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Abstract

Sperm cryopreservation of live-bearing fishes, such as those of the genus Xiphophorus is only
beginning to be studied, although these fishes are valuable models for biomedical research and are
commercially raised as ornamental fish for use in aquariums. To explore optimization of
techniques for sperm cryopreservation of these fishes, this study measured the volumetric
shrinkage response during freezing of sperm cells of Xiphophorus helleri by use of a shape-
independent differential scanning calorimeter (DSC) technique. Volumetric shrinkage during
freezing of X. helleri sperm cell suspensions was obtained in the presence of extracellular ice at a
cooling rate of 20 °C/min in three different media: (1) Hanks’ balanced salt solution (HBSS)
without cryoprotective agents (CPASs); (2) HBSS with 14% (v/v) glycerol; and (3) HBSS with 10%
(v/v) dimethyl sulfoxide (DMSO). The sperm cell was modeled as a cylinder of 33.3 um in length
and 0.59 pm in diameter with an osmotically inactive cell volume (14,) of 0.6 V4, where V4 is the
isotonic or initial cell volume. By fitting a model of water transport to the experimentally
determined volumetric shrinkage data, the best-fit membrane permeability parameters (reference
membrane permeability to water, Lpg or Lyg[cpa] and the activation energy, £  or £ p[cpa]) of
the Xiphophorus helleri sperm cell membrane were determined. The best-fit membrane
permeability parameters at 20 °C/min in the absence of CPAs were: Lpg = 0.776 x 10715 m3/Ns
(0.0046 pm/min atm), and £ = 50.1 kJ/mol (11.97 kcal/mol) (R2=0.997). The corresponding
parameters in the presence of 14% glycerol were Lpg[cpa] = 1.063x10715 m3/Ns (0.0063 pm/min
atm), and £ p[cpa] = 83.81 kd/mol (20.04 kcal/mol) (A% = 0.997). The parameters in the presence
of 10% DMSO were Lyg[cpa] = 1.4 x 107> m3/Ns (0.0083 pm/min atm), and £ p[cpa] = 90.96
kd/mol (21.75 kcal/mol) (R2 = 0.996). Parameters obtained in this study suggested that the optimal
rate of cooling for X helleri sperm cells in the presence of CPAs ranged from 20 to 35 °C/min and
were in close agreement with recently published, empirically determined optimal cooling rates.
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1. Introduction

Live-bearing fishes of the genus Xiphophorus are widely used in diverse areas of
contemporary scientific research, including evolution [1,2], sex determination [3-5],
endocrinology [6,7], ethology and behavioral ecology [8-11], toxicology [12,13],
parasitology [14,15], immunology [16,17], and cancer genetics [18,19]. In addition to their
value as experimental models for biomedical research, swordtails and platyfish are also
valued as ornamental fish because of vibrant body coloration and a long sword-like tail. At
present, more than 22 species and more than 67 pedigreed lines of Xiphophorus are
currently maintained only as live animal stocks, perpetuated by a labor-intensive breeding
regime (Xiphophorus Genetic Stock Center of Texas State University, San Marcos, TX,
USA). As new species are identified, new lines developed, and rare chromosomal conditions
delineated, it becomes increasingly important to cryogenically preserve Xiphophorus sperm
samples for the long-term.

Despite the study of sperm cryopreservation in some 200 species of freshwater and marine
fishes [20], sperm cryopreservation has only recently been explored in live-bearing fishes as
a group [21-23]. The focus of the present study was to measure a biophysical response
(water transport) in X. helleri sperm cells during freezing using a recent advance in
measurement methodology, pioneered by Devireddy and colleagues, using a differential
scanning calorimeter (DSC) [24-29]. In the DSC technique, two heat releases from the same
cell suspension are measured: (i) during freezing of osmotically active (live) cells in
suspension; and (ii) during freezing of osmotically inactive (dead) cells in the same
suspension. The difference in heat release measured between the two cooling runs from the
same experiment is correlated to water transport. This has been demonstrated by Devireddy
and colleagues in a variety of sperm cell suspensions, including murine [24], human [25],
equine [26,27], canine [28], boar [29], and recently in an aquatic species, the Pacific oyster
Crassostrea gigas [30], and independently verified by Yuan and Diller [31] and Diller [32].
As described elsewhere, knowledge of the water transport (cellular dehydration) during
freezing of a cell suspension can be used to predict a priori the optimal rates of freezing [24—
29,33,34]. Briefly, the loss of post-thaw viability is either due to intracellular ice formation
[35,36] or prolonged exposure to freeze-concentrated extracellular solution [37]. Differences
in membrane permeability to water and the probability of IIF result in different optimal
cooling rates for different cells [34,38]. Therefore, to optimize a cryopreservation protocol,
it is important to measure cell membrane permeability to water.

