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RESUMO

O gerbilo da Mongolia (Meriones unguiculatus) tem sido utilizado de maneira
crescente em estudos sobre o sistema genital masculino. Alguns aspectos da
espermatogénese e o ciclo do epitélio seminifero dessa espécie sdo conhecidos, mas
investigagdes sobre o desenvolvimento poés-natal do testiculo e diferenciacdo das suas
principais populacdes celulares sdao incipientes. Assim, o objetivo desse estudo foi avaliar
os eventos envolvidos com a diferenciacdo das células germinativas e de Leydig durante o
desenvolvimento pds-natal, estabelecer o periodo de maturacdo testicular, e descrever a
dindmica das populagdes de células de Leydig do nascimento a senilidade. Foram utilizados
gerbilos machos com 1-6 dias, 1-8 semanas, 3 ¢ 18 meses de idade. Os diferentes tipos
celulares foram identificados com base em microscopia de luz de alta resolugdo,
microscopia eletronica de transmissdo e imunocitoquimica para marcadores especificos da
linhagem germinativa (VASA) e das células de Leydig adultas (enzimas 3f-
hidroxiesteroide desidrogenase - 33-HSD e 113-hidroxiesteroide esterdide desidrogenase 1
- 11B-HSD1). Reagdes imunocitoquimicas para o receptor de androgeno (AR), para o
marcador de células em proliferacdo (PCNA) e técnica para marcacdo de células
apoptéticas (TUNEL), bem como analises estereoldgicas dos componentes testiculares e
determinagdo dos niveis séricos de testosterona e estrogeno também foram efetuadas. O
processo de migracdo dos gonocitos para a membrana basal no gerbilo se estende até a
segunda semana pos-natal, sendo seguido da sua répida diferenciacio em
proespermatogonias. Diferentemente de outros roedores, os eventos relativos a maturagao
dos gonocitos e sua diferenciacdo em células da linhagem espermatogonial é mais longo,
ocorrem assincronicamente entre os corddes seminiferos e estdo associados a perda de
sensibilidade ao androgeno. O desenvolvimento da populacdo de células de Leydig adultas
(CLA) envolve quatro estadgios progressivos de maturagdo: as células de Leydig adultas
progenitoras, as recém-formadas, as imaturas e as maduras, as quais surgiram,
respectivamente com duas, quatro, cinco e seis semanas de idade. As células de Leydig
adultas maduras exibem ntcleo excéntrico e irregular e um canaliculo citoplasmatico

perinuclear. Também apresentam heterogeneidade funcional em relagdo a expressdao do AR
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e da enzima 11B-HSDI1. As mudangas que ocorrem no instersticio testicular do gerbilo
durante o desenvolvimento pos-natal sdo muito similares as encontradas em outros
roedores, no entanto, o nimero de células de Leydig fetais permanece constante até a
senilidade. Adicionalmente, o surgimento ¢ aumento da populagdo de células de Leydig
adultas ocorrem mais tardiamente em relacdo a outros roedores. A analise histologica
indicou que a maturidade testicular no gerbilo ocorre por volta da décima segunda semana
de idade. Os niveis séricos de testosterona aumentaram expressivamente a partir da sexta
semana de idade, enquanto os de estrogeno permaneceram constantes até a décima segunda
semana de idade. Nos animais senis houve uma queda acentuada de ambos os hormonios. O
comprometimento da sintese de esterdides nesse ultimo periodo decorre do prejuizo
funcional das CLA. O presente estudo fornece um panorama abrangente do
desenvolvimento testicular do gerbilo da Mongolia, ampliando o conhecimento sobre a
biologia reprodutiva dessa espécie e proporcionado os fundamentos para o

desenvolvimento de estudos experimentais.
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ABSTRACT

The Mongolian gerbil (Meriones unguiculatus) has been increasingly used with
studies on the male genital system. Some aspects of spermatogenesis and the seminiferous
epithelium cycle of this species are known, but investigations about the postnatal
development of testis and differentiation of the main cell populations are incipient. The
objective of this study was to evaluate the events involved in differentiation of germ cells
and Leydig cells during postnatal development, establish the period of testicular
maturation, and describe the dynamics of Leydig cells population from birth to senility.
Male gerbils were used with 1-6 days, 1-8 weeks, 3 and 18 months of age. The different
cell types were identified based on light microscopy, high-resolution transmission electron
microscopy and immunocytochemistry for specific markers of germ line (VASA) and adult
Leydig cells (enzyme 3 [-hydroxysteroid dehydrogenase - 3 pB-HSD and 11 -
hydroxysteroid steroid dehydrogenase 1 - 11 B-HSDI). Reactions observed for the
androgen receptor (AR), for cell proliferation marker (PCNA), technique for marking
apoptotic cells (TUNEL), stereological analysis of testicular components and determination
of serum levels of testosterone and estrogen were also made. The process of gonocytes
migration to the basement membrane in the gerbil extends to the second postnatal week,
being followed by their rapid differentiation to proespermatogonia. Unlike other rodents,
the events on the gonocytes maturation and differentiation into espermatogonial cell lineage
are longer, occur asynchronously between the seminiferous cords and are associated with
loss of sensitivity to androgen. The development of the adult Leydig cells (ALC)
population involves four progressive stages of maturation: the adult Leydig cell progenitor,
newly formed, immature and mature, which appeared respectively with two, four, five and
six weeks of age. Mature ALC exhibit irregular and eccentric nuclei and a perinuclear
cytoplasmic canaliculus. Also present functional heterogeneity in expression of AR and the
enzyme 11 B-HSDI. The changes occurring in gerbil testicular insterstitium during
postnatal development are very similar to those found in other rodents, however, the
number of fetal Leydig cells remains constant until senility. Additionally, the emergence

and increase of ALC population occur later in relation to other rodents. Histological
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analysis indicated that the testicular maturity in the gerbil occurs around the twelfth week
of age. Serum levels of testosterone significantly increased from the sixth week of age,
while the estrogen remained constant until the twelfth week of age. In senile animals there
were a sharp fall of both hormones. The impairment of the steroid synthesis in this last
period comes from the functional injury of the CLA. This study provides a comprehensive
overview of the testicular development of the Mongolian gerbil, expanding knowledge
about the reproductive biology of this species and providing the foundation for the

development of experimental studies.
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INTRODUCAO

1. Desenvolvimento embriondrio do testiculo

O desenvolvimento embrionario das gonadas de mamiferos € Unico em comparacao
com os demais orgaos, pois apresenta, na fase inicial, um estagio indiferenciado bipotencial
que pode se desenvolver em testiculo ou ovario (Lovell-Badge e Robertson, 1990;
Koopman et al.,, 1991). Esse desenvolvimento ocorre em intima associagdo com oS
componentes do aparelho urinario. Assim, os conductos genitais internos masculinos e
femininos sdo derivados de estruturas tubulares mesodérmicas, os ductos mesonéfricos ou
de Wolf e os ductos paramesonéfricos ou de Muller, respectivamente (Staack et al., 2003).
Por sua vez, os primdrdios gonadais se desenvolvem em regides do mesoderma situadas
ventro-medialmente ao mesonefro, originando uma saliéncia conhecida como crista
gonadal. Tal desenvolvimento inicia-se com o espessamento do epitélio celdmico que as
recobre, sendo seguida pela proliferacdo do mesmo em dire¢do ao interior do mesoderma
para estruturas tubulares, os corddes sexuais primitivos (Moore e Persaud, 2008). As
células da linhagem germinativas ou células germinativas primordiais (CGP), derivadas de
células do endoderma do saco vitelinico, migram via mesentério dorsal, até as cristas
gonadais (Magre e Jost, 1980). Esse processo de migracao ¢ regulado pelos genes estella,
fragilis e BMP-4 (Tres et al., 2004) e mediado pelo fator de crescimento “steel”, via ligacao
com os receptores tirosino-quinases c-Kit (Gu et al., 2009). Ao serem incorporadas nos
interior dos corddes sexuais primarios elas passam a ser designadas de gonocitos (Clermont
e Perey, 1957; Magre e Jost, 1980).

Nos mamiferos, o sexo ¢ determinado pela heranca dos cromossomos X e Y,
enquanto as fémeas herdam dois cromossomos X (XX), os machos herdam um X e um Y
(XY) (Charlesworth, 1991; Kocer et al., 2009). A presenca ou auséncia do gene Sry (Sex-
Determining Region of Y Chromossome), ligado ao cromossomo Y (Gubbay et al., 1990;
Brennan e Capel, 2004), direciona o desenvolvimento gonadal (Lovell-Badge e Robertson,
1990; Koopman et al., 1991). A expressdo do Sry, nas células de sustentagdo dos corddes

sexuais primitivos, induz a sintese do fator de transcricdo Sox9 nas gonadas XY (Sekido et
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al., 2004; Sekido e Lovell-Badge, 2008). Na presenga do Sry e do Sox9, o primeiro evento
observavel na gonada indiferenciada ¢ a diferenciagdo das células de sustentacdo dos
corddes sexuais primarios em células de Sertoli (Lovell-Badge e Robertson, 1990;
Koopman et al., 1991; Vidal et al., 2001; Chaboissier et al., 2004). As células de Sertoli
induzem a diferenciagdo do testiculo, produzindo fatores que levam a masculinizagdo dos
outros tipos celulares da gonada e do mesonefro adjacente (Palmer e Burgoyne, 1991; Ross
e Capel, 2005). Além disso, as células de Sertoli expressam a molécula de sinalizag¢ao Fgf9,
a qual regula a expressdo do Sox9 (Colvin et al., 2001; Kim et al., 2006). No entanto, ainda
nao esta claro como as células de Sertoli masculinizam os tipos celulares no testiculo em
desenvolvimento. Em embrides XX, células da linhagem de suporte dos corddes sexuais
primarios diferenciam-se em células da granulosa quando ndo ocorre a expressdo do Sry.
As células somaticas gonadais expressam moléculas de sinalizagdo Wnt, como a Rspol e a
Wnt4, necessarias para a determinagdo do sexo feminino (Vainio et al., 1999; Chassot et
al., 2008). A Rspol e Wnt4 parecem induzir a diferenciacao do sexo feminino diminuindo a
expressdo do Sox9 nas células da linhagem de suporte (Kim et al., 2006; Chassot et al.,
2008). Assim, os efeitos antagonistas das moléculas de sinalizagdo Wnt e Fgf9, dependente
do Sry/Sox9 direcionam a diferenciagdo das células da linhagem de suporte e o
desenvolvimento gonadal (Kocer et al., 2009) (Fig. 1).

As células de Leydig sdo formadas a partir de células mesenquimais indiferenciadas
do mesoderma das cristas gonadais que envolve os corddes sexuais primitivos € nao
apresentam nenhum papel na diferenciacdo sexual primaria das gonadas (Byskov, 1986;
Benton et al., 1995; Haider, 2004).

Uma vez iniciada a diferenciagdo do testiculo, este determinara o restante da
diferenciagdo masculina por meio dos hormoénios por ele produzidos (Moore e Persaud,
2008). O hormdnio Anti-Miilleriano (AMH), produzido pelas células de Sertoli, suprime o
desenvolvimento dos ductos paramesonéfricos, que iriam formar o tero e as tubas uterinas.
As células de Leydig passam a secretar testosterona, a qual evita a morte celular
programada dos ductos mesonéfricos e estimula o seu desenvolvimento para formar o

epididimo e o ducto deferente (Pointis et al., 1980). Os corddes sexuais primitivos
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desenvolvem-se para formar os tibulos seminiferos, tubulos retos e a rede testis (Pointis et

al., 1980).

Células
germinativas Proespermatogonia
Soxd T Células RO
Fafo esteroidogénicas
Macho (XY) Rapot Células de Leydig
wnt4 Células

peritubulares
Corddes testiculares

Sry / Fgf9 Célula de Sertoli
Sox9 | \ )
Fgf9
R‘:p &1 f’ Sox9
D Célula da granulosa
Rspo1/Wnt4
Células
Sox9 germinativas
Fgfd Calulas Ovécitos em meiose
Fémea (XX) wp;‘t?']‘ esteroidogénicas
o Células da teca
| | : >
10.5 11.5 125dpc

Figura 1 - Determinacdo sexual somatica em camundongos. Diagrama esquematico
mostrando a diferenciacdo das células da linhagem de sustentacdo (verde) em célula de
Sertoli (azul) nos machos ou célula da granulosa (rosa) nas fémeas. Mudangas na expressao
de genes direcionam a diferenciag@o das células de suporte e dos outros tipos celulares das

gonadas. A legenda em cinza indica inatividade génica. Modificado de Kocer et al. (2009).

2. Células da linhagem germinativa testicular

O desenvolvimento das células germinativas testicular compreende duas etapas
principais — a fase pré-espermatogénica, que envolve a formacdo das células-tronco
espermatogoniais, ¢ a fase espermatogénica, relacionada a producdo de espermatozoides.
Conforme mencionado acima, a primeira delas envolve a formagao, no periodo fetal, das

CGP, uma populacdo de células migratorias de alta capacidade proliferativa que colonizam
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as gonadas. Essa fase também engloba a transformacao das CGP em gondcitos os quais se
diferenciam para formar as células-tronco espermatogoniais ou espermatogonias Asingle
(Clermont e Perey, 1957; Magre e Jost, 1980; de Rooij e Russell, 2000; Brennan e Capel,
2004).

Existe muita confusdo com relagdo a terminologia aplicada para definicdo dos
diferentes tipos celulares encontrados na fase pré-espermatogénica, bem como sobre o
comportamento ¢ mecanismos envolvidos com a sua diferenciagdo. Em geral, as células
presentes na etapa do desenvolvimento entre as fases de CGP e espermatogonias Agingle, SA0
simplesmente designadas gonoécitos. No entanto, diversos estudos tém indicado que os
gonocitos humanos e de roedores envolvem diferentes fases de desenvolvimento, descritos
como proespermatogdnia mitotica (M) e de transicao (T), sendo que essas ultimas ainda sdo
subdivididas em T1 e T2 (Fukuda et al., 1975; Wartenberg, 1976; Hilscher, 1991;
Vergouwen et al., 1991; Olaso et al., 1998; Boulogne et al., 1999; Livera et al., 2000).
Recentemente, varios pesquisadores chegaram a mesma conclusdo, pois observaram que as
pré/proespermatogonia M, T1 e T2 expressam diferentes niveis e combinacdes de genes,
como o antigeno Melanoma-A4 (MAGE-A4), um gene da familia de antigenos de cancer
testicular encontrado em espermatogonias, espermatdcitos primario ¢ tumores de células
germinativas (De Plaen et al., 1999; Aubry et al., 2001), ¢ fosfatase alcalina de células
germinativas (GCAP) (Franke et al., 2004; Gaskell et al., 2004; Pauls et al., 2006). Embora
Pauls et al. (2006) sugeriram que as células germinativas humanas fetais incluem dois tipos
de células, o grupo de Gaskell (Gaskell et al., 2004) e¢ Franke (Franke et al., 2004)
identificaram trés populacdes distintas. Essas foram nomeadas gondcitos, células
intermediarias e pré-espermatogonias pelo primeiro grupo (Gaskell et al., 2004) e pré-
espermatogonia M, T1 e T2 pelo segundo grupo (Franke et al., 2004). Varios estudos tém
relatado a expressdo de genes encontrados nas células-tronco embriondrias pluripotentes e
células-tronco da linhagem germinativa adulta nos gondcitos, ja que eles correspondem a
etapas intermedidrias entre essas células-tronco. Notavelmente, observou-se que os
gondcitos apresentam  diferencas na expressdo desses genes, confirmando a

heterogeneidade desse tipo celular (Tabela 1).
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Tabela 1 — Resumo da expressdo de marcadores especificos de células tronco ¢ da linhagem

germinativa em gondcitos comparado as CGP e espermatogonias. Modificado de Culty, 2009.

