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Abstract

This study explored the optimization of techniques for sperm cryopreservation of an economically important fish species, the
striped bass Morone saxatilis. The volumetric shrinkage or the water transport response during freezing of sperm cells was obtained
using a differential scanning calorimeter (DSC) technique. Water transport was obtained in the presence of extracellular ice at a
cooling rate of 20 °C/min in two different media: (1) without cryoprotective agents (CPAs), and (2) with 5% (v/v) dimethyl
sulfoxide (DMSO). The sperm cell was modeled as a cylinder of length of 22.8 wm and diameter 0.288 pm and was assumed to
have an osmotically inactive cell volume (V,) of 0.6V, where Vj is the isotonic or initial cell volume. By fitting a model of water
transport to the experimentally determined water transport data, the best fit membrane permeability parameters (reference
membrane permeability to water, Ly, or Lyg[cpa] and the activation energy, Ey,, or Eyp[cpa]) were determined and ranged from
L,, =0.011-0.001 pm/min-atm, and E; , = 40.2-9.2 kcal/mol). The parameters obtained in this study suggested that the optimal
rate of cooling for striped bass sperm cells in the presence and absence of DMSO range from 14 to 20 °C/min. These theoretically
predicted rates of optimally freezing M. saxatilis sperm compared quite closely with independent and experimentally determined
optimal rates of cooling striped bass sperm.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction restricted to freshwater environments, whereas striped
bass (M. saxatilis) is anadromous. Also, the hybrid (HB)

Four economically important species of the genus of M. chrysops x M. saxatilis, although generally
Morone are cultured in the United States. White perch stocked into freshwater systems, does well in a wide
(Morone americana) is a brackish water species but also range of salinities from 0 to 25 ppt. The genus Morone
inhabits fresh water lakes and reservoirs. White bass provides a highly desired sport fish in freshwater and
(M. chrysops) and yellow bass (M. mississippiensis) are brackish impoundments, and several hatcheries for

artificial propagation of these species and hybrids

provide seedstock for fisheries and for commercial
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ability and towards a rational design of optimally
cryopreserving sperm cells of Morone, and other
aquatic species.

Preservation of gametes of fishes has been of interest
to scientists since de Quatrefages ([1]; as cited in [2])
began investigations in the 1800s. Adequate methods of
cryopreserving fish sperm would facilitate animal
husbandry techniques that are now difficult or impos-
sible. For example, cryopreserved sperm would allow
hybridization of species with temporal spawning
differences, provide greater ease in carrying on selective
breeding programs for disease resistance and stock
improvement, expedite sperm transfer from one hatchery
to another, allow sperm from desirable individuals to be
used after their death, enhance propagation where there is
a deficiency of males, and reduce the number of males
maintained by hatcheries [2]. Blaxter [3] was the first to
successfully store fish sperm in a frozen condition; slices
of the testes of spring-spawning Atlantic herring Clupea
harengus, frozen in glycerol and seawater and stored for 6
mo in solid carbon dioxide (—79 °C), yielded 80 and 85%
fertilization when mixed with fresh ova. Spermatozoa of
striped bass M. saxatilis were also successfully
cryopreserved, and when frozen in the presence of 5%
dimethyl sulfoxide (DMSO) retained fertilizing capacity
for 2 yr [4]. However, no fertilization was obtained when
striped bass sperm were frozen in the presence of
glycerol, ethylene glycol, or propylene glycol as the
cryoprotectants [3]. The harvest and size of young striped
bass grown in culture ponds from “natural” (derived
from eggs fertilized with fresh sperm) and ““cryogenic”
larvae (derived from eggs fertilized by thawed sperm)
were compared and no significant differences were found
between them [5]. Cryopreservation protocols for
spermatozoa of more than 200 species of freshwater
and marine fish have been experimentally determined
and many of these studies have been reviewed in several
publications [6—13]. Despite this work, a firm theoretical
basis for cryobiology of aquatic species gametes has yet
to be developed.

