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ABSTRACT

Osmotic permeability characteristics and the effects of cryoprotectants are important determinants of recovery and function of sper-
matozoa after cryopreservation. The primary purpose of this study was to determine the osmotic permeability parameters of human
spermatozoa in the presence of cryoprotectants. A series of experiments was done to: 1) validate the use of an electronic particle counter
for determining both static and kinetic changes in sperm cell volume; 2) determine the permeability of the celis to various cryoprotectants;
and 3) test the hypothesis that human sperm water permeability is affected by the presence of cryoprotectant solutes. The isosmotic
volume of human sperm was 28.2 + 0.2 um® (mean = SEM), 29.0 = 0.3um® and 28.2 + 0.4 um? at 22, 11, and 0°C, respectively, measured
at 285 mOsm/kg via an electronic particle counter. The osmotically inactive fraction of human sperm was determined from Boyle van't
Hoff (BVH) plots of samples exposed to four different osmolalities (300, 600, 285, and 145 mOsmy/kg). Over this range, cells behaved as
linear osmometers with osmotically inactive cell percentages at 22, 11, and 0°C of 50 + 1%, 41 + 2%, and 52 = 3%, respectively. Per-
meability of human sperm to water was determined from the kinetics of volume change in a hyposmotic solution (145 mOsm/kg) at the
three experimental temperatures. The hydraulic conductivity {L,) was 1.84 + 0.06 pm - min™ - atm™, 1.45 + 0.04 pm - min™" - atm™, and
1.14 £ 0.07 ym - min™" - atm™ at 22, 11, and 0°C, respectively, yielding an Arrhenius activation energy (E,) of 3.48 kcal/mol. These bio-
physical characteristics of human spermatozoa are consistent with findings in previous reports, validating the use of an electronic particle
counter for determining osmotic permeability parameters of human sperm. This validated system was then used to investigate the per-
meability of human sperm to four different cryoprotectant solutes, i.e., glycerol (Gly), dimethylsulfoxide (DMSO), propylene glycol (PG),
and ethylene glycol (EG), and their effects on water permeability. A preloaded, osmotically equilibrated cell suspension was returned to
an isosmotic medium while cell volume was measured over time. A Kedem-Katchalsky model was used to determine the permeability of
the cells to each solute and the resulting water permeability. The permeabilities of human sperm at 22°C to Gly, DMSO, PG, and EG were
2.07 + 0.13 X 107 cm/min, 0.80 + 0.02 X 107 cm/min, 2.3 = 0.1 X 10~ cm/min, and 7.94 + 0.67 x 107 cm/min, respectively. The
resulting L, values at 22°C were reduced to 0.77 + 0.08 um - min™ - atm™, 0.84 + 0.07 ym - min™" - atm™", 1.23 * 0.09 pm - min™" - atm™,
and 0.74 + 0.06 um - min™' - atm™, respectively. These data support the hypothesis that low-molecular-weight, nonionic cryoprotectant

solutes affect (decrease) human sperm water permeability.

INTRODUCTION

The cryopreservation of human spermatozoa has be-
come a requirement in artificial insemination programs. The
primary reason is that cryopreservation allows time be-
tween the collection of the sample and insemination to
screen for sexually transmitted diseases in the donors, in-
cluding the human immunosuppressive virus (HIV) that re-
sults in the life-threatening illness Acquired Immune Defi-
ciency Syndrome (AIDS) [1]. In addition, cryopreservation
of semen serves as a means of preserving reproductive po-
tential for males who undergo various types of chemother-

Accepted June 5, 1995.

Received March 13, 1995.

"This work was supported by Methodist Hospital of Indiana, Inc., a Career Development
Award from the NIH (KO4-HD00980 to ].K.C.), a grant from the USDA/NRICGP (93-37203—
9272 to J K.C. and A.T.P.) and a NATO Collaborative Research Grant (CRG 920170 to J K.C.).

*Correspondence: John K. Critser, Ph.D., Cryobiology Research Institute, Methodist Hos-
pital of Indiana, 1701 N. Senate Blvd.—Wile Hall Room 611, Indianapolis, IN 46206-1367.
FAX: (317) 929-5347.

apy, radiation, or surgical techniques that may ultimately
result in iatrogenic sterility.

In order to optimally cryopreserve spermatozoa, it is cru-
cial to understand certain physical and biophysical charac-
teristics of these cells. There are five primary properties with
particular significance to cryopreservation: 1) the hydraulic
conductivity (L), which reflects the membrane’s permea-
bility to water; 2) the osmotically inactive fraction of cell
volume (Vy,); 3) the isosmotic cell volume (V, ), which is
the volume of the cell existing in osmotic equilibrium with
an isosmotic solution; 4) the activation energy for L, (E,),
which is the temperature dependence of L; and 5) the per-
meability coefficient for the cryoprotectant solute (Pgp, ).

During cryopreservation, if the cooling rate is relatively
too rapid, intracellular water will not be removed quickly
enough, resulting in intracellular ice formation that is gen-
erally lethal. If the rate is relatively too slow, the cells are
exposed to the high solute concentration outside the cell
for an excessive time interval and are damaged by solute
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effects [2]. The E, for L, in conjunction with the water per-
meability coefficient, allows calculation of the maximum
rate at which human spermatozoa can be cooled while in-
tracellular freezing is avoided [2]. This information is crucial
for optimizing cryopreservation protocols and minimizing
cellular damage. The hydraulic conductivity for human
spermatozoa has been previously measured through use of
a “time-to-lysis” technique [3], an approach utilizing the crit-
ical osmolality of human sperm at which 50% of the cells
swell and lyse, which is achieved after a cell has swelled to
its maximum tolerated volume.

