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Abstract

T he effect of various capacitation inducers, i.e. heparin, superox ide anion, bicarbonate, adenosine, and caffeine, and their role

in intracellular mechanisms involved in capacitation, w ere studied in cry opreserved bovine sperm. Capacitation w as determined

by epifl uorescence chlortetracy cline, protein ty rosine phosphory lation, and the ability of capacitated sperm to undergo an

acrosome reaction and fertiliz e in vitro matured oocy tes. Participation of membrane adeny late cy clase and protein k inases (protein

k inase A , protein k inase C, and protein ty rosine k inase) w as evaluated indirectly (w ith specifi c inhibitors). Involvement of reactive

ox y gen species (R O S ) w as determined w ith scavengers of superox ide anion, hy drogen perox ide, or nitric ox ide. Percentages of

capacitated (27– 29% ) and acrosome-reacted sperm (23– 26% ) did not differ (P . 0.05) among various capacitation inducers.

S ignifi cantly higher rates of I V F w ere obtained w ith heparin (43% ) or bicarbonate plus caffeine (45% ), w hen compared w ith

control samples (17% ). A dding the membrane adeny late cy clase inhibitor diminished capacitation rates w ith heparin (8% ) or

adenosine (10% ). T here w as differential protein k inase participation in response to inducers; protein k inase inhibitors diminished

cleavage rates in heparin-capacitated sperm relative to controls. T here w ere differences betw een and w ithin the studied inducers

in protein ty rosine phosphory lation patterns. W e inferred that capacitation in cry opreserved bovine sperm w as promoted through

diverse pathw ay s. M echanisms triggered by heparin, or caffeine plus bicarbonate-induced capacitation, involved activation of

intracellular pathw ay s to optimiz e fertiliz ing capability of cry opreserved bovine sperm.

© 2010 E lsevier Inc. A ll rights reserved.
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1 . I n tro d u ctio n

U nlik e sperm of many species, mammalian sperm

are unable to fertiliz e oocy tes immediately after ejacu-

lation. In vivo, they must undergo capacitation in the

female reproductive tract, in w hich they acq uire fertil-

iz ing capability (review ed by Y anagimachi) [1]. Capac-

itation is associated w ith protein ty rosine phosphory la-

tion [2,3], w hich is modulated via a cA M P-dependent

pathw ay in many species, including cattle [4], and is

regulated by several signal transduction elements that

involve protein k inase A (PK A ) [5], protein k inase C

(PK C) [6], and protein ty rosine k inase (PT K ) [7]. T he

cA M P is generated by the enz y me, adeny late cy clase

(A C). T here are controversial reports regarding the

nature of the A C responsible for regulating the fertil-

iz ing potential of sperm. A lthough several authors have

detected the presence and modulation of sperm A C

activity in response to various agents k now n to affect

somatic transmembrane A C [8 – 13], many others have
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not [14 – 16]. T he transmembrane A C activity is regu-

lated by G proteins in response to ex tracellular ligands

[17]. In contrast, soluble A C is associated w ith various

intracellular organelles [18] and is regulated by bicar-

bonate and calcium [19 – 21].

In vitro capacitation of bovine sperm can occur in

media supplemented w ith the gly cosaminogly can hep-

arin, w hich binds to bovine seminal plasma (B S P) pro-

teins [22]. W hen B S P proteins w ere link ed to the ca-

pacitation factors, they potentiated sperm capacitation

induced by these molecules [23]. F urthermore, B S P

proteins induced changes in the sperm plasma mem-

brane by stimulating the effl ux of cholesterol and phos-

pholipids [24,25]. H eparin stimulated intracellular in-

creases of calcium, pH and cA M P, w hich seemed

necessary to start the signaling pathw ay concomitant

w ith capacitation [4]. S imilarly , bicarbonate, adeno-

sine, caffeine, and reactive ox y gen species (R O S ) in-

duced capacitation. F or instance, bicarbonate play ed a

k ey role in capacitation of human [26], hamster [27,28],

and mouse sperm [2]. F urthermore, bicarbonate also

induced PK A -dependent changes in the lipid architec-

ture of the sperm plasma membrane [29], due to phos-

pholipid scrambling [30]. In cattle, it stimulated the

acrosome reaction and the penetrability of sperm [31].

T he cA M P phosphodiesterase (PD E ) is the only k now n

enz y me that metaboliz es cA M P to 5=-A M P [32]. S ev-

eral isoforms of PD E are present in mature sperm and

have important functional signifi cance during capacita-

tion and fertiliz ation [33]. Caffeine is a non-selective

inhibitor of PD E [34], w hich increases cA M P levels

[35]. Caffeine increased bovine sperm capacitation, as

determined by the chlortetracy cline epifl uorescence as-

say [36], and acting sy nergistically w ith heparin, in-

duced capacitation and/or the acrosome reaction in

sperm, and stimulated in vitro fertiliz ation of cattle

oocy tes [37]. A denosine promotes capacitation in

mouse sperm by interacting w ith membrane receptors

and increasing the intracellular availability of cA M P

[10]. S uperox ide anion, hy drogen perox ide, and nitric

ox ide can activate membrane targets to trigger the in-

tracellular mechanisms involved in sperm capacitation,

including protein ty rosine phosphory lation [7,38,39]. A

low concentration of hy drogen perox ide induced sperm

capacitation by activating A C and producing cA M P, as

demonstrated in bovine sperm [40]; it occurs in various

cellular sy stems w here R O S stimulate A C activity

[41,42].

