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Abstract

The cellular damage that spermatozoa encounter at rapid rates of cooling has often been attributed to the formation of

intracellular ice. However, no direct evidence of intracellular ice has been presented. An alternative mechanism has been proposed

by Morris (2006) that cell damage is a result of an osmotic imbalance encountered during thawing. This paper examines whether

intracellular ice forms during rapid cooling or if an alternative mechanism is present. Horse spermatozoa were cooled at a range of

cooling rates from 0.3 to 3000 8C/min in the presence of a cryoprotectant. The ultrastructure of the samples was examined by Cryo

Scanning Electron Microscopy (CryoSEM) and freeze substitution, to determine whether intracellular ice formed and to examine

alternative mechanisms of cell injury during rapid cooling. No intracellular ice formation was detected at any cooling rate.

Differential scanning Calorimetry (DSC) was employed to examine the amount of ice formed at different rate of cooling. It is

concluded that cell damage to horse spermatozoa, at cooling rates of up to 3000 8C/min, is not caused by intracellular ice formation.

Spermatozoa that have been cooled at high rates are subjected to an osmotic shock when they are thawed.

# 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Methods for the cryopreservation of spermatozoa

need to be improved for many medical, veterinary and

conservation applications. In order to develop protocols

to maximize recovery on thawing it is essential to und-

erstand the events which lead to cellular injury during

freezing and thawing, none less so than for equine

spermatozoa [2,8,37].

The physical stresses important in determining the

cellular response during cryopreservation are well

documented. Following ice formation in the extra-

cellular solution, all solutes and suspended materials,

including cells, become localised into freeze concen-

trated compartments [25]. During the subsequent

reduction in temperature, cells are exposed to increas-

ingly concentrated solutions. This process continues

until the freeze concentrated solution crystallises as a

eutectic, or becomes a glass. The hypertonic conditions

that cells encounter lead to an osmotic loss of water, the

extent of which is dependent on the rate of cooling.

With many cell types, including mammalian oocytes

and embryos, the osmotic behaviour of the cell during

freezing may be predicted from numerical models. In
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particular, the probability of intracellular ice forma-

tion for different linear rates of cooling may be

estimated. The models correlate with light cryomi-

croscopy studies, which allow the visualization of

intracellular ice in oocytes and embryos at different

rates of cooling [25]. However, experimental observa-

tions of mammalian spermatozoa cryopreserved in

glycerol have not been in agreement with the res-

ults predicted from modelling [9,11,18,26,32]. The

models assume that damage to spermatozoa at rapid

rates of cooling is due to the formation of intracellular

ice. Recently [28] it has been demonstrated that rapid

cooling of cryoprotected human spermatozoa leads to

loss of viability in the absence of intracellular ice,

cellular damage observed after rapid cooling rates

was caused by an osmotic imbalance encountered

during thawing. A similar explanation for the damage

observed with rapidly cooled bacteria has been pro-

posed [16].

In this investigation we have examined whether

the response of horse spermatozoa suspended in a

glycerol cryoprotectant [24] cooled at different rates

can be explained by this alternative model of injury. The

viability following different cooling rates was com-

pared with the ultrastructure in the frozen state as

determined by freeze fracture and freeze substitution

electron microscopy. The amount of ice formed at

different rates was measured by differential scanning

calorimetry allowing the extent of any osmotic balance

on thawing to be estimated.

2. Materials and methods

2.1. Semen samples and experimental design

Semen was collected from a 4-year-old Fell Pony

stallion and processed in the conventional way to

provide a gel-free sperm pellet, centrifuged from

Kenny extender (Minitub, Abfull-und Labortechnik

GmbH & Co., Tiefenbach, Germany) at 2:1 extender:-

sperm. The recovered pellet was re-extended with

a Gent, glycerol-based freezing medium (Minitub,

Abfull-und Labortechnik GmbH & Co, Germany) to a

concentration of 1.6 � 108 sperm/ml and loaded into

straws (0.25 ml). The loaded straws were placed

horizontally at 4 8C for 3 h in a standard laboratory

refrigerator.

Following preliminary experiments to establish the

range of cooling rates of interest all the viability, freeze

substitution and freeze fracture data presented in this

paper were obtained with a single ejaculate. Any

sample-to-sample variation was thus avoided.

2.2. Semen analysis and sperm function testing

Sperm motility and viability were assessed using a

SpermVisionTM Computer Assisted Sperm Analysis

(MTG-Medical Technology Vertriebs-GmbH, Altdorf,

Germany) based on a Zeiss Axiosko 40FL fluorescence

microscope. Percentage motility was recorded as all

moving sperm in the semen sample. Percentage viability

was assessed, using the CASA system, following dual

staining with SYBR14 and propidium iodide using a

proprietary sperm viability kit (L-7011 Invitrogen Ltd.,

Paisley, UK). At least 10 straws were examined for each

freezing and thawing treatment.

