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ORIGINAL ARTICLE

Human sperm pattern of movement during chemotactic
re-orientation towards a progesterone source

Cecilia Soledad Blengini, Maria Eugenia Teves, Diego Rafael Unates, Héctor Alejandro Guidobaldi, Laura
Virginia Gatica and Laura Cecilia Giojalas

Human spermatozoa may chemotactically find out the egg by following an increasing gradient of attractant molecules. Although human
spermatozoa have been observed to show several of the physiological characteristics of chemotaxis, the chemotactic pattern of
movement has not been easy to describe. However, it is apparent that chemotactic cells may be identified while returning to the
attractant source. This study characterizes the pattern of movement of human spermatozoa during chemotactic re-orientation towards a
progesterone source, which is a physiological attractant candidate. By means of videomicroscopy and image analysis, a chemotactic
pattern of movement was identified as the spermatozoon returned towards the source of a chemotactic concentration of progesterone
(10 pmol I71). First, as a continuation of its original path, the spermatozoon swims away from the progesterone source with linear
movement and then turns back with a transitional movement that can be characterized by an increased velocity and decreased linearity.
This sperm behaviour may help the spermatozoon to re-orient itself towards a progesterone source and may be used to identify the few

cells that are undergoing chemotaxis at a given time.
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INTRODUCTION

Spermatozoa can find out the egg by following an increasing gradient
of attractant molecules. This mechanism is known as sperm chemo-
taxis.! In the past 20 years, several features of mammalian sperm
chemotaxis have been studied, including the size and physiological
state of the chemotactic sperm population, the biological sources of
attractants, the identity of a physiological attractant candidate, the
species specificity of the phenomenon and some signal transduction
pathways by which chemotaxis is induced.' Only those spermatozoa
that are already capacitated (~10% of the cells) are chemotactic at any
given time.”™ Follicular fluid, oviductal fluid and the conditioned
medium of the egg—cumulus complex are biological sources of che-
moattractants.”™"" Follicular fluid that has been obtained from one
species may attract spermatozoa of other species, suggesting that che-
motaxis may not be a species-specific phenomenon.'? A small quantity
of progesterone, which is secreted by the cells surrounding the egg,
is able to attract spermatozoa.”'>"'> The transmembrane adenylyl
cyclase—cyclic adenosine mono phosphate—protein kinase A pathway
and soluble guanylate cyclase—cyclic guanosine monophosphate—
protein kinase G pathway, calcium mobilisation and protein Tyr-
phosphorylation appear to be involved in the chemotactic response
mediated by progesterone.'*

These physiological characteristics of sperm chemotaxis described
above, have been primarily observed in human spermatozoa; however,
the chemotactic pattern of movement has not been easy to describe.
The primary reasons for this are that there are very few chemotactic

spermatozoa and that these spermatozoa gradually approximate to the
source of the attractant by progressive linear movement.' Nonetheless,
in a study where bourgeonal was used as an attractant, a few spermato-
zoa swam away from the attractant source and then suddenly turned
back, apparently owing to an asymmetrical movement of the flagel-
lum.'® Interestingly, this sperm behaviour, which has been observed
only with bourgeonal, has not been fully described. By contrast,
human spermatozoa that have been exposed to a temporal gradient
of progesterone show an increase in curvilinear velocity and lateral
head displacement, with a decrease in swimming linearity.” However,
this sperm behaviour could not be directly related to chemotaxis.
Although several molecules have been reported to chemoattract
human spermatozoa,' progesterone also seems to be of physiological
importance.”'® This study characterizes human spermatozoa move-
ment pattern during chemotactic re-orientation towards a progester-
one source. Such a pattern would facilitate the recognition of the few
chemotactic-capacitated spermatozoa, which are cells that have the
potential to fertilize the egg.

