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Changes in the nature of calcium transport systems on the 
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Comparative studies of 4~Ca2 %transport across the plasma membrane were performed using porcine caput, corpus and cauda 
epididymal sperm. The Ca 2*-uptake is depcnoent on the presence of the substrates lot respiration and is sensitive to verapamil. 
The Ca2*-efflux is mediated by both Na '-dcpendcat and -independent systems. In the immature sperm in caput epididymis, 
Na +-independent cfflux is predominant, but it is gradually replaced by Na ~-dcpendcnt cfflux during the cpididymal transit. The 
net activity of Ca: ~ accumulation into sperm increases with the epididymal maturation. 

Introduction 

The functional changes in the sperm plasma mem- 
brane are directly or indirectly responsible for epididy- 
mal sperm maturation leading to the acquisition of 
capacity for motility and fertilization. For example, the 
activity of adenylylcyclase on sperm plasma membrane 
increases during epididymal maturation, resulting in 
the increase in the intracellular cyclic AMP (cAMP) 
level [!,2]. Cyclic AMP is known as an intracellular 
messenger of sperm maturation [2]. 

in addition to cAMP, calcium is also well-known as 
an important intrace!lular regulator of various sperm 
functions including epididymat maturation. It has been 
proposed that various kinds of transport systems are 
involved in the regulation of Ca 2+ concentration in 
mammalian sperm, such as the ATP-dependent Ca 2+ 
pump [3,4], the Na+/Ca 2~ exchanger [5,6], the 
voltage-dependent Ca 2+ channel [7], the calmodulin- 
dependent, energy-requiring Ca 2+ transporter [8], and 
the receptor-operated Ca 2+ channel [9]. But the de- 
tailed mechanisms of Ca 2 + transport and regulation of 
its intracellular level are still unclear. 

In the present study, changes in the activities and 
properties of calcium transport across the plasma 
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membrane during epididymal maturation of porcine 
sperm wee,: studied. 

Materials and Methods 

Sperm preparation. Porcine caput, corpus and cauda 
epididymal sperm were collected by microperfusion of 
ductus epididymidis with 113 mM NaCI, 5 mM KCI, 5 
mM glucose, 3 mM sodium pyruvate, 20 mM Tris-HCI, 
pH 7.4 (Pyr-Glu buffer) [10]. Sperm were washed three 
times by centrifugation and then suspended in the 
same buffer (10 'j cells/ml). Sperm suspension was 
stored at room temperature until use. 

Determination o f  Ca 2 + transport activity. In determi- 
nation of Ca 2+ uptake, sperm (2.10 ~ cells/ml) were 
incubated in the Pyr-Glu buffer containing l mM 
4SCaCI2 at 30°C for appropriate time. 100 I~,l of the 
incubation mixture was added to 5 ml of the washing 
buffer ( l l3  mM NaCI, 5 mM KCI, 2 mM CaCI 2, 20 
mM Tris-HCI (pH 7.4)) layered on G F / C  filter and 
immediately filtrated. The filter was washed twice more 
with 5 ml of the same buffer. The procedure was 
finished within 15 s. After the filter was dried up, 
radioactivity on the filter was counted in the scintilla- 
tion cocktail. Ca 2+ efflux activity was determined as 
follows. Sperm were incubated in the Pyr-Glu buffer 
containing l mM 45CACI2 at 30°C for 20 rain and then 
washcd with Pyr-Glu buffer by centrifugation. Sperm 
were resuspended in the Pyr-Glu buffer and turtm:r 



incubated at 30°C. After 0 and 10 min, 100/~1 of the 
incubation mixture was put on G F / C  filter and washed 
as mentioned above. The efflux activity was expressed 
as the percentage of the radioactivity of 4SCaZ+ re- None i-~ 
leased from sperm during 10 min of the incubation, Fructose 5mH 
taking the radioactivity preloaded in sperm (the ra~ Gtucose S~M 
dioactivity at 0 min of the incubation for the efflux Hannose 5mH 
assay) as 100%. Mannitol 5~M 