The largely experimental nature of determining the
optimal rate of cooling for sperm cells (mammalian or
aquatic) is due to their small size and unique morphology;
this limits the application of traditional microscopy-
based low temperature measurement techniques to
measure the freezing response in sperm cells. To
circumvent this problem, we used a shape-independent
differential scanning calorimetry (DSC) technique to
measure the freezing response (water transport) of M.
saxatilis sperm cells [14-20]. Water transport during
freezing (and consequently the membrane permeability
parameters) of striped bass sperm cells was obtained at

20 °C/min in the absence and presence of 5% (v/v) ratio
of DMSO. The experimentally determined membrane
permeability parameters were then incorporated into a
recently developed ‘“‘generic optimal cooling rate
equation” to predict a priori the optimal rates of cooling
striped bass sperm [14—18].

2. Materials and methods
2.1. Sperm collection and isolation

Five-year-old striped bass males were maintained in
tanks in a recirculating system at Kent SeaTech Corp
(San Diego, CA, USA). Males were anesthetized by the
use of a standard fish anesthetic, tricaine methanesulfo-
nate (Argent Laboratories, Inc., Redmond, WA, USA)
prior to collection of milt. The males were dried with
towels and milt was collected into sterile 2 mL vials by
applying gentle pressure to the abdominal cavity. Care
was taken to not contaminate the samples with urine,
feces, or water. Sperm motility was evaluated qualita-
tively using 200x magnification by diluting 0.5 pL of
undiluted sample with 50 wL of system water to screen
samples to ensure >90% motility. The samples (~1 mL)
were diluted 1:4 (v/v) with calcium-free Hanks’ balanced
salt solution (Ca-free HBSS) prepared at 350 mOsmol/kg
(measured with a vapor pressure osmometer [Model 550,
Wescor Inc., Logan, UT, USA]), and were placed in
15 mL conical tubes. The samples were secured in a
ZipLoc™ bag and shipped to the Aquaculture Research
Station (ARS) of the Louisiana State University
Agricultural Center in a Styrofoam shipping container
packed with Styrofoam packing material and two foam
refrigerant blocks [21,22].

Upon arrival, samples were inverted to mix, and
motility was estimated using dark-field microscopy
(Optiphot-2, Nikon Inc., Garden City, NY, USA) at
200x magnification with and without activation (2 pL
of sperm sample diluted with 20 pLL of tank system
water). Therefore, percent motility was estimated after
the samples were received at the ARS before and after
dilution with system water. Sperm cells that vibrated in
place were not considered to be motile. Sperm cell
concentrations were estimated using quadruplicate
hemacytometer counts and samples were diluted to
1.1 x 10° cells/mL in preparation for DSC and cryo-
preservation experiments.

2.2. Cryopreservation experiment

Three cooling rates (4, 16, and 40 °C/min) were used
for cryopreservation of the samples independent of the



966 S. Thirumala et al. / Theriogenology 66 (2006) 964-973

DSC experiments, described below. The 4 and 40 °C/min
rates were produced by the use of a computer-controlled
freezer. The 16 °C/min rate was performed using
methods developed for cryopreservation of dairy bull
semen [23]. The samples were mixed with a 1:9 ratio of
sperm solution to a solution of 50% DMSO and Ca-free
HBSS resulting in a final sperm cell concentration of
1 x 10° and a DMSO concentration of 5%. The samples
were loaded into 0.5-mL French straws (IMV Interna-
tional Corp., Minneapolis, MN, USA) and allowed to
equilibrate for 15 min at +5 °C prior to freezing at one of
three cooling rates (4, 16 and 40 °C/min).

Cryopreserved samples were evaluated for post-thaw
motility at 7-30 d after freezing. Individual straws were
thawed at 40 °C for 10 s. Immediately after thawing the
samples were transferred from the straws into 1.8 mL
vials. Percent motility was estimated as described above
at <30 s after thawing.

2.3. DSC experiments

The DSC experiments were carried out in the absence
and presence of a permeating cryoprotective agent,
DMSO (5% (v/v)). These protocols have been described
extensively in earlier publications [14—20] and will only
be briefly described here. Approximately, 10 wL of the
sperm suspension was placed in a DSC standard
aluminum sample pan (Perkin-Elmer Corporation, Nor-
walk, CT, USA) with ~0.1 mg of Pseudomonas syringae
(American Type Culture Collection, Rockville, MD,
USA). The sample pan was then sealed and placed in a
DSC-7 (Perkin-Elmer Corporation, Norwalk, CT, USA),
to measure two heat releases: (i) during freezing of
osmotically active (live) cells in suspension; and (ii)
during freezing of osmotically inactive (dead) cells in the
same suspension. The measured difference between
these two heat releases from the same sample/experiment
was correlated to water transport during freezing [14—
20]. All DSC experiments were completed within 3-6 h
after the sperm were delivered to the LSU bioengineering
laboratory.