MATERIALS AND METHODS

Experimental design

Our hypothesis states that when a spermatozoon senses a gradual
decrease in the progesterone concentration (negative gradient), it
turns back to the source of the attractant with a specific pattern of
movement. In order to identify and characterize such a pattern, we
focused this study only on those spermatozoa that turn back to the
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source of the attractant, cells that hereafter, will be referred to as the
‘returning’ sperm population. In order to guarantee a chemotactic
response, a sperm population that contained capacitated spermato-
zoa, and a physiological attractant (10 pmol 17! progesterone) were
used to perform the experiments in a chemotaxis chamber.'® This
chamber had two wells (W1 and W2) that were connected by a bridge
over which a capillary space filled with culture medium was formed by
adding a coverslip. The cells were loaded into W1, while progesterone
was added either to W1 or W2, depending on the experiment. The cells
emerging from W1 freely swam over the bridge, while the attractant
molecules immediately diffused from the source to the opposite well,
forming a unidirectional long-lasting gradient (verification of this
gradient was confirmed by using the method of Zigmond"?).

The sperm population that returned to the well that contained
progesterone was evaluated in two different settings. First, progester-
one was added together with spermatozoa to W1; hence, the gradient
over the bridge was directed from W1 to W2. Because the spermatozoa
that were loaded into W1 were in contact with a homogenous distri-
bution of progesterone, they moved at random inside the well, and
some left the well by chance. The emerging sperm population that
returned to the well containing the progesterone was analysed
(Figure 1b, inset). In a second set of experiments, progesterone was
added to W2; thus, the gradient direction was from W2 to W1. Here,
the cells first swam from W1 to W2, and the cell population returning
to W2 was analysed (Figure 1c, inset). In all cases, a chamber that
contained a culture medium without progesterone was run in parallel
as a negative control. The sperm tracks were video-recorded near the
progesterone well (along the bridge), and the corresponding images
were analysed as described below. The same semen sample was used
for different treatments studied in each experiment.

Sperm preparation

The experiments were carried out using human spermatozoa in
accordance with the guidelines of the Declaration of Helsinki. The
semen samples were obtained from healthy donors after 3-5 days of
sexual abstinence. Only those samples exhibiting normal seminal
parameters according to the WHO criteria®® were included in the
study. Spermatozoa were separated from the seminal plasma using a
discontinuous Percoll gradient®' (Sigma-Aldrich, St Louis, MO, USA)
with a HAM F-10 culture medium that had been supplemented with
L-glutamine and 25 mmol 17" Hepes (Invitrogene, Carlsbad, CA,
USA). Next, the highly motile sperm population was adjusted
to 6X10° cells ml™* in HAM F-10 that had been supplemented
with 1% human serum albumin (Laboratorio de Hemoderivados,
University of Cordoba, Cordoba, Argentina) and then incubated at
37 °C in 5% CO, in air for 4 h, which are conditions that have been
established to support sperm capacitation.*

Sperm pattern of movement evaluation

After sperm preparation, the chemotaxis chambers were arranged for
each set of experiments, as previously described. 1?14 Briefly, a few
drops of culture medium were added over the bridge, and a coverslip
was placed upside down on the bridge. First, W2 was filled either with
progesterone or the culture medium. Immediately after, spermatozoa
were loaded into W1. Progesterone was diluted to a concentration of
10 mmol 17" in DMSO (Sigma-Aldrich), and the intermediate solu-
tions were prepared with the culture medium getting a 10 pmol 17*
final concentration of progesterone; hence, the final quantity of the
DMSO was negligible, and its addition to the medium did not differ
from that of the control group (data not shown). The chemotaxis
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chambers were incubated for 15 min at 37 °C, which was the time that
was needed for the sperm to redistribute themselves and the proges-
terone gradient to form over the bridge. Spermatozoa swimming over
the bridge were recorded for 3 min under a X4 objective at 30 Hz along
the border of the progesterone well, and the field was changed each
minute. In all treatments, the first recording field was positioned in the
middle of the chamber. The videomicroscopy system consisted of a
phase microscope (CX41; Olympus, Tokyo, Japan) and a digital camera
(ICAM 1500; Labomed, Fremont, CA, USA). The dynamic parameters
of the sperm were analysed with two software packages. The Image]
(NIH, Bethesda, MD, USA) plugin MTrack] (ver.191.1.0, Eric
Meijering; http://www.imagescience.org/meijering/software/mtrackj/)
was used to obtain the X and Y coordinates of each track, which were
then analysed by Spermtrack IV (Centre for Cell and Molecular Biology,
University of Cordoba, Argentina) to calculate the sperm kinetic para-
meters described below.

