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En el presente trabajo se separaron mediante
cromatoenfoque (rango de pH de 7.5 a 4.0)
las diferentes formas de I|a hormona
estimulante del foliculo (FSH) extraidas de
hipéfisis anteriores de ratas androgenizadas
neonataimente mediante laadministraclion de
100 pug de propionato de testosterona, asi
como de testigos normales; en ambos grupos
los animales fueron decapitados a los 5, 10,
18, 21, 30, 60 y 90 dias de edad. Con fines
comparativos se estudiaron también
glindulas hipofisarias obtenidas de ratas
macho adultos de 90 dias de edad. En todos
los grupos de animales se encontraron
multiples formas de la FSH dentro de un
rango de pH de 7.5 a 4.0, asi como una forma
recuperada después de la adicion de 1.0
mol NaCi/l a las columnas de
cromatoenfoque ('pico de sal"). En animales
de 5 a 30 dias de edad (testigos y
androgenizados durante el periodo neonatal)
la mayoria de la FSH depositada en la
columna fue recuperada dentro del pico de
sal (45-85% del total de Ia FSH
inmunoreactiva recuperada). Sin embargo,
conforme los animales avanzaron en edad, la
cantidad de la FSH enfocada dentro de
regiones menos acidas [punto isoeléctrico
(pl) de 59 a 5.0] se Iincrementd
significativamente; las hipofisis de animales
de 60 dias presentaron la mayor proporcion
del total de la FSH recuperada y enfocada
dentro de este rango de pH ( testigos de 60
dias, 39.210.6%; androgenizadas, 23.1:0.9%;
testigos de 30 dias, 11.8:1.4;
androgenizadas, 8.9:1.4%; p<0.03 60 dias vs
30 dias para ambos grupos). Esta desviacién
hacia pls menos écidos de la hormona se

presenté de una manera atenuada en los
animales androgenizados comparados con
los testigos (p<0.01).

En ratas aduitas testigo, el patrén de
distribucion por cromatoenfoque de Ia FSH
intrahipofisaria varié segun el dia del ciclo
estral. Los extractos hipofisiarios de ratas
testigo decapitadas durante la mafiana del
dia del proestro, estro y diestro 1,
presentaron las mayores proporciones de la
FSH inmunoreactiva (23.2-28.8% del total)
enfocada dentro de un rango de pH de 5.9-
5.0, en tanto que unicamente ¢! 10.4% de la
FSH proveniente de animales
androgenizados fue recuperada dentro de
este rango (p<0.05). En animales testigo
decapitados durante la mafana del proestro
y del estro, se encontré que del 10 al 26%
de |a FSH intrahipofisaria enfoc6 dentro de Ia
region mas alcalina (pl 7.5-6.0); el patréon
por cromatoenfoque de Ila FSH
intrahipofisaria proveniente de ratas
androgenizadas neonataimente se
caracteriz6 por presentar no més de una
isoforma de la FSH en esta regitn (1.520.5%
del total). En las ratas macho adultas, la
mayoria de s FSH intrahipofisaria enfocd
predominantemente dentro de un rango de
pH de 4.9-4.0 (52.411.2% del totsl de Is FSH
inmunoactiva) asi como en el pico de sal (pH
<4,0) (33.122.4% del total). Estudios in vitro
empleando células de Ia hipofisis anterior en
cultivo incubadas en presencia o ausenciade
esteroides sexusles, de (a hormona
liberadora de gonadotropinas (GnRH) o de
ambas, lograron demostrar que esta ultima
(GnRH) fue posiblemente la responsable de
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inducir a nivel hipofisario los cambios
observados en el pl de la FSH durante |a
mantana del dia del proestro.

Todas las formas de la FSH aisladas por
cromatoenfoque representaron dimeros
compuestos por subunidades « y B a juzgar
por su patrén de elucién en Sefadex G-100.
Las formas de laFSHcon plsde 7.4 2 6.08 y
7.4 2 5.5, mostraron la mayor capacidad de
unién a su receptor asi como actividad
biolégica in vitro, respectivamente.

Estos resultados permiten sugerir que un
patréon ciclico o "femenino® de secrecién
hipotalémica y gonadal conllevan hacia la

produccién final de formas menos écidas de
ia FSH con alta potencia biolégica a nivel de
ia célula blanco, en tanto que un patrén de
secrecion ténica o "masculina” (como el que
prevalece en animales machos o hembras
con el sindrome anovulatorio Inducido por
andrégenos) se asocia a ia producciéon de
formas de la hormona fuertemente écidss. El
hallazgo de diferencias cualitativas y
cuantitativas entre las moléculas
pleomérficas de la FSH de animales adultos
ciclantes y los androgenizados, le brinda un
apoyo adicional al concepto acerca de la
existencia de una dicotomia sexual en
términos del tipo especifico de la FSH
producids por |a hipéfisis anterior.



INTRODUCCION

La hormona estimulante del foliculo (FSH) es
una gonadotropina que pertenece, junto con
ia hormona luteinizante (LH) y la tirotropina,
a una familia de hormonas hipofisarias de
naturaleza glucoproteica (1). Cada una de
estas hormonas son heterodimeros
compuestos por una subunidad « y una
(2). En una especie animal determinada, {a
subunidad « se encuentra codificada por un
gene comun, en tanto que su subunidad 3, la
cual confiere la especificidad hormonal, es
producto de la tramcripﬁlbn de diferentes
genes particulares para cada hormona (3,4).
Ambas subunidades contienen una o dos
cadenas de oligosacéridos heterogéneos
ligadas al aminoicido asparagina, las cuales
presentan diferentes grados de sulfataciény
sializacion (1). Este amplio espectro en
glucosilacion, sializacion y sulfatacion,
constituye la base quimica de la formacién
de sus isoformas asi como de la extensa

heterogeneidad por carga que presentan.

La hormona estimulante del foliculo existe en
diferentes formas moleculares tanto en la
hip6fisis anterior (HA) como en el sueroyla

orina de numerosas especies animales

incluyendo la humana (5-25). El numero y
abundancia relativa de cada isohormona
dependeran de la técnica especifica
empleada en su separacion, del origen de la
muestra biolégicay del status endocrino del
donador (7,10-12,14,18-21,25-28). En el
estudio de esta heterogeneidad se han
empleado diversas técnicas de separacion
tales como filtracion en gel (28-30),
cromatografla por afinidad (7,12,18) y
recientemente isoelectroenfoque (IEF)
(8,12,25,26) y cromatoenfoque (CF;
16,17,19,31-33) [estas dos uitimas técnicas
permiten la separacion de las diferentes
formas moleculares de las gonadotropinas
segun su punto isoeléctrico (pl)). EI CF
presenta algunas ventajas sobre el IEF, de las
cuales la mas importante es que las
proteinas que se encuentren fuera de la
ventana del rango de pH estudiado, pueden
ser faciimente recuperadas y cuantificadas.
Utilizando cualesquiera de estas dos
técnicas se han identificado 6 a 10
componentes de la FSH, heterogeneos en su
carga y con pls de 6.4 a 3.8 (5,8,12,16,19).
En algunas condiciones experimentales ha

sido posible identificar componentes



adicionales de Ia hormona en el "volumen
vacio® o después de la adicién de 1.0 mol/l
de NaCl a las columnas de CF (16,19). Estas
diferentes especies, formas moleculares o
Isohormonas de la FSH, difieren una de la
otra no unicamente en sus pis sino también
on su abundancia relativa, actividad de
unién a su receptor, bloactividad In vitro y
vida media plasmética. En términos
generales, los componentes de ia FSH con
pls >5.0 son menos abundantes que aquelios
con plis relativamente mas écidos
(5,12,25,26). Estas diferentes formas
moleculares de Ia FSH, caracterizadss
Inicialmente en extractos crudoe de HA, han
sido también Identificadas claramente en
sistemas in vitro, por ejemplo, en célulss
hipofisarias disperssdas enziméticamente y
mantenidas en cultivo (15). Estudios por
cromatografia en gel de lss diferentes
especies de Ia FSH hipofisaris, han
demosirado que todas son dimeros
compuestos por las 2 subunidades (15,16).

Se ha encontrado que la FSH intrahipofisaria
y circulante de primstes no humanos y
humanos existe también en diferentes
formas moleculares (16,20,34,35). Chappel y
cols (18) y Kahn y cols (34) empleando CF e
IEF, respectivements, han encontrado

mauitiples formas de la FSH intracelular en
HA de primates no humanos; el perfil de
ostas isohormonas es similar al caracterizado
en roedores. Asi mismo, se han aislado
diferentes isohormonas de la FSH en HA
normales obtenidas de autopsias de varones
¥y mujeres eon diferentes edades, asi como en
cuitivos de células provenientes de tumores
hipofisarios productores de s F8SH
(20,22,23). Estudios llevados a cabo por
Wide (20), empleando Ia técnica de
electroforesis en suspension de agsross,
han demostrado que la FSH de la HA
humana esté compuesia por un numero
variable de formas (por lo menos veinte) con
diferencias minimas entre sus respectivas
cargas eléctricas

En sistemas in vitro, todas Ilas formas
intracelulares de Ia FSH son sparentemente
secretadas hacla el medio de cultivo
(15,32,36). Ulloa Aguirre y cols. (13)
encontraron que el medio de cultivo
proveniente de células de Ias HA del criceto
(hamster dorado) hembra cultivadss durante
cuatrodias, contiene en condiciones basales,
sels componentes blen definidos de la FSH
separables por I(EF en geles de
pollacrilamida; estos componentes
presentaron pls idénticos a los encontrados



después del IEF de extractos crudos de HA
y de lisados de células enziméiticamente
dispersadas y cultivadas durante 4 dias.
Miller y cols (36) y Chappel y cols (16) han
informado resultados similares después de
incubar durante 2 horas hip6fisis de cricetos
y monos hembra, respectivamente. Miller y
cols. (36) demostraron ademiés que Ila
adicién del péptido liberador de las
gonadotropinas (GnRH) al medio de cultivo,
incrementd Ia secrecion de las formas mas
bésicas, con mayor actividad biolégica en
sistemas in vitro.

La secrecion de la FSH heterogénea no
ocurre unicamente en condiciones in vitro
sino tamblén in vivo. En condiciones basales,
se han detectado varias formas moleculares
de la FSH Inmunoactiva en el suero de ratas
machos adultos (32). En este estudio en
particular, se detecté una disminucion en la
proporcién relativa de las Isohormonas
menos #écidas, hallazgo que suglere la
existencia de diferencias en la tasa de
depuracion metabdlica entre las diversas
formas moleculares. Estudios recientes en
humanos han demostrado la existencia de
multipies formas de la FSH en el susro y que
cliertas manipulaciones endocrinas o estados
fisioloégicos especificos del donador, son

capaces de Inducir cambios en el perfil
heterogéneo de Ia hormona secretada
(10,35).

De los estudios descritos anteriormente, se
puede concluir que la FSH no se encuentra
representada por una molécula de estructurs
unica, sino por un continuoum de diferentes
formas moleculares con propliedades
fisicoquimicas y biolégicas particulares para
cada uns.

En ol estudio de la actividad biolégica de
cada isohormona de la F§H se han empleado
diferentes técnicas in vitro ¢ In vivo. Los
resultados obtenidos de los anélisis in vitro
asi como del radioinmunoanilisis (RIA) han
sido utilizados para caicular las relaciones
radioreceptor/radicinmunocanélisis(RRA/RIA)
y actividad biolégica/inmunolégica (B/1) de
ia gonadotropina en estudio. Estos indices
expresan, respectivamente, la actividad de
unién al receptor y la potencis biolégica de
ia hormona a nivel de la célula blanco. En el
estudio de ia actividad blolégica In vitro de
las diferentes especies de la FSH, se ha
empleado un andlisis por radioreceptor
utilizando como ligador a homogenados de
tubuios seminiferos obtenidos de cricetos o
o ratas macho prepuberales (12,14,25,26).



Mediante esta técnica, se ha encontrado que
cinco de las seis formas de Ila FSH
separadas por |EF, poseen la capacidad de
unirse a su receptor (12,26). El componente
con un pl de 4.2-3.8 presenta una actividad
de unién considerablemente reducida a
juzgar por este método (12,26). Esta
actividad de unién al receptor es maxima en
las formas de Ila FSH con pis > 53 y se
encuentra persistentemente disminuida en
las formas con pis de 5.1-3.8 (12). Esta
tendencia se ha encontrado en forma casi
constante en la mayoria de los modelos
animales estudiados, principaimente en los
roedores y primates (12,14,18).

Un segundo método empleado en el estudio
de Ia actividad biolégica in vitro de los
diferentes componentes de la FSH es el
bioensayo basado en la capacidad de la F6H
pars estimular la sintesis y secrecion de
activadores del plasminégeno en células de
la granulosa de la rata en cultivo (36,37). Con
oste sistema se han obtenido resultados
muy similares a los observados en el anélisis
por radioreceptor (5,13,36). Las formas de Ia
FSH con puntos isoelécricos de 6.0 a 5.3
presentan mayor actividad blolégica que las
més écidas (p! 5.1-3.8) cuando son
analizadas 8 concentraciones equivalentes

(36). Existe por lo tanto una estrechs
correlacién entre el pl de la Iisochormona, su
capacidad de uniéon al receptor y su
actividad bilologica in vitro.

Reclientemente, Wide y Hobson (24) han
analizado las propiedades biolégicas de las
diferentes formas moleculares de la FSH
hipofisaria humana, separadas mediante
electroforesis. Estos Investigadores
emplearon un andlisis in vitro basado en (s
producciéon de estradiol por células de
Sertoll en cultivo provenientes de ratas de
10 dias de edad (38) asi como la pruebs in
vivo del Incremento en el peso de los
ovarios Iinducida por la administraciéon
exbgena de hCG y FSH (39). En el bioensayo
in vitro encontraron que las formas més
bésicas de (a FSH moetraban la mayor
potencia, mientras que Ilas més écidas
expresaban una actividad muy Importante in
vivo. El hallazxgo de que las formas écidas
de la hormona presentan una vids medis
prolongada
(23,40), augiere Ia existencla de una
correlacion positiva entre la activided
biolégica in vivo de una lsohormona en
particular y su vida media plasmétices.

plasmiética relativamente

El contenido de écido slélico de una



hormona glicosilads como la FSH, se
encuentra estrechamente relacionado consu
punto isoeléctrico, carga eléctrica media,
vida media plasmética, actividsd de unién al
receptor y potencias blolégicas in vitro e In
vivo (6,8,10,17,32,33,41,42) [en Is FSH, el
porcentaje de oligosacéridos que poseen
residuos de écido sidlico varia de 28 a 83%
dependiendo de la sspecie animal estudiads;
ol resto de los oligosacéridos son neutros
(sin carga eléctrica; 10 a 32% del total),
sulfatados (2 a 30%) o mixtos (un residuo de
acldo siélico y otro de sulfato; 1 a 10 % del
total) (1)]. Diversas evidenclas
experimentales apoyasn estas relaciones: 1.
Por medio de métodos indirectos (digestion
con neuraminidass), se ha demostrado que
paraielamente sl aumento en el pl de una de
iss isochormonas de la FSH, disminuye su
contenido en écido siflico y aumenta su
potencia biolégics In vitro (17); 2. Wide y
Wide (40) han demostrado que la FSH
hipofisaria obtenida de varones adulics y
mujeres anclanss presenta una desaparicion
plasmética mas lenta que la proveniente de
mujeres en edad reproductiva. Wide (23) ha
sido capazx de demostrar que estas
preparaciones de la FSH contienen mayor
cantidad de residuos de #cido sidlico
compsaradas con jas de las donadorss

Jovenes. 3. La deslalizaciéon de la FSH y la LH
asi como de la gonadotropins coriénics
humana (hCG), disminuye sus actividades
bloléglicas In vivo sin alterer
signiticativamente sus propledades
inmunolégicas (42-44); la disminucién en
actividad in vivo de ls hormona deslalizada se
ha atribuldo s uns tass de depuracidn
metsbolica més répide. 4. Blum y Gupts
(32) y Blum y cols (33) han demoetrado
reciontemente que los componentes miés
écidos de 1a FSH hipofisiaria de ratas machos
adultas, estén ricamente sializados,
presentan uns vide media plasmitica
prolongads y son més abundantes en el
suero.

Aunque son desconocidos los mecanismos
biolégicos involucrados en la interaccién de
estos componentes moleculares de la FSH
con su receptor en la glénduls blanco, es
probable que ademis ds! contenido
particulsr de écido siflico de la lschormona,
las variaciones en ia cantidad o arreglo
espacisl de otros carbohidratos situados
internamente participen también en forma
importante (26). Las formas de la FSH mis
bésicas tienen wmayor afinidad por Ia
Concanavalina-A (la Concanavalina-A es una
proteina vegetal con gran afinidad para
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residuos de aziucar tales como manosa,
glucosa y glucosamina, que se encuentran
incorporados en las moléculas de los
oligosacéridos) que las isohormonas con
puntos isoeléctricos menores (26). Si los
residuos de acido sidlico de las moléculas
acidas son eliminados enzimiticamente, las
formas resultantes menos écidas
presentarén un incremento en su capacidad
de union a la lectina (26). La observacion de
que tal aumento en Ia afinidad para
Concanavalina-A se acompafia de una mayor
capacidad de unioén al receptor, permite
sugerir Ia existencia de una estrecha
relaciéon entre el contenido particular de los
carbohidratos internos al écido sidlico, su
arreglo espacial, o ambos, y el
comportamiento de la isohormona a nivel de
Ia célula blanco. Alternativamente, este
haliazgo indicaria la presencia de efectos
inhibitorios del &cido sidlico sobre la unién
de ia FSH a su receptor.

La mayoria de los estudlos relacionados con
la heterogeneidad por carga de la FSH, han
demostrado que el patréon por IEF o por CF
varia dependiendo del estado
endocrinolégico del donador (8,10,12,14,
16,21,25,26). La administracion de estradiol

a cricetos ovariectomizados es capaz de

modificar el perfil de distribucién por CF de
la FSH hipofisaria (31). La exposicién a este
esteroide durante 20 horas se acompaina de
aumentos en las proporciones relativas de
ias Isohormonas m#s écidas (con menor
actividad biologica in vitro) de la FSH; sin
embargo, si el tiempo de exposicion se
prolonga durante 10 horas adicionales
(periodo durante e! cual estos animales
inician la secrecién miaxima de
gonadotropinas), es posible inducir
aumentos en las proporciones relativas de
las formas menos écidas (31). Ya que este
despiazamiento de las formas de la FSH de
menor a mayor pl puede ser prevenido
mediante |a administracién concomitante de
fenobarbital (este fairmaco evita ia descarga
de GnRH inducida por estradiol), se ha
sugerido que Ia produccion de lss
Isohormonas de ia FSH, es regulada por un
sofisticado mecanismo de retroalimentacion
entre la gbnada y el hipotélamo. En apoyo a
esta hipétesis, se ha encontrado que el perfil
de heterogeneidad por carga de la FSH varia
durante el ciclo estral, en donde Ia
proporcion relativa de las formas menos
écidas es mas evidente durante las horas
que preceden a la descarga de LH y FSH
inducida por GnRH y los estrogenos
(proestro a las 13 horas) (26). Como seria de
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esperar, existen diferencias importantes en
ia heterogenidad por carga de la FSH tanto
entre sexos como después de la castracion.
Ulloa-Aguirre y Chappel (12) encontraron que
las hipofisis anteriores obtenidas de cricetos
macho castrados, presentaban incrementos
significativos en sus contenidos de formas
moleculares de la FSH mas acidas (pl 4.7)
en comparacién con Ilas glandulas de
animales intactos. Por otra parte, el patrén
de distribucién por IEF de la F§H hipofisaria
de animales machos aduitos tue diferente del
obtenido en las hembras; las ischormonas
del macho fueron mas écidas que las de las
donadoras hembra (25,26). Esta dicotomia
sexual de las hormonas hipofisarias, ha
llevado a postular |a existencia de una FSH
“androgénica" y de otra ‘“estrogénica" o
femenina, considerando que los esteroides
gonadales tienen un papel critico en el tipo
especifico de Ia FSH producida por la HA
(29).

