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ESTRUCTURA DE LA TESIS

En esta tesis se analizaron los efectos agudos de la estimulacion VIPérgica de los ovarios de
animales ciclicos o con sindrome del ovario poliquistico sobre la secrecion de hormonas
esteroides, y si tales efectos dependen de las sefiales nerviosas del nervio ovarico superior. La
informacién se agrupd en secciones generales y en capitulos con temas especificos. La primera
parte de esta tesis corresponde a la introduccidn general, mientras que el resto a los
manuscritos donde se describen y analizan los resultados de los estudios realizados y que han
sido publicados o enviados a revistas para su publicacién. Los manuscritos atienden las normas

editoriales de cada revista.

El capitulo I incluye las bases tedricas que sustentan esta investigacion. En el capitulo II se
muestran los efectos agudos (1 hora) y subagudos (24 horas) de la inyeccion unilateral de VIP
en la bursa ovarica de animales en cada dia del ciclo estral. Estos resultados fueron publicados
en la revista Endocrine (2015) 48: 968-977. En el capitulo III se abordan los efectos de la
estimulacién VIPérgica del ovario inervado o denervado de animales ciclicos con seccion
unilateral del NOS. En el capitulo IV se analizan los efectos agudos de la inyeccion de VIP en la
bursa ovaérica de ratas con SOPQ que fueron o no sometidas a la seccién unilateral del NOS.
Finalmente, en la discusion general se analiza el posible significado de los resultados mas

relevantes obtenidos en el presente estudio.
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RESUMEN

Las funciones ovaricas son reguladas por sefales endocrinas, inmunolégicas y nerviosas de
naturaleza simpatica, sensorial y parasimpatica. El nervio ovarico superior (NOS) es la principal
fuente de inervacion simpatica del ovario por el que transcurren fibras que contienen

neuropéptido Y (NPY), noradrenalina (NA) y péptido intestinal vasoactivo (VIP).

Estudios /n vitro muestran que en células de la granulosa y en el ovario completo de la rata, la
NA estimula la secrecién de progesterona, androstenediona y testosterona, mientras que el VIP
incrementa la secrecién de progesterona, andrégenos y estradiol. En ratas con sindrome del
ovario poliquistico (SOPQ) inducido por la inyeccién de valerato de estradiol (VE), la actividad
de las fibras del NOS es mayor que en el grupo control, lo que resulta en una mayor
concentracion de NA y VIP en el ovario. En cultivo de ovarios de ratas con SOPQ, el agregado
de NA al medio de cultivo incrementa la liberacion de progesterona y androgenos, mientras
que el agregado de VIP aumenta la secrecién de andrégenos y estradiol. En ratas con SOPQ, la
seccion unilateral o bilateral del NOS normaliza las concentraciones de testosterona y estradiol

en suero.

El objetivo del presente estudio fue analizar los efectos agudos de la inyeccion unilateral de VIP
en la bursa ovérica de ratas adultas con ciclos estrales regulares (ratas ciclicas) o con SOPQ
sobre la concentracion de progesterona, testosterona y estradiol en suero, y si tales efectos
dependen de la informacién nerviosa aportada por el NOS. Ratas hembras adultas en cada dia
del ciclo estral, y ratas con SOPQ que presentaron un estro vaginal persistente, entre los 68 y
72 dias de edad fueron sometidas o no a la seccién unilateral del NOS seguida o no por la
inyeccion de 20 pl de solucién salina o VIP (10°M) en la bursa del ovario inervado o denervado.
Los animales fueron sacrificados una hora después de la cirugia. La concentracion de

progesterona, testosterona y estradiol en suero fue cuantificada en todos los grupos.

En la rata ciclica, la inyeccion unilateral de VIP en la bursa ovérica resulté en una mayor
concentracion de testosterona y menor de estradiol en suero. Tales efectos dependen del

ovario estimulado, del dia del ciclo estral y de la integridad del NOS. En las ratas con SOPQ la
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concentracion de testosterona y estradiol fue mayor en comparacion a su grupo control. La
seccion del NOS izquierdo resultdé en una menor concentracion de estradiol, mientras que en
ratas con seccion del NOS derecho se observd una menor concentracién de progesterona y
estradiol, y mayor de testosterona. Los efectos de la estimulacion VIPérgica del ovario
izquierdo o derecho sobre la concentracion de progesterona, testosterona y estradiol también

dependen de la integridad de la inervacién del NOS y de la hormona evaluada.

Los presentes resultados nos permiten sugerir que en la rata adulta ciclica cada ovario tiene
diferente sensibilidad a la estimulacion VIPérgica que depende del estado endocrino del animal
y de las sefiales nerviosas que ingresan a cada ovario a través del NOS. En la rata con SOPQ la
regulacion de la secrecidon aguda de hormonas esteroides por las sefales VIPérgicas y
noradrenérgicas (NAérgicas) del NOS es diferente de aquella en animales sin la patologia. Con
base en los presentes resultados se propone la existencia de una interaccion funcional entre los
neurotransmisores y neuropéptidos que arriban al ovario a través del NOS sobre la regulacién
de la secrecion de hormonas esteroides que es diferente en la rata con SOPQ que en la rata

ciclica.

Palabras clave: Sindrome del ovario poliquistico (SOPQ), nervio ovarico superior (NOS),

péptido intestinal vasoactivo (VIP), ciclo estral, hormonas esteroides.
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ABSTRACT

The ovarian functions are regulated by endocrine, immunological and neural sympathetic,
sensorial and parasympathetic signals. The superior ovarian nerve (SON) is the main source of
sympathetic innervations and provides the ovary with fibers containing neuropeptide Y (NPY),

noradrenaline (NA) and vasoactive intestinal peptide (VIP).

Studies /in vitro show in granulosa cells and in whole rat ovaries, the NA increases the
progesterone, androstenedione and testosterone release while VIP enhances the progesterone,
androgens and estradiol secretion. In rats with polycystic ovarian syndrome (PCOS) induced by
injection of estradiol valerate (EV), the activity of SON fibers is higher than in control group,
resulting in an increase of NA and VIP levels in the ovary. In culture of PCOS rat’s ovaries, the
NA adding increases the release of progesterone and androgens, while the addition of VIP
enhances the secretion of androgens and estradiol. In PCOS rats the unilateral or bilateral

sectioning of the SON normalizes testosterone and estradiol serum levels.

The aim of the present study was to analyze the acute effects of unilateral injection of VIP into
the ovarian bursa of adult rats with regular estrous cycles (cyclic rats) or PCOS rats on
progesterone, testosterone and estradiol serum levels and whether such effects depend of the
neural information provided by the SON. Cyclic female rats on each day of estrous cycle, and
PCOS rats presenting prolonged vaginal estrus, at 68-72 days old were submitted or not to the
unilateral sectioning of the SON followed or not by the injection of 20 pl of saline solution or
VIP (10°°M) into the bursa of innervated or denervated ovary. The animals were sacrificed one
hour after surgery. Progesterone, testosterone and estradiol serum levels were determined in

all groups.

In the cyclic rat, the unilateral VIP injection into the ovarian bursa resulted in a higher
testosterone and lower estradiol serum levels. Such effects depend on the stimulated ovary, the
day of the estrous cycle and the integrity of the SON. In PCOS rats, sectioning the left SON
resulted in lower estradiol levels, while sectioning the right one resulted in lower progesterone

and estradiol levels, and higher testosterone levels than control. The effects of VIPergic
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stimulation of the left or right ovary on progesterone, testosterone and estradiol levels also

depended on the integrity of the SON innervation and the hormone evaluated.

The present results suggest that in the adult cyclic rat each ovary has different sensitivities to
VIPergic stimulation which depends on the endocrine status of the animal and on the neural
signal arriving to each ovary through the SON. In the PCOS rat the regulation of the acute
secretion of steroid hormone by VIPergic and noradrenergic signals of the SON is different
than in animals without the pathology. Based in present results we propose the existence of a
functional interaction between neurotransmitters and neuropeptides arriving to the ovary
through SON on steroid hormone secretion regulation that to be different in the PCOS rat than

in cyclic rat.

Keywords: Polycystic ovarian syndrome (PCOS), superior ovarian nerve (SON), vasoactive

intestinal peptide (VIP), estrous cycle, steroid hormone.
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CAPITULO 1




Capitulo 1|

INTRODUCCION GENERAL

El ovario realiza dos funciones: 1) la ovulacién, que se define como la liberaciéon de uno o varios
ovocitos capaces de ser fecundados; y 2) la esteroidogénesis, que consiste en la secrecion de

hormonas esteroides (Dominguez y col., 1991; Dominguez y Cruz-Morales, 2011).

Las hormonas esteroides son lipidos que derivan de una molécula de colesterol. El ovario
sintetiza tres tipos de hormonas esteroides: 1) Los progestdagenos, tales como la pregnenolona,
17a-hidroxiprogesterona y progesterona; 2) Los androgenos, como la androstenediona vy
testosterona; y 3) Los estrogenos, como la estrona y el 17B-estradiol (Gore-Langton vy
Armstrong, 1994; Norman y Litwack, 1997; Goldfien y Monroe, 2000; Strauss, 2009; Hu y col.,
2010).

La esteroidogénesis ovarica es un proceso regulado por sefiales neuroendocrinas que se
originan en el eje hipotalamo-hipdfisis-ovario. El hipotdlamo secreta la hormona liberadora de
gonadotropinas (GnRH) que es vertida al sistema porta-hipotalamico-hipofisiario mediante el
cual la GnRH ingresa a la adenohipdfisis. El incremento en la frecuencia de los pulsos de
liberacién de GnRH estimula en los gonadotropos la secrecion de la hormona luteinizante (LH),
mientras que su disminucion estimula la produccion de la hormona foliculo-estimulante (FSH)

(Gore-Langton y Armstrong, 1994; Strauss, 2009; Hall, 2009; Dicken y col., 2010).

En el ovario, ambas gonadotropinas activan la via de sefalizaciéon del adenosin
monofosfato ciclico/proteina cinasa A (AMPc/PKA) que resulta en wuna respuesta
esteroidogénica aguda, crénica o en ambas. La respuesta aguda ocurre en cuestion de minutos
como resultado de la rapida movilizacion de las reservas de colesterol celular hacia las
mitocondrias; mientras que los efectos cronicos involucran la transcripcion de genes para
enzimas esteroidogénicas, por lo que ocurren en tiempos prolongados (Hu y col., 2010; Miller y
Auchus, 2011). En células tecales y en células granuloso-luteinicas, la LH estimula la sintesis de
progesterona, mientras que en células tecales-intersticiales incrementa la produccion de
androgenos. La secrecidn de estradiol por las células de la granulosa es regulada por accion de

la FSH. Los esteroides gonadales modulan la secrecién de GnRH y de gonadotropinas por
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retroalimentacion positiva o negativa sobre el eje hipotalamo-hipdfisis (Tajima y col, 2007;

Jamnongjit y Hammes, 2006; Strauss, 2009; Hall, 2009; Kiener, 2010).

El ovario es inervado por fibras de naturaleza simpética, sensorial y parasimpatica que
participan en la modulacién de sus funciones (Lawrence y Burden, 1980; Burden, 1985; Dissen y

col., 2004; Dominguez y Cruz-Morales, 2011).

La porcion simpatica de la inervacién ovarica se origina en los segmentos T11 a L4 de la
médula espinal y hace sinapsis en el ganglio celiaco-mesentérico superior (GCMS) (Burden,
1978; Lawrence y Burden, 1980; Burden, 1985; Dissen y Ojeda, 1999), localizado en la pared
ventral de la aorta abdominal (Anesetti y col, 2009). En el GCMS se originan dos paquetes
nerviosos, el nervio del plexo ovarico (NPO), que viaja a lo largo de la arteria ovarica y el nervio
ovarico superior (NOS), que se encuentra asociado al ligamento suspensorio (Lawrence y

Burden, 1980; Dissen y Ojeda, 1999).

El NOS es de naturaleza simpatica, transporta neuropéptido Y (NPY), noradrenalina (NA)
y péptido intestinal vasoactivo (VIP) e inerva estructuras como el ovario, el oviducto y el Utero
(Baljet y Drukker, 1979; Lawrence y Burden, 1980; Bahr y Ben-Jonathan, 1981; Dees y col., 1986;
Schultea y col, 1992). En el ovario, las fibras noradrenérgicas (NAérgicas) del NOS se
encuentran asociadas a los vasos sanguineos, a las células de la glandula intersticial y a la teca
interna (Baljet y Drukker 1980; Burden, 1972; Lawrence y Burden, 1980; Hsueh y col., 1984;
Erikson y col., 1985; Spicer, 1986). Las células de la granulosa y del cuerpo lUteo carecen de
inervacién (Hsueh y col., 1984; Erikson y col., 1985), sin embargo responden ante un estimulo
catecolaminérgico debido a la presencia de receptores adrenérgicos (Adashi y Hsueh 1981;

Aguado y col., 1982; Ratner y col., 1980).

La estimulacion eléctrica del NOS incrementa la concentracion ovarica de progesterona a
través de la activacidn de los receptores B-adrenérgicos y la inhibe mediante la activacion de
los receptores a-adrenérgicos (Weiss y col., 1982). In vitro, la estimulacién de células de la
granulosa, tecales-intersticiales o del ovario completo de la rata con agonistas B-adrenérgicos

resulta en una mayor secreciéon de progesterona, androstenediona y testosterona, pero no de
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estradiol (Ratner y col., 1980; Adashi y Hsueh, 1981; Aguado y col., 1982; Dyer y Erickson, 1985;
Hernandez y col., 1988; Selvaraj y col., 2000). Segun Garraza y col,, (2004), la incubacién de
ovarios de ratas en diestro 1 con NA disminuye la secrecion de progesterona, mientras que la
incrementa en ovarios obtenidos de ratas en diestro 2, lo que indica una respuesta diferente

del cuerpo lUteo a la estimulacién adrenérgica en cada dia del diestro.

La seccién bilateral del NOS realizada a ratas prepuberes resulta en una menor
concentracion de NA ovarica (Aguado y Ojeda, 1984b). En el dia del proestro se observa una
inmediata disminucion de la secrecion de progesterona y estradiol en respuesta a la seccion
bilateral del NOS (Aguado y Ojeda, 1984a). Los efectos agudos de la seccion unilateral del NOS
realizada en cada dia del ciclo estral sobre la secrecién de progesterona, testosterona y
estradiol son asimétricos y varian en funcion del dia del ciclo estral y de la hora del dia en que
se realice la cirugia (Flores y col.,, 2011; Ramirez, 2011). Las asimetrias han sido explicadas como
resultado de la diferencia en la informacion nerviosa que ingresa a los ovarios a través del NOS.
El grupo de Moran (2005) mostré que existe asimetria en la actividad de las conexiones
nerviosas entre los ovarios y el GCMS, y que el nimero de neuronas activas de estas

conexiones varia durante el ciclo estral de la rata.

El VIP en el ovario tiene dos origenes, principalmente es de origen extrinseco, aportado
en su mayoria por el NOS (Dees y col.,, 1986) y en menor proporcién por el nervio vago (NV)
(Said y Rosenberg, 1976; Dees y col., 1986). Gozes y Tsafriri, (1986) mostraron la presencia del
ARNmM de VIP en ovarios de rata, por lo que propusieron que el péptido se sintetiza de manera
local. Es posible que el péptido sea sintetizado en las células de la granulosa ya que en foliculos
preovulatorios de vaca se observaron células de la granulosa inmunoreactivas al VIP (Hulshof y
col,, 1994). Al igual que las fibras NAérgicas, en el ovario de la rata las fibras VIPérgicas se
encuentran asociadas a los vasos sanguineos, a la glandula intersticial, a foliculos en reposo y a

la teca de foliculos en desarrollo (Ahmed y col., 1986; Dees y col., 1986).

