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MEMBRANE PERMEABILITY OF PRUSSIAN CARP
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Purpose. Determination of permeability parameters of Prussian carp (Carassius auratus
Linnaeus, 1758) spermatozoa membranes for water and cryoprotectants molecules as an important
stage in the development of a protocol for their cryopreservation by vitrification.

Methodology. Osmotic response of Prussian carp spermatozoa was studied using photoelectric
colorimeter KF-77 (Poland) equipped with a magnetic mixer and thermostated cuvette compartment
according to our technique. To determine the permeability of plasma membranes of fish spermatozoa
to cryoprotectant molecules, they were incubated in the solutions of ethyleneglycol (EG), 1,2-
propanediol (1,2-PD), methanol (Met) of different concentrations, or a mixture of these
cryoprotectants prepared with isotonic 0.12 M NaCl aqueous solution. Permeability coefficients of
spermatozoa plasma membranes for either water (L,) or cryoprotectant (K,) molecules were
determined by fitting the experimental dependences of relative cell volumes on time and solving
theoretical model equations. The activation energy (E,) of substance transfer through cell membranes
was calculated from InL,(1/T) or InK,(1/T), the slope of which was equal E,/R according to the
Arrhenius equation, where R was the universal gas constant.

Findings. It was found that the permeability of Prussian carp spermatozoa membranes to water
molecules at 20°C was 3,53+0,18 x 10* m3/N-s, and a decrease in membrane permeability of
Prussian carp spermatozoa within the range of 30-18°C was characterized by the activation energy of
48+4 ki/mol. A decrease in membrane permeability of Prussian carp spermatozoa for cryopotectants
within the range of 30-18°C was characterized by the activation energy of 82+5 ki//mol for
ethyleneglycole, 99+7 for 1,2-propanediol and 8446 for the mixture. This fact indicates that the
molecules of the studied substances penetrate into the spermatozoon via passive diffusion through
the lipid bilayer. The data obtained can be used to determine the optimal regime of spermatozoa
cryopreservation for cyprinids.

Originality. For the first time, the coefficients of the membranes permeability of Prussian carp
spermatozoa to water molecules and cryoprotectants (ethyleneglycol, methanol, 1,2-propanediol)
and the activation energy of the these molecules transfer through the membranes were determined.

Practical value. The results of the study are used in the development of media and regimes of
cryopreservation of freshwater fish spermatozoa.

Key words: spermatozoa, Prussian carp (Carassius auratus Linnaeus, 1758), membrane
permeability, cryoprotectants, activation energy.
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Mema. BusHayeHHA napamempig nPoHUKHOCMI KAIMUHHUX membpaH crnepmamo3oidie Kapaca
Carassius auratus (L., 1758) 0o mosnekyn eodu ma Kpionpomekmopie K eaxcausuli eman po3pobKu
MPOMOKOY iX KPIOKOHCEPB8YB8AHHA Memodom 8impudikayii.

Memoduka. Ocmomuy4Hi  peakyii cnepmamo3oidie  0ocnioxysanu 3a  O0MNOMO20H0
gpomoenekmpokonopumempa KF-77 (Monbwa), 06aAa0HaAHO20 MazHIMHUM nepemiwysavyem |
mepmMocmamosaHUM  Klo8eMHUM  8i00ineHHAM 3a po3pobneHo0 HAamu MemoouKkow. [na
BU3HAYeHHA KoeiuieHma MpoHUKHOCMI MAa3MamuYHUX MemOpaH criepmamo3soidie 00 MoseKysn
KpionpomeKkmopie crepmamo30iou [HKybysanu 8 po34uHax emusneHenikoaw, 1,2-nponaHdiony,
MemaHosy pi3HUX KoHueHmpauili abo cymiwi 8KA3aHUX Kpionpomexkmopis, 8uU20Mo8seHUX Ha
i3omoHiyHomy 0o cnepmansHoi naasmu 0,12 M sodHomy po34uHi NaCl. KoegpiyieHm npoHukHocmi
nAa3mMamuyHux membpaH cnepmamosoidie 0nsa mosnekyn 600u (L) ma kKpionpomekmopis (Kp)
8U3HQAYA/U, AMPOKCUMYHOYU eKCrepuMeHmasbHi 3aaexHocmi 8iOHOCHUX 06°emie KaimuH 8id Yacy 3
piweHHAMU pisHAHb meopemuyHoi modeni. EHepeaito akmusauii (E;) npoyecy nepeHeceHHA pevyosuH
yepe3 MeMbPAHU KAimMuH po3paxosysanu i3 3anexcHocmeli InLy(1/T) abo InKn(1/T), Haxun AKux 32i0HO
3 pigHAHHAM ApeHiyca OopieHtoe Eq/R, de R — yHigepcanbHa 2a3oea nocmilHa.

