
Cell Motility and the Cytoskeleton 30:&16 (1995) 

Ni2+ Inhibition Induces Asymmetry in 
Axonemal Functioning and Bend Initiation of 

Bull Sperm 
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Bull sperm extracted with 0.1% Triton X-100 can be reactivated to full motility 
with 0.33 mM Mg-ATP (sperm models). When motile sperm models are treated 
with 0.66 mM NiSO,, spontaneous motility is lost. During the transition to 
motility arrest, the beat becomes progressively more asymmetric, finally arresting 
at one extreme of the beat cycle. After spontaneous motility has been lost, the 
flagellum retains the ability to respond to mechanical stimulation. If a microprobe 
is used to bend the flagellum in the direction opposite to its own prevailing 
curvature and released, the recoil is rapid and overshoots the equilibrium position. 
When the same flagellum is manipulated in the opposite direction (into a tighter 
bend of the existing curve), the recoil is slower and does not exceed the initial 
bend. If a microprobe is used to carefully bend the whole flagellum into a curve, 
the flagellum will resume continuous beating, but only if the imposed bend is in 
the direction opposite the natural curvature. The reinstated beating activity (me- 
chanical reactivation) is sustained as long as the flagellum is held by the micro- 
probe. The rate of change of the shear angle in these mechanically reactivated, 
Ni*+-inhibited sperm suggests an impaired rate of sliding on one side of the 
axoneme compared to similarly restrained control sperm. It appears that Ni2 + has 
a selective inhibitory effect on the dynein arms that bend the flagellum in one 
direction. Furthermore, the remaining functional arms activate only when the 
flagellum is bent in the direction opposing their own action. 
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INTRODUCTION 

T h e  beating of flagella and cilia is driven by  the 
interaction of dynein and  tubulin. The outer  doublet mi- 
crotubules of the eukaryotic axoneme are  arranged such 
that each doublet (with the exception of 5 and 6 which 
appear to  b e  permanently bridged in s o m e  species) slides 
headward on its higher numbered neighbor by the action 
of  the dynein arms projecting from the doublet [Sale and 
Satir, 19771. This  conserved polarity of sliding maintains 
that the dynein arms of  doublets 1 ,  2, 3, and 4 are re- 
sponsible for  bending the flagellum in one  direction, 
while those on  doublets 5-6, 7, 8, and 9 bend it in  the 
opposite direction. Consequently, the beating cycle of  
flagella and cilia can  be conceptualized as consisting of 
two phases. O n e  phase is dominated by the action of one 
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set of  dynein arms,  and the reciprocal phase is  driven by 
the set o n  the opposite side of  the axoneme. In inverte- 
brate sperm,  the bend that develops in the direction re- 
sulting in the greatest curvature is referred t o  as the  prin- 
cipal bend,  while the opposite curvature is the reversc 
bend. In cilia, the s t roke ending in  the formation of ;I 

principal bend is conventionally referred t o  as the effec- 
tive stroke, while the stroke terminating in  a reverse bend 
configuration is  customarily called the recovery stroke. 
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should still retain the ability to generate force and bend- 
ing in the direction favored by the 7,  8 ,  9 bridges. 
Thirdly, imposing a flagellar bend with a microprobe in 
the direction favored by the inhibited bridges may sub- 
stitute for the action of the dysfunctional bridges, restor- 
ing a complete beat cycle. This should not be the case 
when the imposed bend is in the direction favored by the 
functional bridges. In the present study, these predictions 
are examined utilizing Triton X- 100 extracted sperm 
models and micromanipulation techniques. 

In most of the cilia and flagella previously studied, the 
two beat phases are asymmetrical, however the degree of 
asymmetry varies widely. Calcium is the most signifi- 
cant factor affecting the extent of asymmetry. It has been 
shown to modulate the beat cycle orientation andlor sym- 
metry in a variety of cilia and flagella [Naitoh and 
Kaneko, 1973; Brokaw et al., 1974; Hyams and Borisy, 
1978; Brokaw, 1979; Bessen et al., 1980; Gibbons and 
Gibbons, 1980; Nakaoka and Ooi, 1985; Lindemann and 
Goltz, 19881. 