Existen dos tipos de receptores transmembranales a VIP, el VPAC-1 y el VPAC-2 (Ishihara

y col,, 1992; Lutz y col., 1993). Los efectos del VIP en las funciones del ovario son mediados por
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la activacién del AMPc/PKA (Davoren y Hsueh, 1985; George y Ojeda, 1987; Johnson y col,
1994; Gras y col., 2000; Romero y col., 2002).

El VIP participa en la regulacion de enzimas que intervienen en la sintesis de hormonas
esteroides donde: 1) incrementa la expresién y fosforilacion de la proteina reguladora de la
esteroidogénesis aguda (StAR) (Kowalewski y col., 2010); 2) aumenta la sintesis del ARNm
(Johnson y col., 1994) y de la proteina (Trzeciak y col., 1986) del complejo enzimatico P450scc;
3) estimula la actividad de la enzima 3B-hidroxiesteroide deshidrogenasa (33-HSD) y disminuye
la actividad de la 20a-hidroxiesteroide deshidrogenasa (20a-HSD) (Davoren y Hsueh, 1985); 4)
incrementa la sintesis del ARNm de la enzima 17a-hidroxilasa (Johnson y col,, 1994); y 5)

estimula la actividad de las aromatasas (George y Ojeda, 1987).

Diversos estudios /n vitro e in vivo muestran que el VIP regula la sintesis de hormonas
esteroides. En cultivo de células de la granulosa o de ovarios completos de ratas, el VIP
incrementa la sintesis de progesterona y estradiol (Davoren y Hsueh, 1985; Ahmed y col., 1986;
Parra y col.,, 2007), asi como la secrecion de andrégenos por ovarios completos de ratas ciclicas
(Parra y col, 2007) y por la teca de foliculos preovulatorios del ovario de gallina (Tilly y
Johnson, 1989). En la coneja, la infusion intravenosa de VIP resulta en un répido incremento en
la concentracion plasmatica de progesterona, sin afectar la de testosterona o estradiol
(Fredericks y col., 1983). Previamente mostramos que a las 24 horas de la microinyeccion
unilateral de VIP en la bursa ovarica de ratas en cada dia del ciclo estral, las concentraciones de
progesterona, testosterona y estradiol en suero varian dependiendo del ovario tratado y del

ambiente endocrino del animal (Rosas, 2011).

En cultivo de ovarios de ratas de 4 dias de edad, el VIP disminuye la poblacién de
foliculos primordiales e incrementa la de foliculos en crecimiento. Los autores mostraron que el
VIP también incrementa el ARNm del ligando kit (kit-L), que promueve la transicién del foliculo
primordial a primario, por lo que propusieron que el mecanismo a través del cual el VIP
estimula el inicio del crecimiento folicular es mediante la activacion del Kit-L (Chen y col., 2013).

Estudios /n vitro muestran que la estimulacién de ovarios de ratas neonatas de dos dias de
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edad con VIP o NA resulta en la sintesis de receptores de FSH bioldgicamente activos, lo que

contribuye a la diferenciacion de los foliculos primordiales (Mayerhofer y col., 1997).

En foliculos antrales de rata el VIP inhibe la picnosis nuclear y la descamacién de las
células de la granulosa, signos indicativos de atresia folicular. En células de la granulosa en
cultivo, el agregado de VIP al medio disminuye el ADN de bajo peso molecular, indicador de
apoptosis celular; este efecto antiapoptdtico es mediado por el factor de crecimiento
semejante a la insulina (IGF-I), que promueve la supervivencia folicular (Flaws y col., 1995). En
células de la granulosa de foliculos preovulatorios de ganso, el VIP regula a la alta la expresion

del gen Bcl-2, un factor anti-apoptético (Wang y col., 2012)

Por algunas evidencias se ha mostrado que el VIP participa en la regulacién del proceso
de ovulacién. El VIP estimula la maduracion meidtica del ovocito (Tornell y col., 1988) asi como
la expresion del activador tisular del plasminégeno (tPA) tanto en el complejo cimulo-ovocito
como en el estrato granuloso (Liu y col.,, 1987). El tPA es una proteasa que participa en la
conversion de plasmindégeno en su forma activa, la plasmina, enzima que degrada el colageno
de la pared folicular y facilita la ruptura del foliculo y consecuentemente la liberacién del
ovocito (Yeh y Adashi, 2001). En ovarios de ratas prepUberes colocados en un sistema de
perfusion /n vitro, se ha mostrado que el VIP estimula de manera dosis dependiente la
expulsién del ovocito, aunque el nUmero de ovocitos presentes en el medio es menor que el

inducido con LH (Schmidt y col., 1990).

Sindrome del Ovario Poliquistico en la Mujer

El Sindrome del Ovario Poliquistico (SOPQ) es el desorden endocrino y metabolico mas comun
de la poblaciéon femenina en edad reproductiva caracterizado por hiperandrogenismo, oligo-
ovulacién/anovulacién, ovarios poliquisticos (OPQ), oligomenorrea/amenorrea, hirsutismo vy
una elevada proporcion en la relacion LH/FSH (Hoyt and Schmidt, 2004; Bremer, 2010;
Bronstein y col., 2011; Goodarzi y col., 2011; Diamanti-Kandarakis y Dunaif, 2012; Baldani y col.,
2015; Palomba y col., 2015).
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El SOPQ se asocia con una alta incidencia de infertilidad, obesidad, resistencia a la
insulina e hiperinsulinemia (Dunaif y col, 1989; Carmina y col, 1992; Legro y col, 1998;
DeUgarte y col., 2005; Fica y col., 2008; Goodarzi y col., 2011; Diamanti-Kandarakis y Dunaif,
2012; Baldani y col.,, 2015). Las mujeres con SOPQ tienen mayor riesgo de presentar diabetes
mellitus tipo 2 (Ehrmann y col., 1999; Legro y col., 1999) y desarrollar cancer endometrial,

ovarico o de mama (Gadducci y col., 2005; Navaratnarajah y col., 2008; Chittenden y col., 2009).

En 1935 Stein y Leventhal describieron que algunas mujeres presentaban OPQs
asociados con amenorrea, hirsutismo, obesidad e infertilidad, lo cual fue conocido como
“Sindrome Stein-Leventhal”. Posteriormente este sindrome fue denominado como SOPQ
(Merino y col.,, 2009; Diamanti-Kandarakis y Dunaif, 2012). Debido a la heterogeneidad del
SOPQ, los signos bioquimicos y estructurales considerados para su diagnéstico han sido
modificados, por lo que su incidencia depende de los criterios utilizados. Al dia de hoy su
diagnostico se basa exclusivamente en criterios reproductivos como el hiperandrogenismo,
oligo-ovulacion/anovulaciéon y presencia de OPQ (Merino y col., 2009; Goodarzi y col.,, 2011;
Baldani y col,, 2015; Palomba y col., 2015). Se estima que el SOPQ tiene una incidencia del 4 al
7% de acuerdo a lo establecido en 1990 por el Instituto Nacional de Salud Infantil y Desarrollo
Humano (NICHD), (Zawadzki y col., 1992; Lim y col., 2013), del 15 al 18% segun los criterios
definidos en el afo 2003 en un consenso realizado en Rotterdam (March y col, 2010;
Mehrabian y col., 2011) y del 9% de acuerdo con lo establecido en el afio 2006 por la Sociedad
del SOPQ y Exceso de Andrdgenos (AE-PCOS) (March y col., 2010).

Aln cuando se ha avanzado en el estudio del SOPQ, su etiologia permanece

desconocida, y se ha atribuido a factores como:

1. Anormalidades Neuroendocrinas

El SOPQ se caracteriza por el aumento en la frecuencia de los pulsos de la GnRH (Taylor y
col,, 1997), que se atribuye a la alteracidén en el mecanismo de retroalimentacién negativo de
las hormonas ovaricas sobre el hipotdlamo, donde posiblemente la progesterona sea el

principal modulador de la frecuencia de los pulsos de la GnRH (Bremer, 2010).
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El aumento en la frecuencia de los pulsos de GnRH (1 pulso/60 min, en comparacion a 1
pulso/90 min que se presenta en mujeres sin la patologia del SOPQ) estimula una mayor
expresion del ARNm de la subunidad  de la LH (Taylor y col., 1997) y una mayor secrecién de
esta gonadotropina (Rebar y col., 1976; Waldstreicher y col., 1988; Taylor y col., 1997). Esto se
acompafna de una deficiencia relativa en la concentraciéon de FSH y el aumento en la
proporcién LH:FSH (Rebar y col., 1976; Waldstreicher y col., 1988; Taylor y col., 1997). Cerca del
70% de mujeres con el SOPQ muestran mayor frecuencia y amplitud de los pulsos de LH y de

la relaciéon LH:FSH (Goodarzi y col., 2011).

El incremento en la concentracién de LH estimula la produccion de andrégenos en las
células tecales. La relativa deficiencia de FSH altera la aromatizacion de androgenos a
estrégenos en las células de la granulosa, asi como el desarrollo y la maduracién folicular. Esta
alteracion en la secrecién de gonadotropinas ocasionan un estado de hiperandrogenismo y

disfuncién ovulatoria (Blank y col., 2006; Bremer, 2010).

2. Resistencia a la Insulina

La resistencia a la insulina se define como la disminucién de la sensibilidad de las células
a la insulina (Olivares y Arellano, 2008). Entre el 50 y el 80% de mujeres con el SOPQ tienen
resistencia a la insulina (Dumitrescu y col,, 2015) que se presenta independientemente del
grado de adiposidad y de las concentraciones de andrégenos (Bremer, 2010). En las mujeres
con el SOPQ, la resistencia a la insulina ocurre principalmente en tejidos periféricos como el
musculo esquelético y los adipocitos (Taylor, 1998) y se manifiesta por una disminucion en el
transporte de glucosa al interior de la célula (Olivares y Arellano, 2008). En consecuencia
aumenta la concentracion de glucosa en sangre e incrementa la secrecién de insulina, lo que

resulta en hiperinsulinemia (Taylor, 1998).

En las pacientes con SOPQ se ha observado que el nimero y estructura de los receptores
a la insulina asi como la afinidad de unién de la hormona a su receptor es normal (Ciaraldi y

col, 1992; Conway y col, 1994; Dunaif y col.,, 1995; Talbot y col., 1996). La resistencia a la
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insulina se atribuye a una alteracién en la cascada de sefalizacion del receptor de la insulina
(Taylor, 1998; Fica y col., 2008; Bremer, 2010). Una vez que la insulina se une a su receptor se
produce la fosforilacién de residuos tirosina, responsables de transmitir la sefalizacién de la
insulina para la regulacién de eventos metabdlicos dentro de la célula. La insulina promueve la
translocacion del transportador de glucosa GLUT4 desde compartimentos intracelulares hacia
la membrana plasmatica. La fosforilacion en residuos de serina/treonina en respuesta a la
insulina ocurre como un mecanismo que atenla la sefializacién intracelular activada por la
insulina (Olivares y Arellano, 2008). En las mujeres con el SOPQ disminuye la fosforilacion de
residuos tirosina e incrementa la fosforilacién de residuos serina/treonina, lo que ademas de
ocasionar resistencia a la accion metabolica de la insulina (Diamanti-Kandarakis y Dunaif, 2012;
Pala y col., 2014), aumenta la actividad del complejo enziméatico P450c17, enzima limitante en
la biosintesis de andrdgenos (Zhang y col., 1995). Se ha sugerido que al menos en un subgrupo
de pacientes con SOPQ, el mismo defecto en la fosforilacién de la serina/treonina es el
causante de la resistencia a la insulina y del hiperandrogenismo (Diamanti-Kandarakis y Dunaif,

2012).

La insulina ejerce varios efectos que contribuyen a la condicién hiperandrogénica que
caracteriza a las mujeres con el SOPQ (Fica y col., 2008; Bremer, 2010). La insulina en conjunto
con la LH estimula en las células de la teca la sobre-expresion de la P450c17, enzima limitante
en la biosintesis de andrégenos. Ademas, disminuye la produccién hepatica de la globulina de
union a hormonas sexuales (SHBG) lo que resulta en el incremento de la concentracion de
testosterona libre (Rosenfield y col.,, 1990; Rosenfield, 1999; Franks y col., 2005; Diamanti-
Kandarakis, 2008; Fica y col., 2008; Bremer, 2010; Goodarzi y col., 2011).

3. Hiperandrogenismo

En mujeres con SOPQ, la concentracién de androstenediona y testosterona en suero es
del 50 al 150% mayor que en las mujeres sin la patologia (Franks, 2005). In vitro, las células

tecales de mujeres con SOPQ sintetizan 20 veces méas androstenediona, 10 veces mas 17a-
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hidroxiprogesterona y 5 veces mas progesterona que la teca de mujeres sin la patologia

(Gilling-Smith y col., 1994).

La condicion hiperandrogénica de las mujeres con SOPQ se debe al incremento
prolongado de la LH y de la insulina en sangre (Fica y col., 2008; Bremer, 2010; Goodarzi y col,

2011).

El hiperandrogenismo juega un papel en la etiologia del SOPQ, ya que el incremento en
la concentracién de andrdgenos altera la sensibilidad del hipotalamo a la progesterona., lo que
resulta en el incremento de la frecuencia de los pulsos de liberacién de GnRH, que conlleva a
una excesiva produccion de LH y a una relativa deficiencia de FSH (Blank y col., 2006). En
mujeres con SOPQ el bloqueo de los receptores de andrdégenos con flutamida restaura la
sensibilidad del hipotalamo a la progesterona y como resultado disminuye la frecuencia de los

pulsos de secrecion de GnRH (Eagleson y col, 2000).

En pre-adipocitos obtenidos de la grasa subcutdnea abdominal de mujeres con o sin
SOPQ, las catecolaminas estimulan la lipdlisis, mientras que los andrégenos disminuyen los
efectos de las catecolaminas (Anderson y col., 2002; Arner, 2005). Segin Bremer (2010) estos
efectos de los androgenos pueden contribuir al desarrollo de obesidad en la parte superior del

cuerpo, un factor de riesgo para el desarrollo de resistencia a la insulina.

La ausencia en la expresion de las aromatasas observada en las células de la granulosa
de foliculos antrales de mujeres con SOPQ (Takayama y col, 1996) podria favorecer el

incremento de los andrégenos en plasma.

4. Factores Genéticos

La incidencia de OPQ en mujeres cuyas madres tienen SOPQ es mayor que en las hijas de
mujeres sin la patologia (Battaglia y col, 2002). Previo al comienzo de la pubertad, estas

mujeres presentan un mayor volumen ovarico e hiperinsulinemia (Sir-Petermann y col., 2009).
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En las mujeres con SOPQ se ha observado que existe una alteracion en la expresién de
genes que codifican para la proteina plasmatica SHBG, la subunidad B de la LH, el receptor de
andrégenos asi como los genes de enzimas que participan en la esteroidogénesis incluyendo a
la StAR, la P450scc, la P450c17a y las aromatasas (Michelmore y col., 1999; Kahsar-Miller y col.,,
2001; Wachs y col,, 2008; Sir-Petermann y col., 2009; Bremer, 2010; Gur y col, 2015). La
alteracion en la expresion de algunos de estos genes y de sus proteinas puede predisponer al

desarrollo de hiperandrogenismo, diabetes mellitus tipo 2 o ambas (Jakubowski, 2005).

