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ABSTRACT

Treatment of washed, ejaculated bovine sperm with 30 mM sodium fluoride immoblized the cells in a char-

acteristically rigid form. In cells metabolizing endogenous substrates, fluoride decreased respiration by about

60%, but did not inhibit the cells’ ability to produce adenosine-5’-triphosphate (ATP) via oxidative phosphoryla-

tion and did not block access to endogenous substrates. Fluoride-immobilized sperm maintained maximal ATP

titers for at least 60 mm, but oligomycin treatment rapidly depleted A TP, indicating that A TP synthesis and

metabolism was occurring in immobilized sperm. The putative phosphodiesterase inhibitor caffeine (2.5 mM)

restored motility and increased respiration in fluoride-treated sperm, but 8-brom o -aden osine-3’, 5’ -mono -
phosphate (8-bromo-cAMP) did not, even though 8-bromo-cAMP stimulated respiration in control (untreated)

sperm. Carboxyfluorescein analysis of the intracellular pH of untreated sperm indicated a normal pH of 6.3.

Fluoride addition decreased the apparent intracellular pH slightly, but this effect was attributable to dilution.

Caffeine did not change internal pH in untreated or fluoride-immobilized sperm. Fluoride did not appear to

affect cAMP metabolism, but caffeine increased intracellular cAMP titers by about 35% in both untreated and

fluoride-inhibited sperm. However, caffeine treatment did not mimic 8-bromo-cAMP, as analyzed by electro-

phoresis and autoradiography of sperm proteins labeled with 32P from endogenously generated [32P]ATP.

Clearly, caffeine is not stimulating motility in fluoride-treated sperm by affecting the cyclic AMP system.

Fluoride also inhibited motility in digitonin-permeabilized sperm by a mechanism that may have involved

magnesium depletion, but caffeine had no stimulatory effect on either untreated or fluoride-immobilized,

permeabilized sperm.

INTRODUCTION

Soon after the cyclic adenosine-3’ ,5’-monophos-

phate (cAMP)-mediated second messenger system was

described, Garbers et al. (1971) determined that

cAMP was involved in the stimulation of sperm

motility and metabolism. Phosphodiesterase inhib-

itors, such as the methylxanthines, caffeine, and

theophylline, stimulated sperm motility, fructolysis,

and respiration and also increased cAMP titers (Garbers

et al., 1973; Hoskins et al., 1974). Cyclic AMP has

since been shown to be essential for the initiation and

maintenance of dynein-generated sperm motility

(Ishiguro et a!., 1982; Lindemann et al., 1983).

Elevated intracellular cAMP (Cascieri et al., 1976)

and changes in cAMP-stimulated protein phosphoryla-
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tion (Hoskins et al., 1974; Brandt and Hoskins,

1980;) have also been associated with development of

the capacity for motility in immature sperm (Hoskins

et al., 1974). However, although most of the com-

ponents of the second messenger system have been

identified in mammalian sperm (for review, see

Garbers and Kopf, 1980), the metabolic sequence

whereby methylxanthine-induced elevations of cAMP

titers result in stimulated sperm motility has not been

detailed.

Fluoride ion is another inhibitor that has been

extensively used in sperm metabolic studies. Lardy

and Phillips (1943, a,b) established that fluoride

inhibited bull sperm respiration, motility, and gly-

colysis, and that while pyruvate restored glycolysis, it

would not restore motility. However, motility was

restored in fluoride-treated sperm by washing and

transfer into fresh fluoride-free medium (Lardy and

Philips, 1943a; Mann and Lutwak-Mann, 1955).

Fluoride acts in most cases by forming an insoluble

complex with magnesium and phosphate and thus
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affects many enzymes and metabolic pathways that

involve phosphate transfer. Of these, the inhibition of

the glycolytic enzyme enolase has been best char-

acterized, but many other enzymes, such as acid,

alkaline, and phosphoprotein phosphatase are also

inhibited by fluoride (Jam, 1982), making it a useful

tool to prevent the degradation of phosphorylated

products. Fluoride has recently been used in such a

manner to preserve the phosphorylated state of

endogenous (Brandt and Hoskins, 1980) and exo-

genous (Babcock et al., 1983) protein kinase sub-

strates of mammalian sperm. While studying fluoride’s

effects on sperm, we observed that fluoride-inhibited

motility could be restored by caffeine and other

methylxanthines in the absence of added substrates.

Since caffeine and fluoride appeared to counteract

each other, we have investigated several possible

inhibitory mechanisms to resolve the mechanism of

normal sperm motility.

MATERIALS AND METHODS

Cells. Fresh semen was provided by American

Breeders Service (DeForest, WI) and sperm were

isolated by centrifugation at 600 X g at 20#{176}Cfor 20

mm, followed by two cycles of resuspension in NKM

(NaCI, 120 mM; KC1, 14 mM; MgCl2, 1 mM; 3-EN-

morpholino] propanesulfonic acid [MOPS], 10 mM,

pH 7.4) and centrifugation at 600 X g for 15 mm.

Sperm were finally resuspended in NKM at 3-5 X

iO� cells/mi and kept at ambient temperature (20#{176}C).

Respiration. Oxygen uptake was determined

polarographically in a Gilson Oxygraph (Gilson

Medical Electronics, Inc., Middleton, WI) fitted with

a Clark-type electrode. All measurements were taken

with sperm at 1.76 X 10� cells/ml in NKM at 30#{176}C.

