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Spermatozoa taken from various segments
of the guinea pig epididymis have been shown
to differ markedly in the rates of in witro
energy metabolism (1). Glycolysis is low in
caput sperm but increases progressively in
more distal segments with the sharpest rise
occurring in sperm taken from the cauda sec-
tion. In vitro motility also increases progres-
sively and in parallel with changes in metabo-
lism. In view of work from other laboratories
suggesting that sperm metabolism in several
mammalian species is under nucleotide con-
trol (2) and that sperm motility is linked to
adenyl cyclase activity (3-6), we have at-
tempted to assess the role of intracellular
adenine nucleotides and cyclic nucleotides on
these progressive changes in guinea pig epidid-
ymal sperm metabolism and motility. Our
results show that large changes in nucleotide
levels in sperm occur during epididymal
transit but that these changes only partially
account for the magnitude of the metabolic
changes observed. We also conclude that the
effect of cyclic nuleotide analogs and phos-
phodiesterase inhibitors on sperm are not re-
stricted to a stimulation of motile mecha-
nisms alone but also involve a direct stimula-
tion of metabolism.

Methods and Materials. Adult guinea pigs
(Carworth, New City, NY), weighing ap-
proximately 1 kg, were used in all the experi-
ments.

The treatment and isolation of sperm from
different segments of the epididymis was de-
scribed elsewhere (1). A Tris-based salts
medium, buffered at pH 7.4, was used in all
experiments (7).

1 Permanent address: Institute for Study and
Treatment of Fertility Disturbances, Municipal-
Government Medical Center, Tel-Aviv, Israel.

Experiments were performed in stoppered
25-ml Erlenmeyer flasks. Incubations were
carried out with shaking in a thermostated
Dubnoff bath at 37°. Drugs and glucose were
added to the incubated suspensions at con-
centrations described in the Results section.
Small portions of the suspensions were taken
at various times to determined motility. Ali-
quots of the sperm suspensions were removed
from the flasks at selected intervals, depro-
teinized immediately by boiling for 10 min,
and centrifuged and the clear solution was
frozen until assay.

Lactic acid was determined fluorometrical-
ly in a Turner Model 111 (8). ATP, ADP
and AMP were also determined by standard
fluorometric procedures (9). Standard ATP,
ADP and AMP were run concurrently with
each assay.

Energy charge (EC) as defined by Atkin-
son and Walton (10) was calculated accord-
ing to the equation:

ATP + %% ADP
ATP + ADP + AMP’

EC =

Materials. Chemicals used were either Sig-
ma Grade or Baker reagent grade. Purified
enzymes were purchased from the Boehrin-
ger-Mannheim Co.

Results. The intracellular levels of adenine
nucleotides isolated at 0° in sperm taken from
various segments of the epididymis and vas
deferens of the guinea pig are shown in Fig.
1. The highest levels were found in caput
sperm where the nucleotide concentration
averaged a massive 160 nmoles/10® sperm.
Levels in corpus and cauda sperm were
about 25 and 15% of the caput level, re-
spectively. ATP also decreased sharply in
sperm taken from segments increasingly dis-

420



METABOLISM OF EPIDIDYMAL SPERMATOZOA

LipDP iec

60,  —ATP

oo
290 AMP 0.6

(nmoles/108sperm)
CHARGE

-] ®
o (e}
N L

ENERGY

NUCLEOTIDE

Fic. 1. The concentrations of ATP, ADP, AMP
and the calculated energy charge of sperm isolated
at 0° from different parts of the epididymis. Values
are mean = SE of 5 estimations.

tal to the caput epididymis. Energy charge,
which is a measure of the fraction of the
adenylate pool containing high energy phos-
phate bonds (10), decreased in parallel, but
less markedly than either the total nucleotide
or ATP concentrations. A slight increase in
energy charge occurred in sperm taken from
the vas deferens.

