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~ INTRODUCCION

Los espermatozoides, gametos masculinos son el estadio 7i-
na]'de la espermatogénesis, proceso durante el cual las es-
'bermétogonias, pasando por diversos estadios de diferencia-
cidn reducen a la mitad su contenido genético transformdndp
se- de diploides {2n) en haploides (n), adaquiriendo la estruc
tura y fisiologia adecuada para cumpiir con su destinoc bio-
16gico mds aparente: fertilizar al 6vuio, depositando el
complemento masculino de ADN en el ciioplasma del gameto fe

menino.

En las fases iniciales de la espermatogénesis son produci-
das un gran nimero de cBlulas diploides por mitosis sucesi-
vas acompafiadas de fendmenos caracteristicos de diferencia-
cibén hasta 1legar al estadio de espermatocifos primarios,
lo¢ cuales reducen su nimero de cromosomas durante la meio-
sis, transformindose en espermatocitos secundarios (haploi-
des) y posteriormente en espermdtides. La diferenciacidn
de las espermdtides, hasta convertirse en espermatozoides
es llamada espermiogénesis y comprende como parte de los fe
némenos de adquisicién de la morfologia nuclear caracteris-
tica del espermatozoide una condensacidn drdstica de la es-
tructura nuclear. Aunque se sabe poco de las fuerzas que

intervienen en esta reestructuracién, es sabido que las mo-

dificaciones que acompafian a la condensacidn del nlcleo de



7‘de‘las~c§]uiésESQﬁiffcaS'pbr oiro tipo de protei
n'as'"fma's bé ggf;grﬁcas’ en arginina (1, 14, 24, 30).
,30; ZEn 1§$fﬁ;m1fef6s gutéricos se ha descrito también la
,incbrébfé;{ﬁh'simu1t§nea de cisteina (20) que finalmen
te'ljega,a.cqnstituir el 13% de Tos residuos de amino-

écidds,dé las proteinas basicas de la cromatina (5,8).

Es posibie due la condensacidon de Ta cromatina proporcione
una gfanresfabi1idad al nicleo del espermatozcide y que és-
to a su vez pudiera constituir un mecanismo de proteccién
contra la accién de mutdgenos, a los cuales esta célula se
halle expuests durante el periodo gue dura su maduracidn y
transporte no sélo en e1 tracto genital masculino, sino des

pués de Ta eyaculacidn en el tracto genital femenino (25).

Actualmente se conoce que el nicleo del espermatozoide de
los mamiferos eutéricos presenta una estructura semejante a
queratina y esta determinada por la formaci6n de enlaces di
sulfuro, propiciados por la alta concentracidén de cisteina
de la proteina histénica misma {4, 15). Los enlaces disul-
furo parecen estar distribuidos de manera homogénea dentro

del material nuclear (6, 7, 22), formando una estructura rj



gida:qﬁg{ayu@arérméhténer:ai ADN altamente empaquetado, Es

" ta perfecta estructuracidn-del material nuclear se demues-

”tFa‘bbrdhenéh%aQ§¢ﬁééa'de;compuest05 que rompan enlaces di-
,5u1fﬁr6; 1q‘f6fﬁg‘ﬁéjfnﬁﬁleo del espermatozoide se conserva
int&@tﬁféﬁﬁiéﬁ&ﬁqgenéia.de Ta membrana nuclear (28).

Qtr6 f&cfbf{qpéhfnf]ﬁye, ademds de la formacion de enlaces
disu]furd gnﬁla.condensaciﬁn y estructuracidn nuclear del
espermatozoide se debe a que e} grupo de proteinas nuclea-
res ricas en aminodcidos bdsicos neutralizan y enmascaran
los grupos fosfaitos cargados del ADN (14). Esta neutraliza
cidn traerfa como consecuencia la deshidratacidn del compie
joy por lo tanto, la posibilidad de empaquetar la misma
cantidad de material genético en un velumen menor y estruc

turalmente mds adecuado a las necesjdades del espermatozoide.

E1 curso de la condensacidn de la cromatina durante ta esper
miogénesis no se inicia simulidneamente en todo el carjoplas
ma, sino que parece seguir una secuencia caracteristica. Se
inicia en el polo acrosomal, que después seguird siendo la
regidén mas rigida y progresa hacia la regidn flagelar. Tanm
bién ocurre del centro a la periferia del nicleo {13, 18).
Es importante sefialar que este complicado proceso tiene que
ser revertido cuando el espermatozoide ha penetrado al gvu-
lo, iniciandose la dispersidn del material nuclear en la re
gién basal de la cabeza del espermatozoide y progresa hacia

1a regidn acrosomal, mientras que al mismo tiempo se Tleva



ino después de la fertilizacién como un

_ipa?aj1a%traﬂ5£fipcf6n de 1a informacidn genética
.de1‘espefméfoioide—(23). |

Aungue la descondensacidén nuclear ha sido inducida in vitro
por una gran variedad de tratamientos (3, 12, 16, 32) muy
poco se conoce acerca de los mecanismos involucrados en el
hinchamiento nuclear del espermatozoide y sobre la 1njcia—

cidn de la sintesis de ADN ip vivo.

Los mucopolisacdridos dcidos semejantes a la heparina (9,
27) han sido involucrados recientemente en la transicidn del
estado heterocromdtico de la cromatina nuclear al eucroméi-
tico, aumentando asi la accesibilidad del templado del ADN

nuclear (17, 19).

Por otro lado, la adicidn de polimeros dcidos del tipo de
la heparina o del &cido polixantilice a las cabezas de esper
matozoides de conejo previamente expuestas a la accifn de
agentes reductores de enlaces disulfuro, liberan las restric

ciones del templado del ADN espermdtico (33).