Substrates, stimulators, or inhibitors were added

either before the sperm or during the linear stage of

oxygen consumption, which was determined in

parallel assays with control cells.

Motility. Due to the difficulty in accurately

characterizing motility with regard to the percentage

of motile cells and their vigor, we have restricted our

description of motility to its presence or absence.

However, during the course of this and other studies,

we have established a range of normal motility

observed in samples of washed sperm. We have also

determined typical responses to fluoride and caffeine.

All washed sperm samples were therefore observed

under normal, inhibited, and stimulated conditions,

and any batches that responded abnormally (2% of all

samples) were not used.

Fluoride treatment. Fluoride inhibited bull sperm

motility by a mechanism that was dependent on both

the drug and cell concentrations. With sperm con-

centrations between 1.0 and 3.5 X 108 cells/ml,

sodium fluoride (NaF) at 5-10 mM slowly inhibited

motility such that all movement had stopped after

about 10 mm. At higher cell concentrations, this

concentration of NaF did not totally inhibit motility.

In the experiments presented in this study, 30 mM

NaF completely immobilized sperm at the above

concentration within 2 mm at 30#{176}C.

Digitonin treatment. Sperm at 2 X 108 cells/ml

were incubated with digitonin (Sigma Chemical Co.,

St. Louis, MO; recrystallized twice from ethanol) at

0.043 mg/b8 cells for 5 mm in NKM at 30#{176}C.These

nonmotile, permeabilized sperm were either re-

activated directly or centrifuged through percoll

(1.09 g/ml), resuspended in NKM at 2 X 108 cells/ml

at 20#{176}C, and then reactivated. Reactivation was

accomplished by adding (final concentrations)

adenosine-5’-triphosphate (ATP), 0.5 mM; cAMP,

0.025 mM; MgCl2, 3.0 mM; and inosine-5’-triphos-

phate (ITP), 3.0 mM (ITP was added as a substrate

for sperm phosphatases, which otherwise rapidly

depleted added ATP. ITP did not support motility.

Schoff, unpublished observations). The percentage of

motile cells in reactivated preparations appeared to be

comparable to that in intact preparations, but the

vigor was generally reduced. The duration of motility

varied from 5 to 15 mm and could be extended by

adding fresh ATP.

ATP determinations. Sperm (1.5 x 10� cells/mi)

were incubated in NKM at 30#{176}Cwith stimulators or

inhibitors and, at the indicated times, 0.45-mi au-

quants were removed and placed in 0.25 ml of cold 2

N perchloric acid, incubated for 10 mm on ice, and

centrifuged. The supernatant fraction was removed,

neutralized with 2 N KOH, and centrifuged. The

supernatant fraction was assayed immediately for

ATP by an enzymatic technique employing hexokinase

and glucose-6-phosphate dehydrogenase (Bergmeyer,

1974). Fluoride and caffeine had no effect on the

assay.

6- Carboxyflu orescein analysis. Sperm internal pH

(pHj) was analyzed by using a modification of a

technique previously described (Babcock, 1983).

Sperm were incubated in NKM containing 10 mM

2-(N-morpholino)ethanesulfonic acid (MES), pH 6.7,

without added substrates with 4 �zM 6-carboxy-

fluorescein diacetate for 20 mm at 20#{176}C,then centri-
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fuged for 5 mm at 600 X g and resuspended in NKM.

Carboxyfluorescein absorbance was monitored in

suspensions of 2 X io� cells/mi. Sperm at this con-

centration were poorly motile, but normal levels of

motility could be attained in dilute suspensions by

centrifuging semen (0.25 ml) through 1.5 ml percoll

(1.09 g/ml) at 700 X g for 15 mm, then resuspending

sperm in NKM. Percoll-washed sperm were used

without further washing. These cells retained motility

at low concentrations and responded to stimulators

and inhibitors like concentrated suspensions did.

Their pHi also matched that of sperm not treated

with percoll.

Cyclic AMP assays. Sperm cAMP titers were

analyzed by a radioactive binding assay (Diagnostic

Products Corp., Los Angeles, CA). After incubation

at 30#{176}C, sperm cytosol was extracted as reported

above, cAMP was assayed by following the protocol

included with the assay kit.

[32 P1 Orthophosphate incorporation and endo-

genous phosphorylation. Sperm (3.0 X 10� cells/mi)

were incubated in NKM containing fructose, 10 mM;

acetoacetate, 10 mM; succinate, 10 mM; KH2 P04,

0.01 mM; and [32 P1 orthophosphate at 15 j.iCi/nmole

P04. After 60 mm at 20#{176}C, sperm were centrifuged

at 600 X g for 15 mm at 20#{176}C, then resuspended to 3

X 10� cells/ml in NKM containing succinate, 10 mM;

KH2PO4, 0.01 mM; and [32P}orthophosphate at 15

pCi/nmole P04. To deplete the cells of ATP stores,

the cell suspension was overlayed with argon, sealed,

and incubated for 30 mm at 20#{176}C. After 30 mm,

aliquots of the concentrated cell suspension were

added to incubation tubes containing NKM at 30#{176}C

with KH2 P04, 1.0 mM, and other additions as noted.

