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Abstract 
Computer-assisted semen analysis (CASA) is an automated and objective method of evaluating 

structural (e.g. morphology) and functional sperm parameters (e.g. motility and hyperactivation). Sperm 
hyperactivation is essential for successful fertilization and is thus an important aspect in determining the 
fertility potential of a male. In the current study, CASA was used for standard semen analysis and for 
comparison of the ability of phosphate buffered saline (PBS), BO sperm wash (10 mM caffeine), 4% 
lignocaine, and 5 mM procaine hydrochloride to induce hyperactivation in Tankwa goat spermatozoa. 
Twenty-nine ejaculates were collected from randomly selected male goats by electroejaculation. Although 
none of the four media affected percentage total sperm motility, lignocaine caused a significant decrease (P 
>0.05) in percentage progressive motility. Exposure to procaine resulted in an increase in swimming speed 
(P ≤0.05) and star-spin motility tracks, which are typical of sperm hyperactivation. Using PBS and procaine 
motility data from individually selected spermatozoa, receiver operator characteristic curves were 
constructed to distinguish the kinematic parameters employed as cut-off values for sperm hyperactivation. 

PBS and BO sperm wash did not induce hyperactivation (0.1  0.2% and 0.04  0.2% respectively), while 

lignocaine induced little hyperactivation (3.4  3.0%) and procaine hydrochloride had the highest percentage 

hyperactivation (25.3  13.6%). The large variation in hyperactivation (0–54.5%) may reflect inter-individual 
differences in sperm quality among these males. This study indicated procaine hydrochloride was the most 
promising hyperactivation-inducing medium for Tankwa goat spermatozoa and should be considered for 
similar assessments in other animal species.  
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Introduction 
Tankwa goats originated from an isolated population of feral goats in the south-western region of the 

arid Karoo district, mainly Tankwa Karoo National Park (Northern Cape, South Africa), where they are 
thought to have been roaming free for more than 80 years without human interference. At least two studies 
have shown that the Tankwa goat is closely related to other indigenous goat breeds (e.g. Boer and South 
African village goats) and has similar genetic diversity (Kotze et al., 2014; Ncube et al., 2016). Kotze et al. 
(2014) compared the Tankwa goat with commercial breeds such as Boer, Angora, and Saanen goats, and 
concluded that the Tankwa goat is a unique genetic resource that needs to be managed optimally. An 
understanding of their reproductive biology could add valuable information to conservation strategies and the 
breeding potential of Tankwa goats.  

Semen and sperm quality assessments are important in predicting the fertility potential of males and 
are based primarily on the manual evaluation of conventional parameters such as semen volume, sperm 
motility, concentration, morphology, viability, and acrosome integrity (Verstegen et al., 2002). During the past 
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three decades several commercial computer-aided sperm analysis (CASA) systems have been developed, 
primarily to promote standardized and quantitative evaluation of semen samples. CASA allows for faster, 
accurate and more detailed results and eliminates the subjective biases that are inherent in manual semen 
analysis (Coetzee et al., 2001; Van der Horst et al., 2018a).  

Mammalian spermatozoa cannot fertilize oocytes immediately after ejaculation. A series of changes 
must occur in the physical and chemical properties of the sperm head and the tail plasma membrane before 
they are able to penetrate the zona pellucida and bind to the oocyte (Hunter, 2012; Gervasi & Visconti, 2016). 
Collectively these changes are termed ‘capacitation’ and are associated with both hyperactivated motility and 
the spermatozoon’s ability to undergo the acrosome reaction (Visconti et al., 2011; Puga Molina et al., 2018).  

Spermatozoa generally have two phases of motility, namely active and hyperactivated. Active motility 
occurs in a fresh ejaculate and displays a symmetrical low-amplitude waveform, which assists spermatozoa 
to swim in a straight line (Henkel et al., 2005). During sperm hyperactivation, the flagellar beat pattern is 
characterized by wide amplitude, large lateral movements of the head and the flagellum, which is coupled 
with fast, non-progressive motility, which is also referred to as the ‘star-spin’ movement (Yanagimachi, 1994; 
Ho & Suarez, 2001). Hyperactivation is thought to provide strong thrusting power to the spermatozoa while 
passing through the viscoelastic female reproductive tract and the egg investments, particularly the zona 
pellucida (Ardon et al., 2016; Suarez & Wu, 2017). The crucial signal for the induction of hyperactivation 
appears to be an increase in intracellular levels of the calcium ion (Ca

2+
) (Strünker et al., 2011; Sumigama et 

al., 2015), through the opening of pH-sensitive cation channels of sperm (CatSper) in the flagellar plasma 
membrane (Alasmari et al., 2013; Tamburrino et al., 2015) and the release of Ca

2+
 from stores in the sperm 

neck and midpiece region (Ho & Suarez, 2003; Costello et al., 2009).  
Assessment of hyperactivation can serve as a biological marker to evaluate the functional capabilities 

and fertility potential of spermatozoa because of its association with fertilization success and live birth 
outcomes in humans and domesticated animal species (McPartlin et al., 2009; Alasmari et al., 2013; 
Williams et al., 2015). CASA has been used to establish the percentage hyperactive flagellar movement 
according to species-specific kinematic cut-off values set by the user for hyperactivation (Mortimer et al., 
2015). Several chemicals have been used to induce and measure hyperactivation in vitro objectively, such 
as progesterone (Strünker et al., 2011), caffeine (Colás et al., 2010), procaine hydrochloride (McPartlin et al., 
2009) and 4-aminopyridine (Bedu-Addo et al., 2008).  

