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Cortical slices of either cat or sheep ovaries were grafted under the renal capsules of
ovariectomized SCID mice. The grafts became vascularized and were still surviving with
large follicles present at autopsy up to nine months later. As developing follicles undergo
atresia during the period of ischaemia after ovarian grafting, those found in long-term grafts
at autopsy had presumably started to grow from the primordial stage after transplantation.
Some follicles had reached a diameter of 3 mm with a normal antrum and appeared to be
cytologically normal, but the latent period for the emergence of antral follicles was shorter
in cat compared with sheep grafts. Oestradiol production from grafts, as indicated by
vaginal cornification and plasma measurements collected at autopsy, was not constant and
circulating concentrations varied among animals, and were sometimes far in excess of the
normal physiological range of the host. The vaginal smears never presented cytological
patterns like those of the normal mouse oestrous cycle, and ovulation had not occurred in
any of the grafts. These results demonstrate that ovarian xenografts in SCID mice can serve
as experimental models for investigating follicle development in
species in which follicle
in
vitro
and
studies
of
the
animal
are
growth
parent
impracticable.
Introduction

Transplantation of ovaries has been widely used for investigat¬
ing reproductive biology in small laboratory animals (Krohn,

1977; Gosden, 1992). The small organs and availability of
inbred strains in some species have contributed to the success¬
ful re-establishment of normal ovarian function in hosts,
including hormone secretion, ovulation and fertility. However,
when organs are implanted into the host, there is loss of
follicles during post-transplantation ischaemia. Nearly all of the
developing follicles rapidly disappear as they undergo atresia,
and up to 50% of primordial stages in the cortical region are
also lost (Bland and Donovan, 1968; Felicio et al, 1984). This
problem can be minimized by anastomosing blood vessels to
reduce the period of ischaemia from one or more days to a few
minutes (Cornier et al, 1985), but the technique is technically
demanding and less versatile than simple implants and is
impracticable in small laboratory animals. When restoration of
fertility is not an experimental aim, it is often advantageous to
use ectopie locations such as the subcapsular region of the
kidney for ovarian implants. This site is well vascularized and
provides a pocket for securing and recovering the graft.
Neither the subcapsular region of the kidney nor the
orthotopic site is immunologically privileged and ovarian
allografts are aggressively rejected before follicles grow suf¬
ficiently large to become secretory and ovulatory (R. G.
Gosden and A. A. Murray, unpublished). It is most unlikely
that xenografts will survive for longer than allografts. With the
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exception of tumour biology, there have been few, if any,
attempts to establish ovarian xenografts, although they might
provide useful experimental models for investigating follicular
development in species, such as humans or large or rare species
or breeds, where this is not feasible in situ or in vitro.
of the physiology of the preantral follicle is
confined
to a few laboratory species because of practical
mainly
and ethical obstacles to experimentation with many other
species. If the xenograft reaction could be avoided and revascularization encouraged in a common laboratory animal
host, follicles might grow when the donor is not closely related
to the host. This rests on the assumption that follicles are
developmental units requiring only nutrients and pituitary
gonadotrophin support from the environment, as indicated by
the production of oestrogen and fertile oocytes from follicles
cultured in vitro (Eppig, 1992; Gosden et al, 1993). Small
follicles, although sensitive to gonadotrophins, do not require
FSH and LH for development to proceed to large preantral
stages (Dufour et al, 1979; Bamber et al, 1980; Wang and
Greenwald, 1993) and, because the biological activities of FSH
and LH are not exclusively species specific, it is possible that
hormones from the host pituitary gland will support morpho¬
genesis of Graafian follicles and oestrogen production in

Knowledge

xenografts.

are the most promising models for ovarian
These
mice carry a mutation on chromosome 16
xenografting.
that is responsible for severe combined immunodeficiency
which is expressed by agammaglobulinaemia and an absence of
mature
and cells, rendering them tolerant to xenografts
(Bosma et al, 1983, 1989). Under barrier conditions, SCID mice
remain healthy for up to two years, which is probably
sufficiently long for the full span of follicle development of any

SCID mice
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species. The

aim of this study was to test the long-term
survival of ovarian implants from cats and sheep and to
determine whether their follicles will grow in SCID mouse
hosts.