At the indicated times, aliquants were removed and

added to solubilizing media as reported previously

(Schoff et al., 1982). Electrophoresis, gel processing,

and autoradiography were performed as in Schoff et

al. (1982), except that the gels consisted of 8.5-12.5%

acrylamide gradients.

RESULTS

Effects of Sodium Fluoride on Sperm

Metabolism and Motility

Sperm treated with 30 mM fluoride became

immobile within 2 mm and their flagella assumed a

linear, rodlike conformation (Fig. 1A) that was

distinctly different from sperm immobilized by

rotenone (Fig. 1B). Respiration of cells treated with

FIG. 1. Ejaculated bovine sperm immobilized by (a) fluoride and
(b) rotenone. Sperm treated with 30 mM NaF became immobile over

about 1 mm at 20#{176}C.Flagellar motion decreased to a quiver and

finally stopped altogether with the tail in a rigid form.

fluoride decreased over several minutes to about 40%

of the control rate (without added substrate) (Table

1). This decrease probably reflected the decreased

energy demand of nonmotile cells rather than a

specific inhibition of respiratory enzymes, since

uncoupled respiration rates of fluoride-treated cells

(Table 1) indicated that endogenous substrates were

available and could be metabolized via oxidative

phosphorylation. Although fluoride blocked the

production of lactate from added glucose (not

shown), it had no apparent effect on ATP production

from endogenous substrates (Fig. 2). As indicated by

the initial assay points in Figure 2, dense sperm

suspensions (3.0-5.0 X 10� cells/mi) incubated

without added substrates contained very low ATP

titers. When these sperm were diluted into NKM



TABLE 1. Respiration by sperm treated with fluoride and caffeine.

Time (mm)

Reactivation of Fluoride Immobilized Cells

Several agents that stimulated motility and me-

tabolism in untreated sperm, including NH4 Ci,

NaHCO3, 8-bromo-cAMP, and caffeine, were used in

attempts to reactivate motility in fluoride-immobilized

sperm. Of these, only caffeine stimulated motility

and respiration (Table 1). If caffeine was added at the

(1.0-3.0 X 10� cells/mi) at 30#{176}C, their ATP content

rapidly increased to about 15 nmoies/108 cells. This

synthesis was apparently oxygen-dependent because

oiigomycin blocked the burst of ATP production in

diluted sperm (Fig. 2). Sperm kept densely con-

centrated (essentially anaerobic) that had been

treated for 15-30 mm with 30 mM fluoride were

completely immotile upon dilution, but the normal

burst of ATP synthesis still took place. Sperm treated

with fluoride before or after dilution remained

immobile and retained high ATP titers over 15-60

mm (Fig. 2), while untreated sperm became more

vigorous after about 15 mm of incubation. The ATP

titers in these sperm decreased concomitantly with

increased motility (Fig. 2). Even though fluoride-

treated sperm were immobile, they remained alive

and metabolized ATP over 60 mm, as indicated by

the ATP-depleting effects of oligomycin (Fig. 3).

Time (mm)
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Treatmenta

Respiration

Motilityd
atoms 02 /10

celis/minb % of control

No addition 7.7 ± 1.7 (3)’� 100 +

+CCCP 31.1± 4.5 423±114

NaF 3.7 ± 0.6 49± 5 -

+ CCCP 25.7 ± 3.7 345 ± 60
No addition 11.9 ± 5.9 (7) ioo +

+ caffeine 28.4 ± 11.4 248 ± 49 +++

NaF 5.4± 1.1 51 ± 15 -

+ caffeine 11.9 ± 4.4 105 ± 25 +

No addition 6.0 ± 1.5 (3) 100 +

+ 8-bromo-cAMP 15.2 ± 1.4 263 ± 43 ++

NaF 3.3± 0.5 43± 4 -

+ 8-bromo-cAMP 3.4 ± 0.5 46 ± 12 -

aAll perturbants were added by syringe after a linear respiration

rate was established (1-3 mm).
bAll measurements were taken by a Clark-type oxygen electrode

in the upper 2/3 of the saturation curve to assure adequate 0, tension

for cell viability. Carbonyl cyanide-m-chlorophenylhydrozone (CCCP)

= 2.5 MM in dimethyl sulfoxide (DMSO); NaF = 30 mM; caffeine,

when used alone = 2.5 mM, with NaF = 7.5 mM; 8-bromo-cAMP =

0.05 mM. DMSO had no effect on sperm respiration.

CEach group of measurements represents a compilation of average

rates from separate batches of sperm (in parentheses); thus, differences

appear between control, inhibited, and stimulated rates compiled from
different batches of sperm.

dMotility was observed at approximately 1.5 mm after addition

of sperm (controls) or after addition of inhibitors or stimulators. Sperm
were removed from the oxygraph chamber via a 50-Ml capillary inserted

through the entry port. (-) = No motility; (+) = normal motility;
(++) = stimulated above normal motility; (+++) = maximally stimulated

motility.
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FIG. 2. Production of adenosine-5’-triphosphate (ATP) after dilu-

tion of concentrated cells. Washed sperm were incubated at 5.75

X 10#{176}cells/mi for 1 h at 20#{176}C,then diluted to 1.5 X 108 cells/mi

into NKM alone (o) or with 30mM NaF (X) or with 30 mM NaF and
1.5 MM oligomycin (.) and assayed for ATP content, as described in

Materials and Methods. The initial assay portion was taken at 10

s. ATP content at that time depended on the amount of stirring or

agitation of the concentrated stock, i.e. agitation produced higher

initial ATP titers. Flushing the stock container with argon during the
experiment eliminated this problem.
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FIG. 3. Effects of oligomycin on the adenosine-5’-triphosphate

(ATP) content of fluoride-immobilized sperm. ATP content was deter-

mined in fluoride-treated sperm over 60 mm. Concentrated sperm (6.5

X 10#{176}cells/mi) were diluted to 1.3 X 108 cells/mi into NKM con-
taining 30 mM NaF. Oligomycin (5 MM) was added at the times in-

dicated by arrows. All sperm were immotile throughout the experi-
ment.