Table 1

2.4. Translation of heat release to cell volume data
for dynamic cooling

As stated elsewhere [14-20], the heat release
measurements of interest are Agy,. and Ag(T)gs. 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 shown to be related to cell volume changes; as
demonstrated in a variety of sperm cells suspensions
including canine [14], porcine [15], and recently in
aquatic species, the Pacific oyster Crassostrea gigas
[16], the green swordtail Xiphophorus helleri [17], the
southern platyfish Xiphophorus maculatus [18] and
independently verified by Yuan and Diller [19] and
Diller [20] as:

o Aq(T)dsc

V(T) =V, Ada

(Vo — W) ()
The two unknowns required in Eq. (1) apart from the
DSC heat release readings (Aggee and Ag(T)qse) are Vy
(the initial or isotonic cell volume) and Vj, (the final or
osmotically inactive cell volume). By analyzing
microscopic images of the M. saxatilis sperm cells
the initial volumes were obtained (Table 1). The final
volumes for M. saxatilis sperm cells were assumed to be
0.6V, (or Vi, = 0.6Vy). To account for any variations in
the assumed values of V| and V,, a detailed parametric
analysis is presented in the Results section. To ensure
the accuracy and repeatability of the experimental data,
a set of calibration and control experiments were
performed as detailed previously for the DSC-7 [24].

2.5. Water transport model

During freezing in the presence of extracellular ice,
the difference in the chemical potential between the
unfrozen intracellular fluid and partially frozen extra-
cellular space results in a transport of fluid/water from

Measurements, and calculated volumes, surface areas, and ratios of surface area to volume (A.:V)) for head, tail and combined total of sperm cells

from M. saxatilis

Cell component Radius (pm) Length (um) Volume (V) (|.Lm3) Surface area (A.) (pumz) (Ac: Vo) (ptm’l)
Head® 0.80 2.2 4.43 11.06 2.51
Tail® 0.10 48.0 1.51 30.17 20.00
Total® 0.29 22.8 5.94 41.27 6.94

% The volumes of the head and the tail were all assumed to be cylinders.

® Sum of the volumes and surface areas of the head and the tail.
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the intracellular space to the extracellular milieu. This
process can be modeled using irreversible thermo-
dynamics as shown by Mazur [25] as:

dV  L,ART
—=—-——CG - C 2
ar B [ o] 2)
with Ly, the sperm cell membrane permeability to water
defined by Levin et al. [26] as

%:Lpg[cpa}exp(_@(%—%)) )

where, L,, or Lys[cpa] is the reference membrane
permeability (wm/min-atm) at a reference temperature,
Tr (=273.15 K) in the absence and presence of a CPA,
Ey, or Ey ,[cpa] the apparent activation energy (kJ/mol)
or the temperature dependence of the cell membrane
permeability in the absence and presence of a CPA, A, is
the effective membrane surface area for water transport,
assumed to be constant during the freezing process, R
the universal gas constant, B the constant cooling rate
(K/min), finally C; and C, represent the concentrations
of the intracellular and extracellular (unfrozen) solu-
tions. In this study, the M. saxatilis sperm cells were
modeled as a cylinder with length (L = 22.8 wm) and a
radius (rgp=0.288 wm), which translated to an initial
isotonic volume, Vj of ~5.94 um?® and the initial sur-
face area available for water transport, A. of
~41.27 pm? (Table 1). Note that when no CPA is
present, L, is an Arrhenius function of Ly, and Ej,.
The two unknown water transport parameters of the
model, either Ly,[cpa] and E| ,[cpa] in the presence of
CPA or Ly, and Ej, in the absence of CPA, are deter-
mined by curve-fitting the water transport model to
experimentally obtained volumetric shrinkage data
(dV/dT) during freezing at a prescribed cooling rate.
The various assumptions made in the development of
Mazur’s model of water transport are discussed in detail
elsewhere [24-29] and are beyond the scope of the
present report.