The aim of this project was to establish the water transport (and consequently the membrane
permeability parameters) of X. helleri sperm during freezing using a DSC technique at a
cooling rate of 20 °C/min in three different media: Hanks’ balanced salt solution (HBSS)
without cryoprotectants; HBSS with 14% glycerol; and HBSS with 10% dimethyl sulfoxide
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(DMSOQO). The experimentally determined membrane permeability parameters were used to
numerically predict the loss of intracellular water under a variety of cooling rates (5-100 °C/
min). The numerical predictions were analyzed to predict the amount of water left in the
sperm cell after dehydration in the absence of IIF, and consequently the optimal cooling
rates for X. helleri sperm cryopreservation.

2. Materials and methods

2.1. Collection and isolation of sperm cells

A total of 26 male X. helleriwere shipped weekly by overnight delivery from the
Xiphophorus Genetic Stock Center (XGSC) of Texas State University (San Marcos, TX,
USA) to the Aquaculture Research Station of the Louisiana State University Agricultural
Center in January through March of 2004. The fish were anesthetized in 0.01% MS-222
(Western Chemical Inc., Ferndale, WA, USA) for 2 min, and the standard lengths and wet
weights were measured. Sperm were collected by surgical removal of the testis, adherent
tissue was dissected away and testes were placed in tared resealable plastic bags (NASCO
whirl-pak, MBCOCT, New Haven, CT, USA) and weighed [22]. Based on previously
published results that report the osmolality of blood plasma of X. hellerias 320 mOsm/kg
[21-23], HBSS at 300 mOsm/kg was added to the testis before crushing of the testis to
release sperm. Sperm concentrations were adjusted to 0.9-1.6x10° cells/mL, while the
motility of fresh sperm always ranged from 80 to 90% moatile. The concentration of the cells
was adjusted such that the product of initial intracellular cell water (~5 pm3), the latent heat
of fusion of water (335 mJ/mg), the density of intracellular water (1000 kg/m?3) and the
number of cells in a DSC sample pan (~ 10° cells/mL) translated to a value that could be
measured by a DSC-7 machine (Perkin EImer Corporation, Norwalk, CT, USA) which was
1-3 mJ/mg of sample (see [39] by Devireddy et al. for a more detailed description for the
expected value of the DSC heat release). The samples were transported to the LSU
bioengineering laboratory for DSC experiments.

2.2. DSC experiments

The DSC experiments were carried out in the absence and presence of CPAs. Nine separate
DSC experiments were conducted in the absence of any CPA, in the presence of two CPAs
glycerol (14%, v/v) and dimethyl sulfoxide (10%, v/v). Approximately 10 pL of the sperm
suspension was loaded in a DSC standard aluminum sample pan (Perkin EImer Corporation,
Norwalk, CT, USA) with ~ 0.5 mg of Pseudomonas syringae (ATCC, Rockville, MD, USA).
The DSC dynamic cooling protocol used to measure the water transport out of the sperm
cells was the same as reported in earlier studies on mammalian [24-29] and aquatic [30]
sperm cells and will be briefly stated here. It is important to note that previously published
data on X. helleri sperm suggested that these cells were “viable” for as long as 2 weeks after
collection [22,23]. However, in the interest of consistency all water transport (DSC)
experiments were completed within 3-6 h of sperm collection.

2.3. DSC dynamic cooling protocol

Step 1, sperm cell suspensions with or without CPAs initially at room temperature were
cooled at 5 °C/min until the extracellular ice nucleated. Step 2, after nucleation, the sample
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was thawed at a warming rate (5 °C/min) such that phase-change temperature 7, was
reached (but not overshot) and ice remained in the extracellular solution. The phase change
temperatures were determined to be — 0.6 °C for the HBSS, — 4.1 °C for HBSS with 14%
glycerol, and - 3.2 °C for HBSS with 10% DMSO. Step 3, the sample was cooled to