Cryoprotectant agents (CPAs) are required for the cry-
opreservation of most cell types, such as red blood cells
(RBO), lymphocytes, hematopoietic stem cells, spermato-
zoa, and embryos. While glycerol (Gly) is the most com-
monly used CPA for cryopreservation of human spermato-
zoa, dimethylsulfoxide (DMSO), ethylene glycol (EG;
1,2-ethanediol), and propylene glycol (PG; 1,2-propane-
diol) are cryoprotectants used commonly with other cells
and tissues. In general, because CPAs are maximally effec-
tive after equilibration across the plasma membrane, it is
important to determine the permeability coefficients of the
cells to cryoprotectants (Pp, ) and their associated effect on
osmotically driven cell volume excursions [4]. Tt is equally
important to determine the effect of the CPAs on cell prop-
erties such as hydraulic conductivity.

Previous studies have determined the permeability of hu-
man sperm to glycerol (Py,) using a “time-to-lysis” tech-
nique (5] and an electron paramagnetic resonance tech-
nique [6]. Some effects of DMSO have also been studied for
human sperm [7]. However, little is known about the per-
meability of spermatozoa to CPAs other than Gly. High re-
ported values for L, [3] imply that human sperm theoreti-
cally should be able to survive extremely rapid cooling rates
[3], a prediction that was not supported by experimental
observation when cells were cooled at 800°C/min [8]. One
possible explanation for this discrepancy between theory
and observation is that the presence of a CPA changes the
sperm plasma membrane’s water permeability, a hypothesis
tested in this study.

Electronic particle counters have previously been used
to determine cell membrane permeability characteristics.
Granulocytes (leukocytic blood cells) and cytoplasts (mem-
brane-bound units of cytoplasm) are two representative
cases for which an electronic particle counter was used to
measure the change in cell volume as a function of time [9].
A number of plant cells have also been studied to determine
change in size via an electronic particle counter [10].

The objectives of this study were to 1) validate the use
of an electronic particle counter for determining both static
and kinetic changes in sperm cell volume; 2) determine the
permeability of the cells to various cryoprotectants; and 3)
test the hypothesis that human sperm water permeability is
affected by the presence of cryoprotectant solutes.

MATERIALS AND METHODS

Samples

Semen samples were obtained, with informed consent,
from healthy donors by masturbation. The samples were
obtained after at least 48 hours of sexual abstinence. A min-
imum concentration of 2 X 10’ spermatozoa per milliliter,
with at least 40% motility, was required for the samples to
be included in the study. The ejaculates were allowed to
liquefy in an incubator (5% CO,:953% air, 37°C, and high
humidity) for 30 min. Samples were layered on a discontin-
uous (90% and 47%) Percoll gradient to select for motile
cells and then washed with a Tyrode’s lactate Hepes (TL
Hepes)-buffered solution (285 mOsm/kg) [11] supple-
mented with pyruvate (0.01 mg/ml) and resuspended to ap-
proximately 2.5 ml final sample volume. A fraction of the
sample (5 ul) was analyzed using computer-assisted semen
analysis (CASA) (Cell Soft, Version 3.2/C; CRYOResources,
LTD., Montgomery, NY). Subsequent CASA analysis was
done at the completion of each experiment.

Media

The media used were derivatives of an isosmotic TL He-
pes solution (285 mOsm/kg). The media were diluted with
distilled water to make a hyposmotic solution: 0.5 X TL
Hepes (145 mOsm/kg). Two hyperosmotic solutions were
made by diluting 1 M sucrose with isosmotic TL Hepes me-
dium: 1) 0.3 M sucrose (600 mOsm/kg net) and 2) 0.5 M
sucrose (900 mOsm/kg net). Osmolality was determined via
a freezing-point depression osmometer (Model 3D2; Ad-
vanced Instruments, Needham Heights, MA), and osmolal-
ities are accurate to = 5 mOsm/kg. The cryoprotectant
treatment solutions were prepared by mixing Gly, DMSO,
PG, or EG with TL Hepes to yield CPA concentrations of 2
M (Gly, DMSO, and PG) and 4 M (EG). All media used in
the experiments were obtained from Sigma Chemical Com-
pany (St. Louis, MO).

Flow Cytometry

Sperm viability was measured using a dual fluorescent
staining technique [3, 5, 12] in conjunction with the FACStar
Plus Analyzer (Becton Dickinson, Rutherford, NJ). Stock so-
lutions of carboxyfluorescein diacetate (CFDA) and propi-
dium iodide (PD) were prepared by mixing 2.5 mg CFDA/
ml with DMSO and 0.5 mg PI/ml with water. Cells were
exposed to 10 ul/ml of CFDA and 10 pl/ml of PI at a mini-
mum cell concentration of 2 X 10 cells/ml. CEDA perme-
ates membrane-intact cells and fluoresces green, whereas
PI enters membrane-damaged cells and fluoresces red.
Samples containing the cells and the two fluorescent stains
were mixed thoroughly at room temperature and analyzed
in the flow cytometer within 10—-30 min of exposure to the
stains. The cells that stained CFDA-positive and Pl-negative
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TABLE 1. Definitions of major symbols used in equations.

Symbol Description Units Value
L, water permeability um-min~"-atm™ parameter
Pcra CPA permeability cm/min parameter
A surface area of human spermatozoa pm? 120

V, osmatically inactive cell volume pm® 50%

V, volume of osmotically inactive water um? 9%

A total cell solids pm® 41%
v, total cell water pm® 59%

Vv total cell volume pm® 28.2

M osmolality osm/kg H,0 —

c reflection coefficient — parameter
N moles of solute inside cell moles variable
C concentrations molal variable
50 subcripts (iso = isosmolality, — —

salt salt = impermeable salts,

CcPA CPA = cryoprotectant)

e, superscripts {e = external, i = internal} — —

v partial molar volume L/mol variable

were considered membrane intact. Those cells that were
dual stained (< 10%) were excluded from the experiment
due to questionable membrane integrity.