Estos hallazgos, junto con el hecho Bien conocido de que es
tos compuestos semejantes a la heparina existen de forma na

tural en los fluidos uterinos y foliculares en la zona peld
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. lo. Lla demostracién de que la heparina por si sola es ca
paz de .descondensar los niicieos de los espermatozoi-
des humanos, sin que aparentemente intervenga una ac-

tividad proteolitica intrinsaca.

20. Se establece la fijacidon especifica de la heparina a
la membrana plasmatica del espermatozoide humano co-
mo un requisito para su posible internalizacidn, ase
gurando asi la descondensacion del nidcleo del esper-

matozoide humano (11).

En apoyo a la hipOtesis presentada en los trabajos ante-
riores, recientemente hemos logrado la descondensacidn de
los nicleos del espermatozoide humano por la exposiéién de
estas células a los glicosaminoglicanos sulfatados semejan

tes a la heparina, extraidos de 6vulos del erizo de mar.



DISCUSION

De todos Jos procesos que ocurren-en la fertilizacién, el

qué h;sr ntefes%réstﬁdiaf e#ﬁe] de Ta descondensacidén del
nﬁc1§o HEi‘eﬁpermatozoide, en-el cual se lleva a cabo la
Vtranéfohmaéién del niclec a prondcleo masculino y compren-
deﬂgf rompimﬁento de la membrana nuclear del espermatozoide,
rehidratacion de la cromatina espermdtica altamentz empaque

tada y la sintesis de una nueva membrana pronuclear que en

vuelve Ta cromatina descondensada.

Los mecanismos que ocurren en la fertilizacibn y principal
mente en la descondensacidon sdlo han podido ser conocidos
por microscopia electrbnica en oocitos fertilizades in vitro
y en 6vulos fertilizados gue son recuperados en intervencio

nes quirdrgicas.

Se han realizado otros estudios utilizando varics métodos
guimicos para inducir la descondensacidn del nlcleo de los
espermatozoides; de todos Tos react{vos usados podemos en-
contrar reactivos que rompen enlaces disulfuro como el
ditiotreitol y el mercaptoetanol empleados en combinacidn
con dodecil sulfato de sodio; otro grupo es el de los sul
furos 1norg§n1cos como el sulfuro de amonio y el sulfuro

de potasio que pueden ser activos por la concentracidn del
ion o por el pH alto de sus soluciones, también se ha encon

trade que las bases, a concentraciones altas y pH superio-



~1

‘res de:TOYS,;cauéénf16;hﬁd}6iisiéxde;1€'pkb¢eina»huclear

tozoides. -

De todos los tratamientos empieados iﬂ vitro para causar

la descondensacidn, ninguno es fisioldgico.

Recientemente se ha demostrado que la heparins activa la
ONA polimerasa (9), causa la descondensaci6n dz los nicleos
de Jos espermatozoides humanos (10) y ademds, se ha encon-
trado fisiolégicamsnte en varios tejides y fluides corporg
les. Esto nos hace pensar que el efecto de la heparina so
bre los espermatozoides humanos pudiera ser el mecanismo
fisioldgico por el cual se l1leva a cabo la descondensacidn
y la formacién del pronliclec masculino después de la ferti
tizacidn. ‘

Para conocer el efecto de la heparina sobre Tos espermato-
zoides eyaculados de diferentes mamiferos, se realizd el
siguiente experimento: se incubaron espermatozoides eyacu
lados de toro, conejo, carnero y humanos en presencia de
5000 USP de heparina a 37°C por 6 horas (Fig. 4, ref 10).
De Tos resultados obtenidos podemos cbservar que la descon

densacidn de los espermatozoides humanos puede ser inducida



por 1a expos1c1on ‘ae estas ce]u]as 1ntactas a la heparina

s1n requer1r algdn otro tratamiento y aparentemente sin la

_part1c1pac1on dé'a"t1v1dad prote011t1ca intrinseca, mien-

dejgoneao, carnero y toro no

‘atamiento.

descondensa el nicleo de Jos es

~permauo‘ ‘nos interesé saber el mecanismo por

'Ye1 cua1 ‘nicleo, para ésto, la primera barrera

“que t1ene que:_orteak es la membrana plasmdtica de la célu
la.. Por °110, To pr1mero gue se estudid fue la posible fi

jac1qn de la hepar1na‘a la membrana plasmdtica.

Se‘incubaron espermatozoides humanos en presencia de hepa-
rina tritiada a 37°C por diferentes tiempos (Fig. 1, ref.
11). De los resultados obtenidos podemos observar que la
fijacion de la heparina a los espermatozoides es dependien
te del tiempo y Tineal hasta los seis minutos, presentdn-
dose después una disminucidén en la velocidad de la fijacidn
de la heparina & medida que se incrementa el tiempo, indi-
cando con ello que la mayor parte de la heparina se fija en
los primeros minutos de la incubacién. Para confirmar esto,
en algunos experimentos los espermatozoides fueron incuba-
dos en presencia de 5000 USP de heparina durante lapsos de
tiempo muy cortos y después lavados por una, dos y tres oca
siones por medio de centrifugacidon y resuspensidn en el me-

dio sin heparina; la incubacidén fue continuada hasta alcap
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swollen nuclei
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FIGURA L

] 1 1 i
C') 5 10 15 20 minutes

Induccion de la descondensacion del esperma-
tozoide humano incubado en presencia de
5000 USP de Heparina durante lapsos breves
de tiempo. ®—=o un lavado; ms—a  dos
lavados; &—a 1tres lavados.



zar. el tiempo pre-establecido de & horas (Fig, I). Los
[resultadOS'nDS'indican que—]amheparina quefse—fija en los
'_primeros m1nutos de- 1a 1ncubac1on, no-se- desprende aln

'jdespues de var1os 1avados, egerc1endo asi su efecto descen

‘densante.

