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Abstract

A fish spermatozoon has a minimalist structure: head, mid-piece and flagellum with the
active inner core, called “axoneme”. The axoneme represents a cylindrical scaffold of
microtubular doublets arranged around a pair of single microtubules and assorted along
the entire length with the dynein-ATPase motors. The mechanisms of wave generation
along the flagellum becomes possible due to sliding of microtubules relative to each
other and their propagation is a result of a balance between mechanical constraints and
intra-flagellar biochemical actors that generate force.

How fish sperm flagella mechanics adapt to external constraints, such as vicinity of sur-
faces or viscosity, during the very short period of motility? By use of high-speed video
microscopy, stroboscopic system, modelisation and simulation approaches, we show
that fish sperm flagella respond to physical and chemical signals from environment in a
very brief period of time.

This review chapter presents a brief description of the biological and biochemical fea-
tures that characterize fish spermatozoa. Then it describes the biophysical aspects of
flagellar movement covering various topics involved in fish sperm motility and offering
a compilation of the recent knowledge acquired on different physical properties, such as
wave propagation, energetics, hydrodynamics, temperature, viscosity, axonemal micro-
tubules dynamics, among other aspects.

Keywords: spermatozoon, flagellum mechanics, hydrodynamics, motility, wave
propagation, fish

1. Introduction

Spermatozoa of most fish species are immotile in the genital tract due to the specific constitu-
tion of the surrounding seminal plasma [1]. Osmotic pressure, concentration of K* ions, as
well as pH level and sucrose concentration are considered as the main factors of seminal fluid
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preventing the initiation of movement of fish spermatozoa [2]. During natural spawning, ejac-
ulated sperm cells are diluted with fresh- or seawater according to the fish habitat and right
away initiate their motility by responding to changes in osmolality of the external milieu (hypo
or hyper, respectively). Motility may be also induced in a laboratory designed saline solution
with a certain pH, ionic and osmotic composition. Activation by the surrounding medium is
immediately followed by a swimming response at full speed [3], which requires fast energy
consumption by spermatozoa, thus leading to brevity of the motile period [4, 5]. In case of
marine fishes, the duration of sperm motility is generally lasting for longer period as com-
pared to freshwater species [6]. The total duration of flagellar activity of fish sperm lasts from
minutes to tens of minutes [5]. However, European eel (Anguilla anguilla) [7] and European
conger (Conger conger) spermatozoa [6] can swim for at least 30 min with little change in their
motility characteristics such as high beat frequency, which can range up to 95 Hz. Same case
for tilapia sperm where motility can last more than one hour whatever the surrounding osmo-
lality conditions [8]. Arrest of fish sperm movement occurs partly because of rapid exhaustion
of ATP by the cell and inability of the mitochondria to restore the energy content fast enough
during the motility period [9], as well as due to some morphological changes mostly affect-
ing membrane integrity and producing a curling of the flagellum [5, 10, 11]. For comparison,
spermatozoa of mammals and invertebrates (e.g., oyster or sea urchin sperm) can swim for
several hours [4].

It is worth to emphasize that during the swimming period, flagellar characteristics of fish
spermatozoa change in many respects: wave velocity, wave amplitude, wavelength, number
of waves along the flagellum length and degree of curvature of the wave [5, 12]. Whatever the
wave parameter is considered, each one shows a decrease during the limited period of fla-
gellar motility that altogether leads to a gradual but drastic lowering of the forward velocity
of spermatozoa. Thus, it is clear that the behavior of the flagella is basically determining the
global movement ability of the sperm cells [5, 12].

A main difficulty for observation of fish spermatozoa and quantification of their swimming
parameters is that they are “fast swimmers” but for short duration [4]. This partly explains
why most knowledge acquired on sperm flagellar movement comes from studies on the clas-
sical model of sea urchin sperm motility and on the mammals for more structurally complex
sperm cells [13-15]. Nevertheless, fish spermatozoa are specifically interesting objects, due to
their particular motility activation mode and their short motility duration that enables obser-
vation of the complete swimming period during a short time laps. Initiation of movement, the
motility period and the arrest of motility of fish spermatozoa allow to develop specific studies
on general understanding of regulation and signaling of sperm motility in terms of flagellar
beating and wave parameters, thus leading to a better acquaintance of the fine-tuning of the
internal axonemal mechanics (see [16] for a comprehensive overview on biochemical aspects
of fish sperm maotility).

