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Abstract
Study question—To determine the incidence of defects in Ca2+ signalling pathways mediating
hyperactivation (calcium influx and store mobilisation) among donors and sub fertile patients and
to ascertain if these are functionally significant i.e. related to fertilisation success at IVF.

Summary answer—This study identifies, for the first time, the incidence of Ca2+store defects
among research donors, IVF and ICSI patients and highlights the biological role and importance of
Ca2+-signalling (Ca2+ store mobilisation) for fertilisation at IVF.

What is known already—Sperm motility and hyperactivation (HA) are important for fertility,
mice with sperm incapable of HA are sterile. Recently there has been significant progress in our
knowledge of the factors controlling these events, in particular the generation and regulation of
calcium signals. Both pH-regulated membrane Ca2+channels (CatSper) and Ca2+ stores
(potentially activating store-operated Ca2+ channels) have been implicated in controlling HA.

Study design, size, and duration—This was a prospective study examining a panel of 68
donors and 181 sub fertile patients attending the Assisted Conception Unit, Ninewells Hospital
Dundee for IVF and ICSI. 21 of the donors gave a second sample (~4 weeks later) to confirm
consistency/reliability of the recorded responses. Ca2+ signaling was manipulated using three
agonists, NH4Cl (activates CatSper via pH), progesterone (direct activation of CatSper channels,
potentially enhancing mobilisation of stored Ca2+ by CICR) and 4-AP (effect on pH equivalent to
NH4Cl and mobilises stored Ca2+). IBMX, a potent activator of HA was also used for comparison.
For patient samples, an aliquot surplus to requirements for IVF/ICSI treatment was examined,
allowing direct comparison of Ca2+-signalling and motility data with functional competence of the
sperm.
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Materials, setting, methods—The donors and sub fertile patients were screened for HA (using
CASA) and changes in intracellular Ca2+ were assessed by loading with fura and measuring
fluorescence using a plate reader (FluoStar).

Main results and the role of chance—Relative efficacy of the stimuli in inducing HA was 4-
AP>>IBMX>progesterone. NH4Cl increased [Ca2+]i similarly to 4-AP and progesterone but did
not induce a significant increase in HA. Failure of samples to generate HA (no significant increase
in response to stimulation with 4-AP) was seen in just 2% of research donors but occurred in 10%
of IVF patients (P= 0.025). All donor samples generated a significant [Ca2+]i increase when
stimulated with 4-AP but 3.3% of IVF and 25% of ICSI patients failed to respond. Amplitudes of
HA and [Ca2+]i responses to 4-AP were correlated with fertilisation rate at IVF (P= 0.029;
P=0.031 respectively). Progesterone reliably induced [Ca2+]i responses (97% of donors, 100% of
IVF patients) but was significantly less effective than 4-AP in inducing HA. 25% of ICSI patients
failed to generate a [Ca2+]i response to progesterone (P=0.035). Progesterone-induced [Ca2+]i
responses were correlated with fertilisation rate at IVF (P= 0.037) but induction of HA was not. In
donor samples examined on more than one occasion consistent responses for 4-AP-induced
[Ca2+]i (R2 = 0.97) and HA (R2=0.579) were obtained.

In summary, the data indicate that defects in Ca2+ leading to poor HA do occur and that ability to
undergo Ca2+ -induced HA affects IVF fertilising capacity. The data also confirm that release of
stored Ca2+ is the crucial component of Ca2+signals leading to HA and that Ca2+ store defects
may therefore underlie HA failure.

Limitations, reasons for caution—This is an in vitro study of sperm function. Whilst the
repeatability of the [Ca2+]i and HA responses in samples from the same donor were confirmed,
data for patients were from 1 assessment and thus the robustness of the failed responses in
patients’ needs to be established. The focus of this study was on using 4AP, which mobilizes
stored Ca2+ and is a potent inducer of HA. The n values for other agonists, especially calcium
assessments, are smaller.

Wider implications of the findings—Previous studies have shown a significant relationship
between basal levels of HA, calcium responses to progesterone and IVF fertilisation rates. Here
we have systematically investigated the ability/failure of human sperm to generate Ca2+ signals
and HA in response to targeted pharmacological challenge and, related defects in these responses
to IVF success. [Ca2+]i signalling is fundamental for sperm motility and data from this study will
lead to assessment of the nature of these defects using techniques such as single cell imaging and
patch clamping.

Study funding/competing interest(s)—Resources from a Welcome Trust Project Grant (#
086470, Publicover and Barratt PI) primarily funded the study. The authors have no competing
interests.
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Introduction
Sperm dysfunction (lacking ‘normal’ function) has consistently been identified as the single
most common cause of male infertility (Hull et al., 1985; Irvine., 1998). Men can produce
sperm which are dysfunctional even when their semen parameters are ‘normal’ (Aitken et
al.,1991). Currently there are no drugs a man can take, or add to his spermatozoa in vitro, to
treat sperm dysfunction. The only option is ART (Assisted Reproductive Technology),
which comprises a range of treatments, all of which are invasive. The particular treatment
selected depends on the severity of the condition, i.e. IUI (Intra Uterine Insemination) for
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mild, IVF (in vitro Fertilisation) for moderate and, ICSI (Intra cytoplasmic sperm injection)
for men with severe sperm dysfunction. The development of non-invasive, pharmacological
treatment alternatives has been severely hampered by our limited understanding of the
cellular and molecular workings of the mature spermatozoon (reviews Aitken and Henkel,
2011, Barratt et al.,2011; Barratt 2011). There are, however, some areas where progress has
been made. One that has received considerable attention, ignited by the creation and
characterisation of CatSper knockout mice, concerns the generation and regulation of
calcium signals that control sperm motility, in particular hyperactivation (see below and
Publicover et al.,2007; Costello et al.,2009; Publicover and Barratt, 2011, Barratt and
Publicover, 2012; Strünker et al.,2011; Lishko et al.,2011).