Estagio das células Germinativas Referéncias
PGC Gonocito Espermatogénia
Mitose na fase fetal ~Quiescente Mitose na fase pos-natal
13,5-16 dpe (c) 16 dpe-1dpp (c) 1-5 dpp (c)
13-18 dpc (1) 18 dpc-3 dpp (1) 3-5dpp (r)
Marcadores de células tronco
Oct4* fe-kit+ Oct4 ' fe-kit- Oct4 " /c- Oct4* /c- Ohbo et al., 2003
ALCAM %6 Intg " fi1° kit ALCAM' kit"Oct4*/c-kit-
Intg (75% of ALCAM
%6") EE-2
Ag'; ALCAM'
Oct4/Tra98 Oct4/Tra9s8 Oct4/Tra98 Ohmura et al.,
(98%) Ret’ (54%) (30%) Ret+ 2004
(55%) (25%)
GFRz1"/RET" GFRz1- RET Golden et al., 1999
PLZF" PLZF* Costoya et al.,
2004
RET'/PLZF'/c- 50% RET" are Naughton et al.,
kit (80%) KIT"; 10% 2006
PLZF' are KIT"'
c-kit c-kit” Tajima et al., 1994
c-kit" (10%) c-kit* (30%) c-kit* (60%) Orth et al., 1997
Thy-1"'/Ep- Ryu et al.,2004
CAM™75% are
£3 Intg '
Nanog™ (89%) Nanog" Nanog" (1%) ? Nanog Yamaguchi et al.,
(13%) 2005
PGC Humano NANOG" em gondcitos fetais humanos até a 20" semana Nanog Hoei-Hansen et al.,
NANOG® e em poucas células até o 3° més pds-natal 2005; Rajpert-De
Myets, 2006
Poucas Nanog”* Ezeh et al., 2005
AP-2; Chazaud et al.,
1996
AP-2 AP-2; ' em gondcitos fetais humanos (12 - 20 semanas) AP-2; Pauls et al., 2005
AP-2;"/OCT4"/NANOG" em gondcitos fetais humanos Mitchell et al., 2008
Sox2 (c) Western et al.,
2005; Perrett
et al., 2008
SOX2° Humano Perrett et al., 2008
Stella’ Sato et al., 2002
Saitou et al., 2002
STELLA em células germinativas fetais humanas (20 - 29 semanas) Clark et al., 2004
Stella’ Stella Stella Payer et al., 2006
Baixa GDF3 em testiculos fetais humanos (20 - 29 semanas) Baixa GDF3 Clark et al., 2004
Marcadores especificos de células da linhag tiva
Dazl” Dazl" Dazl” Dazl” Dazl’ Reijjo et al., 2000
VASA' Humano VASA® Humano VASA' Humano Castrillon et al.,
Mvh' Mvh' Mvh’ Mvh' Mvh' 2000; Tanaka et
al., 2000
Mili* Mili* Mili* Mili* Mili* Kuramochi-

Miyagawa et al.,
2001; Deng and
Lin, 2002

Os dados apresentados referem-se a camundongos (c) ou ratos (r), exceto quando aplicado a humanos como
indicado. (+) = presente; (-) = ausente; (%) = porcentagem das células que expressam o gene em questao.
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A segunda fase do desenvolvimento das células germinativas, correspondente ao ciclo
espermatogénico, inicia-se com a diferenciacdo de espermatogdnias e termina com a
producdo de espermatozdides. Essa sucessdo de eventos ¢ altamente regulada e inclui
divisdo celular, por mitose ¢ meiose, ¢ complexos processos de diferenciagdo, tais como a
espermiogénese. As espermatogonias sao as células germinativas mais imaturas do testiculo
e encontram-se no compartimento basal do epitélio seminifero. Em roedores, varios
estagios espermatogoniais tém sido descritos: espermatogonias do tipo A, Asingle (As), Apaired
(Apr), Aatigned (Aal), A1, Az, Az e Ay, espermatogoénias do tipo intermedidrio (In) e
espermatogonias do tipo B (de Rooij, 2001). De Rooij e Russell (2000) propuseram que
somente as A sdo pluripotentes e devem ser chamadas indiferenciadas, sendo as tUnicas
com propriedades de células-tronco como a auto-renovacgao e diferenciacdo. As A, ja estdo
comprometidas com a diferenciag@o e originam as A,, assim designadas por permanecerem
conectadas por pontes citoplasmaticas. Essas ultimas podem se dividir novamente
formando cadeias de 8, 16 e, raramente, 32 células. Todas as A, resultantes da proliferagao
diferenciam-se em Al, e essas se dividem em A2. Depois hé divisdes subseqiientes em A3,
A4, In e B. Portanto, um total de 9-11 divisdes mitoticas ocorre durante o desenvolvimento
espermatogonial (de Rooij, 2001). A coordenacdo entre a auto-renovacao e diferenciacio
das células-tronco espermatogoniais ¢ regulada pelo fator neurotréfico derivado da
linhagem de células gliais (GDNF), o qual ¢ produzido pelas células de Sertoli (Meng et al.,
2000). Varias moléculas estao envolvidas no controle da diferenciagcdo das Al, incluindo o
c-kit (de Rooij et al., 1999), o gene Dazl (Ruggiu et al., 1997; Cooke, 1999), a ciclina D,
(Beumer et al., 2000a) e o acido retindico (RA) (Van Pelt e De Rooij, 1990a,1990b; van
Pelt et al., 1995). Nao ha uma regulacio muito acurada da densidade de células-tronco
espermatogoniais, conseqlientemente, em algumas areas sdo formadas muitas Al enquanto
em outras, formam-se poucas. Entdo, a igualdade na densidade de espermatocitos € obtida
pela apoptose das A2, A3 ou A4 para remover o excesso de células. Membros da familia de
genes Bcl-2, como Bax e Bcel-xp estdo envolvidos nesse processo (Beumer et al., 2000b;
Russell et al., 2002).

A diferenciacdo dos gonocitos em espermatogonias no periodo neonatal € crucial

para o estabelecimento da fertilidade e ocorre por uma sucessao de eventos de proliferacao,
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morte e relocacdo celulares bem estabelecidos para alguns roedores como o rato € o
camundongo (Clermont e Perey, 1957; Magre e Jost, 1980; McGuinness ¢ Orth, 1992a,
1992b; De Miguel et al., 1996; Boulogne et al., 1999; Nagano et al., 2000; Sakai et al.,
2004). Esses estudos mostram que a proliferacao dos gonocitos ocorre em duas fases: no
periodo fetal e neonatal, sendo separadas por um periodo de quiescéncia (Magre e Jost,
1980; McGuinness e Orth, 1992b). A primeira fase inicia-se quando as células germinativas
sdo aprisionadas nos corddes sexuais primarios, entre 13,5 e 16 dias pds-concepgao (dpc)
no camundongo e entre 13-18 dpc, no rato. A segunda ocorre logo apds o nascimento, entre
1-4 dias pos-parto (dpp) no camundongo e entre 3-4 dpp no rato, quando comeca a sua
diferenciagdo em espermatogonias A (Clermont e Perey, 1957; McGuinness e Orth, 1992b;
De Miguel et al., 1996; Boulogne et al., 1999). A atividade proliferativa dos gondcitos
nessas duas fases do desenvolvimento testicular ¢ regulada por diferentes fatores. O RA ¢
um fator critico no desenvolvimento embrionario € na organogénese de diversos sistemas
(Duester, 2008), e recentemente foi descoberto que ele parece ser importante na
determinagdo do destino das células germinativas fetais (Bowles et al., 2006). O RA
mantém o gonocito fetal em mitose, impedindo assim a sua diferenciacdo, e, além disso, ele
pode induzir a apoptose dessa célula (Livera et al., 2000). Assim, foi proposto que a dupla
acdo do RA, estimulagdo da proliferagao e apoptose, corresponde a um processo fisiologico
que permite a eliminac¢do de células germinativas indevidas (Livera et al., 2000; Boulogne
et al., 2003). Em conjunto, estes estudos sugerem que o RA exerce um efeito positivo sobre
a proliferagao dos gondcitos fetais, que ¢ dependente da idade, tanto em ratos como em
camundongos, embora simultaneamente induza a apoptose (Culty, 2009). J4, a proliferagao
p6s-natal dos gondcitos também ¢ regulada por outros fatores como o fator de crescimento
derivado das plaquetas (PDGF)-BB, 17B-estradiol (E2), fator inibidor da leucemia (LIF)
(Culty, 2009) e andrégenos (Merlet et al., 2007). Os androgenos ndo eram considerados
importantes para o desenvolvimento das células germinativas, pois ndo era conhecida a
expressdo de receptores androgénicos nessas células durante a vida fetal e neonatal
(Williams et al., 2001). Entretanto, recentemente Merlet et al. (2007) demonstraram em
seus estudos com camundongos feminilizados (7mf) que os andrégenos enddgenos podem

agir diretamente sobre os gonocitos inibindo sua proliferacao.
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Outro evento indispensavel para a diferenciacao neonatal das células germinativas ¢
a migracdo dos gondcitos do centro para a base dos corddes seminiferos (Roosen-Runge e
Leik, 1968; McGuinness e Orth, 1992b; Tres e Kierszenbaum, 2005). Varios estudos tém
investigado os fatores que controlam esse comportamento migratério. A comparacdo da
expressdo do c-kit indicou que ele esta ausente em gondcitos quiescentes ndo-migratorios,
presente nos subtipos de gondcitos em migragado e, sua expressao ¢ diminuida nas células-
tronco espermatogoniais, que residem na membrana basal e ndo migram. Sua posterior re-
expressdo na espermatogonia tipo A, estd relacionada a sobrevivéncia da célula (Orth et
al., 1997). Esse padrdo de expressdo o aponta como um importante mediador da migracao
dos Gn. O complexo protéico ADAM-Integrina-Tetraspanina identificado em células
germinativas pos-natal (prespermatogonia/gonocitos) também foi postulado como mediador
potencial da migragdo dos Gn (Tres e Kierszenbaum, 2005). Esse complexo protéico ¢
formado pelas proteinas ADAM (dominio A Disintegrina e A metaloprotease) 1 e 2, as
integrinas a3p1 e a6P1, e as trespaninas (superfamilia de proteinas transmembrana) CD9 e
CD81. Recentemente, Basciani et al. (2008) propos que o receptor do fator de crescimento
derivado das plaquetas B (PDGFR-B) também desempenha um papel na regulacdo da
migracao dos gondcitos (Basciani et al., 2008).

A migracdo dos gondcitos do centro para a base dos corddes seminiferos e sua
aderéncia 2 membrana basal sdo eventos necessarios para a sua diferenciacdio em
espermatogonias (Roosen-Runge e Leik, 1968; McGuinness e Orth, 1992b; Tres e
Kierszenbaum, 2005). O PDGFR-B, além de regular a migragdo dos gondcitos parece
participar da diferenciacdo dessas células também (Wang e Culty, 2007). Diversos estudos
sugerem que o RA induz a diferenciacdo dos Gn, em ratos (Wang e Culty, 2007) e
camundongos (Zhou et al., 2008), pois ele regula a expressao de dois genes utilizados como
indicadores da transicdo gondcito/espermatogonia, o Stra8 (Bouillet et al., 1995) e o c-kit.
O RA induz um aumento na transcri¢do do Stra8 (Wang e Culty, 2007) e simultaneamente
ha um aumento na expressiao do c-kit, resultando na reducdo de células-tronco
espermatogoniais e aumento das espermatogonias tipo A.

Os gonocitos desaparecem totalmente por volta do10 dpp no rato (Clermont e Perey,

1957) e aqueles que nao migraram sdo alvos da apoptose (Tres e Kierszenbaum, 2005). A
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apoptose ou morte celular programada ¢ definida por eventos bioquimicos e morfoldgicos
que resultam em uma maneira eficiente de eliminar as células de um tecido, sem levar ao
comprometimento das células vizinhas (Kerr et al., 1972). Trata-se de um processo
essencial para o desenvolvimento embriondrio e organogénese da maioria dos 6rgaos, € o
testiculo ndo ¢ excecdo (Wang et al., 1998; Boulogne et al., 1999). Estudos quantitativos
realizados no rato mostram que um nimero grande de gondcitos morre por apoptose no
periodo neonatal, alcangando taxas de 25-30% no 7 dpp (Boulogne et al., 1999). Esse
padrdo de incidéncia de apoptose também ocorre para o hamster dourado (Miething, 1992),
mas ndo ¢ comum a todos os roedores, visto que no camundongo os gondcitos degeneram
por necrose (Wang et al., 1998). Além disso, Sakai e colaboradores (2004) reexaminaram a
cinética da diferenciagdo dos gondcitos com base na expressdo da proteina VASA, um
marcador especifico de células germinativas, e na expressao de PCNA, sugerindo que ndo

ocorre degeneragao dos gondcitos no camundongo.

3. Células de Leydig

As células de Leydig estdo localizadas no intersticio dos testiculos, constituindo o
componente endocrino deste orgao. Morfologicamente, elas se caracterizam pela
abundancia de organelas envolvidas com biossintese de hormonios esterdides, como o
reticulo endoplasmatico liso e mitocondrias. Possuem complexo de Golgi bem
desenvolvido e grande quantidade de peroxissomos e lisossomos (Haider, 2004). Elas
sintetizam e liberam os androgenos ou hormoénios sexuais masculinos, requeridos em altas
concentragdes no interior dos tiibulos seminiferos, a fim de sustentar a espermatogénese.
Além da agdo pardcrina em nivel testicular, os androgenos circulantes na corrente
sanguinea sdo essenciais para a manuten¢do das fungdes das glandulas acessérias do
sistema genital masculino — vesicula seminal, prostata e glandulas bulbouretrais — e
também para a manutencdo das caracteristicas sexuais secundarias (Payne e Youngblood,
1995).

Os androgenos sdo uma classe de hormdnios sexuais derivados do colesterol,

encontrados em multiplas formas nos mamiferos (Davison e Bell, 2006; Roy et al., 2008).
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Pertencem, portanto, ao grupo de esterdide androstano, os quais sdo compostos de 19
atomos de carbono (Roy et al., 2008). O principal andrégeno produzido pelo testiculo ¢ a
testosterona, correspondendo a 95% dos androgenos totais encontrados na circulagdo
sangiiinea. Entretanto, outros compostos de menor atividade androgénica também podem
ser secretados pelo testiculo como a diidrotestosterona (DHT), desidroepiandrosterona
(DHEA), androstenediona e a androstenodiol. A DHT ¢ formada a partir da testosterona,
sob a acdo da enzima So-redutase, sendo a forma de andréogeno mais potente
metabolicamente. A DHEA, androstenodiona e a androstenodiol sdo precursores da
testosterona e metabolicamente mais fracos (Davison e Bell, 2006; Roy et al., 2008).

A biossintese dos androgenos envolve alteracao progressiva do colesterol pela a
acdo de varias enzimas especificas (Payne e Youngblood, 1995). Na fase biossintética
inicial, o colesterol ¢ transportado para a membrana interna da mitocondria pela proteina
reguladora aguda da esteroidogénese (StAR), sendo irreversivelmente convertido em
pregnenolona pelo citocromo P450scc, que cliva sua cadeia lateral (Miller e Strauss, 1999).
Entdo, a pregnenolona ¢ direcionada para o REL e convertida em diferentes formas
moleculares devido a a¢do de enzimas especificas. A 3B-hidroxiesterdide desidrogenase
(3B-HSD) promove a conversdo da pregnenolona em progesterona; a 17a-
hidroxilase/C17,20-liase (17-OHase/C17,20-liase — citocromo P450c17) ativa a conversao
da progesterona em 17-hidroxiprogesterona e androstenediona, respectivamente.
Finalmente, a 17B-hidroxiesterdide desidrogenase (17B-HSD) catalisa a conversdo da
androstenediona em testosterona (Payne e Youngblood, 1995).

Além da sintese de testosterona, as células de Leydig também produzem estrogenos,
pois elas expressam a enzima P450 aromatase (P450arom), a qual catalisa a aromatizagao
da testosterona em estrogeno (Carreau et al., 1999; O'Donnell et al., 2001). Outras enzimas
como a 11B-hidroxiesteroide esterdide desidrogenase (11B-HSD), 3a-HSD e a Sa-redutase
também estdo envolvidas na sintese, bem como no metabolismo dos esteroides. A 11[-
HSD catalisa a oxidacdo da corticosterona para o metabdlico inativo 11-
dehidrocorticosterona em células de Leydig de ratos (Phillips et al., 1989; Monder et al.,
1994a; Monder et al., 1994b; Ge et al., 1997a; Ge et al., 1997b; Ge e Hardy, 2000). Existem
duas isoformas da 11B-HSD: tipo 1 (Seckl e Walker, 2001) e tipo 2 (Yang ¢ Yu, 1994), e
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muitos estudos mostram que as células de Leydig de ratos contem a 11B-HSDI1 (Ge et al.,
1997b; Leckie et al., 1998; Brereton et al., 2001). O surgimento das 11B-HSDI esta
correlacionado com o aumento pds-natal no nimero de células de Leydig, peso testicular,
superficie total da drea de membranas intracelular, e conteudo e secrecdo de testosterona
dessas células (Phillips et al., 1989). Com base nessas ¢ outras evidéncias ela tem sido
usada como um marcador da maturidade funcional das células de Leydig (Phillips et al.,
1989; Haider et al., 1990; Monder et al., 1994a; Monder et al., 1994b).

No testiculo de mamiferos sdo reconhecidas duas populagdes de células de Leydig
distintas morfologica e fisiologicamente: as células de Leydig fetais (CLF) e as adultas
(CLA) (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004; Wu et al., 2007). A
existéncia das duas populacdes foi relatada primeiramente, em 1959, para o rato (Roosen-
Runge e Anderson, 1959), sendo posteriormente confirmada para outros roedores (Baillie,
1964; Lording e De Kretser, 1972; Gondos et al., 1974) ¢ humanos (Mancini RE, 1963).
Ambas as populagdes sao formadas a partir de células mesenquimais indiferenciadas, mas
diferem morfologicamente e quanto a expressdo de enzimas e receptores que funcionam
como marcadores de seu grau de maturacdo e funcionalidade (Byskov, 1986; Mendis-
Handagama e Ariyaratne, 2001; Haider, 2004; Wu et al., 2007).

As CLF aparecem no testiculo por volta do 13° dia de gestagao no camundongo e do
16° dia de gestacdo do rato (Mendis-Handagama et al., 1987; Kerr e Knell, 1988). Por este
motivo, lhes tem sido atribuida uma importincia para o testiculo neonatal e pubere
relacionada a producdo de testosterona e ativagdo do eixo hipotalamo-hipo6fise-gonadal
(Mendis-Handagama e Ariyaratne, 2001; Haider, 2004; Wu et al., 2007). As CLF sao
arredondadas, formam aglomerados com uma pequena quantidade de células, rodeados pela
membrana basal e por fibroblastos e sdo facilmente reconhecidas devido a abundancia de
goticulas lipidicas de grande tamanho no citoplasma (Haider, 2004). Estas células
expressam receptores de LH e sintetizam 33-HSD (Ziegler et al., 1983; Haider et al., 1986;
Huhtaniemi e Pelliniemi, 1992; Majdic et al., 1998), contudo, ndo contem atividade da
enzima 11B-HSDI1 (Ariyaratne e Mendis-Handagama, 2000) (Phillips et al., 1989).

