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The intracellular free Ca 2+ concentration in ejaculated, porcine sperm was 
determined with a fluorescent, Ca2+-specific probe, Fura 2. Following 
suspension of sperm in a medium capable of sustaining capacitation and the 
acrosome reaction, the intracellular [Ca 2+ ] increased from an initial value 
of about 75 nM to a peak value of 130 nM, after about 4 to 5 h of incubation. 
Withinthisperiodof time, a Deakvalue of 246 nMwas attained when sperm was 
incubated in seminal plasma.- Ca 2+ uptake is presumably not associated with 
membrane potential-dependent channels. The results indicatethat a pronounced 
increase in intracellular free Ca 2+ occurs towards the end of the incubation 
period when rather synchronous acrosome reactions take place in the sperm 
population, either in capacitating medium or in seminal plasma. 
© 1990 Academlc Press, Inc. 

Immediately following release from the male reproductive tract, mammalian 

sperm are incapable of fertilizing eggs. A series of sequential processes, 

namely capacitation and the acrosome reaction, must take place to confer upon 

sperm the full fertilizing potential (i). In the oourse of sperm activation the 

cellular surface is profoundly altered, in part by the interaction of macro- 

molecules and ions present in the female reproductive tract (i, 2,3). For some 

manm~lian species, in vitro systems have been established (i), thus facilita- 

ting research on mechanisms involved in the capacitation and acrosome reaction 

phases of sperm activation. In the coordination of sequential phases Ca 2+ 

appears to play a key role. Extracellular Ca 2+ is essential for triggering 

the acrosome reaction (i) while Ca 2+ has only recently been implicated to be 

involved at the end of the capacitation phase as opposed to early stages (4). 

Our knowledge about biochemical mechanism~ of Ca 2+ entry and regulation in 
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sperm is rather fragmentary. Concerning Ca 2+ uptake, Na+/Ca 2+ antiports 

(5), calcium channels (6), and calmodulin-dependent, energy-requiring Ca 2+ 

transporters (7) may be responsible. These types of uptake mechanisms may 

operate alone or in unison during various phases of sperm activation. Evident- 

ly, information is needed on the role of Ca 2+ in integrating sequential pro- 

cesses of sperm activation. 

The current study was therefore designed to examine temporal changes in the 

intracellular Ca 2+ concentration, [Ca2+]i , of ejaculated boar spermatozoa 

during incubation in a capacitating medium and in seminal plasma. Employing a 

highly selective fluorescent Ca 2+ indicator, Fura 2, [Ca2+]i was found to 

vary dramatically after 4 to 5 h of incubation, especially in the presence of 

seminal fluid. 

MATERIAL AND METHODS 

Media and reaqents: (a) Physiological medium (PM) comprises 145 mM NaCl, 0.5 
n~4 MgSO4, 5 mM KCI, 1 ram Na2HPO4, 1 mM CaCI2, 5 mM glucose, and i0 mM 
HEPES buffer, pH 7.4. (b) Capacitation medium (CM) comprises 88 mL medium 199 
(GIBO0, Gait/q~urg, MD), 12 mL foetal calf serum, 2.3 g bovine serum albumin, 
2.9 mM calcium lactate, 7.5 mg penicillin G (1670 U/mg), 5 mg streptomycin (750 
U/mg), i00 mM HEPES, pH 7.8. Boar sperm reportedly acquired fertilizing ability 
after 4 to 5 h of incubation in this medium (8). 

2+ The fluorescent Ca chelator, Fura 2/AM, was purchased as the cell- per- 
meant ester, { i- [2- (carboxyoxazol-2-yl) -6-aminobenzofuran-5-oxyl ] -2- (2 ' -amino- 
5'-methyl-phenoxy) -ethane-N,N,N" ,N'-tetraacetic acid, pentaacetoxy- methyl 
ester}, from Molecular Probes (Eugene, OR). Fura 2/AM was maintained as a 1 mM 
stock solution in dimethyl sulfoxide, -20°C. All chemicals were of the 
highest grade available. Doubly glass-distilled water was used to prepare the 
buffer systems. 