Hyperactivation (HA) is critical to sperm function, playing a key role in the ability of sperm
to successfully ascend the female reproductive tract and reach the site of fertilisation. For
example, HA may facilitate sperm migration through the highly visco-elastic oviductal
mucus and enable penetration of the layers surrounding the oocyte (Suarez et al.,1991;
Suarez and Dai, 1992; Ren et al.,2001; Carlson et al., 2003; Quill et al.,2003; Stauss et al.,
1995). Additionally, experimental studies show that HA may be required to detach sperm
from the oviduct epithelium in animals (Demott and Suarez, 1992; Gwathmey et al.,2003)
and in humans (Pacey et al.,1995). Although data is limited in humans, clinical studies on
HA generally suggest that (1) the percentage of hyperactivated sperm correlates with
fertilisation rate in vitro (e.g. Sukcharoen et al.,1995) and (2) there are significant
differences in the proportion of hyperactivated cells (spontaneous and in response to
physiological or artificial stimulants) between men with normal semen parameters and sub
fertile patients (Burkman., 1984; Tesarik et al.,1992; Peedicayil et al.,1997; Munire et al.,
2004).

As the spermatozoon ascends the female tract, its motility must be finely regulated by cues
from the female tract and cumulus-oocyte complex, in order that the cell can deploy
behaviour appropriate to its environment (Olson et al., 2011). The central regulator is Ca2+,
elevated [Ca2+]i being required both for the initiation and maintenance of hyperactivated
motility. There are at least two sources of Ca2+ that contribute to HA in mammalian sperm:
Firstly, entry of Ca2+ via pH-dependent CatSper channels in the plasma membrane of the
flagellar principal piece. Sperm from mice null for CatSper are motile but do not
hyperactivate, rendering them unable to migrate to or within the oviduct and unable to
fertilise oocytes even by IVF (Ren et al.,2001; Carlson et al 2003; Quill et al.,2003; Ho et
al., 2009). In bovine sperm elevation of pHi with NH4Cl, to activate CatSper, induces HA
and similar results have been reported in mouse sperm (Marquez and Suarez 2007; Chang
and Suarez, 2011). Secondly, induction of HA has been reported in bovine, mouse and
human cells upon mobilisation of calcium stored in the neck/midpiece region (Ho and
Suarez., 2001; Ho and Suarez., 2003; Marquez et al.,2007; Costello et al.,2009). In human
sperm thimerosal (which activates intracellular Ca2+ channels, releasing stored Ca2+)
potently induces HA (Alasmari et al., 2013) whereas stimulation of CatSper with
progesterone (Strünker et al.,2011; Lishko et al.,2011) or by raising pHi have little effect
(Alasmari et al., 2013). 4-AP, a particularly potent inducer of HA (Bedu-Addo et al.,2008;
review Costello et al.,2009), both stimulates release of stored Ca2+ and raises pHi (Ishida et
al, 1993; Grimaldi et al, 2001; Navarro et al., 2007; Bhaskar et al, 2008; Chang and Suarez,
2011; Alasmari et al., 2013). However, equivalent cytoplasmic alkalinisation induced with
NH4Cl or trimethylamine hydrochloride fails to cause HA and pharmacological block of
CatSper does not inhibit 4-AP-induced HA (Alasmari et al., 2013). Suffice it to say, 4-AP
stimulates human sperm HA primarily or fully through its action on stored Ca2+.

A key question therefore is: do functional defects occur in sperm Ca2+ signalling apparatus
that prevent regulation of HA and cause sperm dysfunction? To investigate this a panel of
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donors and sub fertile patients were screened for HA and changes in intracellular Ca2+ in
response to targeted agonists namely (i) NH4Cl (pH-induced activation of flagellar CatSper
channels); (ii) progesterone (direct activation of flagellar CatSper channels, potentially
enhancing mobilisation of stored Ca2+ by CICR Harper et al, 2004) and (iii) 4-AP (raises
pHi [similarly to NH4Cl] and mobilises stored Ca2+ in the neck/midpiece of human sperm).
IBMX was used to stimulate HA via the cAMP pathway which does not induce an
immediate calcium influx in human sperm cells (Strunker et al.,2011). Additionally, the
relationship between HA (spontaneous and induced), intracellular stimulus-induced Ca2+

responses and fertilization rates at IVF were investigated. The primary aims of this study
were to examine (1) the incidence of defects in the Ca2+-signalling pathways that mediate
HA in sperm from donors and from sub fertile patients; (2) if these defects (assessed by
measuring HA/calcium signaling) were related to IVF success.

Materials and Methods
Reagents

4-aminopyridine (4-AP) (Sigma Aldrich, Catalog number 275875-5G, UK), progesterone
(Sigma Aldrich, Catalog number P8783-5G, UK), Isobutyl-1-methylxanthine (IBMX)
(Calbiochem, Catalog number 410957, UK) and ammonium chloride (NH4Cl) (Sigma
Aldrich, Catalog number 4316230J, UK) were dissolved in distilled water, ethanol, DMSO
and distilled water respectively. Aliquots were diluted and added to the sperm suspensions
to achieve a final concentration of 2 mM, 3.6 μM, 100 μM and 25 mM respectively. Fura-2
acetoxymethyl ester (Fura-2/AM) (Molecular Probes, Invitrogen, Oregon, USA) was
dissolved in DMSO and used at a final concentration of 1 μM.