TABLE 2. Effects of dilution, fluoride, and motility stimulators on ap-

parent intracellular pH and motility.a

aSperm were loaded with 6-carboxyfluorescein diacetate, as de-

scribed in Materials and Methods. Intracellular pH was determined

in stirred cuvettes at 30#{176}Cby null-point analysis. All further analysis

was carried out in NKM at pH 7.4. Internal pH (pHj) of sperm was
unaffected by external pH between 6.2 and 6.9.

bNF = 30 mM; caffeine = 7.5 mM; NaHCO3 = 30 mM; NH4CI =

25 mM. Caffeine and other drugs were added to the cuvette after a
baseline of fluoride-treated sperm was established.

CApparent pH� of untreated wasehd sperm = 6.32 ± 0.04 (N = 9).

dMotility was observed after 2.5 mm.

0

0
UU,

0

Tmme (mm)
FIG. 4. Analysis of cyclic adenosine-3’,5’-monophosphate (cAMP)

content of sperm treated with fluoride and caffeine. Sperm were

diluted to 3.25 X 108 cells/mI into NKM at 30#{176}C,and the aliquants

were extracted by perchloric acid (PCA) precipitation at the indicated
times. The acid extracts were neutralized (as described in Materials and

Methods) and their cAMP content was analyzed by a binding protein

assay. Sperm were diluted into NKM alone (o) or with 30 mM NaF
(X), or with 2.5 mM caffeine (.). After 5 mm (arrow), 30 mM NaF
was added to the sperm in NKM alone (.), and 7.5 mM caffeine was
added to the sperm in fluoride (�1).
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same�time as fluoride or within 5 mm after fluoride

application, motility was immediately stimulated.

However, the stimulatory action of caffeine diminished

as the fluoride incubation period increased.

Internal pH

The effects of fluoride and caffeine on sperm pH;

were analyzed. Fluoride inhibition of sperm motility
was apparently not caused by intracellular acidifica-

tion. Analysis of sperm pHi with 6-carboxyfluorescein

diacetate (Table 2) indicated a value of 6.3 when

sperm were incubated in NKM at 30#{176}Cwithout added

substrates. Treatment with fluoride caused an acidifi-

cation of approximately 0.1 pH units. Although

lower sperm pHm generally corresponds to reduced

motility, alterations in pH1 alone could not account

for the fluoride effect. When the weak base NH4 Cl

was added to fluoride-inhibited sperm, the pH1

shifted upward, but this was not accompanied by the

metabolic stimulation that was observed in sperm not

exposed to fluoride. Conversely, NaHCO3, which

lowered pHj and stimulated motility in control

sperm, also lowered pH� in fluoride-inhibited sperm,

but did not stimulate motility.

As indicated in Table 2, caffeine did not act as a

permeant weak base (Babcock et al., 1983) in either

untreated or fluoride-inhibited cells. In fact, caffeine

produced a slight drop in apparent pHm, which was

accounted for by dilution. These data eliminate major

changes in pH1 as the mechanism for the effects of

fluoride and caffeine in intact sperm. However,

limited or local pHi changes might not be distinguished

by this method and remain a possibility.

Intracellular cAMP

cAMP titers increased about 35% after caffeine

treatment in both control and fluoride-treated sperm

(Fig. 4). Comparable increases were produced in cells

that were incubated with fluoride for 5 mm before

caffeine was added. Thus, cAMP might be responsible

for the stimulatory effect of caffeine on fluoride-

immobilized sperm. However, it should be noted that

cAMP titers in fluoride-immobilized cells did not

differ from controls, indicating that, since control

sperm were motile, lack of cAMP was not the proxi-

mate cause of fluoride-inhibition. Also, even though

cAMP titers increased after caffeine stimulation of

fluoride-immobilized cells, 8-bromo-cAMP did not

stimulate motility in fluoride-treated sperm. These

Treatmentb Appare nt pH changec Motilityd

NKM
NaF

+caffeine
+NaHCO3
+NH4CL

-0.15

-0.19
-0.26

-0.27
+0.13

0.06
0.06
0.12
0.04
0.004

+

-

+

-

-

results indicate that increased cAMP titers may not be

the only effect of caffeine in sperm cells.

Fluoride Inhibition of Motility

in Permeabilized Sperm

Fluoride also inhibited the reactivated motility of

permeabiiized sperm preparations. The sperm were

treated with digitonin, which permeabilized the

sperm membranes and caused complete immobiliza-
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TABLE 3. Motility of permeabilized sperm.

