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Membrane Hyperpolarization Increases cAMP to Induce the Initiation of
Sperm Motility in Salmonid Fishes, Rainbow Trout and Masu Salmon
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Abstract Sperm motility of salmonid fishes is suppressed
by external K+ and initiated by decrease of K+ concentration
surrounding the sperm. It was shown that the decrease in
external K+ concentration induced not only the initiation of
sperm motility, but also hyperpolarization of the plasma
membrane and synthesis of cAMP in the sperm of rainbow
trout, steelhead trout, and masu salmon. Inhibitors of K+

channels, especially voltage-dependent K+ channels, inhibited
these three reactions, and the inhibitions were abolished by
subsequent addition of a K+ ionophore, valinomycin, suggesting
that K+ efflux through the K+ channel contributes to rapid
changes in the membrane potential of sperm and cAMP
synthesis, thereby resulting in the initiation of sperm motility
of salmonid fishes.
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The mechanism underlying the initiation of sperm motility
is attracting much attention. One of the most successful
studies to elucidate the mechanism was performed with
fish sperm [13, 24], especially salmonid fishes such as
rainbow trout, chum salmon, masu salmon, and char [29,
30, 36]. Sperm motility of these salmonid fishes is completely
suppressed in the medium containing K+, suggesting that low
motility of salmonid sperm is suppressed in the sperm duct
by a high concentration of seminal K+ surrounding the
spermatozoa [24]. Motility is initiated under experimental
conditions when the semen is diluted into K+-free solution
[2, 29, 30], suggesting that spermatozoa become motile
when they are released into K+-deficient fresh water at
natural spawning.

The mechanism of the initiation of sperm motility was
investigated mainly in rainbow trout. It has been reported
that a decrease in K+ immediately causes a significant and

transient increase in intracellular cAMP [4, 27], which is
trigger for the phenomenon [28]. The second messen
causes phosphorylation of dynein light chain [23] a
tyrosine residues of a protein with molecular mass 
15 kDa through activation of proton kinesis [20], which 
indispensable for the initiation of sperm motility. Despi
such well investigated intracellular signaling for the initiatio
of trout sperm motility, transmembrane cell signaling f
generation of cAMP has been completely unknown in t
rainbow trout as well as other salmonid species. In reg
to the question of cell signaling, it has been suggested 
the transport of K+ and Ca2+ through ion channels at the
plasma membrane of spermatozoa may participate
membrane hyperpolarization and the initiation of spe
motility [5, 6, 17, 31, 40], implicating the relationship betwee
changes in membrane potential by the decrease in+

concentration surrounding the sperm and cAMP synthe
The effects of various ion channel blockers on spe

motility, potential changes of the sperm plasma membra
and cAMP levels during the initiation of sperm motility i
salmonid fishes were investigated in order to clarify t
transmembrane cell signaling. The results clearly indic
that the membrane hyperpolarization through the open
of voltage-dependent K+ channels increases cAMP synthes
to lead the initiation of sperm motility in salmonid fishes

MATERIALS AND  METHODS

Chemicals
DiSC3(5), 3,3-dipropylthiadicarbocyanine iodide, wa
purchased from Molecular Probe (Leiden, Netherland
carbonyl cyanide m-chlorophenylhydrazone (CCCP)
valinomycin (Val) were from Sigma Chemical Co. (S
Louis, MO, U.S.A.); tetraethylammonium chloride (TEA) wa
from Nacalai tesque (Kyoto, Japan); K+ channel modulators
were from Alomone Laboratories (Jerusalem, Israel). CC
Val, and DiSC3(5) were dissolved in dimethylsulfoxide
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(DMSO). The concentration of a solvent was kept below
1% v/v in all experiments. Other reagents used were of
analytical grade.

Collection of Sperm
Mature males of the rainbow trout Oncorhynchus mykiss,
the steelhead trout Oncorhynchus mykiss, and the masu
salmon Oncorhynchus masou were provided by Yamanashi
Prefectural Fisheries Experiment Station, Oshino Trout
Hatchery, and kept in an indoor aquarium at 20oC. The fish
were not fed during experiments. Semen was collected
directly by inserting a pipette into the sperm duct and
stored on ice until use.

