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ABSTRACT 

Response of Day Eight Equine Embryos to Saccharide Solutions at Various 

Temperatures 

 

Brittany A Foster       Advisor: 

University of Guelph, 2012      Dr. Tracey Chenier 

The response of Day Eight equine embryos to saccharide solutions was investigated as a 

first step in their potential use as non-permeating cryoprotective agents. Embryos were 

exposured to seven increasing concentrations of either sucrose or galactose at a 

temperature of 22°, 30° or 37°C. Each embryo was then rehydrated by exposing it to the 

same solutions in reverse. Embryos underwent osmotic dehydration, independent of 

treatment group, but embryo size had a significant effect on the response pattern. 

Embryos < 500!m dehydrated osmotically to 20% of their original volume. Those > 

500!m exhibited a delayed response and only dehydrated to 40% of their original 

volume. When placed into decreasing concentrations, embryos partially rehydrated. Pre- 

and post-treatment embryo quality was compared and embryos were stained to determine 

the amount of apoptosis, with no difference in embryo survival between treatments. 

Results indicate that saccharides show promise for use in equine embryos < 500!m.
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Chapter One 

Introduction, Literature Review and Objectives 

 

1.1 Introduction 

Embryo transfer has been widely used to produce offspring of domesticated species 

for the past four decades. It is a useful tool to improve the genetics of many species by 

increasing the influence of maternal genetics. Embryo transfer allows multiple offspring 

to be produced from a single dam during a breeding season, even if she is subfertile or 

otherwise unable to carry offspring to term herself.   

Unfortunately, despite its success in other species, embryo transfer in equid species 

has been significantly limited, largely due to the cost of maintaining synchronized 

recipient mares. Because of that, cryopreservation of embryos for later transfer would be 

advantageous, but has had limited application because of low cryosurvival rates, perhaps 

due to the unique physiology of the equine embryo. By Day 8, equine embryos are much 

larger than those of other domestic species. Their larger volume increases the likelihood 

of damage due to intracellular ice crystal formation during the freezing process. In 

addition, by Day 7 after fertilization, the equine embryo has developed a glycoprotein 

capsule between the trophoblast and zona pellucida.  The capsule appears to impede the 

permeation of cryoprotectants into the embryos, leaving them largely unprotected and 

even more prone to damage during freezing and thawing (Legrand et al. 2002; Maclellan 

et al. 2002; Gillard-Kingma 2011). The slow and unpredictable descent of the equine 

embryo into the uterus makes it difficult to collect embryos before the beginning of 
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capsule development. Therefore, it is necessary to derive better methods to preserve 

embryos at later stages, when their volume is larger.  

While it has been shown that the capsule prevents sufficient permeation of 

cryoprotectants into the embryo to be protective during freezing, there are many alternate 

methods of cryoprotection that have not been adequately investigated in equine embryos. 

This review will address the concept of using saccharides as non-permeating 

cryoprotectants to dehydrate equine embryos and so protect them from ice crystal 

formation and damage. 

 

1.2 Embryo Transfer 

1.2.1 The Embryo Transfer Industry: Background and Current Limitations 

Embryo transfer (ET) is the process of removing an embryo from the genetic dam  

(the “donor mare”), and transferring it into the uterus of another mare, known as the 

recipient, for the remainder of gestation. Embryo transfer is beneficial for many reasons, 

not the least of which is that it allows for more than one foal of one genetic dam to be 

born during a single breeding season. Embryo transfer is most commonly used for 

embryos of older mares, especially those with reproductive problems that render them 

subfertile, and in mares that are still in active competition (Squires et al. 2003). It was 

first developed in equines in the 1970s, and is now permitted by most breed registries 

worldwide, with the exception of the Thoroughbred Association (Oguri and Tsutsumi 

1974; Squires et al. 2003).  

The first step in embryo transfer is to flush the embryo from the uterus of the donor 

mare by transcervical uterine lavage (Squires et al. 2003). As many as eight serial 
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lavages, each of 1 L volumes, may be necessary (Scherzer et al. 2008). Administering 

oxytocin prior to the last flush and allowing the fluid to remain in the mare’s uterus for 3 

minutes while massaging the uterus per rectum can increase embryo recovery rates by 

10% (Hudson and McCue 2004). The combination of massage and uterine contractions 

stimulated by the oxytocin ensures that the entire uterine lumen is flushed; this ensures 

that the embryos are not trapped within uterine folds, decreasing the chance of an embryo 

being left behind in the uterus (Stout 2006). Oxytocin administration has the additional 

benefit of increased uterine clearance, and when used near the end of the flush procedure, 

decreases the likelihood of fluid being retained in the uterus. 

Collected embryos are often washed multiple times in “holding medium” to dilute 

any microorganisms or cells that may be present in the flush medium (Stout, 2006). Each 

embryo is then graded and measured before being loaded into an 0.25 or 0.5 mL straw in 

holding medium and transferred into the uterus of a synchronized recipient mare with an 

insemination instrument (Squires et al. 2003). Equine embryo transfer was originally 

done by laparoscopic surgery through a midline incision under general anesthesia, or 

more commonly through an incision in the flank using only a local anesthetic (Allen 

1982; Squires et al. 1985). It is now more commonly, and just as successfully, performed 

using a trans-cervical method (Stout 2006).  This requires the aseptic insertion of a 

transfer pipette through the cervix and into the uterus, in an atraumatic manner similar to 

that used for artificial insemination.  

The zygote takes 6 to 6.5 days (144 to 156 hours) to travel through the oviduct to 

the uterus in the mare (Battut et al. 1997).  However, due to variability in transit time and 

estimations of time of ovulation, most embryos are recovered 7 to 8 days following a 
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spontaneous single ovulation to maximize collection rate and viability for fresh embryo 

transfer (Squires et al. 2003; Vanderwall 2000; Squires and Seidel 1995). However, it has 

recently been shown that equine embryos ! 300 "m in diameter can be collected by 

flushing mares eight days after insemination and administering human Chorionic 

Gonadotropin (hCG) to induce ovulation (Eldridge-Panuska et al. 2005). This allows for 

embryo collection approximately 6.5 days after ovulation. Comparison of embryo 

collection rates on Days 6 to 9 post-ovulation found that while rates tended to increase 

from Day 6 to 9, the difference was only slight with an average across multiple studies of; 

58% successful embryo recovery on Day 6, 61% on Day 7, 65% on Day 8 and 71% on 

Day 9 (Vanderwall 2000). 

As the embryo traverses the oviduct, it is undergoing the first stages of 

development. On reaching the ampullary-isthmic junction, embryonic secretions of 

prostaglandin E2 (PGE2) signal dilation of the oviductal lumen causing the embryo to be 

released into the uterus (Weber et al. 1991a; Weber and Woods 1993). When the embryo 

enters the uterus, it is usually in the morula or early blastocyst stage and is rapidly 

developing and expanding (Betteridge 2000).  

Once the embryo enters the uterus, it is highly mobile, being propelled throughout 

the entire uterus as many as thirteen times each day until Day 16 or 17 (Ginther 1983b; 

1984). This mobility is instigated by strong contractions of the endometrium, stimulated 

by the release of Prostaglandin F2! (PGF2!) (Stout et al. 2001). In the mare, the presence 

of a conceptus has been shown to reduce uterine release of PGF, preventing luteolysis 

and thus ensuring maintenance of pregnancy (McDowell et al. 1985; 1988). However, 

this PGF-inhibiting effect is transient and embryos must interact continuously with the 
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entire endometrium for PGF suppression to continue (McDowell et al. 1988). Because the 

embryo is still spherical during the critical period or 12 to 15 days post-ovulation when 

luteolysis would occur, continuous contact requires that the embryo be highly mobile to 

contact the large surface area of the uterus (McDowell et al. 1988). Those investigators 

studied the influence of this mobility by ligating the uterus of mares 3 to 4 days post 

ovulation, so that the embryo mobility was restricted: one uterine horn; one horn and the 

uterine body; or one horn, the body and 80% of the second uterine horn. Mares with more 

restricted embryo movement were significantly more likely to lose the pregnancy, and 

those mares returned to estrus on day 16, before conceptus loss was detected. However, 

when mares with ligated uteri were supplemented with progesterone, they were 

significantly more likely to maintain pregnancy. Those results indicated that the 

conceptus must come into regular contact with most of the surface of the uterine 

epithelium for luteostasis and progesterone-mediated maintenance of early pregnancy.  

To ensure maintenance of pregnancy of transferred embryos, recipient mares must 

be at a stage of their estrous cycles primed for progesterone maintenance and PGF 

inhibition. Embryos are most likely to go to term when transferred into recipient mares 

that have ovulated from one day before to three days after the donor mare. This sequence 

yields 75 to 85% pregnancy rates (Allen 2005; Squires et al. 2003).  The most important 

factor for success is embryo quality (Allen 2005; Squires et al. 2003). Pregnancy rates 

often decrease to 65% if transferred embryos are Day 10 or greater post-ovulation, and 

will decrease further if poor quality embryos are used or if embryos are damaged and 

cannot maintain mobility (Squires et al. 2003; Squires et al. 1995).  
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1.2.2 Embryo Cooling and Cryopreservation in the Embryo Transfer Industry 

Currently, most equine embryos are transferred fresh on the farm into a recipient 

mare shortly after collection. However, delayed transfer can be accomplished through 

either shipping of chilled embryos to another location where there are more recipients 

available, or through embryo cryopreservation. Both options allow greater flexibility with 

respect to recipient mare synchronization, which would theoretically decrease the cost 

associated with embryo transfer and decrease the risk of lost pregnancies due to 

unsuitable recipients. 

Equine embryos can be cooled to 5°C in Ham’s F-10 medium gassed with 5% O2, 

5% CO2 and 90% N2, to maintain embryo viability in vitro for up to 24 to 30 hours 

without decreasing embryo quality or pregnancy rates (Squires et al. 2003; Carnevale et 

al. 1989; Carney et al. 1991).  This allows shipment between a collection facility and one 

housing recipient mares. Equine embryos have been successfully stored at 15 to 18°C in 

Ham’s F-10 with HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer 

and 0.4% BSA for up to 18 hours with no adverse effects (Fleury et al. 2002). Several 

commercial media containing Zwitterionic buffers (Emcare™ and ViGro™) have been 

shown to be as useful for storing embryos for 24 hours at 5°C as Ham’s F-10 (McCue et 

al. 2000; Moussa et al. 2002; Moussa et al. 2004).  

Ham’s F-10 medium requires a specific CO2 tension to maintain the correct pH and 

so must have the gas mixture bubbled through it prior to embryo collection (Moussa et al. 

2003). This can be impractical on farms and results in wasted media when no embryo is 

recovered. Use of Zwitterionic-buffered media is more practical than Ham’s medium as it 

maintains pH without being gassed (Moussa et al. 2003). Zwitterionic buffers, such as 
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HEPES that is used in Emcare™ and ViGro™ holding media, use molecules with a 

neutral charge that are metabolically inert and cannot cross cell membranes, providing a 

stable environment for embryos (Good et al. 1966; Moussa et al. 2003).  

Moussa et al. (2003) found that there was no difference in embryo viability, as 

assessed by DAPI staining, between embryos stored for 24 hours at 5ºC in any of Ham’s 

F-10, ViGro™ and Emcare™ media, but that there was a significant increase in cell death 

in all three media compared to freshly collected embryos. When transferred into recipient 

mares after being cooled to 5ºC for 24 hours, 9 of 10 and 8 of 10 embryos treated in 

Ham’s and Emcare, respectively, led to pregnancy (Moussa et al. 2003). This suggests 

that use of Zwitterionic buffers is likely to be just as efficient as Ham’s F-10 at 

maintaining viability of cooled, stored embryos. Due to their convenience, these buffers 

are likely to be preferable as a medium for handling embryos on farms.  

While being able to cool embryos to low temperatures near 0°C has the distinct 

advantage of allowing embryos to be transported to distant farms or embryo transfer 

centers, it is limited to about a 30 hour time period (Squires et al. 1999). Although this 

increases the ability to transfer embryos between facilities in different areas or countries 

it nevertheless limits the time restriction and the requirement for suitable, synchronized 

recipient mares.  Embryo cryopreservation would increase convenience by allowing 

embryos to be transferred at a later time. This would eliminate the requirement of 

synchronized recipients and would allow embryos to be transported even greater 

distances, enabling international trade. Pregnancy rates of 50 to 60% or even as high as 

80% (Slade et al. 1985) can be achieved using frozen-thawed embryos, but only when 

embryos are smaller than 250 "m in diameter (Skidmore et al. 1991; Squires et al. 
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2003a). However, morulae and early blastocysts of this size are usually collected on Day 

6, when they have just entered the uterus, complicating recovery. Embryo recovery rates 

on Day 6 have been shown to be lower compared to Day 7 or 8 due to variations in 

oviductal transit time (Squires and Seidel 1995). By Day 7, equine embryos average ~400 

"m in diameter and by Day 8 they are often ~1100 "m (Squires et al. 1985a). 

Cryopreservation of these large expanded blastocysts yields lower pregnancy rates, 

between 0 and 29% (Squires et al. 1989; Slade et al. 1985; Takeda et al. 1984). Clearly, 

improvements in cryopreservation methodology are necessary if equine embryo transfer 

is to gain its full potential. 

 

1.3 Cryobiology 

1.3.1 Principles of Cryopreservation 

Cryopreservation is the freezing of living cells or tissues and storage at low subzero 

temperatures. These low temperatures stop biological processes, allowing samples to be 

preserved almost indefinitely (Mazur 1984). There are two types of cryopreservation 

procedures commonly in practice. The first involves slow, controlled-rate freezing and 

relies on cellular dehydration during the freezing process (Mazur et al. 2008).  With this 

method, embryos are placed in a solution containing a cryoprotective agent and are 

cooled slowly to -30° or -35°C at a rate of 0.5°C/min to allow equilibration and 

dehydration to occur throughout this process (Leibo 2008). Because of the properties of 

cryoprotectants, which lower the freezing point of solutions by increasing chemical 

potential, ice does not begin to form until solutions are seeded at -5°C (Mazur 1984). 

Below this temperature, extracellular water begins to freeze if seeded with an ice crystal 
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(Mazur 1984).  The plasma membrane prevents ice crystals from growing into the 

cytoplasm allowing cellular contents to become supercooled, remaining unfrozen. Since 

only water freezes, the colder the solution, the more water freezes and the more 

concentrated the resulting solution becomes (Leibo 2008). This results in embryos being 

immersed in highly concentrated solutions as they are progressively cooled. Embryos 

slowly dehydrate to equilibrate with the increasingly concentrated external solution as the 

water freezes. Once the embryos reach -35°C, the embryos are considered to be almost 

completely dehydrated, and are at a temperature of complete metabolic inactivity so that 

they can be rapidly frozen. Embryos are plunged directly into liquid nitrogen at -196°C. 

The goal of a conventional cooling protocol is to cool the embryo slowly enough so that 

water can leave the embryo before reaching its freezing point, until the embryo is 90% 

dehydrated at which point the residual fluid is too concentrated to freeze at any 

temperature (Mazur 1984). This prevents formation of damaging intracellular ice crystals, 

increasing the probability of embryo survival. 

The second method of freezing cells is vitrification, which uses a much higher rate 

of cooling of cells suspended in highly concentrated solutions. This results in the 

formation of a highly viscous glassy state without ice crystal formation (Mazur et al. 

2008). Vitrification reduces the time requirement and the necessity of controlled rate 

cooling equipment. It allows embryos to be plunged directly into liquid nitrogen from 

room temperature (Eldridge-Panuska et al. 2005; Scherzer et al. 2008). With this method, 

embryos are immersed in high concentrations of cryoprotective agents for a short period 

of time before being plunged directly into liquid nitrogen in a very small volume of the 

CPA solution (Scherzer et al. 2008). This results in high cooling rates, and prevents the 
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formation of small, damaging intracellular ice crystals by changing the solution directly 

from a liquid to a vitreous or glass-like state (Moussa et al. 2005). 

However, the process of cooling cells by either method is not without risk. It is the 

process of freezing and thawing, not the low temperatures per se, that is damaging to 

cells (Mazur 1984). When embryos are stored at -196°C, there is no metabolic activity 

and so no chance for damage. No liquid water is present below -130°C. Water exists 

instead as a crystalline or in a glassy state, with diffusion rates near zero (Mazur 1984). 

At -196°C, no temperature-driven chemical reactions are possible except photophysical 

events such as free radical formation, which take thousands of years to occur at a 

damaging rate.  

At intermediate subzero temperatures between -15° and -60°C, reactions can still 

occur; this is where damage is likely (Mazur 1984). In 1972 a two-factor hypothesis was 

proposed to explain cellular damage during freezing (Mazur et al. 1972; Mazur 1977). 

This hypothesis states that (1) when cells are cooled too quickly they are killed by 

intracellular ice formation, but that (2) when cells are cooled too slowly they are killed by 

effects of the cryopreservation solutions. As a result, cryopreservation processes must be 

used to prevent fatal damage to cells from solution effects, from the formation of 

damaging ice crystals, or from osmotic damage as water exits cells (Mazur 1977). A 

primary cause of freezing-induced cell death is disruption of the cellular cytoskeleton due 

to ice crystal formation (Dobrinsky 1996; Tharansit et al. 2005). Intracellular freezing 

occurs when ice crystals are able to pass through membrane pores into the cell, leading to 

extensive and often fatal cell damage (Mazur 1984). The degree of damage is due to 

either the amount of ice within the cells or the size of the individual crystals (Mazur 
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1984). Osmotic damage occurs when there is too great a difference between intracellular 

and extracellular solutions causing cells to collapse or expand too greatly or too rapidly, 

and resulting in membrane lysis (Oda et al. 1992). Because of their greater size and lower 

surface area to volume ratio, embryos are more sensitive to freezing-induced injuries than 

are individual cells (Mazur 1984). As a result, embryo survival requires that cooling rates 

be slow enough to minimize the probability of intracellular freezing but fast enough to 

minimize the probability of injury from prolonged exposure to extracellular ice and toxic 

solutions (Mazur 1984). Because ice crystals can form during both the freezing and 

thawing processes, both cooling and warming rates must be controlled.  

Although vitrification is a simpler, quicker and less expensive process than 

controlled rate cryopreservation, the high concentrations of CPAs used in vitrification 

solutions increase the risk of toxicity and of osmotic damage, especially during the 

thawing process. Vitrification holds the advantage of expediting the cooling process, 

decreasing the length of time that cells are sensitive to chilling (Gadja and Smorag 2009). 

Conventional equilibrium freezing has the advantage of being a more controlled and 

better-understood process. In cattle, both procedures result in similar pregnancy rates, 

which may be greater than 50% (Hasler 2001).  One large-scale trial that directly 

compared vitrification and slow, controlled-rate freezing of cattle embryos showed no 

difference between the two methods with pregnancy rates of 44.5% and 45.1%, 

respectively (Van Wagtendonk-de Leeuw et al. 1997). While pregnancy rates are lower 

with frozen-thawed in vitro produced bovine embryos, they are still similar between the 

two cryopreservation methods at 24% and 28% for vitrification and slow cooling, 

respectively (O’Kearney-Flynn et al. 1998). 
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 Cryopreservation by controlled-rate methods of equine embryos that are ! 300 "m 

in diameter can result in even higher pregnancy rates of 50 to 64% (Hochi et al. 1996; 

Takeda et al. 1984; Slade et al. 1985; Lascombes and Pashen 2000). However, 

conventional cryopreservation of larger equine embryos yields pregnancy rates of zero to 

29% (Yamamoto et al. 1982; Squires et al. 1989). One study comparing vitrification 

survival found that, similar to previous studies with controlled-rate cryopreservation, 45 

to 62% of equine embryos ! 300 "m produced embryonic vesicles, while none of the 19 

vitrified and transferred embryos # 300 "m survived to the embryonic vesicle stage 

(Eldridge-Panuska et al. 2005). Thus, both vitrification and controlled rate 

cryopreservation have been successful at producing acceptable pregnancy rates with 

bovine and small equine embryos. However, neither method has, as yet, shown success 

with equine embryos # 300 "m.  

 

1.3.2 Permeability and Temperature 

One reason for variable cryosurvival rates of embryos from different species is 

that individual cell types vary in their response to solutions because of differences in their 

membrane permeability coefficients, to water and to permeating solutes, and the 

activation energies of the permeability coefficients (Pfaff et al. 2000). The loss of water 

from a cell when exposed to a hypertonic solution is dependent on the cell’s permeability 

to water, which is determined by the composition of the cell membrane and the cell’s 

surface area to volume ratio (Leibo 2008). The permeability can then change in relation 

to the temperature of exposure and the ratio between the intracellular and extracellular 

osmotic pressures. 
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Embryo permeability and solution toxicity both increase as temperature increases 

(Rall 1987). However, temperature effects between 20° and 35°C can be minimized by 

adjusting exposure periods accordingly (Vajta et al. 1999). Solutions of higher 

concentrations are less toxic at reduced temperatures. Because of reduced embryo 

permeability and decreased rates of diffusion, higher concentrations or longer periods of 

exposure are necessary as temperature is decreased to achieve the same level of 

dehydration. When mouse zygotes were exposed to 0.5M NaCl at various temperatures, 

they dehydrated to 50% of their isotonic volume at various rates that were dependent on 

the temperature (Leibo 1980). While oocytes were 50% dehydrated in less than a minute 

at 30°, it took them 1.3 and 2.9 minutes to reach this level of dehydration at 20° and 10°, 

respectively; at 0°C they still hadn’t reached this level of dehydration after six minutes. 

Early vitrification procedures used a two-step process of exposure, increasing the 

concentration of the vitrification solution significantly after decreasing the temperature to 

4°C (Rall and Fahy 1985). Despite the altered reaction speed, different temperatures do 

not affect the equilibrium volume of embryos in any solution of non-permeating solutes 

(Leibo et al. 1980). 

Other studies have quantified the permeability of different types of cells to 

various molecules. Rat zygotes have been shown to have increased permeability to 

ethylene glycol, DMSO and propylene glycol as the temperature increases from 3° to 14° 

to 25°C (Pfaff et al. 2000).  While bovine metaphase II oocytes increase in their 

permeability to ethylene glycol with an increase in temperature between 4° and 24°C, 

they show a significantly greater increase in permeability between 24° and 37°C (Wang 

et al. 2010). The activation energies for membrane permeability to ethylene glycol were 
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found to be 0.83 kcal/mol for the 4° to 24°C range and increased to 9.08 kcal/mol for the 

24° to 37°C temperature range. This is explained as a change in the membrane lipid phase 

altering the membrane structure and its transport properties (Agca et al. 1999). 

 

1.3.3 Cryoprotectants 

While successful cryopreservation is possible in some cell types without the use of 

any cryoprotectant (Mazur 1963), survival rates are higher when embryos are 

cryopreserved in solutions containing CPAs. Cryoprotectants are compounds that are 

used to protect cells against freezing damage through multiple mechanisms. They include 

many different types of chemicals, including alcohols, amines, sugars, inorganic salts and 

even some macromolecules (Karrow 1997). Most CPAs are low molecular weight, highly 

soluble compounds that promote H-bond formation (MacFarlane and Forsyth 1990). 

While CPAs are integral to improving cryosurvival rates as with any drug or treatment 

there can be adverse, toxic effects on cells from exposure (Karrow 1997). Toxicity can be 

caused by a combination of the concentration, the length of exposure and the temperature 

(Karrow 1997). Concentrated solutions can further injure cells by causing osmotic 

damage (Leibo 2000). As a result, exposure to CPAs must be limited, both before and 

after cryopreservation, to the lowest concentration for the shortest amount of time that 

will provide adequate protection.  

Despite the many types of chemicals used as cryoprotectants, they can all fit into one 

of two general categories based on their mechanism of action. They are classified as 

either permeating or non-permeating cryoprotectants based on their ability, or lack 

thereof, to pass through the cellular membranes and enter the cytoplasm.  
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1.3.3.1 Permeating Cryoprotectants 

The most commonly used cryoprotectants are non-electrolytes of low molecular 

weight, which are completely miscible with water (Leibo 2008). These permeating CPAs 

work by increasing the concentration of the intracellular solution and decreasing the 

freezing temperature of intracellular fluids to as low as -30° or -40°C as they become 

more concentrated (Mazur 1984; Leibo and Pool 2011). In addition, the presence of 

CPAs increases the percentage of solution in the cells that remains unfrozen at very low 

temperatures (Mazur 1984). 

Dimethyl sulfoxide, glycerol, ethylene glycol, propylene glycol and methanol are 

examples of permeating CPAs used successfully for cryopreservation of embryos (Leibo 

2008). Embryos of different species have different permeability coefficients and 

tolerances for a given CPA. Embryos of the same species behave differently in various 

CPAs depending on their stage of development (Leibo 2008).  It therefore becomes 

difficult to extrapolate results regarding embryo cryopreservation from one species to 

another, and has resulted in a number of effective protocols being in use. Among the 

commonly used permeating cryoprotectants, embryonic cells are more permeable to 

ethylene glycol than glycerol, DMSO, propylene glycol, or acetamide (Kasai 1996). This 

is partially due to ethylene glycol having the lowest molecular weight of the commonly 

used CPAs and, though all are equally effective if used properly, ethylene glycol is often 

preferred (Leibo and Pool 2011). 

Permeating CPAs are commonly used in both controlled-rate cryopreservation and 

in vitrification, at different concentrations. In cryopreservation, it is common to suspend 
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embryos in a solution containing 10% (by volume, ~1.5M) of a permeating 

cryoprotectant (Biu-Xuan-Nguyen et al. 1984). At this level embryos can be exposed for 

10 to 15 minutes at < 25°C without being damaged (Leibo and Pool 2011). 