Boar sperm collection: Freshly ejaculated sperm were collected at room tempe- 
rature from 2 years old Yorkshire boars (weight about 270 kg) at the Swine 
Research Center of Michigan State University. Semen samples were immediately 
filtered through Miraclot_h (Calbiochem, La Jolla, CA) to remove semen gel, and 
maintained at 38°C. Using a Makler counting chamber (Sefi-Medical Instru- 
ments, Haifa), sperm concentration and motility were measured with a Zeiss 
bright field microscope. 

Filtered sperm were washed twice with physiological medium (PM), followed by 
further incubation in the same medium, or in a capacitating medium (CM). In 
experiments dealing with the effect of seminal fluid on Ca z+ uptake, filtered 
sperm were first centrifuged followed by incubation with seminal fluid. Incuba- 
ted sperm (3.4 x i0' cells/ ml) were maintained at 38°C in an atmosphere of 
5 percent carbon dioxide in air. 

Intracellular Ca2+: The relative fluorescence intensity was measured with a 
Perkin-Elmer luminescence spectrometer, model IS-5B. The excitation wavelength 
was set at 339 nm with 5 nm slits; emission was recorded at 500 nm with i0 nm 
slits. 

suspensions were incubated with Fura 2/AM at a final concentration of 1 
~M, 38 C, 1 h. 3 mL of Fura 2-1oaded 7 sperm were transferred to a quartz .cu- 
vette (final concentration 1.7 x I0 cells/ml), thermostatically maintalned 
at 38°C. The concentration of dimethyl sulfoxide in the Fura 2/AM loading 
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solution was 0.25 percent (w/w). Control experiments showed no detectable 
influence of dimethyl sulfoxide on sperm motility and intracellular [Ca2+], 
at t/qesolventconcentrationsused. Regardless of the incubation media (PM, (IM, 
seminal fluid) and time employed, subsequent dye loading (duration 1 h) and 
fluorescence studies were always performed in the presence of PM medium. 

In dye-loaded cells, the intracellular Ca 2+ concentration, [Ca2+]i , was 
determined following a prooedure recently described (9). Briefly, the presence 
of extracellular Fura 2 (including leakage of Fura 2) was ascertained by addi- 
tion of EGTA (3.3 mM) and then Tris (20 mM), at pH 8.2. The fluorescence raini- 
mum, Fmin, was obtained bydye release from sperm in the presence of digito- 

' mMl the fluorescence maximum, nln (0.06mg/mL). Follcwing addition of HCI (20 
Fmax, was measured in the presence of 3.3 mM Ca 2 added, pH 7.5 (Fig. i) o 
Autofluorescencewas spectrallysubtracted. Generally the autofluorescence in- 
tensity was less than 20 percent that of F_ ; autofluorescence intensity 
rea~ined constant regardless of the presence oi~E~A, Tris, digitonin, HCI, and 
Ca ~. The intracellular concentration of Ca ~ was calculated from the 

• 2+ relatlon [Ca ]i = kd (F - Fmi-)/(F-- a. -F), where k d = 224 nM is 
the dissociation constant of calcium*L~nding to Fura 2 (i0). 

RESULTS 

Time course of [Ca2+]i durinq incubation (Fig. 1). At the onset of incu- 

bation, [Ca2+]i amounted to 70-80 nMo With an increase in incubation time, 

[Ca2+]i increased concomitantly, its associated rate and peak value depen- 
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Fig. i. Dependence of the intracellular free Ca 2+ concentration in ejaculated 
porcine sperm on incubation time, in the presence of a physiological medium 
( • i, a capacitating medium ( • ), or seminal plasma ( • ), respectively. I. 7 

v 2+ x I0 cells/m/ were loaded with a Ca -specific, fluorescent chelator, Fura 
2 (i ~M), 38°C. Following incubation in the respective medium, spectral mea- 
surements were always performed on cells suspended in physiological medium. 
Insert: Typical time dependence of changes in relative fluorescence intensity 
(AF) of Fura 2-1oaded sperm following addition of EGTA (3.3 raM), Tris (2.2 
raM), digitonin (0.05 r~M), and HCI (20 ~%M). From these values the minimum and 
maximum values of fluorescence intensity were derived. 

