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ABSTRACT

Hyperosmotic stress, which cells experience during the freezing process, and its release during the warming process are both

related to cryoinjury. To define optimal cooling or warming rates and prevent osmotic injury to human sperm, information is

required regarding the osmotic tolerance of the cells as a function of 1) time, 2) temperature, 3) type of solute, and 4) solute

concentration. Human sperm samples were divided into three aliquots. The aliquots were equilibrated at 0, 8, and 22
0

C, re-

spectively. Different hyperosmotic solutions were prepared by addition of either a permeating cryoprotective agent (glycerol)

or nonpermeating solutes (sucrose, non-ionic; or NaCI, ionic) to isotonic Mann's Ringer solution. Aliquots of the prepared so-

lutions were equilibrated at 0, 8, and 22
0
C, respectively. A small volume (2.5 LIl) of each sperm aliquot was quickly mixed with

50 pIl of each hyperosmotic solution at the corresponding temperature. After times ranging from 5 s to 5 min, 10 1l of each

hyperosmotic cell suspension was abruptly returned to an isosmotic environment by mixing with 500 tIl of Mann's Ringer

solution at the corresponding temperature. The plasma membrane integrity of cells after exposure to hyperosmotic stress and

after return to isosmotic conditions was measured by a dual staining (carboxyfluoroscein diacetate and propidium iodide) tech-

nique and flow cytometry. The morphology of the treated cells was observed by scanning electron microscopy of freeze-sub-

stituted sperm.

The results indicate that human spermatozoa exhibited a significant posthypertonic lysis/injury, i.e., loss of membrane integ-

rity, when returned to isosmotic conditions after exposure to hyperosmotic solutions of NaCI or sucrose. The higher the hy-

perosmolality, the more serious the cell injury. The majority of the cells (> 50% ) lost membrane integrity when the osmolality

was - 2000 mOsm. In contrast, if the sperm were not returned to isosmotic conditions, the majority of the sperm in the

hyperosmotic solutions appeared to maintain membrane integrity. For a given higher hyperosmolality (> 1000 mOsm), posthy-

pertonic spermolysis was reduced with a decrease of temperature. Cell survival was also affected by time of cell exposure to

hyperosmotic environments before cells were returned to the isotonic condition. The shorter the time, the higher the cell

survival. When exposed to hyperosmotic glycerol solutions that were isotonic with respect to electrolytes, few cells lost their

membrane integrity if the osmolality of glycerol was < 3000 mOsm. For a fixed high osmolality (> 3000 mOsm), the lower the

temperature, the higher the percentage spermolysis. At the highest glycerol concentration in this study, i.e., 4694 mOsm, the

percentage spermolysis was 17%, 10%, and 2% at O'C, 8°C, and 22
0
C, respectively. Spermolysis caused by the removal of glycerol

from the cells depended on the means by which the cells were returned to isotonic conditions. A one-step return to isotonic

conditions resulted in serious spermolysis, while a multi-step (nine-step) procedure significantly reduced the spermolysis. The

scanning electron micrographs showed the distinct morphology of the spermatozoa experiencing the different osmotic conditions.

The abnormality of spermatozoa that underwent posthypertonic treatment was demonstrated especially clearly.

INTRODUCTION

Cryopreservation of human spermatozoa is extensively

used in artificial insemination and in vitro fertilization pro-
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grams [1]. However, there is an apparent contradiction be-

tween the concept of preservation and experimental results

showing that more than 50% of spermatozoa are usually

injured by the cryopreservation process itself [2, 3]. The

mechanism of the sperm injury is not clearly known, but

it is generally believed that cryoinjury is related to the hy-

perosmotic stress [4-7] experienced by cells during the

cooling process and the release of this stress during the

warming process. When a cell suspension is cooled, extra-

cellular solutes-both ionic/nonionic solutes and cryopro-

tective agents (CPAs)-become progressively more con-

centrated as cooling proceeds and water precipitates as ice.

This creates a hyperosmotic environment for the cells, which
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HYPEROSMOTIC TOLERANCE OF HUMAN SPERMATOZOA

may cause 1) changes in pH as buffer salts reach their sol-
ubilities [8], 2) increasing cellular dehydration resulting in
a cross-linking of the intracellular structures [9], and 3)
weakening protein-lipid complexes in the cell membrane
and increasing phospholipid losses [4]. All of these are po-
tential mechanisms that may affect cell viability. These pos-
sible effects that may cause cell injury as a result of con-
centration of the solutes have been characterized collectively
by Mazur et al. [6] as "solution effects." Mazur et al. sug-
gested that the solution effects on cells are greatly en-
hanced in a slow cooling process, during which the time
of exposure of cells to a concentrated solution is pro-
longed. In addition to solution effects on cells during the
cooling and thawing processes, it has been noted that a
change in the cells' osmotic environment that can cause
injury is induced by addition of CPAs to cells before cool-
ing and subsequent removal of CPAs from the cells after
thawing [10, 11].

To prevent osmotic injury to cells during cryopreserva-
tion, one needs to know the osmotic tolerance of the cells
as a function of 1) time, 2) temperature, 3) type of solute,
and 4) concentration of the solute. Osmotic tolerance var-
ies among cell types and within cell type, among species
[12-14]. Therefore, to optimize cryopreservation tech-
niques for human spermatozoa, a series of experiments was
conducted to investigate the hyperosmotic tolerance of the
sperm to three different solutes: 1) glycerol, a most com-
monly used permeating CPA in cryopreservation of human
sperm [1, 3,10,15-17]; 2) NaCI, a nonpermeating and ionic
solute commonly used in physiological media; and 3) su-
crose, a nonpermeating and nonionic solute commonly used
as an "osmotic buffer" during the removal of CPAs [18].

