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Bovine sperm, extracted with 0.1% Triton X-100, frozen at -20°C for 48-120 
hours, and thawed, disintegrated by microtubule sliding when 1 mM MgATP was 
added. Microtubules and outer dense fibers (ODFs) were usually extruded in 
groups or “bundles.” A total of 44.5% of the cells extruded two distinct bundles, 
one from each side of the connecting piece, exhibiting opposite curvatures. Only 
one bundle was observed in 46.2% of the cells, and 9.2% showed no signs of 
sliding. Transmission electron microscopy (T.E.M.) showed one group consisting 
of the 4,s-6,7 elements, with the 9,1,2 elements on the other side of the axoneme 
making up the other bundle. T.E.M. revealed that when only one side of the 
axoneme had extruded elements, they were always from the 4,s-6,7 group. The 
remainder of the axoneme (8,9,1,2,3 and the central pair) was left relatively 
intact, suggesting a difference in the sliding response of the nine pairs of axone- 
ma1 microtubules. These results indicate a predisposition for sliding between 
elements 7 and 8 over that between doublets 2 and 3, perhaps due to a disparity 
in activation thresholds. Also, both Ni2+ and Cd2+ appear to selectively block 
activation of 2-3 interdoublet sliding. 

Incubation with 0.25 mM Ni2+ prior to adding MgATP modified the percent- 
ages of sliding patterns: 8.6% demonstrated two-sided extrusion, 58.2% showed 
one-sided, and 33.2% had no extruded bundles. Again, when half the axoneme 
was missing, it was always the 4,5-6,7 group. Ten micromolar Cd2+ altered the 
sliding pattern similarly to Ni2+,  with 28% two-sided extrusion, 55.9% one-sided 
extrusion and 16.1 % with no extruded bundles. 

Either pretreatment regimen impeded extrusion of the 9,1,2 group in a high 
percentage of cells, compared to untreated cells, This specific inhibition of the 
9,1,2 side by Niz+ or Cd2+ is especially significant since Niz+ also inhibits 
spontaneous wave initiation in bull sperm (Lindemann et al.: Journal of Cell 
Biology 87:420-426, 1980), and both Ni2+ and Cd2+ reportedly block the 
flagellar Ca2+-response in rat sperm (Lindemann and Goltz: Cell Motility and the 
Cytoskeleton 10:420-431, 1988; Lindemann et al.: Cell Motility and the Cy- 
toskeleton 20:316-324, 1991). 0 1993 Wiley-Liss, Inc. 
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The e u k w o t i c  cilim/flagellar infrastructure con- 
sists of a central axoneme composed of a 9 + 2 pattern 
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Linck, 1977; Lindemann et al., 1980, 1992; Mohn and 
Yano, 19821. 

Microtubular sliding is only a partial explanation 
for the resultant flagellar/ciliary motion. If all dynein- 
tubulin interactions within the axoneme were equivalent, 
the resultant motility would be a helical wave. However, 
in most cilia and flagella, the observed motion is best 
described as a primarily planar wave [Brokaw, 1965; 
Rikmenspoel, 1966; Phillips, 1972; Gibbons and Gib- 
bons, 19731. There must therefore be some more sys- 
tematic order of sliding to achieve the observed motility. 

A previous study using rat sperm [Lindemann et 
al., 19921 suggests a possible relationship to explain the 
origin of a planar beat. In that study two different meth- 
ods were used to induce microtubule sliding, and each 
resulted in a distinctive disintegration pattern. The first 
method resulted in extrusion of microtubule-ODFs num- 
bered 9,1, and 2 at the junction of the head and flagellar 
midpiece, with a resultant sperm remnant exhibiting a 
hooked shape similar to that observed in Ca2 -t -treated 
sperm models [Lindemann and Goltz, 19881. The second 
method utilized pre-incubation at pH 9.0 to remove the 
external components of the flagella. Following pH 9.0 
extraction only axonemal elements numbered 4 through 7 
were observed to slide. The axoneme appeared to func- 
tion as three groups of elements. Elements 3,8,  and the 
central pair of microtubules remained together as a cen- 
tral partition, dividing the axoneme. The other two 
groups (one group including elements 4,5-6 and 7,  and 
one group formed by elements 9 , l  and 2) appeared to 
slide on this central partition. Not only did these three 
sets of microtubules exhibit different behavior during 
axonemal disintegration, but each group displayed dis- 
tinctly different sensitivities to pH and vanadate. The 
exposure to high pH (9.0) impeded sliding of the 9,1,2 
group of elements. In this case, the remaining sperm 
flagellum would appear straight, or even slightly sickle 
shaped, as opposed to the hook formation observed in the 
first procedure. 

The coincidental similarity in shape between the 
flagellar remnants after extrusion of the 9,1,2 group and 
the calcium treated reactivated sperm models observed 
previously [Lindemann et al., 1987; Lindemann and 
Goltz, 19881 pointed toward a relationship between cal- 
cium-dependence of flagellar shape and the operation of 
particular sets of microtubules. High pH (9.0) and van- 
adate were both shown to be effective in inhibiting the 
calcium-induced hooks in reactivated sperm [Lindemann 
et al., 19921. This information, coupled with the dem- 
onstrated selective inhibition of sliding in the 9,1,2 
group of elements, would suggest that high pH and van- 
adate both inactivate the side of the axoneme necessary 
for producing the flagellar response to calcium. 

