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It is doubtful that diffusion can deliver sufficient ATP from the mitochondria to sustain activity at the distal end of the
sperm flagellum. Glycolytic enzymes bound to the fibrous sheath could provide energy along the flagellum at the point
it is required. An obligatory role for glycolysis is supported by the lack of progressive motility in sperm from mice
where the gene for sperm-specific glyceraldehyde-3-phosphate dehydrogenase (GAPDHs) had been ‘knocked out’.
Here, I review some evidence against this idea. First, pure diffusion from the mitochondrion is likely to be adequate in
species with smaller sperm, and it is possible that rapid ATP delivery required in larger sperm could be achieved by an
adenylate kinase shuttle. Second, experience with �-chlorohydrin demonstrates that sperm can remain motile with
normal ATP concentrations despite inhibition of GAPDHs; adverse effects only occur if glucose is added and high lev-
els of glycolytic intermediates accumulate. These observations undermine the GAPDHs knockout mouse as evidence
for an essential role of local glycolysis. Third, sperm from many species can remain motile for long periods in sugar-
free media and excepting dog sperm, evidence that gluconeogenesis is a possible explanation, is weak. In most species,
it is unlikely that local glycolysis is the only way that ATP can be supplied to the distal flagellum.
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Introduction

The sperm flagellum is long, about 50 μm in human, and thin,
about 0.5 μm diameter. Many species have still longer flagella
(Table I). Active bend propagation continues along the length of
the flagellum and consequently ATP to drive active sliding must
be available throughout the flagellum. The mitochondria, the site
of oxidative phosphorylation, are located in the sperm midpiece at
the extreme anterior end of the flagellum. There is a very legiti-
mate question as to whether diffusion from the mitochondria can
deliver ATP to the distal end of the flagellum rapidly enough to
support active sliding there. Glycolytic enzymes are concentrated in
the principal piece, and some are bound to the fibrous sheath of the
flagellum (Storey and Kayne, 1975; Travis et al., 1998; Eddy et al.,
2003) therefore glycolysis could produce ATP adjacent to the site it
is required to support active sliding of the flagellar filaments. It has
been suggested that glycolysis in the principal piece is critical for
normal sperm function (Turner, 2003). A recent report that mice in
which expression of the gene for the sperm-specific isoform of glyc-
eraldehydes-3-phosphatedehydrogenase (GAPDHs) was knocked
out have immotile sperm supports this idea (Miki et al., 2004).

This short article reviews the evidence that glycolysis is essen-
tial for local ATP production to support sperm motility, it will not
deal with the equally interesting question of whether glucose is
required for sperm capacitation or hyperactivation in some species

(Fraser and Quinn, 1981; Urner and Sakkas, 1996; Urner et al.,
2001; Williams and Ford, 2001).

Mammalian sperm share a common problem of ATP delivery
along the flagellum but adopt a variety of metabolic strategies for
ATP generation (Ford and Rees, 1990). This review will avoid
detailed analysis of interspecies differences. It accepts that sperm
of many species can support motility by glycolysis and by this
means can remain motile under anaerobic conditions or when oxi-
dative phosphorylation is blocked by inhibitors (Ford and Rees,
1990; Mukai and Okuno, 2004) but argues that multiple strands of
evidence demonstrate that alternative mechanisms for ATP deliv-
ery to the flagellum must exist. The balance between different
pathways is likely to vary between species.

Is diffusion really a problem?

Biophysicists have calculated the rate of diffusion of ATP along the
sperm tail based on both a steady state (Nevo and Rikmenspoel, 1970)
and a transient model taking into account the rate of power output
along the flagellum (Adam and Wei, 1975). Both models suggested
that diffusion was adequate to deliver ATP to the tail tip at least in bull
and in sea urchin sperm. Whether this remains true in the larger sperm
of rodents remains open to doubt (Turner, 2003), although a close lin-
ear relationship between mitochondrial volume and flagellar length
supports a diffusion-based mechanism (Cardullo and Baltz, 1991).
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However, it is an over-simplification to consider ATP in isola-
tion. ATP can only remain effective in transducing energy from
metabolism to mechanical force if the reaction ATP↔ADP +
inorganic phosphate (Pi) remains displaced from equilibrium.
In the cytoplasm of a typical cell, the ATP/ADP ratio is about
10 000-fold greater than it would be at equilibrium (assuming a
constant Pi of 10 mM) (Nicholls and Ferguson, 1992). In a diffu-
sion model, in the more distal parts of the tail, the ATP concentra-
tion would be less and the concentration of ADP and Pi greater
compared to the midpiece. Therefore, the ATPase reaction would
come closer to equilibrium and the rate at which ATP could be
hydrolysed to provide energy for sliding would be lower. It is
unclear how great a problem this is; arguably less power is
required for bending in the distal regions of the flagellum, because
a lesser length needs to be deflected against viscous drag.

