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Abstract 15 

Spermatozoa motility in freshwater and marine fish is mainly controlled by the difference 16 

in osmotic pressure. Specifically, zebrafish (Danio rerio) spermatozoa undergo 17 

hypoosmotic shock due to the decrease in extracellular potassium, which leads to 18 

membrane hyperpolarization and activation of flagellar motility. Previous studies have 19 

concluded that motility activation has a negative effect on the spermatozoa structure. 20 

However, no evidence exists about ultrastructural changes in zebrafish spermatozoa after 21 

motility activation. In this study, spermatozoa samples were obtained from ten adult 22 

zebrafish individuals before and 60 seconds after motility activation and analyzed using 23 

Scanning and Transmission Electron Microscopy. Results showed dramatic 24 

morphological and ultrastructural alterations of the zebrafish spermatozoa after 25 

activation. In particular, the spermatozoa head underwent severe morphological 26 

distortion, including swelling of the nucleus, the bursting of the plasma membrane, and 27 

the alteration of the genetic material. Midpieces were also affected after activation since 28 

rupture of the cell membrane and lysis of mitochondria occurred. Furthermore, after the 29 

hypoosmotic shock, most spermatozoa showed a coiled flagellum and a disaggregated 30 

plasma membrane. Overall, our findings show that the activation of motility leads to 31 

substantial zebrafish spermatozoa morphological and ultrastructural changes, which 32 

could modify their physiology and decrease the fertilizing potential. 33 

 34 

Key words: motility activation, sperm morphology, ultrastructure microscopy, zebrafish.  35 
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1. Introduction 36 

The zebrafish (Danio rerio, cyprinid, teleost) is a freshwater fish which has become a 37 

potential biomedical model [1,2]. Particularly, in reproductive and developmental 38 

physiology, the zebrafish is widely used due to their high fertilization rate, short 39 

reproductive cycle, and rapid embryo development [3]. In addition, fertilization in 40 

zebrafish is external and eggs, embryos and early larvae are transparent, a special 41 

characteristic that facilitates the study of their ontogenetic development [4,5]. 42 

External fertilization implies particular spermatozoa physiological traits, such as 43 

the activation of flagellar motility when they come into contact with freshwater and the 44 

increase of intracellular pH altered by internal ionic concentration [6–9]. Specifically, 45 

zebrafish spermatozoa undergo hypoosmotic shock due to depletion of extracellular 46 

potassium. This scenario leads to the activation of cyclic nucleotide-operated potassium 47 

cation channels (CNGK), resulting in hyperpolarization of the membrane that leads to the 48 

opening of voltage-gated calcium channels (Cav) [10]. Furthermore, the increase in 49 

intracellular calcium activates flagellar motility in an optimal activation range between 50 

150 and 210 mosmol Kg-1 [11]. 51 

Moreover, the duration of spermatozoa motility is shorter in freshwater fish than 52 

marine fish due to limiting factors such as low resistance to hypoosmotic shock and 53 

increased calcium concentration [12]. It is important to highlight that the disposition of 54 

energy in the form of Adenosine triphosphate (ATP) is not a limiting factor, as shown by 55 

the presence of intracellular ATP even after the arrest of movement [13,14]. Therefore, 56 

the spermatozoa structural damage caused by the hypoosmotic shock is the main limiting 57 

factor to the duration of motility in freshwater fish [12], which show up to a maximum of 58 

120 seconds of active motility in some teleost species [15]. The duration of motility in 59 
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zebrafish spermatozoa is 60 seconds at absolute maximum, during which spermatozoa 60 

must reach and fertilize the oocyte [16,17].  61 

Mitochondrial ATP stores are essential for the initiation and maintenance of 62 

spermatozoa motility. In this context, spermatozoa mitochondria have morphological 63 

differences depending on the species. For instance, they are usually oval in most 64 

mammalian, while in fish they can be cylindrical, irregular, or spherical, as in the case of 65 

zebrafish [18]. Likely, the mitochondria size and number depend on the energy demand 66 

of each specie. Nevertheless, a strong connection between the number or arrangement of 67 

mitochondria and spermatozoa motility, duration, and speed has not yet been determined 68 

[19]. 69 

Changes in spermatozoa morphology and ultrastructure after activation have been 70 

studied in fish species such as the common carp (Cyprinus carpio) [14], sea bass 71 

