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The current gold standard for sperm preservation is storage at cryogenic temperatures. Dry preservation is
an attractive alternative, eliminating the need for ultralow temperatures, reducing storage maintenance
costs, and providing logistical flexibility for shipping. Many seeds and anhydrobiotic organisms are able to
survive extended periods in a dry state through the accumulation of intracellular sugars and other osmolytes
and are capable of returning to normal physiology postrehydration. Using techniques inspired by nature’s
adaptations, attempts have been made to dehydrate and dry preserve spermatozoa from a variety of species.
Most of the anhydrous preservation research performed to date has focused on mouse spermatozoa, with
only a small number of studies in nonrodent mammalian species. There is a significant difference between
sperm function in rodent and nonrodent mammalian species with respect to centrosomal inheritance.
Studies focused on reproductive technologies have demonstrated that in nonrodent species, the centrosome
must be preserved to maintain sperm function as the spermatozoon centrosome contributes the dominant
nucleating seed, consisting of the proximal centriole surrounded by pericentriolar components, onto which
the oocyte’s centrosomal material is assembled. Preservation techniques used for mouse sperm may
therefore not necessarily be applicable to nonrodent spermatozoa. The range of technologies used to
dehydrate sperm and the effect of processing and storage conditions on fertilization and embryogenesis
using dried sperm are reviewed in the context of reproductive physiology and cellular morphology in
different species.
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Introduction

HE HISTORY OF SPERM cryopreservation began in the

1780s with the first artificial insemination of a canine by
Lazzaro Spallanzani, resulting in the birth of three pups.'
Others successfully repeated this work in many species, in-
cluding humans, through the early 1900s. However, it was not
until 1939 with the founding of the American Society of
Animal Production (ASAP) that research into semen preser-
vation began. Several different medium formulations were
investigated for their effect on post-thaw motility." Egg yolk
was most notably used as it was observed that the lipids in
egg yolk reduced the sensitivity of sperm cells to cold tem-
peratures.! With the discovery of glycerol as a cryoprotectant,
the field of sperm cell cryopreservation advanced consider-
ably, with many successes reported for a range of mammalian
species.” Polge et al.® were the first to attempt to preserve
fowl spermatozoa using glycerol, followed by Sherman®* with
bull spermatozoa. The egg yolk—glycerol method is still used

as a standard extender for semen cryopreservation today to
buffer and protect the sperm cells from cold and osmotic
shock, preserving their fertilization ability.
Cryopreservation routinely involves exposing cells to a
series of nonphysiological conditions, including immersion
in a cryoprotective agent, cooling to a subzero temperature,
storage in liquid nitrogen vapor, then thawing and cryo-
protectant removal before a return to physiological con-
ditions. The challenge during freezing is not the cell’s
endurance of ultralow temperatures (—=80°C to —196°C),
but rather the intermediate temperature zone (—15°C to
—60°C) where damaging ice crystals can form.” Cryoinjury
(cell membrane disruption, cytoplasmic fragmentation,
DNA damage) can occur during slow cooling as a result of
the increasing concentration of solutes in the unfrozen
fraction that develops with progressive extracellular ice
formation (solution effects) and during fast cooling due to
lethal intracellular ice formation.®™ During cryopreserva-
tion, adding a permeating cryoprotectant (e.g., glycerol,
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dimethyl sulfoxide, 1,2-ethanediol, or 1,2-propanediol) and/or a
nonpermeating cryoprotectant (e.g., sucrose, trehalose) can min-
imize solution effect injury and intracellular ice formation.>'°
With these material advances, cryopreservation has become the
gold standard for long-term preservation of many species.

Rapid progress in the field of genetic engineering has led to a
steady increase in the number of valuable transgenic and rare
genetic models that need to be preserved.'' However, the re-
quirement for liquid nitrogen to maintain cryogenic storage
temperatures in specialized containers poses several logistical
problems centered on handling, storage, and shipping diffi-
culties, especially for low resource settings where liquid ni-
trogen and/or dry ice are not readily available. Dry preservation
methods have been explored in response to the need for more
efficient storage and transport approaches for gametes and to
support the fields of reproductive biology, species conserva-
tion, and biobanking of research strains of animals.®!'~'3 A
more effective and efficient stabilization method for nucleated
cells would transform these areas of medicine and research.
Dehydration and storage of biological samples at nonfreezing
temperatures would eliminate the high cost of liquid nitro-
gen dewars for storage as well as the constant expense of
regenerating liquid nitrogen to maintain cryogenic tempera-
tures. Storage in the dehydrated state would also reduce
transport volumes and the complexity of shipping.