MATERIALS AND METHODS

Preparing Suspensions of Spermatozoa

Human semen was obtained by masturbation from healthy
donors after at least 2 days of sexual abstinence. Samples
were allowed to liquefy in an incubator (5% C0 2: 95% air,
37°C, and high humidity) for approximately 1 h. Five mi-
croliters of the liquefied semen was used for a computer-
assisted semen analysis (CASA) via CellSoft (Version 3.2/C,
CRYOResources, Ltd., New York, NY) [19, 20]. A swim-up
procedure [21] was performed to separate motile from im-
motile cells. The motile cell suspensions were contrifuged
at 400 x g for 10 min and were resuspended in Mann's
Ringer solution [22] at a cell concentration of 1 x 109 cells/
ml.

Preparing Hyperosmotic Solutions

Different hyperosmotic solutions (Table 1) were pre-
pared by adding glycerol, sucrose, or NaCI into isosmotic
Mann's Ringer solution (286 mOsm). Since the molality of
NaCl, sucrose, or glycerol in the solutions was known, the

corresponding osmolality was calculated by using polyno-
mial interpolation [23] of the osmolality data published by
Scatchard et al. [24]. It was assumed that osmolalities gen-
erated by the different solutes in a solution are additive
without interaction between the solutes, i.e., that the sum-
mation of the osmolalities is equal to the total osmolality
of the solution. The error resulting from this assumption
is small. For instance, in the case of the addition of NaCl
to Mann's Ringer (286 mOsm), this leads to an overestimate
of the total solution osmolality that does not exceed 1.4%
in the case of the most concentrated solution used in the
present study. The total osmolality (< 2000 mOsm) of some
solutions was also checked through use of a freezing-point-
depression osmometer (Advanced DigiMate Osmometer,
Model 3D2; Advanced Instruments, Inc., Needham Heights,
MA).

Exposing Human Sperm to Hyperosmotic Environments

The hyperosmotic solutions were equilibrated to 0, 8, or
22°C. The sperm suspension (1 x 109 cells/ml) was di-

TABLE 1. Osmolality of NaC, sucrose, and glycerol solutions.

NaCI
solutions

1

2

3
4

5
6

7

Sucrose
solutions

Molality of
NaCI

(mol/kg)*

0

0.149
0.450
0.744
1.042
1.340
2.084

Molality of
sucrose

(mol/kg)*

Additional
osmolalityt

(mOsm)

0

276.2
830.8

1379.0
1949.0
2540.0
4078.0

Additional
osmolalityt

(mOsm)

Total
osmolality*

(mOsm)

286
562.2

1116.8
1665.0
2235.0
2826.0
4364.0

Total
osmolalityt

(mOsm)

1 0 0 286.0
2 0.300 307.0 593.0
3 0.900 970.4 1256.4
4 1.500 1707.0 1993.0
5 2.100 2515.0 2801.0

Molality of Additional Total
Glycerol glycerol osmolalityt osmolality*
solutions (mol/kg)* (mOsm) (mOsm)

1 0 0 286.0
2 0.300 301.0 587.0
3 0.600 606.0 892.0
4 1.200 1218.0 1504.0
5 1.800 1839.0 2125.0
6 2.400 2463.8 2749.8
7 3.000 3095.8 3381.8
8 4.500 4694.0 4980.0

*Molality of NaCI, sucrose, or glycerol was calculated assuming Mann's
Ringer solution = H20, i.e. the unit mol/kg means mol/(kg Mann's Ringer)

tOsmolality of NaCI, sucrose, and glycerol solutions (i.e., "Additional os-
molality") is equal to "Total osmolality" minus 286 mOsm (osmolality of
Mann's Ringer solution).

tTotal osmolality of each solution was computed by assuming that os-
molalities are additive without interaction between the solutes. The error
resulting from this assumption is small. For instance, in the case of the
addition of NaCI to Mann's Ringer (286 mOsm), this leads to an overes-
timate of the total solution osmolality that does not exceed 1.4% in the
case of the most concentrated NaCI solution (i.e., NaCI solution 7).
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FIG. 1. Scatter diagram showing the different populations of human
spermatozoa with CFDA/PI staining (CFDA or PI as labeled in the diagram

means the intensity of the CFDA or PI staining). Quadrant I: lysed sperm

population (PI-positive); Quadrant II1: sperm with dual staining (PI + CFDA);

Quadrant III: debris (no staining); Quadrant IV: intact sperm population
(CFDA-positive).
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FIG. 2. Normalized percentage (Mean SD, n = 6) of unlysed sper-

matozoa exposed to hyperosmotic solutions at 22°C. Open circles: returned

to isotonic condition after 5-min exposure to hyperosmotic NaCI solutions;

filled circles: returned to isotonic condition after 5-min exposure to hyper-

osmotic sucrose solutions; open triangles: exposure to hyperosmotic NaCI

solutions only; and filled triangles: exposure to hyperosmotic sucrose so-

lutions only.
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FIG. 3. Normalized percentage (Mean SD, n = 6) of unlysed sper-

matozoa exposed to hyperosmotic solutions at 8C. Open circles: returned

to isotonic condition after 5-min exposure to hyperosmotic NaCI solutions;

filled circles: returned to isotonic condition after 5-min exposure to hype-

rosmotic sucrose solutions; open triangles: exposure to hyperosmotic NaCI

solutions only; filled triangles: exposure to hyperosmotic sucrose solutions

only.