Electronic Particle Counter

A Coulter counter (ZM model; Coulter Electronics, Inc.,
Hialeah, FL) with a standard 50-pum aperture tube was used
for all measurements. Volumes (V) were calibrated in each
experimental solution via spherical styrene beads (Duke
Scientific Corporation, Palo Alto, CA) with a diameter of
3.98 + 0.03 um (V = 33.1 pm®). The relationship between
conductivity and styrene bead volume was assumed to be
the same as the relationship between conductivity and
sperm volume.

Data Acquisition

The Coulter counter was interfaced to a microcomputer
using a CSA-1S interface (The Great Canadian Computer
Company, Alberta, CA). Two data acquisition modes are
supported. The first produces a histogram (volume distri-
bution) of particle count vs. volume, V(n). In the second
mode, the average cell volume vs. time, V(b), is generated
by computing the average cell volume over short (220
msec) time intervals, typically using 500 cells per determi-
nation.

Data Analysis

The mean, standard error, and coefficient of variation
were computed within and among donors, and data were
examined by standard analysis of variance approaches with
the Statistical Analysis Software (SAS) program, a software
system for data analysis (SAS Institute Inc., Cary, NOC).

Cell osmotic response. It was hypothesized that human
sperm behave as linear osmometers. This means that the
cell equilibrium volume is a linear function of the reciprocal
of the extracellular osmolality of solutes (assuming the cell

membrane is impermeable to all solutes), which is de-
scribed by the following equation (Boyle van’t Hoff {BVH]
relationship):

VM V \
Loty D), i
V, M V, v

iso iso iso

where V is the cell volume at the osmolality M, V,, is the
cell volume at isosmolality (M,,), and V,, is the osmotically
inactive cell volume (including both cell solids and osmot-
ically inactive water). The linear osmometer hypothesis was
examined in the present study by plotting experimentally
measured, normalized cell equilibrium volume (V/V,,) vs.
the reciprocal of normalized osmolality (M,,./M). Numerical
values of all constants and appropriate units are shown in
Table 1.

Membrane transport parameters. The Kedem-Katchal-
sky membrane transport model [13]) was used to theoreti-
cally characterize the cell volume change in response to
anisosmotic conditions. The mathematical formulation in-
cludes two coupled first-order nonlinear ordinary differen-
tial equations that describe the total transmembrane volume
flux and the transmembrane permeable solute flux, respec-
tively. For the case of a solution consisting of a single per-
meable solute (e.g., Gly) and other impermeable solutes
(salts), the equations are:

1 dv(® e i
YA dt —Lp {(Car — Caar)
+ 6 (Cépp — CiCPA)} RT [2]
1 dN, —=
Jon = g0 = Cen @ = OL,

+ Pepa (CEPA - CéPA) (3

where J, = total volume flux, V = sperm volume, t = time,
Nepa = moles of permeable solute inside the cell, A, =
sperm surface area (120 pm*) [6), L, = water permeability
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coefficient of the human sperm membrane, C = molal con-
centration of solute, Jop, = CPA flux across the cell mem-
brane, superscript e = extracellular, superscript i = intra-
cellular, o = reflection coefficient of cell membrane to the
CPA, Ppa = CPA permeability coefficient of cell membrane,
Cepa = average of extracellular and intracellular CPA con-
centrations, Cepy = (Cocpp — Clopa VUN(Cepn/Cipa)], R =
universal gas constant, and T = absolute temperature.

Intracellular concentrations of impermeable solute and
permeable solute (CPA) can be calculated as:

V) — Vb — VCPANiCPA (0)> 4]

Cc = G Veral
. ‘h VO - Vi — VCPANCPA ©

Nepa (O ) 5

Ceps (O = ( =
cpa Vi -V, — VepaNepa (0

where V,, = osmotically inactive cell volume, Vp, = partial
molar volume of CPA, N = moles of CPA inside the cell,
and 0 = initial condition (t = 0). Initial conditions for V(0),
Clun(0), Cepa0), N'pa(0) were known on the basis of each
experimental protocol. In computer simulations, it was as-
sumed a) that extracellular concentrations of permeating
(C°epa) and nonpermeating solutes (C°,;,) were constant,
and b) that the mixing of solutions during the CPA addition
and removal was instantaneous.

Equations [4] and [5] require the partial molar volumes of
the cryoprotectants, VP ;,. These were computed from so-
lution tables in the Handbook of Chemistry and Physics[14]
for Gly, EG, and PG, yielding values of % aly = 71 ml/mol,
Vig = 54 ml/mol, and V., = 70 ml/mol. For DMSO, Vpuso
= 69 ml/mol [15].

In the absence of cryoprotectant, these transport equa-
tions reduce to a single equation describing the water flux
across the cell membrane [16):

dv .
dt = ——LpAc (Csalt -

Cl. ) RT. (6]

Membrane transport parameter fits to the kinetic volume
data were performed using the software package SLAB (Civ-
ilized Software 1993, Bethesda, MD), which solves differ-
ential equations using the Gear method [17] and iterates the
solution to find the best fit parameters using the Marquardt-
Levenberg method [17].

The water and solute permeabilities are readily fit with
this methodology. However, the signal-to-noise ratio of the
data was not high enough to allow a determination of ©.
For the reasons outlined in Discussion, the decision was
made to assume that there is no interaction between the
water and solute flux in this system. This reduces the system
to a two-parameter (L, and P, ) transport model where o
is no longer an independent parameter but is given by 6 =
1 = (Pepa V cpa /(RTL) [13].