Assessment of Sperm Motility
A glass slide was coated with 1% bovine serum albumin
and then dried to prevent sperm from sticking to the slide.
A two-step dilution procedure for measuring sperm
motility was used, as reported by Cosson et al. [15], to
achieve synchronous induction of sperm motility. The
sperms were diluted 10-fold in a physiological saline
(ASP) consisting of 130 mM NaCl, 40 mM KCl, 2.5 mM
CaCl2, 1.5 mM MgCl2, and 10 mM HEPES at pH 7.8. The
composition of the ASP was based on the ionic and
osmotic compositions of the seminal plasma of rainbow
trout [25]. Sperm motility was completely suppressed in
the ASP by 40 mM KCl. The prediluted sperm was placed
on the glass slide, which was placed on the stage of a
microscope (Nikon Optiphoto, Tokyo, Japan) with a dark
field condenser lens without a cover glass. The sperm
suspension was diluted 100-fold by addition of activation
solution (AS) consisting of 150 mM NaCl and 10 mM
HEPES at pH 7.8. The second dilution step reduced the K+

concentration surrounding the sperm, thereby inducing
motility of the sperm on the glass slide. The motility of the
sperm was recorded on a camcorder (Hamamatsu C2400
SIT; Shizuoka, Japan) attached to the microscope. The
percentage of motile sperm and their velocity were measured
from the images of the tracks of sperm using a Cellsoft
semen analyzer (Cellsoft series 3000, NAC incorporated,
Tokyo, Japan).

In the experiment on the effect of K+ concentration on
sperm motility, KCl was substituted for NaCl on an
equimolar basis in AS. Effects of alkaline metals on sperm
motility were investigated by suspending the prediluted
sperm in AS in which KCl, RbCl, CsCl, or LiCl was
substituted for NaCl on an equimolar basis.

The effect of ion channel blockers on the initiation of
sperm motility was investigated by diluting the sperm in
the ASP at the ratio 1:10 containing various concentrations
of ion channel blockers, and then one volume of the sperm
suspension was resuspended in 100 volumes of AS containing
each blocker at the same concentration. Viability of the
sperm was checked by diluting the prediluted sperm in AS

without inhibitors. In the experiments on the effect of TE
and valinomycin, sperms were preincubated in the A
without TEA.

For measuring the time course of sperm motility, t
semen was diluted 1,000-fold in AS without predilutio
and their motility and velocity were measured at 5, 10, 
20, 25, and 30 sec after dilution.

Measurement of Membrane Potential
The semen was diluted in ASP at a ratio of 1:10. Af
predilution, 20µl of the sperm suspension was diluted 
the 2 ml of AS containing 1µM DiSC3(5) in a quartz
cuvette in the presence or absence of an inhibi
Mitochondrial potential was eliminated by a subseque
addition of 1µM CCCP. Then, 1µM valinomycin was
added to make the plasma membrane maximally perme
to K+, and KCl was subsequently added. During t
procedures, DiSC3(5) fluorescence was monitored by 
fluorescence spectrophotometer (Hitachi 650-10S; Hitac
Tokyo, Japan) at an excitation wavelength of 620 nm a
an emission wavelength of 670 nm with continuous stirri
at 18oC. One µM DiSC3(5) loading alone to trout sperm did
not significantly change the motility. Hyperpolarizatio
and depolarization of the plasma membrane resulted 
decrease and an increase in fluorescence intensity, respec
under experimental conditions.

Assay of cAMP
The semen was diluted in the ASP at a ratio of 1:10, a
3 µM sperm suspension was suspended in 300µM AS
alone or AS containing KCl, ion channel blockers, and
valinomycin. After incubation for a necessary period 
time, 180µl of the suspension was mixed with 20µl of kit
buffer (lysis reagent) to stop cAMP synthesis and disso
the cells. Then, 100µl of the mixture was added to the we
of the kit to quantify cAMP by the method described in t
manual of the cyclic AMP EIA system (BIOTRAK RPN
225; Amersham Pharmacia Biotech, England). The cAM
level of each sample was calculated by measuring absorb
of 450 nm with a microplate reader (Model 550; Bio-Ra
Richmond, CA, U.S.A.).

The protein concentration was measured by the met
of Bradford [8] using a commercial reagent for prote
measurement from BIO-RAD (Bio-Rad Protein Assa
Bio-Rad Laboratories, Hercules, CA, U.S.A.).