Enzymatic shuttles to facilitate ATP delivery

This problem of ATP delivery is not confined to spermatozoa,
although it is particularly acute for them, and many cells notably
muscle and nerve have to transfer ATP from its site of production
in the mitochondrion to the site of energy dissipation and return
the products through a highly structured cellular milieu. There are
now very strong arguments that this is achieved by ‘flux transfer
chains’. These depend on the rapid transfer of the displacement
from equilibrium of an enzyme reaction at one site to adjacent
sites leading to the spatial transmission of a wave of disequilib-
rium. If product was added at one end and removed at the other
then an efficient transport system would be established (Dzeja
and Terzic, 2003). Creatine kinase, adenylate kinase and phos-
phoglycerate kinase shuttles have been proposed to transfer ATP
away from the mitochondrion and to return ADP (Figure 1).
Carbonic anhydrase and GAPDH shuttles (not shown Figure 1)
are proposed to return hydrogen ions and Pi, respectively to the
mitochondrion.

It is also possible that the ATP consuming steps of glycolysis
could occur on the mitochondrial surface whilst the ATP releasing
steps occurred close to the site of ATP consumption. In a similar
way, the metabolism of glycerol 1-phosphate arising from phos-
pholipid hydrolysis could provide substrate for the latter half of

the glycolytic pathway. Mitochondrial glycerol-1-phosphate dehy-
drogenase could oxidize it to dihydroxyacetone 1-phosphate that
could diffuse down the tail. Mitochondrial glycerol 1-phosphate
dehydrogenase is present at high to moderate activity in ram,
boar, bull, rat and mouse sperm but is present at much lesser activ-
ity in rabbit, human and monkey sperm (Storey and Kayne, 1980;
Storey, 1980; Carey et al., 1981; Ford, 1981). Glycerol-1-phosphate
is an important substrate in the long-term survival of boar sperm in
substrate-free media (Jones and Bubb, 2000).

The shuttle mechanisms adopted by sperm differ across the evo-
lutionary spectrum. Invertebrate sperm usually contain relatively
high amounts of creatine phosphate (CrP) and creatine phosphoki-
nases or other phosphagens (Ellington and Kinsey, 1998; Ellington,
2001), these buffer the ATP/ADP ratio at the expense of CrP/crea-
tine and provide a shuttle to facilitate diffusion of ATP along the
flagellum (Figure 1). The CrP shuttle is particularly well charac-
terized in sea urchin sperm (Tombes and Shapiro, 1985). By con-
trast, the CrP shuttle is likely to be absent or of only minor
importance in mammalian sperm because they lack or contain
only low concentrations of CrP or other phosphagens (Smith et al.,
1985; Robitaille et al., 1987). Consistent with this view, mice in
which the gene for the mitochondrial isotype of creatine kinase
had been ‘knocked out’ were fertile, and their sperm had similar
motility characteristics to the wild type (Steeghs et al., 1995).

On the other hand, creatine phosphokinase activity has been
detected in human sperm. This may be associated with cytoplasmic

Table I. Sizes of spermatozoa from some domestic and laboratory animals

Data from Cummins and Woodall (1985).

Species Length (μm)

Head Midpiece Principal piece Total

Bull 6.8 9.8 36.9 53.5
Boar 8.5 10 36.1 54.6
Ram 8.2 14.0 43.0 65.2
Horse 7.0 9.8 43.8 60.6
Dog 5.9 10.6 45.8 62.7
Rat 12.1 67.0 110.0 190.1
Mouse 7.9 18.4 96.6 122.9
Hamster 15.2 50.5 126.3 186.8
Guinea pig 10.9 11.1 92.1 114.1
Honey possum 14.0 86.0 256.3 356.3
Man 4.5 4.0 48 56.5