vided into three aliquots, and the aliquots were equili-

brated to three different temperatures (0, 8, or 220C), re-

spectively, by the following methods. 1) 22°C: This was the

initial temperature for all cell samples because the cell sus-

pension was prepared at room temperature (22°C). 2) 8°C:

A test tube containing the cell sample (0.2 ml) was first

placed in a glass beaker (100-ml capacity) with 50 ml water

at 22°C. The beaker with the cell sample was then put in

an 8C cold room. It took approximately 30 min for the

sample to reach 8°C (average cooling rate: 0.50 C/min) as

measured by a digital thermometer (Model 2176A, Omega

Engineering, Inc., Stamford, CT) with copper-constantan

thermocouples. 3) 0°C: A test tube containing the cell sam-

ple (0.2 ml) was first placed in a glass beaker (100-ml ca-

pacity) with 50 ml water at 22°C. The beaker and cell sam-

ple were then put in an 8'C cold room. After 35 min in the

8°C cold room, the beaker with the cell sample was trans-

ferred into an ice-water mixture bath. It took approximately

10 min for the cell sample to achieve 0°C (average cooling

rate: 1°C/min).

Two and one half microliters of each sperm aliquot was

added and quickly mixed with 50 L1l of each hyperosmotic

solution at the corresponding temperatures. After times

ad- "i ( 8 0C)

0 o

I I I I

( 22°C)

\~~t

· · ·

m 

114

0 - _ _ _

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/4
9
/1

/1
1
2
/2

7
6
2
1
9
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



HYPEROSMOTIC TOLERANCE OF HUMAN SPERMATOZOA
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FIG. 4. Normalized percentage (Mean + SD, n = 6) of unlysed sper-
matozoa exposed to hyperosmotic solutions at 0C. Open circles: returned
to isotonic condition after 5-min exposure to hyperosmotic NaCI solutions;
filled circles: returned to isotonic condition after 5-min exposure to hyper-
osmotic sucrose solutions; open triangles: exposure to hyperosmotic NaCI
solutions only; filled triangles: exposure to hyperosmotic sucrose solutions
only.

ranging from 5 s to 5 min, 10 1 of each hyperosmotic cell
suspension was abruptly (one-step) returned to an isotonic
environment by diluting and mixing with 0.5 ml of Mann's
Ringer solution at the corresponding temperatures. One
microliter of each sperm aliquot was used as a normal un-
treated control. The cells in 1.5 M glycerol solution at 22°C
were returned to isotonic condition by either a one-step or
a nine-step dilution procedure, i.e., adding and mixing 0.5
ml of Mann's Ringer solution in nine steps (5, 5, 10,
10, 20, 30, 70, 120, and 230 Il) into 10 I.l of cell suspension
with 1.5 M glycerol. Plasma membrane integrity of the cells
in the diluted suspensions or in the remaining hyperos-
motic suspensions as well as membrane integrity of the
normal control cells was measured by a dual staining tech-
nique and flow cytometry.

Determining Percentage of Intact Cells by Flow

Cytometry

A methodology for the assessment of sperm membrane
integrity, using dual fluorescent staining and flow cytome-
tric analysis, was developed by Garner et al. [25] and pre-
viously validated in our laboratory [26, 27]. Propidium io-
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(NaCl)

FIG. 5. Normalized percentage (Mean + SD, n = 6) of unlysed sper-
matozoa exposed to hyperosmotic NaCI solutions at O"C (open triangles),
8°C (filled circles), and 22°C (open circles), respectively, and returned to is-
otonic condition.

dide (PI) is a bright-red, nucleic acid-specific fluorophore

(PI was purchased from Sigma Chemical Co., St. Louis, MO;
cat. #P4170) that does not readily permeate an intact plasma
membrane of the sperm. Therefore, only sperm cells with

damaged membranes are stained by PI. 6-carboxyfluoros-

cein diacetate (CFDA) is a membrane-permeable com-

pound. After penetrating into the cells, it is hydrolyzed by

intracellular esterase to 6-carboxyfluoroscein (CF), which is

a bright-green, membrane-impermeable fluorophore (CFDA
was purchased from Sigma Chemical Co.; cat. #C5041). When

CFDA is added into the cell suspension, membrane-intact

spermatozoa fluoresce bright green [25]. Five microliters

CFDA (0.25 mg/ml dimethylsulfoxide) and 5 ul PI (1 mg/
ml H2 0) stock solutions were added to each 0.5 ml of the

treated sperm suspensions. A total of 1 x 105 spermatozoa

per treatment was analyzed via a FACStar Plus Flowcyto-

meter (Becton, Dickinson, CA). The cells with CFDA stain-
ing and without PI staining were considered intact cells.
The percentage of intact cells was determined for each
treatment. A scatter diagram illustrating the different pop-
ulations of sperm with CFDA/PI staining is shown in Figure
1. Details for the flow cytometer settings are as follows. 1)
Gates were set using forward and 90 ° light-scatter signals
at acquisition to exclude debris and aggregates; 2) instru-
ment alignment was performed daily with fluorescent mi-

( O°C)
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GAO ET AL.

crobead standards to standardize sensitivity and setup; 3)

photomultiplier settings were adjusted with unstained sper-

matozoa, and electronic compensation was adjusted for

spectral overlap with individually stained cells; and 4) ex-

citation was at 488 nm from a 4-Watt Argon laser operating

at 200 mW. Fluorescein emission intensity was measured

via a 530/30 bandpass filter, PI intensity via a 630/22 band-

pass filter.

