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Abstract

To overcome egg protective vestments and ensure successful fertilization, mammalian 

spermatozoa switch symmetrical progressive motility to a powerful, whip-like flagellar motion, 

known as hyperactivation. The latter is triggered by a calcium influx through the sperm-specific, 

voltage-dependent, and alkalization-activated calcium channel of sperm - CatSper. The channel 

comprises nine subunits which together form a heteromeric complex. CatSper-deficient male mice 

and men with mutations in CatSper genes are infertile. This calcium channel is regulated by 

various endogenous compounds, such as steroids, prostaglandins, endocannabinoids, and 

intracellular pH. Being a sperm-specific ion channel that is not expressed anywhere else in the 

body, CatSper represents an ideal target for the development of female and even male 

contraceptives. In this review, we discuss the recent advances in studying CatSper functional 

properties and discuss future steps that are required to take in order to achieve a deep 

understanding of the molecular basis of CatSper function.
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1. Introduction

Reproduction is the key step to species survival. Sexual reproduction begins with 

fertilization - the fusion of the male (the spermatozoon) and the female (the ovum) gametes. 

In placental viviparous animals, fertilization takes place in the ampulla region of the oviduct 

- a place where the ovulated egg is stored for a short period of time and where it must be 

found and fertilized by a spermatozoon [1]. To ensure both arrival at the ampulla and 

fertilization, spermatozoa are dependent on rapid intraflagellar ion changes mediated by a 

select set of sperm ion channels that are diverse among species both in their molecular 

identity, as well as in their mode of regulation [2,3]. One of those ion channels is CatSper 

(CATion channel of SPERm) – a calcium channel of mammalian spermatozoa. CatSper 

allows calcium influx into the sperm tail that is needed to switch the flagellar waveform 

from a symmetrical, snake-like flagellar movement, toward a powerful whip-like motion 
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called hyperactivation. This high-amplitude asymmetric flagellar bending together is 

initiated by: 1) intraflagellar alkalization [4]; 2) membrane depolarization [5], and by 3) an 

increase in the intracellular calcium concentration [6]. All these changes are under tight 

control of sperm ion channels and transporters. The hyperactivation is essential for sperm 

fertility since it enables them to de-attached from the ciliary oviductal epithelium, arrive to 

the ampulla in time, and later helps to overcome the protective vestments of the egg [7,8]. If 

sperm cannot hyperactivate, they are unable to fertilize an egg.

The human egg survival time upon ovulation is limited to 12 hours, after which it 

disintegrates, if not fertilized in time. It takes several hours for human spermatozoa to arrive 

at the site of fertilization and achieve full fertilizing capacity - a process known as 

capacitation [9,10]. The latter process comprises a number of physiological changes within 

the spermatozoon including intracellular alkalization, cholesterol removal from the sperm 

plasma membrane, and protein tyrosine phosphorylation. An enzyme responsible for the 

capacitation-associated tyrosine phosphorylation in murine spermatozoa - the tyrosine 

kinase FER-has been recently identified [11]. To ensure a timely arrival at the ampulla, 

spermatozoa develop robust motility and are able to overcome numerous obstacles presented 

by the female reproductive tract, and eventually by the egg's protective vestments. 

Sophisticated molecular navigation mechanisms that allow sperm cells to progress in the 

female reproductive tract include ATP-powered flagellar movement and rapid intraflagellar 

ion changes.

The sperm tail is subdivided into three functional parts: 1) the midpiece, 2) the principal 

piece, and 3) an endpiece. The majority of sperm ion channels that are functionally 

characterized to date are located along the principal piece ([12] and Figure 1), with an 

exception of the purinergic receptor/ion channel P2X2 that is localized in the midpiece of 

mouse sperm [13]. The progress made in super resolution imaging microscopy opened the 

door to a detailed characterization of flagellar ion channel distribution. For example, 

CatSper seems to be tethered to the underlying scaffold structure - the fibrous sheath - to 

ensure its orderly arrangement, and forms a quadrilateral structure along the sperm tail 

[14,15]. The CatSper channel is evolutionarily conserved in species from mammals to 

invertebrates [16], such as sea urchins and sea squirts [17,18], and even found in gametes of 

the basal fungus Allomyces macrogynus [17,18]. However, all nine CatSper genes are 

independently lost in several animal lineages, such as fish, amphibians, and birds [2]. So far, 

the only species with electrophysiologically confirmed CatSper currents are human [3,19], 

macaque [20], and mouse [15].

2. CatSper: a principal calcium channel of sperm

The first CatSper gene - CatSper1- was cloned in 2001 as a result of the bioinformatics 

search for the gene sequences that resemble the pore of voltage-gated calcium channels [21]. 