In order to determine whether there was
any relation between these nucleotide
changes, particularly ATP, and changes in
the glycolytic rate, sperm from the various
segments were incubated in the absence of
glucose for periods up to 6 hr in order to re-
duce nucleotide levels. The rate of glycolysis
was then determined after each hour of glu-
cose deprivation. The results of these ex-
periments are shown in Fig. 2. A dependence
of glycolysis on cellular ATP concentration
is most apparent in caput sperm. During the
6 hr of incubation in the absence of glu-
cose, ATP levels fell nearly tenfold. Glycoly-
sis increased with the fall in ATP and after
4 hr, sperm were capable of metabolizing
glucose at almost four times the initial rate.
Several hours of substrate deprivation gen-
erally induced increases in glycolysis in sperm
taken from the other segments, but the rela-
tion between ATP concentration and glycoly-
sis was not as striking. Extending the period
in which cells were deprived of glucose for
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more than 3 hr, abolished glycolysis in cauda
and vasa sperm. Sperm from other segments,
with higher initial levels of ATP, were able
to tolerate longer periods of substrate depri-
vation. Apparently as the intracellular level
of ATP approached 5-10 nmoles/10® sperm
(as the ATP curves in all four segments in-
dicate), the difference between the ATP re-
quirement for hexose phosphorylation and
the inhibitory effects of this compound be-
come critically small. Cell death may occur
if ATP levels fall below this level, while
higher levels increasingly inhibit the ability
of cells to metabolize glucose at high rates.
This appears to be the metabolic state of
sperm just prior to ejaculation.
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Fic. 2. Effect of glucose deprivation (0 to 6 hr)
on the levels of ATP and the glycolytic capacity of
sperm from different segments of the epididymis.
Glycolysis was induced after each period of prein-
cubation by adding glucose (10 mM). The sperm
suspensions were then incubated for an additional
2 hr. Sperm concentration per flask were as follows:
caput, 30 X 10° sperm/cc; corpus, 89 X 10° sperm/
cc; cauda, 90 X 10° sperm/cc and vas deferens, 45
X 10° sperm/cc. % -y ATP concentration at the end
of each period of preincubation in the absence of
substrate. The numbers indicated at each point
represent percentage motile sperm. Histograms:
lactic acid production.
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Additional observations in these experi-
ments, also shown in Fig. 2, are that no ap-
parent relation exists between changes in the
glycolytic rate and the motility of sperm
taken from any particular segment. Despite
the marked increases in glycolysis at the
lower ATP levels in caput sperm, for exam-
ple, motility remained low and did not in-
crease above 10%.

The initial motility of sperm taken from
other segments was higher than that of caput
sperm but motility declined progressively in
the absence of substrate and did not increase
above the initial level regardless of an in-
crease in the glycolytic rate.

Motility and glycolysis, however, were en-
hanced in all segments by caffeine or di-
butyryl cyclic AMP (dbcAMP). Caffeine was
slightly more effective than the cyclic AMP
analog in inducing these changes but maxi-
mum changes were obtained when the two
compounds were added together to cell sus-
pensions. The effects of these compounds on
several aspects of energy metabolism in
guinea pig epididymal sperm are detailed in
Table I. In order to obtain the maximum ef-
fect of these compounds on metabolism and
motility, sperm were incubated for 1 hr in
the presence of caffeine and dbcAMP prior
to the addition of glucose. Glycolytic capaci-
ty and ATP levels were not further changed
by extending the preincubation period be-
yond this time. The important results in
Table T are seen by comparing, vertically,
changes in the various parameters in sperm
taken from the various segments treated in
the same manner, and by comparing, hori-
zontally, changes in sperm taken from the
same segment but given either glucose or glu-
cose, caffeine and dbcAMP. First, compari-
sons among segments for both the control
and treated cells recapitulates the relation be-
tween ATP, motility and glycolysis in each
segment of the epididymis. This comparison
also shows that, in both control and treated
cells, there was a correlation between the in-
itial energy charge (ie., the energy charge
prior to the addition of glucose) and the gly-
colytic rate. Glycolysis tended to be higher
at lower initial values of the energy charge.
The addition of glucose restored the energy
charge in most instances to values between
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0.6 and 0.8. Hoskins (2) has found a simi:
lar correlation in bovine epididymal sperm

Second, comparisons between control and
treated cells show that glycolysis and motility
were markedly increased by caffeine and
dbcAMP in sperm taken from all segments
of the epididymis. Glycolysis increased near-
ly fourfold in caput sperm; motility increased
sixfold and was comparable to the maximum
percentage motility observed in sperm from
other segments. Similar increases in glycolysis
occurred in sperm taken from the other epidid-
ymal segments, while changes in vasa sperm
were less marked.

Further inspection of Table I reveals ad-
ditional information. Consider the energy
charge that was generated in sperm after the
addition of glucose in control and treated
cells. Comparisons of this parameter in sperm
from all segments of the epididymis shows
that there was either no change or an in-
crease in energy charge in cell induced to
high rates of glycolysis by caffeine and
dbcAMP. This suggests that the increased
rate of glycolysis in treated cells was not
solely a secondary event induced by increased
motility and any concomitant lowering of en-
ergy charge, but was also a result of the di-
rect stimulation of the glycolytic apparatus.

Finally, it should be observed that al-
though glycolysis is increased nearly four-
fold by caffeine and dbcAMP in sperm taken
from all segments of the epididymis, the ca-
pacity for glycolysis was still progressively
higher in sperm taken from segments in-
creasingly distal to the caput segment. This
is true despite the fact that internal levels of
ATP and energy charge were similar in
treated cells after the addition of glucose.
This indicates that other factors, in addition
to intracellular nucleotide levels, are in-
volved in the development of epididymal
sperm metabolism.