Figure 1. Potential ATP transfer shuttles in the sperm flagellum. Along the
flagellum, ATP is hydrolysed to ADP to provide energy for active sliding of
adjacent microtubules leading to propagation of flagellar bending. ADP is re-
phosphorylated by phosphate transfer from creatine phosphate (CrP), ADP or
1,3 bisphosphoglycerate (1,3bis-P-Gly). These reactions are catalysed by crea-
tine kinase, adenylate kinase or 3 phosphoglycerate (3-P-Gly) kinase, respec-
tively. These enzymes operate close to equilibrium. In the midpiece,
mitochondrial oxidative phosphorylation generates ATP that can support
motility or the phosphorylation of creatine, AMP or 3-P-Gly together repre-
sented as X. The net effect is to establish a gradient of disequilibrium of the
kinase reactions (XP + ADP↔ATP + X) along the flagellum so that their con-
certed action can sustain the ATP concentration in the distal regions of the
flagellum without the need for diffusion over long distances. Based on Dzeja
and Terzic (2003). Note that other shuttles may be required to transfer hydro-
gen ions and inorganic phosphate (Pi). The creatine phosphate (CrP) shuttle is
important in invertebrate but not in mammalian sperm.
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retention during spermiation, because activity was higher in infer-
tile men and was associated with abnormal head morphology and
increased lipid peroxidation (Huszar and Vigue, 1993, 1994), The
concentration of creatine phosphokinase (Huszar et al., 1988) and
the ratio between the CK-B and CK-M isoforms (Huszar et al.,
1992) have been proposed as clinical indices of male fertility,
although the band identified as CK-M has turned out to be the heat
shock protein HspA2 (Huszar et al., 2000).

Evidence that creatine phosphokinase may have a role in energy
provision in human sperm comes from observations that demem-
branated human sperm could be re-activated by CrP plus ADP and
that in intact sperm the creatine phosphokinase inhibitor, dini-
trofluorobenzene, impaired progressive motility when lactate was
the only substrate provided (Yeung et al., 1996). However, CrP
activated motility less effectively than ATP, and formation of ATP +
AMP from ADP via adenylate kinase activity could not be ruled
out. Furthermore, interpretation of the effect on intact sperm
depends critically on the assumption that the inhibitor acted
specifically.

Other reports suggest that although human sperm contain CK-B
and the mitochondrial isoform CK-Mi, their activities have little
predictive value for in vitro fertilization (Rolf et al., 1998), More-
over, creatine kinase activity was not related to the ATP/ADP ratio
in human spermatozoa (Vigue et al., 1992). We have to conclude
that on balance the CrP shuttle is unlikely to be of major import-
ance in mammalian sperm.

This might be construed as circumstantial evidence in favour of
mammalian sperm requiring local ATP production by glycolysis, but
mammalian sperm contain high activities of adenylate kinase which
catalyses the reaction 2ADP↔ATP + AMP (Schoff et al., 1989) and
glycolytic enzymes including 3-phosphoglycerate kinase. Therefore,
they could rely on adenylate kinase and 3-phosphoglcerate kinase
shuttles for ATP transfer along the flagellum. Consistent with this,
ADP could maintain the motility of permiabilized bull sperm
(Schoff et al., 1989).

On the other hand, mice in which the gene for adenylate kinase
1 had been deleted exhibited no overt physiological abnormalities
(Janssen et al., 2000) implying that they were normally fertile.
However, it remains possible that adenylate kinases 2 and 3,
normally restricted to the mitochondrion, have a different distribu-
tion in sperm or that sperm contain a novel isotype of adenylate
kinase. Novel adenylate kinase isoforms characterized by an N ter-
minal extension targeting them to the flagellum have been demon-
strated in Trypanosoma brucei, and closely related gene sequences
were detected in the human genome (Pullen et al., 2004). A novel
AK anchored to the outer dynein arm protein Oda5p has been
reported in Chlamydomonas (Wirschell et al., 2004).

Further research is required to confirm that these shuttles oper-
ate and that they are capable of sustaining flagellar activity driven
by mitochondrial oxidative phosphorylation.

Evidence from the sperm-specific GAPDHs knockout 
mouse that glycolysis is required for mammalian 
sperm motility

Sperm from mice in which the gene for the testis-/sperm-specific
isoenzyme of GAPDHs had been ‘knocked out’ were not progres-
sively motile and contained a very low ATP concentration,
although mitochondrial respiration, assessed by the rate of oxygen

uptake, was unimpaired. These results were interpreted to imply
that the energy required for sperm motility is generated by glycol-
ysis (Miki et al., 2004). This conclusion fails to take account of
experience with the putative male contraceptive α-chlorohydrin
(1-chloropropan-2,3–diol; Figure 2). α-Chlorohydrin has a rapid
and effective oral male contraceptive action in many species. It
appears to act by inhibiting GAPDHs and to a lesser extent triose
phosphate isomerase and exerts similar biochemical effects in
sperm exposed to it in vitro. α-Chlorohydrin itself does not inhibit
GAPDHs but has first to be metabolized to an active intermediate
probably β-chlorolactaldehyde (Jones, 1983; Jones and Cooper,
1999). Other related compounds, 6-chloro-6-deoxysugars (Ford
and Harrison, 1981; Ford et al., 1981) and ornidazole (Bone et al.,
2000) have a similar contraceptive effect probably because they
can generate the same active intermediate in vivo (Figure 2).