Exposure to CPAs for vitrification is often performed as a multi-step process. In the 

first step, embryos are exposed to a 10 to 15% (~1 to 3M) solution of a single CPA or a 

mixture, for a period of up to ten minutes before being transferred very briefly (30 to 60 

seconds) into a second solution containing 30 to 40% (~ 4 to 7M) cryoprotectant before 

being plunged into liquid nitrogen (Leibo and Pool 2011). A previous study succeeded in 

showing that mouse zygotes could survive 15 minutes of treatment in 4.0M ethylene 

glycol with no adverse effects on their ability to develop to the blastocyst stage in vitro, 

and that adverse effects only occurred when the solution was then diluted too rapidly or at 

too low a temperature (Oda et al. 1992). Because zygotes are considered more sensitive 

to damage and toxicity than multi-celled embryos (Leibo 1990), this study acts as 

compelling evidence that ethylene glycol is not toxic to embryos. However, there has also 

been evidence, more commonly believed, that indicates that other CPAs are toxic. A 

study by Kasai et al. (1992) showed that, even with sucrose to slow dilution, while mouse 

morulae exposed to 40% (7.2M) ethylene glycol at 5° or 10°C did not show decreased in 

vitro survival and expansion, when they were exposed at 20° or 25°C they showed 

significantly decreased survival. While there are many possible reasons for this failure of 

agreement, including the difference in both exposure and dilution protocols, and the 

varying stages of embryo development, it has led to continued disagreement regarding the 

toxicity of cryoprotectants to embryos. However, there is a majority belief that CPAs at 

least have this potential and due to this perceived risk of toxicity from exposure to high 
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concentrations of any individual CPA, it is often considered advantageous to combine 

lower concentrations of multiple permeating cryoprotectants to maximize solution 

osmolality (Rall and Fahy 1985; Prentice-Biensch et al. 2012). However, while the use of 

a mixture of permeating CPAs may be beneficial and can improve the viability of 

cryopreserved embryos, cryosurvival is often maximized with the addition of a non-

permeating CPA to the solution.  

 

1.3.3.2 Nonpermeating Cryoprotectants 

Non-permeating CPAs include saccharides such as sucrose, lactose and glucose, 

proteins, and lipids such as egg yolk. They impart their protective effects by promoting 

cell water loss during cooling, and by direct interaction with the plasma membrane by 

forming hydrogen bonds with biomolecules in place of the removed water, stabilizing the 

biomolecular structure (Schebor et al. 2010). Additionally, they promote formation of 

amorphous, glass-like, or crystalline states due to their high viscosity and low freezing 

temperature (Schebor et al. 2010). Saccharides, such as sucrose and trehalose, have glass 

transition temperatures around -30°C, which is much higher than the transition 

temperature of penetrating CPAs, which are below -85°C (Eroglu et al. 2009; Levine and 

Slade 1988; Murthy 1998; Jabrane et al. 1995). Saccharides such as trehalose, sucrose 

and glucose are naturally present in some plants, yeasts, bacteria and even some animals 

for their protective effects in preventing damage from freezing or drying (Crowe et al. 

1992; Potts 1994). Saccharides have the added benefit of being non-toxic, even at high 

concentrations, to mammalian embryos (Kasai 1986; Kasai et al. 1992). While these 

embryos are protected by the presence of intracellular saccharides, most mammalian cell 
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membranes are impermeable to saccharides and so their protective use has been as 

extracellular protectants (Mazur et al. 1969; Leibo et al. 1970; Eroglu et al. 2009). 

In the case of cells that have been cooled slowly in the presence of permeating 

CPAs, rapid warming may result in osmotic shock, when thawed cells are abruptly 

returned to isotonic medium. Osmotic shock can also be lethal to cells by causing 

membrane lysis (Mazur 1984), and is considered by some to be the primary cause of cell 

death directly due to CPAs (Leibo and Pool 2011). This occurs when cells containing 

cryoprotective agents in equilibrium with cryopreservation or vitrification solutions are 

returned to physiological solutions, causing water to rush into the cells faster than the 

CPAs can flow out (Mazur 1984). As such, slow removal of CPAs is just as important in 

embryo survival as are appropriate freezing rates (Mazur 1984). Sugar solutions, often 

either sucrose or glucose, are frequently used during thaw processes to act as osmotic 

buffers by decreasing the difference of osmotic pressure across the cell membranes 

(Makarevich et al. 2009; Liebermann et al. 2003) and allowing permeating 

cryoprotectants to diffuse out of embryos without embryos suffering from too rapid water 

uptake (Leibo 1984; Leibo and Mazur 1978). When an embryo containing a CPA is 

placed into a saccharide solution, water diffuses out of the embryo along with the 

permeating cryoprotectant, resulting in the embryo dehydrating and thus decreasing the 

risk of osmotic shock (Leibo 1984; Wang et al. 2010; Makarevich et al. 2009, 

Liebermann et al. 2003). The dehydrated embryo can then be placed in physiological 

solution and allowed to rehydrate to its isotonic volume, or it can be transferred into a 

recipient animal directly and allowed to return to its isotonic state within the uterus 

(Leibo 1984). This concept was highlighted in one study where only ~50% of mouse ova 
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survived 10 minutes in physiological solution at 0°C following equilibrium in 3M 

ethylene glycol. When the 10 minute dilution occurred at 37°C, survival improved to 

~70% when it also incorporated 1M sucrose, survival rates increased even further to 90% 

(Oda et al. 1992). 

Saccharides are also frequently used in conjunction with permeating 

cryoprotectants to reduce the amount of each required for cryopreservation and so to 

decrease the possibility of toxicity. This also has the advantage of partially dehydrating 

embryos before freezing begins, decreasing the likelihood of intracellular ice formation. 

In an early study, it was found that 2-cell rabbit embryos could be placed into a solution 

containing 0.5M sucrose and 2.2M propanediol for up to 15 minutes with no decrease in 

their ability to develop to morulae, compared to those treated in propanediol alone 

(Renard et al. 1984). When the sucrose concentration was increased to 1M embryos 

began to have decreased developmental capacity after five minutes of exposure. All 

embryos rapidly dehydrated, reaching 56% of their original volume within three to five 

minutes, and maintaining this decreased volume for the entire period of exposure to 

sucrose, with or without propanediol present.  Further, addition of sucrose significantly 

increased embryo cryosurvival, as determined by visible embryo quality, especially with 

the addition of a 30 minute holding period at -30°C. 

Saccharides can also be used alone, as non-permeating dehydrating agents. Embryos 

and zygotes respond similarly to both mono- and disaccharides by dehydrating 

osmotically (McWilliams et al. 1995). When placed into solutions of equivalent 

osmolalities of mono- and disaccharides oocytes and zygotes dehydrated to the same 

extent (McWilliams et al. 1995). Bovine oocytes behaved as osmometers when exposed 
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to increasing concentrations of sucrose from 131 mOsm to 1249 mOsm, dehydrating to a 

minimum volume of 15 or 25% of their isotonic volume, depending on their stage of 

development (Wang et al. 2010). Mouse oocytes also behaved as osmometers when 

exposed to concentrations of galactose between 100 and 2780 mOsm for 15 minutes, and 

> 85% of the mouse oocytes survived exposure to solutions up to 2100 mOsm, as 

measured by their continued development in vitro (Oda et al. 1992). With mouse oocytes, 

adding 0.5M extracellular trehalose increased cryosurvival rates from zero to 17% 

(Eroglu et al. 2009). Cryosurvival rates were 18% when trehalose was microinjected into 

the oocytes to a concentration of 0.15M, and increased to 84% when microinjected 

trehalose was combined with 0.5M extracellular trehalose, suggesting that this saccharide 

is most beneficial when present both intra- and extracellularly (Eroglu et al. 2009). 

While both permeating and non-permeating cryoprotectants have their obvious 

benefits and have been shown to be effective on their own, the real strength comes from 

combining CPAs from both groups. This has been shown by the frequent use of a primary 

permeating cryoprotectant with the addition of a low concentration of a nonpermeating 

CPA in typical vitrification protocols, and with the additional use of a nonpermeating 

CPA in a dilution solution during thawing.  

 

1.4 Equine Embryo Cryopreservation 

1.4.1 Previous Studies: Successes and Failures 

The first birth of a foal from a frozen-thawed embryo was reported in 1982 as a 

result of the transfer of a Day 6 embryo (Yamamoto et al. 1982). Equine embryos have 

been frozen by conventional freezing protocols with limited success. Morulae and early 
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blastocysts have been successfully cryopreserved with techniques similar to those used 

for bovine embryos (Slade 1988; Yamamoto et al. 1982; Betteridge 2007). Unfortunately, 

success when freezing equine embryos older than Day 6 is rare (Betteridge 2007). Equine 

embryos smaller than 300 "m in diameter respond to solutions of 20% (3.6M) ethylene 

glycol by dehydrating within 1 minute to 48 to 55% of their initial volume, followed by 

re-expansion to 75 to 85% of their initial volume as the cryoprotectant permeates the cells 

in a manner similar to the behaviour of embryos of other species (Hochi et al. 1995). 

However, this and a previous study showed that equine embryos ranging in size from 

~320 to 980 µm in diameter responded to glycerol and ethylene glycol exposure by 

contracting slowly with no signs of re-expansion over 20 minutes (Hochi et al. 1994b; 

1995). Large embryos, exposed to glycerol or ethylene glycol, had dehydrated to 45% of 

their original volume by the end of the 20-minute exposure, with no signs of regaining 

their volume (Hochi et al. 1994b; 1995).  These embryos were not sufficiently protected 

and showed reduced post-vitrification viability than the smaller embryos, suggesting that 

they were not sufficiently permeable to either cryoprotectant (Hochi et al. 1994b; 1995).  

When embryos were vitrified in a solution of 3.4M glycerol plus 4.6M ethylene 

glycol, resultant pregnancy rates were 46 to 62% for embryos ! 300 "m, pregnancy rates 

were 0 with transfer of 19 vitrified-thawed embryos # 300 "m (Eldridge-Panuska et al. 

2005). Methanol also provides equine embryos 300 to 1000 "m in diameter with no 

greater cryoprotectation than glycerol does (Bass et al. 2004). While embryos were not 

transferred, a study by Hochi et al. showed a 25% survival of vitrified embryos # 300 "m 

following 48 hours in culture compared to 88% survival for smaller embryos (Hochi et al 

1995).  
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Equine embryo survival has been shown to be similar for vitrification and for slow-

cooling cryopreservation, with embryos ! 300 "m having higher survival rates (Chaves et 

al. 1997; Oberstein et al. 2001; Hochi et al. 1995). Day 6.5 equine embryos assessed for 

cryosurvival using HOECHST 33342 and DAPI to detect cell death, were found to yield 

embryo survival rates of 34% and 50%, following slow-cooling and open-pulled straw 

vitrification, respectively (Moussa et al. 2005). While a limited number of studies have 

shown that cryopreserved embryos ! 300 "m in diameter can yield 35-day pregnancy 

rates of 64 to 80% (Slade et al. 1985; Hochi et al. 1996), pregnancy rates for these small 

equine embryos are more typically 40 to 50% (Hochi et al. 1996; Oberstein et al. 2001). 

With larger embryos pregnancy rates are even lower (0 to 29%) (Slade et al. 1985; 

Squires et al. 1989; Takeda et al. 1984). After being vitrified in 3.6M ethylene glycol and 

3.4M glycerol, small embryos resulted in pregnancy rates of 45 to 70% at Day 16, while 

embryos # 300 "m did not result in any pregnancies (Eldridge-Panuska et al. 2005). Only 

one study has shown success in vitrifying large equine embryos; and even then, while 

55% of 11 embryos 300 to 400 "m resulted in pregnancy, none of those > 400 "m 

survived (Campos-Chillon et al. 2006). Embryos in that study were placed in 1.5M 

ethylene glycol for 5 minutes followed by 3M ethylene glycol for 10 minutes, 5M 

ethylene glycol for 5 minutes and finally 7M ethylene glycol and 0.5M galactose for less 

than one minute before being plunged into liquid nitrogen (Campos-Chillon et al. 2006).  

While many techniques have been attempted, the results continue to be the same. 

Both controlled-rate cryopreservation and vitrification methods are reasonably successful 

for preserving the viability of equine embryos that are ! 300 "m in diameter. However, 

due to imprecise timing of embryo entry into the uterus followed by rapid embryo 
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expansion, these smaller embryos are considered to be more difficult to recover than 

larger equine embryos that are 600 to 1000 "m in diameter. Unfortunately, the extreme 

sensitivity of large embryos to cryopreservation continues to be an enigma, presenting 

researchers with many difficulties and a very low cryosurvival rate.  

 

1.4.2 Factors Influencing Success 

1.4.2.1 Embryo Development 

During blastocyst expansion, trophoblast cells begin to segregate, forming a distinct 

and continuous endoderm by Day 7.5 to 8 (Enders et al. 1993; Flood et al. 1982). The 

endodermal cells around the inner cell mass also become larger and more squamous than 

those around trophoblastic cells, while the trophoblast cells themselves also develop a 

more cuboidal shape during blastocyst expansion (Enders et al. 1993; Flood et al. 1982). 

These changes may affect the permeability of embryonic cells to water and to CPAs, 

further decreasing their effectiveness. 

With formation of a complete endoderm, around Day 8, the embryonic yolk sac 

begins forming, and the embryo grows rapidly (Betteridge 2007). During this stage of 

development, the embryo is developing mechanisms to increase the osmolality of its 

blastocoelic fluid. After Day 10, the blastocoelic cavity of the equine embryo remains 

hypotonic relative to the external uterine fluid at 300 mOsm, as can be seen by its 

tendency to float in PBS (Waelchli and Betteridge 1996; Waelchli et al. 1997). Instead of 

having increased osmolality, blastocyst fluid from Day 11 to 16 equine embryos is 

between 111 and 132 mOsm/kg, a lower osmolality compared to serum and PBS, which 

are 300 mOsm/kg (Waelchli and Betteridge 1996). The mechanisms that allow the 
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embryo to maintain a hypoosmolar state while continuing to take up water and expand at 

Day 11 may be beginning already at Day 8, affecting the embryos response to solutions. 

Changes in the composition or thickness of individual cell membranes at this stage of 

development may also be changing the dynamics in the diffusion of CPAs across 

embryonic cells, affecting embryo reaction to cryoprotectants.  

 

1.4.2.2 Equine Embryonic Capsule: Development and Importance 

Within 12 to 24 hours of the embryo’s entry into the uterus, the trophoblast cells of 

the embryo begin to secrete large quantities of mucin-like glycoproteins that aggregate 

between the trophoblast and zona pellucida to form the embryonic capsule (Oriol et al. 

1993a; Stout et al. 2005). The capsule originally develops as thin patches on the 

trophoblast, gradually forming a complete layer before thickening. With the completion 

of the capsule, an expansive force on the zona pellucida is created, inducing its rupture 

and leaving the capsule as the outermost layer of the embryo (Stout et al. 2005). The 

capsule continues to thicken until approximately Day 17, after which it thins before 

finally being shed by Day 23 (Oriol et al. 1993b). The zona pellucida is shed from the 

embryo by about Day 8, shortly after the capsule development begins (Betteridge 2007). 

While the equine uterine environment is necessary for initial capsule development, 

the capsule can develop regardless of whether the zona pellucida is present or absent 

(McKinnon et al. 1989). However, in vitro-produced equine embryos do not form a 

capsule (Tremoleda et al. 2003; Choi et al. 2004).  When equine morulae are collected on 

day 5 and cultured in Ham’s F-12 until Day 20, they do not develop a capsule, as 

analyzed visibly and by staining for capsular material (Hinrichs et al. 1990). While 
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capsular proteins do accumulate between the trophoblast and the zona pellucida, these 

tend to form in tight apposition with the zona, and do not coalesce to form a continuous 

capsule (Tremoleda et al. 2003). Choi et al. (2004) also found that the zona pellucida did 

not thin in in vitro produced embryos, as seen in in vivo produced embryos. This slowed 

embryo growth until the embryo could hatch through the zona, most often through a hole 

induced during intracytoplasmic sperm injection (ICSI),  (Choi et al. 2004). However, in 

recent work with in vitro-produced embryos, Hinrichs et al. (2007) found that, of 10 

embryos cultured to Day 6.5 to 7.5 after fertilization by ICSI 50% led to pregnancy and 

30% to live foals, suggesting normal capsule development. When embryonic tissue was 

transplanted into immunodeficient mice, it was found that the trophoblast was the major 

source of capsular material and that the production of this material did not require 

interaction between the trophoblast and endometrium (Albihn et al. 2003). These 

somewhat contradictory findings suggest that there is still a great deal to be learned about 

formation of the equine embryonic capsule. It is now known that the capsule is produced 

primarily by the embryonic trophoblast, but it is not yet certain if an intact zona pellucida 

or endometrium interaction are mandatory for capsule formation, or if it can be formed in 

vitro with use of appropriate culture medium. 

The equine embryonic capsule is unique among livestock species, although it is 

similar to the outer mucoid coat of rabbit and mink embryos (Hughs 1977; Adams 1973). 

There is evidence of possible outer coverings for embryos of the Western spotted skunk 

(Enders et al. 1986), the ferret (Enders and Schlafke 1972), the cat (Denker et al. 1978) 

and the American black bear (Wimsatt 1963). Outer embryonic coverings have been long 

recognized in marsupials, as a mucoid shell deposited outside the zona pellucida (Hughs 
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1977; Tyndale-Biscoe and Renfree 1987; Denker and Tyndale-Biscoe 1986). However, 

the embryos of none of those species, except for marsupials, maintain their embryonic 

coats for the extensive period of development seen in horses (Betteridge 1989).  

The exact evolutionary mechanism for the development of the capsule is not yet 

understood, and its purpose has merely been hypothesized. The capsule is believed to 

perform many functions in early equine embryo development. The capsule forces the 

embryo to maintain a spherical shape permitting motion, during a period at which 

embryos of many other species become fixated and elongate (Allen and Stewart 2001; 

Ginther 1983). Its strong, elastic nature protects the embryo from crushing during this 

period of constant motion within the uterus and uterine contractions (Ginther 1984; 

Bousquet et al. 1987). Sialic acid residues found on the capsule play a role in preventing 

its attachment to the uterine wall during the mobility phase, ensuring this movement 

occurs (McDowell et al. 1985; Oriol et al. 1993a). Sialic acid comprises 57 to 65% of the 

total carbohydrate in the capsule during the mobility phase, resulting in a highly negative 

charge, effectively repulsing the embryo from the endometrium (Oriol et al. 1993a, b). By 

Day 16 to 17, these residues are lost and the capsule loses its strong negative charge, 

allowing for the embryo to become fixated, imperative for nutrition and continued 

development (Oriol et al. 1993 a, b).  

Receptors on the capsule specific for uterocalin and uteroglobulin assist in the 

uptake of these nutrients from the uterine environment, ensuring the embryo receives 

proper nutrition for growth (Stewart et al. 1995; McDowell et al. 1990). The capsule has 

been shown to be selectively permeable. Although it is freely permeable to many small 

molecules, it is largely impermeable to large ones, and by Day 12 has been shown to have 
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different permeability characteristics than the blastocyst itself (Guillomot and Betteridge 

1984; Betteridge 1989). Although the capsule has caused challenges in equine embryo 

cryopreservation, it is believed to be naturally protective to the embryo by preventing 

toxic and other non-nutritive and potentially hazardous substances from contacting the 

embryo proper (Betteridge 1989). The equine embryo capsule has been shown be highly 

resistant to chemical solubilisation, resisting treatments of low pH, urea, high 

temperature, collagenase and chemical solvents, and being dissolved only by trypsin or 

pronase (Betteridge 1989; Bousquet et al. 1987). 

The capsule may protect the embryo from uterine micro-organisms (Schlafer et al. 

1987), and it may play a role in maternal-fetal signaling (Crossett et al. 1998).  In 

addition, the capsule may play an immunologically protective role. As the natural outer-

most layer of the embryo, it may also be important in cell signaling and in coordination of 

early embryo development (Betteridge 1989). This is partly explained by the role played 

by mucin-like glycoproteins, as found in the capsule (Oriol et al. 1993a), in providing a 

protective coating for epithelial cells and in cell-to-cell interactions (Jentoft et al. 1990). 

Further, the capsule has been shown to store insulin-like growth factor binding protein-3 

(IGF-BP3) (Herrler et al. 2000) and lipocalin P19 (Crossett et al. 1998). Both of these are 

involved in maternal-fetal communication (Stout et al. 2005). The protein, lipocalin P19 

transports small hydrophobic molecules, including steroids and eicosanoids (Crossett et 

al. 1998), and IGF-BP3 promotes embryo development and regulates embryonic uptake 

of IGF-1, which is important for embryo development (Herrler et al. 2000). 

It has been theorized that the capsule is the primary reason for the difficulty in 

cryopreserving late-stage equine blastocysts.  However, the evidence for this is 
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predominantly indirect. Expanded equine embryos show delayed and less extensive 

dehydration when placed into hypertonic 1.5M glycerol or ethylene glycol solutions 

compared to embryos < 500 µm in diameter, showing that their permeability to 

cryoprotectants is decreasing (Pfaff et al. 1993). This phenomenon was also shown when 

equine embryos greater or less than 300 µm were compared in a two-step exposure to 

0.7M then 1.4M glycerol (Hochi et al. 1994b).  Those embryos < 300 µm regained 

volume after initial dehydration, while those > 300 µm continued to slowly decrease their 

volume even with extended exposure (Hochi et al. 1994b). Embryo mortality is the result 

of many cells of the embryo being fatally damaged during the freeze-thaw process (Barry 

et al. 1989), and has been shown to be correlated to a thickening capsule (Hochi et al. 

1995; Seidel Jr. 1996; Legrand et al. 2000). Further, Legrand et al. (2000) showed a 

direct, positive correlation between the number of dead cells in a frozen-thawed embryo 

and the thickness of the capsule, indicating that the capsule prevented glycerol entry into 

embryonic cells.   

More direct evidence that the capsule may block CPA entry into the embryo was 

presented by Gillard Kingma et al. (2011). Diffusion of both glycerol and ethylene glycol 

across the capsule in vitro was as much as 1100 times slower than would be expected in 

normal diffusion. Over the course of an hour, the average diffusion levels were lower 

than 2.1 and 3.4% (0.3M and 0.6M) for glycerol and ethylene glycol, respectively.  The 

levels of CPA reaching the embryo would be too low to lower the freezing point of the 

solution, and therefore, unlikely to provide any protection against damage during cooling. 

Additionally, the rate of diffusion followed a stable, linear pattern over two hours for 

ethylene glycol and over seven hours for glycerol, contrary to that expected due to first 
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order kinetics. Ethylene glycol was found to begin diffusing across the capsule more 

rapidly than glycerol, and continued to diffuse at a rate 4 to 11 times higher than that of 

glycerol over a period of 10 to 30 minutes (Gillard Kingma et al. 2011). With increasing 

initial concentration of the ethylene glycol solution, the rate of diffusion and the total 

amount of diffusion were both increased at a rate greater than would be expected, 

although this diffusion was still lower than expected compared to that of unencapsulated 

embryos (Gillard Kingma et al. 2011).  These results suggested that the capsule likely 

acts as a size-selective filter, hence the greater diffusion of the smaller ethylene glycol 

molecules when compared to glycerol (Gillard Kingma et al. 2011). 

While the study of Gillard Kingma et al. clearly showed that the embryo capsule 

impedes diffusion of permeable CPAs, the study did not show any tendency for the 

thickness of the capsule to influence diffusion rates. When observed separately from the 

embryo, the isolated capsule from Day 14 to 18 embryos impeded CPA permeation so 

that, in a period extending 2 to 7 hours for 1.5M ethylene glycol and 0.87M glycerol, 

respectively, CPA concentration across the capsule increased slowly and linearly, 

compared to expected osmotic diffusion rates (Gillard Kingma et al. 2011). Regardless of 

the issues presented by the capsule on cryopreservation, removal of the capsule by 

immersion in trypsin has been shown to prevent the establishment of a successful 

pregnancy (Stout et al. 2005; Tharansit et al 2005).  

Stout et al (2005) attempted to remove the capsule by micromanipulation prior to 

cryopreservation, to circumvent its impermeability. In their study, Stout et al. (2005) 

found that transfer of six control embryos resulted in four pregnancies, while transfer of 

15 embryos from which the capsule, and zona pellucida if still present, had been removed 
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by micromanipulation yielded no pregnancies at 10-16 days post-ovulation (Stout et al. 

2005).  Permeabilization of the capsule by treatment in 0.2% trypsin prior to 

cryopreservation has led to conflicting results (Legrand et al. 2000; Maclellan et al. 

2002).  Legrand et al. (2000) found that 3 of 11 large equine embryos exposed to 0.2% 

trypsin produced successful post-thaw pregnancies, whereas none of the 9 control 

embryos did. In contrast, Maclellan et al. (2002) found that none of 14 embryos treated 

with trypsin led to pregnancies whereas 7 of 14 controls did. The difference in the results 

between the two studies may be due to the capsule being more severely compromised in 

Maclellan’s study, preventing pregnancy in treated embryos. If the capsule in Legrand et 

al.’s study was permeabilized adequately to improve permeability to CPAs without 

interfering with its protective properties during pregnancy, this may account for the 

difference. Choi et al. (2010) found that when the capsule was breached for genetic 

biopsy of Day 7 and 8 embryos, the embryos still survived to produce a pregnancy rate of 

83%, suggesting that embryo survival may depend on the degree of disruption of the 

capsule (Choi et al. 2010). Tharansit et al. (2005) did not assess viability by transfer of 

treated embryos, but they found that pre-cryopreservation treatment in 0.2% trypsin 

improved the likelihood of large equine embryos maintaining an intact cytoskeleton post-

thaw. However, they also found that this treatment did not significantly improve cell 

survival and that it left the capsule sticky, and more difficult to handle, theorizing that 

this would have a negative impact on pregnancy maintenance. Tharansit et al. (2005) also 

used cytochalasin-B to reduce cytoskeleton damage through temporarily deconstructing 

actin filaments; they found that treatment did decrease the amount of cell death post-

cryopreservation of large equine embryos. However, the investigators also demonstrated 
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that this treatment incurred apparently irreversible cytoskeletal damage to cryopreserved 

embryos.  

These combined results show that Day 7 and 8 equine embryos are largely 

impermeable to common cryoprotectants. This is largely due to the selective permeability 

of the embryo capsule preventing diffusion of CPAs into embryonic cells. It is 

established that the capsule is required for pregnancy; it can neither be removed nor 

effectively bypassed to allow CPA access to the embryo without irreparably damaging 

the embryo itself. This has led to recent work to study the challenges presented in 

cryopreservation of equine embryos and to search for alternate means of addressing them. 