2.3. Freezing

All samples underwent the same cooling process until

ice nucleation: straws were cooled from 4 to �7 8C at

a rate of 2 8C/min in an Asymptote EF600 freezer

(Asymptote Ltd., Cambridge, UK) and then maintained

at �7 8C for 10 min during which time a small

cryosurgical device (Asymptote Ltd., Cambridge, UK),

was used to nucleate individual straws in situ on the

cooling plate of the Stirling Cycle freezer [15]. Samples

were then cooled at various rates. Samples cooled at rates

of up to 30 8C/min were cooled on the sample plate of the

EF600 freezer until they reached a temperature of

�100 8C, at which point they were transferred to liquid

nitrogen for storage. For rates of cooling between 30 and

50 8C/min straws were cooled in a Planer controlled rate

freezer. Samples nucleated on the sample plate of the

EF600 were cooled at rates faster than 50 8C/min using

methods described previously [30]. Temperatures were

measured and logged in the samples using a type T 28

SWG thermocouples connected to a 1200 series Grant

data logger (Grant Instruments, Cambridge, UK) or a

Pico TC-08 data logger (Pico Technology Ltd., St Neots,

Cambs, UK).

2.4. Thawing and post-thaw semen assessment

Generally straws were thawed in a water bath at 37 8C
for 30 s, in one experiment the effect of different

warming rates on the viability of straws that had been

frozen at 10 8C/min this was achieved by transferring

straws to the sample plate of a EF600 freezer maintained

at �100 8C and warming at controlled rates.

2.5. Freeze fracture electron microscopy

Straws were frozen as above, freeze fractured and

loaded onto a CryoSEM stage (Oxford Instruments

G.J. Morris et al. / Theriogenology 68 (2007) 804–812 805
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XL30-FEG). The stage was warmed from �145 8C to

�90 8C over 6 min and the sample etched at�90 8C for

6 min before cooling to �145 8C. The sample was then

transferred to a preparation stage, coated with 10–

15 nm gold and loaded back onto the CryoSEM stage

for image recording [29]. The ice fraction of the sample

(external to the freeze concentrated material) was

calculated from the micrographs [31].

2.6. Freeze substitution

Straws were freeze substituted in a Reichert

automated freeze substitution chamber, samples were

maintained at �90 8C for 24 h, warmed to �70 8C at

3 8C/h and then maintained at�70 8C for 24 h. Samples

were then warmed to room temperature at 3 8C/h, rinsed

in methyl alcohol and embedded in Spurr’s epoxy resin

[29]. Sections 0.5 mm thick were prepared with a Reic-

hert Ultracut S microtome and stained with methylene

blue.

2.7. Differential scanning calorimetry (DSC)

DSC measurements of the ice fraction at different

rates of cooling were carried out using a power

compensation DSC (Pyris 1, Perkin-Elmer LLC, Nor-

walk, CT, USA) equipped with a liquid nitrogen-cooling

accessory [31]. Linear cooling and heating rates varying

from 1 to 300 8C/min were used throughout these DSC

studies. Temperature calibration was done using cyclo-

hexane (crystal–crystal transition at �87.1 8C) and

mercury (melting point �38.6 8C) for the heating rates

studied. Mercury was also used for energy calibration

(11.8 J/g crystallization/melting) and for verifying

during cooling the fitting of the calibration made with

heating data (less than 2 8C difference between rates of

cooling of 1 and 300 8C/min and no difference in energy).

This equipment allows measuring the program tempera-

ture and the sample temperature, thus making possible

the estimation of the range of linearity of the sample

cooling rates. For instance, when cooling at 100 8C/min

this controlled cooling rate is followed by the sample

from 25 8C down to �140 8C, while at 250 8C/min, the

range is reduced to 25 8C to �75 8C. Samples of about

5 mg were cooled to �175 8C and scanned to 25 8C.

SnowMax, a freeze dried preparation of Pseuomonas

syringae (York Snow, Victor, NY, USA) was added to

initiate ice formation during cooling [38].

In order to understand the complex transitions

observed at rapid rates of cooling some samples were

cooled in the DSC in a conventional manner, warmed to

�7 8C and then cooled at the same rate.

