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Summary
There were no significant changes in the sodium, potassium, calcium, or
magnesium ion concentrations of ram or bull spermatozoa when the neat semen was
incubated at 37°C for several hours.
Sodium flouride and the detergent cetyltrimethylammonium bromide caused
a rise in the sodium and fall in potassium concentration in the spermatozoa. Dilution
of the semen in sodium phosphate caused a rise in the sodium concentration of the
spermatozoa and a fall in potassium which was exacerbated in the presence of ouabain.
Dilution in distilled water caused a fall in both sodium and potassium concentrations.
Washing ram spermatozoa in sodium phosphate depleted potassium and there
was a further loss during subsequent incubation even when 1 mM potassium was
added to the medium.
When ram and bull spermatozoa were slowly cooled to 5°C and kept at this
temperature for 24 hr potassium was lost to the seminal plasma and sodium gained.
Subsequent incubation of neat semen or semen diluted with dialysed seminal plasma
at 37°C produced some influx of potassium and extrusion of sodium.
The experiments demonstrate that ram and bull spermatozoa are capable of
transporting sodium and potassium against concentration gradients and suggest that
the maintenance of these gradients between the spermatozoa and seminal plasma is
dependent upon the metabolism of the cells.

1. INTRODUCTION
Studies of a number of species have shown that potassium occurs in a higher
concentration in the spermatozoa than in the seminal plasma while the reverse is true
for sodium (Quinn, White, and Wirrick 1965). This suggests the operation of a sodium
pump in spermatozoa similar to that found in erythrocytes (Glynn 1956; Rummel,
Pfleger, and Seifen 1961) and recent observations on dog spermatozoa have confirmed
the active transport of sodium and potassium against concentration gradients (Quinn
and White 1967). In dog semen the cation gradients between the spermatozoa and
plasma are large and after depletion by cold storage, could be re-established on subsequent incubation at 37°C. In ram and bull semen the cation gradients are
considerably less and although conclusive evidence for the active transport of cations
is more difficult to obtain with these cells, O'Shea and Wales (1966, 1967) have
published some pertinent results.
In the present investigation three approaches have been made to the problem.
Various metabolic inhibitors have been used and potassium levels depleted by either
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washing in potassium-free diluents or by storage at 5°C for 24 hr. The effect of in cubation of freshly ejaculated ram and bull semen on the distribution of the major cations
in the spermatozoa has also been determined.

II.

MATERIALS AND METHODS

Semen was collected from Merino rams with a bipolar rectal electrode (Blackshaw 1954) and
bull semen with an artificial vagina. Fluid from the epididymis was obtained from rams soon after
slaughter by making small incisions in the cauda epididymis and squeezing out the epididymal
contents. Care was taken with all semen samples to avoid cold shock and only ejaculates with
good initial motility were used.
The isotonic phosphate diluent (pH 7) consisted of 12 mM Na.HP0 4 .12H.O, 8 mM
NaH.P0 4 .H.O, and 120 mM NaCl to which 400 mg/l00 ml of fructose was added as a substrate
for the spermatozoa. Ejaculated ram spermatozoa were washed twice in 10 volumes of diluent
(White 1953) and suspended in 5 volumes of diluent. Epididymal ram semen was centrifuged at
3000 g, the plasma removed, and the spermatozoa resuspended in 5 volumes calcium-free KrebsRinger phosphate buffer (Umbreit, Burris, and Stauffer 1959) containing 4mM KCl and 0.5 mg/ml
each of penicillin and streptomycin. Ram and bull seminal plasma used for diluting ejaculated
semen during cold storage was dialysed for 48 hr at 2°C against two changes of 20 mM sodium
phosphate buffers at neutral pH.
Motility was scored by the system of Emmens (1947) and spermatozoa stained with Congo
red as previously described (Quinn, Salamon, and White 1968). The determination of sodium,
potassium, calcium, and magnesium by atomic absorption spectroscopy and the separation of
spermatozoa from the surrounding fluid by centrifugation is described elsewhere (Quinn, White,
and Wirrick 1965).
The statistical significance of the results has been assessed by an analysis of variance using
the SILLIAC digital computer, and treatment comparisons have been made by t-tests using the
standard error of the difference between means derived from the residual mean square of the analyses.

