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Summary
In view of the increasing need for laboratory primates in
biomedical research it is desirable to develop appropriate
primate-specific cell culture models that could prevent or
significantly reduce the increasing use of primary cultures and
experiments with living animals. Follicular granulosa and
theca cells are essential for the control of hormone-dependent
processes such as the ovarian cycle and pregnancy, but
also for the occurrence of hormone-dependent diseases.
For this reason it is of great interest to know more about control
mechanisms existing in these follicular cell types and the effect
of pharmacological or toxicological agents on them. An
immortalisation protocol for the two ovarian cell types of the
marmoset monkey (Callithrix jacchus) has been developed.
All cell lines established so far were examined with regard to
the maintenance of known, tissue-specific features (e.g.
hormone responsiveness and enzyme expression). The results
obtained indicate that it is worth while cloning and character-
ising the cell lines in more detail so that they could be used
after an adequate validation as a defined test system both for
basic research as well as for pharmacological or toxicological
screening.

Zusammenfassung: Immortalisierung von ovariellen Granu-
losa- und Thekazellen des WeiBbiischelaffen
Um einem steigenden Bedarf an Primaten als Versuchstiere ent-
gegenzuwirken; ist es wiinschenswert, geeignete primaten-
spezifische Zellkultursysteme zu entwickeln, die die zunehmend
zu erwartenden Primarkultursysteme und Experimente am
lebenden Tier verhindern oder erheblicb redurieren konnen.
Granulosa- und Thekazellen sind essentiell fur die Steuerung
hormonabhdngiger Prozesse wie z, B. Menstruationszyklus und
Schwangerschaft, aber auch fur die Entstehung hormon-
abhdngiger Erkrankungen. Darum besteht ein grofJes Interesse
daran, mehr uber Kontrollmechanismen in diesen Zellen und
iiber pharmakologische und toxikologische Effekte auf diese
Zellen zu wissen. Es wurde ein Protokoll fur die Immorta-
lisierung der beiden Zelltypen aus den Eierstocken von
WeifJbuschelaffen (Callithrix jacchus) entwickelt. Alle bisher
entstandenen Zelllinien wurden auf Erhaltung bekannter
gewebstypischer Eigenschaften (z.B. Hormonempfindlichkeit
und Enzymausstattung) untersucht. Die bisher gewonnenen
Ergebnisse deuten darauf hin, dafJ es sehr lohnenswert ist,
einige der Zelllinien zu klonieren und detaillierter ru charak-
terisieren, so dass sie nach entsprechender Quaiitdtskontrolle
sowohl in der Grundlagenforschung als auch fur das pharma-
kologische und toxikologische Wirkstoffscreening als definiertes
Testsystem eingesetzt werden konnen.
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1 Introduction

During the last decade there has been a
continuous increase in the total number
of primates used as laboratory animals.
This is stated for example by the Annual
report on the use of laboratory animals,
edited by the German government
(Tierschutzbericht 2001 des deutschen
Verbraucherministeriums, http://www.ver-
brau cherminis teri um. de/tiers ch utz).
Data about primates were selected
from this report and compiled in Figure 1
which indicates that the increase
is caused mainly by rising numbers of
primates needed for drug testing.
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A further increase might also be ex-
pected with continuous advances in new
fields such as functional genomics.
Drug screening is a field where substan-
tial progress has been made in the
development of suitable cell culture
alternatives over the past years (Marx,
1996; Spielmann, 1996). Unfortunately
this statement does not pertain to
systems using cells from nonhuman
primates. From these animals only
primary cultures are in use which
provide limited cell numbers and the
standardisation of which is hard to
achieve. It is now time to prevent further
experiments with primary cultures by

the development of defined, differenti-
ated permanent cell lines.
For biomedical studies in the field of

reproductive biology the use of primate
models is indispensable, because in this
respect many physiological differences
are evident in primates compared to
other mammalian species. Moreover,
human tissue from healthy, pharma-
cologically unimpaired ovaries is not
readily available in most cases. Animal
models like the marmoset monkey (Fig.
2) can provide tissue of defined physio-
logical origin.
This small New World monkey is a

widely used model species especially in
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Fig. 2: The marmoset monkey (Callithrix jacchus) is a
popular primate model in reproductive biology research
(Photograph: Courtesy of Alexander Schneiders).

