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ABSTRACT

The motility of demembranated bull sperm was found to be governed by the concentrations of cyclic adeno-

sine 3’, 5’-monophosphate (cAMP) and Ca2� at low pH (6.6-7.1), and was less sensitive to these variables at

higher pH (7.4-7.8). Although motility was generally found to increase with increasing pH in the range from

6.6 to 7.8, the addition of exogenous cAMP markedly and selectively improved the motility at the lower end of

the range (pH 6.6-7.1). In the presence of 10 �uM cAMP, low Ca2’ (8.0 x 1O8M), and a high concentration

of Mg-adenosine 5’-triphosphate (A TP, 8 mM), demembranated sperm at pH 6.8 and 7.1 exhibited swimming

similar to that of live ejaculated sperm. At a free Ca2� concentration of 4.4 x 1O5M, the motility was rapidly

inhibited at pH 6.8-7.1, whereas at pH 7.4-7.8, the activity was not greatly affected. Since calcium is known

to antagonize the cAMP pathway by activating Ca2�-dependent phosphodiesterase and Ca2�-dependent phospha-

tase, this further supports the idea that cAMP-dependent activation is crucial for motility at low pH.

Our results demonstrate that the flagellar axoneme can function normally at relatively acidic pH, and pro-

duce vigorous swimming at high levels of ATP. The ATP content of live sperm was measured andfound to be

high enough (�8 mM) to support the vigorous motility seen at pH 6.6-7.1 in the models. Reported measure-

ments of pH in live sperm have consistently indicated that the internal pH is low (6.4-7.1), and studies with

demembranated sperm have consistently reported an alkaline (pH 7.4-8.0) range to be necessary for sperm

motility. Our results can reconcile this apparent paradox with the provision that at the actual internal pH the

motility must be continuously supported by the cAMP-dependent kinase system, and the internal free calcium

concentration must be low.

INTRODUCTION

Detergent-extracted sperm (sperm models) have

been shown to be capable of life-like motility and

have aided our understanding of flagellar motility

(Miller and Brokaw, 1970; Lindemann and Gibbons,

1975; Lindemann, 1978; Gibbons and Gibbons,

1980; Mohri and Yanagimachi, 1980). Consistently,

studies using sperm models have employed an alkaline

environment to optimize motility (Gibbons and

Gibbons, 1972; Brokaw, 1975; Goldstein, 1979b;

Christen et a!., 1983; Lee et a!., 1983; Sale, 1985;

Vijayaraghavan et a!., 1985; Ishijima and Witman,

1987). This dependance on alkaline pH has been

explained on the basis of the activity range of the

dynein adenosine 5’,-triphosphatase (ATPase) (Gib-
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bons and Gibbons, 1972; Christen et a!., 1983; Sale,

1985) and has led some to conclude that the natural

condition of flagellar cytosol must be alkaline to

support motility (Lee et a!., 1983). In sharp contrast

to results from sperm models, measurements of the

internal pH of live spermatozoa have yielded a pH in

the range of 6.4-7.1 (Schackmann et a!., 1981; Wong

et al., 1981; Christen et al., 1982, 1983; Lee et a!.,

1982; Smith et a!., 1985;). This is well removed from

the range of 7.4-8.2 reported to support good

motility in sperm models.

The regulatory role of cyclic adenosine 3’, 5’-

monophosphate (cAMP) on axonemal motility was

also demonstrated with sperm models (Lindemann,

1978; Brokaw, 1979; Garbers and Kopf, 1980;Mohri

and Yanagimachi, 1980). In the presence of sperm

cytosol, cAMP was shown to stimulate motility of

sperm models.

By contrast, Ca2� is known to induce quiescence in

some types of sperm (Gibbons, 1980; Gibbons and

Gibbons, 1980; Breibart et al., 1985), and substantial



1130 GOLTZ ET AL.

evidence supports the presence of both Ca24.-dependent

phosphatase (Tang and Hoskins, 1975; Garbers and

Kopf, 1980; Goltz and Lindemann, 1987; Tash et a!.,

1987) and Ca24.-dependent phosphodiesterase in

sperm (Cascieri et a!., 1976; Tash, 1976; Stephens et

a!., 1979; Garbers and Kopf, 1980; Wasco and Orr,

1984).

In this study, we explore the effects of pH on

cAMP activation and Ca24. inhibition of sperm models

prepared from ejaculated bull sperm. We use our

finding to construct a plausible picture of the internal

condition in a living sperm and attempt to reconcile

previous findings into a consistent pattern.