Estudos a respeito da morfologia das células e expressao de enzimas envolvidas

com a sintese de hormonios esterdides tém trazido contribui¢des importantes em relagdo a
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dinamica do processo de diferenciacdo das CLA ao longo do desenvolvimento pds-natal de
roedores (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004). Desta maneira, quatro
estadios progressivos de maturacdo tém sido descritos para esta linhagem celular em
mamiferos (Fig. 2), designados de células progenitoras, CLA recém formadas, CLA
imaturas ¢ CLA maduras (Roosen-Runge e¢ Anderson, 1959; Lording e De Kretser, 1972;
Mendis-Handagama et al., 1987; Mendis-Handagama e Ariyaratne, 2001) .

Célula Célula CLA CLA CLA
mesenquimal progenitora recém-formada imatura madura
~L
Esteroidogénese 3p-HSD 3p-HSD 3B-HSD 3B-HSD
Receptores de LH Receptores de LH TReceptores de LH TReceptores de LH TReceptores de LH
Fusiforme Fusiforme Poligonal Poligonal Poligonal
| Pouca ou henhuma goticula lipidica | Taoticula lipidica lgoticula lipidica

Figura 2 — Linhagem das células de Leydig. CLA = célula de Leydig adulta. A legenda em

cinza indica auséncia. Modificado de Mendis-Handagama e Ariyaratne (2001).

As células precursoras sdo fusiformes, ndo possuem receptores de LH e também nao
tem atividade esteroidogénica (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004).
Embora as células progenitoras sejam morfologicamente indistinguiveis das células
precursoras indiferenciadas, elas foram definitivamente recrutadas em dire¢ao a linhagem
das células de Leydig, visto que expressam enzimas esteroidogénicas (Haider et al., 1986;
Haider e Servos, 1998; Teerds et al., 1999; Ariyaratne et al., 2000a; Mendis-Handagama e
Ariyaratne, 2001; Haider, 2004), e, portanto, sdo capazes de produzir androgenos (Hardy et
al., 1990; Shan e Hardy, 1992). Possuem receptores de LH (Huhtaniemi et al., 1986; Shan e

Hardy, 1992; Ariyaratne et al., 2000a) os quais, entretanto, encontram-se na forma ndo
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funcional (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004). A diferenca mais 6bvia
entre as progenitoras ¢ as CLA recém formadas ¢ a mudanca da forma fusiforme para
poligonal, respectivamente (Mendis-Handagama e Ariyaratne, 2001). As CLA recém-
formadas correspondem a primeira fase de diferenciacdo a exibir as caracteristicas tipicas
dessa linhagem celular, apresentando nucleo esférico ou ligeiramente ovalado e citoplasma
bastante escasso e acidofilo, devido a presencga de enzimas esteroidogénicas (Teerds et al.,
1999; Mendis-Handagama e Ariyaratne, 2001), possuem poucas ou nenhuma goticulas
lipidicas (Mendis-Handagama et al., 1987; Mendis-Handagama e Ariyaratne, 2001) e
possuem receptor de LH funcional (Bortolussi et al., 1990). Além disso, a principio elas
nao contém a enzima 113-HSD1, mas a medida que vao diferenciando-se em CLA imaturas
passam a expressar gradualmente esta enzima. Devido ao aumento do citoplasma, as CLA
recém formadas crescem e tornam-se CLA imaturas (Mendis-Handagama e Ariyaratne,
2001). Estas possuem ntucleo volumoso, cromatina descompactada, nucléolo evidente e
citoplasma abundante, repleto de goticulas lipidicas (Zirkin e Ewing, 1987; Mendis-
Handagama e Ariyaratne, 2001). O numero total de goticulas, bem como o tamanho
individual destas goticulas ¢ menor do que as observadas nas CLF (Kerr et al., 1987;
Haider e Servos, 1998). As CLA imaturas sdo positivas para 113-HSDI1, no entanto, a
atividade dal7p-HSD ¢ menor, e a sua capacidade de produzir testosterona ¢ considerada
inferior em relacdo as CLA maduras (Eckstein et al., 1987). A transicdo das CLA imaturas
para maduras ¢ caracterizada pelo aumento significativo no tamanho médio da célula e o
desaparecimento das goticulas lipidicas do citoplasma. A capacidade de secretar
testosterona aumenta consideravelmente porque elas adquirem mais organelas necessarias
para a produgdo de esteroides (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004), e
conseqlientemente mais enzimas relacionadas com atividade esteroidogénica,
particularmente a 17B-HSD que catalisa a etapa final da biosintese da testosterona
(Eckstein et al., 1987). A resposta ao LH também aumenta, e isto se deve a aquisi¢do de um
alto nimero de receptores para esta gonadotrofina (Shan e Hardy, 1992).

Os mecanismos envolvidos no inicio da diferenciacdo das células de Leydig e na
manutenc¢ado das diferentes populagdes celulares no adulto ainda sdao controversos (Mendis-

Handagama e Ariyaratne, 2001; Haider, 2004; Wu et al., 2007). O Hormoénio Luteinizante
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(LH) tem sido sugerido como o principal regulador da diferenciagdo das células de Leydig,
uma vez que a maioria das etapas de diferenciagdo ¢ criticamente dependente de seu
estimulo. O LH induz a proliferacdo, a hipertrofia celular, e a formagdo de organelas e
enzimas requeridas para a funcdo esteroidogénica (Mendis-Handagama e Ariyaratne, 2001;
Huhtaniemi et al., 2002; Haider, 2004; Wu et al., 2007). Entretanto, a constata¢ao de que as
células progenitoras adquirem seu potencial esteroidogénico antes de exibirem os
receptores de LH indica que o primeiro passo da diferenciacao das células de Leydig, isto &,
a transformacdo das células precursoras ndo esteroidogénicas em células progenitoras
esteroidogénicas, ¢ independente de LH (Majdic et al., 1998; Mendis-Handagama et al.,
1998; Ariyaratne et al., 2000a; Baker et al., 2003). Sabe-se, também, que a testosterona e o
estrogeno inibem o inicio da diferencia¢do das células precursoras, mas desempenham um
papel importante no testiculo adulto, pois inibem a diferenciagdo das células precursoras
mantendo um nimero constante de células de Leydig (Bremner et al., 1994; Abney, 1999;
Mendis-Handagama e Ariyaratne, 2001; Haider, 2004; Wu et al., 2007). Depois que as
células progenitoras sdo formadas, os andrégenos tornam-se essenciais para sua
diferenciagdo em CLA. A expressdo de receptores de androgenos em todas as fases de
diferenciagdo sugere que estes hormonios sejam necessarios para a aquisicdo das enzimas
responsaveis pela sintese de esterodides e conseqiiente maturagao funcional destas células
(Buzek e Sanborn, 1988; Shan e Hardy, 1992; Bremner et al., 1994; O'Shaughnessy et al.,
2002). O papel do hormonio foliculo estimulante (FSH) no desenvolvimento das células
Leydig tem sido um assunto controverso. Estudos realizados em ratos imaturos
hipofisectomizados (Teerds et al., 1989a), ratos adultos hipofisectomizados tratados com
etano dimetano sulfonato (EDS) (Molenaar et al., 1986) e camundongos com
hipogonadismo (O'Shaughnessy et al., 1992) revelaram que FSH nao ¢ exigido para o
desenvolvimento de células de Leydig. Em contraste, estudos mais recentes tém sugerido
uma funcao estagio-especifica do FSH na regulacao do desenvolvimento de células Leydig,
modulando a resposta ao LH e a esteroidogénese (Sriraman e Jagannadha Rao, 2004). O
AMH sustenta um complexo e essencial papel no balango entre proliferacdo e diferenciacao
das células de Leydig durante a maturagdo puberal (Lyet et al., 1995; Racine et al., 1998;

Wu et al.,, 2005), no entanto, este conceito precisa ser melhor explorado. O fator de
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crescimento semelhante a insulina tipo I (IGF-I) estimula a proliferacdo das células de
Leydig imaturas (Khan et al., 1992) e promove a maturagdo das CLA imaturas em maduras
(Chatelain et al., 1991). O fator de crescimento transformante o ¢ B (TGF-a e TGF-B)
também controla as func¢des das células de Leydig. TGF-a ¢ um mitégeno para as células
precursoras mesenquimais. Além disso, ambos TGF-a ¢ TGF-B (em menor propor¢do que
TGFa) estimulam a mitose das células de Leydig na presenga de LH (Khan et al., 1992).
Além disso, outros estudos tém mostrado que TGF- age como um potente inibidor sobre a
funcionalidade das células Leydig (Skinner, 1991; Saez, 1994), embora os dados sobre este
assunto sejam inconclusivos ¢ ndo tem sido corroborados por estudos com camundongos
knock-out para o TGF-B (Habert et al., 2001). O PDGF ¢ um fator essencial para a
diferenciagdo das CLA. Recentes investigacdes demonstraram que a expressdao de PDGF
nas células progenitoras pode induzir a proliferagdo celular e a migragdo dessas células a
partir da regido peritubular durante a diferencia¢do das células de Leydig (Fecteau et al.,
2006). Os fatores que regulam a diferenciacdo das CLA no testiculo pos-natal estao

resumidos na Figura 3.

4. O gerbilo como modelo experimental

O gerbilo da Mongolia (Meriones unguiculatus), também conhecido como esquilo
da Mongolia ou “clawed jirds”, ¢ um roedor murideo da subfamilia Gerbillinae
provenientes das regides aridas da China e da Mongdlia (Schwentker, 1963). Introduzidos
nas Américas como nova proposta de animal experimental nos anos cinqlienta por Victor
Scwentker, os gerbilos, durante muito tempo, ficaram limitados aos Estados Unidos como
animais de exceléncia para a pesquisa biomédica (Robinson, 1974). Nas ultimas décadas,
vém sendo gradativamente introduzidos nos biotérios das universidades brasileiras e t€ém
assumido importante papel nos experimentos bioldgicos e biomédicos juntamente com
outras espécies classicas como Rattus rattus norvegicus (rato), Mus muscullus

(camundongo) e Mesocricetus auratus (hamster).
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De anatomia similar a do rato e do camundongo, os gerbilos adultos de ambos os
sexos variam entre 11,5 e 14,5cm de comprimento corporeo. Os machos pesam em torno de

100 gramas enquanto as fémeas pesam cerca de 85 gramas (Kramer, 1964).
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Figura 3 - Resumo dos fatores envolvidos no controle da diferenciacdo das células de
Leydig no testiculo pos-natal. CLA: célula de Leydig adulta; TH: hormonio da tiredide; (+):
estimulacdo; (-): inibi¢do. (Modificado de Mendis-Handagama e Ariyaratne, 2001).

A grande vantagem desses animais para estudos experimentais reside no fato deles
serem consideravelmente menores que os ratos, mas essencialmente maiores que os
camundongos e hamsters (Williams, 1974). Estes animais tém sido amplamente utilizados
para estudos de natureza didatico-cientifica principalmente pelo fato de terem
comportamento extremamente docil em cativeiro. Outra caracteristica importante a ser
considerada € que apresentam comportamento de mic¢do pouco freqiiente e, por serem de
origem desértica, consomem pouca quantidade de liquido, o que agiliza muito a limpeza
das gaiolas no processo de manuten¢do desses animais em cativeiro, promovendo grande

asseio nas salas de manutencao dos animais nos biotérios.
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Esse roedor tem sido amplamente utilizado nas mais diversas areas da pesquisa
biomédica (Cao et al., 2005; Ter-Mikaelian et al., 2007; Wiedemann et al., 2009). No que
se refere ao aparelho reprodutor masculino, um nimero crescente de estudos tem sido
publicado nos anos recentes. Estudos realizados em nosso laboratdrio o apontam como um
interessante modelo animal para o estudo da prostata masculina (Pegorin de Campos et al.,
2006; Scarano et al., 2006; Goes et al., 2007; Oliveira et al., 2007; Rochel et al., 2007) e
feminina (dos Santos et al., 2003; 2008; Custodio et al., 2008; Fochi et al., 2008). Ninomiya
e Nakamura (1987) evidenciaram aspectos gerias do desenvolvimento pos-natal testicular.
Segatelli e colaboradores descreveram as caracteristicas estruturais do testiculo adulto, a
duragdo da espermatogénese e aspectos da diferenciacdo das espermatides relacionados a
formacgdo do acrossomo (Segatelli et al., 2000; Segatelli et al., 2002; Segatelli et al., 2004).
Entretanto, existe uma lacuna a respeito das fases iniciais da diferenciagdo testicular neste
roedor, ndo sendo do nosso conhecimento as descrigdoes detalhadas sobre o
desenvolvimento pos-natal do testiculo nem tampouco sobre a diferenciagdo das células
germinativas e de Leydig. Com o objetivo de ampliar o conhecimento sobre os fatores
envolvidos na maturacdo e regulagdo da atividade metabdlica dessas células, torna-se
interessante caracterizar estas populagdes em outros modelos de roedores ainda nao
estudados e comparar o processo de diferenciacdo com o descrito para roedores

intensivamente estudados.
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OBJETIVOS

Este estudo teve como proposta caracterizar o desenvolvimento pods-natal do
testiculo do gerbilo da Mongolia (Meriones unguiculatus), com énfase para os processos
que levam ao estabelecimento da linhagem de células germinativas e de células de Leydig.

Assim, nossos objetivos foram:

1. Descrever a diferenciacdo das células da linhagem germinativa testicular durante
o periodo neonatal e pubere, com énfase para os eventos envolvidos na diferenciacdo dos
gonocitos;

2. Caracterizar os principais estagios de diferenciagdo das células de Leydig adultas,
com base nas caracteristicas estruturais e na expressdo de enzimas esteroidogénicas e a
cronologia do seu surgimento;

3. Tracar um panorama da cinética populacional das células de Leydig fetais e

adultas, desde o nascimento até a senilidade.
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ARTIGO 1

NEONATAL GONOCYTE DIFFERENTIATION IN MONGOLIAN GERBIL
Meriones unguiculatus INVOLVES ASYNCHRONOUS MATURATION OF
SEMINIFEROUS CORDS AND RAPID FORMATION
OF TRANSITIONAL CELL STAGE

Aceito pela revista The Anatomical Record
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Neonatal gonocyte differentiation in Mongolian gerbil Meriones unguiculatus involves
asynchronous maturation of seminiferous cords and rapid formation

of transitional cell stage
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ABSTRACT

This study describes the neonatal differentiation of the Mongolian gerbil gonocytes, focusing on
the relationship between its relocation to the basement membrane, apoptosis and post-relocation
changes and also the distribution of androgen receptors (AR). Testes of gerbils from 1 to 35 days
of age (d) were examined by high resolution light microscopy and immunocytochemistry for
proteins PCNA, VASA and AR as well as by the TUNEL method. Gonocytes were quantified
according to degree of relocation into non-relocated, relocating and relocated. Most of them
were found in the center of seminiferous cords at 1d but a small number of relocating and
relocated gonocytes were already visible in the first postnatal day. After relocation, gonocytes
change phenotypically to a transitional stage designated herein prospermatogonia. Both gonocyte
relocation and transformation into spermatogonial lineage occur asynchronously in the
seminiferous cords, mainly after 7d. Gonocyte proliferation began before but peak after their
relocation to basement membrane at the prospermatogonia stage. Higher levels of gonocyte
apoptosis were found at 7d and 21d. From this time onward gonocytes were not found.
Gonocytes and prospermatogonia showed high amounts of AR in their cytoplasm contrary to
spermatogonial subtypes, indicating a possible AR inactivation in these cells. In conclusion, the
process of gonocyte relocation in the gerbil extends until the second postnatal week, leads to their
rapid differentiation into prospermatogonia and occurs simultaneously with the loss of androgen
sensitivity. Differently from other laboratory rodents, the events regarding gonocyte maturation

in the gerbil last longer and occur asynchronously in seminiferous cords.
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INTRODUCTION

The Mongolian gerbil (Meriones unguiculatus), also known as the laboratory gerbil, is a
small rodent from China and Mongolia that has been increasingly used in biomedical research,
especially in studies on the reproductive system. This gerbil has proved to be a useful animal
model for investigations of both the male prostate complex (Rochel et al., 2007) and female
prostate (Santos et al., 2008). In the Mongolian gerbil, spermatogenesis begins at week two of
life and sexual maturity occurs at week ten (Ninomiya and Nakamura et al., 1987). The
development of spermatogonia into spermatozoa in this species lasts approximately 42.5 days
and the seminiferous epithelial cycle comprises 12 stages (Segatelli et al., 2002; 2004). Whereas
some aspects of testicular histophysiology of gerbil are well known, others remain poorly studied
including the neonatal differentiation of male germ cells.

Gonocytes (Gn) are the fetal/neonatal precursors of germline cells. Their neonatal
differentiation is an essential process for the development and maturation of mammalian testes
and requires their proliferation, relocation to the basement membrane of seminiferous epithelium
and apoptosis (Clermont and Perey, 1957; Magre and Jost, 1980; McGuinness and Orth, 1992a,
b; Brennan and Capel, 2004; Sakai et al., 2004). Two phases of Gn proliferation occur in some
rodents such as rat, the first in the embryonic period and the second at 4 days of age (Miething,
1992; Wang et al., 1998; Boulogne et al., 1999). Between these mitotic phases Gn remain
quiescent (Clermont and Perey, 1957; Magre and Jost, 1980; McGuinness and Orth, 1992b). In
rats and hamsters, the periods of Gn mitotic activity coincide with the highest apoptotic rate
(Miething, 1992; Boulogne et al., 1999). This pattern, however, does not seem to be common to
all rodents, since mice lack a neonatal apoptosis peak and Gn degenerate by necrosis (Wang et
al., 1998). The Gn relocation to the basement membrane of seminiferous epithelium, during the

neonatal period, is critical for its survival, because Gn that remain within the tubule center
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degenerate (Roosen-Runge and Leik, 1968; Rodriguez et al., 1997). In rats, the relocation begins
one day after neonatal proliferation which suggests that these events are independent and
probably regulated by different mechanisms (McGuinness and Orth, 1992a). Even though the
neonatal Gn differentiation is essential for spermatogenesis and consequently for fertility in
adulthood, the relationship among the proliferation, relocation and apoptosis processes is still
unclear. Thus, there are many gaps regarding the mechanisms that are responsible for the
differentiation of these pluripotent germ cells, not only those concerning migrations and
reproliferation, but also the ones related to their post-relocation changes and differentiation into
spermatogonia. The present study evaluated the differentiation of germ line cells in the male
Mongolian gerbil, during the neonatal and prepubertal periods with emphasis on gonocyte

relocation, apoptosis and transition to spermatogonia.