Both Ni2+ [Lindemann and Goltz, 19883 and 

Fig. 1. A transmission electron micrographic (TEM) cross-section of 
a bovine sperm flagella. This section, from the principal/midpiece 
juncture region, shows the typical appearance of an intact axoneme in 
a bull sperm flagella. The numbering identifies the elements of the 
axoneme, using the convention applied to mammalian sperm by Wool- 
ley [1974], consistent with the numbering system applied to cilia and 
flagella. X 110,000. 

of microtubules (Fig. 1 ) .  Microtubule “sliding” within 
the axoneme is the basis of the mechanism producing 
bend formation and propagation, resulting in motility. 
Dynein “arms” or projections, from each of the nine 
outer doublet pairs, form temporary “bridges” or 
connections between the doublets. MgATP activates the 
dynein-tubulin interaction allowing each microtubule 
doublet to move along, or “slide,” on its adjacent 
counterpart [Satir, 1968; Summers and Gibbons, 1971; 
Summers, 1974; Lindemann and Gibbons, 19751, with 
the exception of doublets 5 and 6 ,  between which a 
more permanent connection restricts sliding [Afzelius, 
1959; Gibbons, 1961; Olson and Linck, 19771. Sale and 
Satir [ 19771 determined the direction of microtubule 
sliding in Tetrahymena cilia, demonstrating that, when 
activated, doublet n slides baseward on doublet n + 1. 
The additional structural restraints of nexin links and 
radial spokes impede sliding, such that movement is 
restricted to the formation of bends within the flagellum. 
The removal of these additional attachments, by partial 
digestion of the axoneme, allows the continuous sliding 
of the microtubules [Summers and Gibbons, 1971, 
19731. In mammalian sperm, if the physical barrier 
of the mitochondria is also eliminated, there is a 
resultant extrusion of the microtubules from the flagellar 
sheath [Lindemann and Gibbons, 1975; Olson and 
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Cd2’ [Lindemann and Goltz, 1988; Lindemann et al., 
19911 have been demonstrated to have a strong inhibitory 
effect on calcium-induced curvature in reactivated rat 
sperm. Ni2+ has also been shown to inhibit spontaneous 
motility in bovine sperm [Lindemann et al., 19801. The 
next logical question would be: Do Ni2+ and Cd2+ in- 
hibit sliding of the axonemal elements involved in the 
formation of Ca2+ -induced curvature? 

This study examines the effects of Ni2+ and Cd2+ 
on microtubule sliding in bull sperm. Bull sperm mito- 
chondria can be removed by a milder method of extrac- 
tion which does not require incubation at pH 9.0. This 
method, developed in an earlier study [Lindemann et al., 
19801 involves freezing Triton X- 100-extracted sperm at 
-20°C for 2 to 5 days. Cells treated in this way retain the 
ability to expel both the 9,1,2 and the 4,5-6,7 groups of 
axonemal elements following thawing and the addition 
of MgATP. Bovine sperm extracted by employing this 
protocol were used to determine if Ni2+ and Cd2+ 
would inhibit sliding of particular microtubules. Data 
were collected using both light microscopy and T.E.M. 

MATERIALS AND METHODS 
Sperm Collection 

Ejaculated bovine sperm, collected in an artificial 
vagina, were supplied by NOBA, Inc. (Tiffin, OH). 
Prior to shipping, NOBA diluted the raw semen to 75 X 
10“ cells per ml in a tns(hydroxy-methy1)aminomethane 
(Tris)/sodium citrate extender to which egg yolk was 
added to a final concentration of 28%. This extender was 
titrated to a final pH of 6.8-7.0. The diluted semen was 
shipped on ice in an insulated container and was deliv- 
ered to the lab within 24-36 hours, The diluted semen 
was stored at 0-5°C until use. 

Preparation of Triton X-I00 Extracted Cells 
In this procedure, the egg yolk extender was 

washed from the bull sperm. Four milliliters of the 
sperm-extender mixture were diluted with 6 ml of a cit- 
rate buffer containing 0.097 M sodium citrate, 4 mM 
MgSO,, and 2 mM fructose at pH 7.4. This mixture was 
centrifuged for 10 minutes at 9608. The supernatant was 
decanted, the pellet was resuspended in 10 ml of the 
citrate buffer and recentrifuged. The supernatant was 
again decanted and the remaining sperm were resus- 
pended in 4 ml of fresh citrate buffer. This suspension, 
stored on ice, served as the stock cell preparation. 

The bovine sperm were demembranated by adding 
100 p,1 of the sperm stock suspension to a culture dish 
containing 3 ml of a demembranation mixture which 
contained 0.024 M potassium glutamate, 0.13 M su- 
crose, 0.02 M Tns-HC1, 1 mM dithiothreitol (DTT), 1 
mM MgCl,, and 0.1% Triton X-100. (Some dishes also 
contained 0.5 mM EGTA, and are indicated as such.) 

Multiple dishes were prepared using the same stock so- 
lutions. These cell preparations were then frozen at 
- 20°C for 48 - 120 hours. 