Inspiration for dry preservation as a strategy for storage
of gametes can be found in observations of seeds and an-
hydrobiotic organisms (e.g., tardigrades, artemia, rotifers).
Anhydrobiotic organisms are able to survive the damaging
effects of desiccation, with up to 90% water loss, by intracel-
lular synthesis of protective agents such as trehalose.'>'*
Mammalian sperm cells lack this in vivo production of treha-
lose and are desiccation sensitive, therefore trehalose must be
loaded intracellularly using biotechnological methods or other
engineered strategies.'” ™"

Advances in reproductive technologies have made possi-
ble the fertilization of an oocyte by an immotile, but ge-
netically competent, sperm cell.>° This not only has allowed
advances in reproductive science, but it also suggests that
there is a minimal set of cellular components that must be
adequately preserved for proper fertilization and subsequent
embryo development. Understanding the damage that occurs
to these critical components during dry preservation is key to
determining the safeguards necessary for effective and effi-
cient dry preservation processing and storage. For sperm
cells, these considerations are species dependent. This article
will review the basics of the science behind dry preservation,
the range of technologies used to dehydrate spermatozoa,
and the effect of processing and storage conditions on fer-
tilization and embryogenesis using dried spermatozoa. These
technological advances will be reviewed in the context of
comparative cellular anatomy.

The Science and Technology
of Dry Preservation

Learning from nature

Nature has taught us that the concept of dry preservation is
possible as seeds and many anhydrobiotic organisms are able
to survive extended periods in the dry state.'® Currently, many
proteins, bacteria, pharmaceutical d1u§s, and foods are suc-
cessfully preserved in the dry state.”'** Mammalian cells are,
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by nature, desiccation sensitive and cannot be stabilized in the
dry state without the use of biotechnological interventions.
The in vivo accumulation of specific solutes in response to
stress allows anhydrobiotic organisms to survive an extreme
loss of cellular water, up to 90%, and desiccation for extended
periods of time with a return to fully functional states with
minimal cellular loss."* Trehalose, a natural sugar comprising
two glucose molecules joined by a 1-1 glycosidic bond, is
found at particularl?/ high concentrations in many desiccation-
tolerant organisms. > This molecule promotes the formation of
amorphous glassy systems, inhibits crystallization, and inter-
acts with biological structures to stabilize them during drying.

Buitink et al., using electron paramagnetic resonance spec-
troscopy in seeds and pollen, showed that molecular mobility
decreases with lowering moisture content during desiccation
and then increases when the water content becomes very
low.? Maintaining negligible molecular mobility is critical for
long-term storage, and it seems as though there is a threshold,
both upper and lower, of moisture content that must be ob-
tained during drying and then maintained durin§ storage to
sufficiently stabilize critical cellular components.”> However,
motion within glasses involves a variety of molecular dy-
namics, ranging from atomic vibrations, motion of cages, and
secondary or B-relaxation, including Johari—Goldstein (JG)
relaxation, to the fully cooperative o-relaxation associated with
the transition into a glassy state.>*® For example, loss of
enzymatic activity of proteins embedded in sugar glasses has
been shown to not directly correlate with o-relaxation, but
instead has been demonstrated to be a function of the fast high-
frequency (THz) dynamics or fast B-relaxation of the solvent
matrix.”> The relationship between secondary relaxation phe-
nomena and preservation outcome has not been well studied in
more complex cellular systems.

Trehalose is thought to provide protection through several
mechanisms, including the nonexclusive and complementary
theories of vitrification, preferential exclusion, and water re-
placement.”’* The vitrification theory proposes that trehalose
forms a glassy matrix around the biomolecules that comprise the
cell membrane, physically shielding them from stresses.* Tre-
halose vitrifies at low water contents and is characterized by an
extremely high glass transition temperature (Tg).34’35 Below the
T, in the viscous state, the viscosity is so high that there is
negligible molecular mobility and metabolic function. Treha-
lose also has a highly stable glycosidic bond, preventing the
browning reactions to which other sugars are susceptible.®

In the presence of water, trehalose is capable of trans-
forming to the crystalline dihydrate, allowing it to sequester
water, avoiding plasticization in the remaining uncrystal-
lized portion, thus maintaining a high T,. It should be noted
that if preservation of the entire sample is critical, even
partial crystallization can cause degradation and be unde-
sirable, requiring samples to be maintained below 44%
relative humidity (RH) or otherwise formulated with additional
components that suppress crystallization.”’

The preferential exclusion theory suggests that there is no
direct interaction between trehalose and biomolecules, but
that trehalose sequesters the water molecules surrounding the
biomolecules, decreasing the hydration radius and increasing
compactness and stability during drying.>’*? The water re-
placement theory asserts that trehalose substitutes for the
water molecules bound to and surrounding the biomole-
cules, maintaining their native structure and therefore
maintaining their function.****** Trehalose has been shown
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to hydrogen bond with head groups of phospholipid bilayers
under dehydration conditions, depressing the gel-to-liquid
crystalline phase transition (T,,), which can prevent dam-
aging phase changes during rehydration.””*

Drying technology

Numerous processing technologies have been explored to
prepare cells into a dry state, including lyophilization (or freeze-
drying),™®*° convective drying,'® spin drying,*' and microwave-
assisted drying.'**** Lyophilization has been historically used
in the food and pharmaceutical industries to preserve perishable
materials and render them more convenient for transport. In
this approach, the material is frozen and then the environmental
pressure is reduced to allow frozen water in the material to
sublimate directly from the solid phase to the gas phase.