Media used for donor samples
Synthetic tubal fluid (based upon Mortimer, 1986) was used as capacitating media (CM) for
donor samples. It consisted of 4.7 mM KCl, 3 mM CaCl2, 1 mM MgSO4.7H2O, 106 mM
NaCl, 5.6 mM D-Glucose, 1.5 mM NaH2PO4, 1 mM Na pyruvate, 41.8 mM Na lactate, 25
mM NaHCO3, 1.33 mM Glycine, 0.68 mM Glutamine, 0.07 mM Taurine, Non-essential
amino acids (1: 100 dilution in STF) and 30mg/ml BSA. A non capacitating HEPES-
buffered medium (NCM) adapted from the above but lacking in both albumin and
bicarbonate (5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4.7H2O, 116.4 mM NaCl, 5.6 mM
D-Glucose, 1.0 mM NaH2PO4, 2.7 mM Na pyruvate, 41.8 mM Na lactate and 25 mM
HEPES) was also used.

Ethical approval
Written consent was obtained from each patient in accordance with the Human Fertilisation
and Embryology Authority (HFEA) Code of Practice (version 8) under local ethical
approval (08/S1402/6) from the Tayside Committee of Medical Research Ethics B.
Similarly, volunteer sperm donors were recruited in accordance with the HFEA Code of
Practice (version 8) under the same ethical approval.

Study subjects
Semen samples were obtained from three groups: 100 semen samples from 68 young healthy
research donors (mainly students with no known fertility problems, aged 20-35 and with a
normal sperm concentration and motility according to WHO criteria 1999), 181 sub fertile
patients who underwent IVF (170 patients), or ICSI (11 patients) treatment at the Assisted
Conception Unit (ACU), Ninewells Hospital, Dundee, Scotland between April 2009 and
August 2011.
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Semen samples
Semen samples from donors and patients were collected by masturbation into a sterile
plastic container after 2-3 days of sexual abstinence. The samples were used for analysis
after liquefaction of the semen at 37°C for approximately 30 minutes and within 1 hour of
production. Semen samples obtained from patients were assessed for the semen profile by
clinical embryologists. Patients were selected for IVF or ICSI according to clinical
indications and semen quality. For the latter, although it wasn’t always the case, men with
approximately 1×106 progressively motile cells post preparation were allocated to IVF and
below this limit to ICSI.

With respect to the patient samples, to eliminate inter ejaculate-variation, the surplus of the
clinical sample used in the IVF or ICSI treatment process was taken for analysis of HA and
where possible intracellular Ca2+. IVF fertilisation rates were obtained in order to examine
the potential functional relationship between stimulation with agonists known to act on
different components of the Ca2+ signalling system and IVF.

Density gradient centrifugation (DGC)
For the donors, spermatozoa were isolated from seminal plasma by DGC using PureSperm
(Nidacon, Molndal, Sweden) buffered with NCM. After centrifugation, the supernatant was
discarded and pellet was resuspended in CM, and incubated for ~2 hours (hrs) at 37°C in a
5% CO2 incubator. This incubation period in CM was chosen because in general, no further
notable change was observed in the percentage of spontaneous/induced HA (data not
presented) or in agonist stimulated intracellular Ca2+ level. In the Assisted Conception Unit
commercially available media was used for sperm preparation. The spermatozoa were
separated from semen by DGC using PureSperm diluted with Cook Sydney IVF Gamete
Buffer, a HEPES-buffered solution (Cook Sydney IVF Limited, National Technology Park,
Ireland, UK). After centrifugation, the pellet was washed by centrifugation at 500g for 10
minutes in 4 ml of Cook Gamete Buffer. If the samples were assigned for IVF, following
centrifugation, the supernatant was discarded and pellet resuspended in Cook Sydney IVF
Fertilisation medium (FM), a bicarbonate buffered medium similar to STF, containing 25
mM NaHCO3 (Moseley et al.,2005; data not presented). If the sample was allocated for
ICSI, the cells were washed in Cook Gamete Buffer. Following this, IVF samples were
gassed with CO2 and kept at room temperature (up to 4 hrs) until one hour before the
insemination, at which point the sample was incubated at 37°C in a 5% CO2 incubator. The
ICSI samples were kept at room temperature (up to 4 hrs) until the time of the injection
procedure. Following insemination or injection the remaining portion of the sample was
analysed for basal and agonist induced HA and if there was a sufficient yield of sperm
available, for intracellular Ca2+ (see below). ICSI samples were prepared in the IVF clinic
(in Cook Gamete Buffer™ which does not support the completion of capacitation - Moseley
et al., 2005). These samples were only assessed for intracellular Ca2+ and were re-suspended
in CM as part of the fura loading protocol (see below).