2.6. Numerical methods

A nonlinear least squares curve fitting technique
was implemented using a computer program to
calculate the membrane permeability parameters that
best fit the volumetric shrinkage data [30]. The
optimal fit of Eq. (2) to the experimental data was
obtained by selecting a set of parameters that
minimized the residual variance, Xz’ and maximized
a goodness of fit parameter, R* [31]. All of the curve

fitting results presented have an R*-value greater than
or equal to 0.99, indicating that there was good
agreement between the experimental data and the fit
calculated using the estimated membrane permeabil-
ity parameters. 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. The water transport equation was
then solved numerically using a custom written
FORTRAN code (the code utilized a 4th order
Runge-Kutta method) on a Mac Powerbook G4
(Apple Computer Inc., Cupertino, CA, USA) work-
station [15-17].

2.7. Theoretical prediction of optimal cooling rates

Thirumala and Devireddy [32] reported that for a
variety of biological systems a comparison of the
published experimentally determined values of By (in
°C/min) agreed quite closely with the value obtained
using a generic optimal cooling rate equation (GOCRE)
that defines:

A
By = 1009.5 exp(o'OS%ELP)(Lpg)( : > “)

Vo—Wy

In this equation, Ly, and Ey, represent the membrane
permeability parameters (in wm/min-atm and Kcal/mol,
respectively), whereas the last term A./(Vy — V) (in
wm ') represents the ratio of the available surface area
for water transport (A.) to the initial volume of intra-
cellular water (Vo — V4,). Based on the cell dimensions
shown in Table 1, the ratio of AJ/(Vy— Vy) is
17.37 pm ™" (assuming V}, = 0.6V,)). Once the cell level
parameters L,, and Ep, were determined using the
curve-fitting procedure described above, we utilized
Eq. (4) to predict the optimal rates of cooling striped
bass sperm cells.

3. Results

3.1. Dynamic cooling response and membrane
permeability parameters

The DSC water transport data obtained at a cooling
rate of 20 °C/min for striped bass spermatozoa are
shown in Fig. 1. The data obtained in the absence of
DMSO are shown in Fig. 1A, whereas the correspond-
ing data obtained in the presence of DMSO are shown in
Fig. 1B. Water transport cessation was observed in
the DSC heat release data as an overlap of the thermo-
grams from the heat release signature obtained using
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Fig. 1. Volumetric response of M. saxatilis (striped bass) sperm cells
as a function of sub-zero temperatures obtained using the DSC
technique in the presence of extracellular ice (A) and in the presence
of extracellular ice and DMSO (B). The filled circles represent the
experimentally obtained water transport (volumetric shrinkage) at a
cooling rate of 20 °C/min. The dynamic cooling response at 20 °C/min
is shown as a solid line and was obtained by using the “best fit”
membrane permeability parameters (L,, and Ey, or Ly,[cpa] and
Eyplcpa]) (Table 2) in the water transport equation (Egs. (2) and
(3)). The model-simulated equilibrium cooling response obtained is
shown as a dotted line in both figures. The non-dimensional cell
volume is plotted along the y-axis and the sub-zero temperatures are
shown along the x-axis. The error bars represent the standard deviation
for the mean values of nine separate DSC experiments (n =9).

Table 2

osmotically active (initial) and inactive (final) cells [14—
18]. The dynamic portion of the cooling curve (where
the thermograms were distinct) was between —0.6 and
—15 °C in the absence of DMSO and between —1.8 and
—24 °C in the presence of DMSO. The membrane
permeability parameter values that best fit the 20 °C/
min water transport data in the absence and presence of
DMSO were calculated, as described earlier, using the
nonlinear curve fitting technique (Table 2).

3.2. Membrane permeability parametric space

To further demarcate the range and combination of
the membrane permeability parameters (either Ly, and
Ei,, or Lyg[cpa] and Ejp[cpa]) that “best fit” the
measured striped bass water transport data, we
generated contour plots (Fig. 2) of the parametric
space that “fits” the water transport with a goodness of
fit parameter, R? (>0.98). Distinctive contours are
shown (Fig. 2) and correspond to the two media
investigated (with and without DMSO) with V}, = 0.6V,
Any combination of L,, and Ep, (or Lyg[cpa] and
Ey p[cpa]) shown to be within the contour will “fit” the
experimentally measured water transport data in that
media with an R*-value of >0.98. Note that the contours
were distinct and separate, with no common region.
Thus, there was not even a single combination of Ly,
and Ep, (or Lpy,[cpa] and Ejg[cpa]) that can con-
comitantly predict the water transport response in both
the media studied.