Activation energy. The activation energy (E,) of the hy-

draulic conductivity (L,,) was calculated from the following
Arrhenius relationship, which is assumed to describe the
temperature dependence of cell membrane permeabilities
[18]:

E, (1 1
L, (D =1, (T,) exp[ - = (¥ - T—)] 17

o

where L, is the hydraulic conductivity of the cell membrane
at temperature T(K), and L,(T,) is the hydraulic conductiv-
ity at a reference temperature T,

Experimental Design

Experiment 1. Determination of buman sperm cell isos-
motic volume. This experiment was designed to determine
isosmotic human sperm cell volume at three experimental
temperatures. After the cell sample was processed, 100 ul
of cell suspension was diluted into 10 ml of isosmotic (285
mOsm/kg) TL Hepes solution. Mean cell volumes were
measured 3 min after exposure of the cell suspension to
experimental solutions of 145 to 900 mOsm/kg in triplicate
experimental runs at each of the experimental temperatures
(22, 11, and 0°C). Experimental temperatures were meas-
ured through use of a thermocouple directly before and
after each 30-sec experimental run and kept within + 2°C
(room temperature at 22°C, a cooling bath at 11°C, and an
ice-water bath at 0°C). At each temperature, the experimen-
tal solutions, the cell sample, the aperture tube, the calibra-
tion beads, and the pipette tips were preequilibrated to the
experimental temperature. Samples from a total of five do-
nors (n = 5) were used at each experimental temperature.

Experiment 2: Cell osmotic response and inactive volume
(V). This experiment was designed to verify that human
sperm cells respond as linear osmometers and to determine
the osmotically inactive fraction of cell volume. Kinetic vol-
ume analysis was used to confirm that the cells were in
osmotic equilibrium in the anisosmotic solutions before
equilibrium volumes were determined from histograms of
volume distribution. A total of five donors (n = 5) was used.

Experiment 3: Determination of L, and E, in the absence
of CPA. This experiment was designed to determine the
hydraulic conductivity of sperm cells at 22, 11, and 0°C and
the activation energy (E,). Experimental temperatures were
maintained within = 2°C during each run (room tempera-
ture at 22°C, a cooling bath at 11°C, and an ice-water bath
at 0°C). The cells suspension and all necessary equipment
(media, aperture, pipette tips, and Coulter vials) were pree-
quilibrated to the desired experimental temperature; then
100 pl of the sample was abruptly diluted into 10 ml of the
hyposmotic solution (145 mOsm/kg), and the resulting ki-
netic data were recorded. Isosmotic cell volumes were
measured prior to each experiment. A total of five donors
(n = 5) were used at each experimental temperature.
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TABLE 2. The isosmotic cell volume of human sperm at different temperatures.

Temperature® Volume Sample CVPwithin  CV among
{°C) {(um®) size (n)  donors (%)  donors (%)
22 28.2 +0.2° 5 29 18
11 29.0+0.3 5 9.2 2.4

0 28.2+05 5 75 35
Mean + SEM 285+0.3

across temperatures

2There was no significant difference across temperatures {p = 0.11).
bCoefficient of variation.
°Mean + SEM.

Experiment 4: Determination of L,"™ and Pp, for Gly,
DMSO, PG, and EG. This experiment was designed to de-
termine the permeability of the cells to Gly, DMSO, PG, and
EG at 22°C and the corresponding hydraulic conductivity in
the presence of CPA (L,°™). The experimental conditions
were chosen to maximize the magnitude and duration of
the cell volume excursion without damaging the cells [19].
One hundred microliters of 2 M Gly, DMSO, or PG was
added drop by drop over 60 sec to 100 ul of cell suspension
at 22°C, giving a final concentration of 1 M CPA. Because of
the high Py found, it was necessary to double the EG con-
centration in order to obtain a measurable cell response.

Cells were allowed to equilibrate in the CPA solution for
approximately 3 min; then 200 ul of cell suspension was
abruptly diluted into isosmotic media (285 mOsm/kg) and
the kinetic data recorded. A total of five donors (n = 5) was
used with each CPA.

RESULTS

Experiment 1. Determination of Human Sperm Isosmotic
Volume

Human sperm isosmotic volumes were determined at 22,
11, and 0°C (Table 2). The cell volume was independent of
temperature (p = 0.11), yielding an average cell volume of
28.5 um?; however, there was a significant main effect of
donor on volume at 22 and 11°C (p = 0.01). The variability
among donors was relatively small, with a coefficient of
variation (CV) = 3.5%.

Experiment 2: Cell Osmotic Response and Inactive Volume

(Vy)

Figure 1 illustrates typical volume histograms of cells ex-
posed to isosmotic and hyposmotic solutions, showing that
the population is osmotically active.

The osmotic volume response of the cells over the range
145-900 mOsm/kg is presented as BVH plots (Fig. 2); a
linear osmotic response is shown at the three experimental
temperatures. The osmotically inactive cell volume (V)

2 e I B e S —
145mOsm/kg
285mOsm/kg i

z
5 900
@]
0]
-
3
& 600
>
= 300
(24

0

CELL VOLUME (pm°)

FIG. 1. Volume distributions of human sperm. The sperm sample was exposed to
1) isosmotic TL Hepes (285 mOsmy/kg) and 2} hyposmotic TL Hepes (145 mOsm/kg)
for 3 min before analysis.

12| _

08 F s
T=22°C

E i Vb = 50%

- 04 —1 L .