De los estudios descritos anteriormente, es
posible concluir que las hormonas
esteroides sexuales (principaimente
estrogencs) y Ila GnRH determinan
concertadamente las caracteristicas
fisicoquimicas y is potencia biologica de la
FSH por producirse y secretarse a s

circulacion. Los efectos de estos dos
factores son mediados posiblemente »
través de modificaciones co- vy
post-traduccionales en el contenido oarregio
espacial de los carbohidratos en la molécula
de la gonadotropina (1). De hecho, Liu y
Jackson (45) han demostrado que Is GnRH
regula el grado de glicosilacion de la
molécula de LH. El resultado final de ests
fina interaccibn entre Ia génada, el
hipotalamo y la hipéfisis seria la produccion
y secrecion de diferentes tipos de la FSH, en
proporciones acordesconlosrequerimientos
fisiologicos del sujeto en un momento
determinado, para llevar a cabo acciones
temporsies especificas sobre Ia funcion
gonadal.

En ls presente tesis se describen una serie
de estudios encaminados a obtener
evidencias adicionsles que apoyen Ia
hipbtesis de Ia dicotomia sexusl en Is
produccion de! tipo especifico de la FSH
sintetizada por la HA. Para llevar a cabo este
objetivo se caracterizd6 el perfii de
heterogeneldad por cargs de Ila FSH
hipofisiaria en ol modelo experimental de ia
rats hembra androgenizada (46-48). En este
modelo, las ratas hembras recién nacidas
que son sujetas a endrogenizacion



hipotalémica mediante la administracion de
testosterona en los primeros 5 dias de vida,
permanecen en estro persistente durante la
edad adulta vy desarrollan ovarios
poliquisticos hipersecretores de andrégenos
asromatizables (46). La unidad
hipotélamo-hipofisaria de los animales
androgenizados presenta caracteristicas de
secrecion gonadotropica semejantes a las
del macho adulto en cuanto a que no guarda
un patrén ciclico de secrecion (49,50). Esta
secrecléon ténica de las gonadotropinss
induce el desarrolio de quistes ovéricos, los
cuales al ser persistente y aciclicamente
estimulados por la LH, producen un exceso
de andrégenos aromatizables (50),
perpetuéndose asi el patron de secrecion
tonico de la unidad hipotélamo-hipofisaris.
Este modelo, cuya contraparte en ¢l humano
esté representada por el Sindrome de
Ovarios Poliquisticos (51), ofrece un
ambiente endécrino rico en andrégencs y
estrogenos, sin variaciones ciclicas
significativas en el tono hipotalamico de
GnRH,

Si la hipétesis de la dicotomia sexual en la
glicosilacién de ia FSH es corrects, la rata
hembra androgenizada durante el periodo
neonatal no debe presentar modificaciones

significativas en la heterogeneidad por carga
de su FSH intrahipofisaria durante Ia
prepubertad; sin embargo, durante su
maduracion sexual, debe desarroliar |a
capacidad para producir moléculas de laFSH
con caracteristicas fisicoquimicas vy
biolégicas mas semejantes a las del animal

macho.

OBJETIVOS

1. Estudiasr ia heterogeneidad por carga de la
FSH hipofisaria de ratas hembras
androgenizadas utllizando la técnica de
cromatoenfoque, 2. Caracterizar cada una de
las formas asisladas de la FSH en cuanto a
peso molecular aparente, actividad de unién
a su receptor y potencia blolégica in vitro y
3. Analizar ia participacién de los esteroides
sexuales y de la hormona hipotaldmics
liberadora de las gonadotropinas en Ila
secrecién de las diferentes formas
moleculares de ia FSH, empleando sistemas
in vitro.

HIPOTESIS
La FSH sintetizada por la HA de ratas

hembras androgenizadas existe en multiples
formas moleculsres que pusden ser
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separadas por su punto lsoeléctrico. El
patrén de heterogeneidad por carga de la
FSH hipofisaria de estos animales es de tipo
masculino debido a la predominancia de los
andrégenos como esterolde sexual. Al igual
que lo observado en el animal macho, las
formas moleculares de la FSH en (a hembra
androgenizada tenderén a ser mas écidas y
con menor actividad blolégica In wvitro.
Existe una dicotomia sexual en el tipo
especifico de la FSH sintetizada por Ia
hipéfisis anterior.

MATERIALES Y METODOS

Se oemplearon ratas adultas hembra
preiiadas de la cepa Cll Z-V (18) mantenidas
en cajas individuales bajo condiciones de
luz controladas (luz encendida de las 05.00
a las 19.00 h). Las ratas hembra recién
nacides fueron inyectadas s.c. con 100 ug
de propionato de testosterona disueito en
aceite de maiz (Sigma Chemical Co., §t. Louis
MO, E.U.A.) (PT) o vehiculo (testigos) en el
dia 1 de vida (dia del nacimiento). Los
animales fueron decapitados en grupos de
por io menos diez animsales a los 5, 10, 18,
21, 30, 60 y SO dias de edad y las hipbfisis
anteriores se separaron de la porcién
posterior mediante diseccién bajo

microscoplo. En esta cepa particular de
ratas, la spertura vaginal se presenta a los
42:1.5 dias de edad; es posible detectar
ciclos estrales regulares unicamente en
aquelios animales mayores de 7011.0 dias.
Las hipéfisis anteriores de ratas testigo
adultas (90 dias de edad) se obtuvieron entre
las 09.00 y 10.00 h de cada dia del ciclo
estiral; unicamente fueron incluidos aquellos
animales que hubleran mostrado
consecutivamente tres ciclos estrales
regulares de 4 dias. Se obtuvieron también
glandulas  hipofisarias de ratas macho
adultos (intactos) de 90 dias de edad,
exclusivamente para propésitos
comparativos. Cada gléndula fue
individuasimente pesada y homogeneizads
con 10 golpes de un pistilo de tefién a 4°C
on 100 ul de amortiguador de fosfatos (0.05
mol/l)-salino fislolégico (PBS; pH 7.5)
conteniendo 0.3 mg/ml de} inhibidor de
proteasas fenil-metilo-fluoruro de sulfonilo
(Sigma). Ei homogenado se centrifugé a
1000 x g por 30 minutos a 4°C y la fraccion
sobrenadante (extracto de hipbfisis anterlor)
fue recolectada y almacenada en
congelacion a -20°C hasta el dia en que se
realiz6 el cromatoenfoque. Los ovarios
fueron disecados, pesados, fijados en liquido
de Bouin y parafinados. Se realizaron cortes
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seriados de 10 ym de grosor que fueron
tefiidos con hematoxilina eosina y
posteriormente se midi6 el diametro
folicular con Ila ayuda de un ocular
micrométrico segun el metodo de Weischen
(52).

a) Cromatoenfoque de extractos de hipofisis
anterior:

La obtencion de las diferentes formas
moleculares de la FSH intrahipofisaria se
realizé utilizando el cromatoenfoque como
método de fraccionamiento por carga
eléctrica (53). El poliamortiguador-74 y ls
resina de intercambio (PBE-M) fueron
adquiridas de Pharmacia Fine Chemicals
(Piscataway, NJ, E.U.A). La columna de PBE
fue construida con dimensiones de 30 x 1
cm y equilibrada con 15 volumenes de
amortiguador de Imidazol-HCI (0.025 mol/l,
pH 7.4). Posteriormente so depositdé sobre
la superficie de la columna una muestra
(poza de 6 a 7 extractos hipofissrios
individuales por grupo) de exiractos
hipofisarios que habian sido previamente
equilibrados con el amortiguador de elucion
(Poliamortiguador 74 s una dilucién 1:8 en
agua desionizada) mediante cromatografia en
Sefadex G-25 (microcolumnas de 6.7 x 0.6

cm; Pharmacia Fine Chemicals). inicialmente
se corrieron 5 ml del amortiguador de
elucion para evitar la exposicién de la
muestra depositada a extremos de pH.
Finalmente se colectaron entre 110 y 130
fracciones de 2 ml a una velocidad de flujo
de 1 ml/4 min a 4°C. El pH de cada fracclén
fue simuitaneamente medido y cusndo el
eluado de la columna alcanzé un pH de 4.0
el amortiguador se cambié por una solucién
de NaCl (1 mol/l) para desplazar cualquier
material no recuperado dentro del rango de
pH de 7.5 8 4.0 (pico de sal). Cada fraccién
fue aimacenada en congelacién a -20°C hasta
el dia en que se realizd el
radioinmunoandlisis (RIA) de la FSH. Se
cromatoenfocaron separasdamente en
columnas por duplicado un total de 3 a 4
pozas de extractos de HA por grupo. Las
recuperaciones de la FSH por este método
fueron de 76i4% de la cantidad total
originaimente depositada en Ia columna.

b) Cromatografia on Sefadex G-100 de cads
isoforma intrahipofisaria de la FSNH:

Para analizar si |s totalidad de las diferentes
formas moleculares identificadas mediante
CF representaban dimeros de la FSH
(hormona completa), subunidades alfay beta
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libres o ambos, se determiné su peso
molecular aparente mediante cromatografia
por exclusién en Sefadex G-100. Posterior a
la determinacion del contenido de la FSH de
cads fraccion obtenida después de la
separaciéon por cromatoenfoque de una poza
de extractos de HA proveniente de ratas
hembra adultas ovarlectomizadas (de 120
dias de edad, castradas a los 90 dias), las
fracciones que contenian las mayores
concentraciones de cada lsohormona de la
FSH, fueron dislizadas separadamente contra
0.01 mol/l de carbonsto de amonio (pH 7.5)
y concentradas por liofilizacion. Cada forma
de la FSH o mezcla de formas con pH
préximos fueron redisueitas en 0.05 mol/i
de PBS conteniendo 1% de albumina serica
bovina (Sigma; PBS-ASB) y posteriormente
cromatografiadas através de una columna de
Sefadex G-100 (57 x 2.7 cm), la cusl habia
sido calibrada con azul dextrén (Sigma; M,
2000,000), ASB (Sigms; M, 67,000),
'251-rFSH-1-6 (NIDDK, Bethesda, MD, E.U.A.; M,
32,000), ovalbiumina (Sigma; M, 21,500) y
citocromo C (Sigma; M, 13,370). Como
eluente de la columna se utilizé PBS-ASB y
la velocidad de flujo fue de 7 mi/h s 4°C.
Todas las fracciones recolectadas (de 1 mi
cada una), fueron almacenadas en
congelacién hasta la cuantificaclén de su

contenido de FSH por RIA.
c) RIA de la F8H:

FSH de rata altamente purificada (NIDDK
rFSH-1-8) fue sometida a radiomarcaje con
%) por ol método de lactoperoxidasa-glucosa
oxidasa como fue descrito por Bex y Corbin
(54). Después de la separacion de Ia
fraccion radiomarcada de la FSH mediante
cromatografia en Sefadex G-100, la '“I-FSH
fue purificada por medio de cromatografia
por afinidad en Concanavalina A (Pharmacia)
(55). El RIA de FSH se llevé a cabo
empleando el estuche proporcionado por el
NIDDK siguiendo el metodo de Coutifaris y
Chappel (58). La preparacitn de referencia
empleada en la construccion de la curva
estindar fue la preparacion de referencia
(RP) rFSH-1 6 rF8H-2 (NIDDK); rFSH-RP-2 o8
45 veces més potente que Ia preparacién de
referencia 1. Los resultados son expresados
en nanogramoe 0 microgramos de rFSH-RP-1
a menos que se especifique lo contrario.
Para evitar variaciones entre los anilisis,
todas las muestras provenientes de una
misma columna fueron Incluidas en la
misma corrida. La varlacién dentro del
anélisis fue de 7% y la sensibilidad de 4 2 8
ng/tubo (RP-1).
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d) Andlisis por radioreceptor (RRA) de la
FSH:

Con el objeto de determinar la capacidad de
unién a su receptor, cada isohormona mayor
o poza de formas menores con pls cercanos
e identificadas después del cromstoenfoque
de extractos hipofisarios provenientes de
ratas adultas decapitadas en ia mafiana del
proestro (pl 7.4, 6.08, 5.45-5.15, 4.88-4.42 y
pico de sal, ver Flgura 4 para su
identificacién), fueron sometidas a
cuantificacién por RRA. Previo a este
procedimiento, cada muestra fue excluida
cromatogréficamente a través de Sefadex
G-100 tal y como se describié en Ila
subseccion b. El RRA se llevd a cabo
empleando como ligador a homogenados de
tubulos umlnifordu provenientes de ratas
macho de 28 dias de edad y siguiendo el
método de Ulloa-Aguirre y Chappel (12).
Cada muestra fue asnalizada a 3 6 4
concentraciones diferentes por duplicado.
La variacién dentro del anélisls fue <12% y
ontre los andlisis <18%. El esténdar de la
FSH empleado en la construcciéon de la

" curva fue la preparacién RP-2 y ia hormona

radiomarcada rFSH-I-6. La sensibilidad del
método fue de 8 ng/ tubo. La sctividad de
unién al receptor de cada isohormona se

expresa on términos de la relacién RRA/RIA.

o) Bioeneayo in vitro de F8H:

La actividad blolégica de cada Isohormona
identificada por medio del cromatoenfoque
de extractos hipofisarios de ratas decapitadas
durante la mafana del dia del proestro ( ver
subseccion d para su alslamiento y la Figura
4 pars su identificacién), se valord
empleando el método del activador del
plasminégeno descrito por Beers Yy
Strickland (37) y modificado por Miller y
cols. (36). Este método se basa en la
capacidad de Is la FSH para inducir la
sintesis y secrecién de activador del
plasminégeno por células de Ia granulosa en
cultivo. El esténdar empleado en la
elaboraciébn de la curva fue Is preparacion
aitamente purificada hFS8H-I-3 (NIDDK), que
de manera idéntica a ia hFSH-I-2 del mismo
origen (NIDDK), presenta (as mismas
potencias blolégica @ inmunolégica que
sus homoélogos en la rata (rFSH-I-5 e |-,
NIDDK) (Figuras 1). Estos esténdares de
referencia son Inmunolégicamente 30 veces
més potentes que el estéindar RP-1. Cada
uno de los concentrados de las isohormonas
se valord por triplicado a 3 6 4 diferentes
concentraciones. Las tres Isohormonas
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menos écidas (pis 7.40, 6.08 y 5.45 a 5.15),
se analizaron sin previa exclusién
cromatogréfica a través de Sefadex G-100,
on tanto que las mas écidas (pl 4.88-4.42 y
pico de sal) se analizaron tanto antes como
después de este procedimiento. La potencia
biolégica In vitro, se expresa como I|s
relacién actividad biolégica/actividad
inmunolégica (relacién B/l) después de Is
conversién de la cantided Inmunolégica
detectada en ng de rFSH-RP-1 a ng de
hFSH-I-3. Todas las ischormonas fueron
incluidas en la misma corrida para evitar las
variaciones entre los andlisis. La varlacion
dentro del andlisis fue <20% y la sensibilidad
igual 8 1 ng en términos de hFSH-1-3 (30 ng
de rFSH-RP-1).

f) Cultivo de céiulas de la hipifiels anterior
y separscién de las lechormonss secretadas
mediante enfoque lecsléctrico:

Con el objeto de identificar aquellos factores
hormonales tanto
hipotslémicos (GnRH) que de uns u otra

gonadales como

manera podrian estar involucrados en Ia
regulacion de la produccién y secrecién de
las diferentes formas moleculares de la FSH
8 nivel  hipofisario, se analizé Ia
heterogeneidad por carga de la FSH

intracelular y secretada empleando cuitivos
de células de la  hipéfisis anterior
provenientes de ratas hembra inmaduras de

21 dias de edad. Las células cultivadas

fueron Iincubadas en presencia o ausencia
de los diferentes factores hormonales
gonadales @ hipotalamicos a los cuales ia
hipédfisis anterior se encuentra expuests, en
condiclones fisiologicas, ya sea en forma
ténica (como en el caso del macho o de la
hembra androgenizadas) o de manera
secuencial y ciclics, como sucede con Ia
hembra adulta ciclante. Las células tueron
dispersadas siguiendo el método descrito
por Vale y cols (65) y sembradas en medio
de Eagle modificado (Dulbecco) (Gibco,
Grand lsland, NY, U.§8.A.) contenlendo 5
pg/mi de insuline, 4 mmol/l de glutamina, 50
pg/ml de gentamicina, 25 mmol/l de HEPES
(Sigma) y 10% de suero fetal de ternera
inactivado, s una densided equivalente s 2
hipéfisis/pozo e Iincubadas en 5% CO,-95%
alre humedo a 37°C durante ¢ dias. Durante
los 2 primeros diss, las células fueron
preincubadas en ausencia de factores; al
tercer dia los pozos fueron enjuagados dos
veces con medio libre de suero,
sfiadiéndose posteriormente medio de
cultivo sin suero fetal ni factores o con
eostradiol (3.67 nmol/l), estradiol +
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progesterona (3.67 y 31.8 nmol/l,
respectivamente) o testosterona (4 nmol/l)
dejéndolos en incubacion por 24 horas. Al
quinto dia de cultivo se agregé GnRH
{(Genentech, San Francisco CA, EUA) a una
concentracién final de 10 nmol/l a la mitad
de los pozos de los grupos testigo sin
factores, estradiol, testosterona vy
estradiol+progesterona; esta concentracion
del péptido hipotalamico liberador es
suficiente para inducir la secrecion méxima
de la FSH inmunoreactiva (57). En estas
diferentes condiciones, la incubacién se
prolongd por 48 horas mis sl cabo de las
cusles los medios y las células fueron
recolectados separadamente, dializados
contra 2 cambios de 0.01 mol/l carbonato de
amonio a 4°C y concentrados por
liofilizacion. El numero de pozos por grupo
de incubacién por cultivo fue de 3; se
sembraron y analizaron un total de 3
cultivos.

Los liofilizados fueron resuspendidus en 100
gl de PBS y lsa diferentes formas
moleculares de Ia FSH contenidas en cada
muestrs, se separaron de acuerdo a su cargs
eléctrics mediante enfoque isoeléctrico en
gelea de poliacrilamidas {rangos de pH de 6.5
a 40 0 85 a 3.5 (LKB Instruments,

Piscataway, NJ, E.U.A)], sigulendo el método
descrito por Ulloa-Aguirre y cols (12,25,28) y
depositando en los carriles del ge!
volumenes de 10 a 40 ul de muestra. Ya
que ia separacion en geles con un gradiente
de pH de 8.5 a 3.5 reveldé un pstrén de
distribuclén de la FSH simlilar al obtenido
con los geles corridos en el rango de 6.5 a
4.0, se emplearon ambos indistintamente
pars la separacién de las  diferentes
isohormonas secretadas. EI
isoelectroenfoque se lievé a cabo durante
2.5 h a 8°C para los geles con rango de pH
de 6.5 a 4.0 y durante 1.5 h a 4°C para
aquélios con un gradiente de pH de 8.5 a
3.5, al cabo de loa cuales previa medicién
del gradiente de pH, se fraccloné cada carril
on 27 rebanadas de 3 mm cada una. Las
proteinas contenidas en cada fraccion o
rebanada de gel, fueron recuperadas
mediante incubaciéon en 400 ul de PBS-ABS
durante 24 horas 8 4°C. Cada fraccion eluida
fue cuantificada en su contenido de la FSH
por RIA. Se realizaron un total de 3 a 4
electroenfoques por grupo de incubacién
por cultivo. El IEF en geles de pollacrilamida
fue selecclonado como método de
sepsracion en estos estudios considerando
ia cantidad relativamente baja de la FSH
recuperada de los cuitivos en comparscién
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con la contenida en ijos exiractos de

homogenados crudos de hipofisis
anteriores.

o) Andiisis estadistico:

Las diferencias entre grupos fueron
anslizadas empleando un anélisis de
varlanza (una vis) cusndo el numero de
grupos fue >3; este andlisis fue seguido de
la prueba de comparacién muiitiple de
Walker y Duncan (58). Cuando el numero de
grupos fue igual a 2, se aplicé la prueba de
t de Student. Para determinar el grado de
correlacién entre la cantidad de Ia FSH
recuperada dentro de un rango especificode
pH y la edad del donador se empled un
andlisis de correlacion. Finaimente, pars
comparar las diferencias entre los valores de
las pendientes generadas por el esténdar
de la FSH y las diferentes Isohormonas
obtenidas mediante cromatoenfoque en el
RIA y RRA, se utiliz6 la prueba de t de
Student para valores no pareados. Se
consideré6 como diferencia significativa a
aquelios valores de p<0.05.