Contraceptive doses of α-chlorohydrin or 6-chloro-6–deoxyglucose
(Brown-Woodman et al., 1978; Ford et al., 1981) did not decrease
mitochondrial respiration, and sperm from rats made infertile with
6-chloro-6-deoxyglucose remained motile with a normal ATP
concentration when incubated with pyruvate plus lactate (Ford and
Harrison, 1981).

With this in mind, in the course of research into the mode of
action of α-chlorohydrin, we investigated why sperm treated with
α-chlorohydrin could not obtain energy to support motility and
fertility from mitochondrial oxidative phosphorylation.

Ram epididymal or boar-ejaculated sperm were incubated in
media containing no substrate, 5 mM D-glucose, 10 mM L-lactate
plus 1 mM pyruvate or 5 mM-D-glucose plus 10 mM-L-lactate plus
1 mM pyruvate, each in the presence or absence of 1 mM RS-α-
chlorohydrin. The principal conclusion was that over a 1 h incuba-
tion, α-chlorohydrin had no significant effect on motility or ATP
concentration when glucose was absent, but when glucose was
present both motility and ATP concentration decreased rapidly to
very low values (Figure 3). The principal difference between ram and
boar sperm was that in the latter lactate plus pyruvate provided

Figure 2. The chemical structure of α-chlorohydrin and related male
contraceptive compounds and the putative common active intermediate
β-chlorolactaldehyde.
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some protection against the concerted effect of α-chlorohydrin
and glucose (Ford and Harrison, 1985). Similarly, in mouse sperm
incubated with 1 or 10 mM α-chlorohydrin, motility was partially
(1 mM) or completely (10 mM) inhibited if 10 mM glucose was
present but was normal if glucose was replaced by 10 mM β-
hydroxybutyrate (Tanaka et al., 2004). The decline in ATP and
motility was always accompanied by a marked increase in the con-
centrations of glycolytic intermediates upstream of GAPDHs, nota-
bly fructose 1,6 bisphosphate and the triose phosphates (Figure 3c)
(Ford and Harrison, 1986). Because of their neurotoxic side
effects (Jacobs and Ford, 1981; Ford and Waites, 1982), interest in
the α-chlorohydrin family of male contraceptives waned, and their
mode of action was never fully resolved. However, we were able
to establish that the increased concentrations of glycolytic inter-
mediates did not increase futile substrate cycling sufficiently to
explain the decline in ATP concentration, and the most likely
explanation is that they sequestered so much of the phosphate
present in the sperm that none remained available for oxidative
phosphorylation (Ford and Harrison, 1987).

These results demonstrate that sperm in which GAPDHs has
been inhibited by α-chlorohydrin can function well for at least 1 h
when no external glucose is present and the metabolism of any
internal carbohydrate store is blocked. This confirms that glycolysis
is not required to support normal motility. Adverse effects on ATP

and motility ensue if sufficient glucose is present to cause the
accumulation of glycolytic intermediates which impair oxidative
phosphorylation in some way. Consequently, the absence of motility
in sperm from GAPDHs knockout mice cannot be taken as proof
that glycolysis is essential to maintain motility, because the sperm
were incubated in medium that contained glucose and they accu-
mulated 4× normal concentrations of glyceraldehyde 3-phosphate
(Miki et al., 2004).

If glycolysis is required for energy transfer, how can sperm 
be motile in glucose-free media?

Sperm from many species including human can remain motile in
glucose-free media. Bull sperm provide a striking example,
because glucose impedes capacitation in this species. The sperm
remain motile in sugar-free media in vitro and bovine oviductal
fluid contains only 50–100 μM glucose yet supports capacitation
and fertility (Galantino-Homer et al., 2004).

If glycolysis is required to deliver ATP to the distal regions of the
epididymis, where does the substrate come from? A number of recent
papers support the presence of glycogen stores in mammalian sperm
and even suggest that they might be capable of gluconeogenesis.