(Dicentrarchus labrax) [13], and northern pike (Esox lucius) [6]. Overall, these studies 72 

revealed several marked morphological inter-specific changes such as the alteration of 73 

the plasma membrane, the swelling of the head, and the coiling of the flagellum. 74 

However, the morphological and ultrastructural changes that occur in zebrafish 75 

spermatozoa after the motility activation remains to be elucidated. Given the potential of 76 

zebrafish as a biomedical model in developmental biology, the aim of this study was to 77 

characterize by means of Scanning Electron Microscopy (SEM) and Transmission 78 

Electron Microscopy (TEM) the morphological and ultrastructural changes in zebrafish 79 

sperm after motility activation.  80 

2. Materials and methods 81 

2.1. Sample collection and experimental design 82 

We collected zebrafish spermatozoa from the AB wild-type strain obtained from 83 

Zebrafish International Resource Center (ZIRC) and bred under an outbreeding regime at 84 
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the SciLifeLab zebrafish facility at Uppsala University (Sweden). The fish were raised to 85 

sexual maturity and kept under standard laboratory conditions at a temperature of 28°C, 86 

a 12/12-hour light/dark cycle, and an ad libitum feeding regime with live Artemia (ZM 87 

Systems, UK) and dry food (Medium granular, ZM Systems, UK) three (adult) to five 88 

(juvenile) times a day following previous protocols [20]. The experimental protocols were 89 

approved by the Swedish Board of Agriculture (Jordbruksverket, approval no. C 3/15). 90 

Spermatozoa were collected from ten adult males placed in 10L tank containing 91 

approximately 50 fish/tank and a sex ratio of approximately 1:1. For spermatozoa 92 

collection, males were first anesthetized in a 0.016% (w/v) tricaine methanesulfonate 93 

(MS-222) solution (Sigma-Aldrich®, St. Louis, MO, USA) for a maximum of two 94 

minutes, briefly rinsed in system water and placed ventral side up into a moist sponge 95 

under a stereomicroscope. A paper towel was used to blot dry the genital pore and avoid 96 

unwanted spermatozoa activation upon contact with water. Using a calibrated micro-97 

capillary (Sigma-Aldrich®), spermatozoa were collected, immediately mixed with 50 μL 98 

of Hank's buffer in microtubes, recipe described in [21], and placed on ice until further 99 

steps were conducted.  100 

Each ejaculate was split into two subsamples to obtain the two experimental 101 

conditions: inactivated spermatozoa (IS) and activated spermatozoa (AS) after 60 seconds 102 

of tap water activation (Fig 1A). This time was chosen because the duration of zebrafish 103 

motility is approximately 60 seconds [16,17]. Spermatozoa from both different 104 

experimental conditions (IS and AS) were fixed to analyze the detailed morphology and 105 

the ultrastructure of zebrafish spermatozoa by using SEM and TEM, respectively (Fig 106 

1B). Cells were fixed in 2% (v/v) glutaraldehyde (one volume of spermatozoa in Hank's 107 

buffer and water to one volume of 4% (v/v) glutaraldehyde). After one hour of fixation at 108 

4ºC, cells were centrifuged (350 g, five minutes) to replace glutaraldehyde with 109 

Jo
urn

al 
Pre-

pro
of



6 
 

phosphate-buffered saline without calcium or magnesium, pH 7.4 (PBS, Biowest, 110 

Nuaillé, France). The final sperm concentration was adjusted around 10 x 106/ml and 111 

conserved at 4ºC until use. 112 

2.2. Spermatozoa morphological analysis 113 

After the primary fixation, a total of 5 μl of spermatozoa sample was then placed on a 114 

glass coverslip and dehydrated in an increasing ethanol series and critical point dried in 115 

carbon dioxide (EMS850, Electron Microscopy Sciences, Hatfield, PA, USA). All 116 

coverslips were glued to the stubs by carbon adhesive tape, then gold sputtered (Balzers 117 

SCD 004 Sputter Coater) and examined using a Scanning Electron Microscope (SEM) 118 

Hitachi S3000N (Hitachi Ltd., Tokyo, Japan). High-resolution SEM micrographs of 119 

spermatozoa were recorded at standardized x4,000 magnification and an accelerating 120 

voltage of 15 kV from each experimental group (IS and AS). Around 100 random IS and 121 