 

1.4.2.3 Volume and Surface Area 

Compared to bovine embryos that are approximately 160 µm in diameter when 

collected seven days after artificial insemination (AI), equine embryos are often between 

400 and 1200 µm in diameter when recovered 7 to 8 days following ovulation (Scherzer 

et al. 2008). This is equivalent to a 125- to 3400-fold increase in volume compared to a 

bovine embryo, but only a 25- to 125-fold increase in the surface area. With this drastic 

increase in volume, without a proportionate increase in surface area, equine embryos 

have a significantly decreased surface area to volume ratio than bovine embryos. This is 

problematic for cryopreservation, as diffusion rate is a function of surface area and 

decreases in correlation to the surface area to volume ratio, meaning that CPAs will take 

much longer to diffuse into larger equine embryos (Leibo 2008). 
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Recently, several workers have attempted pre-freezing dehydration of equine 

embryos in an effort to reduce the intracellular water content and to reduce ice-crystal 

formation.  Microinjection of cryoprotectants has been attempted in zebrafish embryos 

(Janik et al. 2000; Kopeika et al. 2006). Cryoprotectant microinjection, accompanied by 

microaspiration has also been successful for human blastocyst cryopreservation (Edgar et 

al. 2009). Following this concept, Scherzer et al. (2008) attempted to vitrify two embryos 

(979 and 1276 µm in diameter) by microinjecting them with 1.4M glycerol, and by 

removing 20% of the blastocoelic fluid from the largest embryo (Scherzer et al. 2008).  

These two embryos and three non-injected control embryos (805, 820 and 1120 µm), 

were then exposed to 1.4M glycerol and 3.6M ethylene glycol for 5 minutes followed by 

3.4M glycerol and 6.6M ethylene glycol for an additional minute.  All embryos became 

dehydrated. However, when embryos were thawed and left for 5 minutes in 0.5M 

galactose, only one re-expanded (non-manipulated) and one (injected but not aspirated) 

was split into two by the process, with no resulting pregnancies. One injected/aspirated 

embryo produced an embryonic vesicle at Day 15 but was resorbed by Day 28 (Scherzer 

et al. 2008).  

Following a method successfully used to cryopreserve human blastocysts (Hiraoko 

et al. 2004, Mukaida et al. 2006), Choi et al. (2011) evaluated micro-aspiration of equine 

embryos as a method of pre-freezing dehydration. Embryos 300 to 730 "m in diameter 

were biopsied for genetic diagnosis, with up to 70% of blastocoelic fluid removed, prior 

to vitrification in either DMSO or ethylene glycol.  Eight of 16 embryos vitrified in 

DMSO, and 6 of 13 embryos vitrified in EG yielded pregnancies. While all six embryos 

treated with ethylene glycol developed a normal heartbeat, only one of the embryos 
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treated with DMSO did (Choi et al 2011). The volume of blastocoelic fluid removed had 

a significant impact on embryo survival post-thaw. Four of the six ethylene glycol-treated 

embryos that led to a successful pregnancy had >70% of the blastocoele fluid removed 

during biopsy, with the remaining pregnancy resulting from an embryo with 20 to 30% of 

its blastocoele fluid removed.  None of the three embryos with less than 10% of their 

blastocoele fluid removed survived vitrification to establish pregnancy (Choi et al 2011).  

In a follow-up study by the same investigators, 15 embryos were biopsied with 

removal of at least 70% of the blastocoele fluid from the center of the blastocoele before 

being vitrified in ethylene glycol. Seven were transferred immediately after being 

warmed and 8 were cultured for 6 hours before transfer (Choi et al 2011). Four of the 

embryos transferred immediately after warming led to pregnancy, of which one was lost 

at eight months and the other three progressed to give healthy foals. Only one of the eight 

embryos that were cultured post-warming developed into a pregnancy, but this was lost 

by 90 days. 

Finally, with eight embryos that were 407 to 780 "m in diameter, fluid was 

aspirated from the periphery of the blastocoele to less than 30% of the original embryo 

volume before the embryos were vitrified in ethylene glycol (Choi et al 2011).  Following 

thawing, embryos were transported 4 to 6 hours in an Equitainer® (Cooled transportation 

device, Animal Reproduction Systems, Chino, CA USA, Catalogue #EQSH-CUP-101) 

before transfer (Choi et al 2011). Six of the eight embryos resulted in pregnancies, of 

which one was lost before Day 21 but the other five developed normally to the heartbeat-

stage (Choi et al 2011). Overall, with a Piezo drill used to pierce the capsule, and a 15 "m 

biopsy pipette to aspirate blastocoele fluid, embryos 400 to 600 "m in diameter were able 
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to survive vitrification in ethylene glycol solutions and produced successful pregnancies. 

This method allowed larger embryos to be pre-dehydrated prior to introduction of a CPA, 

ensuring proper dehydration prior to freezing and limiting the necessity of a long, 

potentially harmful period of CPA exposure.  Micromanipulation techniques appear to be 

somewhat successful, however their use will be limited to laboratories with a high level 

of technical skill and equipment.  

 

1.4.2.4 Methods to Dehydrate Embryos 

As is commonly seen in other species, saccharides can be combined with 

permeating cryoprotectants to increase embryo dehydration prior to cryopreservation, 

while minimizing embryo damage. In one study, the addition of 0.3M sucrose or 

trehalose to a vitrification solution of 7.2M ethylene glycol improved survival of Day 6.5 

equine embryos, compared to treatment in ethylene glycol alone, as measured by post-

thaw morphological quality and percentage of viable cells (Castanheira et al. 2004; 

Lagares et al. 2009). Another earlier study showed increased pregnancy rates when early 

equine blastocysts were cryopreserved in 1.8M ethylene glycol and 0.1M sucrose 

compared to cryopreservation in either 1.8M ethylene glycol or glycerol alone, showing 

that even at low concentrations the addition of sucrose can be beneficial to cryosurvival 

(Hochi et al. 1996).  

 With low success in the use of permeating cryoprotectants alone in equine 

embryos, it may be possible to utilize non-permeating compounds, such as saccharides, to 

osmotically cause water loss from embryos. Barfield et al. (2009) used 0.6M galactose as 

a non-permeating cryoprotectant in an attempt to increase dehydration of equine embryos 
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before cryopreservation. Sixteen embryos were exposed to a two-step protocol of two 

minutes in 0.6M galactose and then 10 minutes of exposure to 0.6M galactose and 1.5M 

glycerol, before being frozen, thawed and cultured, and finally transferred to recipient 

mares (Barfield et al. 2009). There was no significant difference in dehydration levels, 

post-treatment quality scores or in pregnancy rates between treated and control embryos 

in this study. Embryos in both groups had significantly decreased quality scores 

compared to fresh embryos and only two of twenty-six embryos (one treated and one 

control), both < 415 "m in diameter resulted in pregnancy (Barfield et al. 2009). Embryos 

in both groups reached a maximum dehydration of ~50% of their original volume, and 

showed no signs of blastocoele collapse suggesting that dehydration was incomplete.  

The study by Barfield et al. (2009) was based on information using bovine 

embryos, which reached maximal dehydration in 0.6 M galactose after two minutes. 

However, that study did not take into account a few key factors when applying this 

knowledge to equine embryos. First, the greater volume of equine embryos results in a 

delayed diffusion rate due to the proportionally lower surface area, and a greater total 

volume to dehydrate. This suggests that a longer exposure period may be required to 

dehydrate the equine embryos proportionally. Further, once the embryo is in equilibrium 

with a non-permeating solute, such as galactose, it will not continue to dehydrate. Since 

control and treated embryos were dehydrated to a similar level following the 10 minute 

incubation, it is possible that ~50% dehydration is the maximum dehydration that will be 

achieved in 0.6M galactose, suggesting that a higher concentration may be necessary to 

adequately dehydrate equine embryos. However, the fact that embryos did begin to 

dehydrate when exposed to 0.6M galactose alone shows that equine embryos do respond, 
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at least to some extent, to non-permeating cryoprotectants. This suggests that further 

research on this response is warranted. 

 

1.5 Summary 

Cryopreservation of embryos has been practiced since 1972 with the first successful 

pregnancy of a mouse embryo (Whittingham et al. 1972). Since then, it has been widely 

used and is now common for embryos of many domesticated and laboratory species. 

Millions of domestic animals have now been born from cryopreserved embryos and 

hundreds of thousands of human babies have also now been successfully born from 

cryopreserved embryos and gametes (Leibo 2008). Throughout the past three decades, 

there have been numerous developments in the field of cryopreservation, increasing 

survival of embryos in species that previously presented difficulties. Yet, equine embryos 

still cannot be reliably cryopreserved. While cryosurvival and pregnancy rates for late 

morula or early blastocyst stage (! 300 µm diameter) equine embryos following transfer 

are high, approaching those of fresh embryo transfers at 64% and 70%, respectively 

(Hochi et al. 1996), transfer of cryopreserved expanded blastocysts, 300 to 1000 µm in 

diameter, yields only a very low pregnancy rate (Moussa et al. 2005). Because of their 

large size, and accompanying low surface area to volume ratio, and the presence of the 

selectively impermeable equine embryonic capsule, Day 7 and 8 equine embryos are 

difficult to cryopreserve. Nevertheless, success would be valuable to the field of equine 

embryo transfer by reducing the associated cost and increasing the use worldwide. 
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1.6 Study Objectives and Pertinence 

Non-permeating cryoprotectants present a potentially promising method of 

bypassing many of the problems posed by cryopreservation of large equine embryos. 

However, to our knowledge, only one study has been reported on this subject, which did 

not fully maximize the potential of these CPAs. Current knowledge of the equine embryo 

leads us to believe that, while the capsule may be impermeable to saccharides, it likely is 

not impermeable to water and should not act as a barrier to effective embryo dehydration. 

Further, if embryos are dehydrated prior to initiation of freezing, their large volume 

should not be an issue and they may not be damaged by ice crystal formation. While 

embryos of other species are known to respond osmotically to increasingly hypertonic 

solutions, little is known of the equine embryo in this regard. The intention of this study 

was to determine the response of large equine embryos to various solutions. Embryos 

were analyzed for their ability to dehydrate in response to hypertonic solutions, and for 

their ability to rehydrate when returned to isotonic solutions. This response was measured 

at different temperatures. 
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CHAPTER TWO 

Response of Equine Embryos to Exposure to Sucrose or Galactose at Various 

Temperatures 

2.1 Abstract 

We investigated the response of Day 8 equine embryos to saccharide solutions to 

determine their response as a first step in the potential use of non-permeating 

cryoprotective agents (CPAs) in this species. Twenty-two equine embryos were collected 

8 days after per-rectum ultrasound examination had confirmed ovulation. Embryos were 

randomly assigned to a given treatment of exposure to sucrose or galactose at a 

temperature of 22°, 30° or 37°C.  Each embryo was exposed stepwise to increasing 

concentrations of either sucrose or galactose (0.1, 0.25, 0.5, 1.0 1.5, 1.75 and 2.0 M) for 

10 minutes at each concentration, at which time the embryo diameters were measured at 

100X magnification, using a computer imaging system connected to a microscope.  Each 

embryo was then rehydrated by exposing it to the same solutions in reverse and then 

placed into culture for 2 hours at 38°C.  Boyle van’t Hoff plots were constructed for each 

embryo by plotting its volume relative to its isotonic volume as a function of the 

reciprocal of the solution osmotic pressure.  Embryo quality was graded before treatment 

and again after culture. Finally, the embryos were fixed in paraformaldehyde and stained 

with TUNEL and HOECHST 33342 dyes to determine the level of apoptosis exhibited by 

each embryo.  
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Embryonic trophoblasts underwent osmotic dehydration, independent of treatment 

group.  However, the capsule retained much of its original size leaving subcapsular fluid 

around most dehydrated embryos. Embryos smaller than 500 "m dehydrated osmotically, 

as seen in other species, to 20% of their original volume. Those embryos larger than 500 

"m did not dehydrate in 0.1M or 0.25M solutions. They dehydrated osmotically in 

solutions of higher osmolality, although they only reached a final dehydrated volume of 

40% of their original volume. Embryo size, when characterized as a dichotomy of either 

less than or greater than 500 "m in diameter, had a significant effect on the pattern of 

response exhibited by embryos (p < 0.0089). Embryos across groups rehydrated partially 

with slightly more extensive rehydration in those embryos < 500 "m in diameter. 

Embryos across treatments decreased in quality score over the course of the trial (p < 

0.0001) but with no difference in change seen between treatments (p = 0.12 and p = 0.89 

for temperature and sugar effects, respectively). Similarly, embryos did not exhibit a 

difference in the amount of apoptosis across treatments (p = 0.32). The results showed 

that, while embryos did not survive extensive exposure to saccharides at any temperature, 

those smaller than 500 "m in diameter did dehydrate osmotically, showing potential for 

either sucrose or galactose as a nonpermeating CPA and warranting further research in 

their use. 

 

2.2 Introduction 

Despite the recent work being done in the field, large equine embryos (>300 "m) 

continue to show poor survival rates following cryopreservation. Studies show that the 

embryonic capsule prevents normal diffusion of cryoprotective agents (CPAs) into the 
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embryo, resulting in damage to embryonic cells during freezing (Gillard Kingma et al. 

2011). With this knowledge, previous studies have set out to investigate the effectiveness 

of non-permeating cryoprotectants to cause dehydration of the embryos as a way to 

protect them against damage. In other species, exposure to either mono- or disaccharides 

resulted in rapid dehydration of zygotes to less than 40% of their original isotonic 

volume, with the expected pattern of a perfect osmometer (McWilliams et al. 1995). 

However, a similar study using equine blastocysts found that a 2-minute exposure to 

0.6M galactose had no effect on embryo cryosurvival rates compared to a standard 

cryopreservation protocol (Barfield et al. 2009). As an alternative, therefore, the goal of 

this study was to measure the effect of exposure of large equine embryos to either sucrose 

or galactose solutions at concentrations up to 2M. Since temperature affects the 

dehydration rates, the effect of various temperatures was also analyzed. 

 

2.3 Materials and Methods 

2.3.1 Mare Management 

One Quarter Horse and 12 Standardbred mares, 2 to 8 years of age, were housed in 

a group paddock with shelter, and provided unlimited access to hay and water at the 

Arkell Research Facility at the University of Guelph. Mares were selected for use after a 

breeding soundness examination, which included transrectal palpation and ultrasound, 

uterine biopsy, low volume uterine lavage and uterine swab for endometrial culture and 

cytology. Mares were monitored for follicular development by regular ultrasound 

examinations. Once an ovarian follicle >35 mm in diameter was detected, 2500 I.U. of 

Human Chorionic Gonadotropin (Chorulon, Intervet Canada, Whitby, ON) was 



!

%"!

!

administered intravenously to induce ovulation, and the mare was artificially 

inseminated. Semen from a single fertile stallion was used for all inseminations in this 

study. Semen was collected from the stallion on a phantom mount in the presence of a 

mare in estrus as a teaser, using a Missouri-style artificial vagina.  Semen was examined 

microscopically on pre-warmed slides to estimate motility and the approximate 

concentration, with the actual sperm concentration being measured by optical density 

periodically throughout the season (591B Densimeter, Animal Reproduction Systems, 

Chino California, USA). Semen was diluted to a concentration of approximately 100 

million spermatozoa per ml with commercially available extender (INRA 96, National 

Institute for Agricultural Research, France) prior to insemination, for a final insemination 

dose of 1 to 3 billion spermatozoa.   

After each mare had been inseminated, she was examined ultrasonographically 

once daily to detect ovulation through identification of a corpus hemorrhagicum (Day 0). 

If fluid was observed in the uterus within 24 to 72 hours after insemination, mares were 

given 20 I.U. of Oxytocin (Vetoquinal, Lavaltrie, Quebec, Canada) intra-muscularly 

(I.M.), and lavaged one to three times with 1L of isotonic saline until the fluid came back 

clear. Once ovulation was identified, mares were left without examination until embryo 

recovery 8 days later. Following all embryo recovery attempts, an injection of 

prostaglandin F2! (1.5 mg IM, Lutalyse, Pfizer Canada, Kirkland, Quebec) was 

administered to return the mares to estrus. All animal procedures in this study were pre-

approved by the Animal Care Committee at the University of Guelph and were performed 

by or under the supervision of a veterinarian.  
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2.3.2 Embryo Collection 

Embryos were collected by gravity-flow uterine lavage. Mares were administered 

100 mg Xylazine (Xylamax, Bimeda-MTC Animal Health, Cambridge, Ontario, Canada) 

intravenously (IV) prior to flushing only when necessary for anxious behaviour or signs 

of discomfort. After repeated flushes, most mares became accustomed to the procedure 

and rarely required sedation. The mare’s perineum was washed thoroughly by an aseptic 

technique, and then the mare’s cervix was gently dilated by digital palpation and a 

Bivona catheter was inserted trans-cervically. The catheter was attached to y-tubing, for 

infusion and collection of fluid. Both the catheter and y-tubing were primed with flush 

fluid prior to insertion to avoid excess air in the uterus. Approximately 1 L of eMP3 

Complete Equine Embryo Flushing medium (Partnar Animal Health, London, Ontario, 

Canada), warmed to 37°C, was allowed to flow by gravitational force through the tubing 

and into the mare’s uterus where it was left for about three minutes during which the 

uterus was gently balloted by trans-rectal massage. The fluid was then allowed to flow 

out of the uterus by gravitational flow through an embryo filter with a 75 µm nylon mesh 

filter (Partnar Animal Health, London, ON Canada) and was collected into a sterile 2 L 

beaker. The volume of the recovered fluid was measured to ensure complete recovery, 

and re-introduced into the uterus until an embryo was recovered or a maximum total of 

seven flushes had been performed. The mare was administered 20 I.U. Oxytocin IM 

following infusion of the second liter to stimulate uterine contractions. The filter was 

inspected visually after each liter and microscopically every second liter to determine if 

an embryo had been recovered.  The embryo was immediately recovered from the flush 

medium and washed six times in fresh 0.25 mL drops of eMP3 holding medium at 
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approximately 37°C.  The embryo was then transferred to a sterile Petri dish of warmed 

holding medium for transport to the Ontario Veterinary College (OVC) for manipulation.  

In the laboratory, embryos were graded for quality, from images taken at 100x 

magnification, using a grading scheme adapted from the International Embryo Transfer 

Society (IETS) and Colorado methods (Appendix 1). Embryo diameters were measured, 

at either 40x or 100x magnification based on embryo size, by use of a calibrated cell 

imaging system (ProgRes CapturePro 2.7, Jenoptik Optical Systems, Germany) 

connected to a light microscope (Nikon Diaphot, Japan). Embryos were randomly 

assigned to either a sucrose or galactose treatment group at one of three temperatures 

(22°, 30° or 37°C) by use of a random number table to first determine saccharide group 

with a second step to determine exposure temperature. 

 

2.3.3 Preparation of Saccharide Solutions 

Two molar (M) saccharide solutions were prepared using either 36g of galactose 

(Sigma-Aldrich, St Louis, Missouri, USA) or 68.5g of sucrose (Sigma-Aldrich, St Louis, 

Missouri, USA) added to 60mL of phosphate buffered saline (PBS) (Invitrogen, 

Auckland, New Zealand). The PBS was warmed as necessary on a heated stirring plate to 

facilitate mixing. Once the saccharide was nearly dissolved, additional PBS was added to 

a total final volume of 100mL and a final concentration of 2M. The 2M solutions were 

then diluted with appropriate amounts of PBS to yield 10 mL each of 0.1M, 0.25M, 

0.5M, 1.0M, 1.5M, 1.75M and 2M solutions (Appendix 2). Stock 2M solutions were 

frozen at -80°C for later use. Once prepared, working solutions were kept frozen at -20°C 

and warmed to temperatures of one of 21°, 30° or 37°C on the day of embryo collection. 
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2.3.4 Embryo Dehydration Experiments 

Saccharide solutions that were to be used were thawed at about 20°C each morning 

before embryo collection. Once an embryo was retrieved, solutions were warmed to the 

appropriate temperatures in a water bath. The microscope was set up within a Plexiglas 

heating chamber and connected to a microscope heater (Nikon incubator NP-2, Japan). 

The microscope incubator was allowed to warm to the desired temperature once an 

embryo was collected. This temperature was verified with a calibrated thermometer and 

maintained throughout the study. A 0.5 mL drop of saccharide solution was placed in a 

small, sterile Petri dish and placed in the microscope incubator, set at the specified 

working temperature, no more than 5 minutes before embryo exposure to ensure 

equilibration at the working temperature.  

Embryos were placed into saccharide solutions of increasing concentrations in a 

stepwise manner and held in each solution for ten minutes, beginning with the 0.1M 

solution. During exposure, embryos were left in the microscope incubator to ensure 

solutions were maintained at the working temperature. After each exposure period, 

photographs were taken and the minimum and maximum diameters of the embryonic 

trophoblast and the capsule were measured to determine an average diameter for each. 

Embryos < 300 "m in diameter were transferred between solutions using a Wiretrol® 

(100 "L, Fisher Scientific, Napean Ontario Canada). Embryos > 300 "m in diameter 

were too large to fit within the Wiretrol® so they were transferred between solutions 

using an 0.5 mL semen straw attached to a 3 mL syringe, exercising caution to transfer as 

little medium as possible. After being suspended for 10 minutes in the 2M solution, 
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embryos were exposed, again for ten minutes each, to fresh 0.5 mL drops of the solutions 

in reverse order.  Rehydrated embryos were placed into synthetic oviductal fluid (SOF) 

(Appendix 3) and incubated for 2 hours at 37°C in an atmosphere of 5% oxygen, 5% 

carbon dioxide and 90% nitrogen, at 95% humidity. After being cultured, the embryos 

were again photographed, graded, and their final diameters measured.  

 

2.3.5 Embryo Staining 

Embryos were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, St Louis, 

MO, USA) for one hour followed by storage in 1% PFA at 4°C for < 3 weeks. After 

being stored, the embryos were washed three times in 1% polyvinyl alcohol (PVA) 

(Sigma-Aldrich) in PBS, exposed to 0.5% Triton™ X-100 (Sigma-Aldrich) for 1 hour 

and washed again in PBS. Embryos were then stained with TUNEL (In Situ Cell Death 

Detection Kit, Roche Diagnostics, Indianapolis, IN, USA) for one hour at 37°C followed 

by three serial washings in Triton™ X-100, and finally stained in 1mg/mL Hoechst 

33342 (Invitrogen Molecular Probes, Eugene, OR, USA) for 30 min at 37°C. After being 

stained, embryos were washed a final time before being mounted on a slide under a drop 

of Vectashield® anti-fade medium (Vector Laboratories, Burlingame, CA, USA). 

Embryos were flattened by gently pressing on the coverslip to decrease the three-

dimensional aspect and simplify nuclei visualization (Tremoleda et al. 2003). Slides were 

sealed using clear nail polish and allowed to dry for # 12 hours before analysis.  
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2.3.6 Analysis 

Stained embryos were analyzed at 200x magnification on a confocal microscope 

(Olympus Motorized Inverted Research Microscope, Model IX81, Olympus America Inc, 

Melville, NY, USA) within 12 to 36 hours after being mounted on slides. The microscope 

set-up consisted of two Helium-Neon lasers with 633 and 543 nm wavelengths and a 

multi-line Argon laser with 415, 488 and 515 nm wavelengths. Multiple optical planes of 

each embryo were imaged (four to eight depending on size) using the 405 and 543 nm 

lasers sequentially to image Hoechst, followed by TUNEL staining. Sequential scanning 

was used to avoid the risk of a confounding effect when reading staining patterns due to 

the similarity in the blue and green colour wavelengths. The microscope was connected 

to a computer-imaging program (Olympus Fluoview, Version 5.0, FV500, Olympus 

America Inc, Melville, NY, USA) so that images were saved that showed both Hoechst 

and TUNEL staining individually, as well as images with an overlay of both stains. 

Embryos were graded for survival based on an average of the staining grades of all 

images for that embryo.  Staining grades were on a 0 to 5 scale where 0 meant no 

TUNEL positive cells and 5 meant all or nearly all cells were TUNEL positive (Appendix 

4). Hoechst 33342 staining was used as the comparison in determining proportions, as all 

fixed (dead) cells stain positive with this stain.  

 

2.3.7 Dehydration Plots 

The osmolalities of saccharide solutions and holding medium were measured with 

an osmometer (Advanced Micro Osmometer, Model 3300, Advanced Instruments Inc, 

Norwood, MA, USA). Because the values of higher concentration solutions could not be 
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measured using the available equipment, osmolalities were extrapolated from 

Concentrate Properties of Aqueous Solutions: conversion tables in the “CRC Handbook 

of Chemistry and Physics” (Weast, 1985) after confirming that they differed from the 

actual measured osmolalities by no more than 10% (Appendix 5). Boyle van’t Hoff plots 

were constructed for each embryo by plotting its relative volume in each solution as a 

function of the reciprocal of that solution’s assumed osmolality. Relative volume was 

determined based on volume in solution relative to that embryo’s isotonic volume, with 

volumes being approximated based on the equation for volume of a sphere; V = 4⁄3"r3. 

Additional Boyle van’t Hoff plots were constructed to show treatment averages and 

comparisons of dehydration patterns across treatment groups. Finally, plots were 

constructed for the rehydration patterns of each embryo, and for comparisons across 

groups using the same axis of the volume in each solution relative to the original volume 

in isotonic solution as a function of the reciprocal of the assumed osmolality of the 

solutions. 

 

2.3.8 Statistics 

Embryo quality scores were compared using Wilcoxon’s Signed Rank test (SAS 

9.2) to determine if there was a significant change in embryo quality over the course of 

treatment. Differences between pre- and post-treatment scores were also compared across 

treatment groups to determine if there was any difference in the change in embryo grade 

exhibited. TUNEL scoring was statistically compared using the Kruskal-Wallis test for 

non-parametric data to determine any difference in apoptosis levels between treatments. 
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Embryos were divided into two groups based on how they responded to treatment 

in the 0.1 and 0.25M solutions. If embryos began dehydrating in these solutions, they 

were classified as behaving normally, whereas if they did not dehydrate in the lowest 

concentration, they were classified as having behaved abnormally. Mantel-Haenzel Chi-

Square analysis was then performed to determine if embryo size, as a dichotomy of either 

> 500 µm or < 500 µm in diameter, or treatment group had an effect on this behaviour 

(Appendix 6).  