Assessment of basal level of HA and sperm motion characteristics by CASA
A Hamilton Thorn CEROS machine (version 12) attached to an external microscope was
used to assess motion characteristics. The concentration of prepared spermatozoa from
donors or patients was adjusted to between 5 and 25 ×106/ml with CM. Samples with a
concentration ≤2 ×106/ml were generally excluded from the study as the number of cells
was insufficient to obtain data comparable to the other samples. The samples were mixed to
ensure a homogenous concentration of spermatozoa. Hamilton-Thorn 2X-Cel chambers
(20μm depth) (Dual Sided Sperm Analysis Chamber, Hamilton Thorn Biosciences, Beverly,
MA, USA) were pre warmed at 37°C on a heated stage of an Olympus CX41 microscope
(Olympus Corporation, Tokyo, Japan) after which 4μl of sperm suspension was placed onto
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each slide chamber and then covered by a pre warmed cover slip (22mm × 22mm). Slides
were maintained at 37°C for ~2 minutes prior to the start of data acquisition. For
hyperactivation (HA) and motion characteristics were assessed under a negative phase
contrast objective (×10) at a final magnification of ×100. Four different aliquots were
assessed for each sample and at least 200 motile cells were counted on randomly selected
fields in each aliquot with approximately 800 motile cells as a minimum total count. The
percentage of hyperactivated cells was assessed using standard criteria to identify
hyperactivation, namely VCL ≥ 150 μm/s, linearity ≤ 50%, and ALH ≥ 7 (Mortimer et al.,
1998).

Assessment of hyperactivated motility in response to different agonists
Agonist stimulation was achieved by adding 1 μl of agonist to 99 μl of sperm suspension,
giving final concentrations of 2 mM 4-AP, 100 μM IBMX, 3.6 μM progesterone or 25 mM
NH4Cl. Sperm HA and other kinematic parameters were then assessed as described above.

21 of the 68 donors produced more than one sample. The basal and 4-AP induced HA for
donors who produced two samples is presented in Supplementary Figure 2. Importantly, the
HA response to 4-AP was consistent between the assessments in all 21 donors with 20/21
donors showing a normal significant response in both assessments and 1/21 showing a poor
response in both samples (Supplementary Figure 1a).

Fertilisation rate (FR) at IVF
Oocytes were considered normally fertilised when two pronuclei (2PN) and two distinct or
fragmented polar bodies were observed. In IVF, the fertilisation rate was calculated from the
number of oocytes normally fertilised divided by the total number of inseminated oocytes.
In order to reduce the influence of minimal egg numbers the data used for fertilization rates
in this analysis are only those cases where at least 4 mature eggs were inseminated for IVF
(n=145). Fertilisation rates where ICSI was the designated treatment were not taken into
account as ICSI bypasses any functional requirement needed for a sperm to bind and
penetrate the egg vestments. The median female age of IVF patients (n=145) was 34 (31-37
25 and 75th centile respectively). The median number of eggs recovered in the IVF patients
(n=145) was 10.5 (8-14; 25 and 75th centile respectively).

Measurement of intracellular Ca2+

After sperm preparation (either in the research laboratory for healthy donors or at the IVF
laboratory for patients), 500 μl aliquots of sperm suspension (concentration adjusted to
~8-20 ×106/ml with CM), were loaded with 1 μl of Fura-2/AM (1 μM) for 12 min at 37°C
and 5% CO2 in the dark, then centrifuged at 500g for 15 min. The supernatant was removed
and the pellet resuspended in 100μl of medium. Since loading with fura required a
centrifugation step followed by resuspension, samples from all three groups (donors, IVF,
ICSI) could be resuspended in the same medium (CM). The intracellular Ca2+ response is
rapidly developed with capacitation (Baldi et al.,1991; Bedu-Addo et al.,2005).
Fluorescence measurements were carried out on a FLUOstar Omega (BMG Labtech
Offenburg, Germany) using alternating excitation wavelengths of 340nm and 380nm and
recording emission at 510 nm. Stimulus-induced increments in the ratio of emission
intensities (at 340 and 380 excitation) were used to quantify changes in [Ca2+]i
concentration. Aliquots of 50 μl were pipetted into a 96 well plate and 100 seconds of
control data (20 readings) were acquired (resting level (R)). 5 μl of agonist (4-AP or
progesterone) was then added and the response was recorded. Usually, a minimum of ~2
million cells per well (50 μl) were required for robust results. In a number of cases
(primarily those involving ICSI samples) this could not be achieved and no measurement of
intracellular Ca2+ response was reported.
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To examine the consistency of different samples from the same donors, 8 donors were tested
on 2 occasions with an interval of at least one month between donations. Responses to
progesterone were very similar between samples (R2= 0.972) (Supplementary Figure 1b).
One donor who showed a poor response was tested on several different occasions with
consistent results (Supplementary Figure 1b).

Definition of failed HA and Ca2+ responses among donors and sub fertile patients
A failed HA response was recorded when agonist stimulation did not induce a significant
change in the % of hyperactivated cells compared to control (basal) level (assessed by one
way ANOVA and non parametric analysis of variance on ranks Kruskal-Wallis test,
p<0.05).

To define failed Ca2+ responses a normal range was determined from the distribution of
response amplitudes (agonist-induced increments in the 340/380 ratio) in donor populations
stimulated with 4-AP and progesterone (Supplementary Figure 2). Upper and lower limits
were set to include 99% of the distribution (mean ± 2.58 × SD; see statistical analysis
section below for normalising procedure). Using this approach, the cut-off values for a failed
Ca2+ response were increments in the 340/380 ratio of ≤ 0.1 upon addition of 4-AP or
progesterone.

Statistical analysis
Normality of data was assessed according to the Kolmogorov-Smirnov test. Results are
expressed as the mean ± SD (standard deviation), median and range for HA. Statistical
comparisons were made using the analysis of variance (ANOVA) if the data were either
originally normally distributed or normalised after transformation by square root. However,
some HA and intracellular Ca2+ data were not normalised by transformation. Thus, the
statistical comparisons for these data were examined by non-parametric analysis of variance
Kruskal – Wallis one way analysis of variance on ranks. The correlation between HA and
intracellular Ca2+ in response to agonists (4-AP and progesterone) was examined using
Pearson’s correlation coefficient. The correlations between HA and intracellular Ca2+ in the
basal level and in response to agonists with IVF fertilisation rates were examined by
Spearmans correlation coefficient (because the data were not normalised after
transformation) and Pearson’s correlation coefficient, respectively.