- 50 °C at 20 °C/min causing the sperm cells to undergo dehydration. The lower curve in
Fig. 1 corresponds to the heat release associated with dehydration and the total area is
represented by ginitial- Step 4, the sample was re-equilibrated at 7, by thawing at 20 °C/
min. Step 5, to differentiate between the heat released by the media and the intracellular
fluid in Step 3, the sample was cooled at 200 °C/min to — 150 °C. This caused 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 20 °C/min to measure the final heat release due to lysed
(osmotically inactive) sperm cells mixed with media. The upper curve in Fig. 1 corresponds
to this heat release and the total area is represented by Gfinal-

Although no independent experiments were conducted as part of this study to assess the
viability of the cells prior to the start or during the course of the experiments, that we
measured a positive difference in heat release between Step 3 and Step 7 of the DSC cooling
protocol described above, confirmed that the cells were osmotically active or intact prior to
the start of the DSC experiment. Should the cells be osmotically inactive or lysed prior to the
start of the experiment, the DSC cooling protocol will measure no difference in heat release,
as described in earlier studies [24-30,39,40]. This assumption is further supported by
previously published data [21-23] that suggested that the sperm cells of X. helleriremain
viable even 2 weeks after collection.

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

The heat release measurements of interest are Agysc and Ag( 7)4sc 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 gitial, and during freezing of
osmotically inactive (dead) cells in media, gfing- As defined in a series of earlier studies by
Devireddy and colleagues, this difference in heat release has been shown to be related to cell
volume changes in several biological systems [24-30,39,40] as:

Vi— V(1) _Aq(T) g

Vi—-W Adadse (1)

This equation can be rearranged to measure water transport data from the DSC measured
heat releases A(7)gsc and Agysc as:

V=V~ =R e @)

The unknowns required in Eq. (2) apart from the DSC heat release readings are V (the
initial cell volume) and V4 (the final cell volume). The initial volume of the sperm cells in
the HBSS solution was assumed to be the isotonic cell volume, V4, (~ 9 um3) (see Fig. 2 and
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Table 1) and from this the initial cell volume, V4, was calculated to be 1.5 V4 in HBSS with
14% glycerol and 1.35 V4 in HBSS with 10% DMSO. Similarly, the final volume in HBSS
was assumed to be the osmotically inactive cell volume, V4, (=0.6 V, or ~ 5.4 um3) and from
this the final volume V4, was calculated to be 0.69 V4 in HBSS with 14% glycerol and 0.67 V4
in HBSS with 10% DMSO.

To ensure the accuracy and repeatability of the experimental data, a set of calibration and
control experiments were performed as detailed previously for this instrument (DSC-7,
Perkin Elmer Corporation, Norwalk, CT, USA) [39]. One of these tests was to compare the
heat release measured during the final cooling run, gina, With the DSC measured heat
release from a separate control experiment composed of osmotically inactive (lysed) X.
helleri spermatozoa; the magnitude (~ 220 mJ/mg) of the heat releases were found to be
within + 1%. This indicated that, after the fast cooling in the DSC protocol (200 °C/min to
- 150 °C), the X. helleri spermatozoa were osmotically inactive.

2.5. Water transport model

A model for water and solute transport in response to chemical potential gradients based on
irreversible thermodynamics has been proposed by Kedem and Katchalsky [41]. The K-K
model consisted of two differential equations which describe the water and CPA flux across
the membrane [41]. If the flux of CPA is negligible in comparison to the flux of water
[42,43], the K-K model reduces to a water transport model, as proposed by Mazur [33] and
later modified by Levin et al. [44]. The water transport model of Mazur was further modified
[45] to incorporate the presence of CPAs on the volumetric shrinkage response of cells
during freezing as:

T T

R

dv L,A.RT . (Vo — Vb — Nepalepa) /Vw AHgvyp ( 1 1 )
= n _
dT Buy (Vo -W - ncpavcpa)/vw +(<Psns+ncpa) R (3)

with L, the sperm cell membrane permeability to water defined by Levin et al. [44] as:
E, [cpa] /1 1
Ly=Lyglc e P (L)
bl < R \T T ) (@)