Determining Intracellular Water Loss

It has been estimated [21] that under isotonic condition

(isotonic osmolality, Mi = 286 mOsm), 59% of total sperm

cell volume is water volume (Viw) and 15% of the water

volume is osmotically inactive (Va). Because human sperm

have been shown to be a good representative of an ideal

osmometer [28], when the spermatozoa are exposed to a

solution with a nonpermeating solute osmolality, M, the

corresponding water volume (Vw) at osmotic equilibrium

can be determined by solving the following equation:

M Vi - Va

Mi V - Va

or

(VV i - V ) Mi
Vw= +va

M

Dividing two sides of equality (2) by Viw yields:

Vw = [ I _ Va ]M+ Va

Vmw V w M Viw

Because Va = 15% Vw [21], one can get:

= 0.85 x - + 0.15 (3)
viw M

Therefore, the fraction (F) of cell water lost can be esti-

mated as:

v,
F = 1 - 0.85 x [1- 

Vi MI

Examination of Specimens Using Scanning Electron

Microscopy

Human sperm suspended in different osmotic solutions

were concentrated by centrifugation (400 x g). The con-

centrated cell suspensions were placed in capillary tubes

(0.5 mm in diameter), sealed (Critoseal; Monojet Scientific,

St. Louis, MO), and quench-frozen in liquid nitrogen. The

capillary tubes were fractured under liquid nitrogen, and

approximately 1-cm-long segments were rapidly trans-

ferred to vials containing absolute ethanol at -80°C. Spec-

imens were freeze-substituted in absolute ethanol at -80°C

for 7 days, warmed to room temperature, and then rinsed

with absolute ethanol [29,30]. Specimens within glass straws

100
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(2) FIG. 6. Normalized percentage (Mean SD, n = 6) of unlysed sper-
matozoa exposed to hyperosmotic sucrose solutions at O0C (open trian-
gles), 8°C (filled circles), and 22C (open circles), respectively, and returned
to isotonic condition.

were critical point-dried. Glass straws were fractured, and

both pieces of glass straws and the contents were mounted

on aluminum stubs. Samples were sputter-coated with gold-

palladium and examined through use of a JEOL JSM-840

scanning electron microscope (JEOL, Ltd., Tokyo, Japan) at

10 kV accelerating voltage [30].

Statistical Analysis

Data were analyzed using the General Linear Models

procedure of the Statistical Analysis System [31]. Compari-

sons were conducted through use of a protected LSD (least

significant difference) approach [31, 32].

RESULTS

The percentage of unlysed spermatozoa in the hyperos-

motic treatment groups was normalized to the percentage

of intact cells in corresponding isotonic control cell sus-

pensions. The osmolality of NaCl, sucrose, or glycerol in

hyperosmotic solutions was defined as the total osmolality

of the solutions minus 286 mOsm (osmolality of Mann's

Ringer solution).

(4)

n =6
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FIG. 7. Normalized percentage (Mean + SD, n = 6) of unlysed sper-
matozoa as a function of intracellular water loss. The cells were exposed
to hyperosmotic NaCI solutions at 0°C (open triangles), 8C (filled circles),
and 22°C (open circles), respectively, for 5 min and then one-step returned
to isotonic condition.

Exposing Human Sperm to Hyperosmotic Environments

It was noted that the slow cooling process alone, which

was used to cool sperm samples from 22°C to 8C or 0°C,

did not cause membrane damage of the sperm as measured

by the dual-staining technique. The data regarding effects

of NaCl and sucrose osmolalities on the survival of human

spermatozoa at 22, 8, and 0°C are shown in Figures 2, 3,

and 4, respectively. The sperm appeared to maintain their

membrane integrity in the hyperosmotic NaCl or sucrose

solutions (p < 0.001) if they were not returned to isotonic

conditions. In contrast, sperm showed a significant loss of
membrane integrity when returned to isotonic conditions

after 5-min exposure to hyperosmotic solutions of NaCl or

sucrose. Similar phenomena have been observed for other
cell types [12, 14, 33], and this kind of cell injury has been

defined as post-hypertonic injury [33].

Posthypertonic spermolysis. There was a significant ef-

fect of NaCl/sucrose hyperosmolality on post-hypertonic
spermolysis (p < 0.001). The greater the hyperosmolality,
the more serious the cell injury (Figs. 2-4). The majority

100
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Intracellular

0.7 0.8 0.9
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FIG. 8. Normalized percentage (Mean SD, n = 6) of unlysed sper-
matozoa as a function of intracellular water loss. The cells were exposed
to hyperosmotic sucrose solutions at 0°C (open triangles), 8C (filled cir-
cles), and 22°C (open circles), respectively, for 5 min and then one-step
returned to isotonic condition.

of cells (> 50%) lost their membrane integrity when the

hyperosmolality was - 2000 mOsm. In addition, post-hy-

pertonic injury varied between solutes (i.e., ionic vs. non-

ionic, Figs. 2-4) (p < 0.001); sucrose was less injurious

than NaCl. Post-hypertonic spermolysis taking place at dif-

ferent temperatures is shown in Figures 5 and 6. There was

no main effect of temperature on post-hypertonic sper-

molysis (p = 0.087). However, there were significant in-

teractions (p < 0.001) between 1) temperature and hyper-

osmolality, 2) temperature and type of solute, and 3)

temperature and dilution treatment. This indicates that

spermolysis is highly influenced by the interaction among

temperature and other factors. For a given higher hyper-

osmolality (> 1000 mOsm), post-hypertonic spermolysis was
reduced with a decrease of temperature (p < 0.001) (cf.