Treatmenta Motilityb

Digitonin permeabilization

ATP -

ATP+ cAMP +

ATP+NaF -

ATP + NaF + caffeine
Fluoride pretreatmentC

ATP -

ATP+cAMP -

Caffeine pretreatment

ATP +

ATP + cAMP +

Caffeine pretreatment +

centrifugation

ATP -

ATP + cAMP +

aSperm at 5.0-6.0 X 10#{176}cells/mi were diluted to 2.0 X 10� cells/mi

in NKM containing digitonmn and incubated at 30#{176}Cfor 5 min before

adding� nucleotides. Adenosine-5’-triphosphate (ATP), 0.5 mM; cyclic
adenosine-3 ,5 -monophosphate (cAMP), 0.025 mM; NaF, 30 mM;
caffeine, 2.5, mM.

bMotilmty was observed 1 mm after addition of nucleotides.

Cpretreatment protocols: Concentrated sperm were diluted into

Nl(M containing NaF, 30 mM, or caffeine, 2.5 mM, for 5 mm at 30#{176}C

before being treated with digitonin. Caffeine pretreatment and digitonin.

Caffeine pretreatment and digitonin permeabilization were followed by
centrifugation of the sperm through percoli at 600 X g for 10 mm

at 20#{176}C. The pelleted sperm were resuspended in NKM and treated with
nucleotides.

tion; then, motility was stimulated by MgATP and

cAMP (Table 3) added directly to the medium or

after centrifuging the sperm through percoli and

resuspending them in fresh NKM. Permeabilization

was verified first by the ability of ATP and cAMP to

restimulate motility, and second by the ability of the

impermeant compound sodium ortho vanadate at 5

�zM to immobilize the reactivated cells (Gibbons et

al., 1978). Fluoride, when applied after reactivation,

immobilized the sperm within several minutes (Table

3). As with intact cells, fluoride concentrations below

30 mM also blocked motility, but required a longer

exposure for complete inhibition. Sperm immobilized

by fluoride before digitonin treatment could not be

restimulated by MgATP and cAMP; but, as with

intact cells, fluoride inhibition was relieved by

washing, and motility could be restimulated by

adding MgATP and cAMP. When the sperm are

permeabilized, centrifuged through percoll, and

treated with fluoride for 5 mm before MgATP and

cAMP, motility was never present. Adding excess

cAMP or 8-bromo-cAMP did not stimulate motility in

fluoride-inhibited cells or protect reactivated cells

from fluoride inhibition. Additions of 15 mM MgSO4,

or 1 mM MgATP, MnATP, or CaATP before or after

fluoride did not restore motility. However, if the

sperm were permeabilized in NKM that contained 1

mM MnCl2 instead of MgCl2, and reactivated with

MnATP instead of MgATP, the addition of 30 mM

NaF reduced but did not eliminate motility.

Caffeine Effects on Permeabilized Sperm

Caffeine has no apparent effect on motility in

digitonin-permeabilized cells (Table 3). It did not

stimulate motility in the absence or presence of ATP

and cAMP, and it did not prevent the fluoride-induced

inhibition of reactivated motility, nor did it reinitiate

motility in reactivated, fluoride-immobilized cells. We

also tested whether the increased cAMP titers pro-

duced by caffeine treatment prior to digitonin

permeabilization would produce a cell that would not

require cAMP for reactivation. When sperm were

incubated for 5 mm with caffeine before digitonin

treatment, they did not require cAMP for restimula-

tion, but became motile with MgATP alone (Table

3). Thus, the cAMP resulting from caffeine treatment

appears to be available for cellular metabolism.

Protein Phosphorulation in Cells Treated

with Fluoride and Caffeine

Patterns of endogenous protein phosphorylation

(Fig. 5) also show little change with fluoride or with

caffeine. Intact cells loaded with [32 P] orthophosphate

phosphorylated several proteins in the absence of

cAMP and phosphorylated one additional protein at

about Mr 60,000 in response to cAMP. However,

there was no qualitative difference in the labeling

pattern of cells stimulated with caffeine. Also, other

than a slight reduction of the intensity of radioactive

labeling, there appears to be no difference in the

labeling pattern of fluoride-treated cells with or

without caffeine. The cAMP-dependent phospho-

rylated protein also appears in fluoride-treated cells.

Protein Phosphorylation in Digitonin-

Permeabilized Sperm

After permeabilization with digitonin, sperm were

treated with [32 P] ATP, with or without cAMP, and

protein phosphorylation was monitored by gel

electrophoresis and autoradiography (Fig. 6). A

number of major proteins were labeled with 32 P in

the absence of cAMP, and several more appeared

when cAMP was added. Although fluoride treatment

after permeabilization reduced the quantity of
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FIG. 5. Autoradiograph of sperm proteins from cells incubated with

132 P1 orthophosphate. Sperm were incubated with 132 P1 orthophos-
phate (as described in Materials and Methods), then diluted into NKM

at 30#{176}C.After 5 mm, the sperm were solubilized and subjected to

sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 10-

12.5% linear gradient gel. Lane 1, sperm diluted into NKM alone;
Lane 2. caffeine, 2.5 mM; Lane 3, 8-bromo-cAMP, 0.050 mM;Lane4,