Fig. 1: Number of primates used for animal experiments in
Germany since 1991. Data are derived from the Annual report
on the use of laboratory animals 2001 (Tierschutzbericht 2001
des deutschen Verbraucherministeriums).

been tried before
and might be of
interest for the
establishment of
cell lines from

reproductive biology research (Fraser
and Lunn, 1999). It is characterised by a
high fecundity and a short generation in-
terval. Ovarian anatomy and physiology,
including hormonal profiles during the
ovarian cycle show a strong similarity
to the human (Hearn, 1983; Hillier et al.,
1988). Furthermore, the marmoset mon-
key is the primate model of choice
in many toxicological studies (Smith et
al., 2001).
The development of permanent cell

lines as a defined primate-specific in
vitro system for research on reproductive
biology could serve several purposes. In
the first place, it would facilitate studies
on primate (including human) ovarian
function, such as hormone synthesis
or oocyte maturation, as well as studies
on hormone dependent diseases of the
primate ovary. In the fields of pharma-
cology or reproductive toxicology it would
be a more predictable test system than
others using rodent tissues, either in vivo
or in vitro. Furthermore, the evaluation
of different immortalisation protocols
would help to find general strategies for
the immortalisation of cells derived from
New World Monkeys, which has not
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other tissues.
Granulosa cells (GC) and theca cells

(TC) form the inner and outer layer of
the ovarian follicle wall (Fig. 3). In
the marmoset monkey during the
course of every ovarian cycle up to three
follicles are selected to reach the mature
stage of a preovulatory follicle. Only these
preovulatory follicles are capable of hor-
mone synthesis in response to a go-
nadotrophic hormone stimulus from the
pituitary. After the hormonal induction of
ovulation GC and TC of the preovulatory
follicles undergo a terminal differentiation
to form the corpus luteum. This process is
accompanied by endocrine and morpho-
logical changes and is called luteinisation.
It is a prerequisite for the implantation of
the conceptus and maintenance of early
pregnancy. GC and TC from preovulatory
follicles have to be used to study the
changes accompanying luteinisation.
In order to establish a permanent cell

line, primary cells have to be immor-
talised, i.e. their limited life span as
regular somatic cells has to be extended
(reviewed by Hopfer et al., 1996).
Immortalisation can take place sponta-
neously, by certain mutations which
occur often in rodent cells, but only

rarely in human and presumably only
rarely in other primate cells. Immortali-
sation can also be achieved experimen-
tally by transfection (transfer of a foreign
DNA) or by viral infection with certain
oncogenes. Oncogenes code for proteins
that deregulate the control of cell
proliferation. Some authors reported
recently on successful immortalisation
by transfection with the catalytic subunit
of the enzyme telomerase as an additional
method (Bodnar et al., 1998; Vaziri and
Benchimol, 1998; Morales et al., J 999).
In the project presented here the classical
oncogene approach was chosen, i.e.
immortalisation by transfection of the
well-characterised large T antigen DNA
of simian virus 40 (SV40LT). The
corresponding protein is known to be
targeted to the cell nucleus. There it is
thought to bind and inactivate certain
antioncogenes which code for proteins
that ensure a correct cell cycle control
and proliferation (Fig. 4).
After the selection of an appropriate

immortalising gene, a suitable technique
has to be found to transfer this DNA into
the cells. Classical methods utilising
agents such as calcium phosphate or the
polycation DEAE suffer from the disad-
vantage of being rather cytotoxic. Mean-
while several reagents are commercially
available that work more gently and
allow for transfection even in the presence
of serum in the cell culture medium.
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preovulatory
follicles

A

Fig. 3: Microscopic anatomy of a marmoset monkey ovary shortly before ovulation (day
7 of the follicular phase of the ovarian cycle). Two antral, preovulatory follicles are
visible. Inset: higher magnification view of the frame marked on one of the preovulatory
follicles. A = follicular antrum, GC = granulosa cell layer, TC = theca cell layer,
00 = Oocyte, BM = basement membrane. Hematoxylin-eosin staining, 20x magnification.

A common consequence of the immor-
talisation of primary cells is that they
dedifferentiate and undergo oncogenic
transformation, i.e. they lose their former
cell type-specific features. For this reason
immortalised cells have to be charac-
terised intensively to reveal conformity
or emerging differences compared to the
corresponding primary cells. Characteri-
sation studies in the present report have
focussed on cell-type specific steroid
hormone receptor expression and the
in vitro induction of enhanced prog-
esterone secretion, a characteristic
endocrine consequence of luteinisation
in vivo.

2 Animals, materials and methods

2.1 Animals
Adult, 3-6 year old marmoset monkeys
were maintained in family groups at the
German Primate Centre, Gottingen,
under standardised conditions
(Einspanier et al., 1994). All animals had
been trained to be handled for routine
blood collection. Blood samples were
retrieved twice a week over a period of
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three months for assessment of serum
progesterone levels by a specific enzyme
immunoassay (Heistermann et al., 1993).
This was done to check for regular ovar-
ian cycles and to determine the expected
time of ovulation. Three animals were
ovariectomised and provided large antral,
preovulatory follicles (> 2mm in diame-
ter) for the preparation of primary cul-
tures. Ovariectomy has to be performed
regularly for reasons of colony manage-
ment and was not carried out specifically
for the retrieval of GC and TC.

