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Summary. A 'flow dialysis' technique is described which enables
spermatozoa to be maintained in an active state for prolonged periods
of time, under conditions of constant temperature, gaseous partial
pressure, pH, osmotic pressure and sperm density. The impedance-
change frequency is used to assess sperm activity. The effects of centri-
fugation, dilution and washing of ram spermatozoa on their activity
have been studied. Washing has been shown to produce a detrimental
effect on sperm activity. This effect was most pronounced when a high
degree of dilution was employed at each stage of the washing pro¬
cedure. Washing produced a greater decrease in the activity due to
aerobic endogenous respiration than in that due to anaerobic fructolysis.
Other effects of washing included an increase in the proportion of
'eosinophilic' spermatozoa and an agglutination of motile spermatozoa.
An attempt was made to assess the efficiency of the washing pro¬
cedure by the use of fructose, [32P]phosphate and iodinated [131I]pro-
tein as indicators. The effect of dilution on spermatozoa depends on at
least three factors : (i) the degree of dilution, (ii) the rate of dilution,
and (iii) the composition of the diluent.

INTRODUCTION
Experiments on mammalian spermatozoa frequently involve dilution of the
semen with physiological solutions to increase the volume of the material, to
reduce the sperm density, to buffer or to add substances to the sperm suspensions.
Physiological solutions may also be used to remove the seminal plasma from
the spermatozoa by repeated dilution, centrifugation, and resuspension in
fresh diluent (washing). The addition of diluent may increase the activity or

prolong the survival of the diluted spermatozoa (Anderson, 1945) but often
the reverse effect is produced and, in general, dilution reduces the survival
time ofspermatozoa kept under conditions in which they are active (Salisbury,
Beck, Cupps & Elliott, 1943; Emmens & Swyer, 1948; Cheng, Casida &
Barrett, 1949; Tosic & Walton, 1950 ; Blackshaw, 1953; White, 1953 a, b, c).
Survival at 37° C in vitro of spermatozoa compares unfavourably with their
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Effects of Dilution and Washing on Spermatozoa 35 !

survival in the female tract. The longest intervals of time recorded in the litera¬
ture between insemination and recovery of active spermatozoa from the
female tract are given in Table  .

In the flow dialysis apparatus (Dott & Walton, 1956), spermatozoa of the
bull, ram, stallion and boar maintain a greater activity for a longer time than
under other experimental conditions. Ram spermatozoa, for example, survive
for 24 hr, ram epididymal spermatozoa for as long as 192 hr, bull spermatozoa
for 9 hr, bull epididymal spermatozoa for 48 hr, and boar spermatozoa from
the 'sperm-rich fraction' of semen for 60 hr. These values are similar to those
given in Table 1 for survival of spermatozoa in the female tract. The
special feature of the apparatus is that the sperm suspensions are kept un¬
diluted in cellophane dialysis tubes past which there is a continuous flow of
physiological solutions.

Table i

survival of spermatozoa in the female tract

Species
Kg
Rabbit

Sheep
Guinea-pig
Rat
Bull
Horse
Man

Survival
(hr)
16
36

22 to 40
22
14
28

48 to 114
28 to 48

References
Lewis ( 1911 )
Hammond & Asdell (1926), Quinlan, Mare & Roux

(1932 a, b)
Kelley (1937), Lopyrin (1938), Anderson (1941)
Soderwall & Young (1940)
Soderwall & Blandau (1941)
Laing (1945)
Day (1942)
Farris (1950)

The experiments described in this paper were done to investigate the effects
on ram spermatozoa of centrifugation and washing. The activity of the
spermatozoa was assessed by measuring the impedance-change frequency
(ICF) of the sperm suspensions in a flow dialysis apparatus. Throughout this
paper, 'sperm activity' means the frequency of the impedance changes in the
sperm suspension (Rothschild, 1948). Subjective estimates of sperm movement
based on microscopic examinations are referred to as 'motility'.