Convective drying involves drying in an environment (usually
nitrogen gas) that has a lower water vapor pressure compared
with the sample so that drying occurs due to differences in the
water vapor pressure between the sample and the environment.'®
Convective drying is also used for foods and pharmaceuticals,
but freeze-drying is the most common process for drying protein
pharmaceuticals, biological standards, and preserving speci-
mens in biological banks.** However, convective drying has
some drawbacks, including long processing time, complex va-
por pressures at the surface of concentrated solutes, and the
inability to control final moisture content.*’

Forced convection, using a gas flow over the sample, can
increase drying rates, but such rates are often nonuniform,
making them undesirable for biological samples.*” Microwave-
assisted or heat-assisted convective drying can circumvent
some of these limitations, enabling faster drying times and more
controlled and uniform final moisture contents.*?

Bacterial cells*® and platelets™ have been successfully ly-
ophilized and survive dry storage. Most recently, microwave-
assisted drying has been used to successfully preserve the
germinal vesicle in oocytes.*> However, nucleated cells pose
additional difficulties with their high level of intracellular
complexity, making survival more challenging.® Cells have
membranes, organelles such as mitochondria and nuclei, pro-
teins, and morphologies that need to be maintained to retain
proper function. Success with dry Preservation of mammalian
cells has been somewhat elusive.*'?

Techniques for loading trehalose intracellularly

Previous work has suggested that the presence of the sugar
on both sides of the plasma membrane is required for treha-
lose to be maximally effective as a protectant,'>!7-1%4748
Mammalian cells lack the enzymatic pathways to produce
trehalose and therefore trehalose loading is a common first
step in processing cells for dehydration. Several methods have
been explored to accomplish this, including ATP poration,'®
genetically engineered o-hemolysin poration,'” transfection,*’
and fluid-phase endocytosis.*>*" In the specific case of sper-
matozoa, introduction of trehalose has been accomplished
through poration of cellular membranes with a-hemolysin,
which is added exogenously to create pores in the plasma
membranes, allowing trehalose to be loaded into the cytosol
through concentration gradients.'®

With these advances in loading trehalose, significant prog-
ress has been made toward the goal of dry preservation.
However, despite the efficient introduction of protective solutes
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into the cell, the ability to maintain cellular viability is ham-
pered by the low viabilities at low water contents. Regardless
of the loading technique, reports of survival are diminished at
water contents below 0.2-0.5 g H,O/g DW.3>! A low level of
residual water is required and must be maintained throughout
the storage period to achieve viability postrehydration.

Dry Preservation of Spermatozoa

Reproductive technologies influence
preservation approaches

The advent of intracytoplasmic sperm injection (ICSI), or
the manual injection of a single spermatozoon into an oocyte
for in vitro fertilization, has allowed an immotile spermato-
zoon to fertilize an oocyte, with the first successful fertiliza-
tion in 1998 showing that an immotile spermatozoon can
retain genetic integrity.”® With the use of reproductive tech-
nologies, neither the plasma membrane nor motility of sper-
matozoa is an aspect of the sperm cell that must be preserved
to maintain function. ICSI bypasses the need for sperm mo-
tility to bind to cells of the female reproductive tract, and the
need for spermatozoa to undergo hyperactivation, zona bind-
ing, and the acrosome reaction. >

Sperm cells remain viable and capable of fertilization
through ICSI based on the fact that sperm nuclear integrity
is maintained for proper chromatin decondensation, and in
some species, centrosomal integrity is maintained for proper
sperm aster formation in the zygote.>* It is important to
understand the damage that can occur to the critical com-
ponents of the sperm cell during drying that would render
them incapable of performing their necessary tasks for
proper embryo development to determine the safeguards and
interventions necessary to further develop this technique.

Sperm morphology and function

The mature sperm cell is a terminally differentiated
cell, ~60pum long and 5 um wide and completely envel-
oped by the plasma membrane, a dynamic system resulting
from many changﬁes during spermatogenesis in the semi-
niferous tubules.">>™7 First of all, the nuclear chromatin is
highly compacted during spermatogenesis through the re-
placement of histones with protamines. During spermiogene-
sis, cellular volume is then reduced, including the loss of most
organelles and cytoplasm, increasing the cell’s aerodynamic
properties, followed by epididymal maturation where the
spermatozoon surface is modified by integration of proteins,
glycoproteins, and lipids such as phosphatidylcholine that are
significant in the induction of progressive motility, capacita-
tion, and the acrosome reaction.>>

The structure of the mammalian sperm cell is broken down
into three distinct regions, the head containing the nucleus, the
midpiece, and the tail. Sperm motility depends on ATP pro-
duction by the mitochondria, located in the midpiece, which
must produce ample energy in the form of ATP to power the
flagellar motion of the tail region to propel the spermatozoa to
the ova. Once at the site of fertilization, the roles of the sperm
head come into play. The sperm head comprises mainly an
acrosome, a large secretory vesicle that overlies the apical re-
gion of the sperm head, and a densely packed region of chro-
matin safeguarding the sperm genetic material>® Once the
spermatozoon head has bound to and penetrated the plasma
membrane of the oocyte, several events involving the DNA
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within the sperm head must take place, including deconden-
sation of the sperm nucleus, exchange of protamines for his-
tones, development of the male and female pronuclei, and
pronuclear migration to the center of the oocyte.”’