2.2 Vector constructs
Three different plasmid expression
vector constructs were used for trans-
fection. Their compositions are schema-
tically depicted in Figure 5.
The vector pEGFP-Cl (Clontech,

Heidelberg, Germany) was used for the
determination of transfection efficiency.
pBluescript-SV40 (Courtesy of Dr. Lisa
Wiesmiiller, Heinrich-Pette-Institut fur
Experimentelle Virologie und Immuno-
logie, Hamburg, Germany, Wiesmiiller et
al., 1996) and pMSSVLT (Schuermann et

rb107
binding ;a~~I:I~~9

\ / signal

p53
/binding

" /DNA binding

Fig. 4: Primary protein
structure of large T
antigen of SV40LT and
parts of the protein
which are thought
to be involved in the
immortalization
process (modified
from Modrow and

708 Falke 1998). Rb107
and p53 are cellular
anti oncogenes and
their proper function
is disturbed by
interaction with
SV40LT.

~~~:\ ~'y:~'-"O
<: \0

pEGFP-C1
(Clontech)

pBluescripl-SV40
(\I\I\"esmilller et al. 1996)

pMSSVLT
(Schuermann et al. 1990)

Fig. 5: Vectors used
for transfection.
pEGFP-C1 codes for
enhanced green
fluorescent protein.
pBluescript-SV40
contains the complete
genome of SV40-
strain number 776
including the large
T region, while
pMSSVLT contains
only the T-region of
the SV40 genome.
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al., 1990) include either the complete
genome of SV40 or only its large T
region, respectively, and were used for
immortalisation.

2.3 Cell culture
Primary cultures were prepared ac-
cording to an established protocol
(Einspanier et al., 1995, 1997). Briefly,
follicles were punctured and GC are
aspirated from the antrum. TC were re-
covered from the remaining part of the
follicle wall and were dissociated
mechanically and enzymatically. The
cells were washed in culture medium
(M199, Invitrogen Life Technologies,
Karlsruhe, Germany) supplemented with
100 IU/ml Penicillin, 100 pg/ml Strepto-
mycin (Invitrogen Life Technologies).
12-well-culture dishes (Costar, Coming,
USA) were precoated with fetal calf serum
(FCS). For this purpose, lml FCS was
applied per well, incubated overnight at
37°C, then aspirated and washed with
phosphate-buffered saline (PBS). Primary
GC and TC were plated separately on
these dishes at a density of 100,000
cells per well. After 48h, the different
immortalisation protocols were applied.
Electroporation was performed with

Gene Pulser II (BIORAD, Germany).
DMEM serumfree, 4mm cuvette 500, 000
celllml was tested with vector DNA-con-
centrations ranging between 1.0 - 5.0 ug.
The protocol for Effectenetv Trans-

fection Reagent (QIAGEN, Hilden,
Germany) was optimised according to
the manufacturers recommendation.
After transfection the cells were sub-

cultured in untreated dishes, in DMEM
(Invitrogen Life Technologies), supple-
mented with 10% FCS (PAA Laborato-
ries, Linz, Austria). A volume of 2/3 of
the culture supernatant was aspirated and
replaced by fresh medium three times a
week. When confluent, the cells were
passaged with 0.025% trysinlO.Ol% ED-
TA (PAA Laboratories). Stock cultures
were grown in TI5CN tissue culture
flasks (Sarstedt, Ntimbrecht, Germany).
The developing cell lines were named

according to the cell type (0 = granulosa,
T = theca), animal number, immortalis-
ing agent (SV = complete genome of
SV40 or LT = only large T-antigen from
SV40) and line number. For exampJe,
line G1SV1 originates from granulosa
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cells of animal 1, transfected with com-
plete genome of SV40.
For the preparation of genomic DNA or

RNA cells were trypsinised and cen-
trifuged according to standard protocols
(Freshney, 1994). They were washed with
PBS and the final pellet was stored frozen.

2.4 Nested PCR
Genomic DNA was prepared with the
DNeasy Mini Kit (QIAGEN). Oligonu-
cleotide primers were designed to amplify
a 699 bp fragment of the large T-DNA-
sequence in the first round and an inter-
nal 400 bp fragment in the second round
(see scheme in Fig. 8 and Weber et al.,
1994). In each round, 25 PCR cycles
were performed with Taq DNA-poly-
merase using an annealing temperature
of 60°C. For amplification with the
second primer pair the PCR-product of
the first round was diluted 1:100.
Genomic DNA from SVOp12 cells

(ATCC-Nr. CRL-8621) which are known
to contain SV40LT served as positive
control. Non-transfected cells served as a
negative control.

2.5 Assessment of progesterone
secretion

For stimulation experiments cells were
seeded at a density of 100,000
cell/ml/well in DMEMIl % FCS. They
were allowed to adhere overnight. Then,
8-bromo-adenosine 3'-5' -cyclic mono-
phosphate (8-Br-cAMP, SIGMA-
Aldrich, Munich, Germany) was added
at a final concentration of 1 mM accord-
ing to experimental requirements. At dif-