MATERIALS AND METHODS
The experiments were done during the period of seasonal sexual activity of
sheep in England, September to May. Semen was collected from the rams by
means of an artificial vagina. Males were selected that consistently gave semen
of good quality, and only ejaculates with a high sperm density and good wave

motion were used. To obtain sufficient material for each experiment (3 to 4 ml)
ejaculates from two or more rams were pooled.

Some slight depression of activity has been noted on mixing semen samples
from different bulls (Dott & Walton, 1958). Even if the same effect occurs in
ram semen, it is not detectable by inspection and the possibility of its occur¬

rence in these experiments is not considered important. No sample, mixed or

unmixed, was used which did not have a high ICF.
Hitherto, only brief accounts of the principles of the flow dialysis apparatus
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352 H. M. Dott and A. Walton
have been published (Dott & Walton, 1953, 1956), but recently some improve¬
ments have been made. A full description of the apparatus in its most recent
form is given below.

The dialysis apparatus is a unit which consists of two basic parts, a glass
tube, the dialysis chamber, into which a cellophane dialysis tube can be in¬
serted (Text-fig. 1 and PI. 1, Fig. 1, 'C') and a larger glass tube, the gassing
chamber (PI. 1, Fig.  ,  '), in which the dialysis fluid can be gassed; this is

Text-fig. i. Diagram of the dialysis chamber, including the electrode and cellophane sack.
A Leads to impedance bridge.
 Polythene tubing to roller pump.
C Level of water in thermostatic bath.
D Bis junction between electrode holder and

dialysis chamber.
E Electrodes.

F Cellophane sack.
G Amphicoelus perspex stopper.
H PVC-covered wire stopper.
J Bio junction between dialysis

chamber and a three-way tap.

connected to the dialysis chamber by a tap (PI. i, Fig. i, 'F'). In addition,
there is a reservoir (PI. i, Fig.  ,  ') for storage of dialysis fluid. The whole
apparatus is immersed in a water bath to the level indicated in Text-fig.  and
connected to a roller pump (Text-fig. 2,  ' and 'K') which draws the fluid
from the reservoir into the gassing and dialysis chambers. The water bath holds
eight units.

Text-fig.  is a diagram of the dialysis chamber and electrodes. Platinized
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PLATE  

Fig. i
.

Photograph of dialysis apparatus, including both dialysis chamber and gassing chamber.
A Reservoir lor the dialyzing fluid.
 Gassing chambers.
C Dialysis chamber.
(Facing p. 352)

D Perspex support.
E Sintered glass bubbling tubes.
F Three-way tap.
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PLATE 2

SPERMATOZOA STAINED WITH PAS AND METHYL GREEN

Fig. 2. Undiluted semen.
Fig. 3. Semen diluted  :  with standard diluent.
Figs. 4 to 9. Spermatozoa washed one to six times, respectively.

Note the increase in head-to-head agglutination as the number of washings increases.
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Effects of Dilution and Washing on Spermatozoa 353
Text-fig. 2. Diagram showing the entire flow dialysis apparatus, comprising the actual dialysis apparatus (one

unit), the pump and the water-bath.

Text-fig. 2. Diagram showing the entire flow dialysis apparatus, comprising the actual dialysis apparatus (ont
unit), the pump and the water-bath.

A Hot copper-gauze furnace.
 Manifolds to distribute gases to eight units.
C Thermostatic control, heater and stirrer.
D The dialysis apparatus (one unit) consisting

of the dialysis and gassing chambers.

E Drum which with Roller  comprises the
pump.

F Pump motor.
G Rothschild's Impedance Bridge.
H Effluent collector.
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354 H. M. Dott and A. Walton

platinum-foil electrodes ('E'), 3 x3 mm, are sealed into the end of a glass
tube 0.7 cm in diameter, fitted with a 'B 12' cone ('D'). To assemble the
dialysis sack and fill it with semen, the electrode holder is held in a clamp with
the electrodes uppermost. A short length of moist seamless cellophane tubing is
then pushed over the end of the holder and is closed at the open end with an

amphicoelus perspex stopper which has a hole drilled through it. The cellophane
sack is filled with 0.25 to 0.5 ml of semen through the hole in the stopper. When
the sack is completely filled, the hole in the plug is closed by the insertion of a

piece of wire covered with PVC ('H'). The electrode holder and cellophane
sack are then inserted the right way up into the dialysis chamber.