where, Lpg[cpa] is the reference membrane permeability at a reference temperature, 7g
(=273.15 K); £ p[cpa] is the apparent activation energy (kJ/mol) or the temperature
dependence of the cell membrane permeability; Vis the sperm cell volume at temperature 7
(K); A is the effective membrane surface area for water transport, assumed to be constant
during the freezing process; V4 the isotonic (initial) sperm cell volume and Vj is the
osmotically inactive cell volume. In this study, the X. helleri sperm cell was modeled as a
cylinder with length (L) of 33.3 um and a radius (/p) of 0.295 um, which translated to V4 of
~9 um?3and A; of ~ 61.7 pm? (Table 1 and Fig. 2); R s the universal gas constant; B is the
constant cooling rate (K/min); /iy, is the number of moles of salt; 1y, is the molar volume
of CPA; K, is the molar volume of water; ¢; is the disassociation constant for salt; 7 is the
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number of osmoles of salt (=G(V; — V), where G is the initial cell osmolality); A is the
latent heat of fusion of water, and p is the density of water. Note that when 77p, is zero (i.e.
no CPA is present), Egs. (3) and (4) reduce to the water transport model as described by
Mazur [33] and Levin et al. [44] and L, is an Arrhenius function of Lpg and £ . The two
unknown membrane permeability parameters of the model either Lpg[cpa] and £ p[cpa] in
the presence of CPA or Lyq and £ in the absence of CPA, are determined by curve-fitting
the water transport model to experimentally obtained volumetric shrinkage data during
freezing. The various assumptions made in the development of Mazur’s model of water
transport are discussed in detail elsewhere [36,40,43,45] and are beyond the scope of this
report.

2.6. Numerical methods

3. Results

A non-linear least squares curve-fitting technique was implemented using a computer
program to calculate the membrane permeability parameters that best fit the volumetric
shrinkage data as previously described [46]. The optimal fit of Eq. (3) 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, /2 [47]. All of the curve-fitting results presented
have an A2 value = 0.96, indicating that there was good agreement between the experimental
data and the fit calculated using the estimated membrane permeability 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 utilizes a 4th
order Runge—Kutta method) on a Mac Powerbook G4 (Apple Computer Inc., Cupertino, CA,
USA) workstation [30,39].

3.1. Dynamic cooling response and membrane permeability parameters

The water transport data and simulation using the best-fit parameters in Eq. (3) were
measured at a cooling rate of 20 °C/min in HBSS (Fig. 3A), in HBSS with 14% glycerol
(Fig. 3B) and in HBSS with 10% DMSO (Fig. 3C). Water transport cessation was 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 (Fig. 1). The
dynamic portion of the cooling curve (where the thermograms were distinct) was found to be
between — 0.6 and - 10 °C with HBSS, between - 4.1 and — 20 °C with HBSS and 14%
glycerol, and between — 3.2 and - 25 °C with HBSS and 10% DMSO. The membrane
permeability parameter values that best fit the 20 °C/min water transport data in the absence
and presence of CPAs were calculated (Table 2). The model-simulated equilibrium cooling
response was generated by setting the left hand side (LHS) of Eq. (3) is equal to 0 and
balancing the intracellular and extracellular unfrozen chemical activity of water on the right
hand side (RHS) at a particular subzero temperature (shown as a dashed line in Fig. 3).

3.2. Membrane permeability parametric space

The contour plots of the goodness of fit parameter, /£2 (=0.96) in the Lpgand £ (or
Lpglcpa] and £ p[cpa]) space that corresponds to the water transport data at 20 °C/min in
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HBSS (Fig. 4A), in HBSS with 14% glycerol (Fig. 4B), and in HBSS with 10% DMSO (Fig.
4C). Any combination of Lpgand £ (or Lyg[cpa] and £ p[cpa]) shown to be within the
contour was correlated to the water transport data in that media with an /2 value of >0.96.
Note that the contour for the media containing 14% glycerol was almost completely within
the contour corresponding to 10% DMSO. This suggested that the membrane permeability
parameters obtained in the presence of 10% DMSO could predict the volumetric response of
the X helleri sperm cells in the presence of 14% glycerol accurately, while the converse was
not true.