Microtubule sliding has been observed directly in 
both rat and bull sperm treated with Triton X-100 and 
high pH [Lindemann and Gibbons, 1975; Olson and 
Linck, 1977; Lindemann et al., 19921, and in bull sperm 
extracted with Triton X-100, then frozen at -20°C for 72 
h [Lindemann et a]. , 1980; Kanous et a]., 19931. Upon 
addition of Mg-ATP, these partially digested sperm 
models will disintegrate and expel one or more bundles 
of microtubules and outer dense fibers (ODFs) from the 
axoneme in the midpiece region where the restraining 
mitochondria have been stripped away. Using frozen- 
thawed bull sperm models, it has recently been possible 
to identify which microtubules are most frequently ex- 
pelled [Kanous et al., 19931. Two major patterns of ex- 
trusion were most often observed. The first involved the 
expulsion of elements 4, 5-6, and 7 as a bundle from 
one side of the axoneme. Using the accepted convention 
of sliding order, microtubule 7 must slide upon micro- 
tubule 8, forcing the whole bundle to slide out headward. 
The other pattern involved expulsion of a second bundle 
of microtubules, consisting of elements 9,  1, and 2, 
along with or immediately following the 4, 5-6, 7 bun- 
dle. This second pattern requires that microtubule 2 slide 
headward upon 3 in addition to 7 sliding on 8 .  In the 
same study, Ni2+ was found to selectively block the 
emergence of the 9 ,  I ,  2 bundle, while still permitting 
extrusion of the 4, 5-6, 7 group. This finding is intrigu- 
ing not only because it demonstrates that sliding at the 
2-3 bridge is selectively sensitive to Ni2+, but also be- 
cause Ni2+ has been shown to block the response of the 
axoneme to Ca2+ [Lindemann and Goltz, 1988; Satir et 
al., I99 1 ; Larsen and Satir, 19921. 

The results obtained by observing the sliding dis- 
integration of bull sperm suggest the following hypoth- 
esis: The dynein arms driving the two phases of the 
flagellar beat cycle are unequally sensitive to Ni2+. In 
the presence of Ni2+, the set corresponding to the I ,  2, 
3, 4 side is selectively inhibited. If this hypothesis is 
correct, certain predictions can be made concerning the 
functional behavior of Ni2+-inhibited sperm models: 
Firstly, as motility is lost through Ni2+ -inhibition, the 
beat should show a progressive decrease in the bend 
angle in one bend direction. Secondly, sperm that have 
lost spontaneous motility following Ni2+-inhibition 

MATERIALS AND METHODS 
Sperm 

NOBA, Inc. (Tiffin, OH) supplied ejaculated bo- 
vine semen diluted in tris(hydroxy-methy1)aminometh- 
ane (Tris)/sodium citrate extender containing 28% egg 
yolk at a pH of 6.5 to 7.0. Sperm concentration was 
approximately 75 X 10' cells per ml. The samples were 
shipped on ice in an insulated container and received in 
the laboratory the following morning, where they were 
stored at 0-5°C prior to use. 

Triton X-100 Extraction 

The egg yolk extender was washed from the bull 
sperm by diluting 4 mi of the sample with 6 ml of citrate 
buffer (0.097 M sodium citrate, 4 mM MgSO,, and 2 
mM fructose at a pH of 7.3-7.4). The mixture was cen- 
trifuged at 960g for 10 min, and the supernatant was 
decanted. The cell pellet was resuspended in 10 ml of 
additional citrate buffer and recentrifuged. The superna- 
tant was again decanted, and the remaining cell pellet 
was resuspended to a final volume of 4 ml and used as 
the stock sperm suspension. 

In each experiment, 5 ~1 of the stock suspension 
was added to a culture dish containing 3 ml of demem- 
branation mixture (0.024 M potassium glutamate, 0.13 
M sucrose, .002 M Tris-HC1, 0.5 mM EGTA, 1 mM 
MgCl,, and 0.1% Triton X-100). ATP (0.33 mM) was 
then added to the preparation and the cells were observed 
for reactivated motility using light microscopy. Two mil- 
liliters of the reactivated sperm preparation were placed 
in a slide chamber, and cells were observed for motility 
using a 40X water immersion lens. In some experiments, 
reactivated cells that had spontaneously lost motility 
were used as control cells for comparison with Ni2+- 
treated, non-motile cells. 