5 1.6 =

> i

3

B ol2r -

U |- -

a 0.8 | -

N : o

= T=11°C

g Vb =41%

(24

O

Z

0.4 ! i 1 I
0.0 0.5 1.0 1.5 2.0

285/ mOsm

FIG. 2. BVH plots of human sperm at 22, 11, and 0°C. The sperm samples were
exposed to four different osmolalities: 1) 900 mOsm/kg, 2) 600 mOsm/kg, 3) 285
mOsmykg, and 4} 145 mOsm/kg. The samples were allowed to equilibrate for 3 min
before analysis {mean + SEM) (n = 5 at each temperature).
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TABLE 3. The osmotically inactive cell fraction, V,, of human sperm obtained us-
ing an electronic particle counter and the BVH relationship.

Sample
Temperature size CV*® among
°C) Vy, (%} n) donors (%)
22 50.0 = 1.0° 5 5.4
1 41.0+£20 5 13.1
0 520+ 3.0 5 12.7

Mean + SEM
across temperature

47.7+3.4

2Coefficient of variation.
PMean + SEM.

was independent of donor (p = 0.74), but dependent upon
temperature (p = 0.03). The CV among donors was less
than 13.1% across each experimental temperature. The av-
erage volume (V%) across temperature was 48% (Table 3).

I Lp=1.84um minLatml 7
i

16

14 -

12

" C Lp = 1.45 pmemin”Latm™l |
° | o K pllm~mm -atm
|

1.0 ]

NORMALIZED CELL VOLUME

16| -

14 -

| /o Lp=114 um-min'1 ]
¢ !

1.0 '

atm™!
| i}

0 5 10 15 20

TIME (seconds)

FIG. 3. Representative kinetic volume changes during hyposmotic swelling of hu-
man sperm at 22, 11, and 0°C. The isosmotic sperm sample was abruptly diluted
into 145 mOsm/kg medium, and the average cell volume was measured over time.
A theoretical curve was fit to the experimental data to determine the L, values (n
= § at each temperature). Hydraulic conductivities are mean values across donors.

TABLE 4. Hydraulic conductivity of human sperm at different temperatures.

Temperature® L, Sample CVP within  CV among
{°C) (um-min~' - atm™) size () donors (%)  donors (%)
22 1.84 +0.06° 5 203 16.9
" 1.45 + 0.04 5 9.4 12.6

0 1.14 +0.07 5 20.3 31.2

There was a significant effect of temperature on L, (p = 0.0001).
b Coefficient of variation.
“Mean + SEM.

Experiment 3: Determination of L, and its E, in the
Absence of CPA

Data from the kinetic volume changes in hyposmotic so-
lutions (Fig. 3) were fitted to equation [6] to compute L, at
22,11, and 0°C. The hydraulic conductivity decreased from
1.84 to 1.14 pm - min ™' - atm ' over the temperature range
of 22—0°C (Table 4), yielding an Arrhenius activation energy
of 3.48 kcal/mol (Fig. 4). There was no significant main
effect of donor on L, (p > 0.10), and the CV among donors
was less than 31.2% across each experimental temperature.,

CFDA staining was used to monitor membrane integrity
during the L, swelling experiments. Control cells were >
95% CFDA-positive; the percentage of cells exposed to the
145 mOsm/kg solution for 3 min that were CFDA-positive
was not different (p = 0.36) from the percentage for con-
trols.

[ [ T
0.6 Ea = 3.48 kcal/mol _|
I 1
—~ 04 i
[a¥
-]
* |
0.2 - .
r i
0.0 . 1 !
3.4 3.5 3.6 3.7
1000 / T (K)

FIG. 4. An Arrhenius plot of the L, of human sperm: the water permeability was
determined at 22, 11, and 0°C {n = 5 at each temperature).
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Experiment 4: Determination of Pepy and L™ for Gy,
DMSO, PG, and EG

When cells equilibrated with a CPA are abruptly exposed
to a solution without CPA, there is a transient increase in
cell volume (Fig. 5). These volume data were fitted in order
to compute values for L,"™ (L, in the presence of CPA) and
Pcps. The sperm membrane permeability parameters at 22°C
in the presence of the cryoprotectants Gly, DMSO, PG, and
EG are shown in Table 5. In the presence of CPAs, the hy-
draulic conductivity was reduced by an average of 51%.
There was no significant main effect of donor on L, in the
presence of CPAs (p = 0.61), with the exception of DMSO
(p = 0.003). Solute permeabilities (Pp, ) ranged from a low
of 0.80 X 10~ cm/min (DMSO) to a high of 7.9 X 107 cm/
min (EG); there was no significant main effect of donor on
Pepa (p = 0.13) except in the case of EG (p = 0.0007). All
CVs were less than 31% within and among donors. The re-
flection coefficient ¢ (computed from the L,“™ and P,
values using the assumption of solute-solvent noninterac-
tion) ranged from 0.77 to 0.98 for EG and DMSO, respec-
tively.

DISCUSSION

Isosmotic Cell Volume

Kleinhans et al. [20] have recently reviewed the literature
regarding human sperm volume estimates. Recent elec-
tronic counter measurements [21, 22] as well as microscopic
measurements [23] suggest a human sperm volume in the
range of 15-18 um’® (although older electronic counter
measurements in the literature suggest much larger values,
as high as 50-70 um®). Other methods such as “volume
exclusion” [24] and electron paramagnetic resonance (EPR)
[20] suggest a volume in the range 34—37 um?®. In the present
study, the average volume for human sperm across the
three experimental temperatures of 22, 11, and 0°C was 28.5
+ 0.3 pm’, well within the range of recent estimates.