RESULTADOS

Todos los extractos de HA sometidos a

cromatoenfoque presentaron varios picos de
la FSH inmunoactiva dentro de un rango de
pH de 7.5 a 4.0 asi como en aquellas
fracciones recuperadas después de la
adicién de 1.0 mol/l de NaCl a las columnas
de CF (pico de sal) (Figuras 2 a §). Cada uno
de estos picos representd una ischormona o
especie particular de ia FSH. Todos los
picos (dentificados en las fracciones
recolectadas, desplazaron al {trazador
(‘**1-FSH) del anticuerpo en forma paralels
con la curva esténdar, sin encontrarse
diferencias significativas entre los valores de
sus pendientes (Figura 6). La presencia y
abundancia relstiva de estas lsohormonas
identificadas varié dependiendo del estadio
de maduracién sexuasl, el dia especifico del
ciclo estral, ol sexo del donador y las
manipulaciones experimentales realizadas.
Con el objeto de cuantificar las diferencias
on los patrones de CF de Ias FSH entre los
diferentes grupos de animales, cada perfil de
CF fue dividido en 4 regiones segun los
siguientes rangos de pH: érea 1, pl 7.5-8.0;
érea 2, pl 5.9-5.0; érea 3, pl 4.9-4.0; érea 4,
pl <4.0 (pico de sal), y la cantidad de la FSH
inmunoactiva presente en cads una de ellas
se utilizé en las comparaciones estadisticas.

Patrones de distribucién por
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cromatoenfoque de la FSH intrahipofisaria en
animales testigo y ftratados con PT y
decapitados entre los 5 y 30 dias de edad:

En los grupos testigo y experimental de 5 a
30 dias de edad, la mayoria de la FSH
Intrahipofisaria cromatoenfocada fue
recuperada dentro del pico de sal (45 a 85%
del total de la FSH inmunoactiva recuperada)
asi como dentro de un rango de pH de
4.9-4.0 (12-39% del total) (Figuras 2 y 3,
Tabla 1). La cantidad relativa de la FSH
recuperiada dentro de este pico de sal
(pH<4.0), disminuyé progresivamente
conforme los animales avanzaron en edad (r=
-0.729y -0.732, p<0.01, tanto para los grupos
testigo como para los tratados con PT); por el
contrario, la cantidad relativa de la FSH
recuperada dentro de las éreas 2 (pl 5.9-5.0)
Yy 3 (pl 4.9-4.0) se Iincrementd
significativamente (Tabla 1).

En los grupos testigo y experimental con
edades entre 18 y 30 dias, las distribuciones
por CF de la FSH fueron similares,
detectAndose unicamente discretas pero
significativas diferencias en las cantidades
de la FSH recuperadas dentro de las éreas
1y 2 (valores de pl de 7.5- 6.0 y 5.9-5.0
respectivamente) entre los animales testigo

y tratados con PT de 18 dias de edad (Tabla
1). AGn cuando los patrones de distribuciéon
de la FSH de los animales testigo mas
jovenes (5 y 10 dias) fueron aparentemente
diferentes a los de los experimentales de la
misma edad, se detectaron diferencias
significativas entre ambos grupos en la
cantidad de la FSH recuperada dentro del
gradiente de pH correspondiente al érea 2
(p! 5.9-5.0) (p<0.01) unicamente en los
animales de 10 dias.

Patrones de distribucién por
cromatosnfoque de la FSH intrshipofisaria en
animales testigo y tratados con PT y
decapitados a los 60 y 90 dias de edad:

A los 60 y 90 dias de edad se detectaron
claras diferenclas significativas, tanto
cualitativas como cuantitativas, entre los
patrones de distribucion de la FSH por CF de
los animales hembras testigo y las
androgenizadas durante e} periodo neonatal
(Figuras 3, 4 y 5; Tablas 1 y 2). En ambos
grupos se observé un incremento
significativo en la cantidad de ia FSH
recuperada dentro del rango de pH de
5.9-5.0 a los 60 dias de edad; este
incremento en moléculas de la FSH menos

écidas, fue sin embargo mis pronunciado en
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Tabla 1. Cambios en la distribucién de FSH a través de un gradiente con pH en hipdfisis anteriores
obtenidas de animales testigo y tratados con propionato de testosterona (PT) de 5 a 60 dias
de edad. Los valores representan la media ¢ E.E. (n=3 6 4 cramatoenfoques por’ grupo).

FSH por drea (como % del total recuperado)

pI 7.5 - 6.0 DI 5.9 d 5.0 pI 4.9 - 4.0 DI ‘ 4.0
Testigo PT Testigo PT Testigo PT Testigo PT
Edad
(dias)
abc abc a a a a a a
5 1.9 = 1,1 1.5 £ 0.5 1.1 £+ 0.6 0.5 £+ 0.3 12.0 + 1.1 13.0 £ 1.1 85,2 + 2.0 84.9 + 2.0
a ac a ax* ab b a b
10 1.2 + 0.1 1.5 + 0.2 0.07 + 0.06 0.9 £+ 0.02 21.0 + 4.5 28,5 £ 1.8 77.7 £ 4.5 70.0 ¢ 2.9
b ax b b* b cb b od
18 3.5 £ 0.2 1.6 ¢+ 0.1 22.0 + 0.9 14,2 + 2,0 29,7 + 1,5 37.0 + 3.6 44.8 + 0,5 47.1 + 3.6
C b C b C c cb d
21 0.7 £ 0.1 0.6 + 0,2 15.4 ¢+ 1.5 10.9 + 0.3 35.7 + 1.4 38.7 + 1.4 48.2 + 3.0 49.6 + 1.4
ac b C b b b c C
30 1.0 + 0,1 0.7 + 0,1 11.8 ¢+ 1.4 8.9 + 1.4 30,9 + 0.9 32.8 ¢+ 0.9 56.3 ¢+ 1.7 57.6 £+ 2.2
bd c* d c* bc c* d ek
60 4.1 + 0.4 1.1 ¢+ 0.1 39.2 + 0.6 23.1 + 0.9 31.0 £ 1,0 40,0 + 1.6 25.7 £ 1,5 36.0 £ 0,7

pI, punto isoeléctrico
Las medias identificadas por diferentes letras son estadisticamente diferentes entre si (p ¢ 0.03) dentro
de la misma columna (ANOVA y prueba de Walker y Duncan).

* p£0,01 vs testigo en el mismo rango de pl (prueba de t no pareada).




U U L O S

Tabla 2. Cambios en la distribucidn de FSH a través de un gradiente de pH en
hipofisis anteriores obtenidas de ratas adultas de 90 dias de edad ya sea
testigos O tratadas con propionato de testosterona (PI'). Los valores

representan la media + E.E. (n=3 & 4 cromatoenfoques por grupo).

FSH por drea (como % del total recuperado)

RI 7-5 - 6.0 pI 5.9 - 500 EI 4-9 - 4-0 pI <4.0

Grupo

a a a a
PROESTRO 20,5 + 1.1 28.8 + 2.0 17.5 + 1.5 27.1 + 1.8

b a h bd
ESTRO 10.0 £ 1.5 25.4 + 1,5 25.2 + 1.3 39.4 + 2.6

C a b b
DIESTRO 1 3.3 + 0.3 23.2 + 2.6 24.5 + 0,7 49.0 + 2.9

d b b C
DIESTRO 2 1.3 + 0.6 11.6 + 0,5 27.6 + 1.1 59.5 + 1.2

de b ab C
PT 1.5 + 0.5 10.4 + 2.1 23.4 + 2.2 64.7 + 4.0

ce b C ad
MACHOS 3.0 £+ 0.5 1.5 + 3.2 52.4 + 1.2 33.1 + 2.4

pI, punto isoeléctrico
Las medias identificadas por diferentes letras son estadisticamente diferentes entre

si (p € 0.05) en el mismo rango de pI (ANOVA y prueba de Walker y Duncan).




* % -7
1 400
i 200+ W

1000+

800+

FSH (ng / froccion)

| 1 ¥ J ¥ J T \J \J ) J
0 20 B0 40 B0 €0 TO @0 @O (00 HO 120 10 20 30 40 80 60 7O 60 ®0 WO 1O 120

NUMERO D& FRACCION

FIGURA 4

Patrones representativos de distribucién por pl de la FSH intrahipofisaria después del
cromatoenfoque de extractos de hipé6fisis anteriores obtenidas de ratas testigo de 90 dias de
edad, decapitadas durante la maiiana de los dias del proestro (A), estro (B), diestro 1 (C) y diestro
2 (D). Las fiechas indican la adicién de 1 mol/l de NaCl a las columnas.
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FIGURA 5

Patrones representativos de distribucion por pl de ia FSH intrahipofisaria después del
cromatoenfoque de extractos de hipbfisis anteriores obtenidas de hembras adultas

androgenizadas durante el periodo neonatal (s) y de ratas aduitas macho (b). Las flechas indican
la adicién de 1 mol/l de NaCl a las columnas.
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AGURA ¢

Capacidad de cada isohormona mayor o poza de isohormonas menores de F6H para desplazar
125).FSH del anticuerpo en el sistema de RIA empleado. Las isohormonas de FSH fusron obtenidas
después del cromatoenfoque de extractos hipofisarios de ratas adultas testigo decapitadas en Ia

mafiana del proestro (Ver Figura 4). Se encontraron idénticos resultados con el empleo del
esténdar RP-1,



el grupo testigo que en el androgenizado
(p<0.01) (Tabla 1). Por el contrario, la
cantidad de la FSH recuperada en las
regiones mias écidas (pH <4.9) fue mayor en
las ratas tratadas con PT (p<0.01).

Enlos animales adultos (de 90 dias de edad),
los patrones de distribucién por CF de Ia
FSH intrahipofisarla variaron dependiendo
del dia especifico del ciclo y de Ia
exposicion a testosterona durante el periodo
neonatal. Todas Ilas hembras adultas
androgenizadas neonataimente presentaban
estro vaginal persistente el dia de su
decapitacion. Como se muestra en la Figura
4 yen la Tabla 2, los extractos hipofisarios de
las ratas testigo decapitadas durante la
mafana del dia del proestro y del estro,
presentaron mayores cantidades de la FSH
Inmunoreactiva dentro de los valores de pH
de 5.9-5.0 (area 2) que los animailes
decapitados la mafana del diestro 2 y los
androgenizados (Figura 5), en los cuales la
mayoria de la FSH fue recuperada en la
region con pls de 4.9-4.0 y ¢l pico del sal
(>87% del total de la FSH recuperado). Las
hipéfisis anteriores obtenidas el dia del
proestro y del estro, contenian Ilas
proporciones més altas de Ia FSH aicalina, la
cual enfocé en pls de 7.5-6.0 (Tabla 2 y

Figura 4); el patrén de cromatoenfoque de
las ratas androgenizadas se caracterizé por
mostrar no més de un pico de ta FSH en
osta region alcalina (Figura 5). Por lo tanto, el
la adquisicléon de
competencia reproductiva en los testigos, se

desarrollo sexual y

asocié con un incremento en Ias
proporciones relativas de moléculas de Ila
FSH con valores de pl menos écidos; este
incremento fisiolégico hacia la produccién
de formas de la FSH més bésicas y con
mayor actividad blolégica de la FSH (vide
infra), fue parciasimente Inhibido por la
administracién de testosterona durante el
periodo neonatal.

La FSH intrahipofisaria de los animales
machos aduitos enfocé predominantemente
on ls regién con pl de 4.9-4.0 (52.411.2% del
total recuperado; §+EE) (Figura 5), en tanto
que Unicamente 23.4:2.2% de Ia FSH
intrahipofisaria total proveniente de los
animales adultos androgenizados, fue
recuperada dentro de este gradiente de pH
(p<0.01) (Tabla 2). Sin embargo, la cantidad
de ia FSH recuperada dentro del pico de sal
fue mayor en las hembras androgenizadas
que en los machos intactos (64.7t4.0% vs
33.112.4, p<0.01). Las proporciones de la
FSH recuperadas dentro de regiones manos
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écidas (pH 7.5-5.0), fue similar en ambos
grupos.

Cromsiogrsfia en Sefadex G-100 de lss
ischormonas de la F8H:

Con el objeto de investigar si les
isohormonas de la FSH obtenides por CF
correspondian a dimeros de subunidades «
y B, todas las ischormonas posibles
presentes en extractos de hembras adultas
castradas (Figura 7A), fueron concentradas
enh 7 pozas y posteriormente
cromatografiadas a través de Sefadex G-100.
Como se muestra en las Figuras 7B a 7H,
todos los picos obtenidos por CF eluyeron a
través de Sefadex G-100 en proximidad con
ol estindar de la FSH (peso molecular
aparente de 44,000-54,000 en este sistema).
En todas las columnas se detectaron
centidades minimas de la FSH en las
fracciones correspondientes a un peso
molecular aparente de 21,500; estos
pequefios picos de la FSH inmunoreactiva
podrian corresponder a subunidades libres
detectadas por el sistema de RIA de la FSH
empleado en el estudio. Por lo tanto, la
mayoria de la Inmunoactividad recuperada
on forma de isohormonas de la FSH después
de CF correspondioé a formas diméricas.

Radioreceptor y bicensayo in vitro de las
diferentes ischormonas de la FEH separadas

por cromatoenfogue:

Cada uno de los picos (lsohormonas) de Ia
FSH obtenidos después del cromatoenfoque
de extractos de animales decapitados
durante la mafana del dia del proestro
(Figura 4A), fue analizado por RIA y por RRA
después de su separacién cromatogrifica
on Sefadex G-100 y de su concentraclén por
liofllizacién. En ambos sistemas, todas las
isohormonas mostraron desplazamiento del
trazador en forma paralela al esténdar
empleado (Figuras 6 y 8). En la Figura 9 se
muestran las relaciones RRA:RIA que
expresan la actividad de unién de cada
isochormona a su receptor. Las isohormonas
mayores con pls de 7.40 y 6.08, mostraron |la
actividad més alts, on tanto que aquelila
identificada en el pico de sal resultd ser Ia
menos activa.

En virtud de que Ia unién al receptor no
expresa directamente la activacién de los
sistemas membranales e intracelulares que
conllevan a una respuesta biolégice, se
llevaron a cabo bliosnsayos in vitro pars
analizar la potencla biolégics de cada
isohormona. En la Figura 10 se muestran los
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Cromatografia por exclusién en Sefadex G-100, de cada pico mayor de FSH o poza de picos
menores recuperados después del cromatoenfoque de extractos de hipéfisis anteriores de ratas
aduitas ovariectomizadas. A: Patrén de cromatoenfoque de FSH intrahipofisaria proveniente de
ratas ovariectomizadas. Los nimeros sobre cada pico o grupo de picos indican el pico individual
o la poza de picos concentrados y cromatografiados: 1. pl 7.38; 2, pls 7.0-6.65; 3, pls 5.90-5.45;
4, pl 5.08; 5, pl 4.86; 6, pl 4.60; 7, pico de sal.B a H: Cromatografia por exclusiéon de los picos o
pozas 1 a 7. Vo= volumen vacio; I-FSH= '“I-FFSH; 21,500 y 13,370 representan ios pesos

moleculares de la ovalbumina y el citocromo C respectivamente.
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normales decapitadas durante la mafiana del dia del proestro (Ver Figura 4).

i e s A s | o BT b B £ AT e . e e 1 . g e ot e e o i o b o g S . e



] RRA:RIA
(Xt EE)

10n

relac

% X%

% % X

7.40 6.08 65.45-65.16 4.88-4.42 pico de sal

FIGURA 9

Actividad de union al receptor de cada isochormona mayor o poza de ischormonas menores de
FSH obtenidas después del CF de extractos hipofisarios de ratas aduitas normales decapitadas
durante la mafiana del proestro. La actividad es expresada como la relacién RRA:RIA y cada valor
representa la media:EE. *, p=0.01 vs pis 7.40, 6.08 y 4.88-4.42; ", p=0.01 vs pis 7.40, 8.08,
5.45-5.15 y pico del sal; ", p=0.01 vs pis 7.40,6.08 y 4.88-4.41,



50 -
® hFSH 1-3 ‘ ® hFSH 1-3
O pl17.40 40 - B pl 4.868-4.42
& pl 6.08 O pico de sal
O pl 5.45-5.15 1
0 pico de sal 30 -
20 -
10 -
0+ ' , - 0 — -~
1 10 100 1000 1 10 100 1000

ng hFSHI-3 o rFSH RP-1

FIGURA 10
A: Capacidad de cada isohormona mayor o poza de isohormonas menores de FSH para estimular
ia produccion del activador del plasmindgeno en células de is granulosa cultivadas. La actividad
de la poza con pis 4.88-4.42 fue similar a Ia del pico de sal y no se muestra para una mayor
claridad de la figura. Las concentraciones de las diferentes isochormonas se expresan en términos
del estéindar RP-1 para evitar la sobreposicién con la curva esténdar (WFSH I-3). B: Actividad de

la poza con pls 4.88-4-42 y del pico de sal después de la exclusion cromatogrifics en Sefadex
G-100. Cada valor representa la media de incubaciones por triplicado.
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resultados de la capacidad de cada
isohormona mayor (o pozas de ischormonas
menores) de la FSH para estimular la
produccién de activador del plasminégeno
por células de la granulosa en cultivo. A las
dosis analizadas, las isoformas de la FSH con
pls de 4.88-4.42 asi como el pico de sal
mostraron una actividad minima en este

sistema, en tanto que las formas con pls

- 7.40,6.08y 5.45-5.15 exhibieron actividades

significativas y paralelas con el estandar
hFSH-I-3. Las relaciones B:| para estas tres
isohormonas fueron de 3.0810.24 (pl 7.40),
2.2610.14 (pl 6.08) y 2.3010.45 (pl 5.45-5.15)
(p<0.05 pl 7.40 vs pls 6.08 y 5.45-5.15).

Dismetro folicular en las ratas testigo y
androgenizadas durante ol periodo neonatal:

La Tabla 3 muestra el promedio de los
foliculos medidos en los ovarios de animales
testigo y experimentales de 18 a 90 dias de
edad. Con la excepciéon del grupo de 18
dias, no se detectaron diferencias
significativas en la proporcién de foliculos
de 300-500 ym entre los animales testigo y
androgenizados de 18 a 60 dias de edad. A
los 90 dias, sin embargo, el porcentaje de
foliculos > 500 uym fue el doble en los

animales androgenizados que en los testigos

(46% vs 19%, p<0.05).

Efectos in_vitro de diferentes factores
hormonales gonadales e hipotalémico sobre
ia produccion y secrecién de las
isohormonas de la FSH:

En la figura 11 se muestran las
concentraciones de la FSH secretada a los
medios de cultivo bajo las diferentes
condiciones experimentales. En todas las
incubaciones, la adicién de GnRH indujo un
aumento significativo en ls cantidad de la
FSH secretada hacia el medio de cultivo en
comparacion con las incubaciones testigo.
En las figuras 12 y 13 se muestran patrones
representativos de separacion por
isoelectroenfoque en geles de poliacrilamida
de la FSH secretada in vitro, después de la
incubacion de células de la hipofisis anterior
con las diferentes hormonas gonadales e
hipotalamica. En todas las condiclones de
cultivo estudiadas, se detectaron por lo
menos 2 formas mayores de la FSH, tanto en
los lisados célulares como en los
concentrados del medio de cultivo (la FSH
secretada); estas formas mayores Y
predominantes presentaron pls <5.5 sin
importar las variables introducidas.

Unicamente en las incubaciones con GnRH
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Tabla 3. Didmetro pramedio de los folfculos ovaricos medidos en los animales testigo y tratados
con propionato de testosterona (PT) durante el periodo neonatal. lLos valores representan
la media + E.E. (n=6) y son expresados como el porcentaje de la poblacidn folicular medida
total.