MATERIAL AND METHODS

1. Animals

Mongolian gerbils (Meriones unguiculatus) were kept in the Animal Breeding Center at
the Institute of Biosciences, Humanities and Exact Sciences, Sdo Paulo State University —
UNESP. Their reproduction and maintenance occurred at controlled temperature (23-25° C) and
humidity (40—-60%) under a 12 h light/dark cycle. Gerbils were given free access to water and
food (Labina, Purina, Paulinia, Brazil). The experimental procedures were approved by the
institutional Committee for Ethics in Animal Experimentation of UNESP no. 31/07 based on the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes of

Health (NIH publication no. 85-23, revised 1996). The families were evaluated daily in the

38



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

The Anatomical Record

morning and the birth date was considered day 0. Male gerbils aged 1, 2, 3, 5, 7, 14, 21, 28 and

35 days (d) were used (n=8 animals per age).

2. Light and transmission electron microscopy

Gerbils up to 14d were killed by CO, inhalation and the testes were fixed by immersion.
The older animals were anesthetized with Ketamine (800 ul/kg) and Xylazine (200 ul/kg); then,
perfusion was performed, via the aorta, using heparinized saline solution (Sprando, 1977)
followed by Bouin’s fixative or 2.5% glutaraldehyde, 1% tannic acid, 3.5% sucrose and SmM
calcium chloride solution in 0.1M cacodylate buffer pH 7.4.

The testes were fixed for 6h in Bouin’s fluid and sectioned 1h after immersion. The
testicular fragments were submitted to a series of baths in 70% alcohol over several days and then
embedded in Paraplast (Merck, Darmstadt, Germany). Paraffin sections (4um thickness) were
used for histological and immunocytochemical analyses and for detection of apoptotic cells. The
analyses were performed in an Olympus BX60 photomicroscope (Olympus, Hamburg, Germany)
and the images were digitalized using the software Image-Pro Plus 6.0 for Windows (Copyright©
1993-2006 Media Cybernetics, Inc., Bethesda, MD, USA).

For transmission electron microscopy analyses, the testes were fixed in 2.5%
glutaraldehyde, 1% tannic acid, 3.5% sucrose and SmM calcium chloride solution in 0.1M
cacodylate buffer pH 7.4, for 2 h at 4°C and cut into approximately 1mm cubes 30 min after
immersion. Testicular fragments were post-fixed in 1% osmium tetroxide in cacodylate buffer for

2 h and embedded in Araldite 502 (Electron Microscopy Sciences, Hatfield, PA, USA).
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3. Germ and Sertoli cell counting and spermatogonial identification

Thick sections (1um thickness) stained with Toluidine blue were digitalized at 1000x and
employed to estimate gonocyte and Sertoli cell numbers. The gerbil testes up to 14d were
scanned in their entirety and the images of contiguous microscopic fields were digitalized. For
higher ages, thick sections from four different testicular fragments were employed and all
seminiferous tubules of each section were examined. The gonocytes were classified, according to
their position in the seminiferous tubules, into: 1) central gonocyte (CG) - localized in the central
region of seminiferous tubules; 2) relocating gonocytes (RgG) - those presenting cytoplasmic
projections toward the basement membrane of the seminiferous epithelium and 3) relocated
gonocyte (RG) — those adhering to the basement membrane. The total numbers of gonocytes and
Sertoli cells per animal were expressed as percentages.

The recognition of spermatogonial generations was based on high-resolution light
microscopic features for studying mice described by de Rooij and Russel (2000) and Chiarini-

Garcia and Meistrich (2008) and by the expression of VASA protein.

4. Immunocytochemistry

Immunocytochemistry was performed for the PCNA protein, a marker of cell proliferation
and for VASA, a specific protein of germ cells. The histological sections were subjected to
antigen retrieval using citrate buffer pH 6.0, at 96-98°C for 60 min followed by incubation with
“Background Sniper” solution (Biocare Medical, Concord, CA, USA), for 15 min, to block non
specific protein interactions. Next, they were incubated with primary antibodies: mouse IgG2a
anti-human PCNA (sc-56/Santa Cruz Biotechnology, Santa Cruz, CA, USA) or with rabbit IgG

anti-human VASA (sc-67185/Santa Cruz Biotechnology, Santa Cruz, CA, USA), diluted 1:50 in
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BSA 1%, and maintained overnight at 4°C. Sequential blockade of endogenous peroxidases was
accomplished with 3% H,0, in TBS, protected from light, for 30 min. The sections subjected to
anti-PCNA were incubated with Post Primary Block followed by a new incubation with Polymer
(Novocastra, Newcastle Upon Tyne, UK), for 45 min at 37°C. For immunodetection of androgen
receptor (AR), the histological sections were subjected to antigen retrieval using citrate buffer pH
6.0, at 96-98°C for 45 min. The blockade of endogenous peroxidases was obtained by covering
the slides with 3% H,0O; in methanol, for 15 min, followed by incubation with “Background
Sniper” solution (Biocare Medical, Concord, CA, USA), for 15 min, to block nonspecific protein
linkage. Sequentially, sections were incubated with rabbit IgG anti-human primary antibody (sc-
816/Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. The slides were then
incubated with the biotinylated anti-rabbit followed by avidin-biotin complex (ABC) kit (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 45 min at 37°C. The reactions were revealed
with diaminobenzidine (DAB). Those sections incubated with anti-VASA were treated with
Polymer Kit conjugated with alkaline phosphatase (Rat and mouse double-stain kit - Biocare
Medical, Concord, CA, USA), for 60 min and the reaction was revealed with Vulcan Fast Red for
20 min. The sections were counterstained with hematoxylin. The negative controls for all

immunocytochemical reactions were obtained by omitting the primary antibody.

5. Apoptotic and mitotic indexes

The apoptotic cells were identified using the TUNEL test for detection of DNA
fragmentation associated with apoptosis (TdT-mediated dUTP Nick End Labeling) performed
according to the manufacturer’s instructions (Oncogene Research Products, Boston, USA).
Briefly, the paraffin tissue sections were immersed in TBS (20 mM, 140mM NaCl, pH 7.6) and

treated with Proteinase K (1:100 in 10mM Tris pH 8.0) for 20 min at room temperature.
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Endogenous peroxidase activity was blocked using 30% H,O, 1:10 in methanol for 5 min.
Sequentially, the histological sections were incubated with biotin-TdT and with the
deoxynucleotidyl terminal transferase enzyme (TdT) for 90 min at 37° C. After the conclusion of
the reaction, the biotin nucleotides were detected using the peroxidase streptoavidin conjugate,
and the labeling was detected by diaminobenzidine/H,0; (0.5 mg/ml faucet H,O) substrate, in the
dark, for 13 min. Then, sections were washed in water and counterstained with hematoxylin.
Negative controls did not receive the TdT enzyme.

Apoptotic and mitotic indexes were defined, respectively, by determining the percentage
of TUNEL-positive cells and mitotic figures in paraffin HE-stained sections. The methodology
employed one hundred seminiferous cord cross-sections per animal older than 14d or fifty cross-

sections for the younger ones.

RESULTS

Gn in neonatal gerbil testes were easily differentiated from the immature Sertoli cells due
to their large size, clear voluminous cytoplasm, round nucleus with decondensed chromatin and
prominent nucleolus (Fig. 1). During the first postnatal days, the majority of Gn was observed in
the central region of the seminiferous tubules (Figs. 1; 3A) but, some of them exhibited
cytoplasmic extensions toward the basement membrane (Fig. 1A) or were already relocated to the
basement compartment (Fig. 1G). The amount of RgG was low throughout the first two weeks of
age with a peak at 7d (Fig. 3A). The number of Gn centrally positioned in seminiferous cords
decreased exponentially over the first two postnatal weeks (Figs. 1; 2A, B; 3A). The RG number
was also low during the first week, but at 14d had risen to 90% of total Gn (Figs. 1, 2A, B; 3A).

Gn were not visible from day 21 onward (Figs. 2C, D).
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After relocation, Gn acquires a phenotype intermediate between RG and type A
spermatogonia, herein designated prospermatogonia (pS). These cells were already observed in
the base of seminiferous epithelium in the first postnatal days (Fig. 1B, C). The pS differ from Gn
due to their small size and nuclear features, including spherical or oval shape and less developed
nucleoli, although they were recognized as germ cells by their lightly stained cytoplasm and
abundance of decondensed nuclear chromatin (Fig. 1B, C, E, F, H, I; 2B, C). Furthermore, pS,
like Gn, exhibited cytoplasmic immunoreactions to VASA protein (Fig. 4A-E). Close contact
between pS and centrally positioned Gn was observed throughout the first postnatal weeks (Fig.
1E, F). As shown in figure 3B, the total number of Gn decreased gradually over the first two
postnatal weeks as they transformed into pS whereas the Sertoli cell population increased 16% in
the first and 3% in the second week of life.

It was verified in all seminiferous cords at all ages that neither the relocation of Gn toward
the basement membrane nor their differentiation into pS occurs synchronously. Therefore, as
illustrated in Figures 1 and 2, it was possible to find, within the same testis, seminiferous cords
containing initial and more advanced phases of germ cell differentiation. The testes of 7d gerbils,
for example, presented seminiferous cords exhibiting CG and RG (Fig. 1G) or CG and pS (Fig.
1H) while more differentiated ones exhibited only pS (Fig. 11).

The results of immunocytochemical staining with PCNA are shown in Figure 4 (F-J).
The cell proliferation rate in the seminiferous epithelium, which was about 4% during the first
postnatal week, arose sharply in the second week (Fig. 3C). The thick sections and VASA-
positive reaction indicated that the proliferation peak occurring at 14d is attributable mainly to
the proliferation of pS, which appeared in the form of cell clusters (Fig. 2B; 4C). The high levels
of TUNEL-positive cells were detected at 7d and 21d (Fig. 3C; 4L, N). At 1d of age, apoptotic

cells occurred at the base of the seminiferous epithelium (Fig. 4K), but at other ages they were
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centrally positioned in the seminiferous cord (Fig. 4L-O). Ultrastructural analysis indicated that
up to 7d apoptotic cells were represented by Gn within Sertoli cell cytoplasm (Fig. 5). At later
ages, particularly at 21 d, it was not possible to discriminate between apoptosis of non-relocated
Gn or other germ cell subtypes.

The immunolocalization of AR varied among the different cell populations in testis. AR
was positive in the cytoplasm of Gn (Fig. 6A, B) and pS (Fig. 6D, E), but negative in other
spermatogonial phases (Fig. 6E). In contrast with Gn and pS, the Sertoli cells exhibited AR
immunoreactivity restricted to the nucleus; this was weak through the second postnatal week
(Fig. 6A, B, D), becoming intense only from day 21 (Fig. 6E). The nuclei of interstitial cells
exhibited strong labeling (Fig. 6).

The type A single (As) and B (B) spermatogonia were observed from day 21 onward (Fig.
2D-H; 4D), whereas leptotene, zygotene and pachytene primary spermatocytes were detected
respectively at days 28 (Fig. 2F) and 35 (Fig. 2H). Thus, in 35 d animals three generations of
germ cells were identified in the seminiferous epithelium (Fig. 2H). Figure 7 displays the
appearance of the main spermatogonial subtypes chronologically and summarizes the main

events of Gn maturation in the gerbil.

DISCUSSION

The present study describes the neonatal differentiation of germ cells in the rodent
Meriones unguiculatus and focuses on cell migration, proliferation and apoptosis. Our data
revealed that a small percentage of Gn had already relocated or shown signals of migration to the
basement membrane within 1-2 postnatal days. However, the rates of Gn relocation were very
low in the first postnatal days and peaked at 14d, coinciding with the highest cell proliferation

level. Mitotic and PCNA-positive Gn were found near or in the basement of the seminiferous
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cords even before the relocation peak, indicating that relocation to the epithelial base is not a
requirement for Gn to resume the mitotic cycle. Then, similarly to other rodents, neonatal Gn
proliferation in gerbils is not dependent on adhesion to basement membrane (McGuinness and
Orth 1992a; Nagano et al., 2000). Whereas in mice and rats Gn disappear during the first week of
age (Clermont and Perey, 1957; Sakai et al., 2004), in gerbils they were observed up 14d. In
addition, cells with a transitional phenotype between Gn and spermatogonia, namely the
prospermatogonia, were also found adhering to the basement membrane early into the postnatal
period. This suggests that Gn relocation to the basement membrane is followed by a rapid
transition to the spermatogonial lineage.

Two peculiarities were observed during neonatal testis development in gerbils compared
to other rodents, namely, the asynchronous maturation of germ cells among the cords within the
same testis and longer duration of Gn phase. The asynchronous maturation of germ cells
becomes clear, especially after 7d, when more highly differentiated seminiferous cords
containing prospermatogonia were found along with others containing CG, histologically
equivalent to the first postnatal week. To the best of our knowledge, such asynchrony has not
been described in other rodents and it can explain, at least in part, the greater duration of the Gn
maturation process in gerbils. This difference in maturation is not readily recognized in routine
histological sections and it was elucidated herein by using high resolution light microscopy. Thus
it is possible that such developmental asynchrony also occurs in other rodents but was not
identified. The putative mechanisms implicated in this differential maturation of male germ cells
among cords during neonatal development of the gerbil testis were not examined herein but
extracellular matrix or paracrine factors are probably involved. Furthermore, this finding evokes

the hypothesis that within more mature cord regions germ cells are induced to enter into meiosis
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first and, if true, this asynchrony may be implicated in the wave of seminiferous epithelium that
characterizes mammalian spermatogenesis.

Our observations indicated that Gn relocation in Mongolian gerbils is already seen on the
first postnatal day but it extends at least up to 14 d. Then, Gn differ as to their migratory behavior
in this rodent. This finding corroborates previous studies indicating that pre-spermatogenic germ
cells are a heterogeneous population differing not only in their localization in seminiferous
epithelium and morphology but also in their expression of specific molecular markers such as
transcription factor OCT-4, tyrosine kinase receptor c-KIT and Melanoma antigen — A4 (MAGE-
A4) (Fukuda et al., 1975; Gaskell et al., 2004; Yoshida et al., 2006; Ohmura et al., 2008).

Gn apoptosis ensures a critical degree of selection in providing an appropriate germ cell
population and its mechanisms have been partially elucidated (Rodriguez et al., 1997; Boulogne
et al., 1999; Wu et al., 2005; Basciani et al., 2008). Apoptotic peaks were detected in gerbils
before (7d) and after (21d), when the bulk of Gn relocation and levels were one third those found
in rats (Boulogne et al., 1999). The biphasic apoptotic response reflects the asynchrony in germ
cell maturation among seminiferous cords within the same testis.

After relocation, Gn change phenotypically into a transitional phase, herein denominated
prospermatogonia. These prospermatogonia differentiate morphologically and probably
functionally either from Gn, stem cells (Agngie) Or differentiating spermatogonia. There is much
disagreement about the behavior, properties and nomenclature of pre-spermatogenic germ cell
populations. The term gonocyte was originally proposed by Clermont and Perey (1957) and it
currently refers to the fetal germ cells derived from primordial germ cells that exhibit distinctive
morphological characteristics as well as stages of quiescence and mitotic activity (de Rooij and
Russell, 2000; Nagano et al., 2000; Culty 2009). Other authors employed the terms

prospermatogonia and pre-spermatogonia to define the cells derived from primordial germ cells
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(Hilscher et al., 1974; Wartenberg, 1976; Byskov, 1986). Wartenberg (1976) differentiated two
subpopulations of fetal germ cells in humans — the gonocytes, which reside in testicular cords,
and prospermatogonia, that are subsequently divided into the subtypes M (mitotically active), T1
(resting) and T2 (those that had resumed mitotic activity). A detailed study performed by Gaskell
et al., (2004) confirmed, on the basis of morphology and the pattern of protein expression, the
existence of different pre-spermatogenic germ populations in the human testis at the second
trimester of pregnancy which were designated germ cells, intermediate cells and pre-
spermatogonia. This loss of Gn morphology also has been observed in mice (Sakai et al., 2004)
but the term gonocyte is applied indistinctly. Here, the term prospermatogonia was considered
more appropriate to describe the transitional phases between gonocytes and stem spermatogonia,
as has been adopted by Ohbo et al. (2003). Probably, the loss of the gonocyte phenotype reported
herein reflects physiological differences and the activation of specific genes from the
spermatogenic lineage such as MAGE-4 (Yakirevich et al., 2003) and loss of stemness factor
OCT-4 (Pesce et al., 1999; Gaskell et al., 2004). It is important to mention the extreme difficulty
in distinguishing, via paraffin sections or ultrastructural analysis, the prospermatogonia from
undifferentiated Sertoli cells. Thus, the accurate identification of both cell types was enabled by
the association of high resolution light microscopy and immunocytochemical analyses for
VASA-protein, a marker of germ cells (Castrillon et al., 2000).