Cell Osmotic Response

Human sperm have previously been shown to exhibit lin-
ear osmometric behavior over the range of 250—1500 mOsm/
kg [25]. In the present study the observation of a linear re-
sponse was extended to 145 mOsm/kg at temperatures
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FIG. 5. Kinetic volume changes of human sperm upon dilution of permeant sol-
utes. The initial concentrations were 1) 1 M DMSO, 2) 2 M EG, 3) 1 M Gly, and 4) 1
M PG. Each sample was exposed to the CPA and allowed to equilibrate at room
temperature. The sample was then abruptly diluted in an isosmotic solution without
CPA and the volume was measured over time. Theoretical curves were fit to the
experimental data to determine Pep, and L,

between 22 and 0°C, which means that the cell volume
changes linearly down to 0°C as the reciprocal of external
osmolality. From this, one can determine the osmotically in-
active fraction of the cell (extrapolation to the Y intercept).
This linear behavior and the osmotically inactive fraction are
needed to determine the amount of intracellular and extra-
cellular solvent and solute flux, and thus influence the degree
to which cells will shrink and swell during freezing. The rate
of volume excursion that cells experience during exposure
to and removal from anisosmotic solutions is directly related
to the rate at which human sperm are cooled and warmed
during the cryopreservation process.

Estimation of human spermatozoa cell solids content. Tt
has heretofore been difficult to determine the cell solids
content (V,) of human sperm. Using data available in the
literature, Kleinhans et al. [20] estimated V, as 41% of the
total cell volume. Through use of the V,, data from this cur-

TABLE 5. Comparison of human sperm membrane permeabilities at 22° C to CPAs and to water in the presence of CPAs, as well

as the associated o values.

Concentration Pepa P,CPA? L,
CPA {molar) {1072 cm/min) (102 cm/min) {um-min~"-atm™) o
Glycerol ™ 0.21+0.01° 104 + 11 0.77 £ 0.08 0.93 + 0.007
Propylene glycol ™ 0.23+0.01 166 + 12 1.23 + 0.09 0.95 + 0.005
DMSO ™ 0.080 = 0.002 129 0.84 + 0.07 0.98 + 0.002
Ethylene glycol 2M 0.79 £ 0.07 1008 0.74 + 0.06 0.77 £ 0.044

"L ."PA expressed as a velocity, P = RTL SPA/V,,,

#Mean = SEM.
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TABLE 6. Examples of cells with water channel-forming proteins.

Ly Temperature E,
Cell type Protein Hg Inhibition? {um-min~"-atm™) °C) {kcal/mol)
Human RBC? CHIP28® Yes 8.9 22 40
Renal CCT® WCH-CD¢ Yes 3.9-39 — 2.0-5.0
Renal PCT® CHiP28" Yes 2.1 22 25
Human sperm¢ {not CHIP28)" No 1.84 22 348
Vacuolar membrane y-TIP! Yes — — —
Rat lung MIWC] No — — —

2L, interpolated from 25° C, Moura et al. [40]; E, from Macey [271.

bPreston et al. [29].

°Renal cortical collecting tubules; L, and E, from Harris Jr. et al. {51].

dFyshimi et al. [52].

°Renal proximal convoluted tubules; L, and £, from Meyer and Verkman [53].

fDenker et al. [54].
9This work.

"Liu et al. [28].
‘Maurel et al. [55].
'Hasegawa et al. [30].

rent work and the previously reported EPR data of Du et al.
[25], an independent estimate of V, is now possible. The
EPR spin label method measures the total water content of
the cells (V,), and an EPR BVH plot y-intercept yields the
osmotically inactive water (V) in the cell. The current data
indicate that the human sperm V, value is 50% at room
temperature, and Du et al. [25] report a Ponder’s R value of
0.867. Expressed in terms of Ponder’s R, V, is given by:

V., = (I-R)V,,. (8]

The Coulter counter measures total cell volume (V), which
is the sum of the cell water (V) and the cell solids (V,),

V=V,+V, (9]

and a Coulter counter BVH plot intercept yields the osmot-
ically inactive cell volume (V,,), which includes both the cell
solids (V,) and the osmotically inactive water (V,):

V, = V. + V.. [10]
Combining equations [8], [9], and {10] yields:

vV, — (1 -R)V

v, %) = =

11}

If V, and V,, are expressed as a percentage of the total cell

volume (V), equation [11] becomes:

Vi, (%) — 100% (1 — R)
R .

V, (%) = [12)

For completeness, we note that the total cell water (V) is
simply the sum of the osmotic water (V) and the osmot-
ically inactive water (V,):

V, = Voo + V.. (13]

Using equation [12], the data from Du et al. [25], and the
data from this current work, it is then possible to solve for

the human sperm cell V,, which yields a value of 42% sol-
ids—very close to the previous estimate of 41% obtained by
independent means. The other volume percentages are V,,
= 50% (experimentally measured osmotically inactive cell
volume) and V, = 8% (osmotically inactive water from
equation [10]).

Water Permeability and Activation Energy Without CPA

The hydraulic conductivity of human sperm was previ-
ously measured by Noiles et al. [3] using a “time-to-lysis”
method and found to be 2.4 um + min™" - atm™. Recalculating
this value using the cell volume reported in their study yields
anL,of 2.1 pm - min™ - min™', comparable to the L, reported
in the present study. The similar results obtained with different
techniques (“time-to-lysis” and Coulter counter) support the
use of the Coulter counter with its advantages of greater time
resolution and accuracy.

The two methods also yield similar activation energies. No-
iles et al. {3] report an E, of 3.93 kcal/mol over the temperature
range 30° to —7°C, and the electronic counter data yield an
E, of 3.48 kcal/mol over the temperature range 22 to 0°C.