AS zebrafish spermatozoa SEM micrographs were captured. 122 

2.3. Spermatozoa ultrastructural analysis  123 

The fixed-glutaraldehyde spermatozoa were embedded in small blocks of 2% (w/v) agar 124 

(Sigma-Aldrich®) and allowed to solidify at 4°C overnight. Then, samples were post-125 

fixed with 1% osmium tetroxide (Electron Microscopy Sciences) and washed three times 126 

with PBS. At that point, the spermatozoa blocks were dehydrated in an ascending series 127 

of ethanol concentrations and embedded in epoxy resin EPON-812 (Electron Microscopy 128 

Sciences). Ultrathin spermatozoa sections were obtained using an ultramicrotome Leica 129 

Ultracut R (Leica, Wetzlar, Germany) with a diamond knife and deposited on a copper 130 

grid. Later, ultrathin sections were double contrasted by 5% (v/v) uranyl acetate and 2.5% 131 

(v/v) lead citrate. Finally, that spermatozoa section were examined using a Transmission 132 

Electron Microscope (TEM) JEOL JEM-1400 Plus (JEOL Ltd., Tokyo, Japan) equipped 133 

with a Gatan Orius digital camera (Gatan, Pleasanton, CA, USA) for capturing 134 
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micrographs. Around 100 random IS and AS zebrafish spermatozoa TEM micrographs 135 

were captured. 136 

2.4. Metric and statistical analyses 137 

The length and width of the head, nucleus, midpiece, and flagellum were measured in 138 

micrometers (µm) from 70-105 random SEM micrographs of IS and AS zebrafish 139 

spermatozoa. In addition, a total of 50 mitochondria TEM micrographs were used to 140 

analyze the nanometric (nm) size-related mitochondrial morphology from both IS and AS 141 

conditions. Head, nucleus, and mitochondrial area were also recorded. Measurements 142 

were conducted using ImageJ (U. S. National Institutes of Health). Unpaired two-sample 143 

t-test was conducted to determine the source of significant metric variation among IS and 144 

AS conditions according to Levene's test for equality of variances. Descriptive (mean ± 145 

SD; standard deviation) statistics were reported and test statistics at α = 0.05 significance 146 

level were performed using IBM® SPSS® Statistics v. 21.0 (IBM, Armonk, NY, USA). 147 

3. Results 148 

3.1. Morphological and ultrastructural description of IS 149 

SEM analysis allowed differentiating the structure of Danio rerio mature spermatozoa 150 

(Fig 2A). The morphology consisted of a spherical head without acrosome (Fig 2B), a 151 

short intermediate midpiece, and a flagellum that comes out through the midpiece and 152 

ends in a terminal piece. The mean total length ± SD of the sperm was 31.94 ± 2.01µm, 153 

dividing into 1.83 ± 0.12 µm of head, 0.59 ± 0.13 µm of midpiece, and 28.74 ± 2.14 µm 154 

of flagellum (Table 1). 155 

In addition, zebrafish IS ultrastructure registered by TEM (Fig 3A-F) showed a 156 

spherical head without acrosome presence. The cephalic region was completely occupied 157 

by the nucleus with a compacted homogeneous chromatin, although small nuclear 158 

vacuoles with lower density were also observed (Fig 3E). The nuclear area was obtained 159 
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from TEM micrographs and results registered a mean of 2.03 ± 0.36 µm2 (Table 1). 160 

Furthermore, the nucleus was delimited by a nuclear membrane, which in turn was 161 

surrounded by a plasma membrane (Fig 3D,E), encompassing the rest of the structures. 162 

In addition, the presence of a nuclear fossa was noted (Fig 3E) as a depression in the 163 

lower surface of the nucleus where the proximal centriole is inserted. The nuclear fossa 164 

was located lateral, contributing to the asymmetry of the spermatozoa head. 165 

The midpiece was attached to the posterior region of the nucleus and composed 166 

of the centrioles and mitochondria (Fig 3A,B). The mitochondria were small and round, 167 

each surrounded by an outer membrane that enveloped an inner membrane that 168 

surrounded the mitochondrial ridges (Fig 3B). The mitochondrial area was 37.22 ± 12.41 169 