The main aim of the present review is to describe existing methods for evaluation of the flagel-
lum characteristics of fish sperm and present an overview of the literature embracing current
understanding of their behavior from a biophysical, especially hydrodynamical, point of view.
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2. Structure of fish spermatozoa

Fish spermatozoa present the same basic structural features as most of the male germ cells
of other animals though the presence of organelles in fish sperm is reduced to a minimum: a
head, a mid-piece and a flagellum (Figure 1) [17, 18].

The head is the carrier of hereditary information, mostly the nucleus with paternal DNA mate-
rial. In most fish species, the head of spermatozoa presents an almost spherical shape with
diameter varying from 2 to 4 um. However, in some cases, such as sturgeon, paddlefish and
eel spermatozoa, the shape of head is elongated: up to 9 um long and 2 um wide [7, 19, 20].
Such variation in head shape certainly influences the swimming performance because of dif-
ferences induced in the viscous friction against the aquatic milieu.

Mid-piece is a receptacle of the centrioles and the mitochondria (usually from 2 to 9 per each
spermatozoon), the latter generating energy (ATP) for sperm motility [9]. In several fish fami-
lies, the sperm mitochondria were found ring-shaped [17]. Even though the mitochondrial
DNA is present in the sperm cells, the male mitochondrial genes are not transmitted to the
progeny [21]. In a mature spermatozoon, the protein synthesis machinery is absent, and there-
fore, no gene expression can occur. However, the sperm epigenomic transmission of informa-
tion from father to progeny is nowadays corroborated by experimental results in mammals
[22], but little is known in fish species. The centriolar complex of mid-piece consists of the
proximal and the distal centrioles, the latter forming the basal body of the flagellum. This
complex anchors the flagellum to the head of the sperm cell and is normally located in close
vicinity of the nucleus. Such mechanical anchoring is crucial for the process of wave develop-
ment. It is worth mentioned still that the mid-piece of fish spermatozoa remains separated
from the flagellum by the cytoplasmic canal.

The length of fish sperm flagella varies from 20 to 100 um depending on species. Flagellar
bending is generated by a highly organized cylindrical system of microtubules, called the
axoneme, emanating from the basal body [23]. The basal body is a barrel-like structure
made of nine triplet of microtubules strongly associated together, which reminds a cart-
wheel in the lumen of the proximal portion of the basal body [5, 13, 15]. As explained later,
the anchoring of the flagellum to the basal body is essential for the wave generation mecha-
nism. In turn, the canonical axoneme consists of nine pairs of peripheral microtubular dou-
blets and one central pair of singlet microtubules. This structural arrangement is illustrated
in Figure 1. Although the patterns adopted during flagellar movement are distinct from
those of ciliary movement, and flagella are typically much longer than cilia, such basic
“9 +2” structure of the axoneme is highly conserved and almost identical among eukaryotic
cilia and flagella from protozoans to human. In the axonemal structure of some species,
there are some variations though, for example, in Anguilliformes and Elopiformes sperm
flagella present a “9 + 0” pattern lacking central microtubules [7, 19, 24]. This specific 9 + 0
structure is probably responsible for the helical shape (3D) of flagellar waves in those spe-
cies, a feature that contrasts with planar flagellar waves developed by the 9 + 2 canonical
structure [7, 19].
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Figure 1. Morphology (top) and ultrastructure of the axoneme (bottom) of fish spermatozoon (Chinook salmon
Oncorhynchus tshawytscha). Top: general view of spermatozoon with the ribbon-shaped flagellum and longitudinal
section of the head region (N-nucleus), mid-piece with mitochondria (M) and flagellum (F) obtained by electron
microscopy; scale bar = 500 nm. Bottom: A cross section of the axoneme at the distal part of the flagellum and a three-
dimensional view of the arrangement of an axoneme. Microtubules are arranged according to the typical 9 + 2 structure
with peripheral doublets (red), two central singlet microtubules (orange) and structures arranged around: the inner and
outer dynein arms (blue and yellow), the radial spokes (green) and nexin links (pink).