3.3. Optimal rates of cooling

By incorporating the best fit parameters of water
transport in Eq. (4), the theoretically predicted values
for optimally cooling M. saxatilis spermatozoa were
obtained (Table 2). To independently verify the

Predicted sub-zero membrane permeability parameters and the optimal rates of freezing for M. saxatilis sperm cells in the absence and presence of

DMSO, using cell dimensions shown in Table 1

Inactive cell volume (Vy,) Freezing media

Ly, or Lyg[cpa] (pum/min-atm)

Ey, or Eyp[cpa] (kcal/mole) Bopy (°C/min)

0.6Vy* Without DMSO 0.011
5% (v/v) DMSO 0.001
0.4Ve° Without DMSO 0.016
5% (v/v) DMSO 0.002
0.8Vy° Without DMSO 0.005
5% (v/v) DMSO 0.001

40.2 20
9.2 14
39.8 21
8.8 14
37.8 21
8.9 14

? Obtained using Eq. (4) with A/(Vy — Vp) =17.37 ;xm’l.
° Obtained using Eq. (4) with A/(Vy — Vi) = 11.58 pm ™.
¢ Obtained using Eq. (4) with A/(Vy — Vp,) =34.74 um’l.
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Fig. 2. Contour plots of the goodness of fit parameter R* (=0.98) for
water transport response of M. saxatilis sperm cells assuming
V4, = 0.6V,. Two contours are shown corresponding to the two media
studied, i.e., without DMSO and with DMSO. Note that the best fit
parameters (Table 2; V}, = 0.6V, are represented within the contours
by a “#” (without DMSO), and “*” (with DMSO). The membrane
permeability at 0 °C, Ly, (or Lyg[cpa]) (um/min-atm) is plotted on the
y-axis, whereas the apparent activation energy of the membrane, Ey
(or Eypp[cpa]) (kcal/mol) is plotted on the x-axis.

predicted rates of optimally cooling M. saxatilis
spermatozoa, additional numerical simulations were
also performed at various cooling rates (5-100 °C/min)
using the water transport model (Eq. (2)) and the best fit
parameters (Table 2; V}, = 0.6V) for both the conditions
studied, i.e., (i) without DMSO (Fig. 3A); and (ii) with
DMSO (Fig. 3B). A detailed analysis of these numerical
simulations was performed, as described earlier for
spermatozoa of canine [14], porcine [15], Pacific oyster
[16] and green swordtail [17], to determine the optimal
rates of cooling M. saxatilis spermatozoa. The predicted
optimal rates of cooling from this analysis of the
numerical simulations were within +20% of the values
obtained using Eq. (4), thus corroborating further the
predicted rates of optimal cryopreservation of M.
saxatilis spermatozoa shown in Table 2.

3.4. Effect of varying osmotically inactive cell
volume

To study the effect of varying the osmotically
inactive cell volume on the predicted membrane
permeability parameters (L, and Ey,), the value of
Vi, was varied from 0.8V, to 0.4V, (i.e. a 33% change
from the initially assumed value of 0.6V,)). The DSC
water transport data were correspondingly modified
(using Eq. (1)) and as previously described, the data
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Fig. 3. Volumetric response of M. saxatilis sperm cells at various
cooling rates as a function of sub-zero temperature using the best-fit
membrane permeability parameters assuming V;, = 0.6V, (Table 2).
The changes in the normalized cell volume (V/V,) are shown as a
function of temperature for different cooling rates in striped bass
sperm cell suspensions without DMSO (A) and with DMSO (B). The
water transport curves represent the model simulated response for
different cooling rates (from left to right: 5, 10, 20, 40, 60, 80 and
100 °C/min). The model simulated equilibrium cooling response
obtained is shown as a dotted line. The sub-zero temperatures are
shown along the x-axis, whereas the nondimensional volume is plotted
along the y-axis.

