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ABSTRACT

In the present study, a shape-independent differential scan-
ning calorimeter (DSC) technique was used to measure the de-
hydration response during freezing of sperm cells from diploid
and tetraploid Pacific oysters, Crassostrea gigas. This represents
the first application of the DSC technique to sperm cells from
nonmammalian species. Volumetric shrinkage during freezing of
oyster sperm cell suspensions was obtained at cooling rates of 5
and 20°C/min in the presence of extracellular ice and 8% (v/v)
concentration of dimethyl sulfoxide (DMSO), a commonly used
cryoprotective agent (CPA). Using previously published data,
sperm cells from diploid oysters were modeled as a two-com-
partment “ball-on-stick” model with a “ball” 1.66 pm in di-
ameter and a “stick” 41 pm in length and 0.14 pm wide. Sim-
ilarly, sperm cells of tetraploid oysters were modeled with a
“ball” 2.14 pm in diameter and a “stick” 53 pm in length and
0.17 pm wide. Sperm cells of both ploidy levels were assumed
to have an osmotically inactive cell volume, V,, of 0.6 V,, where
V, is the isotonic (or initial) cell volume. By fitting a model of
water transport to the experimentally obtained volumetric
shrinkage data, the best-fit membrane permeability parameters
(L,, and E,) were determined. The combined-best-fit membrane
permeability parameters at 5 and 20°C/min for haploid sperm
cells (or cells from diploid Pacific oysters) in the absence of
CPAs were: L,, = 0.30 X 107" m*/Ns (0.0017 pm/min-atm) and
E,, = 41.0 kj/mole (9.8 kcal/mole). The corresponding param-
eters in the presence of 8% DMSO were: L, [cpa] = 0.27 x
10-"* m3/Ns (0.0015 pm/min-atm) and E,[cpa] = 38.0 kj/mole
(9.1 kcal/mole). Similarly, the combined-best-fit membrane per-
meability parameters at 5 and 20°C/min for diploid sperm cells
(or cells from tetraploid Pacific oysters) in the absence of CPAs
were: L,, = 0.34 X 107** m*/Ns (0.0019 pm/min-atm) and E,,
= 29.7 lil/mole (7.1 kcal/mole). The corresponding parameters
in the presence of 8% DMSO were: L [cpal = 0.34 x 10-'s
m?/Ns (0.0019 pm/min-atm) and E, [cpa] = 37.6 k|/mole (9.0
kcal/mole). The parameters obtained in this study suggest that
optimal rates of cooling for Pacific oyster sperm cells range from
40 to 70°C/min. These theoretical cooling rates are in close con-
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formity with empirically determined optimal rates of cooling
sperm cells from Pacific oysters, C. gigas.

gamete biology, sperm, sperm motility and transpert

INTRODUCTION

During freezing of any cell suspension, ice nucleates ini-
tially in the extracellular space causing an osmotic gradient
to be set up across the intracellular isotonic solution and
the freeze-concentrated extracellular solution [1, 2]. De-
pending on the cooling rate, the intracellular water per-
meates across the cell membrane and joins the extracellular
ice phase or freezes and forms ice inside the cell. In most
cases, cells undergoing ice formation inside the cells or
intracellular ice formation (IIF) are rendered osmotically
inactive (lysed) because of the loss of cell membrane in-
tegrity [3]. Similarly cells that experience a severe loss of
intracellular water and the associated long-term exposure
to the highly concentrated extracellular salt solutions are
also rendered osmotically inactive |4]. Both IIF and long
exposures to high solute concentrations are lethal to cells.
So cooling rates that are either too slow or too fast can kill
cells; therefore, an optimal cooling rate should exist be-
tween slow and fast rates. This has been confirmed exper-
imentally for a variety of cells, and the curve of cell sur-
vival plotted as a function of the cooling rate has a char-
acteristic inverted U shape [5]. Whether a prescribed cool-
ing rate is too slow or fast is a function of cell membrane
permeability to water and the probability that any water
remaining trapped within the cell at any given subzero tem-
perature will nucleate and turn to ice. Difterences in mem-
brane permeability to water and the probability of [IF result
in different optimal cooling rates for different cells. There-
fore, to optimize a cryopreservation protocol, it is important
to measure the cell membrane permeability to water.

Cryopreservation has been studied in aquatic species for
more than 50 yr [6-8]; however. with some notable excep-
tions [e.g., 9-11], cryobiology has largely been neglected
in these species. Most research in the 200 or so species that
have been studied has addressed empirical development of
basic cryopreservation procedures [12-14]. Similarly, with-
out firm cryobiology understanding, sperm cryopreserva-
tion of diploid oysters has been studied in several species,
predominantly the Pacific oyster Crassostrea gigas [c.g.,
15-19], the eastern oyster, C. virginica [20-22], and others
[23]. Because reduced gonadal development is associated
with improved meat quality and growth [24, 25], triploid
oysters (with three sets of chromosomes), which are func-
tionally sterile, offer advantages over diploid oysters. Com-
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mercial application of triploid oysters requires efficient
methods for triploidy production such as crossing of dip-
loids with tetraploids (that possess four sets of chromo-
somes), which in turn requires the availability of tetraploid
oysters in the hatchery [26]. Clearly, sperm cryopreserva-
tion of tetraploid oysters can be a critical tool for com-
mercial-scale application of tetraploid stocks and the con-
sequent expansion of the worldwide triploid oyster market.