Except for a study on the seminal plasma constituents of Tankwa goats (Ramukhithi et al., 2018), 
there is not sufficient information about the reproductive biology of these goats to select males for future 
breeding and smallholder farming. The purpose of this study was to provide a more detailed investigation of 
male fertility by employing objective and novel techniques to evaluate the semen characteristics and sperm 
functionality of Tankwa goats. Computer-assisted semen analysis was used to quantify semen parameters 
for Tankwa goats and compare the abilities of four media and chemicals to induce sperm hyperactivation. 
Because kinematic parameter cut-off values for hyperactivation were not available for goat spermatozoa, an 
imperative objective was to determine and subsequently apply such values to Tankwa goat spermatozoa 
and assess their fertility potential. 
 

Materials and methods 
All procedures were performed in agreement with and approved by the Animal Ethics Committees of 

the University of the Western Cape (Project number AR17/5/29) and the Research Ethics and Scientific 
Committee of the National Zoological Gardens (Project number NZG/RES/P17/34). 

Randomly selected and sexually mature male Tankwa goats from Carnarvon Research Station 
(Northern Cape Department of Agriculture, Land Reform and Rural Development) were used for this study. 
The research station is located at 30° 95’ S and 22° 13’ E in Carnarvon, South Africa, and is situated at an 
altitude of 1234 m above sea level. The free-roaming male goats were held in two large permanent camps 
(total size of 1000 ha) together with females (not limiting ejaculation prior to sampling) and had free access 
to water and natural vegetation. The research station is located in the Nama-Karoo Biome and the 
vegetation type is classified as Western Upper Karoo (NKu 1), consisting mainly of a mixture of small-leaved 
shrubs, shrubby succulents, drought-resistant grasses and few tree species (Mucina & Rutherford, 2006). 

Semen samples (n = 29) were collected during the summer season (February) over a three-hour 
period in the early morning. Males were restrained in a recumbent sitting position, and samples were 
collected into sterile pre-warmed (37 °C) 50 ml polypropylene tubes. Semen was produced by means of peri-
prostatic electro-stimulation using an Eltoro 3 rectal probe electro-ejaculator (Electronic Research Group, 
Midrand, South Africa), according to a method adapted from Malejane et al. (2014). Electrical stimulation (5-
15 V, 500 mA) was applied at intervals of three to five seconds, and alternated with rest periods of three to 
five seconds, for a maximum of six times. During stimulations, the current was increased gradually until an 
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ejaculate was obtained within 1–2 minutes (Noakes et al., 2009). Ejaculates were kept at 37 °C immediately 
after collection and for the duration of all experimental procedures.  

A basic semen analysis was performed to evaluate the quantity and quality of each sample by 
assessing semen volume, pH, macro movement, sperm concentration, sperm motility (including percentages 
total motility, progressive motility, rapid-, medium- and slow-swimming spermatozoa) and sperm vitality. The 
swimming-speed subpopulations were determined with curvilinear velocity (VCL) cut-off values of 20<80>180 
µm/s to identify slow-, medium- and rapid-swimming spermatozoa (Maree & Van der Horst, 2013). Sperm 
concentration and motility were evaluated by placing 3 µl semen into a preheated (37 °C) Leja four-chamber 
slide (Leja Products B.V., Nieuw-Vennep, The Netherlands). Fields were randomly captured at 50 frames per 
second using the motility/concentration module of the sperm class analyser (SCA

®
, version 6.0, 2018, 

Microptic S.L., Barcelona, Spain) CASA system. Additionally, a Basler Ace ACA-1300-200uc digital camera 
(Microptic S.L., Barcelona, Spain) was mounted on a Nikon Eclipse 50i microscope (IMP, Cape Town, South 
Africa), equipped with a 10x objective, using negative phase contrast optics and a heated stage (37 °C). At 
least two fields were captured and analysed for each semen sample, including a minimum of 200 motile 
spermatozoa in total.  

Sperm vitality was evaluated using BrightVit
®
, a nigrosin-eosin stain (Microptic SL, Barcelona, Spain). 

A volume of 5 µl semen was mixed with 15 µl preheated BrightVit and incubated for 30 seconds before 
smears were made. Mounted preparations were viewed with a x40 objective, bright field optics and a blue 
filter using the same microscope and camera as for motility analysis. Vitality of at least 100 spermatozoa from 
each semen sample was assessed with the vitality module of SCA software (version 6.0, 2018). 