The traditional view is that glycogen is lost during the spermatocyte
stage of spermatogenesis and that mature mammalian sperm do

Figure 3. Effects of α-chlorohydrin and glucose on ram spermatozoa (a) motility, (b) ATP concentration (c) fructose 1,6-bisphosphate concentration. (a and b)
Ram epididymal spermatozoa were incubated with 1 mM –RS-α-chlorohydrin or a buffer blank (control) for 10 min before the addition of 5 mM–D-glucose,
10 mM L-lactate plus 1 mM–pyruvate or a buffer blank (no substrate). Samples for motility measurements were taken from α-chlorohydrin flasks 0, 15 and 45 min,
and from control flasks 0, 30 and 60 min after addition of substrates. Samples for ATP assay were taken from all flasks at 0, 10, 30 and 60 min. (c) Experimental
conditions were the same except that 1 mM glucose was added. The concentration of fructose 1,6-bisphosphate remained <1 nmol/108 sperm except when both
α-chlorohydrin and glucose were present. Replotted from previously published data (Ford and Harrison, 1985, 1986).
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not contain glycogen (Mann, 1964). Based on respiratory quotients
and other evidence, their primary endogenous substrate is thought
to be phospholipid (Ford and Rees, 1990). However, recent evid-
ence demonstrates that dog, ram, boar and horse sperm do contain
glycogen together with measurable activities of glycogen syn-
thetase and glycogen phosphorylase. In dog sperm, glycogen was
depleted in sperm incubated in substrate-free medium but accumu-
lated in media containing millimolar concentrations of glucose or
fructose with the site of deposition in the cell varying according to
the hexose provided (Ballester et al., 2000; Palomo et al., 2003).

Subsequently, it was reported that dog sperm incubated in
medium containing 21.5 mM lactate + 0.25 mM pyruvate but no
hexose accumulated glycogen in the first 2 h of the incubation,
and radioactivity from [U-14C] lactate was incorporated into it.
The pyruvate carboxylase inhibitor phenylacetic acid prevented
glycogen synthesis and inhibited motility without a significant
effect on viability. Immunocytochemical evidence indicated pres-
ence of the key gluconeogenic enzymes fructose-1,6 bisphos-
phatase and aldolase B (Albarracin et al., 2004). Therefore, there
is strong if not conclusive evidence that dog sperm are capable of
gluconeogenesis, and this may be important to maintain motility
and to allow them to capacitate in glucose-free media.

Evidence for gluconeogenesis in other species is less convinc-
ing. 2-Deoxyglucose, which can be phosphorylated by hexokinase
but not further metabolized was used to block glycolysis in mouse
sperm (Mukai and Okuno, 2004). Although only a weak competi-
tor with glucose, it decreased the motility of sperm incubated with
pyruvate (but not glucose), although it had no effect on mitochon-
drial membrane potential. On this basis, the authors postulated that
mitochondrial energy was used to drive gluconeogenesis and so
provide glucose for glycolytic energy production in the flagellum.
This interpretation is open to challenge, because metabolism of
2-deoxyglucose leads to the accumulation of high concentrations
of 2-deoxyglucose 6-phosphate. As described above, for the increase
in glycolytic intermediates induced by α-chlorohydrin, this could
bind most of the phosphate in the sperm making it unavailable for
oxidative phosphorylation. By preventing the discharge of the pro-
ton motive force, this situation would increase rather than decreasing
mitochondrial membrane potential. The toxicity of 2-deoxglucose is
illustrated by its detrimental effect on the ATP/ADP ratio of human
sperm metabolizing lactate plus pyruvate (Williams and Ford, 2001).
Secondly, no evidence was presented that gluconeogenesis could be
detected. Analysis of the metabolome of boar sperm suggested that
gluconeogenesis did not occur in that species (Marin et al., 2003).

Conclusions

Local glycolysis can deliver energy to the distal flagellum but evid-
ence that it is required to achieve this is weak. Firstly, it is likely that
diffusion reinforced by adenylate kinase and other shuttles is suffi-
cient to exchange ATP, ADP and Pi between the flagellum and the
mitochondria in the midpiece at the rate required to sustain motility.
Secondly, experience with the GAPDHs inhibitor α-chlorohydrin
indicates that sperm can maintain motility for long periods when
glycolysis is blocked, so long as high concentrations of glycolytic
intermediates do not accumulate. This needs to be taken into
account in the interpretation of results from GAPDHs knock-out
mice. Thirdly, sperm of most species can remain fully motile in
sugar-free media especially if mitochondrial substrates are provided

and with the exception of the dog evidence for gluconeogenesis to
provide substrate for the distal flagellum is lacking or weak.