Further usage of thawed oyster sperm requires a firm
biophysical understanding of the cryopreservation process.
Currently the bulk of our understanding in the cryopreser-
vation of oyster sperm (as well as in other aquatic and
mammalian species) is still empirical in nature. Because the
unique size and morphology of sperm cells limits the ap-
plicability of standard cellular cryomicroscopy techniques
to measure the biophysical response (water transport and
intracellular ice formation) during a freezing process. How-
ever, a recent advance in measurement methodology, name-
ly a differential scanning calorimetry (DSC)-based tech-
nique [27], has improved our knowledge of the water trans-
port response during freezing in several mammalian gam-
etes, including mouse [28], human [29], horse [30], canine
[31], and boar [32]. The DSC technique will also be used,
for the first time with an aquatic species, in the present
study to improve our understanding of the biophysical re-
sponse during freezing of sperm cells from diploid and tet-
raploid Pacific oysters.

The aim of this project was to establish the membrane
permeability parameters of sperm cells of diploid and tet-
raploid Pacific oysters, C. gigas. In the DSC technique, two
heat releases from the same cell suspension are measured:
1) during freezing of osmotically active (live) cells in media
(in which the intracellular water is being transported across
the membrane to freeze in the extracellular space) and 2)
during freezing of osmotically inactive (dead) cells in me-
dia. The difference in heat release measured between the
two cooling trials is correlated to water transport (see a
recent review by Devireddy and Bischof [33] and has been
independently verified by Yuan and Diller [34] and Diller
[35]. The experimentally determined parameters for Pacific
oyster sperm membrane permeability were used to numer-
ically predict the loss of intracellular water at various cool-
ing rates (5-100°C/min). And finally, the numerical models
were analyzed to predict the amount of water left in the
sperm cell after dehydration ceases, in the absence of IIE
and to predict optimal cooling rates for Pacific oyster sperm
cryopreservation.

MATERIALS AND METHODS

Collection and Isolation of Sperm Cells

Tetraploid and diploid Pacific oysters were obtained in August 2003
from the Taylor Resources Quilcene Shellfish Hatchery (Quilcene, WA)
and were shipped chilled by overnight delivery to the Louisiana State
University (LSU) Agricultural Center, Aquaculture Research Station
(ARS). Sperm were collected by dry stripping of the gonad [26] and sus-
pended in calcium-free Hanks balanced salt solution at 1000 mOsmol/kg
[20]. Sperm concentrations were adjusted to 1-2 X 10° cells/ml. The sam-
ple was transported to the LSU bioengineering laboratory for DSC exper-
iments.

DSC Experiments

The DSC dynamic cooling experiments were performed on concen-
trated oyster sperm samples in standard aluminum sample pans (Perkin
Elmer Corporation, Norwalk, CT). The concentration of the spertn sus-
pension used in the DSC experiments ranged from 1 to 2 X 10° cells/ml.
Approximately 10 pl of this sperm suspension was loaded in a DSC sam-
ple pan. The DSC dynamic cooling protocol used to measure the water
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FIG. 1. Superimposed heat flow thermograms obtained during the initial

(live cells; curve A} and final (dead cells; curve B) cooling trials for diploid
sperm cells (or cells from tetraploid Pacific oysters) at a cooling rate of
20°C/min obtained in the presence of DMSO. The negative values on the
y-axis for the heat flow imply an exothermic heat release in the DSC
sample. The heat flow (mW/mg) is plotted along the y-axis and the sub-
zero temperatures (°C) are plotted along the top x-axis and time (sec) is
plotted on the bottom x-axis.

transport out of Pacific oyster sperm cells is the same as reported in earlier
studies on mammalian cells [27-33] and will be only briefly stated here.

DSC Dynamic Cooling Protocol

Step 1. The sperm cell suspension with or without cryoprotective
agents (CPAs) initially at room temperature was cooled at 5°C/min until
the extracellular ice nucleated.

Step 2. After nucleation the sample was thawed at a warming rate (5°C/
min) such that phase-change temperature 7, was reached (but not over-
shot) and ice remained in the extracellular solution. The phase change
temperature can be obtained by using the osmolality relationship (Osm~!
= 1.858/AT; AT = 273.15 -T, K); thus, for a solution with an osmolality
of 1000 mOsm, AT = 1.0%1.858 = ~1.858 K or T, = —1.858°C,

Step 3. The sample was cooled to —50°C at 5 (or 20)°C/min, allowing
the sperm cells to undergo cellular dehydration. The lower curve in Figure
1 corresponds to the heat release associated with dehydration, and the total
area is represented by gi,iiq-

Step 4. The sample was thawed at 20°C/min and re-equilibrated at 7.

Step 5. To differentiate between the heat released by the media and the
intracellular fluid in Step 3, the sample was cooled at a high cooling rate
(200°C/min) down to ~150°C. This causes all the sperm cells to lyse and
become osmotically inactive.

Step 6. Step 4 was repeated.

Step 7. The sample was cooled to —50°C at 5 (or 10)°C/min to measure
the final heat release because of lysed or osmotically inactive sperm cells
mixed with media. The upper curve in Figure 1 corresponds to this heat
release, and the total area is represented by ¢iar

Translation of Heat Release to Cell Volume Data
for Dynamic Cooling

The heat rclease measurements of interest are Agg,. and Aqg(T)..
which are the total and fractional difference between the heat releases
measured by integration of the heat flows during freezing of osmotically
active (live) cells in media and during freezing of osmotically inactive
(dead) cells in media. This difference in heat release has been related to
cell volume changes in several biological systems [27--33] as.