G ly cosaminogly can heparin is considered a phy sio-

logical capacitation inducer in bovine sperm. It acts

through specifi c ligands in the plasma membrane by

activating intracellular pathw ay s that increase cA M P;

how ever, the molecular events underly ing these pro-

cesses are poorly understood. Compounds that increase

cA M P by dif ferent intracellular mechanisms provide a

model to elucidate the capacitation signaling pathw ay s

of bovine cry opreserved sperm. T he objective of the

present study w as to investigate the effects of various

inducers on bovine sperm capacitation, evaluated w ith

a chlortetracy cline epifl uorescence assay , changes in

protein ty rosine phosphory lation patterns, and the abil-

ity of capacitated sperm to undergo an acrosome reac-

tion and fertiliz e in vitro matured oocy tes. Intracellular

mechanisms triggered by various compounds w ere

evaluated through involvement of protein k inases (e.g.,

PK A , PK C, PT K ) , and by R O S participation.

2 . M ate rials an d m e th o d s

2.1. M aterials

U nless specifi ed, all chemicals and reagents w ere

purchased from S igma Chemical Co. (S t. Louis, M O ,

U S A ) .

2.2. Sample preparation

T he ex periments w ere performed w ith pellets of

froz en semen from four purebred H olstein bulls (4 – 5 y

old), of proven fertility . T o prepare semen pellets, each

ejaculate w as diluted in a buffer containing 0.2 M T ris,

0.06 M sodium citrate, 0.13 M gly cine, and 0.06 M

fructose, supplemented w ith 20% egg y olk and 7%

gly cerol (fi nal pH 6.6). S perm suspensions w ere cooled

to 5 ° C in 90 min. T he content w as mix ed by inversion,

froz en into pellets of 0.1 mL in dry ice at 276 ° C, and

stored in liq uid nitrogen (2196 ° C).

S emen pellets from each bull w ere thaw ed in T y -

rode’s A lbumin Lactate Py ruvate (T A LP) medium

w ithout calcium or bovine serum albumin (B S A ) [43]

at 37 ° C in a 1:2 ratio. A f ter eq uilibration (10 min),

samples w ere centrifuged at 300 3 g for 5 min to

separate seminal plasma and freez ing ex tender. T he

pellet w as resuspended in the same medium and cen-

trifuged as described earlier. S perm w ere then sus-

pended in a T A LP medium containing 2 mM CaCl2 and

6 mg/mL B S A (concentration, 1.5 3 107 sperm/mL).

2.3 . E valuation of sperm motility

F or each ex periment, progressive motility w as

evaluated by the same observer using light micros-

copy under 3 400 magnifi cation (w ith a thermal

stage at 37 ° C) .
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2.4. Capacitation induction

S perm suspensions w ere incubated in the presence

of various capacitation inducers: bicarbonate (10 – 100

mM ), caffeine (0.5– 10 mM ), adenosine (1– 100 mM ) ,

heparin (10 U /mL) [43], or superox ide anion, generated

by the in vitro sy stem of x anthine (0.05 mM ), x anthine

ox idase (5 mU I/mL), and catalase (100 mg/mL) (X -

X O -C) [44]. A ll incubations w ere performed in T A LP

medium, ex cept for bicarbonate, w hich w as incubated

in a modifi ed T A LP medium w ithout bicarbonate and

for w hich the osmolarity w as adjusted to 330 mO sm by

changing the concentration of NaCl (125 mM NaCl, 3.1

mM K Cl, 0.35 mM NaH 2PO 4, 10 mM H epes, 1.1 mM

M gCl2, 1 mM sodium py ruvate, and 21.6 mM sodium

lactate). In all treatments, the fi nal pH of capacitation

media w as carefully adjusted to 7.4. A liq uots of the

various treatments w ere incubated at 38 ° C under 5%

CO 2 in humidifi ed air for 45 min; this promoted capac-

itation in cry opreserved bovine sperm [45,46]. O ptimal

concentrations of bicarbonate, caffeine and adenosine

as capacitation inducers w ere established by determin-

ing the low est concentration that induced the highest

sperm capacitation rates (evaluated by CT C assay ) ,

w ithout affecting progressive motility .

2.5. D etermination of capacitation

2.5.1. Chlortetracycline epifl uorescence assay

S perm capacitation w as evaluated through modifi -

cations in chlortetracy cline fl uorescence patterns, as

described by F raser et al [47], using an epifl uorescence

microscope (J enamed 2, Carl Z eiss, J ena, G ermany ) at

3400 magnifi cation. T w o hundred sperm w ere ex am-

ined and designated as one of the follow ing: F -pattern

(intact sperm), w here the fl uorescence w as detected

over the w hole region of the sperm head; B -pattern

(capacitated sperm), w here the fl uorescence w as de-

tected in the sperm head, ex cept in the post-acrosomal

region; and A R -pattern (acrosome reacted sperm), w ith

no head fl uorescence. T he percentages of the B and A R

patterns w ere obtained by subtracting from the values

obtained in the control and treated samples, the ones

obtained at z ero time, in order to account for sperm

destabiliz ed during the freez ing-thaw ing process.