Figs. 5 and 6). The corresponding water loss in human sperm
in the different hyperosmotic solutions was calculated us-

ing equation 4. Figures 7 and 8 show a correlation between

post-hypertonic spermolysis and fraction of cell water loss.
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FIG. 9. Normalized percentage (Mean SD, n = 6) of unlysed sper-

matozoa as a function of the time of sperm exposure to 1000 (filled tri-

angles) and 2300 mOsm (open squares) NaCI solutions at 22°C before the

cells were returned to isotonic condition.

Post-hypertonic spermolysis was increased quickly with an

increase of intracellular water loss. The time of cell expo-

sure to hyperosmotic environments before cells were re-

turned to the isotonic condition was found to be important

for cell survival. As shown in Figure 9, when exposed to

hyperosmotic NaCI solutions, cells rapidly lost their mem-

brane integrity within 30 s from the beginning of the ex-

posure. For this time period, the shorter the exposure, the

greater the percentage of cell survival. It should be men-

tioned that in the present study, the minimum cell expo-

sure time (5 s) is longer than the calculated time required

for cell dehydration to achieve osmotic equilibrium be-

cause of the high water permeability of the sperm [26].

Spermolysis caused by glycerol. When exposed to hy-

perosmotic glycerol solutions, cells retained membrane in-

tegrity if the osmolality of glycerol was < 3000 mOsm (Fig.

10). For glycerol at an osmolality > 3000 mOsm, sper-

molysis increased with an increase of glycerol concentra-

tion (p < 0.001) and a decrease of temperature (p < 0.001).

At the highest concentration of glycerol used in this study

(i.e., 4980 mOsm), the percentage spermolysis was 17%,

10%, and 2% at 0°C, 80C, and 220C, respectively. Spermo-

lysis caused by removal of glycerol from the cells de-

pended on the means by which the cells were returned to

isotonic conditions. As shown in Figure 11, for a cell sus-

pension with 1.5 M glycerol, the one-step return (see Ma-

T I

0 1000

I I I I

2000 3000 4000 5000

OSMOLALITY (mOsm.)

(Glycerol)

FIG. 10. Normalized percentage (Mean + SD, n = 6) of unlysed sper-
matozoa after 20-min exposure to hyperosmotic glycerol solutions at 0C
(open triangles), 8C (filled circles), and 22°C (open circles), respectively.
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FIG. 11. Normalized percentage (Mean SD, n = 6) of unlysed sper-

matozoa returned or not returned to isotonic condition after 20-min ex-

posure to Mann's Ringer solution with 1.5 M glycerol. Open column: not

returned to isotonic condition; striped column: nine-step returned to iso-

tonic condition; cross-hatched column: one-step returned to isotonic con-

dition.
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HYPEROSMOTIC TOLERANCE OF HUMAN SPERMATOZOA

FIG. 12. Scanning electron micrographs showing a comparison of relative volumes and morphology of human spermatozoa in different osmotic con-
ditions. The volume and morphology of the sperm were preserved by a freeze-substitution technique [29, 30]. (A) and (B): Swollen cells in 100 mOsm
NaCI solution (white arrows point out the swelling, curling and bending of the sperm tails). (C) and (D): Shrunken cells in 2650 mOsm NaCI solution (white
arrows indicate very rough membrane surface of sperm head and tails; a black arrow indicates the folding of the sperm head). (E) and (F): Sperm showing
normal volume in isotonic Mann's Ringer solution. Scale bar = 1 m.

terials and Methods) to isotonic conditions (Mann's Ringer Morphology of the Treated Human Sperm
solution) could cause over 20% spermolysis on average, Scanning electron micrographs of human sperm treated
while the nine-step procedure significantly reduced sper- by the different methods are shown in Figures 12 and 13.
molysis (3% spermolysis on average; p < 0.001). Figure 12 shows a comparison of relative volumes and the
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GAO ET AL.

FIG. 13. Scanning electron micrograph (x2000) showing the distinct morphology (curling and bending of the
tails) of spermatozoa returned to isotonic Mann's Ringer medium after a 5-min exposure to hypertonic (2650 mOsm)
NaCI solution.

morphology of the sperm in hypotonic, hypertonic, or iso-

tonic conditions. Figures 12A and 12B show swollen human

spermatozoa with the curling and/or bending of the tails

in a hypoosmotic NaCl solution (100 mOsm). Shrunken

sperm in a hyperosmotic NaCl solution (2650 mOsm) are

shown in Figure 12, C and D. Human sperm with normal

volume in the isotonic Mann's Ringer solution are shown

in Figure 12, E and F. In contrast, the sperm that were re-

FIG. 14. Scanning electron micrograph (x10000) showing the swollen spermatozoa in 1.5 M glycerol solution,

which is isosmotic with respect to electrolytes.
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HYPEROSMOTIC TOLERANCE OF HUMAN SPERMATOZOA

turned to isotonic Mann's Ringer medium after a 5-min ex-
posure to 2650 mOsm NaCI solution exhibited an abnormal
morphology (curling or bending of the tails) as shown in
Figure 13. The sperm in 1.5 M glycerol solution, which was
isoosmotic with respect to electrolytes, were swollen as
shown in Figure 14. The volumetric expansion of sperm in
the glycerol solution resulted from a net glycerol permea-
tion into the cells to achieve osmotic equilibrium.