ferent points in time culture supernatants
were collected for progesterone measure-
ment by enzyme immunoassay (Heister-
mann et al., 1993). The cells were lysed
with 100 f.Il 0.3N NaOHIl % SDS and
used for protein determination (Mark-
well et al., 1981). Treatments were
always performed in triplicates. The
experiments were repeated at least twice.

2.6 Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Total RNA was prepared with the
RNeasy Midi Kit (QIAGEN) and was
digested with DNase (PROMEGA,
Mannheim, Germany) for 30 min at 37°C

TC

Fig. 6: Primary cultures before and 48h after transfection of pBluescript-SV40 using
Effectene™ transfection reagent. GC, TC = untransfected granulosa and theca cells,
GC-SV, TC-SV: the same cells after transfection. The transfection protocol itself
has no impact on cell morphology.
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to remove residual genomic DNA. The
synthesis of cDNA was performed using
2 flg of purified RNA with Oligo-dT-
Primers and SuperScriptII-Reverse 'Iran-
scriptase (Invitrogen Life Technologies)
according to manufacturers' instructions.
From this reaction 1 fll was subjected to
PCR analysis.
Oligonucleotide primers for PCR were

designed according to the published
sequences of the corresponding human
cDNAs (estrogen receptor ex: Green et al.,
1986, forward primer: GTG TAC CTG
GAC AGC AGC AA, reverse primer:
TCC AGG TAG TAG GGC ACC TG,
fragment size: 275 bp; progesterone
receptor: Misrahi et al., 1987, forward
primer: GGT CTA CCC GCC CTA TCT
CA, reverse primer: GGC TTG GCT TTC
ATT TGG AA, fragment size: 397 bp).
The PCR was performed for 35 cycles at
an annealing temperatue of 55°C. Ampli-
fication of ribosomal 26S protein mRNA
was used as an external standard to prove
RNA integrity and loading (Krazeisen et
al., 1999; Husen et al., 2001).
PCR-products were visualised apply-

ing 10 ul-aliquots from each reaction on
2% agarose gels stained with ethidium
bromide.

2.7 Immunofluorescence staining
For immunofluorescence cells were
seeded at a density of 10,000 cells/well
in 8-well-slides (Nunc, Wiesbaden, Ger-
many) and were allowed to adhere
overnight. Cells were washed with phos-
phate-buffered saline (PBS), fixed with
0.4% formaldehyde for 20 min and
permeabilised by 0.2% Triton-X 100
(SIGMA-Aldrich) for 3 min. Antibodies
were diluted in PBS/3% bovine serum
albumine and applied according to stan-
dard protocols (Husen et al., 1999).
Primary antibodies were directed to
estrogen receptor (ER-BlO-A, 1:100,
EUROMEDEX, Strasbourg, France)
progesterone receptor (PRlOA9,
Immunotech, Marseille, France) and 3B-
hydroxy steroid dehydrogenase (l :500,
courtesy of Dr. Ian Mason, University of
Edinburgh, U.K.). Secondary antibodies
were ALEXA Fluor" 546 rabbit anti-
mouse IgG (1:500, Molecular
ProbeslMoBiTec, Gottingen, Germany).
In negative controls the primary antibody
was replaced by non-immune IgG.
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Staining was visualised with an Axio-
phot fluorescence microscope using
Openlab 3.0™ digital image analysis
(Improvision, Coventry, Ll.K)

3 Results

3.1 Immortalisation
For the establishment of permanent gra-
nulosa and theca cell lines, preovulatory
follicles were obtained from three fertile
marmoset monkeys shortly before the
expected onset of the gonadotropin surge
that is preceding ovulation. Primary
cultures of granulosa and theca cells
were prepared and subjected to different
immortalisation protocols.
For the transfer of different vector

constructs into the cells we first tried
electro poration, but this technique
proved lethal in all attempts. Cells were
no longer able to adhere to the culture
substrate after this treatment. As a second
method of DNA-transfer, Effectene'Y
transfection reagent was used which
consists essentially of non-liposomal
lipids. This method was successful.
Morphologically no cytotoxic effects
were observed (Fig. 6) regardless of the
type of vector construct used. Primary
cells, as well as cells 48 h after trans-
fection had an epithelial-like phenotype.
Transfection efficiencies were deter-

mined by transfection of an aliquot of the
cells with the vector pEGFP-Cl, which
contains the gene for enhanced green
fluorescent protein. Only cells which
have taken up this vector are capable of
expressing the green fluorescent protein
and can be detected under a fluorescence
microscope. This fraction of the total cell
number ranged between 5-10% (Fig. 7).
According to the manufacturer this re-
presents the expected success rate in pri-
mary cells.
After transfection of SV40LT the cells

were subcultured and considered as cell
lines according to Freshney (1994). It
was assumed that within a period of