49 



Vol. 172, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

EGTA 
Tris 

" \ 

[A23187• \ 

600 

c 

o ~ 

u~  4 0 0  1 [ 
i r A23187 

I 

I I 
2 0 0  I I 

IEGTAL 
ITris I 

' " ~ ~  
0 i i , 

i 

% 
% 

% 
% 

\ 
% 
% 

% 

1 O0 3 0 0  5 0 0  
Time (s) 

Fiq. 2. RespoD~ of the intracellular free Ca 2+ concentration in ejaculated 
porcine sperm, incubated in a physiological medium, to the application of a 
CaZt-specific ionophore, A23187 (25 ~M), then followed by the application of 
EGTA (3.3 raM) and Tris (2.2 raM), respectively. These sperm were washed twice 
after collection. Without any preceding ~tion, sperm were loaded with Fura 
2/AM (duration 1 h), followed by A23187 treatment. Bottom: Response of intra- 
cellular [Ca 2t ] when the order of application of these agents was reversed. 

dent on the type of incubation medium employed. Upon incubation in seminal 

plasma for 5 h, a peak value of [Ca2+]i =246+10 nM was obtained which was 

almost twice as high as the corresponding peak values in the presence of the 

artificial media tested. 

As determined in a physiological medium (PM), the peak value of [Ca2+]i 

was independent of the presence or absence of monovalent Na + or K + in the 

incubation medium. This was illustrated, for example, by findings that in a PM 

medium devoid of K + (150 mM Na + added to maintain osmolarity), the maximal 

value of [Ca2+]i was found to be 126+17 compared with the corresponding 

value of 129+_4 measured after 4 h of incubation in the full PM medium. 

Experiments were also performed regarding [Ca2+]i in response to incu- 

bation in a medium deficient in Ca2+; to this end 3.3 mM EGTA were added. 

Following incubation in EGTA-containing seminal plasma for 5 h, [Ca2+]i was 

108+7 nM, as opposed to 246+--10 nM in the absence of the Ca 2+ chelator. A 
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similar reduction in [Ca2+]i , viz., from 129 rhM to 82 nM, was measured in 

sperm incubated in PM supplemented with EGTA (3.3 mM). 

Intracellular [Ca 2+] following induction of acrosome reaction. Since the 

acrosome reaction was reportedly (ii) inducible by the application of a Ca 2+ 

specific ionophore, A23187, the intracellular Ca 2+ concentration was deter- 

mined in response to the application of A23187 (25 pM) to the sperm suspension 

in PM (Fig. 2). These sperm were washed twice after collection. Without any 

preceding incubation, sperm were loaded with Fura 2/AM (duration 1 h, PM). 

Starting at a basal value of 75+5 nM, upon A23187 application [Ca2+]i 

prc~ptly increased (in about 2 rain) to a maximal value of 791+_37 nM. Subsequent 

administration of EGTA (3.3 mM) and Tris (2.2 mM) diminished [Ca2+]i to a 

value of 125+_23 nM, within less than 4 min. The latter Ca 2+ concentration, 

125 nM, is higher than that evaluated prior to the application of the iono- 

phore, viz. 75 nM. Presumably, some Ca 2+ became trapped in intracellular com- 

par~ts following application of the Ca 2+ chelator and Tris which enhances 

Ca 2+ chelation at slightly alkaline pH. Reversing the sequence of treatment, 

viz., Tris/EGTA first, then A23187, yielded a value of 22+5 nM for [Ca2+]i 

after about 6 min (Fig. 2). The presence of the ionophore apparently facilita- 

ted Ca 2+ efflux, thus lowering the interior [Ca 2+] . 