5. Hiperactividad Nerviosa

El SOPQ esta asociado con un incremento en la actividad de los nervios simpaticos del
ovario. En 1969 se describié que los ovarios de mujeres con SOPQ presentan una mayor
inmunofluorescencia a las catecolaminas, indicativo de una mayor densidad de las fibras
nerviosas catecolaminérgicas (Semenova, 1969). El grupo de Heider (2001) mostré que en las
mujeres con esta patologia incrementa el nimero de fibras nerviosas inmunoreactivas a la

tirosina hidroxilasa (TH), enzima limitante en la biosintesis de catecolaminas.

En mujeres con el SOPQ, repetidos tratamientos con electroacupuntura de baja
frecuencia inhiben la hiperactividad del sistema nervioso simpatico (Stener-Victorin y col.,
2009), inducen la ovulacién en mas de un tercio de las mujeres (Stener-Victorin y col., 2000a) y
disminuyen la concentracién de testosterona y la proporcién de LH:FSH (Stener-Victorin y col,,

2000a; Jedel y col., 2011)

Modelos experimentales para la induccion del SOPQ

El SOPQ es una patologia multifactorial, razén que ha dificultado el desarrollo de un modelo
experimental capaz de semejar las alteraciones reproductivas y metabdlicas que caracterizan al
SOPQ en la mujer. No obstante, algunos modelos experimentales han permitido el abordaje de

aspectos especificos observados en el SOPQ humano.
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SOPQ inducido por Exceso de Andrégenos

Diferentes andrégenos han sido utilizados para inducir el SOPQ, entre los que se encuentran la
testosterona, la dehidroepiandrosterona (DHEA), el propionato de testosterona (PT) y la

dihidrotestosterona (DHT) (Shi y Vine, 2012; Walters y col., 2012).

La inyeccion diaria de PT en ratas de 21 dias de edad, durante 35 dias resulté en el
desarrollo de quistes foliculares, anovulacién e incremento en la concentracion de insulina, por
lo que se sugiri6 que el exceso de testosterona puede conducir al desarrollo de
hiperinsulinemia (Beloosesky y col., 2004). Resultados semejantes fueron observados en ratas
de 21 dias de edad con implante subcutdneo de DHT (un andrégeno no aromatizable) que
después de 9 a 13 semanas presentaron OPQ, diestro vaginal constante, bajas concentraciones
de progesterona, sin alteraciones en testosterona o estradiol. Ademas, el uso de DHT result6 en
el incremento del peso corporal, acumulacion de tejido adiposo subcutaneo e intra-abdominal,
altas concentraciones de insulina y resistencia a la insulina (Manneras y col., 2007). Estas
evidencias muestran que el modelo del animal androgenizado es adecuado no solo para

abordar alteraciones ovaricas, sino también las metabdlicas que caracterizan al SOPQ.

Las alteraciones inducidas por los androgenos en la morfologia del ovario dependen de
la edad en que sean administrados. La inyeccién de PT en ratas de 9 dias de edad resulta en el
desarrollo del OPQ y ausencia de cuerpos luteos. Este cuadro no se presenta cuando el PT se
administra a los 28 6 56 dias de vida. Con estas evidencias se sugirid6 que las alteraciones
ocasionadas en el eje hipotalamo-hip&fisis-ovario son el resultado de la exposiciéon del cerebro
a elevadas dosis de andrégenos durante su periodo de diferenciacion (Tamura y col.,, 2005).
Ademas, en ratas inyectadas con PT a los 2 dias de vida incrementa la actividad proliferativa de
la zona reticular de la adrenal (Da Silva y col,, 2009) que se acompafa del aumento de su
grosor (Da Silva y col, 2007), lo que puede contribuir al estado hiperandrogénico de los

animales con SOPQ.

En ovejas, primates no humanos y en roedores, la exposicién del feto a elevadas

concentraciones de andrégenos resulta en el desarrollo de OPQ, anovulacion,
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hiperandrogenismo, hipersecrecion de LH, hiperinsulinemia e incremento del peso corporal
(Abbott y col., 2005, 2008, 2009; Padmanabhan y col., 2006; Demissie y col., 2008; Franks, 2009;
Wu y col,, 2010). Estos resultados apoyan la hipdtesis de que la exposicion a un exceso de
andrégenos durante una ventana clave del desarrollo (incluyendo /n dtero) resulta en

caracteristicas del SOPQ en la vida adulta (Franks, 2009).

SOPQ inducido por Estrés Crénico

La respuesta del organismo a una condicion de estrés es regulada por el sistema nervioso
central y periférico. Los factores genéticos, ambientales y del desarrollo determinan la
adaptaciéon de un individuo. Las catecolaminas forman parte de los moduladores de la

respuesta al estrés (Chrousos y Gold, 1992).

Ciertas evidencias experimentales muestran que el incremento en la actividad NAérgica
del ovario por efecto de la exposicion cronica a estrés puede ser otro factor etiologico del

SOPQ:

1) La exposicidn cronica de ratas adultas a un doble estresor (frio y restriccién de movimiento)
durante tres semanas resulta en el incremento de la concentracion de NA en el ganglio celiaco
y una mayor liberacion de la monoamina desde el ovario, lo que se correlaciona con el
desarrollo de prequistes y el incremento de la secrecion de andrdgenos y estradiol por los

ovarios de estos animales (Paredes y col., 1998).

2) En la rata adulta, el estrés cronico por frio resulta en alteraciones en la morfologia del ovario,
que parecen depender del tiempo de exposicion del animal al estresor. Después de cuatro
semanas de estrés (4°C/3hrs/dia, durante 5dias/semana), incrementa la concentraciéon de NA
en el ovario y disminuye la poblacion folicular total, sin inducir la formacién de quistes
(Dorfman y col,, 2003). Segun Bernuci y col. (2008), cuando el estrés por frio se prolonga
durante ocho semanas no se modifica la concentracién ovérica de NA aunque disminuye el
numero de ovocitos liberados y se observan prequistes y quistes foliculares, por lo que se

propone que la formacion de quistes en respuesta al estrés con frio, resulta del incremento
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inicial en la concentracién ovarica de NA (que se produce a las cuatro semanas de estrés por

frio), aun cuando posteriormente la concentracion de la amina se normalice

3) En los ovarios de ratas de 4 dias de edad, cuyas madres fueron sometidas a estrés cronico
por frio durante toda la gestacion, se observé un menor numero de foliculos en diferentes
estadios del desarrollo y menor concentracion del ARNm del factor de crecimiento neural
(NGF) y de los receptores a FSH. A la pubertad, las concentraciones de estradiol y de NA asi
como el niumero de foliculos preovulatorios fueron bajos, y se retrasé la edad de apertura
vaginal. Los autores postulan que los cambios en la concentracién de NA ovarica representan
un menor desarrollo de los nervios simpaticos que podria ser el causante en el retraso de la

capacidad reproductiva (Barra y col., 2014).

4) En ratas adultas sometidas a estrés por frio durante 3 semanas (4°C/3hrs/dia, 5dias/semana),
la inyeccion de VE al término del periodo de estrés no indujo la formacion de quistes en los
ovarios, mientras que en los animales expuestos de manera simultanea a estrés por frio y a una
inyeccion de VE se desarrollé OPQ. Los autores sugieren que la ausencia de OPQ se debe a la
adaptacion de los animales al estrés, lo que conlleva a un menor tono NAérgico central o
periférico al ovario que permite la inhibicion o atenuacidon de los sintomas del SOPQ

(Zangeneh y col., 2011).

SOPQ inducido por Exceso de Estrogenos

Para inducir el SOPQ o el OPQ se utilizan ésteres de estradiol con accion prolongada, como el
benzoato de estradiol, el valerato de estradiol (VE) y el dipropionato de estradiol. En la
actualidad el VE es el estrogeno mas utilizados para la induccion del SOPQ (Shi y Vine, 2012;
Walters y col., 2012).

El VE es un estrégeno de larga actividad con una vida media de 15 dias (Rosa-E-Silva y
col,, 2003). La inyeccién de una dosis de VE en ratas infantiles resulta en el adelanto del inicio
de la pubertad, alteracion del patron del ciclo estral, anovulacion, altas concentraciones de

testosterona y estradiol (Rosas, 2006; Rosa-E-Silva y col., 2003; Morales-Ledesma y col., 2010),
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asi como bajas concentraciones de LH, FSH y una menor proporcion de LH:FSH (Rosa-E-Silva y

col., 2003).

En los ovarios aumenta la atresia folicular y se forman prequistes y quistes foliculares
(Brawer y col., 1986; Rosa-E-Silva y col., 1993; Morales-Ledesma y col., 2010). De acuerdo con el
grupo de Brawer (1986), las alteraciones en la dinamica del desarrollo folicular ocurren en dos
etapas: en los primeros 28 dias, después de la administracion de VE, disminuye el niUmero total
de foliculos sanos y de cuerpos luteos, aumenta el nimero de foliculos atrésicos y no se
observan foliculos de Graaf ni quistes foliculares. Entre los 28 y 56 dias post-tratamiento con VE
la poblacion de foliculos sanos y atrésicos no varia, y es hasta el dia 60 cuando se observan los

quistes foliculares.

Al igual que en el modelo del animal sometido a estrés por frio, en la rata tratada con VE
se ha analizado la participacion de la inervacidon simpatica como un factor etioldgico del SOPQ.
La administracion de una dosis de VE resulta en una mayor actividad de la tirosina hidroxilasa y
una mayor capacidad de las terminales nerviosas para incorporar y liberar NA (Lara y col.,
1993), evento que se acompanfa del incremento en la concentracion de la amina en el ovario
(Barria y col., 1993; Lara y col,, 1993; Rosa-E-Silva y col., 2003; Morales-Ledesma y col., 2010) y
que precede la formacion de quistes foliculares (Lara y col., 1993). El grupo de Luna (2012)
mostré que en la rata sin la patologia del SOPQ, la inyeccion subcutanea de isoproterenol, un
agonista no selectivo de los receptores B-adrenérgicos, incrementa la secrecién de andrégenos
e induce la formacién de prequistes y quistes foliculares, efectos que no se observan cuando se
bloquean dichos receptores con propranolol. Los autores sugirieron que en la rata, la

estimulacién B-adrenérgica es un componente en la condicién del OPQ (Luna y col., 2012).

En las ratas tratadas con VE incrementa el contenido del NGF (Lara y col., 2000; Stener-
Victorin y col., 2000b; Parra y col.,, 2007) y de su receptor de baja afinidad, el p75 (Lara y col,
2000). Repetidos tratamientos con electro-acupuntura en los segmentos somaticos que
corresponde a la inervacion de los ovarios (T12-L2, S2-4), resultan en menor concentracién de
NGF en el ovario y disminuyen la hiperactividad de las fibras simpaticas, sin que reviertan la

morfologia del OPQ (Stener-Victorin y col., 2000b). En animales inyectados con VE, la inyeccion
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de anticuerpos anti-NGF normaliza el ciclo estral, disminuye el nUmero de prequistes y quistes
foliculares y se observan cuerpos luteos, indicativos del restablecimiento de la funcién

ovulatoria (Lara y col., 2000).

En cultivo de ovarios de ratas tratadas con VE, el isoproterenol incrementa la secrecién
de progesterona y testosterona, pero no la de estradiol (Barria y col., 1993). La seccién bilateral
del NOS en ratas con SOPQ resulta en la disminucion de NA en el ovario, se normaliza el ciclo
estral, la produccién de hormonas esteroides y la ovulacién (Barria y col., 1993; Rosa-E-Silva y
col., 2003). La seccion unilateral del NOS restablece la ovulacidon Unicamente en el ovario
inervado, mientras que el denervado mantiene su condicion quistica aun cuando el contenido
de NA disminuyé significativamente, por lo que se sugiri6 que en el SOPQ ademas de la
hiperactividad NAérgica existen otros factores que contribuyen al desarrollo de la patologia

(Morales-Ledesma y col., 2010).

En los ovarios de animales con SOPQ incrementa cuatro veces el contenido de VIP
respecto al grupo control en estro. /n vitro, la estimulacion los ovarios de estos animales con
VIP resulta en el aumento de la secrecion de andrégenos y estradiol (Parra y col., 2007). En la
rata tratada con VE, la denervacion farmacolégica con guanetidina (GTD), un neurotoxico que
destruye de manera selectiva las fibras NAérgicas periféricas, resulta en una mayor
concentracion de estradiol en suero, efecto que fue atribuido al VIP (Ruiz y col, 2008).
Previamente mostramos que en ratas con SOPQ y seccién unilateral del NOS, la inyeccién de
VIP (10°® M) en la bursa del ovario izquierdo denervado duplicé resultd, 24 horas después, en la
duplicacion de la concentracidn de testosterona en suero, efecto opuesto al observado cuando
el péptido se inyectd en el ovario derecho denervado (Rosas, 2011), lo que nos sugiere que la
participacién del VIP en la regulacion de la secrecién de hormonas esteroides depende del

ovario en estudio.
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PLANTEAMIENTO DEL PROBLEMA

La informacién simpatica que llega al ovario por el NOS regula la esteroidogénesis por medio
del VIP y de la NA. El VIP estimula la sintesis de hormonas esteroides y sus efectos dependen
del: 1) ambiente endocrino del animal durante el ciclo estral; y del 2) ovario en estudio, ya que

cada gdénada responde de manera diferente al estimulo VIPérgico en un mismo dia del ciclo.

El SOPQ es una patologia multifactorial considerada como la principal causa de
infertilidad femenina. Por evidencias clinicas y experimentales se ha postulado que la
hiperactividad cronica de las fibras simpaticas del ovario contribuye al desarrollo del SOPQ. En
la rata con SOPQ inducido con VE incrementa el contenido de NA y VIP en los ovarios. En
cultivo de ovarios de ratas con SOPQ, el agregado de VIP o isoproterenol aumenta la secrecién
de testosterona y estradiol. La eliminacion de la informacién simpatica por la seccion unilateral
o bilateral del NOS en ratas con SOPQ normaliza la concentracién de hormonas esteroides,
contrario a lo que sucede ante la destruccién selectiva de las neuronas NAérgicas periféricas
con GTD que resultd en el aumento de la concentracion de estradiol. En las ratas con SOPQ, los

efectos de la estimulacién VIPérgica del ovario denervado es asimétrica.

Con base en estas evidencias proponemos que la inervacion NAérgica que recibe el
ovario por medio del NOS modula de manera diferencial la respuesta esteroidogénica de cada
gonada al estimulo VIPérgico. Para analizar esta posibilidad y si tales efectos dependen del
ambiente endocrino del animal, en la rata adulta con o sin SOPQ se analizaron los efectos
agudos de la inyeccion unilateral de VIP en la bursa del ovario inervado o denervado sobre la

concentracion de hormonas esteroides en suero.

Los resultados obtenidos ayudaran en la comprension de la participacién del VIP en la
regulacién aguda de la esteroidogénesis de animales con o sin el SOPQ y si en esta respuesta

estd comprometida la informacion NAérgica que llega por el NOS.




Capitulo 1|

HIPOTESIS

Dado que la secrecién ovarica de hormonas esteroides es regulada de manera estimulante por
las fibras NAérgicas y VIPérgicas del NOS, que la capacidad de secreciéon de hormonas
esteroides por la génada derecha e izquierda es diferente, y que en el animal con SOPQ el
aumento del aporte de NA y VIP al ovario incrementa la secrecidon de andrégenos y estrégenos,
entonces, la sobre-estimulaciéon del sistema VIPérgico del ovario del animal ciclico o con SOPQ
resultard en una mayor secrecion de progesterona, testosterona y estradiol, evento que

dependera del ovario en estudio y de la integridad del NOS.
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OBJETIVO GENERAL

Analizar la interaccién de la informacion NAérgica y VIPérgica en la regulacién de la secrecién

ovarica de hormonas esteroides en el animal ciclico y en el animal con SOPQ inducido con VE.