Numero de foliculos (% del total)
Edad 300-349 um 350-399 um 400-449 um 450-499 um 500 um
(dias) N -
10
Testigo 100 - - - -
PT 100 ~ - - -
18
Testigo 60 + 2 40 + 4 - - -
PT 53 + 10 19 + 6% 17 9 + 4 2+ 2
21
Testigo 52 + 8 30 & 8 + 8 + 2 2+ 2
PT 39+ 9 25 % 15 % 15 + 8 52+ 3
30
Testigo 34+ 8 15 17 % 15 + 4 18 =
PT 22 + 2 17 + 3 20 % 17 + 4 23 £ 5
60
Testigo 28 £+ 6 29 £ 9 10 = 8 ¢ 25 + 5
PT 26 + 4 27 £ 5 10 = 5 # 32 + 4
90
Testigo®* 30+ 6 19 + 3 21 11 23 19 + 5
PT 9 + 4% 18 £ 5 15 % 12 ¢+ 5 46 + 11%

* P{0.05 Vs Testigo (prueba de t)
+ Dia del Estro
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Concentraciones de la rFSH secretada por células de la hip6fisis anterior en cultivo e incubadas
en ausencia (testigo) o presencia de GnRH, estradiol (E,), estradiol + progesterona (E,+P,) y
testosterona (T), solos o en diferentes combinaciones. Las concentraciones se expresan como
nanogramos de rFSH inmunoreactiva/ml de medio. Las barras indican la media t error estandar
de incubaciones efectuadas por triplicado. Aquellas barras identificadas con diferentes letras
indican la existencia de una diferencia significativa (p<0.05) entre ellas.
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FGURA 12

Isoslectroenfoque en geles de poliacrilamida con un rango de pH de 4.0 2 6.5, de las isohormonas
de FSH secretadas por células de la hipéfisis anterior en cultivo e incubadas en presencis o
ausencia (testigo) de diferentes esteroides gonadales, de GnRH o de ambos. Los numeros sobre
cada pico de inmunoactividad de la FSH indican el pl de dicha isohormonas. Se obtuvieron
resultados similares en 2 cultivos adicionales. E,= 173-estradiol; P,= progesteronas.
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BGURA 13

Isoelectroenfoque en geles de poliacrilamida con un rango de pH de 4.0 2 6.5, de las isohormonas
de FSH secretadas por células de la hipéfisis anterior en cuitivo e incubadas en presencia o
susencia (testigo) de testosterona, GnRH y testosterona+GnRH. Los nimeros sobre cada pico de
inmunoactividad de FSH Indican el pl de dicha ischormonas.



Tabla 4, Cambios en la distribucién de pH de la FSH secretada de células de la hipbfisis anterior
en cultivo incubadas en presencia o ausencia (testigo) de esteroides sexuales, GnRH y
esteroides sexuales + GnRH. Los valores representan a la media t error est&ndar de 3
a 5 corridas por grupo.

FSH por zona (como % del total recuperado)

p! 6.5 - 6.0 p! 5.9 - 5.0 pl 4.9 - 4.0
Tratamiento
Testigo 53 ¢t 1.8 32,1 ¢+ 1,28 65.6 + 1,080
Estradiol 5.5 ¢ 2.8 21,7 + 1,99 72.9 t 4.5P
Estradiol+progesterona 3.6 t 1.4 19,7 ¢+ 5,03b 76.6 + 8,6
GnRH 5.8 ¢ 0.9 43.2 + 2,0C 51.1 ¢ 1,4
Estradiol+GnRH 7.3 ¢ 1.6 39.4 t 2,5 53.3 + 3.6
Estradiol+progesterona+GnRH 8.5 + 2.8 29,5 ¢+ 2,9ab 61.5 + 3,8abcC

Las medias de los valores identificados por diferentes letras en la misma columna son
estadisticamete diferentes (p<€ 0.05) (ANOVA y prueba de comparacién miultiple de Walker
y Duncan)



Tabla 5. Cambios en la distribucién de pH de la FSH secretada de células de la hipbfisis anterior
en cultivo incubadas en presencia o ausencia (testigo) de testosterona, GnRH y testosterona
+ GnRH. Los valores representan a la media * error estdndar de 4 a 5 corridas por
grupo.

FSH por zona (como % del total recuperado)

pl_6.5 - 6.0 pl 5.9 - 5.0 pl 4.9 - 4.0
Tratamiento
Control 2.2 + 0.9 13.8 ¢ 0,52 83.9 + 1,28
GnRH 4,3 t 2.4 20,7 + 1,90 75.0 ¢ 2.4P
Testosterona 1.1 ¢ 0.4 12.8 + 1,68 86.0 ¢+ 1,78
Testosterona+GnRH 2.2 + 0,7 20,2 ¢+ 1.60 77.6 + 1.8°

Las medias de los valores identificados por diferentes letras en la misma columna son
estadisticamente diferentes (p € 0.05) (ANOVA y prueba de comparacién miltiple de Walker
y Duncan)




fue posible detectar de manera clara y
consistente 2 formas menores secretadas de
la FSH con puntos isoeléctricos >5.5 (pls
8.15-6.35 y 5.9-5.6)(Fig. 12, panel Inferior).

Las Incubaciones en presencia unicamente
de estradiol, testosterona o estradiol+
pr;:gootorona. mostraron un pico dominante
de la FSH secretada con pls de 4.9-4.3, asi
como una 6 dos formas menores con pls de
5.45 2 5.21; estos patrones fueron similares
a los obtenidos en condiclones testigo (Figs.
12 y 13). Todos los cultivos que incluyeron
GnRH, con excepcion de los coincubados
en presencia de estradiol+progesterona,
mostraron un incremento claro en la
abundancia relstiva de formas secretadas
menos acidas con pls entre 5.9 y 5.0 (Figs.
12 y 13 y Tables 4 y 5 ); ia adicién de
progesterona a los cultivos con estrogenos
+GnRH, inhibié estos Incrementos (Figura
12, panel inferior y Tabla 4). E! patrén de
distribucion por IEF de la FSH Intrahipofisaria
presente en ios lisados celulares, fue similar
a los de la FSH secretada en su grupo de
incubacién correspondiente, con 2
excepciones: 1. la cantidad intracelular de Ia
FSH inmunoreactiva detectada en los lisados
de células expuestas a GnRH fue minima
posiblemente por deplecion secundaria a la

accion prolongada del péptido; 2. La
hormona intracelular fue discretamente mis
écida que la secretada.

Los resultados de esta investigacion
extienden estudios previos de
fracclonamiento de la FSH intrahipofisaria
que emplearon gradientes de pH cercanos
(6.0-4.0) como técnica de separacién (14).
En esos estudios, Chappel y cols (14)
detectaron que en las hipédfisis anteriores de
ratas hembra inmaduras decapitadas antes
del dia de la apertura vaginal, la mayoria de
la Inmunoactividad de la FSH migraba dentro
de las regiones més écidas del gel (4.2-3.8);
no se observaron modificaciones importantes
on su patrén de distribucién por pl sino
hasta ¢! dia de la apertura vaginal, momento
durante el cual se Incrementd
significativamente el porcentaje de formas de
la FSH con alta capacidad de unién al
receptor y pis de 6.0 a 5.0. Estos autores no
detectaron diferencias entre los patrones de
electrosnfoque de Ia F8H de ratas
decapitadas durante el dia de la apertura
vaginal y las decapitadas en la mafana
(08:00 h) del dia del proestro.



En el presente estudio, empleando una
ventana de pH miés amplia, fue posible
identificar tanto en los testigos como en los
animales androgenizados, desviaciones
significativas més tempranas (a los 18 dias
de edad) en el pl de la FSH intrahipofisaria
hacla regiones menoe écidas. Ain cuando
eoste cambio en la distribuciéon de pH no fue
abolido en su totalidad por la administraciéon
de testosterona durante el periodo neonatal,
la producciéon de la FSH con pis menos
écidos se presentd de una manera atenuada
en las hembras androgenizadas en
comparacién con los testigos.

En condiciones fisiologicas, la hipdfisis
anterior de la rata se encuentira expuesta a
cohcentraciones variables tanto de GnRH
como de esteroides sexusles (estradiol y
progesterona), dependliendo del dia
especifico del ciclo estral (59,60). Los
cimblos més draméticos se presentan
durante el dia del proestro, cuys mafiana se
caracteriza por presentar incrementos
significativos en las concentraclones de
estradiol y GnRH, en tanto que entre las
22:00 y 24:00 h es posible detectar
aumentos Iimportantes en las
concentraciones circulantes de estradiol y
progesterona (58). Los Incrementos

matutinos en las concentraciones
circulantes de estradiol son los
responsables, por un mecanismo de
retroalimentacién positiva, del aumento en la
secrecion de GnRH hipotalémico, el cual
induce en turno la liberacion preovulstoria
de las gonadotropinas alrededor de las 15:00
h del mismo dia (13,18,59).

En ratas adultas normales (de S0 dias de
edad), el patrén de distribuciéon por CF de
la FSH intrahipofisaria se caracterizé por la
presencia de un incremento marcado en las
cantidades relstivas de moléculas de la FSH
con alts actividad biolégica (pis de 7.5-5.0),
particularmente en momentos durante los
cusles |a gléindula hipofisaria se encontrd
expuesta a altas concentraclones de
estrogenos ovéricos y de GnRH, o seas,
durante la mafiana del dis del proestiro
(59,60). Esta observacion concuerda con el
estudio de Galle y cols. (31) quienes
encontraron incrementos significativos en la
proporcion de formas de la FSH con pis
>5.2 en cricetos ovariectomizados expuestos
en forma aguda a altas concentraciones de
ostradiol. Estos mismos investigadores
también encontraron que la desviacion hacis
formas de |a FSH més bésicas, podia ser
abolida mediante Ila administracion de
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fenobarbital (el fenobarbital inhibe el pico de
hipotalamica

inducida por la exposiciéon aguda a aitas

secrecion de la GnRH

concentraciones de estradiol), sugiriendo
por o tanto que en condiciones fislolégicas
la accion acoplada de estrégenos y GnRH es
el factor que determina los tipos especificos
de la FSH que serén producidos y
hipofisis durante
momentos fisiologicos especificos.

secretados por Ia

En los experimentos in vitro llevados a cabo
on ol presente estudio, fuimos capaces de
definir que el péptido hipotalémico GnRH es
el efector directo responsable de Ia
produccion y secrecion de moléculas de la
FSH con pls menos écldos y por lo tanto
mayores capacidad de unitn al receptor y
actividad biolégica a nivel de la célula
blanco; ya que ostas moléculas se
caracterizan por presentar vida media
plasmitica corta (vide infra), su posible
accion en condiciones fislolégicas se
limitaria a inducir, junto con ia LH, la ruptura
folicular y la ovulaclén. Es posible que la
GnRH actie on ol gonadotropo modificando
la glicosilacion de la FSH a nivel co- 6
postraduccional tal y como Liu y Jackson
(45) lo han sugerido para LH en sistemas in
vitro. Nuestros resuitados sugieren, asi

mismo, que Ilos esteroides sexuales
estrogenos y testosterons, no ejercen un
efecto directo en la regulaciton de la
heterogeneidad por carga (grado de
incorporacién de residucs de écido siblico
o de sulfsto) de la FSH a nivel hipofisario,
sino que lo llevan a cabo indirectamente por
modificaciones en la produccién de GnRH,
en su secrecién temporal o en ambas. Fue
interesante ol encontrar que la Inclusion de
progesterona en los cultivos con estrégenos
+GnRH  inhibié el incremento en Ia
produccion y secrecion de moléculas de la
FSH menos écidas (con pls >5.5 y entre 5.45
y 5.20) observado en las incubaciones con
GnRH solo o asoclado s estrégencs. Es
posible que en condiciones fisiolégicas, la
presencis de progesterona en
concentraciones elevadas [tal y como se
observa entre las 22:00 y 24:00 h del
proestro (59)], incremente a nivel hipofisario
la produccion selectiva de moléculas de la
FSH predominantemente écidas,
secretables, de vida media larga (vide infra)
y por lo tanto mis adecuadas para una
estimulacién prolongada sobre el ovario;
esta condiclon seria aparentemente la ideal
para el reclutamiento efectivo de nuevos
foliculos durante la mafana del dia del
estro.
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Los animales adultos androgenizados
(machos Intactos y hambras adultas tratadas
con PT durante el periodo neonatsl),
presentaron patrones de distribucién de Is
FSH por CF cualitstiva y cuantitstivamente
diferentes a aquelios mostrados por las
hembras adultas ciclicas. En los
androgenizados se detectd una disminucién
on la cantidad relstiva de formas de Ia FSH
con pls >5.0 y aita potencla blologica; |a
mayor parte de lss moléculas de la FSH
intrahipofisarias fueron recuperadas dentro
del rango méis écido (pl 4.9-4.0) y en el pico
de sal. En virtud de que las ratas adultas con
ol sindrome anovulstorio inducido por
sndrégenos pressntan  concentraciones
relstivamente elevadas de estradiol como
resultado de la aromatizacion periférica de
los andrégenos gonadales (50), deberia
esperarse que sus glindulas hipofisarias
mostraran proporcionalmente formas més
bésicas de la F§SH, como aquelias detectadas
on las testigos durante los dias del proestro
y estro. Esta aparente discrepancia podria
ser explicada por la exposicion continus, en
vez de ciclica, de las hembras
androgenizadas a los estrogenos circulantes
y por la bien conocida incapacidad del tejido
hipotalémico adulto para concentrar y
responder s los estrégenos como resultado

de Is exposicion neonatal a los andrbgenocs
(49-64). En conjunto, los resultados
presentados demuestran que un patrén
ciclico o "femenino’ de .icroclbn gonadal ¢
hipotalémica, iInduce Incrementos
temporales en ls producciéon de lsoformas
menos écidas de la FSH, las cuales
presentan una vida media en la circulacién
relstivamente disminuida por su bajo
contenido en écido siélico (17,33), pero una
alta potencia blolégica a nivel de su célula
blanco (presente tesis, 33). Por el contrario,
un sistema de secrecion ténico o
“masculino”, como el que prevalece en
machos adultos y hembras androgenizadas,
lleva 8 Ila hipéfisis anterior hacia s
produccion de méleculas de Ia FSH
fuertemente écidas, cuyos efectos
biolégicos estén més relacionados a su alto
comtenido en #écido siélico y vide media
plasmitica prolongada (17,33).

Fue Interesante encontrar que en las
hembras adultas androgenizas, Ila
acumulacion de moléculas écidas de la FSH
se correlaclondé con un incremento
significativo en el porcentaje de foliculos
>500 um de diametro y los cuales podrian
representar una condiclén prequistica. El
estudio presents, sin embargo, no nos



permite definir claramente si estas
moléculas de Ila FSH de vida media
prolongada producidas por la hipéfisis de
lashembras androgenizadas, esdirectamente
responsable de la formacion de los foliculos
prequisticos o quisticos caracteristicos de
oste sindrome (47).

Fue notorio que en algunas de Ilas
condiciones fisiologicas analizadas, Ia
mayoria de la FSH intrahipofisaria separada
por cromatoenfoque fue recuperada dentro
de las fracciones correspondientes sl pico
de sal. Es probable que este pico de la FSH
fuertemente icido, detectado mas allé del
limite inferior del gradiente de pH, se
encuentre compuesto a su vez por varios
componentes imposibles de definir mediante
los métodos de cromatoenfoque disponibles
on la actualidad. De hecho, Chappel y cols
(16) han demostrado que en hipdfisis de
monos hembra Cynomoigus, este pico de la
FSH relne por lo menos dos isoformas
separables por cromatografia de intercamblio
ibnico y que su digestiébn con
neuraminidasa conlleva a la produccion de
varias de las isoformas de Ia FSH (con plis
7.0-5.1) detectadas en los extractos crudos
de la hipéfisis anterior. Es posibie que esta
forma particular de la FSH, represente a una

familia de precursores de isoformas maduras
y secretables de la hormona, considerando
particularmente que en el presente estudio
comprendié mas del 70% del total de Ia FSH
intrshipofisaria recuperada después del
cromatoenfoque de extractos provenientes
de los animales mas inmaduros (de 5 y 10
diss de edad), y menos del 30% de la FSH
total Identificada en muestras recolectadas
durante la maiiana del dia del proestro, horas
antes del pico preovulatorio de la FSH.

La presente caracterizacion de los patrones
de heterogeneidad por carga de Ia FSH
intracelular y secretada durante diferentes
condiciones In vivo e In vitro, indican
claramente que esta gonadotropina no es
estructuralmente una molecula Gnics, sino
més bien un continuo de formas diferentes
cuyas caracteristicas fisicoquimicas y
bloldgicas son reguladas por el patron
particular de secrecion gonadsl e
hipotalamica existente en un momento

fisiolégico determinado.

CONCLUSIONES

La hipéfisis anterior de la rata produce y
secreta multiples formas moleculares de Ia
FSH. La sbundancia relativa de cada



isohormona depende del estado fisiolégico
presente en ¢! animal donador al momento
de la recoleccion de la muestra.

Cada ischormona presenta actividades de
unién a su receptor y biologica In vitro
particulares y que dependen de sus
propiedades fisicoquimicas. El presente
trabajo-confirma y extiende estudios previos
que sugieren la existencia de una dicotomia
sexual respecto al tipo especifico de
molécula de la FSH producida y secretada
por la hipéfisis anterior del roedor. Aun

cuando la accion concertada de los
esteroides gonadales y la GnRH determina el
tipo predominante de moléculas que seran
secretadas en un momento fisiologico
especifico, es probable que el péptido GnRH
sea ol efector directo de este fenbmeno
mediante la induccion de modificaciones en
ia estructura de los oligosacéridos
incorporados a la molecula de la hormona,
particularmente a nivel de sus residuos
terminales cargados negativamente (écido
sislico, grupos sulfato 0 ambos).
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ABSTRACT

Anterior pituitary glands were removed from neona-
tally androgenized (100 pg testosterone propionate)
female rats and normal controls at 5, 10, 18, 21, 30, 60
and 90 days of age, and the multiple forms of FSH
present within them were scparated by chromato-
focusing (pH range 7:5-4:0). Additional pituitary
glands from intact adult males (90 days old) were also
studied for comparative purposes. All animal groups
exhibited multiple forms of immunoactive FSH within
a pH range of 7-5-4-0, as well as an additional FSH
form obtained after the addition of 1-0 mol NaCl/l to
the chromatofocusing column (salt peak). In animals
5-30days old (controls and androgenized) the majority
of FSH applied to the chromatofocusing columns was
recovered within the salt peak (45-85% of total FSH
immunoactivity recovered). However, as the animals
aged, more FSH immunoactivity focused within less
acidic regions (isoelectric point (pl) 5:9-5-0); pituitaries
from animals 60 days old contained the greatest pro-
portion of FSH focused within this pH range (controls,
39:2+06%; androgenized, 23-11+09% of total
immunoactivity recovered; P <0-03 vs animals 30 days
old for both experimental groups). This shift towards
less acidic FSH was attenuated in androgenized
animals compared with the controls (P <0:01).

In control adult rats, the chromatofocusing
distribution pattern of pituitary FSH varied accord-
ing to the day of the oestrous cycle. Pituitary extracts
from control rats decapitated during the morning of
pro-ocstrus, oestrus and day 1 of dioestrus exhibited
the highest proportion of immunoactive FSH

(23-2-28-8% of total) focused within a pH range of
5:9-5-0, whilst only 10-4-11-6% of FSH from andro-
genized rats and those on day 1 of dioestrus was
recovercd within this pH range (P <0-05). In control
animals dccapitated during the morning of pro-
ocstrus and ocstrus, 10-26% of FSH focused within
the most alkaline region (pl 7:5-6:0); the chromato-
focusing pattern of pitvitary FSH from the neonatally
androgenized animals was characteristic, in that no
more than onc peak (1:51+0-5% of total) was detected
in this alkaline region. In the adult male rats, the
majority of pituitary FSH eluted from the chromato-
focusing columns within a pH of 49-4-0 (524 +1-2%
of total FSH immunoactivity) and the salt peak (pH
<40)(33'1 +£2:4 of total). All FSH isoforms obtained
after chromatofocusing represented a and B dimers as
disclosed by size exclusion chromatography.