NaF, 30mM; Lane 5, NaF, 30mM and caffeine, 7.5 mM;Lane6, NaF,

30 mM and 8-bromo-cAMP, 0.025 mM. The approximate molecular

weights (X i0�, right) of the most prominant phosphorylated pro-

teins were calculated from standards separated on the same gel. Motility
was observed in samples from a nonradioactive assay conducted con-

comitantly: Lane I, control = 60% motile; Lane 2, caffeine = motile

vigor greatly stimulated; Lane 3, 8-bromo-cAMP = motility obviously

stimulated but not to caffeine level; Lane 4, NaF = 0 motility; Lane

5, NaF plus caffeine = stimulated motility; Lane 6, NaF plus 8-bromo-

cAMP = 0 motility.

phosphorylation, it did not appear to change the

number or position of labeled proteins. This was the

case in cells treated with fluoride either before or

after cAMP and ATP. Similarly, phosphorylation

profiles of sperm treated with fluoride prior to

permeabilization did not differ from controls (Fig. 6).

Oddly, caffeine applied prior to digitonin permeabiliza-

tion, which obviated the need for cAMP for the

stimulation of motility, did not change the phos-

phorylation profile (Fig. 6). These data may indicate

that the putative critical phosphorylation occurs in a

protein too minor to be detected by these methods.

DISCUSSION

Sperm that were metabolizing endogenous, non-

glycolytic substrates were immobilized in a distinctive,

seemingly rigid form by 30 mM fluoride. Several

observations support the hypothesis that fluoride

acted directly on the motile apparatus without

substantially affecting other metabolic systems. First,

fluoride did not block energy generation via oxidative

phosphorylation, as demonstrated by the ability of

fluoride-immobilized sperm to form ATP in oxy-

genated solutions. Second, fluoride did not appear to

restrict the metabolic utilzation of endogenous

substrates, since the uncoupled respiration rates of

fluoride-inhibited and control sperm were nearly

equal. Third, oligomycin decreased ATP titers in

fluoride-immobilized sperm, indicating that they were

using (and thus also producing) ATP throughout the

experiment. Finally, permeabilized sperm, in which

metabolic systems other than the flagellar mechanism

had been bypassed, were also sensitive to fluoride. In

contrast to other reports (Tash and Mann, 1973), we

found that cAMP titers of fluoride-treated sperm did

not differ from controls. Moreover, caffeine, pre-

sumably acting as a phosphodiesterase inhibitor,

increased cAMP titers in fluoride-treated sperm,

indicating that both phosphodiesterase and adenylate

cyclase must have been functioning.

Caffeine, which stimulated motility and metabolism

in untreated sperm, restored motility in fluoride-

treated sperm. However, other stimulatory agents,

such as NH4 Cl, NaHCO3, and 8-bromo-cAMP, were

unable to counteract the fluoride-induced immobiliza-

tion. The failure of 8-bromo-cAMP to mimic the

effects of caffeine in fluoride-treated sperm was

especially significant because the ability of methyl-

xanthines to stimulate sperm metabolism has usually

been attributed to the elevated cAMP titers produced

by phosphodiesterase inhibition. We attempted

to correlate the effects of fluoride, caffeine, and

8-bromo-cAMP on motility and metabolism with the

phosphorylation of sperm proteins using endogenously

generated [32 P] ATP. In general, the results of these

experiments can be summarized as follows: The

autoradiograph of untreated sperm (motile, with

average cAMP titers) revealed several major and minor

phosphorylated proteins. Addition of 8-bromo-cAMP,

which stimulated motility and metabolism, produced

qualitative and quantitative increases in protein

phosphorylation, most notably in the addition of a

heavily labeled protein at about Mr 60,000. However,

caffeine, which stimulated motility and metabolism

and also increased cAMP titers, produced no dis-

tingu ishabie difference in protein phosphoryiation

compared with untreated cells. Fluoride treatment
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FIG. 6. Autoradiographs of 32P-Iabeled proteins from permeabilized sperm reactivated with Ft-32 P1 adenosine-5’-triphosphate (ATP). Sperm
were permeabilized with digitonin, as described in Materials and Methods, then motility was reactivated in the same solution using 0.5 mM ATP

containing 0.25 MCi/nmole Ft-32 P1ATP in the absence or presence of 0.025 mM cAMP. After incubation with nucleotides at 30#{176}Cfor 2.5 mm,
the sperm were solubilized, and 100 �g (protein) aliquants were subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis in an
8.5-12.5% linear gradient gel. This figure represents results from the same experiment analyzed on two gels. Lanes I and 2: concentrated sperm

(4.5 X 10#{176}cells/mi) diluted to 2.0 X io� cells/mI into NKM containing digitonin, incubated for 5 mm at 30#{176}C,then treated with Fy-32P1ATP
alone (1) or with cAMP (2). Lanes 3 and 4: concentrated sperm diluted into 30#{176}CNKM for 5 mm before digitonin was added, then treated as above;

(3) Ft’32P1 ATP alone, (4) with cAMP. Lanes 5 and 6: concentrated sperm diluted into NKM containing 30 mM NaF for 5 mm, then treated with
digitonin as above; (5) [�-32PI ATP alone, (6) with cAMP. Lanes 7 and 8: concentrated sperm diluted into NKM containing 2.5 mM caffeine for
5 mm, then treated with digitonin as above; (7) ly-32P1 ATP alone, (8) with cAMP. Motility analysis was performed at 2.5 mm in nonradioactive

assays run concurrently. Lane 1 not diluted before permeabilization; ATP = near 0% motility, i.e. quivering motion was seen in a few (<10%)
flagella. Lane 2, No dilution; ATP and cAMP = 60% motile, full coordinated motility. Lane 3 diluted into NKM; ATP = 10%. Lane 4 diluted into