The structural connections between the nine peripheral outer doublets and the sheath sur-
rounding the central pair are named radial spokes. The central pair itself is enclosed in this
sheath of proteins forming a series of projections that are well positioned to interact with
each of the spoke heads and are among candidates to regulate the wave propagation [25].
Each of the outer doublets is connected to adjacent pairs of doublets by nexin links. The nexin
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protein has elastic properties that allow to resist the free sliding of the microtubules with
respect to each other during movement and is homologous to the dynein regulatory pro-
tein [26]. The peripheral doublets are strung with rows of dynein arms along the entire length
of microtubules. These dynein arms consist of macromolecular ATPase complex [27] used as
basic motor actuating the whole axoneme and extend from an outer doublet toward an adja-
cent doublet at regularly spaced intervals along the entire length of each A microtubules [28].
Both the spokes and the dynein complex contain different calcium-binding proteins so as for
flagella to be able to respond to regulation by free calcium concentration through altering
their beating pattern [29, 30]. Altogether, axonemes are composed of at least 500 different
protein components [15].

The bending process in an axoneme is caused by sliding between two adjacent doublets of
outer microtubules forced to slide relatively to each other by the molecular motive force,
generated by dynein motor activity initially described by Gibbons and Rowe [27]. According
to Ref. [31], the inner arms that are both necessary and sufficient to generate flagellar bends
determine the size and shape of the waveform and the outer dynein arms add power and
increase beat frequency. Due to enzymatic hydrolysis of ATP, which induces force genera-
tion of the power stroke of individual dyneins, the dynein arms interact with tubulin of the
B-tubule from the adjacent doublet, causing a process of active sliding in a cooperative way
[32]. The presence of inter-doublet links between peripheral microtubules and intermittent
sliding between some of them creates a tension that results in flagellum oscillations [33]. Since
the relative sliding of the microtubules at the proximal end (near the head) of flagellum is
restricted because of the strict structural link between axonemal doublets and the basal body
(see Figure 1), and as each microtubule doublet maintains its approximate radial position due
to protein arrangement in the core of the flagellum, the filament is thus forced to bend. There
are also some passive sliding that occurs in other portions of the axoneme as a consequence
of the active sliding of doublets pairs [28], as well as recovery sliding due to elasticity of nexin
links. To prevent sliding disintegration, dynein arms probably also act as linkers between the
doublet microtubules. Apparently, the dynein arms could alternatively act either as motors
or as anchors, although the separate functions of rigor formation and that of force generation
could be segregated into different dynein molecules [15].

The axoneme is fully encased by the cell membrane. Often, the plasma membrane also forms
one or two fin-like ridges along the fish sperm flagellar tail, which are oriented along the
horizontal axis defined by the central microtubules [34-37]. The ribbon shape instead of
the usual cylindrical shape of the flagellum makes it brighter when observed by dark-field
microscopy and allows to better visualization and recording of wave shapes [6]. This feature
of the flagellar membrane has been documented among species belonging to many fish fami-
lies: Poeciliidae, Jenysiidae, Pantodontidae and Embiotocidae [17, 38—40] and was shown to
potentially contribute to improve the swimming efficiency [37].

Altogether, various and original characteristics of fish spermatozoa represent attractive bio-
logical objects generating model studies for specialists in fields of physics such as hydro-
dynamics and fluid mechanics. Flagellar movement can be explained by various functional
models that account for the presumed mechanism on a theoretical basis and include features
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resulting from experiments. Such computer modeling approach aims to explain how, during
the movement, several bends of opposite angular direction coexist along a flagellum and how
these bends propagate along the flagellum. The precise nature of the spatial and temporal
control mechanisms regulating the various flagellar and ciliary beating patterns is still not
fully understood [41].

3. Physical aspects of flagellar movement

In terms of physical quantitative description, the analysis involves a viscous and incompress-
ible fluid coupled to a single force-generating filament, the flagellum. In the past decades,
several quantitative descriptions of the fluid dynamics of spermatozoa and ciliary propulsion
have been attained successfully. The linear Stokes flow assumption has been used to inves-
tigate the hydrodynamic consequences of flagellar undulations taking into account the low
value of the Reynolds number and the possibility to neglect inertial effects [42].