A two-paired student’s t-test was used for the statisti
analysis. Data were expressed as the means±SD.

RESULTS

Sperm Motility
Just after dilution of the ASP-prediluted sperm into A
more than 95% of the rainbow trout sperm became mo
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(Fig. 1A). The sperm initially swam straightforwardly, and
the percentage of motile sperm declined within 15 sec. The
swimming pattern became circular, and the swimming
halted by 25 sec after the dilution. The sperm initiated
motility with an average velocity of 180µm/sec (Fig. 1B),
and the velocity sharply declined with passage of time by
20 sec after the dilution, in good agreement with results
obtained previously [14]. The motility parameters had no
significant difference between rainbow trout and masu
salmon (Figs. 1A and 1B).

Effects of alkaline metals on the two parameters of
sperm motility, percentage of motile sperm and velocity,
were investigated in rainbow trout (Fig. 2A) and masu
salmon (Fig. 2B). Sperm motility in the rainbow trout was
not affected in the presence of KCl at concentrations up to
2.5 mM, and the percentage of the motile sperm declined
to 25% at 5 mM K+ and was completely suppressed at
KCl concentrations over 10 mM. Velocity of the sperm
underlying motility also became half of that at 5 mM.
When the medium contained RbCl, the number of motile
sperm and the velocity of the motile sperm decreased with
an increase in Rb+ concentration over 2.5 mM, and the
motility ceased at 5 mM. In the medium containing CsCl,
the number of motile spermatozoa and the velocity of
the motile spermatozoa decreased with an increase in
Cs+ concentration over 2.5 mM, and motility ceased at
20 mM. In contrast, LiCl and NaCl did not inhibit sperm
motility at 0-40 mM concentration. Almost all spermatozoa
exhibited vigorous and progressive movement in these
media. Effect of the alkaline metals on the motile pattern
of sperm in the masu salmon was similar to those in the
rainbow trout. The observed ionic selectivity (Rb+>K+>
Cs+»Li+>Na+) suggests that the plasma membrane of
spermatozoa in the salmonid fishes has selective permeability
to K+ over Na+.

In order to elucidate the role of the K+ channel in the
initiation of sperm motility, sperm motility in the presenc
of K+ channel blockers was examined in rainbow trout a
masu salmon. As shown in Fig. 3, TEA, which is genera
known to inhibit the efflux of K+ through voltage-dependen
K+ channels in the plasma membrane [38], suppressed
motility of sperm by 50% in masu salmon at around 25 m
This value was higher than that previously obtained 
rainbow trout (9.0 mM) [40], which is comparable to th
dose for inhibition of the acrosome reaction in sea urc
sperm [34, 35]. Sperm of the steelhead trout exhibited 
motility in AS, and the motility was inhibited in the
presence of K+. Sperm motility of the steelhead trout wa
also blocked in the AS containing 25 mM TEA (Fig. 5
Although the inhibition required higher concentration 
the inhibitor, sperm motility was reversibly recovere
when the concentration of TEA was decreased by addit

Fig. 1. Profile of short-term sperm motility in rainbow trout and
masu salmon.
One volume of the semen was directly suspended in 1,000 volumes of AS,
and percentage of motile sperm (A) and their velocity (B) were measured
in the rainbow trout (filled circle) and the masu salmon (open circle). The
data are expressed as mean±SD (n=5).

Fig. 2. Effects of alkaline metals on the sperm motility i
rainbow trout and masu salmon.
The semen was diluted in ASP at the ratio of 1:10. One volume of 
sperm suspension was suspended in 100 volumes of AS containing va
concentrations of KCl (open circle), RbCl (filled circle), CsCl (open triangl
LiCl (filled triangle) and NaCl (open square), and percentage of mo
sperm (left) and their velocity (right) in the rainbow trout (A, B) and the
masu salmon (C, D) were measured. The data are expressed as mean
(n=5).
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of AS or when K+ permeability to the plasma membrane
was increased by addition of valinomycin (Fig. 5), indicating
that TEA could be a useful tool for investigating
transmembrane cell signaling. Ba2+, a well-known potent
blocker of K+ current through K+ channels in the plasma
membrane in various cells [16], inhibited the initiation of
sperm motility in rainbow trout and masu salmon. The
half-maximal concentration of Ba2+ necessary to inhibit the
motility was 0.15 mM (data not shown).