Motility Loss With Ni2+ 

A reactivated sperm cell showing a vigorous pat- 
tern of symmetrical beating was isolated, and the head 
was immobilized by pressing it to the bottom of the 
chamber with a microprobe. The initial flagellar motility 
was videotaped utilizing synchronous strobe illumina- 
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Fig. 1. A schematic representation of the recoil experiment proce- 
dure. Immotile, reactivated sperm models were fastened, by their 
heads, to the slide chamber and manipulated. The direction of the 
initial flagellar curvature (either curving clockwise or counterclock- 
wise from the base) was noted, and each flagellum was pushed away 
from the equilibrium position, then allowed to recoil independently. 
To allow the flagellum to slide away from the microprobe with min- 
imal damage after each pushing episode, a bent probe was used (as 
illustrated in the figure). 

1: I 
I 

Fig. 2. A diagramatic illustration of the procedure used to induce 
mechanical reactivation. A microprobe was used to apply mild pres- 
sure to affix the head of immotile, reactivated sperm models to the 
bottom of a slide chamber. The equilibrium bend of each flagellum at 
rest was noted as curving either clockwise or counterclockwise. The 
microprobe was attached to the distal end of the flagellum and used to 
manipulate it. The flagellum was pushed both further in the direction 
of the native bend and then in the opposite curvature, to a point 
approximately 90” from the equilibrium position without stretching, 
rolling, or kinking it. When oscillatory motion was initiated by ma- 
nipulation, the direction of pushing in relation to the equilibrium po- 
sition was noted. 

tion. The pattern of beating was examined to determine 
which direction showed the greatest curvature. Using 
this criteria, which is often applied in invertebrate cilia 
and flagella, we assigned principal and reverse bending 
directions. The videorecording continued as NiSO, was 
added to a final concentration of 0.66 mM and mixed 

Fig. 3 .  Flagellar shear angles were determined by: (1) drawing < I  

tangent to the flagellar curve at a point 20 p m  from the base; ( 2 )  
drawing a basal angle determined by a line tangent to the flagellum 31 

its most basal point; (3) determining the angle formed by the bas‘il 
angle and the drawn tangent (the shear angle). 

gently using a pipet. The flagellar motion of the ob- 
served cell was videotaped until the cell was no longer 
beating, and the final resting or “equilibrium” position 
of the cell was traced. This was also basically the method 
used to produce Ni2+-inhibited cells in each of the fol- 
lowing procedures. 

Flagellar Recoil 

A reactivated sperm cell model that no longer den1 
onstrated flagellar beating was secured to the slide chanr 
ber bottom by microprobe pressure on the sperm head. 
making sure the flagellum was still free. The resting oi 
“equilibrium” curvature of the flagellum was noted. U\  
ing a bent microprobe, the flagellum was manipulateti 
into a bend, either a tighter bend in the same direction a <  
the equilibrium curvature or a bend in the opposite di 
rection. The flagellum would then be released at point. 
approximately equidistant from a line parallel to the ba\c 
of the flagellum (Fig. 1).  The resulting recoil was video 
recorded (at 1/60 sec per frame using synchronousl) 
strobed illumination) and analyzed by tracing (onto om 
transparency) all frames in which the flagellum was I I  

focus. Each tracing was then marked 40 pm from thc 
head-tail junction. A best fit curve was drawn througti 
these points. Using the first marked point at time zelc 
(the point of release), the distance of this point from thc 
point on the equilibrium curvature was measured alon: 
the drawn curve and became the 100% distance. Al 
other points along the curve were evaluated as percent 
ages of this distance. Any point which had passed to tht 
opposite side of the equilibrium point on the curve wat 
assigned a negative value. This experiment was executctr 
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brune-type free-standing micromanipulator (Technical 
Products International, Inc., St. Louis, MO). 