It has been hypothesized that flagellum is beating due to localized “contractions” propagated
along the doublet microtubules [43]. According to the elaborated resistive force theory, active
moments should balance both viscous and elastic moments present in the active filamentous
flagellum. Bending waves could propagate along the flagellum if changes in length of con-
tractile elements cause delayed changes in tension. Based on this theory, several researchers
developed and explored more refined models for ciliary and flagellar motion. Using a series of
photographs of cell position separated by very short periods (millisecond range) and flagellar
motion parameters, Brokaw [44] was probably the first who suggested to compare computed
cell trajectories and flagellar shape with experimental observations. Eventually, he proposed
the model for the control of switching in which curvature controls the flagellar beat [45, 46].
The curvature control hypothesis maintains that when the flagellum bends to a sufficient
curvature due to active forces, it triggers the inactivation of one set of dyneins and the activa-
tion of the set on the opposite side of the axoneme. The detachment of dynein in this case is
regulated by doublet curvature [46, 47]. The degree of curvature is considered as a mechani-
cal parameter of the axoneme that is in proportion of its resistance to bending. This model
was expanded to include cross-bridge mechanics between microtubules [48]. The strain in a

curved microtubule where the radius of curvature can reach up to 4 um is very small (} 1%),
corresponding to strain in a tubulin dimer of angstrom range. Such a small strain is difficult
to detect by an individual dynein microtubule-binding domain, except if dynein binds in a
cooperative way. The degree of curvature of the axonemal microtubules could be controlled
by a protein called “doublecortin.” It was recently shown that this protein binds with higher
affinity to curved microtubule lattices than to straight ones [49].

In an alternative model, the control of switching where dyneins behave as slipping links was
proposed. These links detach when subjected to forces acting parallel to the long axis of the
microtubule doublets and thus oppose sliding [50, 51]. Appearance of sliding forces on one
side of the axoneme induces detachment of the dyneins on the other side (and vice versa)
meaning that opposite sides are antagonistic.
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A third model for regulating flagellar and ciliary beating is the geometric clutch theory
developed by Lindemann [52]. This model treats the axoneme as dynamic elastic link-
ages exerting force between longitudinal arrays of doublet microtubules. The hypothesis
is predicated that the transverse force that develops in the plane of bending of the axo-
neme changes the spacing between doublet microtubules and dynein bridges pull together
adjacent doublets. The force generation of the attached dyneins creates sliding and bend-
ing. This active bending increases the transverse forces that pull the doublets apart and
disengage the dyneins what allows the dyneins on the opposite side of the axoneme to
attach [28].

Next model for cilia and flagella incorporates discrete representations of the dynein arms, the
passive elastic structure of the axoneme including the doublets and nexin links [28, 53]. In this
model, dynein activation is governed by a simple curvature control mechanism [46].

Recently, some authors developed a two-dimensional mathematical model of the axoneme
that can incorporate any or all of these different feedback mechanisms above [54] in order to
evaluate the validity of each model. This new model includes static curvature that is respon-
sible of asymmetric beats. Results of these authors favor the curvature control mechanism as it
gives best agreement with the bending waveforms of Chlamydomonas flagella, and predict that
the motors respond to the time derivative of curvature rather than curvature itself.

The above paragraph presents two levels of investigation for physical description of flagellar
beating: either at the organelle level where the flagellum is considered as an active filament
(without considering its internal structure), or at the macro-molecular level where internal
components of the flagellum interact between each other in a coordinated mode.

4. Evaluation of fish sperm motility parameters

Due to the short duration of fish sperm motility, special methods for recording the sperm
motion [55], and especially obtaining high-resolution flagellar images [14], have been devel-
oped. An unclassified and non-exhaustive list of variables that are commonly used to describe
the motility phase of fish sperm in details includes: velocity of head displacement, percentage
of motile cells, duration of motility, linearity of track of sperm heads, shape of the flagellar
waves and other criteria such as wave velocity or frequency [14].