Freeze-Thaw/ATP-Induced Microtubule Sliding 
Two frozen cell preps were allowed to thaw 

slowly, at room temperature, without agitation. The cells 
were observed microscopically to determine if the mito- 
chondrial sheaths had been sufficiently stripped to allow 
disintegration. If the mitochondria were absent, cells 
were tested to determine if ATP-induced sliding would 
occur. One preparation was subjected to 1 mM MgATP 
for 5 to 10 minutes, then observed by light microscopy to 
determine if microtubule sliding had occurred. Three mi- 
cromolar CAMP was then added to enhance sliding, and 
the samples were again observed. If bilateral sliding was 
apparent, this preparation served as the control sample. 
A parallel sample was also run in which Ni2+ or Cd2+ 
was added to the cell preparation prior to the addition of 
ATP and CAMP. These samples were then also observed 
for microtubule sliding. A complete experiment con- 
sisted of a control sample, plus an additional sample 
which underwent either a 2 minute incubation with 0.25 
mM Ni2+ , or a 2 minute (light microscopy) or 5 minute 
(T.E.M.) incubation with 10 pM Cd2+ prior to the ad- 
dition of ATP and CAMP. 

Light Microscopic Data Collection 
The light microscopic observations were made uti- 

lizing a 40 X phase objective on an Olympus BH mi- 
croscope. The observations of each experiment were vid- 
eotape recorded using a DAGE NC 67M Video camera 
(Dage-MTI, Inc., Michigan City, IN) and Panasonic 
AG-6200 VCR. Data were taken from a Panasonic WV- 
5410, high resolution, black and white monitor. 

One-sided (unilateral) or two-sided (bilateral) slid- 
ing were determined by the number of microtubule 
“bundles” apparently separated from the main flagellar 
sheath. In many cases, these bundles would have obvi- 
ously slid completely from within the sheath, leaving the 
bundle attached only at the neck of the cell. If only one 
such bundle appeared, it was recorded as “one-sided” 
sliding. If two such bundles were present, on opposite 
sides of the flagella (and usually curving in opposite 
directions), it was determined that the sperm had under- 
gone “two-sided” sliding. In these cells, the head ap- 
peared tenuously attached to the flagellar sheath by a 
bundle of microtubules which seemed very much thinner 
than the bundles which had vacated the sheath. In some 
cases, where sliding had not been vigorous, the micro- 
tubule bundles did not completely exit, but would form a 
large “loop” from the head to the flagellar sheath. This 
would indicate sliding had occurred, but to a lesser de- 
gree. If these microtubule loops were significantly (3 -5 
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obtained from Sigma Chemical Co. (St. Louis, MO). All 
solutions were prepared with deionized water from a mil- 
lipore Milli-R04 filtration system (Millipore Corp., 
Bedford, MA). 

times) longer than the thin straight bundle connecting the 
head and sheath, the bundle comprising the loop was 
recorded as having slid. 

Transmission Electron Microscopic (T.E.M.) 
Data Collection 

Samples which had demonstrated high percentages 
of sliding were prepared for T.E.M. by a method adapted 
from Afzelius et al. [1990]. The slide preparations were 
gently transferred to a large test tube and centrifuged at 
960g for 5 minutes to pellet the cells into a thin, flat 
layer. The supernatant was decanted. The cell pellet was 
placed in a 10 mM NaH,PO, buffer containing 2.5% 
glutaraldehyde, 1% tannic acid, and 1.8% sucrose at pH 
7.0, and centrifuged again at 9608 for 10 minutes. The 
pellet was then allowed to stand in the fixative for an 
additional 50 minutes, with occasional gentle agitation to 
expose all surfaces of the pellet equally to the fixative. 
The fixative was then decanted, and the pellet was gently 
rinsed twice with 50% ethanol to remove residual phos- 
phate buffer. One percent uranyl acetate was then used to 
stain the pellet for 2 hours. The uranyl acetate was re- 
moved, and the pellet was cut into 0.5 mm sections. The 
pellet pieces were dehydrated through a graded series of 
ethanol and propylene oxide rinses. The pellet pieces 
were embedded in Poly/Bed 812 (Polysciences, Inc., 
Warrington, PA). Thin sections were cut and stained 
with lead and uranyl acetate. 

These stained, thin sections were then examined 
using a Philips 410-LS transmission electron micro- 
scope. Electron micrographs were taken of representa- 
tive cross-sections from each experimental condition. 
Additionally, numerical data were collected at the mi- 
croscope. Flagellar cross-sections were counted and cat- 
egorized as demonstrating two-sided sliding, one-sided 
sliding, or no sliding. Cross-sections were classified as 
demonstrating “two-sided sliding” i f  one or more ele- 
ments were missing from the microtubule groups on op- 
posite sides of the central partition (composed of ele- 
ments 8,3 and the central pair); or, if only one or two 
microtubule-ODF elements remained within the sheath. 
“One-sided sliding” included all cross-sections in which 
at least half the axoneme was still visibly present, but the 
axonerne was not completely intact. Any cross-section in 
which all axonemal elements were still present was 
counted as having undergone “no sliding.” 