A comparison of L, for human sperm with that of sperm
of other species has been previously presented by Noiles et
al. [3]. Human sperm and those of some other species (fowl
and cattle [26]) have a high L, and low E,; this is considered
indicative of water channels [27]. Human sperm may belong
to a small group of cell types whose plasma membranes
contain channel-forming proteins selective for water [28],
with a high L, and low E, (Table 6). Human RBC, the best
characterized of these cells, utilize the CHIP28 channel pro-
tein [29], which is sensitive to inhibition by mercurial com-
pounds. Mercurial inhibition of water transporters has gen-
erally been considered a common characteristic of such
proteins. However, the recent discovery of mercurial insen-
sitivity in human sperm [28] indicates that the high water
permeability may be a result of a unique lipid membrane
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structure or of the existence of other types of water chan-
nels. The existence of such a mercurial-insensitive water
channel has recently been reported in rat lung tissue [30].

Permeability of Cells to Cryoprotectants

Gly has been the conventional CPA for cryopreservation
of spermatozoa [31]. However, osmotic damage and subse-
quent cell injury or death resulting from current standard
methods of human sperm cryopreservation incorporating the
use of Gly is still very high (~ 50%). Therefore, other per-
meating solutes need to be investigated [4]. By determining
the permeability of human sperm cells to various cryopro-
tectants, mathematical modeling can be used to ascertain the
most appropriate method for adding the CPA before freezing
and for removing the CPA after freezing and thawing.

Of the solutes tested, DMSO had the lowest permeability
in human sperm cells (0.80 X 10~ ¢cm/min), while Gly and
PG permeated at similar rates (2.1 X 107° cm/min and 2.3
X 107 cm/min, respectively). The permeability values ob-
tained from this approach for Gly are similar to values de-
rived from other approaches [4] and also fit well within the
range for room temperature permeability coefficients of
other cell types. Du et al. [6] discuss in detail the permea-
bility of various cell types to Gly. Specifically, the range for
the permeability of human sperm to Gly was found to be
8.2 X 107 to0 1.5 X 107 cm/min ([6] and [5], respectively).
The permeability of DMSO has been measured in human
granulocytes [32], cultured megakaryocytopoietic cells of
the rat [33], and human platelets [34] and found to be 2.1 X
107,9.3 X 10~ and 7.8 X 10~ cm/min, respectively. EG
permeability has been measured in human platelets [35] and
RBC [36] and found to be 1.0 X 107 and 8.9 X 107 cm/
min, respectively. The rate of PG permeation has been
measured in human platelets [37] and RBC [38] and found
tobe 1.7 X 107 and 1.9 X 10~ cm/min, respectively. Al-
though solute permeability rates may be similar among
some cell types, it is important to recognize that Pgp, de-
pends on the structure and composition of the membrane
and that therefore rates are likely to be different among cell
types and within a cell type among species.

In the present study, EG had the highest permeability of
the solutes tested (7.94 X 10~ cm/min). This rate is about
ten times that for DMSO and more than three times greater
than for Gly and PG. Other studies have shown a high per-
meability of EG in mouse zygotes and embryos [39]. This
finding suggests that EG may be a more optimal solute for
cryopreservation, causing minimal cell volume excursion
during freezing and thawing due to the high rate of per-
meation, depending on the activation energy of Pgg. It may
be that fewer steps will be required for addition and re-
moval of EG as opposed to Gly (which requires a multistep
process [4]), potentially making EG a more optimal solute
for cryopreservation.

Reflection Coefficient, Sigma

Frequently the presumption is made that the Kedem-
Katchalsky [13] transport model requires that o be close to
1 if the solute and solvent (water) cross the membrane via
independent pathways. The correct statement [13] is: 6 = 1
— PepaV epa/PVy = 1 — Pepy/(RTL,S™), where the equals
sign holds for the case of independent fluxes and V , and
V N,, are the partial molal volumes of cryoprotectant and
water, respectively, and Py is simply L,“"* expressed dimen-
sionally as a velocity (P; = RTLPCPA/ V ,.). Within the Kedem-
Katchalsky formalism, a solute-solvent interaction implies
that the solute and solvent are using (at least in part) the
same “channel” for transport and consequently that there is
a physical interaction of the two fluxes with each other.
Diffusion of the solute and solvent across the bilayer is a
noninteracting transport process and the above equality for
o holds. This does not necessarily imply that the solute will
not modify the membrane in a fashion that affects the trans-
port of water.

In the current experiments, the value of o was fixed at
its noninteracting value for two reasons. First, a growing
body of evidence [27, 29] suggests (at least for the well-
studied case of human RBC) that in cells with a high L, and
low E,, water transport occurs primarily through highly se-
lective (“primary”) water channels and that transport of
nonionic solutes occurs through the bilayer or through
channels that are distinct from the primary water channels.
Second, o is poorly constrained by our experimental data.
This is typical in experiments of this nature in which cell
response is primarily determined by the values of L, and
Peps and to a lesser extent by o. Thus, it seemed prudent to
fix © at its noninteracting value. This was done by replacing
o by the expression (1 — PgpaV cpa/(RTL,“™) in equations
[8] and [9]. This is equivalent to characterizing the mem-
brane by a two-parameter (L, and Pcp, ) transport model as
described in Du et al. [6].

Interestingly, for the case of EG transport in human
sperm, imposition of noninteraction on ¢ yields a value of
6 = 0.77 because of a high Pcp, and low L, value (Table
5). This is an explicit example of a situation in which non-
interaction of the solute and solvent can yield a ¢ signifi-
cantly less than 1, and it is the lowest noninteracting value
of ¢ we are aware of for a nonionic solute crossing a cell
membrane or artificial lipid bilayer.