Materials. 45CACI2 was purchased from New Eng- ~ r ~  
Sucro~ SmM 

land Nuclear. Diltiazem, nifedipine, and caffeine were Cacta~ 5mH 
obtained from Wako Pure Chemical Industry, Japan. Pyruvate 5ram 
Verapamil, 3-isobutyl-l-methyl-xanthine, dibutyryl- Pymvah~ S t a l l - -  
adenosine 3',5'-cyclic monophosphate, forskolin, CCCP , cccp 31JM 
(carbonyl cyanide m-chlorophenylhydrazone) and 
SITS (4-acet amido-4'-isothiocyanostilbene-2,2'-disul- 
fonic acid) were purchased from Sigma. 

Results and  Discussion 

Although Ca 2+ is well-known to play central roles in 
the regulation of many sperm functions, we have rather 
little knowledge on the Ca 2+ transport systems as well 
as on the mechanism of the control of the intracellular 
Ca 2+ concentrations in mammalian sperm. So, at first 
in this study, the basic properties of the Ca 2+ transport 
across the porcine sperm plasma membrane were stud- 
led. 

Fig. I shows the time course of the uptake of 4SCa2+ 
by porcine cauda epididymal sperm under various con- 
ditions, in the Pyr-Glu buffer containing I mM 45CaCI 2, 
sperm linearly accumulated 45Ca 2+ within the cell dur- 
ing the first 4 min of the incubation; 1.18 pmol/10 6 
cells per min, and the rate was then gradually de- 
creased. The rate of Ca 2+ uptake obtained in the 
present study is similar to the rates of boar and ram 
sperm reported by Simpson ct al. [11], but lower than 
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Fig. 1. Time course of Ca :z+ uptake by porcine cauda epididymal 
sperm. 45CaZ+ uptake was determined as described under Materials 
and Methods. o, I:], z~. and • show the 45Ca2+ uptake activity in 
the complete Pyr-Glu buffer, in the absence of KCI, in the absence 
of glucose and pyruvate, and in the presence of unlabeled 50 mM 

CaCIz, respectively. Data are means from three determinations. 
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Fig. 2. Effects of exogenous substratcs on Ca -'+ uptake by cauda 
epididymal sperm. Sperm were incubated in 113 mM NaCI, 5 mM 
KCI, 20 raM Tris-HCl (pH 7.4) in the presence of various exogenous 
substrates for the energy mctabolE:m at 30°C for 20 rain. I mM 
4SCaCI2 ~vas added to the incul';~tion mixture and 4SCa2+ uptake 
was determined as described under Materials and Methods. Data are 

means + S.E. from eight determinations. 

those reported for ram [12] and bovine [13,14] sperm, 
suggesting that the Ca 2÷ uptake activity of sperm varies 
among species and experimental conditions. Removal 
of K ÷ from the medium did not influence the uptake 
activity. Ouabain did not either affect 45Ca2+ uptake 
(data are not shown). These suggest that the mem- 
brane potential-dependent Ca 2+ transport is not main 
pathway in porcine sperm. 

On the other hand, 45Ca 2+ uptake is completely 
dependent on the presence of either glucose or pyru- 
vate. Fig. 2 shows the effects of several substrates for 
energy metabolism on the 45Ca2+ uptake activity. The 
metabolizable monosaccharides such as fructose, glu- 
cose and mannose increased the 4SCa2+ uptake to the 
same extent as pyruvate and lactate did. But mannitol, 
which can not permeate the plasma membrane, and 
unmetabolizablc saccharides such as 2-deo~glucose 
and sucrose were not effective. It was also shown that 
CCCP, uncoupler of oxidative phosphorylation, com- 
pletely suppressed the effect of pyruvate. These results 
suggest theft the Ca 2+ uptake by porcine sperm is 
highly dependent on energy levels and mitocbondrial 
functions. In guinea pig epididymal sperm, though 
pyruvate and lactate were also reported to enhance the 
Ca 2+ uptake, metabolizable monosaccharides were 
found to inhibit the uptake of Ca 2+ by decreasing ATP 
levels [15]. Contrarily, porcine sperm seem to have high 
glycolytic activity enough to maintain ATP levels under 
the present conditions, which results in the similar 
extent of the stimulation of Ca 2+ uptake by pyruvate, 
lactate, or the metabolizable monosaccharides. Alter- 
natively, ATP levels in the cells may not directly corre- 
late with Ca 2+ transport activity, as reported by Breit- 
bar te t  al. in bovine sperm [16]. 
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Fig. 3. Ca 2+ effiux activity in the cauda epididyma] sperm. Ca 2* 
effiux was determined in Pyr-Glu buffer (e) as described under 
Materials and Methods. • shows the efflux activity when 113 mM 
NaCI is replaced with 113 mM choline chloride. Each point is the 