Materials and Methods
Host animals
The SCID mouse colony was maintained in positive pressure
isolators (Moredun, Edinburgh) and screened at intervals
of 6 months for serum immunoglobulins (cut-off above
20 µg ml *) to maintain the phenotype stringently. The pel¬
leted diet was -irradiated and drinking water was autoclaved
and treated 3 days per week and post-operatively with Septrin
(1 tablet per 600 ml, Wellcome, Crewe) as a prophylactic
against opportunistic infections.
Fourteen animals were used at approximately 8 weeks of
age when they were sexually mature and weighed 25-30 g.
Operations were carried out in a laminar flow hood under
strictly aseptic conditions. The mice were bilaterally ovariec¬*
tomized under tribromoethanol anaesthesia (6.03 mg kg
body mass) and the left kidney, being the more caudal and
accessible of the pair, was exteriorized at a flank incision. A
slice of donor ovarian cortex measuring approximately
1.0 mm 1.0 mm 0.5 mm was inserted under the renal cap¬
sule with watchmaker forceps. Wounds in the body wall and
skin were closed with 7.0 g suture and Michel clips. The vagina
was examined each day for patency and specimens of vaginal
cells were collected by lavage during the last 1-2 weeks before
autopsy for examination under the microscope. In a concurrent
experiment ovariectomized animals that were age- and sizematched served as controls for organ extirpation and to
confirm that there were no external sources of oestrogenic
stimulation in the animal house environment.
After a post-operative interval of 1—9 months, the animals
were chosen at random and either killed by cervical dislocation
or exsanguinated by cardiac puncture after inducing general
anaesthesia with ether. Blood was allowed to clot for 2-4 h and
80°C Concentrations of oestradiol in
stored as serum at
serum were measured by radioimmunoassay following an
affinity extraction procedure (Webb et al, 1985). The detection
limit for this assay was 0.7 pg ml- and the mean intraand interassay coefficients of variation were 8.2 and 9.3%,

Leibovitz-Ll5 culture medium (Gibco, Paisley) to a sterile
cabinet where sections approximately 1 mm thick were shaved
from the cortex with a scalpel. Areas containing large antral
follicles or corpora lutea were avoided. Where a risk of
infection was suspected, tissues were incubated overnight at
37°C in an atmosphere of 5% C02 in air in -minimal essential
medium containing 10% donor calf serum (Gibco), gentamicin
and amphotericin (Sigma, Poole). This step in combination
with Septrin treatment of the drinking water proved to be
effective deterrents and avoided the need to administer anti¬
biotics post-operatively.

Results

~

~

—

respectively.

At autopsy, complete extirpation of host ovarian tissue was
confirmed and the uteri were removed, blotted and weighed.
The left kidney was removed for examination and the grafts
were dissected. The grafts and corresponding uteri were fixed
in 4% paraformaldehyde, sectioned at 7 pm in paraffin wax and
stained with haematoxylin and eosin.

Donor tissue
from the ovaries of two cats aged
obtained during routine veterinary
spaying, and from the ovaries of sheep aged 6—12 months,
which were collected either at an abattoir (n 3) or after
ovariectomy (n 9). The ovaries were transferred on ice in
Grafts