III.

RESULTS

(a) Cation Content of Ram and Bull Spermatozoa in Neat Semen after Incubation
The first experiment was designed to check if the concentration of cations in ram
and bull spermatozoa altered when the neat semen was incubated in vitro. Cation
analyses were made on the spermatozoa from fresh semen and from the same ejaculates
1 hr after the spermatozoa had become immotile (approximately 4 hr at 37°C).
There was a rapid decline in the pH of the semen from 7·2-6·9 to 5·8-5·0 but
no significant changes in the concentration of sodium, potassium, calcium, or magnesium in ram and bull spermatozoa were observed.

(b) Effect of Metabolic Inhibitors, Detergent, and Hypotonicity
In experiment A, ouabain, sodium fluoride, iodoacetic acid, the detergent
cetyltrimethylammonium bromide (CTAB), and dinitrophenol (DNP) were added
in a minimum volume of buffer (0·1 ml) to 1 ml of ram or bull semen. Mter 1 hr at
37°C the concentration of cations in the spermatozoa was estimated and the results
are shown in Table 1. Fluoride and CTAB caused a rise in sodium and a fall in potassium. The detergent also decreased magnesium levels in the spermatozoa while iodoacetic acid increased calcium levels.
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In experiment B the semen was diluted with 2 volumes of buffer containing the
inhibitors and detergent and a dilution was also made in distilled water to give a
hypotonic medium. The tubes were maintained at 25°0 for 3 hr with the exception of
TABLE 1
EFFECT OF OUABAIN, CTAB, METABOLIC INHIBITORS, AND HYPOTONICITY ON THE CONCENTRATION OF MAJOR CATIONS IN RAM AND
BULL SPERMATOZOA
Experimental procedure for experiments A and B are given in the
text [see Section III(b)]. Values given are means for six replicates
Concn. of
Substance
Added (mM)

Substance
Added

Cation Concentration (mg/l00 ml)
Na+

K+

Ca2 +

M g 2+

Experiment A: Ram Spermatozoa
Control (37°C, 1 hr)
Ouabain
Sodium fluoride
Iodoacetic acid
CTAB
DNP

1
20
0·5
2·5
0·1

123
119
161**
103
133
118

156
140
119*
160
100**
139

13·5
18·3
28·2*
17·3
13·0

15·5
16·1
17·0
17·8*
11·9**
16·3

Experiment A: Bull Spermatozoa
Control (37°C, 1 hr)
Ouabain
Sodium fluoride
Iodoacetic acid
CTAB
DNP

1
20
0·5
2·5
0·1

127
128
179*
124
193*
138

164
142
140
150
116*
135

23·1
23·0
26·1
32·3
30·1

13·0
11·4
14·8
12·3
7·3**
14·0

Experiment B: Ram Spermatozoa
Control (25°C, 3 hr)
Ouabain
Sodium fluoridet
Iodoacetic acidt
CTAB
Water

0·08
20
0·5
2·5

197
212
277*
206
285*
70**

76
37**
72
79
32**
46*

9·4
10·1
17·3
5·2
4·2

14·1
13·6
14·8
12·5
8·6*
7·7*

Experiment B: Bull Spermatozoa
Control (25°C, 3 hr)
Ouabain
Sodium fluoridet
Iodoacetic acid t
CTAB
Water

0·08
20
0·5
2·5

199
179
213
165
191
66**

164
132
132
151
125
142

14·0
21·6
27·2
24·3
24·5

11·7
12·6
10·0
11·8
8·2
.9·5

< 0·05.
< 0·01.

* Significantly different from the controls at P
** Significantly different from controls at P

t Cold (2°C), anaerobic conditions of incubation.

those containing fluoride and iodoacetic acid which were evacuated and slowly cooled
to 2°0. A comparison of the results of this experiment (Table 1) with the previous one
show that dilution in a sodium buffer caused a considerable increase in the sodium
levels of the spermatozoa and a fall in the potassium levels which was exacerbated by
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OTAB. Dilution of the semen in water resulted, as one might expect, in a fall in both
sodium and potassium values for the spermatozoa. Fluoride again caused an elevation
of the sodium levels of ram spermatozoa and in this system it was also possible to
demonstrate a fall in potassium in the presence of ouabain.