Reagents 
Ultrapure ATP was obtained from Boehringer 

Mannheim (Indianapolis, IN). Ultrapure MgCl, came 
from Aldrich Chemical Co. (Milwaukee, WI). Other 
chemicals were supplied by Sigma Chemical Co. (St. 
Louis, MO). Deionized water from a millipore Milli- 
R 0 4  filtration system (Millipore Corp., Bedford, MA) 
was used in the preparation of all solutions. 

on both non-motile control (non-inhibited) and non-mo- 
tile Ni2+-inhibited sperm. 

Mechanical Reactivation 
Using reactivated sperm models which were no 

longer beating, a sperm head was affixed to the bottom 
of the slide chamber using a microprobe. The prevailing 
or “equilibrium” bend of the flagellum was recorded as 
curving either clockwise or counter-clockwise. The very 
distal end of the flagellum was then attached to the 
probe. Once adhered, the flagellum was manipulated, 
either further in the direction of the prevailing curve or in 
the opposite direction, to a point approximately 90” from 
the equilibrium position (Fig. 2). This was done care- 
fully to avoid stretching, rolling, or kinking the flagel- 
lum. The number of cells responding by initiation of 
oscillatory motion in either direction was recorded. This 
procedure was performed on control, Ni2 + -inhibited 
(0.66 mM) and vanadate-inhibited (2 pM) samples. 

Shear Angles of Induced Beating 
The head of a non-motile, reactivated bull sperm 

model was attached to the slide chamber bottom by gen- 
tle microprobe pressure. The distal end of the flagellum 
was affixed to the microprobe, and a bend was induced 
in the direction opposite to the initial equilibrium curva- 
ture. This produced a flagellar beat that was video-re- 
corded with strobed illumination and analyzed. Frames 
were traced from two complete beats. A basal angle was 
found for the cell by drawing a line tangent to the most 
basal portion of the flagellum. A point was designated on 
each tracing, 20 p m  from the head-tail junction, and a 
line was drawn tangent to the flagellar curve at that 
point. The angle formed by the intersection of this line 
and the basal angle was recorded as the shear angle for 
that tracing (Fig. 3) .  The shear angle for each tracing was 
recorded on a graph as a function of time. Both non- 
motile control and non-motile, Ni2 + -inhibited samples 
were examined. Angles counterclockwise to the basal 
angle were assigned a + sign. 

Data Collection 
Observations were made utilizing a Zeiss 40 X 

phase water immersion objective on a Reichert Zetopan 
microscope. Video-recordings were made using a CCD- 
500 video camera (CCTV Corp., New York, NY) and a 
Panasonic AG- 1730 video recorder. Video synchronized 
strobe lighting was produced using a Strobex system, 
including power supply model 1 1360, point source lamp 
model 271C, and video sync adapter model 9630-5 
(Chadwick-Helmuth Company, Inc., El Monte, CA). 
Tracings of single frames were taken from a Panasonic 
WV-5410 high resolution, black and white monitor. Mi- 
cromanipulation was performed using a TPI de Fon- 

RESULTS 

When motile bull sperm models are treated with 
0.66 mM NiSO,, spontaneous flagellar beating ebbs and 
eventually terminates. The initial motility of beating 
sperm models, secured to the microchamber bottom by 
their heads, was observed prior to perfusing Ni2+ into 
the sample. As Ni2+ exerted its inhibitory effect, the 
flagellar beat amplitude decreased. This decrease in am- 
plitude was characterized by a reduction in the excursion 
and bending in one direction. Figure 4 displays the re- 
sults of one of eight such experiments. In all eight ex- 
periments, when motility ceased altogether, the flagel- 
lum became stationary (at what had been one extreme of 
the beat cycle), and always assumed a monotonically 
curved (C-shaped) equilibrium configuration (Fig. 5A). 
This resting curvature was observed to consistently be in 
the direction that was designated as the principal bend 
direction when the uninhibited flagellum was beating. 