6—7

were

prepared

months, which

were

=

=

All the animals survived and remained healthy after surgery.
The vaginal introitus had closed by 3 days after ovariectomy,
as in controls; this indicated that the operations had been
successful and that the grafts were not producing oestrogen.
This state was permanent in control animals that had been
ovariectomized only. The vaginas reopened 3—4 weeks after
feline tissue was grafted, whereas a period of 8—20 weeks was
required before this occurred with ovine grafts, when the
extent of the change was less marked (Fig. 1). Vaginal smears
of SCID mice carrying feline grafts became heavily and
permanently cornified and the serum concentrations of oestra¬
diol were correspondingly high in both animals at the time of
autopsy (135 and 317 pg ml-1). The uteri of these animals
were distended with fluid and, after draining the fluid, each
uterus weighed 161 mg; histological examination revealed
cystic glandular hyperplasia in the endometria. Animals with
ovine grafts had fewer cornified vaginal cells and lacked uterine
distension and hyperplasia. The concentrations of oestradiol in
the serum of these animals were correspondingly lower,
varying from 105 pg ml_ to the lower limits of detection
(i.e. < 5 pg ml ). Higher concentrations of oestradiol tended
to be associated with vaginal opening, but they were not
significantly correlated with either the age of the grafts or with
uterine masses, which were 117 ± 22 mg (mean ± SEM). The
results obtained with ovine grafts from different sources were
similar.
Ovarian grafts were still discrete many months after surgery
and had grown to approximately twice their original size.
Follicles of up to 3 mm diameter, which were visible under the
transparent renal capsule, were found in both xenograft species
(Fig. 2), but the largest of the ovine follicles were sometimes
haemorrhagic. Histology revealed that the grafts had been
well-vascularized, with the absence of necrotic tissue (Figs 3
and 4). Clusters of primordial follicles and smaller numbers of
growing follicles were present. Although they were not
counted, their densities were obviously much lower than in
matched tissue that had not been grafted. Morphogenesis of
developing follicles and the cytological appearance of granu¬
losa and theca cells and the oocyte were comparable to those
of normal tissue. Mitotic figures were observed in granulosa
cells, indicating that multilaminar follicles were growing,
although some of the later stages contained apoptotic bodies
and were probably undergoing atresia. The grafts were
evidently anovular because corpora lutea and corpora albicantia
were never found.
~
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Fig.

Vaginal patency of nine SCID mice that were hosts to cortical slices of ovaries from lambs. ( ) Vagina fully open; ( ) vagina partially
(ES) vagina closed; (D) a period when no records were collected (week 32). The length of each bar indicates the time of harvesting.

1.

open;

Fig.
Fig.

grafting under the renal
bulging from the surface

2. Feline ovarian tissue nine weeks after

of a SCID mouse. Graafian follicles
measured up to 2 mm in diameter.

capsule

Discussion
These

ovarian xenografts not
only survive for many months in SCID mice but also possess
follicles developing as far as antral stages. As grafts from two

experiments demonstrate that

distantly related mammalian orders (Carnivora and Artiodactyla) were successful, we can expect that the model can be

to a wide range of species.
These studies were intended to test the feasibility of
xenografting ovaries rather than providing detailed infor¬
mation about the rates of follicle growth, but they also
demonstrated that preantral follicles could grow under these
conditions. Primordial follicles evidently survive ovarian
implantation better than follicles at later stages, perhaps as a
result of a lower metabolic activity (Krohn, 1977). The popu¬
lation of developing follicles found at autopsy was therefore
presumably derived from primordial follicles that had been
recruited for growth after transplantation. Furthermore, an

applied

Histology of the feline graft shown in Fig. 2 with some of the
kidney tissue still attached (K). Two large Graafian
follicles were present, the cumulus oophorus and oocyte were visible
3.

SCID

mouse

in

of them (arrow). Small antral follicles were also present as well
and primordial follicles in the cortex (P). No luteal
(Scale bar represents 1.2 mm.)

one

many primary
tissue was found.
as

indication was obtained of the timespan for primordial follicles
to reach the antral stage because vaginal cells are highly
sensitive indicators of oestrogen and ovarian tissue is the only
significant endogenous source of this hormone. Vaginal
patency was not restored until 3—4 weeks in feline-SCID grafts
in ovariectomized hosts, whereas ovine grafts required at least
twice as long. By contrast external signs of endocrine activity
reappear in less than 2 weeks in murine grafts (R. G. Gosden,
unpublished). Since the host environment, including gonadotrophic activity, was initially similar for all grafts, we can
conclude that the time course of follicle development is mainly
determined by the graft rather than the host. On the basis of
the limited data available, the time taken for the full devel¬
opment of follicles is species specific, as follows: mouse <
cat < sheep. This inference agrees with studies of the kinetics of
mouse and sheep follicles in situ (Pedersen, 1970; Cahill and