La f13ac1on de hepar1na a2 los espermatozoides humanos se
.r=a11zo a d i arentes temperaturas (Fig. 1I), para lo cual

se 1ncubaron 105 espermatozo1des con heparina tritiada por

“T:ISqmjpytqs;aa4, 20, 37, 50 y 65°C. Con los resultados ob-
téhidgs'sé'demostré gue & medida que se incrementa la tem
 pé}dtufa'se incrementa la fTijacidn de la heparina. Una de
1é§ caugas de este comportamiento podria ser la siguiente:
al aumentar la temperatura se induce adem&s de ia fijacidn,
la penetracién de la heparina al nicleo del espermatozoide
aumentando asi su incorporacidn a la célula, hecho que se
pudo comprobar al realizar paralelamente un experimento de
descondensacidn en donde se observé que a medida que se in-
crementa la temperatura de incubacidn, la descondensacién
se efectia en perfodos mds cortos de tiempo. Otra explica
cidon al efecto de la temperatura puede ser el hecho de que
Ta heparina libere Ta fosfolipasa A] de Ta membrana plasmi
tica, 1o que ha sido demostrado por Waite y Sisson (31) en
células de higado de rata, gquienes ademds sugieren que la
fijacion de la heparina a la membrana podria ser el sitio

de unidn de la fosfolipasa A]. Esta enzima, que es termo-
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FIGURA 1. Efecto de la temperatura en la fijacién de Heparina (H3)
: a la membrana plasmatlca del espermatozoide humano.



permatozoides "humano ' funcién de la concentracidn

creciente de la heparin dicionada (Fig. 2, ref. 11), fue

estudiada realizando:una .cinética de saturacién en donde

se obfuvo 9.5 x’106'siti6§ de fijacidn por espermatozoide,
una KD de 3.6 x ]O_EM indicando con este valor que la in-
teraccién heparina-célula es especifica y también se obser
vé una sola pendiente en la grdfica indicando con ello la
existencia de un soio tipo de receptor en la membrana plas

mdtica del espermatozoide.

E1 estudio del efecto del pH sobre la fijacidn de 1a hepa
rina se 1levé a cabo incubando espermatozoides humanos con
heparina tritiada a 37°C por 15 minutos con amortiguadores
de diferente pH (5-10) (Fig. 3, ref. 11). En las graficas
podemos observar que las curvas obtenidas de la fijacion
de la heparina a la célula con los amortiguadores a los di
ferentes pH siguieron el mismo comportamiento y que la fi-
jacidn de la heparina a la célula fue mayor en medios alta
mente protonades (pH &cido). Como se sabe; la heparina es
un heteropolisacdrido formado por unidades repetitivas de

dcido glucurdnico, glucosamina N-sulfato y dcido idurdnico



1.

unidas_por enlaces glicosidices

‘boxilory amino:son-1: es.de grupos ioni-

dado por el pH

fiiéux,é~pﬂ‘biél¢° qu,gruppskétﬁdos se disocian para crear
sitib§fédn'éérga'ﬁegétivé. Se puede pensar gque el posible
éfecto‘causado por el diferente pH de las soluciones puede
ser debido al cambio de ionizacidn de los grupos en la hepa-

rina y también &l cambio de ionizacidn en la céiula de los

grupos involucrados en la fijacidn de 1a heparina.

El efecto de Yz fuerza idnica sobre la fijacidn de la hepa-
rina fue estudiada incubando espermatczoides en presencia
de heparina tritiada a 37°C por 15 minutos, utilizando va-
rias soluciones con diferentes fuerzas i6énicas (Fig. 4,

ref. 11).

En el caso de las cadenas de la heparina las cargas negati-
vas la hacen totalmente hidrofilica, los grupos anidnicos
se encuentran a intervalos frecuentes a 1o largo de 1a ca
dena, existiendo una repulsidn entre las partes de 1a cade-
na. Las repulsiones 2 lo largo de la cadena la forzan en
una solucidén diluida a estar completamente extendida. En
soluciones c9ncentradas Tas cadenas de heparina presentan
enrollamientos. La presencia de grupos aniénicos a lo lar

go del polielectrolito le proporcionan una capa de carga
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tados'obtenidos de fuerza iénica con

los électrolitos podemos sefialar que

cuencia. de 1a concentracidn de las cargas
é?éctfﬁcas;a:16 largo de la cadena de heparina, hay una
fuerte interacci6n eléctrica entre las cargas y los iones

del medio ambiente,

En las grdficas obtenidas observames que el punto maximo

de fijacidn de la heparina a 1a membrana plasmdtica para

el cloruro de zinc fue obtenido @ 0.3 de fuerza idnica,
para el cloruro de calcio fue de 0.5 de fuerza idnica y pa
ra el cloruro de sodjo fue de 0.5 también. De estos datos
podemos suponer que de alguna manera interviene, ademés de
e fuerza i6nica, la electronegatividad de Tos iones emplea
dos, observando que existeruna refacidn inversa de electro-
negatividad contra concentracitn; asi, el Zn++, que es el
mids electronegativo (1.66), cuando se empled como electro-
1ito se observdé que el midximo de fijacién se presentd cuan
do tenfia una concentracidén de 0.1 M, siendo ésta la més
baja en comparacién con Tos otros electrolitos empleados.

+ N ry
En el caso del Na , que es el ion menos electronegativo
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(1.06);- en e] punto maXimo de f1Jac1on presento 1a concen
tracidn mas a1tav(0 5 M) ?Por otro Iado,'se ha demostra—

do que las’ sa]es neutras t1=nen efectos pronunc1aaos en-la

so]ub1]1dad de 1as-prote1nas globu]are‘ V'Ep,el caso de la

‘pncehtraciones de sales

hEpar1na podemos pensar uue a baJas
se 1ncrementa su so]ub111dad y a—medﬁdu que la fuerza idnica
aumenta, 1ayso]ub111dad de la hepar1na empieza a disminuir

y a una fuerza i6nica suficientemente alta, la heparina pue
de ser completamente precipitada de la solucidon. Esto G1-
timo se pudo observar en el caso del cloruro de zinc, ya

que & medida que se incrementaba 1z fuerza i6nica se preci-
pitaba la heparina, debido a que las sales neutras pueden
remover el agua de hidratacidn de Tas moléculas de heparina

reduciendo asi la solubilidad de la misma.