2.5.2. Induction and evaluation of an acrosome

reaction

T he ability of capacitated sperm to undergo an ac-

rosome reaction w as assessed as follow s: samples of

froz en-thaw ed sperm capacitated w ith optimal concen-

trations of the inducers w ere incubated w ith bovine

follicular fl uid (30% (v/v) [48] for 15 min in the same

capacitating conditions. T he acrosome reaction w as

evaluated by a combined techniq ue of dif ferential-in-

terferential contrast microscopy and a supravital stain

T ry pan B lue [44]. S perm (200/sample) w ere assessed at

31000 magnifi cation (Carl Z eiss J enamed 2 micro-

scope, J ena, G ermany ). T he percentage of acrosome

reacted sperm w as evaluated by counting the percent-

age of live acrosome reacted sperm in each treatment

from w hich the one obtained at z ero time w as sub-

stracted, in order to ex clude cells destabiliz ed during

the freez ing-thaw ing process.

2.5.3 . D etermination of protein tyrosine

phosphorylation

Protein ty rosine phosphory lation w as performed by

S D S -page and blotting. S amples of froz en-thaw ed

sperm incubated w ith capacitation inducers at optimal

concentrations w ere centrifuged for 5 min at 600 3 g to

remove the capacitation medium; sperm w ere resus-

pended in phosphate buffered saline (PB S ; fi nal con-

centration 400 3 106 sperm/mL). S odium orthovana-

date (0.2 mM ) w as added to aliq uots (115 mL) of sperm

suspension and the samples w ere centrifuged (6 min, 11

190 3 g, 4 ° C), to obtain a sperm pellet that w as

resuspended in the sample buffer (62.5 mM T R I S -H Cl

pH 6.8, 2% w /v S D S , 10% v/v gly cerol) [49] w ithout

b-mercaptoethanol, and heated for 5 min at 100 ° C.

T he sperm suspension w as recentrifuged (30 min, 11

190 3 g, 4 ° C) and 5% (v/v) b-mercaptoethanol w as

added to the supernatant. F ollow ing that, the sperm

concentration w as evaluated to ensure that eq uivalent

aliq uots w ere processed, and samples w ere immedi-

ately froz en (218 ° C) until electrophoresis w as per-

formed. A liq uots of sperm proteins w ere heated for 5

min at 95 ° C. E q uivalent aliq uots of treated sperm w ere

loaded on 12% S D S -poly acry lamide gels (6 3 106

sperm, 16 mL per lane). S eparated proteins w ere trans-

ferred electrophoretically to nitrocelulose membranes,

w ith the effi ciency of transfer determined by staining

w ith 0.5% (w /v) R ed Ponceau in 1% (v/v) acetic acid.

Nonspecifi c protein binding sites on membranes w ere

block ed w ith 5% (w /v) dry non-fatty milk in T R I S -

buffer saline (T B S : 25 mM T R I S -H Cl, 150 mM NaCl)

for 1 h at room temperature. M embranes w ere w ashed

1 3 15 min, and 2 3 5 min w ith fresh T T B S (0.1%

(w /v) T w een 20, 20 mM T R I S -H Cl, and 136 mM

NaCl). B lots w ere incubated for 1 h at room tempera-

ture w ith an anti-phosphoty rosine antibody (Clone

4G 10, U pstate, Lak e Placid, NY , U S A ) diluted 1:1000,

in 3% (w /v) dry non-fatty milk in T T B S , w ashed 1 3

15 min, 2 3 5 min w ith T T B S , and then incubated for

1 h at room temperature w ith perox idase conjugated
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goat anti-mouse antibody (Inmuno-S tar G oat A nti-

mouse H R P conjugate, B iorad, H ercules, CA , U S A )

diluted 1:1000, in 3% (w /v) dry non-fatty milk in

T T B S . F inally , blots w ere w ashed again 1 3 15 min,

4 3 5 min w ith T T B S . Labeled ty rosine phosphopro-

teins w ere visualiz ed using a chemiluminescence de-

tection k it (E CL, A mersham B iosciences, Piscataw ay ,

NJ , U S A ) . T he q uantifi cation of the ty rosine phospho-

ry lated proteins w as performed in the bands corre-

sponding to 30, 45, and 66 K d, chosen as capacitation

mark ers. T he photographic fi lm w as scanned and q uan-

tifi ed by measuring the intensities of each digitaliz ed

band using Image J softw are (V ersion 1.240, National

Institute of H ealth) [50]. T he intensities of protein ty -

rosine phosphory lation w ere measured by converting

them into peak s and w ere ex pressed as arbitrary units

(A U ) . T hese units w ere calculated as the peak area of

the band of the phosphoprotein visualiz ed by chemilu-

minescence over the peak area of the same lane previ-

ously stained by R ed Ponceau.

2.5.4. In vitro fertiliz ation (IVF )

2.5.4.1. Recovery of cumulus-oocyte complex es and in

vitro maturation. B ovine ovaries w ere obtained from

an abattoir w ithin 30 min after slaughter and k ept w arm

(30 ° C) during the 2 h journey to the laboratory . O va-

ries w ere w ashed in saline containing 100,000 U /L

penicillin and 100 mg/L streptomy cin. Cumulus-oocy te

complex es (CO Cs) w ere recovered by the aspiration of

antral follicles (2 to 5 mm in diameter); only oocy tes

completely surrounded by a compact and multilay ered

cumulus oophorus w ere used. G roups of 50 cumulus

oocy te-complex es (CO Cs) w ere cultured in 500 mL 199

medium (E arle=s salts, L-glutamine, 2.2 mg/mL sodium

bicarbonate, G I B CO , G rand Island, NY , U S A ) , supple-

mented w ith 50 mg/mL gentamicin sulfate and 5% (v/v)

fetal bovine serum (F B S ; G I B CO ) , under mineral oil at

39 ° C in 5% CO 2 in humidifi ed air, for 22 h. In vitro

maturation w as performed w ithout the addition of go-

nadotrophins in order to avoid the capacitation effect of

ex panded cumulus, as demonstrated by G utnisk y et al

[51].