To define a cut-off value for a failed Ca2+ response, the data was log transformed and cut-
off values were calculated based on mean and SD. The differences in proportions of failed
responders between the populations (donors and IVF patients) and between agonists were
examined using a Chi-squared test. P<0.05 was considered significant. All statistical
analyses were performed using the SigmaStat 10 statistical package (Systat software inc.,
Chicago, IL, USA)

Results
Induction of HA in donor and IVF patient samples

Of the 4 agonists used (4-AP, NH4Cl, progesterone, IBMX), 4-AP was the most potent
inducer of HA in sperm from donors, the magnitude of the effect being significantly greater
than that of all other agonists (P<0.001; Figure 1). IBMX was the next most effective
agonist, followed by progesterone (Figure 1). As reported in detail elsewhere (Alasmari et
al., 2013), 25 mM NH4Cl was not an effective inducer of HA (NS; Figure 1) though in a
minority of samples, primarily those with low basal HA (≤10% HA), there was a detectable
response (P <0.05).
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The relative efficacy of the 4 different agonists on IVF patient samples was similar to that
seen with donor samples (Figure 1 compare left and right panels), but for the three effective
stimuli (4-AP, IBMX and progesterone) the percentage of hyperactivated cells after
treatment was significantly lower in IVF patients (P<0.05) (Figure 1 and Supplementary
Figure 3). The basal level of HA was significantly lower in IVF patients compared to donors
(P<0.05).

Intracellular calcium responses to 4-AP and progesterone in donors and patients
Spermatozoa from 37 donors, 68 IVF and 11 ICSI patients were assessed for their [Ca2+]i
responses to 4-AP and progesterone. The 340/380 ratio for fluorescence of fura-2 (R) in
resting cells differed between individuals. To facilitate comparison the data from each
individual were normalised to the pre-stimulus value (Figure 2). Descriptive statistics of the
raw 340/380 ratio data are presented in Supplementary Table I. The basal Ca2+ was
significantly lower in spermatozoa from ICSI patients, compared to research donors and IVF
patients (P<0.05) (Supplementary Table 1).

Both 4-AP and progesterone-induced a biphasic elevation of intracellular Ca2+ in donor
sperm, comprising a [Ca2+]i transient followed by a sustained phase. However the shape of
these responses was clearly different, the transient induced by progesterone typically being
larger than that induced by 4-AP, whereas 4-AP induced a greater sustained [Ca2+]i increase
(Figure 2; Supplementary Figure 4). Both agonists were effective in raising [Ca2+]i in sperm
from the two patient groups, but whereas responses in IVF patients were similar to those in
donor sperm, the magnitude of the response was much smaller in ICSI samples induced by
4AP (Figure 2, P<0.05).

Failed HA and Ca2+ responses among donors and sub-fertile patients
To further characterise the differences between donor and patient groups we assessed the
occurrence of HA and [Ca2+]i signal ‘failures’ (as defined in the methods section). In
response to stimulation with 4-AP only 2% of the donor samples gave a ‘failed’ HA
response, whereas HA failure occurred in ≈10% of the IVF patients (χ2= 7.9, P=0.025).
Due to practical and technical limitations it was not possible to assess intracellular Ca2+ for
all patients but of those who could be tested a failed response was recorded in 2/61 (~3%)
and 2/7 (~25%) of IVF and ICSI patients respectively (P=0.048). In contrast none of 37
donor responses fell below the threshold defining failure (see methods). The two IVF
patients who showed a failed intracellular Ca2+ response to 4-AP did not hyperactivate in
response to 4AP and had poor IVF fertilisation rates (39%, 6%).

Stimulation with progesterone induced a significant [Ca2+]i response in >97% of samples
from donors and all IVF patients. However, as with 4-AP, ICSI patients showed a higher
failure rate (3/11 men, 27.3%; P=0.035 cf. donors). Failure of significant HA was much
more common in response to stimulation with progesterone compared to 4-AP, 51% of
donors and 62% of IVF samples failing to respond. In some of the samples where there was
no significant induction of HA there were still detectable effects on motility. Changes in one
or more kinematic parameters (VCL, ALH or LIN) were observed in 56% (19/34 samples)
of the donors who failed to hyperactivate and 40% (23/57) of the IVF patients. 20/65 (31%)
of IVF samples screened for both HA and intracellular Ca2+ showed a normal Ca2+ response
to progesterone but no significant change in HA or kinematics as measured by CASA.

In most cases failure of HA was not stimulus-specific, the majority of samples that showed a
failed HA response to 4-AP showing no significant response to IBMX, progesterone or
NH4Cl. (Supplementary Table II)..
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Correlation between HA and intracellular [Ca2+]i
To determine whether or not there was a relationship between the magnitude of agonist-
induced intracellular Ca2+ elevation (absolute increase in 340/380 ratio) and HA (absolute
increase % cells), we examined responses in samples from IVF patients to 4-AP (n=57) and
progesterone (n=65). There was a significant correlation for responses induced by 4-AP
(R=0.35, P=0.009). Figure 3 shows data from four representative IVF patient samples upon
stimulation with 4-AP. There was no significant relationship between the Ca2+ and HA
responses induced by progesterone (Rs=−0.002, P=0.98), an observation consistent with the
great disparity in [Ca 2+]i and HA responses seen with this agonist.

