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Abstract

Spermatozoa from a number of species can be cryopreserved and then subsequently used to
fertilize eggsl. However, this technique has several limitations. First, the freezing protocol varies
for each species and must be determined empirically, and for some species appropriate methods
have not yet been identified" %, Second, because these cells are fully differentiated, they will not
undergo replication when thawed, and recombination of genetic information cannot occur. We now
demonstrate, by using the recently developed spermatogonial transplantation technique3'4, that
male germline stem cells can be successfully cryopreserved. Donor testis cells isolated from
prepubertal or adult mice and frozen from 4 to 156 days at —196 °C were able to generate
spermatogenesis in recipient seminiferous tubules. Relatively standard preservation techniques
were used, suggesting that male germ cells from other species can also be stored for long periods.
Because transplanted testis stem cells will ultimately undergo replication and meiotic
recombination during spermatogenesis, one might consider these preserved male germ lines as
biologically immortal.

After birth in mammals, female germline cells do not undergo replication, and their number
decreases with age5. However, in the male, germline cell division and spermatogenesis
continue throughout most or all of adult life. Spermatogenesis is complex, highly ordered
and very productive6'7. At the foundation of this process is the spermatogonial stem cell,
which both renews itself and provides a population of cells that increases in number and
differentiates to form mature spermatozoae‘g. In most mammals the differentiation process
is completed over the course of 30 to 60 days, and the population of differentiating cells
increases dramatically. A single rat stem cell is capable of producing 4096 mature
spermatozoaG. However, the efficiency is never 100%, and some cellular degeneration
typically occurs at each differentiation step6'7.

Surprisingly, there are few reports of efforts to cryopreserve male germline stem cells. Early
attempts to freeze testicular tissue met with only limited success (reviewed in ref. 9 10).
However, in one study, cytological evidence of spermatogenesis was observed following
transgcl)antation of frozen and thawed immature rat testis pieces to the scrotum of a castrated
adult™.
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To determine whether male germ cells could be cryopreserved in suspension, testis cells
were collected from prepubertal or adult mice carrying a /acZ transgene that allows round
spermatids and cells in later steps of spermiogenesis to be stained blue when incubated with
X-gal (Fig. 1a)3'4v11. This provides a useful marker of testis cells, because somatic cells do
not stain and a single spermatogonial stem cell expands into a large clone of round
spermatids6 making identification of stem cell progeny easy and unequivocal3v4. Donor testis
cells were collected and frozen slowly at =70 °C, then subsequently stored for varying
periods of time at —196 °C, using techniques similar to those generally employed for
somatic cells*?. The cells were then thawed and transplanted into the seminiferous tubules of
recipient mice in which endogenous spermatogenesis had been destroyed by busulfan
treatment (Fig. 10)3'4'13. Following transfer to recipient tubules, these donor cells
established spermatogenesis. Areas of the recipient testes populated by cryopreserved donor
cells could be readily identified by blue staining (Fig. 1, cand d). Donor cells from both
adult (Fig. 1¢) and prepubertal (Fig. 14) animals were effective in colonizing recipient testes.
Areas not repopulated by donor cells will not stain blue®*.

To assess the morphological fidelity of donor cell spermatogenesis, microscopic sections of
recipient seminiferous tubules were examined. In donor testes, all spermatogenic stages
from round spermatids to mature elongating spermatids were stained blue (Fig. 24). In
busulfan-treated recipient testes, which did not receive transplanted donor cells, the
seminiferous tubules lacked germ cell stages and contained only Sertoli cells lining the
tubule (Fig. 26). However, after transplantation of donor cells, blue-stained tubules
contained germ cell elements, from spermatogonia to mature spermatozoa (Fig. 2, cand q).
The structure and pattern of spermatogenesis resulting from donor cells resembled that seen
in control testes (Fig. 24), and was similar for donor cells from adult (Fig. 2¢) and
prepubertal (Fig. 2d) mice. Previous studies have demonstrated that spermatozoa produced
from transplanted testis cells can fertilize eggs, which subsequently develop into normal
offspring4.