Sperm Collection

and Storage

MATERIALS AND METHODS

Ejaculated bull sperm, collected in an artificial

vagina, were obtained through the cooperation of

NOBA, Inc. (Tiffin, OH). At NOBA, the raw semen was

diluted to 75 x 106 cells per ml with a tris(hydroxy-

methyl)aminomethane (Tris) extender containing 2%

egg yolk. Diluted sperm were shipped on ice in an

insulated container and arrived at the lab 24-36 h

after shipping. After arrival, the sperm were stored at

0-5#{176}C until used. Experiments were conducted on

the sperm for 3 days following receipt.

Preparation of

Sperm Models

The bull sperm were removed from the extender

prior to demembranation. Four milliliters of the

sperm-extender mixture were added to 6 ml of

phosphate-buffered saline containing 0.15 M NaC!, 5

mM Na2 HPO4, and 5 mM MgC12 at pH 7.4. This

mixture was centrifuged twice for 10 mm at 960 X g,

decanted, resuspended between spins with 10 ml

fresh buffer, and resuspended in 4 ml of fresh buffer

after the second centrifugation. The washed suspen-

sion of sperm was stored at room temperature and

used as the source for preparing sperm models for up

to 2 h. To demembranate the sperm, 30 �zl of the

sperm stock suspension was added to 3 ml of reaction

mixture in a culture dish. The mixture contained 0.13

M sucrose, 0.024 M potassium glutamate, 0.02 M

Tris-HC1, 1 mM dithiothreitol, 0.1% Triton X-100

(v/v), 0.5 mM nitrilotriacetic acid, 1 mM Mg24., and 1

mM adenosine 5’-diphosphate (ADP). This procedure

is a slight modification of an earlier method (Linde-

mann, 1978); ADP and nitrilotriacetic acid were not

used in the earlier study, but we have found that they

improve the quality of the reactivated motility.

Nitrilotriacetic acid is also a strong chelator of Ca24.

and heavy-metal ions, which helped to reduce free

Ca24. concentration and prevent heavy-metal toxicity.

The pH of the reactivation solution was pre-adjusted

in five dishes to 6.6, 6.8, 7.1, 7.4, and 7.8, the pH

was again checked after sperm were reactivated with

ATP and also after the termination of the experi-

ment. ATP stock solutions (0.1 M) were pre-adjusted

to the working pH to minimize deviation from the

desired pH. Equimolar MgC!2 was added as ATP was

added. Cyclic AMP was added as a 1 mM stock to

final concentrations of 3 or 10 j.tM. When used, Ca24.

was added to 0.5 mM, yielding a free calcium concen-

tration of 44 �zM; this was determined by using

the Calcon computer program developed by Gold-

stein (1979a) and modified by Dr. Joseph S. Tash

(Baylor College of Medicine, Houston, TX).

Motility Assays

The results of each experiment were recorded on

videotape with a DAGE NC 67M Video camera

(Dage-MTI, Inc., Michigan City, IN) and 20X phase

objective. Videotape records were made and analyzed

on a Panasonic video cassette recorder model AG-

6200 using single frame analysis and variable speed

framing. The period of a cell’s beating cycle was

determined by following the cell through two to

three cycles of bending, and frequencies were deter-

mined from the beat period. The frequencies of

10-15 cells were used to constitute an average at a

given condition. The percentage of swimming cells

was determined by counting all swimming and a!!

immotile cells in a video field and dividing the num-

ber swimming by the total. The forward progress (or

swimming velocity) was measured by tracking indi-

vidual cells for a 1- or 2- s interval and determining

the distance traveled by the head in a 1- s interval. All

experiments were repeated in their entirety a mini-

mum of three times. To obtain photographic records,

some experiments were filmed with a Beaulieu R16

motion picture camera (Charenton-Le-Pont, France)

at 64 f.p.s. These films were made with 40X dark

field optics on Kodak 2475 recording film.