maximally two months non-irnmor-
talised cells should have died. At some
stage (after 1-10 passages) most cultures
underwent the well-known phenomenon
of crisis which is accompanied by a
stagnant proliferation. After at least 6
passages, as soon as the cells had grown

to sufficient numbers, material for
characterisation and cryopreservation of
the obtained cell lines was collected.
Freezing and thawing did not have an
impact on cell viability or growth rate.
All cell lines characterised here were
past their 17.-35. passage.

3.2 Characterisation
After 8 to 12 months of subculture one
GC line and six TC lines yielded enough
material for characterisation studies.
The successful internalisation of

SV40LT was demonstrated by nested
PCR of genomic DNA from the respec-
tive cells. Interestingly, in most of the
cell lines tested so far, SV40LT is not
detectable (Fig. 8). Nevertheless, it has to
be assumed that these cells are immor-
talised, because they clearly have an
extended life span (so far, up to one year,
up to 40 passages) compared to cells in
primary culture (maximally 4 weeks,
3 passages). After nine passages of sub-
culture, one of the theca cell lines with

Fig. 7: Determination of transfection
efficiency by calculating the fraction of
cells that have taken up the vector
pEGFP-C1 and correspondingly express
green fluorescent protein.
A: Phasecontrast microscopy,
B: Fluorescence micrograph of the same
section of the culture dish.
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Fig. 8:
Demonstration of the
uptake of SV40-
DNA by nested peR.
Top: Scheme of
primer positions
and amplified
fragments. In this
experiment none
of the immortalized
cell lines tested,
but only the positive
control cell line
SVG contains the
DNA-Fragment in
question.

no detectable SV40LT (line TlSV2) was
subjected to a second transfection, either
with the plasmid vector pBluescript-
SV40 or with pMSSVLT. In this case no
period of crisis was observed with either
immortalising vector. Even after this
second transfection SV40LT was still
not detectable (Fig. 8, lines TlSVLTl,
TlSVLT2, TlSVSV3, TlSVSV4).
During luteinisation in vivo, granulosa

cells are stimulated to produce increasing
amounts of progesterone. This process
was simulated in vitro by incubating the
cells with 8-Br-cAMP, a cell membrane
permeable analogue of the natural
cAMP. This molecule takes part in the
physiological signal transduction path-
way leading to the stimulation of proges-
terone secretion after ovulation. Cells
cultured without 8-Br-cAMP had a low
basal production rate of progesterone.
With 8-Br-cAMP progesterone secretion
was markedly enhanced within a time
period of 48h of culture (Fig. 9).
Before ovulation and luteinisation

primate GC express mRNA for estrogen
receptor ex which mediates cell prolife-
ration in growing follicles via estrogens.
Afterwards the expression of this
hormone receptor is downregulated
(Einspanier et al., 1997, Saunders et
al., 2000). Similarly, estrogen receptor
expression could be inhibited in
immrnortalised GC by treatment with 8-
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Br-cAMP in vitro (Fig. lOA). TC have
not been tested yet.
Progesterone receptor is expressed in

vivo only during luteinisation, in GC
as well as in TC (Einspanier et al., 1997).
In the immortalised cell lines examined
a different expression pattern was
observed. No progesterone receptor
mRNA expression was found in GlSVl
cells with ("luteinised") or without 8-Br-
cAMP ("non-Iuteinised") (Fig. lOA).
Instead, progesterone receptor mRNA
was detectable in untreated TC where the

signal appears to be stronger in those
cells which were transfected only once
compared to those which were trans-
fected twice (Fig. lOB). Again treatment
of TC with 8-Br-cAMP was not yet
performed.
Immunofluorescence staining revealed

expression of cell type-specific proteins
(Fig. 11). The results corresponded
closely to the expression of the respec-
tive mRNA. Unstimulated GlSVI cells
showed a typical nuclear staining for
estrogen receptor ex, but not for proges-
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Fig. 9:
Stimulation of
progesterone
secretion in
granulosa cell line
G1SV1. Cells were
incubated with
(filled squares) or
without (open
squares) S-Sr-cAMP
for 48h and
progesterone content
of the culture
supernatant was
assessed at different
pomts of time.48
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terone receptor. A moderate immunore-
action in the cytoplasm of the cells was
detectable for the progesterone synthe-
sising enzyme 3~-hydroxysteroid dehy-
drogenase.

4 Discussion

Permanent cell lines from GC and TC of
primates would provide an extremely