Sperm morphometry and morphology were assessed and quantified using SpermBlue (Microptic SL, 
Barcelona, Spain), a universal stain for automated sperm morphology analysis (ASMA) (Van der Horst & 
Maree, 2009). Stained slides were left to air dry overnight and were then mounted with a coverslip using DPX 
mounting medium. Sperm morphometry was assessed using a 60x objective on a Nikon Eclipse 50i 
microscope (IMP, Cape Town, South Africa) and a Basler Ace ACA-1300-200uc digital camera (Microptic 
S.L., Barcelona, Spain). Images of at least 100 spermatozoa were captured analysed with the morphology 
module of the SCA software (version 6.0, 2018).  

Eleven sperm morphometry parameters were measured by SCA, as indicated in Table 1. Because of 
the lack of reference values for assessing the percentage Tankwa goat spermatozoa with normal 
morphology, cut-off values for normal morphology were determined as described by Van der Horst et al. 
(2018b). Minimum and maximum values for each parameter (Table 1) were derived from 90% confidence 
intervals to generate a Tankwa goat configuration function for evaluating normal sperm morphometry. Normal 
sperm head morphometry values established by Gravance et al. (1995) for Alpine goats fall within the current 
measured ranges for Tankwa goats, except for head area. 
 
 
Table 1 Sperm morphometry measurements used in determining percentage normal morphology for Tankwa 
goat spermatozoa 
 

Sperm component  Measurement  Minimum  Maximum  

    

Head  Length, µm 7.45  10.87  

  Width, µm 3.50  5.10  

  Area, µm
2
 26.30  51.52  

  Perimeter, µm 16.67  23.59  

  Ellipticity 1.78  2.53  

  Elongation 0.28  0.43  

  Roughness 0.79  1.75  

  Regularity 0.61  0.97  

  Acrosome, % 47  100  

  Vacuoles, % 0  20  

Midpiece  Width, µm 0  1.99  

  Area, µm
2
  0  27.50  
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Because mammalian spermatozoa react differently to physiological media that are used to dilute and 
induce capacitation, it was decided to first evaluate the effect of selected media on sperm motility. 
Spermatozoa were exposed to four pre-warmed (37 °C) media, namely phosphate buffered saline (PBS) 
(control), BO sperm wash (containing 10 mM caffeine, as proposed by Brackett and Oliphant (1975)), 4% 
lignocaine in PBS (G. van der Horst, personal communication, 2016) and 5 mM procaine hydrochloride in 
PBS (McPartlin et al., 2009). According to the flush technique (Boshoff et al., 2018), 2 µl of each medium 
was used to flush 1 µl semen into the chambers of a Leja slide (Leja Products B.V., Nieuw-Vennep, The 
Netherlands), while keeping the slide on a heated stage. Sperm motility was evaluated for each semen 
sample five minutes after exposure to the media. In addition to the sperm motility percentages, eight 
kinematic parameters were measured, namely VCL, VAP, straight-line velocity (VSL), straightness (STR) 
(STR = VSL/VAP), linearity (LIN) (LIN = VSL/VCL), wobble (WOB) (WOB = VAP/VCL), amplitude of lateral 
head displacement (ALH), and beat-cross frequency (BCF). The ALH parameter was measured as half the 
width of the VCL track and not as the full VCL wave or doubling of the riser values (risers method) as 
described by Mortimer (1994, 1997).  

Sperm kinematic parameter cut-off values for identifying Tankwa goat spermatozoa that displayed 
hyperactive motility were determined with a method described by Mortimer et al. (2015). First, individual 
spermatozoa from each semen sample (n = 290 in total; 145 from PBS and 145 from procaine medium) were 
selected upon displaying typical activated linear swimming patterns after exposure to PBS or typical 
hyperactivated star-spin swimming patterns after exposure to procaine hydrochloride, respectively (Figure 1). 
Kinematic data of spermatozoa selected through such visual pattern recognition were used to construct 
receiver operating characteristics (ROC) curves (DeLong et al., 1988) for each of the eight kinematic 
parameters. Only those parameters that displayed both high sensitivity and specificity (>80%) when 
comparing the PBS and procaine treated samples were selected as cut-offs for hyperactivation. These cut-
off values were used to create a sort function for Tankwa goat sperm hyperactivation in the SCA motility 
module. 