Mauleon, 1980).
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peak concentrations of oestradiol are low ( < 5 pg ml )
(Scaramuzzi and Land, 1978; Webb and Gauld, 1985). It is for

even

Fig. 4. Histology of an ovine graft 5 months after grafting to the renal

capsule of a SCID mouse. The dense mass to the left of centre of the
graft had apparently persisted since the operation. Small antral and
preantral follicles are growing in an abundant stromal tissue contain¬
ing a few scattered primordial follicles. (Scale bar represents 1.2 mm.)
There is
one

no reason a priori for expecting that tissues from
species will be well-adapted for functioning in the body of

another because the possibility of evolutionary divergence of
physiological mechanisms exists. It is therefore remarkable that,
on the limited evidence available, development in xenografts
was comparable to growth and morphogenesis in the parent
species. Moreover, the production of oestrogen and the
presence of cytologically normal granulosa cells without
apoptotic bodies suggested that the follicles were neither cystic
nor

atretic.

The concentrations of oestradiol greatly exceeded the nor¬
mal range of approximately 10—25 pg ml
during the mouse
oestrous cycle (Nelson et al, 1981), which accounts for heavy
cornification of the vaginal epithelium and endometrial hyper¬
plasia with feline grafts. The follicles of this species and of
sheep are adapted for secretion into a much larger distribution
volume and evidently did not adjust hormone output accord¬
ing to the size and physiology of the SCID mouse. Since
oestradiol biosynthesis normally depends on the actions of
FSH and LH on granulosa and theca cells, respectively (GoreLangton and Armstrong, 1988), it was presumed that the
xenografts were being stimulated by gonadotrophins from the
murine pituitary gland. This hypothesis can be tested by
experimentally lowering gonadotrophins or by producing host
animals which combine mutations for both SCID and hypogonadal (hpg) mice (Cattanach et al, 1977). Animals that are
immunodeficient and hypogonadotrophic would be wellcontrolled models for investigating the endocrinology of
~

xenografts.

The second notable departure from normal function was the
absence of ovulation, although this was not surprising because
ovine follicles (unlike feline) did not reach preovulatory sizes.
The termination of development by atresia at the 3 mm stage,
or earlier, might be due to either insufficient gonadotrophic
stimulation or to physical restraint by the renal capsule on
expanding follicles. Ovine follicles can reach 2—3 mm in
diameter in hypophysectomized ewes (Dufour et al, 1979),
suggesting that the SCID mouse may be suitable for the earlier
stages of follicular growth, but not during the gonadotrophindependent stages of dominance. In addition, ovine follicles of
this size are still 7—14 days short of preovulatory maturity and

~

future studies to determine whether circulating FSH and LH
were inadequate in either concentration or biological activity,
but the attainment of supraphysiological concentrations ol
oestrogen (and probably inhibin) could have caused a vicious
cycle leading to eventual suppression of gonadotrophin
secretion and atresia by negative feedback.
Ovarian xenografts therefore carry some practical disadvan¬
tages insofar as they fail to produce full function, although
these differences pose interesting physiological questions in
themselves. Their major advantage is in offering the possibility
of studying follicle development at all stages from primordial
to antral stages using small biopsies of ovarian cortex. A
second advantage is the simplicity of the operation, although
the quantities of blood that can be repeatedly withdrawn
from mice for endocrine studies are limited and SCID mice
require specialized husbandry. The xenograft model therefore
offers new opportunities for extending knowledge of follicle
biology to other species. Moreover, if the problem of atresia ir
antral follicles can be overcome, it is possible that oocytes
could be harvested and contribute to the advancing technology
of assisted reproduction for rare breeds and endangerec

species.
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