Before the dialysis sacks and electrodes are ready for insertion into the
dialysis chambers, the latter are mounted in the thermostatic bath (Text-fig. 2)
and the dialysis fluid brought into temperature equilibrium and saturated with
the appropriate gas mixture.

The mounting of the dialysis chambers and the arrangements for gassing are
also shown in Text-fig. 2. The dialysis apparatus ('D') is illustrated in Plate 1 ;
the three-way tap (PI. 1, Fig. 1, 'F') connecting the dialysis chamber (Text-
fig. 1 and PI. 1, Fig. 1, 'C') to two alternate gassing chambers (PI. 1,
Fig. 1 'B') enables both the dialysis fluid and the gas to be altered during the
course of an experiment. The gassing chambers contain bubbling tubes
(PI. 1, Fig.  ,  ') with sintered glass filters to disperse the gas as much as

possible. A thermostatic heater and stirrer (Text-fig. 2, 'C') are included in the
iath to maintain it at a temperature of 30e C±o.i° C. Gas mixtures are

supplied to the dialysis units from cylinders of compressed gas.
The effluent tube (Text-fig. 1, 'B') from each dialysis chamber passes down

to the roller pump which controls the rate of flow ofsolution through the system.
The tube is of polythene, except for the working part which is of high quality
rubber (bicycle-valve tubing kindly supplied by The Dunlop Rubber Co).
This tubing can be firmly but elastically cemented to the supporting drum
(Text-fig. 2,  ') round which it is wound 1 ¿- times, so that the ends overlap on
the drum. Pressing on the rubber tubing on the surface of the drum is a roller
(Text-fig. 2, ' ') (about 5 cm diameter) covered with soft rubber. The roller is
rotated by a flexible belt and a V pulley on the axis of the roller. The belt is
in turn driven by a low-geared fractional h.p. motor (Text-fig. 2, 'F') at a

constant speed. As the roller rotates, it travels round the drum and along the
rubber tubes, compressing them as it passes and expelling the fluid which is
collected in flat-bottomed flasks (500 ml) at Text-fig. 2,  '. The speed of
travel of the roller determines the rate of flow of liquid along the tubes. This
rate can be adjusted by altering the gear ratio of the driving pulley system.
Preliminary experiments have shown that a flow of about 15 ml/hr of Krebs-
Ringer bicarbonate solution in equilibrium with a gas mixture containing
95% oxygen and 5% carbon dioxide is sufficient to keep the semen at pH 7.4.
The oxygen tension is sufficient to maintain respiration and sperm activity
(Walton & Dott, 1956; Dott, 1958). The experiments were done at 30o C
because (a) the ICF of ram spermatozoa at 37o C is frequently so high
(> 150/min) that accurate counting is not possible, and (b) the rate of sperm
metabolism at 30o C is lower than at 37° C, though the rate of dialysis is re-
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Effects of Dilution and Washing on Spermatozoa 355
duced to a lesser extent. The products of sperm metabolism at 30° C, therefore,
do not reach such a high concentration as at 37° C.

Impedance changes were observed on the screen of a cathode-ray tube and
counted with a hand tally-counter. The ICF was measured by counting the
number of changes in impedance in 1 min.

Except where otherwise stated, the solutions used for diluting or washing the
sperm suspensions and for flow dialysis were the same, namely, calcium-free
Krebs-Ringer bicarbonate solution (referred to as the 'standard diluent') made
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Text-fig. 3. Effect of centrifugation on the ICF of ram spermatozoa.
Curve U Undiluted semen.
Curve D Semen diluted  :  with standard diluent.
Curves i, 2, 3, 4, 5 and 6 were obtained from diluted semen centrifuged one to six

times, respectively, each time for 15 min at 350 g. Curves are identified in this way
on all Figs, relating activity to time.

Curve X—X Semen centrifuged once at 7000 g for 15 min.
Centrifugation has had no effect except on the sample centrifuged at 7000 g.