 

 
Figure 1 Typical movement patterns of individual spermatozoa captured at 50 frames per second, a) 
Relatively straight-swimming track after PBS incubation, and b) star-spin track after procaine hydrochloride 
exposure  
 
VCL: red line, VAP: green line, VSL: blue line. VCL: curvilinear velocity, VAP: average path velocity, VSL: straight-line 
velocity, STR: straightness, LIN: linearity, WOB: wobble, ALH: amplitude of lateral head displacement, BCF: beat cross 
frequency 

 
 
All the data were collected and saved as CASA files, and then transferred to MedCalc software 

(version 12.3.0, 2018, Mariakerke, Belgium). Levene’s test for equality of variances was applied and when P 
>0.05, one-way analysis of variance analysis (ANOVA) was performed for parametric data distributions. 
Significant differences (P ≤0.05) indicated in the ANOVA table among groups were further analysed using 
the Student-Newman-Keuls test for pairwise comparisons. In subsets of data that appeared to have non-
parametric data distributions, the Kruskal-Wallis test was used and, when required, the Mann-Whitney test 
for independent samples was applied. Correlation coefficients were also calculated between percentage 
sperm hyperactivation and all other semen and sperm characteristics. Data were represented as mean ± 
standard deviation (SD) in the tables while P ≤0.05 was considered significant.  
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Results and Discussion 
A mean volume of 1.3 mL Tankwa goat semen was collected during electro-ejaculations, while it 

ranged between 0.4 mL and 2.5 mL (Table 2) for all samples. The semen contained on average 2293.7 
x10

6
/mL spermatozoa and a total sperm count of 29.5 ± 8.9 x10

9
, with a large range between the minimum 

(35.2 x10
6
/mL) and maximum (8540.0 x10

6
/mL) concentrations. The mean semen pH was 6.0 ± 0.9 and 

macro-movement of spermatozoa ranged between 2 and 5 (average 4.3 ± 0.9). Spermatozoa had a total 
motility of 83.7 ± 10.5%, of which 65.3% on average portrayed progressive motility characteristics. The three 
sperm subpopulations based on swimming speed included 12.8% rapid-swimming, 61.1% medium-swimming 
and 13.6% slow-swimming spermatozoa. Sperm vitality assessments revealed that semen contained 71.8 ± 
13.8% live spermatozoa. 

Morphometry measurements indicated that Tankwa goat spermatozoa had a head length of 8.5 ± 0.2 
µm and width of 4.0 ± 0.1 µm, which contributed to a head area and perimeter of 35.3 ± 2.6 µm

2
 and 18.6 ± 

0.6 µm, respectively (Table 3). Head elongation, ellipticity, regularity and roughness had little variation among 
spermatozoa. The acrosome covered on average 55.6% of the sperm head. The two midpiece 
morphometrics showed a mean width of 1.1 µm and a mean area of 10.9 µm

2
. Using the cut-off 

morphometric values displayed in Table 1, ASMA revealed that 62.0 ± 26.3% of Tankwa goat spermatozoa 
portrayed normal morphology. The values displayed in Table 1 and Table 3 are from different sperm 
populations.  

 
 

Table 2 Semen characterization for Tankwa goat population (n = 29) 
 

 
Mean Standard deviation Minimum Maximum 

     

Volume, mL 1.3  0.5  0.4  2.5  

pH* 6.0  0.9  5.5  7.5  

Sperm concentration, x10
6
/mL 2293.7  1853.6  35.2  8540.0  

Total sperm count, x10
9
 29.5  8.9  0.3  111.0  

Macro-movement  4.3  0.9  2.0  5.0  

Total motility, % 83.7  10.5  59.0  96.1  

Progressive motility, % 65.3  13.3  38.9  85.3  

Rapid, % 12.8  11.3  2.6  43.1  

Medium, % 61.1  12.6  34.6  85.8  

Slow, % 13.6  11.8  0.8  53.5  

Vitality, % 71.8  13.8  39.0  94.0  

         

*n = 5, Rapid: rapid-swimming sperm, Medium: medium-swimming sperm, Slow: slow-swimming sperm  

 
 

Sperm motility percentages and the kinematic characteristics of spermatozoa exposed to the four 
media are displayed in Table 4. While no difference was found among the media for percentage total motility, 
the lignocaine-supplemented medium resulted in significantly lower percentage progressive motile 

spermatozoa (25.4%) compared with the other media (40.048.9%). Furthermore, the procaine-
supplemented medium resulted in the highest average percentage of rapid-swimming spermatozoa (44.4%), 
whereas BO sperm wash had the lowest average for this parameter (6.2%). Exposure to the procaine 
medium resulted in the highest averages for VCL and ALH compared with the other three media. Procaine 
and lignocaine also resulted in significantly lower average VSL, STR, LIN, WOB and BCF than PBS and BO 
sperm wash (Figure 2). Similar differences in the sperm kinematics were found when the effect of the media 
on three sperm subpopulations were evaluated (Table 5). These differences in sperm kinematics resulted in 
distinctive swimming tracks for the four media, with more linear patterns being seen in PBS and BO wash 
(Figures 3a and 3b) and more irregular circular or star-spin-type patterns being seen in lignocaine and 
procaine (Figures 3c and 3d). 
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Table 3 Sperm morphometry and morphology for Tankwa goat spermatozoa (n = 7) 
 

 
Mean Standard deviation Minimum Maximum 

     