Sperm motility, since sperm acquire unique motility patterns in the course of 

capacitation and the subsequent acrosome reaction (2, 12), sperm motility was 

evaluated. Irrespective of the incubation medium employed, 80-90 percent of 

sperm was found to be motile at the onset of incubation. Sperm motility de- 

clined to about 40-50 percent after 5 h of incubation in artificial media (PM 

and CM). In the presence of EGTA, motility further declined to a value of 30-40 

percent (5 h). The observed motility decline with time is in accord with recent 

findings on boar sperm in a similary reconstituted medium 199 (13). Upon incu- 

bation of sperm in seminal plasma (5 h), however, motility remained at 70-80 

percent, a value only slightly lower than that found at the onset of incuba- 

tion. When cell viability was assessed with the Trypan blue assay (14), the 

initial viability was about 85 percent, and after 5 h of incubation (PM, SM) 

approximately 80 percent. 
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At the onset of incubation, the sperm motility pattern was characterized by 

linear swimming. After 5 h of incubation, this pattern was converted into one 

typified by nonprogressive, tumbling sperm movements, called "hyperactivation" 

(1,2,12) . 

As judged by motility and viability criteria, the micromolar Fura 2 concen- 

tration used exerted no detectable toxic influenc~ upon sperm. This observation 

is consistent with motility studies employing a closely related dye, quin 2, 

for measurements of [Ca 2+] in boar epididymal sperm (15). 

Dye co~tation: Since a spermatozoon is compartmentalized, the question 

arises as to the intracellular localization of free Ca 2+ which is monitored 

in boar sperm by the fluorescent dye, Fura 2. Using a fluorescence microscope, 

~tion of freshly Fura 2-1oaded spermatozoa suggested that the sperm head 

was uniformly stained with the dye. This qualitative result is consistent with 

data obtained in response to digitonin application (Fig. i). At the low concen- 

tration used, this membrane-disruptive agent reportedly released constituents 

of cytoplasmic rather than mitochondrial origin (16). It seems therefore that 

Fura 2 mainly monitored the Ca 2+ concentration in the cytosol of the sperm 

head. In this context it appears noteworthy that recent ultrastructural find- 

ings demonstrated that bound Ca 2+ can be detected in the anterior regions of 

the spermatozoon head during various stages of the acrosome reaction (17). 

DISCUSSION 

In this study we demonstrated temporal changes of intracellular [Ca 2+ ] in 

ejaculated porcine sperm exposed to a capacitating medium, or to seminal 

plasma. Compared with [Ca2+]i at the onset of incubation, enhancement of 

[Ca2+]i is pronounced after 4 to 5 h in the media tested, especially upon 

incubation in seminal plasma. This period of time is in accord with recent data 

on boar sperm capacitation (8, 13). The dramatic increase of [Ca2+]i of 

sperm in seminal plasma is perhaps related to several claims asserting that 

sperm capacitated in vivo are more effective in fertilizing ova than sperm 

capacitated in artificial media (I). 
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The pronounced increase (4-5 h) in [Ca2+]i appears to coincide with the 

time requiredto achieve maximal fertilizing abilityofboar sperm incubated in 

vitro (8). A relationship between enhanced [Ca2+]i and the acrosome reac- 

tion is indicated by the manifold increase of [Ca2+]i in the presence of 

A23187, a Ca 2+ ionophore known to rapidly trigger the acrosome reaction in 

sperm in the presence of extracellular Ca 2+ (2,11). Besides morphological 

parameters (hyperactivation, acrosome exocytosis), the enhanced [Ca2+]i may 

thus be a useful biochemical marker suggestive of sperm fertilizing ability. 

The virtual independence of [Ca2]i on the presence of extracellular 

[K +] argues against a major involvement of voltage-gated channels in Ca 2+ 

uptake byboar sperm because at the millimolar [K +] employed depolarization 

of the K+-dependent membrane potential is to be expected (18). 
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