The poor survival of activity depicted by Curve 2 is not due to centrifugation.

up of the following volumes of 0.154-M solutions: 100 NaCl, 4 KCL, 1 KH2P04,
1 MgSO4.7H.iO and 21 NaHCO·,. When an exogenous substrate was required,
as in most of the experiments, an isotonic solution of fructose (0.35 m) was

added to make a final concentration of 44 mM fructose.
Throughout the present series of experiments, the sperm suspensions were

centrifuged in 3"  ^''-diameter nylon test-tubes in an angle centrifuge at
2,000 rev/min ( = 350 g) for 15 min. The speed of the centrifuge was measured
by means of a stroboscope.
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356 H. M. Dott and A. Walton
EXPERIMENTS

EFFECT OF CENTRIFUGATION

To produce a clear separation of ram semen into two component parts, sperma¬
tozoa and seminal plasma, powerful centrifugation is required. When the semen

was centrifuged for 15 min at 7000 g the spermatozoa became tightly packed at
the bottom of the tube and resuspension was difficult. As a result of such a

treatment, some damage was done to the spermatozoa so that only 70 to 80%
of full recovery was obtained. Of the active cells, which remain apparently
undamaged, survival as shown by maintenance of activity was not markedly
affected (Text-fig. 3).

For the study of repeated centrifugation at 350 g, the semen was diluted
1 : 1 with the standard diluent. After centrifugation, the sediment was gently
resuspended in the supernatant liquid, 0.5 ml was removed and placed in the
flow dialysis apparatus; the ICF was measured once an hour for 10 hr. The
centrifugation was repeated six times; samples of the undiluted and diluted
semen served as controls. The sample obtained after two centrifugations was
discarded because the ICF fell rapidly after 2 hr for some unexplained reason,
and did not recover. As can be seen from Text-fig. 3, neither the initial dilution
nor the six cycles of centrifugation and resuspension adversely affected the
ICF. Rothschild (1959) found the anaerobic heat production of bull sperma¬
tozoa was unaffected by repeated centrifugation at 650 g.

EFFECT OF REPEATED WASHING

In the previous experiment, for the first 3 hr the ICF of the undiluted semen

was slightly lower than that of semen diluted 1 : 1 with the standard diluent,
but after 3 hr the ICF of the undiluted semen was higher until the end of the
experiment. Although this provides some evidence that dilution (even at 1 : 1 )
may ultimately harm spermatozoa, it is not conclusive, since a comparison is
drawn between non-diluted and diluted semen. A better comparison is ob¬
tained by the use of sperm suspensions with the same sperm density but different
concentrations of seminal plasma. Such sperm suspensions were prepared as
follows: from the original semen as collected from the rams (about 3 ml),
0.5 ml was withdrawn to serve as the undiluted, uncentrifuged and unwashed
control. To an equal volume of semen, 2.25 ml of the standard diluent with
fructose was added, and 0.5 ml of this was used as the diluted but uncentri¬
fuged control. Eight millilitres of diluent were added to the remaining 4 ml of
diluted semen so that the original semen was diluted 1 : 6. This was centrifuged
in the usual way. At this dilution, it was possible after centrifugation to remove
from the tubes 8 ml of an almost clear sperm-free supernatant fluid without
disturbing the sedimented spermatozoa. After removal of 8 ml of the super¬
natant, the spermatozoa were resuspended in the remaining 4 ml of fluid.
Of this suspension, 0.5 ml was taken for assay of sperm activity. The remaining
3.5 ml were diluted with 7 ml of diluent and centrifuged. The entire process
was repeated six times. In each experiment the ICF of the following samples
was measured once an hour:
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Effects of Dilution and Washing on Spermatozoa 357

Sperm density
Undiluted unwashed control d.
Diluted semen d/2
ist washing d/2
2nd washing d/2
3rd washing d/2
4th washing d/2
5th washing d/2
6th washing d/2

Concentration of
seminal plasma

c.

c/2
c/6
c/18
c/54
c/162
c/486
 459

The experiment was repeated six times. There was some variation in ICF
between different specimens of semen, but the results were consistent within
each experiment. The mean ICF of the six samples at each time for each
treatment was calculated and the means have been plotted against time
(Text-fig. 4).