Qualitative description. The purpose of this research is to identify, in a
simple way, a pattern of movement that is representative of chemo-
taxis; therefore, a qualitative description of the observed patterns was
performed. The sperm pattern of movement was qualitatively
described with a drawing. Each track consists of two consecutive paths,
which correspond to sperm navigation away from and towards the
progesterone source. Sperm movement was classified by three
researchers on the bases of the lateral head displacement being linear
(without visible changes), transitional (with smooth lateral head dis-
placement) or hyperactivated (with a pronounced lateral head
displacement). This classification was supported by significant differ-
ences in the kinetic parameter values, as shown in Table 1.

Kinetic description. Sperm dynamic changes were evaluated by mea-
suring three sperm parameters:*>*> (i) curvilinear velocity (VCL),
which is equivalent to the curvilinear distance (DCL) that is trav-
elled by the spermatozoon divided by the time (VCL=DCL/?); (ii)
linearity (LIN), which is equal to the linear velocity (VSL) divided
by the curvilinear velocity (LIN=VSL/VCL), wherein VSL is the
linear distance divided by the time (LIN values range from 0 to
1, representing an erratic or straight track, respectively); and (iii)
wobble (WOB), which is defined as the average path velocity (VAP)
divided by the curvilinear velocity (WOB=VAP/VCL) (WOB
values vary from 0 (erratic track) to 1 (straight trajectory)). As an
internal control, the proportion of chemotactic spermatozoa was
determined for each sample, as previously described.>'>'* Only
those samples exhibiting a chemotactic response to 10 pmol 17!
progesterone were included in the study.

Statistical analysis

In any treatment, the total number of spermatozoa that were analysed
in the returning population ranged from 70 to 150, depending on the
sperm sample (e.g., the mean values were 78 and 81 spermatozoa for
the control and progesterone treatments, respectively). Three to seven
independent experiments were performed with different sperm
donors. Statistical differences were determined by one-way ANOVA
and Tukey tests using InfoStat software (version 1.1; University of
Cordoba).

RESULTS

Progesterone was first added together with spermatozoa to W1. In the
sperm population returning to W1, six patterns of movement were
identified (Figure 1a): 1, linear; 2, transitional; 3, transitional—
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Figure 1 Sperm movement patterns during re-orientation to the progesterone source. (a) Qualitative description of the movement patterns that were observed in the
sperm population that returned to the well in the absence or presence of progesterone (P); black track: linear; red track: transitional; green track: hyperactivated; yellow
track: sperm stop. (b, ¢) The percentage of spermatozoa that show each of the six patterns of movement described in (a) in two different experimental settings:
progesterone was placed in either W1 (b, inset) or W2 (c, inset), wherein the direction of the progesterone gradient is shown in light blue between both wells, and the
returning sperm population in red. P<0.05, compared with negative control, chemotaxis inhibitor and non-capacitated spermatozoa. Data are expressed as the

mean=s.e.

hyperactivated—transitional; 4, transitional—>short stop—transi-
tional; 5, transitional—linear; and 6, linear—transitional. Because these
patterns were observed both with and without progesterone, the per-
centage of spermatozoa showing each pattern was calculated for both

Table 1 Kinetic parameters that charactrerized linear, transitional
and hyperactivated sperm movement

Kinetic Linear Transitional Hyperactivated
parameters

VCL 27.82+1.05% 34.20+0.89° 40.32+1.06°
VSL 25.56+1.07° 24.21+0.75% 10.23+1.46°
LIN 0.92+0.017 0.71+0.02° 0.49+0.04°

Abbreviations: LIN, linearity; VCL, curvilinear velocity; VSL, linear velocity.
Data are expressed as the mean=s.e. of 100 spermatozoa. Different superscript
letters indicate significant differences compared with other sperm movements
(P<0.05).

