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 This work was aimed to explore the details of the ion channels gating and there 

physiological role in sperm in the future. Mouse spermatozoa express a pH-dependent K+ 

current (KSper) thought to induce hyperpolarization to enhance Ca2+ influx via alkaline-

activated calcium channel (Catsper) to initial a so-called sperm capacitation by NH4Cl 

during travelling in female genital tract for fertilization. However, the regulating mechanism 

of the Ksper and Catsper channels by membrane potential and pHi remains uncertain, 

because the complexities of two channel kinetics in sperms is hardly to be overcame at this 

stage. Here we show that difference of the intracellular [Ca2+]i between the wild type (Wt) 

and knockout (KO) Ksper (or Slo3/) mice in the application of the Slo3 blockers, 

Guinidine (QD) and Clofilium, and NH4Cl, indicating that Ksper channels, encoding Slo3 

gene, dominates the membrane potential of mouse sperms to increase the intracellular 

[Ca2+]i and [pH]i during the capacitation process to play a vital role in fertility. Furthermore, 

a HH model sperm built directly with the native Ksper and Catsper currents in sperms 

reveals two functions of membrane potential and intracellular pHi, allowing us to calculate 

the intracellular pHi by NH4Cl, based on membrane potentials recording from current-clamp 

experiments. During modeling, we found a caton channel with Vrev= +20 mV in mouse 

sperm from the double-KO (i.e. Catsper-/- and Ksper-/-) mice, which is definitely necessary 

for a model able to match the data. 
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Introduction 
 

An alkalization-activated K+ channel (KSper) in mouse 

sperm，encoding by the Slo3 gene (1-3) is responsible for 

the capacitation of sperms as they travel through the female 

genital tract (4-6).These changes includes an increase in the 

intracellular pH (pHi) (7), sperm membrane 

hyperpolarization (8) and intracellular Ca2+ elevation (9), 

although an increases in [Ca2+]i and intracellular [pH]i are 

approved to play a vital roles in both sperm capacitation and 

the acrosome reaction (AR) (6,10). Except for Ksper 

channel, there is another major alkalization-activated ion 

channel, Catsper Ca2+ channel in mouse sperm. It has been 

shown that the genetic knockout (KO) of either of these 

channel genes confers male infertility indicating that both of 

these channels play a vital role in sperm physiology (2,11) 

.During capacitation, both become active by NH4Cl , which 

is thought to act via cytosolic alkalization. Several types of 

these transporters such as the Na+/ H+ exchanger, a Na+- Cl/ 
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HCO3 transporter, and a Na+/HCO3 transporter have been 

proposed to participate in sperm alkalization during 

capacitation (12). Upon membrane hyperpolarization ,this 

transport mechanism launches to increase intracellular Ca2+ 

following the rapidly rising surge of pHi in mouse sperm. 

However , it remains unclear how membrane potentials 

regulate the intracellular pHi and Ca2+ influx in mouse sperm 

(13). The inhibition of Ksper channel by the Slo3 channel 

blockers Quinidine (QD) and Clofilium (13) decreases the 

intracellular [Ca2+]i , specially establish a sperm model cell 

to illustrate the capacitation mechanism and confer two 

functions of membrane potential and intracellular pHi during 

alkalization.Furthermore ,we revealed a cation channel in 

sperm from the double-KO (i.e. Catsper -/- and Ksper -/-) 

mice, which is definitely necessary for the model able to 

match the data. The model we proposed here may allow us 

to quantitatively calculate the membrane potential Vm, the 

intracellular pHi and [Ca2+]i under various different 

condtions for better understanding of the mechanisms 

occurring in mouse sperms. 

 

Materials and Methods 

 

Reagents 

All reagents and chemicals were purchased from Sigma-

Aldrich Co. (St. Louis, MO) with the following exceptions 

unless otherwise stated.Fluo4-AM and pluronic F-127 were 

obtained from Molecular Probes (Invitrogen, 

Eugene,OR).Cell-Tak wasfrom BD Biosciences (Bedford, 

MA). Quinidine ,Clofilium ,NH4Cl were from sigma Co. 

Supplemented Hank solution (HS) contained in mM: 135 

NaCl , 5 KCl , 2 CaCl2 , 1MgCl2 , 30 HEPES , 10 Glucose, 

10 Lactic Acid , 1 Napyrovate, adjusted to PH 7.4 with 

NaOH (14). 

 

Animals and Cell Preparation 

Wild type (WT) mice were used in the study, followed 

the guidelines approved by AAALAC Intl (center for Animal 

Care) of Wuhan University,while Slo3 knock-out mice were 

obtained from Chris Lingle's lab, Washington University in 

St. Louis, St.Louis, MO, USA.An adult male mice were used 

in experiments for sperm collection, 3- to 6-month olds. 