Pe3ynomamu. BcmaHoesneHo, wjo 3a memnepamypu 20°C KoegiyieHm npoHUKHocmi membpaH
cnepmamo3oidie kapaca Ao moneKyn 800u cmaHosums 3,53+0,18 x 104 M3/H <, a (1020 3HUMEHHS 6
dianaszoHi memnepamyp 30-18°C xapakmepusyemoca eHepeicio akmueauil 4814 K[x/monsb.
3HuxeHHA KoediuieHmie NpoHUKHOCMi mMembpaH 00 MoseKyn Kpionpomekmopie e 0iana3oHi
memnepamyp 30-18°C xapakmepusyemoca eHepzieo akmueauii 8215 kdw/mone 004
emuneHanikonto, 9917 Klx/monb 0as 1,2-nponardiony ma 8416 k/[x/monb 018 00CniOHcysaHoi
cymiwi kpionpomexkmopis. Lleli ¢hakm cgiduumes npo me, WO MOAEKYAU O0CAIOHEHUX PeYO8UH
MPOHUKAOMb Yy Criepmamo30i0 WAAXOM nacueHoi ougysii yepes ninioHul 6iwap. OmpumaHi OaHi
MOMCYymb Oymu BUKOpUCMAHi 078 BU3HAYEHHA ONMUMQA/BLHO20 PexumMy KpPiOKOHCeps8y8aHHs
cnepmamos3oidie Kopornosux pub.

Haykoea HosuU3Ha. Briepuwe su3Ha4eHi KoegiyieHmu npoHUKHocmi membépaH crepmamo3soidie
Kapacs 0o mMosieKyan 800U ma KpiorpomeKkmopie emusneHanikono, memaxony, 1,2-nponaHdiony ma
eHepeii akmusauyii nepeHocy MoseKyn yux pevyosuH Yepe3 MembpaHu.

MpakmuyHa 3Hayumicme. Pe3ynemamu pobomu BUKOpucmosyromeca npu po3pobuyi
cepedosul i pexumie KpioKOHCep8y8aHHSA Crepmamo30idie npicHo8odHuUx pub.

Knrouoei cnoea: cnepmamo3soiou, kapacs Carassius auratus (L., 1758) npoHukHicmbs membpaH,
KpionnpomeKkmopu, eHepzia akmusayii.
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Lenb. OnpedeneHue napamempos npoHUYaemMocmu KAemoYHsliX MembpaH crnepmamo3oudos
Kapaca Carassius auratus (L., 1758) 0aa MoneKyn 800bl U KPpUONPOMEKMOopPo8 KAk 8axcHolli aman
pa3pabomKu MPomMoKoa Ux KPUOKOHCEP8UPOBAHUA MemooOoM sUMPUPUKAyUU.