VI(T) = V, ~ AG(T) gy
qulxz‘

Note that the DSC-measured heat release readings Aq(7T )y, and Aq 50
were obtained separately at 5°C/min (data not shown) and at 20°C/min (as
shown in Fig. 1) in the absence and presence of dimethyl sulfoxide

(Vo = Vi) M
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TABLE 1. Measurements and calculated volumes, surface areas, and ratios of surface area to volume (S:V) for heads, tails, and combined totals of
sperm from diploid and tetraploid Pacific oysters.
Head Tail Total
Diameter Volume?  Surface? Length  Width  Volume®  Surfaced Volume®  Surfacef
Ploidy (pm) (um?3) (um?2) S:v (pum) (wm) (pm?3) (um?) S:V (um?) (pm?) S:v
Diploid 1.66 2.40 8.66 3.61 41 0.14 0.63 18.03 28.57 3.03 26.69 8.81
Tetraploid 2.14 5.13 14.39 2.81 53 0.17 1.20 28.31 23.53 6.33 42.69 6.74

¢ Calculated as volume of a sphere (V, = 4/3wR3),
b Calculated as surface area of sphere (S, = 4wR?).
¢ Calculated as volume of a cylinder (V. = wR?h).
d Calculated as surface of a cylinder (S, = 27Rh).
¢ Calculated as sum of the volumes of the head and tail (v, = V, + V).

f Calculated as sum of the surface areas of the head and tail (S5, = S, + S.).

(DMSO). The unknowns needed in Equation (1) apart from the DSC heat
release readings are V,, (the initial or the isotonic cell volume; in this study
the oyster sperm cell is modeled as a “ball-on-stick™ structure with the
dimensions shown in Table | and Fig. 2) and V, (the final osmotically
inactive cell volume or 0.6 V; note that in the presence of 8% DMSO,
this value increases to 0.626 V). The osmotically inactive cell volume,
Vy,, was assumed to be 0.6 V, a value within the range reported for a
variety of mammalian sperm (because we are unaware of any published
values of V,, of spermatozoa from any aquatic species) [36]. To further
our understanding of the effect of V, on the predicted oyster membrane
permeability parameters and the model simulations, additional calculations
were also performed assuming V, = 0.8 V, and 0.4 V.

Water Transport Model and Numerical Methods

Kedem and Katchalsky [37] proposed a model for water and solute
transport in response to chemical potential gradients based on irreversible
thermodynamics. If the flux of cryoprotective agent (CPA) is negligible
in comparison to the water flux [38], then the Kedem-Katchalsky model
reduces to a model that assumes only water transport, as proposed by
Mazur [39] and later modified by Levin et al. [40] and Karlsson et al.
[41]. The model predicts the change in cell volume with decreasing tem-
perature (dV/dT) after ice has formed outside an unfrozen cell as

v _ L,ART
= Pt [C; - C,] (2)
ar B

with L,, the sperm cell membrane permeability to water defined by Levin
et al. [40] as

—E;[epal (11
L, = LI,K[(‘1JalCXP(_%__. (7 - };)j v

where, L, or L,,[cpu] is the reference membrane permeability at a ref-
erence tempm ature, Tr (= 273.15 K) in the absence and presence of CPA;
Ey, or £;,[cpal is the apparent activation epergy (kJ/mol) or the temper-
ature dependence of the cell membrane permeability in the absence and
presence of CPA; A, is the effective membrane surface area for water
transport, assumed to be constant during the freezing process (see Table
1 and Fig. 2 for the geometric model of the oyster spermatozoa); R is the
universal gas constant; B is the constant cooling rate K/min; finally C; and
C, represent the concentrations of the intracellular and extracellular (un-
frozen) solutions. The various assumptions made in the development of
the water transport are discussed in detail elsewhere [33, 36~-43] and are
beyond the scope of the present study. The two unknown membrane per-
meability parameters of the model either L, [cpal and E;plcpa] in the
presence of CPA or L,, and Ej, in the absence of CPA, are determined
by curve fitting the water transport model to experimentally obtained vol-
umetric shrinkage data during freezing.

Numerical Methods

A nonlinear least squares curve-fitting technique was implemented us-
ing a custom-written computer program to calculate the membrane per-
meability parameters that best fit the volumetric shrinkage data as previ-
ously described by Bevington and Robinson [44]. The optimal fit of Equa-
tion (2) to the experimental data was obtained by selecting a set of param-
eters that minimized the residual variance, chi-square, and maximized a
goodness-of-fit parameter, R> [45]. To predict the membrane permeability
parameters that produced a combined-besi-fit to the experimental water
transport data at two or more cooling rates, the nonlinear curve-fitting code

was slightly modified such that R? was maximized by one set of param-
eters for all cooling rates as previously described {28-32, 43]. To simulate
the biophysical response of a sperm cell under a variety of cooling rates,
the best-fit parameters were substituted in the water transport equation,
which was numerically solved using a fourth-order Runge-Kutta method
using a FORTRAN code on a Mac Powerbook G4 (Apple Computer Inc.,
Cupertino, CA) workstation.