 

2.4 Results 

2.4.1. Embryo Retrieval and Measurement 

Throughout the 2011 breeding season, 48 embryos were collected from a total of 71 

embryo flushes. Twenty-two embryos were used in this trial, and 26 were used in another 

study. The embryo recovery rate was 68%, with 9 of 71 ovulations (12.7%) giving two 

(dizygotic) embryos. Collected embryos had a mean initial grade quality score of 1.77 +/- 

0.19. Fourteen of the embryos used in the study were classified as expanded blastocysts, 

two as blastocysts, five as early blastocysts, and one as a morula (Appendix 7). Two 

embryos were lost on transfer between solutions, and not included in further analysis. 

One additional embryo was lost during incubation and one was damaged during staining.  

Similar to the method used by Pfaff et al. (1998) to account for the embryos’ 

deviation in shape from a perfect sphere, a minimum and a maximum diameter were 

measured. The average radius was calculated to approximate the volume of the entire 

embryo at each stage of the trial. Although all embryos were collected on Day 8 

following ovulation, there were large differences in diameters, and therefore, in their 
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volumes. The initial minimum and maximum diameters ranged from 160 µm to 1302 µm, 

corresponding to volumes of 0.0021 and 1.15 µL respectively, as calculated from the 

above diameters.  

 

2.4.2. Osmotic Response: Dehydration Steps 

Two distinct patterns of embryo response were identified and defined as 

“responders” and “non-responders” (Table 1).  Eleven of the 22 embryos were classified 

as responders as they dehydrated osmotically, as expected, in the solutions. The other 11 

embryos, classified as non-responders, did not dehydrate osmotically, and instead had a 

delayed response and a decreased overall level of dehydration. Statistical analysis showed 

that, while saccharide solution and temperature had no significant effect on this response 

(p = 1.0 and 0.13 respectively), embryo size, when defined as having an average diameter 

greater than or less than 500 µm, was a significant factor in determining osmotic response 

(p = 0.0089).  

Most embryos < 500 µm in diameter (“small embryos”) behaved similarly to 

embryos of other species (Leibo 2008). However, of these 12 small embryos, three did 

not respond osmotically as expected. All three of these embryos behaved similarly to the 

majority of embryos that were > 500 µm in diameter. The other nine embryos in the small 

group dehydrated osmotically beginning in the 0.1M solution and continued to dehydrate 

osmotically through each increasing concentration (Figure 1). Embryo volume decreased 

linearly as a function of the reciprocal of solution osmolality, reaching an average 

minimum volume of about 20% of the original isotonic volume. Embryos in this group 
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dehydrated isotropically, maintaining an approximately spherical shape throughout the 

dehydration process. 

The second group included the 10 embryos with diameters > 500 µm (“large 

embryos”). Most of the larger embryos did not behave osmotically as expected (Figure 

2). Instead, these large blastocysts tended to maintain their original size for the first 10-20 

minutes, when suspended in solutions 0.1M and 0.25M. After this initial period, the 

embryos began to dehydrate and continued to do so in the remaining solutions. However, 

these embryos decreased to an average dehydration level of about 40% of their original 

isotonic volume. Additionally, they did not dehydrate isotropically (Figure 3). Rather, 

they dehydrated in a non-isotropic manner, tending to flatten and fold over as they 

dehydrated. With dehydration, these embryos were notably more difficult to handle than 

the smaller embryos, tending to become stickier and difficult to roll. However, it was 

notable that two large embryos (688 and 1131 µm) did exhibit normal osmotic response. 

There was no difference in the responses seen between treatment groups. Both 

sucrose and galactose treatments resulted in the two patterns of osmotic response that 

depended on embryo size (Figure 4). Embryos exposed at three temperatures of 21°, 30°, 

and 37°C all followed similar dehydration patterns (Figure 5). When all embryos are 

considered, embryos dehydrated to mean relative volumes of 31%, 23%, and 25% when 

treated at 21º, 30º and 37ºC, respectively. When only the normally responding embryos 

are included in this calculation, embryos dehydrated to a mean relative volume of 20%, 

18% and 23%, respectively, at the three temperatures. This demonstrated that the non-

osmotic volume of the equine conceptus is the same as that of oocytes and embryos of all 
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other mammalian species studied (Leibo 1980; McWilliams et al. 1995; Oda et al. 1992; 

Wang et al. 2010). 

 

2.4.3. Osmotic Response: Rehydration Steps 

While embryo rehydration followed a more irregular pattern, all embryos 

rehydrated to some extent. However, there was a tendency for them to dehydrate again at 

some point in the rehydration procedure (Figure 6). The embryos responded more slowly 

than expected, and in most cases, rehydration was incomplete. The mean final volume 

was only 65% +/- 5% of the original pre-dehydration volumes. Furthermore, for four of 

the embryos, there was a notable decrease in volume at some point in the rehydration 

procedure. Another eight embryos reached a plateau, remaining at a constant volume over 

at least two sequential solutions. Although none of the embryos rehydrated fully, those 

that exhibited normal dehydration rehydrated to ~75% of their isotonic volume, whereas 

those embryos that showed anomalous dehydration only rehydrated to ~60% of their 

isotonic volume (Figure 7). 

Three embryos, all exposed to sucrose each at a different temperature (175, 177 and 

1131 µm diameter), rehydrated to more than 100% of their original volume (Table 2). 

Two embryos (252 µm and 1200 µm) exposed to sucrose and galactose at 37°C, 

respectively, rehydrated to 80% of their original volume. Furthermore, five embryos 

rehydrated to between 60 and 80% of their original volume. These embryos varied in size 

from 160 to 1302 µm, two of which were exposed to sucrose and three to galactose at 

either 21° or 30°C. The remaining 10 embryos, ranging from 234 to 1104 µm in 
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diameter, only rehydrated to between 30 and 60% of their original volumes. Again, 

treatment group had no notable effect on final rehydration level, with embryos reaching 

rehydrated mean volumes of 62%, 70% and 70% when treated at 21º, 30º or 37ºC relative 

to their original pre-treatment volumes. 

 

2.4.4. Embryo Survival 

Following a two-hour culture period in SOF, 18 of the 22 embryos collapsed to 

between 17 and 79% of their original pre-treatment volume, with an average final volume 

of 50% +/- 7% (Figure 7, Table 3). Of the four embryos that continued to re-expand in 

culture only one, treated in galactose at 21°C and with an original diameter of 357 µm, 

expanded to greater than its original volume at 131%. The other three embryos re-

expanded to 58, 69 and 71 % of their original volumes from 45, 41 and 51% after the 

final rehydration step, respectively (original diameters of 243, 495, and 160 µm, 

respectively).  These three embryos had been exposed to galactose at 21°C, galactose at 

21°C, and galactose at 30°C. 

Following culture, the mean embryo quality score was 3.45 +/- 0.21 (Table 4), 

representing an average decrease in quality of 1.68 +/- 0.3 from the pre-treatment score of 

1.7 +/- 0.19. Embryos did not appear to recover from treatment during the culture period 

and had a fair to poor appearance, based on expected quality for fresh embryos. This 

decrease in scoring quality between pre- and post-treatment was significant (p < 0.0001) 

but was not different among treatment groups (p = 0.56 and p = 0.85 for sugar and 

temperature effects respectively). Further, the mean apoptosis score post-treatment was 
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2.3 +/- 0.4, representing an approximation of half of each embryo’s cells fluorescing 

positive for TUNEL. This did not differ among treatment groups (p = 0.82 and p=0.32 for 

sugar and temperature effects, respectively) and agreed with the poor quality seen on 

visual assessment. As with the embryo’s response, temperature had no apparent effect on 

embryo survival, as measured by similar post-culture volumes, apoptosis levels and final 

embryo score across treatment groups. 

 

2.4.5. Capsule Response 

The embryonic capsule did not dehydrate as the embryos themselves dehydrated. 

Instead, the capsule appeared to be permeable to both sucrose and galactose. In each 

solution of increasing concentration, the subcapsular space dehydrated to some extent, 

but even in 2 M solutions the capsule retained 75% of its original volume (Table 5). At 

the beginning of the trial, 25% of the embryonic volume could be considered to be 

subcapsular fluid (Table 6). Following complete dehydration, 74% of the embryos total 

volume was subcapsular fluid. These results show that a large amount of solution was 

retained between the capsule and the embryo as the embryo dehydrated. With the 

dehydration seen, the capsule behaved more similarly to the larger embryos than it did to 

the small embryos, in that rather than dehydrating isotropically the capsule tended to 

flatten and fold over (Figure 8). This was especially noticeable in the larger embryos. On 

average, the capsule re-expanded to 87% of its original volume on rehydration and 

maintained most of this volume in culture, for a final relative volume of 85%.  
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Table 1. Embryo response to treatment, based on treatment group and original embryo 
diameter. Embryos were classified into two groups based on whether they responded to 
increasing concentration in a manner similar to that of embryos other species or if they 
behaved in an anomalous fashion. Response was defined as “unexpected” if there was a 
plateau in the dehydration pattern at which the embryo went through at least one solution 
with no further dehydration compared to the previous solution. Embryos were classified 
based on this response, taking into account the saccharide solution and temperature of 
exposure as well as the original diameter and developmental stage (M: morula, EB: early 
blastocyst, B: blastocyst, and ExB: expanded blastocyst). There was no significant effect 
of saccharide or temperature on response (p =1.0 and 0.1323 respectively) but original 
diameter had a significant effect (p = 0.0089). 
 

Original 
Diameter 

(µm) 

Developmental 
Stage Saccharide Temperature 

Normal Response* 
160 EB Gal 30 
175 EB Suc 21 
177 M Suc 37 
234 EB Gal 30 
252 EB Suc 37 
335 ExB Gal 37 
357 ExB Gal 21 
399 B Suc 30 
495 ExB Gal 37 
688 ExB Gal 30 
1131 ExB Suc 30 

Mean Diameter 400 !m 
Anomalous Response* 

372 B Suc 21 
440 ExB Gal 21 
495 EB Gal 21 
548 ExB Gal 30 
597 ExB Suc 21 
653 ExB Suc 37 
762 ExB Gal 30 
1104 ExB Suc 30 
1159 ExB Suc 21 
1200 ExB Gal 37 
1302 ExB Gal 21 

 Mean Diameter 785 !m 
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Figure 1. Boyle van’t Hoff plot showing the average response of those embryos <500 "m 
in diameter, 9 of 12 of which responded as expected compared to embryos of other 
species. These embryos dehydrated osmotically in each solution of increasing 
concentration, reaching an average maximum dehydration of 20% of their original 
volume in isotonic fluid. 
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Figure 2. Boyle van’t Hoff plot showing the average response of those embryos > 500 
"m in diameter, 8 of 10 of which did not respond normally. These embryos did not begin 
to dehydrate in the solutions of lower osmolality.  
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Figure 3. Image sequence of a 550 !m embryo dehydrating in sucrose at 21ºC. (Arrows show where embryo folds and shape is 
irregular) 
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Figure 4. A Boyle van’t Hoff plot showing the average volume of embryos relative to the 
original volume in isotonic solution as a function of the reciprocal of the osmolality of 
each solution. Embryos are sorted based on their treatment in either sucrose or galactose. 
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Figure 5. A Boyle van’t Hoff plot showing the average volume of embryos relative to the 
original volume in isotonic solution as a function of the reciprocal of the osmolality of 
each solution. Embryos are sorted based on their treatment in 21°, 30, or 37°C.  
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Figure 6. Boyle van’t Hoff plot showing average embryo rehydration patterns. All 
embryos rehydrated to some extent but not fully and with high variability.   
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Table 2. Embryo rehydration and post-culture volumes relative to their original volume 
in isotonic solution.  

 

Temp. 
(°C) Solution 

Original 
Diameter 

(!m) 

Normal 
Response? 

Dehydrated 
Relative 
Volume 

Rehydrated 
Relative 
Volume 

Post-
culture 
Relative 
Volume 

357 Yes 0.21 0.57 1.31 
440 No . . 0.14 
495 No 0.20 0.41 0.69 

Gal 
 

1302 No 0.33 0.66 0.19 
175 Yes 0.19 1.02 0.67 
372 No . . . 
597 No 0.52 0.38 0.28 

21 

Suc 
 

1159 No 0.40 0.67 0.52 
160 Yes 0.18 0.51 0.71 
234 Yes 0.26 0.45 0.58 
548 No 0.53 0.50 0.18 
688 Yes 0.17 0.79 0.42 

Gal 
 

762 No 0.23 0.77 0.89 
399 Yes 0.17 0.65 0.37 
1104 No 0.16 0.49 0.17 

30 
 

Suc 
 1131 Yes 0.19 1.19 0.30 

335 Yes 0.17 0.50 0.31 
495 Yes 0.20 0.48 . Gal 

 1200 No 0.44 0.83 0.45 
177 Yes 0.27 1.12 0.79 
252 Yes 0.27 0.82 0.63 

37 
 Suc 

 653 No 0.13 0.46 0.34 
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Table 3. The mean dehydrated relative volumes, as seen in 2M solution, and rehydrated 
relative volumes, following return to 0.1M solution, as well as post-culture relative 
volumes, all compared to the original volume, of embryos based on treatment group.  

 

Temperature 
(°C) Solution 

Mean 
Dehydrated 

Relative Volume  

Mean 
Rehydrated 

Relative Volume 

Mean Post-
Culture 
Relative 
Volume 

Gal 0.25 +/- 0.04 0.55 +/- 0.07 0.73 +/- 0.32 21 Suc 0.37 +/- 0.10 0.69 +/- 0.19 0.49 +/- 0.11 
Gal 0.29 +/- 0.12 0.64 +/- 0.08 0.55 +/- 0.16 30 

 Suc 0.17 +/- 0.01 0.78 +/- 0.21 0.28 +/- 0.06 
Gal 0.27 +/- 0.09 0.60 +/- 0.11 0.38 +/- 0.07 37 Suc 0.22 +/- 0.05 0.80 +/- 0.19 0.58 +/- 0.13 
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Figure 7. Boyle van’t Hoff plot showing the rehydration of embryos as a function of their 
original diameter. The data are shown for embryos with an original diameter < 500 !m or 
those with an original diameter > 500 !m. 
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Figure 8. Boyle van’t Hoff plot showing the rehydration of those embryos that continued 
to expand during the culture period. These embryos were all treated in galactose and 
embryos three were treated at 21°, with one having been treated at 30°C. These embryos 
all dehydrated to approximately 20% of their original volume (range 18-26) but showed 
variability in the shape of their rehydration curve. 
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Table 4. Embryo average pre- and post- treatment visual grades and TUNEL score as a 
function of treatment group. Different lower case superscripts (a,b,c) denote a significant 
difference in score within a column. Different uppercase superscripts (D,E) denote a 
significant change in visible grade across a row. 

 
Temperature 

(°C) Sugar Initial 
Grade Final Grade TUNEL 

Gal 1.7aD 3 bE 1 c 21 Suc 2 aD 3.3 bE 1 c 
Gal 2 aD 4 bE 3.3 c 30 Suc 1.3 aD 3.3 bE 2 c 
Gal 1.7 aD 2.7 bE 1.5 c 37 Suc 2 aD 3.7 bE 2.7 c 

 
 

Table 5.  Capsule average maximum dehydration, maximum rehydration and post-culture 
sizes sorted by treatment group.  

 

Temperature 
(°C) Solution 

Dehydrated 
Relative 
Volume 

Rehydrated 
Relative 
Volume 

Post-culture 
Relative Volume 

Gal 0.83 0.82 0.80 21 Suc 0.78 0.84 0.99 
Gal 0.72 0.79 0.71 30 Suc 0.80 1.01 0.78 
Gal 0.86 0.94 1.02 37 Suc 0.73 0.90 0.94 
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Table 6. Volume of embryonic subcapsular space compared to embryonic trophoblast volume and as a proportion of overall embryo 
volume at embryo collection and at full dehydration. 

Temp. 
(ºC) 

 
Solution 

Original 
Trophoblast 

Volume 

Original 
Capsule 
Volume 

Original 
Volume in 

Subcapsular 
Space 

Original  
Subcapsular 
Space as a 
proportion 
of embryo 

total volume 

Dehydrated 
Trophoblast 

volume 

Dehydrated 
Capsule 
Volume 

Volume in 
Subcapsular 

space 

Subcapsular 
space as a 
proportion 
of embryo 

total volume 

0.0237 0.0535 0.0298 0.56 0.0049 0.0568 0.0519 0.91 
0.0446 0.0523 0.0077 0.15 0.0276 0.0418 0.0142 0.34 
0.0313 0.0352 0.0039 0.11 0.0064 0.0217 0.0153 0.71 Gal 

1.1543 1.2679 0.1136 0.09 0.3649 1.0387 0.6738 0.65 
0.0028 0.0058 0.003 0.52 0.0005 0.0043 0.0038 0.88 
0.0270 0.0313 0.0043 0.14 0.0182 0.0218 0.0036 0.17 
0.1114 0.1272 0.0158 0.12 0.0575 0.1054 0.0479 0.45 

21 
 

Suc 

0.8152 0.8902 0.075 0.08 0.3255 0.6837 0.3582 0.52 
0.0021 0.0031 0.001 0.32 0.0004 0.0025 0.0021 0.84 
0.0067 0.0082 0.0015 0.18 0.0017 0.0068 0.0051 0.75 
0.0862 0.1109 0.0247 0.22 0.0455 0.0753 0.0298 0.40 
0.1701 0.7717 0.6016 0.78 0.0285 0.5244 0.4959 0.95 

Gal 
 

0.2317 0.2523 0.0206 0.08 0.0749 0.1603 0.0854 0.53 
0.0331 0.0376 0.0045 0.12 0.0055 0.0225 0.017 0.76 
0.7036 0.7435 0.0499 0.07 0.1106 0.4104 0.2998 0.73 

30 
 

Suc 
 0.5730 0.8592 0.2862 0.33 0.1062 1.0162 0.91 0.90 

0.0196 0.0224 0.0028 0.12 0.0034 0.0147 0.0113 0.77 
0.0635 0.0645 0.001 0.02 0.0128 0.0388 0.026 0.67 Gal 
0.9048 1.2797 0.2949 0.23 0.3952 1.6820 1.2868 0.77 
0.0029 0.0078 0.0049 0.63 0.0008 0.0068 0.006 0.88 
0.0084 0.0161 0.0078 0.48 0.0023 0.0146 0.0123 0.84 

37 
 

Suc 
0.1455 0.1578 0.0123 0.08 0.0193 0.0676 0.0483 0.71 

 Mean    0.25    0.69 
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Figure 9.  A. An embryo, originally 1159 µm in diameter and treated at 21ºC in 2M 
sucrose. The embryo dehydrated partially; fluid is still present in the subcapsular space. 
Arrows point to areas where the capsule is clearly folded over. B. An embryo, originally 
1195 µm in diameter and treated at 37ºC in 2M galactose. Here the embryo is fully 
dehydrated to 20% of its original volume while the capsule (pointed to by arrows) retains 
a fully spherical shape at close to its original size. 

A) B)!  
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2.5 Discussion 

2.5.1 Embryo Measurement  

Blastocyst-stage equine embryos are approximately spherical in shape (Betteridge 

et al. 1982; Pfaff et al. 1998).  Embryo volume was calculated throughout this study with 

the equation for volume of a sphere (4/3!r3), using an average of two measured 

diameters. However, the equine embryos in the present study in many cases did not 

appear to dehydrate isotropically. Instead, they tended to flatten to a more oblong or 

spheroid shape, visible as folding of the embryonic trophoblast and capsule. In addition, 

the two diameters taken perpendicular to one another often differed, further suggesting 

non-isotropic dehydration. Dehydrated embryos also became difficult to move and could 

not be easily rolled, further suggesting flattening. It is likely that the use of the equation 

for volume of a sphere in our study may have overestimated embryo volume.  While 

three-dimensional scanning of fresh embryos and calculation of their actual volume 

would have been preferred, the microscope imaging and measuring system available for 

this study did not allow for three-dimensional measurements to be taken. By 

overestimating volume, especially in the case of large embryos, it is possible that 

following exposure to high concentrations of saccharide solution, these embryos were 

dehydrated to a level more likely to survive freezing.  

It is accepted that the cellular plasma membrane can withstand only small 

amounts of stretching or compression (Canham 1970; Evans and Parsegian 1983) and so 

must fold in response to cell dehydration (Mazur 1990). Alternatively, cells respond to 

dehydration, as seen during cryopreservation, by becoming distorted and less spherical, 

taking on a shape with an increased surface area to volume ratio (Mazur 1984). This 



!

"%!

!

folding and distortion of individual cells may be a factor in the distorted shape of the 

larger embryos. It is also possible that the altered shape of the embryos is an example of 

the finite ability of the embryo as a whole to contract spherically, resulting in folding of 

the trophectoderm to account for the excessive volume lost from the blastocoele.  

 

2.5.2 Choice of Saccharides  

 Previous trials have shown that different saccharides are highly effective at 

dehydrating cells and embryos of many different species. While trehalose is found in 

nature in organisms that require a high level of cryotolerance (Crowe et al. 1992; Potts 

1994; Crowe and Crowe 2000), it is not the only sugar used in laboratory studies. 

Examples of saccharides previously used in cryobiology and cryopreservation studies 

include the monosaccharides, glucose, fructose and galactose, and the disaccharides, 

trehalose, lactose, and sucrose, (McWilliams et al. 1995; Heyman et al. 1986; Takahashi 

and Kanagawa 1990; Valdez et al. 1990). Preliminary trials in our laboratory attempting 

to dehydrate equine embryos with glucose resulted in very limited success. However, low 

concentrations of galactose resulted in some dehydration of small equine embryos 

(Barfield et al. 2008), prompting the use of galactose in this study. Sucrose is the 

disaccharide used most frequently as an osmotic buffer in cryopreservation, and has been 

shown to be highly effective for dehydration of mouse and bovine oocytes and embryos 

(Leibo 2008; Wang et al. 2010). As a disaccharide composed of fructose and glucose, its 

larger molecular size would theoretically further decrease its potential to cross cell 

membranes as well as the capsule. Disaccharides solutions also have higher osmolalities 

at lower concentrations compared to monosaccharides such as galactose and glucose, 
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allowing greater dehydration at lowing concentrations than with monosaccharides. The 

main disadvantage of disaccharides is that they are highly viscous at high concentrations, 

making it more difficult to mix solutions compared to monosaccharides (McWilliams et 

al. 1995). 

Embryos were exposed to solutions of increasing concentrations in a stepwise 

manner to attempt to minimize osmotic damage, while still allowing measurement of 

response and extent of dehydration. Solution concentrations were chosen to increase the 

osmolality as much as possible in each step without increasing the risk of osmotic 

damage. Solution concentrations were approximately doubled through each of the first 

four steps of 0.1, 0.25, 0.5 and 1M. At concentrations greater than 1M, it was decided that 

increases should be less drastic than doubling as these concentrated solutions were more 

likely to be damaging. In addition, we wanted to determine embryo response in these 

solutions of higher concentration to determine more precisely in which solution the 

embryos would reach their maximum dehydration, and to more accurately estimate the 

slope of the Boyle van’t Hoff plots. Concentrations of 1.5, 1.75 and 2M were chosen to 

meet these requirements without adding too many steps, unnecessarily increasing the 

chance of damage from the extended period of exposure.  

 Preliminary studies were conducted on Day 7 and 8 equine embryos. The duration 

of exposure was determined in preliminary trials, in which embryos were observed under 

a stereoscope at 60x magnification throughout each step. Embryos were observed to 

move and roll when they were placed into each new solution for a variable period of time. 

This movement was attributed to equilibration processes, with the rush of fluid exit 

propelling the embryo around the dish. It was assumed that embryos had reached osmotic 
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equilibrium in the new solution when they stopped moving. While the time required for 

equilibration varied, they tended to range between five and ten minutes (Appendix 8). 

Therefore, ten minutes was chosen as the exposure time for the trial to ensure adequate 

equilibration without increasing the exposure period too much. 

 Validation trials were conducted on bovine morula using the established 

dehydration protocol with sucrose at 21°C. These embryos dehydrated as expected based 

on previous publications (Leibo 2008; Appendix 9).  Embryos progressively dehydrated 

in each increasing concentration, reaching a final relative volume of 20% of their original 

volume. 

 

2.5.3 Osmotic Response- Dehydration 

Embryo response to dehydration in both sucrose and galactose differed depending 

on embryo size. Equine embryos smaller than 500 "m dehydrated as expected, to an 

average minimum of 20% of their original volume. Previous findings have shown that 

oocytes and embryos of other species behave as perfect osmometers and that the 

osmotically inactive volume ranges from 13.7 to 24.2% for murine oocytes (Pfaff et al. 

1998), 13 to 23% for mouse zygotes and human oocytes (McWilliams et al. 1995), 16 to 

26% for bovine oocytes (Arav et al. 1993; Leibo 1980; Wang et al 2010), and 17 to 20% 

for rhesus monkey oocytes (Songsasen et al. 2002). This leads us to believe that the small 

embryos in the present trial reached their maximum dehydration level, albeit not before 

exposure to concentrations exceeding 1.5 M. Embryos fully dehydrated to 20% of their 

original volume are sufficiently protected from ice crystal formation to be successfully 

cryopreserved without the necessity for further cryoprotective agents (Eroglu et al. 2009). 
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This suggests that small equine embryos may be protected against ice damage during 

cryoprotection. 

There are many possible explanations as to why the larger embryos responded 

differently than was expected. Since there were embryos in both the large and small 

embryo categories that responded differently than expected for that group it can be 

expected that, despite the change in response occurring in embryos 500 "m in diameter, 

this change is not specifically size-dependent. Instead, it is necessary to analyze the other 

developmental events occurring in equine blastocysts around Day 8 in order to explain 

this phenomenon.  

 During blastulation, embryos expand rapidly and must alter the method by which 

they uptake fluid and nutrients. To do this, sodium ions are actively transported into the 

expanding blastocyst through ion transporters in the apical cell surface creating an 

osmotic gradient and leading to the diffusion of water into cells from the surrounding 

fluid (Waelchli et al 1997). During the period from Days 7 to 16 post-ovulation, the 

equine blastocyst expands rapidly from 200 "m to 25 mm in diameter, suggesting that it 

is extremely efficient at this ion gradient process of increasing volume (Waelchli et al 

1997). For embryos at this stage to be capable of such rapid expansion through 

prevention of natural diffusion, it is very likely that they are developing the ability to 

prevent dehydration, even in the presence of alternate solutes. 