Memooduka. Ocmomu4eckKue peakyuu crnepmamo3oudos uccnedosanu ¢ MNOMOWbHO
¢omosnekmpokonopumempa KF-77 (Monvwa), 060pydo8aHHO20 Ma2HUMHOU Mewankol u
mepmMocmamupoB8aHHbIM KloeemHbiM omaodesneHuem Mo paspabomarHol Hamu memoouke. [na
onpedeseHuUa KoaghguyueHma npoHUYaemocmu naa3amamu4eckux membpaH criepmamo3oudos 05
MOsIeKys1 KpuornpomeKkmopos crepmamo3oudsl UHKybuposanau 8 pacmeopax amuneHanukons, 1,2-
nponaHouoaa, MemaHoaa PasauYHbIX KOHUeHmpayul uau CMecu YKA3aHHbIX KpuornpomeKkmopos,
U320mMOB/AEHHbIX HO U30MOHUYECKOM K cnepmaneHol rnaa3me 0,12 M eodoHom pacmeope NaCl.
KoagppuyueHm npoHuyaemocmu rnaa3mamuyeckux membpaH criepmamo3oudos 018 MoseKys 8006l
(Lp) u Kpuonpomexkmopos (K,) onpedensanu, annpPOKCUMUPYA SKCNepPUMEHMAsbHbIE 3G8UCUMOCMU
OmMHOcUMenbHbIX 06bEMO8 K/AeMmOK O0m 8pemMeHU C peweHUAMU ypasHeHuli meopemu4yecKol
moodenu. 3Hepeuro akmusayuu (E,) npouyecca nepeHoca eewjecme 4epe3 MembPAHbI Kaemok
paccuumeisanu ¢ 3asucumocmeli InLy(1/T) unu InKy(1/T), HOKAOH KOMOPBIX, CO2AACHO YyPABHEHUO
AppeHuyca, paseH E,/R, 20e R — yHUsepcanbHAA 2030805 MOCMOAHHAA.

Pe3ynbmamel. YcmaHoseneHo, Yymo ripu memnepamype 20°C KoagpgpuyueHm npoHuyaemocmu
MembpaH criepmamo3oudoe Kapaca 0418 Monekyn 600bl cocmasasem 3,53+0,18 x 10 m3/H ¢, a ezo
CHuxceHue 6 oOuanasoHe memmnepamyp 30-18°C xapakmepusyemca 3sHepeueli akmusayuu
48+4 kn/Mmonb.  CHUMCEHUEe KOo3(h@uuyueHmos npoHuUyaemocmu MembpaH 074 MOnAeKysn
Kpuonpomexkmopos & duanazoHe memnepamyp 30—-18 C xapakmepusyemcs 3Hepaueli akmusayuu
8245 K/[I#(/Monb 045 amuneHanukons, 99+7 k/xu/mone 0aa 1,2-nponaHouona u 84+6 Kkx/mosnb 014
uccnedyemoli cmecu KpuonpomeKkmopos. 3mom ¢akm cgudemesiscmayem 0 MOM, Ymo MOsEKY bl
UCCNe00BaHHbIX BeUw,ecms MPOHUKAOM 8 Ccrnepmamo3oud nymem naccusHol Ouggysuu 4vepes
AunudHelli  bucaoli. [loayyeHHbie OaHHble Mo2ym 6bimb UCMO/Ab308AHLI 044 onpedeneHus
ONMMUMQAIbHO20 PEHUMA KPUOKOHCepB8UpOoB8aHUSA CiepMamo30udo8 Kaprossix polb.

HayyHaa Hosu3Ha. Briepsbie ornpedesneHbl KoagguyueHmel npoHuyaemocmu membpaH
crnepmamo3oudo8 Kapacsa 0414 MOseKys 800bl U KPUONPOMEKMOPO8 3MuieH2AUKOAA, MemaHond,
1,2-nponaHduona u sHepauu aKMueayuu nepeHoca MoseKysn amux seujecme Yyepe3 MembpaHsi.

Mpakmuyeckaa 3Hayumocme. Pe3ysemamel pabomel ucnonsaytomca npu paspabomee cped u
PeHUMO8 KPUOKOHCEPBUPOBAHUSA CIepmamo30Ud08 pecHO800HbIX pblb.