RESULTS

Dynamic Cooling Response and Membrane Permeability
Parameters

Figure 3A shows the water transport data and simulation
using best-fit parameters in Equation 3 at cooling rates of
5 and 20°C/min in the absence of CPAs for sperm cells of
diploid Pacific oysters (or haploid sperm cells). The dynam-
ic portion of the cooling curve is between —1.86°C and
~8°C at these cooling rates. Water transport cessation is
observed in the DSC heat release data as an overlap of the
thermograms from the heat release signature obtained using
osmotically active (initial) and inactive (final) cells, as seen
in Figure 1. The best fit of Equation 3 to the 5°C/min dip-
loid water transport data without DMSO was obtained for
membrane permeability parameter values of Lpg 0.27 x
10-15 m3/Ns (0.0015 pm/min-atm) and E;, = 61.9 kJ/mol
(14.8 kecal/mol) were with an R? value of O 99; whereas the
corresponding values for the 20°C/min data: Lp = (.36 X
1045 m*Ns (0.0020 pm/min-atm) and E;, = 41.8 kJ/mol
(10.0 kcal/mol) were with an R? value oip 0.97 (Table 2).
Similarly, Figure 3B shows the water transport data and
simulation using the best-fit parameters in Equation 3 at
cooling rates of 5 and 20°C/min in the presence of 8% (v/
v) DMSO for haploid sperm celis. The dynamic portion of
the cooling curve at these cooling rates is between —2.9°C
and ~11°C. The best-fit of Equation 3 to the 5°C/min water
transport data in the presence of DMSO was obtained for
membrane permeability parameter values of Lp = (.23 X
10-15 m3/Ns (0.0013 pm/min-atm) and E7, = 51.4 kJ/mol
(12.3 kcal/mol) were with an R? value of 0 99, whereas the
correspondmg values for the 20°C/min data: L[, =037 X

10-15 m¥Ns (0.002] wm/min-atm) and E;, = 45.6 kJ/mol
(10.9 kcal/mol) were with an R? value of O 97 (Table 2).

Figure 4, A and B, show the water transport data and
simulation using best-fit parameters in Equation 3 at coolng
rates of 5 and 20°C/min in the absence and presence of
DMSO for sperm cells of tetraploid Pacific oysters (or dip-
loid sperm cells), respectively. The dynamic portion of the
cooling curve at these cooling rates was found to be be-
tween —1.86°C and —8°C in the absence of CPAs and be-
tween —2.9°C and —11°C in the presence of 8% (v/v)
DMSO as shown in Figure 4, A and B, respectively. The
best fit of Equation 3 to the 5°C/min tetraploid water trans-
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port data without DMSO was obtained for membrane per-
meability parameter values of Lpg = (.27 X 10715 m3/Ns
(0.0015 pnVmin-atm) and E;, = 43.1 kJ/mol (10.3 kcal/
mol) were with an R? value of 0.99, wherea% the corre-
sponding values for the 20°C/min data: L,, = 0.50 X 10-13
m¥/Ns (0.0028 wm/min-atm) and £, = %0.2 Ki/mol (12.0
kcal/mol) were with an R? value ofp 0.96 (Table 2). Simi-
larly, the best fit of Equation 3 to the 5°C/min diploid sperm
water transport data with 8% DMSO was obtained for
membrane permeability parameter values of L,,g = 0.30 X
1015 m3/Ns (0.0017 pm/min-atm) and E;, = 43.1 ki/mol
(10.3 kcal/mol) were with an R? value of 0 97, whereas the
corresponding values for the 20°C/min data: L,, = 0.37 X
10-15 m3/Ns (0.0021 pm/min-atm) and E;, = 1.4 kJ/mol
(9.9 kcal/mol) were with an R? value of 0. 95 (Table 2).

Statistical Analysis

All of the curve-fitting results presented have an R? val-
ue greater than or equal to 0.95, indicating that there was
a good agreement between the experimental data points and
the fit calculated using the estimated membrane permeabil-
ity parameters. The differences in the DSC water transport
data at 5 and 20°C/min were found to be statistically sig-
nificantly from one another with more than 95% confidence
level (in the dynamic part of the cooling curve) in all the
combinations investigated. And finally, the differences in
the water transport data, when compared across concentra-
tions of CPA (i.e., comparing the water transport data ob-
tained with and without DMSQO), were found to be statis-
tically significant with a confidence level greater than 95%
(at both 5 and 20°C/min).

Combined-Best-Fit Parameters

As stated earlier, a new %et of membrane permeability
parameters (L,, and Ej, or L lcpa] and £} [cpal) were
obtained that produced a combmed best-fit to the experi-
mentally determined water transport data (Table 2). The
combined-best-fit membrane permeability parameters max-
imized the goodness-of-fit parameter, R?, for the 5 and
20°C/min water transport data concurrently, as described in
earlier studies [28-32, 43]. Figure 5 shows the contour plots
of the goodness-of-fit parameter, R? (= 0.95) in the L,, and
E;, (or Ly, [cpal and ELI,[cpa]) space that “fit” the Water
transport data at 5 and 20°C/min in the freezing media with-
out CPAs for haploid sperm cells (Fig. 5A) and for diploid
sperm cells (Fig. 5B). Similar contours are shown in Figure
5, C and D, for haploid and diploid oyster sperm cells in
the presence of 8% DMSO. Any combination of L,, and
Ey, (or L, [cpal and E; | cpal) shown to be within the con-
tour will fit the water transport data at that cooling rate
with an R? value of more than 0.95. Note that the contours
for the higher cooling rate of 20°C/min were smaller than
those obtained at the lower cooling rate of 5°C/min. This
suggests that the membrane permeability parameters ob-
tained using the 20°C/min water transport data would pre-
dict the volumetric response of the sperm cell at the lower
cooling rate of 5°C/min accurately, whereas the converse
was not true.