3. Results

3.1. Effect of cooling rate on recovery of sperm

The motility of horse spermatozoa had a broad

optimum between 4 and 50 8C/min, at both faster and

slower rates of cooling the viability deceased. In

particular, at rates of cooling faster than 150 8C/min the

viability decreased rapidly with increasing cooling rate.

The viability of the same sample as determined by

SYBR14 and propidium iodide was c.a. 50% at rates of

cooling between 4 and 50 8C/min (Fig. 1). At rates of

cooling greater than 50 8C/min the viability and motility

data were very similar. However, at rates of cooling

slower than 50 8C/min, the values for motility were

lower than viability.

3.2. Effect of warming rate on viability of sperm

The effect of rate of warming on the recovery of horse

spermatozoa that had been cooled at a rate of 10 8C/min

was examined (Fig. 2). The viability was maximum at the

fastest rates of warming examined (50%) and decreased

to below 10% as the warming rate decreased. The

motility of the same sample showed a greater sensitivity

to the rate of warming than the viability data.

3.3. Structure of the frozen sample at different

cooling rates

Cross fracture of straws frozen in glycerol cryopro-

tectant, followed by deep etching to remove crystalline

G.J. Morris et al. / Theriogenology 68 (2007) 804–812806

Fig. 1. Motility (*) and viability (*) of horse spermatozoa follow-

ing different rates of cooling. All samples thawed rapidly.
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ice, revealed the structure of the freeze concentrated

cryoprotectant. After ice nucleation at �7 8C and a

subsequent cooling rate of 10 8C/min, a cross-section

of a straw revealed extensive ice formation (Fig. 3a).

The domains of freeze concentrated material were

homogeneous in structure (Fig. 3b). Generally few

spermatozoa were apparent, although some were asso-

ciated with the interface between the freeze concen-

trated material and ice crystals. Some sperm tails were

observed to extend away from the freeze concentrated

material suggesting that these structures were asso-

ciated with or entrapped in ice (Fig. 3b). Samples that

were nucleated at �7 8C and then cooled at a rate

of 3000 8C/min had a freeze concentrated material

which occupied a much larger cross-sectional area

(Fig. 3e) and contained numerous ice crystals, evident

as etched pits and dendrites (Fig. 3f). In these samples

spermatozoa were not evident. Cross fracture of

samples frozen at 330 8C/min revealed an interme-

diate structure, with more ice within the sample than

following rapid cooling (Fig. 3c) some portions of

the freeze concentrated material contained ice whilst

adjacent sections were ice free (Fig. 3d). The ice

crystals were approximately 2 mm in diameter and

regular in appearance, although they appear contig-

uous they are not obviously dendritic. At this cooling

rate the interface between the freeze concentrated

material and ice often was smooth with a distinct

‘‘wall’’ structure.

After cooling rates of 10 8C/min, the ice fraction

(external to the freeze concentrated material) was

measured to be 67%. After rapid cooling (330 and

3000 8C/min), the ice fraction external to the freeze

concentrated material was 63 and 49% respectively. At

the rapid rates of cooling crystalline ice also formed

within the freeze concentrated material but it was not

possible to quantify this.

3.4. Electron microscopy of cells following different

cooling rates

Electron microscopy of freeze-substituted samples

frozen at a cooling rate of 10 8C/min showed some cell

dehydration and distortion, and the cytoplasm and

organelles appeared dense (Fig. 4a and b). At a cooling

rates of 330 and 3000 8C/min there was no evidence of

ice within any compartment of the cell, within the

resolution limits of the techniques (Fig. 4c–f).

3.5. Differential scanning calorimetry

At rates of cooling between 10 and 250 8C/min the

ice fraction formed during cooling was somewhat

variable but always above 0.7 (Fig. 5). At rates of

cooling greater than 250 8C/min the ice fraction formed

during freezing decreased. On warming the equilibrium

amount of ice melted in all samples, even following

rapid cooling.

When cooling at low cooling rates (5–100 8C/min)

only one large freezing event is observed. At faster rates

of cooling other transitions are observed by DSC

1. Between cooling rates of 200–260 8C/min there is the

initial exothermic event followed by two smaller

events. The first of these events occurs around

�41 8C and is clearly an exothermic event. The

second occurs at �80 8C at a cooling rate of 200 8C/

min and �55 8C at a cooling rate of 260 8C/min and

appears to be either an endothermic event or the

overlapping of an endothermic and an exothermic

one (Fig. 6). The thermal event at �41 8C
disappeared in samples that had been annealed by

warming back to �7 8C and then again cooled

rapidly.

2. Between cooling rates of 270–280 8C/min there is

only one smaller event occurring around from

�42 8C to �60 8C (the higher the cooling rate, the

lower the event temperature).