Head length, µm 8.5  0.2  8.4  8.8  

Head width, µm 4.0  0.1  3.9  4.2  

Head area, µm
2
 35.3  2.6  32.5  39.1  

Head perimeter, µm 18.6  0.6  17.5  19.3  

Head ellipticity 2.1  0.04  2.0  2.2  

Head elongation 0.4  0.01  0.3  0.4  

Head roughness 1.3  0.1  1.2  1.4  

Head regularity 0.8  0.04  0.7  0.8  

Midpiece width, µm 1.1  0.1  1.0  1.3  

Midpiece area, µm
2
 10.9  3.0  7.1  15.8  

Acrosome coverage, % 55.6  1.1  54.6  57.8  

Normal morphology, % 62.0  26.3  31.0  95.0  

         

 
 

Table 4 Sperm kinematic parameter measurements and percentage hyperactivation after exposure to 
phosphate buffered saline, BO sperm wash, 4% lignocaine and 5 mM procaine hydrochloride 
 

Measurement 
PBS, n = 29  BO wash, n = 29 Lignocaine, n = 27  Procaine, n = 28  

mean SD mean SD mean SD mean SD 

         

Total motility, % 86.6 13.1 84.3 13.5 83.4 17.7 83.9 13.5 

Progressive motility, % 48.9
a
 22.1 40.0

a
 15.2 25.4

b
 14.1 47.9

a
 20.4 

Rapid, % 13.0
a
 11.6 6.2

b
 6.1 17.7

c
 13.4 44.4

d
 20.8 

Medium, % 51.6
a
 20.2 48.2

a
 19.8 46.0

a
 16.6 24.5

b
 11.1 

Slow, % 22.0
a
 1.7 29.8

b
 10.8 19.8

c
 13.1 15.0

d
 7.6 

VCL, µm/s 106.4
a
 32.6 88.8

b
 22.4 107.0

c
 31.1 149.0

d
 41.0 

VSL, µm/s 55.5
a
 21.0 45.7

b
 14.6 29.8

c
 9.1 33.7

c
 9.3 

VAP, µm/s 67.4
a
 23.1 56.1

b
 16.4 53.3

b
 15.6 67.8

a
 18.0 

STR, % 71.1
a
 12.2 71.1

a
 9.6 50.4

b
 8.2 46.2

b
 6.9 

LIN, % 46.6
a
 12.5 45.8

a
 11.4 27.7

b
 6.7 26.5

b
 6.5 

WOB, % 58.9
a
 10.2 58.5

a
 10.1 48.1

b
 5.9 47.0b 5.9 

ALH µm 2.2
a
 0.6 1.9

a
 0.4 3.0

b
 0.8 4.0

c
 1.0 

BCF Hz 21.9
a
 6.0 21.5

a
 5.2 15.2

b
 3.8 12.3

c
 2.7 

HA, % 0.1
a
 0.2 0.04

b
 0.2 3.4

q
 3.0 25.3

b
 13.6 

         
a-d 

Within a row means with a common superscript did not differ at P =0.05 
BO wash: 10 mM caffeine, Rapid: rapid-swimming sperm, Medium: medium-swimming sperm, Slow: slow-swimming 
sperm, VCL: curvilinear velocity, VSL: straight-line velocity, VAP: average path velocity, STR: straightness, LIN: linearity, 
WOB: wobble, ALH: amplitude of lateral head displacement, BCF: beat cross frequency, HA: hyperactivation. 
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Figure 2 Radar plot illustrating differences in average values for progressive motility, rapid-swimming, 
medium-swimming, slow-swimming spermatozoa, straight-line velocity, average path velocity, straightness, 
linearity, wobble, beat cross frequency, and hyperactivation for hyperactivated sperm in phosphate buffered 
saline, sperm wash containing 10 mM caffeine, lignocaine, and procaine hydrochloride 
 

 
Figure 3 Analysed Tankwa goat motility fields after exposure to a) PBS, b) BO sperm wash, c) lignocaine, 
and d) procaine hydrochloride, using 100x magnification 

Red: rapid-progressive spermatozoa, green: medium-progressive spermatozoa, blue: non-progressive spermatozoa, 
blue box = hyperactivated spermatozoa (see yellow arrows for examples) 

Straight-line velocity (μm/s) Linearity (%) 

 
Straightness (%) 

 Average path velocity (μm/s) 

Wobble (%) 

Beat cross frequency (Hz) 

Hyperactivation (%) 

Progressive motility (%) 
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Table 5 Sperm kinematic parameters measurements (mean ± SD) for three sperm subpopulations (rapid-, 
medium- and slow-swimming speed) after exposure to phosphate buffered saline, BO sperm wash, 4% 
lignocaine and 5 mM procaine hydrochloride 
 

Measurement 
PBS, n = 29  BO wash, n = 29 Lignocaine, n = 27  Procaine, n = 28  

mean SD mean SD mean SD mean SD 

         