Among inhibitors of voltage-dependent K+ channel, 1µM
dendrotoxin-I, 1µM β-dendrotoxin, 5µM α-dendrotoxin,

or 10µM MCD-peptide effectively inhibited sperm motility
of rainbow trout (Fig. 4). However, δ-dendrotoxin did not
inhibit sperm motility of rainbow trout. Nonvoltage
dependent K+ channel inhibitors, such as dendrotoxin-K
agitoxin, stichodactylatoxin, tityustoxin, and margatox
did not inhibit sperm motility of rainbow trout.

Fig. 3. Effect of TEA on the sperm motility in rainbow trout
and masu salmon.
The semen was diluted in ASP without TEA at the ratio of 1:10. One
volume of the sperm suspension was suspended in 100 volumes of AS
containing various concentrations of TEA, and percentage of motile sperm
(A) and their velocity (B) were measured in the rainbow trout (filled circle)
and the masu salmon (open circle). The data are expressed as mean±SD
(n=5).

Fig. 4. Effects of K+ channel blockers on sperm motility in the rainbow trout.
One volume of the semen was diluted in 10 volumes of ASP containing blockers of K+ channel. After incubation for 5 min, aliquots of the sper
suspensions were diluted in AS containing the same concentration of blockers, and percentage of motile sperm was measured. Note that sperm exhibit full
motility in AS (control), but some organic toxins known as the blockers of the voltage-dependent K+ channels inhibited sperm motility (left). Other toxins
margatoxin, tityustoxin, stichodactylatoxin, agitoxin, dendrotoxin-K, in the right column did not. The data are expressed as mean±SD (n=5).

Fig. 5. Effects of TEA and valinomycin on the sperm motilit
in steelhead trout.
The semen was diluted in ASP without TEA at the ratio of 1:10. O
volume of the sperm suspension was diluted in 100 volumes of 
containing 0 mM (control), 12.5 mM, 25 mM, and 50 mM TEA. Valinomyci
(Val) at the concentration of 100 nM was added to TEA+Val. The data 
expressed as mean±SD (n=5).
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The inhibition of sperm motility by K+ channel inhibitor
was recovered when K+ selectivity of the plasma membrane
was cancelled by K+ ionophore. As shown in Fig. 5, TEA
completely suppressed the sperm motility of steelhead
trout, but a subsequent addition of 100 nM valinomycin, a
K+-selective ionophore, recommenced motility.

Effects of K+ and K+ Channel Blocker on Membrane
Potential
The sperm of salmonid fishes were activated by a decrease
in external K+ (Fig. 1). In order to determine if K+ contributes
to membrane potential in rainbow trout sperm, membrane
potential was directly monitored using the fluorescent
probe, DiSC3(5). The positively charged DiSC3(5) is
redistributed across the lipid bilayer of the plasma membrane,
driven by the membrane potential, and hyperpolarization of
the membrane decreases DiSC3(5) fluorescence, while
depolarization increases its fluorescence. As shown in
Fig. 6, when the sperm of rainbow trout suspended in ASP
were resuspended in AS containing DiSC3(5), sperm
became motile, and fluorescence of the dye reached the
stable level. After the membrane potential in AS became
stable, potential from mitochondria was cancelled by the
addition of CCCP, causing a slight increase in fluorescence

(Fig. 6A), suggesting that the mitochondrial potential 
negligible in the sperm cells. An increase in K+ concentration
causes a decrease in the intensity of fluorescence, and
intensity decreased in a K+-concentration-dependent manne
(Figs. 6B, 6C, and 6D), showing stepwise depolarizat
of the plasma membrane. Subsequent additions of K
induced depolarization of the sperm membrane, and 
membrane potential reached the same level as in 
presence of 50 mM KCl.

TEA, a K+ channel blocker [40], inhibited both sperm
motility (Fig. 5) and hyperpolarization of the sperm plasm
membrane at 25 and 50 mM concentrations (Fig. 
The subsequent addition of valinomycin caused t
hyperpolarization, and the level of membrane potential
both the absence (Fig. 7A) and presence (Figs. 7B and
of TEA reached the same level. The subsequent additio
KCl depolarized the plasma membrane, and the membr
potential in the presence of 30 mM KCl reached the sa
level. The difference between the levels after the addit
of CCCP and valinomycin increased 6 and 10 times in 
presence of 25 mM (Fig. 7B) and 50 mM (Fig. 7C) TEA
respectively, when they were compared with that in t
absence of TEA (Fig. 7A). These results suggest t
TEA inhibits not only sperm motility, but also membran
hyperpolarization.