OBJETIVOS PARTICULARES

4 En cada dia del ciclo estral de la rata adulta y en el dia del estro de la rata con SOPQ:

e  Evaluar los efectos agudos de la estimulacién unilateral del ovario con VIP sobre la

concentracion de progesterona, testosterona y estradiol en suero.

e Analizar en la rata con seccidén unilateral del NOS, los efectos agudos de la
inyeccién de VIP en la bursa del ovario inervado o denervado, sobre la

concentracion de progesterona, testosterona y estradiol en suero.

4 En el modelo del animal con SOPQ evaluar los efectos agudos de la seccion unilateral del

NOS, sobre la concentracion de progesterona, testosterona y estradiol en suero.
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Abstract In vitro the vasoactive intestinal peptide (VIP)
stimulates progesterone, androgens, and estradiol secretion,
and the effects are time-dependent. The present study
analyzed the acute (1 h) and sub-acute (24 h) effects of
unilateral injection of VIP into the ovarian bursa on each
day of the estrous cycle on progesterone, testosterone, and
estradiol serum levels. Cyclic 60-day-old virgin female rats
on diestrus-1, diestrus-2, proestrus, or estrus were injected
with saline or VIP 107° M into the left or right ovarian
bursa. One hour after saline injection on each day of estrus
cycle, progesterone levels were higher than in control
animals. The acute effects of saline solution on testosterone
and estradiol levels were asymmetric and varied during the
estrous cycle. In comparison with saline groups, the effects
of VIPergic stimulation on progesterone, testosterone, and
estradiol serum levels depend on the time elapsed between
treatment and autopsy and vary during the estrous cycle.
An acute asymmetric response from the ovaries to the VIP
was observed at diestrus-1. diestrus-2, and proestrus on
progesterone and estradiol levels. The asymmetries on
testosterone levels were observed at diestrus-1, diestrus-2,
and estrus days. The present results suggest that in the
cyclic rat, each ovary has different sensitivities to VIPergic
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stimulation which depends on the endocrine status of the
animal.

Keywords VIP - Ovarian bursa - Asymmetry -
Estrous cycle - Steroid hormone

Introduction

In the ovary, the ovulation and steroid hormones secretion
are regulated by hormonal and neural signals [1-6]. The
ovary receives sympathetic innervation through two neural
pathways: the superior ovarian nerve (SON), which travels
along the suspensory ligament and the ovarian plexus nerve
(OPN) accompanying the ovarian artery [7]. The SON is
the main source of sympathetic innervations [8] and pro-
vides to the ovary with fibers containing catecholamines
and vasoactive intestinal peptide (VIP) [9-11]. The vagus
nerve also provides VIPergic innervation to the ovaries
[12].

VIP is a 28-amino acid peptide [13]. The VIP-mRNA
has been observed in the ovaries of rats [14], and the
presence of VIP immuno-reactivity in the granulosa layer
of the pre-ovulatory follicles suggests that these cells may
be the site where VIP is synthesized by the ovary. although
it cannot be excluded that VIP is internalized by granulosa
cells [15]. VIP immune-reactive fibers are associated to
blood vessels, the interstitial tissue, and are found around
pre-antral and antral follicles [11. 16].

VIP acts on target specific cells by binding to class I1 G
protein-coupled receptors family, VPAC-1 and VPAC-2,
which activates the adenylate cyclase pathway and stimu-
lates cAMP production [17]. Using RT-PCR and immu-
nofluorescence analysis. it has been shown that the VPAC-1
receptors are present in the theca/interstitial cells, while
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VPAC-2 receptors are present in both granulosa and theca/
interstitial cells [18].

In the ovary, VIP stimulates the initiation of follicular
growth [19, 20], the maturation of oocytes from isolated rat
follicles [21], tissue-type plasminogen activator activity
[22], and ovulation in PMSG-primed immature rat [23].
VIP also inhibits granulosa cells apoptosis [18, 24] and
follicular atresia [24].

In female rabbits, injecting VIP intravenously increases
progesterone plasma levels [25]. Adding VIP to cultured ova-
ries [16] or granulosa cells [26, 27] stimulates progesterone,
androgens, and estradiol secretion; effects are dose- and time-
dependent [27]. These effects have been explained by VIP’s
multiple roles in the regulation of steroidogenic enzymes,
including its ability to increase the expression of acute steroi-
dogenic regulatory protein (StAR) [28]; the synthesis of mMRNA
for cytochrome P450 cholesterol side-chain cleavage enzyme
complex (P450scc) and for 17x-hidroxilase (17x-OH) [26].
VIP also enhances the activity of 3f-hydroxysteroid dehydro-
genase (3f-HSD) [27] and of aromatases [29].

These evidences indicate that VIP plays an important
role in regulating female reproductive functions. The levels
of VIP in the rat’s ovary vary along the estrous cycle [30].
In in vitro ovaries, VIP’s stimulating effects on androgen
and estradiol secretion are higher in ovaries obtained from
rats on proestrus [30].

Previously, using unilateral ovariectomized animals as a
study model, we showed the ovaries™ capacity to secrete
progesterone, testosterone, and estradiol is asymmetric, and
that this asymmetry varies along the estrous cycle [31-35].

To our knowledge, there are no studies analyzing the acute
and sub-acute effects of injecting VIP into the ovarian bursa of
rats on each day of the estrous cycle. The aim of the present
study was to analyze the effects on progesterone, testosterone,
and estradiol serum levels resulting from the unilateral VI-
Pergic stimulation of the ovaries along the estrous cycle of the
rat. For this purpose, and to mainly stimulate the target ovary,
VIP was micro-injected into the ovarian bursa of the left or
right ovary of adult rats on diestrus-1, diestrus-2, proestrus, or
estrus. Effects were evaluated 1 or 24 h after treatment.

Materials and methods

Experiments were carried out in strict accordance with the
Mexican Law of Animal Treatment and Protection
Guidelines and the specifications in the Mexican Official
Standard NOM-062-Z00-1999. The Committee of the
Facultad de Estudios Superiores Zaragoza approved the
experimental protocols. All efforts were made to minimize
the number of animals used and their suffering.

The study was performed using 60-day-old virgin
female rats of the CIIZ-V strain from our own stock. The

animals were kept under controlled lighting conditions 14/
10 h light-dark cycle (lights on from 05:00 to 19:00 h),
with free access to rat chow and tap water. Estrous cycles
were monitored by cytological examination of daily vagi-
nal smears performed at 09:00 h. Only rats showing at least
two consecutive 4-day cycles were used in the experiment.
All surgeries were performed between 10:30 and 11:30 h at
the days of diestrus-1, diestrus-2, proestrus, or estrus. Ten
animals were used in each experimental group.

Experimental groups

Rats were tandomly assigned to one of the following
groups:

Control group. Groups of cyclic-untouched rats were
sacrificed between 10:30 and 11:30 h on the day of dies-
trus-1, diestrus-2, proestrus, or estrus.

VIP or saline solution treatment: The left or right ovary
treatment consisted of injecting the saline solution (0.9 %
w/v NaCl) or the VIP 10°° M (Sigma Chem. Co., St. Luis,
MO, USA) solution into the respective left or right ovarian
bursa. The concentration of VIP was based on studies in rat
performed by Ahmed et al. [16], and Davoren and Hsueh
[27]. where they showed that a dose of 107° M of VIP
produces the maximum stimulation of progesterone,
androgens, and estradiol secretion from granulosa cells
[27] and the whole ovary [16].

Injection procedures were performed following previ-
ously described methodology [36-39]. In brief, animals on
each day of the estrous cycle were anesthetized with
ether, and subsequently a left or right dorso-lateral inci-
sion was performed two cm below the last rib. The
incision affected skin, muscle, and peritoneum, allowing
exposure of the left or right ovary. After exposing the left
or right ovary, 20 pl of saline or VIP solution was
injected into the left or right ovarian bursa with the aid of
a 0.5 ml syringe with a 31G x 8 mm gauge needle. To
prevent leakage of the saline or VIP solution and allow
the injected solution to fully cover the ovary, the needle
was kept in the bursa for 1 min after injection treatment.
Subsequently, the ovary was carefully cleaned, dried, and
returned to the abdominal cavity, and the wound was
immediately sealed.

Autopsy procedures

Rats were sacrificed by decapitation either 1 h (acute
effects) or 24-h after treatment (sub-acute effects). The
blood of the trunk was collected, allowed to clot at room
temperature for 30 min, and centrifuged at 3,000 rpm
during 15 min. Serum was stored at —20 °C until proges-
terone, lestosterone, and estradiol levels were measured
using radioimmunoassay (RIA).

@ Springer
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Table 1 Means + SEM of progesterone serum levels (ng/ml) in
control rats and animals injected with saline solution into the left or
right ovarian bursa on diestrus-1, diestrus-2, proestrus, or estrus

Groups Day of treatment

Diestrus-1 Diestrus-2 Proestrus Estrus
Sacrificed | h after treatment
Control 15.7 £0.7° 42+ 0.7 55+07 46 £ 03
Left saline 386+05 2711+20° 204 + 1.3° 340+ 15
Right saline  38.7 £ 0.5 I85£09"" 324+£27" 344+ 14
Sacrificed 24 h after treatment
Control 42 + 0.7 55+£07 46 03 157 £ 0.7
Left saline 195 + 2.7° 49+ 04 6.3+ 06 159 £ 08
Right saline 257 £2.1* 38+05 5.1 04 25.1 £ 3.0°°

Animals were sacrificed one or 24 h after treatment
* p < 0.05 vs. its respective control group
® p < 0.05 vs. its respective saline solution treatment on the left ovary

¢ p <005 vs. control groups sacrificed on diestrus-2, proestrus. or estrus
{(MANOVA followed by Tukey’s test)

Hormone assay

Serum progesterone, testosterone, and estradiol concentration
were determined in duplicate in a single assay using RIA, with
solid-phase kits purchased from Diagnostic Products (Los
Angeles, CA. USA). Results are expressed in ng/ml (proges-
terone) and pg/ml (testosterone and estradiol). The intra- and
inter-assay coefficients of variation and their standard devia-
tion were 8.35 & 3.9 and 945 £ 0.09 % for progesterone,
965+45 and 102£0.1 % for testosterone, and
8.12 £+ 3.8 and 9.28 & 0.09 % for estradiol. respectively.

Statistical analyses

Data on progesterone, testosterone, and estradiol serum
levels were analyzed using multivariate analysis of vari-
ance (MANOVA), followed by Tukey’s test. Differences in
serum hormone levels between two groups were analyzed
using the Student’s 7 test. A probability value. lower than
0.05. was considered statistically significant.

Results

Acute and sub-acute effects of unilaterally injecting
a saline solution into the ovarian bursa on progesterone,
testosterone. and estradiol serum levels

Acute effects on progesterone: Compared to the control
group on any day of estrus cycle, | h after animals were
treated with the saline solution into the left or right ovary,
progesterone serum levels were higher. On diestrus-2,

@ Springer

saline solution treatment in the left ovary yielded the
highest progesterone level increase. A similar effect was
observed on proestrus, when saline solution treatment was
performed in the right ovary (Table 1).

Sub-acute effects on progesterone: Compared to the
control group. 24 h after saline solution treatment to either
ovary on diestrus-1 resulted in higher progesterone levels.
On estrus, 24 h after saline solution treatment of the right
ovary also resulted in higher progesterone levels (Table 1).

Acute effects on testosterone: Compared to control
animals on proestrus, testosterone levels were higher 1 h
after saline solution treatment of the right ovary. Animals
on estrus treated with the saline solution on the left ovary
showed lower testosterone levels | h after treatment
(Table 2).

Sub-acute effects on testosterone: 24 h after rats on
diestrus-1 were treated with the saline solution on the right
ovary; testosterone levels were higher than its corre-
sponding control group. On diestrus-2, the same treatment
resulted in lower testosterone levels. In turn, 24 h after rats
on proestrus were treated with the saline solution on the left
ovary; lestosterone levels were lower than its correspond-
ing control group. Rats treated on estrus with saline solu-
tion into the left or right ovary showed lower testosterone
levels (Table 2).

Acute effects on estradiol: Compared to their respective
control group, animals on diestrus-1 treated with saline
solution in either ovary or those treated on diestrus-2 or
proestrus in the left ovary showed higher estradiol levels
1 h after treatment. On estrus, | h after saline solution
treatment to the left ovary resulted in lower estradiol levels
(Table 3).

Sub-acute effects on estradiol: Compared to control
animals, lower estradiol levels were observed: 24-h after
rats on diestrus-1 were treated with the saline solution on
either ovary. Lower estradiol levels were also observed in
rats on diestrus-2 treated with the saline solution on the left
ovary (Table 3).

Our results indicate that, compared to control groups.
the saline solution treatment resulted in significant differ-
ences on progesterone, testosterone, and estradiol serum
levels. Consequently, the effects of VIP treatment into the
left or right ovarian bursa were compared with their
respective saline treatment groups.

Acute and sub-acute effects on progesterone.
testosterone, and estradiol serum levels resulting
from unilateral VIPergic ovarian stimulation

VIP acute affects on progesterone: Compared to the cor-
responding saline solution group. animals on diestrus-1
with VIPergic stimulation to the right ovary showed lower

Gubriets Rosas Gavitin
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Table 2 Means 4+ SEM of testosterone serum level (pg/ml) in control rats and animals treated with saline solution into the left or right ovarian
bursa on diestrus-1, diestrus-2, proestrus, or estrus

Groups Day of treatment

Diestrus-1 Diestrus-2 Proestrus Estrus
Sacrificed | h after treatment
Control 50.8 +7.2 447 £2.7 1129 + 13.9° 309 + 5.2
Left saline 414 +£94 3524+ 54 153.0 4 220 49+ 0.3°
Right saline 479 £206 435+ 76 206.0 &+ 13.6" 216 + 0.7°
Sacrificed 24 h after treatment
Control 447 £ 2.7 1129 + 13.9 309 +52 508 + 7.2
Left saline 55.6 £ 8.3 78.0 £ 10.9 16.3 %+ 2.6" 27.8 £+ 3.6"
Right saline 75.9 + 2.8*° 42.3 4+ 3,740 20.1 + 4.2° 19.6 + 4.6"

Animals were sacrificed one or 24 h after treatment

* p < 0.05 vs. its respective control group

B p < 0.05 vs. its respective saline solution treatment on the left ovary

“ p < 0.05 vs. control groups sacrificed on diestrus-1. diestrus-2, or estrus (MANOVA followed by Tukey's test)

Table 3
diestrus-1. diestrus-2, proestrus, or estrus

Means & SEM of estradiol serum level in control rats and animals treated with saline solution into the left or right ovarian bursa on

Groups Day of treatment
Diestrus-1 Diestrus-2 Proestrus Estrus

Sacrificed | h after treatment

Control 27.2 & 3.5° 724 + 12 103.9 + 15.8 522 £ 44
Left saline 61.6 + 11.8" 115.1 & 12.5° 205.1 & 21.0° 28.7 + 1.0°
Right saline 54.6 + 2.6 537 £57° 120.3 + 8.2° 40.8 + 5.0
Sacrificed 24 h after treatment

Control 724 + 12.8 103.9 + 15.8 522 + 44 272435
Left saline 26.7 + 3.0° 46.3 + 1.9° 520+ 6 226+ 1.6
Right saline 26.5 + 1.3% 77.1 &+ 11.2° 423+ 1.8 267 £ 2.0

Animals were sacrificed one or 24 h after treatment

" p < 0.05 vs. its respective control group

" p < 0.05 vs. its respective saline solution treatment on the left ovary

“ p < 0.05 vs. control groups sacrificed on diestrus-2, proestrus, or estrus (MANOVA followed by Tukey’s test)

progesterone levels while on diestrus-2 resulted in higher
progesterone levels | h after treatment. In turn, animals on
proestrus with VIPergic stimulation to the left ovary, sac-
rificed 1 h after treatment, showed higher progesterone
serum levels (Fig. 1a).