Water Transport Simulations

Water transport simulations obtained using the com-
bined-best-fit parameters in Equation 3 are shown for a va-
riety of cooling rates (5—100°C/min) in Figure 6. In Figure
6, A and B, the numerically simulated nondimensional cel-
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FIG. 2. Left) “Ball-on-stick” model used to calculate the sperm cell vol-
umes and surface areas from diploid and tetraploid Pacific oysters. Right)
Representative scanning electron micrographs (SEM) of sperm from tet-
raploid Pacific oysters showing the relationship of sperm head and tail in
alignment with model used to calculate the cell volumes and surface
areas shown in Table 1.

lular volume (V/V,) obtained using the combined-best-fit
parameters is shown for a variety of cooling rates (5, 20,
40, 50, and 100°C/min) in the absence of CPAs for sperm
cells from diploid and tetraploid Pacific oysters. Similar
simulations are shown in Figure 6, C and D, for sperm cells
from diploid and tetraploid Pacific oysters in the presence
of 8% DMSO. The nondimensional cellular volume (V/V ),
which decreases because of dehydration during freezing, is
plotted on the y-axis, whereas the subzero temperatures are
plotted on the x-axis. From the simulations. the amount of
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FIG. 3. Volumetric response of haploid t
sperm cells (or cells from diploid Pacific
oysters) as a function of subzero tempera-
tures obtained using the DSC technique in
the presence of extracellular ice in the ab-
sence of CPAs (A) and the presence of ex-
tracellular ice and DMSO (B). The open
and filled circles represent the DSC water
transport (volumetric shrinkage) data at the
cooling rate of 5 and 20°C/min. The dy-
namic cooling response at 5 and 20°C/min
is shown as a solid line and was obtained
by using the best-fit membrane permeabil-
|ty parameters (L, and E,, or L [cpa) and
E, lcpal) (Table 2) in the water transport
equatton (Equations 3 and 4). The nondi-

6.9

0.8

i Cell Vol

0.7~

0.6

NonDi

0.5+

04

-0.9

I-0.8

- 0.6

AWNOA [3) [BUOISUIMTUON

0.5

mensional cell volume is plotted along the
y-axis and the subzero temperatures are
shown along the x-axis. The error bars rep-
resent the SD for the mean values of six
DSC experiments.

trapped water (or a lower boundary on the intracellular ice)
was computed as a ratio of the volume of the water trapped
inside the sperm cell at the temperature, T (~—30°C) in
which intracellular ice formation can occur by a homoge-
nous or volume-catalyzed nucleation [46] to the initial
sperm water volume, [(V—Vp)/(V,—Vy)] (where V is the
end volume after water transport ceases [at ~—30°C], and
V, and V, are the initial [isotonic]| and final [osmotically
inactive] sperm cell volumes) as described earlier for a sev-
eral biological systems [28-32, 33, 43].

For haploid sperm cells (or cells from diploid Pacific
oysters) in the absence of CPAs, for cooling rates of less
than or equal to 40, 50, and 100°C/min, the trapped water
volume was less than or equal to 1.25%, 1.75%, and
47.25% of the initial osmotically active water volume, and
the end volumes were less than or equal to 0.605 V,, 0.607
V, and 0.789 V (Fig. 6A). For haploid sperm cells, in the
presence of 8% DMSO, for cooling rates of less than or
equal to 20, 40, 50, and 100°C/min, the trapped water vol-
ume was less than or equal to 1.60%, 2.41%, 11.50%, and
52.41% of the initial osmotically active water volume, and
the end volumes were less than or equal to 0.632 V, 0.635
Vo 0.669 V, and 0.822 V (Fig. 6C). Similarly, for diploid
sperm cells (or cells from tetraploid Pacific oysters) in the
absence of CPAs, for cooling rates of less than or equal to
50 and 100°C/min, the trapped water volume was less than
or equal to 1.25% and 37.5% of the initial osmotically ac-
tive water volume, and the end volumes were less than or

TABLE 2.
absence of DMSO assuming V, = 0.6V,,.

e
-10
Temperature (CC)

— — — —t-0.4
-10 15 20

Temperature ("C)

e B
-15

equal to 0.605 V, and 0.75 V, (Fig. 6B). And finally, for
diploid sperm cells in the presence of 8% DMSO, for cool-
ing rates of less than or equal to 20, 40, 50, and 100°C/
min, the trapped water volume was less than or equal to
1.60%, 2.41%, 12.30%, and 52.94% of the initial osmoti-
cally active water volume, whereas the end volumes were
less than or equal to 0.632 V,, 0.635 V,, 0.672 V,, and
0.824 V,, respectively (Fig. 6D).