Role of cAMP on the Activation of Sperm Motility
The sperm diluted in potassium-free AS were mot
(Fig. 1), and the concentration of intracellular cAMP w
2,340 fmol/mg protein (Fig. 8), whereas the concentrat

Fig. 6. Membrane potential of rainbow trout sperm in the
presence of various concentrations of external K+ ([K+]ex).
The sperm of rainbow trout diluted in ASP containing 40 mM [K+]ex were
diluted in AS containing the fluorescence dye DiSC3(5) and 0 (A), 10 (B),
20 (C), or 40 mM (D) [K+]ex. After the fluorescence level became stable,
CCCP was added (filled arrowhead) to cancel mitochondrial membrane
potential. After the fluorescence became stable, which represents the
membrane potential of the sperm at each K+ concentration (solid bar), KCl
was sequentially added (arrow) to a final K+ concentration of 50 mM (open
arrowhead). Note that the fluorescence level, namely membrane potential,
was the same in the presence of 50 mM [K+]ex (dotted line), and membrane
potential of sperm (solid line) became negative concomitant with decrease
in K+ concentration (from D to A).

Fig. 7. Effect of TEA on membrane potential of rainbow trou
sperm.
The sperm suspended in ASP containing 40 mM KCl were diluted in 
containing 0 (A), 25 (B), or 50 mM (C) TEA. After the fluorescence level
became stable, CCCP was added (filled arrowhead) to can
mitochondrial membrane potential, exhibiting sperm membrane poten
(solid bar). After the membrane potential became stable, valinomycin 
added (open arrowhead) to eleminate K+ selectivity of the plasma
membrane. Subsequent addition of 30 mM KCl (arrow) depolarized 
plasma membrane to reach the same level. Note that the memb
potential reached the same level (solid line in the bottom) after additio
valinomycin. The difference of membrane potential of sperm before (s
bars) and after addition of valinomycin (solid line in the bottom) beca
larger concomitant with the increase in TEA concentration.
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of cAMP in the presence of 40 mM K+ was 690 fmol/mg
protein. The sperm diluted in the AS containing TEA
became immotile and the cAMP level was almost the same
as that of 40 mM K+. When valinomycin was added to the
TEA-dependent immotile sperm, the sperm became motile
(Fig. 5), and the cAMP was increased up to 1,588 fmol/mg
protein after 5 sec (Fig. 8). MCD-peptide, which inhibited
sperm motility (Fig. 4), also strongly inhibited the cAMP,
and the subsequent addition of valinomycin increased the
cAMP, although the valinomycin treatment could not
recover the motility (data not shown).

DISCUSSION

In salmonid fishes, it is well established that the high
concentration of K+ (around 40 mM) contained in the
seminal plasma [24] enforces the sperm quiescent in the
sperm duct. The decrease in K+ surrounding sperm at
spawning in fresh water confers mobility to the sperm [29,
30]. However, duration of sperm motility in salmonid
fishes is very short (20-25 sec). The detailed studies by
Cosson et al. [14, 15] in rainbow trout as well as this
present study in the same species and masu salmon (Fig. 1)
showed that about half of the sperm suspended in K+-free
medium became immotile within 10 sec after suspension,
and almost all sperm became quiescent at 25-30 sec. Rb+

and Cs+ as well as K+ inhibited motility, but Na+ and Li+ did

not inhibit sperm motility of both rainbow trout and mas
salmon with the ionic selectivity sequence of Rb+>K+>
Cs+»Li+>Na+ (Fig. 2). This ionic selectivity is similar to
that reported for the speract-induced hyperpolarization
intact sea urchin sperm [1], suggesting participation of +

channels on the regulation of sperm motility in salmon
fishes as well as that of sperm motility of acrosom
reaction in sea urchin.