treatments. There was a higher proportion of cells showing pattern ‘6’ in
the presence of progesterone (P<<0.05), whereas no differences were
observed in the other patterns (Figure 1b). In addition, the size of the
sperm subpopulation showing pattern ‘6’ under progesterone treatment
(10.7%=*1.4%) was similar to the proportion of chemotactic spermato-
zoa (7%=*1%; P<<0.11). In order to verify whether pattern ‘6’ was
associated with a chemotactic behaviour, one of the first steps of the
chemotaxis signalling cascade was inhibited.'* Thus, before loading the
cells into W1, spermatozoa were incubated with an inhibitor of trans-
membrane adenylyl cyclase (ddAdo, 300 pmol 17%, 15 min; Sigma-
Aldrich), which was previously used by us to specifically inhibit the
activity of this enzyme without altering the overall percentage of motile
spermatozoa (>70% in agreement with previous data shown in the
Supplementary Figure 1 in Ref. 14). The percentage of spermatozoa
showing pattern ‘6’ was significantly decreased after this treatment
(P<<0.05; Figure 1b). Because only capacitated cells are capable of
chemotactic behaviour," we carried out experiments by loading non-
capacitated cells together with progesterone into W1 as an additional
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negative control. Under this experimental condition, pattern ‘6’ was not
observed when the cells had not previously been capacitated (Figure 1b).

To verify that pattern ‘6’ was specific to the returning sperm popu-
lation, the cells were first exposed to a positive gradient of progester-
one, which was added to W2 (Figure 1c, inset). Therefore, the cells
first had to swim from W1 to W2; those that swam away from W2 and
then returned to it were analysed. The same patterns described above
were observed (Figure la), and the percentage of cells expressing
pattern ‘6’ was significantly higher when progesterone was loaded into
the chemotaxis chamber (Figure 1c).

The cells expressing pattern ‘6’ returned to the progesterone well
with transitional movement, which is usually associated with kinetic
variations. Therefore, three kinetic parameters were assessed. While
swimming away from the progesterone source, pattern ‘6’ was char-
acterized by a linear movement, whereas the other kinetic parameters
remained stable. Conversely, when the sperm cells turned back to the
progesterone well, they changed to a transitional movement, wherein
the VCL increased and LIN and WOB decreased. These kinetic
changes suggest an erratic movement (Supplementary Video 1 and
Figure 2).

DISCUSSION

For sperm to undergo chemotaxis, a concentration gradient of an
attractant molecule is required. In species that practice external ferti-
lisation (e.g., marine invertebrates), a dramatic change in the move-
ment of spermatozoa as a function of attractant gradient sensing is
easily observed in most of the cells (which change from taking circular
paths to helicoid paths).>*** Conversely, in internal-fertilizing species,
such as humans, only ~10% of cells are capable of a chemotactic
response while swimming towards the source of an attractant (positive
gradient), whereas there is no evidence of a visible change in the
pattern of movement.> +®1%2° In fact, in our system, the cells that
chemotactically swam from W1 (containing spermatozoa) to W2
(containing progesterone) could not be distinguished from the non-
chemotactic cells according to the patterns of movement. These fea-
tures of mammalian sperm chemotaxis make it technically difficult to
identify an individual chemotactic cell. Therefore, sperm chemotaxis
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Figure 2 Kinetic parameters of pattern ‘6’ tracks. A single representative track of
pattern ‘6’ is shown in the inset which curvilinear velocity (VCL, filled line), lin-
earity (LIN, dashed line) and wobble (WOB, dotted line) were determined before
(black) and after (red) the cell turned back (green arrow) to the progesterone well
and as a function of time. The average values from 27 sperm tracks expressing
pattern ‘6’ are shown in the bottom of the figure, and correspond to both parts of
the track (before and after turning) as a function of time. °P<0.05, compared
with before turning. Data are expressed as the mean=s.e.
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determination is currently limited to a population analysis, and the
results are mostly expressed as the percentage of cells oriented towards
the attractant source;>” however, human spermatozoa are able to
return to the source of bourgeonal (negative gradient) with asymmet-
rical movements of the flagella.'® This observation directed us to study
the sperm behaviour of those cells that return to the source of a
physiological attractant candidate, such as progesterone.