NKM; ATP plus cAMP = 60%. Lane 5 diluted into NaF; ATP = 0%, no motion in any flagella. Lane 6 diluted into NaF; ATP plus cAMP = 0%, no
motion. Lane 7 diluted into caffeine, ATP = 50%. Lane 8 diluted into caffeine; ATP plus cAMP = 60%.

reduced the phosphorylation of exogenous protein

substrates (Schoff, unpublished data) but did not

change the phosphorylation pattern of endogenous

sperm proteins. Caffeine, which stimulated fluoride-

immobilized sperm and increased their cAMP content,

had no effect on the phosphorylation profile. However,

in fluoride-immobilized sperm, 8-bromo-cAMP did

stimulate the phosphorylation of the Mr 60,000

protein, albeit at a reduced level, but did not stimulate

motility. Thus it appears that caffeine and cAMP have

disparate effects. Both stimulate motility in otherwise

untreated sperm; however, only 8-bromo-cAMP

increases protein phosphorylation, whereas in fluoride-

immobilized sperm, caffeine stimulates motility

without additional protein phosphorylation. While

it is evident from this and other studies (Garbers

et al., 1971; Lindemann, 1978; Lindemann et al.,

1983; Ishiguro et al., 1982; Opresko and Brokaw,

1983) that cAMP is a stimulator of sperm motility, it

seems arguable that the mechanism of caffeine

stimulation of fluoride-immobilized sperm is mediated

by cAMP. Other recent reports (Levin et al., 1981;

Turner and Giles, 1982; Kopf et al., 1984) have

challenged the hypothesis that methylxanthine

stimulation of sperm metabolism is primarily due to

phosphodiesterase inhibition and questioned whether

changes in cAMP titers correlate with changes in

motility (Hammerstedt and Hay, 1980).

The failure to detect changes in protein phos-

phorylation that correlate with changes in motility

may be explained several ways. It is possible that the

essential proteins are phosphorylated at levels too low

to be detected by single dimension electrophoresis, or

the critical phosphorylated motility protein is rapidly
dephosphorylated and never accumulates to a de-

tectable level. Fluoride has been used (Brandt and

Hoskins, 1980) to block protein phosphatases and

thereby “freeze” the phosphorylation state of proteins
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Babcock DF, 1983. Examination of the intracellular ionic environment

in sperm homogenates; in the present case, however,

adding fluoride with caffeine or 8-bromo-cAMP did

not change the phosphorylation profiles.

Several alternative mechanisms for the actions of

fluoride and caffeine also exist. For example, they

could operate as opposing pHi effectors. Recent

reports indicate that pHi changes accompany and are

perhaps responsible for metabolic stimulation in

invertebrate (Lee et al., 1981) and mammalian

(Babcock et al., 1983) sperm. Although we found

that fluoride and caffeine caused minimal change in

sperm pHi, localized pH changes might not be detected

by the methods used here, and conceivably could

account for the observed inhibition and stimulation

of motility. Caffeine is also known to disrupt calcium

transport mechanisms (Clusin, 1983; Hahn et a!.,

1979), which could affect sperm motility and protein

phosphorylation (Tash and Means, 1982). Recently,

another methyl-xanthine, 1-methyl 3-isobutyl xan-

thine, was found to mobilize calcium from storage

organelles to cytosol in liver cells (Gabbay and Lardy,

1986).

Fluoride may act by sequestering magnesium and

thus inactivate processes requiring MgATP. Although

fluoride did not prevent MgATP use by sperm protein

kinases, the observation that sperm in manganese-

containing buffers reactivated with MnATP were

resistant to fluoride immobilization might indicate

that magnesium titers have been affected by fluoride

treatment. Meyerhof and Schultz (1938) demon-

strated that manganese was much more soluble than

magnesium in the presence of fluoride and phosphate,

and thus, reactions using MnATP might operate

in fluoride-treated cells where magnesium is complexed

with fluoride. Finally, fluoride could directly inhibit

the dynein ATPase in sperm, as has recently been

reported in cilia (Blum and Hayes, 1984).

Considering that 8-bromo-cAMP stimulates sperm

metabolism but did not restore motility in fluoride-

inhibited sperm, it seems probable that caffeine

stimulates motility by multiple mechanisms: one

involving the production of cAMP and stimulation of

protein kinases, and another operating on the mech-

anism that is affected by fluoride. Studies on the

mechanism of fluoride inhibition of sperm motility

and of caffeine’s ability to relieve that inhibition

should help elucidate the biochemical basis of sperm

motility.