Relationship between agonist-induced HA, [Ca2+]i and IVF fertilisation rates
To assess the clinical significance of [Ca2+]i and HA responses, basal and 4-AP-induced
[Ca2+]i and HA in cells from IVF patients were examined in relation to fertilization rates.
Analysis of [Ca2+]i data showed a significant relationship between basal intracellular Ca2+

(340/380 ratio before stimulation) and fertilisation rates (R=0.3, P=0.025). Additionally
there was a significant relationship between the increment in [Ca2+]i induced by 4-AP (52
patients) and progesterone (57 patients) and fertilisation rates (R=0.28, P=0.047, R=0.280,
P=0.037 respectively).

Fertilisation rate was significantly related both to the basal level of HA (Rs=0.19; P=0.02)
and to the 4-AP-induced increment in HA (Rs=0.18, P=0.029) (Figure 4A). When the data
were separated into four groups according to the fertilisation rates achieved: FR1 ≤25%,
FR2 25%-50%, FR3 50-75%, FR4 >75%, it was clear that sperm samples giving the highest
fertilisation rate also gave the greatest increment in HA when stimulated with 4-AP (Figure
4B). Incidence of failure to respond to 4-AP was similarly related to fertilisation success.
There was no significant relationship between fertilisation rates and increment in HA in
response to progesterone (n=84) or to the other agonists IBMX (n=89) and NH4Cl (n=68)
(data not shown).

Discussion
The primary aims of this study were to examine the incidence of defects in Ca2+ signalling
pathways mediating HA among donors and sub fertile patients and the significance of such
defects for IVF success. The most effective inducer of HA, in both donors and IVF patients,
was 4-AP and this compound was therefore the focus of this study. Failure of HA in
response to stimulation with 4-AP was significantly more common in IVF patients than in
donors and failure of Ca2+ signalling was a common observation in ICSI patients.
Importantly, both 4-AP-induced intracellular Ca2+ responses and consequent induction of
HA were significantly related to IVF fertilisation rate. It has been established previously that
there are differences in HA (spontaneous and in response to physiological or artificial
stimulants) between men with proven fertility and sub-fertile patients (Burkman., 1984;
Tesarik et al.,1992; Peedicayil et al.,1997; Munire et al.,2004). The data reported here
document, for the first time, the biological significance of responses to direct, targeted
manipulation of the Ca2+ signalling apparatus in human spermatozoa.

This study not only employed a large sample size (compared to other clinical studies on HA
and [Ca2+]i signalling) but responses to agonist stimulation were assessed in samples that
were used for IVF treatment, permitting direct comparison of functional responses with
fertilisation success. In achieving this it was necessary to analyse the IVF samples in
keeping with the clinical protocols. We believe this had a minimal effect on the results as (1)
the donors and IVF samples were prepared using similar techniques and in comparable
media supporting capacitation (data not presented, Moseley et al., 2005) and (2) though IVF

Alasmari et al. Page 9

Hum Reprod. Author manuscript; available in PMC 2013 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



samples were incubated in capacitating media for longer than donor samples, preliminary
experiments showed that 4-AP-induced HA was not modified by varying incubation time
(2-4 h) under capacitating conditions (data not presented). (3) Though ICSI samples were
prepared and incubated in non capacitating conditions in the IVF laboratory, transfer to
capacitating conditions restores [Ca2+]i responses within minutes (Bedu-Addo et al.,2005)
and as such calcium assessments are robust and allow comparison between donors, IVF and
ICSI patients. The robust nature of the data reported here is illustrated by the consistency in
agonist-induced [Ca2+]i and HA responses between ejaculates (Supplementary Figure 1).

Differing potency of the agonists used
4-AP was the most effective inducer of HA in both donor and IVF cells. Cytoplasmic
alkalinisation by 25 mM NH4Cl, is equivalent to the effect on pHi of 2 mM 4-AP (Alasmari
et al., 2013). NH4Cl, induced Ca2+ influx under both capacitating and non capacitating
conditions (data not presented) yet there was negligible effect on HA. These data confirm
the pivotal role of stored Ca2+ in HA of human sperm and demonstrate that Ca2+-influx
induced by elevated pHi alone is not sufficient to induce robust levels of HA (Figure 1).
Progesterone induced an intracellular calcium response in >97% of donors and all IVF
patients yet HA was weak. It has been suggested that the large progesterone-induced [Ca2+]i
transient (up to 40 seconds) is accompanied by a burst of HA in some cells (Gakamsky et
al., 2009, Servin-Vences et al., 2012). This brief effect is hard to detect using standard
CASA and in our study HA was not significantly different between 1 and 5 minutes of
treatment with progesterone (data not presented). Thus Ca2+ influx (through CatSper)
induced by progesterone, similarly to cytoplasmic alkalinisation, was not sufficient to induce
sustained changes in kinetic parameters and consistently reach the threshold criteria to
identify HA. Whilst CatSper channels are essential for HA in mice (Ren et al.,2001; Carlson
et al., 2003; Quill et al.,2003), their role in humans remains largely unknown (Brenker et al.,
2012). Genetic studies have indicated that mutations in human CatSper channels are
significant in rare cases of male infertility (Avidan et al., 2003; Avenarius et al., 2009), but
HA was not examined. Our observations clearly do not preclude involvement of CatSper in
human HA. CatSper may become activated during capacitation, supporting spontaneous HA
(Alasmari et al., 2013) and when strongly activated (as occurs during the progesterone
transient) CatSper may trigger activation of Ca2+ stores or store-operated channels (Lefievre
et al., 2012). It is also possible that more sophisticated sperm function tests may be required
to determine the effect of direct CatSper activation such as penetration into a viscous media
(Ivic et al., 2002) or more sophisticated analysis of flagella motion - 3-dimensional tracking
(Su et al., 2012) and high-speed videomicroscopy (Kirkman Brown & Smith 2011; Curtis et
al., 2012)

