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In most animal species, spermatozoa motility is dependent on a long appendage
called flagellum. The flagellum behavior during the motility period can provide more
deeper understanding of basis of spermatozoa motility in a more detailed way and com-
plementary to the methods used so far which consist mainly in the analysis of fish sperm
head behavior (velocity, linearity of tracks, etc) obtained by regular CASA. In the pres-
ent review, a description of the different mechanisms accounting for sperm flagellum
movement is presented, with special emphasis regarding to fish spermatozoa. Features
and difficulties encountered when studying fish sperm movement are described in detail.

Key words: flagellum, spermatozoa motility, sperm flagellum movement, fish
spermatozoa.

Formulation of the problem. Spermatozoa are highly specialized cells,
crucially involved in animal reproduction. Efficiency of subsequent fertilization
success depends mainly on their movement ability. Fish spermatozoa swim for
very short periods right after being shed in the surrounding medium where ferti-
lization occurs (in most fish species, with external fertilization), but during this
brief period, their motility characteristics change in many respects [4].

The structure of sperm flagellum is quite ubiquitous and well in described
but nowadays the achievements in this field are still inconspicuous in respect to
flagella movement [6]

Understanding of the mechanisms involved in movement of undulipodia
(a general term which appoint for both flagella and cilia) can be investigated at
several levels of resolution: 1- by observation of the translating motion of the

! The present review is dedicated to memory of Yurij Pilipenko.
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cell body (head in case of spermatozoon), 2- by description of the variations of
the flagellar shape during its active movement, 3- at a macro-molecular level, by
dissecting the arrangement of its main components as mainly EM magnification
allows to describe them, 4- at the detailed level involved in the description of
the operation of each specific element such as the mono-molecular motor part. A
global view of the flagellar mechanics need the integration between these 4 lev-
els but for concision and description of our aims, it is more convenient to expose
below in details mostly the biophysical approach pointed out in the above 2-
description, while the other aspects (1-, 3- or 4-) will be approached as com-
plementary to the targeted hydro-dynamical aspects of quantitative description.

In the present review, we intend to investigate in detail the fish sperm
motility characteristics and technics for movement analysis in order to evalua-
tion of sperm flagellum behavio .

1. Specificities and difficulties in the studies of fish sperm moveme

Just after activation by the surrounding medium, sperm flagella of many
fish species beat at a high frequency, 50 to 100 Hz but for a short period of
time, i.e. thirty seconds to several minutes depending on fish species [11]. The
initial velocity of fish sperm cells is very high (150 to 300 um sec-1), which
makes observations and records especially difficult. To study the motility char-
acteristic (velocity of spermatozoa, percentage of motile cells) of these very
fast moving cells and to visualize their flagella, several specific methods have
been developed allowing the obtainment of images of the tracks followed by
sperm head, or alternatively images of flagella obtained in vivo while moving.
Nowadays, these methods use video techniques, and in some cases, allow to
record sharp images thank to stroboscopic illumination at a frequency up to 800
Hz. The computer assisted processing of the frames or more simply of the head
tracks (CASA) allows to compare parameters of movement of fish spermatozoa
exposed to various physiological situations, leading to comparative information
describing their potency for swimming, in relation to their ability to fertilize
and/or to be cryopreserved, but also the sensitivity of their swimming traits to
traces of potent chemical pollutants [11].

1.1. Activation of motility.

As fish spermatozoa are usually immotile in the seminal fluid, one must
transfer them in a specific solution where motility is activated. The activating
solution contains solutes (ions or non-ionizable compounds) which greatly
affect the osmotic pressure of the fluid [7]; depending on origin of the fish spe-
cies, marine or fresh water, the osmotic pressure of activation solution must be
significantly higher or lower than that of the seminal fluid, respectively [11].
In some particular species, the osmotic pressure is not the only factor and the
concentration of some specific ions needs to be adjusted; this is the case of the
K* concentration which must be greatly decreased in some species such as trout
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[13], sturgeon [1-2], or paddlefish [19] while in others such as turbot [14] and
species [17], it is the CO2 concentration which must be highly reduced to very
low values. These constrains will dictate the composition of the solution used
as optimal swimming medium for motility or, in contrast, optimal diluents pre-
venting motility [25].