were curve-fitted to the water transport model (Egs. (2)
and (3)) by the use of a nonlinear least squares curve-
fitting technique. Note that the predicted values of the
reference membrane permeability parameters (L) with
assumed values of 0.8V, or 0.4V, as the osmotically
inactive cell volume were significantly different from
the values obtained with an assumed osmotically
inactive cell volume of 0.6V, (Table 2). This variation
in the value of Ly, was in direct contrast to the behavior
of Ey ,, which remained essentially unchanged (£10%)
when V,, was varied from 0.6V}, to either 0.8V, or 0.4V,
However, the predicted rates of optimal freezing were
essentially unchanged (£5%) when the assumed value
of Vy was varied by +33% (Table 2). As an independent
assessment of the predicted rates of optimal freezing
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Fig. 4. A comparison of contour space for the three different values of V;, (0.4V,, 0.6V,, and 0.8V, are shown for M. saxatilis sperm cells in (A)
(without DMSO) and in (B) (with DMSO). In each figure, there are three contours corresponding to the three assumed values of V4, either 0.4V, or
0.6V, or 0.8V The best-fit parameters (Table 2) are represented within the contours by a “#” (0.4V), “+” (0.6V,) and “*”* (0.8V,)). The membrane
permeability at 0 °C, L, (or Lyg[cpa]) (wm/min-atm) is plotted on the y-axis, whereas the apparent activation energy of the membrane, Ey; (or
Eyplcpa)]) (kcal/mol) is plotted on the x-axis. Note the significantly smaller scale in both the x- and y-axes in (B), when compared with (A).

(Table 2), a separate set of numerical simulations was
also performed with the predicted best fit permeability
parameters obtained with the assumed values of 0.8 and
0.4V, as Vy, (data not shown). An analysis of these
simulations showed that the striped bass sperm cells were
essentially dehydrated (or trapped intracellular water) in
a similar fashion, as observed earlier with an osmotically
inactive cell volume of 0.6V,,. Thus, errors in the assumed
value of V}, do alter the model-predicted membrane
permeability parameters, but the predicted optimal rates
of freezing remain essentially unaltered. This insensi-
tivity of the predicted optimal rate of freezing to the
assumed value of V,, has also been previously noted in
sperm cells of various species [14—18].

To further illustrate the effect of varying the
osmotically inactive cell volume on the predicted
membrane permeability parameters, contour plots
(similar to those shown in Fig. 2) were generated for
an assumed V}, values of 0.8 and 0.4V,,. A comparison of
contour space for the three different values of V{, (0.4V,
0.6V, and 0.8V})) are shown in Fig. 4A (for spermatozoa
of M. saxatilis without DMSO) and Fig. 4B (for

Table 3

spermatozoa of M. saxatilis with DMSO). In each
figure, there are three contours corresponding to the
three assumed values of V,. Examination shows that
increasing the value of V;, decreases the predicted best
fit value of the membrane permeability (Table 2),
whereas the predicted best fit value of the activation
energy remained essentially unchanged (Table 2).

3.5. Effect of varying assumed cell dimensions (or
surface area to volume ratio)

To account for any errors and uncertainties in the
measured M. saxatilis sperm cell dimensions, we also
investigated the effect of varying the ratio of the surface
area available for water transport to the initial cell
volume (A.:Vy) by £50% on the predicted membrane
permeability parameters (Table 3). The water transport
model was appropriately modified (Eqs. (2) and (3)) and
using the nonlinear least squares curve fitting technique
described earlier, the corresponding best fit perme-
ability parameters (L, or Lp,[cpa] and Ey , or Ey p[cpa])
were obtained. The membrane permeability parameters

Predicted sub-zero membrane permeability parameters and the optimal rates of freezing for M. saxatilis sperm cells in the absence and presence of

DMSO, with V; = 0.6V,

Surface area to Freezing media

Ly, (or) Lyg[cpa]

Ey, (or) Epp[cpa] B (°C/min)

volume ratio (A.:Vy) (pm/min-atm) (kcal/mol)
10.41 Without DMSO 0.007 39.5 20
5% (v/v) DMSO 0.001 10.3 14
6.94% Without DMSO 0.011 2 20
5% (v/v) DMSO 0.001 9.2 14
3.46 Without DMSO 0.018 35.6 22
5% (v/v) DMSO 0.003 8.8 14