The results strongly suggest that a cyclic or ‘female’
pattern of hypothalamic and gonadal secretion leads
the anterior pituitary towards the production of less
acidic FSH isoforms, whereas a tonic or ‘androgenic’
type of sccrction, as that present in adult males
and females with the androgen-induced anovulatory
syndrome, leads more to the production of strongly
acidic FSH isoforms. The finding of qualitative and
quantitative differences among normally cycling and
androgenized animals gives further support for the
concept of the existence of a sexual dichotomy in
terms of the type of FSH synthesized by the anterior
pituitary gland.

Journal of Endocrinology (1990) 126, 323-332

INTRODUCTION

Follicle-stimulating hormone (FSH) exists in muitiple
molccular forms or species within the anterior

pituitary gland and serum of scveral animal species
(Chappel, Coutifaris & Jacobs, 1982; Robertson,
Foulds & Ellis, 1982; Chappel, Bethca & Spies, 1984;
Khan, Katzija, Froysa & Diczfalusy, 1984; Wide,
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1985; Keel & Schanbacher, 1987). The number and
relative abundance of each FSH species depends upon
the specific separation technique utilized, the source
of tissue (pituitary or scrum), the sex and the
endocrine environment present in the donor animal at
the time of collection of the tissue or sample (Blum &
Gupta, 1980; Robertson et al. 1982; Chappel, Ulloa-
Aguirre & Ramaley, 1983; Ulloa-Aguirre, Torra,
Dominguez et al. 1985; Ulloa-Aguirre, Espinoza,
Damiin-Matsumura et al. 1988a). Separation of
intrapituitary FSH by isoclectric focusing has dis-
closed the existence of at least six FSH forms with
isoelectric points (pl values) ranging from 6:2 to 3-5
(Chappel er al.. 1983; Ulloa-Aguirre et al. 1988a).
Anterior pituitary glands obtained from animals
cyclically exposed to an oestrogen-enriched environ-
ment exhibit larger proportions of forms with more
basic pl values (Galle, Ulloa-Aguirre & Chappel,
1983; Chappel er al. 1983, 1984; Ulloa-Aguirre et al.
19884), whilst glands from animals continuously
exposed to androgens have more acidic FSH forms
(Ulloa-Aguirre & Chappel, 1982; Ulloa-Aguirre,
Mejia, Dominguez et al. 1986). These findings have
led us to suggest the existence of a sexual dichotomy
in the type of the FSH molecule synthesized and
eventually secreted by the anterior pituitary gland
(Ulloa-Aguirre, Espinoza, Damian-Matsumura &
Chappel, 1988b).

In the present study we have further explored
this concept using, as an experimental model, the
neonatally androgenized female rat during the tran-
sition from sexual immaturity to adulthood. FSH
from androgen-treated rats was fractionated by
chromatofocusing, and the distribution of the differ-
ent FSH components so separated was determined
and compared with that of normal controls.

MATERIALS AND METHODS

Pregnant female rats of the CII Z-V strain from our
own laboratory (Ulloa-Aguirre et al. 1985) were
maintained in individual cages under light-controlled
conditions (lights on from 05.00 to 19.00 h). Female
pups were injected s.c. on day | of life (day of
birth) with either 100 pg testosterone propionate (TP,
Shering Mexicana, Mexico) or vehicle (controls). They
were decapitated in groups of at least ten animals at §,
10, 18, 21, 30, 60 and 90 days of age, and the anterior
pituitaries dissected free from the posterior pituitary.
In this particular strain of rats, vaginal opening nor-
mally occurs at 42+ 1-5 days of age; regular oestrous
cycles can be detected only in those animals older than
70+ 1 days. Anterior pituitaries from adult control
rats (90 days of age) were obtained between 09.00 and
10.00 h on each day of the oestrous cycle; only those

Journal of Endocrinology (1990) 126, 3123332

animals which had shown threc consecutive 4-day
cycles were included. Additional pituitary glands from
intact adult males (90 days old) were also obtained
for comparative purposes. Glands were individually
weighed and homogenized at 4 °C with ten strokes
of a Teflon pestle in 100 ul phosphate (0-05 mol/l)-
buffered physiological (0-15 mol/l) saline (PBS; pH
7-5) containing the protease inhibitor phenylmethyl-
sulphonyl-fluoride (0-3 mg/ml; Sigma Chemical Co.,
St Louis, MO, U.S.A.). The anterior pituitary
homogenate was centrifuged at 1000 g for 30 min at
4 °C, and the supernatant fraction (anterior pituitary
extract) removed, divided into samples in separate
vials and stored frozen at —20°C until the day of
chromatofocusing. Ovaries were dissected, weighed,
fixed in Bouin’s fluid and embedded in paraffin
wax. Serial scctions (10 pm thick) were stained with
haematoxylin and eosin and the follicular volume was
recorded according to the method of Welschen (1973).

Chromatofocusing of anterior pituitary extracts

Polybuffer-74 and polybufter exchange resin (PBE-94)
were purchased from Pharmacia Fine Chemicals,
Piscataway, NJ, US.A. A column of PBE-94 was
constructed with dimensions of 30 x | cm and equili-
brated with 15 bed volumes starting buffer (0-025 mol
imidazole-HCI/l, pH 7-4). Thereafter, a pool (six to
seven individual pituitary extracts per group) of
anterior pituitary extracts which had been equili-
brated with cluent buffer (1:8 dilution of Polybuffer
74 in dcionized water, pH 4:0) by chromatography
in Sephadex G-25 (microcolumns of 6-7x0:6cm;
Pharmacia Fine Chemicals) was applied on the top
of the column. Eluent buffer (5 ml) was run before
sample application to avoid exposure of the sample
proteins to extremes of pH. Between 110 and 130 frac-
tions (2 ml) were collected at a flow rate of 1 ml/4 min
at 4°C. The pH of each fraction was measured and,
when the column cluent reached pH 4-0, the eluent
buffer was then changed to a solution of NaCl
(1 mol/l) to displace any material which failed to elute
within the pH range of 7-5-4:0 (salt peak). Each frac-
tion was stored frozen at —20°C until the day of
radioimmunoassay (RIA) of FSH. A total of three or
four anterior pituitary FSH pools per group were
chromatofocused separately in duplicate columns.
Recoveries of FSH by this method were 76 £ 4% of
the total amount originally applied to the column.

Sephadex G-100 chromatography of each anterior
pituitary FSH species

After determination of the FSH content of each
fraction obtained after chromatofocusing of a pool of
pituitary extracts from adult ovariectomized rats
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(120 days old, ovariectomized at 90 days of age), frac-
tions containing the greatest concentrations of cach
FSH form were dialysed against 0-01 mol ammonium
carbonate/l (pH 7-5) and frecze-dried. Each FSH form
or pool of forms were redissolved in a small volume of
005 mol PBS/] containing 1% (w/v) bovine scrum
albumin (Sigma: PBS-BSA) and then chromato-
graphed across a Sephadex G-100 (Pharmacia Fine
Chemicals) column (57 x 2:7 cm) which had been pre-
viously calibrated with blue dextran (Sigma; M,
2000000), BSA (Sigma; M, 67000), 'ZI-labelled
rat FSH-1-6 (NIDDK, Bethesda, MD, US.A,; M,
32000), ovalbumin (Sigma; M, 43000), trypsin
inhibitor (Sigma; M, 21500) and cytochrome C
(Sigma; M, 13 370). The column eluent was PBS-BSA
and the flow rate 7mi/h at 4 °C. All fractions (1 ml
each) were stored frozen until measurement of FSH
content by RIA.

RIA of FSH

Purified rat FSH (NIDDK rat FSH-I-6) was iodinated
by the lactoperoxidase-glucose oxidase method as
described by Bex & Corbin (1981). Following separ-
ation of protein-bound and free 'I by Sephadex
G-100 column chromatography, '®I-labelled FSH
was further purified by Concanavalin A chromato-
graphy (Pharmacia Fine Chemicals) as described by
Dufau, Tsurahara & Catt (1972). The RIA of FSH
was performed using the rat RIA kit provided by
the NIDDK as previously reported (Coutifaris &
Chappel, 1982); the reference preparation employed to
construct the standard curve was either rat FSH-RP-1
or rat FSH-RP-2 (NIDDK). The latter preparation is
45 times more potent than the former. Results are
expressed as ng or pg rat FSH-RP-] standard
(NIDDK) unless specified. To avoid interassay vari-
ations, all samples from a single column were included
in the same batch. Intra-assay variability for this RIA
system was 7% and the sensitivity was 4-8 ng/tube.

Statistical analysis

One-way analysis of variance (for.n > 3), the Walker-
Duncan multiple comparison test (Walker & Duncan,
1972), and the unpaired ¢-test (for n=2) werc used
(after log transformation of each value to yield
normally distributed groups) to analyse differcnces
between groups. Regression analysis and #-test were
performed to determine the degree of correlation
between the amount of FSH recovered within a
specific pH range and the age of the donor animal.
Student’s ¢-test for unpaired samples was used to com-
pare differences among the slopes from the RIA of
FSH generated by the FSH standard and the several
FSH peaks obtained by chromatofocusing,

RESULTS

Allanterior pituitary pools chromatofocused exhibited
several disctinct peaks of FSH immunoactivity within
a pH range of 7-5-4-0 as well as in those fractions
recovered after addition of 1-0mol NaCl/l to the
chromatofocusing columns gsalt peak) (Fig. 1). All
these FSH peaks displaced '®I-labelled FSH from the
antibody in a parallel fashion (Fig. 2). The presence
and relative abundance of these FSH peaks varied
according to the stage of sexual maturation, the
specific day of the oestrous cycle, the sex of the
donor animal and the experimental manipulations
performed. To quantify differences in the chromato-
focusing pattern of FSH among the different animal
groups, cach chromatofocusing profile was divided
into four regions (area |, pI 7:5-6:0; area 2, pl 5-9-5-0;
area 3, pl 4-9-4-0; area 4, pl <4:0 and the salt peak)
and the amount of immunoactive FSH present within
cach was used for statistical comparisons.

Chromatofocusing patterns of anterior pituvitary FSH
from S- to 30-day-old control and TP-treated animals

In 5- to 30-day-old control and experimental groups,
the majority of FSH applied to the chromatofocusing
column cluted within the salt peak (45-85% of total
FSH immunoactivity recovered) and within the pH
range of 4:9-4-0 (12-39% of total) (Table 1). The rela-
tive amount of FSH recovered within the salt peak
(pH <4:0) propressively decreased as the animals
aged (r=—0-729, P<0:01, for both the control and
TP-treated groups combined); meanwhile, the relative
amount of FSH recovered within areas 2 (pl 5:9-5:0)
and 3 (pl 4-9-4-0) dramatically increased.

Both the control and TP-treated animals aged
18-30 days exhibited similar chromatofocusing pat-
terns of FSH distribution; there were only slight but
significant differences in the relative amounts of FSH
recovered within areas | and 2 (pl values 7-:5-6+0 and
5-9-5-0 respectively) between the t8 day-old control
and TP-treated groups (Table 1). Even though the
patterns of FSH distribution were apparently dif-
ferent among the youngest (5 and 10 days old) control
and androgenized animals, they only differed from
each other in the amount of FSH recovered within the
pH gradient corresponding to area 2 (pl 59-59)
(P <0-01) in animals 10 days old.

Chromatofocusing patterns of anterior pituitary FSH
from 60- and 90-day-old female control, TP-treated
and male animals

At 60 and 90 days of age, clear and significant
qualitative and quantitative differences were found
among the chromatofocusing patterns of pituitary

Journal of Endocrinology (1990) 126, 323-1332
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FIGURE |. Representative profiles of pH distribution of immunoactive FSH after chromatofocusing of anterior pituitary
extracts obtained from 90-day-old control rats decapitated at 09.00-10.00 h on the day of (a) pro-oestrus, (b) oestrus, (c)
dioestrus day 1 and (d) diocstrus day 2. Vertical broken lines delineate four pH regions into which each chromatofocusing
distribution was divided for comparisons. The arrows indicate the addition of 1 mol NaCl/l to the chromatofocusing

column.

FSH from female control and androgenized animals,
Both groups exhibited a significant increment in the
amount of FSH recovered within the pH range of
5:9-5-0 at 60 days of age; this increase in less acidic
FSH was, however, more pronounced in the control
group (P <0:01) (Table 1). In contrast, the amount of
FSH recovered in the most acidic regions (pH <49)
was higher in the TP-treated animals than in controls
(P<001). In adult animals (90 days of age), the
chromatofocusing pattern of anterior pituitary FSH
varied according to the day of the cycle and the
exposure to testosterone during the neonatal period,
All female adult, neonatally androgenized animals
presented persistent vaginal ocstrus at the time of
decapitation. As shown in Fig. 1 and Table 2, extracts
from control rats decapitated during the morning
of the day of pro-oestrus and oestrus and day of
dioestrus exhibited higher amounts of FSH within pl
values of 5:9-5:0 (area 2) than extracts from animals
on day 2 of dioestrus and in TP-treated animals, in
which the majority of FSH was recovered in the pl
region 49-4:0 and the salt pcak (>87% of total

Journal of Endocrinology (1990) 126, 323-332

FSH recovered). Furthermore, anterior pituitaries
obtained at the day of pro-oestrus and oestrus con-
tained the highest proportion of alkaline FSH which
focused at pl values 7-5-6-0 (Table 2; Fig. 1), the
chromatofocusing pattern of adult TP-treated rats
was characteristic in that no more than one peak was
detected in this alkaline region. Thus, as the animals
developed sexually and became reproductively com-
petent, a higher proportion of anterior pituitary
FSH with less acidic pl values was evident. This
shift towards more basic FSH forms was partially
prevented by testosterone administration during the
neonatal period.

Anterior pituitary FSH from adult intact males
mainly focused within the pl region of 4-9-4.0
(52:4+1:2% of total FSH recovered; mean + S.EM.),
whilst only 23-4 +2:2% of total pituitary FSH from
adult TP-treated animals was recovered within this pH
gradient (P<0-01) (Table 2). However, the amount
of FSH recovered within the salt peak was higher
in the androgenized females than in intact males
(64-7 +£4-0% vs 33-1 +2:4%, P <0-01). No significant
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FIGURE 2. The ability of each FSH peak (isoelectric points (pls) 7-4, 6:1-5+9,
5-5, 5:2-5-1 and ‘salt peak’) or pool of minor pcaks (pl 4-8-4-1) to displace
13L.1abelled FSH-I-6 in the FSH radioimmunoassay system cmployed in this
study. Peaks of immunoactive FSH detected after chromatofocusing of pitu-
itary extracts from 90-day-old rats decapitated on the morning of the day of
pro-oestrus (sce Fig. 1a), were quantitated by radioimmunoassay (RIA) at
two to three different dilutions to assess for parallelism with the reference
preparation employed in this RIA system. Similar results were obtained
when rFSH-RP-1 was used as standard.

TABLE |. Changes in the distribution of FSH from anterior pituitarics of vehicle- or testosterone propionate (TP)-treated
female rats 5-60 days old across a pH gradicnt. Values are means + S.EM. (n=13 or 4 chromatofocusing columns per group)

FSH per zone (as % of total recovered)

pl 7:5-60 pl 5:9-5-0 pl 49-40 pl <40
Vehicle TP Vehicle TP Vehicle TP Vehicle ™
Age (days)

5 19411 1:540 -5 i-14+06 0-5+0-3° 12204 112 130£1-1° 850120 8494200
10 1-240-1* 1-540-2% 0:07 4+ 0-06* 094002+ 210445 285+ 18 77-7+4:8 70:0+29
18 354020 I'610-1'® 22:040:9® 14:2 4 2:00¢ 29:74 15 370+ 36 448405 471 +3-6%
21 0740 I° 061+02" 154415 10:94+0-3° 3574 14 1874 14 48:24+30 496+ 1-4
30 1:0+0: 1% 074+01° [1-84 14 B-94 -4 3094 0-9* 328409 $6:34 17 5761+2X
60 414 04> ]:140-1* 39-24+0-6° 231 4 0:9¢¢ 30110~ 4001 1-6°* 257+ 1-5¢ 1604+07*

Means identified by different superscripi letters in the same column are statistically different (P <0-03) (one-way analysis of variance and Walker-Duncan multiple
comparison test); * P <0-01 compared with vehiclein the same pl range (unpaired s-test),

pl, isoelectric point. -

differences were detected among these two groups of
animals in the proportion of FSH recovered within
less acidic regions (pH 7-5-5-0).

Sephadex G-100 chromatography of FSH species

To investigate whether the FSH species so obtained
were a and P dimers, all possible FSH forms present in
anterior pituitary extracts from adult ovariectomized

rats (Fig. 3a) were concentrated in seven pools and
then chromatographed across Sephadex G-100. As
shown in Figs 3b-h, all FSH peaks obtained after
chromatofocusing eluted through Sephadex G-100
size exclusion chromatography in close proximity
with the FSH standard (apparent M, 44 000-54 000).
In all columns, negligible amounts of FSH were
recovered in fractions corresponding to an apparent
M_ of 21 500; these small peaks of FSH activity might

Journal of Endocrinology (1990) 126, 323-332
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TABLE 2, Changes in the distribution of FSH from anterior pituitaries of vehicle-
or testosterone propionate (TP)-treated rats 90 days old across a pH gradient.
Values are means + s.e.M. (n= 3 or 4 chromatofocusing columns per group)

FSH per zone (as % of total recovered)

pl 7:5-60 pl 59-50 pl4:9-4:0 pl <40

Group

Pro-oestrus 26:5+ 110 28-8+2:0¢ 17-541-5 2711 £1-8
Oestrus 1004 1-5% 254+1-5 252413 394426
Dioestrus day ! 3340:3¥F 232426 24:5+0:7 49-0+ 29
Dioestrus day 2 1'134+0-6¢ 11-6+£0-5° 276 1 1-1® 595412
TP 1S40 5% 10442:1* 234422 64:7+4(r
Male 30405 11:54+3-2 524412 I+ 24

Means identified by different superscript letters in the saine pl runge are statistically different
(P <0-05) (one-way analysis of variance and Walker-Duncan multiple comparison test).

pl, isoelectric point.

vcorrespond to free subunits detected by the FSH
RIA system employed. Thus the majority of FSH
immunoactivity recovered after chromatofocusing
corresponded to dimeric forms of FSH.

Follicular diameter in control and TP-treated rats

Table 3 shows the follicular diameter in 18- to 90-day-
old normal control and TP-treated animals. With the
exception of the 18-day-old group, there were no
significant differences in the proportion of follicles
measuring 300-500 um between the control and
androgenized animals aged 18-60 days. At 90 days of
age, the percentage of follicles =500 um was more
than twice as high in the androgenized females than in
controls (46% vs 19%, P <0-05).

DISCUSSION

The results presented here extend previous FSH
fractionation - studies using isoelectric focusing in
narrow pH gradients (6:0-4-0) as the separation
technique (Chappel et al. 1983; Ulloa-Aguirre ef al.
1988a). In these studies, Chappel et al. (1983) found
that in anterior pituitaries obtained from immature
female rats before the day of vaginal opening, the
majority of the FSH immunoactivity migrated to the
most acidic regions (pl 4:2-3-8) without any change in
its pH distribution pattern until the day of vaginal
opening, when a significant increase in the percentage
of FSH focusing within a pH of 6:0-50 occurred;
these authors did not detect differences among the
isoclectric focusing patterns of FSH from rats
decapitated during the day of vaginal opening and the
morning (08.00 h) of the day of pro-oestrus. In the
present study, employing a wider pH window, we
were able to identify significant shifts of pituitary FSH
towards less acidic pH regions in both normal and
androgenized rats at earlier stages of maturation, e.g.

Journal of Endocrinology (1990) 126, 323-332

18 days of age. The finding of a clear-cut increase in
the relative amount of FSH recovered within the pl
range of 5:9-5-0 in normal mid-postpubertal animals
(60 days old) is in agreement with the findings
reported by Chappel et al. (1983). Even though the
occurrence of this shift was not prevented by testoster-
one administration during the neonatal period, the
production of pituitary FSH with less acidic pls was
clearly attenuated in the female androgenized animals
compared with the controls.

