Cryopreservation currently is used for the storage of sperm,
embryos, and cells for agriculture, biomedical research, and
gene banking. Storage of cryopreserved specimens in liquid
nitrogen is, however, becoming increasingly undesirable
because of safety issues (1, 2), risk of pathogen contamina-
tion (3), and high storage and transport costs (4). These is-
sues emphasize the need for alternative safe and low-cost
storage systems for biological specimens.

The generation of normal mouse pups from oocytes fer-
tilized with freeze-dried (FD) sperm (5, 6) highlighted the
potential of using drying as a preservation method for living
cells. These findings were expanded to bovine (7), pig (8),
rabbit (9), and rat (10). However, development to term
was reported only in the two latter cases, and the sole kit
was noted as dead at birth (9). Nevertheless, this procedure
has never been reported in primates.

Although live births have occurred after rehydration of
desiccated sperm, successful fertilization was obtained
only after intracytoplasmic sperm injection (ICSI) (5-9),
because the process subjects the cells to various levels of
damage, and rehydrated sperm are immotile. Pregnancy
rates vary, but the success of the process, especially in ro-
dents, may be related to the fact that these species do not re-
quire the paternal contribution of the sperm centrosome for
natural fertilization and embryonic development (11, 12).
Hence, in mice, fertilization can be achieved after ICSI of
badly damaged sperm, or even of just sperm heads (5). De-
velopment of techniques to store sperm in the dry state from
species in which the paternal centrosome contribution is re-
quired for embryonic development, such as primates, to-
gether with assisted reproductive techniques such as ICSI,
could offer safe and less expensive sperm banking.

Structures associated with sperm function, including the
acrosome and mitochondria, which are damaged by freeze-
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Freeze-dried primate sperm retains early reproductive
potential after intracytoplasmic sperm injection

Oocytes inseminated by intracytoplasmic sperm injection using fresh ejaculated or freeze-dried rhesus macaque
sperm showed similar activation, sperm aster assembly, and male—female pronuclear apposition rates. (Fertil
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drying protocols (6, 9), could serve as potential markers for
the quality of different storage protocols. Mitochondria are
considered to be vital for sperm survival (12), and recent stud-
ies have indicated an association between mitochondrial
membrane potential and sperm motility (13).

Here, we present the first evidence that FD sperm from
rhesus macaques retain some essential early oocyte activa-
tion and fertilization characteristics after ICSI after storage
in the dark at room temperature for > 1 and <2 months. Af-
ter rehydration, plasma membrane (14), acrosomal contents
(15), and mitochondrial integrity (16, 17) were assessed by
using fluorescent probes, whereas centriole integrity was
assessed by using electron microscopy (18). The functional
ability of FD sperm was monitored by assessing oocyte ac-
tivation (2nd polar body elicitation; female pronuclear for-
mation) after ICSI (19-21), as well as microtubule aster
formation, by using antitubulin immunocytochemistry
(20, 21). Semen and oocytes were collected from mature
pathogen-free rhesus males (3) and females (8), as de-
scribed elsewhere (21-23). All animal procedures were
approved by the Institutional Animal Care and Use
Committee at the Oregon National Primate Research Center
at Oregon Health and Science University (Beaverton, OR),
where all the experimental work was performed.

Sperm were freeze-dried by diluting semen samples with
a 0.3 M trehalose solution. Semen was then frozen as pellets
on dry ice and was stored at —196°C in liquid nitrogen for
24 hours before freeze-drying. Single pellets were trans-
ferred into borosilicate glass vials, allowed to dry for 12
hours, argon injected, and then sealed with a rubber stopper
for storage in the dark at room temperature for <2 months.

After rehydration, FD sperm were intact, with no obvious
morphological defects in the head (Fig. 1A), but were clearly
immotile. Plasma membrane integrity was compromised in
all cells, as shown by the vital DNA marker stain, propidium
iodide (Fig. 1B). Fresh and FD sperm were labeled by using
the fluorescent lectin peanut agglutinin fluorescein isothio-
cyanate conjugate (23) to monitor the degree of cell disrup-
tion and the effects of freeze-drying on acrosomal contents.
After 1% formaldehyde fixation and gentle permeabilization
with 0.5% Triton X-100 detergent, peanut agglutinin fluo-
rescein isothiocyanate conjugate labeled the acrosomal con-
tents of both fresh (Fig. 1C) and FD sperm (Fig. 1D). This
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FIGURE 1

Sdanchez-Partida. Freeze-dried sperm in primates. Fertil Steril 2008.

result confirms that sperm membrane integrity (both at the retained on the sperm head. To further probe the effects of
plasma membrane and acrosomal membrane levels) is com- freeze-drying on sperm function, the mitochondrial mem-
promised by freeze-drying but that acrosomal contents are ~ brane potential-sensitive dye JC-1 was used. The mid piece
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development to the 8- to 16-cell stage in vitro.