CatSper is distantly related to the family of transient receptor potential (TRP) channels, and 

similarly contains six transmembrane (TM) segments with the ion selectivity pore that 

determines voltage-gated calcium channels. The CatSper channel is a sophisticated complex 

of nine different subunits: four alpha pore-forming subunits CatSper1 to 4 and five auxiliary 

subunits CatSper β, γ, and δ, epsilon and zeta [21-26]. The last two have been recently 
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identified and have been shown to co-localize with the rest of the CatSper complex [15]. 

CatSper1, CatSper2, CatSper3, and CatSper4, are likely assembled as a heterotetramer [27]. 

Interestingly, each CatSper alpha subunit has different numbers of arginine (R)/lysine (K) 

residues in the S4 TM domain, with human CatSper1 displaying the strongest voltage 

sensor: xRxxKxxKxxRxxRxxRxxRx. Human CatSper2 has a slightly weaker one: 

xQxxRxxRxxRxxKxx, while human CatSper3 and 4 possess particularly weak voltage 

sensor domains: xxxRxxKxxx and xxxRxxRxxx, respectively. Such a diversity in the 

strength of the voltage sensors results in the channel retaining an ability to be voltage-

dependent, but its voltage-gating abilities are nonexistent. Importantly, male mice [21,27] 

and humans deficient in Catsper exhibited infertility with no other phenotypical 

abnormalities, while female Catsper1-deficient mice are healthy and fertile [28,29]. The 

reports of a patient cohort with a deafness-infertility syndrome (DIS) described the small 

population of men who have a microdeletion in the 15q15.3 chromosomal region that 

removes CatSper2 (and causes infertility), as well as removes neighboring STRC gene 

[28,29]. The latter gene encodes for stereocilin- the protein that is associated with the bundle 

of the sensory hair cells in the inner ear. Deletion of STRC causes non-syndromic deafness. 

Therefore, additional deafness phenotype of DIS patients is not caused by a CatSper2 

deletion, but stems rather from the absence of STRC. Interestingly, some DIS patients are 

also diagnosed with severe oligoasthenoteratozoospermia: few sperm cells, abnormal 

morphology and impaired motility, with 90% of their spermatozoa lacking the tail- a 

compartment where CatSper is expressed [30].

Being the principal calcium channel of sperm, CatSper is the main mechanism to bring 

extracellular calcium into the sperm tail, and is therefore vital for sperm fertility. CatSper-

deficient sperm cells are unable to hyperactivate, and therefore fail to penetrate the egg's 

protective vestments [27]. All mammalian eggs are protected by a zona pellucida (ZP) 

whose thickness varies greatly among species. For example, in humans, the ZP thickness 

ranges between 10 and 31 μm with an average of 17.5 μm, while the mouse egg ZP is only 

6.2 μm thick [31]. Since human sperm cells are the smallest of all species, the ratio of ZP 

thickness to sperm head size is therefore greater in humans than in mouse. The size of the 

head of human sperm is 5 μm, while the head of murine sperm is twice that size. Therefore, 

the [ZP thickness/sperm head size] ratio is 3.5 in human vs. 0.62 in mice. One can 

appreciate that such an arrangement creates a more difficult condition for human sperm cells 

to penetrate the ZP that can be overcome by an exceptional forceful asymmetrical bending 

of the sperm tail.

3. CatSper activators and inhibitors

Both primate and murine CatSper channels are activated by alkalization[5], but murine 

CatSper is insensitive to other activators of primate CatSper: progesterone and 

prostaglandins [12]. This may indicate species-specific adaptations of spermatozoa to adjust 

to a specific activator(s) within the female reproductive tract. The steroid hormone 

progesterone that is produced and released by cumulus cells surrounding the egg, is known 

to stimulate an immediate increase in intraflagellar Ca + in primate sperm cells that 

coincides with the onset of hyperactivated motility [20].
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Human CatSper is particularly sensitive to progesterone and pregnenolone sulfate (PS), with 

an EC50 of 7 nM and 16 nM, respectively [32-34]. This fast activation happens in the 

absence of classical intracellular soluble secondary messengers, such as Ca2+, ATP, GTP, or 

cyclic nucleotides, suggesting that CatSper activation is initiated via a receptor directly 

associated with the CatSper channel and not through G-proteins or protein kinases. The 

progesterone receptor of human sperm cells has been recently identified as the α/β 
hydrolase domain-containing protein 2 (ABHD2; [19]). Binding of progesterone or PS to 

ABHD2 results in the activation of its enzymatic function and leads to the degradation of 2-

arachidonoylglycerol (2-AG) that serves as a CatSper inhibitor [19,32]. Interestingly, apart 

from progesterone, other yet unidentified components of human follicular fluid have been 

shown to contribute to the rise of intracellular calcium in human sperm cells, probably via 

activation of CatSper [35].