µm2 in IS (Table 1). The plasma membrane of the midpiece formed a cytoplasmatic 170 

channel through which the flagellum passed (Fig 3A,C,D). It was a narrow and deep 171 

invagination that separates both structures. 172 

The flagellum was composed of the axoneme surrounded by the plasma 173 

membrane. Specifically, the axoneme consisted of two central microtubules and nine 174 

pairs of peripheral microtubules (9x2 + 2) (Fig 3C,D). In addition, the presence of 175 

cytoplasmic vesicles was observed along the flagellum, which was an increase in the 176 

cytoplasm around the axoneme, causing protrusions and increasing the thickness of the 177 

flagellum (Fig 3A). 178 

3.2. Morphological and ultrastructural changes in AS 179 

SEM and TEM micrographs revealed that 60 seconds after motility activation, severe 180 

morphological and ultrastructural alterations occurred in the different regions of the 181 

zebrafish spermatozoa (Fig 4A-H). Altogether, metric data showed a significant increase 182 

(t-test; P<0.001) in the measurements of the different sperm structures after motility 183 

activation (Table 1). 184 
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Regarding sperm head, strong structural distortions were observed. SEM analysis 185 

showed that AS exhibited a clear breakdown and disaggregation of the head compared to 186 

IS (Fig 4A,B). Furthermore, TEM micrographs showed that the ultrastructure of the 187 

nucleus in AS was altered since the characteristic spherical shape of the IS was replaced 188 

by an asymmetric morphology (Fig 4C-H). Focusing on the genetic material, the AS 189 

showed regions that were less electrically dense than in IS. Thus, head-related alterations 190 

in AS included the swelling of the nucleus, the bursting of the plasma membrane, and the 191 

decompression of the genetic material (Fig 4D,F,H). Morphological measurements also 192 

corroborated these changes after activation since a significant increase (t-test; P< 0.001) 193 

in head area and nucleus area was observed in AS compared to IS (Table 1). 194 

Table 1.  195 
Statistical data on morphology and ultrastructure of zebrafish sperm before and after motility 196 
activation. 197 

Parameter Unit 
IS  AS 

t 
P-

value n (mean ± SD)  n (mean ± SD) 

Total length µm 105 31.94 ± 2.01  - - - - 

Head length µm 105 1.83 ± 0.12  100 2.18 ± 0.17 ‒16.338 <0.001 

Head area µm2 105 2.65 ± 0.36  100 3.74 ± 0.59 ‒15.817 <0.001 

Nucleus length µm 80 1.60 ± 0.14  80 2.07 ± 0.35 ‒11.031 <0.001 

Nucleus area µm2 80 2.03 ± 0.36  80 3.45 ± 1.12 ‒10.831 <0.001 

Midpiece length µm 100 0.59 ± 0.13  - - - - 

Midpiece width µm 100 1.34 ± 0.19  - - - - 

Mitochondrial length nm 50 
181.58 ± 

31.85 
 50 467.06 ± 91.27 ‒20.882 <0.001 

Mitochondrial width nm 50 
256.02 ± 

47.71 
 50 

573.64 ± 

113.72 
‒18.212 <0.001 

Mitochondrial area µm2 50 37.22 ± 12.41  50 212.09 ± 63.33 ‒19.158 <0.001 

Flagellum length µm 80 28.74 ± 2.14  - - - - 

Terminal piece length µm 70 0.76 ± 0.14  - - - - 

Data are showed as number of measurements (n). Inactive sperm (IS); Active sperm (AS). P-value obtained 198 
through unpaired two-sample t-test according to Levene's test for equality of variances (equal variances 199 
assumed). 200 

 201 

Otherwise, SEM micrographs revealed that the midpiece structure underwent a 202 

sharp modification after activation (Fig 4A,B). Complementarily, the study of the 203 

midpiece using TEM allowed characterizing the alterations in AS (Fig 4C-H). 204 
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Specifically, we detected the loss of the plasma membrane in the midpiece and a 205 

significant increase of mitochondrial area from IS to AS conditions (Table 1). Hence, the 206 

midpiece after activation was ultrastructurally affected since rupture of the plasma 207 

membrane and mitochondria alterations in morphology were observed (Fig 4D,F,H).  208 

After motility activation, the morphology of the spermatozoa flagellum was also 209 

altered. SEM micrographs revealed that the vast majority of AS had coiled flagellum (Fig 210 