Simultaneous to chromatin decondensation, sperm aster
formation must start to take place. In nonrodent mammalian
species, the sperm centrosome contributes the dominant nu-
cleating seed consisting of the proximal centriole surrounded
by pericentriolar components onto which the oocyte’s cen-
trosomal material is assembled.’® With the exception of mi-
totic spindle, the oocyte lacks any centriolar structure until
penetration by the spermatozoon. During oogenesis, the egg
centrosome is reduced and inactivated since there should
be only one functional centrosome to ensure normal de-
velopment. During spermiogenesis, there is a partial re-
duction of the male centrosome, during which the proximal
centriole is retained intact in the sperm neck, while the
distal centriole progressively degenerates and is partially
reduced, eventually merging with the sperm axoneme in
the midpiece and tail.>3>>®

The sperm centrosome, displaying the pinwheel structure of
nine triplet microtubules surrounded by pericentriolar com-
ponents, is primarily responsible for nucleating and organizing
the sperm aster, which pushes the sperm head toward the
oocyte center and guides migration of the female pronucleus
for union with the male pronucleus, completing the fertiliza-
tion process.”>*>? It has been shown that poor patterns of
aster formation can contribute to delayed first cell division
and decreased developmental rates, demonstrating that sperm
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centrosome maturity, obtained during epididymal maturation,
contributes to fertilizing ability and embryo quality.*® Unlike
rodent mammalian species that inherit the whole centrosome
from the oocyte, nonrodent mammalian species partly inherit
the centrosome from the sperm cell (Fig. 1).

Molecular Damage in Spermatozoa
and Its Contribution to Preservation
Induced Injury

DNA injury

ICSI can overcome membrane damage and loss of mo-
tility, but cannot overcome DNA damage, one of the most
important components of the reproductive outcome in the
spermatozoa. It has been clinically established that sperm
DNA damage is positively correlated with lower fertilization
outcomes and embryo development in both natural and
technology-assisted reproduction.®’~* The two character-
istics that differentiate sperm cells from somatic cells are
protamination and DNA repair mechanisms.** The dense
compaction of sperm DNA provides protection to the DNA
from a wide range of assailants that might impart frag-
mentation. The normal and necessary processes of meiotic
crossing over and the replacement of histones with protamines
to supercoil the sperm DNA impart levels of temporary DNA
fragmentation to the cells, which if unfixed, evolve into DNA
fragmentation of mature spermatozoa.®*®> These levels of
damage are typically repaired during epididymal transit and

Disulfide bond

N

FIG. 1. Tlustration of DNA super-
compaction and centrosomal re-
duction during spermatogenesis.
Supercompaction of the nuclear
DNA is achieved through the re-
placement of lysine-rich histones
with smaller more basic arginine and
cysteine-rich protamines. Protamines
further compact the DNA through
the formation of disulfide bonds
during maturation through the epi-
didymis. In nonrodent mammalian
species, there is partial reduction of
the male centrosome. The distal
centriole is reduced during sper-
matogenesis, resulting in the pres-
ence of only the proximal centriole
in the mature spermatozoon.
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before ejaculation, but unrepaired damage leads to permanent
DNA fragmentation.”> DNA repair in spermatozoa is termi-
nated as transcription and translation stop postspermatogen-
esis, therefore sperm cells have no means of repairing DNA
damage that occurs durin()g migration through the epididymis
and postejaculation,50-64+66-67

It has been shown that oocytes and early embryos can
help repair sperm DNA damage, so the effect of sperm
damage on the developing embryo depends on both sperm
chromatin damage and the ability of the oocyte to repair
some of this damage.®® Fertilization of an oocyte by a
spermatozoon damaged by extensive double-stranded DNA
fragmentation can be incompatible with complete fertiliza-
tion and embryo development. Activation checkpoints dur-
ing embryogenesis slow down cell cycle progression until
DNA damage is resolved, and if it remains unrepaired,
cellular senescence and apoptosis are initiated.®*

Studies in some mammalian species (rodent, nonrodent,
and human) found that sperm exposure to high oxidant en-
vironments causes high levels of DNA damage. This damage
did not necessarily minimize the ability of the spermatozoon
to fertilize an oocyte, but showed a detrimental effect on
embryo development.®®’> When this DNA damage in the
sperm cell is not completely repaired by the oocyte and
resulting zygote, and embryo progression continues, the
damage gets passed on to the resulting embryo, transitioning
any pathology associated with the unrepaired damage to the
offspring. Most oxidative damage research has focused on
plasma membrane and acrosome damage, and not nuclear
DNA integrity; however, we know that fragmentation of
genomic DNA is a hallmark of apogtosis, the most common
form of eukaryotic cellular death.”> Some work specific to
cats has examined antioxidant capacity to ameliorate ROS
DNA damage generated during cryopreservation, and it was
found that the addition of 5 mM cysteine to the resuspension
medium increased DNA integrity at 6 hours post-thaw.”*