In normal adult female rats (90 days of age) the
chromatofocusing pattern of pituitary FSH was
characterized by a marked increase in the relative
amounts of FSH focusing at pls 7-5-5:0, particularly
at times when the pituitary gland was exposed to
high concentrations of ovarian steroids and gonado-
trophin-releasing hormone (GnRH), e.g. the morning
of the day of pro-oestrus (Shaikh & Shaikh, 197§,
Sherwood, Chiappa, Sarkar & Fink, 1980). This
observation is in agreement with the study of Galle et
al. (1983) who observed significant increments in the
proportion of anterior pituitary FSH forms with pls
> 52 in ovariectomized hamsters acutely exposed to
high concentrations of oestradiol. These authors also
found that this shift towards more basic FSH forms
could be prevented by phenobarbital administration,
thus suggesting that the coupled action of oestrogens
and GnRH determines the specific types of FSH
produced by the pituitary gland during a specific
physiologic time. Our results are also in agreement.
with those of Chappel et al. (1984) who found a
steady increase in the relative proportion of the more
basic FSH forms in pituitaries from castrated female
monkeys exposed to physiological levels of oestradiol
and progesterone during periods of 1236 h.

Adult androgenized animals (intact males and
adult females neonatally treated with testosterone)
exhibited qualitative and quantitative differences in
the chromatofocusing pattern of pituitary FSH
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FIGURE 3, Size-exclusion chromatography across Sephadex G- 100 of each FSH peak or pool of minor peaks recovered
after chromatofocusing of anterior pituitary extracts from adult ovariectomized donors. (a) Chromatofocusing pattern of
pituitary FSH from adult ovariectomized rats. Numbers above the brackets indicate the individual peak or pool of peaks
concentrated and thereafter chromatographed: 1, isoelectric point (p1) 7:36; 2, pls 7:0-6-65; 3, pls 5:90-5-45; 4, pl 5:06; §, pl
4-86; 6, pl 4-60; 7, salt peak (SP). (b) Exclusion chromatography of peak 1. (c) Exclusion chromatography of pool 2. (d)
Exclusion chromatography of pool 3. (e) Exclusion chromatography of peak 4. (f) Exclusion chromatography of peak 5.

) Exclusion chromatography of peak 6. (h) Exclusion chromatography of peak 7 (salt peak). ¥, void, volume; 1-FSH,
‘1-labelled FSH; 21 500 and 13 370 represent M, values.
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TABLE 3. Follicular diameter in control and testosterone propionate (TP)-treated rats of different
ages. Values aremcans + S.EM. {n=6) and are cxpressed as a per cent of total follicular population

Number of follicles (% of total)

300-349 pin 350-399 pm 400-449 pm 450499 pm 2500 ym

Age (days)
10

Vehicle 100 _— — — —

TP 100 — _ — —
18

Vehicle 6012 4014 — — -

TP 53+ 10 1916 1746 9+4 242
21

Vehicle 5218 304+8 B+2 8+2 242

TP 19+9 2545 15+£7 15+8 5+3
0

Vehicle 3448 1514 175 1544 IB+6

TP 22+2 1743 2044 17+4 2345
60

Vehicle 2846 2949 10+4 8+13 25+5

TP 26+ 4 2745 1014 542 3244
90

Vehiclet 3046 1943 2145 1H+3 1945

™ 9+4¢ I8+5 15+5 1245 46+11°*

* P <0-05 compared with vehicle (unpaired {-1est).
tDay of oestrus.

compared with adult cyclic animals. In the former
groups, decreased relative amounts of FSH molecules
with pls > 5:0 were found and the majority of intra-
pituitary FSH was recovered within the most acidic pH
range (4:9-4-0) and the salt peak. Since adult rats with
the androgen-induced anovulatory syndrome exhibit
relatively raised serum titres of oestradiol (Uilenbroek,
Arendsen de Wolff-Exalto & Blankestein, 1976), it
might be expected that their pituitaries should exhibit
proportionately more basic rather than acidic FSH iso-
forms as found in normal animals decapitated
during the day of pro-oestrus and oestrus. The fact
that these animals are continuously rather than
cyclically exposed to oestrogens, coupled with the
well known relative inability of the adult hypothala-
mic tissue to concentrate and respond to oestrogens
as a consequence of neonatal exposure to androgens
(Anderson & Greenwald, 1969; Flerko, Mess & llei-
DonhofYer, 1969; McGuire & Lisk, 1969; Neill, 1972;
Marrone & Feder, 1977), might explain this apparent
discrepancy. The overall results strongly suggest that
a cyclic or ‘female’ pattern of hypothalamic and
gonadal secretion leads to a temporal increase in the
production of less acidic and short-lived (Blum &
Gupta, 1985) forms of anterior pituitary FSH with
high biological potency at the target cell level (Ulloa-
Aguirre & Chappel, 1982; Chappel et al. 1983; Miller,
Ulloa-Aguirre, Hyland & Chappel, 1983; Ulloa-
Aguirre, Miller, Hyland & Chappel, 1984). By con-
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trast, a tonic or ‘androgenic’ type of secretion, such as
that present in adilt males and females with the
androgen-induced anovulatory syndrome, switches
on the pituitary gland towards the production of
strongly acidic molecules whose biological effects
are more related to their high sialic acid content
and longer plasma half-lives (Ulloa-Aguirre, Miller,
Hyland & Chappel, 1984; Blum, Riegelbouer &
Gupta, 1985). Interestingly, in adult female andro-
genized animals, the accumulation of these acidic
FSH molecules correlated with a significant increase
in the percentage of follicles > 500 ym in diameter,
some of which might be representing a precystic
condition. Whether the long-lasting FSH molecules
predominantly produced by the pituitary gland of
these animals are directly involved in the formation of
precystic or cystic follicles (Barraclough & Gorsky,
1961) cannot be ascertaincd by the present study.

It is noteworthy that in some of the physiological
conditions analysed, the majority of the intrapituitary
FSH chromatofocused was recovered within the salt
peak. This strongly acidic FSH peak detected out-
side the lower-limiting pH is probably composed of
multiple components which are difficult to separate
with the chromatofocusing reagents currently avail-
able. In fact, Chappel ef al. (1984) have shown that in
samples from female Cynomolgus monkeys this peak
comprises at least two isoforms as disclosed by ion
exchange chromatography, and that its digestion with
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neuraminidase produces many of the FSH isoforms
(pls 7:0-5-1) observed in crude pituitary tissue. It
is possible that this particular form of FSH may
represent a family of precursors for mature stored and
readily releasable isoforms of FSH, particularly con-
sidering that in the present studics it comprised more
than 70% of the total FSH recovered after chromato-
focusing of extracts from the most immature animal
groups (5 and 10 days old), and less than 30% in
samples collected during the morning of the day of
pro-oestrus, just before the preovulatory FSH surge.

The present description of the polymorphic patterns
of anterior pituitary FSH under different physiological
conditions of the donor animal clearly indicate that
this gonadotrophin is not structuraily represented
by a unique molecule, but rather by a continuum
of heterogeneous forms whose physicochemical and
tiological characteristics are modulated by the par-
ticular pattern of hypothalamic and gonadal secretion
present at a given time,
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Piulary gonadotroping luteinizing hormone (LH) and follicle- stimulsting
hormone (F8H) belongto a family of closely related glycoproteins. Each hormone
is 2 heterodimer consisting of an «- and B-subunit (17,21). Within a given animal
species, the &- subunits of these glycoproteins arise from a sihgle gene, whereas
the 8-subunits, which confer hormone specificity, arise from separate genes and
differ In aminocscid sequence (3,7,17,18,27). The a- and B-subunits of each
hormone contaln either one or two Asn-linked heterogenecus oligosaccharides
with different degrees of sulfation and shilyistion (1). This wide spectrum in
glycosyistion, sialyiation and sulfation constitutes the chemical basis for isoform
formation (microheterogeneity) and the extensive charge heterogeneity seen with
all these gonadotropic hormones.

This paper briefly reviews recent information on rodent (r) and human (h) F8H

asnd LH lsoforms separated by thelr charge properties, since these specles
represamt the most extensively exsmined models for the characterization of
gonadotropin isohormones.

Charge Heterogeneity of FEH

intracellular FSH from several animal species (including human and non-human
primates),exhibits charge heterogeneity and therefore exists as a series of forms
or lsohormones which can be separsted by techniques such as isoelectric
focusing (IEF) and chromstofocusing (CF) [these techniques separate the
different isoforms by their Isoelectric point (pl)]). Using either of these techniques,
six to seven dimeric components of F§H with pl values of 7.3 to 3.8 have been
identified (2,5,20,30). When chromatofocusing is employed, one additional
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component ("salt peak”) may be dptected by adding 1 M NaCl to the column after
elution of isoforms with a pl of 4.0 (4,16). These FSH species differ from each
other not only In their pl but also in relative abundance, receptor binding activity
and |n yitro biological potency (Figs. 1 to 3). in general, FSH isoforms with pls
>5.5 are less abundant but exhibit higher In yitrg blological potencles than the
more acidic forms (4,5,15,31) (Figs. 1 and 3).

rFSH ( ng/fraction)

. ® ®» » O B o » ®» i

FRACTION NUMBER

F1Q. 1. Representative patterns of pH distribution of FEH sfter
chromatofocusing of pitultary extracts from adult rats decapiated
ot 09:00-11:00 h. Arrow indicates the addition of 1.0 M NaCl to the
column. Numbers sbove peaks of FSH activity denote the pl of that
FSH lsohormone. '

From a physiological point of view, both the presence and relstive abundance of
these lecforms will depend on the specific endocrine milieu exhibited by the
donor at 8 given time. in the rat, female sexusl maturation Is accompanied by an
enhanced production of isoforms with pls >5.0 having higher |n_vitrg biological
activities (Fig. 3) and shorter circulstory half-lives (2,5,18) than the more scidic
forms. The opposite situstion is seen during male sexus! maturstion when s shift
toward acidity (from pls of 4.9 to 4.5 to pls of 4.4-4.0) occurs around the time of
appesrence of spermiogenesis and balano-preputis! separstion (31); even though
these more negstively charged Isoforms present reduced [n_vilrg blologicel
activities, their time of survival in the circulstion Is longer than the less acidic
species. In adult donors the pH distribution of the rFSRH lsoforme varies
throughout the estrous cycie (30). Pitultary extracts from rats decapitated during
the morning (09:00 h) of proestrus, estrus and diestrus dey 1 contain the highest
proportion of Immunoactive FSH focused within a pH range of 7.5-5.0 (26.8 to
58.3 % of total F§H recovered; Fig. 1), whilst only 13% of FSH from rats on day 2
of diestrus Is recovered within this pH range. Pulteries from normal adult males
and neonatally androgenized adult females contaln predominantly acidic forms
with pls < 5.0 (>50% of total; Fig. 4).



The pH distribution profile of intcapituitary rFSH present at a given time may be

sltered by specific pharmacological manipulations (8). When removed from
ovarlectomized hamsters at specific times after estradiol (E) administration,
anterior pituitary glands contained sll forms of FSH Identified by CF (8), with the
exception of the "salt peak® which was not sought in this particular study.
However the relative abundance of the more or less acidic forms changed
depending on the time of pituitary exposure to this steroid. Short-term exposure
(20 h) was related to the presence of greater proportions of the more scidic F§M
forms compared with ovariectomized controls; estradiol exposure for an
sdditional 10 h (st a time when these E-treated animals were about to Initiste a
surge relesse of LH and FSH), caused an increase in the relative abundance of
the less acidic isohormones. Since this shift to more basic FSH specles could be
prevented by phenobarbital administration (which prevents the E-induced,
neurally mediated discharge of hypothalamic GnRH) it was suggested that the
production of FSH lsohormones s reguisted via a sophisticated regulstory system
mediated by gonadal and hypothalamic factors. This hypothesis was further
supported'by [EF studies performed in our laboratory employing intact female
and male rats as well as neonastally androgenized females (29,30).

740 008 448- 408- 02kt
616 442 Dok
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FIG. 2. The RRA:RIA FSH activity ratio of each FSH
isohormone or pootl of minor forms obtained after
chromatofocusing of pituitary extracts from adult
foemale rats decapitated during the morning of
proestrus (see FIQ.1). *, p=0.01 vs pls 7.40, 6.08
and 4.88-4.42; **, p=0.01 vs pls 7.40, 5.45-8.18 and
salt peak;***, p=0.01 ve pls 7.40,6.08 and 4.88-4.41.
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The overall data strongly suggest that at least In rodents, a cyclic or "female”
pattern of hypothalsmic and gonadal secretion leads the anterior pituitary towards
the production of less acidic follicle-stimulsting isohormones, whereas a tonic or
"androgenic” type of secretion, as that present in adult males and females with
the androgen-induced anovulstory syndrome, leads more to the production of
strongly acidic FSH forms. Hence, there is s sexual dichotomy in terms of the type
of FSH synthesized by the anterior pitultary gland (Figs. 1 and 4).

Sex-and sge-dependent differences In charge heterogenelity of intrapitultary FSH
have slso been detected in humans (35,37). Acidic lsohormones are more
prevalent In older Individusis (both males and females) and the most acldic forms
are found in glands obtsined from elderly women (35,37,39). In agreement with
the studies performed in rodents, the median charge of F8H ls more basic In
young women than in young men (35); in males, the medisn charge of pitultery
FSH from ages 0.2-9 years is less acidic than that of men 17-42 years oid.
Likewise, as found in the rodent, both the [n vitro biological activity (4,13,40) and
plasma dissppesrence rates (38) of human and monkey intreptultary FSH
isoforms increase ss the p! or median charge of the isoform becomes less acidic.

A B
80 -
o NF'BN 1-)
® pl ¢88-448
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| 10 100 1000 1 10 100 1000

ng hFSH1-3 or rFSH RP-1

FIG. 3. A: The abiilty of esch FSH pesk or pool of peaks to
stimulste plasminogen activator production by rat granulosa cells
in culture.The activity exhibited by pool with pl 4.88-4.42 wes
similar to that presented by the sait peak. B: The activity of pool
with pl 4.884.42 and the salt pesk after size exclusion
chromatography through Sephadex G-100. The B ratios for
lsohormones with pls 7.40, 6.08 and 5.45-5.15 were 3.0810.24,
2.2610.14 and 2.3010.45, respectively. Values repressnt the means
of triplicate incubstions.

Heterogenelty of circulsting FEH In humans has been demonstrated by Wide (34)
and Padmanabhan et al (18) using zone electrophoresis or chromstofocusing ss
the separation techniquse, respectively. Serum FSH from premenopausal women
was less acidic than that exhibited by postmenopausal women, normal men,
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castrated men and patients with gonadal dysgenesis (34,38). Circulating FSH
from ali these subject groups is more negstively charged than intrapituitary FSH
(35). In a recent study, administration of GnRH to patients with gonadal
dysgenesis was followed by the appearence of less negstively charged forms of
FSH In serum, with a highly significant correlation between the relstive increase
in serum leveils of FSH after GnRH and the decrease In relstive electrophoretic
mobility (38). This ocbservation suggests that the prevalence of strongly acidic
forms of serum FSH detected in basal conditions may be due to selective survivel
in the circulation of the different isoforms released by the pituitary. Padmanabhan
ot ol (18) chromatofocused serum from women with normal ovulstory cycles and
showed that the pH distribution pattern of FSH changed depending on the
specific phase of the cycle. Serum from women during the midcycle phase
contained more Immunoreactive F8H In the pH range of 6.0-4.81 compared tothe
lutesl and folliclar phase samples, In which the majority of FSH forms were
detected within the pH range of less than 4.81. Interestingly, administration of the
synthetic estrogen dlethyistlibestrol to a patient with gonadal dysgenesis, induced
8 shift of the serum F8H isoforms to the basic pH range (18). Simliler qualitative
changes In the pH distribution of serum FSH forms were detected by Wide (34)
in samples from men with prostatic cancer trested with estrogens. All these
observations strongly support the concept of the existence of a sexual dichotomy
with regard to the type of F8H produced by the pitultary.

0 e 6 8 10
FRACTION NUMBER

FIG. 4. Representative profiles of pH distribution of pitultery F8H
sfter chromatofocusing of extracts from adult male- and neonatally
androgenized female rats. Numbers above pesks denote the pl of
that F8H Isohormone. Arrow indicates the addition of 1 M NaCl to
the chromstofocusing column.

Studies from both rodents and primates clearly Indicate that sex sterold
hormones and GnRH, acting In concert st the hypothalamic and pHultary levels,
regulate the physicochemical and biological characteristics of the FSH molecule
to be released from the pitultary gland st a given time.

Charge heterogenelty of LH

Charge heterogeneity of intraceliular LH has been extensively examined In
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several snimal species. Six to seven dimeric components of rat and human
pituitary LH with isoelectric points ranging from 9.8 to <7.0 have been Identified
by elther IEF or chromatofocusing (9-12,19,22,33). As it has been found for FSH,
several studies have shown that these LH isohormones differ from each other In
relative abundance (12), receptor binding activity (33) snd [n vitrg blological
potency (10,12,22). Variations in relative sbundance are closely relsted with the
endocrine status of the donor (12,19; see below). In both humans and rodents,
it has been demonstrated that the more basic isohormones possess the grestest
RRA:RIA (radioreceptor to radioimmunoassay) and B:| (In_vitro biological to
immunological) LH activity ratios, and that thess ratios decrease linearly with
decreasing pl (12,22,33). in contrast, little Is known concerning the circulatory
haif-lives of the LH Isohormones. Survival time experiments done In male rats
injected with different human LH isoforms with pis ranging from 7.4 to 8.8
showed that there were no significant differences in the disappearence rates
between the four isohormones tested (9). This obervation Is what should be
expected considering the narrowness among the pls of the isohormones studied;
inclusion of more lsohormones with extremes pH (pls <7.0 and >9.0;12) would
probably yleld significant differences in hali-lives among LH iscforme.

Even though in rodents the sex of the donor and its endocrine status does not
change significantly the number of pitultary LH lsohormones detected (12), there
may be changes In the relative sbundance of rlLH among the varlous Isoforme.
Hattorl ot al (11), found that the relstive amounts of rlH components with pis 9.3
o 9.8 were higher in glands from Intact females (morning of proestrus) than in
those from Intact male and orquidectomized animals, whilst components with pls
7.9 to 8.8 (with lower [n vyitre blological potencies) were dominamt iIn
orquidectomized donors. Robertson et ol (20) found significantly more Immune
and bloactive rat LH In the pH range of 7.0-9.5 In intact males than in diestrus
females; castration Incressed the proportion of alkaline LM (p! 7.0 to 11.0) from
63 and 60% to 76 and 75% in male and female donors, respectively, Although
Keel and Grotjan (12) did not observed significant changes among the pH
distribution profiies of intraptultary male and female LM, they found that the
relstive amount of the moet alkaline LH isoform (apparent pi >9.8) wae reduced
2.5- and 3.5 fold whereas that of midalkaline LH (pl 9.08) increased as » result of
castration In both sexes. Uchida and Suginami (28) observed cyclic changes in
both the bioactive and immunoactive levels of the moet basic lsohormone of rat
LH (p! 10.3) whereas midaikaline or acidic species remained constant
the cycle. This basic ischormone was the moet predominant during proestrus,
decreased during estrus and then increased during dlestrus. Thus, structural
modificstions of the hormone associsted with the midcycle relesse of L might
result in an alkatine shift in pl and a subsecuent increass in biological potency of
the LH molecule relessed at this time. In fact, when serum LM bloactivity Is
measured In cycling rats, 8 marked increase in LH BA ratio may be found sfter the
proestrus-associsted LH surge (24).

Age-dependent differences in charge heterogensity of human plultery snd
plasma LH have been explored in detail. Reader ot 8l (19) observed that >34% of
the bicactive pltuitary LH from postmenopaussl women (aged 61 to 75 years)
migrated as a major discrete isoelectric focusing peak to an acldic pM reglon (<
6.0), whilst <6.0% of the LH from premenopaussls (19 to 35 years oid) was
detected in this low bioactivity region. This observation was In sgreement with
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that of Strollo et al. (25) who found marked differences in pH distribution between
bloactive LH from plasma of postmenopausal women compared with normally
menstrusting women; Iin the former group, 8 more acidic molecular species (pH
7.1) was detected. Wide (35) using zone electrophoresis found that acidic LH
lsohormones were more prevalent in older individuals (both males and females)
and that the most acidic forms were found in glands from elderly women; there
was 8 highly significant correlation between the median charge of LH in Individual
pituitary extracts and age, in both men and women (age ranges studied: 19 to 86
years for men and 14 to 91 for women). The median charge of pituitary LH wase
simiiar in young men and women (35), finding which was in agreement with the
studies In rodents performed by Keel and Grotjan (12) but not with those of
Robertson et al. (20). These discrepancies could be relsted to differences In the
endocrine status of the female donors at the time of sample collection.