(c) Effect of Washing Ram Spermatozoa
When four samples of ram spermatozoa were washed in 10 volumes of the sodium
phosphate buffer their sodium concentration rose to a mean of 398 mg/lOO g and
potassium fell to 43 mg/lOO g. Subsequent incubation for 1 hr at 37°0 produced no
change in sodium (403 mg/lOO g) but there was a furtherfall in potassium (21 mg/l00g).
The inclusion of 1 mM KOI in the diluent prior to the incubation period did not prevent
the loss; in fact the potassium levels were even lower and unaffected by the presence
of 1 mM ouabain, 20 mM sodium fluoride, or 1% formalin.

(d) Effect of Cold Storage and Subsequent Incubation
When ram semen was slowly cooled to 5°0 and stored for 24 hr the sodium
concentration of the spermatozoa rose to 176 mg/IOO g and potassium fell to 85 mg/
100 g (Table 2). Subsequent incubation at 37°0 after adding 5 mg of fructose per
TABLE

2

CONCENTRATIONS OF SODIUM AND POTASSIUM AND MOTILITY SCORES IN UNDILUTED
RAM AND BULL SPERMATOZOA DURING INCUBATION AT
STORAGE AT

5°C

FOR

24

37°C

SUBSEQUENT TO

HR

Values given are means for three replicates
Incubation Time (min)
Species

Measurement
Ot

15

30

60

120

Ram

Sodium concn. (mg/lOO ml)
Potassium concn. (mg/lOO ml)
Motility score

176
85

155
97
1·8

140*
102*
1·3

130*
100
0·8

161
95
0·0

Bull

Sodium concn. (mg/lOO ml)
Potassium concn. (mg/l00 ml)
Motility score

96
llO

112
138**
2·5

83
123
3·0

76
121
1·3

81
113
0·5

* Significantly different from control at P
** Significantly different from control at P

<
<

0·05.
0·01.

t Control.

millilitre of semen produced a fall in sodium and a rise in potassium. By the end of
3 hr, however, the spermatozoa were immotile and their sodium concentration began
to rise, due, no doubt, to irreversible senescence changes. A similar rise in the potassium
concentration of bull spermatozoa (Table 2) was found after incubating samples of
cold-stored semen for 15 min at 37°0 (from no mg/l00 g to 138 mg/lOO g) but the
fluctuations in sodium concentration were not statistically significant. Ifram and bull
semen were diluted with an equal volume of dialysed seminal plasma after 6 hr at
5°0 and then stored for a further 18 hr, a rise in the potassium concentration of the
spermatozoa occurred after 15 min incubation at 37°0 but there was little restoration
of the sodium concentration.
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The sodium concentration of washed epididymal ram spermatozoa was also
found to rise and potassium to fall after slow cooling to, and storage for 24 hr at 5°C.
Subsequent incubation for 30 min at 37°C, however, usually produced no decrease in
sodium or increase in potassium (Table 3). In fact under three of the four conditions
TABLE

3

CONCENTRATIONS OF SODIUM AND POTASSIUM IN EPIDIDYMAL
RAM SPERMATOZOA INCUBATED
UNDER

AEROBIC

AND

WITH AND WITHOUT

ANAEROBIC

CONDITIONS

GLUCOSE

AFTER

COLD

STORAGE

Values given are means for three replicates
Sodium
(mgjlOOg)

Treatment
Control
Initial
Incubated +
+
-

glucose +
glucose +
glucose glucose -

170**
246
252
241
247
205

oxygen
oxygen
oxygen
oxygen

** Significantly different
oxygen" values at P < 0·01.

from

Potassium
(mgjlOOg)
107**
73**
39
56
43
77**

"incubated+glucose+

of incubation there was a further fall in the potassium levels of the spermatozoa. The
presence of ouabain, sodium fluoride, iodoacetic acid, DNP, or CTAB did not significantly affect the concentration of sodium or potassium during the incubation period.