Mitochondrial DNA is also present in the sperm cell and
should be noted as a source of additional ROS generation
and site of damage in the cell. The likelihood of damage to
the sperm mitochondrial DNA during the life span of the
sperm cell is so great that they are ubiquitinated and de-
stroyed in the oocyte after fertilization to avoid any possi-
bility of contributing to the mitochondrial content of the
embryo.%® Uniparental mitochondrial inheritance is common
to all eukaryotic species, but it should be noted that in hu-
mans, the incidence of injury was found to be greater in
mitochondrial DNA than in nuclear DNA, proposing that
mitochondrial damage may be recognized earlier and may
be indicative of later DNA damage.”?

Centrosomal damage

In nonrodent mammalian species, the sperm centrosome
is the second critical component of the sperm cell necessary
for function and fertilization. Defects in proper centrosomal
function have been documented to have serious consequences
on fertilization and embryo development.®*”> The mature MII
oocyte supplies the molecular machinery that separates oocyte
chromosomes postfertilization, allowing the extrusion of half of
the chromosomes into the second polar body and retention of
the other half to form the female pronucleus.”> The sperma-
tozoon contributes the centriole—centrosome complex, which
has been reduced during spermatogenesis, but has retained the
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functional proximal centriole required for sperm aster forma-
tion, for zygote nuclear formation, and for the bipolar mitotic
apparatus that forms after centriolar duplication during the
pronuclear stage, as well as critical centrosomal proteins (tu-
bulin) required for the recruitment of additional centrosomal
proteins (tubulin) from the oocyte.”

The sperm centriolar complex consists of a proximal cen-
triole surrounded by centrosomal proteins, tubulin, pericentrin,
and centrin, and a distal centriole that is degraded post-
fertilization. Research is ongoing concerning the com-
plexity, functionality, and pathologies associated with the
centrosome and surrounding centrosomal components. It
has been reported that insufficient tubulin or centrin pro-
teins in the sperm centriolar complex result in abnormal
sperm aster formation and decreased fertilization.®%’>"°
In the domestic cat, decreases in the size of the sperm aster
formed postfertilization have been correlated with delayed first
cleavage divisions, slower developmental rates, and reduced
morula and blastocyst formations.” These poor developmental
patterns can be reversed by replacing the centrosome, at the
time of ICSI fertilization, with a more mature one, indicating
that centrosomal maturation and function are essential to proper
development of the embryo.*

Sperm developmental stage and its relationship
to reproductive outcome

There is a level of DNA fragmentation damage that is ini-
tiated in the sperm cell during the necessary processes of
chromatin repackaging during spermatogenesis and these levels
of damage are typically repaired during epididymal transit and
before ejaculation, and as discussed previously, unrepaired
damage leads to permanent DNA fragmentation in the resulting
spermatozoa.®” For species conservation purposes and also for
some procedures in humans, spermatozoa removed from the
testes can be an alternative to ejaculated spermatozoa.

To achieve the best reproductive outcome, several aspects
must be considered, including which spermatozoa have the
least amount of DNA damage, which have the highest embryo
growth potential, and which set of spermatozoa are more easily
available, especially when considering wild or endangered
species. It has been shown in cats that testicular spermatozoa
injected into in vitro matured cat oocytes have proper, but
lower, embryo growth potential (11%) than that of ejaculated
sperm (21%). This shows that domestic cat testicular sperm are
capable of supporting proper embryo development and that
even though there are complex mechanisms involving epidid-
ymal maturation that are beneficial for conventional fertiliza-
tion, these processes are not absolutely necessary to produce
blastocyst embryos in the cat model.*

Studies assessing cat chromatin stability and resistance of
the DNA to acidic denaturation have been evaluated in
different regions of the epididymis—caput/head receiving
spermatozoa from the testis through the efferent ducts,
moving to the corpus/body, then to the cauda/tail. These
data showed that as spermatozoa progressed from the caput
to the cauda regions, the percentage of sperm heads with
persistent histones through aniline blue staining decreased
from 31.8% to 7.8%, indicating a further compaction of the
chromatin through protamine replacement, increasing sta-
bility and decreasing exposure to damage. These data also
showed that chromatin stability in the form of dsDNA
through acridine orange staining increased significantly
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TABLE 1. FERTILIZATION OUTCOMES WITH DRIED SPERM ORGANIZED BY SPECIES, DRYING METHOD,
AND STORAGE CONDITIONS, INCLUDING TEMPERATURE AND DURATION OF STORAGE