To understand ATP delivery to the mammalian sperm flagellum
better, further research is needed to confirm the role of adenylate
kinase and other shuttles in energy distribution along the mamma-
lian sperm flagellum and to reveal the reasons why sperm from
GAPDHs knock-out mice are immotile. Are demembranated or
permiabilized sperm from these mice motile if supplied with ATP,
and are intact sperm motile if protected from contact with glyco-
lysable sugars as experience with α-chlorohydrin suggests?

References
Adam DE and Wei J (1975) Mass-transport of ATP within motile sperm. J

Theor Biol 49,125–145.
Albarracin JL, Fernandez-Novell JM, Ballester J, Rauch MC, Quintero-

Moreno A, Pena A, Mogas T, Rigau T, Yanez A, Guinovart JJ et al.
(2004) Gluconeogenesis-linked glycogen metabolism is important in the
achievement of ‘In vitro’ capacitation of dog sperm in a medium without
glucose. Biol Reprod 71,1437–1445.

Ballester J, FernandezNovell JM, Rutllant J, GarciaRocha M, Palomo MJ,
Mogas T, Pena A, Rigau T, Guinovart JJ and RodriguezGil JE (2000) Evi-
dence for a functional glycogen metabolism in mature mammalian sper-
matozoa. Mol Reprod Dev 56,207–219.

Bone W, Jones NG, Kamp G, Yeung CH and Cooper TG (2000) Effect of orni-
dazole on fertility of male rats: inhibition of a glycolysis-related motility
pattern and zona binding required for fertilization in vitro. J Reprod Fertil
118,127–135.

Brown-Woodman PDC, Mohri H, Mohri T, Suter D and White IG (1978) Mode of
action of alpha-chlorohydrin as an antifertility agent. Biochem J 170,23–37.

Cardullo RA and Baltz JM (1991) Metabolic-regulation in mammalian sperm –
mitochondrial volume determines sperm length and flagellar beat frequency.
Cell Motil Cytoskel 19,180–188.

Carey JE, Olds-Clarke P and Storey BT (1981) Oxidative metabolism of sper-
matozoa from inbred and random bred mice. J Exp Zool 216,285–292.

Cummins JM and Woodall PF (1985) On mammalian sperm dimensions. J
Reprod Fertil 75,153–175.

Dzeja PP and Terzic A (2003) Phosphotransfer networks and cellular energet-
ics. J Exp Biol 206,2039–2047.

Eddy EM, Toshimori K and O’Brien DA (2003) Fibrous sheath of mammalian
spermatozoa. Microsc Res Tech 61,103–115.

Ellington WR (2001) Evolution and physiological roles of phosphagen sys-
tems. Annu Rev Physiol 63,289–325.

Ellington WR and Kinsey ST (1998) Functional and evolutionary implications
of the distribution of phosphagens in primitive-type spermatozoa. Biol
Bull 195,264–272.

Ford WCL (1981) The oxidation of glycerol 3-phosphate by testicular and
epididynal spermatozoa. Comp Biochem Physiol 68B,289–293.

Ford WCL and Harrison A (1981) The effect of 6-chloro-6-deoxysugars on
adenine nucleotide concentrations in and motility of rat spermatozoa. J
Reprod Fertil 63,75–79.

Ford WCL and Waites GMH (1982) Activities of various 6-chloro-6-deoxysugars
and (S) alpha-chlorohydrin in producing spermatocoeles in rats and
paralysis in mice and in inhibiting glucose metabolism in bull spermatozoa
in vitro. J Reprod Fertil 65,177–183.

Ford WCL and Harrison A (1985) The presence of glucose increases the lethal
effect of a-chlorohydrin on ram and boar spermatozoa in vitro. J Reprod
Fertil 73,197–206.

Ford WCL and Harrison A (1986) The concerted effect of alpha-chlorohydrin
and glucose on the ATP concentration in spermatozoa is associated with
the accumulation of glycolytic intermediates. J Reprod Fertil 77,537–545.

Ford WCL and Harrison A (1987) Futile substrate cycles in the glycolytic
pathway of boar and rat spermatozoa and the effect of alpha-chlorohydrin.
J Reprod Fertil 79,21–32.