R-VCL, µm/s 228.1
a
 41.0 232.9

a
 43.4 239.6

a
 14.3 259.5

b
 22.2 

M-VCL, µm/s 134.9
ab

 15.0 129.5
a
 8.1 132.4

a
 9.2 140.2

b
 8.2 

S-VCL, µm/s 63.3
ab

 6.7 60.5
a
 5.1 64.8

b
 5.0 62.9

ab
 3.7 

R-VSL, µm/s 118.3
a
 64.2 122.6

a
 41.6 70.6

b
 42.5 45.8

c
 14.5 

M-VSL, µm/s 72.7
a
 17.3 70.7

a
 11.5 38.6

b
 8.5 42.2

b
 10.0 

S-VSL, µm/s 32.7
a
 11.5 29.9

 a
 7.5 23.6

b
 7.3 28.6

a
 7.5 

R-VAP, µm/s 139.4
a
 59.7 144.8

a
 37.4 121.0

ab
 30.2 109.5

b
 15.3 

M-VAP, µm/s 87.3
a
 16.0 85.2

a
 11.0 67.5

b
 6.9 73.0

b
 7.8 

S-VAP, µm/s 40.3 10.0 37.4 6.9 36.0 6.8 39.0 6.6 

R-STR, % 80.8
a
 10.7 81.6

a
 8.9 52.4

b
 14.7 38.2

c
 7.9 

M-STR, % 80.3
a
 8.8 81.3

a
 6.0 54.1

b
 8.9 52.4

b
 7.6 

S-STR, % 69.5
a
 14.4 72.0

a
 8.8 58.5

b
 10.6 63.5

b
 10.1 

R-LIN, % 50.6
a
 17.1 52.5

a
 14.9 29.4

b
 17.1 17.9

c
 5.0 

M-LIN, % 54.2
a
 12.8 54.8

a
 7.8 29.5

b
 7.0 31.2

b
 7.6 

S-LIN, % 48.6
a
 15.0 47.8

a
 11.2 37.5

b
 11.0 46.0

a
 12.5 

R-WOB, % 59.8
a
 14.2 62.5

a
 12.5 50.6

b
 11.7 42.5

c
 4.3 

M-WOB, % 65.2
a
 11.1 66.0

a
 6.8 52.1

b
 4.7 52.9

b
 5.4 

S-WOB, % 61.6 11.7 60.7 9.4 55.9 9.5 62.0 10.4 

R-ALH, µm 4.1
a
 ± 1.1 4.0

a
 1.1 5.8

c
 1.2 7.3

b
 0.6 

M-ALH, µm 2.8
a
 0.6 2.6

a
 0.3 3.8

b
 0.5 3.6

b
 0.7 

S-ALH, µm 1.4
a
 0.3 1.5

a
 0.3 1.8

b
 0.4 1.4

a
 0.3 

R-BCF, Hz 23.2
a
 8.0 23.5

a
 8.6 18.0

b
 4.6 14.6

b
 3.3 

M-BCF, Hz 27.7
a
 4.9 28.7

a
 3.7 18.9

b
 4.1 14.9

c
 3.7 

S-BCF, Hz 19.1
a
 6.0 20.8

a
 3.8 15.3

b
 3.5 12.8

c
 3.8 

         
a-c 

Within a row means with a common superscript did not differ at P =0.05 
R: rapid-swimming sperm, M: medium-swimming sperm, S: slow-swimming sperm, VCL: curvilinear velocity, VSL: 
straight-line velocity, VAP: average path velocity, STR: straightness, LIN: linearity, WOB: wobble, ALH: amplitude of 
lateral head displacement, BCF: beat cross frequency 
 
 

Eight receiver operating characteristic (ROC) curve analysis graphs were constructed. Almost all of 
the kinematic parameters displayed high sensitivity and specificity values to distinguish between straight-line 
and hyperactivation swimming tracks (Table 6). Only the VAP parameter had sensitivity and specificity 
values below 80% and was thus not regarded as being a restriction. The criterion values of the other seven 
kinematic parameters were used as cut-off values for Tankwa goat sperm hyperactivation (Table 6). After 
creating a sort function for Tankwa goats on the SCA motility module using these cut-off values, sperm 
hyperactivation was calculated automatically and expressed as a percentage of motile spermatozoa. 

Procaine hydrochloride caused a high percentage of hyperactivation (25.3%) compared with the other 
three media (Table 4). It is clear from Figure 3d that procaine induced typical star-spin patterns, some of 
which were also detected in lignocaine (Figure 3c), but not often in PBS or BO sperm wash (Figures 3a and 
3b). However, there was a large variation (0 - 54.5%) in the percentage hyperactivation induced by procaine 
in individual semen samples (Figure 4). Percentage sperm hyperactivation was less than 10% in three 
males, more than 20% in seventeen males, and more than 40% in six males. 
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The percentage hyperactivation induced by procaine had a significant positive relationship with semen 
progressive motility (r = 0.39, P = 0.04) and rapid-swimming spermatozoa (r = 0.47, P = 0.02), and VCL in 
PBS (r = 0.45, P = 0.02), VAP in PBS (r = 0.40, P = 0.04) and ALH in PBS (r = 0.50, P = 0.01). 