Experimental Reagents 
Ultrapure ATP and DTT used in the experiments 

were obtained from Boehringer Mannheim (Indianapo- 
lis, IN). Ultrapure CaCl, and MgCl, and A.C.S. grade 
CdSO, came from Aldrich Chemical Co. (Milwaukee, 
WI). Polysciences, Inc. (Warrington, PA) was the source 
for electron microscopy reagents. Other chemicals were 

RESULTS 
Bovine sperm flagellar disintegration was achieved 

utilizing a method proven successful in an earlier study 
[Lindemann et al., 19801. Cells were initially extracted 
with Triton X- 100 in demembranation media, then incu- 
bated at - 20°C for 2 to 5 days. Upon thawing, the sperm 
were notably lacking the mitochondria1 sheath. Follow- 
ing addition of MgATP, groups or “bundles” of micro- 
tubule-ODFs were observed (using light microscopy) ex- 
truding from the head-midpiece junction of an average of 
90.7% of the cells (n = 34 experiments, using compiled 
control data from Tables I and 111). A total of 44.5% of 
the flagella demonstrate “two-sided” sliding of micro- 
tubules, that is, extrusion of two microtubule bundles, 
each from opposite sides of the flagellum, with each 
bundle having a different resultant curvature (Fig. 2) ;  
46.2% of the cells showed “one-sided” sliding, with 
one microtubule-ODF bundle obviously expelled from 
the flagella (as in the cadmium samples presented in Fig. 
3); and 9.2% exhibited no microtubule-ODFs external to 
the flagellar sheath. 

If the thawed, demembranated sperm were treated 
with 0.25 mM Ni2+ for 2 minutes prior to the addition of 
MgATP, the incidence of two-sided extrusion was con- 
siderably diminished. Only an average of 8.6% of the 
cells displayed two-sided sliding (n = 16 experiments). 
However, 58.2% of the flagella which were Ni*+- 
treated demonstrated axonernal disintegration resulting 
in only one bundle of microtubules, from one side of the 
flagellum, curving in one direction (identical to the cad- 
mium samples in Fig. 3). After Ni2+-treatment, 33.2% 
of the sperm showed neither one- nor two-sided sliding. 
These results show a difference in the pattern of sliding 
between Ni2+-treated and non-Ni2+-treated samples. 
While the percentage of flagella exhibiting two-sided 
sliding was markedly reduced, the percentage of cells in 
which one-sided sliding occurs actually increased. 

The use of T.E.M. allowed identification of the 
particular axonemal elements being extruded (Table 11). 
Two separate T.E.M. preparations were examined to ob- 
serve 180 axonemal cross-sections of control cells (non- 
Ni2 + -treated). Fifty-four percent of the cells had expe- 
rienced two-sided sliding, in which elements were found 
to be missing from both sides of the axoneme (Fig. 4). In 
some cases, the axoneme was found to contain [using the 
numbering system of Woolley, 1974, illustrated in Fig. 
13 only the 3 ,  8 and central pair microtubules [previously 
described as an axonemal central partition in Lindemann 
et al., 19921 (Fig. 4A,B,D), or in other cases the ax- 
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Fig. 2. Dark-field photographs of disintegration patterns observed in 
bovine sperm flagella. Bovine sperm were extracted with 0.1% Triton 
X-100, incubated at -20°C for 72 hours, thawed, then activated with 
1 mM MgATP. 3 pM CAMP was subsequently added to enhance the 
activation. In 44.5% of the cells, the induced microtubule sliding 
resulted in extrusion of two major “bundles” of internal elements 

onemes were found to be missing all but one or two 
internal components (Fig. 4B,C). It was determined that, 
in the 41% of cells where only one-sided sliding had 
occurred, the elements which were missing from the ax- 
oneme were inevitably one or more of the elements num- 
bered 4,5-6, and 7 (Fig. 4D). And by T.E.M. examina- 
tion, 5% of the 180 cells showed intact axonemes, 
indicative of no sliding having occurred. An equal num- 
ber of Ni2+-treated axonemal cross-sections (1 80) were 
surveyed from the same two experiments. In that case, 
15% of the cells showed two-sided sliding. Additionally, 
63% of the cross-sections demonstrated one-sided sliding 
(Fig. 5 ) ,  again always missing one or more of the 4,5-6, 
and 7 elements. In the Ni2+-treated sample, 22% of the 
axonemes appeared intact. 

Incubation with 10 pM Cd2+ for 2 minutes prior to 
activation of sliding with MgATP induced a microtubule 
extrusion response very similar to that of Ni2+. Again, 
microtubule extrusion was noted (by light microscopy) to 
be primarily one-sided as compared to comparable non- 
Cd2+-treated samples (Fig. 3, Table 111). Only 28% of 
the flagella were seen to have microtubule bundles ex- 

(microtubules and outer dense fibers) from opposite sides of the fla- 
gellum (“two-sided” sliding). Note that each extruded bundle dem- 
onstrates a curvature opposite in direction to the other bundle. The 
sperm head remains attached to the principal piece by a slender con- 
nection which appears thinner than either of the two extruded groups 
of elements. The white bar equals 20 pm. 

pelled from both sides of the axoneme; 55.9% exhibited 
one extruded bundle; and 16.1% appeared to have expe- 
rienced no microtubule sliding. T.E.M. examination was 
again performed (Table IV). In 100 axonemal cross-sec- 
tions of the non-Cd2+-treated sample, 60% were found 
to have undergone two-sided sliding, 39% demonstrated 
one-sided sliding (which was again a result of elements 4 
through 7 exiting the axoneme), while 1% of the ax- 
onemes were intact. In the Cd2+-treated sample, only 
24% of the cross-sections were missing elements from 
both sides of the axoneme, while 68% were missing 
elements from one half of the axoneme (again always 
missing one or more of the 4,5-6, and 7 elements) (Fig. 
6), and 8% of the sampled cross-sections showed no 
evidence of sliding. 