TIME (HR)
Text-fig. 4. ICF of ram spermatozoa that had been diluted, washed and dialyzed with
standard diluent and fructose.

The undiluted semen again showed a slight reduction of the initial ICF when
compared with the diluted control, which was more active for the first 2 hr
but less active thereafter. When the samples with a constant sperm density are

compared, it will be seen that there is a slight reduction in ICF at each stage
of the washing procedure. The reduction in ICF may continue for 1 or 2 hr
after dialysis has started; subsequently, however, the ICF remains steady for
some time.
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358 H. M. Dott and A. Walton
In order to examine the effect of different dilution rates, experiments were

performed in which the concentration of seminal plasma was reduced by half
(dilution of  : i), three-quarters (dilution  : 4) and seven-eighths (dilution
1 : 8) at each stage of the washing procedure (Text-fig. 5) instead of two-thirds
as in the main series. It is clear from these experiments that sperm activity
depends both on the final dilution rate and on the number of washings, e.g. a

sample containing seminal plasma in a dilution of 1 : 162 made in two stages

TIME (HR)
Text-fig. 5. The activity of spermatozoa after the second and fifth washing.

Semen was diluted 1 : 1 with the standard diluent and then :
X—X 1 : 1 dilution at each stage of washing.
H-\- 1 : 2 dilution at each stage of washing.
O-O 1 : 4 dilution at each stage of washing.
D-D 1 ' 8 dilution at each stage of washing.

(Text-fig. 5, curve representing the activity of the 1 : 8 sample after second
washing) had a lower ICF than a sample with the same dilution achieved after
four washings (Text-fig. 4, Curve 4).

EFFECT OF DILUTION AND WASHING ON THE MORPHOLOGICAL APPEARANCE OF
SPERMATOZOA AND ON THE PROPORTIONS OF LIVE AND DEAD SPERMATOZOA

To determine whether dilution and washing had any effect upon the
morphology of the spermatozoa and on the numbers of 'live' and 'dead'
sperm cells, nigrosin-eosin smears were made of the sperm suspensions after
each washing, before and after flow dialysis (Bishop, Campbell, Hancock &
Walton, 1954). Spermatozoa from three experiments were stained. The per¬
centage of dead cells differed from experiment to experiment, but in every
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Effects of Dilution and Washing on Spermatozoa 359
experiment there was an increase in the percentage of dead spermatozoa with
each step of the washing procedure. The figures in Table 2 are the means of
three experiments.

The percentage of live cells decreased with each dilution (see also Text-fig. 6).
This might be sufficient to account for the decrease in ICF (Bishop et al., 1954),
but an exact calculation cannot be made as there is a possibility that the

Table 2

percentage of live spermatozoa

Control Diluted
1 : 1

Washed
X 1

Washed
X2

Washed
X3

Washed
X4

Washed
X5

Washed
x6

Before dialysis 25-32 18.5 28.00 34.68 48.67 57-17 58-92 71.08
After 6 hr dialysis 2383 23-33 42.67 47-25 49-25 57-17 61.00 68.08
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Text-fig. 6. Percentage of dead spermatozoa after washing and
before dialysis plotted against the number of washings. The point
at O washes refers to the diluted unwashed sample; this
did not differ from the undiluted sample.

Mean of three experiments.

anaerobic and aerobic metabolism might have been affected in different
degrees by dilution of the seminal plasma. The results in Table 2 support the
hypothesis that the constituents of the diluent have little or no toxic effects on

the spermatozoa, since there is little decrease in the live/dead ratio after flow
dialysis for 6 hr.

The smears showed little deformation of the spermatozoa after treatment.

Spermatozoa that had been washed twelve times appeared morphologically
normal when examined under the electron microscope.