1.2. Period of motility.

Usually in many fish species, sperm motility lasts for short periods (sev-
eral minutes), or even shorter (30 seconds) [2,10]. This means that one should
avoid any pre-activation of motility by any fluid eventually contaminating the
semen during stripping [15, 21] or by external water [22] or even by a solution
used to transiently store sperm (diluent), otherwise, when tested for its motility
sperm would be classified as immotile even though its initial potent motility
was possibly correct. A second implication is that any appreciation of motility
parameters needs microscopical observation, very early in order to get access
to values characterizing the most efficient part of the motility period, (earliest
one). As this earliest period may be lasting for only few seconds after contact
with the activating solution, usually one needs to mix sperm directly in a drop of
activating solution (AS) previously set up on the glass slide and to video record
this very short period in order to measure motility parameters [8] during this
crucial time window. Thus, a “blind” period of several seconds, where no video
recording can occur, is inescapable during which mixing in the drop and correct
focusing of the microscope is achieved.

1.3. Morphology of fish spermatozoa

The structure of the axoneme, as seen on Fig. 1 is canonically composed
of 9 double microtubules (doublets) approximately 20 nm diameter constituting
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Fig. 1. The “9+2” axoneme of flagella and cilia. The whole
structure is wrap in the flagella membrane which is in
continuity with the cell membrane
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the periphery of a cylinder which centre is occupied by two central microtubules
(singlets), the whole scaffold being succinctly referred as “9+2”. Convention-
ally, the 9 outer doublets are numbered starting from number one located in the
plane orthogonal to the plane including the two central singlets; importantly, the
former plane allows to define the curvature directions during beating as left or
right relatively to that plane; by convention, counting is clockwise when looking
from the tip of the flagellum. These microtubules are continuous all the way
long of flagella, continuity is a condition of absolute necessity for the motile
function of any axonemal doublet microtubule.

The head of fish spermatozoa usually ranges 3-4 pm width (frequently
spherically shaped) and this makes them quite easy to observe with a micro-
scope at low magnification. In contrast, the diameter of the sperm tail so
called flagellum, which usually ranges less than 1 pum, makes it difficul
or even impossible to be observed with a regular microscope, whatever
the magnification used (even 40x, 60x or 100x), because of their vigorous
movement which blurs the corresponding images. Therefore, observation
of moving flagella usually requires two specific adaptations: (a) a dark fiel
microscope making flagellaappearing as a thin bright white filament ranging
40-60 pm length, on a fully black background, giving rise to a high opti-
cal contrast between the flagellum and its surrounding environment; (b) a
stroboscopic illumination in order to obtain sharp images of the moving fl -
gellum because during each very brief flash of light (ranging one to several
micro-second duration, the image of the tail appears without any apparent
movement) in successive video frames. Such combination of these observa-
tion technologies allows to obtain a detailed morphological analysis of the
integrity of the flagellar length [5, 26]. Another feature of fish sperm flagell
which turn out to be an advantage for observation resides also in their fla
shape: in many fish species, the entire length of flagellum is ribbon shaped
instead of cylindrical [23] as in the case of “simple” flagella such as those of
sea urchin sperm [9], which makes its ability to diffuse light very efficien
when oriented parallel to the direction of the light beam. The consequence is
that flagella appear, relatively brighter when observed by dark field micros-
copy according to specific angles, therefore giving indications regarding its
orientation relative to the light beam.

1.4. Sperm motility parameters.

Values of sperm motility parameters rapidly decreased after induction of
sperm motility by discharge into activating solution. This general rule applies
to most fish species, with variation in the motility duration between species
but in most cases leads to full stop within a short period of time (several min-
utes or less) as already mentioned. This implies that any measured parameter
must refer to a precise time point at which it was measured after movement

19



BodHi Giopecypcu ma akeakynemypa

initiation, when these parameters are used to compare conditions in an intra-
or inter-species way [8-10].