3.3. Water transport simulations

Water transport simulations obtained using the best-fit parameters (Table 2) in Eq. (3) are
shown for a variety of cooling rates (5-100 °C/min) in Fig. 5. From the simulations, the
amount of trapped water (a lower bound on the potential intracellular ice) was computed as a
ratio of the volume of the water trapped inside the sperm cell at temperature, 7 (~ — 30 °C)
(where intracellular ice formation could occur by homogenous or volume catalysed
nucleation) [36] to the initial sperm water volume, [(V- W/(V; - V)] where Vs the
volume after water transport ceases (at ~ — 30 °C), V4 is the initial (isotonic) sperm cell
volume and V4 is the final (osmotically inactive) sperm cell volume. In the absence of CPAs,
for cooling rates of < 60, 80, and 100 °C/min, the trapped water volume was < 0.5, 0.53, and
12.4% of the initial osmotically active water volume, and the corresponding end volumes
were < 0.6069 V4, 0.6071 V4, and 0.6539 V4, respectively (Fig. 5A). In the presence of 14%
glycerol, for cooling rates of < 20, 40, 60, 80, and 100 °C/min, the trapped water volume
was < 2.6, 6.2, 48.3, 59.5, and 66.9% of the initial osmotically active water volume, and the
corresponding end volumes were < 0.7027 V4, 0.7132 V4, 0.8418 V4, 0.8761 V4, and 0.8986 V4,
respectively (Fig. 5B). And finally in the presence of 10% DMSO, for cooling rates of < 20,
40, 60, 80, and 100 °C/min, the trapped water volume was < 1.6, 6.4, 19.6, 51.2, and 59.9%
of the initial osmotically active water volume, and the corresponding end volumes were <
0.6824 V4, 0.6981 V4, 0.7406 V4, 0.8425 V4, and0.8705 V4, respectively (Fig. 5C).

As described earlier, the cooling rate which optimizes the response to freezing and thawing
of any cellular system can be defined as the fastest cooling rate in a given media that
proceeds without forming damaging intracellular ice [38]. Generally, intracellular ice
formation is defined as damaging and lethal if more than 10-15% of the initial intracellular
water is involved [48]. We defined the optimal cooling rate as the rate at which 5% of the
initial osmotically active water volume was trapped within the cells at — 30 °C. The
simulations (Fig. 5) obtained using the best-fit parameters show that the optimal cooling rate
in HBSS as 89 °C/min, in HBSS with 14% glycerol as 29 °C/min, and in HBSS with 10%
DMSO as 32 °C/min (Table 2). It is important to note if intracellular ice formation occurs by
a heterogeneous or a surface-catalyzed nucleation mechanism [36] (generally between — 5
and — 20 °C for a variety of single cells), which our model does not predict, then potentially
even more water would be trapped in the sperm cells than predicted by water transport alone
(i.e. the lower bound of intracellular ice discussed above). Thus, the optimal cooling rates
(Tables 2 and 3) based on the lower bound of intracellular ice formation would be over-
estimated.
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3.4. Parameter sensitivity analysis—effect of varying Vy

The value of the osmotically inactive cell volume, W, of mammalian sperm cells has been
reported to be 0.6 V4 (the value used in this and other studies) and to range from as low as
0.23 V4 to as high as 0.75 V; [24-30,39,40]. To estimate the effect of varying the osmotically
inactive cell volume on the measured membrane permeability parameters (Lpg and £ or
Lpglcpa] and £ p[cpa]), the value of V4, was increased to 0.8 V5 and decreased to 0.4 V5. The
DSC data were correspondingly modified (using Eg. (2)) and the modified DSC water
transport data were curve fitted to the water transport model (Egs. (3) and (4)) using the non-
linear least squares curve-fitting technique described previously. The predicted values of the
membrane permeability parameters (Lpg and £ p) using a value of 0.4 15 and 0.8 ;, as the
osmotically inactive cell volume, are shown in Table 3. Although the predicted membrane
permeability parameters using V4, of 0.4 4 and 0.8, were different from each other and the
values obtained using W, of 0.6 V4, (Table 2), the predicted rates of optimal freezing are not
that different and are within £ 20% of one another. Thus, the variation in the value of 4, did
not alter our model predicted optimal rates of freezing X. helleri sperm cell across a broad
range of V, values. Further studies are clearly needed to understand this lack of sensitivity in
the value of the model predicted optimal cooling rates for X. helleri sperm cells to the
assumed value of W,.