EFFECT OF DILUTION AND WASHING ON AGGLUTINATION OF SPERMATOZOA

Repeated washing caused sperm agglutination, which could be reversed by
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360 H. M. Dott and A. Walton

agitating the suspensions. The agglutination was head-to-head, the tails re¬

maining separate and motile. Dead or motionless spermatozoa did not agglutin¬
ate. The ease with which the clumps dispersed with agitation possibly explains
why agglutination was not observed in smears stained with nigrosin-eosin, but the
stain may also have tended to prevent agglutination. However, we found that,
if the suspensions were first fixed in formol saline and stained with the periodic
acid-Schiff reagent (PAS) by the method described by Hancock & Trevan
(1957), the clumps did not break up as can be seen from the photographs in
PL 2, Figs. 2 to 9.

TIME (HR)

Text-fig. 7. Activity of ram spermatozoa after washing with standard diluent. The dialysis fluid was standard
diluent with fructose.

The ICF of each sample has been expressed as a percentage of the ICF of 1 : 1 diluted semen.

EFFECT OF WASHING ON METABOLISM OF SPERMATOZOA

In previous work (Dott & Walton, 1956; Walton & Dott, 1956; Walton, 1956;
Dott, 1958), it has been demonstrated that in intact ram and bull spermatozoa,
both anaerobic metabolism of exogenous fructose and aerobic metabolism of
endogenous substrate can maintain the same level of activity, but that a higher
level is obtained when both operate simultaneously. The washing experiments
described above were planned to give maximum activity ; fructose was included
both in the fluids used for washing and flow dialysis; the gas mixture was

95% oxygen and 5% carbon dioxide. To assess the effect of washing on anaero¬
bic fructolysis and aerobic endogenous respiration separately, sperm activity
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Effects of Dilution and Washing on Spermatozoa 361
was measured (a) anaerobically, with fructose in the dialysis fluid, and (b) aero-

bically, without fructose in the dialysis fluid. Before this could be done, a pre¬
liminary experiment had to be carried out in order to determine the effect of
washing the spermatozoa with washing fluids lacking fructose. Text-fig. 7
shows that absence of fructose from the washing fluid does not affect the
subsequent activity of the spermatozoa provided that fructose is present in the
dialysis fluid.

165 L  
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O

y
>-

>
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u
<

TIME (HR)
Text-fig. 8. Activity of spermatozoa that had been washed with standard diluent and then
dialyzed under anaerobic conditions against standard diluent and fructose.

The ICF ofeach sample has been expressed as a percentage of the ICF of 1 : 1 diluted semen.

The effects of washing on sperm activity derived from anaerobic fructolysis
is shown in Text-fig. 8. A reduction of activity occurred as a result of each stage
of the washing procedure, but this was not so marked as the reduction in activity
of spermatozoa under aerobic conditions (Text-fig. 9). To compare the effect
of washing on activity obtained from anaerobic fructolysis with that obtained
from aerobic endogenous metabolism, the activity of samples at 3 hr was

plotted against the logarithm of the dilution of the plasma (Text-fig. 10).
EFFECT OF WASHING ON THE REMOVAL OF SUBSTANCES FROM SPERMATOZOA

An attempt was made to measure the efficiency of the washing technique by
following the disappearance of added substances after each washing. Three
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362 H. M. Dott and A. Walton

substances were used as indicators : ( ) fructose (10 mg/ml), (2) [32P]phosphate
(1.35 Mc/ml),and(3)iodinated[131I] seminal-plasma proteins (8.11  io~2Mc/ml).
The concentration of fructose was estimated after each washing by the method
described by Mann ( 1946). Radioactive phosphorus was used in the form of a

carrier-free phosphoric acid (pH 2 to 3) and mixed with the standard diluent
used for the initial dilution. The method of Boursnell, Coombs & Rizk (1953)
was used to iodinate the plasma proteins with radioactive iodine. The experi¬
ments with radioactive materials were carried out with the co-operation of

TIME (HR)
Text-fig. 9. Activity of spermatozoa that had been washed with, and dialyzed against, standard
diluent under aerobic conditions.

The ICF of each sample has been expressed as a percentage of the ICF of  :  diluted semen.