Para estudiar la especificidad de la fijacién de 1a hepari
na a ta membrana plasmatica se realizaron incubaciones a

(
37°C por 15 minutos en presencia de glicosaminoglicanos se-
mejantes a la heparina como son el condroitin sulfato A,
condroitin sulfato B, condroitin sulfato C, &cido hialuréni
co y dextrdn sulfato (tabla 1). Aldn cuando se usaron con-
centraciones veinte veces mds altas que Ja heparina, ningy
no de los compuestos probados fueron capaces de interferir
con la fijacion de la heparina a la célula. Sin embargo,
el dextrdn sulfato fue el Unico agente competitivo al sitio

de fijacidon de la heparina, inhibiendo un 73% a concentra-



TABLE 1

BINDING OF 3H (G),"HEPARIN SODIUM SALT TO INTACT HUNMAN
* SPERMATOQZON UNDER SEVERAL EXPERIMENTAL CONDITIOHS

et (PR (8)) HEPARTH BOUHD
SYSTEM 'ADDITIUNS‘.s 107°M { (p-moles/5 x 107 cells)
WHOLE SPERMATOZOA L 5 .
PLUS HEPARIN NONE 5 746 - 112
CIONDROITIN 41.6 5 721 ¥ 62
(MIXTURE) 832 5 819 t 93
CHONDROITIN 41.6 5 713 + 72
' (A) 832 5 810t a7
CHONDROTTIN 41.6 5 719 ¥ a0
(8) 832 5 708 T 92
CHONDROITIN 41.6 5 741 101
(c) 832 5 873 89
HYALURONTG o
AC LD 0.7 5 830 * 115
DEXTRAN 41.6 5 o0 to2g+
SULPIATE 124.8 5 68 + 11+

* Unpaired "t" tesl indicates a significant difference {p=0.0001) when compared

with

the control.



ciones equwmo]ecu1ares y un 91 2 una concentracién tres

uc eos d= tos espermatozoides. E}

ue-el dextrdn sulfato.

ontﬁané'dos grupos sulfaio per residuc glico-
El»deeran sulfato, aue compitid por el sitio de
“f13ac1on de 1a heparina y ademis presentd actividad descon
densante, contiene tres grupos sulfato por residuc glicosi
dico, mientras que el condroitin sulfato A, condroitin sulfa
to B y el condroitin sulfato C, que no inhibieron la fija-
cibn de la heparina, contienen un solo grupo sulfato por re-
siduo. Al parecer, la habilidad descondensante de los gli-
cosaminoglicanos esté relacionada con el grado en que se en
cuentran sulfatadas sus moléculas, haciendo notar que, de
los dos compuestos que descondensan el nlGcleo del esperma-

tozoide, solo la heparina es de naturaleza fisioldgica.

Para observar si la heparina se encontraba unida a la mem-
brana plasmdtica se realizé una autorradiografia de las
membranas aisladas de espermatozoides previamente tratados

con heparina; para €llo, se incubaron espermatozoides hu-
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SManos” con nepar1na trx aca por 15 mwnutes a a7 C, después

se les rea11zo “un- tratam1ento hTPOLOnICO por una hora em-

p]eando un'amort1guador de Tos.atos 10 mM. Las membranas

a1s]adas sn 1avaron hasta no encontrar rad1oact1vdad en el

soorenndante y dpspues‘

‘sn procnd1o a realizar la autor

-diograf observar la presencia de altas

ad1oac11va en las membranas

11).

'De.1o§'résu1tadd§ obténfdos en este trabajo se puede demos
jrarrqﬁé'ia heparina se fija a Ta superficie de 1a célula
espermética presentando una cinética de saturacidén y siendo
dependients de tiempo vy temperatura. E1 efecto del pH y
fuerza idnica en la fijacidn indican que de alguna manera
intervienen interacciones idnicas en el proceso. De los gli
cosaminoglicanos empleados para descondensar y competir por
el sitio de fijacidén de la heparina, solo el dextrdn sulfa
to fue el {nico gue inhibid la Tijacidn y presentd activi-
dad descondensante, indicando con ello gue por un lado el
grado de sulfatacidén de la molécula y la naturaleza de 1la
cadena glicosidica, son muy importantes en Ja estructura de
la molécula para que se lleve a cabo la fijacién de la he-

parina.

Podemos interpretar los datos encontrados de las siguien-

tes maneras: la fijacidn del polisacdrido a la membrana
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su penetrac1on, de mouo que “Ta fijdcidn de la heparing &

1a membrana y 1a descondensac1on nuclear pueden ser proce

sos concnrtados:y depend1entes ‘uno ‘del otro, -En estos pro
‘cosos 1a nepar1na se puede fijar primero ejerciendo un
efecto destab111zante sobre ‘1a membrana plasmdtica y des-

. pues, cunndo su pnneurac10n he sido asegurada por el des-
arreg]o de -la membrana plasmética, ejerce su acciGn sobre
el nicleo. Las observaciones microscdpicas de la Fig. 5 b,
(ref. 11) apoyan esta interopretacidn, va gue demuestran que
solamente zguellos espermztozoides cuyvos nlcleos muestran

descondensacion son los que fijan heparina en su superficie.