DISCUSSION

Human spermatozoa were damaged when they were re-
turned to isotonic conditions after they had been exposed
at 0, 8, 220C to hypertonic NaCl/sucrose solutions. Cell
damage was expressed as a loss of membrane integrity as
measured by CFDA and PI staining. For a given solute (NaCl
or sucrose), post-hypertonic spermolysis depended signif-
icantly on the hyperosmolality of the solute.

In a hyperosmotic solution with nonpermeating solutes,
if there is no damage or no irreversible change in the sperm
plasma membrane during the dehydration process, then
theoretically the cells should maintain membrane integrity
after a return to isotonic conditions. However, this hypoth-
esis was not supported by the present experimental results
(Figs. 5 and 6), indicating that the membrane may undergo
irreversible change and/or damage during the dehydration
process. As shown in Figures 7 and 8, there is a correlation
between post-hypertonic spermolysis and the degree of cell
water loss. A sharp drop in the percentage of surviving sperm
started when the cells lost approximately 65% of their in-
tracellular water; this is consistent with previous results for
the other cell types [5]. When exposed to 3000 mOsm NaCl
or sucrose (total osmolality is 3000 + 286 = 3286 mOsm),
the sperm lost nearly 80% of their cell water; and more
than 80% of the cells were lysed after being returned to an
isotonic condition. Morphologically, as shown in Figure 12,
C and D, the flattening, cupping, and wrinkling of the sperm
head and tail regions reflect the severe shrinkage of sperm
in a hyperosmotic solution. The rough surfaces of shrunken
cell membranes may result from an interaction between
the shrinkage of the cell membrane and a resistance of the
cytoskeleton or other constitutive intracellular structures.

Although several hypotheses [4-6, 34, 35] have been in-
voked to explain the cause of post-hypertonic injury, the
mechanism whereby an increase in extracellular solute
concentration damages cells is still not known clearly; but
this is of fundamental importance to theories of slow-freez-
ing injury [6, 9,36, 37] and to any attempt to distinguish be-
tween osmotic and toxic effects of high concentrations of
solutes. Finding's from the present study were the follow-
ing. 1) Osmotic damage resulting in a loss of membrane
integrity is related to the severe shrinkage of sperm in hy-
perosmotic solution. However, the cells appeared to main-
tain membrane integrity in the shrunken state. Serious cell
membrane damage can be detected only after the cells are

returned to isotonic conditions. 2) Post-hypertonic lesion

of human spermatozoa was found to be reduced with a
decrease of temperature as shown in Figures 5 and 6. The
sperm can tolerate a greater degree of dehydration at lower
temperature. 3) Post-hypertonic injury of human sperm was
shown to be a function of the time of cell exposure to a
hypertonic environment before return to isotonic condi-
tions (Fig. 9). The shorter the time, the higher the per-
centage cell survival. This indicates that cells can tolerate
severe shrinkage for a short time.

When the sperm were returned to isotonic conditions
after exposure to the hyperosmotic solution, curling and
bending of the sperm tails were observed as shown in Fig-
ure 13. It was noted that curling and bending of the sperm
tails also occurred when the sperm were simply exposed
to hypotonic solutions, as shown in Figure 12, A and B. In
both these cases, curling and bending of the sperm tails
took place when sperm in a relatively hyperosmotic solu-
tion were exposed to a relatively hypoosmotic environ-
ment. The mechanism causing the curling and bending of
the tails is still unknown.

When exposed to hyperosmotic glycerol solutions, the
sperm first shrink because of dehydration and then in-
crease in volume as the glycerol permeates and water con-
comitantly reenters the cell [38]. The injury to sperm
undergoing shrinking and reswelling processes in the glyc-
erol solutions was much less serious than the post-hyper-
tonic injury caused by NaCl or sucrose, as shown in Figures
5, 6, and 10 (Note: in these experiments, the cells all ex-
perienced the shrinking and reswelling processes). This may
be attributable to the fact that the sperm in glycerol solu-
tions experienced severe shrinkage/dehydration for only a
very short period of time because of the high glycerol per-
meability of human sperm [27]; as shown in Figure 9, sperm
can tolerate short-time severe shrinkage or dehydration. This
finding may also be due to the protective effect of glycerol
on the cell membrane [39-42]. Spermolysis in solutions with
relatively high glycerol concentration (> 2500 mOsm; Fig.

10) might result from severe shrinkage and subsequent re-
swelling of the sperm and/or the potential toxicity of glyc-
erol [10] to the cells. It was noted that spermolysis in glyc-
erol solutions was exacerbated with a decrease of
temperature (Fig. 10). One possible explanation for this re-
sult is that, for a given glycerol concentration, shrinkage of
the sperm is more serious at a lower temperature than that
at a higher temperature because the activation energy of
glycerol permeability to the human sperm membrane is five
times higher than that of water (11.76 kcal/mol vs. 2.4 kcal/
mol [26, 27]).