VIP sub-acute effects on progesterone: 24 h after VI-
Pergic stimulation of the right ovary of rats on diestrus-2
resulted in higher progesterone levels than its respective
saline solution group (Fig. 1b).

VIP acute effects on testosterone: Compared to the
corresponding saline solution group, VIPergic stimulation
of the left ovary of rats on diestrus-1 or diestrus-2 resulted
in higher testosterone level 1 h after treatment. VIPergic

stimulation to either ovary of rats on estrus day also yielded
higher testosterone levels (Fig. 2a).

VIP sub-acute effects on testosterone: Compared to the
corresponding saline solution group, twenty-four hours
after VIPergic stimulation to either ovary of rats on dies-
trus-1 or of left ovary of animals on estrus day yielded
lower testosterone levels. VIPergic stimulation of the left
ovary of rats on proestrus day resulted in higher testos-
terone levels (Fig. 2b).

VIP acute effects on estradiol: Compared to the corre-
sponding saline solution group, 1 h after VIPergic stimu-
lation of the right ovary of rats on diestrus-1 decreased
estradiol serum levels. VIPergic stimulation to the left
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Fig. 1 Means = SEM of (a) 1 hour
progesterone serum level (ng/ 50 -

ml) in rats injected with saline
or VIP into the left or right 3
ovarian bursa on diestrus-1.
diestrus-2. proestrus. or estrus.
Animals were sacrificed 1 h
(a) or 24 h (b) after treatment,
*p < 0.05 vs. its respective
saline solution group:

<p < 0.05 vs. VIP solution
group into the left ovary
(Student’s t test)

Progesterone [ng/ml]

Diestrus-1

(b) 24 hours
60 q
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40 1
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20 1

Progesterone [ng/ml]
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ovary of rats on diestrus-2 or proestrus also resulted in
lower estradiol serum level (Fig. 3a).

VIP sub-acute effects on estradiol: Compared to the
corresponding saline solution group, twenty-four hours
after VIPergic stimulation of left ovary of rats on diestrus-2
or proestrus resulted in higher estradiol serum levels. In
rats on diestrus-1 or proestrus, VIPergic stimulation of the
right ovary also resulted in higher estradiol serum levels,
while in rats on diestrus-2, VIPergic stimulation of the right
ovary yielded lower estradiol serum levels (Fig. 3b).

Discussion

The results obtained in the present study show that in the
adult rat. over-stimulating the VIPergic system of left or
right ovary changes the secretion rates of steroid hormone
(progesterone, testosterone and estradiol), and that these
changes depend on the stimulated ovary, the day of the
estrous cycle studied. and the time elapsed between the
ovarian stimulation and autopsy.

Estradiol is the final product in the biosynthesis of ste-
roid hormones by the ovary. In general, progesterone,
testosterone, and estradiol levels are considered an activity
index of key enzymes that participate in the synthesis of
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these three hormones: 3B-HSD for progesterone, P450c17x
for testosterone. and aromatase for estradiol [3. 4].

In previous studies, we showed that the ovaries have an
asymmetric capacity to release steroid hormones, and that
this capacity varies along the estrous cycle [31, 33-35].
The ovaries” asymmetric response has been explained by
the neural information received by each ovary [3]. Results
obtained in the present study indicate that unilaterally
injecting saline solution or VIP into the ovarian bursa
modified the secretion rate of steroid hormones in different
ways. These results suggest that the neural signals received
by the ovary are translated differently by the left and right
gonads, and that the information, or its translation, depends
on the endocrine status of the animal.

Morphological evidences of a multisynaptic neural
pathway between the brain and the adrenals, and between
the brain and the ovaries have been reported [40]. Téth
et al. [41] described the existence of neurons in the central
nervous system receiving direct neural communication
from the adrenals and the ovaries. The unilateral perfora-
tion of the peritoneum to pre-pubertal [5. 6] or cyclic rats
[31. 33] resulted in higher progesterone serum levels. In the
present study. unilaterally injecting the saline solution into
the bursa of either ovary on any day of the estrous cycle
resulted in higher progesterone levels | h after treatment.
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Fig. 2 Means + SEM of
testosterone serum level (pg/ml)
in rats injected with saline or 240 -
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Since the adrenals seem to be the main source of proges-
terone secretion [42. 43], it is possible that the observed
increase in progesterone levels to be mainly adrenal origin
and result of a neural signal between ovaries and adrenals.
Another possibility is that the distention of the ovarian
bursa by saline solution activated a neural pathway con-
necting the ovaries and adrenals [41].This assumption must
be further elucidated in detail.

VIP enhanced in vitro progesterone release in granulosa
cell [27] or the whole ovary from pre-pubertal and puberal
rats [16]. Such effects have been associated with increases
in StAR mRNA levels and the protein phosphorylation
[28]; higher P450scc mRNA and protein levels [26. 44]:
and with greater rates of pregnenolone to progesterone
conversion via 3f-HSD and lower metabolism of proges-
terone by 20u-hydroxysteroid dehydrogenase [27]. In vitro,
adding VIP to hemi-ovaries from adult rats on diestrus-1
decreased the release of progesterone while increased it
when the hemi-ovaries were obtained from rats on diestrus-
2 [45]. In the present study. VIPergic stimulation yielded
similar results, with an acute asymmetric response of
progesterone secretion that varied along the estrus cycle.
According to Hu et al. [46] and Dominguez et al. [3], the
acute steroidogenic response is characterized by the

Left Saline
B Lot vIP

Right Saline
B Right VIP

Diestrus-2 Proestrus Estrus

Left Saline
@ LeftviP

Right Saline
BB Right VIP

Diestrus-2 Proestrus Estrus

phosphorylation (and hence the activation) of enzymes, a
rapid mobilization of cholesterol esters and cholesterol
delivery to the inner mitochondrial membrane, and its
subsequent conversion to pregnenolone. Since VIP
increases the expression and activity of key enzymes par-
ticipating in the biosynthesis of progesterone [26-28, 44],
it is possible that VIP inhibits or stimulates the activity of
these enzymes depending on the neuroendocrine state of
the animal.

During the estrous cycle of the rat, the ovaries are the
main source of testosterone secretion, with only a moderate
contribution by the adrenals [42, 47]. The acute effects on
testosterone serum levels resulting from the unilateral
perforation of the peritoneum depend on the side where the
incision is made and the stage of the estrous cycle when
surgery was performed [31, 34]. Similar results were
obtained in the present study, where an asymmetric
response on testosterone secretion was observed after
unilateral saline solution treatment, which depends on the
day of the cycle studied. Uchida et al. [48] showed that
mechanical stimulation of abdominal skin result in the
activation of spinal segmental reflex pathways that increase
SON activity. According to Flores et al. [42]. neural
information arises from the dorsal-lateral peritoneum and

@ Springer
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Fig. 3 Means + SEM of
estradiol serum level (pg/ml) in
rats injected with saline or VIP
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from the ventral wall play different roles in the mechanism
regulating testosterone secretion. Based on these evi-
dences, it is possible that neural pathways arising from the
abdominal skin or peritoneum that regulates enzymatic
activity are activated during surgical procedures.

In in vitro rat ovaries, VIP has a stimulatory effect on
androgen release [16, 30]. In cultured hen granulosa cells,
the stimulating effects of VIP on androstenedione secretion
are explained by the increase in 172-OH mRNA levels
[26]. VIP induces a maximum increase in androgen
secretion in cultured rat ovaries obtained on early proestrus
[30]. In the present study, comparing the effects of VI-
Pergic stimulation with saline solution treatment indicates
that VIP has an acute stimulatory effect on testosterone
secretion and that the effect was asymmetric (between the
left and right ovary) and depended on the day of the cycle
studied.

On proestrus VIP's stimulatory effects on testosterone
secretion are evident when comparing testosterone levels
from VIPergic stimulated rats to those of intact animals,
particularly in the right ovary. Compared to the mechani-
cal/neural stimulation induced by the saline solution
treatment on proestrus, the apparent lack of effects on
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testosterone serum levels resulting from VIPergic treat-
ment suggests that the stimulation induced by the ovarian
bursa distention reached the ovaries’ maximum response
capacity. This idea is supported by the fact that in rats
anesthetized with ether. the increase in progesterone levels
is similar to those in rats submitted to laparotomy [33].
Such results suggest that the hypothalamus—pituitary—
adrenal axis’ stress response capacily, manifested by
increasing progesterone secretion, reaches its peak with the
effects of ether anesthesia [33].

During the rat’s estrous cycle, the intra-ovarian nerve
growth factor (NGF) and VIP levels vary in an inverse
relationship, suggesting that the local production of VIP is
regulated by NGF [30]. According to Johnson et al. [26], in
in vitro granulosa cells, VIP stimulates 173-OH mRNA
levels, and such effects are blocked with the addition of
transforming growth factor . Since the ovaries have an
asymmetric capacity for testosterone release and this
capacity varies along the estrous cycle [31, 34], we propose
that the absence of acute effects on testosterone levels
resulting from VIPergic stimulation to rats on diestrus-1
(right ovary), diestrus-2 (right ovary), or proestrus
(both ovaries) could be explained by the action of local
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neuro-trophic factors that modulate the effects of VIP in
the ovary.

VIPergic innervation arrives to the ovaries mainly via
the SON [11]. VIP enhances estradiol secretion in ovarian
and granulosa cell cultures [16, 27, 30]. On estrus, elec-
trical stimulation to the right SON during 5 min resulted in
lower estradiol secretion rates in the ovarian venous blood
[2]. while bilateral section of the SON on proestrus day
decreased estradiol secretion, with no apparent effects
observed when SON surgery was performed on estrus day
[49]. In the present study, the increase in estradiol serum
levels that followed the unilateral injection of saline solu-
tion into the ovarian bursa on diestrus-2 or proestrus was
inhibited with the VIPergic stimulation. Based on these
results we propose that VIP has an asymmetric inhibitory
effect on estradiol secretion at the ovarian level. It should
be noted that the inhibitory effect of VIP on estradiol
levels, observed 1 h after treatment. can also be related to
hypothalamic control of ovarian VIP levels, as has been
shown by Advis et al. [50] in pre-pubertal rats, the left,
right, or bilateral lesions of the preoptic-anterior hypotha-
lamic area resulted in higher VIP levels in the left ovary,
suggesting the existence of a marked asymmetry in the
hypothalamic control of ovarian VIP.

In the ovary. the follicle-stimulating hormone (FSH)
stimulates proliferation of granulosa cells and the aroma-
tization of testosterone to estrogens [51]. In fetal ovaries,
VIP increases aromatase activity within 24 h and reached
its maximal effect at 48 h [29]. The stimulating effects of
VIP on estradiol production are time-dependent and of
smaller magnitude than those induced by the FSH [27]. In
the present study, unilateral overstimulation of the ovary
with VIP on diestrus-1 or diestrus-2 resulted in asymmetric
effects on estradiol secretion 24 h after treatment. The
highest stimulatory effect of VIP on estradiol secretion was
observed on proestrus day, similarly to the results reported
by Parra et al. [30]. The ovarian follicle has a subpopula-
tion of granulosa cells that are predominantly sensitive to
VIP and another subpopulation that only responds to FSH
stimulation [52]. Based on this information, we suggest
that the different effects of VIP on each day of estrous
cycle on estradiol serum levels observed in the present
study are explained by the different sensitivities of the
granulosa cell to the VIP in each stage of the estrus cycle.

According to Uchida et al. [48, 53, 54|, the mechanical
stimulation of the hindpaw or the abdominal wall
decreased estradiol secretion rate by the ovary as a con-
sequence of the reflex increase in SON activity. The
decrease of the estradiol secretion rate from the ovary did
not immediately result in changes in systemic blood [53].
In pre-pubertal rats, unilateral or bilateral laparotomy
results in an acute (30 min) increase of progesterone and
testosterone serum levels, while estradiol levels were

lower. One hour after surgery, the serum levels of the
hormones were higher than in untouched control animals
[5. 6]. In present study, the sub-acute effects of unilateral
saline injection into either ovarian bursa on steroid hor-
mone levels could reflect the changes produced by neural
signals arising from abdominal wall [48], ovaries, and the
adrenals [40, 41, 55]. which were activated during the
surgery.

According to Hu et al. [46]. long-term steroidogenesis
stimulation induces the transcription of genes coditying for
steroidogenic enzymes. Such increase in the synthetic
capacity of the cells could explain the results observed 24 h
after overstimulation of ovarian VIPergic system observed
in the present study.

The asymmetries in hormone synthesis between the left
and right ovaries observed in the present study could be
explained by differences in the innervation received by
each ovary. According to Téth et al. [55], the supra-spinal
innervation of the left ovary is more abundant than in the
right ovary. Klein and Burden [56] showed a slight
asymmetry in the number of neural fibers projecting into
the ovary through the SON and OPN from the celiac-
superior mesenteric ganglia, with a higher number of inputs
into the right ovary than in the left. Additionally, Gerendai
et al. [40] and Téth et al. [41] showed that the supra-spinal
innervations of the ovaries and adrenals have left side
predominance.

Taken together, present results indicate that in the adult
cyclic rat each ovary has a different sensitivity to VIPergic
stimulation. It is possible that the ovarian asymmetric
response to VIP is modulated, at least in part, by the
innervation received by each ovary. The validity of this
hypothesis awaits experimental analysis.
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Abstract

In vitro the vasoactive intestinal peptide (VIP) increases the androgen and estradiol release by
cyclic rat’s ovaries. In cyclic rats, ovarian response to VIP injection in the ovarian bursa on
steroid hormone release is asymmetric. In the present study we analyzed if the effects of
VIPergic overstimulation depends on the superior ovarian nerve (SON) innervation. Cyclic
female rats at 68-72 days old, on diestrus-1, diestrus-2, proestrus or estrus were submitted to
unilateral sectioning of the SON and immediately after were microinjected with saline or VIP
10°M into the denervated or innervated ovary. Animals were sacrificed one hour after
treatment. In comparison with saline groups, on diestrus-1 the VIPergic stimulation of the
denervated left ovary resulted in lower progesterone, testosterone and estradiol levels; on
diestrus-2 in higher estradiol and on proestrus in lower progesterone and testosterone and
higher estradiol. VIP injection into the denervated right ovary resulted on diestrus-1 in higher
testosterone levels, on diestrus-2 in higher estradiol and on estrus in lower testosterone and
higher estradiol. The steroidogenic response of each ovary to VIPergic stimulation was different
when the denervated ovary was the contralateral to the stimulation. The present results
suggest that in the cyclic rat, the VIP effects on steroid hormone secretion are modulated by
the neural signal arriving to the ovary through the SON that they are different for each ovary
and depends on the endocrine status of the animal. The results also support the hypothesis of

neural communication between the ovaries, possibly through the SON.