Flagella’s beat frequency (number of beat cycles in one second) measure-
ments are possible by changing of the frequency of stroboscopic illumination,
or by counting the records with a high-speed camera. Velocity is speed of move-
ment sperm head.

Types of velocity with are usually measured:

Velocity curvilinear (VCL) Point to point velocity (total distance trave-
led) per second.

Velocity average path (VAP) Point to point velocity on a path constructed
using a roaming average. The number of points in the roaming average is 1/6th
of the frame rate of video used.

Velocity straight line (VSL) Velocity measured using the first point and
the average path and the point reached that is furthest from this origin during the
measured time period.

1.5. High initial velocity and beat frequency.

Difficulty is that the initial velocity (during the 2-3 seconds following
movement initiation) of fish spermatozoa is very high (up to 300 um /sec), which
is a consequence of their high beat frequency (up to 70-100 Hz). Evaluation of
these two parameters is very important to obtain, because they occur at a period
of the motility phase, which is the most efficient for a spermatozoon to approach
and eventually reach the surface of the egg for fertilization. In contrast, this
period is very difficult technically to get access to for two main reasons: (a) it
follows immediately the blind period of mixing of sperm in the AS on the glass
slide and (b) the very fast movement of individual spermatozoa allow them to
stay only for very short periods both in focus and inside the observation field of
the microscope. Fish sperm flagellum is clearly visible when using high micro-
scopical magnification such as 20x or 40% objective lenses [8-9]

1.6. Density of spermatozoa.

In the seminal fluid, the density of spermatozoa appears very variable
depending on fish species. As examples, the following values of sperm density
(same units) were observed: 1 to 5.10° in carp [24], 50 x 10° in sea bass [15],
5to 15 x 10% in trout [13] and 0.1 to 4 x 10° in sturgeon [26]. Therefore, the
density is usually much too high to clearly distinguish individual cells without
dilution of milt in a non-swimming solution. In contrast, the sperm density in
milt is high enough to allow a high dilution rate in the AS leading to correct
observation of individual swimming cells. An appropriate method to solve the
problem of too high density in the seminal fluid is to use a two-step procedure
[3]: sperm (including seminal fluid) is diluted at first in a non-swimming solu-
tion (a 1:50 dilution ratio is a good starting point) where it can stay without risk
of motility activation, then this firstly diluted sperm is secondly diluted in a AS
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previously located as a drop on the microscope glass slide. This method needs
some knowledge of the conditions where to activate vs inactivate spermatozoa
of the investigated fish species. It is frequently necessary to get access at least
to two major characteristics of seminal plasma of the given fish species, i.e.,
concentration of K+ and osmolality [25].

1.7. Energetics.

As already mentioned, motility of fish spermatozoa is lasting for a short
period. A main reason appears to be due to limitation of energy by the lack of
ATP that occurs very rapidly right after motility activation. Actually, ATP con-
sumption by axonemal dyneins ATPase (acting as motors for generating move-
ment) is much faster than ATP production by the mitochondrion. This phenom-
enon has been observed in sea bass [15], in turbot [14] and in carp [22] sperm.
A consequence is that a sperm cell which have exhausted its ATP store during
a first round of motility is potentially able to reinitiate motility after a resting
period during which ATP is restored to a normal level in a solution non permis-
sive for motility [4]. It means that there are common examples where spermato-
zoa, apparently unable to move because of an « accidental » activation (contact
with external medium at collection or with urine), could be revived to potential
motility after such a resting period [13, 24].