The molar concentrations of Ni2+ and Cd2+ used 
to inhibit sliding were selected based on an earlier study 
using Ni2+ and Cd2+ to inhibit the Ca2+-induced cur- 
vature of rat sperm [Lindemann and Goltz, 19881. Ad- 
ditional experiments were carried out at various, but sim- 
ilar concentrations, but 0.25 mM Ni2+ and 10 pM Cd2+ 
gave the most consistent inhibitory effect, while having 
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Fig. 3. Dark-field photographs of Cd2+-treated, disintegrated bovine 
sperm. These sperm were treated similarly to those in Figure 2, except 
that these cells were incubated with 10 pM Cd2+ for two minutes 
prior to the addition of MgATP. In response, a significantly smaller 
percentage of the cells exhibited two-sided sliding (28%), while 

55.9% of the flagella were noted to extrude only one “bundle” of 
internal elements. The remaining bundle of elements connecting the 
sperm head to the principal piece was significantly more substantial in 
these cells. The white bar equals 20 pm. 

TABLE I. The Effect of Ni2+ on Sliding in Freeze-Thaw Treated Bovine Sperm* 

Conditions’ 
Both sides One side No 

n slideh slidesb slidingb 

With ATP 
With ATP & Ni‘+ 
With ATP & cAMP 
With ATP, cAMP & Ni2+ 
With EGTA & ATP 
With EGTA, ATP, & NiZ+ 
With EGTA, ATP & cAMP 
With EGTA, ATP, cAMP & Ni2’ 
Total samples without Ni2+ 
Total samules with Ni2+ 

4 
4 
4 
4 
4 
4 
4 
4 

16 
16 

39.5 f 4.7 53.5 ? 5.2 

40.2 * 10.9 50.4 * 7.4 

41.8 2 7.8 47.6 f 1.7 
11.8 2 4.0 65.3 * 2.0 
44.5 f 12.4 44.8 f 6.4 
16.3 * 6.2 67.1 * 4.6 
41.5 * 8.7 49.1 f 6.0 

3.6 * 2.4 48.8 * 15.6 

2.9 2 1.8 51.5 f 12.2 

8.6 f 6.8 58.2 1 12.4 

7.0 * 2.4 
47.6 * 18.0 
9.4 * 3.9 

45.6 2 10.8 
10.6 * 7.2 
22.9 * 3.1 
10.7 * 6.1 
16.6 k 5.7 
9.4 f 4.9 

33.2 * 17.2 

*The effects of a brief (2 minute) pre-incubation of bull sperm models in Ni2+ prior to induction of sliding. 
Sperm were prepared by the Triton X-100, freeze-thaw method (used to generate the disintegrations seen in 
Fig. 2). Note that the double-sided pattern of sliding is markedly reduced by Ni2+, but the single-sided 
sliding polarity shows a modest increase after Ni2+ treatment when EGTA is present. 
‘Concentrations, when used, EGTA = 0.5 mM, cAMP = 3 pM, ATP = 1.0 mM, Ni2+ = 0.25 mM. 
bValues = mean -t- standard deviation; figures are percentages. 

the least deleterious impact on the cells. When higher 
concentrations were used, sliding could be completely 
inhibited. Additionally, even minimally increasing the 
Cd2+ concentration to 30 p M  caused many of the cells 

to deteriorate, with a high percentage of flagella sepa- 
rating complete from the sperm head, and clumping to- 
gether in unmanageable knots. 

In T.E.M. cross sections of the control samples, 
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TABLE 11. Transmission Electron Microscopy (T.E.M.) Results on the Effect of Ni2+ on Sliding in 
Freeze-Thaw Treated Bovine Sperm* 

Both sides Only 4,5-6,7 Only 9,1,2 No 
Conditionsa nb slide, % side slides, % side slides, 9% sliding, % 

With EGTA & ATP 180 54 41 0 5 
WIth EGTA. ATP. & Ni2+ 180 15 63 0 22 

*Data collected from TEM on bull sperm after disintegration with and without NiZ+. Sperm prepared by the 
Triton X-100, frozen-incubation method, were disintegrated with I mM MgATP, with or without addition of 
0.6 mM Ni2+. Samples were processed for TEM and observed. The table provides a summary of observed 
disintegration patterns. Ni2+ apparently has a specific action inhibiting the extrusion of the 9,1,2 group of 
filaments (doublet microtubules and outer dense fibers). Also note that in the control samples, when only one 
side of the axoneme has slid out, it is invariably the 4,5-6,7 group. 
Toncentrations, when used, EGTA = 0.5 mM, ATP = 1.0 mM, NiZ+ = 0.6 mM. 
bEquals no. of axonemal cross-sections counted. 