Keywords
Vasoactive Intestinal Peptide (VIP), Superior Ovarian Nerve (SON), Estrous Cycle, Progesterone,

Testosterone, Estradiol.
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Introduction

The sympathetic innervation of the mammalian ovary regulates steroidogenesis and ovulation
[1-3]. The rat ovary is innervated by two sympathetic sources: the ovarian plexus nerve (OPN)
that travels along the ovarian artery and the superior ovarian nerve (SON) which is associated
with the suspensory ligament [4]. The neuronal bodies of the SON are located in the celiac-
superior mesenteric ganglia (CSMG) and its nerve endings innervate predominately
steroidogenic cells, particularly the thecal and interstitial cells and provides to the ovary
neuropeptide Y, noradrenaline (NA) and vasoactive intestinal peptide (VIP) [4-10].

The neural control of ovarian steroidogenesis by the SON may be either excitatory through the
stimulation of B-adrenergic receptors or inhibitory through of the a-adrenergic receptors [11].
The bilateral section of the SON causes a drop in ovarian NA content [12] that is companied by
a lower progesterone and estradiol ovarian secretion [13].

In vitro studies show that the electrical stimulation of the ovary increases the release of NA,
being higher during proestrus and estrus days [14]. The ovary of the rat contains a population
of B-adrenergic receptors of the B2-subtype located in both granulosa and thecal cells of
developing follicles and luteal cells. In vitro, the activation of these receptors with B-adrenergic
agonists increases the progesterone and androgens secretion from whole ovary or ovarian cells
[15-20].

In the rat’s ovary the levels of VIP vary along the estrous cycle [21]. The theca/interstitial cells of
the ovary express the VPAC-1 and VPAC-2 receptors, while VPAC-2 is expressed also in
granulosa cells [22]. In vitro, VIP stimulates androgen and estradiol release by the ovaries [21].
The effects of adding NA, VIP, or NA+VIP to /n vitro ovaries on progesterone production
depend on the day of the estrous cycle of the rats [23]. The stimulation of al-adrenergic
receptors potentiates the progesterone release by rat granulosa cells stimulated with VIP [24].
In rats on each day of the estrous cycle, one or 24 hours after the microinjection of VIP into the

left or right ovary was observed that the progesterone, testosterone and estradiol serum levels
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are asymmetrical and depending on the day of the cycle [25]. These results suggest that
ovarian response to VIP is modulated, at least in part, by the innervation received by each ovary
[25]. The aim of present study was to analyze if the acute role of VIP on regulation of steroid
hormone secretion depending on sympathetic innervation of the SON. For this purpose, cyclic
rats with unilateral section of the SON were injected with VIP into the bursa of denervated or
innervated ovary. The effects on progesterone, testosterone, and estradiol serum levels were
evaluated one hour after treatment.

Materials and Methods

Experiments were carried out in strict accordance with the Mexican Law of Animal Treatment
and Protection Guidelines and the specifications in the Mexican Official Standard NOM-062-
Z00-1999. The Committee of the Facultad de Estudios Superiores Zaragoza approved the
experimental protocols. All efforts were made to minimize the number of animals used and
their suffering.

The study was performed using 60-day-old virgin female rats of the CIIZ-V strain from our own
stock. Rats were housed in acrylic cages under controlled conditions of temperature (22+2 °C)
and light (lights on from 05:00 to 19:00 h), with free access to rat chow and tap water. Estrous
cycles were monitored by cytological examination of daily vaginal smears performed at 09:00-
10.00 h. Only rats showing at least two consecutive 4-day cycles were used in the experiment.
Surgeries were performed under ether anesthesia between 10:30 and 11:30 h on diestrus-1,
diestrus-2, proestrus, or estrus. All the animals were sacrificed by decapitation one hour after
surgery. Ten rats were randomly assigned in each experimental group.

Experimental groups

The SON sectioning procedure was performed following previously described methodology
[26]. Cyclic rats were anesthetized and a dorso-lateral incision on the left or right sides were
performed 2 cm below the last rib, affecting skin, muscle and peritoneum. Then, the left or right

ovary was exposed and the suspensory ligament (enclosing the SON) was sectioned at
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approximately 1 cm from the ovary with the aid of fine forceps. Immediately after the unilateral
section of the SON, the bursa of the denervated (ipsilateral ovary to the section of the SON) or
innervated ovary (contralateral ovary to the section of the SON) was injected with 20 pl of
saline solution (0.9 % w/v NaCl) or VIP 10°® M solution (Sigma Chem. Co., St. Luis, MO, USA)
with the aid of a 0.5 ml syringe with a 31G x 8mm gauge needle, following the methodology
previously described [27], The concentration of VIP was the same one used previously [25]. To
prevent leakage of the saline or VIP solution and allow the injected solution to fully cover the
ovary, the needle was kept in the bursa for 1 min after injection. Subsequently, the ovary was
carefully cleaned, dried, and returned to the abdominal cavity and the wound was sealed.
Autopsy procedures

At the autopsy, we collected the blood of the trunk in a test tube, allowed to clot at room
temperature for 30 min, and centrifuged at 3,000 rpm during 15 minutes. Serum was stored at -
20°C, until progesterone, testosterone and estradiol levels were measured using
radioimmunoassay (RIA). To confirm the section of the SON, during autopsy it was verified that
the ovary was free in the abdominal cavity.

Hormone assay

Serum levels of progesterone, testosterone, and estradiol were determined using RIA with
solid-phase kits purchased from Diagnostic Products (Los Angeles, CA, USA) and the results
expressed in ng/ml (progesterone) and pg/ml (testosterone and estradiol). The intra- and inter-
assay coefficients of variation were 6.58% and 7.42% for progesterone, 7.85% and 8.76% for
testosterone and 7.54% and 8.21% for estradiol, respectively.

Statistical analyses

Data on progesterone, testosterone, and estradiol serum levels were analyzed using the

Student'’s t test. A probability value < 0.05 was considered statistically significant.
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Results

Effects of VIP injection into the denervated or innervated ovary

Progesterone

Denervated (jpsilateral) ovary. Compared to their corresponding saline group, VIPergic
stimulation of the left ovary of rats on diestrus-1 or proestrus resulted in lower progesterone
levels (Fig. 1).

Innervated (contralateral) ovary. In rats on diestrus-2 with section of the left SON, injecting VIP
into right ovary resulted in higher progesterone levels than in saline group (Fig. 1).
Testosterone

Denervated (ipsilateral) ovary. On diestrus-1 or proestrus, the VIPergic stimulation of the left
ovary resulted in lower testosterone levels than in saline group. When the injection of VIP was
performed into the denervated right ovary on diestrus-1 testosterone levels were higher than
saline-injected ones and lower when the injection was on the estrus day (Fig. 2).

Innervated (contralateral) ovary. In rats on diestrus-1 or 2, the VIP injection into the left ovary
resulted in lower testosterone levels than in saline group (Fig. 2).

Estradiol

Denervated (ipsilateral) ovary. Estradiol levels were lower in rats with VIP injection into the left
ovary on diestrus-1 and higher when the animals were treated on diestrus-2 or proestrus. VIP
injection into the denervated right ovary of animals on diestrus-2 or estrus resulted in higher
estradiol levels than saline injected ones (Fig. 3).

Innervated (contralateral) ovary. On diestrus-2 the injection of VIP on the left ovary resulted in
higher estradiol levels than in saline group and lower when the treatment was in estrus. The
injection of VIP into the right ovary of rats on diestrus-1, diestrus-2 or estrus resulted in lower
estradiol levels and higher when the animals were treated on proestrus (Fig. 3).

In Figure 4 is shown a summary of the progesterone, testosterone and estradiol serum levels in
cyclic rats resulting from the unilateral VIP injection into the left or right ovarian bursa or from
the section of the left or right SON and injection of VIP into the denervated or innervated

ovary.
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Discussion

Present results show that the effects of VIP on secretion rates of progesterone, testosterone
and estradiol by the ovaries depend on the integrity of the SON and vary during the estrous
cycle of the rat.

VIP enhanced progesterone, androgens and estradiol release from granulosa cell and the ovary
of pre-pubertal and pubertal rats [28, 29]. In vitro, the stimulation of ovaries from rats in
diestrus-1 with VIP decreases the release of progesterone, while in ovaries obtained from rats
on diestrus-2 stimulates it; on diestrus-1 the effects of VIP are amplified by NA but not in
diestrus-2 [23]. The progesterone accumulation stimulated by VIP in cultured ovarian granulosa
cells of rats was potentiated by a a;-adrenergic agonist, but not by a B,-adrenergic one [24].
Previously we showed that the unilateral VIPergic stimulation of the ovaries of cyclic rats results
in an acute asymmetric response of steroid hormones secretion which varies along the estrus
cycle [25]. Present results show that the response of the ovaries to the VIP depends on the
integrity of the ovarian innervation of the SON and the day of estrous cycle, suggesting that
neurotransmitters carried through the SON to the gonads modulate the effects of VIP on
steroid hormones secretion in a different way for each hormone.

The unilateral section of the SON followed by the VIPergic stimulation of the contralateral
ovary (innervated ovary) resulted in changes on progesterone, testosterone and estradiol
secretion which depends on the ovary and the day of the cycle studied. These data suggest
that neural signals arrive to the ovary from the contralateral ovary through the SON are
indispensable for the ovary translate the VIPergic signal, and support the hypothesis of a neural
communication between the ovaries as it has been proposed previously [30-32]. However we
can not rule out that the exchange of information between the ovaries occurs through another
nervous package, such as the OPN. Klein et al. [33] showed that electrical stimulation of the
SON increased the frequency of action potentials in the OPN, suggesting that an ovarian neural

reflex pathway exists and is mediated by the SON and the OPN.
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The effects of sectioning the SON on steroid hormone levels are asymmetric and depend of the
day of estrus cycle [34]. A similar effect was observed in the present study where the SON
regulates asymmetrically the effects of VIP. These results could be explained by changes in the
neural activity of the SON during the cycle. Moran et al. [32] showed that the number of active
neurons between ovaries and the CSMG varies during the estrous cycle.

Taken together, present results indicate that in the adult cyclic rat the SON modulate of a
stimulatory or inhibitory way the sensitivity of each ovary to VIPergic stimulation which
depends on the day of the estrous cycle.
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Fig. 1 Mean = SEM of progesterone (ng/ml) serum level in

cyclic rats with section of the left (L-

SON) or right (R-SON) superior ovarian nerve and injected with saline or VIP into the denervated

(ipsilateral) or innervated (contralateral) ovary. Animals were sacrificed 1 h after treatment. * p<0.05

vs. its respective saline group (Student’s t test)
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Fig. 2 Mean + SEM of testosterone (pg/ml) serum level in cyclic rats with section of the left (L-SON)
or right (R-SON) superior ovarian nerve and injected with saline or VIP into the denervated
(ipsilateral) or innervated (contralateral) ovary. Animals were sacrificed 1 h after treatment. * p<0.05

vs. its respective saline group (Student’s t test)

Diestrus 1

Ipsilateral Contralateral Ipsilateral Contralateral
200 -~ 200 +
150 A 150 -
E E
S 100 1 % S 100 A %
[oN [oX
50 - * 50
0 - 0 A
Diestrus 2
200 1+ 200 -+
150 4 150 A
€ €
S, 100 - S 100 -
o o

*
50 - i - . I 50 4
0 - 0 -

Proestrus

200 -+ 200 A
*
150 A 150 4
E E
S, 100 1 S, 100 1
o} o
50 A 50 A
0 0 A
Estrus
200 - 200 +
150 - 150 A
E E
> 100 A > 100 +
o o
50 A 50 A *
Jimmm  EE N T
L-SON + R-SON + R-SON + L-SON +
L-Saline L-VIP L-Saline L-VIP R-Saline R-VIP R-Saline R-VIP




Capitulo I |

Fig. 3 Mean + SEM of estradiol (pg/ml) serum level in cyclic rats with section of the left (L-SON) or
right (R-SON) superior ovarian nerve and injected with saline or VIP into the denervated (ipsilateral)
or innervated (contralateral) ovary. Animals were sacrificed 1 h after treatment. * p<0.05 vs. its

respective saline group (Student’s t test)
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Fig. 4 Summary of injection of VIP into the denervated or innervated ovary of cyclic rats.
Progesterone, testosterone and estradiol serum levels in cyclic rats resulting from the unilateral VIP
injection into the left (L-VIP) or right (R-VIP) ovarian bursa (based on data published by Rosas et al.
[2015]) or from the section of the left (L-SON) or right (R-SON) superior ovarian nerve and injected

with VIP into the denervated (ipsilateral) or innervated (contralateral) ovary.
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Abstract

Rats with polycystic ovarian syndrome induced by estradiol valerate injection (PCOS-EV) have
higher noradrenaline (NA) and vasoactive intestinal peptide (VIP) ovarian levels. NA and VIP
enhance steroid hormone release by cultured PCOS-EV rat's ovaries. The unilateral or bilateral
sectioning of the superior ovarian nerve (SON) in PCOS-EV rats normalized testosterone and
estradiol levels. In the present study we analyzed the acute effects on steroid hormone serum
levels resulting from ovarian VIPergic overstimulation in PCOS-EV rats with or without unilateral
sectioning of the SON. Control or PCOS-EV rats at 68-72 days old, on vaginal estrus, were
treated with 1) unilateral sectioning of the SON, 2) VIP (10°°M) injected into the left or right
ovarian bursa, or 3) unilateral sectioning of the SON plus VIP injection into the denervated
ovary. Animals were sacrificed one hour after surgery. In comparison with control group,
sectioning the left SON in PCOS-EV rats resulted in lower estradiol levels; while sectioning the
right SON lowered progesterone and estradiol and increased testosterone levels. Injecting VIP
into the left or right ovarian bursa lowered progesterone and estradiol, while in the right
ovarian bursa increased testosterone levels. In rats with unilateral section of the SON, VIPergic
stimulation of the left denervated ovary resulted in lower testosterone levels; while in the right
denervated ovary lowered testosterone and estradiol levels. These results suggest that in
PCOS-EV rats the neuroendocrine mechanisms regulating the acute secretion of ovarian steroid
hormones depends on the VIPergic and noradrenergic signals arriving through the SON, and

that these neural signals are different for each ovary.

Keywords
Polycystic Ovarian Syndrome, Vasoactive Intestinal Peptide, Superior Ovarian Nerve,

Progesterone, Testosterone, Estradiol.
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Introduction

The polycystic ovarian syndrome (PCOS) is the most common endocrine disorder in women of
reproductive age, with an incidence of approximately 6-10% [1]. The etiology of PCOS is not
completely understood. According to Matalliotakis et al. [2], three main hypotheses have been
proposed on PCOS etiology: 1) A primary neuroendocrine defect leads to an exaggerated LH
pulse frequency and amplitude; 2) An insulin action alteration leads to hyperinsulinemia; and 3)
A defect of sex steroid synthesis or metabolism.

Based on clinical and experimental evidences, the hyper-activation of the ovary’s sympathetic
innervation has been proposed as a factor involved in PCOS etiology. Semenova [3] reported
an increased fluorescence to catecholamines in ovaries from PCOS patients, while Heider et al.
[4] demonstrated an increase in the number of tyrosine hydroxylase immunoreactive nerve
fibers in the ovaries of women with the syndrome.

Pre-pubertal or adult rats injected with a single dose of estradiol valerate (EV), a long-acting
estrogen, develop similar symptoms to human PCOS, such as acyclicity, anovulation, formation
of ovarian cysts and higher androgen and estradiol levels [5-9]. In the ovaries of PCOS induced
(PCOS-EV) animals, an increase in the activity of sympathetic nerves arriving to the ovary and in
the ovarian noradrenaline (NA) content has been reported [10]. In rats, the /n vivo stimulation
of the B-adrenergic receptor by subcutaneous injection of isoproterenol resulted in higher
androgens secretion and the presence of pre-cystic and cystic ovarian. Blocking B-adrenergic
receptors prevented such effects [11].