Mice were killed with CO2 asphyxiation, followed by 

cervical dislocation. Caudal epididymids were excised and 

rinsed with HS medium.Sperms were released from three 

small incisions at 37.8Co and 5 % CO2 incubator for 15 min 

into HS medium supplement. Released sperm were 

concentrated to 5×10 6 to 10 7 /ml by centrifugation at 500 g 

for 5 minutes (15). 

 

Ca2+ imaging  
Cells were loaded with 4 µM Fluo-4 AM and 0.05 % 

Pluronic F-127 for 30 min. at room temperature in the dark, 

followed by two washes with the imaging medium (HS). 

Washed sperm were plated onto coverslips coated with Cell-

Tak. Small-volume imaging chambers (1 cm diameter [90 

µl]) were formed with Sylgard on coverslips. Cells were 

allowed to attach for 10 min (16). Andor Technology 

(springvale Business park, Belfast ,UK) with a 75-W xenon 

lamp was used to generate the excitation at 491 nm. A 60× 

objective and a 1.63 adaptor on an inverted microscope (IX-

71; Olympus,UK) were used for imaging.Emissions (491 

nm) were band pass filtered (HQ540/50; Chroma, 

Rockingham, VT) and collected with a cooled charge-

coupled device camera (CoolSNAP HQ; Roper Scientific, 

Tucson, AZ) for 300 repeat interval at every 5 sec. Online 

control, data collection, and image processing were done 

using commercial software imaging analysis were performed 

on the whole sperm, using a software image J. [Ca 2+]i 

changes are presented as F:F0 ratios after background 

subtraction , where F is the fluorescence signal intensity and 

F0 is the baseline as calculated by averaging the 10-20 frames 

before stimulus application. Cells with uneven dye loading 

were excluded from analysis, even motile sperm, Raw 

intensity values were imported into sigma plot analyzing 

program and normalized utilizing the equation: ( F/ F0 )×100 

% , F = is fluorescence intensity, F0 is the fluorescence 

intensity before stimuli, which is a mean of 10-20 

determinations of F obtained during the control period.The 

final normalized fluorescence intensity is represented as F 

/F0 (%). Quinidine (0.1, 1, 10, 100, 1000 µM) and Clofilium 

(50, 100, 500 µM) were added to the imaging chamber by 

multiple plastic tubes connecting to a perfusion pipette (16). 

 

Statistical Analysis 
Data analysis were performed using Image-J software, 

Raw intensity values were imported into sigma plot 

analyzing software, Data represented as mean ± S.E. 

The dose-response curve was plotted by using standard curve 

analysis based on a four-parameter logistic in Sigma Plot 

software according to the following equation: 

Inhibition of fluorescence intensity (%) =1/(1+IC50/[T]) (1). 

 

Mathematical modeling and simulation 

Our spermium cell model can be described as the following 

equation (17): 

C*dV/dt= ICatSper +IKSper+Ication+Itask (2) 

where V is the membrane potential in mV, C is the capacity 

of the cell membrane in pF, t is the time in ms, the ICatSper is 

the CatSper current in pA, the IKSper is the KSper current in 

pA, the Ication is the cation current in pA, and the Itask is the 

task current in pA.  

 

CatSper current: 

ICatSper=G*(V-Vr) =ng*Po*(V-Vr) (3). 

Po =
(𝐼0+𝑎×𝑉)

(𝑉−𝑉𝑂)×𝑛0×𝑔
× k[H+] (4). 

k[H+] = 𝑦0 + 𝑏 ∗ exp(−𝑐 ∗ [H+]) (5). 
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Where coefficients I0=-3.5837, a=0.0761, b=1.0474, c=5.77, 

y0=0.02, reversal potential in the experiment cell Vo= 47.1 

mV, reversal potential in the model Vr=70 (mV) (18) and k 

is the pH-dependent factor (19) of ICatSper currents (Figure 

1B). And , g is the single-channel conductance, n0 is the 

number of channels in an experimental cell and n is the 

number of channels in the model cell and n/n0= 0.7543.  

Thus, we have 

𝐼𝐶atSper = 0.7543 ×
(−3.5837+0.0761×𝑉)

(𝑉−47.1)
× (0.02 + 1.0474 ∗

exp(−5.77 ∗ [H+])) × (V − 70) (6). 

 

KSper currents: 

IKSper=G*(V-Vr) =ng*Po*(V-Vr) (7). 

Po = 𝐼−∞ ×
1−𝑒𝑥𝑝(𝑎1×(𝑉−𝑉𝑜𝑓𝑓)

𝑛0×𝑔×(𝑉−𝑉𝑜𝑓𝑓)
× 𝑘1[H+] (8). 

k[H+]= b1*exp(c1/([H+]+d1)) (9). 

IKSper= (n/n0)* I*(1-exp(a1*(V-Voff)))/(V-Voff)*(V-Vr) * 

k[H+] (10). 

Where I=-223.7001, a1=0.0134 (1/mV), b1=0.0395, 

c1=1.2221 (μM), d1=0.3684 (μM), the offset of IkSper in the 

experiment cell Voff = -5.6626 mV, reversal potential in the 

model Vr = -70 (mV) (20) , g is the single-channel 

conductance, n0 is the number of channels in the 

experimental cell and n is the number of KSper channels in 

the model cell and n/n0=0.2898. 