 
 

Table 6 Receiver operating characteristic curve analysis and kinematic parameter restrictions for Tankwa 
goat hyperactivated spermatozoa 
 

Parameter Sensitivity Specificity Restriction Setting 

    

VCL, µm/s 94.4  91.8  221 > VCL < 500 

VSL, µm/s 99.3  98.6  < 49.8 

STR, % 100.0  100.0  < 47.2 

LIN, % 100.0  100.0  < 15.3 

WOB, % 97.2  97.3  < 50.5 

ALH, µm 99.3  100.0  5.3 > ALH < 15.3 

BCF, Hz 86.0  95.9  < 23.8 

      

VCL: curvilinear velocity, VSL: straight-line velocity, STR: straightness, LIN: linearity, WOB: wobble, ALH: amplitude of 
lateral head displacement, BCF: beat cross frequency 

 
 

 
 

Figure 4 Induced sperm hyperactivation percentage of individual Tankwa goats with the use of phosphate 
buffered saline and 5 mM procaine hydrochloride (n = 28) 
 
A large variation was seen in the percentage hyperactivation of individual semen samples with 17 of the samples 
displaying more than 20% hyperactivation  
PBS: phosphate buffered saline 

 
 
While any standard semen analysis (CASA or manual) can assist in defining the quality of a semen 

sample, such an assessment cannot predict fertility per se (Van der Horst & Du Plessis, 2017). Two 
advantages of using CASA for evaluation of sperm motility and morphology are that it allows for objective 
detection of subtle differences among individual spermatozoa and it provides quantitative information on 
parameters that cannot be assessed manually (e.g. kinematics and subpopulations). Evaluation of sperm 
subpopulations, such as percentage sperm mucous penetration and hyperactivation, is highly recommended 
and will determine whether an ejaculate contains sufficient functional spermatozoa to potentially reach and 
fertilize the oocyte (Mortimer et al., 2015). Four media were also assessed for their effect on sperm motility 
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subpopulations and confirmed procaine hydrochloride as an inducer of hyperactivation in Tankwa goat 
spermatozoa. Procaine achieved the highest percentage sperm hyperactivation (25.3%), followed by 
lignocaine (3.4%), whereas PBS (0.1%) and BO sperm wash (0.04%) did not induce hyperactivation. 

The standard semen parameters of Tankwa goats in the current study are in the same range that was 
reported for South African indigenous goats (Bopape et al., 2015; Ramukhithi et al., 2018) and for Saanen, 
Angora, and British goat breeds (Ahmad & Noakes, 1996; Nur et al., 2005; Talebi et al., 2009). Studies on 
Norwegian goats (Paulenz et al., 2005) and Florida goats (Hildago et al., 2008) indicated that a highly fertile 
buck must produce a sperm concentration of ≥2000 x10

6
/mL. The Tankwa goat thus falls within this range 

with a mean sperm concentration of 2293.7 ± 1853.6 x10
6
/mL. In the present study, percentages of rapid-

swimming spermatozoa (12.8 ± 11.3%, range 2.6–43.1%) and normal sperm morphology (62.0 ± 26.3%) 
were lower than those found by Ramukhithi et al. (2018) for the same Tankwa goat population (41.2 ± 5.9%; 
93.7 ± 1.7%). This inconsistency is probably owing to a larger sample size, a larger variation in sperm 
motility and different cut-off values for swimming speed classes in the present study compared with 
Ramukhithi et al. (2018). Moreover, CASA-derived cut-offs were used in the present study to determine 
percentage normal morphology, whereas Ramukhithi et al. (2018) scored morphology manually. A recent 
study, which used a similar approach to assess rat sperm morphometry and morphology reported a similar 
discrepancy between manually assessed normal morphology (>90%) and automated analysis (67 - 74%) 
(Van der Horst et al., 2018b). 

All four of the media investigated in the study supported sperm motility, resulting in high percentages 
of total motility, which is typical of fertile males from domesticated and wildlife species (Van der Horst et al., 
2018a; El Kadili et al., 2019). The percentage progressive sperm motility for most media used in the current 

study (40.0 - 48.9%) was in agreement with data (44.4  6.3%) reported by Ramukhithi et al. (2018), 
indicating that lignocaine caused a decrease (25.4%) in this motility parameter. The higher percentage rapid-
swimming spermatozoa and increased values for VCL and ALH indicated that procaine had a stimulatory 
effect on Tankwa goat sperm motility, which was confirmed in the many rapid-progressive swimming 
spermatozoa that were visible in captured fields (Figure 3). Although exposure to lignocaine resulted in more 
asymmetrical and less linear swimming patterns, there was no increase in the swimming speed typical of 
mammalian hyperactive motility (Van der Horst et al., 2018a). Boye et al. (2019) reported similar decreased 
progressive motility and LIN in equine spermatozoa after exposure to 100 - 10000 µg/mL lidocaine, with no 
induction of hyperactivation. These differences in motility in sperm exposed to lignocaine and procaine 
justified the use of procaine to determine kinematic cut-off values for Tankwa goat hyperactivation. 