Ford WCL and Rees JM (1990) The bioenergetics of mammalian sperm motil-
ity. In Gagnon C (ed.), Controls of Sperm Motility: Biological and Clini-
cal Aspects. CRC Press, Boca Raton, FL, pp. 175–202.

Ford WCL, Harrison A and Waites GMH (1981) Effects of 6-chloro-6-
deoxysugars on glycolysis in rat spermatozoa. J Reprod Fertil 63,67–73.

Fraser LR and Quinn PJ (1981) A glycolytic product is obligatory for initiation
of the sperm acrosome reaction and whiplash motility required for fertili-
zation in the mouse. J Reprod Fertil 61,25–35.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/12/3/269/553912 by guest on 21 August 2022



W.C.L.Ford

274

Galantino-Homer HL, Florman HM, Storey BT, Dobrinski I and Kopf GS
(2004) Bovine sperm capacitation: assessment of phosphodiesterase activ-
ity and intracellular alkalinization on capacitation-associated protein tyro-
sine phosphorylation. Mol Reprod Dev 67,487–500.

Huszar G and Vigue L (1993) Incomplete development of human spermatozoa
is associated with increased creatine phosphokinase concentration and
abnormal head morphology. Mol Reprod Dev 34,292–298.

Huszar G and Vigue L (1994) Correlation between the rate of lipid peroxida-
tion and cellular maturity as measured by creatine kinase activity in
human spermatozoa. J Androl 15,71–77.

Huszar G, Vigue L and Corrales M (1988) Sperm creatine phosphokinase
activity as a measure of sperm quality in normospermic, variablespermic,
and oligospermic men. Biol Reprod 38,1061–1066.

Huszar G, Vigue L and Morshedi M (1992) Sperm creatine phosphokinase M-
isoform ratios and fertilizing potential of men: a blinded study of 84 cou-
ples treated with in vitro fertilization. Fertil Steril 57,882–888.

Huszar G, Stone K, Dix D and Vigue L (2000) Putative creatine kinase M-iso-
form in human sperm is identified as the 70-kilodalton heat shock protein
HspA2. Biol Reprod 63,925–932.

Jacobs JM and Ford WCL (1981) The neurotoxocity and antifertility prop-
erties of 6-chloro-6-deoxyglucose in the mouse. Neurotoxicology
2,405–417.

Janssen E, Dzeja PP, Oerlemans F, Simonetti AW, Heerschap A, de Haan A,
Rush PS, Terjung RR, Wieringa B and Terzic A (2000) Adenylate kinase
1 gene deletion disrupts muscle energetic economy despite metabolic rear-
rangement. EMBO J 19,6371–6381.

Jones AR (1983) Antifertility actions of alpha-chlorohydrin in the male. Aust J
Biol Sci 36,333–350.

Jones AR and Cooper TG (1999) A re-appraisal of the post-testicular action and
toxicity of chlorinated antifertility compounds. Int J Androl 22,130–138.

Jones AR and Bubb WA (2000) Substrates for endogenous metabolism by
mature boar spermatozoa. J Reprod Fertil 119,129–135.

Mann T (1964) The Biochemistry of Semen and of the Male Reproductive
Tract. Methuen, London.

Marin S, Chiang K, Bassilian S, Lee WN, Boros LG, Fernandez-Novell JM,
Centelles JJ, Medrano A, Rodriguez-Gil JE and Cascante M (2003) Meta-
bolic strategy of boar spermatozoa revealed by a metabolomic characteri-
zation. FEBS Lett 554,342–346.

Miki K, Qu W, Goulding EH, Willis WD, Bunch DO, Strader LF,
Perreault SD, Eddy EM and O’Brien DA (2004) Glyceraldehyde 3-
phosphate dehydrogenase-S, a sperm specific glycolytic enzyme is
required for sperm motility and male fertility. Proc Natl Acad Sci
USA 101,16501–16506.

Mukai C and Okuno M (2004) Glycolysis plays a major role for adenosine tri-
phosphate supplementation in mouse sperm flagellar movement. Biol
Reprod 71,540–547.

Nevo AC and Rikmenspoel R (1970) Diffusion of ATP in sperm flagella. J
Theor Biol 26,11–18.

Nicholls DG and Ferguson SJ (1992) Bioenergetics2. Academic Press, London.
Palomo MJ, FernAndez-Novell JM, Pena A, Guinovart JJ, Rigau T and

Rodriguez-Gil JE (2003) Glucose- and fructose-induced dog-sperm
glycogen synthesis shows specific changes in the location of the sperm
glycogen deposition. Mol Reprod Dev 64,349–359.