Thus, we have 

𝐼𝐾𝑆per = 0.2898 × (−223.7001) ×
1−exp(0.0134×(𝑉+5.6626)

(𝑉+5.6626)
× 0.0395 × 𝑒𝑥𝑝(1.2221/([𝐻+] +

0.3684)) × (V + 65) (11). 

 

Cation current: 

ICation=G*(V-Vr) =ng*Po*(V-Vr) (12) 

Po =
(𝐼1+𝑒×𝑉)

(𝑉−𝑉1)×𝑛0×𝑔
× k[pH] (13) 

k[pH]=0.0628+0.1172*pH (14) 

Where coefficients I1= -2.7525, e=0.0863, reversal potential 

in the experiment cell V1=32 mV, reversal potential in the 

model Vr=16 (mV) . and k is the pH-dependent factor of 

ICation currents (Figure 1C). And, g is the single-channel 

conductance, n0 is the number of channels in the 

experimental cell, and n is the number of channels in the 

model cell and n/n0= 3.5.  

Thus，we have 

𝐼𝐶ation = 3.5 ×
(−2.7525+0.0863×𝑉)

(𝑉−32)
× (0.0628 + 0.1172 ×

pH) × (V − 16) (15). 

 

Task current: 

Itask=G*(V-Vr) =Gmax*Po*(V-Vr) 

Where Gmax=0.105 nS, Po=1 and Vr=-85 mV (21). 

The converting expression of Ca2+ and ICatSper can be 

expressed as below, 

 
𝑑[Ca]𝑖

𝑑𝑡
= 𝑒𝑡𝑟𝑎𝑛𝑠 × 𝐼𝐶𝑎𝑡𝑆𝑝𝑒𝑟 − 𝑒𝑑𝑖𝑓𝑓 × [Ca]𝑖 （16).  

Where the etrans is the converting coefficient of ICatSper and 

[Ca2+]i and the ediff is the diffusing coefficient of [Ca2+]i 

 

Results  

 

Effects of Quinidine (QD) and Clofilium on the Ca2+ 

influx into wild type (WT) mouse sperms 

Using the indicator Fluo-4 AM with a highly sensitivity 

to Ca2+, The results showed the spatial-temporal 

heterogeneous changes in [Ca2+]i in the cellular sub-domains 

along the sperm. Comparing with its head and middle 

regions, the tail region always showed the weakest 

fluorescence intensity before applying the QD or Clofilium 

(Figure 1C and Figure 2C). Therefore, only the head region 

was used for measuring the changes of fluorescence intensity 

in this study. In the Figure 1A, the chemical QD, a typical 

inhibitor of K+ channel induced a completely reversible 

reduction in the intracellular Ca2+ of sperms at the lower 

concentration (0.1 and 1 µM), but a partially reversible 

reduction at the higher concentrations (10, 100 and 1000 

µM)., Furthermore, a dose-response curve of QD reducing 

Ca2+ influx showed an IC50 = 44.2  2.1 M (n ≥ 3) (Figure 

1B). Clofilium has been demonstrated to irreversibly block 

KSper. The corresponding changes in Ca2+ influx into wt 

sperm caused by Clofilium were also manifested with a 

decreasing F / F0 (%) after exposure to Clofilium for 300 

sec. (Figure 2A). With the application of 500, 100 and 50 µM 

Clofilium to sperms loaded with Flu4-AM, the relative 

fluorescence intensities were respectively 56 ± 3.34 % (n = 

6) for 500 µM Clofilium, 48 ±1.8 ( n= 4) for 100 µM 

Clofilium and 38 ± 5.9 (n= 3) for 50 µM Clofilium (Figure 

2B). Before applying the inhibitors such as QD and 

Clofilium , there were stronger fluorescence intensities in wt 

sperms. With the application of QD, the fluorescence 

intensities in wt sperms were becoming much weaker, and 

then got a part of recovery in intensity during washout with 

HS for a few minutes (Figure 1C). In contrast, with the 

application of Clofilium, the fluorescence intensities in Wt 

sperms were becoming much weaker too, but then got no 

recovery at all during washout with HS for a few minutes 

(Figure 2C). 

 

NH4Cl enhances [Ca2+]i in sperm 

The results showed an elevation in the intracellular Ca2+ 

in wt sperms treated with 10 mM NH4Cl (Figure 3A and 3C). 

Moreover, the application of 10 µM QD +10 mM NH4Cl 

reduced the Ca2+ in wt sperm with a reversible recovery after 

washout by 10 mM NH4Cl (Figure 3B). In contrast, the 

application of 50 M Clofilium +10 mM NH4Cl caused 

inhibition of Ca2+ entering into wt sperm with a slightly 

reversible recovery after washout by 10 mM NH4Cl (Figure 

3D). Therefore, NH4Cl triggered a [Ca2+]i elevation in wt 
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sperm under the inhibition conditions caused either by QD 

or by Clofilium.  