Six patterns of movement were identified in the returning sperm
population; however, only pattern ‘6’ seems to be exhibited by cells in
the context of sensing a negative attractant gradient. A spermatozoon
swimming with pattern ‘6’ makes a turn towards the progesterone
source, and at the same time, the cell movement becomes transitional,
with increasing velocity and reduced linearity. These variations in the
kinetic parameters are usually observed when the spermatozoon
changes from linear to transitional patterns of movement, as shown
in Table 1 and also by others.® Regardless of whether progesterone
was placed together with spermatozoa or in the opposite well of the
chemotaxis chamber, the percentage of cells that exhibited pattern ‘6’
was higher than among cells in the absence of the hormone or when a
chemotactic transduction pathway inhibitor or non-capacitated cells
were used.

A similar pattern of movement was observed when human sper-
matozoa were exposed to a temporal gradient of progesterone'” at a
concentration range that was several orders of magnitude higher than
the picomolar chemotactic concentration.'> However, this kind of
experiment, which implies a rapid progesterone mixing, does not
allow a direct association between the pattern of movement and che-
motaxis because the cells cannot detect the attractant source.” In
addition, the inhibition of chemotaxis was not included in the experi-
mental design because specific inhibitors were not known at that time.
Conversely, pattern ‘6’ described herein might be related to chemo-
taxis because (i) the cells are exposed to a temporal-spatial gradient of
progesterone, and therefore, the spermatozoon may detect the position
of the source of progesterone and orient its movement towards it;

Swimming in straight lines - —
Positive Negative No
gradient gradient gradient
No turn turn turn

Same direction adaptation —

Transitional

t veL
; VLN
| woB

=VCL

Progesterone
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Figure 3 Theoretical model of sperm chemotactic behaviour (adapted with per-
mission from Gakamsky et al. 2009). A representative track of pattern ‘6 is
included in this model, wherein the linear path is in black and the transitional
path is in red, showing the tendency of the kinetic parameters; the attractant
gradient is represented in blue (see text for details).



(ii) the pattern ‘6’ is expressed by a subpopulation of cells (~10%),
which is similar to the expected proportion of capacitated-chemotactic
spermatozoa; and (iii) when the chemotactic cascade is inhibited or the
assays are conducted with non-capacitated spermatozoa, almost no cells
are observed to express pattern ‘6’.

Recently, Gakamsky et al.'” proposed an interesting theoretical
model to explain the chemotactic behaviour of human spermatozoa
that have been exposed to a temporal-spatial attractant gradient.
When a spermatozoon swims along the positive gradient towards
the attractant source, the cell-surface receptors would be continuously
stimulated, and therefore, cell turning would be inhibited. Conversely,
when the cell swims away from the source of the attractant (negative
gradient) or there is no attractant gradient, the cell changes direction,
which increases the chances of relocalizing to the attractant source.
Our results experimentally support, in part, the theoretical model
described above (Figure 3). Hence, pattern ‘6’ described herein would
correspond to the negative gradient sensing stage that has been pro-
posed in that model; however, Gakamsky et al.'” suggested that sper-
matozoa may not be able to sense a decrease in the chemoattractant
concentration since progesterone would irreversibly bind to its recep-
tor because of its low Ky value. Alternatively, the cells might sense a
relative change in the attractant concentration, as was recently sug-
gested for sea urchin spermatozoa.®

In view of the fact that the chemotactic cells are very few and that a
chemotactic marker is not currently available, pattern ‘6’ might be
used to identify chemotactic spermatozoa via observing the returning
cell population to a well containing 10 pmol 1! progesterone, so as to
facilitate further studies of this phenomenon at the molecular level.
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