After losing spontaneous motility, Ni2 +-inhibited 
sperm models retained the ability to respond to certain 
mechanical stimuli. When bent sharply with a micro- 
probe in the direction opposite that of the equilibrium 
curvature, the flagellum recoiled vigorously upon release 
and consistently overshot the original equilibrium posi- 
tion. This is demonstrated in Figure 6A, which depicts 
the results from one of nine such trials. This phenome- 
non was never observed if the flagellum was manipu- 
lated in the same direction as the initial curvature. In 
order to gauge whether this asymmetrical response to 
mechanical stimulation was truly a consequence of 
Ni*+-inhibition, or an intrinsic behavior of the flagel- 
lum, we sought to examine an appropriate control. Al- 
though most sperm were actively beating before the ad- 
dition of Ni2+, it was always possible to find uninhibited 
cells that were immotile or nearly so (demonstrating only 
mild jittering). If such cells were selected, the same ma- 
nipulation procedure could be applied to both Ni2+-in- 
hibited and uninhibited sperm models (controls). Control 
cells exhibited a fast recoil, and markedly overshot the 
equilibrium position in both bending directions, as illus- 
trated in Figure 6B using data taken from one of six 



12 Lindemann et al. 

5 100 - 
t 
v) 90 
0 

80 n 
I 
$ 70 

$ 60 
3 
g 50 

B 

z” 20 

40 

LL. 30 
L1 

2 - 10 
0 
w o  

CHANGES IN FLAGELLAR BEAT OF REACTIVATED 
2+ 

BOVINE SPERM FOLLOWING ADDITION OF 0.66 rnM Ni - 
. . . . . .  . . . . . .  - . . . . . .  
. . . . . .  . . . . . .  - . . . . . .  

. . . . . .  - . . . . . .  
. . . . . .  
. . . . . .  

- . . . . . .  

- . . . . . .  
I l l  

0.0 0.1 0.2 0.3 2.0 2.1 2.2 2.3 4.0 4.1 4.2 4.3 6.0 6.1 6.2 6.3 

S,nn : A : . . .  
. . .  

CHANGES IN FLAGELLAR BEAT OF REACTIVATED 
2+ 

BOVINE SPERM FOLLOWING ADDITION OF 0.66 rnM Ni 

. . . . . .  

I 

TIME (IN SECONDS) 

Fig. 4. Decay of spontaneous motility during Ni2+ inhibition. Reac- 
tivated bovine sperm, affixed by only their heads to the bottom of a 
slide chamber, were videotaped to record initial flagellar motility. 
NiSO, (0.66 mM) was added and gently mixed into the reactivation 
mixture. The cell continued to beat, but a decrease in beat amplitude 
was almost immediately observed. The motion of a point on the fla- 

Fig. 5 .  Equilibrium positions of Ni2+-treated and vanadate-treated 
bull sperm models. Actively beating, reactivated sperm models, when 
exposed to 0.66 mM NiSO,, or 2 p M  vanadate. would exhibit a 
reduction in beat amplitude and frequency, with an eventual loss of all 
motility. This immotile, equilibrium position was not the same for 
both treatments. Those cells which had been Ni’* -inhibited were 
observed to arrest in a sickle-shaped curvature (A), while vanadate- 
inhibited flagella exhibited a straight, resting configuration (B) .  

observed controls. In fact, the strongest demonstrated 
overshoot in these sperm was usually observed in the 
direction defined by the equilibrium curvature (the re- 
verse of the result obtained using Ni2+-treated flagella). 

8.0 8.1 8.2 8.3 

AFTER Ni2+ ADDITION 

gellum 40 p m  from its base is plotted as a percentage of the original 
amplitude of the uninhibited flagellum measured from the final restin: 
position after motility ceased. The graphed data show increasinp 
asymmetry in one bend direction as the amplitude decreased, until 
motility finally ceased at one extreme of the beat cycle. 