3. Between cooling rates of 280–300 8C/min there is

only one smaller exothermic event occurring around

�60 8C.

G.J. Morris et al. / Theriogenology 68 (2007) 804–812 807

Fig. 2. Motility (*) and viability (*) of horse spermatozoa follow-

ing different rates of warming. All samples initially cooled at 10 C/

min.
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4. Discussion

There have been surprisingly few publications on the

effect of cooling rate on the recovery rate of horse

spermatozoa [13,14,27,35] and the viability data

presented here (Fig. 1) is similar to that previously

published [12]. The observed differences in the viability

and motility measurements suggest that different

mechanisms of cellular injury may be occurring at

‘‘slow’’ and ‘‘rapid’’ rates of cooling. The effect of

warming rate on frozen horse spermatozoa (Fig. 2) is

similar to that reported for human sperm [19]. Recovery

of motility appears to be more sensitive to damage at

slow rates of warming than does viability. A large

variation has been reported between stallions in the

response of their spermatozoa to freezing and thawing

[8,35]. In this study we have examined the primary

cause of freezing injury at rapid rates of cooling for one

stallion, we intend to examine the behavior of other

stallions at rapid rates of cooling.

G.J. Morris et al. / Theriogenology 68 (2007) 804–812808

Fig. 3. CryoSEM of cryopreserved horse spermatozoa cooled with glycerol cryoprotectant at 10 8C/min (a and b), 330 8C/min (c and d), and

3000 8C/min (e and f).
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In this study there is no evidence that the reduction

in viability to <2% following rapid rates of cooling

(330 and 3000 8C/min) is caused by the formation of

intracellular ice. At these rapid rates of cooling there is

no evidence from either freeze fracture or freeze

substitution of intracellular ice formation. Studies on

freeze substitution and freeze fracture of cryopreserved

pig spermatozoa [7,34] human spermatozoa [28,29] and

freeze substitution of slowly frozen testicular sperma-

tozoa within the mouse epididymis [36] have been

reported. In these reports, though some intracellular ice

formation within sperm tails and midpieces of pig and

mouse spermatozoa was evident, there was no evidence

for gross ice formation within the sperm heads.

If intracellular ice is not the cause of cell damage at

rapid rates of cooling, other physical events must be

responsible. The most important factors in the reduction

of viability are changes in the physical properties of the

extracellular environment.

It has been demonstrated that freezing an aqueous

solution of glycerol causes the viscosity of the freeze

concentrated material to increase rapidly [31]. Follow-

ing ice nucleation, the growth of ice crystals in an

aqueous solution occurs by the diffusion of water

G.J. Morris et al. / Theriogenology 68 (2007) 804–812 809

Fig. 4. Freeze substitution of cryopreserved horse spermatozoa cooled 10 8C/min (a and b), 330 8C/min (c and d), and 3000 8C/min (e and f).
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molecules from the solution adjacent to the ice crystal to

the ice crystal lattice. As the viscosity of the solution

increases during freezing this diffusion process may

become limited and the amount of ice formed then

becomes dependent on the rate of cooling—so called

diffusion-limited crystallization. The relationship bet-

ween the rate of cooling and the amount of ice formed

has been quantified for some defined cryoprotectant

systems [4,5,31] and for the complex extender used in

this work (Fig. 5). The data obtained with the glycerol

based extender used in this study was similar to that

previously reported [31] for 10% glycerol in 0.15 M

NaCl.

The ultrastructure of the frozen sperm sample differed

according to the rate the sample was cooled following

nucleation and image analysis provided confirmation of

the DSC data. Samples that were cooled at 10 8C/min had

a homogeneous freeze concentrated material with an ice

fraction external of 67%. However, at faster rates of

cooling (330 and 3000 8C/min), the ice fraction was 67%

and 49% respectively. At high rates of cooling, the freeze

concentrated material becomes ‘‘supercooled’’. At some

temperature during cooling, ice nucleation occurs within

this material, trapping the water as ice within the freeze

concentrated solution [31].

It may also be noted that in samples in which

controlled ice nucleation was induced and then cooled

rapidly, it would be expected that concentration gradients

would be established within the freeze concentrated

material during cooling. The highest glycerol concentra-

tion would be at interface between the freeze concen-

trated material and the ice and it would be lowest in the

middle of the domain, leading to constitutional super-

cooling [10]. The ultrastructure of samples cooled at a

rate of 330 8C/min�1 (Fig. 3d) is consistent with

constitutional supercooling. It is therefore likely that

cells at different positions within the freeze concentrated

material will be encounter different concentration grad-

ients during freezing and thawing. It would be expected

that the viability of cells on thawing is determined by the

local environment, not by the averaged value for the

sample.