The superior ovarian nerve (SON) is the main source of sympathetic innervation to the ovary
and carries fibers containing NA and vasoactive intestinal peptide (VIP) [12-16]. In pre-pubertal
and adult PCOS-EV rats the bilateral sectioning of the SON resulted in lower NA ovarian
content, normalization of the estrous cycle, restoration of ovulation, and lower androgens and
estradiol production [6, 8]. These results have been interpreted to suggest that a derangement

of the sympathetic inputs to the ovary contributes to the development and maintenance of
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PCOS [6, 8, 10]. Unilateral sectioning of the SON of PCOS-EV rats normalized testosterone and
estradiol serum levels and restored ovulation in the innervated ovary; suggesting that aside
from an increase in ovarian noradrenergic tone, other neural influences arriving to the ovaries
via the SON participate in the PCOS pathogenesis [9].

According to Parra et al. [17] in PCOS-EV rats the ovarian VIP levels were higher than in control
animals on estrus. In /n vitro ovaries obtained from PCOS-EV rats, the release of androgen and
estradiol increased after stimulation with VIP, suggesting that in PCOS-EV rats the VIP
participates in the maintenance of increased ovarian steroids secretory activity [17].

In adult rabbits on estrus, immediately after the continuous infusion of 150 pmol of VIP during
60 min increased progesterone but not testosterone or estradiol plasma levels in comparison
to those animals with an infusion of vehicle [18]. In /n vitro mouse granulosa cells the release of
progesterone increased after stimulation with VIP during six hours [19]. In addition, the
androgen and estradiol release increased after two hours of stimulate with VIP the /n vitro
ovaries from rats in all cycle stages [17]. Previously we have shown that in rats on each day of
the estrous cycle, one or 24 hours after microinjecting VIP into the left or right ovarian bursa
was observed an acute asymmetric response from the ovaries to the VIP on progesterone,
testosterone and estradiol serum levels suggesting that in the cyclic rat, each ovary has
different sensitivities to VIPergic stimulation which depends on the endocrine status of the
animal [20].

To our knowledge, there is no information on the /n vivo acute effects resulting from ovarian
VIP overstimulation in PCOS-EV rats. The aims of the present study were to evaluate the acute
effects on progesterone, testosterone, and estradiol serum levels resulting from unilaterally
injecting VIP into the ovarian bursa of PCOS-EV rats, with or without unilateral sectioning of the

SON. The effects were evaluated one hour after treatment.
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Materials and Methods

Experiments were carried out in strict accordance with the Mexican Law of Animal Treatment
and Protection Guidelines, and the specifications established in the Mexican Official Standard
NOM-062-Z00-1999. The Committee of the Facultad de Estudios Superiores Zaragoza
approved the experimental protocols. All efforts were made to minimize the number of animals
used and their suffering.

The study was performed using pre-pubertal female rats of the CIIZ-V strain from our own
stock. At birth, the pups were sexed and raised in groups of five females and one male per
cage. Rats were housed in acrylic cages under controlled conditions of temperature (2212 °C)
and light (14 h of light/10 h of darkness; with lights on from 05:00 to 19:00 h), with free access
to rat chow and tap water. Animals were kept with their dams until day 21 of age, when they
were weaned. Once vaginal opening occurred, male rats were withdrawn from the cage.
Surgeries were performed between 68 to 72 days of age on vaginal estrus, under ether
anesthesia between 10:30 h and 11:30 h. All the animals were sacrificed by decapitation one
hour after surgery. Ten rats were used in each experimental group.

Animal Treatment

Ten-day-old rats were injected intramuscularly (i.m) with 0.1 ml of corn oil (vehicle, Vh) or with
a single dose of 2 mg of EV (Sigma Chem. Co., St. Luis, Mo. USA) dissolved in 0.1 ml of Vh. The
age of first vaginal estrus of these animals was recorded, and estrous cycles were monitored
daily by vaginal smears performed at 09:00 h during eight days. When the animals reached 60
days of life, vaginal smears were taken again during eight days. PCOS-EV model rats showed a
persistent vaginal estrus, while Vh-injected animals showed a normal vaginal estrous cycle.
Once the PCOS-EV and Vh treated animals reached 68 to 72 days old and displayed a vaginal

estrus smear, they were assigned to one of the following experimental groups:
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Controls

PCOS-EV or Vh treated rats were sacrificed when reached 68 to 72 days old between 11:30 and
12:30 h of estrus day.

Experiment 1: Acute effects of unilateral sectioning of the SON in PCOS-EV rats

Unilateral sectioning of the SON was performed following previously described methodology
[9, 21]. In brief, Vh and PCOS-EV rats were anesthetized and a dorso-lateral incision was
performed on the left or right side, 2 cm below the last rib. The incision affected skin, muscle,
and peritoneum. Subsequently, the left or right ovary was exposed and, with the aid of fine
forceps, the suspensory ligament enclosing the SON was sectioned at approximately 1 cm from
the ovary. The ovary was returned to the abdominal cavity and the wound was sealed.
Experiment 2: Acute effects of unilateral VIP injection into the ovary of PCOS-EV rats

VIP injection procedures into the ovarian bursa were performed following previously described
methodology [20, 22-25]. In brief, Vh and PCOS-EV treated animals were anesthetized and a
dorso-lateral incision was performed as described above. Subsequently, the left or right ovary
was exposed and with the aid of a 0.5 ml syringe equipped with a 31G x 8mm gauge needle,
were injected 20 pl of VIP 10 M solution (Sigma Chem. Co., St. Luis, MO, USA) into the left or
right ovarian bursa, as previously described by Rosas et al. [20]. To prevent leakage of the VIP
solution, and to allow the injected solution to fully cover the ovary, the needle was kept in the
bursa for 1 min after injection. Subsequently, the ovary was carefully cleaned, dried, and
returned to the abdominal cavity and the wound was sealed.

Experiment 3: Acute effects of unilateral sectioning of the SON followed by VIPergic
stimulation of the denervated ovary in PCOS-EV rats

As described above, Vh and PCOS-EV animals were anesthetized and a dorso-lateral incision
was performed; the SON of the left or right ovary was sectioned and 20 pl of VIP 10° M were
injected into the ovarian bursa of the denervated ovary. Subsequently, the ovary was carefully

cleaned, dried, and returned to the abdominal cavity and the wound was sealed.
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Autopsy procedures

At the autopsy, the blood of the trunk was collected, allowed to clot at room temperature for
30 min, and centrifuged at 3,000 rpm during 15 minutes. Serum was stored at -20°C, until
progesterone, testosterone and estradiol levels were measured using radioimmunoassay (RIA).
During autopsy we verified that the ovary was free in the abdominal cavity to confirm that the
SON had been properly sectioned.

Hormone assay

Progesterone, testosterone, and estradiol serum levels were measured using RIA with solid-
phase kits purchased from Diagnostic Products (Los Angeles, CA, USA). Results are expressed in
ng/ml (progesterone) and pg/ml (testosterone and estradiol). The intra- and inter-assay
coefficients of variation were 6.58% and 7.42% for progesterone, 7.85% and 8.76% for
testosterone and 7.54% and 8.21% for estradiol, respectively.

Statistical analyses

Data on progesterone, testosterone, and estradiol serum levels were analyzed using the

Student'’s t test. A probability value < 0.05 was considered statistically significant.

Results

All rats injected with EV presented characteristic of induced PCOS, including persistent vaginal
estrus, anovulation, and the presence of cysts in the ovaries. Testosterone and estradiol serum
levels were higher in PCOS-EV animals than in Vh-injected animals. Progesterone levels were
similar between PCOS-EV and Vh-treated group (Fig. 1).

Experiment 1: Acute effects of unilateral sectioning of the SON in PCOS-EV rats

Compared to the Vh-injected group, sectioning the left SON of PCOS-EV rats resulted in lower
estradiol levels (Fig. 1). Sectioning the right SON of PCOS-EV animals resulted in lower estradiol
and progesterone levels, and higher testosterone levels than in their corresponding Vh-treated

group (Fig. 2).
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Experiment 2: Acute effects of unilateral VIP injection into the ovary of PCOS-EV rats

In comparison with the Vh-treated group, in PCOS-EV rats the injection of VIP into the left
ovary of resulted in lower progesterone and estradiol levels (Fig. 1), while the VIPergic
stimulation of the right ovary resulted in lower progesterone and estradiol levels and higher
testosterone levels than in (Fig. 2).

Experiment 3: Acute effects of unilateral sectioning of the SON followed by VIPergic
stimulation of the denervated ovary in PCOS-EV rats

In PCOS-EV rats, injecting VIP into the denervated left ovary resulted in lower testosterone
levels than in the corresponding Vh-treated group (Fig. 1). When VIP was injected into the
denervated right ovary of PCOS-EV rats, testosterone and estradiol levels were lower than in
Vh-treated group (Fig. 2).

In Figure 3 is shown a summary of the progesterone, testosterone and estradiol serum levels in
cyclic rats on estrus day or in PCOS rats resulting from the VIP injection into the innervated or
denervated ovary.

Discussion

The results obtained in the present study show that in PCOS-EV rats, the SON and the VIP
regulate the acute secretion of progesterone, testosterone and estradiol from each ovary in
different ways, and that the neural information carried by the SON modulates the VIP effects
on steroid hormone secretion.

In vitro studies have shown that steroidogenic response of the ovary of PCOS-EV rat to the
gonadotropic and/or neural stimulation is higher than in control animal [6, 17]. The VIPergic
stimulation of ovaries obtained from PCOS-EV rats increased androgens and estradiol secretion
[17]. In the ovary of PCOS-EV rats, the activation of LH-receptors with human chorionic
gonadotropin (hCG), or the activation of B-adrenergic receptors with isoproterenol, resulted in
a higher release of androgens [6], despite the low content of B-adrenergic [6] and hCG

receptors [26].
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In rats on diestrus, the electrical stimulation of the SON increased ovarian progesterone levels
through the activation of B-adrenergic receptors [27] while the bilateral sectioning of the SON
on the morning of proestrus resulted in an immediate decrease of progesterone plasma levels
[28]. In rats on estrus, the left or right SON regulates progesterone secretion in an inhibitory
way [29]. Previously we showed that right section of the SON to PCOS-EV rats of 24 days old
resulted in lower progesterone levels when the animals reached 90 days of age [9]. The present
study yielded similar results, suggesting that the neural information arriving to the ovary via the
right SON plays a greater role in regulating progesterone secretion than the information
arriving via the left SON. These and other results suggest that the neural information received
by the ovaries through the SON is active participants in ovarian steroidogenesis control.

VIP treatment enhanced progesterone release in /n vitro granulosa cells [30], and in the whole
ovary cultures from pre-pubertal and pubertal rats [31]. Previously we showed that the
unilateral VIPergic stimulation of the ovary of cyclic rats on estrus does not modify
progesterone levels [20]. In the present study we observed that VIPergic overstimulation of any
ovary of PCOS-EV rats resulted in lower progesterone levels. This suggests that in the PCOS-EV
rat model VIP has an acute inhibitory effect in regulating progesterone secretion, and that such
effect depends on the interaction between the neural signals received by the ovary through the
SON, as indicated by the absence of inhibitory effects of VIP when the ovaries were previously
denervated. This conclusion is supported by studies of Garraza et al. [32], who reported that
incubating hemiovaries from rats on diestrus 1 in the presence of NA plus VIP enhanced the
inhibitory effect of VIP on progesterone release. In cultured granulosa cells of adult rats on
diestrus, VIP's stimulating effect on progesterone secretion is potentiated by phenylonephrine,
a a-1 adrenergic agonist, suggesting the simultaneous activation of different peptidergic and
adrenergic receptors [33].

Compared to sham-operated group, the section of the left SON to pre-pubertal rats resulted in

lower testosterone levels 30 minutes after treatment and higher testosterone levels 60 minutes
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after surgery; while the section of the right SON treatment did not modify testosterone levels
[21]. The bilateral sectioning of the SON to 4-days old rats resulted in higher androstenedione
levels when the animals reached 30 days of age, and turned lower when the animals reached 41
days of age [34]. In PCOS-EV rats, the long lasting effects of unilateral or bilateral sectioning of
the SON on testosterone levels [6, 8, 9], suggesting that the neural information carried by the
SON to the ovaries stimulates testosterone secretion. In the present study testosterone levels
increased after sectioning of the right SON, suggesting that the right SON has an acute
inhibitory effect in regulating testosterone secretion. These results support the idea that the
role of the SON depends on the time lapse between surgery and autopsy, as previously
suggested [21].

VIP stimulates androgen release in ovaries obtained from immature PMSG-injected rats and
cyclic rats [17, 31]. Similar effects were observed in cyclic rats on estrus day injected with VIP
into the left or right ovarian bursa [20]. In /n vitro ovaries of EV-treated rats, adding VIP
increased the release of androgen [17]. In the present study the effects of unilateral ovarian
overstimulation with VIP to PCOS-EV rats depended on which ovary was stimulated, where VIP
stimulated testosterone secretion from the right ovary and it had no apparent effect into the
left ovary. Such effects depended on the neural signals carried by SON, since in the absence of
NA resulting from sectioning the SON, VIP in any denervated ovary has an inhibitory effect on
testosterone levels.

In rats, the bilateral sectioning of the SON performed on the morning of proestrus resulted in
an immediate drop in estradiol plasma levels [28]. In adult cyclic rats, one hour after sectioning
of the left or right SON did not modify estradiol levels, regardless of the day of estrous cycle
when the surgery was performed [29]. In PCOS-EV rats the unilateral or bilateral sectioning of
the SON resulted in lower estradiol levels [9]. A similar effect was observed in the present

study, where the SON appears to regulate estradiol secretion in a stimulating way, supporting
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the idea that abnormalities in ovarian steroid secretion are due, at least in part, to an
exaggerated sympathetic outflow to the ovary, as proposed by Barria et al. [6].

VIP enhances the activity of the aromatase enzyme complex in /n vitro fetal ovaries [35], and
increases estradiol release from cultured granulosa cells and whole ovaries [17, 30, 31].
Compared to ovaries obtained from control animals on estrus, VIP-induced a greater estradiol
release from PCOS-EV rats’ ovaries [17]. In the present study, overstimulating the ovaries of
PCOS-EV rats with VIP resulted in a lower estradiol secretion. This response appears to depend
on the integrity of the SON and suggests that the neural information arriving to the ovaries via
the SON is different for each ovary.

The results obtained in the present study support the idea that neural influences arriving to the
ovaries through the SON contribute to the steroidogenic alterations observed in the etiology of
PCOS rats. The results also suggest that in PCOS-EV rats the neuroendocrine mechanisms
regulating ovarian steroid hormones secretion, which depend on the VIPergic and
noradrenergic signals of the SON, have different participation in regulating steroid hormone
secretion by each ovary. Taken together, these results suggest a functional interaction between
neurotransmitters and neuropeptides arriving to the ovary through SON in steroid hormone

release regulation.
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Fig. 1 Means + SEM of progesterone, testosterone and estradiol serum levels in rats that at 10
days old were injected with vehicle (Vh) or EV and at 68 to 72 days old, on vaginal estrus, were
submitted to section of the left SON (L-SON), injection of vasoactive intestinal peptide (VIP)
into the left (L) ovarian bursa or to L-SON plus VIP injection into the denervated ovary. Animals

were sacrificed 1 h after treatments. * p<0.05 vs. its corresponding Vh group (Student's t test)
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Fig. 2 Means + SEM of progesterone, testosterone and estradiol serum levels in rats that at 10
days old were injected with vehicle (Vh) or EV and at 68 to 72 days old, on vaginal estrus, were
submitted to section of the right SON (R-SON), injection of vasoactive intestinal peptide (VIP)
into the right (R) ovarian bursa or to R-SON plus VIP injection into the denervated ovary.