As stated in the Introduction, the cooling rate that op-
timizes cell survival after a freeze thaw for any cellular
system can be defined as the fastest cooling rate in a given
media without forming damaging IIF [5]. Mazur [47] de-
fines IIF as damaging and lethal if 10-15% of the initial
intracellular water is involved. We defined the optimal cool-
ing rate as the cooling rate at which 5% of the initial os-
motically active water volume was trapped inside the cells
at —30°C. Note that if IIF occurs by a heterogeneous or a
surface-catalyzed nucleation mechanism [46] (generally be-
tween - 5 and —20°C for a variety of single cells), which
our model does not predict, then potentially even more wa-
ter would be trapped in the sperm cells than predicted by
water transport alone (i.e., the lower boundary of intracel-
Iular ice discussed above). Thus, the optimal cooling rates
based on the lower boundary of intracellular ice would be
overestimated. Based on the simulations (shown in Fig. 6)
obtained using the combined-best-fit parameters, the opii-
mal cooling rate in the absence and presence of a CPA for
haploid sperm cells were ~53°C/min and ~44°C/min. Sim-

Predicted subzero membrane permeability parameters for Pacific oyster sperm cells in the presence and

Pacific oyster Conc. of Cooling Lpg OF L%[cpaj £ or Eplepal

type DMSO rate 1015 m*/Ns kj/mol R?
(sperm cell) (v/v) (°C/min) (wm/min-atm) (kcal/mol) value
Diploid (Haploid) 0% 5 0.27 (0.0015) 61.9 (14.8) 0.99
(No CPA) 20 0.36 (0.0020) 41.8 (10.0) 0.97
CBF2 0.30 (0.0017) 41.0 (9.8) 0.96
8% 5 0.23 (0.0013) 51.4(12.3) 0.99
20 0.37 (0.0021) 45.6 (10.9) 0.97
CBF2 0.27 (0.0015) 38.0 (9.1) 0.96
Tetraploid (Diploid) 0% 5 O 27 (0.0015) 43.1 (10.3) 0.99
(No CPA) 20 50 (0.0028) 50.2 (12.0) 0.96
CBFa O 34 (0.0019) 29.7 (7.1) 0.95
8% 5 0.30 (0.0017) 43.1 (10.3) 0.97
20 0.37 (0.0021) 41.4 (9.9) 0.95
CBF?2 0.34 (0.0019) 37.6 (9.0) 0.96

2 The combined-best-fit (CBF) parameters maximized the R? value, concurrently, at both 5 and 20°C/min.
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ilarly, the optimal cooling rates in the absence and presence
of a CPA for diploid sperm cells were ~63°C/min and
~43°C/min.

Parameter Sensitivity Analysis—Effect of Varying
the Osmotically Inactive Cell Volume (V,)

The value of the osmotically inactive cell volume of
mammalian sperm cells has been reported to range from
0.6 V, (the value used in this and other studies) to as low
as 0.25 V, and as high as 0.80 V, [28-33, 36]. To study
the effect of varying the osmotically inactive cell volume
on the predicted membrane permeability parameters (L,
and Ep, or Ly[cpa] and Ej,[cpa]), the value of Vi, was
increased to 0 8 V,, and decreased to 0.4 V. The DSC data
were correspondingly modified (using Equation 1), and the
modified data were fitted to the water transport model
(Equations 2 and 3) using the nonlinear least squares curve-
fitting technique as previously described. The predicted val-
ues of the membrane permeability parameters using an os-
muotically inactive cell volume of 0.4 V, and 0.8 V, were
then obtained both in the presence and absence of DMSO
(data not shown in the interest of brevity). The predicted
optimal cooling rates obtained using these parameters were
in good agreement (* 10%) to the values obtained with Vy
of 0.6 V, described earlier. Thus, the variation in the value
of V,, did not significantly alter the model predictions, and
as noted earlier depending on the concentration of DMSO,
cooling rates as low as 40-70°C/min can cause a significant
volume of intracellular water to be trapped inside the oyster
spermatozoa.

Parameter Sensitivity Analysis—Effect of Varying
the Cell Geometry

To study the effect of varying the cell membrane surface
(A.) and cell volume (V) on the predicted membrane per-
meability parameters (L,, and E;, or L,lcpa] and
Ej,lepal), it was assumed that the oyster sperm cells could
be modeled as isolated spherical cells or as heads alone
(with diameters of 1.66 and 2.14 pm for haploid and dip-
loid sperm cells; see Table 1). The corresponding mem-
brane permeability parameters (L,, and Ej), or L, [cpa] and
ELp[cpa]) are shown in Table 3. Additional numerical sim-
ulations were performed assuming a spherical model for
the oyster sperm cells and using the combined-best-fit pa-
rameters (Table 3) in the water transport model (Equations

Temperature ("C)

0.5
(L, and E, or L [cpal and E, [cpal) (Table
B 2) in the water transport equation (Equa-
T 00-4 tions 3 and 4). The nondimensional vol-
-15 -2

ume is plotted along the y-axis and the
subzero temperatures are shown along the
x-axis. The error bars represent the SD for
the mean values of six DSC experiments.

2 and 3). As before, an analysis of these simulations was
performed to predict the lower boundary on trapped intra-
cellular ice and the optimal rate of freezing oyster sperm
cells. The predicted optimal cooling rates of haploid sperm
cells in the absence and presence of 8% DMSO, assuming
a spherical model were ~62°C/min and ~47°C/min. Sim-
ilarly, the optimal cooling rates in the absence and presence
of DMSO, for diploid oyster sperm cells were ~42°C/min
and ~39°C/min. These optimal cooling rate values are in
the same range as those obtained with the “ball-on-stick™
model, presented earlier.

DISCUSSION

Independent verification of the predicted optimal cooling
rates is obtained by comparing the experimentally deter-
mined optimal rates of freezing reported in the literature
for Pacific oyster sperm cells [15-19] and other oyster
sperm cells [20-23]. In general, Pacific oyster sperm cells
are found to exhibit the highest postthaw function (cell vi-
ability and relative larval yield) when cooled at 40-80°C/
min in the presence of 8% (v/v) DMSO |[17]. However,
further empirical studies are needed to corroborate the pre-
dicted optimal rates of freezing haploid and diploid Pacific
oyster sperm cells reported in the present study.

