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ZONA PELUCIDA AS A MECHANO-RESPONSIVE POLYMER
Andjelka Hedrih' *
! Department for Biomedical Science, State University of Novi Pazar, Serbia

Summary Zona pelucida (ZP) is the most outer structure of mammalian oocytes and is important for gamete recognition, fertilization and
integrity of the embryo. ZP is highly sulfated and glycosylated polymer gel that exhibit visco-elastic properties. Temperature, pH, ionic
strength influences its biological function and aggregate state. We consider ZP as mechano-responsive polymer and proposed a new
theory of fertilization based on coupled chemical—electrical fields and modeled ZP as a non-linear oscillatory reactive system. Analysis
of'its oscillatory states regarding external force is discussed.

INTRODUCTION

The ZP can be considered as an oscillatory structure that exhibits transition in oscillatory behavior before and after
fertilization [1, 2, 3]. Fertilization is a process of reunion of a single oocyte and single sperm cell. The process requires
certain amount of functionally capable spermatozooa, although only one sperm will fertilized the oocyte ensuring the
constant quantity of genetic material in each generation. In in vivo conditions there are constant decline of sperm number
from the moment when they enter the female reproductive tract. In in vitro conditions the huge amount of spermatozooa are
also required, partially due to huge differences in cell masses between spermatozoa and oocyte (in range of 107). In this
system oocyte is reacting as inert body. Fertilization on the cellular level begins with receptor recognition but still some
details of the fertilization process remain unknown. From the oscillatory theory of fertilzation [4] ZP changes its oscillatory
states after fertilization [1, 2] as well as mechanical properties [4]. Changing in mechanical and electrical properties after
fertilization allows attaching of silicon nano chip [5]. ZP is a polymer with highly sulfated glycoproteins interconnected
with non covalent bonds, so it is easily dissolved by mild heating, low pH, low ionic strength [6].

BASIC CONCEPT OF THE MODEL

In this model ZP is considered as a mechano-responceive but also electroactive — polymer analog to [7, 8]. Using
phenomenological mapping [9,10], concept of controlling chemical oscillations in mechano reactive gels [11,12] and
consequent rhythmical soluble-insoluble changes of the gel [13] the new mechano-chemical fertilization concept is
proposed. The system (ZP) is considered to be incompressible.

Oscillations in chemical reactions are possible to control via mechanical strain [11, 12].

Basic assumptions: Sperm penetration area is determined by local parameters acting upon ZP surface. ZP surface is
negatively charged due to content of sulfated glycoproteins. Numerous sperms with different velocities and different sperm
impact angles act upon ZP surface in a form of periodic impulsive forces transferring a part of their kinetic energy to the ZP
structure. This external mechanical influence (time dependent force intensity and pressure changings) of spermatozoa cause
changing in chemical reaction (analog to [11,12] that change local pH of ZP causing local changes of its aggregate state
(analog to [13]) from solubile to insoluble or causing the state of plastic flow of ZP. The area of ZP where the plastic flow
persists long enough will be the “week spot/area” for sperm penetration. The spermatozoon that is in range of this area
could easily swim trough ZP. By changing the local parameters of external mechanical force (stress intensity, pressure,
sperm arrangement...) it is possible to control local chemical oscillatory processes [11]. Further, receptor recognition
between sperm and oocyte changes locale potential of cell membranes. According to proposed model of fertilization
process, ZP has area of coupled mechano-elekttro-chemical fields. The approximation is that this phenomenon has a local
character and that it is not uniform through the entire ZP.

Figure 1.Part of the oocyte with a. spermatozoa acting upon ZP b. Changing the local
. " . : . electro-mechanical properties of ZP c¢. Sperm penetration in the area of local change of
'“\;‘5‘5\('5‘-_-‘%" | *ﬂ_j’f % . aggregate stat. CG—CI:)rtlpcal granules. Co—cpytoplfsm of the oocyte. ¢
b St
The changes of oscillatory states of ZP as a gel polymer could be described
by gel energy density. The gel energy density could be described by equation:

U=U, Uy, +u,, (1
Where u,,is rubber elasticity of cross linked polymer chains contribution to the gel energy density, u,,, -contribution

from interaction between the polymer and solvent units, u, , - contribution to gel energy density that comes from ions [9].

The basic equation that couples mechanical stress and strain in ZP polymer could be in form:
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Where O is stress tensor, P(¢) -pressure, [ - is unit tensor, ¢, - crosslink density-the number density of elastic strands

in undeformed polymer network, v ,-velocity of the polymer network at the given network deformation, ¢, -volume

fraction of the polymer, ¢, B -strain tensor in the swollen polymer gel. (taken from [9]). When the “chosen spermatozoa”

swim through ZP, and its plasma membrane merge with oocyte plasma membrane, oocyte plasma membrane change its
electrical potential and the cortical granules (CG) release will occur. According to the biochemical theory CG release is
followed by structural changes and changes of mechanical properties of ZP resulting in polyspermy block. The exact roles
of the content of CG are still not known. In light of coupled field theory we suggest possible role of CG: content of CG
(mostly enzymes) are acting like catalyst to chemical reactions in sense they change pH of the local environment. Changed
pH than change the conformation of the ZP glycoproteins and disclosed additional bounding sides on ZP glycoproteins
leading to its structural reorganization.

CONCLUSIONS

Using mathematical analogies and phenomenological mapping ZP was considered as an responsive gel that respond on
external mechano-electrical stimuli that originate of numerous spermatozoa impacting its surface in process of fertilization.
Oscillatory changing of external mechano-electrical stimuli upon ZP surface lead to local oscillatory phenomenon of rhythmical
soluble-insoluble changes of ZP resulting in sperm spermatozoa penetration via mechanism of oscillations of relaxation if
the soluble ZP state lasts long enough. Local chemical oscillations of ZP gel could be control via external mechanical strain.
The proposed model brings new light to understanding the process of fertilization.
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coordinated through Mathematical Institute SANU and realized through State University of NoviPazar.
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