Water Permeability in the Presence of CPA

The addition of a cryoprotectant to a sperm suspension
was hypothesized to affect Jlower) the hydraulic conductivity.
Studies of human RBC[27, 40] have shown that approximately
90% of the RBC membrane water flux is carried by protein
channels and that 10% passes through the lipid bilayer. Given
these two routes of water movement, a nonionic solute could
affect the membrane permeability in at least three ways. First,
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the solute could modify the bilayer, causing a change in bi-
layer permeability [41]. Second, a modification of the bilayer
could indirectly affect membrane transporter protein activity
[42]. Third, the solute could interfere directly with the function
of the water-transporting proteins (either primary water chan-
nels specific for water transport like CHIP 28, or secondary
water channels that are presumably for some other molecule,
like glucose, but that also facilitate water transport). This last
possibility seems to be the case in the human RBC investi-
gations of Toon and Solomon {43, 44].

If some period of incubation is required for solute modi-
fication of the membrane permeability to water, then we can
expect the timing of the cell exposure to solute to be of im-
portance. The easiest experiments to interpret are those in
which cells are preexposed to a solute and remain in the
solute during the course of the experiment. Such experi-
ments have been done with human RBC and show a signif-
icant CPA concentration-dependent inhibition of water trans-
port by Gly [45] and EG [44, 45]. Similar results have been
reported for lung fibroblasts exposed to DMSO or Gly [46].

In addition, Toon and Solomon [43] and van Hoek et al.
[47] have shown that the inhibitory effect of urea on human
RBC L, and DMSO on rat kidney brush border membrane
vesicle L, is reversible by washing the cells/vesicles free of
solute. Their data do not address the question of the time
required for solute inhibition of L, or reversal by washing.

In the experiments reported here, the cells were preex-
posed to the CPA solute that is “washed out” beginning at
time zero of the L,“™ determination. The timing is such that
the solute concentration is calculated to be reduced to less
than 10% of its initial concentration in 3 sec, while the L,
measurement takes 5~10 sec to execute (Fig. 5).

Other investigators have also found solute inhibition of
L, in similarly designed experiments [33, 48]. Thus, either
L,"™ is changing during the course of these experiments as
the solute concentration drops and the measured L,“™ is an
average value or the inhibitory effect of the solute is not
rapidly reversible and L,“™ remains constant during the
course of the experiment. Further work will be required to
resolve this question.

In the current experiments with human sperm, PG,
DMSO, Gly, and EG were found to reduce L, by 33% to 60%
at 22°C, yielding L,"™ values of 1.23, 0.84, 0.77 and 0.74
pm - min~' - atm ™', respectively. One hypothesis to explain
these results is that these CPAs are blocking (directly or via
bilayer modification) either primary or secondary water
channels in the human sperm membrane and thereby re-
ducing L, to its “background” bilayer value. Moura et al.
[40] reported a background bilayer L, for human RBC of 0.65
pm - min~' - atm ™ (extrapolated from 25°C to 22°C using an
E, of 12 kcal/mol; Fettiplace and Haydon [49]), which is
comparable to the above L,”" values of human sperm in
the presence of DMSO, Gly, and EG.

If this hypothesis is correct, then the human sperm mem-

brane should have the following characteristics: 1) in the
absence of water channel blocking (directly or indirectly),
the human sperm membrane should have a high L, and low
E,; 2) in the presence of channel blocking, L, should de-
crease to a value typical of bilayer-only transport (diffu-
sion); and 3) the activation energy for water transport
should approach the high values found for lipid bilayer
membranes. The first point has been established by Noiles
et al. [3] and by the present study. As to the second point,
the present work demonstrates a reduction of human sperm
L, in the presence of DMSO, Gly, or EG to a value compa-
rable to that found for human RBC bilayer transport; this is
consistent with the hypothesis that these CPAs are interfer-
ing with the function of a putative primary or secondary
water channel. We are currently investigating the third
point, and preliminary experiments suggest that the E, of L,
does increase in the presence of CPAs.

Although the mechanism of the CPA reduction of human
sperm plasma membrane water permeability is unresolved,
these experiments indicate a marked effect of CPAs on water
permeability. They also demonstrate the utility of an elec-
tronic particle counter for the determination of sperm mem-
brane permeability characteristics. The knowledge from this
study is important for efforts to optimize the cryopreservation
of human spermatozoa. Cooling and warming rates are de-
termined on the basis of these permeability properties. A re-
duction in hydraulic conductivity would require a reduction
in cooling rate. Theoretical studies using L, in the absence
of CPA have shown that human sperm should tolerate high
cooling rates and still allow for sufficient time for water to
diffuse extracellularly and prevent intracellular ice formation
[3]. However, attempts to empirically confirm these cooling
rates (800°C/min) have resulted in cell death [8, 50]. It has
been hypothesized that L, may be influenced by the pres-
ence of CPAs [3]; however, to date it has been difficult to
measure water permeability in the presence of cryoprotec-
tants. The current study has developed a method of resolving
this issue and has shown that there is a decrease in L, in the
presence of CPAs. Our observed decrease in L, at 22°C is
insufficient to explain the predicted optimal cooling rate dis-
crepancies between theory and practice. However, prelimi-
nary work shows that the E, of L,“™ is much higher than the
E, of L,. Thus the extrapolated value of L™ to sub-zero
temperatures may be substantially reduced, and this would
explain, at least in significant part, this current discrepancy
between theory and practice.

Additionally, optimal cryoprotectant solutes, and the
most effective means for their addition and removal, can be
determined from knowledge of these permeability proper-
ties. Collectively, these data provide a foundation for similar
investigations to be performed with the sperm of other spe-
cies that historically have been more difficult to study and
that have lower spermatozoa cryosurvival than the human,
such as the mouse and the boar.
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