A TP Determinations

ATP content of live bull sperm was assayed using a

Turner Luminometer Model 20 (Turner Designs,
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Mountain View, CA) and a Luciferin-Luciferase

Enzymatic Assay procedure (Turner Luminescence

Review Bulletin No. 204, May 1983). For this assay,

4 ml of the sperm-extender mixture were added to 6

ml of citrate buffer containing 0.1 M sodium citrate,

5 mM MgSO4 and 2 mM fructose at pH 7.4. This

mixture was centrifuged for 10 mm at 1240 X g. The

supernatant was discarded and the pellet was resus-

pended in 10 ml citrate buffer, centrifuged, and

decanted twice more. The final pellet was resus-

pended in 4 ml citrate buffer and allowed to equili-

brate for 10-15 mm. The sperm were lysed by

dilution (1: 100) of the citrate buffer suspension

into distilled water in plastic test tubes held at 0#{176}C.A

hemacytometer was used to determine the cell

density of the final dilution. Sperm were observed for

motility before lysis and only samples with greater

than 70% motile cells were used. The procedure was

repeated three times with cells shortly after arrival

(<36 h after collection), and three times on samples

stored 48 h after arrival to assess the effect of storage

on cellular ATP content. For four additional deter-

minations, 200 jil of the citrate sperm suspension was

added to 200 �i! of 5% perch!oric acid (PCA) in a

plastic test tube to denature and precipitate protein

in the sample. The precipitated !ysate was then

centrifuged at 3000 rpm for 5 mm to pellet the solid

materials. The supernatant was neutralized with 200

j1l 0.5 N KOH and recentrifuged (3000 rpm for 5

mm). The final clear supernatant was diluted 1:100

with 4-( 2-hydroxyethyl)- 1 -piperazineethane sulfonic

acid buffer and assayed for ATP content. This second

method was used to rule out autoluminescence of

proteins as a contributing factor in the ATP deter-

minations.

Electron micrographs from our previous studies

(Lindemann and Gibbons, 1975; Lindemann et al.,

1982) were used to find accurate dimensions, and an

estimated cell volume of 32 �.zm3 was determined

from the measured dimensions. Rough estimates

of ATP molarity in the sperm were obtained by

dividing the moles of ATP per sperm by the sperm

volume. Since ATP is undoubtedly excluded from

some of the internal structures, our values are mini-

mum estimates. Based on estimates of the internal

water space of bull sperm (Hammerstedt et a!., 1978),

the true values may be as much as twice our rough

estimates.

Reagents

Ultrapure ATP and dithiothreito! from Boehringer-

Mannheim (Indianapolis, IN) were used in these

studies. Ultrapure CaC!2 and MgCI2 obtained from

Aldrich Chemical Co. (Milwaukee, WI) were used in

reactivations. All solutions were prepared with

deionized water from a millipore Milli-R04 (Mi!lipore

Corp., Bedford, MA) filtration system.

RESU ITS

Sperm extracted with Triton X-100 and reactivated

with 2 mM ATP exhibited motility strongly depen-

dent on pH. Figure 1 shows the percentages of motile

sperm (a) and beat frequencies (b) as a function of

pH in the range 6.6-7.8. Without added cAMP, the

relationship was virtually identical to that reported in

earlier studies (Gibbons and Gibbons, 1972; Gold-

stein, 1979b; Lee et al., 1983; Sale, 1985), with an

optimum at or above pH 7.8 and with little motility

below pH 7.1. Figure 1, a and b, also shows the

striking change in the relationship when sperm

models in 2 mM ATP were stimulated with 10 j.zM

cAMP. With cAMP, sperm in the lower pH range

(6.6-7.1) exhibited greatly improved motility

measured in both beat frequencies and numbers of

motile cells. This increased dependency on cAMP at

lower pH was supported by pooled data from five

experiments all at 2 mM ATP. At pH 6.8, motility

averaged only 3.2 ± 5.2% without cAMP, but jumped

to 42.3 ± 27.6% after addition of 10 iM cAMP, and

the average beat frequency increased from 0.69 ± 1.0

Hz to 3.5 ± 1.4 Hz. Although these cAMP-treated

samples still exhibited a general increase in motility

with increasing pH, the motility of sperm at pH 6.8

after cAMP treatment was quite vigorous. Further-

more, at the lower pH, wave amplitude was generally

larger and the duration of good motility was longer

(30-60 mm) than at pH 7.8 (20-30 mm).