Four separate experiments, in which testis cells were frozen between 4 and 156 days, are
summarized in Table 1. In each experiment, cells stored at —196 °C were able to repopulate
recipient testes and to generate normal spermatogenesis in recipients. In total, 22 of 30
(73%) recipient testes showed spermatogenesis from transplanted cells. In successfully
reconstituted testes, from 1 to more than 12 seminiferous tubules were colonized. Because of
intertwining among the convoluted tubules6v7v14, it was not possible to accurately count more
than 12 stained tubules in a single testis. The overall rate of successful colonization was not
decreased by the time at —196 °C, because in the least successful experiment the cells were
frozen only 4 days. Variation in colonization of recipient testes by donor cells is generally
correlated with the number of cells microinjected and the surface area of the testis covered
(ref. 4 and unpublished observations). The later parameter provides an estimate of the degree
of filling of the seminiferous tubules in the testis.

Successful cryopreservation of spermatogonial stem cells by routine procedures is surprising
considering the difficulty that has been associated with freezing mature spermatozoalvz.
Indeed, it has been difficult to establish a simple, reliable cryopreservation system for mouse
spermatozoaz, although the dramatic increase in the number of transgenic mouse lines has
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stimulated considerable effort in this area. Successful spermatogonial stem cell
cryopreservation probably results from the disparate morphologic characteristics of the
reproductive cell populationss. During the differentiation process from spermatogonia to
spermatozoa, there are major structural modifications, including the loss of cytoplasm and
restructuring of nuclear DNA (ref. 15 16), which may render spermatozoa more sensitive to
freezing and thawing. The stem cell appears able to respond to freezing much as a typical
somatic cell does and to recover with full functional capability. Given the apparent
morphological similarity among spermatogonia of various specie56'14'l7, we believe that the
stem cells of most or all mammalian species can be stored indefinitely at =196 °C, then
subsequently used to generate functional spermatogenesis and mature spermatozoa in the
appropriate seminiferous tubule microenvironment. A testis of the species of donor cell
origin will likely provide the most compatible site for regeneration of spermatogenesis, yet
there is evidence that testes of other species may also be suitable as a surrogate hostls.

In these experiments, recipient males were maintained only long enough to generate
spermatogenesis and mature spermatozoa from transplanted cells. Previous work has shown
that donor cell-derived spermatozoa can fertilize eggs effectively. In those studies, 80% of
.. 4
the progeny from one recipient male were shown to carry the donor haplotype . Although
this high level of colonization can be achieved, it is not essential to perpetuate the germ line,
because intracytoplasmic injection of a single spermatozoa into the oocyte will result in
fertilization and birth of live young in mice and humans™®2. Furthermore, the recent
demonstration that intracytoplasmic injection of a round spermatid can produce young
means that spermatogenesis in the recipient must only proceed two-thirds of the way to
L2122 . . .
completion™™"". The complicated process of spermatozoa shaping, from round spermatid to
mature spermatozoa, that occupies the last one-third of the differentiation pathway is not
L . L . 19_
required if the haploid male germ cell nucleus is injected into the oocyte

Cryopreservation of spermatogonial stem cells is likely to have far-reaching consequences.
Testis cells from unique experimental or livestock animals of any age, from prepuberty to
maturity, can now be frozen with the expectation that they will generate spermatogenesis at a
later date. The germ line of the animal could then be reclaimed when needed. In addition,
identifying the conditions necessary to culture and to modify spermatogonial stem cells
before or after freezing will dramatically increase the value of these cells. Thus, this
technique is far different than cryopreservation of mature spermatozoa, for which the
protocol must be determined for each species and which then preserves only a static cell
population no longer able to undergo genetic recombination or proliferation.