Toda esta serie de procesos en el espermatozoide humano gue
aqui se han estudiado podrian ayudar a entender parte de los
eventos moleculares que participan en las modificaciones de
la membrana plasmdtica que se llevan a cabo durante el pro-

ceso de capacitacion.
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Species Specific Decondensation of Human
Spermatozoa Nuclei by Heparin

N. M. DELGADo, L. Huacusa, H. MERCHANT,* R. REYES, and A. Rosapo

Decondensation of human spermatozoa nuciei has been induced by exposure of intact
spermatozoa to heparin, while the spermatozoa of rabbit, ram, and bull remained highly
condensed under similarexperimental conditions. This process occurred in the complete absence
of any disulfide bond cleaving reactant. Sweiling of human spermatozoa nuclei commenced about
30 min after the addition of heparin and depended on heparin concentration reaching 839% of
swelled nuclet after 6 hr, ol incubation with S000 USP of hepatin per ml. Addition of 10 mg/mlof
trypsin soybeun inhibitor did nol interfere with the swelling action of heparin, Electron
microscope observations of human spermatozoa nuclei treated with heparin revealed that the
chromatin is organized into **hublike™ nuclear bodies joincd by u network of cross-linked and
branched chromatin fibers ranging in thickness from 25 to 1.5. nm.

Key Words: Decondensation; Spermatozoa; Heparin.

INTRODUCTION

Condensation and stabilization of mammalian sperm chormatin—a process which
gives to the mammalian sperm nuclei its characteristic properties (4, 7]—occurs during
spermatogenesis and is usuvally completed during the initial steps of maturation of
eutherian spermatozoa in the epididymis [6]. Chromatin condensation appears to be due
te the presence in sperm cells of specific DNA properties [8] and to the formation of large
numbers of disulfide bonds within the chromatin (5, 9]. This complicated process needs
to be reversed after fertilization as a requirement for the transcription of the sperm
genetic information {21).

Although nuclear decondensation has been induced in vitro by a wide variety of
treatments {13, 15, 30|, little is known of the mechanisms involved in sperm nuclear
swelling and DNA synthesis in vivo, Acid mucopolysaccharides [11, 26) have been
involved in the transition from the heterochromatic to the euchromatic state of somatic
nuclear chromatin and they simultaneously increase the template availability of nuclear
DNA (16, 18). The addition of the acidic polymers heparin or polyxanthilic acid to rabbit
sperm heads, previously exposed to disulfide reducing agents, released sperm DNA
template restriction [33].

In the present study we show that decondensation of human spermatezoa nuclei can be
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induced by exposure of-intact spermatozoa to heparin without requiri'ng any..other -
treatment and apparently without participation of intrinsic proteolytic activity, and that
spermatozoa of rabbit, ram, or bull are not susceptible to this treatment.

MATERIAL AND METHODS

Human semen obtained from healthy, young donors was allowed to liquify at room temperature
for 30 min. Only ejaculates with normal spermatobioscopy and with a minimum of debris and of
cells other than spermatozoa were selected, Bull, ram, and rabbit ejaculates were obtained by
standard procedures. The semen was centrifuged at 3000 rpm for 30 min and the spermatozoa
pellets were washed twice with the salt medium proposed by Peterson and Freund [23]. The final
sperm pellets were resuspended (o 4 final concentration of 10% cells/ml.

To separate aliquots of 10* celfs 500, 1000, 2500, or 5000 USP of poreine intestinal heparin (Sigma
Chemical, Co.) were added. The suspensions were incubated with mixing at 37°C and aliquots were
extracted at preestablished times. In some experiments the spermatozoa were incubated in the
presence of heparin only during very brief times, §, 10, 20, and 30 min and then washed one, two, or
three times by centrifugation and resuspension with the medium with no heparin. The incubation
was then continuated until the preestablished time (6 hr) was reached.

To test the possible participation of proteolytic activity in (he observed nuciecar decondensation
some experiments were performed in the presence of up to 10 mg/ml of trypsin soybean inhibitor
(Sigma). Under these conditions no proteolytic activity could be detected by the method of
Schwert and Takenaka [27).

FIGURE 1. Phase contrast micrograph of human spermatozoa treated with heparin. It can be
observed several degrees of swelling (arrows) and the highly condensed aspect of the normal
human nuclei (dotred arrowy x 560,
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FIGURE 2. Aspect of the swelling of human spermatozoa nuclei induced by heparin at phase
contrast microscopy. x 830.

At the sclected times aliquots of the treated spermatozoa were fixed during 60 min at room
temperature by adding 9 volumes of 0.1 M cacodylate buffer, pH 7.3, containing 1%
paraformaldehyde plus 2,59 glutaraldehyde. They were then washed by centrifugation und
resuspension with several changes of 0.1 M cacodylate buffer pH 7.3 [17).

Smears of fixed spermatozoa were observed by phuse contrast microscopy using a Carl Zeiss
microscope equipped with a green interference flter. Evaluation of the number of swelled nuclei
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FIGURE 3. Electron micrograph of a vacuole-like structure in a human sperm head. Chromatin
fibers are visible (arrows).x 24000.
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FIGURE 4. Time dependence of the reaction between heparin and decondensation of
spermatozoa nuclei. V——V rabbit, ram, and bull spermatozoa: ® —— @ 500 USP of heparin;
O —— O 1000 USP of heparin; 3 —— [ 2500 USP of heparin; @ —— B 5000 USP of heparin,

was done by counting 10 random high magnification fields. Spermatozoa were scored as **swollen
when any portion of the nucleus was obviously decondensed (Figs. | and 2},

Electron microscopy was performed using a Zeiss EM-9 microscope. The fixed spermatozoa
were postfixed and dehydrated by the method of Zettergvist [32] and embedded in cpon 812 [19].
Thin sections (gray silver) were cut on a LKB-III ultramicrotome, and stained with alcoholic
uranyl acetate followed by lead citrate [25]. Negative staining was done with 262 phosphotungstic
acid in distilied water, pH 7.