Species  Method T4 (°C) Duration % Blastocyst Pregnancy outcome Reference no.
Mouse CD 4 18-24 Hours 64 11 Fetuses on day 15 from 85 embryos 10
4 1 Month 63 3 Pups from 40 embryos (7.5%) 8
4 1 Year 30.4 2 Pups from 38 embryos (5%) 81
22 3 Months 12.2 2 Pups from 59 embryos (3%)
4 2 Years 414 8
22 2 Years 3 Pups from 51 embryos (6%)
FD 4 9 Pups from 32 embryos (21%) 85
25 16 Pups from 86 embryos (19%)
4 6 Months 13 0
4 6 Months 50 79
4 5 Months 9 Pups from 43 embryos (21%) 80
4 1 Year 22 Fetuses on day 15 from 60 embryos 83
4 1.5 Years 15 Pups from 72 embryos (21%)
4 3 Years 17 Pups from 92 embryos (47%) 84
Rat FD 4 1 Year 7 Pups from 102 embryos (7%) 86
4 1 Year 3 Pups from 19 embryos (16%) 88
4 5 Years 10 Pups from 92 embryos (11%) 89
Cat FD 4 <72 Hours 279 20
Rabbit 4 12-24 Months 24 1 Dead kit from 230 embryos (0.4%) o1
Horse 4 3.5 Months 5 Pregnancies from 7 embryos, 92
2 foals from 3 gestations
Bull 4 1-3 Months 29.6 2
CD+heat 4 1 Month 14 ot
25 7-10 Days 5
Pig FD 4 1 Month 10.7 %5
Monkey 25 1-2 Months 25 %

CD, convective drying; FD, freeze-drying.

from the caput (51.1%) to the cauda (86.5%) regions of the
epididymis.”” These data suggest that epididymal sperma-
tozoa collected from the caudal epididymis have the best
embryo growth potential outside of ejaculated spermatozoa.

Dry preservation of rodent spermatozoa

Most of the sperm dry preservation research conducted to
date has been centered on mouse spermatozoa, with only a
small number of studies in nonrodent mammalian species,
as summarized in Table 1. Bhowmick et al. reported fetal
mouse production using forced convective drying of mouse
spermatozoa to an end moisture content of less than 5% with
nitrogen gas at ambient temperatures.'® The resulting mean
moisture contents achieved were variable at 3.6%*1.1%
(rapid), 1.5% +0.6% (moderate), and 1.2% £ 0.3% (slow), with
the sample spread the highest for rapid drying, indicating less
controlled drying. Despite the variability, the success was
highest for rapidly dried samples, yielding 13% fetal pro-
duction at day 15 of gestation compared with 40% in control
experiments that used fresh spermatozoa. In this study, it
was reported that the final moisture content (5%—7%) did
not affect blastocyst formation as much as the drying rate."'”
Samples were not stored for longer than 24 hours.

This group later reported on the function of mouse sperm
cells convectively dried with nitrogen gas, with and without
exposure to trehalose, using o-hemolysin to create trans-
membrane channels in the sperm plasma membrane.”® Their
findings showed that the percentage of blastocysts produced
following ICSI was significantly higher at all drying times
than those without trehalose, indicating that drying in the

presence of trehalose helped sperm cells to retain their de-
velopmental potential. They also observed that dried sper-
matozoa stored at 4°C produced more blastocysts at all
storage times than those stored at 22°C, but the percentage
of eggs forming blastocysts decreased with the storage time
of sperm at both temperatures. The temperature-dependent
degradation with time results suggest that the matrix may be
slowing, but not suspending, molecular motion, pointing to
opportunities for further composition and process improve-
ments. These blastocyst percentages were within the range of
those reported for lyophilized mouse spermatozoon samples
stored for 6 months at 4°C.*7°

Implantation successes from trehalose-loaded con-
vectively dried spermatozoa, stored for 1 and 3 months at
4°C, were 81% and 48% with live-born outcomes of 26%
and 5%, respectively.”® For comparison, the live-born out-
come obtained with lyophilized samples stored in a different
medium (without trehalose) for 5 months at 4°C was re-
ported at 9%.%° Using similar methodology and composi-
tions, Li et al. investigated sperm storage lengths of 1 week
to 5 months at 4°C, —20°C, and —80°C."'® Fertilization out-
comes were not significantly different for any combination
of storage length or temperature. Blastocyst formation was
also not significantly different at any storage temperature for
a storage length of 1 week or 1 month.

For a sperm storage period of 3 months, the percentage of
oocytes that formed blastocysts decreased as storage tem-
perature increased (74.4%, 54.3%, 3’5.1%).'6 Storage of
sperm for 5 months at 4°C before ICSI yielded a significant
drop in blastocyst formation (10.2%), whereas results ob-
tained after storage of spermatozoa at —20°C and —80°C for
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5 months were not significantly different than 3-month
storage outcomes, suggesting that at subzero temperatures,
the molecular mobility of samples was reduced to the extent
that long-term storage might be possible. Regression anal-
ysis indicated significant deterioration at 4°C, slightly less at
—20°C, and no degeneration of sperm fetal production
ability at —80°C.'°

These findings showed that developmental potential
(protection of genetic material and proteins required for
oocyte activation and embryonic development) of dehy-
drated mouse spermatozoa could be maintained at some
level, and that drying time, storage temperature, and length
of storage play a large role in the level of developmental
potential that can be preserved. Further storage advances
were made by optimizing the drying media used during
convective drying and by precise control over moisture
content during storage.