? Values shown in Table 2.
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Table 4

Percent sperm motility before freezing at three cooling rates (40, 16 and 4 °C/min) and after thawing of samples diluted or not diluted in activating

solution (system water)

Male Before freezing After thawing
Not diluted Diluted 40 °C/min* 16 °C/min® 4 °C/min®
Not diluted Diluted Not diluted Diluted Not diluted Diluted
1 10 80 10 20 20 20 20
2 60 30 20 20 20 20 20
3 70 80 5 5 5 1 1
4 50 70 1 20 20 1 1
5 40 70 5 10 10 1 1
6 40 60 1 20 20 1 1
Mean + S.D. 45+ 8 73+3 7+7 7+7 16 +3 16+3 7+10 7410

# Rate produced using a computer-controlled freezer.

® Rate produced using commercial methods developed for cryopreservation of dairy bull semen.

obtained by increasing or lowering the A :V ratio are
shown in Table 3. The observed inverse relationship
between Ag:V, ratio and the predicted membrane
permeability parameters (L,, or Lpg[cpa] and E;, or
E; p[cpa]) was not unexpected, as Eq. (2) shows that the
variation in the cell volume as a function of temperature
(dV/dT) was proportional to the product of L, and A..
Thus, for a predefined variation in the cell volume as a
function of temperature (dV/dT), an increase in A, (or
AV, ratio) will cause a corresponding decrease in the
predicted value of Ly, where Ly = fn(Ly,, E; ;) as shown
in Eq. (3) and vice-versa. Also, note that as shown in
Eq. (3), L, is directly proportional to L,s; thus a
decrease in L, will cause a decrease in L. In essence,
as the ratio between A.:V,, increases, L, will decrease
(as seen in Table 3). However, as shown in Eq. (4), By
is directly proportional to ratio of the cell surface area to
the intracellular water volume ratio (A./(Vy — V4)) and
L,,. Thus, varying the A.:Vy should not significantly
affect the predicted By, as any increase in A.:Vj ratio is
compensated by a corresponding decrease in L,,. This
assertion was further verified by comparing the
predicted optimal rates of freezing M. saxatilis sperm
with a surface-area-to-volume ratio (A.:V;) of 10.41 and
3.46 to a ratio of 6.94 (Table 3). As expected, the
predicted optimal rates of freezing were within £10%,
even when the A.:V,, was increased or lowered by 50%;
therefore, errors in the measured dimensions did not
significantly vary the theoretically predicted optimal
rates of cooling striped bass spermatozoa.

3.6. Cryopreservation experiment
As stated earlier, percent motility was estimated for

thawed M. saxatilis sperm before and after dilution with
system water for three different cooling rates: 40, 16

and 4 °C/min (Table 4). The highest mean post-thaw
motility was obtained from the 16 °C/min rate.
However, there was no difference (P > 0.05) among
the three cooling rates tested. The experimentally
measured optimal rate of cooling M. saxatilis sperm
compares quite closely with the theoretically predicted
optimal rate of 14 °C/min (see Tables 2 and 3).

4. Discussion

The DSC technique was used to obtain water
transport data and water permeability parameters (Lyg
or Lp,[cpa] and Ey, or Eyp[cpa]) of M. saxatilis sperm
cells in a freezing media with and without DMSO. The
water permeability parameters of M. saxatilis sperma-
tozoa ranged from 0.011 to 0.001 pm/min-atm and 40.2
to 9.2 kcal/mol. A comparison of these values with
previously published values for aquatic sperm cells [ 16—
18], revealed several similarities and differences. For
example, when compared with X. helleri sperm cells,
the L, and Ej ;, obtained in the absence of CPAs for M.
saxatilis sperm were significantly higher (0.011 versus
0.0046 pm/min-atm and 40.2 versus 11.97 kcal/mol)
[17]. The parameters obtained in the presence of DMSO
were comparable to those obtained earlier for haploid
and diploid Crassostrea gigas sperm cells (0.001 versus
0.002 pm/min-atm and 9.2 versus ~10 kcal/mol) [16].
However, the best-fit parameters obtained in this study
using the DSC volumetric shrinkage data during
freezing of M. saxatilis spermatozoa were significantly
lower than the reported suprazero (above zero and in the
absence of extracellular ice) permeability values for
mammalian species [33]. A similar lowering of the
sperm cell water permeability parameter values was
also found for canine [14], boar [15], Pacific oyster [16]
and Xiphophorus [17,18]. This discrepancy between the
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membrane permeabilities may be associated with
possible changes in the sperm cell plasma membrane
during suprazero cooling, as described elsewhere [14—
18] and include a lipid phase transition between 0 and
4 °C, the alterations in membranes due to the presence
of extracellular ice, thermotropic (temperature depen-
dent) phase phenomena, lyotropic (i.e., independent of
cooling rate) membrane phase changes, and alterations
in membrane fluidity.