 

 
 

Figure 1: An inhibitor of Catsper and Ksper channels, 

quinidine (QD) reduces the Ca2+ influx into the mouse 

sperms. (A) The relative fluorescence intensities (F/F0) (%) 

in [Ca2+]i, in the presence of 0.1,1,10,100 and 1000 M QD, 

were plotted as the function of the elapsed time. Here the F 

denotes the measured fluorescence intensities and F0 the 

mean basal fluorescence intensity, in the presence and 

absence of QD, respectively. The black horizontal bar 

represents the application of QD. A typical example, as 

indicated, from a single sperm was placed at the bottom. A 

scale bar was placed at the right. (B) A dose–response curve 

was plotted for QD blocking Ca2+ signal shown in (A). A 

solid line was a fit to Eq. 1. Here IC50 = 44.2  2.1 M (n3). 

(C) Three representative Ca2+ images were took from two 

sperms bathed in Hank solution loaded with the flu4-Am and 

pluronic F-127 at 37ºC, in the presence and absence of QD 

as indicated, respectively, under a 75-w Xenon lamp, 

generating an exciting light of 491 nm, with a 60x objective 

and a 1.6 adaptor on an inverted microscope. A scale bar was 

placed at the right. Data collection and imaging analysis 

were performed on the whole sperm , using a software 

ImageJ (See the methods and Materials).  

 

The characteristics of Ca2+ influx into the Slo3-KO mouse 

sperms 

In this study, the Slo3-KO mouse was used to further 

demonstrate that all of the above phenomena are derived 

from KSper (or Slo3) channels. As a comparison, we re-

examined the changes of Ca2+ signal in the Slo3-null mouse 

sperms under similar conditions as described previously 

(Figure 1-3). The fluorescence intensities of Ca2+ in Slo3-/- 

sperms (Figure 4A and 4B) were reduced significantly by 

applying either 10 M QD or 50 M Clofilium, which are 

the same to that in Wt sperms (Figure 1 and 2). Compared 

with the Wt sperms, the Slo3-/- sperms showed a complete 

recovery in Ca2+ signal from the Clofilium inhibition due to 

no irreversible factor Slo3. Additionally, the application of 

10 mM NH4Cl also enhanced the Ca2+ signal in Slo3-/- 

sperms (Figure 4C and 4D), similar to that we described 

previously in Wt sperms (Figure 3). 

 

 
 

Figure 2: An inhibitor of Catsper and Ksper channels, 

clofilium decreases the Ca2+ influx into the mouse sperms. 

(A) Clofilium inhibited the [Ca2+]i entry into sperm, bathed 

in H.S. pH7.4 containing 2 mM Ca2+, of which the relative 

fluorescence intensities (F/F0) in [Ca2+]i(%), in the presence 

of 50,100 and 500 M Clofilium, were plotted as the 

function of the elapsed time. The black horizontal bar 

represents the application of Clofilium. A typical example, 

as indicated, from three sperms was placed at the bottom. A 

scale bar was placed at the right. (B) A statistics of the 

relative Clofilium inhibition on Ca2+ entry to sperm after 

exposure to Clofilium for about 300 seconds. The relative 

Clofilium inhibitions were respectively 56.0±3.3 % for 500 

µM ( n= 6) , 48.0±1.8 % for 100 µM ( n= 4) and 38.0± 5.9 

% for 50 µM (n = 3) as indicated. (C) Three representative 

Ca2+ images were took from five mouse sperms bathed in 

Hank solution (pH7.4) loaded with the Fluo-4Am, in the 

presence and absence of Clofilium as indicated. A scale bar 

placed at the right. 

 

Slo3 dominates the membrane potentials in sperms 

Base on the current-clamp experiments of sperms, the 

membrane potentials were measured under two intracellular 

[pH]i as shown in Figure 5. The sperms containing Slo3 in 

Figure 5 showed the more negative membrane (resting) 

potentials at the higher pH. However, the resting potentials 

of Slo3-KO sperms were opposite. 
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Figure 3: Alkalization of NH4Cl increases the intracellular 

[Ca2+ ]i in mouse sperms. (A) The relative fluorescence 

intensities (F/F0) (%) in [Ca2+]i, in the presence of control 

(Green),10 mM NH4Cl (Red) and 10 M QD+10 mM NH4Cl 

(n = 4) (Blue) as indicated, were plotted as the function of 

the elapsed time. A typical example from a single sperm as 

indicated was placed at the bottom. A scale bar was placed 

at the right. (B) Four representative Ca2+ images were took 

from two mouse sperms bathed in Hank solution (pH 7.4) 

loaded with the flu4-Am, in the presence and absence of 

Clofilium as indicated. A scale bar placed at the right. (C-D) 

All the same except for 50 M Clofilium (n = 4) as we 

described in (A) and (B). 