Dr J. C. Boursnell and Mr J. P. Bennett. The curves obtained by experiment
and the theoretical curves for the disappearance of the three substances are

given in Text-fig. 11.
It was anticipated that the concentration of added substances would be the

same in the residue and in the supernatant ; and at each stage of the washing
procedure the concentration would be reduced by two-thirds in both com¬

ponents.* In the first experiment done with fructose, the concentrations were
* The assumption is not strictly true because the spermatozoa occupy some space in the residue and

they are probably not completely permeable; but even if they are impermeable the theoretical curve

is only about 10% too high for the residue and 5% too low for the supernatant.
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Effects of Dilution and Washing on Spermatozoa 363
below the theoretical values. It was thought that the 'missing' fructose might
have been used by the spermatozoa, so the experiment was repeated in the
presence of sodium fluoride which inhibits fructolysis. The discrepancy was re¬

duced. In both the experiments with radioactive isotopes, there was a higher
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100 SO 20 10 5 2 1 OS 02 ÔT
PERCENTAGE CONCENTRATION OF PLASMA (LOG. SCALE)

0.05

Text-fig. 10. The ICF of samples of semen after 3 hr dialysis plotted against the percentage
concentration ofplasma.

Curve 1 Aerobic and with fructose in the dialysis fluid.
Curve 2 Anaerobic and with fructose in the dialysis fluid.
Curve 3 Aerobic with no fructose in the dialysis fluid.

concentration of the isotope in the residue than was expected, and this was

marked from the beginning in the experiment with *3 ^-iodinated seminal-
plasma proteins.

Anything that interferes with the even distribution of the added substances
will cause a discrepancy between the concentrations in the residue and in the
supernatant. Two factors that may affect the results from all three indicators
are (a) adsorption by the surface of the spermatozoa, and (b) retention inside
the cell. Retention within the cell may be the result of metabolism or of some
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364 H. M. Dott and A. Walton

physical effect. The experiment was not designed to distinguish between these
various causes. Further experiments will have to be done to decide this question.

DISCUSSION
The flow dialysis apparatus of which a detailed description has been given in
the present paper, makes it possible for the first time to maintain spermatozoa
for prolonged periods of time under strictly defined and constant experimental
conditions as regards temperature, gaseous partial pressure, pH, osmotic

Text-fig. i i .

I The removal of fructose from semen by washing (mean of two experiments).II The removal of phosphate (labelled with 32P) by washing.Ill The removal of plasma proteins labelled with 131I by washing (mean of two experiments).O Residue,
 Supernatant.
 Residue when fluoride was present.| Supernatant when fluoride was present.
—

Theoretical curve.
— Experimental curve.

pressure and sperm density. The experimental conditions can be varied by
altering the composition of the dialysis fluid and thus of the fluid in which the
spermatozoa are suspended. The effects of such variations on sperm activity
can be followed by measuring the impedance-change frequency (ICF). The
definition of sperm activity adopted here (ICF of a sample) limits the semen
samples that can be used because ICF can only be measured when the sperma¬
tozoa have good motility and when the density is not too low (Rothschild, 1948;
Walton, 1952).

Since the first brief description of the continuous flow dialysis technique
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(Dott & Walton, 1953), VanDemark & Couturier (1956; 1958) have developed
a somewhat similar method which they used to study the effect of various
environments on the survival of spermatozoa. These authors, however, did
not use ICF as a measure of sperm activity, but relied on the microscopic
estimation ofmotility which is subjective and which may give misleading results,
particularly during the later stages of experiments. When ICF is used as a

criterion, experiments terminate long before the microscopically observed
motility has ceased altogether.

The main products of the energy-yielding aerobic metabolism of ram

spermatozoa are carbon dioxide and water. Under anaerobic conditions, on
the other hand, in the presence of fructose, the chief end-product is lactic acid.
To study the metabolism of spermatozoa in all its complexity, it would be
necessary, therefore, to use a method in which the following could be measured :
the oxygen uptake, the disappearance of fructose, the formation of lactic acid
as well as that of carbon dioxide, and in addition, the production of energy.
The concentration of at least two substances, namely, fructose and lactic
acid, can be determined in the effluent from the dialysis chamber of the flow
dialysis apparatus. In this way, it is possible to measure the fructolysis of
spermatozoa in the apparatus. A portion of the energy produced by sperm
metabolism is used by the spermatozoa for their movement. If we assume that a

fixed quantity of energy is required by spermatozoa for cell maintenance, then
the measurement of sperm activity provides an indication of surplus energy
produced. The ideal method for measuring energy produced is, of course, to
measure the heat production by spermatozoa (Clark & Rothschild, 1957;
Rothschild, 1959) but this gives no indication of the reaction to the energy by
the cell, and the practical difficulties involved in measuring the heat pro¬
duction of spermatozoa under constant conditions are very great.