 Further, Aquaporins 3 and 5 are found in the trophoblast around Days 10 to 15 

and act to form water channels (Budik 2008), which further increases the accumulation of 

water in the expanding embryos. While no mRNA transcripts are present before Day 10, 
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AQP3 has been found in cumulus-oocyte-complexes and in the apical membrane of 

trophoblast cells in blastocysts up to 600 to 1000 "m (Budik et al. 2008). It is possible 

aquaporins are already present in Day 8 equine embryos and are counteracting our efforts 

to dehydrate them, effectively maintaining embryonic volume, at least while external 

solutions are at relatively low concentrations before they are overwhelmed. 

Blastocoel fluid is physiologically isotonic at 300 mOsm until Day 8 or 9 when 

the subcapsular and subtrophoblastic fluids become hypertonic, increasing water uptake 

(Crews et al. 2007). Between Days 10 and 11, while the blastocyst is rapidly expanding, 

the embryonic yolk sac is becoming increasingly hypotonic, making the blastocyst 

buoyant in isotonic solution (Waelchli and Betteridge 1996). Embryonic yolk sac fluid 

becomes increasingly hypotonic as the embryo grows so that at Day 8 to 9, the ion 

concentration is 127-361 mmol/L. By Day 10 to 11, it decreases further to 88 to 233 

mmol/L, and by Days 11 to 16, only 66.5 mmol/L (Crews et al. 2007). Because of this 

decrease in ion concentration, by Days 11 to 16, the osmolality of the yolk sac fluid has 

decreased to 121 mOsm/kg from 300 mOsm/kg in the Day 7 blastocyst. This decreasing 

osmolality, combined with continued uptake of water, is evidence of the high level of 

activity and effectiveness of both aquaporins and active removal of solutes, likely 

beginning with the initiation of the decreased osmolality seen at Day 8. Both of these 

mechanisms may explain the decreased response seen in this study when embryos were 

exposed to solutions of 300 to 550 mOsmol. Variation in the osmotic response of 

embryos at this age could be explained by a variation in the level of aquaporin 

expression. The response seen would be expected when the external solution becomes too 

concentrated and overwhelms the aquaporin activity.  
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Gastrulation, the differentiation of a third cell layer called the endoderm, begins in 

equine embryos shortly following blastulation. Isolated endodermal precursor cells begin 

forming below the trophoblast at Day 7 (Enders et al. 1993). These endoderm cells 

coalesce to form a complete layer as early as Day 8. From this point of development 

embryos are bilaminar, and have a completed yolk sac. The presence of this second layer 

of cells acts as an additional barrier between extracellular fluids and the blastocoele, 

further decreasing rates of diffusion.  

Finally, equine embryos have been shown to preferentially take up glucose rather 

than pyruvate, the preferred energy source of bovine embryos, beginning at the blastocyst 

stage (Lane et al. 2001). While bovine embryos have a low level of glucose oxidation, 

instead converting it to pyruvate (Thompson et al 2000), the equine blastocyst has a high 

capacity for glucose oxidation (Lane et al. 20001). Because the equine blastocyst uses 

glucose at a higher rate than other embryos, it is possible that equine embryos are more 

proficient at taking up glucose from the environment. If glucose transporters are present 

in trophoblast cells, they may also have some ability to transport other mono- or even 

possibly disaccharides into the embryo as well. This would have only a minimal effect on 

the concentration of the saccharide solution due to volume differences. However, even a 

low rate of transport, could increase the intracellular or blastocoelic concentration enough 

to increase the residual volume in equilibrated embryos. 

A thickening capsule may have aided in impeding embryonic response. When 

embryos were treated with glycerol prior to being cultured, but without freezing, it was 

found that embryos that had a thicker capsule showed a significantly decreased level of 

cell death (Legrand et al. 2000). It is thought that the capsule prevents flow of both water 
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and glycerol in either direction, preventing both osmotic damage and effective 

cryoprotection simultaneously. This concept is supported by the fact of increased cell 

death post-cryopreservation in embryos with a thick capsule compared to those with a 

thin or non-continuous capsule (Legrand et al. 2000). It is possible that the larger 

embryos were more developed not only in their trophectoderm, but also presented a 

thicker capsule, preventing sugar solutions from easily contacting the embryonic cells.  

Gillard-Kingma et al. (2011) found that when the concentration of ethylene glycol 

was halved (from 1.5 to 0.74M) the diffusion rates across in vitro equine embryo capsules 

were decreased by more than half, showing that higher initial concentration affected the 

molecular kinetics by increasing the speed by which individual molecules diffused across 

the capsule and also by increasing the number of molecules that cross the capsule. This 

interpretation is consistent with the fact that embryos did eventually begin to dehydrate, 

when external concentrations were increased, speeding up diffusion across the capsule. 

However, in this study, while the capsule did eventually show permeability to higher 

concentrations of sugars, it appeared to prevent flow of water leaving the embryos. As a 

result, in a few cases, as the embryos became more dehydrated the capsule showed 

greater tension, retaining its original volume.  

Overall, it would appear that physiological changes are occurring both in the 

capsule and in the trophoblast of equine embryos around Day 8 post-ovulation, at an 

approximate diameter of 500 "m. These changes combine to decrease the embryos 

exposure to hypertonic solutions, and then counteract the dehydrating effect of these 

solutions. This combination makes low concentrations of saccharides ineffective at 

dehydrating large equine embryos. However, osmotic response was seen when solutions 
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became increasingly concentrated, suggesting that there may still be some promise for 

this technique. 

 

2.5.4 Osmotic Response- Rehydration 

 Mouse and bovine embryos have been shown to survive exposure to solutions 

with as low as one half of their tonicity, and expand to 190% of their original volume 

without suffering permanent membrane damage (Pedro et al. 1997, Mazur and Schneider 

1986). When volume changes occur gradually, mouse zygotes can survive swelling to 

290% of their original volume (Oda et al. 1992). The major determinant of survival is the 

rate of volume change (McWilliams et al. 1995; Oda et al. 1992). For this reason, even 

early vitrification protocols, using concentrated vitrification solutions, used a multi-step 

post-thaw dilution protocol (Rall and Fahy 1985). Embryos in the present study were 

rehydrated through the same stepwise process, as they were dehydrated through. This was 

done to avoid osmotic damage as well as to track their rehydration response.  

When returned through solutions of decreasing osmolalities, the capsules of 

embryos in all treatment groups returned to nearly their full, pre-treatment diameter. This 

suggests that the capsule does not serve as a barrier to the removal of saccharide solution 

or to the entrance of water. It also indicated that, at no point in the trial, was the capsule 

stressed enough to rupture or to be otherwise structurally damaged. However, the 

embryos did not undergo complete rehydration. Instead, rehydration was extremely 

variable with embryos reaching only an average final volume of 65% of their original 

volume (range 38% to 119%). The same size dichotomy was seen in the embryo response 

during rehydration as was seen during dehydration. Those embryos that dehydrated 
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osmotically, rehydrated relatively linearly to a maximal volume of ~75% of their original 

volume, while those that had a delayed dehydration had a more erratic pattern to their 

rehydration and only reached a maximum of ~60% of their original volume. 

It is possible that similar mechanisms to those discussed for dehydration may be 

affecting the ability of the embryos to rehydrate. Knowing that embryos of other species 

behave as osmometers when exposed to either hypertonic or hypotonic solutions (Leibo 

2008; Oda et al. 1992; Wang et al. 2010,), it was expected that equine embryos would 

rehydrate osmotically when solution concentrations were decreased back to isotonicity. 

All embryos showed some degree of irregularity in their rehydration pattern, either by 

maintaining a near-constant volume over two or more consecutive solutions, or more 

often, by fluctuating between rehydrating and dehydrating again slightly. It is probable 

that there is a combination of factors affecting this. The ion pumps and aquaporins may 

be affecting the rate at which embryos are able to recover their volume as they regain 

function.  

 Embryos may not require step-wise rehydration in order to survive. McWilliams 

et al (1995) transferred dehydrated zygotes and oocytes directly into media of 

physiological osmolality and observed high survival rates. Another study of rhesus 

monkey oocytes that were transferred directly to 0.2 M sucrose from 1.5 M sucrose, 

following stepwise dehydration also observed that embryos survived this rapid 

rehydration (Songsasen et al. 2002). This suggests that perhaps the rehydration period, 

especially one this extensive, may be unnecessary when using nonpermeating 

cryoprotectants alone. Since the embryos’ rehydration appeared erratic and incomplete 

when they were subjected to stepwise dilution, it is possible that the use of alternate 
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solutions may be necessary to aid in embryo rehydration. However, it may be useful to 

investigate a dilution protocol for equine embryos including fewer steps as well, as a 

means of minimizing exposure period. It is also possible that, if embryos can survive 

rapid rehydration, full rehydration prior to transfer may be unnecessary.  

 

2.5.5 Temperature Effect 

 Previous studies have shown that membrane permeability and activation energies 

increase with warmer temperatures, allowing diffusion to occur more rapidly, and 

decreasing the time required for cellular equilibration in solution (Leibo 1980; Schneider 

and Mazur 1984). This led us to the preliminary hypothesis that embryo dehydration 

would occur more rapidly and to a greater extent when temperatures were increased. 

While bovine oocytes show an increase in their permeability to ethylene glycol with an 

increase in temperature between 4° and 24°C, they show a significantly greater increase 

in permeability between 24° and 37°C, suggesting greater changes in membrane structure 

at elevated temperatures (Wang et al. 2010). At temperatures above 25°C, bovine 

embryos become leaky to saccharides, especially with long periods of exposure, 

decreasing the dehydrating effect of the saccharides and risking further toxicity from 

saccharide penetration (Leibo 1984). This led us to the expectation that increasing the 

temperature, especially to 37°C, might increase the rate of dehydration but might also 

decrease equine embryo survival. 

 Interestingly, neither effect was seen in this study. Embryos underwent 

dehydration to a minimum of 31, 23 and 25% of their original volumes at 21°, 30°, and 

37°C. The data were suggestive that exposure at 30° and 37°C is slightly advantageous in 
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dehydrating embryos, compared to 21°C.  Similarly, embryos rehydrated slightly more at 

the higher temperatures (70% at 30° and 37°C compared to 62% at 21°C), but there was 

much of variability in the level of rehydration seen between individual embryos in each 

treatment group. While survival data, based on staining and visible grade, showed no 

temperature effect, three of the four embryos that did not collapse on culture were treated 

at 21°C (the fourth was treated at 30°C). This may indicate that embryos tolerate volume 

changes at ~20°C better than at higher temperatures. 

It is tempting to credit this lack of a clear response to temperature to being another 

protective effect of the capsule, limiting the rate of diffusion regardless of temperature. 

However, it is more likely that the lack of differences seen was based on the limitations 

of the study. The 10-minute exposure was chosen to be long enough to ensure 

equilibration. Since small embryos seem to have dehydrated fully and behaved 

appropriately as osmometers in each solution, it is likely that equilibrium was reached 

within this time period at each temperature. Since temperature only affects the reaction 

rate and not the equilibrium volume (Leibo et al. 1980), it is possible that the extensive 

exposure period prevented us from seeing a temperature effect. If the exposure period 

were decreased, equine embryos may also show an increased rate of osmotic response 

with increasing temperatures. 

The optimal working temperature for mammalian cells varies depending on 

species, cell type and developmental stage (Leibo and Pool 2011; Pfaff et al. 2000; Rall 

1987). It has been suggested that it is optimal to work at physiological temperatures when 

dehydrating and rehydrating embryos, and that embryos are especially sensitive at 

temperatures # 20°C (McWilliams et al. 1995; Oda et al. 1992).  A further limitation of 
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the current study was that the working temperature range was limited to 20° to 37°C 

because of the limitations of the enclosed heated chamber. It is possible that all 

temperatures tested were within this optimal range, limiting our ability to detect 

temperature-related changes in osmotic response and survival rates.  

Finally, quantity was an inherent limitation in working with equine embryos.   As 

a result only three embryos were exposed to each treatment group, with a total of six 

embryos at each temperature. Further work with various temperatures may detect a 

difference in embryo osmotic response or their sensitivity to osmotic stress. Although it 

may seem that increasing temperatures slightly above room temperature may be 

beneficial, no definitive conclusions can be made from our results suggesting a benefit of 

altering temperature from the current habit of working at room temperature.  A 

cryopreservation protocol that was successful at room temperature has significant 

practical on-farm advantages compared to one requiring embryos be maintained at 37°C. 

 

2.5.6 Embryo Survival 

One difficulty in this study was the large number of cells present in Day 8 equine 

embryos, resulting in dense cell masses preventing accurate counting of individual nuclei. 

Therefore, embryos were assessed on a scale based on the approximate proportion of 

nuclei fluorescing with TUNEL, showing apoptosis. This method is comparable to the 

method employed by Young et al. (1997) in which embryos, stained with orcein so only 

live cells with intact nuclei fluoresced, were graded on a one to four scale; a value of 1 

indicated that there were more live cells than could be counted and 4 indicated that there 

were very few live cells. Similarly, Oberstein et al. (2001) estimated the percentage of 
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live cells using three individual, but precise, estimations since numbers could not be 

adequately counted using Hoechst 33342 for total cell numbers and Propidium Iodide to 

indicate dead cells.  In the present study, we combined these approaches, developing a 

graded scale for viability based on ranges of proportions of apoptotic cells, based on an 

average of a minimum of three cross-sections of each embryo. Similar to the system of 

Oberstein et al. (2001), we used Hoechst 33342 as a counterstain, to visualize all fixed 

cells. Our study used TUNEL (terminal deoxynucleotidyl transferase-mediated d-UTP 

nick end-labeling), to label nuclear DNA fragmentation as a sign of early-stage 

programmed cell death (Gavrieli et al. 1992; Brison and Schultz 1998; Moussa et al. 

2004).  

Because morphological embryo grading is an accepted, non-invasive method of 

approximating equine embryo viability, this was chosen as a second method of estimating 

and comparing pre- and post-treatment apparent viability. While there was no difference 

across treatments, there was a significant difference in this visible grade pre- and post-

treatment within all treatment groups (mean pre-treatment score of 1.77 and mean post-

treatment score of 3.45). This decrease in quality agreed with the apoptosis level seen 

across treatments (mean score of 2.3, representing 40 to 60% apoptosis) and suggested 

that embryos were no longer viable following treatment.  

Human (Hardy 1997), mouse (Brison and Schultz 1997), cattle (Byrne et al. 1999) 

and horse (Moussa et al. 2004) embryos have all been shown to undergo apoptosis, 

usually at a level well below 1% of cells. Viable, freshly collected equine embryos 

between Days 6 to 10 have very few apoptotic cells (Tremoleda et al 2003). In that study 

6 of 10 collected embryos had no apoptotic nuclei and of the four embryos staining 
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positive for TUNEL only 0.5% of their nuclei were apoptotic, much lower than was seen 

in treated embryos in this study. Analysis of equine embryo viability following 24 hours 

at 5°C showed no significant difference in the percentage of dead cells, stained with 

DAPI, and the number of apoptotic cells, stained with TUNEL. However, it did show a 

significant correlation in the percent of cells positive for these stains, suggesting that 

apoptosis is an effective measure of cell death in manipulated embryos (Moussa et al. 

2004). In that later study, embryos were defined as viable if they had fewer than 20% 

dead cells post-treatment and were deemed degenerate if they had more than 40% dead 

cells (Moussa et al. 2005). Our study is in agreement with the scale used in the study by 

Moussa et al. as the majority of embryos that were visibly or very poor quality also had 

well over 40% apoptotic cells. 

Although embryos in this study exhibited poor survival, after being suspended in 

saccharides, these compounds may still be useful for dehydrating equine embryos. Those 

embryos < 500 "m dehydrated, as do embryos of other species, suggesting a similar 

response. Since many other studies show high embryo survival following brief exposure 

to high concentrations of saccharides (Eroglu et al. 2009; McWilliams et al. 1995; Oda et 

al. 1992), it can be speculated that decreased exposure of equine embryos would permit 

higher survival. When exposed to 1.5 M concentrations at ~20°C for five minutes, $70% 

of mouse zygotes survived dehydration in disaccharides and $86% survived dehydration 

in monosaccharides and developed into blastocysts in culture (McWilliams et al. 1995). 

In addition, when exposed at 1.0 M solutions for 10 minutes, 75% and 90% of the mouse 

zygotes survived exposure to disaccharides and monosaccharides, respectively. This high 

level of survival following exposure to solutions of saccharides in another species 
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suggests that equine embryos may also survive exposure to high concentrations. A ten-

minute exposure to each of seven increasing concentrations followed by six decreasing 

concentrations meant each embryo was exposed to hypertonic solutions for 130 minutes, 

70 minutes of which was at concentrations of 1M (1400 mOsmol) or greater. It is likely 

that the high level of embryo damage that was observed was not directly due to the 

exposure, but rather to the length of the trial. Therefore it seems likely that a shorter 

exposure to concentrated saccharides will lessen the damage.  

Four embryos in this trial continued to re-expand during the two-hour culture 

period, of which one grew to 131% of its original volume. The one that grew had no 

decrease in quality score. All four of those embryos had minimal TUNEL scores (range 

of 0 to 2) compared to other embryos (range of 1 to 5), suggesting that these embryos 

may still have had some potential to recover from this treatment. These promising results 

coupled with the success of using saccharides to dehydrate embryos of other species, 

suggest that decreased exposure times may permit equine embryos to survive this 

treatment. 

 

2.5.7 Capsule Response 

 The capsule of most of the embryos retained their isotonic diameter throughout 

the course of this study. This suggests that the capsule may be permeable to both sucrose 

and galactose. The mean minimum relative volume achieved of the capsule was 78% of 

the original volume.  It was not possible in this study to determine the composition of the 

subcapsular fluid. But it is likely that for the embryo to continue to dehydrate, the 

surrounding subcapsular fluid would have to have had a greater osmotic pressure than 
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within the embryo. Therefore, it is likely that the subcapsular space contained at least 

some saccharide solution.  However without further analysis of the composition of the 

subsequently high level of subcapsular fluid (mean 74% of total volume at maximum 

trophoblast dehydration), it is not possible to know what the composition of this fluid 

was.  

While it has not yet been studied in Day 8 equine embryos, due to their smaller 

size, it has previously been shown that when exposed to saline solutions above normal 

physiological osmolality ($ 300 mOsm), Day 11 to 16 embryos became elliptical in shape 

and separated from the capsule (Waelchli and Betteridge, 1996). Following this exposure, 

blastocyst fluid had only slightly increased osmolalities compared to control embryos of 

the same age. This suggests that sodium and chloride ions can diffuse through the capsule 

but not through the trophoblast, becoming trapped in subcapsular fluid and dehydrating 

the embryonic trophoblasts while maintaining capsular volume (Waelchli and Betteridge, 

1996). The results of this study are similar to those of Waelchli and Betteridge. Based on 

this, it is possible that a primary factor affecting equine embryo response to hyperosmotic 

saccharide solutions may be alterations in the trophoblast, rather than directly related to 

the capsule.  

 

2.6 Conclusions 

Exposure of Day 8 equine embryos smaller than 500 "m in diameter, to 2 M 

solutions of galactose and sucrose causes the embryo to undergo osmotic dehydration. 

However, exposure of embryos larger than 500 "m in diameter yields an anomalous 

response. Embryos of the latter size had a delayed response, maintaining their isotonic 
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volume through solutions up to ~800 mOsmol. They dehydrated osmotically beyond this 

point but only reached a maximum dehydration to ~40% of their isotonic volume, 

compared to ~20% in smaller equine embryos as well as embryos and oocytes of many 

other species. The capsule retained its isotonic volume throughout the entire trial, 

suggesting that both sucrose and galactose as well as water, are able to easily cross the 

capsule in both directions. This implicates the cells of the trophoblast in causing the 

difficulties associated with dehydrating equine blastocysts. This may be due to a 

combination of ion transporters, aquaporins and perhaps glucose transporters. Increasing 

the temperature from 21° to 37°C did not affect either the osmotic responses or embryo 

survival, which was uniformly low across treatments. A few hints of embryo survival, 

combined with promising dehydration results, warrant further studies to try to maximize 

the use of saccharides. Saccharides may be useful as a part of a procedure to cryopreserve 

equine embryos $ 500 "m. The may be used in combination with other methods to 

bypass both the capsule and the trophoblast to achieve cryoprotection.  
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CHAPTER THREE 

General Discussion 

Improving survival of equine embryos after cryopreservation will be an important 

part of globalization of the use of embryo transfer in equine industries. Embryo transfer is 

an essential component of methods to maximize the genetic potential of superior animals 

of equids and other domestic species. In equine industries where mares compete 

throughout their prime reproductive years, embryo transfer is advantageous in allowing 

the transfer of multiple embryos from a single actively competing mare, to less valuable 

broodmares. This not only increases the number of potential offspring per year but also 

increases the number of reproductively active years for mares that would otherwise have 

a short reproductive lifespan at the end of their competitive careers. Furthermore, embryo 

transfer may be the only method by which many reproductively unsound mares may be 

able to produce offspring. But transfer of fresh embryos is extremely expensive and so 

has been used only to a limited extent. 

 Embryo cryopreservation reduces the number of mares that need to be 

maintained as recipients, as it allows indefinite storage and transfer at a later, more 

convenient date. Unfortunately cryopreservation of equine embryos has been difficult, 

with success achieved only with embryos < 300 "m in diameter. Variability in the timing 

of embryo entry into the uterus, combined with rapid early growth and development 

results in considerable variation in sizes collected at Day 6 post-ovulation. For 

cryopreservation to be applicable to the equine embryo transfer industry, it will be 

necessary for methods to be developed that yield high survival rates of large equine 

blastocysts. 
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Previous studies have suggested that the primary cause for poor cryosurvival of 

equine embryos > 300 "m is that cryoprotectants do not adequately permeate them to 

protect them. Commonly used cryoprotectants provide their protective properties by 

entering the intracellular fluid and preventing intracellular ice formation. However a 

glycoprotein capsule develops around the equine trophoblast during blastulation. This 

capsule provides many protective functions, making it necessary for maintenance of 

pregnancy. Unfortunately, the capsule is also impermeable to cryoprotectants, preventing 

them from diffusing into cells to confer cryoprotection.  

The goal of this study was to investigate the response of Day 8 equine embryos to 

exposure to sucrose and galactose and to assess the effect of temperature on their 

potential for use. Saccharides can be used as non-penetrating CPA’s due to their 

dehydrating effects. By causing water to be drawn out of cells prior to ice seeding, they 

protect cells from intracellular ice formation during cryopreservation. This method has 

been investigated in other species, but has not yet been investigated in equines. By 

analyzing the response of Day 8 equine embryos when exposed to increasing and then 

decreasing concentrations of sucrose and galactose we were able to plot their response to 

each solution on a Boyle van’t Hoff plot. This allowed for comparison of responses with 

those seen in other species.  

 Using extended exposure periods at each of seven increasing concentrations, we 

were able to study the equilibrium response of embryos at each concentration. Boyle 

van’t Hoff plots had the additional benefit of allowing us to determine the non-osmotic 

volume in an infinitely concentrated solution. This volume was found to be ~20% of the 

isotonic volume in embryos < 500 "m in diameter, similar to that of embryos and oocytes 
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of other mammalian species. Equine embryos < 500 "m in diameter responded to 

hypertonic solutions as perfect osmometers, indicating that sucrose and galactose have 

potential to cause small equine embryos to dehydrate and achieve cryoprotection. It 

would be advantageous for upcoming studies to assess response of embryos < 500 "m to 

exposure to a compacted version of this study, with fewer steps of greater increments. A 

good potential start point would be to use three steps of 0.25M, 1M and 1.5M. This 

would reduce the exposure period without causing undue osmotic pressures. Because 

embryos continued to dehydrate through to 2M solutions, it is probable that 

concentrations of at least 1.5M will be necessary to adequately dehydrate these embryos 

to provide cryoprotection.  

Equine embryos > 500 "m showed an anomalous response to these hypertonic 

solutions. Although they dehydrated osmotically, they were delayed in responding, 

maintaining their isotonic volume in 0.1 and 0.25M solutions of galactose and sucrose. 

Furthermore, they contracted to only ~40% of their isotonic volume even in the most 

concentrated solution. Comparison of Boyle van’t Hoff plots for these embryos with 

those for smaller embryos, as well as those constructed in other studies for oocytes and 

embryos of other species, showed clear deviations from the expected response. 

Constraints of this study prevented us from determining the exact cause of this deviation, 

and instead we had to hypothesize based on results of previous studies. Further studies 

should follow-up on studies by Waelchli at el. (1997) and Budik et al. (2008) and 

compare ion transporter and aquaporin expression and presence in Day 7, 8 and 9 

embryos to determine the possibility that they are affecting dehydration.   
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The capsule retained its isotonic volume throughout the exposure, suggesting that 

it was permeable to saccharides. This suggests that physiological changes at the cellular 

level, possibly the development of aquaporins and glucose transporters, may counteract 

the dehydrating effect of the hypertonic solutions. However, it was not within the scope 

of this study to analyze the constituents of the subcapsular fluid. Based on continued 

embryo dehydration, we expect that subcapsular fluid was primarily saccharide solution. 

This was based on the theory that as subcapsular fluid accumulated, embryo cells would 

lose contact with saccharides and stop dehydrating, unless there were also saccharides in 

this fluid. However, it is possible that the observed subcapsular fluid was primarily a 

combination of cellular and blastocoelic fluid lost from the dehydrating embryos, and 

prevented from diluting out of the less permeable capsule. Crews et al. (2007) and 

Waelchli and Betteridge (1996) assessed the osmolarity and components of equine 

embryonic fluids. It would be beneficial to use these techniques to analyze and compare 

subcapsular and embryonic fluids to determine the cause of the capsules’ maintained 

volume. The presence of subcapsular fluid has the added potential of ice crystal 

formation during cryopreservation. Future freezing trials will be necessary to determine if 

ice crystals will form in the subcapsular space and if these will be harmful to trophoblast 

cells, causing embryo fatality. If this is the case, it may be necessary to look further at 

micro-aspiration, either to remove subcapsular fluid only following saccharide induced 

dehydration, or as assisted dehydration of the blastocoele prior to cryopreservation of 

large equine embryos (Choi et al. 2011, Scherzer et al. 2008) 

All embryos showed osmotic rehydration to some degree when exposed to 

solutions of decreasing osmolality. But very few rehydrated fully to their original isotonic 
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volume. Embryos < 500 "m rehydrated slightly more, reaching final volumes of ~75% of 

their isotonic volumes compared to ~60% in larger embryos. However, the low 

rehydration response was unexpected and suggests either an embryonic mechanism 

preventing adequate re-expansion or of cell collapse due to membrane lysis.  