The electrofocusing profiles of the two pools of human LM released by the action
of exogenous GnRH (where the first pool represents the acute releasable pool of
mature stored hormone, and the second one the release of the reserve pool of
LK which involves synthesis and/or chemical modification of the hormone) have
been examined by Suginami et al (26). In midcycle samples from the first pool,
the dominant LH species had pls ranging from 8.5 to »9.0, whereas early folliculer
and lutesl phase first pool predominantly migrated within the pl range 7.8-8.6. LH
from the second pool consistently exhibited an increase In the percentage of
acidic LH species (p! <7.0), In which the B/l ratio was significantly depressed.
Thus, sikaline LH isochormones might represent the stored, readily releasable pool
ol LH, whiist scidic isoforms might represent the young generation of LM
molecules prior to acquisition of biological potency through modifications in thelr

cerbohydrate composition.

The overall data clearly indicate that, ss it has been documented for FEH, LK
pleomorphism Is finely regulsted by the concerted action of both gonadal and
hypothalamic (GnRH) factors.

Blochemicpl basis for gonadotropin heterogenaeity

Recent evidence Indicates that gonadotropin microheterogeneity ls the result
of varistions In oligosaccharide structure. The elegant studies of Baenziger and
Green (1) have allowad to elucidate some possible relstionships between
oligossccharide heterogeneity and charge heterogeneity. Most oligosaccharide
chaing in LH and FSH are dibranched structures in which both of them terminate
in 8 negatively charged group (GalNAc-8§0, or GAL- slalic acld) or one branch in
s negatively charge group and the other in 8 mannose. Dibranched complex-type
oligosaccharides with and without a bisecting GicNAc molety and tribranched
complex-type oligosaccharides of different types but containing all of them
terminal sialic acld residues are siso found. Since the relstive distribution of
neutrsl, suifsted and sulfsted/slalylsted oligossccharides on pHultary
gonadotropins shows significant between-specles varistions (1), it Is very difficult
to generalize on the role of these terminal groups in hormone heterogenelty.
Several studies have shown that the slalic acid content of a given gonadotropin
is closely correlated with its pl and in vitrg blological activity. Graded enzymatic
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digestion of rat LH (10), hamster FSH (32) and human FSH (34,35,37) with
neuraminidase progressively decreased the acidic isohormones of the hormone,
while concomitantly increasing the proportion of basic forms until a single,
completely desialylated Isoform was detected. This desialylation was
sccompanised by a progressive increase in in vitrg biological activity (10,32). Thus,
in these particular gonadotropins sialic acid content seems to play s primary role
in the observed charge heterogensity as disclosed by electrofocusing and zone
electrophoresis. in contrast, treatment of ovine LH with neuraminidase resulted
only in a minimal shift towards the alkaline region, suggesting that at least in this
snimal species terminal sulfates play a critical role on LH heterogenelity (6).
Studies on hLH are controversial. Cole et 8l (8) obsarved s marked shift from
scidic to basic forms as a result of neuraminidase digestion, whiist Lichtenberg
snd Urban (14) detected a partial shift which was extonded only after turther
digestion with aryisulfstase. Thus, R seems that in the case of hLH both
negatively charged terminal groups account for most of the charge heterogeneity
of the hormonae. in fact, structural shalysis of the oligosaccharides presentin hLH
have shown the existence of nearly equal proportions of sulfated and slalyisted
oligosaccharides (slalylsted/sulfated oligosaccharides rstio=1.18) (1).

Although the biochemical mechanisms involved in the Interaction of these
gonadotropic Isoforms with their specific receptors st the target cell remain
incompletely understood, it appears that in addition to slalic acid incorporation,
varistions In the structure of the carbohydrate moleties internal to slalic acld or
terminal sulfates ailso play a critical role. More basic rat FSH and human LM
isoforms exhibit a higher sffinity for the lectin Concanavalin A than the more
scidic lsohormones (22,32), which suggests that basic isoforms contaln more
hybrid oligosaccharides (with one branch terminating in 8 mannose), whereass
acidic molecules contain more complex oligosaccharides In which both branches
probably terminate in negatively charged groups. ¥ slalic acid residues are
enzymatically removed from acidic rat FSH Isohormones, the resultant less acidic
forms will show a significant increase in their capacity to bind this lectin (32). The
observation that such an increment in sffinity for Concanavalin A presented by the
less negatively charged isoforms paralisis their enhancement in receptor-binding
activity and [n yitro biological potency strongly suggests the existence of a close
relstionship between the particular content and/or spstisl arrangement of
carbohydrates internal to negatively charged terminal moleties upon the FSH and
LH molecules and their behavior st the target cell isvel. ARernatively, this finding
might slso indicate the presence of Inhibitory effects of negeatively charged
groups upon either binding of the isohormones to their receptor or activation of
the receptor-adenylate cyciase system.

nclusl

Although the physlological significance of gonadotropin heterogeneRy still
remaing to be clearly defined, the studies described above indicate that the
phultsry gland has the capacity to regulate not only the quantity but slso the
Quality of the gonadotropin signal produced and released from the gland st any
given time to perform specific actions upon gonadal maturstion and function. An
interesting level of control appears to oxist at the pltultery gland. Depending upon

8



the endocrine milisu, the pituitary preferentially releases different types of
gonadotropins, highly. potent but short-lived or long-acting but less biologically
sctive forms. Thus, the existence of gonadotropin heterogeneity represents an
exquisite fine-tuning mechanism for controlling gonadal activity. The study of the
biochemical basis for gonadotropin heterogeneity and the elucidation of the
precise control of isohormone blosyntesis will undoubtedly allow not only a better
understanding of the mechanisms controlling the function of the hypothalamic-
pluitary-gonadal axis but also the design of new therapeutic strategles to obtain
a better control over follicular development, compared with conventional therapy.
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Follicle-stimulating hormone (FSH) is produced and secreted from the anterlor pituitary gland of
female rats in multiple molecular forms. At times of high GnRH and ontrogoh output (e.g. the
morning of the pro-oestrous day) the pituitary increases the production of FSH isoforms with
isoslectric point (pl) values >5.0, whiist sex steroid deprivation leads to the production of strongly
acidic and less in-vitro biologically active FSH molecules. it is not known, however, whether sex
steroids modulate the production of specific FSH isoforms by a direct action at the pituitary level
or indirectly through altering the rate of synthesis and/or secretion of that hypothalamic
decapeptide. in order to get some insight on this issue, we examined the charge heterogenelty
of FSH secreted by cuitured pituitary cells exposed to different FSH-releasing factors, oestradiol-
178 and progesterone, alone or In different time-sequenced combinations. Anterior pituitary
glands from 21-day-old female rats were snzymatically dispersed into a single cell suspension and
cultured for 6 days. During days 1 to 3, cells were incubated In the absence of factors or sterold
hormones; on days 3 to 4, cells were incubated In the absence (controls) or presence of either
oestradiol-178 (3.67 nmol/l) or oestradiol-1708 plus progesterone (3.67 and 31.8 nmol/,
respectively). Finally, during days 4 to 6, GnRH (10 nmol/l) or recombinant human Activin-A (2
nmol/l) were added to half of all culture wells. Media from each cell group were concentrated and
the several forms of secreted FSH were then separsted by polyacrylamide gel isoslectric focusing
(pH range 4.0 to 6.5) and quantitated. All media concentrates contained several formnl of
immunoactive secreted FSH focusing within a pH range of 6.44-4.23. Fifty one to 76% of total FSH
recovered focused within an isoelectric point range of 4.9-4.0 (area 3), whilst 20 to 43% and 4 to
8% of total were identified within pl ranges of 5.9-5.0 (area 2) and 6.5-6.0 (area 3), respectively.
Addition of GnRH to control or oestradiol-primed celis significantly increased the release of FSH

isoforms recovered within area 2 compared with the remaining groups (percent FSH recovered



within area 2 in GnRH and ocestradliol plus GnRH cell groups= 39.412.5 to 43.212.0% of total;
conirols, ocestradiol-178-, oestradiol-178 plus progesterone- and Activin-A-exposed groups=
20.13:2.2 to 32.121.2% of total, p<0.05). The presence of progesterone in the culture medis
prevented GnRH-medisted effect. Cells exposed to oestradiol-178, oestradiol-178 plus
progesterone and Activin-A {(with or without sex steroids) predominantly released FSH forms
recovered within the most acidic area of the gel (area 3) (68.112.9 to 70.915.9% of total, p<0.05
vs GnRH and oestradiol-178 plus GnRH, n.s. vs the remaining groups). There were not between-
group differences In the amount of FSH recovered within area 1 (pl 6.5-8.0). F8H molecules that
focused within area 2 exhibited a higher receptor-binding activity than those recovered from the
most scidic region of the ge! (radioreceptor assay/radicimmunoassay FSH activity ratio in sres 2=

2.5610.29, ares 3= 0.8310.03, p<0.01).

We conclude that under in~vitro conditions GnRH selectively increases the relesse of less acidic

FSH isoforms possessing an snhanced receptor-binding potency. it is suggested that cestradiol

“modulates the invivo production and secretion of specific FSH isoforms indirectly through

temporal modifications in sither the rate of syntehsis and/or secretion of GnRH at the hypothalamic

level or the pituitary sensitivity to this releasing hormone.



Follicle-stimulating hormone (FSH) is produced and secreted by the anterior pituitary gland in
mulitiple molecular forms (Robertson, Foulds & Ellis, 1982; Miller, Ulloa-Aguirre, Hyland & Chappel,
1983; Khan, Katziga, Froysa & Diczfalusy, 1984; Wide, 1985; Ulloa-Agulrre, Espinoza, Damién-
Matsumura & Chappel, 1988a). The number of these isoforms and their relstive abundance will
depend on the endocrine status of the donor at the time of collection of the tissue or sample
(Wide, 1982; Chappel, Ulloa-Aguirre & Ramaley, 1983; Padmanabhan, Lang, Sonstein et al, 1988;
Ulloa-Aguirre, Espinoza, Damlén-Matsumura et al, 1988b; Ulloa-Agulrre, Damién-Matsumuras,
Espinoza st al, 1990). Since the different isoforms of anterior pituitary FSH have been separated
mostly on the basis of their charge, It is thought that they differ from each other In their
carbohydrate composition, mainly sislic acid (Chappel, Bethea & Spies, 1984; Blum, Rlegelbauer

& Gupta, 1985; Wide, 1985).

Separation of FSH from anterior pitultaries of female rats and hamsters by polyacrylamide gel
isoelectricfocusing (PAG-IEF) has disclosed the existence of several FSH isoforms with iscelectric
point (pl) values ranging from 6.2 to 3.5 (Chappel, Coutifaris & Jacobs, 1982; Ulioa-Aguirre et al,
1988b). Pitultary glands removed from animals exposed to an ocestrogen and GnRH enriched
environment [eg., during the late morning of the day of pr&-outrous (Ulloa-Agulirre et ol, 1988b;
Ulloa-Aguirre et al, 1990) or during long term (30 h) exposure of ovariectomized animals to
oestradiol (Chappel ot al, 1982; Galle, Ulloa-Aguirre & Chappel, 1983)], exhibit larger proportions
of Ischormones with more baslic pls. These particular isohormones contain less slalic acid residues
(Blum et al, 1985; Ulloa-Aguirre, Miller, Hyland & Chappel, 1984), have shorter plasma haif-lives

(Blum & Gupta, 1985) and exhibit higher in-vitro biological potencies than F8H forms with more



acidic pls (Miller et al, 1983). However, it is still incompletely understood whether the production
of specific FSH isoforms in these in-vivo conditions Is regulated by direct actions of sex steroids
at the pltuitary level or if they exert this effect Indirectly through modifying the synthesis and/or
release of GnRH, a factor which has been shown to induce changes In the glycoslistion of LH in
invitro conditions (Liu, Jackson & Gorski, 1978; Vogel, Magner, Sherins & Weintraub, 1986;

Ramey, Highsmith, Wilfinger & Baldwin, 1987).

To further explore this issue, we analysed the direct effects of sex steroids, GnRH and the potent
FSH-releasing factor Activin-A, alone or In different time-sequenced combinations with sex
sterolds, upon the charge distribution of the FEH molecules produced and secreted by anterior

pituitary cells in cufture.

Bltuitary cell culture

Anterior pltuitary glands from 21-day-old Sprague-Dewley femal rats were dispersed into a single-
cell suspension according to the method of Vale, Grant, Amoss et al (1972). Dispersed celis were
pisted in Dulbecco’s Modified Eagle’'s Medium (DMEM) (Gibco, Grand Island, New York, USA)
suplemented with 10 % (vol/vol) fetal calf serum (Gibco), 5 pg/ml Insulin, 1 mg/ml bovine serum
albumin (Sigma Chemical Co., S§t Louis MO, USA), 50 ug/m! gentamicin (Glbco) and 4 mol/l
glutamine (Sigma), st a density equivalent of two pituitaries per well In 35-mm Nunclon culture
dishes (Nunc, Roskilde, Denmark). Two days later (on culture day 3), the cells were washed
twiced with fresh medium, and the treatments shown in Table 1 were initisted. On days 3 to 4,
celis were incubated In the presence or abscence (controls) of either oestradiol-178 (E,; 3.67

nmol/l) or E, plus progesterone (P,) (Sigma) (st a concentration of 3.67 and 31.8 nmol/l,



respectively) whilst during days 4 to 6, GhRH (10 nmol/i) (Genentech, Inc., San Francisco CA, USA)
or recombinant human Activin A (rhAct-A; 2nmol/l) (Genentech) were added to half of the control,
E,- and E, plus P,-containing culture welis. All these incubations were performed in fetal calf

serum-free culture medium and In humidified 5% CO,-95% air at 37°C.

At the end of the incubation period, all media samples and cellular lysates [prepared by sdding
phosphate (0.05 mol/l)-buffered physiological (0.15 mol/l) saline (PBS), pH 7.4, containing 1%
Triton X-100 to the dishes after the medium was collected] were separstely dialysed sgainst two
changes of 100 volumoﬁ of 0.01 mol NH,HCO,/I and freeze-dried. Each concentrate was

redissolved In 0.01 mol/l PBS and stored frozen at -70° C until the day of PAG-IEF.

Polyacrylamide gel isoelectric focusing of medias and celiular lysstes concentrates:

Samples in duplicate or triplicate (10-20 ul each) from at least three concentrates per incubation
group, were applied to polyacrylamide gels (LKB-Produkter AB, Bromma, Sweden) and focused
(pH range 4.0-6.5). At the end of the focusing period (2.5 h) each lane was sliced into 27 3-mm
sections and focused proteins were eluted by incubation In 0.05 mol/i PBS, pH 7.4, containing
0.1% gelatin, for 18 h at 4° C. Eluent samples wers removed and stored frozen until analysis by
FSH radioimmunoassay (RIA). Gradients of pH were determined after incubation of slices from
blank lanes (top, middie and bottom) in de-lonized water. Eluents from blank gels trested Iin the
same manner as test gels did not interfere with the specific binding of the RIA at the volumes

employed (50-200 ul). Recoveries ranged from 70 to 75%.

BIA of FS§H

Purified rat FSH (NIDDK rat FSH-1-8, Bethesda MD, USA)) was lodinated by the lactoperoxidase-



glucose oxidase method a described by Bex & Corbin (1981). Following separation of protein-
bound and free 'ZI by Sephadex G-100 column chromatography, '“i-lsbelied FSH was further
purified by Concanavalin A chromatography (Pharmacia Fine Chemicals, Piscatsway, NJ, USA) as
described by Dufau, Tsurahara & Catt (1972). The RIA of FSH was performed using the rat RIA kit
provided by the NIDDK; the reference preparstion employed to construct the standard curve was
rat FSH-RP-2 (NIDDK); results are expressed as ng of this FSH standard. To avold Interasssy
varistions, ail samples from a single PAG-IEF lane were included in the same batch. Intra-agssay

coefficent of variation for this RIA system was 7% and the sensitivity was 0.25 ng/tube.

Badioreceptor ssssy (RRA) of FSH

PAG-IEF ge! media eluents from fractions with pls 5.9-5.0 and 4.9-4.0 were separately pooled and
then quantitated by RRA at four different dilutions. The RRA of FSH was performed as described
previously (Guevara-Aguirre, Schoener, Ulloa-Aguirre, et al, 1986). rat FSH-1-6 (NIADDK) was
radioiodinated snd purified as described sbove; specific activity of '“i-labelled FSH was 20-25
uCl/ug protein. The standard curve was constructed employing rat FSH-RP-2 as standard. Specific
binding of '“Habelled hFSH to the receptor preparstion was 20-25% of total radioactivity added;
non-specHic binding was assessed by adding 1000-fold excess of uniabelled ovine FSH (Sigma)
and represented <5.0% of the total FSH bound to the receptor preparation. Each sample was
assayed in triplicate Incubations. Within and between-assay coeficients of varistion were <10 and
15%, respectively. The sensitivity was 0.35 ng rat FSH-RP-2/tube.

Statistical Analysis
One-way analysis of variance (ANOVA) (for n >3) and the unpaired t-test (for n= 2) were used to
determine differences between groups. When differences existed by the ANOVA, the Duncan's

multiple range test (1980) was used to determine which means were different. A probabliity < 0.05



was considered statistically significant.

All media from cells incubated in the abscence or presence of sterold hormones without FSH-
releasing factors, contained modest but clearly detectable amounts of immunoactive secreted
FSH. Exposure of culture anterior pituitary cells to both releasing factors GnRH and rhAct-A,

promoted a significant increase in FSH secretion (Figure 1).
PAG-IEF patterns of secreted F§H

Media concentrates obtained from all incubation groups contained several forms of secreted F8H
focusing within a pH range of 6.44 to 4.23 (Figures 2 and 3). To quantify differences in the
isoslectric focusing pattern of secreted FSH between those groups differently stimulated, ssch
PAG-IEF psttern was divided into three regions (area 1, pl value 6.5-8.0; area 2, pl value 5.9-5.0;
area 3, pl value 4.9-4.0) and the amount of FSH present within each was determined. Secreted FSH
recovered within each of these regions displaced '“I-abelled FSH from the antibody in a paralie}
fashion (Figure 4A). Fifty one to 70% of total FSH recovered focused within a pl value of 4.9-4.0
(area 3), whilst 20 to 43% and 4 to 8% of total were Identified within ranges of 5.9-5.0 (sres 2) and
6.5-6.0 (srea 1), respectively (Table 2). Addition of GnRH to control and E,-primed cells
significanly increased the release of FSH isoforms Identified within area 2 (Figure 2 and Table 2);
the presence of P, in the culture media prevented this GnRH-medisted effect (Figure 2, lower
panel and Table 2). in those cell groups incubated in the presence of rhAct-A (groups Vil to IX,
Table 1), there were no significant shifts towards the release of less acidic (p! value>4.9) F8H

isoforms (Figure 3 lower panel and Table 2).



Even though cells exposed to E; and rhAct-A (with or without priming with sex steroids), relessed
lower relative amounts of FSH isoforms with pl values 5.9-5.0 than the controis (Table 2), their
concomitant increase within the maost acidic area of the gel was not significantly different from that

observed in the control group.

To examine the receptor binding capacity of the secreted Isoforms, FSH recovered within areas
2 and 3 were quantified by RRA; FSH materlal recovered from the less acidic pH range (area 1,
pl value 6.5-6.0) was insufficient to perform these receptor binding studies. Even though F8H
present In these two regions of the gel displaced '“I-labelled FSH from the receptor preparstion
in a dose-dependent manner (Figure 4B), the receptor binding activity varied with the pl value of
the particular area tested. Expressed as the RRA/RIA activity ratio, the receptor binding activity
of FSH recovered from area 2 (pl value 5.9-5.0) was significantly higher than that exhibited by FEH
from the most acldic region [RRA/RIA ratio of FSH from ares 2, 2.561:0.29; FSH ratlo from area 3,

0.8310.03 (X+8D), (p<0.01)).