The dilution of semen, ifnot excessive, increases the motility of spermatozoa,
the oxygen uptake and glycolysis (Winchester & McKenzie, 1941; Salisbury,
1946). If bull semen is diluted excessively with a solution of sodium chloride,
the survival time and motility of the spermatozoa is reduced (Milovanov,
1936). When the relative importance to spermatozoa of oxygen uptake and
glycolysis is assessed with a dilution technique, it is necessary to assume that the
two processes have been affected in the same way and to the same extent ; there
is no evidence for this assumption and some against it, in the case of ram

spermatozoa.
Milovanov suggested that the harmful effect of dilution is due to the removal

or alteration of cellular sperm components. Such an effect can be prevented, at
least to some extent, by the addition of dialyzed egg yolk or milk (which are

commonly used as semen diluents at artificial-insemination centres) and also
serum proteins, glycogen and other substances of large molecular weight
(Emmens & Swyer, 1948). It is this portion of the semen that is kept in an un¬
diluted state in the flow dialysis apparatus; presumably, therefore, the meta¬
bolism of spermatozoa is affected to a lesser degree by exposing them to a large
volume of fluid.

White (1953b) found that the motility of ram spermatozoa was reduced when
potassium was removed from the suspending medium and that the restoration
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of potassium led to the recovery of sperm motility. On the other hand, the
results that we obtained with the flow dialysis technique showed that sperm
activity was reduced only during the washing process and not appreciably
during dialysis; a simple ion such as K+ would have been lost during both
stages. In fact, the following ions were present in the washing fluid and the
reduction in activity cannot, therefore, have been caused by their removal:
Na+, Cl-, K+, H2P04-, Mg2+, S042-, HC03-. White has also found that
washing of spermatozoa decreases the lactic-acid production from fructose
without impairing oxygen uptake. Our experiments, on the other hand,
indicate that washing does not affect excessively the ICF of anaerobically
fructolyzing spermatozoa, but considerably reduces the activity of spermatozoa
which depend on endogenous respiration as source of energy. The discrepancy
between our results and White's may be due to the use of different diluents.
Our diluent, i.e. calcium-free Krebs-Ringer bicarbonate, contains con¬

siderably less phosphate than the diluent used by White.
The substance or substances removed or altered by washing must fulfil two

distinct functions in intact spermatozoa : (i) to preserve the surface of the sperm
cell in such a state that it is impermeable to eosin, and (ii) to ensure that sperm
activity is maintained by a constant flow of metabolic energy derived from the
endogenous respiratory process. A substance at or near the surface of the
sperm cell is suggested by the experiments with the nigrosin-eosin stain and the
observations of the increase of agglutination as the seminal plasma was diluted.
Chemically, such a substance may well be related to the sperm lipid which is
now known to be identical with plasmalogen (Lovern, Olley, Hartree & Mann,
1957). The possibility exists, however, that the material removed by washing
consists of more than one substance. If two substances are involved, then one

might act at the surface preventing the entry of eosin and agglutination, while
the other might fulfil the function of a substrate, enzyme or coenzyme. The loss
of the first of these two substances would render the cell surface more permeable
and would thus make it impossible for the second substance to be held firmly
by the spermatozoa.

Further speculation on these lines will not be profitable until experiments
have been performed to identify the effected parts of the spermatozoon. Such
experiments will have to take into account the facts already established in the
present study, namely, that the influence of dilution is dependent on three
factors : ( 1 ) the degree of dilution, (ii) the rate of dilution, and (iii) the com¬

position of the diluent.
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