 
ulus. Our results are likewise compatible 
with those of Cohen et al. (3), since they 
used steady illumination, which does not 
cause a light growth response. 

Why does a bilateral light stimulus 
cause a reversal of avoidance bending in 
addition to simple inhibition? The phe- 
nomenon of temporary tropic reversals 
induced by light stimuli has previously 
been noted for the phototropic and geo- 
tropic bending response (5). Castle (6) 
has proposed a theory to explain such re- 
versals, and his model can be extended 
to include reversals of the avoidance re- 
sponse. 

Castle postulates that there is a sub- 
stance, M, that is continually supplied 
and is distributed equally on both sides 
of the sporangiophore growing zone, 
forming M pools. The M substance is 
consumed during growth, being depleted 
equally on both sides during straight 
growth. When a sporangiophore bends, 
the M substance is depleted faster on the 
convex side because that side is growing 
more rapidly. When a light stimulus is 
applied, it triggers a period of rapid 
growth, and, since the rate of growth is 
proportional to the size of the M pools, 
the side with the larger M pool grows 
faster, causing a reversal of the original 
bending. 

Castle's model implies that the magni- 
tude and the speed of onset of the rever- 
sal should be proportional to the degree 
of imbalance in the two M pools, the im- 
balance being in turn directly related to 
the amount of bending that has occurred 
prior to the light stimulus. Our results 
are in accordance with this prediction. 
The latency of the reversal decreases 
and the magnitude of reversal increases 
as the elapsed time increases between 
the avoidance and the light stimuli (Table 
1). This more rapid onset and greater 
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Fig. 1. Stage IV sporangiophores are placed 1 
mm from a barrier stimulus at t = 0 minutes. 
A blue light step at 315 gtW/cm2 was applied 1 
minute before the barrier (a), at t = 3 (c), at 
t = 7 (d), and at t = 10 (e), as shown by the 
arrows. No light step was applied in (b). 
Curves a through e represent the average of 
seven, six, four, four, and four experimen- 
tal runs, respectively. All curves are displaced 
along the bending scale. 

(Fig. 1, curve a). In this case there has 
been no previous bending to cause an im- 
balance in the M pools, and the inter- 
ference period is seen as an extension of 
the latency of the avoidance response. 
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In a survey of pressure effects on the 
activity of ciliates and flagellates, Kitch- 
ing (1) reported that 100 to 200 atm 
slowed or stopped swimming paramecia. 
Our studies were designed (i) to charac- 
terize more fully the pressure-related 
changes in the swimming behavior of 
paramecia and (ii) to determine whether 
pressure induces alterations in the ciliary 
machinery or in the electrically excitable 
plasma membrane that controls the fre- 

quency and direction of ciliary beat. The 
bioelectric properties of the parame- 
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The significance of this work lies in the 
discovery of the light-induced delay of 
onset, a phenomenon unique to the 
avoidance response. The existence of an 
element common to both phototropic 
and avoidance pathways has been shown 
by the isolation of mutants in which both 
pathways are blocked (2). The delay of 
onset indicates that this common ele- 
ment is nonlinear and cannot function si- 
multaneously in both pathways when 
they each carry saturating stimuli. 

Our results raise the question of 
whether this interference is reciprocal. If 
so, one would expect a bilateral avoid- 
ance reponse to interfere with phototro- 
pism. 

SALLY S. HARRIS 
DAVID S. DENNISON 

Department of Biological Sciences, 
Dartmouth College, 
Hanover, New Hampshire 03755 
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cium's surface membrane are closely 
coupled to the activity of its locomotory 
cilia (2). A depolarizing influx of calcium 
ions causes ciliary reversal and backward 
swimming; with hyperpolarization, the 
frequency of ciliary beating and rate of 
forward swimming increase (2). By com- 
paring the effects of pressurization and 
decompression on normal paramecia 
with their effects on paramecium "mod- 
els" [paramecia treated with Triton X- 
100 so that their membranes were no 
longer functional barriers (3)], we deter- 

SCIENCE, VOL. 206, 19 OCTOBER 1979 

cium's surface membrane are closely 
coupled to the activity of its locomotory 
cilia (2). A depolarizing influx of calcium 
ions causes ciliary reversal and backward 
swimming; with hyperpolarization, the 
frequency of ciliary beating and rate of 
forward swimming increase (2). By com- 
paring the effects of pressurization and 
decompression on normal paramecia 
with their effects on paramecium "mod- 
els" [paramecia treated with Triton X- 
100 so that their membranes were no 
longer functional barriers (3)], we deter- 

SCIENCE, VOL. 206, 19 OCTOBER 1979 

Hydrostatic Pressure Reversibly Blocks Membrane Control of 

Ciliary Motility in Paramecium 

Abstract. A hydrostatic pressure of only 68 atmospheres prevented swimming 
Paramecium caudatum from "avoiding" or reversing direction; 170 atmospheres 
stopped or decreased forward velocity by more than 75 percent. A decompression of 
40 atmospheres invoked a single reversal, even at 280 atmospheres. In contrast, 
170 atmospheres did not significantly affect swimming behavior of paramecium 
"models" that were reactivated in a solution containing adenosine triphosphate 
and magnesium ions after their membranes had been disrupted by Triton X-100. 
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