The possibility of membrane lysis is supported by the poor survival seen in 

embryos in all treatment groups, as assessed by high levels of apoptosis in conjunction 

with a decrease in visible quality score over the course of treatment. Apoptosis is self-

governed cell death through DNA fragmentation that eliminates those cells with 

chromosomal abnormalities and those damaged by environmental stressors, without 

affecting neighbouring cells (Edwards 1998, Matwee et al. 2000, Schimke et al. 1994). 

While necrosis of even a limited number of cells could damage the entire embryo, 

apoptosis selectively removes damaged cells, while the embryo can continue developing 

if an adequate number of live cells remain (Matwee et al. 2000). In this study cell death 

was measured as a level of apoptosis to allow us to estimate and compare embryo 

survival rates between groups. 

The methods for detection of apoptosis used in this study were previously used for 

detecting apoptosis in equine embryos by Tremoleda et al. (2003), who showed that while 

TUNEL did detect apoptosis in equine blastocysts, in vivo produced embryos had a low 

rate of apoptosis of ~0.5% of nuclei. While DAPI is frequently used as a counterstain 

with TUNEL, Hoechst 33342 has also successfully been used in counterstaining embryos 

as a means of determining the proportion of apoptotic embryonic cells (Roth and Hansen 

2004). A weakness of our study is that control embryos were not used to compare 

apoptosis levels in treated and untreated embryos. As a result, we cannot determine the 
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cause of the high level of apoptosis seen in this study. While it is unlikely, it is possible 

that collected embryos had a high level of apoptosis prior to treatment or that TUNEL 

staining was non-selective. Beyond this, without controls we are unable to ascertain 

whether it was osmotic stress, toxicity, high temperatures or the length of exposure to 

suboptimal conditions that was the cause of apoptosis. However, as was the goal of this 

study, we can conclude that none of the sugar-temperature combinations provided a 

distinct advantage for cell survival over the other treatment groups. Further, our observed 

levels of apoptosis were high enough that, while we did not have live embryo controls to 

definitively compare, we can surmise that embryos did not likely survive based on the 

extremely low levels of apoptosis seen in other studies. Embryos in this study also 

showed a poor morphological quality score following treatment. This is in agreement 

with the TUNEL scores assigned and is further suggestive of low survival. Despite poor 

survival, saccharides may hold potential for use with equine embryos. The trial extended 

over 120 minutes, and embryo survival of this extreme duration of osmotic stress was not 

expected. It is possible that equine embryos may survive shorter exposure to concentrates 

saccharides, as do embryos of other species.  

No difference was seen in either the response to solution osmolality or in embryo 

survivability as an effect of the temperatures studied. The lack of difference in osmotic 

response seen was an effect of low numbers of embryos at each temperature and the 

extensive period of exposure at each concentration. It is likely that ten minutes was long 

enough for embryos to equilibrate at all three temperatures. This would be the result of 

equilibrium being reached more quickly at higher temperatures. Because post-treatment 

embryo quality was poor across treatments, it cannot be determined from this study if 
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equine embryos are sensitive to temperature changes. Exposure for briefer periods should 

be beneficial, at all temperatures, for improving embryo survival. It is possible that 

working with equine embryos at temperatures about room temperature (~20°C), may 

increase dehydration rates sufficiently to improve survival. However, this conclusion 

cannot be made from the current studies and should be assessed in future research. 

In summary, equine embryos < 500 "m in diameter behave as perfect osmometers 

when exposed to hypertonic solutions of sucrose and galactose. This suggests that further 

studies to optimize exposure and concentrations for the use of saccharides as non-

permeating CPAs are warranted. Equine embryos > 500 "m exhibit unexpected 

responses, but do dehydrate osmotically. Saccharides may be beneficial in their 

cryopreservation as well, but they may be more effective in combination with permeating 

cryoprotectants or with blastocoele aspiration. 

  



!

%)!

!

References 

Adams CR The reproductive status of female mink, Mustella vison recorded as ‘failed to 
mate’. Journal of Reproduction and Fertility 33 (1973) 527-529. 

Agca Y, Liu J, Critser ES, McGrath JJ, Critser JK. Temperature-dependant osmotic 
behaviour of germinal vesicle and metaphase II stage bovine oocytes in the presence of 
Me2SO in relationship to cryobiology. Molecular Reproduction and Development 53 
(1999) 59-67. 

Albihn A, Waelchli RO, Samper J, Oriol JG, Croy BA, Betteridge KJ. Production of 
capsular material by equine trophoblast transplanted into immunodeficient mice. 
Reproduction 125 (2003) 855-863. 

Allen WR. Embryo transfer in the horse. In: Mammalian egg transfer, Ed C.E. Adams, 
CRC Press, Boca Raton, p.126-154. 

Allen WR, Stewart F. Equine placentation. Reproduction Fertility and Development 13 
(2001) 623-634. 

Allen WR. The development and application of the modern reproductive technologies to 
horse breeding. Reproduction of Domestic Animals 40 (2005) 310-329. 

Allen WR, Wilsher S. A review of implantation and early placentation in the mare. 
Placenta 30 (2009) 1005-1015. 

Arav A, Shehu D, Mattioli M. Osmotic and cytotoxic study of vitrification of immature 
bovine oocytes. Journal of Reproduction and Fertility 99 (1993) 353-358. 

Aurich C. Reproductive cycles of horses. Animal Reproduction Science 124 (2011) 220-
228. 

Barfield JP, McCue PM, Squires EL, Seidel Jr. GE. Effect of dehydration prior to 
cryopreservation of large equine embryos. Cryobiology 59 (2009) 36-41. 

Barry BE, Thompson Jr. DL, White KL, Wood TC, Hehnke KW, Rabb MH, Colborn 
DR. Viability of inner cell mass versus trophecodermal cells of frozen-thawed horse 
embryos. Equine Veterinary Journal (1989) 82-83.  

Bass LD, Denninston DJ, Maclellan LJ, McCue PM, Seidel Jr. GE, Squires EL. 
Methanol as a cryoprotectant for equine embryos. Theriogenology 62 (2004) 1153-1159. 

Battut I, Colchen S, Fieni F, Tainturier D, Bruyas JF. Success rate when attempting to 
non surgically collect equine embryos at 144, 156 and 168 hours after ovulation. Equine 
Veterinary Journal Supplement 25 (1997) 60-62. 

Battut I, Grandchamp des Raux A, Nicaise JL, Fiene F, Tanturier D, Bruyas JF. When 
do equine embryos enter the uterine cavity? An attempt to answer. In: Proceedings of the 



!

%*!

!

5th International Symposium on Equine Embryo Transfer, Havemeyer Foundation 
Monograph Series 3, Eds: T Katila dn J.F. Wade, R&W Publications, Newmarket. (2001) 
P 60-61. 

Betteridge KJ, Eaglesome MD, Mitchell D, Flood PF, Beriault R. Development of horse 
embryos up to twenty two days after ovulation: observations on fresh specimens. Journal 
of Anatomy 135;1 (1982) 191-209. 

Betteridge KJ. The structure and function of the equine capsule in relation to embryo 
manipulation and transfer. Equine Veterinary Journal 21; 8 Supplemental (1989) 92-100. 

Betteridge KJ. Comparative aspects of equine embryonic development. Animal 
Reproduction Science 60 (2000) 691-702. 

Betteridge KJ. Equine embryology: An inventory of unanswered questions. 
Theriogenology 68 Supplemental (2007) 9-21. 

Biu-Xuan-Nguyen N, Heyman Y, Renard JP. Dirent freezing of cattle embryos after 
partial dehydration at room temperature. Theriogenology 22 (1984) 389-399. 

Bousquet D, Guillomot M, Betteridge KJ. Equine zona pellucida and capsule: some 
physio-chemical and antigenic properties. Gamete Research 16 (1987) 121-132. 

Boyle MS, Sanderson MW, Skidmore J, Allen WR. Use of serial progesterone 
measurements to assess cycle length, time of ovulation and timing of uterine flushes in 
order to recover equine morulae. Equine Veterinary Journal 8 Supplemental (1989) 10-
13. 

Brison DR,  Schultz RM. Apoptosis during mouse blastocyst formation: evidence for a 
role for survival factors including transforming growth factor alpha (TGF- !). Biology of 
Reproduction 56 (1997) 1088-1096 

Brison DR, Schultz RM. Increased incidence of apoptosis in transforming growth factor 
!-deficient mouse blastocyst. Biology of Reproduction 59 (1998) 136-144. 

Budik S, Walter I, Tschulenk W, Helmreich M, Deischel K, Pittner F, Aurich C. 
Significance of aquaporins and sodium potassium ATPase subunits for expansion of the 
early equine conceptus. Reproduction 135 (2008) 497-508. 

Byrne AT, Southgate J, Brison DR, Leese HJ. Ananlysis of apoptosis in the 
preimplantation bovine embryo using TUNEL. Journal of Reproduction and Fertility 117 
(1999) 97-105. 

Campos-Chillon LF, Cox TJ, Seidel JR. GE. Vitrification in vivo of large equine 
embryos after vitrification or culture. Reproduction, Fertility and Development 18 (2006) 
151. 



!

%+!

!

Campos-Chillon LF, Suh TK, Barcelo-Fimbres M, Seidel Jr. GE, Carnevale EM. 
Vitrification of early-stage bovine and equine embryos. Theriogenology 71 (2009) 349-
354. 

Canham PB. Curves of osmotic fragility calculated from the isotonic areas and volumes 
of individual human erythrocytes. Journal of Cellular Physiology 74 (1969) 203-211. 

Carnevale EM. Vitrification of equine embryos. Veterinary Clinics of North America: 
Equine Practice 22; 3 (2006) 831-841. 

Carnevale EM, Squires EL, McKinnon AO Comparison or Ham’s F10 with CO2 or 
Hepes buffer for the 24-h storage of equine embryos at 5°C. Journal of Animal Science 
65 (1987) 1775-1771. 

Carnevale EM, Ramirez RJ, Squires EL, Alvarenga MA, McCue PM. Factors affecting 
pregnancy rates and early embryonic death after equine embryo transfer. Theriogenology 
54 (2000) 965-979 

Carney NJ, Squires EL, Cook VM, Seidel Jr. GE, Jasko DJ. Comparison of pregnancy 
rates from transfer of fresh versus cooled, transported equine embryos. Theriogenology 
36 (1991) 23-32. 

Castanheira PN, Amaral DCG, Vasconcelos AB, Arantes RME, Stahlberg R, Lagares 
MA. Cryopreservation of equine embryos by vitrification. In: Proceedings of the 6th 
International Symposium on Equine Embryo Transfer, Havemeyer Foundation 
Monograph Series 14, Eds: M Alvarenga and J.F. Wade, R&W Publications, Newmarket. 
P 50-52. 

Chaves MG, Gonzalez EP, de Abreu Rosas C, Aguero A. Cryopreservation of equine 
embryos by two vitrification methods. Theriogenology 47 (1997) 388. 

Choi YH, Roasa LM, Love CC, Varner DD, Brinsko SP, Hinrichs K. Blastocyst 
formation rates in vivo and in vitro of in vitro-matured equine oocytes fertilized by 
intracytoplasmic sperm injection. Biology of Reproduction 70 (2004) 1231-1238. 

Choi YH, Gustafson-Seabury A, Velez IC, Hartman DL, Bliss S, Riera FL, Roldan JE, 
Chowdhary B, Hinrichs K. Viability of equine embryos after puncture of the capsule and 
biopsy for preimplantation genetic diagnosis. Reproduction 140 (2010) 893-902. 

Choi YH, Velez IC, Riera FL, Roldan JE, Hartman DL, Bliss SB, Blanchard TL, Hayden 
SS, Hinrichs K. Successful cryopreservation of expanded equine blastocysts. 
Theriogenology 76 (2011) 143-152. 

Crews LJ, Waelchli RO, Huang CX, Canny MJ, McCully ME, Betteridge KJ. 
Electrolyte distribution and yolk sac morphology in frozen hydrated equine conceptuses 
suring the second week of pregnancy. Reproduction, Fertility and Development 19 (2007) 
804-814. 



!

%"!

!

Crossett B, Suire S, Herrler A, Allen WR, Stewart F. Transfer of a uterine lipocalin from 
the endometrium of the mare to the developing conceptus. Biology of Reproduction 59 
(1998) 483-490. 

Crowe JH, Hoekstra FA, Crowe LM. Anhydrobiosis. Annual Review of Physiology 54 
(1992) 579-599. 

Crowe JH, Crowe LM. Preservation of mammalian cells- learning nature’s tricks. Nature 
Biotechnology 18 (2000) 145-146. 

Cuervo-Arango J, Newcombe JR. Repeatability of preovulatory follicular diameter and 
uterine edema pattern in two consecutive cycles in the mare and how they are influences 
by ovulation inductors. Theriogenology 69 (2008) 681-687. 

Denker HW, Eng LA, Hamner CE. Studies on the early development and implanation in 
the cat. II Implantation: proteinases. Anatomical Embryology 154 (1978) 39-54. 

Denker HW. Implantation: the role of proteinases, and blockage of implantation be 
proteinase inhibitors. Advances in Anatomical Embryology and Cell Biology 53 (1977) 
pp 78-79. Springer, Berlin 

Denker HW, Tyndale-Biscoe CH. Embryo implantation and proteinase activities in a 
marsupial (Macropus eugenii). Histochemical patterns of proteinases in various 
gestational stages. Cell and Tissue Research 246 (1986) 279-291. 

Dobrinsky JR. Cellular approach to cryopreservation of embryos. Theriogenology 45 
(1996) 17-26. 

Edgar D, Karani J, Gook DA. Increasing dehydration of human cleavage-stage embryos 
prior to slow cooling significantly increases cryosurvival. Reproductive BioMedicine 
Online 19;4 (2009) 521-525. 

Edwards MJ. Apoptosis, the heat shock response, hypothermia, birth defects, disease 
and cancer. Where are the common links? Cell Stress Chaperones 3 (1998) 213-220. 

Eldridge-Panuska WD, Caraciolo di Briensa V, Seidel Jr. GE, Squires EL, Carnevale 
EM. Establishment of pregnancies after serial dilution or direct transfer by vitrified 
equine embryos. Theriogenology 63 (2005) 1308-1319. 

Enders AC, Schlafke S. Implantation in the ferret: epithelial penetration. American 
Journal of Anatomy 133 (1972) 291-316. 

Enders AC, Schlafke S, Hubbard NE, Mead RA. Morphological changes in the 
blastocyst of the Western Spotted skunk during activation from delayed implantation. 
Biology of Reproduction 34 (1986) 423-437. 



!

%#!

!

Enders AC, Schlafke S, Lantz KC, Liu IKM. Endoderm cells of the equine yolk sac from 
day 7 until formation of the definitive yolk sac placenta. Equine Veterinary Journal 
Supplemental 15 (1993) 3-9. 

Eroglu A, Bailey SE, Toner M, Toth TL. Successful cryopreservation of mouse oocytes 
by using low concentrations of trehalose and dimethylsulfoxide. Biology of Reproduction 
80 (2009) 70-78. 

Fleury JJ, Fleury PDC, Landim-Alvarenga FC. Effect of embryo diamete and storage 
period on pregnancy rates obtained with equine embryos stored in Ham’s F-10 with 
Hepes buffer at a temperature of 15-18°C – preliminary results. Theriogenology 58 
(2002) 749-750. 

Flood PF, Betteridge KJ, Ciocee MS. Transmission electron microscopy of horse 
embryos 3-16 days after ovulation. Journal of Reproduction and Fertility Supplemental 
32 (1982) 319-327. 

Freeman DA, Woods GL, Vanderwall DK, Weber JA. Embryo-initiated oviductal 
transport in the mare. Journal of Reproduction and Fertility 95 (1992) 319-327. 

Gajda B, Smorag Z. Oocyte and embryo cryopreservation- state of the art and recent 
developments in domestic animals. Journal of Animal and Food Sciences 18 (2009) 371-
387. 

Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed cell death in situ 
via specific labeling of nuclear DNA fragmentation. Journal of Cell Biology 119 (1992) 
493-501. 

Gillard Kingma SE, Thibault ME, Betteridge KJ, Schlaf M, Gartley CJ, Chenier TS. 
Permebility of the equine embryonic capsule to ethylene glycol and glycerol in vitro. 
Theriogenology 76 (2011) 1540-1551. 

Ginther OJ. Mobility of early equine conceptuses. Theriogenology 19 (1983a) 603-611. 

Ginther OJ. Fixation and orientation of the early equine conceptus. Theriogenology 19 
(1983b) 613-623. 

Ginther OJ. Intrauterine movemont of the early conceptus in barren and post-partum 
mares. Theriogenology 21 (1984) 633-644. 

Ginther OJ, Gastal EL, Gastal MO, Beg MA. Dynamics of the equine preovulatory 
follicle and periovulatory hormones: what’s new? Journal of Equine Veterinary Medicine 
28 (2008) 454-460. 

Good NE, Winget GD, Winter W, Connolly TN, Izawa S, Singh RMM. Hydrogen ion 
buffers for biological research. Biochemistry 5 (1966) 466-477. 



!

%$!

!

Guillomot M, Betteridge KJ. Permeability of the capsule of the equine embryo. 
Proceedings of the Society for the Study of Fertility. Winter Meeting, Abstract 58. 
(1984). 

Hardy K. Cell death in the mammalian blastocyst. Molecular Human Reproduction 3 
(1997) 818-825. 

Hasler JF. Factors affecting frozen and fresh embryo transfer pregnancy rates in cattle. 
Theriogenology 56 (2001) 1401-1405. 

Herrler A, Pell JM, Allen WR, Beier HM, Stewart F. Horse conceptuses secrete insulin-
like growth factor-binding protein 3. Biology of Reproduction 2 (2000) 1804-1811. 

Hinrichs K, Schmidt AL, Memon MA, Selgrath JP, Ebert KM. Culture of 5-day horse 
embryos in microdroplets for 10 to 20 days. Theriogenology 34:4 (1990) 643-653. 

Hinrichs K, Choi YH, Walckenaer BE, Varner DD, Hartmen DL. In vitro-produced 
equine embryos: production of foals after transfer, assessment by differential staining and 
effect of medium calcium concentrations during culture. Theriogenology 68 (2007) 521-
529. 

Hiraoka K, Hiraoko K, Kinutani M, Kinutani K. Blastocoele collapse by micropipetting  

prior to vitrification gives excellent survival and pregnancy outcomes for human day 5 
and 6 expanded blastocysts. Human Reproduction 19;12 (2004) 2884-2888. 

Hochi S, Fujimoto T, Braun J, Oguri N. Pregnancies following transfer of equine 
embryos cryopreserved by vitrification. Theriogenology 42 (1994a) 483-488. 

Hochi S, Ogasawara M, Braun J, Oguri N. Influence of relative embryonic volumes 
during glycerol equilibration on the survival of frozen-thawed equine blastocysts. Journal 
of Reroduction and Development 40 (1994b) 243-249. 

Hochi S, Fugimoto T, Oguri N. Large equine blastocysts are damaged by vitrification 
procedures. Reproduction Fertility and Development 7 (1995) 113-117. 

Hochi S, Maruyama K, Oguri N. Direct transfer of equine blastocysts frozen-thawed in 
the presence of ethylene glycol and sucrose. Theriogenology 46 (1996) 1217-1224. 

Hudson JJ, McCue PM. How to increase embryo recovery rates and transfer success. 
50th Annual Convention of the American Association of Equine Practitioners, Denver, 
CO P1473.1204 (2004). 

Hughes RL. Egg membranes and ovarian function during pregnancy in monotremes and 
marsupials. In: Reproduction and Evolution. Eds J.H. Calaby and C.H. Tyndale-Biscoe. 
Austral. Acad. Sci. Canberra. Pp 281-291. (1977) 



!

%%!

!

Iuliano MF, Squires EL, Cook VM. Effect of age of equine embryos and method of 
transfer on pregnancy rate. Journal of Animal Science 60 (1985) 258-263. 

Jabrane S, Letoffe JM, Claudy P. Vitrification and crystallization in the R(-)1,2-
propanediol-S(+)1,2-propanediol system. Thermochim Acta 258 (1995) 33-47. 

Jackowski SC, Leibo SP, Mazur P. Glycerol permeabilities of fertilized and infertilized 
mouse ova. Journal of Experimental Zoologyy 212 (1980) 329-341. 

Janik M, Kleinhans FW, Hagedorn M. Overcoming a permeability barrier by 
microinjecting cryoprotectants in zebrafish embryos (Brachydanio rerio). Cryobiology 41 
(2000) 25-34. 

Karow AM (1997) Pharmacological interventions in vitro.  pp 167-227. 

In Reproductive Tissue Banking;  AM Karow and JK Critser (Eds)  Academic Press Inc.  

Kasai M. Nonfreezing technique for short-term storage of mouse embryos. Journal of In 
Vitro Fertilization and Embryo Transfer 3 (1986) 10-14. 

Kasai M, Nishimori M, Zhu SE, Sakurai T, Machida T. Survival of mouse morulae 
vitrified in an ethylene glycol-based solution after exposure to the solution at various 
temperatures. Biology of Reproduction 47 (1992) 1134-1139. 

Kasai M. Simple and efficient methods for vitrification of mammalian embryos. Animal 
Reproduction Science 42 (1996) 67-75. 

Kopeika J, Tiantian Z, Rawson D. Zebrafish embryos (Dabio rerio) using microinjection. 
CryoLetters 27;5 (2006) 319-328. 

Lagares MA, Castanheira PN, Amaral DCG, Vasconcelos AB, Veado JC, Arantes RME, 
Stahlberg R. Addition of ficoll and disaccharides to vitrification solutions improve in 
vitro viability of vitrified equine embryos. CryoLetters 30:6 (2009) 408-413. 

Lagneaux D, Palmer E. Embryo transfer in anestrous recipient mares: attempts to reduce 
altrenogest administration period by treatment with pituitary extract. Equine Veterinary 
Journal 15 supplemental (1997) 107-111. 

Lane M, O’Donovan MK, Squires EL, Seidel Jr. GE, Gardner DK. Assessment of 
metabolism of equine morulae and blastocysts. Molecular Reproduction and 
Development 59 (2001) 33-37. 

Lascombes FA, Pashen RL. Results from embryo freezing and post ovulation breeding 
in a commercial embryo transfer programme. Proceedings of the 5th International 
Symposium on Equine Embryo Transfer. (2000) Saari, Finland. Havemeyer Foundation 
Monograph Series 3, pp 95-96. 



!

'&&!

!

Legrand E, Krawiecki JM, Tainturie D, Corniere P, Delajarraud H, Bruyas JF. Horse 
embryo freezing: influence of thickness of the capsule. In: Proceedings of the Fifth 
International Symposium on Equine Embryo Transfer, Eds; T Katila and J.F. Wade. 
Havemeyer Foundation Monograph Series 3, R and W Publications, Newmarket, 2000, 
P.62-65. 

Legrand E, Bencharif D, Barrier-Battut I, Delajarraud H, Corneire P, Fieni F, Tainturier 
D, Bruyas JF. Comparison of pregnancy rates for days 7-8 equine embryos frozen in 
glycerol with or without previous enzymatic treatment of their capsule. Theriogenology 
58 (2002) 721-723. 

Leibo SP, Farrant J, Mazur P, Hanna Jr. MG, Smith LH. Effects of freezing on marrow 
stem cell suspensions: interactions of cooling and warming rates in the presence of PVO, 
sucrose, or glycerol. Cryobiology 6 (1970) 315-332. 

Leibo SP. Water Permeability and its activation energy of fertilized and unfertilized 
mouse ova. The Journal of Membrane Biology 57 (1980) 179-188. 

Leibo SP. A one-step method for direct non-surgical transfer of frozen-thawed bovine 
embryos. Theriogenology 21 (1984) 767-790. 

Leibo SP. Cryobiology: Preservation of mammalian embryos. In: Denetic Engineering of 
Animals: An Agricultural Perspective. Eds; Evans JW, Hollaender A. Plenum Press, NY 
(1986) pp 251-272. 

Leibo SP. Ova and embryos for quality control in reproductive biology. Theriogenology 
33 (1990) 67-75. 

Leibo SP. Novel methods of embryo cryopreservation. In: Proceedings of the Fifth 
International Symposium on Equine Embryo Transfer, Eds; T Katila and J.F. Wade. 
Havemeyer Foundation Monograph Series 3, R and W Publications, Newmarket, (2000), 
P. 51. 

Leibo SP. Cryopreservation of oocytes and embryos: Optimization by theoretical versus 
empirical  analysis, Theriogenology 69 (2008) 37-47. 

Leibo SP, Pool TB. The principle variables of cryopreservation: solutions, temperatures, 
and rate changes. Fertility and Sterility 96:2 (2011) 269-276.  

Levine H, Sliade L. Thermochemical properties of small-carbohydrate water glasses and 
rubbers – kinetically metastable systems at sub-zero temperatures. Journal of Chemistry 
Society Faraday Transactions 84 (1988) 2619-2633. 

Liebermann J. Recent developments in human oocyte, embryo and blastocyst 
vitrification: where are we now? Reproduction Biomedicine Online 7 (2003) 124-134. 

MacFarlane DR, Forsyth M. Recent insights on the role of cryoproctective agents in 
vitrification. Cryobiology 27 (1990) 345-358. 



!

'&'!

!

Maclellan LJ, Carnevale EM, Coutinho da Silva MA, McCue PM, Seidel Jr. GE, Squires 
EL. Cryopreservation of small and large equine embryos pre-treated with cytocholsain-B 
and/or trypsin. Theriogenology 58 (2002) 717-720. 

Makarevich AV, Kubovicova E, Popelkova M, Fabian D, Cikos S, Pivko J, Chrenek P. 
Several aspects of animal embryo cryopreservation: anti-freeze protein (AFP) as a 
potential cryoprotectant. Zygote 18 (2009) 145-153. 