1.8. Computer Assisted Sperm Analysis (CASA).

The method of CASA used for the rapid and objective assessment of sperm
motility using the sophisticated image analysis methodology. This method used
frequently in human fertility clinics. CASA (computer assisted sperm analysis)
frequently used for the analysis of mammalian sperm motility and the human, it
is very difficult to used for fish sperm which is generally motile for less than 2
min compared to several hours for mammalian sperm. In the CASA system may
automatically measure many parameters, such as: Mean lateral head displace-
ment (ALH); Straightness (STR) — a measure of VCL side to side movement
determined by dividing VAP by VCL; Wobble (WOB) VAP/VCL, describes
side to side movement of the sperm head. Mean velocity (VAP); Linear velocity
(VSL); Curvilinear velocity (VCL); Frequency of head displacement (BCF);
Linearity coefficient (LIN)

2. Technik’s for fish sperm flagella observatio

2.1. Regular video camera.

A work with regular video camera usually uses stroboscopic illumination
is shown below. In each shot, separate positions of a spermatozoon are thus
recorded (frequency regular video camera 50 Hz) as observed at 50 or 100 Hz,
but more detailed records are possible provided an augmentation of the fre-
quency of stroboscopic illumination is applied, but in this case, one can see an
overlapping of the flagellar images (150-300 Hz) making difficult the individu-
alization of each position (Fig. 2).
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Fig. 2. Example of overlapping:
resulting from the augmentation of
frequency of stroboscopic illumination
to 150 Hz, the image analysis becomes
complicated, and at 300 Hz, it becomes
impossible

2.2. High-speed video camera.

For sperm observations and for obtained detailed images of moving sper-
matozoa can be used next technics: Olympus BX50, 500%, with 100x Phase
contrast optics (Zeiss Ph 3 NeoFluar 100xOil immersion) and recorded with
a high-speed video camera (Olympus i-speed TR) providing 848x688 pixels
spatial resolution, 1000 frames/sec (Fig. 3 and Fig 4.). For regular sperm obser-
vations, an Olympus BX50 microscope, with dark-field optics (objective 20x)
illuminated by pulsed light from a stroboscopic lamp (Chadwick-Helmut, 9630,
USA) was combined with video recording by 3CCD video camera (SONY
DXC-970MD, Japan).

Fig. 3 Example of high resolution video-images (1000 frames per second,
the time interval between two images 2 pusec time duration of one full cycle of beating
26 psec which corresponds to 13 images in this example, for prepare this image rate
taken each second frame)
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Fig. 4. An example of one individual video frame shot with a high-
speed camera at 1000 frames per second, image size 848x688 px.,
resulting in record of individual positions of flagellum without overlap
at high frame rate

Analysis of Fig. 3 and 4 makes it possible to obtain information about
the sperm movement such as: direction of movement of the head, rotation of
spermatozoon’s, wave length, wave amplitude, the number of waves and beat
frequency of waves, defects occur in the membrane. The use of high-speed cam-
era allows as to get information about the movement of sperm, not previously
been used for the analysis of their mobility for example records collected from
high-speed camera we obtained sperm parameters.

Conclusion and perspectives of further research. One main character-
istic of fish spermatozoa is that they remain immotile in the fish seminal tract and
testes due to the high osmolality and ionic composition of the seminal plasma
which prevent sperm motility in fish sperm ducts [18] but a second character-
istics is that fish sperm becomes motile after discharge into the aqueous envi-
ronment due to external signals, e.g. low K+ concentrations in acipenserids or
hypo-osmotic shock in freshwater teleost fishes [20] or opposite, for marine fish.
During microscopic observation, spermatozoa move at water-glass or water-air
interfaces which contrasts with natural situation occurring during fish repro-
duction where spermatozoa moves in the water column. Fish spermatozoa are
also characterized by short and very rapid motility (from 40 sec and up to few
minutes) with 50-90 Hz initial frequency of flagella beating [ 1].
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MJABAIOLWWUE PbIBHBIE CITIEPMATO30U/bl -
AHANN3 ABUMKEHUNA XKITYTUKA

bonoapenxo B., Bopuwnoney C., /[rnceku Koccon
Yuusepcumem FOoucnoii bocemuu 6 Yecke-byoeesuye,
Garynvemem pvibHO20 X0341icM8a U 0Xparwvl 800, FOxCHOUeuICKULl HayyHbll
YeHmp aKeaxylbmypul u 6UOpa3Hoodpasus 2u0poYeHo308,
Boowanwei, Yewickasa Pecnybauxa,
vbondarenko@frov.jcu.cz