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.
4) were generated for an assumed W, values of 0.6 V5 and 0.4 V5. A comparison of contour
space for the three different values of W, (0.4 V4, 0.6 V5, and 0.8 V4) are shown in Fig. 6A
(for HBSS with no CPAs), Fig. 6B (HBSS with 14% glycerol), and Fig. 6C (HBSS with
10% DMSO). In the presence of glycerol (Fig. 6B), and DMSO (Fig. 6C) the contour plots
obtained with an inactive cell volume of 0.8V, were completely enclosed by the contour
obtained with an assumed W, value of 0.6 V/, and a considerable region of the contours
obtained with an assumed W, value of 0.4 V;, were also encompassed by the contours
obtained with an assumed W4, value of 0.6 V4. This overlap suggests that the permeability
parameters obtained with a V4, value of 0.6 V4, can accurately predict the behavior of X
helleri sperm cells with a W4, value of either 0.8 V4, or 0.4V, while the converse was not true.
However, in the absence of CPAs (Fig. 6A), no precise conclusions could be drawn on the
effect of assumed V4, on predicted membrane permeability parameters, although there
seemed to be a trend towards lowering the range of best-fit activation energy values (£p)
with increasing W,.

3.5. Parameter sensitivity analysis—effect of varying assumed cell dimensions (or surface
area to volume ratio)

To account for errors and uncertainities in the measured X. Aelleri sperm cell dimensions, we
also investigated the effect of varying the surface area to volume ratio (S. V) by 50% on the
predicted membrane permeability parameters. The geometric model was appropriately
modified in the water transport model (Egs. (3) and (4)) and the corresponding best-fit
permeability parameters (Lpgor Lpg[cpa] and £, or £ p[cpa]) were obtained using the non-
linear least squares curve-fitting technique as previously described (data not shown). As
expected, the membrane permeability parameters obtained by increasing the S. Vratio were
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lower than those shown in Tables 2 and 3, and the permeability parameters obtained by
decreasing the S: Vratio were higher. This inverse relationship between S: Vratio and the
predicted membrane permeability parameters (Lpg Or Lpg[cpa] and £ or £ p[cpa]) was not
surprising, because Eq. (3) shows that the change in the cell volume as a function of
temperature (d 1/d 7) is proportional to the product of L, and A.. Thus, for a given change in
the cell volume as a function of temperature (d V/d 7), an increase in A; (or S: V'ratio) will
cause a corresponding decrease in the predicted value of L,, where Ly = fLpg, £ p) as
shown in Eq. (4) and vice-versa. Thus, any changes to the geometrical model of the X
hellerisperm cell (specifically membrane surface area, A.) would manifest themselves with
corresponding changes to the membrane permeability parameters predicted by the model
(Lpg Or Lpg[cpa] and £, or £ p[cpa]).

Additional numerical simulations were also performed assuming the new S.V'ratios and the
corresponding water transport parameters in the water transport model (Egs. (3) and (4)).
These simulations were analyzed to predict the optimal cooling rate as described earlier (i.e.
the rate at which 5% of the initial osmaotically active water volume is trapped within the cells
at — 30 °C). The simulations (data not shown) showed that the optimal cooling rate in HBSS
as 108 °C/min, in HBSS with 14% glycerol as 24 °C/min, and in HBSS with 10% DMSO as
38 °C/min (for an assumed W4, value of 0.6 V; and a S: V'ratio of 10.2). The corresponding
values with an assumed W, value of 0.6 \; and a S: V'ratio of 3.4 were 72 °C/min (in HBSS),
36 °C/min (in HBSS with 14% glycerol), and 26 °C/min (in HBSS with 10% DMSO). These
values are comparable (+ 25%) to those obtained earlier using a S: V'ratio of 6.8 (Table 2).