The use of cut-off measures for specific sperm head kinematic parameters is a practical and accepted 
method to define hyperactivated motility in different species (Baumber & Meyers, 2006; Marquez & Suarez, 
2008). Of these, a decrease in VSL, STR and LIN values and an increase in VCL and ALH are considered 
hallmarks for hyperactivated spermatozoa (reviewed by Suarez, 2008; Van der Horst et al., 2018a). For 
instance, Mortimer and Maxwell (1999) reported VCL (> 250 µm/s), VSL (< 100 µm/s), LIN (< 30%) and ALH 
(> 9 µm), using the Cartesian method, to be indicative of sperm hyperactivation in rams, which is similar to 
the seven cut-off values used in the present study. In contrast, Colás et al. (2010) induced hyperactivation in 
ram spermatozoa with caffeine, and used only a decrease in LIN and an increase in ALH as indicators of 
hyperactivated spermatozoa. 

Caffeine (a component of BO sperm wash), lignocaine and procaine (both local anaesthetic agents) 
have been used to induce hyperactivation in numerous mammalian species by employing various 
mechanisms of action. Caffeine enhances sperm motility by increasing intracellular calcium by translocation 
from internal calcium stores (Hong et al., 1985; Ho & Suarez, 2001) or by inhibiting phosphodiesterase, 
which results in increased cyclic adenosine monophosphate and protein kinase A levels (Garbers et al., 
1971; Bender & Beavo, 2006). Lignocaine has been shown to cause an increase in the concentration of 
intracellular Ca

2+
 in sensory neurons from influx through the plasma membrane and release from Ca

2+
 

internal stores (Gould et al., 1998) and to cause sperm hyperactivation in human sperm (Bennett et al., 
1992). Hyperactivation induced by procaine has been associated with a moderate increase in intracellular 
pH, which could activate CatSper channels, followed by influx of extracellular Ca

2+
 (Carlson et al., 2003; 

Kirichok et al., 2006; Ortgies et al., 2012), or could be directly linked to inhibition of sodium influx (Leemans 
et al., 2018).

 
Interestingly, procaine-induced hyperactivation in the stallion (Loux et al., 2013) and guinea-pig 

(Mújica et al., 1994) was shown to be independent of external Ca
2+

, which is similar to the present results 
(procaine in PBS).Whereas procaine induced on average 25.3% hyperactivation in Tankwa goat 
spermatozoa, this was lower than the 73% reported in equine spermatozoa (McPartlin et al., 2009) and the 
64% in guinea pig spermatozoa (Mújica et al., 1994). These differences could be because of interspecies 
differences, the physical environment in which spermatozoa swim, and the kinematic parameters that were 
used to establish threshold values for hyperactivated spermatozoa (Suarez & Ho, 2003; Van der Horst et al., 
2018a).  
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An average of 25% hyperactivation for Tankwa goats suggested a fertile goat population, since it 
corresponded to the more than 20% hyperactivation found in other normospermic mammalian samples and 
human sperm with fertilizing ability (Mortimer & Mortimer, 1990; Van der Horst et al., 2018a). In fact, more 
than 60% of the individual Tankwa goat samples portrayed more than 20% hyperactivation, albeit a range of 
0 - 54% was recorded for the 28 individual semen samples that were assessed. Although this could be an 
indication of inter-individual variability in sperm functional capabilities and the ability to compete with the 
spermatozoa of another male, it must be taken into account that only a certain population of spermatozoa 
will present with the quadrilateral CatSper1 domain organization that is needed to become hyperactivated or 
capacitated at a certain time Chung et al. (2014). Because the percentage hyperactivation induced in the 
present study correlated with the percentages of progressive and rapid-swimming spermatozoa and VCL 
and VAP, this indicates that semen samples with high percentage motility would contain sufficient 
spermatozoa that could become hyperactivated. 

 
Conclusions 

The novel approach in this study was to determine cut-off values for kinematic parameters for 
hyperactivation using CASA combined with ROC curve analysis. After exposing highly motile spermatozoa 
from semen to various media, PBS and BO sperm wash maintained sperm motility, but were unsuccessful in 
inducing hyperactivation in Tankwa goat spermatozoa. It is recommended that procaine hydrochloride 
should be used in future evaluations of potential male fertility in this species. Further, it should be regarded 
as a rapid diagnostic tool for similar assessments in other animal species. The use of hyperactivation as a 
test of sperm function might distinguish between breeding and non-breeding males and assist animal 
production specialists to select males with high sperm functionality. 
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