V 0oabIIMHCTBA BUIOB XMBOTHBIX IMOABUXHOCTL CIICPMATO30UI0B 3aBUCUT OT
JJIMHHOTI'O MpUaaTKa, Ha3bIBAEMOI'O X KI'YTHUKOM. HOBe[[eHI/Ie KI'YTUKa B TCHCHUE IICPUOJa
MIOZIBMYKHOCTH MOXKET 0oJiee JIeTalbHO OCMBICIHUTH OCHOBBI IOJBH)KHOCTH CIIEpMaTo-
30HM/I0B 1 JIONIOJIHUTH METOIbI, HCIIOJIB3YEMBIE JI0 CHX TTOp, KOTOPBIE COCTOSAT B OCHOB-
HOM M3 aHaJIM3a MOBEJCHHS FOJIOBKH PHIOHOI CriepMbI (CKOPOCTB, IMHEHHOCTD TPEKOB
T. 1.), nomydeHHBIX CASA. B cTarhe nMpeacTaBaeHo ONMCaHNue Pa3InIHBIX MEXaHU3MOB
ydue€Ta ABUKCHUA KI'YTHKaA CIICPMBI C 0COOBIM AKIICHTOM Ha pBI6HI)Ie CIIEPMAaTO30M/IbI.
[TonpoOHO omucaHbl 0COOCHHOCTH M TPYAHOCTH, BO3HUKAIOIIUE ITPH U3YyUCHHUU JBHIKC-
HUSI CIIEPMBI PHIOBI.

KnrodeBble cioBa: *KTYTHK, TIOJIBHPKHOCTD CIIEPMaTO30H/I0B, IBIKCHHUE K'Y THKA
CIIEPMBI, CIIEPMATO30HIbI PHIO.

NJIABAIOYI PUBHI CNEPMATO30IAU -
AHANI3 PYXY OXI'YTUKA

bonoapenko B., Bopuwnoneus C., /[ncexi Koccon
Vuisepcumem Ilisoennoi Bozemii 6 Yecvre-bByoetiosiye,
gaxynemem pubrozo eocnodapcmea i oxoporu 800, I1is0enHouecbKull HaAyKosutl
YeHmp aKeaxyibmypu i 6iopisHOMaHimms 2uopoYyeHo308,
Boowanu, Yecvra Pecnyobnixa,
vbondarenko@frov.jcu.cz

VY OipmIOCTi BUAIB TBAPUH PYXJIMBICTH CIIEPMATO30iIiB 3aJI€KUTH Bifl JOBIOTO
NpUIaTKa, Ha3BaHOTO XKXI'yTHKOM. [ToBe/iHKa JUKTYTHKA MTPOTATOM HEepiofy pyXJIMBOCTI
MOKe OLIBII JIeTaIbHO OCMHUCIMTH OCHOBH PYXJIMBOCTI CIIEPMAaTo30i1iB 1 JIOMOBHUTH
METO/IH, 10 BUKOPHCTOBYIOTHCS 10 IMX ITip, SIKi CKIIAJIAI0THCSl B OCHOBHOMY 3 aHalli3y
TIOBE/IIHKH TOJIOBKHM PUOHOT criepMu (IIBUAKICTB, TIHIHHICTh TPEKIB 1 T. 11.), OTPUMaHUX
CASA. V craTTi npeacTaBiIeHO OIMMC Pi3HUX MEXaHI3MIB OONIKY pyXy JDKTYTHKA CIIep-
MH 3 0COOJIMBHM aKIIEHTOM Ha pHOHI CriepMaTo30ian. J(eTanbHO OIICaHO 0COOIUBOCTI
1 TPYHOIL, 1110 BUHUKAIOTh ITPYU BUBYCHHI PyXy CIIEPMH PUOU.

Knro4oBi ciioBa: JUKTYTHK, PyXJIMBICTh CIIEPMATO30i/iB, PyX JKI'yTHKA CIIEPMH,
crepMaro3oiau puo.
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