Although the exact mechanism by which DMSO
alters membrane transport is as yet unknown in aquatic
species, previous studies on the sperm cells of
Xiphophorus [17,18] and C. gigas [16] suggested that
the addition of cryoprotective agents (CPAs) tends to
lower the membrane transport parameters. This was
also the case with the sperm cells of M. saxatilis
(Tables 2 and 3), where the addition of DMSO lowered
the measured values of the reference membrane
permeability and the activation energy significantly;
the former was lowered by a factor of 10, whereas the
latter was lowered by a factor of four. It is interesting to
note also that the range of parameters that best fit the
measured water transport data was much smaller in the
presence of DMSO than in its absence (Fig. 2).
However, the theoretically predicted optimal rates of
freezing were lower in the presence of DMSO than in its
absence. This reduction in the predicted optimal rate of
freezing in the presence of CPAs was similar to that
observed earlier for spermatozoa of canine [14], C.
gigas [16] and X. helleri [17], but was contrary to the
observed behavior in boar sperm [15] and in the sperm
cells of X. maculatus [18]. Clearly, further studies are
needed to further delineate the effects of DMSO and
other CPAs on membrane transport and predicted rates
of optimal freezing.

As discussed earlier, three cooling rates (4, 16 and
40 °C/min) were used for freezing samples indepen-
dent of the DSC experiments to compare theoretically
predicted values with experimentally determined
values for the cryopreservation of the M. saxatilis
sperm. Although there was no significant difference in
post-thaw motility among the rates tested, the 16 °C/
min rate had the highest mean after thawing motility.
The close agreement between the experimentally
determined (16 °C/min) and the theoretically pre-
dicted (14 °C/min) optimal cooling rates was quite
remarkable considering the various assumptions made
not only in the development of the water transport
model (Egs. (2) and (3)) but also in the development of
the generic optimal cooling rate equation (Eq. (4)).
Moreover, a review of eight published studies that
utilized DMSO as a cryoprotectant for M. saxatilis

sperm revealed that cooling rates of 20 °C or faster
were the most effective for cryopreservation [4,5,34—
39]. When discussing the perceived success of
cryopreservation determined by estimated motility,
it is important to note the variability of the shipped
sperm. The shipped samples all had motile sperm prior
to dilution with the activating solution. This could be
an indicator of hypersensitivity of the cells due to the
physical stresses encountered during shipping, or the
interplay of a variety of factors in sperm activation.
Further research is needed to determine the causes
of variability in cryopreserved M. saxatilis sperm
samples.

In conclusion, water transport (volumetric shrink-
age) data for M. saxatilis sperm cells in the presence
of extracellular ice and DMSO during freezing were
obtained using a DSC technique at a cooling rate of
20 °C/min. The measured water transport data in the
presence and absence of DMSO were curve-fitted to a
model of water transport, to predict the “best fit”
membrane permeability parameters (L,, and Ej, or
Lyg[cpa] and Ejp[cpa]). The measured ‘“‘best fit”
permeability parameters ranged from L,,=0.011-
0.001 wm/min-atm) and Ej, =40.2-9.2 kcal/mol for
M. saxatilis sperm. The permeability parameters
obtained in this study predicted an optimal rate of
freezing for M. saxatilis sperm cells ranging from
14 to 20 °C/min; these values compared favorably
with empirically and independently determined
experimental rates of optimally freezing sperm from
striped bass.
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