REFERENCES

and of ionophore action by the null point measurements em-

ploying the fluorescein chromophore. J. Biol Chem 258:6380-89

Babcock DF, Rufo GA, Lardy HA, 1983. Potassium-dependent in-

creases in cytosolic pH stimulate metabolism and motility of

mammalian sperm. Proc NatI Acad Sci USA 80:1327-31
Bergmeyer HV, 1974. Methods of Enzymatic Analysis, Vol. 4. New

York: Academic Press

Blum JJ, Hayes A, 1984. Specific anion effects on ATPase activity,

calmodulin sensitivity, and solubilization of dynein ATPases. J
Cell Biochem 25:197-212

Brandt H, Hoskins DD, 1980. A cAMP.dependent phosphorylated
motility protein in bovine epididymal sperm. J Biol Chem 255:

982-87

Cascieri M, Amman RP, Hammerstedt RH, 1976. Adenine nucleotide

changes at initiation of bull sperm motility. J Biol Chem 251:

787-93
Clusin WT, 1983. Caffeine induces a transient inward current in cul-

tured cardiac cells. Nature 301:248- 50

Gabbay RA, Lardy HA, 1986. Methylisobutylxanthine blocks insulin

antagonism of cAMP-stimulated glycogenolysis at a site distinct

from phosphodiesterase. J Biol Chem 261:4002-07

Garbers D, First NL, Lardy HA, 1973. The stimulation of bovine

epididymal sperm metabolism by cyclic nucleotide phospho-

diesterase inhibitors. Biol Reprod 8:589-98

Garbers DL, Kopf GS, 1980. The regulation of spermatozoa by calcium

and cyclic nucleotides. Adv Cyclic Nucleotide Res 13:251-306

Garbers DL, Lust WD, First NL, Lardy HA, 1971. Effects of phos-

phodiesterase inhibitors and cyclic nucleotides on sperm respira-

tion and motility. Biochemistry 10:1825-31
Gibbons IR, Cossen MP, Evans JA, Gibbons BH, Houck B, Martinson

KH, Sale WS, Tang W-JY, 1978. Potent inhibition of dynein

adenosinetriphosphatase and of the motility of cilia and sperm

flagella by vanadate. Proc NatI Acad Sci USA 75:2220-24

Hahn HJ, Gylfe E, Hellman B, 1979. Glucose-dependent effect of

methylxanthines on the 45Ca distribution in pancreatic-cells.

FEBS Lett 103:348-51

Hammerstedt RH, Hay SR, 1980. Effect of incubation temperature on

motility and cAMP content of bovine sperm. Arch Biochem

Biophys 199:427-37

Hoskins DD, Stephens DT, Hall ML, 1974. Cyclic adenosine 3’:5’-

monophosphate and protein kinase levels in developing bovine

spermatozoa. J Reprod Fertil 37:131-33

Ishiguro K, Murotushi H, Sakin H, 1982. Evidence that cAMP-de-

pendent protein kinase and a protein factor are involved in re-
activation of Triton X-100 models of sea urchin and starfish

spermatozoa. J Cell Biol 92: 777-82

Jam MK, 1982. Handbook of Enzyme Inhibitors (1965-1977). New

York: John Wiley & Sons, pp. 147-48
Kopf GS, Lewis CA, Vacquier VD, 1984. Characterization of basal and

methylxanthine-stimulated Ca2+ transport in abalone sperm. J

Biol Chem 259:5514-20
Lardy HA, Phillips PH, 1943a. Inhibition of sperm respiration and

reversibility of the effects of metabolic inhibitors. J Biol Chem

148:333-41
Lardy HA, Phillips PH, 1943b. Inhibition of sperm glycolysis and

reversibility of the effects of metabolic inhibitors. J Biol Chem

148:343-47
Lee HC, Johnson C, Epel D, 1981. Changes in internal pH associated

with initiation of motility and acrosome reaction of sea urchin

sperm. Dcv Biol 95:31-45
Levin RM, Greenberg SH, Wein AJ, 1981. Qualitative analysis of the

effects of caffeine on sperm motility and cyclic adenosine 3’,5’-

monophosphate (AMP) phosphodiesterase. Fertil Steril 36:
798-802

Lindeman CB, 1978. A cAMP-induced increase in the motility of

demembranated bull sperm models. Cell 13:9-18
Lindeman CB, Lipton M, Shlater R, 1983. The interaction of cAMP

with modeled bull sperm. Cell Motil 2:199-210

Mann T, Lutwak-Mann C, 1981. Male Reproductive Function and

Semen. New York: Springer Verlag, pp. 195-268
Meyerhof 0, Schultz W, 1938. Eine neue Bestimmungsmethode der

phosphoglycerinsaure. Biochem z 297:60-65



1046 SCHOFF AND LARDY

Opresko LK, Brokaw CJ, 1983. cAMP-dependent phosphorylation
associated with activation of motility of ciona sperm flagella.
Gamete Res 8:201-18

Schoff PK, Forrester IT, Haley BE, Atherton RW, 1982. A study of
cAMP binding proteins on intact and disrupted sperm cells using

8-azidoadenosine 3’,5’-cyclic monophosphate. J Cell Biochem
19:1-15

Tash JS, Mann T, 1973. Adenosine 3’:5’-cyclic monophosphate in

relation to motility and senescence of spermatozoa. Proc R Soc
Lond B Biol Sci 184:109-14

Tash JS, Means AR, 1982. Regulation of protein phosphorylation and
motility of sperm by cyclic adenosine monophosphate and cal-
cium. Biol Reprod 26:745-763

Turner TI’, Giles RD, 1982. The effects of cyclic adenine nucleotides,
phosphodiesterase inhibitors and cauda epididymal fluid on the

motility of rat epididymal spermatozoa. J Androl 3:134-39