The response of sperm models to higher levels of

Mg-ATP was examined. Figure 2, a and b, shows

comparative data to Figure 1 with 8 mM Mg-ATP

present. The higher level of ATP increased the motil-

ity characteristics of the low pH samples more so

than that of the high pH samples, the motion of the

sperm at pH 7.8 became jittery and sperm lost

motility more rapidly. This change contributed to the

decline in the percentages and beat frequencies
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experiments to maximize our sample size is shown in

Table 1. Three parameters of motile functioning were

tabulated: beat frequencies, percentage of motile

cells, and straight line swimming velocities. The data

revealed that sperm models at pH 7.1 closely matched

the motile parameters of intact sperm. Sperm models

at this pH exhibited normal beat frequencies (5.17 ±

1.4 Hz as compared to 5.0 ± 1.1 Hz for live), normal

percentages of swimming cells (74.1 ± 18.0% as

compared to 78.6 ± 9.7% for live), and almost normal

rates of forward progression (30.2 ± 14 jim/s as
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FIG. 1. The motility of Triton X-100 extracted sperm models as a

function of pH in 2 mM Mg-adenosine 5’-triphosphate (ATP). The mo-

tility of uniformly prepared samples of reactivated sperm is shown be-
fore (solid line) and after (dotted line) addition of 10 �iM cyclic adeno-
sine 3’, 5’-monophosphate (cAMP) to the reaction mixture. In (a),

the percentage of motile sperm at each pH value is plotted; in (b), the

mean beat frequency of the motile sperm at each pH value is shown.
The data were collected from videotape records and all samples were
prepared from the same stock suspension of sperm to permit valid com-

parison of the data. The experiment was performed at 22�’C. Each point

in (a) and (b) is the mean of five and ten measurements, respectively.

The bars indicate the standard error of the mean. Lines were drawn by

a best-fit computer program. The arrow in (a) indicates the percentage

of motile cells in the live-sperm stock suspension.

seen at pH 7.4 and 7.8 in the figure. A side-by-side

comparison of a live sperm and a sperm model (8 mM

ATP) at pH 7.1 and pH 7.8 is displayed in Figure 3.

The summary tracing shows that the flagellar move-

ment at pH 7.1 is similar to live sperm, and at pH 7.8,

the loss of amplitude and rhythm that is seen is

characteristic of the way cells at high pH respond to

high ATP. The sperm at lower pH (6.6-7.1) tolerated

the high Mg-ATP well, and when cAMP (10 jiM) was

included, the sperm assumed a vigorous progressive

motility at pH 6.8 and 7.1. The result of an analysis

of the motility characteristics from three pooled

a.#{149}6
.

8 mM ATP
0 Before cAMP addition
#{149}AftercAMP addition

7.0 7.56.5 8.0
pH

FIG. 2. The motility of Triton x-ioo extracted sperm models as a
function of pH in 8 mM Mg-adenosine 5’-triphosphate (ATP). The

motility of uniformly prepared samples of reactivated sperm is shown

before (solid line) and after (dotted line) addition of 10 �.iM cyclic
adenosine 3’, 5#{176}-monophosphate (cAMP) to the reaction mixture. In

(a), the percentage of motile sperm at each pH value is plotted. In (b),
the mean beat frequency of the motile sperm (immotile sperm were not
included in the averages) are shown at each pH value. The data were

collected from videotape records and all samples were prepared from

the same stock suspension of live sperm in order to facilitate direct

comparison of the data at each pH value. The experiment was perform-

ed at 22#{176}C. Each point plotted in (a) is the mean of five measurements

and in (b) of fifteen measurements. The bars indicate the standard error

of the mean. Lines were computed by a best-fit program.
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L
FIG. 3. The motion of live and Triton X-100 extracted sperm models. Sequences of consecutive frames from 16 mm motion picture film showing

the motion of 3 sperm cells: A) a live sperm from the stock suspension of sperm used to produce Triton-extracted sperm in (B) and (C); (B) a de-

membranated sperm in 8 mM Mg-adenosine 5’-triphosphate (ATP) at pH 7.1 after treatment with 10 MM cyclic adenosine 3’, 5’-monophosphate

(cAMP); (C) a demembranated sperm in 8 mM Mg-ATP at pH 7.8 after treatment with 10 �iM cAMP. All three sequences were filmed at 64 frames
per second. The experiments were performed at ambient temperature. The bar in sequence A indicates 20 �.im. Note that the motility of the sperm

at pH 7.1 (sequence B) closely resembles both the pattern and speed of movement of the live cell in A, whereas the sperm model at pH 7.8 (sequence

C) has a reduced wave amplitude.