Duration of motility. The duration of motility period is estimated as the time period elapsed
from activation by transfer in a swimming medium to the full arrest of progressive motility
for all spermatozoa [14].

It has been demonstrated that the duration of motility is temperature dependent and species
specific [56-58]. In cyprinids, it was shown that extracellular and intracellular pH, as well as
the ionic composition of the swimming media, influences the initiation and duration of sperm
motility [59]. As stated above, motility duration of fish spermatozoa is frequently limited by
flagellar damages appearing during the motility period, mostly in relation to osmotic stress
imposed at motility initiation [60].
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In both freshwater and marine fishes, two main and common flagellar damages were reported:
cytoplasmic blebs emerge anywhere along flagellar length during the motility period which
impairs the propagation of wave [61, 62] and curling structure at flagellar tip particularly
close to the end of motility period, which shortens obviously the flagellar length and leads to
decrease the efficiency of axonemal beating [10, 11, 63, 64]. Damages such as blebs and curl-
ing usually result from local membrane defects caused mainly by hypo-osmotic shock, and
they are usually reversed when reestablishing the osmolality of the surrounding solution to
correct values [10, 65].

Duration of motility is also closely related to energy stored in fish sperm cells [16, 66, 67],
as fast motility needs large rate of energy consumption that cannot be compensated by mito-
chondrial ATP production [4, 9]. When intracellular ATP store becomes low, flagellar dynein
ATPases start to function at low rates that causes the decrease of wave amplitudes and eventu-
ally slows down the progressive motion [68-71]. Due to the decrease of the ATP store during
progress of the motility phase [9, 66], the proportion of motile cells in the sperm population
also decreases as a function of time after activation, which also contributes to a decrease in
fertilizing ability [72]. In addition, as a consequence of ATP hydrolyses, ADP is continu-
ously accumulating and at the end of the motility period reaches its maximal value [72].
It was shown that the presence of ADP releases the inhibitory effects of high concentration
of ATP in sea urchin sperm [73, 74]. In fish sperm, a low ATP/ADP ratio would oppositely
favor dynein inhibition and contribute to the decrease of flagellar beat frequency [75]. For
example, in trout sperm, ATP has a K_ value of 0.2 mM [76], while the K. for ADP is about 0.27
mM [77], and at the end of the motility period, internal ADP concentration reaches 2.28 mM,
while concentration of ATP is much lower. The importance of ATP as energetic compound
for sperm motility [9] is related to another major energetic compound, the creatine phos-
phate [78-80].

Sperm velocity. Sperm velocity represents a global combination of several parameters such
as head dimension (diameter of head), beat frequency, length of flagellum and physical
parameters of wave propagation like wave length and amplitude [43], which contributes dif-
ferentially to energetic exhaustion. Velocities of spermatozoa are greatest immediately after
activation [4], for example, in halibut 150-180 um/s [81, 82], in fugu 160 um/s [83], in cod
65-100 um/s [84] or 130 um/s [64], in hake 130 pm/s [64, 85], in tuna 215-230 pum/s [86], in
turbot 220 um/s [70, 87] and in sea bass 120 um/s (straight line velocity) [69, 88]. High initial
velocity leads to shortened total duration of motility, because fish spermatozoa mostly rely
on their preaccumulated energy store for operating their propulsive motors [4, 9]. The veloc-
ity characteristics may be modulated by sperm microenvironment and particularly pH and
osmolality of the swimming medium [6]. For instance, by increasing the osmolality of the
activation media, the number of wave and curvatures along the flagellum will increase and
this can be accompanied by a decrease in sperm velocity.

The above paragraph presents an overview of the methods and results leading to quantitative
description of the fish sperm movement characteristics.
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5. Flagellum wave propagation

The numerous variables developed for description of sperm motility by a follow-up of head
displacement as used in CASA (Computer-assisted sperm analysis) (see above) are not indepen-
dent but rather redundant. Therefore, unrelated variables were designed to describe specifically
the flagellar beating through their wave properties [89]. Initial studies developed on inverte-
brate’s sperm flagella [90] were applied to flagella of marine fish spermatozoa [14, 91, 92] such
as turbot [70], sea bass [69], cod and hake [64], as well as to freshwater species such as trout [78],
salmon [93], carp [60], sturgeon [3] and pike [11]. Some of the flagellar wave parameters play a
critical role for the displacement efficiency of the whole sperm cell and control the forward veloc-
ity of translation, for example, the amplitude and the length of each flagellar wave, the number
of bends, the curvature of the bend pattern, the wave velocity and the flagellar beat frequency.