Kntouesble cnoea: cnepmamo3oudsi, Kapace Carassius auratus (L., 1758), npoHuyaemocmeo
MeMOpPaH, KpuornpomeKmopbl, SHepaus aKkmusayuu.

PROBLEM STATEMENT AND ANALYSIS
OF LAST ACHIEVEMENTS AND PUBLICATIONS

Recently, more and more attention has been paid to the problem of preserving the
biodiversity of the animal world. One of the ways to solve this problem is to use the
genomes cryopreservation technology for rare and endangered species. The protocols
for cryopreservation of sperm are characterized by a high species-specificity: in fact, a
unique method of their low-temperature storage must be created for each animal species
[1,2].

Methods of slow cooling cryopreservation have been developed for sperm of many
fish species; however, they are often insufficiently effective, since they do not provide
high cell viability after thawing. In addition, due to the high variability of fish sperm
quality, the abovementioned cryopreservation method may be ineffective for the sperm
of fish from a different population [3]. An alternative to slow cooling cryopreservation
is the vitrification method, one of the advantages of which is the cryopreservation
procedure simplification [4-7]. Although, the method of cryopreservation method of
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sperm from Prussian carp (Carassius auratus Linnaeus, 1758) continues to be improved
[8-11], there are no data about vitrification method for sperm of this fish species.

Also, it should be noted that the methods of sperm thawing are improved mainly
empirically, that is, by selecting the composition of cryoprotective media and thawing
modes. Accordingly, a theoretically grounded approach to cryopreservation of
spermatozoa is almost not developed today. Rendering to this approach, it is necessary
to determine the reasons for intra- and interspecies differences in cryoresistance of
spermatozoa and properties associated with its resistance to cryopreservation factors.
This situation has arisen due to the incompleteness of information on the characteristics
of fish spermatozoa resistance to the factors of cryopreservation.

Note, that keeping spermatozoa in hypertonic solutions of cryoprotectants, even
without freezing, can cause significant fluctuations in cell volume [12]. This, in turn,
can damage spermatozoa or effect on their sensitivity to cryopreservation factors. Also,
a significant problem in the development of vitrification methods is the need to expose
cells in high concentration cryoprotectant solutions.

Thus, the study of the osmotic sensitivity of fish spermatozoa and its changes
under the influence of cryopreservation factors is relevant. Actually, the permeability of
plasma membranes to water molecules and cryoprotectants is an important parameter
for determining the cooling rates in the process of fish genetic material cryopreservation
— sperm, first of all [13].

HIGHLIGHT OF THE EARLIER UNRESOLVED PARTS
OF THE GENERAL PROBLEM. AIM OF THE STUDY

To select the modes and media for cryopreservation, it is necessary to take into
account the parameters of spermatozoa, which characterize osmotic resistance - the
property of cells to maintain viability as a result of changes in the osmotic pressure of
the external environment.

To date, only a few studies results of fish spermatozoa membranes permeability to
water and cryoprotectants are known [14-19]. This can be explained both by the species
specificity of fish spermatozoa and by the lack of convenient methods that would make
it possible to determine the osmotic characteristics of spermatozoa immediately before
cryopreservation and to conduct experiments in the field [20].

The aim of this work is to determine the permeability parameters of the Prussian
carp (Carassius auratus Linnaeus, 1758) spermatozoa cell membranes to water and
cryoprotectants molecules as an important stage in the development of a protocol for
their cryopreservation by vitrification method.

MATERIALS AND METHODS

In our research, the spermatozoa of Prussian carp (Carassius auratus Linnaeus,
1758) was examined. Experiments on animals were carried out in accordance with the
"General Principles of Experiments on Animals" (Kyiv, 2001) and the "European
Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes" (Strasbourg, 1986).