The sperm motility of rainbow trout was suppress
in the presence of TEA and Ba2+ at half the maximal
concentrations of 9.0 mM and 0.036 mM, respective
[40], whose concentration is comparable to that of oth
functions occurring with sperm and oocyte. Furthermo
voltage-dependent K+ channel blockers, such as α-
dendrotoxin, β-dendrotoxin, dendrotoxin-I, and MCD-
peptide, also effectively inhibited the motility of sperm i
rainbow trout (Fig. 4). The K+ selectivity on blockage of
the initiation of sperm motility by all K+ channel blockers
examined suggests that voltage-dependent K+ current
produced from the inside to the outside of sperm ce
plays an important role in the initiation of sperm motilit
in salmonid fishes.

Ion channel-dependent K+ permeability contributes mainly
to the resting potential of many kinds of cells [22]. It h
also been reported that the changes of membrane pote
and of K+ permeability regulate sperm functions. Wit
regard to the acrosome reaction, the membrane potenti
sea urchin sperm in seawater is almost unresponsive to
addition of KCl in seawater, indicating low resting K+

permeability of the sperm [1, 3]. The speract, a decapep
released from the egg jelly layer of sea urchin, increa
K+ permeability by increasing cGMP [11], thus inducin
hyperpolarization of the sperm membrane [1, 32]. T
membrane hyperpolarization followed by the subsequ
membrane depolarization [18] is necessary for the eleva
of cAMP [3, 12] and subsequent Ca2+ influx [33], respectively,
resulting in the acrome reaction. Concerning sperm moti
in rainbow trout, measurement of membrane poten
using lipophilic tracers showed a K+ concentration-dependen
change in membrane potential on a time scale of minu
[17], although trout sperm was irreversibly activated 
less than one sec and ceased to move within 20
(Fig. 1). Therefore, relevance of the time scales of 
membrane potential change in relation to the activation
sperm motility is unclear. Boitano and Omoto [5, 6] furth
showed that membrane hyperpolarization of trout spe
induced with both Cs+ and valinomycin in K+-supplemented
medium could initiate motility. In the present study, th
decrease in extracellular K+ concentration induced a gradua
increase in sperm motility (Fig. 2) and hyperpolarizatio
of plasma membrane (Fig. 6) in the trout sperm. T
experimental condition, in which the K+ concentration
decreased from 40 mM to 0 mM, is similar to th
environmental changes in K+ concentration at natural

Fig. 8. Effects of TEA and valinomycin on the cAMP synthesis.
The cAMP levels of valinomycin or TEA-treated sperm were measured at
5 sec as described in Materials and Methods. The data are expressed as
mean±SD (n=5). An asterisk indicates a significant difference after paired
t-test (p<0.05) from the data in the presence of 40 mM [K+]ex.
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spawning. Furthermore, the membrane hyperpolarization
was suppressed by K+ channel inhibitor (Fig. 7). Therefore,
it is possible that K+ efflux through the K+ channel is
suppressed by a high seminal K+ concentration at rest of
trout sperm in the male reproductive tract. Upon spawning
of the sperm in fresh water, a decrease in the environmental
K+ concentration may cause spontaneous efflux of K+ through
the channel to lead to the membrane hyperpolarization.

The cooperative role of membrane hyperpolarization
and cAMP synthesis in the fast forward swimming of
Paramecium was suggested by Bonini et al. [7]. It was
also found that adenylate cyclase of Paramecium cilia has
the property of voltage-dependent K+ channel [37], suggesting
that the hyperpolarization of the plasma membrane by K+

efflux could directly synthesize cAMP through the activation
of adenylate cyclase. It was previously demonstrated
that the decrease in K+ might induce the synthesis of
intracellular cAMP via Ca2+-dependent activation of adenylate
cyclase [27], and resulting cAMP-dependent phosphorylation
of axonemal protein triggers the final step of the initiation
of sperm motility [25]. Although changes in extracellular
K+ and cAMP are known to influence sperm motility, their
relationship between the ion and second messenger has
been unknown. In the present study, suppression of sperm
motility (Fig. 5), membrane hyperpolarization (Fig. 7), and
cAMP synthesis (Fig. 8) by K+ channel blocker were
restored by subsequent addition of a K+ ionophore, valinomycin.
These results clearly indicate that K+ efflux through the K+

channel contributes to rapid changes in the membrane
potential and synthesis of cAMP, which is a second
messenger, triggering the following cell signaling, and
cAMP-dependent phosphorylation of proteins [23] for the
initiation of sperm motility.
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