The traits of the motility behavior of sperm flagella of fish with external fertilization are quite
similar in several respects [87, 94]. Normally, wave propagation occurs from head to flagellar
tip leading to forward movement of the spermatozoon with head first [5, 15]. More recently,
the appearance of first bends at motility activation was described in detail [3, 95]. In most
cases, the first bend initiates from the region close to the head and propagates toward the
flagellar tip [3, 95]. This bend is then followed by a next one with opposite direction of cur-
vature so that several successive bends occupy the whole flagellar length, mostly during the
earliest period of fish sperm motility [5, 15]. The bend initiation mechanism itself is still not
fully explained [96]. Studies demonstrated that the axoneme of demembranated spermatozoa
(after removal of the membrane of flagella by application of a mild detergent) could be reiniti-
ated to produce waves, if energy in the form of ATP was provided to the system [27, 97]. In
case of rainbow trout, chum salmon or sturgeon, flagellar axonemes need to be exposed to
both cyclic AMP (cAMP) and ATP to become functionally motile [61, 76, 80, 98, 99]. However,
this feature is not general as the presence of cAMP does not seem to be necessary for sperm
motility initiation in many other fish species [100, 101].

In all fish species studied so far, the waves propagate the whole length of the sperm flagel-
lum when observed right after activation. However, during the motility period of fish sperm,
several types of modifications of the wave pattern appear, which are paralleled by a decrease
in flagellar beat frequency [6, 94]. The second part of the motility period is identified by the
restriction of the waves to the third or quarter length of the flagellum near the head, leading
to inefficiency of translation of the wave, decrease of velocity, and is ending up by a full stop
[11, 62,72, 78, 87]. This has been interpreted in terms of an energy transfer deficiency from the
mid-piece (ATP production in mitochondria) to the distal part of the flagellum where ATP is
consumed [68]. Similar problems of energy availability in trout spermatozoa were related to
insufficiency of the ATP/creatine-phosphate shuttle [78].

Most paradigms on wave generation and propagation along the axoneme of flagella state that
there is a clear distinction between the dynein-dependent microtubule sliding actuated by the
dynein oscillatory motor and the bending mechanism that should include regulator mecha-
nism responsible for the wave propagation. During wave propagation, a bending/relaxing

135



136  Cytoskeleton - Structure, Dynamics, Function and Disease

cycle propagates in register and in a frame-shifted manner with the clusters of dynein-ATPase
motors operating along the axoneme [44]. The motor components and their actuating mecha-
nism are nowadays well understood, but little is known about the elements responsible for
the bending regulating [13].

The input of the above studies conducted at the intra-flagellar level shows how the coordination
between all the flagellar participants is crucial for the optimization of the flagellum function.

6. Wave shape: analysis and quantification

As a general description, the wave shape of fish sperm flagella is of the arcsine type, that is,
linear segments intercalated between two successive curvatures, similar to what occurs in
tunicate sperm flagella or sea urchins [102].

Usually, it is assumed that flagellar waves are almost planar, that is, each sine wave is “flat” and
the successive waves are coplanar. An exception to wave’s flatness can be found in European
eel spermatozoa, which possess a corkscrew wave shape [7, 19, 103]. However, this helical
wave pattern has lower efficiency in terms of forward velocity of the spermatozoa even though
flagella beats at high frequency, up to 95 Hz [7, 19]. It is also suggested that swimming in 2D
partly prevents dispersion of spermatozoa far away from the egg. This hypothesis was recently
tested in a simulation study [104] showing that the predicted physical advantage is related to
the relative angle between sperm swimming plane and egg surface plane. In many cases and
species, waves are not perfectly planar, but slightly deviate from a strict plane while succes-
sive waves are not coplanar. This feature was described for sperm flagella in several species.
Such slight distortion from wave flatness would explain the ability of sperm cells to maintain
swimming in the surface vicinity [105]. Actually, the majority of cells in a population of fish
spermatozoa swim in the vicinity of glass surfaces [106]. Swimming in vicinity of surface is
also a property that is observed in human sperm [107]. It is speculated that such an ability to
swim in the vicinity of the egg surface probably represents a biological advantage for fertiliza-
tion efficiency.