 

Simulation for the membrane potential of sperms 

To simulate the membrane potentials of sperms, we need 

to construct a model cell composed of the several major 

model channels in sperms, of which currents should satisfy 

an ordinary differential equation (Eq. 2). Typically, the only 

unknown open probability Po of model channels can be 

accurately calculated from the kinetic model of model 

channels and then the currents of model channels can be 

obtained from I=NgPo(V-Vr) (Eq. (3)). However, it is too 

difficult to have their respective kinetic models for the 

CatSper and KSper channels in the sperm’s case. As a 

substitute, an alternative method is to approximatively fit the 

voltage-ramp current to a mathematic expression (or a 

formula), which can be used to get the Po of a model channel. 

In other words, a dynamic kinetic model is replaced by a 

quasi-steady-state formulation model. Obviously, it is at the 

expense of the loss of accuracy. As a qualitative analysis, 

however, it may be worth to do so. Considering that the 

entire channels including CatSper and KSper in sperms show 

the quasi-linear currents during a ramp voltage, we thus fit 

these currents to their respective mathematic expressions in 

order to build their model channels.  

 

 
 

Figure 4: The effects of QD, Clofilium and NH4Cl on the 

Slo3-/- sperms. (A-B) Cells from two Slo3-null mice were 

imaged with Flu4 -AM, of which F/F0 showed an initial 11 

% decrease caused either by 10 µM QD (n = 4) and 17% by 

50 µM Clofilium (n = 4), and then a complete recovery after 

H.S washout at pH7.4. (C-D) 10 mM NH4Cl induced an 

initial increase in the relative fluorescence intensities and 

then an inhibition either by applying 50 μM Clofilium+10 

mM NH4Cl (n = 5) or by 10 µM QD +10 mM NH4Cl (n = 5), 

following by a partially reversible recovery in both cases 

after 10 mM NH4Cl washout. (E-H) The representative 

images showed the [Ca2+]i changes evoked by the above 

stimuli along the flagella of Slo3
-/- sperms. The changes of 

the Ca2+ signals started from the tail, and then propagated to 

the head. 

 

In this study, the model sperm cell was composed of the 

CatSper, KSper, Cation and leak channels (See the Methods 

and Materials). Then, those models can be used to calculate 

their currents occurring in the model sperm cell as well as 

the membrane potential of model cell (Figure 6A and 6B).To 

determine the mathematic expression for each of model 

channels, an exponential or a linear function was firstly 

chosen to match the ramp currents recorded at pH=8.0. 

Secondly, a k(H+) factor of the above expression was also 
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needed to be determined based on the currents at different 

pH normalized to that of pH=8.0. To more easily select the 

appropriate expression for a ramp trace, we introduced a Voff 

to shifted the origin of V-axis to the zero-current voltage. For 

example, we chose a linear function with a Voff = 47.1 mV to 

match the ramp currents of CatSper recorded at pH=8.0 (Eq. 

4), of which the factor k(H+) came from the currents recorded 

at a variety of pH (Figure 6A). Notably, we ignored the rapid 

decline in part on the starting ramp current of CatSper, as the 

CatSper channel was not in a stable state at the beginning of 

ramp (Figure 6A left). Alternatively, the larger amount of 

Na+ not Ca2+ entered probably into channel at the starting 

time of ramp. Similarly, we built the KSper model channel 

with an exponential function with Voff = -5.7 mV under 

symmetrical K+ solutions (Figure 6B). Based on the model 

sperm cell composed of the CatSper, KSper, cation and leak 

(or task) channels, we simulated respectively the membrane 

potentials at different pH in wt and Slo3-/-sperms and further 

constitute two functions for them to describe the relationship 

between the Vm and pH (Figure 6C), consistent to the results 

shown in Figure 5.  

 

 

 
 

Figure 5: (A) Mean amplitude of NH4Cl 10mM induced Ca2+ 

signals in Wild-type and Slo3-/- mutant mice (n=4). (B) is the 

steady state indced by NH4Cl 10mM washout the relative 

inhibition of the Ca2+ signal amplitudes by QD 10 µM and 

Clofilium 50 µM in the presence of 10 mM NH4Cl at PH 7.4 

in both wild-type and Slo3-/- mutant mice (n=4) , data 

represented as mean ± St.error. (B). Membrane potentials of 

the wt and Slo3-/- sperms at pHi= 6.0 and 8.0. Mean values of 

the membrane potentials measured with pippet saline at 

pHi=6.0 and pHi=8.0 (23) were -18.9±2.2 and -7.1±1.7 

(n=11) at pHi=6.0, and -44.3±1.4 and 1.39±2.3 (n=11)   at 

pHi=8.0 for the Wt and the Slo3-/- sperms as indicated, 

respectivel. 