Discussion. The results of these experi-
ments support the idea that intracellular
nucleotide levels play an important role in
the control of the metabolism and motility
of epididymal spermatozoa. The massive
nucleotide concentrations in caput sperm may
serve as a store of chemical energy that en-
sures sperm survival during the 10-15 day
period of epididymal transit. Metabolism
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probably occurs at a very slow rate, if at all,
in situ in view of the absence of appreciable
quantities of utilizable carbohydrate (11)
and since the diffusion of oxygen into the
densely packed cells of the epididymal duct
is probably also restricted. High intracellu-
lar levels of ATP would obviate the need
for any extensive metabolic activity. Events
occurring during epididymal passage reduce
sperm nucleotides to near critical levels in the
cauda epididymis and vas deferens. These low
nucleotide levels appear to raise the cells po-
tential for a maximum glycolytic response to
the carbohydrates that become available in
seminal plasma at ejaculation. However, sur-
vival of these cells in the absence of ejacula-
tion is not likely to be long since further de-
pletion of the already low nucleotide reserves
abolishes the ability of these cells to respond
to the glycolyzable substrates. This may ac-
count for the generally poor motility and
metabolic capacity of vasa sperm as com-
pared to sperm taken from the cauda epidid-
ymis.

The motility of guinea pig epididymal
sperm does not appear to entirely depend on
the glycolytic rate of developing epididymal
sperm since inducing high rates of glycoly-
sis by lowering nucleotide levels (in the ab-
sence of caffeine or dbcAMP) did not stimu-
late motility. However, since motility in
caput sperm could be stimulated almost
maximally by increasing the intracellular
levels of cyclic AMP, it is probable that the
basic apparatus responsible for sperm motility
is fully developed in caput sperm. Further in-
creases in the spontaneous motility of epidid-
ymal sperm in other segments may, there-
fore, simply reflect an increased activity of
adenyl cyclase in these cells. If this is true,
increasingly higher levels of cyclic AMP
should be found in sperm as they approach
the cauda segment. This is currently being
tested.

The role of adenine nucleotides in bovine
epididymal sperm metabolism has been dis-
cussed in a recent report by Hoskins (3).
Based on a correlation between the glycolytic
rate and the energy charge in these cells
prior to the addition of glucose, Hoskins sug-
gested that glycolysis was predominantly un-
der nucleotide control. High energy charge
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(ie., a high portion of the adenylate pool
contains phosphoanhydride bonds) slows gly-
colysis since nucleotide inhibitors of key
glycolytic enzymes are present in high con-
centration (ATP, ADP) and activators
(AMP) are present in low concentration. The
stimulation of glycolysis by cyclic AMP ana-
logs and phosphodiesterase inhibitors was
considered to be due to a lowering of the
energy charge that resulted from a direct
stimulation of motility and the associated in-
crease in ATPase activity.

However, our experiments on the effect of
caffeine and dbcAMP on guinea pig epididy-
mal sperm suggest that increased levels of
cyclic AMP have a direct effect on both me-
tabolism and motility. Our argument is based
on the observation that cells from the same
segment of the epididymis develop approxi-
mately the same energy charge and total
nucleotide concentration in the presence of
glucose whether they have been exposed to
caffeine and dbcAMP or not. The glycolytic
rate in treated cells, however, is almost four-
fold greater than the rate of untreated cells.
It is known that cyclic AMP is an activator
of phosphofructokinase (12) and that phos-
phofructokinase is involved in the control of
glycolysis of several species of mammalian
sperm (2, 13). This may be the site stim-
ulated by cyclic AMP in guinea pig serum.

As already mentioned, the results reported
here strongly suggest that adenyl cyclase is
involved in the changes in iz vifro sperm me-
tabolism that occur during epididymal pas-
sage. It is apparent, however, that other
mechanisms are also involved. We noted that
even when epididymal sperm were induced to
maximum motility and glycolysis by caffeine
and dbcAMP, the rate of cauda sperm gly-
colysis was still some three times greater
than the rate of glycolysis in caput sperm.
This could not be attributed to differences
in nucleotide levels or energy charge. These
differences may be due to other factors such
as changes in the catalytic capacity of key
glycolytic enzymes during epididymal pas-
sage or to a change in the kinetic responsive-
ness of these enzymes to controlling ligands.
The nature of these other factors is current-
ly being investigated.

Summary. High levels of adenine nucleo-
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tides are present in sperm taken from the
caput segment of the guinea pig epididymis.
This level declines progressively in the cor-
pus and cauda segments where there is also
a progressive increase in iz vitro glycolysis.
Nucleotide control of glycolysis is suggested
by the observation that the depletion of
nucleotide pools by incubation in the ab-
sence of substrate leads to increased glyco-
lytic rates. This is particularly pronounced
in caput sperm. Sperm motility in different
segments, however, is not enhanced by lower-
ing nucleotide levels in this manner.

Sperm motility and metabolism are mark-
edly increased in all segments of the epididy-
mis and vas deferens by caffeine and dibuty-
ryl cyclic AMP. High rates of glycolysis in
treated cells occur, however, without any sig-
nificant differences from controls in energy
charge and ATP levels, suggesting that the
glycolytic apparatus as well as the mecha-
nisms involved in motility are stimulated. Al-
though metabolism in sperm from all seg-
ments increased about fourfold in treated
cells, the glycolytic rate of sperm taken from
segments increasingly distal to the caput seg-
ment shows the same pattern of increasing
glycolytic capacity as observed in controls.
This suggests that other mechanisms, in ad-
dition to changes in adenyl cyclase activity,
are apparently involved in the changes in
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sperm metabolism that occur during epididy-
mal transit.
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