FIGURE 1_Continued |

Organelle and functional integrity of freeze-dried rhesus sperm. Deoxyribonucleic acid of freeze-dried

rhesus sperm labeled with (A) 6-diamino-2-phenylindole (DAPI, blue), showing no obvious morphological
damage and with (B) propidium iodide (red), indicating disrupted plasma membrane. Acrosomal contents of
fresh ejaculated (C) and freeze-dried (D) sperm were visualized by using the fluorescent lectin peanut
agglutinin fluorescein isothiocyanate conjugate (green) and DNA (DAPI, blue). (E-G) The vital probe JC-1

was used to assess mitochondrial activity. (E) In fresh ejaculated sperm, yellow-orange fluorescence,
indicative of both high (red) and low (green) mitochondrial potential, was observed. In freeze-dried rhesus
sperm, only low (green) mitochondrial membrane potential was visualized (F), whereas no mitochondrial
activity was observed in fixed sperm (G). By using electron microscopy, we could show that freeze-drying sperm
in a 0.3 M trehalose solution maintained the integrity of the proximal centrioles (H); however, the proximal
centrioles were damaged when sperm were freeze-dried in a Chatot-Biozek-Bavister (CBZ) medium (I). After
ICSI, fresh (J) and freeze-dried (K, L) sperm were able to nucleate microtubules (green) at the base of the
sperm head, forming the sperm aster that directs pronuclear apposition. Blue, DNA. (M) Notwithstanding markers
of cell death, rehydrated FD sperm retain some reproductive potency after ICSI, as assayed by embryonic

of fresh ejaculated sperm showed a typical pattern of both
high (red) and low (green) mitochondrial membrane poten-
tial, indicating active mitochondria (Fig. 1E). In FD sperm,
only green fluorescence was present (Fig. 1F), indicating
compromised (i.e., low) mitochondrial function. Interest-
ingly, however, no JC-1 label was detected in fixed cells
(Fig. 1G).

A crucial aspect of sperm function relates to microtubule
organization leading to pronuclear apposition and cell divi-
sion after fertilization. Because the zygote’s centrosome is
derived from the blending of maternal constituent proteins
(i.e., y-tubulin) onto the incorporated sperm proximal cen-
triole in primates (11), the status of this organelle after
freeze-drying was evaluated. Electron microscopy showed
similar intact proximal centrioles in fresh ejaculated sperm
(18) and FD sperm in trehalose (Fig. 1H), but not when FD
in Tyrode albumin lactate pyruvate (TALP) or Chatot-
Ziomek-Bavister medium (CBZ) media (Fig. 11). Freeze-
dried sperm readily could activate oocytes after fertilization
by ICSI, as in other species (24), thus suggesting that puta-
tive sperm-borne oocyte-activating factors are not affected
by the process. Furthermore, microtubule asters emanating
from the base of the decondensing sperm head (Fig. 1K)
were similar to those in control fresh ejaculated sperm
(25) (Fig. 1J) and could mediate pronuclear apposition
(Fig. 1L), pointing to a functional sperm centriole in FD
sperm. After ICSI, FD fertilization rates, as assessed by
male and female pronuclear assembly, were comparable
to those of fresh sperm (FD: 73.1% [19/26]; fresh: 63.2%
[12/19]; 3 replicates). Zygotes produced with FD sperm
and cultured in vitro cleaved at least once (19/19 FD insem-
inated vs. 9/12 produced with fresh ejaculated sperm), sug-
gesting that oocyte activation by FD sperm was sufficient to
complete the fertilization process and support early embry-
onic development. However, no development beyond the
8- to 16-cell stage (Fig. 1M) was observed in our limited
data trials (4/12 embryos produced with FD sperm vs. 2/8

embryos produced with fresh ejaculated sperm), and no
embryo transfers to establish pregnancy were attempted.

Until recently, attempts to dry mammalian cells have
invariably caused irreversible damage. Live mice now
have been generated after ICSI of sperm that had been FD
and then stored for 3 months at room temperature (6).
The process also has been applied in other species, although
the rate of both embryo development and live births is much
lower when compared with that in the mouse (7-10). We re-
port here for the first time that FD sperm from primates that
has been stored in the dark at room temperature for > 1
month can retain some early reproductive potential. Upon
rehydration, sperm showed no motility and were considered
moribund, as determined by propidium iodide staining.
However, acrosomal contents were retained, sperm mito-
chondria showed some limited viability, and the proximal
centriole remained intact, suggesting a limited effect of
freeze-drying on primate sperm. Indeed, FD sperm retained
the ability to initiate early development events after ICSI,
including the following: [1] second polar-body elicitation;
[2] female pronuclear formation; [3] reconstitution of
a functional microtubule organizing center, the centrosome;
[4] male sperm head decondensation and pronuclear forma-
tion; and [S] parental genome apposition within the acti-
vated oocyte cytoplasm. Freeze-dried sperm also could
support some limited embryo development after ICSI. Pri-
mates, including humans, inherit their centrosomes from
the sperm, unlike mice. After oocyte penetration, the sperm-
borne centrosome then nucleates microtubules to form the
sperm aster for pronuclear apposition and to provide the
functional spindle poles at mitosis to ensure proper bipolar
spindle assembly, all of which are key requirements for the
successful conclusion of fertilization (11, 26). It has been
suggested that the low developmental success obtained
with FD sperm in nonrodent mammals may be related to
damaged centrosomes (8). However, the rhesus sperm proxi-
mal centriole remained intact after freeze-drying and
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rehydration. Accordingly, after ICSI, the paternal centrosome
was able to organize the sperm aster, and early embryo devel-
opment was observed, similar to the development of oocytes
that were inseminated with control ejaculated sperm. How-
ever, our limited data set precludes valid conclusions regard-
ing potential blastocyst development rates or live offspring
after embryo transfer to timed recipients.

Freeze-drying offers considerable potential for the future.
It would avoid the complexities of current sperm-banking
protocols and potentially could reduce costs considerably.
It would further afford benefits for permanent banking of
[1] special genetic material and/or cell lines, [2] donors in
differing locations or those free of particular diseases, and
[3] endangered species. The use of imperishable sperm,
though, raises ethical issues that would need to be addressed
before clinical use, and our results stress that any clinical
speculations are premature. However, further research is
clearly needed to develop protocols that would allow cells
from different species to remain viable and fully functional
after storage in a dry state for longer periods of time.
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