TABLE 1. Comparison of motility in live and reactivated bull sperm.a

Conditions

Forward progression

(n)b % Motile

Frequency

(n)b (i.zm/s) (n)b (hertz)

Live 20 40.58 ± 11.69 10 78.6 ± 9.7 25 5.00 ± 1.05

ReactivatedC

pH 6.6

before cAMP 23 2.17 ± 6.20 15 15.6 ± 6.1 40 0.440 ± 1.08

after cAMP 27 22.04 ± 10.42 15 63.6 ± 13.3 40 3.75 ± 4.80

pH 6.8

before cAMP 30 16.87 ± 18.37 14 20.4 ± 18.5 40 1.71 ± 1.58

after cAMP 27 24.38 ± 8.95 15 71.1 ± 11.6 40 3.98 ± 1.10

pH 7.1
before cAMP 24 34.40 ± 18.04 15 61.4 ± 30.5 40 3.91 ± 1.86

after cAMP 22 30.23 ± 14.41 15 74.1 ± 17.9 40 5.17 ± 1.42
pH 7.4

before cAMP 23 35.24 ± 13.84 14 64.1 ± 21.0 41 4.89 ± 1.38

after cAMP 25 35.49 ± 10.09 14 78.4 ± 8.8 40 5.52 ± 1.25

pH 7.8

before cAMP 6 35.91 ± 15.55 10 79.8 ± 9.9 40 5.85 ± 1.49
after cAMP 11 24.21 ± 8.88 11 56.2 ± 27.3 40 6.16 ± .999

avlues are ± SD.

b0 values are the number of separate measurements.

CSperm extracted with Triton X-100 and reactivated with 8 mM Mg-Adenosine triphosphate in glutamate-Tris-buffered medium containing 0.5

mM nitrilotriacetic acid and 1 mM adenosine diphosphate. Ten micromolar cyclic adenosine monophosphate (cAMP) was added to the ‘after cAMP”

samples.



TABLE 2. Adenosine triphosphate (ATP) measurementsa of ejaculated

bovine spermatozoa.

aDetermined by using a Luciferin-Luciferase assay method.

bHOUrs after collection, storage at 4#{176}Cin egg yolk-Tris extender.

cThese mM values are minimum possible values calculated from the

total estimated cell volume.

RESPONSE TO CALCIUM

8.00 #{149}pH 7.8

7.00 #{149}pH 7.1
A pH 6.8

IE
a 3.00
L&i

2.00

1.00
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N.

----- 1#{149}
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TIME (minutes)

FIG. 4. The response of Triton X-100 demembranated sperm
models to calcium as a function of pH. The flagellar beat frequencies of

three preparations of sperm models activated with 5 mM Mg-adenosine

5’-triphosphate and 10 MM cyclic adenosine 3’, 5’-monophosphate is

shown. The pHs of the samples were 7.8 (#{149}),7.1 (.), and 6.8 (A). Each

sample was administered a dose of calcium choloride (0.5 mM final con-
centration) and the motility was remeasured at 10 mm and 20 mm after

the addition. The data were collected from videotape records;eachpoint
is the mean of ten measurements and the bars indicate the standard

error of the mean.
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Time of storageb n ATP (nmol/cell) Est. molarity (mM)c

<36 h 5 2.62 ± 0.32 x iO� 8.1 ± 1.0

>72 h 5 1.53 ± 0.63 X 10� 4.7 ± 1.9

compared to 40.6 ± 12 jim/s for live). The compari-

son also showed that after cAMP treatment, sperm

models at 6.8 were also vigorously motile (>60% of

live values). Even at pH 6.6, sperm showed good

motility after cAMP addition, although considerably

reduced in speed compared to live cells.

Direct determination of cellular ATP content in

live sperm yielded a mean value of 2.62 X 10�

nmo!es/sperm cell (Table 2). There was a decline in

the ATP content with storage; 2 days after arrival in

our lab, the mean ATP content had fallen to 1.53 X

iO� nmoles/sperm. Including a PCA precipitation in

our measurement protocol did not lower the esti-

mated ATP content (2.81 X 10� nmoles/sperm cell),

ruling out any contribution from autofluorescent

material. If expressed as a molarity based on total cell

volume, these values yield ATP concentrations of 8.1

mM and 4.7 mM. The values are minimum values

since some of the total cell volume probably excluded

ATP. Hammerstedt et a!. (1978) estimated the

proportion of water space in bull sperm and found it

to be approximately 17 pm3 , therefore, the true

molar concentrations may be twice that of our

minimum estimates. Clearly the measured minimal

values are sufficient to support vigorous motility at

pH as low as 6.8.

Sperm models were found to be more sensitive to

calcium ion in the lower pH range (6.6-7.1). Figure 4

shows the decline with time in the motility of three

preparations dosed with 0.5 mM Ca24.. Whereas low

pH preparations normally persisted longer than high

pH preparations, Ca24. rapidly reversed the effect of

cAMP. Consistent with earlier observations (Linde-

mann and Gibbons, 1975; Lindemann et a!., 1987),

this level of Ca24. did not have a marked effect on

inhibiting motility at alkaline pH.