In a series of experiments, a microprobe was used 
to impose a new curvature onto the flagellum (refer bach 
to Fig. 2). Care was taken not to roll or twist the flagel- 
lum, and a uniform distance between the probe and 
sperm head was maintained to avoid stretching or kink- 
ing of the flagellum. When held in a severe curve in thc 
same direction as the initial curvature, the nickel-inhib- 
ited flagellum showed no active response to the manip- 
ulation. However, when bent and held in the oppositc 
direction, the flagellum would respond by actively flip- 
ping itself back to the original polarity of curvature. Thi\ 
active reversal reinstated a flagellar beat that was SUS- 
tained while the distal end of the flagellum was re- 
strained. This method of reinitiating flagellar beating i \  
henceforth referred to as “mechanical reactivation. ” I I 
was always possible to induce mechanical reactivation 0 1  
the Ni’+-treated cells, but only in one bend direction. 
whereas uninhibited, non-motile control cells were USII- 

ally capable of reinitiating a continuous beat when ma- 
nipulated in either direction (Table I). It is notable thal 
the resting curvature of the Ni*+-treated sperm indicate5 
that some force is being produced internally to maintairi 
a bend in the inhibited flagellum. The active responsc 
elicited by the tnicroprobe requires a generation of forcc. 
in the same direction as that producing the equilibriun 
curvature. Therefore, the same set of dynein bridge 
must contribute the motile force for both observed phe 
nomena. For the purpose of comparison, this experimen 
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Fig. 6. Recoil events in immotile sperm models. Sperm models, that 
had either naturally lost spontaneous motility (controls) or were in- 
hibited with 0.66 mM NiSO,, were videotaped under strobe illumi- 
nation, and tracings were made from single frame video images. The 
recoil distance of a point 40 pm down the flagellum was measured 
relative to the total distance between maximum displacement and the 
original (pre-manipulated) equilibrium position. Note the unequal re- 
coil in the Ni2+ treated cell (A), with an overshoot in one bend 
direction and incomplete recoil in the opposite direction. The control 
(uninhibited) cell recoil overshoots the equilibrium position in both 
directions (B). 
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was also carried out using sodium vanadate as the 
inhibitor (results included in Table I). Sodium vanadate 
is known to block flagellar motility by specifically 
inhibiting dynein [Gibbons et al., 19781. The equilib- 
rium position of vanadate-treated cells was observed to 
be straight (Fig. SB), unlike the curved equilibrium 
configuration of the Ni2 '-inhibited models (Fig. 5A). 
Note that mechanical reactivation of vanadate-inhibited 
flagella was not possible in either bend direction, in 
spite of using a very low vanadate concentration (2 

The motility of a non-inhibited, non-motile sperm 
model held with a microprobe is superficially very 
similar to the mechanically reactivated, nickel-inhibited 
sperm models. This raises the possibility that some 
process involved in bend initiation is suppressed, rather 
than merely a selective inhibition of one bridge set. 
Investigation of the frequency rates of mechanically 
reactivated cells demonstrated that control models 
(beating at an average of 5.5 cycleslsec, n = 8) were 
very similar in frequency to the reported value (5.85 
hertz) for motile, reactivated cells under similar 
conditions [Goltz et al., 19881. Ni2+-inhibited cells, on 
the other hand, demonstrated a beat frequency approxi- 
mately half that of controls when mechanically reacti- 
vated (an average of 2.66 cycles/sec, n = 8). 
Additionally, examination of the sliding rates (deduced 
from the shear angle at 20 Prn from the sperm head) 
reveals a greater asymmetry in the sliding rate of 
nickel-treated flagella than in similarly confined control 
cells (Fig. 7). A summary of data taken for four paired 
control and Ni2+-inhibited cells (Table 11) shows that 
while Ni2+ reduces the sliding rate in both beat 
directions, the rate can be quite different in the two bend 
directions in the Ni2+-treated sperm. This suggests a 
functional difference in the beat cycle of the mechani- 
cally reactivated, nickel-inhibited cells. 

DISCUSSION 

PM). 