Animals were sacrificed 1 h after treatments. * p<0.05 vs. its corresponding Vh group

(Student’s t test)
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Fig. 3 Summary of effects of VIP injection into the innervated or denervated ovary of
cyclic rats on estrus or PCOS rats. Progesterone, testosterone and estradiol serum levels
compared to theirs respective vehicle groups. Progesterone, testosterone and estradiol serum
levels in cyclic rats resulting from the unilateral VIP injection into the left (L-VIP) or right (R-VIP)
ovarian bursa (based on data published by Rosas et al. [2015]) or from the section of the left (L-

SON) or right (R-SON) superior ovarian nerve and injected with VIP into the denervated ovary.
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DISCUSION GENERAL

Los resultados del presente estudio muestran que en la rata adulta ciclica cada ovario tiene
diferente sensibilidad al estimulo VIPérgico que depende del ambiente endocrino del animal.
En la rata con SOPQ el VIP estimula la sintesis de testosterona sélo en el ovario derecho, lo que
sugiere que cada ovario responde de manera diferente frente a un mismo estimulo. Las sefales
nerviosas que ingresan al ovario por el NOS modulan de manera diferente la respuesta
esteroidogénica del ovario al estimulo VIPérgico en el animal con SOPQ que en el animal

ciclico.

El ovario recibe inervaciéon simpatica a través del NOS, por el que transcurren fibras que
contienen NA, NPY y VIP (Baljet y Drukker, 1979; Lawrence y Burden, 1980; Bahr y Ben-
Jonathan, 1981; Dees y col., 1986; Schulstea y col.,, 1992). Diversas evidencias indican que el VIP
estimula la secrecion de hormonas esteroides (Fredericks y col., 1983; Davoren y Hsueh, 1985;
Ahmed y col,, 1986; Johnson y col.,, 1994; Parra y col., 2007), lo cual se explica por el incremento
en la actividad de proteinas acarreadoras como la StAR y de enzimas como la 3B-HSD y las
aromatasas, que participan en la sintesis de hormonas esteroides en el ovario (Davoren vy
Hsueh, 1985; George y Ojeda, 1987; Kowalewski y col., 2010). Segun Garraza y col. (2004) los
efectos del VIP sobre la secrecién de progesterona dependen del dia del ciclo estral lo cual

concuerda con los resultados de nuestro estudio.

Estudios /in vitro muestran que los efectos del VIP sobre la secrecion de hormonas
esteroides por células de la granulosa aisladas o el ovario completo dependen del lapso entre
el estimulo y la evaluacion de la secrecion hormonal (Davoren y Hsueh, 1985; Garraza y col,
1994; Wasilewska-Dziubifiska y col., 2002). En cultivo de células de la granulosa, la inhibicion de
la actividad enzimatica de la P450scc impide el efecto estimulante del VIP sobre la secrecion de
progesterona, y un efecto similar se observa si se inhibe la sintesis del ARNm con actinomicina
D con lo que se bloquea la sintesis de novo de la P450scc (Wasilewska-Dziubifiska y col., 2002).

En el presente estudio los efectos de la estimulacién VIPérgica del ovario sobre la secrecion de
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hormonas esteroides dependen del tiempo transcurrido entre el estimulo y la evaluacién de
sus efectos. Tomando en conjunto los resultados del grupo de Wasilewska-Dziubifiska (2002) y
los nuestros proponemos que a corto plazo (1 hora) el VIP estimula la fosforilacién y activacion
de enzimas pre-existentes, mientras que a largo plazo (24 horas) estimula ademas la sintesis de

nuevas enzimas.

En el modelo de la rata ciclica cada ovario tiene diferente sensibilidad al estimulo
VIPérgico que cambia ante la falta del NOS. Esto nos permite sugerir que los efectos del VIP
son modulados por las sefiales nerviosas de naturaleza simpatica que reciben los ovarios a
través del NOS, aunque no se descarta que tanto el NV como el NPO participen en la
regulacion de los efectos del VIP en el ovario. Se ha mostrado que la lesion izquierda, derecha
o bilateral del area predptica hipotalamica anterior incrementa la concentracion de VIP en el
ovario izquierdo, lo que sugiere que el control hipotaldmico de VIP en el ovario es asimétrico
(Advis y col., 1989). Otra posibilidad es que los ovarios responden de manera diferente al
estimulo VIPérgico y en ese caso la asimetria estaria a nivel ovarico posiblemente como

resultado de una diferente expresion de los receptores a VIP.

En el presente estudio se confirma que la inyeccién de VE en la etapa infantil resulta en el
desarrollo del SOPQ, caracterizado por la alteracion del ciclo estral, falta de ovulacion,
presencia de quistes foliculares y altas concentraciones de testosterona y estradiol, tal como ha
sido reportado previamente (Rosas, 2006; Rosa-E-Silva y col., 2003; Morales-Ledesma y col.,

2010).

En las ratas con SOPQ incrementa la actividad de las fibras simpaticas del NOS y la
concentracion ovarica de NA (Lara y col,, 1993). La seccion bilateral del NOS en ratas con SOPQ
resulta a largo plazo (10 6 21 dias) en una menor concentracion de NA ovaérica, normalizacion
del ciclo estral, de la ovulacion y en menores concentraciones de andrégenos y estradiol (Barria
y col.,, 1993; Rosa-E-Silva y col., 2003). Previamente mostramos que a los 60 dias de realizada la
seccion unilateral del NOS en ratas con SOPQ se normalizan las concentraciones de

testosterona y estradiol en suero y se restaura la ovulacidn en el ovario inervado, por lo que se
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sugirio que en el SOPQ ademas de la hiperactividad NAérgica existen otros factores que
contribuyen al desarrollo de la patologia (Morales-Ledesma y col.,, 2010), como pueden ser el
VIP (Rosas, 2011; Ramirez, 2014; presente estudio), y las sefiales nerviosas que llegan al ovario a

través del NPO (Diaz, 2013) y del NV (Linares y col., 2013).

La testosterona en uno de los precursores del estradiol, por lo que en varias
circunstancias se ha observado que la disminucién en la concentracion de testosterona es
acompafada de un aumento significativo en la concentracion de estradiol debido a su
biotransformacién (Strauss y Williams, 2009; Dominguez y col., 2011; Miller y Auchus, 2011). En
el presente estudio observamos que una hora después de la seccion unilateral del NOS en
ratas con SOPQ disminuye la concentracion de estradiol sin que se modifique la de
testosterona, lo que nos sugiere que la inervacion que llega por el NOS regula de manera
estimulante la actividad de las aromatasas. Esta idea se puede apoyar en el hecho de que en un
sistema ex vivo ganglio celiaco-NOS-ovario de ratas en proestro, la adicion de NA en el
compartimiento ganglionar resultd el incremento del ARNm de las aromatasas (Delgado y col,

2010).

En los animales con SOPQ incrementa la concentracion de VIP en el ovario. In vitro, la
adicion del péptido a ovarios de animales con el sindrome aumenta la secrecion de
andrégenos (Parra y col., 2007), un efecto semejante se observd en el presente estudio por la

estimulacién VIPérgica del ovario derecho de animales con SOPQ.

Previamente mostramos que 24 horas después de la estimulacion VIPérgica del ovario
izquierdo denervado de ratas con SOPQ incrementa la secrecidn de testosterona, contrario a lo
observado en el ovario derecho denervado (Rosas, 2011). En la rata con SOPQ, el bloqueo de
los receptores VIPérgicos del ovario izquierdo resulta a los 30 minutos en una mayor
concentracion ovarica de NA que se acompafa del incremento de la concentracién de
testosterona en suero. Estos efectos no se observan cuando se bloquean los receptores del
ovario derecho (Ramirez, 2014). Los resultados del presente estudio muestran que en

cualquiera de los ovarios denervados el VIP regula de manera inhibitoria la secrecién aguda de
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testosterona, por lo que sugerimos que en la rata con SOPQ los efectos del VIP varian en
funcién del tiempo y dependen de su interaccién con las sefales nerviosas que ingresan al

ovario a través del NOS.

In vitro el VIP incrementa la actividad de las aromatasas en ovarios fetales de ratas
(George y Ojeda, 1987) asi como la secrecién de estradiol por ovarios de ratas ciclicas o con
SOPQ (Parra y col,, 2007). En el presente estudio, la estimulacién del sistema VIPérgico de
animales ciclicos o con SOPQ resulté en una menor concentracién de estradiol en suero. Estas
diferencias ponen de manifiesto que /n vivo, los ovarios reciben diferentes sefales endocrinas y

nerviosas que regulan sus funciones, lo que no existe en los estudios /n vitro.

Con la informacién disponible hasta el momento no se puede discernir cuales son los
factores que explican las diferencias observadas en la respuesta de los ovarios de ratas ciclicas
en estro y de ratas con SOPQ, frente al estimulo VIPérgico y su relacion con la inervacion
NAérgica que llega por el NOS. Algunos de los factores que pudieran estar involucrados serian
el tipo y numero de receptores a VIP presentes en los ovarios de los animales en estro y en
ratas con SOPQ, la sensibilidad de los receptores, asi como las vias de sefalizacién celular

estimuladas por la union del VIP a cada uno de sus receptores.

En conjunto, los resultados del presente estudio muestran que en los ovarios, los mecanismos
neuroendocrinos que regulan la secrecion aguda de hormonas esteroides dependen de las
sefiales VIPérgicas, NAérgicas y quizas las NPYérgicas que ingresan al ovario a través del NOS y
que la interaccion de estas sefiales nerviosas modula en diferentes formas la respuesta de cada
ovario al estimulo VIPérgico. Asimismo, muestran que la interaccién funcional entre los
neurotransmisores y neuropéptidos que transcurren por el NOS es distinta en un animal con la

patologia del SOPQ que en uno que no la presenta.
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Ratas ciclicas en la etapa del diestro 2
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Figura 1. Efectos de la estimulacion VIPérgica del ovario de ratas ciclicas en diestro 2 con o sin

previa seccion unilateral del NOS. GCMS, ganglio celiaco mesentérico superior; NOS, nervio
ovérico superior; NA, noradrenalina; NPY, neuropéptido Y; VIP, péptido intestinal vasoactivo; P4,
progesterona; T, testosterona; E2, estradiol; OI, ovario izquierdo; OD, ovario derecho; SNOI, seccion
del NOS izquierdo; SNOD, seccién del NOS derecho. Las flechas indican disminuciones (flecha azul)
o aumentos (flecha rosa) en la concentracion de hormonas esteroides, mientras que los signos de

igual indican que no hubo cambios significativos.




JModelo de Estudio |

En la figura 1 se observa que la secrecion aguda de hormonas esteroides por el ovario
izquierdo y derecho de ratas en diestro 2 frente al estimulo VIPérgico es asimétrica, lo que nos
sugiere que cada ovario tiene diferente sensibilidad al VIP. La respuesta diferencial de los
ovarios al péptido es regulada por las sefiales nerviosas que ingresan al ovario a través del
NOS, donde ante la falta de esta informacién simpatica, el VIP regula de manera estimulante la
secrecion de estradiol en ambos ovarios denervados. La respuesta del ovario estimulado con
VIP cambia cuando el ovario contralateral es previamente denervado, por lo que proponemos
que las sefales del NOS izquierdo y derecho son indispensables para que cada ovario traduzca
la sefial VIPérgica, ademas de que estos resultados apoyan la existencia de una comunicacion

nerviosa entre los ovarios dada a través del NOS.




JModelo de Estudio |

Ratas ciclicas en estro y ratas con SOPQ
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Figura 2. Efectos de la estimulaciéon VIPérgica del ovario de ratas ciclicas en estro con o sin
previa seccion unilateral del NOS, en comparacion a los efectos en ratas con SOPQ. GCMS,
ganglio celiaco mesentérico superior; NOS, nervio ovarico superior; NA, noradrenalina; NPY,
neuropéptido Y; VIP, péptido intestinal vasoactivo; R, receptor; SOPQ, sindrome del ovario
poliquistico; P4, progesterona; T, testosterona; E2, estradiol; OI, ovario izquierdo; OD, ovario
derecho; SNOI, seccién del NOS izquierdo; SNOD, seccion del NOS derecho. Las flechas indican
disminuciones o aumentos en la concentracién de hormonas esteroides de ratas ciclicas en estro
(flecha rosa) o con SOPQ (flecha azul), mientras que los signos de igual indican que no hubo

cambios significativos.
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En la figura 2 se muestra que en el dia del estro, el VIP regula de manera estimulante la
secrecion de testosterona en cualquiera de los ovarios, mientras que en la rata con SOPQ este
efecto Unicamente lo tiene en el ovario derecho. El papel del VIP en ambos modelos
experimentales depende de la integridad del NOS, por lo que sugerimos que la NA, el VIP y el
NPY que ingresan al ovario a través del NOS interactian de manera diferente sobre la
regulacion de la secrecion de hormonas esteroides. Es posible que la mayor afluencia de VIP y
de NA al OPQ, asi como la disminucién del nimero de receptores PR-adrenérgicos y el
incremento de su sensibilidad, parametros que han sido descritos en la literatura, sean
determinantes en la diferente respuesta al VIP que tienen los ovarios de ratas con SOPQ que
de ratas en estro. Con estos resultados surge la interrogante de si la respuesta del OPQ al VIP
se debe a una modificacién en el niUmero y afinidad de los receptores a VIP o si es la cascada
de sefalizacién activada por cada receptor la que se encuentre alterada. Estos aspectos

requieren ser estudiados a detalle.
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CONCLUSIONES GENERALES

En el modelo de la rata adulta ciclica:

4+ La distension de la bursa ovarica izquierda o derecha por efecto de la inyeccién de
solucién salina incrementd la concentracion de progesterona en suero, mientras que
sus efectos sobre testosterona o estradiol dependen del ovario en estudio y del dia del

ciclo estral.

4 La tasa de secrecién de hormonas esteroides en respuesta a la estimulacion del sistema
VIPérgico del ovario izquierdo o derecho dependen de la hormona analizada y del

estado endocrino de la rata.

4+ Las sefales nerviosas que recibe cada ovario a través del NOS modulan de manera
estimulante o inhibitoria la sensibilidad del ovario al estimulo con VIP y su participacion
varia en funcion del dia del ciclo estral. Los resultados apoyan la hipétesis de la
existencia de una comunicacion nerviosa entre los ovarios a través del NOS, cuya

informacién parece ser indispensable para que el ovario traduzca la sefial VIPérgica.

En el modelo de la rata adulta con SOPQ:

4 La informacién del NOS regula de manera diferencial la secrecion de hormonas
esteroides por cada ovario. Es estimulante en el ovario izquierdo sobre la secrecién de
estradiol, mientras que en el ovario derecho estimula la secrecion de progesterona y

estradiol e inhibe la de testosterona.

4 En ambos ovarios, el VIP modula de manera inhibitoria la secreciéon de progesterona y
estradiol. En el ovario derecho, el VIP tiene un efecto estimulante sobre la secrecién de

testosterona.

4+ En cualquiera de los ovarios denervados el VIP tiene un efecto inhibitorio sobre la

secrecion de testosterona.
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