The experiment was carried out on 12 males aged 20 months, the average weight of
which was 170-200 g. Before obtaining sperm, abovementioned males were kept at a
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temperature of 20-22°C in fish breeding pools, for at least 7 days. Sperm was obtained
using the pituitary injections method accepted in fish farming practice at the rate of 1
mg/kg body weight once. The sperm was collected in dry and clean containers by
expression.

The osmolarity of the activating solutions and sperm plasma was determined using
an automatic cryoscopic osmometer OSMOMAT 030 (Gonotec Gmbh, Germany).

Osmotic reactions of spermatozoa were studied using a KF-77 colour density
(Poland) equipped with a magnetic stirring device and a thermostat cuvette
compartment in accordance with our methodology [21].

To determine the permeability coefficient of the spermatozoa plasma membranes
to cryoprotectant molecules, they were incubated in solutions of ethylene glycol, 1,2-
propanediol, methanol of various concentrations, or a mixture of these cryoprotectants
made on 0.12 M aqueous NaCl solution (isotonic to the plasma of sperm).

The coefficient of spermatozoa plasma membranes permeability for water
molecules (Lp) and cryoprotectants (Kp) was determined by approximating the
experimental relationships and relative cell volumes with time and solutions of the
equations of the theoretical model [22]. The activation energy (Ea) of the substances
transfer through the cell membranes was calculated from the InLp (1 / T) dependences,
the slope of which, according to the Arrhenius equation, is equal to Ea / R, where R is
the universal gas constant.

The results were statistically processed using next software: Origin 8.5 (OriginLab
Corporation, USA) and Microsoft Office Excel (USA). Data are presented as mean =+
standard deviation. Differences were considered statistically significant at p <0.05.

STUDY RESULTS AND THEIR DISCUSSION

A characteristic feature of fish spermatozoa is that a change in the osmolarity of
the extracellular environment is quite natural for them. So, during spawning, sperm are
released into the water, which leads to the activation of their movement and, as a result,
the ability to fertilize eggs. Therefore, unlike many other cells of the organism, for
which hypoosmotic tests are mainly purely artificial, and osmotic shock is an extreme
factor, incubation of fish spermatozoa under hypoosmotic conditions allows the study
of a specific osmotic reaction, which can be of important functional importance (for
example, attracting it to the mechanisms of activating the movement of spermatozoa,
limiting the time of motility, etc.).

From the point of cryobiology view, the osmotic reaction of a cell can be
associated with its cryoresistance, since the transmembrane movement of water is one
of the main processes that affect the resistance of cells to cryopreservation factors.
However, the data available in the literature are not yet sufficient to analyze the
correlation of fish spermatozoa osmotic response with their cryoresistance. At the same
time, there is a tendency to the fact that a greater permeability of membranes to water is
characteristic of cells more resistant to cryopreservation factors.

Cryopreservation of fish spermatozoa, as a rule, involves the use of a
multicomponent composition of a cryoprotective medium. Considering the species-
specificity of spermatozoa, in order to achieve their high viability after thawing, for
cryopreservation each fish species must have its own composition of the cryoprotective
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medium. In cases where different cryoprotective media are used for different fish
species, comparison of the spermatozoa cryostability can be subjective and speculative.

On the other hand, the optimization of the technology for cryopreservation of
sperm is aimed at increasing the survival of cells after thawing, including by modifying
the composition of the cryoprotective medium. An alternative to the empirical approach
is a theoretically substantiated approach to spermatozoa cryopreservation, which
consists in determining the causes of intra- and interspecies differences in
cryoresistance of spermatozoa and properties associated with their resistance to
cryopreservation factors. At the same time, the modification of cryoprotective
environment composition is based on the output morphological and functional
characteristics of spermatozoa [23].

Among such characteristics in our research we singled out the osmotic reaction of
cells.