Naitoh and Kaneko [I9731 first reported that Ni'+ 
suppressed spontaneous beating in Parumecia cilia while 
still leaving some functions, particularly ciliary curva- 
ture reversal, intact. Subsequently, other cilia and fla- 
gella have been shown to be partially inhibited by Ni2+ 
[Lindemann et al., 1980; Larsen and Satir, 19921. Upon 
closer examination of the actions of Ni2+,  it has been 
demonstrated that Ni2+ can block the response of rat 
sperm to Ca2+.  The level of free Ca2+ controls the basal 
curvature of rat sperm flagella, and in the presence of 
Ni2+ this response is abolished [Lindemann and Goltz, 
19881. It has also been shown that microtubule sliding 
and bend propagation can be induced after Ni2+ inhibi- 
tion, but spontaneous beating of the flagellum does not 
continue [Lindemann et a\., 19801. These findings led to 
the speculation that Ni2+ was inhibiting bend initiation 
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TABLE I. Mechanical Reactivation of Non-Motile Flagella* 

Clockwise equilibrium position Countcrclockwise equilibrium position 

Total no. Pushed Pushed Total no. Pushed Pushed 
Treatment of cells clockwke counterclockwise of cells clockwise counterclockwise 

_______ ~~ 

NiSO, 22 0 22 17 17 0 

NaVO, 14 0 0 8 0 0 
Started Started Started Started 

Started Started Started Started 

Started Started Started Started 
Control 15 15 15 15 15 10 

*NiSO, concentration = 0.66 mM; NaVO, concentration = 2.0 JLM 

VARIATION IN SHEAR ANGLE IN MECHANICALLY 
CONFINED BOVINE SPERM MODELS 

’*25 T 

. .  - NlCKEl 
* * CONTROL .. 

0.00 0.25 0.50 0.75 1 .oa 
TIME (seconds) 

Fig. 7. Rate of change of shear angle in mechanically reactivated 
sperm models. Triton X-100 extracted sperm models, (both motile, 
beating cells, and immotile cells inhibited with 0.66 rnM NiSO,), 
were mechanically reactivated by bending the flagellum with a mi- 
croprobe. Video-recordings were made, and frame-by-frame tracings 
were done on four complete beat cycles. Flagellar shear angles were 
determined for each tracing at a position 20 )*.m from the base, as 
described in Figure 3 .  The slopes of the graphs were obtained to find 
the rate of change of the shear angle as given in Table 11. 

without affecting microtubule sliding [Lindemann et al., 
19801. However, closer examination of events in the 
sliding disintegration of the bull sperm axoneme have 
uncovered differences in the pattern of sliding attribut- 
able to Ni2+ inhibition [Kanous et al., 19931. Although 
sliding occurs in a high percentage of frozen-thawed 
sperm models inhibited with Ni2+, consistent with the 
earlier report, the axonemal elements numbered 9, 1 ,  or 
2 are seldom ejected following Ni2+ inhibition. This 
difference suggests that Ni2+ may in fact be inhibiting 
microtubule sliding (or its activation) at only certain in- 

terdoublet dynein-bridge sites. Since headward expul- 
sion of elements 9, 1 ,  and 2 requires that doublet number 
2 slide on doublet 3, it is likely that the 2-3 dynein 
bridges are sensitive to Ni2+. The 2-3 bridges act in 
concert with the 1-2 and 3-4 bridges to bend the fla- 
gellum in one direction. This raises the speculation that 
the doublets responsible for one bend polarity are more 
sensitive to Ni2+.  In this report, the functional conse- 
quences of this hypothesis are explored, and the predic- 
tions of this theoretical view are compared with the ex- 
perimental observations. 

If we examine the results from mechanically reac- 
tivated, Ni2+-treated sperm (Table 11), it may be signif- 
icant that the sliding rate in the “active” direction is 
substantially reduced (approximately half) compared to 
the controls. Therefore, it is likely that the dynein on one 
side of the axoneme, which is still functional, has none- 
theless suffered a 50% reduction in force production. It 
may be that this reflects differential sensitivity of the 
inner and outer arms on the functional side of the ax- 
oneme. Alternately, it may be that the dynein arms on 
this side of the axoneme are only somewhat more resis- 
tant to nickel, but are still inhibited. Currently, it is not 
possible to discriminate between these two possibilities. 