Effect of Varying the Cell Geometry

The reference membrane permeability (L,, or L,[cpa)
values obtained using the spherical cell (hedds “alone) model
(Table 3) are uniformly higher than those obtained using
the “‘ball-on-stick” (head and tail) model (Table 2). This
increase in the predicted membrane permeability between
the “balt-on-stick™ and the spherical cell model is not sur-
prising because Equation 2 shows that the change in the
oyster sperm cell volume as a function of temperature (dV/
dT) is proportional to the product of L, and A.. Note that
the spherical cell model has lower %urface area available
for water transport than the “ball-on-stick” model (Table
1). Thus, for a given change in the oyster sperm cell volume
as a function of temperature (dV/dT), a decrease in A, will
cause a corresponding increase in the predicted value of L,
or L,[cpal where L, = f (L,, Ep,) and L,[cpal = f
( I,g[cpa] Ey,lcpal). Thus, any changes to the geometrical
model of the oyster sperm cell (specifically membrane sur-
face area, A, and isotonic cell volume, V,) should manifest
themselves with corresponding changes to the model pre-
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FIG. 5. Contour plots of the goodness-of-fit parameter R? (= 0.95) for water transport response in Pacific oyster sperm cells in the presence and
absence of DMSO. The common region corresponds to the range of parameters that fit the water transport data at two cooling rates (5 or 20°C/min)
with R? of 0.95 or more. Asterisks represent the combined-best-fit parameters in all the panels. The membrane permeability at 0°C, L, (or L icpal; m¥/
Ns) is plotted on the y-axis whereas the apparent activation energy of the membrane, £, (or £, [cpal; ki/mol) is plotted on the x-axis. A) Haploid sperm
cells without DMSO: the combined-best-fit parameters were: L, = 0.30 X 10 " m¥Ns (0.0017 wm/min-atm) and E, = 41.0 kl/mol (9.8 kcal/mol). B)
Diploid spern cells without DMSO: the combined-best-fit parameters were: L,, = 0.34 X 10 '* m%Ns (0.0019 pmv/min-atm) and £, = 29.7 kl/mol
(7.1 kcal/mol). ©) Haploid sperm cells with DMSO: the combined-best-fit parameters were: L, = 0.27 X 10" m¥Ns (0.0015 wm/min-atm) and £, =
38.0 k)/mol (9.1 kcal/mol). D) Diploid sperm cells with DMSO: the combined-best-fit parameters were: L, = 0.34 X 107" m¥/Ns (0.0019 wm/min-

atm) and £,, = 37.6 kJ/mol (9.0 kcal/mol).

dicted membrane permeability parameters (L,

Lylcpa) and Ep,lepal) [48].

and Ej, or
Effect of Cooling Rate on Predicted Membrane
Permeability Parameters

There was good agreement (=20%) in the predicted val-
ue of the activation energy, £y, (or Ey,[cpa]) at 5 and 20°C/
min for haploid and diploid sperm cells in the absence and
presence of DMSO (with the exception of diploid sperm
cells with an assumed V,, of 0.8 V). This lack of variation
in the activation energy values between 5 and 20°C/min
suggests that the oyster sperm cells cooled at 20°C/min un-
derwent complete dehydration, and the final end volume
was comparable with the assumed value of the osmotically

inactive cell volume. This assertion is further supported by
the observations that: 1) the magnitude of the DSC-mea-
sured ditference in heat release, Agy,., was found to be
constant between 5 and 20°C/min; and 2) no secondary heat
release was observed at 20°C/min, suggesting incomplete
dehydration, as was the case for Epstein Barr virus-trans-
formed lymphocytes [27] and liver tissue of a freeze-tol-
erant wood frog, Rana sylvatica [49]. As stated in earlier
studies [27-33], a major disadvantage of the DSC technique
is its inability to distinguish heat released because of water
transport and IIE Based on our results, it is reasonable to
presume that oyster sperm cells cooled at 20°C/min did in
fact undergo complete dehydration (in which water trans-
port was the dominant biophysical mechanism), and hence
the DSC results at the higher cooling rate of 20°C/min were
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FIG. 6. Volumetric response of Pacific oyster sperm cells at various cooling rates as a function of subzero temperature using the combined-best-fit
membrane permeability parameters (Table 2). A-D) The changes in the normalized cell volume (V/V,) are shown as a function of temperature for
different cooling rates in haploid sperm cell suspensions without DMSO (A), diploid sperm cell suspensions without DMSO (B), haploid sperm cell
suspensions without DMSO (C), and diploid sperm cell suspensions with DMSO (D). The water transport curves represent the model-simulated response
for different cooling rates (from left to right: 5, 20, 40, 50, and 100°C/min). The subzero temperatures are shown along the x-axis, whereas the

nondimensional volume is plotted along the y-axis.

indicative of the rate of cellular water loss from oyster
sperm cells.

Effect of CPAs on Membrane Transport Parameters

The DSC technique was used to obtain water transport
data and water permeability parameters (L,.[cpa] and
Ey,lcpal) of oyster sperm cells in the presence of DMSO.
Although the exact mechanism by which the presence of
DMSO or other CPAs modifies the water permeability pa-
rameters is as yet unknown, several studies have shown that
the presence of CPAs tends to reduce the membrane per-
meability parameters, L[,g[cpa] and ELp[cpa] [28-33, 43,
50]). This is at least partially the case in the present study.
in which an increase in the concentration of solutes in the
extracellular medium was shown to reduce, although not
significantly, the predicted value of membrane permeability

parameters for Pacific oyster sperm cells. However, the ad-
dition of DMSO actually resulted in an increase in the pre-
dicted values of the “combined best-fit” membrane per-
meability parameters for diploid sperm cells. Further stud-
ies are clearly needed to elucidate the mechanism by which
CPAs modify membrane permeability parameters.