Liu et al. reported blastocyst formation outcomes of
30.4% for sperm samples convectively dried in 3-O-
methyl-D-glucose media and stored in a 12% RH environ-
ment for 12 months at 4°C and 12.2% for samples stored at
22°C.*! In a separate study, they were able to demonstrate
ambient storage of convectively dried spermatozoa for up to
2 years, with a live birth outcome of 5.9%.% These per-
centages are lower than those observed for lyophilized
samples stored at 4°C for 1.5-3 years,*>3* but they are the
highest outcomes observed thus far for storage at tempera-
tures above 20°C. Wakayama et al. reported a birth outcome
of 18.6% with lyophilized mouse spermatozoa that were
stored for 1 month at 25°C, but these studies indicated that
samples were progressively degrading during storage.®
Taken together, these studies suggest that successes with
convective drying methods are approaching those of the
more mature lyophilization approach and may be superior
for room temperature storage conditions.

Successes have also been reported for lyophilized rat
spermatozoa, but live births have not been achieved for
storage temperatures above 4°C. Hochi et al. reported a live
birth outcome of 7% for dried spermatozoa from Crjlj:Wistar
rats that had been stored for 12 months at 4°C, but no pups
were generated from equivalent samples stored at 25°C.%
High levels of chromosomal abnormalities were reported in
the samples stored at ambient conditions,®® even though the
pH of the media used (8.0) was consistent with the level that
was shown to limit chromosomal damage in mice.?” Kaneko
et al. were also able to generate pups at a level of 16% with
equivalently stored lyophilized spermatozoa (1 year, 4°C)
from Wistar rats, using optimized postinjection culture me-
dia.®® They later extended this storage time at 4°C to 5 years,
with a 11% live birth outcome, indicating that degradation
during storage at this temperature was minimal.*® Although
these outcomes were lower than those achieved in mice, the
difference could not be attributed to DNA damage. The
authors suggested that further optimization of ICSI and
embryo culture methods might improve outcomes.®

Dry preservation of nonrodent spermatozoa

There is a significant difference between sperm function
in rodent and nonrodent mammalian species with respect
to centrosomal inheritance, with rodent mammalian spe-
cies inheriting the centrosome from the oocyte and non-
rodent mammalian species inheriting the centrosome from
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the spermatozoa. Most of the sperm dry preservation work
that has been conducted in nonrodent mammalian species
has utilized freeze-drging, with examples in cat,90 1rabbit,91
horse,”* bull,”*** pig,” and primate.’® Studies on lyophilized
cat spermatozoa have only been taken out to the 8-day/
blastocyst stage, with storage limited to 72 hours. When oo-
cytes were activated with ethanol to override deficiencies in
the ability of freeze-dried spermatozoa to induce the required
intracellular calcium spikes, a blastocyst outcome of nearly
28% was achieved compared with 54.6% in controls.”®
Freeze-dried cat spermatozoa displayed evidence of surface
damage, broken membranes, and decapitation. Morphological
damage of this nature has also been observed in freeze-dried
mouse sperrnatozoa,85 but this did not limit the ability to
produce pups, possibly due to the fact that the paternal cen-
trosome is not critical for fertilization in this species. Kaneko
recently demonstrated that freeze-dried Jaguar spermatozoa
injected into mouse oocytes could form pronuclei, demon-
strating gromise for extending this approach to endangered cat
species.” ' Further studies to investigate DNA damage during
drying as well as a determination of pregnancy outcomes with
dried cat spermatozoa are warranted.

Studies in rabbit are also sparse, but Liu et al. were able to
achieve the production of one full-term, but dead, kit from
lyophilized sperm of 230 embryos that were transferred.”’ Only
spermatozoa that survived lyophilization with the tails intact
were used, ensuring that the proximal centrosome was also
injected. Many rehydrated spermatozoa presented with missing
tails and the axenome in the neck and mid-piece regions ex-
posed. Activation of the oocytes was also necessary, suggesting
that lyophilization may have caused damage to sperm-born
oocyte-activating factor or other critical features. The damaged
spermatozoon plasma membrane was also observed to persist
longer after spermatozoon injection, which the authors sug-
gested may be due to chemical changes that occurred during
processing.”’ Blastocyst formation levels approached that of
controls, highlighting the need to understand damage to factors
that are responsible for continued development past the blas-
tocyst stage. Given the low success rate of ICSI with fresh
spermatozoa (<4%), efforts to expand this approach might need
to focus first on optimizing ICSI procedures.