2.5.4.2. IVF procedure. T he ability of the capacitated

sperm to fertiliz e in vitro matured oocy tes w as assessed

as follow s: after 45 min of incubation of the thaw ed

sperm, in the presence of capacitating inducers at opti-

mal concentrations, samples w ere centrifuged at 300 3 g

for 5 min and resuspended in F E R T T A LP (IV F me-

dium) [43]. F ertiliz ation w as performed in 500 mL

F E R T T A LP under mineral oil at 39 ° C in 5% CO 2, in

humidifi ed air for 20 h (fi nal concentration of 1 3 106

motile sperm/mL). Z y gotes w ere denuded of the re-

maining cumulus cells by repeated pipetting and incu-

bated in 500 mL of in vitro culture medium (IV C)-

mS O F , consisting of mS O F [52] supplemented w ith 30

mL/L essential amino acids (G I B CO ), 10 mL/L non-

essential amino acids (G I B CO ), 2 mM L-glutamine, 6

g/L B S A and 5% (v/v) F B S (G I B CO ) , under mineral

oil at 39 ° C in 90% N2: 5% CO 2: 5% O 2, and 100%

humidity for 24 h. T he proportion of the cleaved oo-

cy tes w as determined under an inverted microscope, by

evaluating the number of embry os w ith tw o or more

blastomeres. A n additional cohort of 10 oocy tes from

each replicate w as maintained through the fertiliz ation

procedure, w ithout ex posure to the sperm, to test for

parthenogenesis.

2.6 . E ffect of memb rane adenylate cyclase inhib itor

on sperm capacitation

S perm w ere incubated in T A LP medium supple-

mented w ith heparin, bicarbonate, caffeine, adenosine

or the X -X O -C sy stem (at optimal concentrations)

at 39 ° C under 5% CO 2, in humidifi ed air for 45 min,

in the presence or absence of 2=5=dideox iadenosine

(100 mM ) , a specifi c membrane A C inhibitor [12].

2.7. E ffect of protein k inases inhib itors on sperm

capacitation

S perm w ere incubated, as described earlier, in the

presence or absence of PK A , PK C or PT K inhibitors:

H 89 (50 mM ) [4], bisindolmaleimide I (B M ; 100 nM )

[53], or genistein (G E ; 370 mM ) [54], respectively .

2.8. E ffect of ROS scavengers on capacitation

induced b y b icarb onate, caffeine, or adenosine

S perm w ere incubated, as described earlier, w ith

bicarbonate, caffeine, or adenosine at optimal concen-

trations in the presence or absence of superox ide dis-

mutase (S O D ; 0.5 mg/mL) [44], catalase (CA T ; 100

mg/mL) [55], or hemoglobin (H B ; 40 mg/mL) [56]

scavengers of superox ide anion, hy drogen perox ide, or

nitric ox ide, respectively .

2.9 . Statistical analysis

Percentages of motility , capacitated and acrosome

reacted sperm of each treatment w ere ex pressed as

mean 6 S E M . Percentages w ere arcsine-transformed,

to normaliz e distributions. D ata for motility , capaci-

tated, and acrosome reacted sperm w ere analy z ed by

one-w ay A NO V A (totally random ex perimental de-

sign), w ith a B onferroni test for comparisons among

treatments. A rbitrary units (mean 6 S E M ) of phospho-
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ry lation w ere normaliz ed by log transformation and

analy z ed by tw o-w ay A NO V A (capacitation inducer,

phosphoprotein molecular w eight, and their interac-

tions), using posterior contrasts for comparisons among

capacitation treatments or phosphoprotein molecular

w eight). T he cleavage rate among treatments w as com-

pared using Chi-sq uare analy sis. T he P value used to

determine signifi cance in all tests w as 0.05.

3 . R e su lts

3 .1. D etermination of optimal concentration of

capacitation inducers

3 .1.1. Bicarb onate

S perm motility had a decreased dependence on the

concentration used, diminishing from the concentration

of 50 mM (P , 0.05; T able 1). B ased on a CT C assay ,

the percentage of capacitated sperm (B -pattern) in-

creased in a dose-dependent manner, w hereas the A R -

pattern increased from a concentration of 60 mM (P ,

0.05; F ig. 1A ) .

3 .1.2. Caffeine

T he addition of caffeine did not signifi cantly modify

sperm motility (T able 1). T here w as a progressive in-

crease of the percentage of sperm display ing CT C B -

pattern in response to increasing concentrations of caf-

feine; this w as signifi cant (relative to controls) from a

concentration of 7.5 mM of caffeine (F ig. 1B ) .

3 .1.3 . Adenosine

A denosine in the capacitation medium did not sig-

nifi cantly affect sperm motility (T able 1). A denosine

increased (P , 0.05) the percentage of capacitated

sperm w hen compared w ith the control samples; max -

imal responses w ere obtained w ith concentrations be-

tw een 10 and 30 mM (F ig. 1C). T he optimal concen-

trations of bicarbonate (30 mM ), caffeine (7.5 mM ) and

adenosine (10 mM ) as capacitation inducers w ere used

for further assay s.

3 .2. Comparative effect of various in vitro

capacitation inducers

3 .2.1. Chlortetracycline epifl uorescence assay

S perm motility w as not signifi cantly affected by

inducers. T he percentage of the CT C B -pattern signif-

icantly increased w hen compared to the control sam-

ples, w ithout signifi cant dif ferences among the evalu-

ated inducers (T able 2).