In addition, sperm cells may be observed rotating transiently during the motion. For example,
in the case of paddlefish and sturgeon, due to the rotation of the whole sperm cell, each sper-
matozoon image appears alternatively with flagellar top view (waves in the plane of observa-
tion) or side view, with waves orthogonal to the observation plane [61, 93, 106]. Nevertheless,
waves are not arranged according to a helical shape but rather as successive waves subscribed
in different planes [105]. For sperm with quite symmetrical heads, nonplanar beating can
occur with cell rolling during surface swimming, resulting in circular swimming trajectories
in the direction of cell rolling, which is always the same within a species [108].

The wave shape of fish sperm flagella is affected by several factors, such as the energetic
content (ATP), which controls wave amplitude [6, 72], the internal ionic concentration (ionic
strength) that affects the constancy of the wave amplitude along flagellum as well as physical
constraints imposed by the external milieu like viscosity and temperature [11, 12, 87, 109].
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Energetic content. The rate of energy consumption (ATP hydrolysis) by sperm flagellum determines
the flagellar beat frequency and therefore velocity of forward displacement of fish spermatozoon
[9, 13, 110, 111]. As already widely discussed above, there is a progressive decrease in the flagel-
lar beat frequency in individual fish spermatozoa during the motile phase [55, 112]. Therefore, in
case of fish sperm flagella, the beat frequency measurement should be associated with the precise
timing after activation of that measurement because of its fast decay as a function of time [12, 14].

Internal ionic concentration. The intracellular ionic concentration is indirectly governed by
the external osmolality. It was shown that the change of extracellular osmolality, which per-
ceived by spermatozoa when transferred from seminal fluid to external milieu, causes a
rapid change in intracellular ionic concentration observed during the course of the motility
phase [94, 109]. As a consequence, the flagellar axonemes become exposed to a more and
more drastic intracellular environment for dynein motors leading to reduce the develop-
ment of waves (dampening process described above) and eventually lead to a full arrest
of motility [5, 69, 72]. In some species, dampening of flagellar waves during the motility
period is accompanied by asymmetry of beating. The ability to develop either symmetric or
asymmetric ways of beating results in imbalanced amplitude of the bends following each
other. For instance, if both bends are of equal curvature, then the symmetrical movement of
sperm flagella is developed, which leads the sperm cells to describe linear tracks [13]. In case
of asymmetry, sperm movement becomes consequently circular and sperm cells describe
circles of corresponding diameter [113]. In cases studied in detail, asymmetry of beating
is related to Ca® regulation, probably through a Ca*-calmodulin-dependent phosphory-
lation of some axonemal proteins [113, 114]. This Ca*-induced asymmetry also occurs in
freshwater species, such as trout [115] and carp [60], where due to increased Ca* concen-
tration spermatozoa describe circular trajectories, which become tighter with time elapsed
after activation. Nevertheless, it was shown that asymmetry of the flagellar waveform can
appear in the absence of any cell signaling change or flagellar heterogeneity. In physics, such
phenomenon occurs commonly in elastic filament dynamics (so-called buckling instability)
when passive filaments are subjected to high tangential forces. This was demonstrated also
for asymmetric flagellar bending [116].

Viscosity. Sperm migrating in high viscosity fluids commonly exhibits larger numbers of waves
though of lower amplitudes [86, 107]. Thus, an increase in viscosity by addition of viscous
compounds in the swimming medium actually leads to a lowering of propulsive velocity of the
sperm [86]. Practically, viscous medium mimics the situation occurring for sperm cells in ovary
fluids or jelly-like layers that surround eggs in some fish species [117]. In addition, variations
in the constitutive morphology of individual spermatozoa within the species also influence
their velocity in viscous media [118]. As already mentioned, the viscosity effects are enhanced
in case of the ribbon-shaped flagella like those in fish spermatozoa possessing fins, the latter
greatly increasing the surface of viscous interaction with the surrounding medium [37].