An important indicator is the rate of cryoprotectant penetration at the stage of
equilibration with it to freezing. The use of the modified physical and mathematical
model of Kedem - Kachalsky makes it possible to calculate the coefficient of
permeability of spermatozoa membranes. If the kinetics of the relative cell volume is
known, then the morphometric characteristics of cells must be taken into account to
calculate the permeability parameter. Assuming the shape of the spermatozoon head is
spherical and assuming an average radius of 1.6 um, the surface-volume ratio y of the
cell is 1.88 um™ [24]. The permeability of Prussian carp spermatozoa membranes to
water molecules calculated according to this model for 20 °C is 3.53 £ 0.18 x 10 m?/
Nxs.

As you know, the membrane permeability coefficient depends on the temperature
of the medium. By varying the temperature of the incubation medium of spermatozoa at
a fixed osmolarity, we obtained the temperature dependence of the membranes
permeability of crucian carp spermatozoa for water molecules.

An array of data on the coefficients of permeability of sperm membranes for each
of the studied cryoprotectants in the temperature range of 30-18 °C was depicted as
points in the Arenius coordinates [InK =F (1/T)].

A decrease in membrane permeability coefficients in the temperature range of 30-
18 °C is characterized by an activation energy of 48 + 4 kJ / mol (Fig. 1).

The activation energy for the transfer of water molecules across the cell membrane
is an energy barrier that water molecules overcome during the reaction. The activation
energy value of 48 + 4 kJ / mol indicates the mechanism of water molecules transfer by
passive diffusion through the lipid bilayer.

At the second stage of the work, we determined the penetration rates of some
cryoprotectants through the membranes of Prussian carp spermatozoa. Since
cryoprotectants in a relatively high concentration must be used for cryopreservation by
vitrification, one of the options for reducing their toxic effect is to use a mixture. We
investigated the processes of equilibration of Prussian carp spermatozoa with methanol
(final concentration 5%), ethylene glycol (final concentration 10%), 1,2-propanediol
(final concentration 20%), as well as their mixture in the above concentrations.

CEJIEKIIS, TEHETUKA TA BIOTEXHOJOTITI



A. PUHOVKIN, K. MIKSON

1/T, 1/K
0,00325 0,0033 0,00335 0,0034 0,00345 0,0035

2,6 :
*
_3,1 i
N *
2 -3,6 -
-
L )
41 1
4,6

y =-6006,9x + 16,654
R?=0,8663

Fig. 1. A typical Arhenius curve for calculating the activation energy of the
water molecules transfer through the crucian carp spermatozoa membranes.

In fig. 2 shows the unit-normalized kinetic dependences of the penetration of
substances into spermatozoa.
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Fig. 2. Kinetic curves of crucian carp spermatozoa equilibrium with
cryoprotectant solutions.

Methanol has the highest rate of penetration into cells. Molecules of 1,2-
propanediol and ethylene glycol are characterized by significantly lower rates. The
mixture of the aforementioned cryoprotectants is expected to have an average
penetration rate. At the same time, a decrease in the coefficients of membrane
permeability to cryoprotectant molecules in the temperature range of 30-18 °C is
characterized by the activation energy 82 + 5 kJ / mol for ethylene glycol, 99 = 7 kJ /
mol for 1,2-propanediol, and 84 + 6 kJ / mol for the test mixture of cryoprotectants.
Note, that in connection with a high rate of methanol penetration through cell
membranes, measurements of the activation energy of this process have a significant
error, therefore, these results are not presented.
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CONCLUSION AND PERSPECTIVES OF FURTHER DEVELOPMENT

Thus, in this work, for the first time, the coefficients of permeability of Prussian

carp spermatozoa membranes to water molecules and cryoprotectants of ethylene
glycol, methanol, 1,2-propanediol and the activation energy of the molecules transfer of
these substances through the membranes were determined. The results obtained
regarding the biophysical characteristics of the Prussian carp (Carassius auratus,
Linnaeus 1758) spermatozoa membranes can be used to substantiate the composition of
cryoprotective media for cryopreservation by vitrification method.
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