useful experimental test system for
biomedical studies. Reproductive physio-
logy of rodents is too different from that
of primates including humans. For ex-
ample, rodents have extremely short
ovarian cycles (4-5 days versus 25-40
days in primates, 28 days in humans).
Their follicular development is con-
trolled by different regulatory factors. A
functional corpus luteum is formed only
when conception has occurred. Conse-
quently, immortalised rodent cells are
not comparable to those of primates.
From humans, sufficient amounts of
ovarian cells for primary cultures can be
obtained only from in vitro fertilization
(IVF) programs. In this case only
luteinised GC are available, because for
successful oocyte retrieval the women
have to be pretreated with gonadotro-
phic hormones. Since these luteinised GC
behave already like luteal cells, they are
not appropriate to study the complex
process of luteinisation that is crucial to
female fertility. Human TC are not avail-
able at all by IVF techniques, although
they play an important part in the
formation of a functional corpus luteum
during luteinisation. Only tissue from
primates like the marmoset monkey
which lives in a controlled environment
and in which the ovarian cycle can be
monitored exactly meets all require-
ments of a defined starting material for
the preparation of cell cultures.
Many authors have imrnortalised GC

from different species and from different
stages of GC development (rat: Amster-
dam et al., 1988; Suh and Amsterdam,
1990 and others, pig: Chedrese et al.,
1998; Gillio-Meina et aI., 2000; human:
Rainey et aI., 1994; Lie et aI., 1996;
Hosokawa et al., 1998). The results of the
studies in rats and pigs indicate that by
immortalisation it is possible to maintain
GC at specific differentiation stages cor-
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Fig. 10:
Detection of estrogen receptor
ex mRNA (ERa) and pro-
gesterone receptor mRNA (PR)
by RT-PCR. A: Granulosa cell
line G1SV1 with and without
8-Br-cAMP (cAMP) as a stimulus
for in vitro luteinisation. As
known from in vivo experiments
estrogen receptor is present,
but down-regulated after
luteinisation, progesterone
receptor is not detectable. B:
Progesterone receptor mRNA in
G1SV1 and different theca cell
lines. A positive signal is
evident only in theca cells.
Ribosomal 265 protein (265)
was amplified as a
housekeeping gene serving
as an external standard.

Fig. 11: Immunofluorescence staining of unstimulated G15V1 cells. As known from the
situation in vivo, a strong positive immunoreaction is observed for estrogen receptor.
(A, nuclear staining) and 3~-hydroxysteroid dehydrogenase (C, cytoplasmic staining), but not
for progesterone receptor (8). There is no reaction in the control slide (0, primary antibody
replaced by non-immune IgG).
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responding to the developmental stage
of the follicle they were isolated from.
With granulosa cell lines from various
stages of follicular development these
may be studied and characterised more
thoroughly. This is again particularly
important for the study of the luteinisa-
tion pathway. Similar possibilities should
be expexted with theca cell lines. Yet,
no one has immortalised TC from pre-
ovulatory follicles. None of the ovarian
cell lines reported has been validated as
a defined in vitro test system.
In vivo GC and TC are dependent on

each other to fulfil their functions during
luteinisation. Their typical enzymes
complement each other for proper
hormone synthesis. It is important to
establish permanent cell lines from both
cell types. Only this offers the possibility
of exposing one cell type with condi-
tioned medium of the other one and
developing cocultures or even organotyp-
ic cultures at a later stage of the project.
The results of this study show that it

is possible to immortalise primary
granulosa and theca cells from New
World monkeys by transfection with the
classical oncogene SV40LT. Unex-
pectedly, SV40LT-DNA could not be
detected in most of the developing cell
lines by nested PCR. In addition, by a
quantitative PCR approach with the
Lightcycler instrument the expression
of the catalytic subunit of telomerase, an
enzyme which is known to be expressed
in many immortalised cell lines was
studied (Harley and Villeponteau,
1995). Again none of the tested cell
lines was positive for telomerase (data
not shown). The observation of lack of
SV40LT contradicts current unterstand-
ing. Thus, the immortalisation mecha-
nism in these cells is still a matter
of speculation. It may be suspected
that SV40LT protein was expressed
from the vectors for some time directly
after transfection, so that irreversible