It is not apparent from this study when ice nucleation

occurs within the ‘‘supercooled’’ freeze concentrated

matrix of rapidly cooled samples. At low temperatures,

the freeze concentrated matrix of rapidly cooled

samples will be surrounded by ice and may have a

concentration at the ice:freeze concentrated matrix

interface which does not allow ‘‘seeding’’ of the freeze

concentrated matrix from the ice crystals. The freeze

concentrated matrix may then undercool significantly

and the studies on the nucleation of ice in concentrated

solutions of glycerol [20,21,39] and ethylene glycol

[3,6] become relevant.

It has been reported [39] that in a 50 wt% solution of

glycerol, ice nucleation without growth continues at

�110 8C and two forms of ice appear simultaneously

(approximately 30% of hexagonal ice and 70% cubic

ice nuclei).

DSC curves following rapid freezing (Fig. 6) indicate

complex transitions within the freeze concentrated

matrix. Similar transitions have been reported during

the freezing of concentrated solutions of ethylene glycol

[3]. However, how these transitions relate to any

nucleation events within the freeze concentrated matrix

is not clear and requires further study.

Whatever the temperature of nucleation of the ice in

the freeze concentrated material following rapid rates of

cooling the cells will reach low temperatures suspended

in a non-equilibrium concentration During warming of

rapidly cooled bulk glycerol solutions, containing

metastable solid states, a number of recrystallisation

G.J. Morris et al. / Theriogenology 68 (2007) 804–812810

Fig. 5. Amount of ice formed (g ice/g total water) in a horse sperm

extender cooled at different rates.

Fig. 6. DSC thermogram following cooling at rapid rates, for a horse

sperm extender.
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patterns have been described [1,17,23]. Following the

rapid cooling of human spermatozoa [31] CryoSEM and

DSC demonstrates that during warming of rapidly

cooled samples migratory recrystallisation of the ice

occurs.

The sequence of events described above allows a

model of injury to be described which is determined

solely by the solidification processes within the susp-

ending medium. At slow rates of cooling and with ice

nucleation at temperatures close to the melting point, the

cells are exposed at all temperatures to the concentration

of glycerol predicted from the equilibrium phase

diagram. At Tg the glycerol solution will vitrify. On

warming, the cell environment is diluted from the

maximally concentrated solution to the original con-

centration. At very slow rates of cooling the cells are

exposed to hypertonic solutions for long periods and cell

death will occur. As the rate of cooling increases the

exposure time during cooling decreases and the viability

increases. However, as the cooling rate is further incr-

eased the amount of ice formed during freezing deviates

from the equilibrium value, and at any temperature

during rapid cooling the cells are exposed to a conc-

entration of glycerol lower than the value predicted from

the equilibrium phase diagram. At some unknown

temperature (above or below Tg) ice nucleates within

the freeze concentrated material and the concentration of

the glycerol and other solutes then attains a more

concentrated value and vitrifies. On warming above Tg,

the cells, which have been suspended in a non-equil-

ibrium concentration of glycerol during cooling, are

exposed to the equilibrium concentration of glycerol.

Cells may be able to tolerate a small osmotic shock, but as

the magnitude increases such osmotic shock will become

damaging [33]. A comparison of the viability of horse

sperm on thawing (Fig. 1) compared with the amount of

ice formed during cooling (Fig. 5) clearly shows that at

rates of cooling at which the composition of the

extracellular matrix deviates from equilibrium values

correlates with loss of viability.

The response of spermatozoa of several mammalian

species cryopreserved in the presence of glycerol have

very common pattern when plotted against cooling

rate [22]. Even though sperm cells of different species

have different morphology, surface area to volume

ratios, coefficient of water permeability and activation

energy for water permeability etc the viability declines

rapidly once a critical cooling rate of approximately

100 8C/min has been exceeded [22]. However, there is a

good correlation between those rates of cooling when

viability begins to decline and the onset-cooling rate for

non equilibrium freezing. This suggests that the

common factor that determines viability on thawing

is the solidification behaviour of the glycerol solution at

different rates of cooling. The differences observed with

the different species may reflect the sensitivity of the

cells to tolerate and osmotic shock at low temperature.

The results described in this paper suggest that it is

now appropriate for new models to be developed that

exclude the formation of intracellular ice. In particular

the effects of cooling rate on the composition of the

freeze concentrated matrix at any temperature during

cooling should be included in any such models. This

more realistic modelling should predict optimum

methods of cryopreservation of spermatozoa and lead

to improved practical cryopreservation protocols.
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