It is known that androgens and their cognate receptors are critical in determining the male
phenotype and their roles in spermatogenesis have been widely investigated (Ghosh et al., 1991;
O’Shaughnessy et al., 2002; Yeh et al., 2002; Tsai et al., 2006; Wang et al., 2009). On the other
hand, there is little information concerning the influence of androgen/AR signaling on germ cell
differentiation during the fetal and neonatal periods. Conclusive data on this issue were provided

by Merlet et al. (2007). These authors reported an increase in the number of Gn in Tfm as well as
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the presence of functional AR in Gn extracts, thus demonstrating that direct action of androgen
on these cells inhibits their proliferation. We found in gerbils a high intensity of AR
immunoreactivity in cytoplasm of Gn and prospermatogonia whereas all the subsequent stages of
spermatogonial differentiation were AR-negative. Strong AR immunoreactivity was also
observed in interstitial cells already on the first postnatal day and in Sertoli cells from 21 d
onward, parallel to findings in other rodents (Kimura et al., 1993; Bremner et al., 1994; Zhou et
al., 1996). The lack of AR immunoreaction for spermatogonial subtypes is also consistent with
previous reports (Bremner et al., 1994; Vornberger et al., 1994; Matsumiya et al, 1999). AR
functions as a ligand-dependent transcription factor, since ligand binding is a prerequisite for its
transport to the nucleus where it accesses and regulates an array of androgen-responsive genes
(Georget et al., 1997; Wang et al., 2009). The regulation of AR functionality is far from being
understood but their cytoplasmic localization has been usually interpreted as an inactivated state
(Tyagi et al., 2000). Thus, it is possible that high AR immunoreactivity found in cytoplasm of
gerbil Gn reflects both AR inactivation and the loss of androgen sensitivity in these cells during
the neonatal period. The molecular mechanisms underlying AR inactivation are complex and
deserve further investigation in this species. In many cases, especially in prostate cells, the
exportation of AR from the nucleus to the cytoplasm and their inactivation has been related to
androgen withdrawal (Tyagi et al., 2000, Gregory et al., 2001, Peng et al., 2008). Given that
previous gerbil hormonal data evidenced a decline in serum androgen levels only around 14d
(Siegford et al., 2003), it is probable that other cofactors might be involved in neonatal AR-
inactivation.

In conclusion, the neonatal gonocyte differentiation in Mongolian gerbils occurs in an
asynchronous manner among seminiferous cords, lasts longer than in other laboratory rodents

and is associated with loss of androgen sensitivity. Relocation of gonocytes is already observed at
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one day of age but continues until the second postnatal week, and is followed by their rapid
differentiation into the prospermatogonial transition phase. As recently emphasized by Culty
(2009), gonocytes can be considered “the forgotten cells of the germ cell lineage”, since they are
surely the least investigated germ cell type (only 100 to 200 papers versus several thousand
directed at mature types of germ cells). Furthermore, most articles focus on rats and mice (Culty,
2009). The establishment of main morphological and temporal events during Gn maturation in
gerbils is essential for investigating the differentiation of and unanswered questions about this
germ cell. Since in Mongolian gerbils the processes involved in gonocyte maturation last longer
than in other rodents, it can be a useful mammal model for research on the biology of this

pluripotent cell and its transition to a spermatogonium, which is still poorly understood.
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FIGURE LEGENDS

Figure 1: Thick sections, stained with Toluidine Blue, of seminiferous cords from gerbils at 1
(A), 2 (B, C),3 D),5 (E, F) and 7 (G-I) days of age. Gonocytes during first postnatal week are
abundant in central region (CG). Relocating gonocytes (RgG) and prospermatogonia (pS)
occurred from day 2 onward. Apoptotic bodies (a) are frequent at 7d. The arrows indicate the
contact between central region and prospermatogonia. The testis of 7d - gerbils contained less
mature seminiferous cords exhibiting gonocytes (G) and more numerous mature ones containing

pS (H, I). Legend: RG — relocated gonocytes, S — Sertoli cell. Bars = 20 pum.

Figure 2: Toluidine Blue-stained sections of seminiferous cords from gerbils at 14 (A, B), 21 (C,
D), 28 (E, F), and 35 (G, H) days of age. Relocated gonocytes (RG) were seen up to 14d (A),
when proliferating prospermatogonia (pS) were also abundant (B). Prospermatogonia were found
up to 21d (C) and then, single (As) and B spermatogonia (B) were recognized (D). Progressive
steps of spermatogenesis were observed as follows: leptotene primary spermatocyte (L) at 28d
(F); zygotene (Z) and pachytene (P) primary spermatocytes at 35d (H). Less mature seminiferous
cords shown at left were identified in the same testis at all ages (A, C, E, G). Legend: S - Sertoli

cell. Bars = 20 pm.

Figure 3: Changes in frequency of gonocyte subtypes (A), total germ cells and Sertoli cells (B),

apoptotic and mitotic cells (C) in gerbil testes through three weeks of postnatal development. The

results are expressed as means + SEM.
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Figure 4: Identification of VASA- (A-E), PCNA-positive (F-J) and apoptotic cells (K-O) in the
seminiferous epithelium of gerbils at 1, 7, 14 and 21 days of age. VASA reacted intensely to
gonocytes (CG, RgG), prospermatogonia (pS) and, single (As) and B spermatogonia (B). PCNA
immunocytochemistry revealed proliferative activity at all ages (arrows). Apoptotic cells
(arrowheads), detected by TUNEL method were centrally positioned except for 1d animals in
which were located in the basal compartment. The figures E, J and O show negative control in
gerbil testis at 7, 14 and 21 days of age, respectively. Legend: S — Sertoli cells, RG — relocated

gonocytes, * - mitotic figures. Bars = 20 pm.

Figure 5: Ultrastructure of seminiferous epithelium in 7-day-old gerbil showing apoptotic bodies
from gonocytes within the Sertoli cell cytoplasm. A detail of the apoptotic body (B) is shown in

(C). Legend: arrow — apoptotic body, S — Sertoli cell. A = 4646x; B= 12930x; C = 16464x.

Figure 6: Immunolocalization of androgen receptor (AR) in testes of male gerbils at 7, 14 and 21
days of age. The cytoplasm of gonocytes (CG, RG) (A, B) and prospermatogonia (pS) (D, E)
were AR-positive. No signal was detected in spermatogonia (As) (E). The nuclei of Sertoli cells
(arrowhead) presented weak (A, B, D) and intense labeling (E). The immunocytochemical
staining of AR was also detected in interstitial cells (arrow). Note that in the negative control (C)

the cytoplasm of gonocytes (CG) does not appear immunolabeled. Bars = 20 pm.

Figure 7: Summary of main events in the postnatal development of gerbil testes. (A) Schematic
illustration of histological changes in the seminiferous epithelium. The shaded structures
represent the germ line cells, while the non-shaded structures represent the Sertoli cells. (B) The

durations of the events concerning gonocytes and spermatogonia are indicated by bars.
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ABSTRACT Information on postnatal Leydig cell (LC) differentiation in the Mongolian gerbil

has been unavailable. Therefore, current investigation was designed to examine LC lineage
differentiation in this rodent, from birth to adulthood. Gerbil testes at 1 day, 1-7 weeks (w), 2 and
3 months of age were conventionally processed by light and transmission electron microscopy.
Immunocytochemistry for specific markers of steroidogenic enzymes, namely 3B-hydroxysteroid
dehydrogenase (3B-HSD) and 11B-hydroxysteroid steroid dehydrogenase 1 (113-HSD1) and also for
androgen receptor (AR) was performed. The establishment of adult Leydig cell populations (ALC)
during testis maturation in the gerbil follows the pattern previously described in other mammalian
species, with the four progressive stages of differentiation. The LC progenitors were identified at
second w by 3B-HSD expression; the first newly formed ALC were recognized at fourth w whereas
immature ALC appeared at fifth w. The latter were recognized by abundance of cytoplasmic lipid,
in addition to expression of 113-HSD1 and intense nuclear AR immunoreaction. Mature ALC in
gerbil exhibited irregular eccentric nuclei and a cytoplasmic canaliculus in the perinuclear area.
Only one third of mature ALC in adult gerbils showed a high expression of 113-HSD1 and AR
expression was highly variable among them. In conclusion, the process of differentiation of ALC
population in gerbil follows the pattern previously established for other rodents. However, the
resulting mature ALC are strikingly different due their singular asymmetric morphology and
presence of a cytoplasmic canaliculus and as well as their functional heterogeneity. Microsc. Res.

Tech. 00:000-000, 2009.  ©2009 Wiley-Liss, Inc.

INTRODUCTION

Because Leydig cells are the primary source of
androgens in males, they are essential during embry-
onic development for sexual differentiation and at
adulthood for sexual maturation, gametogenesis, and
sexual activity. Most information about postnatal dif-
ferentiation of Leydig cells is derived from established
models of laboratory rodents widely studied such as
rats (Ariyaratne and Mendis-Handagama, 2000;
Ariyaratne et al., 2000; Benton et al., 1995; Haider,
2004; Hardy et al.,, 1989; Kerr and Knell, 1988;
Mendis-Handagama and Ariyaratne, 2001; Mendis-
Handagama et al., 1987; Wu et al., 2007) and mice
(Baillie, 1964; Benton et al., 1995; Haider, 2004; Kerr
et al., 1985; Mendis-Handagama and Ariyaratne, 2001;
Mendis-Handagama and de Kretser, 1992; Wu et al.,
2007). Two morphologically and functionally distinct
populations of Leydig cells are involved in the above-
mentioned process—the fetal and adult ones, which
arise respectively, in the prenatal and prepubertal
period (Ariyaratne and Mendis-Handagama, 2000;
Haider, 2004; Mendis-Handagama and Ariyaratne,
2001; Roosen-Runge and Anderson, 1959). The occur-
rence of these two temporally distinct populations was
first established in rats (Roosen-Runge and Anderson,
1959) and subsequently confirmed in other rodents
(Baillie, 1964; Gondos et al.,, 1974) and humans
(Mancini et al., 1963). The fetal Leydig cells (FLC) are

©2009 WILEY-LISS, INC.

formed from mesenchymal precursor cells of embryonic
tissue surrounding sexual cords, around day 14 of ges-
tation in the rat (Majdic et al., 1998). Studies in this
rodent revealed that FLC are present at birth and do
not decline in number up to adulthood, although they
were rarely visualized in adult testes due to the
increase in other testicular components (Ariyaratne
and Mendis-Handagama, 2000; Kerr and Knell, 1988;
Mendis-Handagama et al., 1987).

Morphological and immunocytochemical data associ-
ated with accurate quantitative analysis have provided
important contributions concerning the differentiation
of adult Leydig cell (ALC) lineage. The ontogeny of
ALC populations involves the commitment of undiffer-
entiated mesenchymal cells or precursor mesenchymal
cells into Leydig cell progenitors, around the 10th post-
natal day in the rat, and their gradual transformation
into newly formed, immature and finally, mature adult
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Leydig cells (Ariyaratne and Mendis-Handagama,
2000; Mendis-Handagama and Ariyaratne, 2001;
Mendis-Handagama et al., 1987). The newly formed
ALC are the first stage exhibiting the Leydig cell phe-
notype whereas immature ALC differ from the mature
form as to the pattern of androgenic production since
they produce less androgens, mainly in the form of
androstenedione (Ariyaratne and Mendis-Handagama,
2000; Haider, 2004; Mendis-Handagama et al., 1987;
Misro et al., 1993). Then, these maturation stages are
functionally differentiated based on expression of
enzymes involved in the synthesis of steroid hormones
such as 3B-hydroxysteroid dehydrogenase (33-HSD)
and 11B-hydroxysteroid steroid dehydrogenase 1 (11-
BHSD1) (Mendis-Handagama and Ariyaratne, 2001).
The 3B3-HSD is a universal marker for all cells that
secrete steroids, being expressed by FLC starting from
the progenitor cell stage (Haider et al., 1986; Majdic
et al., 1998). The 11-BHSD1 is considered a marker for
ALC (Ariyaratne and Mendis-Handagama, 2000;
Haider et al., 1990; Mendis-Handagama et al., 1998;
Phillips et al., 1989) and is first expressed in rat in
newly formed ALC at day 21 being very abundant in
mature ALC (Mendis-Handagama et al., 1998).

The Mongolian gerbil Meriones unguiculatus has
been widely used in several areas of biomedical
research (Cao et al., 2005; Ter-Mikaelian et al., 2007;
Wiedemann et al., 2009) with an increasing interest on
morphophysiology of genital system (Fochi et al., 2008;
Rochel et al., 2007; dos Santos et al., 2003; Segatelli
et al., 2004). The gerbil has been adopted in our labora-
tory as an excellent rodent model for studies on female
prostate gland due the high incidence of this organ in
comparison with other rodents (dos Santos et al.,
2003). Additionally, hormonal variations on estrous
cycle indicate peculiarities in the control of reproduc-
tive functions in gerbil (Fochi et al., 2008). Analysis of
male prostatic complex in this specie revealed that the
most voluminous component is the dorsolateral lobe
whereas in rat and mouse is the ventral one (Rochel
et al., 2007). Whereas some aspects of reproductive
biology of gerbil have been well exploited in literature,
others remain unknown, such as the ones concerning
postnatal testicular development. Thus, there is a lack
of information concerning the differentiation of FLC
and ALC populations in this rodent. The analysis of
morphological modifications during the differentiation
of this cell lineage and possible correlations with
expression of the aforementioned specific markers can
help to clarify the mechanisms underlying the physio-
logical status of each cell subtype. The present study
aimed to integrate high resolution light microscopy
and ultrastructural analysis with the use of specific
markers to describe the development of ALC lineage in
the Mongolian gerbil, from birth until three months of
age.

MATERIALS AND METHODS
Animals

The Mongolian gerbils were kept in the Animal
Breeding Center of Sdo Paulo State University—
UNESP, Institute of Biosciences, Humanities and
Exact Sciences—IBILCE. The animals were main-
tained at controlled temperature (23—-25°C) and humid-
ity (40-60%) under 12h light/dark cycle. All animals

were given free access to water and food (Labina-
Purina, Paulinia, SP, Brazil) and the experimentation
procedures were performed in accordance with Brazil-
ian College of Animal Experimentation approved by
Ethical Committee for Animal Research of Bioscience
Institute/ UNESP (Protocol CEEA n° 31/07). Gerbil
pairs were monitored daily in the morning and the
birth date of pups was defined as day O of postnatal
life. Ten groups of male gerbils (n = 8) aged 1 day say,
1-7 weeks, 2 and 3 months of age were used.

Light Microscopy

Until 2 weeks of age the gerbils were killed by COy
inhalation and the testes were fixed by immersion.
The vascular perfusion with heparinized saline solu-
tion (Sprando, 1977) followed by Bouin’s fixative was
performed for testis processing in the remaining
animals. Perfused or immersion-fixed testes were
maintained for 6 h in Bouin fluid, and cut into pieces
after 1h of immersion. The testicular pieces were
washed in 70% alcohol over several days and, then,
embedded in either historesin (Historesin embbeding
kit, Leica, Nussloch, Germany) or Paraplast (Histosec,
Merck, Darmstadt, Germany). Paraffin sections (4 pm
thickness) were wused for immunocytochemistry
whereas historesin sections (3 pm thickness) were
stained with Hematoxilyn-Eosin and AgNOR technique
for regular microscopy.

Histological analyses were carried out with an
Olympus BX60 photomicroscope (Olympus, Hamburg,
Germany) and the images were digitized using the soft-
ware Image-Pro Plus 6.0 for Windows (Copyright©
1993-2006 Media Cybernetics, Inc., Bethesda, MD).
The stages of gerbil Leydig cell lineage were identified
morphologically according to previously published
descriptions (Mendis-Handagama and Ariyaratne,
2001; Mendis-Handagama et al., 1987).

The dimensions of mature ALC were determined in
historesin sections of adult gerbil testis stained with
HE. Contiguous microscopic areas containing
interstitial tissue were digitalized at 1000x and subse-
quently examined. At least 20 different areas contain-
ing Leydig cells were employed per animal. Then, the
width and thickness were estimated using Image-Pro
Plus 6.0 for Windows (Copyright© 1993-2006 Media
Cybernetics, Inc., Bethesda, MD).

TEM

Testes from at least four animals of each age were
processed by TEM. Testes from gerbils up to 2 weeks
old were fixed by immersion, and those from older
animals were fixed by vascular perfusion followed by
immersion. In both cases the first fixative contained
2.5% glutaraldehyde, 1% tannic acid, 3.5% sucrose,
and 5 mM calcium chloride in 0.1M cacodylate buffer
pH 7.4. Testes were cut into small cubes and fixed, for
2 h, at 4°C, following the postfixation in 1% osmium
tetroxide in 0.1M cacodylate buffer pH 7.4 for 2 h, and
embedded in Araldite 502 (Electron Microscopy Scien-
ces, Hatfield, PA). One-um-thick sections were stained
with a solution of 1% Toluidine blue and 1% Borax in
water for light microscopy analyses. Ultra-thin
sections were contrasted with 2% alcoholic uranyl
acetate (Watson, 1958) for 20 min and 2% lead citrate
in sodium hydroxide solution (Venable and Coggeshall,
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1965) for 6 min. The samples were evaluated with a
LEO-Zeiss 906 (Zeiss, Cambridge, UK) transmission
electron microscope operated at 80 kV.

Immunocytochemistry

The sections were deparaffinized and rehydrated;
then antigen retrieval was performed in citrate buffer
pH 6.0, at 92°C, for 45 min. The blockade of endoge-
nous peroxidases was obtained by covering the slides
with 3% Hy05 in methanol, for 20 min.

To detect 33-HSD and 113-HSD1 immunoreactivity,
the tissue sections were treated with Background
Sniper solution (Biocare Medical, Concord, CA) for 15
min, to block nonspecific protein-linkage. Sequentially,
sections were incubated overnight at 4°C with primary
antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA): rabbit IgG antihuman 11B-HSD1 (sc-20175) or
with goat IgG antihuman 3B3-HSD (sc-30820), diluted
1:100 in BSA 1%. The incubation with biotinylated
secondary antibody proceeded for 30 min, followed by
an incubation with Streptavidin-HRP complex (Dako-
Cytomation LSAB + System-HRP, Dako, Carpinteria,
CA), for 45 min.