3 .2.2. Induction of acrosome reaction

S perm motility only signifi cantly decreased in the

caf feine capacitated sperm (37 6 4% ) compared w ith

control samples (53 6 3% ) . W ith all capacitation

inducers, there w as a signifi cant increase in the per-

centage of acrosome reacted sperm (relative to the

control) , w ith no signifi cant dif ferences among treat-

ments (T able 2) .

3 .2.3 . P rotein tyrosine phosphorylation

T he pattern of phosphoproteins (measured as arbi-

trary units) dif fered w ithin each capacitation inducer.

T here w ere no signifi cant dif ferences among 30, 45,

and 66 K d phosphoproteins in heparin, caffeine, or

superox ide anion-capacitated sperm. Control or bicar-

bonate-treated samples had a low er intensity of the 30

K d band (P , 0.05). A denosine had signifi cant dif fer-

ences betw een bands 30 and 66 K d. W hen comparing

each phosphory lated protein among the capacitation

inducers, the band corresponding to the protein of 30

K d w as more intense in heparin-capacitated sperm,

having the low est levels in bicarbonate-capacitated

sperm or control samples (P , 0.05). T here w ere no

signifi cant dif ferences betw een the studied inducers or

even control samples for 45 or 66 K d phosphoproteins

(F ig. 2).

T able 1

E f fect of various concentrations of bicarbonate, caffeine or adenosine on percentages of progressively motile bovine sperm.

Control samples B icarbonate (mM )

10 20 30 40 50 60 80 100

48 6 5a 43 6 6a 38 6 4a 40 6 7a 36 6 3a 24 6 4b 15 6 3b 5 6 2c 3 6 1c

Control samples Caffeine (mM )

0.5 1 2.5 5 7.5 10

34 6 4 40 6 9 33 6 8 32 6 7 35 6 5 35 6 5 41 6 7

Control samples A denosine (mM )

1 5 10 20 30 50 100

40 6 6 45 6 7 43 6 8 44 6 7 49 6 9 52 6 10 46 6 7 48 6 11

N 5 4, mean 6 S E M . V alues are mean 6 S E M of four ex periments performed w ith semen samples from different bulls.
a– c W ithin a row , concentrations w ithout a common superscript dif fered in the proportion of progressively motile sperm (P , 0.05).
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F ig. 1. E f fect of bicarbonate, caffeine or adenosine (F ig. 1A , 1B , and 1C, respectively ) , on CT C patterns of bovine sperm. N 5 4, mean 6 S E M ,

CT C-B , capacitated sperm; CT C-A R , acrosome reacted sperm.

a– c Concentrations w ithout a common superscript dif fered in the proportion of capacitated sperm (P , 0.05).

y ,z Concentrations w ithout a common superscript dif fered in the proportion of acrosome reacted sperm (P , 0.05).
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3 .2.4. E ffect of various capacitation inducers on

cleavage rates

T he addition to the IV F medium of sperm previously

treated w ith optimal concentrations of bicarbonate,

adenosine or caffeine did not signifi cantly affect cleav-

age rates w ith respect to the control. M oreover, the

cleavage rate diminished w ith the addition of sperm

treated w ith ex ogenous superox ide anion (generated by

X -X O -C) to the IV F medium (P , 0.05). H eparin

supplementation signifi cantly increased the cleavage

rate (P , 0.05; F ig. 3A ) . A similar cleavage rate as that

obtained w ith heparin w as obtained w ith a combination

of bicarbonate plus caffeine (P , 0.05; F ig. 3B ) .

3 .3 . E ffect of 2=5= dideox yadenosine on capacitation

induced b y various compounds

Percentages of progressive sperm motility w ere

betw een 40 and 60% , w hich w as not signifi cantly

dif ferent betw een sperm incubated w ith or w ithout

2=5=dideox y adenosine. O nly heparin or adenosine-in-

duced capacitation w as prevented (measured by CT C

assay ) by the presence of 2=5=dideox idenosine in the

capacitation medium (T able 3). S imilar results w ere

observed by the induction of a true acrosome reaction

in heparin-capacitated sperm treated w ith the inhibitor

(data not show n). W hen this inhibitor w as included in

the T A LP medium containing heparin as the capacita-

tion inducer, it did not decrease the cleavage rate

(38% ), being comparable to heparin (40% ; P . 0.05).

3 .4. E ffect of protein k inase inhib itors on

capacitation induced b y various compounds

S perm motility signifi cantly decreased w hen H -89

w as included in the capacitation medium containing

caffeine or superox ide anion (33 6 2% and 34 6 2%

w ith caffeine or superox ide anion, respectively , versus

47 6 1% in control samples; P , 0.05). T he inclusion

of H -89 in the capacitation medium prevented the ca-

pacitation of sperm incubated w ith all inducers, thereby

diminishing the percentages of the CT C B -pattern rel-

ative to the control (P , 0.05; T able 3). S amples

containing caffeine or superox ide anion as capacitation

inducers and B M signifi cantly decreased sperm motil-

ity (33 6 1% and 31 6 1% w ith caffeine or superox ide

anion, respectively ) as compared to controls (46 6 2% ;

P , 0.05). T he presence of B M signifi cantly dimin-

ished the percentages of the CT C-B pattern in the

samples containing heparin, superox ide anion or caf-

feine (P , 0.05; T able 3). S perm motility w as not

signifi cantly dif ferent betw een sperm incubated w ith or

w ithout G E , w ith respect to control samples (47 6 2% ).