4A,B). The ultrastructural study by TEM also recorded cells with coiled flagellum around 211 

the head after motility activation (Fig 4D). Due to the morphological alterations that 212 

occurred after the activation of motility (as can been observed in Fig 4B), it was not 213 

possible to record by SEM the morphological measurements of the midpiece, the 214 

flagellum, and the total length of the spermatozoa. 215 

4. Discussion 216 

Spermatozoa morphology and ultrastructure were studied in zebrafish before and after 217 

motility activation showing unexpected dramatic changes after activation. A detailed 218 

description of the spermatozoa morphology and ultrastructure provides useful data on fish 219 

phylogeny and taxonomy and favors the identification of relationships among 220 

spermatozoa phenetic characteristics and reproductive biology [19,22,23]. In addition, 221 

spermatozoa morphological and ultrastructural features are likely to be directly related to 222 

male fertility; and sperm exposed to different conditions may vary in their response 223 

through, for example, the interaction with endocrine disruptors or cryopreservation [24–224 

26].  225 

Sperm morphology has been studied in different species of teleost fish [6,23,27] 226 

and the spermatozoa ultrastructure of teleosts differs according to the taxonomic order. 227 

The shape of the nucleus is vastly variable and appears to be associated with the 228 

complexity of spermatogenesis [18]. Some spermatozoa, such as in salmonids, present 229 
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oval nuclei whereas others, such as in cyprinids, are spherical. The midpiece in teleosts 230 

is underdeveloped and consists of a central flagellum surrounded by a mitochondrial 231 

sheath [19]. Our TEM micrographs showed that the zebrafish sperm head was spherical, 232 

with some nuclear vesicles, and the NF was inserted asymmetrically. Moreover, the 233 

intermediate piece had a very characteristic morphology since it formed a highly 234 

pronounced cytoplasmatic channel. Finally, the flagellum consisted of a single long thin 235 

cylinder that protrudes from the spermatozoa head. Overall, our ultrastructural results 236 

from IS condition confirmed previous observations [28].  237 

It is worth noting that the activation of fish spermatozoa by contact with water is 238 

crucial for reproductive biology because during the brief motility duration, activated 239 

spermatozoa must be able to reach, bind, penetrate eggs, and initiate fertilization [16,17]. 240 

Additionally, motility activation in fish sperm is essential for the evaluation of 241 

spermatozoa quality for induced spawning, development of spermatozoa 242 

cryopreservation protocols, and research activities that involve spermatozoa competition 243 

[29]. In this study, we performed a comprehensive analysis of the ultrastructure 60 244 

seconds after motility activation with tap water in zebrafish spermatozoa.  245 

Notably, we found considerable DNA damage using SEM and TEM in zebrafish 246 

AS. Particularly, TEM micrographs showed a marked decondensation of the genetic 247 

material as shown by less electron-dense regions in the nucleus after motility activation. 248 

Additionally, we observed strong morphological distortions of the head as a result of 249 

swelling of the nucleus and the bursting of the plasma membrane. These modifications 250 

were also detected by metric analysis where significant increases were recorded in all 251 

sperm measurements after motility activation. The integrity of the sperm DNA is crucial 252 

for the proper development and fitness of future generations. The damage in the DNA of 253 

zebrafish spermatozoa after activation has been described previously using other 254 
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techniques such as Sperm Chromatin Dispersion (SCD) test, In situ nick translation 255 

(ISNT), DNA Breakage Detection-Fluorescence In Situ Hybridization (DBD-FISH), and 256 

Comet assay [30]. Furthermore, another study using TUNEL assay 257 

(Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling) revealed that the 258 

percentage of spermatozoa with DNA fragmentation increases as the motility activation 259 

time increases and more so in the presence of a rival male suggesting that this may have 260 

negative effects on sperm quality [20]. DNA damage may be due to the low compaction 261 

of the genetic material, since the transition to protamines does not occur in the 262 

spermatozoa of the zebrafish [31].  263 

Mitochondria are the energy supplier that allows flagellar movement and possess 264 

a fundamental role for fish spermatozoa motility, integrity, and fertilizing potential [18]. 265 

In different marine teleost species, black porgy (Acanthopagrus schlegelli), black grouper 266 