IBMX was used to stimulate HA by strong activation of the cAMP pathway, which does not
induce an immediate Ca2+ influx in human sperm cells (Strunker et al., 2011). The majority
of the samples from donors and IVF patients responded to IBMX with a significant increase
in HA, consistent with other studies on human sperm, which have reported a specific
influence of phosphodiesterase inhibitors such as pentoxyfilline on the kinematic parameters
defining HA (Tesarik et al.,1992; Kay et al.,1993; Tournaye et al.,1994). These observations
are in contrast to other studies on bull sperm which have documented that HA required only
the elevation of intracellular Ca2+ and did not depend on the AC/cAMP/PKA signalling
pathway (Ho et al.,2002; Marquez and Suarez, 2004; Marquez and Suarez, 2008). The
difference in findings between studies on human and bull sperm may simply reflect species
variation in the requirements for induction of HA.
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Differences in HA and calcium between donor and patient groups
4-AP-induced HA was correlated with the amplitude of the [Ca2+]i response, confirming
that 4-AP-induced HA was mediated by this pathway. The proportion of samples in which
4-AP failed to induce normal HA and [Ca2+]i responses was significantly greater in IVF
samples than in donors showing that malfunction of the Ca2+-signalling pathway activated
by 4-AP is likely to be responsible for a proportion of cases of male-factor sub-fertility.
Additionally, there was a clear difference in [Ca2+] iresponses between ICSI patients and
other populations (donors and IVF patients) demonstrating increased incidence of [Ca2+] i
abnormalities in the former. Interestingly, the basal Ca2+ was significantly lower in
spermatozoa from ICSI patients (Supplementary Table 1; P<0.05). This suggests that these
cells have a reduced ability to initiate the Ca2+ signalling cascade. The reasons for this are
unclear but may be due to (1) low expression or abnormalities in CatSper leading to
reduction in Ca2+ influx across the plasma membrane and consequently poor recruitment of
intracellular Ca2+ stores and/or (2) the sperm cytoplasm does not become sufficiently
alkalinised to activate CatSper due to abnormality in the expression or regulation of HV1;
and/ or (3) defects in internal store channels such as RyRs, IP3R or SOCs.

Samples which gave a failed HA response to 4-AP usually failed to respond to IBMX,
progesterone or NH4Cl. Though the lower efficacy of these stimuli as inducers of HA
(particularly progesterone and NH4Cl) makes interpretation complex, it appears many HA
failures involve a signalling node or late stage in a cascade such that alternative stimulation
(such as increasing cAMP) does not bypass the lesion (new Figure 5). HA failure may
reflect either failure of Ca2+ signalling itself or of events downstream of Ca2+, independent
of the [Ca2+]i signal amplitude. Analysis of HA and [Ca2+]i in 4-AP-stimulated cells showed
that the amplitudes of the two responses were significantly correlated and that in those
samples where [Ca2+]i signal failure occurred (≈3%), there was also a failure of HA. Thus it
is likely that failed HA can reflect failure of Ca2+ signalling. Potential defects include
impaired capacitation, which may affect activity of CatSper channels (Lishko et al.,2011;
Strunker et al.,2011), resulting in a low resting [Ca2+]i and consequent effects on emptying
and filling of the internal stores. It has been suggested that Src kinase located in the neck/
midpiece and in the post-acrosomal region of human sperm head regulates Ca2+ store
mobilisation during capacitation (Varano et al.,2008). Further investigation of Ca2+ store
filling and mobilisation in sperm is required to clarify this.