RESULTS

The nuclei of washed ejaculated spermatozoa of the four species tested, human, rabbit,
ram, and bull, appear highly condensed under the phase contrast microscope when
incubated in the buffer medium without heparin for up to 72 hr. In the presence of
heparin, the spermatozoa of all the species tested, except those of human (Fig. 2),
remained with the same highly condensed nuclear appearance. Swelling of human
spermatozoa nuclei commenced about 30 min after the addition of heparin and was
dependent on the incubation time and on the concentration of heparin inthe way depicted
in Fig. 4. Even 500 units of heparin/ml induced an appreciable number of swelled nuclei
after 6 hrincubation. This activity increased with he parin concentration reaching 839 of
swelled nuclei after 6 hr incubation in the presence of 5600 units/ml. Time dependency
showed a two-slope behavior, an initial, relatively slow rate of decondensation that was
followed in the last 120 min by a drastic increase in the rate and number of swelled nuclei
{Fig. 4). No modification in any of the parameters tested was observed when trypsin
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soybean inhibitor (}0 mg/ml) was added to the heparin incubation medium, or when the
washed human were preincubated 15 min with the inhibitor before adding heparin to the
medium,

At the electron microscope, thin sections taken from human spermatozoon treated
with heparin under optimal experimental conditions revealed that the chromatin is
organized into "*hublike " nuclear bodies that measured 30-42 nm in diameter joined by a
network of chromatin fibers ranging in thickness from 1.5 to 25 nm (Figs. Sa and 5b).
Unlike somatic chromatin, these fibers showed a high degree of crosslinking and appear

FIGURE 5. u,  Thin section of human spermatozoon nuclei treited with heparin, The chromatin
is organized into “hub-like' nuclear bodics (b)Y that measured 42-30 nm diameter joined by a
network of chromatin fibers. x 24000, b, Insert. High-resolution electron microscopy of the
decondensed human spermatozoon nuclei by heparin. Chromatin fibers ranging in thickness from
25(F) to LS nm {f). X 76.000.
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FIGURE 6. Nepative staining with 292 phosphotungstic acid. The nuclear bodies (arrows),
present cither isolated or forming large clusters. The chromatin fibers however, were not
preserved. x 66500,

to have branched chains and loops (Figs. 3a and 5b). These fibrillar structures, but
curiously not the nuclear bodies, were also frequently present within vacuolelike
structures {Fig. 3).

After negative staining of similar material the remarkable homogencity of the 30-42
nm nuciear bodies, present either isolated of forming large clusters, could be observed.
The fibers however, were not preserved (Fig. 6). Even after complete swelling of the
nuclet the basal plate remained with the sperm head and that many chromatin fibers
appear to be anchored to this structure (Fig. 7).

DISCUSSION

Little is known about the in vivo factors that induce sperm chromatin decondensation
and male pronucleus formation. However, in vitro studies suggest that disulfide bond
cleavage is one of the minimum requirement for this process (5, 10, 20]. The participation
of non covalent interaction in sperm chromatin have been stressed but always as a
process secondary to disulfide bond cleavage |12, 13]. The importance of the
participation of no covalent interaction on the mechanisms of condensation and
decondensation of human spermatozoa nuclei, suggested by Hernaridez et al. [15}, is
clearly supported by the finding that heparin by itself, without the participation of
detergents or disulfide cleaving agents, is able of inducing complete decondensation of
human spermatozoa chromatin (Fig. 5a).
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A thiol-induced proteolytic activity has been implicated in the decondensation of the
sperm nucleus. This proteolytic activity inferred to be intrisic to the sperm nucleus [34]
has been shown to be of acrosomal origin [31]. Decreasing the importance that those
proteases could have any relevance to nuclear decondensation. The present resuits also
show that sperm chromatin decondensation, at least in human, is not depending on the
presence of proteolytic activity.

The results of this work may also stress the fact that nuclear decondensation can be
induced by several biological factors, disulfide reducing agents, proteolytic activity,
polyanions, etc., thus insuring the occurrence of an essential phenomenon in
reproduction. They may also indicate that some species specificity regulates the
occurrence of nuclear decondensation, at least in humans (Fig. 4).

Some indirect evidence suggests that heparinlike compounds may play an important
role on the in vivo mechanism of nuclear swelling involved on the male pronucleus
formation. Follicular fluid, accumulated in the antrum during maturation of ovarian
follicles, contain important amounts of glycosaminglycans such as hyualuronic acid and
chondroitin sulfuric acid {22]. Rat ovarian slices incubated in vitro have been shown to
synthesize heparinlike glycosaminglycans at a near linear rate for 12 hr [14]. The same

FIGURE 7. Thin section of a swelled human sperm head by heparin. It is possible 1o observe the
basal plate where many chromatin fibers appears to be anchored. x 24000,
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results were observed in vivo after intraperitoneal administration of #S0O, to sexually
mature rats [14]. Kinetic studies indicated that these heparinlike substances, synthesized
mainly by the granulosa and theca cells of antral follicles are subsequently released into
the antrum in a way suggesting a process of active secrction. Although this accumulation
of glycosaminoglycans in follicles has been related to the mechanism of ovulation, it is
possible to suggest that these compounds may also play a part in the initiation of
spermatozoa nuclear decondensation. This possibility may be supported by the following
facts: nulcear swelling can be induced after only a short time of direct exposure of the
spermatozoa to the sulfated compound (Fig. 4); this effect initiated by follicular fluid may
be accentuated or at least supported by the mucopolysaccharides that came in contact
with the sperm head during its penetration through the zona pellucida [24]. Bedford
reported on the early stages of male pronucleus formation [2, 3] that nuclear
decondensation frequently began before the sperm head had been completely
incorporated into the Vitellus. In the case of amphibians [1], it has been suggested that
germinal vesicle and the release by the control granules of negatively charged sulphated
polysaccharides participates in the formation of the male pronucleus.

Although the nucleosome model of chromatin structure in somatic cells, and the way in
which histones interact with the DNA to produce this structure seems to be firmly
established {28), very little evidence exists on the DN A-protamine interaction that must
regulate the chromatin structure on germinal cells.