Matwee M, Betts DH, King WA. Apoptosis in the early bovine embryo. Zygote 8 (2000) 
57-68. 

Mazur P. Kinetics of water loss from cells at subzero temperatures and the likelihood of 
intracellular freezing. Journal of General Physiology 47 (1963) 357-369. 

Mazur P. Causes of injury in frozen and thawed cells. Fed. Proc. 24 supplemental (1965) 
S175-S182. 

Mazur P, Farrant J, Leibo SP, Chu EH. Survival of hamster tissue culture cells after 
freezing and thawing. Interactions between protective solutes and cooling and warming 
rates. Cryobiology 6 (1969)1-9. 

Mazur P, Leibo SP, Chu EHY. A two-factor hypothesis of freezing injury- evidence 
from Chinese hamster tissue culture cells. Experimental Cell Research 71 (1972) 345-
355. 

Mazur P. The role of intracellular freezing in the death of cells cooled at superoptimal 
rates. Cryobiology 14 (1977) 251-272. 

Mazur P. Freezing of living cells: mechanisms and implications. Cell Physiology 16 
(1984) C125-C142. 

Mazur P, Schneider U. Osmotic responses of preimplantation mouse and bovine 
embryos and their cryobiological implications. Cell Biophysiology 8 (1986) 259-284. 

Mazur P. Equilibrium, quasi-equilibrium and nonequilibriu, freezing of mammalian 
embryos. Cell Biophysiology 17 (1990) 53-92. 

Mazur P, Leibo SP, Siedel Jr. GE. Cryopreservation of the germplasm of animals used in 
biological and medical research: importance, impact, status, and future directions. 
Biology of Reproduction 78 (2008) 2-12. 

McCue PM, Scoggin CF, Meira C, Squires EL. Pregnancy rates for equine embryos 
cooled for 24 h in Ham’s F-10 versus EmCareTM embryo  holding solution. In: 
Proceedings of the annual conference of Society for Theriogenology; 2000. P.147. 

McDowell KJ, Sharp DC, Fazleabas AT, Roberts RM. Two-dimensional polyacrylamide 
gel electrophoresis of protein synthesized and released by conceptus and endometrial 
from pony mares. Journal of Reproduction and Fertility 89 (1990) 107-115. 



!

'&(!

!

McDowell KJ, Sharp DC, Peck LS, Cheves LL. Effect of restricted conceptus mobility 
on maternal recognition of pregnancy in mares. Equine Veterinary Journal 3 
Supplemental (1985) 23-24. 

McDowell KJ, Sharp DC, Grubaugh WR, Thatcher WW, Wilcox CJ. Restricted 
conceptus mobility results in failure of pregnancy maintenance in mares. Biology of 
Reproduction 39 (1988) 340-348. 

McKinnon AO, Carnevale EM, Squires EL, Carney NJ, Seidel Jr. GE. Bisection of 
equine embryos. Equine Veterinary Journal 8 Supplemental (1989) 129-133. 

McKinnon AO, Squires EL, Carnevale EM, Hermenet MJ. Ovariectomized, steroid-
treated mares as embryo transfer recipients and as a model to study the role of projestins 
in pregnancy maintenance. Theriogenology 29 (1998) 1055-1063. 

McWilliams RB, Gibbons WE, Leibo SP. Osmotic and physiological responses of 
mouse zygotes and human oocytes to mono- and disaccharides. Human Reproduction 
10:5 (1995) 1163-1171. 

Moussa M, Duchamp G, Mahla R, Bruyas JF, Daels PF. Comparison of pregnancy rates 
for equine embryos cooled for 24 h in Ham’s F-10 and EmCare holding solutions. 
Theriogenology 58 (2002) 755-757. 

Moussa M, Duchamp G, Mahla R, Bruyas JF, Daels PF. In vitro and in vivo comparison 
of Ham’s F-10, Emcare holding solution and ViGro holding plus for the cooled storage of 
equine embryos. Theriogenology 59 (2003) 1615-1625. 

Moussa M, Tremoleda JL, Duchamp G, Bruyas JF, Colenbrander B, Bevers MM, Daels 
PF. Evaluation of viability and apoptosis in horse embryos stored under different 
conditions at 5°C. Theriogenology 61 (2004) 921-932. 

Moussa M, Bersinger I, Doligez P, Guignot F, Duchamp G, Vidament M, Mermillod P, 
Bruyas JF. In vitro comparisons of two cryopreservation techniques for equine embryos: 
slow-cooling and open pulled straw (OPS) vitrification. Theriogenology 64 (2005) 1619-
1632. 

Mukaida T, Oka C, Goto T, Takahashi K. Artificial shrinkage of blastocoeles using 
either a micro-needle or a laser pulse prior to the cooling steps of vitrification improves 
survival rate and pregnancy outcome of vitrified human blastocysts. Human 
Reproduction 21; 12 (2006) 3246-3252. 

Murthy SS. Some insight into the physical basis of the cryoprotective action of dimethyl 
sulfoxide and ethylene glycol. Cryobiology 36 (1998) 84-96. 

Oberstein, N., O’Donovan, M.K., Bruemmer, J.E. Seidel, G.E.Jr., Carnecale, E.M., 
Squires, E.L. Cryopreservation of equine embryos by open pulled straw, cryoloop, or 
conventional slow cooling methods. Theriogenology 55 (2001) 607-613. 



!

'&)!

!

Oda K, Gibbons WE, Leibo SP. Osmotic shock of fertilized mouse ova. Journal of 
Reproduction and Fertility 95 (1992) 737-747. 

Oguri N, Tsutsumi Y. Non-surgical egg transfer in mares. Journal of Reproduction and 
Fertility 41 (1974) 313-320. 

O’Kearney-Flynn M, Wade M, Duffy P, Gat V, Boland MP, Dobrinsky JR. Effect of 
cryopreservation on IVP cattle embryo development in vitro and in vivo. Theriogenology 
49 (1998) 178. 

Oriol JG, Betteridge KJ, Clarke AJ, Sharom FJ. Mucin-like glycoprotein’s in the equine 
embryonic capsule. Mol Reprod Dev 34 (1993a) 225-265. 

Oriol JG, Sharom FJ, Betteridge KJ. Developmentally regulated changes in the 
gylcoproteins of the equine embryonic capsule. Journal of Reproduction and Fertility 99 
(1993b) 653-664. 

Pedro PB, Zhu SE, Makino N, Sakurai T, Edashige K, Kasai M. Effects of hypotonic 
stress on the survival of mouse oocytes and embryos at various stages. Cryobiology 35 
(1997) 150-158. 

Pfaff RT, Agca Y, Liu J, Woods EJ, Peter AT, Critser JK. Cryobiology of rat embryos 1: 
determination of zygote membrane permeability coefficients for water and 
cryoprotectants, their activation energies, and the development of improved 
cryopreservation methods. Biology of Reproduction 63 (2000) 1294-1302. 

Pfaff RT, Liu J, Gao D, Li TK, Critser JK. Water and DMSO membrane permeability 
characteristics of in-vivo and in-vitro-derived and cultured murine oocytes and embryos. 
Molecular Human Reproduction 4:1 (1998) 51-59. 

Pfaff R, Seidel Jr. GE, Squires EL, Jasko DJ. Permeability of equine blastocysts to 
ethylene glycol and glycerol. Theriogenology 39 (1993) 284. 

Potts M. Dessication tolerance of prokaryotes. Microbiology Review 58 (1994) 755-805. 

Prentice-Biensch JR, Singh J, Mapletoft RJ, Anzar M. Vitrification of immature bovine 
cumuluc-oocyte complexes: effects of cryoprotectants, the vitrification procedure and 
warming time on cleavage and embryo development. Reproductive Biology and 
Endocrinology 10; 73 (2012) 1-7. 

Rall WF. Factors affecting the survival of mouse embryos cryopreserved by vitrification. 
Cryobiology 24 (1987) 387-402. 

Rall WF, Fahy GM. Ice-free cryopreservation of mouse embryos at -196°C by 
vitrification. Nature 313 (1985) 573-575. 



!

'&*!

!

Renard JP, Biu-Xuan-Nguyen, Garnier V. Two-step freezing of two-cell rabbit embryos 
after partial dehydration at room temperature. Journal of Reproduction and Fertility 71 
(1984) 573-580. 

Roth Z, Hansen PJ. Involvement of apoptosis in disruption of developmental competence 
of bovine embryos by heat shock during maturation. Biology of Reproduction 71 (2004) 
1898-1906. 

Saragusty J, Arav A. Current progress in oocyte and embryo cryopreservation by slow 
freezing and vitrification. Reproduction 141;1 (2011) 1-19. 

Schebor C, Mazzobre MF, del Pilar Buera M. Glass transition and time-dependant 
crystallization behaviour of dehydration bioprotectant sugars. Carbohydrate Research 345 
(2010) 303-308. 

Scherzer J, Davis C, Hurley DJ. Laser-assisted vitrification of large equine embryos. 
Reproduction in domestic animals 46 (2011) 1104-1106. 

Scherzer J, Fayrer-Hosken RA, Ray L, Hurley DJ, Heusner GL. Advancements in large 
animal embryo trasfer and related biotechnologies. Reproduction of Domestic Animals 
43 (2008) 371-376. 

Schimke RT, Kung A, Sherwood SS, Sheridan J, Sharma R. Life, death and genomic 
change in perturbed cell cycles. Philosophical Transactions of The Royal Society of 
London Series B 345 (1994) 311-317. 

Schlafer DH, Dougherty EP, Woods GL. Light and ultrastructural studies of 
morphological alterations in embryos collected from maiden and barren mares. Journal of 
Reproduction and Fertility 80 (1987) 13-20.   

Schneider U, Mazur P, Leibo SP. The permeability of day-7 bovine embryos to DMSO 
and glycerol. Cryobiology: abstract (1983)   

Schneider U, Mazur P. Osmotic consequence of cryoprotectant permeability and its 
relation to the survival of frozen-thawed embryos. Theriogenology 21:1 (1984) 68-79. 

Seidel Jr. GE. Cryopreservation of equine embryos. Veterinary Clinical North America 
Equine Practitioner 12 (1996) 85-99. 

Sharp DC, McDowell KJ, Weithenauer J, Thatcher WW. The continuum of events 
leading to maternal recognition of pregnancy in mares. Journal of Reproduction and 
Fertility 37 (1989) 101-107. 

Skidmore JA,  Boyle MA, Allen WR. A comparison of two different methods of 
freezing horse embryos. Journal of Reproduction and Fertility 44 supplemental (1991) 
714-716. 



!

'&+!

!

Slade NP, Takeda T, Squires EL, Elsden RP, Seidel Jr. GE. A new procedure for the 
cryopreservation of equine embryos. Theriogenology 24 (1985) 45-58. 

Songsasen N, Ratterree MS, VandeVoort CA, Pegg DE, Leibo SP. Permeability 
characteristics and osmotic sensitivity of rhesus monkey (Macaca mulatta) oocytes. 
Human Reproduction 17;7 (2002) 1875-1884. 

Squires EL, Garcia RH, Ginther OJ. Factors affecting the success of equine embryo 
transfer. Equine Veterinary Journal; supplemental 3 (1985) 920-925. 

Squires EL, Cook VM, Voss JL. Collection and transfer of equine embryos. Buletin no. 
1. Fort Collins (CO): Animal Reproduction Laboratory (1985a). 

Squires EL, Seidel Jr. GE, McKinnon AO. Transfer of cryopreserved embryos in 
progestin-treated ovariecomized mares. Equine Veterinary Journal Supplemental 8 (1989) 
89-91. 

Squires EL, Seidel Jr. GE. Collection and transfer of equine embryos. Animal 
Reproduction Biotechnology Laboratory Bulletin No. 08. Colorado State University, Fort 
Collins, CO; (1995). 

Squires EL,  McCue PM, Vanderwall D. The current status of equine embryo transfer. 
Theriogenology 51 (1999) 91-104. 

Squires EL, Carnevale EM, McCue PM, Bruemmer JE. Embryo technologies in the 
horse. Theriogenology 59 (2003a) 151-170.  

Squires EL, Niswender KD, McCue PM, Alvarenga MA. A review of the use of eFSH to 
enhance reproduction performance. 49th Annual Convention of the American Association 
of Equine Practitioners, International Veterinary Information Service, New Orleans, LA 
(2003b). 

Stewart F, Charleston B, Crossett B, Barker PJ, Allen WR. A novel uterine protein that 
associates with the blastocyst capsule inequids. Journal of Reproduction and Fertility 105 
(1995) 65-70. 

Stout TAE. Equine embryo transfer: A review of developing potential. Equine 
Veterinary Journal 38; 5 (2006) 467-478. 

Stout TAE, Allen WR. Role of prostaglandin in intrauterine migration of the equine 
conceptus. Reproduction 121 (2001) 771-775. 

Stout TAE, Meadows S, Allen WR. Stage-specifie formation of the equine blastocyst 
capsule is instrumental to hatching and to embryonic survival in vivo. Animal 
Reproduction Science 87 (2005) 269-281. 



!

'&"!

!

Takeda T, Elsden RP, Squires EL. In vitro and in vivo development of frozen-thawed 
equine embryos. In: Procedings of the 10th International Congress on Animal 
Reproduction AL, vol. II; (1984) pp. 246-247. 

Tharasanit T, Colenbrander B, Stout TAE. Effect of cryopreservation on the cellular 
integrity of equine embryos. Reproduction 129 (2005) 789-798. 

Thompson JG, McNaughton C, Gasparrini B, McGowan LT, Tervi, HR. Effect of 
inhibitors and uncouplers of oxidative phosphorylation during compaction and 
blastulation of bovine embryos cultured in vitro. Journal of Reproduction and Fertility 
118 (2000) 47-55. 

Tremoleda JL, Stout TAE, Lagutina I, Lazzari G, Bevers MM, Colenbrander B, Galli C. 
Effects of in vitro production on horse embryo morphology, cytoskeletal characteristics, 
and blastocyst capsule formation. Biology of Reproduction 69 (2003) 1895-1906. 

Tyndale-Biscoe CH, Renfree MB. Reproductive Physiology of Marsupials. Cambridge 
University Press, Cambridge. (1987). 

Vajta G, Rindom N, Peura TT, Holm P, Greve T, Callesen H. The effect of media, serum 
and temperature on in vitro survival of bovine blastocysts after open pulled straw (OPS) 
vitrification. Theriogenology 52 (1999) 939-948. 

Vanderwall DK. Current equine embryo transfer techniques. In: Ball BA (ed.), Recent 
Advances in Equine Theriogenology. International Veterinary Information Services, New 
Orleans, LA. (2000). 

Van Nierkerk CHI. Early clinical diagnosis of pregnancy in mares. Journal of South 
African Veterinary Medicine 36 (1965)55-58. 

Van Neirkerk CH, Gerneke WH. Persistence and parthogenetic cleavage of tubal ova in 
the mare. Onderstepoort Journal of Veterinary Res 31 (1966) 195-232. 

Van Wagtendonk-de Leeuw AM, Den Daas JHG, Rall WF. Field trial to compare 
pregnancy rates of bovine embryo cryopreservation methods: vitrification and one-step 
dilution versus slow freezing and three-step dilution. Theriogenology 48 (1997) 1071-
1085. 

Waelchli RO, Betteridge KJ. Osmolality of equine blastocyst fluid from day 11 to day 25 
in pregnancy. Reproduction Fertility and Development 8 (1996) 981-988. 

Waelchli RO, MacPhee DJ, Kidder GM, Betteridge KJ. Evidence for the presence of 
sodium- and potassium-dependant adenosine triphosphatase %1 &1 subunit isoforms and 
their probable role in blastocyst expansion in the preattachment horse conceptus. Biology 
of reproduction 57 (1997) 630-640. 



!

'&#!

!

Wang X, Al Naib A, Da-Wen Sun, Lonergan P. Membrane permeability characteristics 
of bovine oocytes and development of a step-wise cryoprotectant adding and diluting 
protocol. Cryobiology 61 (2010) 58-65. 

Weber JA, Freeman DA, Vanderwall DK, Woods GL. Prostaglandin E2 secretion by 
oviductal transport-stage equine embryos. Biology of Reproduction 45; 4 (1991a) 540-
543. 

Weast RC, ‘Concentrative Properties of Aqueous Solutions: Conversion Table 1’ pp 
D222-D272. In CRC Handbook of Chemistry and Physics 65th Edition 1984-1985, 
Robert C. Weast (ed), CRC Press Inc., Boca Raton, Florida.  

Weber JA. Freeman DA, Vanderwall DK, Woods GL. Prostaglandin E2 hastens 
oviductal transport of equine embryos. Biology of Reproduction 45 (1991b) 544-546. 

Weber JA, Woods GL. Influence of embryonic secretory chemicals on selective 
oviductal transport in mares. Equine Veterinary Journal 15 Supplemental (1993) 36-38. 

Wimsatt WA. Delayed implantation in the Ursidae, with particular reference to the black 
bear (Ursus americanus Pallas). In: Delayed Implantation. Ed. A.C. Enders. University 
of Chicago Press. Pp 49-76. 

Wittingham DG, Leibo SP, Mazur P. Survival of mouse embryos frozen to -196 and -
269°C. Science 178 (1972) 411-414. 

Yamamoto Y, Oguri N, Tsutsumi Y, Hachinohe Y. Experiments in the freezing and 
storage of equine embryos. Journal of Reproduction and Fertility 32 supplemental (1982) 
399-405. 

Young CA, Squires EL, Seidel Jr. GE, Kato H, McCue PM. Cryopreservation procedures 
for day 7-8 equine embryos. Equine Veterinary Journal Supplemental 25 (1997) 98-102. 

 

 

 



!

'&$!

!

 

Appendices 

Appendix 1: Equine embryo grading scheme developed at the University of Guelph 
based on the Colorado and International Embryo Transfer Society methods, adjusted to 
suit this study. 
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Appendix 2: Based on the molar mass for sucrose being 342.3 g/mol and the molar mass 
for galactose being 180.16 g.mol, 100 mL of 2M solution of each was made up by adding 
68.46g of sucrose or 36.03g of galactose to 50mL of PBS. Additional PBS was then 
added to give a final total volume of 100mL. 2M stock solution was then diluted with 
additional PBS to give 1000 !L of each of the other solutions as in the table below. 

Solution Molarity !L of 2M solution !L PBS 
0.1M 50 950 
0.25M 125 875 
0.5M 250 750 
1.0M 500 500 
1.5M 750 250 
1.75M 875 125 

2M 1000 0 
 

 

Appendix 3: Constituents of Synthetic Oviductal Fluid.  

Amount Ingredient 
10mL Commercial SOF  
5 µL Sodium Pyruvate 

200 µL Non ESS Am Ac 100x 
5 µL Gentamicin 

650 µL Bovine Serum Albumin 
200 µL Can Sera 
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Appendix 4: TUNEL staining grades for viability assessment.  



!

'''!

!

Appendix 5: Saccharide Osmolalities. For consistency, Osmolalitities extrapolated from 
‘CRC Handbook of Chemistry and Physics’ and corrected for the additional osmolality of 
a PBS rather than a water base were used for all solutions. 

Saccharide Concentration Measured 
Osmolality 

Extrapolated 
Osmolality 

Extrapolated 
Osmolality 
Corrected 
for PBS 

1/Osmolality 

0.1M 0.424 0.11 0.395 2.53 
0.25M 0.576 0.26 0.545 1.84 
0.5M 0.896 0.60 0.885 1.13 
1.0M 1.703 1.49 1.775 0.56 
1.5M . 2.80 3.085 0.32 
1.75M . 3.70 3.985 0.25 

Sucrose 

2.0M . 4.65 4.935 0.20 
0.1M 0.393 0.11 0.395 2.53 
0.25M 0.543 0.26 0.545 1.83 
0.5M 0.827 0.54 0.825 1.21 
1.0M 1.376 1.18 1.465 0.86 
1.5M 1.874 1.95 2.235 0.45 
1.75M 2.293 2.38 2.665 0.38 

Galactose 

2.0M . 2.83 3.115 0.32 
PBS . 0.245 0.285 0.285 3.51 
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Appendix 6: Statistical Reports using SAS version 9.2. Statistical analysis reports for 
embryo grades, comparing the pre- and post-treatment grades in general, and this grade 
change as a function of temperature or sugar.  

 
                                                The UNIVARIATE Procedure 
                                                    Variable:  diff 
 
                                                        Moments 
                            N                          22    Sum Weights                 22 
                            Mean               1.68181818    Sum Observations            37 
                            Std Deviation      1.39339816    Variance            1.94155844 
                            Skewness           -0.0652864    Kurtosis            -0.8286678 
                            Uncorrected SS            103    Corrected SS        40.7727273 
                            Coeff Variation    82.8507016    Std Error Mean      0.29707349 
 
                                               Basic Statistical Measures 
                                     Location                    Variability 
                                 Mean     1.681818     Std Deviation            1.39340 
                                 Median   2.000000     Variance                 1.94156 
                                 Mode     1.000000     Range                    5.00000 
                                                       Interquartile Range      2.00000 
                         NOTE: The mode displayed is the smallest of 3 modes with a count of 5. 
 
                                               Tests for Location: Mu0=0 
                                    Test           -Statistic-    -----p Value------ 
                                    Student's t    t  5.661287    Pr > |t|    <.0001 
                                    Sign           M         8    Pr >= |M|   0.0001 
              **       Wilocoxon's  Signed Rank    S        82    Pr >= |S|   <.0001   
 
                                                  Tests for Normality 
                               Test                  --Statistic---    -----p Value------ 
                               Shapiro-Wilk          W     0.942947    Pr < W      0.2276 
                               Kolmogorov-Smirnov    D     0.146112    Pr > D     >0.1500 
                               Cramer-von Mises      W-Sq  0.091032    Pr > W-Sq   0.1419 
                               Anderson-Darling      A-Sq  0.548524    Pr > A-Sq   0.1437 
 
                                                Quantiles (Definition 5) 
                                                 Quantile      Estimate 
                                                 100% Max             4 
                                                 99%                  4 
                                                 95%                  4 
                                                 90%                  3 
                                                 75% Q3               3 
 
                                                The UNIVARIATE Procedure 
                                                    Variable:  diff 
                                                Quantiles (Definition 5) 
                                                 Quantile      Estimate 
                                                 50% Median           2 
                                                 25% Q1               1 
                                                 10%                  0 
                                                 5%                   0 
                                                 1%                  -1 
                                                 0% Min              -1 
 
                                                  Extreme Observations 
                                          ----Lowest----        ----Highest--- 
                                          Value      Obs        Value      Obs 
                                             -1        7            3        6 
                                              0       22            3        8 
                                              0       20            3        9 
                                              0       18            4       10 
                                              0       14            4       21 
 
                                                  The Mixed Procedure 
                                                   Model Information 
                                 Data Set                     WORK.SPIT 
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                                 Dependent Variable           score 
                                 Covariance Structure         Diagonal 
                                 Estimation Method            REML 
                                 Residual Variance Method     Profile 
                                 Fixed Effects SE Method      Model-Based 
                                 Degrees of Freedom Method    Residual 
 
                                                      Dimensions 
                                          Covariance Parameters             1 
                                          Columns in X                      8 
                                          Columns in Z                      0 
                                          Subjects                          1 
                                          Max Obs Per Subject              44 
 
                                                Number of Observations 
                                      Number of Observations Read              44 
                                      Number of Observations Used              44 
                                      Number of Observations Not Used           0 
 
                                            Covariance Parameter Estimates 
                                        Standard         Z 
               Cov Parm     Estimate       Error     Value      Pr > Z     Alpha       Lower       Upper 
               Residual       0.9422      0.2134      4.42      <.0001      0.05      0.6323      1.5535 
 
                                                    Fit Statistics 
                                         -2 Res Log Likelihood           121.2 
                                         AIC (smaller is better)         123.2 
                                         AICC (smaller is better)        123.3 
                                         BIC (smaller is better)         124.8 
 
                                             Type 3 Tests of Fixed Effects 
                                                   Num     Den 
                                     Effect         DF      DF    F Value    Pr > F 
                                **     Sugar           1      39       0.35    0.5592 
                                **     Temp            2      39       0.16    0.8543 
                                 **      grade           1      39      33.02    <.0001 
  
                                                  The Mixed Procedure 
                                                  Least Squares Means 
                                                Standard 
     Effect   Sugar   grade   Temp   Estimate      Error     DF   t Value   Pr > |t|    Alpha      Lower      Upper 
     Sugar    Gal                      2.5242     0.2006     39     12.59     <.0001     0.05     2.1186     2.9299 
     Sugar    Suc                      2.6986     0.2180     39     12.38     <.0001     0.05     2.2577     3.1396 
     Temp                     21       2.6250     0.2427     39     10.82     <.0001     0.05     2.1342     3.1158 
     Temp                     30       2.7093     0.2455     39     11.04     <.0001     0.05     2.2128     3.2058 
     Temp                     37       2.5000     0.2802     39      8.92     <.0001     0.05     1.9332     3.0668 
     grade            F                3.4523     0.2083     39     16.58     <.0001     0.05     3.0311     3.8736 
     grade            I                1.7705     0.2083     39      8.50     <.0001     0.05     1.3493     2.1918 
 
                                           Differences of Least Squares Means 
                                                                        Standard 
   Effect   Sugar   grade   Temp   _Sugar   _grade   _Temp   Estimate      Error     DF   t Value   Pr > |t|    Alpha 
   Sugar    Gal                    Suc                        -0.1744     0.2961     39     -0.59     0.5592     0.05 
   Temp                     21                       30      -0.08430     0.3452     39     -0.24     0.8083     0.05 
   Temp                     21                       37        0.1250     0.3707     39      0.34     0.7378     0.05 
   Temp                     30                       37        0.2093     0.3725     39      0.56     0.5774     0.05 
   grade            F                       I                  1.6818     0.2927     39      5.75     <.0001     0.05 
 
                                           Differences of Least Squares Means 
                     Effect   Sugar   grade   Temp   _Sugar   _grade   _Temp      Lower       Upper 
                     Sugar    Gal                    Suc                        -0.7732      0.4244 
                     Temp                     21                       30       -0.7825      0.6139 
                     Temp                     21                       37       -0.6248      0.8748 
                     Temp                     30                       37       -0.5442      0.9628 
                     grade            F                       I                  1.0898      2.2738 
 
                                                The UNIVARIATE Procedure 
                                              Variable:  Resid  (Residual) 
                                                        Moments 
                            N                          44    Sum Weights                 44 
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                            Mean                        0    Sum Observations             0 
                            Std Deviation      0.92443356    Variance            0.85457741 
                            Skewness           0.46186429    Kurtosis            -0.4380683 
                            Uncorrected SS     36.7468288    Corrected SS        36.7468288 
                            Coeff Variation             .    Std Error Mean       0.1393636 
 
                                               Basic Statistical Measures 
                                     Location                    Variability 
                                 Mean      0.00000     Std Deviation            0.92443 
                                 Median   -0.10465     Variance                 0.85458 
                                 Mode     -0.69688     Range                    3.85624 
                                                       Interquartile Range      1.1888 
 
                                               Tests for Location: Mu0=0 
                                    Test           -Statistic-    -----p Value------ 
                                    Student's t    t         0    Pr > |t|    1.0000 
                                    Sign           M         0    Pr >= |M|   1.0000 
                                    Signed Rank    S     -44.5    Pr >= |S|   0.6091 
 
                                                  Tests for Normality 
                               Test                  --Statistic---    -----p Value------ 
                               Shapiro-Wilk          W     0.961394    Pr < W      0.1467 
                               Kolmogorov-Smirnov    D     0.132904    Pr > D      0.0490 
                               Cramer-von Mises      W-Sq  0.103153    Pr > W-Sq   0.0993 
                               Anderson-Darling      A-Sq  0.634767    Pr > A-Sq   0.0937 
 
                                                Quantiles (Definition 5) 
                                                Quantile       Estimate 
                                                100% Max       2.218816 
                                                99%            2.218816 
                                                95%            1.571882 
                                                90%            1.446882 
                                                75% Q3         0.491940 
                                                50% Median    -0.104651 
                                                25% Q1        -0.696882 
 
                                                The UNIVARIATE Procedure 
                                              Variable:  Resid  (Residual) 
                                                Quantiles (Definition 5) 
                                                Quantile       Estimate 
                                                10%           -0.955603 
                                                5%            -1.378700 
                                                1%            -1.637421 
                                                0% Min        -1.637421 
 
                                                  Extreme Observations 
                                      ------Lowest------        -----Highest----- 
                                          Value      Obs           Value      Obs 
                                      -1.637421        8         1.44688       18 
                                      -1.378700       32         1.53700       10 
                                      -1.378700       14         1.57188       20 
                                      -1.253700       36         1.62130       42 
                                      -0.955603       11         2.21882       43 
 
Statistical analysis reports for TUNEL scores as either a function of temperature or sugar. 
Kruskal-Wallis Tests were reported. 
 