For immunodetection of androgen receptor (AR) the
sections were incubated overnight at 4°C with 1:100
primary antibody rabbit IgG antihuman AR (sc-816—
Santa Cruz Biotechnology, Santa Cruz, CA). The
sections were then incubated with the biotinylated
antirabbit followed by avidin-biotin complex ABC kit
(Santa Cruz Biotechnology) for 45 min., at 37°C.

Abovementioned reactions were revealed with diami-
nobenzidine (DAB) for 3 min and the sections were
counterstained with hematoxylin. The washes were
accomplished with 0.05% Tween 20 in PBS pH 7.6. The
negative control was obtained by omission of the
primary antibody.

The ALC ratio in adult animals was determined by
using two histological sections from different testis
fragment per animal which were systematically
counted for 113-HSD1 negative/positive cells in their
entirety.

RESULTS
Differentiation of the Adult Leydig Cell Lineage

Undifferentiated mesenchymal cells of the intersti-
tial tissue were abundant during the first week of age
of gerbil (Figs. 1A and 1B). A portion of them which
was associated with germinative epithelium changed
into myoide cells throughout the first 3 weeks of age
(Figs. 1B-1D). The myoide cells were slender and
exhibited a more stained and fusiform nucleus in com-
parison with the undifferentiated mesenchymal cells
(Figs. 1B-1D).

Leydig cell progenitors were recognized by expres-
sion of 33-HSD at 14 days of age (Fig. 2B). Similarly to
undifferentiated mesenchymal cells, they show high
positivity for AR (Fig. 2D) and negativity for 113-HSD1
(Fig. 2C) but have a more voluminous nucleus and
cytoplasm (Fig. 2A). The first step of differentiation
that began to exhibit morphological features of steroi-
dogenic cell were designated newly formed ALC. In
addition to 3B-HSD-positivity (Fig. 2F), they exhibited
more abundant and acidophile cytoplasm and nuclei
with peripheral heterochromatin clusters in compari-
son with Leydig cell progenitors (Figs. 1E, 1F, and 2E).
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The newly formed ALC were first detected at 4 weeks
(Figs. 1E and 2E—2h) and observed occasionally in 90-
day-old animals (Fig. 2R). The immature ALC differ
from previously mentioned stages by labeling for 113-
HSD1 (Fig. 2K). They showed the typical features of
Leydig cells such as large nuclei with decondensed
chromatin, nucleoli and also abundant cytoplasm, im-
munoreactive to steroidogenic enzymes (Figs. 1G-11I,
1L, and 2I-2k). In addition, immature ALC showed an
intense nuclear immunoreaction for AR (Fig. 2L) and
abundance of cytoplasmic lipid droplets (Figs. 1G—11I,
1L, 2I, and 2L). The immature ALC were identified in
gerbil testes starting from the age of 5 weeks (Figs. 1G,
2J, and 2K). The immunocytochemical properties of
Leydig cells subtypes are demonstrated in Figure 2
and summarized in Table 1.

Mature Adult Leydig Cells

The mature ALC were seen beginning at 6 weeks of
age (Fig. 1H). They have an atypical flat polyhedral
shape with width of 27.3 * 2.1 um and thickness of
9.1 = 1.1 um. Thus, the polyhedral shape is evident in
longitudinal sections of this cell (Fig. 2I), but in trans-
verse sections they appear flat (Fig. 2M). Mature ALC
nuclear phenotype was similar to Leydig cells in other
species by virtue of presenting high amounts of
euchromatin, peripheral points of heterochromatin
and prominent nucleolus (Figs. 1H-1L, 2I, and 2M-
2Q). However, its nuclei appeared eccentric (Fig. 3),
oval with many peripheral invaginations, easily iden-
tified in historesin sections submitted to the silver
impregnation technique (Figs. 3A and inset). Longitu-
dinal sections of this cell in HE-stained historesin sec-
tions indicate clear perinuclear and peripherally scat-
tered basophile cytoplasmic areas (Fig. 2M) which at
TEM analysis contained, respectively, a prominent
Golgi complex, (Fig. 4A) and regions rich in mitochon-
dria and endoplasmic reticulum (Fig. 4B). These latter
organelles showed close association and frequent con-
centric arrangements (Fig. 4C). A remarkable feature
of this cell, indicated by light microscopy (Fig. 3
insets) and confirmed by TEM (Fig. 3), was the occur-
rence of a cytoplasmic canaliculus containing micro-
villi near the perinuclear area of the Golgi complex.
Taken together, the abovementioned features caused
mature ALC to present a very distinct morphology
depending on the section plane, as illustrated in
Figure 3. Figure 5 is a representative illustration of
mature ALC and its relationship with different planar
sections of Figure 3.

The ALC population exhibited variable expression of
the androgen receptor, since cells were observed with
low (Fig. 2L), intermediate (Fig. 2P) or intense (Fig.
2Q) immunoreactivity. Interestingly, only about one
third of mature ALC (28% = 0.2) showed high 11p-
HSD1 expression (Figs. 20 and 2T).

The macrophages differed from ALC due to their
variable number of vacuoles and clear cytoplasm
observed in thick sections (Figs. 1C, 1D, and 1L).

Fetal Leydig Cells

The FLC are very frequent in testes of gerbils up to
35 days of age (Figs. 1A, 1B, 1D, and 1F) but are rare
in the adult ones (Figs. 1K, 2R, and 2T). In the former,
FLC were organized in spherical or cord clusters
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Fig. 1. Light micrographs in high resolution showing testes of ger-
bils at: 1 (A), 7 (B), 14 (C), 21 (D), 28 (E), 35 (F, G), 42 (H, I), 49 (J),
and 90 (K, L) days old. F, fetal Leydig cells; NF, newly formed adult
Leydig cells; I, immature adult Leydig cells; M, mature adult Leydig

surrounded by fibroblasts, being easily recognized due
to the abundance of large lipid droplets in their cyto-
plasm (Figs. 1A, 1B, 1D, and 1F). In adult animals,
these cells are very similar to those found in younger

cells; me, mesenchymal cells; md, myoid cells; en, endothelial cells;
p, pericytes; ma, macrophages; arrow, lipid droplets; arrowheads,
components of the basement membrane surrounding fetal Leydig
cells; bv, blood vessels; SC, seminiferous cords. Bars = 10 pm.

specimens (Figs. 1K, 2R, and 2T). These cells are posi-
tive for the steroidogenic enzyme 3B-HSD (Fig. 2S)
and negative for 113-HSD1 (Fig. 2T) and androgen re-
ceptor (Fig. 2U).
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Fig. 2. Characterization of Leydig cell subtypes in gerbils at 14 (A-
D), 21 (S, U), 28 (E-H), 35 (J, K), and 90 (I, L, M-R, T) days old after
HE-stained historesin sections and immunocytochemistry for 3B-
hydroxysteroid dehydrogenase (33-HSD), 11B-hydroxysteroid steroid
dehydrogenase 1 (118-HSD1), and androgen receptor (AR). The follow-
ing cell types are shown: F, fetal Leydig cells; progenitor (PG), newly

Microscopy Research and Technique

formed (NF), immature (I), and mature (M) adult Leydig cells; myoid
cells (md). Note that all Leydig cell subtypes are positive for 33-HSD.
Arrows point Leydig cells immunolabeled for 113-HSD1 and arrow-
heads indicate Sertoli cells AR-positive. Bars = A, E, I, L, M, P, Q,R: 5
um; B-D, F-H, J, K, N, O, S-U: 10 pm.
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TABLE 1. Summary of immunoreactivity to androgen
receptor (AR), 3B-hydroxysteroid dehydrogenase (33-HSD),
and 11B-hydroxysteroid steroid dehydrogenase 1 (113-HSD1)
enzymes in Leydig cell subtypes of gerbil testis

Cell types 3B-HSD 11p-HSD1 AR

Fetal Leydig cells + — —

Undifferentiated — — ++
mesenchymal cells

Progenitor Leydig cells + - ++

Newly formed adult + — ++
Leydig cells

Immature Leydig cells + + +++

Mature Leydig cells + + +/++/+++

Immunopositive and immunonegative cells are indicated by (+) and (—), respec-
tively. Intensity of immunoexpression for AR ranged from weak (+), medium
(++), to intensely (+++) positive.

DISCUSSION

The present study is a comprehensive description of
subtypes of ALC in the Mongolian gerbil and their

temporal development from birth until adulthood. The
progressive stages of maturation of ALC were charac-
terized based on criteria previously established for rats
(Ariyaratne and Mendis-Handagama, 2000; Ariyaratne
et al., 2000; Benton et al., 1995; Haider, 2004; Hardy
et al., 1989; Kerr and Knell, 1988; Mendis-Handagama
and Ariyaratne, 2001; Mendis-Handagama et al., 1987;
Wu et al., 2007) and mice (Baillie, 1964; Kerr et al.,
1985; Wu et al., 2007). Some of these criteria are mor-
phological, such as the distribution in the interstitial
tissue, cellular shape and size, nuclear characteristics,
abundance of cytoplasmic droplets whereas others
concern functional activity such as the expression of
AR and the enzymes 3B-HSD and 118-HSD1. Our
analysis indicated that ALC differentiation in the
gerbil follows the pattern previously reported in other
rodents and reinforces the notion that this process
requires the progressive transformation of four
morphological and functionally distinct subtypes—the

Fig. 3. The mature adult Leydig cells in different section planes. Thin sections (A-D) and historesin
histological sections stained with AgNOR (insets) of gerbil testis at 90 days old. N, nuclei; C, canaliculus
lined by microvilli; arrow, invagination in the nuclei periphery. Bars = A, B: 11.2 pm; C: 13 pum; D:
15 pm; insets: 10 pm.
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Fig. 4. Ultrastructural details of the cytoplasm of mature adult
Leydig cells of 90 day-old gerbils. Nuclei (N); Golgi complex (GC);
smooth endoplasmic reticulum (SER); rough endoplasmic reticulum
(RER); mitochondria (M); peroxisomes (P). Note in C the concentric
arrangement of mitochondria and endoplasmic reticulum (¥). Bars =
A, B: 0.65 um; C: 2 pm.

Leydig cell progenitors, newly formed, immature, and
mature adult Leydig cells (Mendis-Handagama and
Ariyaratne, 2001). In addition, it was verified that,
except for mature ALC, the other subtypes were pheno-
typically similar to those described in other laboratory
rodents corroborating the criteria previously adopted
to differentiate these cell subtypes.

The immunolocalization of 33-HSD evidenced that
Leydig cell progenitors were found 2 weeks after birth.
Although these cells are morphologically very similar
to undifferentiated mesenchymal precursor cells from
the peritubular region, the expression of this steroido-
genic enzyme indicates that they were definitely

Microscopy Research and Technique

Fig. 5. Summary of the general characteristics in gerbil mature
adult Leydig cells. The illustration shows the possible section planes
that lead to the different morphology of these cells observed in Figure
3. Plane A: Figure 3A; Plane B: Figure 3B; Plane C: Figure 3C; Plane
D: Figure 3D. N, nuclei; M, mitochondria; SER, cisternae of smooth
endoplasmic reticulum; GC, Golgi complex; P, peroxisomes; L,
lysosome; Li, lipid; arrowhead, concentric arrangement of cisternae of
smooth endoplasmic reticulum; thick arrow, concentric arrangement
of mitochondria; C, canaliculus lined by microvilli; Thin arrows,
microvilli.

recruited towards the Leydig cell lineage (Ariyaratne
et al., 2000; Haider et al., 1986). After this recruitment,
their morphological differentiation is delayed at least 2
weeks, since newly formed ALC were seen just 4 weeks
subsequently. The newly formed ALC is the first stage
to exhibit morphology close to that of an ALC, display-
ing polygonal shape and lack of lipid droplets, but they
are still small. Additionally, they do not show 11pB-
HSD1 immediately after they differentiate from
progenitors but express it gradually while they are dif-
ferentiating into immature ALC (Mendis-Handagama
and Ariyaratne, 2001). The immature ALC is an inter-
mediate stage between newly formed ALC and mature
ALC. In the gerbil, immature ALC were only identified
from 5 weeks of age onward. This differentiation stage
already presents a large volume of cytoplasm and
abundant organelles involved in steroid hormone syn-
thesis as well as the maturation marker 118-HSD1.
However, it is distinguished by the presence of cyto-
plasmic lipid droplets, which do not occur in newly
formed ALC or mature ALC (Haider, 2004; Haider
et al., 1995; Mendis-Handagama and Ariyaratne,
2001). The immature ALC are also different from FLC
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which are surrounded by fibroblasts and have a higher
number of lipid droplets with larger diameters (Haider,
2004; Mendis-Handagama and Ariyaratne, 2001). Our
morphological observation indicated that the immature
ALC are not very frequent even at their arising and
they are still found in adult testis. Therefore, they are
probably a transitional stage of short duration. Mature
ALC were found from the sixth week onward indicating
that the differentiation of the gerbil ALC population is
complete at that time. In conclusion, the differentiation
of the gerbil ALC lineage began in a period similar
(second week) to that in other laboratory rodents
(Haider, 2004; Haider et al., 1995; Kerr et al., 1985;
Mendis-Handagama and Ariyaratne, 2001; Mendis-
Handagama and de Kretser, 1992; O’Shaughnessy
et al., 2002; Wu et al., 2007), but the emergence of
subsequent phases is delayed. On the other hand, the
Leydig cell population in adult animals shows strik-
ingly particular phenotypical features and functional
heterogeneity.

The mature ALC in gerbils exhibit a peculiar
morphology with several atypical characteristics and
higher structural complexity than found in other
species (Fig. 5) resulting in variable aspects depending
on the section plane, which, interestingly, affects the
distribution of organelles in the nonuniform cytoplasm.
Thus, quantitative studies on the ultrastructural
changes in these components should consider these
sectional differences. The structure of gerbil mature
ALC is intriguing, since they simultaneously present
several morphological adaptations: polyhedral flat cell
shape, eccentric nuclei with multiple peripheral chan-
nels and a cytoplasmic canaliculus rich in microvilli
close to the Golgi complex area. The presence of micro-
villi on the surface of poorly differentiated Leydig cells
was described previously in other species (Haider, 2004;
Haider et al., 1995). However, to our knowledge, the
occurrence of this canaliculus is a new finding for mature
ALC of this rodent. It is possible that such
morphological adaptations reflect a high cellular metabo-
lism which requires increased membrane surface to cap-
ture androgen precursor molecules and also for androgen
secretion. The clusters of mature ALC in gerbils are
organized into cords in which cells are firmly adhered.
The occurrence of canaliculus and consequent increase
of membrane area may also be associated with a certain
degree of cell polarization in relation to the synthesis
and secretion of steroids. The relationship of these mor-
phological adaptations with the degree of steroidogenic
activity would be examined in the future by means of in
vivo experiments using LHRH agonist analogues and
antiandrogens (Gray et al., 2006; Linde et al., 1981).

There is a lot of evidence that different maturation
steps of the ALC population are regulated by circula-
tory hormones such as Luteinizing hormone
(Ariyaratne et al., 2000; Huhtaniemi et al., 2002) and
follicle-stimulating hormone (Sriraman and Jagan-
nadha Rao, 2004), and also by locally produced growth
factors such as transforming growth factor o and B
(Khan et al., 1992; Le Roy et al., 1999), insulin-like
growth factor I (Khan et al., 1992; Le Roy et al., 1999),
and platelet-derived growth factor-A (Fecteau et al.,
2006). As regards the sexual steroids, available data
indicate that testosterone (Haider, 2004; Mendis-
Handagama and Ariyaratne, 2001) and estrogen

(Abney, 1999) are inhibitory to some stages of Leydig
cell development. In the adult testis the constant
number of Leydig cells is maintained by the inhibitory
action of these hormones on the differentiation of
precursors to Leydig cells (Abney, 1999; Mendis-
Handagama and Ariyaratne, 2001). On the other hand,
androgens are required by Leydig cell progenitors to
differentiate into mature ALC (Bremner et al., 1994;
Buzek and Sanborn, 1988; O’Shaughnessy et al., 2002).
In the gerbils up 14 days age AR staining was detected
in most cells of interstitial tissue indicating the andro-
genic influence on proliferation of mesenchymal
precursor cells and their differentiation into Leydig
cell progenitors. Immature ALC presents high nuclear
labeling for AR, which has also been reported in other
species (Bremner et al., 1994; Buzek and Sanborn,
1988; O’Shaughnessy et al., 2002). This information is
consistent since androgen plays a key role in the matu-
ration of ALC, because it seems essential for the acqui-
sition of steroidogenic enzymes in later stages of the
Leydig cell lineage (Bremner et al., 1994; Buzek and
Sanborn, 1988; Mendis-Handagama and Ariyaratne,
2001; O’Shaughnessy et al., 2002). Interestingly, the
amount of AR detected in immunocytochemistry varied
drastically in the mature ALC population, so that
these cells could be classified into low, medium or
strong AR-staining. In addition, only about one third of
three-month-old animals showed large amounts of the
enzyme 113-HSD1, in contrast to the adult rats, where
all ALC were positive for this enzyme (Ariyaratne and
Mendis-Handagama, 2000; Phillips et al., 1989). The
variation in AR expression and the 118-HSD1 immuno-
cytochemical data suggest marked differences in the
activity of steroid synthesis within the population of
mature ALC in this species, indicating that some of
them are more active than others. Although some
degree of functional activity had been previously
described for mature ALC in mice (Mendis-Handagama
and de Kretser, 1992), it was very sharp, pointing to a
marked heterogeneity in gerbils.