Therefore it seems premature to discuss the structure of human sperm chromatin
based only on electron microscope appearance. [t is perhaps convenient Lo stress the
presence of nucleosomes similar to those observed in somatic cells, although with the
tendency to form conglomerates. This tendency is observed particuiarly after negative
staining (Fig. 6). The absence of clear **string of pearls’ images, substituted by an open
network of chromatin fibers of different cross section, exhibit multiple crossing and/or
branching (Figs. 5a and Sb). The existence of vacuolelike structures in which no
nucleosomes but only chromatin fibers are visible (Fig. 3) are also interesting and could
be related, perhaps, to the lmiting macromolecular synthesizing activity of mature
spermatozoa [29, 30].
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Heparin Binding Sites in the Human Spermatozoa
Membrane

N. M. DELGADO,' R. REYES,' L. Huacula,! H. MERCHANT,? AND A.
Rosapo?

The existence in the human spermatozoa membrane of receptorlike functional group for heparin
was studied. Incubation of whole spermatozoa with tritiated heparin induced the specific binding
of 745 = 112 pmol of heparin per 5 x 107 sperm cells with an intrinsic association constant
Kp = 3.6 x 107 M, The specificity of binding was shown by the lack of competence in the
binding process of some other glycosaminoglycans used at concentrations 20 X higher thun
heparin, However, dextran sulfate was a very efficient competitive agent. Autoradiography
experiments showed that labeling was aimost completely restricted to sperm cells in the process
of nuclear decondensation. This technique showed the presence of a high amount of radioactive
heparin in the isolated sperm membranes even after several washings. Heparin may participate
both in the final part of the capacitation process (acrosome reaction) and in the decondensation
of sperm nuclei.

Key Words: Receptors; Glycosaminoglycans; Autoradiography, lonic strength; Decondensation; Peroxida-
tion; Fertilization.

INTRODUCTION

Heparin and various other sulfated glycosaminoglycans are widely distributed in
vertebrate and invertebrate tissues [3, 10] and it has recently been suggested that they
are involved in a number of important cells functions [10, 14], including activation of
DNA transcription and synthesis (4, 13]. In the case of human sperm cells heparin is
capable of decondensing the highly structured nuclei of these cells [5], initiating DNA
synthesis [8].

Plasma membrane of rat liver and human endotheltal cells bind heparin in receptorlike
specific sites [7, 12]. Treatment of liver cells with heparin releases phospholipase A,
suggesting that the binding of heparin to the membranc might occur at the site of
phospholipase A; attachment [17]. These findings and the presence of these naturally
occurring polyanions in the uterine and follicular fluids as well as in the zona pellucida
and in the secrction of the corticle granules of the ovum [6, 16] suggest that these
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polyanions serve as a physiological trigger to initiate the post-fertilization deconden-
sation of human spermatozoa nuclei [5).

It is important to evaluate if the human spermatozoa plasma membrane has a specific
receptor for heparin in order to support the previously stated hypothesis.

MATERIAL AND METHODS

Spermatozoa were obtained from human ejaculates as previously described [5]. Special care
was taken to prevent membrane damage before the incubation procedure. Observation of an
aliquot of the washed sperm cells showed good motility and more than 80% of viable cells [2].
The washed sperm cells were resuspended to a final concentration of 5 % 107 cells/mi in the
incubation medium containing (4.16-41.6) x 10-* M of {°H (G)] heparin sodium salt (0.2 mCi/
mg New England Nuclear) in 113 mM KCl, 12.5 mM KH. PO, 2.5 mM K,HPQ,, 2.5 mM MgCl,
and 20 mM tris all adjusted to pH 7.4,
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FIGURE 1. Time course of *H-polysaccharide binding to cells. The reaction mixture contained
5 % 107 cells/mt, 113 mM KCI, 12.5 mM KH,PO,, 2.5 mM K,HPO,, 2.5 mM MgCl;, 20 mM tris
buffer pH 7.4, and 41.6 x 107% M of heparin sodium salt (New England Nuclear). Incubations
were carried out at 37°C. At indicated times aliquots were withdrawn from the mixture and the
amount of cell bound (°H) polysaccharide was quantitated.
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FIGURE 2, The interaction of (*H) heparin with the human spermatozoa as a function of the total
concentration of glycosaminogliycan sulfute added, The amount of heparin bound is indicated in the
ordinates. A Scatchard plot is indicated in the main figure. The concentration of frec heparin was
obtained by subtracting the amount of heparin bound from the total concentration of heparin added
to the reaction mixture. Duplicate assays were performed by incubating (CH) heparin as indicated
with 5 x 107 human spermatozon in a total volume of 1.0 ml, K, was obtained from the slope of
the Scatchard plot, calculated by the method of least squares, by evaluating the molar cencentration
of (*H) Heparin from the total amount of ligand bound in 1.0 m! of reaction mixture. N, the number
of binding sites per sperm cell, was obfained from the Y-intercept and the number of spermatozoa
added to the incubation mixture.

Duplicate reaction mixtures were incubated under several different experimental conditions
and then the binding process was terminated by chilling the tubes in melting ice and fixing the
cells by the addition of 3 volumes of 0.1 M cacodylate buffer, pH 7.3, containing 1% paraform-
aldchyde plus 2.5% plutaraldehyde. The treated, fixed, spermatozoa were washed by centrifu-
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gation and resuspended with several changes of 0.1 M cacodylate buffer pH 7.3 until no radio-
activity was observed in the supernatant. The final pellet of washed spermatozoa was quantia-
tively transferred to a vial with 10 ml of Bray’s solution {1] and counted in a Packard Tri Carb
liquid scintiliation spectrometer.