mean from duplicate determinations. 

A s  shown in Fig. 3, the  in t racel lu lar  Ca  2+ is ex- 
c re t ed  by a t  least  two dist inct  systems; N a + - d e p e n d e n t  
a n d  - i ndependen t  systems. N a + - i n d e p e n d e n t  Ca  2+ ef- 
flux activity is abou t  37% of  the  total  efflux activity in 
the mature epididymal sperm.  N a + / C a  2+ apr ipor ter  
and Ca 2+ pump which were shown to exist in ram 
sperm are most probable for  the exporters [5]. 
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Fig, 4. Effects of several reagents on Ca: * uptake and ¢fflux. Cauda 
epididymal sperm were incubated with various effectors in the Pyr- 
Glu buffer at 30°C for 20 °in. 45Ca2* uptake (open bar) "vas 
determined as Fig. 2. Sperm pre.loaded with 4"~CaCI= were incubat:~d 
in Pyr-Glu buffer containing various ¢ffectors at 30°C for 10 ° in  and 
the efflux activity (dotted bar) was determined as described u~der 
Materials and Methods. Data are means+S.E, from eight determi- 

nations. 
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Fig. 5. Dependency of Ca :+ uptake and efflux on the concentration 
of LaCi~. Cauda epididymal sperm were incubated at 3O°C for 20 
° in  with various concentrations of LaCl.~ and added 1o the incuba- 
tion mixture for Ca -'+ uptake assay. 45Ca~*+ uptake (upper) v, as 
determined as Fig. 2. 4SCa2+-pre-loaded sperm were incubated in 
the Pyr-Glu buffer in the presence of various concentrations of 
LaCI~ and Ca -'+ efflux (lower) was determined as Fig. 4. Data are 

means from duplicate determinations. 

N a + / C a  2+ an t ipo r t e r  is also though t  to be responsible  
for  control l ing Ca  =+ up take  by bovine [6] a n d  b o a r  [17] 
sperm.  Fig. 4 summar izes  the  effects o f  several  r eagen t s  
on  influx a n d  efflux o f  45Ca2+. Nifedipine a n d  dilti- 
azem,  which  a re  po ten t  b lockers  o f  the  vol tage-oper-  
a t ed  ca lc ium channels ,  increased  45Ca2+ accumula t ion  
in sperm by s t rongly  blocking Ca  ~+ efflux. O n  the  
o the r  hand ,  1 m M  verapami l  clearly inhibi ted 4SCa2+ 
influx wi thout  af fect ing the  efflux activity. Bveitbart  
a n d  La rdy  [18] also r epor t ed  the  p resence  o f  a Ca  2+ 
t r anspo r t e r  sensitive to such  r a t h e r  high concen t ra t ions  
o f  verapami l  in bovine spe rm p lasma m e m b r a n e .  So, at  
least th ree  t r anspor t e r s  were  dis t inguished tha t  a re  
located on  porc ine  spe rm p lasma m e m b r a n e :  vera-  
pamil-sensit ive a n d  voltage-insensi t ive impor te r  a n d  
Na+-sensit ive a n d  -insensitive exporters .  