The temperature dependence of posthypertonic damage
has obvious cryobiological significance. During the slow
cooling process, cells may experience over 8000 mOsm hy-
perosmotic stress for a long time at low temperatures be-
cause of the precipitation of extracellular water as ice [43].
The hyperosmotic stress is released during the warming
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process. In conventional cryopreservation, human sperm

are cooled (-1 to -100°C/min) from room temperature

to -80 0C, sometimes with a seeding procedure at -5 ° C

[3, 10, 15-17], and then transferred into liquid nitrogen

(-196C). From the current study it has been found that

for human spermatozoa, post-hypertonic spermolysis de-

creases with the reduction of temperature between 22°C

and 0° C (Figs. 5 and 6). If post-hypertonic spermolysis is

further reduced or at least not increased at subzero tem-

peratures, this result may be used to explain, in part, why

a slow cooling process is successful and is currently used

for cryopreservation of sperm cells [3] (post-hypertonic

spermolysis at subzero temperatures was not investigated

in the present study). In contrast, it has been found that the

temperature dependence of post-hypertonic damage of hu-

man granulocytes is different from that of human sperma-

tozoa. With a decrease of temperature, the granulocyte's post-

hypertonic injury increases [14]. This may be relevant to the

reasons for the relative lack of success to date in cryopres-

ervation of the human granulocyte [44].

An important question that remains unanswered is

whether human sperm are damaged during shrinkage or

during subsequent rehydration. The dependence of sperm

survival at any temperature (0, 8, or 220C) on the dilution

of the medium after cell exposure to hyperosmotic NaC1

or sucrose solutions (Figs. 2-4) suggested that the damage

occurred as the shrunken cells were returned to isosmotic

conditions (i.e., during rehydration). As mentioned above,

one hypothesis is that the cell plasma membrane had been

irreversibly changed during shrinkage and that it was this

irreversible change that caused spermolysis only after the

shrunken cells were returned to isotonic condition. Several

questions remain unaddressed. First, what is the mecha-

nism of the irreversible membrane change (membrane fu-

sion, loss of membrane lipids, denaturation of protein, or

cross-linking of cytoskeleton, etc.)? Second, why does sper-

molysis under hyperosmotic condition become significant

only when the hyperosmolality exceeds 3000 mOsm? Third,

why is post-hypertonic spermolysis a function of tempera-

ture? Finally, why is ionic hyperosmotic stress more dam-

aging than nonionic hyperosmotic stress? These problems

form the basis for current ongoing and future investiga-

tions.

ACKNOWLEDGMENTS

The authors wish to thank Mr. H.D. Boldt and Ms. N.G. Higgins for their expert

technical assistance in flow cytometry.

REFERENCES

1. Sherman JK. Synopsis of the use of frozen human semen since 1964: state of the

art of human semen banking. Fertil Steril 1973; 24:397-416.

2. Richardson DW. Factors influencing the fertility of frozen semen. In: Richardson

DW, Joyce D, Symonds EM (eds.), Frozen Human Semen. Boston, MA: Martinus

Nijhoff Publishers; 1980: 33-54.

3. Watson PF. The preservation of semen in mammals. In: Finn CA (ed.), Oxford

Reviews of Reproductive Biology, vol 1. Oxford: Oxford University Press; 1979;

283-350.

4. Lovelock JE. The denaturation of lipid protein complex as a cause of damage by

freezing. Proc R Soc Lond Ser B Biol Sci 1957; 147:427-434.

5. Meryman HT. The exceeding of a minimum tolerable cell volume in hypertonic

suspension as a cause of freezing injury. In: Wolstenholme GEW, O'Connor M

(eds.), The Frozen Cell. London: J&A Churchill; 1970: 51-64.

6. Mazur P, Leibo SP, Chu EHY. A two-factor hypothesis of freezing injury. Exp Cell

Res 1972; 71:345-355.

7. Gao DY, Lin S, Kornblatt JA, Guttman FM. A study of the separate effects of in-

fluence factors and their coupled interactions on cryoinjury of human erythro-

cytes. Cryobiology 1989; 26:355-368.

8. Fishbein WM, Winkert JW. Parameters of biological freezing damage in simple

solutions: catalase II demonstration of an optimum recovery cooling rate curve

in a membraneless system. Cryobiology 1978; 15:168-179.

9. Levitt J. A sulfhydryl disulphide hypothesis of frost injury and resistance in plants.

J Theor Biol 1962; 3:355-368.

10. CritserJK, Huse-Benda AR, Aaker DV, Arneson BW, Ball GD. Cryopreservation of

human spermatozoa. III. The effect of cryoprotectants on motility. Fertil Steril

1988; 50:314-320.

11. Penninckx F, Poelmans S, Kerremans R, De Loecker W. Erythrocyte swelling after

rapid dilution of cryoprotectants and its prevention. Cryobiology 1984; 21:25-

32.

12. Farrant J, Woolgar AE. Human red cells under hypertonic conditions; a model

system for investigating freezing damage, 1. sodium chloride. Cryobiology 1972;

9:9-15.

13. Colas G. Effect of initial freezing temperature, addition of glycerol, and dilution

on the survival and fertilizing ability of deep-frozen ram semen. J Reprod Fertil

1975; 42:277-285.

14. Armitage WJ, Mazur P. Osmotic tolerance of human granulocytes. Am J Physiol

1984; 274:C373-C381.

15. Critser JK, Huse-Benda AR, Aaker DV, Arneson BW, Ball GD. Cryopreservation of

human spermatozoa I: effects of holding procedure and seeding on motility,

fertilizability and acrosome reaction. Fertil Steril 1987; 47:656-663.