TABLE 111. The Effect of Cd2+ on Sliding in Freeze-Thaw Treated Bovine Sperm 

Both sides One side No 
Conditionsa n slideh slidesb slidingh 

With ATP 4 50.3 f 3.9 43.0 1 6 . 1  6.7 f 3.1 
With ATP & Cd2+ 4 29.1 2 14.3 57.0 2 8.2 13.9 * 9.0 
With ATP & cAMP 4 48.6 f 4.9 44.3 * 5.0 7.1 2 2.9 
With ATP, cAMP & Cd2+ 4 33.5 * 17.9 54.4 t 16.0 11.7 * 3.2 
With EGTA & ATP 5 46.4 f 9.0 45.6 * 6.5 14.0 t 9.3 
With EGTA, ATP, & Cd2+ 5 21.3 f 4.2 58.0 * 7.6 20.7 * 1.1 
With EGTA, ATP & CAMP 5 47.0 f 10.0 44.1 t 9.0 9.0 * 2.4 

54.1 * 6.9 16.6 2 8.5 With EGTA, ATP, cAMP & Cd2+ 5 29.3 t 8.4 
Total samples without Cd2+ 18 47.2 f 7.5 43.7 t 6.5 9.1 f 4.5 
Total samples with Cd2+ 18 28.0 t 11.6 55.9 f 9.2 16.1 * 7.7 

*Sperm were prepared by the Triton X-100, freeze-thaw method (used to generate the disintegrations seen in 
Figs. 2 and 3). Note that sliding of the double-sided polarity shows a decrease after Cd2+ treatment, but the 
single-sided polarity shows a significant increase. 
"Concentrations, when used, EGTA = 0.5, cAMP = 3 pM, ATP = 1.0 mM, Cd2+ = 10 pM. 
'Values = mean f standard deviation; figures are percentages. 

when less than half of the axonemal elements were ob- 
served to be missing, it was possible to identify the par- 
ticular elements which had been extruded. In 3% of the 
examined cross sections, only element number 4 was 
absent, 2% were missing elements 4 through 6, and 34% 
were lacking elements 4 through 7 .  None of the cross 
sections were observed to be missing only elements from 
the 9,1,2 group. If any of these elements were absent, 
elements 4 through 7 were also missing. 

In samples which had been inhibited with either 
Ni2+ or Cd2+, the pattern of disintegration, when only 
one side of the axoneme had slid, remained very similar 
to that of the controls. Element number 4 was the only 
element absent in 4% of the cross sections, 6% were 
missing only numbers 4 through 6, and 55% had lost 
only elements 4 through 7 .  As in the controls, no cross 
sections were missing any of the 9,1,2 group of elements 
while elements 4 through 7 were still present. However, 
in these treated samples, far fewer of the cross-sections 
were missing elements from both sides of the axoneme. 

Each individual experiment was run using the same 

sperm stock solution and the same reagents for both the 
treated and untreated samples. A total of 16 complete 
experiments were run for Ni2+ and 18 for Cd2+. Al- 
though there was some scatter between experiments in 
the values determined for each pattern of sliding (as ev- 
idenced by the standard deviations in Tables I and 111), 
using a two-tailed t test for differences between the 
means still resulted in a significant difference between 
the treated and untreated (Ni2+ or Cd2') samples for 
each sliding pattern. A highly significant difference for 
the primary inhibitory effect of both agents on the two- 
sided pattern of sliding was observed. For Ni2+, using a 
two-tailed t-test for independent samples: two-sided slid- 
ing demonstrated a decrease with Ni2+ having a t value 
of 11.96, P << 0.001; one-sided sliding showed an 
increase with Ni2+ having a t value of 2.67, P < 0.02; 
and for no-sliding the t value was 2.48, P < 0.05. The 
Cd2+ samples gave t values of 5.91, P < 0.001 for a 
decrease in two-sided sliding; 4.59, P < 0.001 for an 
increase in one-sided sliding; and 3.32, P < 0.01 for no 
sliding samples. 
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Fig. 4. TEM micrographs of the residual axonemal structures follow- 
ing microtubule sliding induced by the procedure used in Figure 2. 
When two-sided sliding had occurred, the observed axonemal rem- 
nants were usually found either to contain only the 3-central pair-8 set 
of microtubules (a central partition) as seen in A, B, D, or they were 

missing all but one or two internal elements as seen in B and C. (This 
axonemal disintegration pattern corresponds to the dark-field photo- 
graphs of Fig. 2.) Those flagella missing fibers from only one side of 
the axoneme had always extruded elements from the 4,s-6,7 side of 
the axoneme as demonstrated in D. X 84,500. 

DISCUSSION 
The results of this study show that the dissociation 

of the bull sperm flagellar axoneme, under the conditions 
described, followed a fairly well-defined pattern. When 
disintegration occurred, sperm extruded either one or 
two groups or “bundles” of axonemal elements corre- 
sponding to microtubule-ODFs numbered 4,5-6,7 from 
one side of the axoneme and 9,1,2 from the other. If only 
one group was completely expelled by sliding, it was 
invariably the 4,5-6,7 group. This would suggest that 
extrusion of the 9,1,2 group was always preceded by the 
extrusion of the 4,5-6,7 group. 

The expulsion of the 4,5-6,7 group appeared to 
depend on interdoublet sliding between the 7-8 doublet 
pair. Assuming the standard convention established by 
Sale and Satir [1977], the 7 doublet slides headward on 
the 8 doublet. Therefore, from the results of this study, 
it may be implied that when conditions permit any or all 
of the doublets to slide (controls), the interdoublet dy- 
nein arms of the number 7 doublet propel the entire 4,5- 
6,7 group headward upon the number 8.  Since the most 

frequently observed single pattern of disintegration was 
the absence of the entire 4 through 7 group, it is most 
likely that the large bundle first noted to emerge from the 
flagellar sheath (when viewed by light microscopy) was 
the 4,5-6,7 group of elements being propelled headward 
by the 7-8 interdoublet bridges. It would appear that this 
set of interdoublet bridges was much more likely to h i -  
tiate sliding than was the corresponding set of 2-3 inter- 
doublet bridges that propel the 9,1,2 group headward. 
This difference implies a difference in the activation 
threshold of the two bridge sets. 