interactions with genes controlling cell
proliferation were possible.
Some specific features of the newly

immortalised cells were assessed. One of
the most important functions of GC, the
capacity to secrete progesterone could be
demonstrated reproducibly. It could be
induced by a signalling molecule that is
involved in the process of luteinisation
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In vivo. In further experiments other
factors involved in the hormonal sig-
nalling pathway such as gonadotrophins,
steroid hormones or extracellular matrix
will be tested.
The mRNA and protein expression of

steroid hormone receptors and the
progesterone-synthesizing enzyme 3P-
hydroxysteroid dehydrogenase were
examined as cell-type and differentiation
specific markers (Einspanier et aI.,
1997). This was studied with and without
stimulation of progesterone secretion by
8-Br-cAMP. With the exception of
progesterone receptor, the expression
patterns were exactly as known from in
vivo experiments (Einspanier et aI.,
1997; Suzuki et aI., 1994). Progesterone
receptor expression should have been
increased in GC with enhanced proges-
terone secretion, but this was not the case
in cell line G1SV1. The examination of
further granulosa cell lines is needed to
clarify this issue.
It has to be considered that at the

moment the cell lines still represent
heterogeneous populations. For the
establishment of a defined cell line they
have to be cloned and characterised with
the same methods again. Generally, it is
aimed at developing several cell lines of
each cell type, to be able to cover the
different phenotypes of these cells that
occur in vivo. According to the first
characterisation studies presented here,
the cell lines tested so far, have retained
several cell-type specific features. They
are a promising basis for the future
development of a defined in vitro test
system.

References

Amsterdam, A., Zaubermann, A., Meir,
G. et a1. (1988). Cotransfection of
granulosa cells with simian virus 40
and Ha-RAS oncogene generates
stable lines capable of induced
steroidogenesis. Proc. Nat. Acad. Sci.
85,7582-7586.

Bodnar, A. G., Ouellette, M., Frolkis, M.
et a1. (1998). Extension of life-span by
introduction of telomerase into normal
human cells. Science 279, 349-352.

Chedrese, P. J., Rodway, M. R., Swan, C.
L. and Gillio-Meina, C. (1998).

Establishment of a stable steroidogenic
porcine granulosa cell line. 1. Mol.
Endocrinol. 20, 287-292.

Einspanier, A., lvell, R., Rune, G. and
Hodges, J. K. (1994). Oxytocin gene
expression and oxytocin immuno-
reactivity in the ovary of the common
marmoset monkey (Callithrix
jacchus). BioI. Reprod. 50, 1216-1222.

Einspanier, A., Ivell, R. and Hodges, J.
K. (1995). Oxytocin: a follicular
luteinization factor in the marmoset
monkey. Adv. Exp. Med. Biol. 395,
517-522.

Einspanier, A., Jurdzinski, A., and
Hodges, J. K. (1997). Changes in the
intraovarian oxytocin, steroid recep-
tors and 3p hydroxysteroid dehydroge-
nase in the preovulatory ovary of the
marmoset monkey. Biol. Reprod. 57,
16-26.

Fraser, H. M. and Lunn, S. F. (1999).
Nonhuman primates and female repro-
ductive medicine. In G.F. Weinbauer
and R. Korte (eds.), Reproduction in
nonhuman primates. A model system
for human reproductive physiology
and toxicology (27-59). MUnster: Wax-
mann Verlag.

Freshney, R. 1. (1994). Culture of animal
cells. A manual of basic technique, 3'"
edition, New York: Wiley Liss, Inc.

Gillio-Meina, C., Swan, C. L., Crellin.
N.K. et a1. (2000) Generation of stable
cell lines by spontaneous immortaliza-
tion of primary cultures of porcine
granulosa cells. Mol. Reprod. Dev. 57,
366-374.

Green, S., Walter, P., Kumar, V. et al.
(1986). Human oestrogen receptor
cDNA: sequence, expression and
homology to v-erb-A. Nature
320(6058), 134-139.

Harley, C. B. and Villeponteau, B.
(1995). Telomeres and telomerase in
aging and cancer. Curr. Opin. Genet.
Dev. 5, 249-255.

Hearn, J. P. (1983). The common
marmoset (Callithrix jacchus). In J. P.
Hearn (eds.), Reproduction in New
World Primates, New Models in
Medical Science (181-215). Lancaster:
MTP Press Ltd.

Heistermann, M., Tari, S. and Hodges, J.
K. (1993). Measurement of fecal
steroids for monitoring ovarian
function in New World primates,

71



!~-----------------------------------------------------~~HUSEN ET AL.

Callitrichidae. J. Reprod. Fertil. 99,
243-251.

Hillier, S. G., Harlow, C. R., Shaw, H. J.
et al. (1988). Cellular aspects of pre-
ovulatory folliculogenesis in primate
ovaries. Hum. Reprod. 3(4), 507-511.

Hopfer, U., Jacobberger, .T.W., Gruenert,
D. C. et al. (1996). Immortalization of
epithelial cells. Am. J. Physiol. 270(1),
Cl-ClI.

Hosokawa, K., Dantes, A., Schere-Levy,
C. et al. (1998). Induction of