Pullen TJ, Ginger ML, Gaskell SJ and Gull K (2004) Protein targeting of an
unusual, evolutionarily conserved adenylate kinase to a eukaryotic flagel-
lum. Mol Biol Cell 15,3257–3265.

Robitaille PML, Robitaille PA, Martin PA and Brown GG (1987) P-31 nuclear-
magnetic-resonance studies of spermatozoa from the boar, ram, goat and
bull. Comp Biochem Physiol B 87,285–296.

Rolf C, Behre HM, Cooper TG, Koppers B and Nieschlag E (1998) Creatine
kinase activity in human spermatozoa and seminal plasma lacks predictive
value for male fertility in in vitro fertilization. Fertil Steril 69,727–734.

Schoff PK, Cheetham J and Lardy HA (1989) Adenylate kinase-activity in
ejaculated bovine sperm flagella. J Biol Chem 264,6086–6091.

Smith MB, Babcock DF and Lardy HA (1985) A P-31 NMR-study of the
epididymis and epididymal sperm of the bull and hamster. Biol Reprod
33,1029–1040.

Steeghs K, Oerlemans F and Wieringa B (1995) Mice deficient in ubiquitous
mitochondrial creatine-kinase are viable and fertile. Biochim Biophys
Acta 1230,130–138.

Storey BT (1980) Strategy of oxidative metabolism in bull spermatozoa. J Exp
Zool 212,61–67.

Storey BT and Kayne FJ (1975) Energy metabolism of spermatozoa. V The
Embden-Meyerhof pathway of glycolysis: activities of the pathway
enzymes in hypertonically treated rabbit epididymal spermatozoa. Fertil
Steril 26,1257–1265.

Storey BT and Kayne FJ (1980) Properties of pyruvate kinase and flagellar
ATPase in rabbit spermatozoa: relation to metabolic strategy of the sperm
cell. J Exp Zool 211,361–367.

Tanaka H, Takahashi T, Iguchi N, Kitamura K, Miyagawa Y, Tsujimura A,
Matsumiya K, Okuyama A and Nishimune Y (2004) Ketone bodies could
support the motility but not the acrosome reaction of mouse sperm. Int J
Androl 27,172–177.

Tombes RM and Shapiro BM (1985) Metabolite channeling – a phosphoryl-
creatine shuttle to mediate high-energy phosphate-transport between
sperm mitochondrion and tail. Cell 41,325–334.

Travis AJ, Foster JA, Rosenbaum NA, Visconti PE, Gerton GL, Kopf GS and
Moss SB (1998) Targeting of a germ cell-specific type 1 hexokinase lack-
ing a porin-binding domain to the mitochondria as well as to the head and
fibrous sheath of murine spermatozoa. Mol Biol Cell 9,263–276.

Turner RM (2003) Tales from the tail: What do we really know about sperm
motility? J Androl 24,790–803.

Urner F and Sakkas D (1996) Glucose participates in sperm-oocyte fusion in
the mouse. Biol Reprod 55,917–922.

Urner F, Leppens-Luisier G and Sakkas D (2001) Protein tyrosine phosphor-
ylation in sperm during gamete interaction in the mouse: the influence of
glucose. Biol Reprod 64,1350–1357.

Vigue C, Vigue L and Huszar G (1992) Adenosine triphosphate (ATP) concen-
trations and ATP/adenosine diphosphate ratios in human sperm of nor-
mospermic, oligospermic, and asthenospermic specimens and in their
swim-up fractions: lack of correlation between ATP parameters and sperm
creatine kinase concentrations. J Androl 13,305–311.

Williams AC and Ford WCL (2001) The role of glucose in supporting motility
and capacitation in human spermatozoa. J Androl 22,680–695.

Wirschell M, Pazour G, Yoda A, Hirono M, Kamiya R and Witman GB (2004)
Oda5p, a novel axonemal protein required for assembly of the outer dynein
arm and an associated adenylate kinase. Mol Biol Cell 15,2729–2741.

Yeung CH, Majumder GC, Rolf C, Behre HM and Cooper TG (1996) The role
of phosphocreatine kinase in the motility of human spermatozoa sup-
ported by different metabolic substrates. Mol Hum Reprod 2,591–596.

Submitted on September 9, 2005; accepted on November 29, 2005

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

upd/article/12/3/269/553912 by guest on 21 August 2022