H ow ever, G E prevented (P , 0.05) capacitation (eval-

uated by the CT C assay ) of sperm incubated w ith hep-

arin, caffeine, or superox ide anion (T able 3). T he de-

crease in capacitation rates w ith the inducers in the

presence of H -89, B M or G E w as confi rmed by induc-

ing the acrosome reaction; there w as a signifi cant de-

crease in the percentages of acrosome reacted sperm

w ith the k inase inhibitors used (data not show n). W hen

these protein k inase inhibitors w ere added to the T A LP

medium containing heparin, cleavage rates diminished

(12 to 18% ) and w ere similar to control samples (17% ;

P . 0.05).

3 .5. P articipation of reactive ox ygen species in

capacitation induced b y various compounds

Progressive motility ranged from 40 to 55% (not

signifi cantly dif ferent w ithin sperm incubated w ith or

w ithout each compound). S perm treated w ith bicarbon-

ate, caffeine, or adenosine w ere capacitated even in the

presence of S O D , CA T , a combination of S O D plus

CA T , or H B (percentages of CT C-B pattern ranged

from 41 to 48% ).

4 . D iscu ssio n

S perm capacitation is an obligatory biochemical

modifi cation (w ithin the female reproductive tract)

prior to sperm binding to the z ona pellucida and un-

dergoing an acrosome reaction. A lthough several com-

pounds are k now n to induce in vitro capacitation, hep-

T able 2

Comparative effect of in vitro capacitation inducers on percentages of CT C B -pattern and live acrosome reacted bovine sperm.

Control samples H eparin B icarbonate Caffeine A denosine S uperox ide anion

CT C B -pattern (% ) 6 6 1a 27 6 2b 29 6 1b 27 6 1b 28 6 2b 28 6 3b

Live acrosome reacted sperm (% ) 3 6 0a 23 6 2b 24 6 3b 25 6 5b 25 6 4b 26 6 3b

N 5 4, mean 6 S E M . Control samples 5 w ithout inducer, heparin 10 IU /mL, bicarbonate 30 mM , caffeine 7.5 mM , adenosine 10 mM , superox ide

anion 5 x anthine 0.05 mM 1 x anthine ox idase 5 mIU /mL 1 catalase 100 mg/mL. A ll samples w ere incubated w ith follicular fl uid (30% v/v)

as an acrosome reaction inducer.
a,b W ithin a row , inducers w ithout a common superscript dif fered in the proportion of capacitated or live acrosome reacted sperm (P , 0.05).
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arin is most commonly used to capacitate bovine sperm

[43]. In cry opreserved bovine sperm, the addition of

heparin in fertiliz ation media improved in vitro embry o

production [57]. In the present study , capacitation w ith

optimal concentrations of bicarbonate, caffeine, or

adenosine achieved the same capacitation level, as de-

termined w ith the CT C assay (T able 2), of heparin or

superox ide anion, both k now n inducers of in vitro ca-

pacitation in cry opreserved bovine sperm. A s changes

in the concentration of cA M P have been link ed

to heparin-dependent capacitation in bovine sperm

[58,59], it is not surprising that all the studied inducers

that produce cA M P by dif ferent mechanisms accom-

plished the same rates of capacitation. A lthough the

ex act mechanism by w hich CT C ex hibits the various

patterns has not been elucidated, it has been suggested

that this fl uorescent stain evaluates events of sperm

capacitation associated w ith changes in the plasma

membrane structure [60]. D espite the different intracel-

lular mechanisms triggered by the studied inducers,

they could be producing similar cellular changes related

to capacitation.

F ig. 2. E f fect of various capacitation inducers on protein ty rosine phosphory lation in cry opreserved bovine sperm. Control samples 5 w ithout

inducer, heparin 10 IU /mL, bicarbonate 30 mM , caffeine 7.5 mM , adenosine 10 mM ; superox ide anion 5 x anthine 0.05 mM 1 x anthine ox idase

5 mIU /mL 1 catalase 100 mg/mL. T he result show n is representative of fi ve independent replicates. A rbitrary units of 30, 45, or 66 K d proteins

(mark ed w ith arrow s) w ere obtained as described (in M aterials and methods).

a– c W ithin a row , values w ithout a common superscript dif fered (P , 0.05).

y ,z W ithin a column, values w ithout a common superscript dif fered (P , 0.05).
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F ollicular fl uid induces an acrosome reaction in hu-

man [61] and bovine capacitated sperm [48]. T his ex o-

cy totic event results in the release of hy droly tic en-

z y mes and the ex posure of new membrane domains,

both of w hich are essential for fertiliz ation [62]. Pro-

gesterone is present in follicular fl uid [63] and induces

F ig. 3. E f fect of individual or combination sperm capacitation inducers (F ig. 3A and 3B , respectively ) on rates of early cleavage of bovine oocy tes

(N 5 90 to 120 for each treatment in four replicates).