During sperm maturation in the male reproductive tract, and their follow-up journey in the 

female genital tract, spermatozoa are exposed to different steroid hormones: from 

androgens, such as testosterone, to female steroids: estrogen and progesterone. In addition, 

stress experienced by an individual can result in elevated concentrations of the steroid stress 

hormone cortisol - and high levels of cortisol have been associated with fertility problems 

[36]. Testosterone, estrogen and cortisol were recently shown to influence CatSper function 

[32]. While testosterone, estrogen and cortisol do not directly activate CatSper currents, they 

likely compete with progesterone and PS for the ABHD2-binding site thus preventing 

CatSper activation [32]. The effect was especially noticeable for testosterone and cortisol, 

while effect of estrogen was only observed at supraphysiological concentrations [32]. It is 

possible that high concentrations of testosterone in the male genital tract prevent premature 

CatSper activation, and act as an anti-capacitation factor by preventing CatSper activation 

until testosterone is removed in the female reproductive tract during capacitation. High 

levels of testosterone in women are associated with an endocrine system disorder known as 

polycystic ovary syndrome (PCOS), which affects between 5% and 8% of women of 

reproductive age. While the exact cause of PCOS is unknown, many women with PCOS 

display hormonal imbalances, such as overproduction of androgens and cortisol, which 

prevail over the female sex hormones: estrogen and progesterone [37]. This hormonal 

imbalance leads to impaired ovulation and infertility in about 50% of PCOS patients. It is 

possible that elevated levels of androgens and cortisol in the female reproductive tract can 

additionally impact fertilization by affecting sperm progression in the fallopian tubes, and 

impairing CatSper ability to trigger hyperactivation.

So far, no functional expression of CatSper in any heterologous systems has been achieved, 

as the channel is resistant to functional expression and the formation of the complex. It is 

possible that we are still missing the essential CatSper subunits that are required to assemble 

the full complex, as its precise composition still needs to be elucidated. Just recently, two 

additional CatSper subunits have been identified [15]. Interestingly, the CatSper channel 

complex is organized in quadrilateral longitudinal nanodomains along the sperm flagellum 

[15], forming a precisely ordered structured channel arrays. This makes CatSper a possible 

candidate for electron cryotomography studies [38] to determine the channel composition in 

greater depth.
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Yet at this moment, the characterization of this channel and its regulation by various stimuli 

is limited to its native expression system - sperm cells. On the other hand, such an exclusive 

expression makes CatSper an excellent target for novel contraceptives for both women and 

men. As this channel seems to be regulated by steroids, it is not surprising that certain plant 

compounds being similar in structure to steroid hormones have been shown to affect CatSper 

[32]. Indeed, the triterpenoid pristimerin, which is found in Tripterygium wilfordii (also 

known as “Thunder God Vine”) and Maytenus ilicifolia, prevents CatSper activation by 

progesterone and PS and could serve as a potential prototype for future non-hormonal 

contraceptives [32].

CatSper is also modulated by various exogenous compounds. Chemical UV filters, such as 

3-BC, that are frequent components in sunscreens have been recently shown to mimic the 

effect of progesterone and presumably are able to activate the CatSper channel as shown by 

calcium imaging experiments [39]. Yet, direct electrophysiological recordings of CatSper 

currents in the presence of UV filters are needed to assess their specific CatSper-modulation 

potential.

Future directions in studying this unique calcium channel of sperm involves an 

understanding of the precise molecular arrangement of the CatSper complex, the 

stoichiometry of its subunits, and ultimately revealing the detailed anatomy of the channel.
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Highlights

5. In vivo, a successful fertilization is dependent on sperm hyperactivated motility;

6. Hyperactivation is triggered by a calcium influx into flagellum via sperm-

specific calcium channel CatSper;

7. CatSper is a sophisticated heteromeric complex of nine different subunits. It is 

expressed exclusively in the sperm cells and is vital for fertilization. This ion 

channel represents an attractive target to develop unisex contraceptives.
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Figure 1. Ion channels of the human sperm flagellum
Schematic representation of a human spermatozoon with cellular compartments and 

distribution of ion channels found along the principal piece: CatSper, calcium channel; Hv1, 

voltage-gated proton channel; Slo1/Slo3, potassium channels; the identity of a Na+ channel 

or transporter is yet to be characterized.
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