Simulation for the Ca2+ influx into sperms 

Using the above functions, we can simulate the changes 

of Ca2+ in model sperm cells, while applying the inhibitors 

such as QD and Clofilium, and the alkalize NH4Cl of 

CatSper and KSper channels (See the “Methods and 

Materials” and “Appendix”). Based on the transformation 

Eq. 11 of ICa and [Ca2+]i, we had the ICa/ICa0=[Ca2+]i/[Ca2+]i0 

at steady state, indicating that the ratio ICa/ICa0 can represent 

the steady-state relative intensity F/F0 (%) in this study. 

Considering that all the chemicals were extracellularly 

applied onto sperms, we were not able to quantitatively 

estimate how much channels to be inhibited by 10 M QD 

or 50 M Clofilium. To match the data, in simulations, we 

thus assumed that 50 M Clofilium blocked 18.5% ICatsper 

(Figure 4B) and 75% IKsper (22), and that 10 M QD blocked 

10% ICatsper (Figure 4A) and 55% IKsper (Figure 1A and 1B). 

To explore the role of Ksper channels, 50 M Clofilium 

decreased the relative fluorescence intensities F/F0 (%) about 

38.05.9% (n=3) with an irreversible block for wt (Figure 

7A1) and about 17 % (n=4) with a reversible block for Slo3-

/- (Figure 7A2), consistent to the simulations (Figure 7B1-

B2). This indicates that the Ksper (or Slo3) is able to enhance 

the intracellular [Ca2+]i of sperms. Similarly, the 10 M QD 

decreased the relative fluorescence intensities F/F0 (%) about 

18.85.1% (n=3) with an irreversible block for wt (Figure 

7A3) and about 11% (n=4) with a reversible block for Slo3-

/- (Figure 7A4), which is also consistent to our simulations 

on the ratio ICa/ICa0 at steady-state levels (Figure 7B3-B4). 

This indicates again that the Ksper (or Slo3) play a critical 

role in regulating the intracellular [Ca2+]i of sperms probably 

by enhancing the driving force of ICasper channels.  

To examine the pH effect of alkali agent NH4Cl on both 

the Catsper and Ksper channels, we extracellularly applied 

the 10 mM NH4Cl to the Wt and Slo3-/- sperms, respectively, 

and found that 10 mM NH4Cl evoked a big Ca2+ surge in both 

the sperms (about 1.5-fold increase for Wt and 0.7-fold 

increase for Slo3-/-) probably due to the big pHi surge, the 

intracellular Ca2+- release from Ca2+-store and Ca2+ ion 

accumulation in sperms and then gradually went to the lower 

equilibrium levels, of which about 26% increase is for wt and 

17% increase for Slo3-/-.(Figure 7A5-A6). This indicates that 

alkaline environment can not only facilitate the Catsper 

channel to enhance the ICasper current, but also the Ksper 

channel to increase the driving force of ICasper channel, 

producing a significant influx into sperms. To match the 

data, in simulation, we thus assumed that the value of [pH]i 

would increase to 8.0 at the equilibruim state. Under this 

assumption, our simulations in both the cases displayed the 

corresponding increases at steady states (Figure 7B5-B6), 

consistent to the data (Figure 7A5-A6). 
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Figure 6. Constructing model channels (A) Left (A1), the 

CatSper current (black) at [pH]i=8.0, evoked by a ramp 

voltage protocol from -100 to +100 mV in the normal 

extracellular solution, was fitted to the Eq. 3 and Eq. 4 (See 

Methods and Materials). The fit line (red) showed a reversal 

potential of 47.1 mV. Middle (A2), the pH-dependence 

factor k(H+) of ICatSper current (black circle) cited from the 

report by Kirichok et al (2006) was fitted to Eq. 5, where 

k(H+)=1 at pH=8.0. The fit line is labeled in red. Right (A3), 

A set of simulated currents from Eq. 6 were plotted for 

ICatSper currents at pHi=6.0-8.0. (B) Left (B1), the KSper 

current (black) at [pH]i=7.4, evoked by a ramp voltage 

protocol from -100 to +100 mV in the symmetrical 160 K+ 

solution, was fitted to the Eq. 7 and Eq. 8 (See Methods and 

Materials). The fit line (red) showed a reversal potential of -

5.7 mV. Middle (B2), the pH-dependence factor k (H+) of 

IKSper current (black circle), cited from the report by 

Navarro et al (2007), was fitted to Eq. 9, where k(H+)=1 at 

pH=8.0. The fit line is labeled in red. Right (B3), A set of 

simulated currents from Eq. 10 were plotted for IKSper 

currents at pHi = 6.0-8.0. (C) Left (C1), the cation current 

(black) at [pH]i=8.0, evoked by a ramp voltage protocol from 

-100 to +100 mV in the normal extracellular solution, was 

fitted to the Eq. 12 and Eq. 13 (See Methods and 

Materials).The fit line (red) showed a reversal potential of 34 

mV. Middle (C2), Simulations of membrane potentials was 

plotted for wt sperms at pH 6.0-8.0. Right (C3), Simulations 

of membrane potentials was plotted for Slo3-/- sperms at pH 

6.0-8.0. (D) Left (D1). Two functions of Vm(pH)=-

54.0903+1510.1986*exp(-0.6301*pH) and Vm(pH)= 

13.2799-137.9215*exp(-0.2951*pH) were plotted for wt and 

Slo3-/- sperms, respectively, where Vm is the resting 

membrane potential.Simulations of membrane potentials 

was plotted for wt sperms at pH 6.0-8.0. Middle (D2), 

Membrane potential and simulation for pH change with the 

equation in (D1) was plotted for wild type sperms after 

adding NH4Cl. Right (D3), Membrane potential and 

simulation of pH change with the equation in (D1) was 

plotted for Slo3-/- sperms after adding NH4Cl. 