DISCUSSION

The results of our study make it obvious that the

flage!lar anoneme, powered by the dynein-tubulin

interaction, can function well at pH as acid as 6.8.

Therefore, it is not necessary to hypothesize mecha-

nisms to make the internal pH alkaline in order to

explain activation of fiage!lar motility. Apparently, in

the phosphorylated state, dynein activity is not

limited to an alkaline range of pH. Our results also

make it clear that maintaining the flagellum in an ac-

tive state is less dependent on cAMP and less sensitive

to deactivation with Ca2� if an alkaline pH is em-

ployed. These observations may provide an explana-

tion for the effectiveness of alkaline pH as an expedi-

ent when working with reactivated sperm models. In

other words, alkaline pH makes it easier to get good

motility without continuous cAMP activation and

without regard for the levels of Ca24.. In contrast, we

have found that good motility can be obtained at
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neutral or slightly acid pH; however, this motility is

strongly cAMP-dependent and strongly Ca24.-inhibited.

It appears then that alkaline pH partially decouples

the anoneme from cAMP and Ca24. regulation.

To produce vigorous motility at low pH (6.8-7.1),

high concentrations of ATP are required. This fortui-

tously is consistent with the measured ATP content

of live sperm. The ATP content of sperm has been

shown to be high in earlier studies (Rikmenspoel et

a!., 1969; Nevo and Rikmenspoe!, 1970; Rogers

and Morton, 1973; Cascieri et al., 1976; Hammerstedt

and Hay, 1980; Lindemann et al., 1987) and is

confirmed here. Yet high ATP has usually been found

to cause the deterioration of motility in sperm

models at alkaline pH (7.8-8.0). Our current results

explain this disparity, since models at pH 6.6-7.1

tolerate high ATP we!! and approach the motile

characteristics of live cells when 8 mM ATP is pre-

sent.

The following hypothetical construct may describe

the “normal” internal condition in mammalian

sperm. ATP is high, minimally 4 mM and possibly as

high as 16 mM. In the activated state, Ca24. must be

kept low; less than 10 pM free Ca24. is probable

(Babcock and Pfeiffer, 1987). The internal pH may

be neutral or even slightly acidic, but probably not

below pH 6.6. If a pH shift is part of the activation

process, the shift would be most effective in the range

of 6.4-7.1. The activity profile that we have ob-

served for cAMP-stimulated sperm models places the

change to vigorous motility at about pH 6.8, but

there is no abrupt transition. This is in the same range

proposed by Babcock et al. (1983) for motility

activation of intact epididymal sperm, with internal

pH measured by carboxyfluorescein fluorescence.

Motility in the pH range 6.6-7.1 is highly depen-

dent on cAMP activation and very sensitive to antag-

onism from Ca24.. Ca2� probably acts by antagonizing

cAMP activation, since Ca24.-activated phosphodies-

terase (Cascieri et a!., 1976; Tash, 1976; Stephens et

al., 1979; Garbers and Kopf, 1980; Wasco and Orr,

1984) and Ca24.-activated phosphatase (Tang and

Hoskins, 1975; Garbers and Kopf, 1980; Tash et al.,

1987) have been isolated from mammalian sperm.

The above scenario is also supported by direct mea-

surements of internal pH in live sperm, which have

placed the pH in the neutral to slightly acidic range

(Schackmann et a!., 1981; Wong et al., 1981; Christen

et a!., 1982, 1983; Lee et al., 1982; Babcock et al.,

1983; Smith et a!., 1985). Elevating internal Ca24.,

decreasing cAMP production, and/or decreasing

internal pH to below 6.6 all would be expected to

produce quiescence.

Since the transition in motility is continuous and

gradual over the range of 6.6 to 7.1, it is difficult to

visualize an all-or-none motility initiation mechanism

that relies solely on a minor pH shift. For pH to cause

the transition between quiescence and full activity

would require a shift from below pH 6.6 to above pH

7.1. Based on our findings, an alternative hypothesis

must also be considered: the degree of cAMP-mediated

activation required to maintain motility could be

altered by a small shift in pH. Our results suggest that

a balance of cAMP-mediated activation and Ca24.-

dependent deactivation determine the activity state

of the sperm at any given time. The pH, in turn, may

act as the major modifier of this balance.
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