One must now begin to address the medical issue of whether males likely to lose germ cells
(for example, following chemotherapy) should have testicular biopsy material cryopreserved
for possible reintroduction following cessation of treatment. In addition, males with
azoospermia may be benefited by this technique. Although mature spermatozoa are often
absent in these individuals, or few in number, the stem cells present in the testes may be
capable of generating spermatogenesis in a surrogate. Ideally testis cells could be
cryopreserved and periodically expanded in number, when appropriate techniques are
developed, for introduction into a testis. The recent demonstration that rat spermatogenesis
will proceed normally in the seminiferous tubules of an immunodeficient mouse suggests
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that xenogeneic spermatogonial transplantation may be possible for other species, and thus
will facilitate the identification of surrogatesls. Probably the widest use of cryopreservation
will be for the germ lines of valuable experimental males in research, agriculture animals
that die before puberty or are too old to breed yet have valuable germ lines, and males from
exotic or endangered species. For example, the genetic diversity of a species with a small
number of individuals might be partially protected by cyropreservation of testicular tissue
from males of all ages. The possibility of preserving a male germ line indefinitely will be
enormously valuable in veterinary medicine as well as human medicine. An important
aspect of the technique is that in biological terms cyropreservation of the germ line
effectively establishes the potential of generating at any time clones of the original male
following spermatogonial transplantation to multiple recipients. When the ability to culture
these cells is achieved, the procedure of cryopreservation will have even greater use. The
essence of biology is the proliferation and meiotic recombination that occurs in the germ
cells, and transplantation, cryopreservation and eventual culture of the spermatogonial stem
cell provide a new and unique entry into this fundamental process.

Note added in proof: Using the techniques described above, we have now cryopreserved rat
testis cells for up to 56 days, and they subsequently generated rat spermatogenesis when
transplanted to the testis of an immunodeficient mouse (xenogeneic spermatogonial
transplantation procedure from ref. 18).

Donor cells were collected by enzymatic digestion of transgenic testes (ref. 23, 24) and were
suspended in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 2 mM glutamine, 6 mM lactate, 0.5 mM pyruvate, 30 mg/l penicillin, and 50
mg/| streptomycin (designated DMEM-C); at a concentration of 16—40 x 106 cells/ml.
Freezing medium (FBS, DMEM-C, DMSO in a ratio of 1:3:1) was added slowly by drops to
equal the original cell volume and mixed®”. Cells were dispensed 1.0 ml per freezing vial
and placed in an insulated container at —70 °C for at least 12 h and then stored in liquid
nitrogen (=196 °C). The cells were thawed by swirling in a 37 °C water bath, and DMEM-C
was added slowly by drops to 3 times the volume in the vial. Recovery of cells following
freezing ranged from 47% to 61% (mean = 55), and viability of the cells ranged from 50%
to 66% (mean = 60). Thus, about one-third of the original cell population survived the
procedure. Aggregation of cells during freezing and thawing was the primary cause of cell
loss. After thawing, the cells for an experiment were pooled and centrifuged at 600g for 5
min at 16 °C, the supernatant was removed, and the pellet was resuspended in injection
medium”. Microinjection of seminiferous tubules with donor cells and analysis of recipient
mice was as previously described4.
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Fig. 1.
Morphology of testes with transplanted stem cells previously stored at =196 °C. g, Testis of

donor mouse (designated ZFlacZ), which carries an £. coli B-galactosidase transgene (/ac2)
that allows round spermatids and later stages of spermatogenesis to be stained blue
following incubation with 5-bromo-4-chloro-3-in-dole-p-D-galactosidase (X-gal)g’v“v1 . b,
Testis of recipient male (C57BL/6 x SJL) F1 treated with busulfan (36 mg/kg) to destroy
endogenous spermatogenesi53-4'13. ¢, Left testis of recipient male 891 (Table 1) that received
donor testis cells isolated from adult mice (8-16 weeks of age) and frozen 7 days. The testis
has been bisected to allow penetration of fixative and stain, g, Left testis of recipient male
771 (Table 1) that received donor testis cells isolated from prepubertal mice (6-14 days of
age) and frozen 111 days. Following incubation with X-gal, blue tubules in cand didentify
areas of spermatogenesis from frozen donor cells. Scale bar, 1 mm.

1
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Microscopic appearance of spermatogenesis in recipient seminiferous tubules following
microinjection of donor testis cells preserved at —196 °C. &, Seminiferous tubule of donor
testis from transgenic ZFlacZ mouse. Round spermatids and more mature stages stain blue
following incubation with X-gal (Fig. 13)3,4,11_ When staining is intense, immature stages
also appear blue. 6, Seminiferous tubule from recipient mouse treated with busulfan. No
germ cell stages are present. Only Sertoli cells remain. cand @, Seminiferous tubules from
busul-fan-treated recipient mice 891 and 771, respectively (Table 1). Blue staining of germ

cells indicates their origin from transplanted donor cells that had been frozen 7 and 111
days, respectively. Background stain in all sections is neutral fast red. Scale bar, 50 pm.
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