In summary, ALC differentiation in the Mongolian
gerbil follows the pattern found in other laboratory
rodents involving the main progressive stages of matu-
ration, as well as their phenotypic and immunocyto-
chemical characteristics. However, the population of
mature ALC found in adult animals exhibits a singular
phenotype and it is heterogeneous in relation to the
specific functional marker 113-HSD1 and androgen
sensitivity.
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Resumo

O presente estudo descreve as mudangas populacionais dos principais tipos celulares do
tecido intersticial do gerbilo da Mongolia, do nascimento até a senilidade, com énfase para as
células de Leydig adultas (CLA) e fetais (CLF). Também ¢ determinada a maturagdo testicular
nesse roedor. Andlises histoldgicas e imunocitoquimicas associadas a métodos quantitativos
foram realizadas em testiculos de gerbilos com 1 dia, 1-8, 12 e 72 semanas de idade (si). O
numero de CLF ndo variou do nascimento até a senilidade. Em contraste, tanto o volume
absoluto quanto o nimero total dos demais tipos celulares do tecido intersticial aumentaram
continuamente com a idade. Os niveis séricos de testosterona aumentaram expressivamente a
partir da 6 si, diminuindo drasticamente nos animais senis. A razdo macréfagos:CLA passou
de 1:8 na 4* e 5% si para 1:4 entre a 6* ¢ 12 si, e cai para 1:2 nos animais senis. As primeiras
células mesenquimais positivas para a 3-hidroxiesteréide desidrogenase foram observadas na
2% si, enquanto as células 11B-hidroxiesteroide esterdide desidrogenase 1-positivas comecam a
ser notadas nos animais com 5 si. As transformagdes no intersticio testicular do gerbilo sdo
semelhantes aqueles encontrados para outros roedores, contudo o surgimento das CLA e
aumento no numero total dessas células ocorrem mais tardiamente e continuam acontecendo até
a senilidade. Além disso, o nimero de CLF permanece constante nos animais senis. A
padronizacdo dos principais periodos do desenvolvimento testicular no gerbilo indica que a
maturidade testicular ocorre por volta da 12%si. A sintese de esterdides nos animais senis ¢

comprometida devido ao prejuizo funcional das CLA.

Palavras-chave: células de Leydig, tecido intersticial, gerbilo, testosterona, senil
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Introducao

Duas populagdes morfologica e funcionalmente distintas de células de Leydig sdo
reconhecidas no testiculo de mamiferos: as células de Leydig fetais (CLF) e as células de
Leydig adultas (CLA) (Lording e De Kretser, 1972; Mendis-Handagama et al., 1987;
Haider e Servos, 1998; Majdic et al., 1998; Ariyaratne et al., 2000). Ambas sdao importantes
para a sintese e secrecdo de androgeno, em periodos distintos do desenvolvimento. A
primeira ¢ formada a partir de células mesenquimais precursoras, por volta do 14° dia de
gestacdo no rato (Majdic et al., 1998). Inicialmente, considerou-se que seu numero
diminuia durante a vida pods-natal devido a degeneragdo (Lording ¢ De Kretser, 1972;
Mendis-Handagama et al., 1987) ou desdiferenciacdao (Gondos et al., 1974), levando ao seu
desaparecimento. No entanto, estudos posteriores revelaram nao apenas a presen¢a de CLF
em testiculo de ratos adultos (Kerr e Knell, 1988; Ariyaratne ¢ Mendis-Handagama, 2000),
mas também que seu numero permanece constante até a maturidade sexual (Ariyaratne e
Mendis-Handagama, 2000).

Em roedores sexualmente maduros, a populagdo de CLA ¢ a mais abundante e a
principal fonte de androgenos (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004; Wu
et al., 2007). A diferenciacdo das CLA inicia-se por volta do 10° dia pés-natal, no rato, a
partir também de células precursoras mesenquimais nao esteroidogénicas (Mendis-
Handagama e Ariyaratne, 2001; Haider, 2004). Tao logo as células precursoras tornam-se
comprometidas com a linhagem de células de Leydig, elas passam a expressar enzimas
esteroidogénicas, como a 3[-hidroxiesterdide desidrogenase (33-HSD) (Haider et al., 1986;

Teerds et al., 1999; Ariyaratne et al., 2000; Mendis-Handagama e Ariyaratne, 2001). Além
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das progenitoras, sabe-se que o processo de diferenciagdo das CLA envolve varias
mudang¢as morfologicas e funcionais com a formagao de tipos intermediarios como as CLA
recém-formadas, imaturas e maduras (Mendis-Handagama e Ariyaratne, 2001; Haider,
2004; Wu et al., 2007). A diferencia¢do e atividade secretora dessa linhagem de células
endocrinas sdo reguladas pelo LH (Mendis-Handagama e Ariyaratne, 2001; Haider, 2004;
Wu et al., 2007). Contudo, os fatores pardcrinos secretados por outros tipos celulares
presentes no intersticio, tais como os macrofagos, as células endoteliais e peritubulares tém
assumido um papel fundamental nesses processos (Skinner, 1991; Ergun et al., 1997; Hales,
2002; Anand et al., 2003). Por esse motivo, as analises quantitativas das populagdes de
células de Leydig e todos os outros componentes do tecido intersticial tornam-se muito
importante para se entender melhor a dinamica que envolve a diferenciagdo dessas células.
O gerbilo (Meriones unguiculatus) ¢ um roedor nativo das regides aridas da
Mongolia e da China e representa um interessante modelo experimental na investigacao
biomédica (Rich, 1968; Cao et al., 2005; Ter-Mikaelian et al., 2007; Wiedemann et al.,
2009). Embora existam alguns relatos na literatura que incluem descrigdes do
desenvolvimento pds-natal do testiculo (Ninomiya e Nakamura, 1987), aspectos da
diferenciagdo das espermatides relacionados a formagdo do acrossomo e duracdo da
espermatogénese (Segatelli er al. 2000, 2002, 2004), pouco ¢ conhecido sobre a biologia
reprodutiva dessa espécie. Muitos estudos abordam as alteragdes no tecido intersticial de
diferentes roedores durante o desenvolvimento pos-natal (Lording e De Kretser, 1972;
Mendis-Handagama et al., 1987; Zirkin ¢ Ewing, 1987; Kerr e Knell, 1988; Ariyaratne ¢
Mendis-Handagama, 2000), mas poucos o fazem de maneira qualitativa e contemplando os

principais estdgios de maturacio (Ariyaratne e Mendis-Handagama, 2000). Esse panorama
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¢ essencial para a interpretacdo dos eventos envolvidos com a maturagdo sexual bem como
para o estabelecimento de comparagdes entre os roedores. Nao sdo do nosso conhecimento
estudos que contenham informagdes quantitativas dos tipos celulares que compde o tecido
intersticial do gerbilo, nem tampouco abordem as alteragcdes na funcdo esteroidogénica
durante os periodos neonatal, pubere e adulto. Portanto, o objetivo deste trabalho foi
avaliar as mudangas nas principais populagdes celulares do tecido intersticial do gerbilo da
Mongolia do nascimento até a senilidade e as repercussdes nos niveis séricos de esteroides

sexuais e na diferenciacdo do epitélio germinativo.

Material e Métodos

Animais

Os gerbilos foram mantidos no biotério do Instituto de Biociéncias, Letras e
Ciéncias Exatas da UNESP, campus de Sao José¢ do Rio Preto (SP). A reprodugdo e
manuten¢do dos animais foram realizadas em condigdes controladas de luminosidade e
temperatura controlada (23-25°C) e umidade (40-60%), sendo fornecidas agua filtrada e
racdo Purina® na forma de grios (Labina-Purina, Paulinia, SP, Brazil) “ad libitum”. Os
procedimentos experimentais foram realizados de acordo com o Colégio Brasileiro de
Experimentagdo Animal e aprovados pela Comissio de Etica na Experimentagio Animal da
UNESP, (Protocolo CEEA n°. 31/07). As familias foram avaliadas diariamente no periodo
da manha e o dia do nascimento dos filhotes foi considerado o dia 0 de vida pds-natal.

Foram utilizados gerbilos machos com 1 dia, 1-8, 12 ¢ 72 semanas de idade (si) (n=8).
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Processamento dos testiculos

Os animais foram anestesiados com Ketamina (800 pl/kg) e Xilazina (200 pl/kg) e
os testiculos direitos foram removidos, separados do epididimo e pesados para obter o peso
do testiculo fresco. A gravidade especifica de cada testiculo foi determinada pela técnica da
flutuag¢do usando uma série de solugdes de sacarose de concentra¢do conhecida e variavel,
como descrito previamente (Mori e Christensen, 1980; Mendis-Handagama e Ewing,
1990), para determinar o peso do testiculo fresco. Os gerbilos até 2si foram mortos por
inalacao de CO, e os testiculos esquerdos foram fixados por imersdo. A perfusdo vascular
com solucdo salina heparinizada (Sprando, 1977), seguida pela solugdo fixadora, foi
realizada nos animais mais velhos. Logo apos a perfusdo, os testiculos esquerdos foram
retirados ¢ imersos em solugdo fixadora. Para analises imunocitoquimicas os testiculos
foram fixados por 6h em fluido de Bouin, lavados por varios dias em alcool 70% para
remoc¢do do acido picrico e, entdo, processados para inclusdo em Paraplast (Merck,
Darmstadt, Alemanha). Cortes de 4um de espessura foram aderidos em laminas
previamente silanizadas. Para as andlises em microscopia de luz de alta resolugdo, os
testiculos foram fixados em solu¢do de glutaraldeido 2,5%, acido tanico 1%, sacarose 3,5%
e cloreto de célcio SmM em tampao cacodilato 0,1M pH 7.4, a 4°C. Apds 1h nesta solugdo,
foram seccionados em fragmentos menores e fixados por mais 1h em solu¢do semelhante.
Os fragmentos de 1-2mm de espessura, apds lavagem em tampao, foram pos-fixados em
solucdo aquosa de tetroxido de 6smio a 1%, desidratados em acetona e incluidos em
araldite 502 (Electron Microscopy Sciences, Hatfield, PA, USA). Cortes semifinos com

Ium de espessura foram corados com Azul de Toluidina. As analises histologicas foram
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feitas em fotomicroscopio (Olympus, Hamburg, Germany), e as imagens digitalizadas
usando-se o software Image Pro-plus 6.0 for Windows (Copyright® 1993-2006 Media

Cybernetics, Inc., Bethesda, MD, USA).

Fases do desenvolvimento testicular

Os corddes/tibulos seminiferos foram analisados em cortes de parafina corados com
HE para determinar as diferentes fases do desenvolvimento pds-natal testicular: impubere,
pré-pubere, pubere e adulto. Tal determinagdo foi efetuada com base no processo de
formagao do limen e presenca ou auséncia de gondcitos, espermatogonias, espermatocitos
primarios e espermatides finais e espermatozoéides, segundo Courot et al. (1970) e Segatelli

et al. (2002).

Andlises histologicas e estereologicas

Os diferentes tipos celulares do parénquima testicular do gerbilo — células de Leydig
fetais e adultas, macrofagos, células mesenquimais, peritubulares, endoteliais e pericitos -
foram identificados em cortes semifinos, de acordo com as descrigdes publicadas
anteriormente (Mendis-Handagama e Ariyaratne, 2001; Pinto et al., 2009) e os seguintes
parametros foram determinados:

1. Volume absoluto: o volume absoluto (mm®) ocupado por cada tipo celular foi
calculado pela multiplicacdo da densidade de volume (Dv) de cada tipo celular pelo volume
(mm”’) do testiculo fresco. A Dv, definida como volume de cada tipo celular por unidade de
volume testicular, foi obtida pelo método de contagem de pontos (Weibel, 1963), usando

uma gride ocular com 130 pontos. Quatro campos de cada corte foram escolhidos com a
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objetiva de 100x e foram empregados 20 blocos/grupo para os animais com 1 dia de idade,
40 blocos/grupo para os animais com 1 si e 50 blocos/grupo para os animais das demais
idades. O volume do testiculo fresco (mm®) foi determinado pela divisio do peso (g) do
testiculo fresco pela sua densidade (densidade = gravidade especifica em unidades
métricas) (Mori e Christensen, 1980; Mendis-Handagama ¢ Ewing, 1990).

2. Niimero total de células por testiculo: o numero total de cada tipo celular do
tecido intersticial por testiculo foi calculado pela multiplicagdo da densidade numérica (Nv)
pelo volume do testiculo fresco (Mendis-Handagama et al., 1988). A Nv (niumero de células
por unidade de volume testicular) de cada tipo de célula intersticial (células de Leydig fetal
e adulta, macrofagos, células mesenquimais, peritubulares, endoteliais e pericitos) foi
quantificada pelo método do dissector (Sterio, 1984), com modificagdes descritas por

Mendis-Handagama e Ewing (1990).

Imunocitoquimica 3-HSD e 11-HSD1

A imunocitoquimica para as enzimas 3p-hidroxiesteroide desidrogenase (33-HSD -
sc-30820/Santa Cruz Biotechnology, INC) e 11B-hidroxiesterdide esteroide desidrogenase
1 (11B-HSD1 - sc-20175/Santa Cruz Biotechnology, INC) foi realizada de acordo com os

procedimentos descritos previamente (Pinto et al., 2009).

Dosagem hormonal

O sangue foi coletado por pungdo cardiaca, o soro foi separado por centrifugacio e

armazenado a -20°C para subseqiientes ensaios. A determinacdo dos niveis séricos de
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testosterona e estrogeno foi realizada em aparelho automatizado de andlise
quimioluminescente ultra-sensivel (Johnson & Johnson, Langhorne, PA, USA) em um
laboratoério de analises clinicas de referéncia. Oito animais por grupo foram usados e os
testes foram realizados em triplicata. A sensibilidade do método foi de 1-1500 pg/mL para

testosterona e 0,1-3814 pg/mL para estradiol.

Andlises Estatisticas

Os dados quantitativos obtidos foram analisados pela Analise de Variancia (One-
way ANOVA) e pelo teste de Tukey para comparagdes multiplas com nivel de significAncia
de 5% (p<0,05), usando o programa Statistica 7.0 (Copyright©StatSoft, Inc. 1984-2004,

Tulsa, OK, EUA).

Resultados

Dados biométricos
O aumento médio do peso corporal e testicular dos animais foi continuo do

nascimento até velhice (Fig. 1).

Fases do desenvolvimento testicular
A fase impubere, caracterizada pela predominante presenca de gondcitos e auséncia
de lumen nos corddes seminiferos, se estendeu até a 2° si (Fig. 2A) . O periodo pré-pubere

acontece da 3% a 5% si. No inicio desse periodo (3% si) os gondcitos ja ndo sdo mais vistos e
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verifica-se uma intensa atividade mitdtica, correspondente a proliferacdo das
espermatogonias (Fig. 2B). Na semana subseqliente, aparecem os espermatocitos primarios
e inicia-se a formagdo do lumen (Fig. 2C). A puberdade vai da 6* a 8% si, quando ocorre
um consideravel aumento do diametro tubular e surgimento das espermatides alongadas
(Fig. 2D, E). Os gerbilos com 12 si apresentaram o testiculo maduro, exibindo o ciclo do

epitélio seminifero completo e inlimeros tibulos contendo espermatozoides livres (Fig. 2F).

Caracterizacdo dos tipos de células intersticiais

As CLF sdo facilmente reconhecidas nos animais jovens devido a abundancia de
goticulas lipidicas de grande tamanho no citoplasma, e nucleo grande e esférico (Fig. 3C,
D, F). Independentemente da idade, as CLF formam aglomerados compactos contendo uma
pequena quantidade de células, rodeados por fibroblastos (Fig. 3C, D, F, J, K). Essas
células sdo positivas para a enzima 33-HSD (Fig. 3C) e negativas para a 113-HSDI1 (Fig.
3K). A identificacdo das células de Leydig progenitoras na 2* si foi possivel devido a
expressdao da enzima 3B-HSD (Fig. 3B). As CLA recém-formadas apresentam formato
aproximadamente poligonal, nucleo esférico ou ligeiramente ovalado e citoplasma escasso
sem goticulas lipidicas (Fig. 3D). Elas foram identificadas ndo somente com base na
morfologia, mas também pela expressao da 3B-HSD (Fig. 3E). J4, as CLA imaturas
possuem nucleo volumoso, cromatina descompactada, nucléolo evidente e citoplasma com
varias goticulas lipidicas. Tais goticulas possuem um tamanho menor do que as observadas
nas CLF (Fig. 3F, H). As CLA maduras apresentam estrutura bastante peculiar, descrita em

pormenores por Pinto et al. (2009). Em resumo, exibem formato poliédrico achatado,
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apresentam nucleo esférico ou levemente oval, com cromatina extremamente
descompactada e nucléolo muito proeminente e um canaliculo citoplasmatico perinuclear.
O citoplasma contém nenhuma ou poucas goticulas lipidicas (Fig. 3H, J). As CLA
imaturas e maduras sdo positivas para a enzima 113-HSD1 (Fig. 3G, I, K).

Os macrofagos se diferenciam das células de Leydig, pois sao células grandes, com
nucleo esférico e proeminente contendo varios grumos de heterocromatina. O citoplasma ¢
pouco corado e contém vactiolos de tamanhos variados e granulos fortemente corados (Fig.
3A, H, J). As células mioides foram reconhecidas pelo intimo contato com os
corddes/tibulos seminiferos, exibindo, quando diferenciadas, formato fusiforme e nucleo
alongado e fortemente corado. As células endoteliais dos vasos sanguineos foram
diferenciadas pelo formato pavimentoso e nucleo eliptico. Os pericitos foram facilmente
distinguiveis dos outros tipos celulares devido a intima associa¢do com a parede externa
dos vasos sanguineos, pelo nticleo intensamente corado em formato de meia-lua e escassez
de citoplasma (Fig. 2). Os demais tipos de células do tecido intersticial, com formato
fusiforme e caracteristicas de fibroblastos, foram coletivamente designados de células

mesenquimais.