In larger animals, most studies have focused on early
fertilization events and have not progressed to an evaluation
of pregnancy outcomes, with the one exception being the
horse. Choi et al. obtained blastocyst levels of 6% using
horse semen that was lyophilized in the presence of sperm
cytoplasmic extract, compared with 28% in controls, with
five of seven embryo transfers yielding a pregnancy.’® The
first live birth using freeze-dried semen from a non-
laboratory animal was also reported, with two of three
pregnancies resulting in live births of healthy foals.”* The
parentage testing of foals indicated that one originated from
the intended lyophilized spermatozoa and the other from
the sperm extract.

Keskintepe et al. obtained blastocyst outcomes of 29.6%
when using lyophilized bovine spermatozoa, but optimized
oocyte activation protocols were necessary to overcome
damage to the spermatozoa.”® The use of heat to dry bovine
spermatozoa has also been attempted, with fertilization and
blastocyst development observed to varying degrees based
on drying temperature, storage length, and storage time.”*
Lee et al. reported blastocyst outcomes approaching 15%
when using bovine spermatozoa dried for 8 hours at 50°C
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and stored for 7-10 days at 4°C.°* Storage of sperm beyond
1 month at 4°C resulted in a large decrease in blastocyst
formation. Later work by Hara et al. achieved a cleavage
outcome of 36%, but with a much reduced blastocyst out-
come of 1%.%° This study investigated the effect of freeze-
drying on DNA fragmentation, sperm aster formation, and
the microtubule network. Results were comparable between
fresh and freeze-dried spermatozoa that were used for ICSI.
The microtubule-organizing center was more compromised
in ICSI-fertilized oocytes in general compared with in vitro
fertilized eggs.”® Strategies to overcome deficiencies in
microtubule assembly were recently reviewed by Hochi,
which may improve ICSI outcomes with both frozen and
freeze-dried bovine spermatozoa.”® Modest fertilization
success with lyophilized spermatozoa has been reported in
pigs. A blastocyst outcome of 10.7% was achieved for ly-
ophilized spermatozoa that had been stored at 4°C for 1
month, but samples stored at 25°C did not progress beyond
the morula stage.”’

A limited study in primates has shown that early re-
productive potential is preserved in freeze-dried monkey
spermatozoa stored for 1-2 months in the dark at room
temperature, with a blastocyst outcome of 25% achieved
with both freeze-dried spermatozoa and fresh controls.”®
Trehalose media were shown to be essential for preserving
the proximal centriole. Samples dried in trehalose media
also presented with normal microtubule asters, acrosomal
contents were retained, and some mitochondrial function
was preserved. Despite the small sample sizes, this study
demonstrated the importance of trehalose drying media for
preventing damage to the sperm head, thus preserving the
centrosomal function necessary for oocyte fertilization and
development. In contrast to other studies, oocyte activation
with chemicals was not necessary for samples preserved in
trehalose. To the authors’ best knowledge, fertilization of
eggs with freeze-dried human spermatozoa has not been at-
tempted, but recent studies show that DNA and chromo-
somal integrity are preserved during freeze-drying.'®%'"!

Conclusions and Next Steps for the Field

With the use of reproductive technologies such as sperm
injection, neither the plasma membrane nor motility of the
spermatozoa must be preserved to maintain function. DNA
integrity, on the other hand, must be maintained as deliv-
ering an intact set of chromosomes to the oocyte is the sole
purpose of a mature sperm cell. For nonrodent mammalian
species, the mature sperm cell also provides the centrosome
to the oocyte, the structure of which must also be maintained
for proper sperm function. Understanding the damage to
these critical components during the dry preservation pro-
cess is an important aspect of developing a functional dry
preservation protocol.

Studies in both rodent and nonrodent species have dem-
onstrated that with an appropriate choice of media, DNA
integrity can be conserved during freeze-drying.®%->-100-102
Structural damage to the sperm head can result in a loss of
fertilization ability, some of which can be recovered by
utilizin% exogenous chemicals to induce calcium signal-
ing.**?1%3 Optimization of freeze-drying media may reduce
this type of injury.’® There are also many underexplored
options in terms of the drying modality and many processing
considerations that can be optimized, including establishing
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the optimal moisture content to minimize degradation dur-
ing storage and developing storage systems to maintain
these levels.'*>!%* Optimization of drying and rehydration
media and postinjection culture conditions can also lead to
increased success rates.”8!-87:88.96

Initial attempts to optimize drying media have mainly
focused on sugars, with successes reported with Trehalose
and 3-O-methyl-D-glucose, but there are many other natural
protectants that can be evaluated in future studies, including
the late embryogenic abundant proteins and many other
compatible osmolytes that occur naturally in desiccation-
tolerant organisms.'>'% Successful methodologies devel-
oped for rodent species can be used as a starting point for
nonrodent sperm models, but as the limited studies have
shown, differences between species exist not just in the
response to freeze-drying but also the amenability to
ICSL.°"?® Although considerable work is still needed, early
results show promise that dry preservation methodologies
can serve as a more economical method for biobanking of
spermatozoa from a range of species.
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