Control samples 5 w ithout inducer, heparin 10 IU /mL, bicarbonate 30 mM , caffeine 7.5 mM , adenosine 10 mM ; superox ide anion 5 x anthine 0.05 mM 1

x anthine ox idase 5 mIU /mL 1 catalase 100 mg/mL, bicarbonate 30 mM 1 caffeine 7.5 mM , bicarbonate 30 mM 1 adenosine 10 mM .
a– c V alues w ithout a common superscript dif fered (P , 0.05).
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an acrosome reaction in cry opreserved bovine sperm

through intracellular mechanisms w hich are dependent

of the voltage-dependent calcium channel [64]. S imilar

percentages of acrosome reacted sperm obtained w ith

capacitation inducers (T able 2) w ere attributed to the

effect of progesterone on activation of calcium chan-

nels, thereby increasing the intracellular calcium nec-

essary for the ex ocy totic process in a similar manner

w ith all studied inducers. A lthough some B S P proteins

appeared to be benefi cial for sperm functions (e.g. the

interaction betw een B S P proteins and heparin that pro-

moted capacitation), others seemed detrimental, partic-

ularly for sperm cry opreservation [65]. In that regard,

the cholesterol and phospholipid effux from sperm,

mediated by B S P proteins, w as stimulated in a time-

and concentration-dependent manner [24,25]; there-

fore, continuous ex posure of sperm to seminal plasma

w hich contains the B S P proteins, caused continuous

cholesterol and phospholipid removal from the sperm

membrane, w hich can render the sperm very sensitive

to storage (in either liq uid or froz en states [65]) . T he

cry opreservation of bovine sperm w as performed in the

presence of seminal plasma. T he prolonged contact

betw een the sperm and seminal plasma could produce

reorganiz ation and/or destabiliz ation of the membrane,

thereby triggering some unk now n signal transduction

pathw ay s.

Conversely , w hen sperm previously capacitated

w ith various inducers w ere tested in IV F , cleavage rate

w as signifi cantly increased only w hen the sperm w ere

incubated w ith heparin; the other inducers (bicarbonate,

caffeine or adenosine) did not increase fertiliz ation

rates as compared to the control. M oreover, in vitro

capacitation w ith superox ide anion produced a decrease

in cleavage rates (F ig. 3A ) . I t is k now n that freez ing

and thaw ing of sperm affect the lipid architecture of the

sperm plasma membrane [66] and their metabolic ac-

tivity [67]. M embrane destabiliz ation affected its fl uid-

ity and made it more permeable, thus allow ing free

calcium to enter the cell, w hich stimulated capacitation-

lik e changes (cry ocapacitation) [68]. T he CT C tech-

niq ue or the induction of an acrosome reaction, the

usual assay s used to evaluate capacitation, could be

conditioned by these ultrastructural changes in the

cry opreserved sperm. T he modifi cations produced in

the plasma membrane by B S P proteins, cry opreserva-

tion, or both, could be conditioning the surface ex pres-

sion of sperm receptors that interact w ith the z ona

pellucida, thereby altering the capability of the sperm

to acq uire the intracellular req uirements neccesary for

fertiliz ation. A lthough all studied inducers might com-

plete the acrosome reaction, only heparin could com-

plete mechanisms req uired for fertiliz ation.

Cleavage rates w ere similar w hen sperm w ere ca-

pacitated in vitro w ith heparin or bicarbonate plus caf-

feine (F ig. 3B ) . In bovine sperm, treatment w ith caf-

feine, in a short-term incubation, activated the calcium

permeable cation channels in the plasma membrane and

stimulates hy peractivation, w hereas long-term incuba-

tion produced capacitation and protein ty rosine phos-

phory lation, indicating that caf feine subseq uently

functioned as a phosphodiesterase inhibitor [69] . T he

greater I V F rate w ith bicarbonate plus caffeine may be

ex plained by bicarbonate activating soluble A C and

thereby increasing cA M P, w hereas caffeine suppressed

cA M P hy droly sis and increased intracellular calcium

concentrations, thereby stimulating hy permotility . A s a

conseq uence, the sy nergistic effect of both inducers

could produce intracellular conditions req uired for cu-

mulus and z ona pellucida penetration, as w ell as fertil-

iz ation.

S oluble A C, as the predominant, if not only source

of cA M P in sperm, w as predicted to be responsible for

changes in cA M P content induced by seminal plasma,

oviduct fl uids, or IV F media [70]. S oluble A C activity

is modulated by bicarbonate [19]. B ased on evaluation

of the participation of various capacitation inducers in

intracellular mechanisms related to the involvement of

T able 3

E f fect of membrane adeny late cy clase or protein k inase inhibitors on percentages of CT C B -pattern bovine sperm.

Inhibitor None D D H 89 B M G E

H eparin 29 6 1a 8 6 1b 8 6 2b 10 6 2b 10 6 1b

B icarbonate 29 6 3a 27 6 2a 8 6 1b 29 6 1a 31 6 2a

Caffeine 27 6 2a 27 6 3a 14 6 1b 18 6 3b 9 6 2c

A denosine 28 6 2a 10 6 2b 11 6 2b 27 6 2a 30 6 3a

S uperox ide anion 28 6 3a 25 6 3a 9 6 2b 10 6 1b 7 6 3b

N 5 4, mean 6 S E M . S perm w ere capacitated w ith heparin 10 IU /mL, bicarbonate 30 mM , caffeine 7.5 mM , adenosine 10 mM or superox ide

anion (x anthine 0.05 mM 1 x anthine ox idase 5 mIU /mL 1 catalase 100 mg/mL) in the absence or presence of 100 mM of 2=5=dideox iadenosine