Temperature effects. Fish species are adapted to a large variety of temperatures (from several
degrees below 0 to 40-50°C). Low temperature could represent an adverse factor for sperm
to fertilize eggs because decreasing the temperature reduces the flagellar beat frequency
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Figure 2. Series of images of sturgeon sperm illustrating the measurements of the flagellar wave parameters: wavelength,
wave velocity, beat frequency, bend amplitude and local bend angle.

and consequently the sperm translational velocity [57]. This is probably compensated by
the increase motility duration observed when temperature is decreased [57, 58, 119], the
latter increasing statistically the chances of egg-sperm meeting. The relationship between
beat frequency and temperature provides an opportunity to get access to important ther-
modynamic variables of the flagellar beating [120]. From a thermodynamic point of view,
pressure represents an additional factor possibly acting on sperm performances, taking into
account that sperm spawning occurs in deep water in some marine fish species [121]. Little
is known about the pressure effects on flagellar behavior because of technical limitation for
such studies [122].

In addition, measurement of flagellar parameters including beat frequency at different tem-
peratures allows better understanding of energetic constraints involved in sperm movement
[4, 56, 57]. The behavior of fish sperm flagella presents various and original interests as they
are able to convert chemical energy into mechanical to generate movement [120]. Due to bio-
physical methods, such as hydrodynamic analyses of the beat patterns, it become possible to
estimate the minimum intracellular consumption of chemical energy that needed for flagellar
motion [16].

Some fish species reproduce at temperatures definitely lower than room temperature, and
therefore, motility parameters should be measured at lower temperatures. As an option
observation can be carried out in a temperature-controlled room. In addition, it is possible to
control the temperature on the microscope itself, but this often leads to problem of condensa-
tion on the condenser and objective lenses. The temperature control of the glass slide can be
simply set due to the contact with a cooling micro-Peltier plate. This also allows to measure
local temperature with a micro-thermistor immersed in the observation drop [14].
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Successive positions of flagellar waves can be observed in series of video frames obtained at
several time intervals during the motility phase. This allows measurement of flagellar wave
parameters (Figure 2).

The above paragraph shows that internal parameters (energy content as example) act in syn-
ergy with external parameters (viscosity as example) and complement each other in the sig-
naling processes that allow fish spermatozoa to rapidly adapt to a large diversity of situations
they are confronted to during their short-term motility.

7. Conclusions

The main aim of this review is to describe features of fish sperm maotility, flagellar mechanics
and different characteristic determining movement and show the interest of studying them
from a biophysical point of view. To assess motility of fish sperm, a lot of variables, such as
velocity of head displacement, percentage of motile cells, duration of motility, linearity of track
of sperm heads, are commonly used to estimate the ability of a sperm population to achieve
optimal fertilization. All these parameters describe the whole cell movement through the
head displacement, but data that are more informative can be obtained from observation of
flagellar behavior, as the flagellum is the actual source of movement generation. At present,
most investigations on the mechanisms of flagellar beating and propulsion of spermatozoa
were developed due to studies on mammalian and sea urchin flagella. Nevertheless, detailed
records of fish sperm flagella from different species offer a unique opportunity to observe suc-
cessive stages in the swimming period: activation step of motility itself, motility period and the
gradual decrease leading to the end of the motility period. Due to the fact that fish spermatozoa
swim at high speed and possess short period of motility, it has been historically difficult to
observe their flagellar behavior. Therefore, most of knowledge about fish sperm motility was
initially obtained from studies of the head movement using, for instance, CASA. However,
additional methods to describe the details of wave flagellar movement, such as high magnifica-
tion microscopy combined with stroboscopic illumination and high-speed video microscopy,
were developed recently and become accessible. First attempts to obtain detailed description of
fish flagellar behavior already reveal to be helpful for basic understanding of mechanistic and
hydrodynamic aspects of their motile function and its adaptability. A further challenge will be
to integrate the understanding of these basic mechanisms to the diversity of patterns exhib-
ited during spermatozoa movement in different swimming fluids and under various signaling
processes.
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