                                                  The Mixed Procedure 
                                                   Model Information 
                                 Data Set                     WORK.A 
                                 Dependent Variable           TUNEL 
                                 Covariance Structure         Diagonal 
                                 Estimation Method            REML 
                                 Residual Variance Method     Profile 
                                 Fixed Effects SE Method      Model-Based 
                                 Degrees of Freedom Method    Residual 
 
                                                Class Level Information 
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                                   Class    Levels    Values 
                                   Sugar         2    Gal Suc 
                                   Temp          3    21 30 37 
 
                                                      Dimensions 
                                          Covariance Parameters             1 
                                          Columns in X                      6 
                                          Columns in Z                      0 
                                          Subjects                          1 
                                          Max Obs Per Subject              22 
 
                                                Number of Observations 
                                      Number of Observations Read              22 
                                      Number of Observations Used              18 
                                      Number of Observations Not Used           4 
 
                                                 Covariance Parameter 
                                                       Estimates 
 
                                                 Cov Parm     Estimate 
                                                 Residual       2.3117 
 
                                                    Fit Statistics 
                                         -2 Res Log Likelihood            58.2 
                                         AIC (smaller is better)          60.2 
                                         AICC (smaller is better)         60.6 
                                         BIC (smaller is better)          60.9 
 
                                                  The Mixed Procedure 
                                             Type 3 Tests of Fixed Effects 
                                                   Num     Den 
                                     Effect         DF      DF    F Value    Pr > F 
                                     Sugar           1      14       0.05    0.8294 
                                     Temp            2      14       1.22    0.3250 
 
 
                                                  Least Squares Means 
                                           Standard 
    Effect    Sugar    Temp    Estimate       Error      DF    t Value    Pr > |t|     Alpha       Lower       Upper 
    Sugar     Gal                2.2955      0.5159      14       4.45      0.0006      0.05      1.1889      3.4020 
    Sugar     Suc                2.4545      0.5159      14       4.76      0.0003      0.05      1.3480      3.5611 
    Temp               21        2.1250      0.5376      14       3.95      0.0014      0.05      0.9721      3.2779 
    Temp               30        3.2159      0.6838      14       4.70      0.0003      0.05      1.7493      4.6825 
    Temp               37        1.7841      0.6838      14       2.61      0.0206      0.05      0.3175      3.2507 
 
                                     The UNIVARIATE Procedure 
                                              Variable:  Resid  (Residual) 
 
                                                        Moments 
                            N                          18    Sum Weights                 18 
                            Mean                        0    Sum Observations             0 
                            Std Deviation      1.37976205    Variance            1.90374332 
                            Skewness           0.42080936    Kurtosis            -0.2392742 
                            Uncorrected SS     32.3636364    Corrected SS        32.3636364 
                            Coeff Variation             .    Std Error Mean      0.32521303 
 
                                               Basic Statistical Measures 
                                     Location                    Variability 
                                 Mean      0.00000     Std Deviation            1.37976 
                                 Median   -0.17045     Variance                 1.90374 
                                 Mode     -1.20455     Range                    5.09091 
                                                       Interquartile Range      1.90909 
                         NOTE: The mode displayed is the smallest of 2 modes with a count of 2. 
 
                                               Tests for Location: Mu0=0 
                                    Test           -Statistic-    -----p Value------ 
                                    Student's t    t         0    Pr > |t|    1.0000 
                                    Sign           M        -1    Pr >= |M|   0.8145 
                                    Signed Rank    S        -6    Pr >= |S|   0.8067 
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                                                  Tests for Normality 
                               Test                  --Statistic---    -----p Value------ 
                               Shapiro-Wilk          W     0.972453    Pr < W      0.8423 
                               Kolmogorov-Smirnov    D     0.084779    Pr > D     >0.1500 
                               Cramer-von Mises      W-Sq  0.026746    Pr > W-Sq  >0.2500 
                               Anderson-Darling      A-Sq  0.190331    Pr > A-Sq  >0.2500 
 
                                                Quantiles (Definition 5) 
                                                Quantile       Estimate 
                                                100% Max       2.954545 
                                                99%            2.954545 
                                                95%            2.954545 
                                                90%            1.863636 
                                                75% Q3         0.863636 
 
                                                The UNIVARIATE Procedure 
                                              Variable:  Resid  (Residual) 
                                                Quantiles (Definition 5) 
                                                Quantile       Estimate 
                                                50% Median    -0.170455 
                                                25% Q1        -1.045455 
                                                10%           -2.045455 
                                                5%            -2.136364 
                                                1%            -2.136364 
                                                0% Min        -2.136364 
 
                                                  Extreme Observations 
                                      ------Lowest-----        ------Highest----- 
                                         Value      Obs            Value      Obs 
                                      -2.13636       22         0.863636        5 
                                      -2.04545       16         1.136364       14 
                                      -1.20455       15         1.795455        9 
                                      -1.20455       13         1.863636        2 
                                      -1.04545       21         2.954545        8 
 
                                                     Missing Values 
                                                             -----Percent Of----- 
                                      Missing                             Missing 
                                        Value       Count     All Obs         Obs 
                                            .           4       18.18      100.00 
 
                                                 The NPAR1WAY Procedure 
                                     Wilcoxon Scores (Rank Sums) for Variable TUNEL 
                                              Classified by Variable Temp 
                                              Sum of      Expected       Std Dev          Mean 
                          Temp       N        Scores      Under H0      Under H0         Score 
                          30         5         62.50         47.50      9.874209       12.5000 
                          21         8         69.00         76.00     10.954451        8.6250 
                          37         5         39.50         47.50      9.874209        7.9000 
                                           Average scores were used for ties. 
 
                                                  Kruskal-Wallis Test 
                                         Chi-Square                     2.3676 
                                         DF                                  2 
                                         Asymptotic Pr >  Chi-Square    0.3061 
                                      ** Exact      Pr >= Chi-Square    0.3232   
 
 
                                                 The NPAR1WAY Procedure 
                                    Wilcoxon Scores (Rank Sums) for Variable TUNEL 
                                             Classified by Variable Sugar 
                                              Sum of      Expected       Std Dev          Mean 
                         Sugar       N        Scores      Under H0      Under H0         Score 
                         Gal         9          83.0         85.50     11.022704      9.222222 
                         Suc         9          88.0         85.50     11.022704      9.777778 
                                          Average scores were used for ties. 
 
                                               Wilcoxon Two-Sample Test 
                                          Statistic (S)               83.0000 
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                                          Normal Approximation 
                                          Z                           -0.1814 
                                          One-Sided Pr <  Z            0.4280 
                                          Two-Sided Pr > |Z|           0.8560 
 
                                          t Approximation 
                                          One-Sided Pr <  Z            0.4291 
                                          Two-Sided Pr > |Z|           0.8582 
 
                                          Exact Test 
                                          One-Sided Pr <=  S           0.4247 
                                          Two-Sided Pr >= |S - Mean|   0.8494    
                                       Z includes a continuity correction of 0.5. 
 
                                                  Kruskal-Wallis Test 
                                               Chi-Square         0.0514 
                                               DF                      1 
                                         **  Pr > Chi-Square    0.8206 
Statistical analysis reports for analysis of behaviour as ‘expected’ or ‘unexpected’ as a 
possible factor of sugar, temperature or group ‘< or > 500"m’. Mentel-Henzel Chi square 
analysis was used in all cases, using the exact probability. 
                                                Table of Behaviour by Sugar 
 
                                          Behave     Sugar 
 
                                          Frequency‚ 
                                          Col Pct  ‚Gal     ‚Suc     ‚  Total 
                                           
                                                 0 ‚      6 ‚      5 ‚     11 
                                                   ‚  50.00 ‚  50.00 ‚ 
                                           
                                                 1 ‚      6 ‚      5 ‚     11 
                                                   ‚  50.00 ‚  50.00 ‚ 
                                           
                                          Total          12       10       22 
 
 
                                        Statistics for Table of Behave by Sugar 
 
                                 Statistic                     DF       Value      Prob 
                                  
                                 Chi-Square                     1      0.0000    1.0000 
                                 Likelihood Ratio Chi-Square    1      0.0000    1.0000 
                                 Continuity Adj. Chi-Square     1      0.0000    1.0000 
                                 Mantel-Haenszel Chi-Square     1      0.0000    1.0000 
                                 Phi Coefficient                       0.0000 
                                 Contingency Coefficient               0.0000 
                                 Cramer's V                            0.0000 
 
 
                                                Pearson Chi-Square Test 
                                            
                                           Chi-Square                  0.0000 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      1.0000 
                                           Exact      Pr >= ChiSq      1.0000 
 
 
                                            Likelihood Ratio Chi-Square Test 
                                            
                                           Chi-Square                  0.0000 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      1.0000 
                                           Exact      Pr >= ChiSq      1.0000 

 
 
    The FREQ Procedure 
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                                        Statistics for Table of Behave by Sugar 
 
                                            Mantel-Haenszel Chi-Square Test 
                                            
                                           Chi-Square                  0.0000 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      1.0000 
                                     **  Exact      Pr >= ChiSq      1.0000 
 
 
                                                  Fisher's Exact Test 
                                            
                                           Cell (1,1) Frequency (F)         6 
                                           Left-sided Pr <= F          0.6650 
                                           Right-sided Pr >= F         0.6650 
 
                                           Table Probability (P)       0.3301 
                                           Two-sided Pr <= P           1.0000 
 
 
                                      Estimates of the Relative Risk (Row1/Row2) 
 
                           Type of Study                   Value       95% Confidence Limits 
                            
                           Case-Control (Odds Ratio)      1.0000        0.1867        5.3570 
                           Cohort (Col1 Risk)             1.0000        0.4663        2.1445 
                           Cohort (Col2 Risk)             1.0000        0.4003        2.4980 
 
 
                                            Odds Ratio (Case-Control Study) 
                                           
                                          Odds Ratio                   1.0000 
 
                                          Asymptotic Conf Limits 
                                          95% Lower Conf Limit         0.1867 
                                          95% Upper Conf Limit         5.3570 
 
                                          Exact Conf Limits 
                                          95% Lower Conf Limit         0.1386 
                                          95% Upper Conf Limit         7.2129 
 
                                                    Sample Size = 22 
 
                                                   The FREQ Procedure 
 
                                                Table of Behaviour by Temp 
 
                                      Behave     Temp 
 
                                      Frequency‚ 
                                      Col Pct  ‚      21‚      30‚      37‚  Total 
                                       
                                             0 ‚      6 ‚      3 ‚      2 ‚     11 
                                               ‚  75.00 ‚  37.50 ‚  33.33 ‚ 
                                       
                                             1 ‚      2 ‚      5 ‚      4 ‚     11 
                                               ‚  25.00 ‚  62.50 ‚  66.67 ‚ 
                                       
                                      Total           8        8        6       22 
 
 
                                         Statistics for Table of Behave by Temp 
 
                                 Statistic                     DF       Value      Prob 
                                  
                                 Chi-Square                     2      3.1667    0.2053 
                                 Likelihood Ratio Chi-Square    2      3.2779    0.1942 
                                 Mantel-Haenszel Chi-Square     1      2.6483    0.1037 
                                 Phi Coefficient                       0.3794 
                                 Contingency Coefficient               0.3547 
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                                 Cramer's V                            0.3794 
 
 
 
                                                Pearson Chi-Square Test 
                                            
                                           Chi-Square                  3.1667 
                                           DF                               2 
                                           Asymptotic Pr >  ChiSq      0.2053 
                                           Exact      Pr >= ChiSq      0.3498 
 
 
                                            Likelihood Ratio Chi-Square Test 
                                            
                                           Chi-Square                  3.2779 
                                           DF                               2 
                                           Asymptotic Pr >  ChiSq      0.1942 
                                           Exact      Pr >= ChiSq      0.3498 
 
 
    The FREQ Procedure 
 
                                         Statistics for Table of Behave by Temp 
 
                                            Mantel-Haenszel Chi-Square Test 
                                            
                                           Chi-Square                  2.6483 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      0.1037 
                                   **    Exact      Pr >= ChiSq      0.1323 
 
 
                                                  Fisher's Exact Test 
                                            
                                           Table Probability (P)       0.0333 
                                           Pr <= P                     0.3498 
 
                                                    Sample Size = 22 
 
 
                                                Table of Behaviour by Group 
 
                                          Behave     Group 
 
                                          Frequency‚ 
                                          Col Pct  ‚       1‚       2‚  Total 
                                           
                                                 0 ‚      2 ‚      9 ‚     11 
                                                   ‚  18.18 ‚  81.82 ‚ 
                                           
                                                 1 ‚      9 ‚      2 ‚     11 
                                                   ‚  81.82 ‚  18.18 ‚ 
                                           
                                          Total          11       11       22 
 
                                                Table of Behave by Group 
 
                                          Behave     Group 
 
                                          Frequency‚ 
                                          Col Pct  ‚       1‚       2‚  Total 
                                           
                                                 0 ‚      2 ‚      9 ‚     11 
                                                   ‚  18.18 ‚  81.82 ‚ 
                                           
                                                 1 ‚      9 ‚      2 ‚     11 
                                                   ‚  81.82 ‚  18.18 ‚ 
                                           
                                          Total          11       11       22 
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                                        Statistics for Table of Behave by Group 
 
                                 Statistic                     DF       Value      Prob 
                                  
                                 Chi-Square                     1      8.9091    0.0028 
                                 Likelihood Ratio Chi-Square    1      9.6363    0.0019 
                                 Continuity Adj. Chi-Square     1      6.5455    0.0105 
                                 Mantel-Haenszel Chi-Square     1      8.5041    0.0035 
                                 Phi Coefficient                      -0.6364 
                                 Contingency Coefficient               0.5369 
                                 Cramer's V                           -0.6364 
 
 
   The FREQ Procedure 
 
                                        Statistics for Table of Behave by Group 
 
                                                Pearson Chi-Square Test 
                                            
                                           Chi-Square                  8.9091 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      0.0028 
                                           Exact      Pr >= ChiSq      0.0089 
 
 
                                            Likelihood Ratio Chi-Square Test 
                                            
                                           Chi-Square                  9.6363 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      0.0019 
                                           Exact      Pr >= ChiSq      0.0089 
 
 
                                            Mantel-Haenszel Chi-Square Test 
                                            
                                           Chi-Square                  8.5041 
                                           DF                               1 
                                           Asymptotic Pr >  ChiSq      0.0035 
                                    **   Exact      Pr >= ChiSq      0.0089 
 
 
                                                  Fisher's Exact Test 
                                            
                                           Cell (1,1) Frequency (F)         2 
                                           Left-sided Pr <= F          0.0045 
                                           Right-sided Pr >= F         0.9998 
 
                                           Table Probability (P)       0.0043 
                                           Two-sided Pr <= P           0.0089 
 
 
   The FREQ Procedure 
 
                                        Statistics for Table of Behave by Group 
 
                                      Estimates of the Relative Risk (Row1/Row2) 
 
                           Type of Study                   Value       95% Confidence Limits 
                            
                           Case-Control (Odds Ratio)      0.0494        0.0057        0.4311 
                           Cohort (Col1 Risk)             0.2222        0.0615        0.8026 
                           Cohort (Col2 Risk)             4.5000        1.2460       16.2526 
 
 
                                            Odds Ratio (Case-Control Study) 
                                           
                                          Odds Ratio                   0.0494 
 
                                          Asymptotic Conf Limits 
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                                          95% Lower Conf Limit         0.0057 
                                          95% Upper Conf Limit         0.4311 
 
                                          Exact Conf Limits 
                                          95% Lower Conf Limit         0.0034 
                                          95% Upper Conf Limit         0.5796 
 
                                                    Sample Size = 22 
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Appendix 7: Embryo recovery data. Only embryos designated to project B were used in this study.  

 
Date 

(dd/mm) 
Flush # Mare # Embryos 

Recovered 
Embryo # Developmen

tal Stage 
Grade Size (um) Project 

2011-04-15 1 Fire 1 1 Expanded 
Blastocyst 

1 420 A 

Expanded 
Blastocyst 

1 920 A 2011-05-23 2 Tassie 2 3 

Expanded 
Blastocyst 

1 630 C 

2011-05-26 3 Suzy 1 4 Expanded 
Blastocyst 

1 700 C 

2011-05-28 4 Natalie 1 5 Blastocyst 2 490 C 
2011-06-05 5 Sally 1 6 Early 

Blastocyst 
1 234 B 

2011-06-06 6 Esme 1 7 Expanded 
Blastocyst 

1 840 A 

2011-06-08 7 Ellen 1 8 Expanded 
Blastocyst 

1 762 B 

2011-06-09 8 Tassie 1 9 Early 
Blastocyst 

2 160 B 

2011-06-09 9 Lucky 1 10 Early 
Blastocyst 

1 325 A 

2011-06-10 10 Lisbeth 1 11 Blastocyst 1 399 B 
2011-06-16 11 Betty Boop 0 . . . . . 
2011-06-25 12 Esme 1 12 Expanded 

Blastocyst 
1 1050 A 

2011-06-25 13 Lisbeth 0 . . . . . 
2011-06-25 14 Pippi 0 . . . . . 
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Date 
(dd/mm) 

Flush # Mare # Embryos 
Recovered 

Embryo # Developmen
tal Stage 

Grade Size (um) Project 

2011-06-25 15 Lucky 1 13 Expanded 
Blastocyst 

1 1625 A 

2011-06-27 16 Ellie 0 . . . . . 
2011-07-02 17 Betty Boop 0 . . . . . 
2011-07-02 18 Moxie 0 . . . . . 
2011-07-08 19 Pippi 0 . . . . . 
2011-07-08 20 Lucky 1 14 Expanded 

Blastocyst 
2 548 B 

2011-07-11 21 Lisbeth 1 15 Expanded 
Blastocyst 

1 1104 B 

Expanded 
Blastocyst 

1 1100 A 2011-07-17 22 Moxie 2 17 

Expanded 
Blastocyst 

1 600 A 

2011-07-17 23 Dana 0 . . . . . 
Expanded 
Blastocyst 

1 545 A 2011-07-20 24 Hornet 2 19 

Expanded 
Blastocyst 

1 730 A 

2011-07-22 25 Pippi 0 . . . . . 
2011-07-22 26 Lucky 1 20  3 357 B 
2011-07-27 27 Ellie 1 21 Embryonic 

Vesicle 
1 23000 A 

2011-08-01 28 Dana 0 . . . . . 
2011-08-04 29 Hornet 0 . . . . . 
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Date 

(dd/mm) 
Flush # Mare # Embryos 

Recovered 
Embryo # Developmen

tal Stage 
Grade Size (um) Project 

Expanded 
Blastocyst 

1 440 B 2011-08-06 30 Gertrude 2 23 

Blastocyst 2 372 B 
2011-08-06 31 Lucky 1 24 Expanded 

Blastocyst 
1 1000 A 

2011-08-12 32 Betty Boop 1 25 Expanded 
Blastocyst 

2 540 A 

2011-08-12 33 Ellie 0 . . . . . 
2011-08-17 34 Hornet 1 26 Expanded 

Blastocyst 
1 653 B 

2011-08-19 35 Moxie 0 . . . . . 
2011-08-21 36 Lucky 1 27 Expanded 

Blastocyst 
1 520 A 

2011-08-22 37 Fire 0 . . . . . 
2011-08-22 38 Gertrude 0 . . . . . 
2011-08-22 39 Buttercup 0 . . . . . 
2011-08-28 40 Tassie 0 . . . . . 
2011-08-29 41 Hornet 0 . . . . . 
2011-08-31 42 Betty Boop 1 28 Expanded 

Blastocyst 
1 800 A 

2011-09-03 43 Moxie 1 29 Expanded 
Blastocyst 

1 800 A 

2011-09-04 44 Dana 1 30 Expanded 
Blastocyst 

2 1200 B 

2011-09-04 45 Gertrude 0 . . . . . 
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Date 
(dd/mm) 

Flush # Mare # Embryos 
Recovered 

Embryo # Developmen
tal Stage 

Grade Size (um) Project 

2011-09-04 46 Lucky 1 31 Expanded 
Blastocyst 

1 335 B 

2011-09-07 47 Buttercup 0 . . . . . 
2011-09-08 48 Fire 1 32 Expanded 

Blastocyst 
1 1600 A 

2011-09-08 49 Spike 1 33 Expanded 
Blastocyst 

1 600 A 

2011-09-09 50 Tassie 1 34 Expanded 
Blastocyst 

2 597 B 

2011-09-10 51 Hornet 1 35 Early 
Blastocyst 

3 252 B 

2011-09-17 52 Betty Boop 1 36 Expanded 
Blastocyst 

1 1159 B 

2011-09-18 53 Gertrude 0 . . . . . 
2011-09-18 54 Dana 0 . . . . . 
2011-09-19 55 Moxie 0 . . . . . 
2011-09-19 56 Lucky 1 37 Early 

Blastocyst 
1 495 B 

2011-09-23 57 Spike 1 38 Expanded 
Blastocyst 

1 550 A 

2011-09-25 58 Buttercup 1 39 Expanded 
Blastocyst 

2 1131 B 

2011-09-25 59 Tassie 1 40 Expanded 
Blastocyst 

1 600 A 

2011-09-26 60 Hornet 1 41 Expanded 
Blastocyst 

2 495 B 
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Date 
(dd/mm) 

Flush # Mare # Embryos 
Recovered 

Embryo # Developmen
tal Stage 

Grade Size (um) Project 

2011-10-01 61 Fire 1 42 Morula 2 177 B 
2011-10-03 62 Dana 1 43 Expanded 

Blastocyst 
1 775 A 

2011-10-03 63 Betty Boop 0 . . . . . 
2011-10-03 64 Lucky 0 . . . . . 
2011-10-06 65 Moxie 0 . . . . . 
2011-10-06 66 Gertrude 0 . . . . . 
2011-10-08 67 Spike 1 44 Early 

Blastocyst 
3 175 B 

2011-10-14 68 Buttercup 0 . . . . . 
2011-11-11 69 Dragon 1 45 Expanded 

Blastocyst 
1 760 A 

2011-11-11 70 Dana 1 46 Expanded 
Blastocyst 

1 1095 A 

Expanded 
Blastocyst 

1 1302 B 2011-11-21 71 Lucky 2 48 

Expanded 
Blastocyst 

4 688 B 
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Appendix 8: Preliminary trial data for equine embryos exposed to increasing concentrations of glucose for variable times, until 
apparent equilibration. Embryos all started in isoosmotic holding media, and volume in this solution was assumed to be 100%, before 
initiation of the dehydration procedure. Time was measured in each sequential solution as the total cumulative time to volume 
measurement, representated here as a proportion relative to the original volume, immediately before transfer to next solution.  

 Glucose Concentration (M) 

Embryo Diameter 
(!m)  Start 0.1 0.25 0.5 1 1.5 1.75 2 1.75 1.5 1 0.5 0.25 0.1 

Time 
(Min) 0 10 15 20 26 34 41 49 - - - - - - 

1 300 Rel. 
Vol. 
(%) 

100 95 88 83 70 67 63 61 - - - - - - 

Time 
(Min) 0 4 8 13 17 21 26 30 34 38 42 47 51 55 

2 375 Rel. 
Vol. 
(%) 

100 100 98 77 66 66 66 61 61 63 64 73 78 84 

Time 
(Min) 0 6 16 26 29 36 39 42 45 52 62 72 82 92 

3 340 Rel. 
Vol. 
(%) 

100 100 100 87 73 71 70 67 68 70 70 70 86 89 
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Appendix 9: Boyle van’t Hoff plot of dehydration of a bovine embryo validating 
methods. A trial bovine embryo, when placed through the sequential solutions, 
dehydrated osmotically to a residual volume of ~20% of its isotonic volume. 

  

 

 