 

  
 

Figure 7. Simulations of ICa/ICa0 currents of sperm heads in 

applying with QD., Clofilium and NH4Cl. The mouse sperms 

were imaged with Flu4 –AM in the H.S. containing 2 mM 

[Ca2+]i at pHi= 7.4 as a control solution (green) as indicated. 

(A1-A3) the relative fluorescence intensities (F/F0) (%) in 

WT mouse sperm (blue) as indicated has shown a 38.0± 5.9 

% (n = 3) decrease at 50 μM clofilium (A1), and a 18.8± 5.06 

% (n = 3) decrease at 10 μM QD (A3). (B1) The simulated 

line shows the ICa/ICa0 in wt at 50 M Clofilium, which was 

assumed to block 20% of CatSper currents and 75% of KSper 

currents. (B3) The simulated line has shown the ICa/ ICa0 in 

the wt at 10 M QD, which was assumed to block the only 

12% of CatSper currents and 35% of KSper currents. (A2-

A4) the relative fluorescence intensities (F/F0) (%) in Slo3-/- 

sperm (blue) as indicated have shown a 17% ± 2.17 decrease 

(n=4) at 50 µM Clofilium (A2) and 11% ± 1.15 decrease (n 
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= 4) at 10 µM QD (A4), and then a complete recovery (red) 

after a washout with H.S at pH7.4 as indicated. (B2) The 

simulated line has the ICa/ ICa0 in Slo3-/- at 50 M Clofilium, 

which was assumed to block 20% of CatSper currents. (B4) 

The simulated line shows the ICa/ ICa0 in Slo3-/- at 10 M QD, 

which was assumed to block the only 12% of CatSper 

currents. (A5-A6) upon exposure to 10 mM NH4Cl, the 

relative fluorescence intensities F/F0(%) in the WT (A5) and 

Slo3-/- (A6) The sperms have shown a rapid increase to a 

plateau initially and then returns monotonically to the 

steady-state levels 126% for WT sperms (n = 5) (A5) and 

117% for Slo3-/- sperms (n = 5) (A6), respectively, at 500 

seconds. The dash lines in A5 and A6 denote the steady-state 

levels. (B5) The simulated line has the ICa/ ICa0 in the wt at 

10 mM NH4Cl, which was assumed to increase the pHi inside 

the sperms to 8.0 from 7.4. Under this assumption, our 

simulations show about 25.7％ increase for WT. (B6) The 

simulated line shows the ICa/ ICa0 in Slo3-/- at 10 mM NH4Cl, 

which was assumed to increase the pHi inside the sperms to 

8.0 from 7.4. Under this assumption, our simulations show 

about 20.3％ increase for Slo3-/-. 

 

Discussion 

 

Recent work has demonstrated that the capacitation of 

sperms activated by membrane hyperpolarization resulting 

from Ksper activation under alkaline environment is critical 

for producing fertilization (2,22). However, it is difficult to 

rapidly judge the change of intracellular pHi in sperm simply 

based on the change of fluorescence intensity as it is a more 

complex system, composed of a variety of Ca2+ sources such 

as Catsper channel, cation channel with a Vrev= +32 mV we 

found from the double KO mice and the intracellular Ca2+-

stores. Both the Catsper and Ksper channels in mouse spems 

are pH-dependent. Therefore, the intracellular pHi is 

important parameter for understanding the mechanism 

affecting the ability of sperms to produce fertilization.The 

intracellular pHi depends on the pKa (pKa = 9.2 for NH4Cl), 

which refers to the intracellular equilibrium NH4
+ ⇄ 

NH3+H+, and the ratio of [NH3]i/[NH4
+]i (23) , that is, 

pHi=pKalog([NH3]i/[NH4
+]i) Similalrly, for the 

extracellular pHo can be written as the follows: 