Stimulus-induced [Ca2+]i elevation, HA and fertilisation success
Fertilisation rate of the IVF samples was correlated with basal HA, a finding that is
concordant with data from other studies (Burkman., 1991; Wang et al.,1993; Sukcharoen et
al., 1995). More significantly, the ability of 4-AP to raise [Ca2+]i and to induce HA was
correlated significantly with IVF outcomes, providing clear evidence of a biological role of
the sperm Ca2+ signalling apparatus (almost certainly store mobilisation; see above) in
human sperm (Figures 4). Amplitude of the [Ca2+] itransient induced by progesterone,
probably reflecting activation of CatSper (Strünker et al.,2011; Lishko et al.,2011), was
similarly correlated to fertilisation rates at IVF, consistent with other studies (Krausz et al.,
1996). However, progesterone was not a potent inducer of HA (Figure 1) and targeted
activation of CatSper is not sufficient to induce HA in human sperm (Alasmari, 2013), thus
there was no significant correlation between progesterone induced HA and IVF success.
Defective Ca2+ responses to progesterone were not seen in IVF patients and occurred in one
donor and three ICSI patients. This low incidence of functionally significant CatSper
defects, as manifested by failed [Ca2+]i responses, suggests that such failures are relatively
rare. Patch clamping studies will be required to confirm abnormalities in CatSper function
(Kirichok and Lishko, 2011, Lefievre et al., 2012).
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In summary, this study highlights the biological role and importance of Ca2+-signalling (and
neck/midpiece Ca2+ store mobilisation) for fertilisation at IVF and identifies for the first
time, the incidence of store defects among donors, IVF and ICSI patients. Further studies are
required to investigate the nature of these defects. Such studies will act as a platform for a
potential drug based screening program to augment/modulate calcium mobilisation as a
possible rational treatment for sperm dysfunction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of four different agonists on HA) in two populations (donors and IVF patients).
Box and whisker plots illustrating the data distribution for HA in the baseline (control) and
samples treated with 4-AP, IBMX, progesterone and NH4Cl from donors and IVF patients.
The boxes represent the interquartile range and lines within them are the medians. The
number in brackets is the sample size. *Highlights that the agonist-induced HA is
significantly different to baseline, (a) highlights a significant difference between responses
to 4-AP and all other agonists (b) highlights a significant difference between responses to
IBMX compared with progesterone and NH4Cl and (c) highlights a significant difference
between responses to progesterone and NH4Cl. Significance was considered as P, 0.05
assessed by one-way ANOVA and non-parametric ANOVA on ranks Kruskal–Wallis test.
Not all samples were tested with each of the agonists.
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Figure 2.
Ca2+ ratio in response to 4-AP and progesterone in three populations (donors, IVF and ICSI
patients). Intracellular Ca2+ responses induced by 4-AP (upper panel) and progesterone
(lower panel) in donors (4-AP n = 36, progesterone n = 37), IVF (4-AP n = 61, progesterone
n = 68) and ICSI patients (4-AP n = 7, progesterone n = 11). Each trace shows mean of n
fluorimetric (population) responses+SE. Agonists were added (indicated by black arrow) at
100 s after acquisition of 20 readings at resting level (R). The data for each sample were
normalized to pre-stimulus (R) level to facilitate comparison. * Significant difference
between the ratio at the peak (P) and the initial resting level (R), (a) significant difference of
ratio at peak between donor and ICSI patients, (b) significant difference of ratio at peak
between IVF and ICSI patients. $ Significant difference between the ratio at the sustained
phase (S) between donor and ICSI patients (P<0.001) and between IVF and ICSI patients (P
= 0.007). There was no significant difference in the sustained response with progesterone
between the groups. Significance was considered as P <0.05 assessed
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Figure 3.
Intracellular Ca2+ in response to 4-AP from four IVF patients including two with a failed
Ca2+ response. Inset shows % HA from the same patients labelled with the same colours;
white bars show % HA in the baseline (control) and coloured bars show % HA in samples
treated with 4-AP. Patients 3 and 4 showed a failed intracellular Ca2+ and HA responses to
4-AP (IVF fertilization rates for patients 3 and 4–39% and 6% respectively). 4-AP was
added to suspensions at 100 s after acquisition of 20 readings at resting level (R) indicated
by black arrow. The HA data (inset) are the mean+SD. *Values are significantly different to
baseline (P, 0.05). Ca2+ store mobilization and hyperactivation 7
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Figure 4.
Relationship between increment in HA (% cells) stimulated by 4-AP and IVF fertilization
rate. (A) 4-AP-induced increment in HA (% cells) was significantly correlated to
fertilization rate (Rs = 0.18; P = 0.031, n = 145). (B) Expression of these data in four defined
groups according to fertilization rate: FR 1 ≤25%, FR2 .25–≤50%, FR3 .50–≤75%, FR4 .
75%. Box and whisker plots show the 4-AP-induced increment in HA for the samples from
patients in each group. The boxes represent the inter-quartile range and lines within them are
the medians. The number in brackets is the sample size. Significance was assessed by one-
way ANOVA.
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Figure 5.
Model of the calcium-signalling cascade in the human spermatozoon: key points in the
pathway affected in sub-fertile men (adapted from Barratt and Publicover, 2012). White
boxes show compounds used to manipulate pHi (NH4Cl, 4AP), stored calcium (4AP) and
cAMP (IBMX). Yellow boxes show signalling components activated by these compounds
(pHi, Ca2+, cAMP). Blue and red arrows show Ca2+-signalling pathways involving CatSper
and the calcium store, respectively. The Ca2+-store pathway may involve activation of SOCs
(not shown; Lefievre et al., 2012). Dashed blue arrow shows the mobilization of stored Ca2+

downstream of CatSper activation by CICR. This occurs in a minority of the cells, is
sensitive to modulation (e.g. by capacitation) and is responsible for CatSper-mediated
hyperactivation. Dashed grey arrow shows possible modulation of Ca2+-store mobilization
by progesterone through CatSper-independent mechanisms (Sagare-Patil et al., 2012). X
represents unknown target mechanism/pathway whereby following mobilization of stored
Ca2+ hyperactivation is stimulated.? represents potential pathway requiring further
experimentation. The amplitude of the calcium transient (stimulated by both 4AP and
progesterone) and the hyperactivation response (to 4AP) were significantly related to IVF
fertilization rates suggesting the occurrence of important abnormalities in the Ca2+-
signalling pathways mediated by CatSper (blue) and the calcium store (red). The calcium
signal (4AP and progesterone) in the ICSI patients was significantly lower than in the
donors or the IVF patients (≈25%; Fig. 2), providing further evidence of abnormalities in the
CatSper functioning/operating complex and calcium store in male infertility. Examination of
individual cases demonstrated ≈10% of men undergoing IVF had defective calcium
hyperactivation. Although the data are limited, a number of these men did not show a
hyperactivation response to IBMX (probably through cAMP, black arrows,?). Previous
studies have indicated that, in humans, increases in cAMP do not lead to changes in [Ca2+]i
(Brenker et al., 2012), thus these men may suffer from a specific defect in hyperactivation as
opposed to a Ca2+-signalling deficit (Supplementary data, Table SII).
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