Obtention of membranes and membrane-free cells from prelabeled sperm cells, was performed
as described previously [9, 11]. The obtained membrane fraction was dialyzed against deionized
water for 24 hr (two changes) at 4°C. The final fractions obtained (membranes and membrane-
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FIGURE 3. The pH profile on the binding of CH(G)) heparin to the plasma membrane of the
sperm cells, A——4, tris-citrate; O——_, tris-phosphates; x——x, tris-HCL,
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FIGURE 4. The effect of ionic strength on the binding of CH) heparin to the plasma membrane
of the sperm cells was studied by adding different salts at various ionic strengths. ®——e, NaCl;
VY—V, ZnCl,;; =——w, CaCl,.

free spermatozoa) were quantiatively transferred to a vial with 10 ml of Bray’s solution [1] for
radicactivity determination or processed for electron microscopy.

Electron microscopy was performed as previously described [5]. For autoradiography 1 um
scctions were cut serially after thin sectioning. Then they were mounted on glass slides precoated
with 0.5%% gelatine, dipped in NTB-2 Kodak liquid emulsion, and developed with D-15 after 2-3
weeks expostre. The observations were made with phase contrast optics after briefly staining
the sections with Azur II-Toloidine blue 1:1. All organic reagents were obtained from Sigma
Chemical, Co, The inorganic highest Quality Merck reagents and solvents were used,

RESULTS

The amount of cell associated (*H) polysaccharide increased with incubation time,
being almost lincar for up to 6 min and then leveling off (Fig. 1), Heparin binding was
a linear function of the amount of added spermatozoa: analysis of the data by means
of a Scatchard plot [15] (Fig. 2) showed a specific binding activity of 745 =+ 112 pmal
of heparin per 50 million spermatozoa and an intrinsic association constant, K, of 3.6
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X 10-%M for cell-polysaccharide complex. This constant is 10 times higher than. that
found by Kjellén et al. [12] using rat liver cclls, The high affinity of glycosaminoglycans
for the sperm cells was further demonstrated by the fact that even after repeated
washing little heparin was removed.

Fer each pH studied washing and resuspension procedures were done in the same
buffer used to determine the pH effect (Fig. 3). Binding depended strictly on pH, being
maximum in the acid range. Although optimum binding occurred below pH 7, the
present studies were done at pH 7.4 in order to preserve the physiological conditions.
Even when used at concentrations 20 times higher than heparin, none of the sulfated
mucopolysaccharides tested was capable of interfering with heparin binding to human
sperm cclls. However, dextran sulfate was a definitive competive agent and at equi-
molecular concentration cach molecule of dextran sulfate interfered with the binding
of two molecules of heparin,

G I
¥ f":x},.‘i'.

¥

FIGURE 5. a. Eleetron micrograph of a sperm suspension treated with *H-Heparin, It shows
several sperm heads without celt or acrosomal membranes. Some of them are undergeing chromatin
decondensation (arrows), 21,000% . b, Autoradiography of a semithin section taken serially from
the same block of Fig. 5a. Only the decondensed heads seem to be heavely labeled. 1000,

i
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FIGURE 6. a. An clectron micrograph showing the aspect of the membrane fraction ebtained
from the sperms showed in Fip. 5a. 21,000%. b, Light microscopy autoradiography of the same
pellet shown in Fig. 6a. 1000 .

The effect of ionic strength on the binding of [*H (G)] heparin was studied by adding
different salts at various ionic strength’s to deionized water (Fig, 4). An optimal value
for ionic strength was obtained in the range of 0.3-0.6 ionic strength, depending on the
ionic species used, showing at the optimum binding values 2-5 times higher than those
found during the usual experimental conditions.

Although the hypotonic treatment used during the sperm fractionation procedure
removed not only the plasma membrane but also the acrosomal material {9) (Fig. Sa),
a fact that must be taken into consideration in the interpretation of the results, the
results of the light and clectron microscopy observations showed clearly the binding
of heparin to the cell surface (Fig. 5b). This fact is further supported by the fractionation
autoradiography, experiments thut showed the presence of a high amount of the ra-
dioactive heparin in the isolated membrancs even after several washings (Fig. 6b). It
was also observed that the decondensing heads showed the denser labeling (Fig. Sb).
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DISCUSSION

Heparin binds to the sperm cells surface. The binding process scems to be analogous
to the interaction between, e.g., hormones and cell surface receplors in showing sat-
uration kinetics {Fig. 2), time (Fig. 1), and temperature dependent. Furthermore, the
binding of heparin to cells has a certain degree of specificity. An inhibitery effect of
structurally related glycosaminoglycans was observed. However, the effect of pH and
ionic strength changes on binding, indicates that important. although apparently spe-
cific, ionic interactions are involved in the process (Figs. 3, 4).

Heparin contains two sulfate groups per glycosyl residue, while chondroitin 4-sulfate,
chondroitin 6-sulfate, and dermatan sulfate, which were unable to inibit heparin binding
or to produce sperm nuclear decondensation, contain an average of only onc sulfate
per glycosyl residue. The decondensing ability of glycosaminoglycans seems to be
correlated with the degree to which they arc sulfuted. Morcover, the only heparin
compeling compound was dextran sulfate, which contains three sulfate groups per
glycosyl residue. This compound has been also found, in preliminary observations, to
behave as an effective decondensing agent. The presence in the tertiary structure of
regions coataining high density of sulfated groups plays an important role in the action
of these sulfated polysugars.

Although heparin exerts its physiological effects on the human sperm cells by inducing
the decondensation of their nuclei [5], the first obstacle for heparin is the celt boundary,
the plasmatic membrane. Therefore the binding of the polysaccharide to cells may be
a prerequisite for polysaccharide internalization. Binding to membrane and nuclear
decondensation might be interrelated, although the processes might be independent,
with heparin first binding and then exerting a destabilization effect on the cell membrane.
After penetration has been insured by disarrangement of the cell membrane, it exerts
its action on the nuclei. Microscopic observations show that the only sperm whosc
nuclei show decondensation are those that bind heparin in their surface (Fig. 5b).

It is possible that these series of events in human spermatozoa constitute part of the
molecular events that participate in the membrane modifications occurring during ca-
pacitation.
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