Ad4BP/SF-1, steroidogenic acute
regulatory protein, and cytochrome
P4S0scc enzyme system expression in
newly established human granulosa
cell lines. Endocrinology 139(11),
4679-4687.

Husen, B., Giebel, J. and Rune, G. M.
(1999). Expression of integrin subunits
as, a6 and ~1 in the testes of the
common marmoset. Int. J. Andral. 22,
374-384.

Husen, B., Adamski, J., Rune, G.M.,
Einspanier, A. (2001). Mechanisms of
estradiol inactivation in primate
ute-rus. Mol. Cell. Endocrinol. 171
(1-2), 179-186.

Krazeisen, A., Breitling, R., Irnai, K et
al. (1999). Determination of cDNA,
gene structure and chromosomal
localization of the novel human 17~-
hydroxy steroid dehydrogenase type 7.
FEBS Lett. 460(2), 373-379.

Lie, B., Leung, E., Leung, P. C. K and
Auersperg, N. (1996). Long-term
growth and steroidogenic potential of
human granulosa-lutein cells immor-
talized with SV40 large T antigen.
Mol. Cell. Endocrinol. 120, 169-176.

Markwell, M. A. K,Haas, S. M., Tolbeit,
N. E. and Bieber, L. L. (1981). Protein
determination in membrane and
lipoprotein samples: manual and auto-
mated procedures. Met. Enzymol. 72,
296-299.

Marx, U. (1996) Stand und Weiteren-
twicklung von Zellkulturmethoden. In
F. P. Gruber, H. Spielmann (eds.)
Alternativen zu Tierexperimenten -
Wissenschaftliche Herausforderung
und Perspektiven (69-97). Heidelberg,
Berlin, Oxford: Spektrum Akade-
mischer Verlag.

Misrahi, M., Atger, M., d'Auriol, L. et al.
(1987). Complete amino acid sequence
of the human progesterone receptor

72

deduced from cloned cDNA. Biochem.
Biophys. Res. Commun. 143 (2), 740-
748.

Modrow, F. and Falke, D. (1998).
Molekulare Yirologie. Heidelberg,
Berlin, Oxford: Spektrum Akade-
mischer Verlag.

Morales, C. P., Holt, S.E., Ouellette, M.
et al. (1990). An expression vector
system for stable expression of
oncogenes. Nucleic Acids Res. 18(16),
4945-4946.

Rainey, W. H., Sawetawan, C., Shay, J.
W. et al. (1994). Transformation of
human granulosa cells with the E6 and
E7 regions of human papillomavirus.
J. Clin. Endocrinol. Metab. 78(3),70S-
710.

Saunders, P. T. K, Millar, M. R.,
Williams, K. et al. (2000). Differential
expression of estrogen receptor-a and
-~ and androgen receptor in the ovaries
of marmosets and humans. Biol. Re-
prod. 63, 1098-1I0S.

Schuermann, M. (1990). An expression
vector system for stable expression of
oncogenes. Nucleic Acids Res. 18,
494S-4946.

Smith, D., Trennery, P., Famingham, D.
and Klapwijk, J. (2001). The selection
of marmoset monkeys (Callithrix
jacchus) in pharmaceutical toxicology.
Lab. Anim. 35(2),117-130.

Spielmann, H. (1996) Altemativen in der
Toxikologie. In F. P. Gruber, H.
Spielmann (eds.) Alternativen zu Tier-
experimenten Wissenschaftliche
Herausforderung und Perspektiven
(108-126). Heidelberg, Berlin, Oxford:
Spektrum Akademischer Verlag.

Suh, B. S. and Amsterdam, A. (1990).
Establishment of highly steroidogenic
granulosa cell lines by cotransfection
with SV 40 and Ha-ras oncogene:
induction of steroidogenesis by cyclic
adenosin 3'-5' -monophosphate and its
suppression by phorbolester.
Endocrinology 127(5), 2489-2S00.

Suzuki, T., Sasano, H., Kimura, N. et al.
(1994). Immunohistochemical distri-
bution of progesterone, androgen and
oestrogen receptors in the human
ovary during the menstrual cycle:
relationship to expression of stero-
idogenic enzymes. Hum. Reprad. 9(9),
1589-1S9S.

Weber, T., Turner, R. w., Frye, S. et al.

(1994). Specific diagnosis of progres-
sive multifocal leukoencephalopathy
by polymerase chain reaction. J. Infect.
Dis. 169(5), 1138-1141.

Wiesmliller, L., Cammenga, J. and
Deppert, W. W. (1996). In vivo assay of
p53 function in ho-mologous recombi-
nation between SV40 chromosomes. J.
Viral. 70(2), 737-744.

Vaziri, H. and Benchimol, S. (1998).
Reconstitution of telomerase activity
in normal human cells leads to elonga-
tion of telomeres and extended replica-
tive lifespan. CurroBioi. 8, 279-282.

Acknowledgements
This work was supported by the founda-
tion SET (Stiftung zur Forderung der Er-
forschung von Ersatz- und Erganzungs-
methoden zur Einschrankung von
Tierversuchen). We are grateful to Prof.
J. K Hodges for critical reading of the
manuscript.

Correspondence to
Dr. Bettina Husen
Abteilung Reproduktionsbiologie
Deutsches Primatenzentrum
KeUnerweg 4
D-37077 Gottingen
Tel. +49-SS1-38S1-132
Fax: +49-551-38S1-288
E-mail: bhusen@www.dpz.gwdg.de

ALTEX 19, Suppl. 1/02

mailto:bhusen@www.dpz.gwdg.de

	altex_2002_Supp_1-19b0032.pdf
	altex_2002_Supp_1-190033.pdf
	altex_2002_Supp_1-19b0033.pdf
	altex_2002_Supp_1-190034.pdf
	altex_2002_Supp_1-19b0034.pdf
	altex_2002_Supp_1-190035.pdf
	altex_2002_Supp_1-19b0035.pdf
	altex_2002_Supp_1-190036.pdf
	altex_2002_Supp_1-19b0036.pdf