If Ni2+ is incapacitating or preventing the activa- 
tion of the dynein bridges that bend the flagellum in one 
polarity, then the phase of the beat cycle dependent on 
those bridges should become progressively weaker as the 
flagellum is poisoned with Ni2+. This should result in ;I 

loss of oscillatory bend amplitude in only one beat di- 
rection. The data illustrated in Figure 4 indicate that this 
was exactly the observed experimental result. If one set 
of dynein arms is incapacitated, bending the flagellum in 
the direction normally facilitated by the inactivated set 
might substitute for the missing step in the beat cycle. It‘ 
the flagellum of a Ni*+-inhibited sperm is pushed in the 
direction opposite its native curvature, it recoils rapidly 
upon release and often overshoots its original position. 
This active response to bending is only seen in one bend- 
ing direction following Ni2+ inhibition, but can be elic- 
ited in both directions in a control (non-inhibited) sperm. 
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TABLE 11. Ni2+ Effect on Shear Angle in Reactivated Bovine Sperm* 

Nickel inhibited Control 

Slow rate Sperm Fast rate Slow rate Sperm Fast rate 

1 6.742 6.572 5 27.248 23.840 
2 13.726 7.334 6 19.610 17.188 
3 6.748 5 .  I12 7 15.570 14.540 
4 9.786 6.746 8 27.236 20.698 
Average 9.251 2 3.310 6.441 f 0.944 Average 22.416 2 5.812 19.067 +- 4.061 

*Rates are equivalent to the change in shear angle (in radians) per second. 

This gives direct evidence that activation of one set of 
dynein bridges is impaired subsequent to Ni2+ inhibi- 
tion. 

A second result corroborating this interpretation is 
observed when the whole flagellum is bent and held in a 
new, curved configuration with the microprobe. This re- 
sult also provides an additional clue into the way the 
axoneme works. The remaining functional bridges are 
“turned on” by bending the flagellum in the direction 
opposite that in which they exert their own action. Con- 
sequently, in the normal beat cycle, the stimulus to turn 
on one set of bridges would normally be provided by the 
bends generated by the opposing set of bridges. 

In the Ni2+-treated sperm, the action of one set of 
dynein is missing, so the cycle arrests at the point where 
the missing action is required for continuation of oscil- 
lation. In the mechanical reactivations, the microprobe is 
used to provide the missing step, and therefore the beat- 
ing resumes. Essentially, an equilibrium position is im- 
posed on the flagellum that activates the remaining func- 
tional bridges. They undergo an episode of sliding after 
which elastic recoil restores the imposed starting position 
and the cycle then repeats. 

The above findings are consistent with the views of 
Satir and co-workers that two sets of dynein bridges, 
each with unique switching characteristics, contribute to 
the establishment of the complete beat cycle [Satir, 1985; 
Satir and Matsuoka, 19891. They also support the hy- 
pothesis that Ni2+ has a stronger inhibitory effect on one 
polarity of dynein bridges. In the mammalian sperm sys- 
tems examined, Ni2+ has the greatest influence on the 
dynein bridges of doublets 1 through 4. In a recent com- 
parative study between rat sperm and mussel gill cilia 
[Satir et al., 19911, it was discovered that the bending 
direction of the Ca2+ response in those two systems is 
reversed. This would be an important consideration in 
extrapolating the current results to invertebrate cilia and 
flagella since the Ni2+-sensitive dynein sites may have a 
reversed numbering system compared to bull and rat 
sperm. In rat [Lindemann et al., 19921 and bull sperm 
(Lindemann, unpublished results), it has been deter- 
mined that the Ca2+ response is in the bend direction 

believed to be mediated by interdoublet bridges 1 
through 4, coinciding with the sites that appear to be 
inhibited by Ni2+. 

In conclusion, the function of one set of dynein 
bridges (tentatively identified as those on doublets 1,  2, 
3, and 4) seem to be selectively impaired by the addition 
of Ni2+. Following Ni2+ inhibition, these bridges fail to 
activate and fail to provide the motile force for one phase 
of the beat cycle. It is possible to re-establish the beat 
cycle by providing external force to bend the flagellum 
in that direction, substituting for the action of the inhib- 
ited bridges. This later finding suggests that bending the 
flagellum is the normal trigger initiating an episode of 
dynein-tubulin sliding. If the imposed curvature is oppo- 
site that of the initial curvature of the flagellum, a flagel- 
lar beat may be re-established. 
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