(Epinephelus malabaricus), and Atlantic croaker (Micropogonias undulatus), size and 267 

number of mitochondria decrease and eventually disappear after spermatozoa activation 268 

with artificial sea water [12]. However, in zebrafish, our observations differ somewhat 269 

with previous findings since we recorded a significant increase of the mitochondrial area 270 

in AS compared to IS. Therefore, the visualization of mitochondria by means of TEM is 271 

essential to know how mitochondrial dysfunctions could have a direct effect on structural 272 

and functional damage to the spermatozoa. Moreover, our TEM micrographs revealed 273 

that zebrafish spermatozoa midpiece was deeply affected, with the rupture of the cell 274 

membrane. 275 

Proper spermatozoa flagellar motility, functionality, and ultrastructure is essential 276 

to reach the oocyte and fertilize it [16,17]. In this context, our results revealed that, after 277 

motility activation, a high percentage of spermatozoa showed a coiled flagellum and a 278 

disaggregated flagellar plasma membrane. However, the severe morphological 279 
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deformations that occurred in the sperm after activation prevented the detailed recording 280 

of the measurements of the midpiece and the flagellum. Our data complement a previous 281 

report in which we recorded the percentage of zebrafish spermatozoa with coiled 282 

flagellum after different times of motility activation and subjected to different levels of 283 

spermatozoa competition [20]. Similarly, the swelling in spermatozoa head and a 284 

progressive but reversible coiling of the flagellum was observed after short-term exposure 285 

to freshwater in the carp (Cyprinus carpio) [14]. Morphological changes because of 286 

osmolarity have also been described in the northern pike flagellum (Esox lucius) [6].  287 

5. Conclusions 288 

In summary, dramatic morphological and ultrastructural damage occurs in zebrafish 289 

spermatozoa after motility activation. These alterations associated with hypoosmotic 290 

shock seem to be the main cause of the short activation time of zebrafish spermatozoa. 291 

Overall, motility activation leads to substantial ultrastructural alterations of the zebrafish 292 

spermatozoa, possibly modifying the physiology and decreasing the reproductive 293 

potential. 294 
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Figure captions 420 

 421 

Fig 1. Experimental design followed in this study. (A) experimental conditions: 422 

inactivated spermatozoa (IS) and activated spermatozoa (AS) 60 seconds after activation. 423 

(B) Spermatozoa morphology and ultrastructure was observed by using Scanning 424 

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM), 425 

respectively.  426 

 427 

Fig 2. SEM micrographs showing the morphology of zebrafish inactivated (IS) 428 

spermatozoa. (A) General view of zebrafish spermatozoa morphology. (B) Detailed 429 

aspect of the spermatozoa head and midpiece. Head (H); midpiece (MP); flagellum (F); 430 

terminal piece (TP).  431 

 432 

Fig 3. TEM micrographs showing the ultrastructure of zebrafish inactivated (IS) 433 

spermatozoa. (A) longitudinal section of head, midpiece, and flagellum. (B) Detailed 434 

longitudinal section of mitochondria located in midpiece. (C) Detailed transversal section 435 

of axoneme. (D) Longitudinal section of head, midpiece, and axoneme. (E) Longitudinal 436 

section of head with nuclear vesicles. (F) Schematic organization of zebrafish 437 

spermatozoa ultrastructure. Head (H); midpiece (MP); flagellum (F); nucleus (N); 438 

proximal centriole (PC); distal centriole (DC); nuclear fossa (NF); cytoplasmatic channel 439 

(CC); cytoplasmatic vesicles (CV); mitochondria (Mi); mitochondria external membrane 440 

(MiEM); mitochondria internal membrane (MiIM); axoneme (A); dynein arm (DA); 441 

nuclear membrane (NM); plasma membrane (PM); nuclear vesicles (NV). 442 

 443 

Fig 4. Morphological and ultrastructural comparison of zebrafish inactivated spermatozoa 444 

(IS) and activated spermatozoa (AS). (A) SEM micrograph of IS. (B) SEM micrograph 445 

of AS. (C,E,G) TEM micrographs showing the ultrastructure of IS. (D,F,H) TEM 446 

micrographs showing the ultrastructure of AS. Head (H); midpiece (MP); flagellum (F); 447 

coiled flagellum (CF); nucleus (N); cytoplasmatic channel (CC); mitochondria (Mi); 448 

nuclear fossa (NF); nuclear membrane (NM); Plasma membrane (PM); Scanning Electron 449 

Microscopy (SEM); Transmission Electron microscopy (TEM). Note the severe 450 

ultrastructural damage after the motility activation. 451 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Highlights 

• Zebrafish spermatozoa activation leads to substantial ultrastructural changes. 

• TEM micrographs show a marked DNA decondensation after activation. 

• After activation, many sperm have a coiled flagellum and a disaggregated 

membrane. 
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