In approximately 50% of the sperm, a second bun- 
dle emerged from the sheath, and after emergence as- 
sumed a curvature opposite to that of the first bundle, 
especially in the first 20 km from the attachment to the 
connecting piece (basal anchor). This second bundle has 
been identified as the 9,1,2 group of doublets and ODFs. 
T.E.M. confirms that this was the most common pattern 
of extrusion. T.E.M. examination also suggested that 
following extrusion neither of the bundles remained in- 
tact as a group. However, observation of the early events 
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Fig. 5 .  TEM micrographs of the residual axonemal structures follow- 
ing microtubule sliding of Ni*+-treated sperm These cells were pre- 
pared adapting the method used in Figure 2, by adding a 2 minute 
incubation with 0.25 m M  Ni2+ prior to induction of microtubules 
sliding with MgATP. The Ni2 incubation drastically reduced the 
percentage of two-sided sliding, and increased the percentage of one- 
sided sliding. In the axonemes observed to be lacking elements from 
only one side of the axoneme, the missing elements were always from 
the 4,5-6,7 side. (This pattern of disintegration parallels the one-sided 
extrusion demonstrated in the dark-field photographs of Fig. 3.) 
X 63,375. 

in the disintegration suggest that the elements remained 
in bundles initially. 

Unlike rat sperm [Lindemann et al., 19921, in bull 
sperm the remaining elements of the axoneme (3,s and 
the central pair) were also frequently dislodged and/or 
missing. Nevertheless, T.E.M. revealed that the 3-cen- 
tral pair-8 complex did sometimes survive the ordeal, 
and maintain its position forming a “central partition” 
between the actively extruded groups (Fig. 4). These 
findings are generally compatible with the tripartite 
structural-functional division of the axoneme we re- 
ported earlier in rat sperm. They confirm the existence of 

a central partition of the axoneme formed from the 3-cen- 
tral pair-8 elements. They also confirm the splitting pat- 
terns in which elements 4,5-6,7 and 9,1,2 interact with 
the central partition preferentially at the 7-8 and 2-3 in- 
terdoublet bridges. 

In the previous study [Lindemann et al., 19921, 
removal of the mitochondria1 sheath of rat sperm re- 
quired a one hour extraction at pH 9.0, rendering the 
9,1,2, group immobile. The bull sperm system offers a 
major advantage over rat sperm in that a gentler method 
to remove the mitochondrial sheath can be employed, 
leaving both bundles capable of sliding. This has pro- 
vided the ability to examine the respective sensitivity of 
the extrusion of the two bundles to two agents which 
have selective effects on motility. Ni2+ is known to se- 
lectively block spontaneous flagellar oscillation in deter- 
gent-extracted bull sperm models [Lindemann et al., 
19801. It has also been reported both to block Ca2+- 
mediated ciliary reversal in Paramecium [Naitoh and 
Kaneko, 19721 and induce arrest of Paramecium cilia at 
the end point of the beat cycle [Larsen and Satir, 19921. 
Nelson and Gardner [ 19861 localized the Ni2+-binding 
sites within bovine sperm to the satellite bodies and mi- 
crotubules of the axoneme. Both Ni2+ and Cd2+ have 
been shown to block the response of rat sperm flagella to 
Ca2+ [Lindemann and Goltz, 1988; Lindemann et al., 
1991; Satir et al., 19911. The current findings indicate 
that both of these agents exert a selective inhibition of 
sliding of the 9,1,2 bundle from the bull sperm axoneme. 
The result was highly significant for both agents and was 
accompanied by a small but significant increase in the 
number of sperm showing single bundle extrusion. This 
suggests that cells that would otherwise have disinte- 
grated bilaterally (expelling both the 4,5-6,7 and the 
9,1,2 groups) are prevented from extruding the second 
group following the addition of Ni2+ or CdZC. There 
was also a small but significant increase in the non- 
responsive group of cells, those which fail to disintegrate 
following treatment. This would argue that both agents 
have a generally inhibitory action on both polarities. 
However, the impact was obviously more pronounced on 
the 9,1,2 group, as evidenced by a small but statistically 
significant net increase in the single-sided sliding pat- 
tern. 