(D D ) , 50 mM of H -89, 100 nM of B M I , or 100 mg/mL of G E .
a– c W ithin a row , inducers w ithout a common superscript dif fered in the proportion of capacitated sperm (P , 0.05).
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different A C (membrane or soluble), w e inferred that

the membrane A C w as only activated w ith compounds

(e.g. heparin and adenosine) that bound to specifi c

receptors, as demonstrated by the inhibition of capaci-

tation w ith a specifi c membrane A C inhibitor (2=5=

dideox y adenosine; T able 3). A s this inhibitor failed to

inhibit the capacitation w hen bicarbonate w as used, this

compound w ould be inducing capacitation by activat-

ing soluble A C in cry opreserved bovine sperm. Capac-

itation w ith superox ide anion, generated in vitro by the

X -X O -C sy stem, w as not inhibited by the presence of

the membrane A C inhibitor, indicating that it could

have other membrane targets associated w ith its action

on sperm. Interestingly , adding 2= 5= dideox y adenosine

to the capacitation medium failed to diminish the cleav-

age rate w hen heparin w as used as a sperm capacitation

inducer. M ouse sperm, defi cient in soluble A C, w ere

unable to fertiliz e z ona-intact eggs, but did fertiliz e

z ona-free oocy tes, indicating that gamete fusion did not

req uire soluble A C [71]. S ince our present results w ere

in accordance w ith these fi ndings, w e inferred the par-

ticipation of membrane and soluble A Cs in fertiliz ation

of bovine oocy tes.

D if ferent protein k inase inhibitors w ere used to eval-

uate intracellular mechanisms triggered by the increase

of cA M P produced by capacitation inducers. A lthough

the req uirement of PK A and PT K in the capacitation-

associated ty rosine protein phosphory lation is w ell es-

tablished, it implicated the role of other k inases and

transduction pathw ay s that act betw een the early events

of capacitation and the late phosphory lation of proteins

[72,73]. B ased on reduced capacitation in sperm incu-

bated w ith both heparin or superox ide anion in the

presence of H -89, B M or G E , w e inferred the partici-

pation of PK A , PK C and PT K in bovine sperm capac-

itation, as reported by O =F laherty et al [74]. Caf feine-

induced capacitation w ould also req uire PK A , PK C

and PT K participation; meanw hile, bicarbonate- or

adenosine-dependent capacitation w ould only acti-

vate PK A (T able 3) . T hese results, tak en together,

suggested that dif ferential protein k inase participa-

tion w ould not be conditioned by membrane or sol-

uble A C activation, indicating that increase in cA M P

w ould be produced by dif ferent signaling pathw ay s

dependent on the capacitation inducer. In accor-

dance, cleavage rates diminished w hen each protein

k inase inhibitor w as added to sperm incubated w ith

heparin. T hese results confi rmed that PK A , PK C, and

PT K w ere necessary for bovine sperm treated w ith

heparin could complete processes related to the ac-

q uisition of fertiliz ing ability .

Protein ty rosine phosphory lation may actually be a

consistent indicator of intracellular changes associated

w ith capacitation. T here are tw o main parallel path-

w ay s that produce these phosphory lation events, one

involving cA M P/PK A and phosphory lated link ed PK A

substrates, and the other related to the ex tracellular

signal regulated k inase (E R K ) pathw ay , w ith phospho-

ry lation of E R K k inase-lik e proteins and proteins car-

ry ing the threonine-glutamate-ty rosine motif [75]. In

vitro capacitation of ejaculated bovine sperm w as cor-

related w ith ty rosine phosphory lation of proteins of

40 – 120 k d [4]. In the absence of a k ey mark er of protein

ty rosine phosphory lation associated w ith capacitation in

bovine sperm, bands corresponding to 30, 45, and 66 K d

w ere chosen as capacitation mark ers. T here w as a thick

band of protein (30 k d) in sperm incubated w ith heparin,

adenosine, caffeine and superox ide anion (F ig. 2), w hich

w as also reported by Cormier et al [76] in heparin-capac-

itated cry opreserved bovine sperm. D espite a lack of dif-

ferences in the intensity of the bands corresponding to the

proteins of 45 or 66 K d among the studied inducers,

there w as a higher intensity in 30 K d protein follow ing the

use of heparin, as compared to the other inducers. S ince

there w ere q uantitative differences in phosphory lated pro-

teins among and w ithin capacitation inducers, w e inferred

there w as involvement of diverse signaling pathw ay s,

leading to protein ty rosine phophory lation.

R edox activity appeared to be directly involved in

sperm capacitation [77]. T hat the addition of R O S scav-

engers failed to block capacitation induced by bicar-

bonate, caffeine, or adenosine, w e inferred that the

action of these inducers did not include R O S participa-

tion. S uperox ide anion [44] and nitric ox ide [56] par-

ticipate in heparin-induced capacitation in bovine cry o-

preserved sperm, w hereas hy drogen perox ide induced

capacitation in ejaculated bovine sperm [40]. T he dif-

ferential R O S participation observed w ith caffeine, bi-

carbonate, and adenosine w ith respect to heparin, could

be contributing to the diverse intracellular pathw ay s

triggered by capacitation inducers.

A lthough the same capacitation and true acrosome

reaction levels w ere achieved by the studied inducers

(caffeine, bicarbonate, adenosine, heparin, or superox -

ide anion), dif ferent intracellular mechanisms of sperm

capacitation of cry opreserved bovine sperm appeared to

be involved. D if ferences in IV F rates, protein ty rosine

phosphory lation patterns, and the differential participa-

tion of adeny late cy clases, protein k inases, and reactive

ox y gen species in the capacitation promoted by the

evaluated inducers w ould confi rm this suggestion. T he

fi ndings of this study provided new k now ledge regard-
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ing intracellular req uirements for capacitation. D eter-

mination of these molecular events w ould help to op-

timiz e in vitro conditions to use cry opreserved bovine

sperm for fertiliz ation.
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