Estereologia

Os volumes absolutos dos principais componentes testiculares sdo mostrados na
Tabela 1. O volume absoluto do epitélio seminifero e do tecido intersticial aumentaram
expressivamente com a idade. O volume absoluto das CLF nao variou até a 3% si, mas

diminuiu significativamente a partir da 4* si, quando surgem as primeiras CLA. O volume
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absoluto das CLA, inicialmente baixo (4". si), aumentou exponencialmente com a idade. Ja,
o volume absoluto das células mesenquimais ndo variou na 1* si, mas aumentou
significativamente nas demais idades. Os demais tipos celulares, os vasos sangiiineos e
espacos linfaticos seguiram o mesmo padrao de aumento das células mesenquimais.

O numero de CLF ndo variou do nascimento até a senilidade, enquanto o numero
total dos demais tipos celulares do tecido intersticial aumentou com a idade (Tabela 2). A
razdo macrofagos/células de Leydig adultas (M/CLA) aumentou até a 3? si, caindo para
cerca de 1:8, na 4* ¢ 5% si. Entre a 6* ¢ 12% si a relagdo M/CLA foi 1:4 e nos animais senis
ela aumentou para 1:2, tendo em vista que o numero de macrofagos praticamente dobrou
em relagdo aos animais de 12 si. Conforme revelado pelo numero total de células, a
freqliéncia relativa das células mesenquimais ¢ CLF diminui progressivamente, enquanto
para as CLA ocorre o contrario, especialmente a partir da 5* si (Fig. 4A). Quanto aos
demais tipos celulares, verificou-se um aumento da freqiiéncia relativa de macrofagos e das
células endoteliais, enquanto a freqiiéncia relativa de células midides e dos pericitos

manteve-se aproximadamente constante nas diferentes idades (Fig. 4B).

Niveis séricos hormonais

Os niveis séricos de testosterona nao variaram até a 5 si, aumentando drasticamente
na 6 si, e em menor grau na 12* si. Enquanto os niveis séricos de estrogeno apresentaram
pequenas variagdes durante o desenvolvimento pods-natal. Nos animais senis verificou-se

uma diminui¢do acentuada nos niveis séricos desses dois hormonios (Fig. 5).
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Discussao

Recentemente, as caracteristicas fenotipicas dos principais estagios de diferenciagdo
das células de Leydig e o respectivo tempo de surgimento, foram descritos para o gerbilo da
Mongolia, com destaque para morfologia atipica das células adultas e funcionalmente
maduras (Pinto et al., 2009). Em continuidade a esse estudo e visando fornecer um
panorama mais completo sobre o desenvolvimento testicular nesse roedor, as variagdes
numéricas nas duas principais populacdes de células de Leydig (CLF e CLA) e dos demais
tipos celulares do tecido intersticial foram determinadas, desde o nascimento até a idade
senil. E esses dados foram confrontados com o desenvolvimento do epitélio seminifero e os
niveis séricos de esterdides sexuais.

As andlises do numero total de células indicaram que as CLF de gerbilos
apresentam exatamente o mesmo comportamento identificado previamente para outros
roedores, persistindo em quantidade no periodo pos-natal (Ariyaratne ¢ Mendis-
Handagama, 2000). Como nao houve mudanga no numero das CLF e o peso testicular
aumentou consideravelmente ndo apenas durante a puberdade, mas também durante a idade
adulta, o volume absoluto dessas células diminuiu. E conhecido que existe uma possivel
relacdo inibitoria reciproca entre as CLF e as CLA em diferenciagdo (O'Shaughnessy et al.,
2006), sendo que os mesmos fatores que estimulam a diferenciagdo das CLA agem
causando hipotrofia das CLF.

O surgimento da populagdo de CLA no testiculo de rato tem inicio entre o 10° ¢ 14°
dia e as mesmas aumentam significantemente em niimero e volume apos 21° dia (Mendis-
Handagama et al.,, 1987; Ariyaratne e Mendis-Handagama, 2000). No gerbilo, a

transformagdo das células indiferenciadas em CLA também ocorre por volta do 14° dia,
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quando s3o observadas algumas células mesenquimais positivas para a enzima 33-HSD, as
células de Leydig progenitoras. No entanto, as CLA recém formadas, as primeiras a
exibirem morfologia tipica de CLA, s6 foram observadas com 4 si (Pinto et al., 2009),
enquanto no rato essas sao observadas com 3 si (Ariyaratne e Mendis-Handagama, 2000;
Mendis-Handagama e Ariyaratne, 2001). Embora com 4 si o testiculo do gerbilo ja
apresente CLA, CLA recém formadas, essas ainda nao expressam a enzima 11p3-HSDI1, um
marcador da maturidade funcional das células de Leydig, mas a medida que vao
diferenciando-se em CLA imaturas vao adquirindo gradualmente essa enzima (Mendis-
Handagama e Ariyaratne, 2001). Um pequeno numero de células positivas para a 11p-
HSD1 foi observado nos animais com 5 si, no entanto, elas tornam-se abundantes apos 6 si.
Nesse periodo, a populagdo de CLA aumenta drasticamente, conforme indicado pelos
valores de volume absoluto e nimero total de células.

O aumento do volume absoluto e do numero das células mesenquimais,
peritubulares, endoteliais e pericitos foram progressivos com o avango da idade. Esse fato ¢
necessario porque o aumento do nimero dessas células torna-se essencial para acompanhar
o aumento de volume do orgdo e a expansdo do tecido intersticial. Os resultados
demonstrados neste trabalho estdo de acordo com outros descritos previamente para o rato
para todos esses tipos celulares (Ariyaratne e Mendis-Handagama, 2000).

Os niveis séricos de testosterona ndo foram diferentes entre a 2* e 5 si. Isso €
explicado pela constincia das CLF visto que essas tem sido implicadas na producdo de
androgenos em roedores nos periodos fetal e neonatal (O'Shaughnessy et al., 2006).

Embora a partir da 4°. si as CLA recém-formadas j& sejam observadas, estudos com o rato
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apontam para uma menor capacidade secretéria em relacdo as CLA maduras (Eckstein et
al., 1987). O aumento abrupto nos niveis de testosterona sérica na 6. si confirma os
achados imunocitoquimicos ¢ refor¢a que as CLA se tornam funcionais nesse periodo.
Adicionalmente, os aumentos progressivos nos niveis de testosterona, que ocorrem a partir
da 6% até a 12% si, refletem tanto o aumento populacional das CLA como a maior
capacidade esteredoigénica.

Nos animais velhos os niveis séricos de testosterona decaem, mesmo com O
aumento do volume absoluto e do numero de CLA, o que aponta para um
comprometimento da atividade funcional destas células com a idade. Outros autores tém
sugerido que o aumento desta populagdo celular ocorra na tentativa de manutencdo dos
niveis androgénicos normais (Mendis-Handagama e Gelber, 1995). Analises especificas
para determinar os possiveis mecanismos responsaveis pelo prejuizo funcional das CLA
com a idade estdo em andamento e dados ultra-estruturais apontam para significativas
alteracdes degenerativas (dados ndo mostrados). Estudos prévios demonstraram que todas
as etapas, desde a ligacdo do LH ao seu receptor até a ultima reagdo enzimatica da via
biosintética da testosterona, sdo alteradas devido ao envelhecimento das células de Leydig
(Luo et al., 2005). Sabe-se também que as espécies reativas ao oxigénio sao um subproduto
da esteroidogénese, entdo a supressdao da esteroidogénese nos animais velhos evitaria que
os radicais livres causassem danos as células de Leydig (Chen e Zirkin, 1999; Zirkin e
Chen, 2000; Hanugoklu, 2006).

E conhecido que vérias fases do desenvolvimento testicular precedem a maturidade
testicular em mamiferos (Courot et al., 1970) e as mesmas foram estabelecidas para o

gerbilo. Ninomiya e Nakamura (1987) relataram que com 10 semanas os espermatozoides
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estdo presentes na maioria dos tubulos seminiferos e na cauda do epididimo, mas somente
com 12 si ocupam consistentemente esse ultimo 6rgao. Nosso estudo estd de acordo com os
achados de Ninomiya ¢ Nakamura (1987) em relacdo a presenga de espermatozoides nos
tubulos seminiferos com 12 si, e, além disso, verificamos que nesse periodo os niveis de
testosterona sdo os maiores em relagdo as demais idades. Juntas, essas evidéncias indicam
que o gerbilo atinge a maturidade testicular com 12 si, diferindo do rato ¢ do camundongo,
0s quais se tornam sexualmente maduros mais cedo, por volta da 8* si (Courot et al., 1970).
Os macrofagos estdo presentes no testiculo de roedores durante e apos o
desenvolvimento pos-natal e a sua estreita associacdo fisica com as células de Leydig
sugere que ambos estdo funcionalmente conectados (Gaytan et al., 1996; Gaytan et al.,
1997; Hales, 2002). O numero de macréfagos aumenta drasticamente desde o nascimento
até a maturidade sexual. No testiculo imaturo, os macrofagos sdo encontrados tanto livres
como proximo as células de Leydig, enquanto na puberdade eles sdo incorporados aos
aglomerados de células de Leydig formando intimas associagdes (Hales, 2002; Tran et al.,
2006). De acordo com estudos prévios ha cerca de um macréfago para cada quatro células
de Leydig no testiculo de roedor (Hutson, 1994), propor¢do confirmada para o gerbilo
adulto. O papel dos macréfagos varia nas diferentes fases do desenvolvimento da vida pos-
natal do rato. Sob condi¢des fisioldégicas normais e nao-inflamatoérias, eles secretam varios
fatores de crescimento que levam a proliferagdo e diferenciacdo das células de Leydig
(Hales, 2002; Bornstein et al., 2004). Os macrofagos também desempenham uma fungao
importante na regeneragdo de muitos tipos celulares apos lesdo tecidual, pois secretam
fatores de crescimento essenciais para a resposta antiinflamatoria. A droga citotoxica etano

1,2-dimetano sulfonato (EDS) causa destrui¢do das células de Leydig e, por isso, tem sido
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extensivamente usada para estudar a regeneragao desse tipo celular. Apds o tratamento com
EDS ocorre uma intensa fagocitose de células de Leydig mortas por macrofagos testiculares
e um subseqiiente aumento na atividade proliferativa, assim que uma nova populagdo de
células de Leydig ocupa o intersticio. Um aumento no numero de macrdéfagos e os
primeiros sinais morfolégicos de inflamagdo ocorrem ao mesmo tempo (Teerds et al.,
1989). E provavel que a fagocitose das células de Leydig necrdticas ou apoptéticas, e/ou
outros sinais, ative a secrecdo de fatores de crescimento pelos macrofagos, os quais
estimulam a atividade proliferativa das células intersticiais. Se os macrofagos estio
ausentes no intersticio testicular, as células de Leydig ndo se desenvolvem normalmente.
Esses estudos sugerem que os macrofagos fornecam elementos essenciais para a
diferenciagdo e crescimento dessas células (Hales, 2002; Bornstein et al., 2004). Em
contrapartida, quando os macrofagos sdo ativados e passam a produzir mediadores
inflamatorios, a esteroidogénese ¢ inibida nas células de Leydig. Os macréfagos ativados
produzem citocinas, como interleucina-1 (IL-1) e fator de necrose tumoral-a (TNF-a), que
parecem atuar como repressores transcricionais da expressao génica de enzimas envolvidas
na esteroidogénese (Hales, 2002; Bornstein et al., 2004). Neste trabalho observamos que o
nimero de macréfagos por CLA aumenta exatamente no periodo em que o nimero de CLA
aumenta significativamente. Além disso, nos animais senis essa razao dobra. Esses achados
corroboram a participacdo dos macrofagos na diferenciacdo das CLA durante o
desenvolvimento pds-natal e, sobretudo, indicam um papel inibitério dos macrofagos sobre
a esteroidogénese nos animais senis.

As mudangas que ocorrem no intersticio testicular do gerbilo sdo bastante similares

aqueles encontrados para outros roedores, com a persisténcia do numero de CLF até a
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senilidade. Entretanto, a maturacdo das CLA e o aumento no numero total dessas células
ocorrem mais tardiamente e continuam acontecendo nos animais senis. O
comprometimento da sintese de esterdides nesse ultimo periodo decorre do prejuizo
funcional das CLA. Nossos dados padronizam os principais periodos do desenvolvimento

testicular no gerbilo e indicam que sua maturidade testicular ocorre por volta da 12%si.
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Legenda das figuras

Figura 1 — Peso corporal (g) e testicular (mg) de gerbilos do nascimento até a senilidade.
Os valores representam a média + desvio padrdo. a, b, ¢, d, e, f, g = diferenca estatistica

entre oS grupos.

Figura 2 — Cortes histologicos em parafina corados com HE de testiculo de gerbilos em
diferentes fases do desenvolvimento pds-natal, mostrando os tibulos seminiferos (inset) ou
detalhe do epitélio seminifero. A —2; B—-3; C—-4; D - 6; E — 8; F — 12 semanas de idade.
Legenda: G — gondcito; m — mitose; ap — células apoptoticas; P - espermatdcito em
Paquiteno; St - espermdtide esférica; St15- espermatide alongada na fase 15 de

diferencia¢do. Aumento: 400x; inset — 200x.

Figura 3 — Cortes semifinos corados com azul de toluidina e imunolocaliza¢do das enzimas
3B-hidroxiesterdide  desidrogenase (3-HSD) e 11B-hidroxiesteroide esterdide
desidrogenase 1 (11B-HSD1) no tecido intersticial de gerbilos com 2 (A, B, C), 4 (D, E), 5
(F, G), 12 (H, I) e 72 (J, K) semanas de idade. As células de Leydig fetais (CLF) sdo vistas
formando aglomerados (C, D, F, J, K). A linhagem de células de Leydig adultas distingue-
se quanto a morfologia e expressdo de enzimas nas diferentes etapas do desenvolvimento
pos-natal: PG - células de Leydig progenitoras (A, B); NF - células de Leydig adultas
recém-formadas (D, E); I - células de Leydig imaturas (F, G, H); M - células de Leydig

maduras (H, J). Ambas as células de Leydig imaturas e maduras sao 11B3-HSD1-positivas
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(G, I, K). As células peritubulares (md) sdo alongadas com formato fusiforme e encontra-se
em intimo contato com os tubulos seminiferos. Ja as células mesenquimais (me) sdo vistas
ao redor dos tubulos seminiferos ou dispersas pelo citoplasma. Ainda s3o mostrados
macrofagos (ma), células endoteliais (en), pericitos (pc), componentes da membrana basal

que circunda as CLF (cabeca de seta) e vasos sangiiineos (bv). Barras = 20 um.

Figura 4 — Porcentagem do niimero total por testiculo de células mesenquimais, células de
Leydig fetais e células de Leydig adultas (A) e dos demais tipos celulares intersticiais (B)

de gerbilo em todas as idades estudadas.

Figura 5 — Niveis séricos de testosterona e estrogeno de gerbilos 2 a 72 semanas de idade.
Os valores apresentados representam a média + desvio padrdo. a, b, ¢, d, e = diferenca

estatistica entre os grupos.
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Figura 1
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Figura 2
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Figura 4
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Figura 5
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CONCLUSOES GERAIS

1. A diferenciagdo neonatal dos gonocitos, no gerbilo da Mongdlia, ocorre de maneira
assincronica entre os corddes seminiferos, se estende por um periodo de tempo maior em
relacdo a outros roedores e estd associada a perda de sensibilidade ao andrégeno pelas
células germinativas. A migra¢do dos gondcitos para a membrana basal ¢ observada logo
no primeiro dia de idade, continua até a segunda semana pos-natal e esse processo ¢
seguido pela rapida diferenciacdo em proespermatogonias. A existéncia de gondcitos por
periodo de tempo maior em comparacdo com outros roedores aponta o gerbilo como um
modelo util em investigagdes sobre a biologia dessas células pluripotentes e sua transi¢ao

para espermatogonias, as quais sao ainda pouco compreendidas.

2. O processo de diferenciacdo das células de Leydig adultas, no gerbilo, segue em linhas
gerais o estabelecido para outros roedores, mas apresentam algumas particularidades. Tal
processo envolve a formacao de estagios progressivos de maturacao, correspondentes as
progenitoras, recém formadas, imaturas e maduras, que surgem respectivamente com 2, 4, 5
e 6 semanas de idade. Em sua maioria, esses estdgios sdo fenotipica e
imunocitoquimicamente semelhantes aos de outros roedores. As células de Leydig
maduras, contudo, apresentam morfologia singular, com um canaliculo citoplasmatico
perinuclear e exibem uma heterogeneidade funcional, conforme evidenciado pela expressao

do marcador da maturidade funcional 11B3-HSD1 e de receptores de androgeno.

3. As transformagdes do tecido intersticial, em termos do volume absoluto ¢ nimero total
de células e secre¢do de testosterona, sdo similares aqueles encontrados para outros
roedores. No entanto, o surgimento das CLA e o aumento no nimero total dessas células
ocorrem mais tardiamente em relacdo a outros roedores e continuam acontecendo até a
senilidade. O numero de CLF persiste nos animais senis. A sintese de esterdides nos animais
senis ¢ comprometida pelo prejuizo funcional das CLA. A analise dos periodos do
desenvolvimento pds-natal do testiculo indica que a maturidade testicular no gerbilo ocorre por

volta da décima segunda semana de idade.
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4. Esse estudo fornece um panorama abrangente do desenvolvimento testicular do gerbilo
da Mongolia, ampliando o conhecimento sobre a biologia reprodutiva dessa espécie e

proporcionado os fundamentos para o desenvolvimento de estudos experimentais.
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