4. Discussion

The best-fit parameters obtained in this study using the DSC volumetric shrinkage data
during freezing of X. helleri spermatozoa appeared to be lower than the reported suprazero
(above zero and in the absence of extracellular ice) permeability values for mammalian
species [40]. A similar lowering of the sperm cell water permeability parameter values was
also found previously by Devireddy and colleagues for mouse [24], human [25], horse
[26,27], canine [28], boar [29], and Pacific oyster [30]. This discrepancy between the
membrane permeabilities may be associated with possible changes in the sperm cell plasma
membrane during suprazero cooling. These changes could include either a lipid phase
transition between 0 and 4 °C, or cold shock damage or “chilling” injury during cooling.
The presence of extracellular ice further alters the cell membrane transport properties
[43,45]. In general, for mammalian cells, the average activation energy obtained in the
presence of extracellular ice is approximately twice as large as that for studies conducted in
unfrozen solutions at higher temperatures [43]. These changes in membrane transport
properties might be associated with a variety of thermotropic (temperature dependent) phase
phenomena. For example, the temperature reduction that induces solidification in the
extracellular medium may lead to lyotropic (i.e. independent of cooling rate) membrane
phase changes and corresponding alterations of water transport and also membrane fluidity
[40]. Further studies are needed to elucidate the precise mechanism by which extracellular
ice alter membranes during a freezing process.
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A comparison of the membrane permeability parameters reported earlier for C. gigas sperm
cells in the presence of HBSS (1000 mOsm/kg) and 8% DMSO [30] with the values
obtained in the present study for X. helleri sperm cells in the presence of HBSS (300
mOsm/kg) and 10% DMSO revealed the following differences: the apparent activation
energies (different by a factor of 2) and the reference membrane permeability (different by a
factor of 4) were higher for X. helleri sperm cells. Additionally, the reported optimal rates of
freezing of C. gigas haploid and diploid sperm cells (~53 °C/min and ~44 °C/min) with 8%
DMSO were higher (~27-40%) than the corresponding values with 10% DMSO for X.
hellerisperm cells (23-32 °C/min). Clearly, the relative importance of the effect of
extracellular ice and concentration of CPAs on the predicted membrane permeability
parameters (Lpg Or Lpg[cpa] and £ or £ p[cpa]) and on the optimal rates of cooling is
dependent on the cell type and the choice of freezing media.

The DSC technique was used to obtain water transport data and water permeability
parameters (Lpg Or Lpg[cpa] and £ or £ p[cpa]) of X. fellerisperm cells in three different
cryoprotective media. There was a large increase (35-80%) in the measured value of
reference membrane permeability, Lpg (or Lpg[cpa]) and the activation energy, £, (or

£, p[cpa]) obtained in the presence and absence of CPAs (with an assumed V4, values of
0.6 V; (Table 2) or 0.4V (Table 3). However, when the assumed value was increased to
0.8 V;, the converse was found to be true, i.e. adding either glycerol or DMSO decreased
(~35%) the measured value of the activation energy, £ p (or £p[cpa]) while the values of
reference membrane permeability, Lyg (or Lpg[cpa]) were not effected either due to the
addition of glycerol (a difference of 3%) or DMSO (a difference of 7%) when compared to
values obtained in the absence of CPAs (Table 3).

The best-fit permeability parameters were incorporated into a model of water transport to
predict optimal cooling rates for .X. /ielleri sperm cells (Tables 2 and 3). The optimal rates in
the presence of 14% glycerol or 10% DMSO were smaller (~70%) than the predicted
optimal values in their absence. This is surprising, as the presence of CPAs would be
expected to increase the ability of the cell membrane to dehydrate at faster cooling rates as
shown for mouse and human sperm cell suspensions [24,25] and mammalian (rat)
hepatocytes [45]. However, a decrease in the predicted optimal cooling rates in the presence
of CPAs was observed in sperm cells of stallion [26], boar [29], and Pacific oyster [30].
Further studies are needed to elucidate the precise mechanism by which CPAs alter
membranes during and after freezing and thawing process.

The predicted optimal rates of freezing X. Aelleri sperm cells obtained in the present study
ranged from 71 to 90 °C/min in HBSS, 20 to 30 °C/min in HBSS with 14% glycerol, and 24
to 32 °C/min in HBSS with 10% DMSO (Tables 2 and 3). The optimal values in HBSS with
14% glycerol were comparable to the experimentally determined optimal rate of freezing
reported recently for X. felleri sperm cells [23]. The highest post-thaw matility occurred
when the X. helleri sperm cells were suspended in HBSS with 14% glycerol were cooled at
rates ranging from 20 to 35 °C/min from 5 to —80 °C before plunging into liquid nitrogen,
and thawed at 40 °C in a water bath for 7 s [23]. However, Huang et al. [23] reported the
highest post-thaw maotility (~77%) at a cooling rate of 20 °C/min. This cooling rates is lower
(~30%) than the optimal rate obtained assuming W, = 0.6 V4 (Table 2) and close (~2%) to

Theriogenology. Author manuscript; available in PMC 2017 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thirumala et al.

Page 11

the predicted optimal cooling rate assuming V4, = 0.8 V4 (Table 3). As stated earlier, the
predicted optimal rates using our model are probably over-estimated due to the non-
inclusion of heterogeneous or a surface-catalyzed nucleation mechanism. Clearly, the close
agreement between the numerically predicted and empirically determined optimal rate of
freezing suggests that the membrane permeability parameters presented in this study will
help to establish cryopreservation of X. helleri sperm cells on a firm biophysical basis.