pHo=pKa+log([NH3]o/[NH4
+]o). Since only the non-

protonated form [NH3]o diffuses through the plasma 

membrane, the equilibration between the external [NH3]o and 

the internal [NH3]i will be reached quickly. To calculate the 

pHi , thus, it is sufficient to know the pHo and the ratio 

between the internal and external amine concentrations 

reached at equilibrium. The internal pHi can then be 

calculated using the following equation (24) pHi = pHo  

log([NH4
+]i/[NH4

+]o). However, it is unkown about the 

([NH4
+]i, which depends on Na-dependence of a sperm-

specific Na+/H+ exchanger (sNHE) and a Na+/HCO3
 

transport system in mouse sperms, powered by the energy 

stored in the inward Na+ ion gradient, and the proton efflux 

through the proton channel HV1 (especially at Vm  0 mV) in 

human sperms (12). In this study, we established a model 

based on the currents directly presenting in sperms instead of 

the kinetic models of corresponding channels, which not 

only allowed us to conquer a significant difficulty in kinetic 

modeling required for the HH-type model sperm, but also 

made us possible to adopt the suitable number n/n0 for each 

channel to reach the savagery of sperms. During simulation, 

we found that the two-channel (Catsper and Ksper) model is 

impossible to match the data of pHi and Vm unless adding a 

cation channel in the sperm model. This indicates that the 

cation channel must exist in mouse sperms. In this study, we 

ignored the Ca2+ contribution of the cation channel to sperms 

as the Ca2+ ions through cation channels were estimated 

about 10% of total ions. 

 We concluded from this study, the current model not 

only explains the capacitation mechanism induced by Ksper 

channels and introduces two functions of the pHi and 

membrane potential Vm for quickly calculating the values of 

pHi in wt and Slo3
-/- sperms according to the values of Vm 

measured by Current-Clamp experiments. Furthermore, we 

are able to infer the H+ efflux derived from sNHE transport 

system or HV1 channel based on the pHi changes in sperms. 

The method developed in this study may be useful for other 

physiological processes including nitrogen metabolism by 

the liver and acid-base transport by the kidney. 
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للتحكم في تدفق ايونات دراسة دور تيار قناة البوتاسيوم 

الكالسيوم واالس الهيدروجيني داخل نطف الفئران من 

 خالل السيطرة على جهد الغشاء
 

  2و جيوبنك دنك 1سهى محمود أحمد الغزال
 

فرع الفسلجة والكيمياء الحياتية واألدوية، كلية الطب البيطري، جامعة 1

الحيوية الجزيئية المختبرالرئيسي للفيزياء 2الموصل، الموصل، العراق، 

للعلوم  اجونغوخجامعة  بوزارة التعليم، كلية علوم الحياة والتكنولوجيا،

 ، الصين430074والتكنولوجيا، ووهان 
 

 الخالصة 

 

كان الهدف من هذا العمل هو استكشاف تفاصيل قنوات األيونات ، و دورها 

الحيوانات المنوية للفئران .عبرت المنوية في المستقبلالفسيولوجي في الحيوانات 

باعتمادها على االس الهيدروجيني لتيار قناة البوتاسيوم والذي يعتقد انه يحفز 

فرط االستقطاب لتعجيل تدفق ايونات الكالسيوم من خالل التنشيط القاعدي 

اسطة لقنوات الكالسيوم لبدئ مايسمى بتهيئة الحيوانات المنوية لالخصاب بو

كلوريد االمونيوم خالل رحلتها في القناة التناسلية االنثوية لغرض 

االخصاب.ومع ذلك ، فإن آلية تنظيم قنوات البوتاسيوم والكالسيوم من خالل جهد 

الغشاء واالس الهيدروجيني التزال غير مؤكدة، بسبب تعقيدات حركية اثنين من 

ا نوضح االختالف في تركيز القنوات يصعب التغلب عليها في هذه المرحلة. هن

ايونات الكالسيوم داخل الخلية مابين نوع الفئران من النمط البري والمطفرة جينيا 

البوتاسيوم( من خالل تعريضها لمثبطات قناة البوتاسيوم، ) تم اعاقة عمل قناة 

الكواندين والكلوفيليوم وكلوريد االمونيوم ، اشرت الى ان قنوات البوتاسيوم 

ورث هيمنت على جهد الغشاء لنطف الفئران لزيادة ايونات الكالسيوم وشفرة الم

واالس الهيدروجيني داخل الخلية من خالل عملية تهيئة النطف لممارسة دور 

مهم في عملية االخصاب. عالوة على ذلك فأن النموذج المصصم لعمل النطف 

تي اظهرت بنيت بشكل مباشر مع تيارات البوتاسيوم والكالسيوم في النطف وال

وظيفتين لجهد الغشاء واالس الهيدروجيني داخل الخلية ، مما سمح لنا بحساب 

االس الهيدروجيني داخل الخلية بواسطة كلوريد االمونيوم ، بناءأ على جهد 

الغشاء المسجل من تجارب المشبك الحالي . خالل النمذجة ، وجدنا قناة موجبة 

مطفرة وراثيا ) لقنوات الكالسيوم ملي فولت في نطف الفئران ال 20مع تيار+

والبوتاسيوم( ، وهي بالتحديد ضرورية للنموذج للمقدرة على مطابقة البيانات.من 

الواضح، ان العمل الحالي ضروري الستكشاف تفاصيل عمل هذه القنوات 

والدور الفسلجي للنطف في المستقبل
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