16. Critser JK, Arneson BW, Aaker DV, Huse-Benda AR, Ball GD. Cryopreservation of

human spermatozoa. II: post-thaw chronology of motility and of zona-free ham-

ster ova penetration. Fertil Steril 1987; 47:980-984.

17. Henry M, Noiles EE, Gao DY, Critser JK. Cryopreservation of human spermato-

zoa: the effects of cooling rate and warming rate on the maintenance of motility,

plasma membrane integrity, and mitochondrial integrity. J Androl 1993;

14(suppl):65.

18. Schneider U, Mazur P. Osmotic consequences of cryoprotectant permeability and

its relation to the survival of frozen-thawed embryos. Theriogenology 1984; 21:68-

79.

19. Jequier A, Crich J. Computer assisted semen analysis (CASA). In: Semen Analysis:

A Practical Guide. Boston, MA: Blackwell Scientific Publications; 1986: 143-149.

20. Critser JK, Colvin KE, Critser ES. Effects of sperm concentration on computer

assisted semen analysis results. J Androl 1988; 9(suppl):45 (abstract).

21. Kleinhans FW, Travis VJ, Du J, Villines PM, Colvin KE, Critser JK. Measurement

of human sperm intracellular water volume by ESR J Androl 1992; 13:498-506.

22. Mann T. The Biochemistry of Semen and of the Male Reproductive Tract. London:

Methuen and Co.; 1964.

23. Mazur P, Leibo SP, Miller RH. Permeability of the bovine red cell to glycerol in

hyperosmotic solutions at various temperatures. J Membr Biol 1974; 15:107-136.

24. Scatchard G, Hamer WJ, Wood SE. Isotonic solution: I. The chemical potential

of water at aqueous solutions of sodium chloride, potassium chloride, sulfuric

acid, sucrose, urea and glycerol at 25°C. J Am Chem Soc 1938; 60:3061-3070.

25. Garner DL, Pinkel D, Johnson LA, Pace MM. Assessment of spermatozoal function

using dual fluorescent staining and flow cytometric analysis. Biol Reprod 1986;

34:127-138.

26. Noiles EE, Mazur P, Watson PF, Kleinhans FW, Critser JK. Determination of water

permeability coefficient for human spermatozoa and its activation energy. Biol

Reprod 1993; 48:99-109.

27. Gao DY, Mazur P, Kleinhans FW, Watson PF, Noiles EE, Critser JK Glycerol per-

meability of human spermatozoa and its activation energy. Cryobiology 1992;

29:657-667.

28. Du J, Kleinhans FW, Mazur P, Critser JK. Osmotic behavior of human sperma-

tozoa studied by EPR. Cryobiology 1992; 29:736.

29. Ashworth EN, Rowse DJ, Billmyer LA The freezing of water in woody tissues of

apricot and peach and the relationship to freezing injury. J Am Soc Hortic Sci

1983; 108:299-303.

122

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/4
9
/1

/1
1
2
/2

7
6
2
1
9
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



HYPEROSMOTIC TOLERANCE OF HUMAN SPERMATOZOA

30. Ashworth EN, Echlin P, Pearce RS, Hayes TI. Ice formation and tissue response

in apple twigs. Plant Cell Environ 1988; 11:703-710.
31. SAS User's Guide: Statistics. Cary, NC: SAS Institute, Inc.; 1985: 433-506.

32. Zar JH. Biostatistical Analysis, 2nd ed. Englewood Cliffs: Prentice-Hall, Inc; 1984.

33. Zade-Oppen AMM. Posthypertonic hemolysis in sodium chloride systems. Acta

Physiol Scand 1968; 73:341-364.

34. Steponkus PL, Wiest SC. Freeze-thaw induced lesions in the plasma membrane.

In: Lyons JM, Graham DG, Raison JK (eds.), Low Temperature Stress in Crop

Plants: the Role of the Membrane. New York: Academic Press; 1979: 231-254.

35. Muldrew K, McGann LE. Mechanism of intracellular ice formation. Biophysical J

1990; 57:525-532.

36. Lovelock JE. The hemolysis of human red blood cells by freezing and thawing.

Biochim Biophys Acta 1853; 10:414-426.

37. Meryman HT. Osmotic stress as a mechanism of freezing injury. Cryobiology

1971; 8:489-500.

38. DuJ, Kleinhans FW, Mazur P, CritserJK. Permeability of the human spermatozoa

to glycerol determined by EPR. Bull Am Phys Soc 1992; 37:625.

39. Karow AM, Webb WR. Tissue freezing: a theory for injury and survival. Cryobiol-

ogy 1965; 2:99-108.

40. Doebbler GF, Rinfret AP. Rapid freezing of human blood: physical and chemical

consideration of injury and protection. Cryobiology 1965; 2:205-210.

41. Miller JS, Cornwell DG. The role of cryoprotective agents as hydroxy radical

scavengers. Cryobiology 1978; 15:585-595.

42. Williams RJ, Harris D. The distribution of cryoprotive agents into lipid interfaces.

Cryobiology 1977; 14:670-676.

43. Mazur P, Rall WF, Rigopoulos N. Relative contribution of the fraction of unfrozen

water and of salt concentration to the survival of slowly frozen human eryth-

rocytes. Biophys J 1981; 36:653-675.

44. Bank H. Granulocyte preservation circa 1980. Cryobiology 1980; 17:187-197.

123

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/4
9
/1

/1
1
2
/2

7
6
2
1
9
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