PAG-IEF patterns of intraceliulsr F§H

Intracellular FSH recovered after completion of the Incubation period was also present In multiple
molecular forms (Figures 3 and 5). In ali Incubations the majority of Intracellular FSH recovered
was Identified within pis of 4.9 or less (61 to 91% of total, Table 3); in general, Intraceliular F8H
was found to be more acidic than the hormone released (compare percent F8H recoveries within
pH ranges 5.9-5.0 and <4.9 between Tables 2 and 3). In those cells incubated In the abscence of
GnRH, the amount of immunoactive intracellular FSH identified within the pH range of 6.5 to 6.0
was minimal (sproximately haif the amount identified as hormone secreted) and there were not
clearly distinguishable peaks of FSH In this area (Table 3). Cells incubated In the presence of
GnRH alone and those trested with E, plus GnRH exhibited the highest relative amounts of



intracelullar FSH recovered within a pl value of 5.9-5.0 [p<0.05 for GnHH alone vs the remalning

groups lhd for E; plus GnRH vs E, alone and E, plus P, (Table 3)].

i Is well known that within a species, the glycoprotein hormones dispisy » high degree of
aminoacld sequence conservation (Pierce & Parsons, 1981). However, each of these complex
hormones is not a uniform molecular structure but rather an array of isoforms that are reguisted

hormonaliy (Ulloa-Aguirre et al, 1988a).

We have previously shown that rodent pitultary celis that have been enzimatically dissocisted snd
cultured for at least four days, contain and secrete mulitiple species of FSH that may be separable
by PAG-IEF (Ulioa-Aguirre, Coutifaris & Chappel, 1983). In the present study, rat anterior pitultary
cells In culture released several isoforms of FSH, thus confirming and extending that report.
However, under the particular condlflom of the study, the PAG-IEF patterns of the hormone
secreted varled depending on the treatment administered. Only those cell groups incubated In
the presence of GnRH alone or in combination with E,, released forms of F8H with less acidic pl
values and a higher receptor-binding actlivity, whilst cells treated with the potent FSH releasing
factor Activin-A, secreted FSH molecules with pl values similar to those observed In control and
steroid-enriched conditions. These findings are In agreement with those of Miller, Ullos-Aguirre,
Hyland & Chappel (1883) who demonstrated that hemipitultary glands from ovarlectomized
hamsters released a higher proportion of FSH molecules with pl values >5.2 when incubasted
during a short period of time (2 h) in the presence of GnRH, but disagree with the observations
of Blum & Gupta (1985) who were unable to detect differences between the chromstofocusing
patterns of FSH secreted by anterior pitultaries incubated during four hours In the presence or

abscence of this releasing factor. These discordant results might be sttributed to differences in

10



experimental designs and methods employed, including the addition of fetal calf serum to the

media contalning GnRH.

Considering that the synthesis and secretion of pituitary gonadotrophins induced by GnRH In
static non-puisatile in-vitro systems are apparently two uncoupled functional processes and that
under these conditions the synthesis of gonadotrophins Is negligible (Salton, Blum, Jonassen &
Clayton, 1988; Shupnik, 1990; Welss, Jameson, Burrin & Crowley, 1990), it is possible that the
secreted Isoforms of FSH identitied In the present study represented stored and already
synthesized fractions of FSH, rather than newly synthesized molecules. Furthermore, the majority
of the FSH molecules recovered from the culture medis as secreted forms, were probably
released during the first hours following the addition of GnRH, since it is known that cells in
culture Incubmd- with GnRH for six hours become refractory to further stimulation by the
releasing hormone, requiring 2 to 4 days to recover from this refractory condition (Jinnah & Conn,
1985). Likewise, it is slso possible that GnRH had increased the release of less acidic F8H
molecules through post-transiational modifications in the structure of the oligosaccharide chains
linked to their protein core, including their sialic acid content. Several lines of evidence support
this hypothesis: 1. By Indirect methods (neuraminidase treatment of anterior pituitary extracts)
Ullioa-Aguirre ot al (1984) have previously demonstrated that as the FSH molecules moves closer
to the cathode and becames less acidic, its sialic acid content decresases; 2. We have previously
shown that enzymatic desialylation of an acldic F8H isoform with a pl value of 4.8, produced
seversl peaks of immunoactive FSH, with more basic pl vaiues, that exhibited a higher affinity for
Concanavalin A than that presented by the intact untreated molecule ( Ulloa-Aguirre 1988b) and
3. Seversl studies have demonatrated that LH giycosilation may be modified by the addition of
GnRH to cultured rat pituitaries, with little or no effect on apoprotein synthesis (Liu et al, 1976,

Voge! et al, 1986, Ramey et al, 1987).
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in contrast to GnRH, rhAct-A which is able to induce both synthesis and secretion of FSH In static
invitro systems (Schwall, Nikolics, Szonyl et al, 1988; Attardi & Miklos, 1990), did not induce
detectable increases in the pi values of the secreted FSH molecuies. This finding strongly
suggests that the changes in FSH synthesis and release induced by the static rhAct-A treatment
wot; not coupled to significant and/or specific modifications in the final structure of the
carbohydrates linked to the protein core of the FSH molecules to be secreted by the anterior
pituitary cells. Even though the pl value of FSH molecules reieased by the addition of GnRH was
unaffected by oestradiol, the presance of progesterone in the culture media prevented the GnRH-
induced release of less acidic isoforms of the hormone. The finding that the release of FSH
triggered by GnRH was unaffected by progesterone suggests that this steroid selectively
influenced the mechanisms by which GnRH might modify FSH glycoslistion, without any

interference upon those mediating FSH release.

The oversll data strongly suggest that in in-vivo conditions, the production and secretion of less
acidic (and more bilologically active) forms of FSH by the anterior pituitary gland Is regulsted by
GnRH and that oestradiol might modulate this effect indirectly through temporal modifications in
either the rate of synthesis and/or secretion of GnRH at the hypothalamic level or the pituitary
responsiveness to this releasing hormone. Nevertheless, further studies are stiil required to clarify
the exact mechanisms by which the pituitary gland may respond to an ever-changing endocrine
environment by Influencing not only the sbeolute amount but also the potency of the FSH signal
to the gonad.

12



Acknowiedgments

This study was supported by grants from the Rockefeller Foundstion (New York, USA). The authors
are indebted to the NIDDK for the generous gift of the FSH radioimmuncassay material.

13




Attardi, B. & Miklos, J. (1990). Rapid stimultory offect of activin-A on messenger RNA encoding
the follicle-stimulating hormone B-subunit in rat pituitary cell cultures. Molecular

Endocrinology 4, 721-7286.

Bex, F.J. & Corbin, A. (1981). Luteinizing hormone-releasing hormone (LHRH) and LHRH agonist
termination of pregnancy in hypophysectomized rats: extrapitultary site of action.
Endocrinology 108, 273-280.

Blum, W. & Gupta, D. (1985). Heterogeneity of rat FSH by chromatofocusing: studies on serum
FSH, hormone released in vitro and metabolic clearance rates of its various forms. Journal
of Endocrinology 105, 29-37.

Blum, W., Riegelbouer, G. & Gupta, D. (1985). Heterogeneity of rat F8H by chromatofocusing:
studies on in-vitro bicactivity of pitultary FSH forms and effect of neuraminidase treastment.
Journal of Endocrinology 105, 17-27.

Chappel, 8.C., Bethea, C.L. & Spies, H.G. (1984). Existence of multiple forms of follicle-stimulsting
hormone within the anterior pituitaries of Cynomolgus monkeys. Endocrinology 118, 452-
461.

Chappel, S§.C., Coutifaris, C. & Jacobs, S.C. (1962) Studies on the microheterogeneity of F8H

present within the anterior pltuitary gland of ovariectomized hamsters. Endocrinology 110,
847-854.

14



Chappel, S.C., Ullos-Aguirre, A. & Ramkaley, J. (1983). Sexusl maturstion in femsle rats: time-
related changes in the isoelectric focusing pattern of anterior pituitary follicle-stimulating

hormone. Blology of Reproduction 28, 196-205.

Dufau, M.L., Tsursharas, T. & Catt, K.J. (1972). Interaction of glycoprotein hormones with agarose-

- Concanavalin A. Biochemica et Biophysica Acta 278, 281-292.

QGalle, P.C., Ulloa-Aguirre, A. & Chappel, §.C. (1983). Effects of cestradiol, phenobarbitone and
lutilnlzlng hormone releasing hormone upon the isoslectric porofile of pituitary follicle-

stimulsting hormone in ovariectomized hamsters. Journal of Endocrinology 99, 31-39.

Guevara-Agulrre, J., Schoener, G., Ulioa-Aguirre, A., Perez-Palacios, Q. & Larres, F. (1988). Induced
hiperprolactinemia does not alter FSH binding or ABP secretion in the rat testls.
International Journal of Andrology 9, 381-392.

Jinnsh, H.A. & Conn, P.M. (1985) GnRH-stimulsted LH release form rat anterior pituitary celis In
culture: refractoriness and recovery. Americsn Journal of Phy.lolow 249, E619-628.

Khan, §.A., Katzijs, G., Froysa, N. & Diczfalusy, E. (1984). Characterization of various molecular
specles offollicle-stimuisting hormone in Baboon pituitary preparations. Journal of Medical
Primatology 13, 295-304.

Ly, T.C., Jackson, G.L. & Gorsky, J. (1976). Effects of synthetic GnRH on incorporation of

radioactive glucosamine and amino acids into LH snd total protein by rat pitultaries in vitro.

Endocrinology 98, 151-158.

15



Milier, C., Ulloa-Aguirre, A., Hyland, L. & Chappel, §.C. (1983). Pituitary follicle-stimulating hormone
heterogeneity: Assessment of biologic activities of each follicle-stimulsting hormone form.

Fertility and Sterility 40, 242-247.

Padmanabhan, V., Lang, L.L., Sonstein, J., Keich, R.P. & Beitinz, |.Z. (1988). Modulation of
serum follicle-stimuisting hormone bioactivity and isoform distribution by estrogenic
steroids in normal women and in gonadsl dysgenaesis. Journal of Clinical Endocrinology

and Metabolism 76, 465-473.

Plerce, J.G. & Parsons, T.F. (1981) Glycoprotein hormones: structure and function. Annusl Review

of Blochemistry 50, 465-495.

Ramey, J.W., Highsmith, R.F., Wilfinger, W.W. & Baldwin, D.M. (1987). The effects of gonadotropin-
releasing hormone and estradiol on luteinizing hormone blosynthesis in cultured rat anerior
pitultary cells. Endocrinology 120, 1503-

Robertson, D.M., Foulds, L.M. & Eliis, §. (12982). Heterogeneity of rat pitulisry gonasdotropins on
electrofocusing; differences between sexes and after castration. Endocrinology 111, 385-

391.

Salton, §.R., Blum, M., Jonassen J.A. & Clayton, R.N. (1988). Stimulation of pituitary LM secretion

by GnRH is not coupled to B-LH gene transcription. Molecular Endocrinology, 2, 1033-1042.

Schwall, R.H., Nikolicz, K., Szonyi, E., Gorman, C. & Mason, A.J. (1988). Recombinant expression

and characterization of human Activin-A. Moleculsr Endocrinology 2, 1237-1242.

18



Shupnick, M.A. (1990). GnRH effects on rat gonadotropin gene transcription In vitro: requirement
for pulsstile administration for LH-8 gene stimulation. Molecular Endocrinology 4, 1444-

1450.

Steel, R.G.D. & Torrle, J.H. (1980). Principles snd Procedures of Statistics, od. 2. New

York:McGraw Hill.

Ulloa-Aguirre, A., Coutifaris, C. & Chappel, 8.C. (1983). Muitiple species of FSH are present within

hamster anterior pltuitary cells cultured in vitro, Acta Endocrinologica 102, 343-350.

Ulloa-Aguirre, A., Damiin-Matsumura, P., Espinoza, R., Dominguez, R., Morales, L. & Fiores, A.
(1990). Effects of neonatal androgenization on the chromatofocusing pasttern of anterior

pltuitary F8H in the female rat. Journal of Endocrinology 126, 323-332.

Ulloa-Aguirre , A, Espinoza, R., Damlan-Matsumura, P. & Chappel, S.C. (1988a). iImmunological and
blological potencles of the different molecular specles of gonadotrophins. Human
Reproduction 3, 481-801.

Ulloa-Aguirre, A., Espinoza, R., Damién-Mstsumura, P., Larrea, F., Flores, A., Morales, L. &
Dominguez, R. (1988b). Studies on the microheterogeneity of anterior pituitary folicle-
stimulating hormone in the female rat. Isoelectric focusing pattern throughout the estrous

cycle. Biology of Reproduction 38, 70-78.

Ulloa-Aguirre, A., Miller, C., Hyland, L. & Chappel, 8.C. (1984). Production of all follicle-stimulating
hormone isohormones from a purified preparaticn by neuraminidase digestion. Biology of

Reproduction 30, 382-387.

17



Vale, W., Grant, G., Amoss, M., Blackwell, R. & Gulliemin, R. (1972). Culture of enzymatically
dispersed anterior pituitary celis: functional validation of s method. Endocrinology 91, 562-

572.

Vogel, D.L., Magner, J.A., Sherins, R.J. & Weintraub, B.D. (1986). Bliosynthesis, glycosilation, and
secretion of rat a- and B-subunits: differential effectos of orchlectomy and GnRH.

Endocrinology 119, 202-207.

Woeiss, J.. Jameson, J.L., Burrin, J.M. & Crowley, Jr. W.F. (1990). Divergent responses of
gonadotropin subunits mRNAs to continuous vs. pulsatile GnRH In vitro. Molecular

Endocrinology 4, 557-561.

Wide, L. (1982). Male and female forms of human follicle-stimulating hormone In serum. Journal

of Clinical Endocrinology and Metabolism 55, 682-688.

Wide, L. (1985). Median charge and charge heterogeneity of human pitultary FSH, LH and T8N. I.
Zone electrophoresis In agarose suspension. Acta Endocrinologica 109, 181-189.

S TN
.
idm
~d,

N o "
N *
'v‘,,:. I\
. A
PR

18 Moy

4 e e L e S e . = 3 i £ e e 1A A 7Y S O TS o o b . 3 e e T A o £ e e



FIGURE LEGENDS

Figure 1. Imnmunoactive concentrations of FSH secreted from anterior pitultary cells in culture
during exposure to GnRH, recombinant human Activin-A, oestradiol-178 (E,) snd
progesterone (P,) alone or In different time-sequenced combinstions (See Table 1). Bars

identified by different letters are statistically different (p<0.05).

Figure 2. Representative patterns of pH distribution of immunoactive FSH secreted from pituitery
cells in culture not-exposed (control) and exposed to oestradiol-178 (E.), oestradiol plus
progesterone (P,) or GnRAH, alone or in different time-sequenced combinations (see Table
1). Numbers above each pesk of immunoactivity indicate the isoelectric point of that

isoform.

Figure 3. Representative patterns of pH distribution of intracellular FSH recovered after exposure
to sex steroids or GnRH, alone or in different combinations. Numbers above each pesk of

FS8H immunoactivity indicate the Isocelectric point of that isoform.

Figure 4. A: The abllity of secreted FSH molecules separated by PAG-IEF to displace '®i-labelled
FSH from the antibody in the FSH RIA system employed In this study. B: The ablity of
secreted FSH molecules with pl values 5.9-5.0 and 4.9-4.0 to displace '“i-labelied FSH from

the receptor preparation in the FSH RRA system.

Figure 5. Representative patterns of pH distribution of intracellular (upper graphs) snd secreted
(lower graphs) FSH recovered after exposure to rhAct-A (Activin-A), oestradiol-178 (E,) plus
rhAct-A and oestradiol-178 plus progesterone (P,) plus rhAct-A. Numbers above each peak

of FSH immunoactivity indicate the isoelectric point of that isoform.
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| Preincybation None None
] Preincubation Oestradiol’ Oestradiol
)] Preincubation Oestradiol plus
progesterone* Oestradlol plus progesterone
v Preincubation None GnRH’
vV Preincubation Oestradiol QOestradiol plus GnRH
Vi Preincubation Oestradiot plus
progesterone Oestradiol plus progesterone plus GnRH
Vit Preincubation None Activin-A®
Vil Preincubation Oestradiol Oestradiol plus Activin-A
IX Preincubation Oestradiol plus
progesterone Oestradiol plus progesterons plus Activin-A

' No sterolds or factors added; preincubation in the presence of 10% fetal calf serum

? Incubstions In the abscence of fetal calf serum

) Oestradiol concentration, 3.67 nmol/l

‘ Progesterone concentration, 31.8 nmol/t

> GnRH concentration, 10 nmol/l

§ Activin-A concentration, 2 nmol/



TABLE 2

Changes in the pH distribution of secreted FSH from anterior pituitary cells in culture
incubated in the presence or absence (controls) of sex steroids, FSH-releasing factors
and FSH-releasing factors plus sex steroids. Values are means ¢ S.D. (n= 3 to § IEF runs

per group),
FSH per zone (as % of total recovered)
pl 6.5 - 6.0 pl 5.9 - 5.0 pl 4.9 - 4.0
Treatment
Control 5.3 ¢+ 1,88 32,1 ¢ 1,28 65.6 ¢+ 1,080
Oestradiol 5.5 + 2,82 21.7 ¢ 1,90 72.9 ¢ 4,5
Qestradiol+progesterone 3.6 ¢+ 1,48 19.7 + 5,080 76.6 ¢ 8.6
GnRH 5.8 ¢+ 0,92 43,2 + 2,0 51.1 ¢+ 1.4C
Oestradiol+GnRH 7.3 £ 1,68 39.4 ¢+ 2,5C 53.3 t+ 3.6°
Oestradiol+progesterone+GnRH 8.5 ¢+ 2.82 29.5 + 2,980  g1,5 &+ 3,830C
Activin-A 7.6 ¢+ 2,98 21,5 + 409 70,9 : 5,90
Oestradiol+Activin-A 6.8 ¢+ 1,08 25.1 ¢+ 1,996 68,1 &+ 2,90
Oestradiol+progesterone+Activin-A 6.5 ¢+ 4,18 20,1 ¢ 2,200 73.4 ¢+ 6.3°

Means identified by different superscript letters in the same column are statistically different
(p £ 0.05) (one-way analysis of variance and Duncan's multiple range test).



TABLE 3

Changes in the pH distribution of FSH recovered within anterior pituitary cells in culture
incubated in the presence or absence (controls) of sex steroids, FSH-releasing factors
and FSH-releasing factors plus sex steroids. Values are means t S,D. (n= 3 IEF runs per

group).
FSH per zone (as % of total recovered)
Dl 6-5 - 600 p' 5.9 - 5-0 Mog
Treatment
Control 2.4 ¢ 0.680 14,8 + 1.82¢  g2.8 2 1,33bf
Oestradiol 1.8 + 0.4 6.4 ¢ 1.08D 91,7 ¢ 1,28
Oestradiol+progesterone 2,7 ¢ 1,18 10.7 + 1,08b 83.8 ¢+ 0.88b
GnRH 8.6 ¢+ 2,3 29,7 ¢ 7,5 61.6 ¢ 6.1C
Oestradiol+GnRH 6.6 ¢+ 3,4Cbd 20.5 + 3,2d€ 72,9 ¢+ 6.19f
Oestradiol+progesterone+GnRH 7.9 + 0,9€ 14,8 &+ 0.7be 77.3 ¢+ 1,3bde
Activin-A 2.0 & 0,280 14.9 &+ 1.0%€ 83.0 ¢+ 1.28€
Oestradiol+Activin-A 3.t ¢ 1,32 10.9 &+ 1,58€ 85.9 + 2.98¢€
Oestradiol+progesterone+Activin-A 4.2 ¢+ 1.33C 11.2 ¢ 3.43€ 84.6 + 4,73¢

Means identified "by different superscript letters in the same column are statistically
different (p < 0.05) (one-way analysis of variance and Duncan's multiple range test).
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