IV.

DISCUSSION

The concentrations of sodium, potassium, calcium, and magnesium in freshly
ejaculated ram and bull spermatozoa are similar to those reported previously (Quinn,
White, and Wirrick 1965) and there were no significant changes on incubating the
neat semen at 37°C. This is not unexpected because the gradients between the spermatozoa and plasma are low (Quinn, White, and Wirrick 1965) and the lowered pH of
the semen due to the accumulation of lactic acid might be expected to retard loss of
potassium (Quinn, White, and Wirrick 1966).
Fluoride forms complexes with several metal enzyme systems in both the
glycolytic and tricarboxylic acid cycles (Hewitt and Nicholas 1963) and in its presence
the sodium concentration of ram and bull spermatozoa rose and potassium fell. This
suggests that the maintenance of normal gradients of these cations between the
spermatozoa and seminal plasma is dependent upon the metabolic activity of the cell.
Iodoacetic acid is known to inhibit phosphoglyceraldehyde dehydrogenase (Rapkine
1938) and cause loss of potassium from erythrocytes (Green and Parpart 1953; Love,
Cronvick, and Burch 1955). In the concentrations used here it does not react with the
sulphydryl groups of succinate dehydrogenase (Gore and McIlwain 1952) or isocitrate
dehydrogenase (Lotspeich and Peters 1951); however, even under anaerobic conditions it did not affect the sodium or potassium concentrations of ram and bull
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spermatozoa. DNP caused a significant decrease in sodium extrusion from dog
spermatozoa (Quinn and White 1967) but a similar effect could not be detected in the
ram or bull.
Cardiac glycosides such as ouabain are known to be specific inhibitors of cation
transport (Glynn 1957; Whittam 1958) and there is a close correlation between their
inhibitory effects and the sodium-potassium-activated ATPase isolat~d from
erythrocytes (Post et al. 1960; Dunham and Glynn 1961) and various other tissues
(Bonting, Caravaggio, and Hawkins 1962; Bonting and Caravaggio 1963). We have
recently demonstrated such an ATPase in ram and bull spermatozoa (Quinn and
White 1968) and the action of ouabain in decreasing potassium levels of ram
spermatozoa and inhibiting potassium uptake by dog spermatozoa (Quinn and White
1967) are no doubt explicable in terms of the effect of the drug on this enzyme.
The detergent CTAB would be expected to cause destruction of the lipoprotein
membranes, resulting in a loss of potassium to the medium and influx of sodium into
the cell. The viability of mammalian spermatozoa is adversely affected by hypotonic
solutions (Emmens 1947; Blackshaw and Emmens 1951; Wales and White 1958) and
our results show that when ram and bull spermatozoa are exposed to a medium
containing a lower concentration of both sodium and potassium by dilution in water
there is a marked loss of both cations from the spermatozoa.
When ram and bull spermatozoa are cooled and kept at 4°C, potassium is lost
to the plasma and sodium gained. O'Shea and Wales (1967) have come to a similar
conclusion and these experiments provide further evidence that the maintenance of
normal sodium and potassium gradients in semen are dependent upon the metabolism
of the spermatozoa.
The reduction of potassium and elevation of sodium levels in spermatozoa by
dilution or washing in potassium-free sodium phosphate, confirms previous observations
(Dott and White 1964; Quinn, White, and Wirrick 1966; O'Shea and Wales 1966,
1967). Incubation of the spermatozoa at 37°C after these procedures, however, almost
invariably results in a further loss of potassium, even when the suspending medium
contains some potassium. Clearly, dilution or washing is likely to damage spermatozoal membranes and causes an increase in permeability to cations. This makes it
difficult to demonstrate any uptake of potassium or extrusion of sodium from
spermatozoa incubated after cold storage unless undiluted semen is used or the semen
is diluted in dialysed seminal plasma containing high molecular weight substances
which presumably stabilize spermatozoal membranes. The results using these systems
confirm the observation of O'Shea and Wales (1967), and clearly demonstrate that
ram and bull spermatozoa, like those of the dog (Quinn and White 1967), are capable
of transporting potassium and sodium against concentration gradients.
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