The concentrations of Ni2+ and Cd2+ employed in 
this study were generally consistent with those used in 
earlier reports from our laboratory on Ni2+ [Lindemann 
et al., 1980: Lindemann and Goltz, 19881 and on Cd2+ 
[Lindemann and Goltz, 1988; Lindemann et a]., 19911. 
The presence of 0.5 mM EGTA in some of the experi- 
ments would be expected to lower the free NiZt and 
Cd2’ concentrations substantially. In the case of Ni2 -+, 
this results in a noticeable decrease in the double-sided 
sliding inhibition (Table I), just as we would expect. 
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TABLE IV. Transmission Electron Microscopy (TEM) Results on the Effect of CdZ+ on Sliding in 
Freeze-Thaw Treated Bovine Sperm* 

Conditions” nh slide, % side slides, % side slides, % sliding, % 

With EGTA, ATP & Cd2+ 100 24 68 0 8 

*TEM data on bull sperm after disintegration with and without Cd’+. Sperm prepared by the same Triton 
X-100, frozen-incubation method used for the Ni2+ samples, were disintegrated with 1 mM MgATP, with 
or without pretreatment with 10 FM Cd2+. Again, samples were processed for TEM and observed. The data 
provided was collected by observation of the resultant disintegration patterns. Cd2+, like Ni2’, demonstrates 
a selective inhibition of the extrusion of the 9,1,2 group of filaments. Again, the control samples exhibiting 
one-sided sliding of the axonemal elements consistently are missing the 4,5-6,7 group. 
aConcentrations, when used, EGTA = 0.5 mM, ATP = 1.0 mM, Cd2+ = 10 FM. 
bEquals no. of axonemal cross-sections counted. 

Both sides Only 4,5-6,7 Only 9,1,2 No 

With EGTA & ATP 100 60 39 0 1 

However, no noticeable inhibition decrease is observed 
with EGTA in the Cd” data (Table 111). This, combined 
with the exceedingly low free Cd2 + concentration (= 1 
X lo-‘” M) is problematic. Our earlier study on the 
Ca2+ response in rat sperm [Lindemann et al., 19911 
demonstrated the same extreme sensitivity to Cd2+. In 
that study, we went so far as to test the predominant 
contaminants of Cd2+ (especially the divalent Zn2+) to 
see if another ion, less strongly chelated by EGTA, 
might be responsible for the effect. None of the tested 
contaminants succeeded in inhibiting the Ca2 + response. 
Recently, published reports find that nanomolar concen- 
trations of Cd2+ effect Ca2+ binding proteins [Behra, 
1993; Verbost et al., 19871. Perhaps the reactive site 
itself is a very strong chelator of Cd2+. The observed 
biological effects have been consistent in this study, as 
well as the earlier reports. Observations were made, and 
data taken, by a number of individuals. “Blind tests” 
were run, where the individuals taking data had no idea 
what the expected outcome was. Additionally, the E.M. 
data and the videotape data were taken by different peo- 
ple, yet they are congruous and follow the previously 
documented results. 

The previous study on rat sperm came to the con- 
clusion that sliding at the 2-3, 3-4 and 4-5 interdoublet 
bridges appeared to be necessary to generate the hook- 
like curvature induced by Ca2+ [Lindemann et al., 
19921. This inference was based on the finding that ei- 
ther high pH or 10 pM vanadate inhibited both the Ca2 + - 
induced hooks and the hooks which were the result of 
extrusion of the 9,1,2 group of axonemal elements. The 
current study also supports the hypothesis that the 2-3 
interdoublet bridges participate in the Ca2 +-response, 
since two agents known to block the Ca2 + -response se- 
lectively were shown to block sliding at the 2-3 inter- 
doublet bridges. 

The observation that Ni2+ can inhibit spontaneous 
beating in bull sperm, yet permit propagation of an im- 
posed bend, may be explained by these latest results. If 

Fig. 6. TEM micrographs of Cd2+-treated sperm following disinte- 
gration by MgATP-induced microtubule sliding. These sperm were 
prepared by the method described in Figure 3, with an increase of the 
Cd2+ pretreatment time to 5 minutes. The Cd2+ incubation, like the 
Ni2+ incubation, resulted in a suppression of two-sided sliding and an 
increase in the percentage of one-sided sliding. Again note that the 
axonemal remnants observed to have undergone one-sided sliding are 
alwnys missing elements from the 4,5-6,7 half of the axoneme. (This 
disintegration pattern coincides with the dark-field photographs of 
Cd2+-treated cells in Fig. 3.) X63,375. 
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Ni’ + selectively paralyzes the bridges involved in one 
bending polarity, the reciprocation necessary for the full 
cycle of a flagellar beat would be eliminated. However, 
bending the flagellum with a microprobe could substitute 
for the bending normally contributed by the dysfunc- 
tional bridges, and permit periodic activation of the op- 
posing set, which are still working. This could reestab- 
lish a pattern of oscillation if the imposed bend is in the 
right direction to substitute for the disabled bridges. If 
this view is correct, mechanical restarting of NiZ+-in- 
hibited flagella should show a preferred bend direction, 
a hypothesis which will be examined in a future study. 

CONCLUSIONS 
In conclusion, bull sperm, like rat sperm, have a 

functional division of the axoneme composed of a central 
partition formed from the 3, central pair, and 8 elements. 
The remaining elements 9,1,2 on one side and 43-6,7 on 
the other, interact with this partition and each group of 
elements can be extruded in the form of bundles. The 
4,5-6,7 bundle consistently appears to be the first to be 
extruded. Sliding of the 9,1,2 group of elements is much 
more sensitive to inhibition by Ni’+ and Cd2+,  two 
agents which interfere with the flagellar response to 
Ca2+. These results suggest that the interdoublet sliding 
between elements 2 and 3 is more difficult to activate 
than between doublets 7 and 8. Furthermore, Ni2+ and 
Cd2+ appear to selectively block activation of the 2-3 
interdoublet sliding. 
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