It is in teres t ing  tha t  caffeine a n d  b icarbonate ,  which 
activate var ious  sperm funct ions  th rough  increas ing  
c A M P  concen t ra t ion ,  weakly  s t imula ted  45Ca 2+ up- 
take,  t hough  c A M P  itself h a d  no  effect  on  Ca  2+ t rans-  
port .  Methylxanth ine-s t imula ted  C a  2+ t ranspor t  was  
r epo r t ed  in aba lone  spe rm a n d  it is also verapami l - sen-  
sitive [19]. SITS, an  an ion  channel  blocker ,  dec reased  
both  influx a n d  efflux o f  Ca  2+, sugges t ing  some inter-  



actions between bicarbonate transporter [20] and Ca 2+ 
transport systems, in this connection, it is interesting 
that bovine sperm plasma membrane contains two types 
of calcium transporter: a calcium-phosphate trans- 
porter which is stimulated by bicarbonate, and phos- 
phate-independent calcium transporter which is inhib- 
ited by bicarbonate [16]. It was also found that forskolin 
enhanced Ca 2+ influx activity and that NH4CI which is 
known to increase intracellular pH, decreased Ca 2÷ 
influx without affecting the efflux. 

La 3+ was found to have apparently biphasie effects 
on Ca 2+ uptake. At lower conceutrations than 2.5 raM, 
La 3+ enhanced 4SCa2+ uptake and the maximal en- 
hancement was observed at 0.25 raM. This stimulatory 
effect was due to the inhibition of Ca 2+ efflux, as also 
shown in Fig. 5. At higher concentrations than 0.?5 
raM, La 3+ inhibited both influx and efflux, resulting in 
decrease of 4SCa2+ uptake. Peterson et al. also ob- 
served the stimulation of Ca 2+ binding to the plasma 
membrane vesicles of  boar sperm by a low dose of 
La 3+ (50 # M)  [21]. Furthermore, 0.25 mM La 3+ was 
found to enhance the acrosome reaction, which was 
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Fig. 6. Comparison of the activities of Ca 2+ uptake and efflux 
among caput, corpus and cauda epididymal sperm. 4SCa2+ uptake 
(upper) and efflux (lower) activities of caput, corpus and cauda 
epididymal sperm w c r c  determined us described under Materials and 
Methods. The dotted bars show the cfflux when NaCI in the Pyr-Glu 
buffer was replaced with choline chloride. Data arc means+S,E. 

from 12 different experiments each with duplicate determinations. 
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induced by 1.8 mM CaCI 2 and 0.1% fatty acid-free 
BSA as reported by Nikolopoulou et al. [22]. It is 
strongly suggested that La 3+ stimulates the acrosome 
reaction by increasing Ca 2+ uptake and the intra- 
cellular Ca ~+ levels (data are not shown). 

The functional and structural modifications of the 
sperm surface occur during the epididymal maturation. 
This partly causes the changes in the activities of ion 
transport across Yhe plasma membrane. We have al- 
ready shown that bicarbonate transport activity de- 
creases during the epididymal maturation of porcine 
sperm [20]. Fig. 6 shows that the net activities of 
4SCa2+ uptake increase while sperm are transported 
from caput to corpus epidid~,mis, where sperm acquire 
motility and fertile ability. On the other hand, the total 
activities of 4:;Ca2+ efflux decreased slightly, and the 
ratio of the Na+-independent efflux activity to the total 
activity greatly decreased as sperm matured (93% in 
caput to 37% in cauda epididymal sperm). These re- 
sults indicate that the accumulation of Ca 2+ by sperm 
becomes more feasible and more dependent on the 
concentration of extracellular Na + during epididymal 
transit. Vijayaraghavan and Hoskins [13] reported that 
the Ca 2+ uptake capacity of  bovine sperm declines 
during epididymal maturation, but the reason for the 
discrepancy between the results for porcine and bovine 
sperm is not clcar. 

It is very interesting that Ca 2+ transport activity 
further changes upon ejaculation [23] and during ca- 
pacitation [15,24-26]. Although the mechanisms for 
the changes in the nature of  Ca 2+ transport remains to 
be elucidated, such changes must influence the sperm 
activities controlled by Ca "+, The Na+-dependency of 
Ca 2+ efflux may be used as a good indicator for 
porcine sperm maturation in epididymis. 
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