In conclusion, the water transport (volumetric shrinkage) data for X. Aelleri sperm cells in
the presence of extracellular ice and CPAs (glycerol and DMSO) during freezing was
obtained in this study using the DSC technique at a cooling rate of 20 °C/min. The measured
water transport data in the presence and absence of CPAs was curve-fitted to a model of
water transport (Egs. (3) and (4)), to predict membrane permeability parameters (Lpq and
Eypor Lpg[cpa] and £ p[cpa]). The measured “best fit” permeability parameters ranged
from, Lpg = 0.409 x 1071° to 2.47 x 1071% m¥Ns (0.0024-0.0145 pm/min atm) and £ , =
41.65-118.98 kJ/mol (9.96-28.45 kcal/mol). The permeability parameters obtained in this
study predict an optimal rate of freezing for X. selleri sperm cells ranging from 20 to 35 °C/
min, which agrees with empirically determined optimal experimental rate (20 °C/min) of
freezing X. helleri sperm cells [23].
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Superimposed heat flow thermograms obtained during the initial (osmotically active cells;
Curve A) and final (osmotically inactive cells; Curve B) cooling trials of X. helleri sperm
cells at 20 °C/min obtained in the presence of DMSO. The negative values on the y~axis for
the heat flow implies 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 (s) is plotted on the bottom x-axis.
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Legft, representative scanning electron micrographs (SEM) of sperm from X. helleri showing
the relationship of sperm head and tail in alignment with model used to calculate the cell
volumes and surface areas shown on the right. Right, the “geometric” model used to
calculate the X. Aelleri sperm cell volumes and surface areas from the SEM images shown
on the left.
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Fig. 3.

Vglumetric response of X. helleri sperm cells as a function of sub-zero temperatures
obtained using the DSC technique in the presence of extracellular ice (A), in the presence of
extracellular ice and glycerol (B), and in the presence of extracellular ice and DMSO (C).
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
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parameters (Lpg and £ or Lpg[cpa] and £ p[cpa]) (Table 1) in the water transport equation
(Egs. (3) and (4)). The model-simulated equilibrium cooling response obtained is shown as a
dotted line in all the 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 (7= 9).
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200 250

Contour plots of the goodness of fit parameter /2 (= 0.96) for water transport response in .X.
helleri sperm cells in three different media: HBSS with no CPAs (A), HBSS with 14%
glycerol (B), and HBSS with 10% DMSO (C). Note that the best-fit parameters (Table 2) are
represented within the contours by a “#” (absence of CPAs), “+” (with 14% glycerol) and
“* (with 10% DMSO). The membrane permeability at 0 °C, Lpg (or Lpg[cpa]) (m3/Ns) is
plotted on the y~axis while the apparent activation energy of the membrane, £, (or

£, plcpa]) (kI/mol) is plotted on the x-axis.
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Fig. 5.

Voglumetric response of X. helleri sperm cells at various cooling rates as a function of sub-
zero temperature using the best-fit membrane permeability parameters (Table 1). The
changes in the normalized cell volume (W V) are shown as a function of temperature for
different cooling rates in X. helleri sperm cell suspensions without CPAs (A), with 14%
glycerol (B), and with 10% DMSO (C). The water transport curves represent the model-
simulated response for different cooling rates (from left to right: 5, 10, 20, 40, 60, 80, and
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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 while the non-
dimensional volume is plotted along the y~axis.
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Fig. 6.

antour plots of the goodness of fit parameter /2 (= 0.96) for water transport response in X.
helleri sperm cells in three different media: HBSS with no CPAs (A), HBSS with 14%
glycerol (B), and HBSS with 10% DMSO (C). Within each figure, the three contour
correspond to the three assumed values of osmotically inactive cell volume, V, (0.4 V4,

0.6 V5, and 0.8 ;). Note that the best-fit parameters (Tables 2 and 3) are represented within
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the contours by a “#” (4, = 0.4 V), “+” (W, = 0.6 ) and “*” (W4, = 0.8 V). The membrane
permeability at 0 °C, Lpg (or Lpg[cpa]) (m3/Ns) is plotted on the y~axis while the apparent
activation energy of the membrane, £, (or £ p[cpa]) (kJ/mol) is plotted on the x-axis.
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