Effect of Oyster Cell Type on Membrane
Transport Parameters

As stated earlier, the differences in the measured water
transport data between haploid and diploid oyster sperin
cells were not statistically significant. It is possible that the
DSC technique cannot distinguish the “subtle” differences
in water transport between these cells. This possibility is
small, given a recent study on equine sperm that demon-
strated differences in volumetric shrinkage among samples
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TABLE 3. Predicted subzero membrane permeability parameters for Pacific oyster sperm cells: neglecting the sperm
cell tail volume and surface area and modeling the sperm cell heads as spheres with dimensions shown in Table

tand Vy, = 0.6V,,.

Pacific oyster Conc. of Cooling Lpg O Lylcpal £, or E,p[cpa]

type DMSO rate X 10" m3/Ns kj/mol R?
(sperm cell) (viv) (°C/min) (pm/min-atm) (kcal/mol) value
Diploid (Haploid) 0% 5 0.75 (0.0042) 79.8 (19.1) 0.99
(No CPA) 20 0.82 (0.0046) 38.0 (9.1) 0.98
CBFa 0.71 {0.0040) 34.7 (8.3) 0.97
8% 5 (.52 (0.0029) 47.7 (11.4) 0.99
20 0.78 (0.0044) 34.3 (8.2) 0.98
CBF? 0.71 (0.0040) 393 (9.4) 0.96
Tetraploid (Dipioid) 0% 5 0.68 (0.0036) 44.7 (10.7) 0.99
(No CPA) 20 1.07 (0.0060) 41.8 (10.0) 0.97
CBFa2 0.71 (0.0040) 39.3 (9.4) 0.96
8% 5 0.73 (0.0041) 38.9 (9.3) 0.97
20 0.80 (0.0045) 33.4 (8.0) 0.96
CBFa 0.85 (0.0048) 43.2 (10.3} 0.96

a The combined-best-fit (CBF) parameters maximized the R? value, concurrently, at both 5 and 20°C/min.

that were collected and cooled to 4°C under different con-
ditions, including osmotic shock and cold shock [51]. Thus,
it is likely that the ability of oyster sperm cells to shrink
in the presence of extracellular ice during a thermal insult
is independent of the ploidy level. However, differences in
the size of the sperm cells did result in different membrane
permeability parameters for haploid and diploid oyster
sperm cells. Cursory evaluation of the predicted membrane
permeability parameters did not determine any consistent
effect of cell type on the predicted parameters (L,, and Ej,
or L,,lcpa) and ELp[cpa]) Also, an examination of the con-
tour plots shown in Figure 5 suggested that the parametric
space that would “fit” the haploid sperm cell water trans-
port data is significantly larger than that for diploid sperm
cells (comparing the contours of Fig. 5A with Fig. 5B, es-
pecially at 5°C/min in the absence of DMSO; and the con-
tours of Fig. 5C with that of Fig. 5D, especially at 20°C/
min in the presence of DMSO). This suggests that the mem-
brane permeability parameters obtained for the diploid
sperm cells would predict the volumetric response of the
haploid sperm cell quite accurately, whereas the converse
was not true. Further illustration of this observation was
obtained by comparing the predicted optimal cooling rates
with diploid sperm cell parameters and the haploid sperm
cell volume and surface area with those obtained earlier
with haploid cell parameters and haploid cell dimensions
(41 vs. 53°C/min in the absence of DMSO and 34 vs. 44°C/
min with DMSO or + 22% of each other). Conversely, the
predicted optimal cooling rates with haploid sperm cell pa-
rameters and the diploid cell volume and surface area with
those obtained earlier with diploid cell parameters and dip-
loid cell dimensions were significantly different (83 vs.
63°C/min in the absence of DMSO and 57 vs. 43°C/min
with DMSO or * 33% of each other). It is as yet unclear
whether this is a general effect related to the ploidy level
of the sperm cells or a unique result for sperm cells from
diploid and tetraploid Pacific oysters, C. gigas.

In summary, water transport (volumetric shrinkage) was
evaluated for haploid and diploid oyster sperm cells in the
presence of extracellular ice and a CPA (DMSO) during
freezing using the DSC technique at two different cooling
rates (5 and 20°C/min). This represents the first such effort
for sperm cells from any aquatic species. The predicted
“combined best-fit” permeability parameters ranged from
Ly, or L, lcpal = 0.23 X 10715 to 0.50 X 107!> m¥/Ns
(0.0013 to 0.0028 pm/min-atm) and £, or E;,Jcpal = 37.6

to 61.9 kl/mol (9.0 to 14.8 kcal/mol), whereas the predicted
optimal rates of freezing ranged from 40 to 70°C/min. It is
hoped that the water permeability parameters presented in
this study will help to establish cryopreservation of Pacific
oyster sperm cells on a firm biophysical basis. Future stud-
ies should make direct comparisons of the optimal cooling
rates predicted using the water transport models developed
here with empirical values for spermatozoa of Pacific oys-
ters, C. gigas.
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