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Content 24 

The presence of Aquaporins 1 (AQP1) and 9 (AQP9), integral membrane water channels 25 

that facilitate rapid passive movement of water and solutes, was immunohistochemically 26 

detected in the excurrent ducts collected from sexually mature buffalo bulls of proven 27 

fertility during the mating (late autumn-winter) and non-mating (late spring to the 28 

beginning of autumn) seasons. Furthermore, the research was performed also on the 29 

epididymal cauda of a senile buffalo bull with inactive testis. 30 

AQP1 and 9 were immuno-localized at distinct levels. In the efferent ducts AQP1-31 

immunoreactivity was strongly evidenced at the apical surface of the non-ciliated cells and 32 

weakly along the basal membrane of the epithelial cells. The latter reactivity disappeared 33 

during the non-mating season. No AQP1-immunoreactivity was detected in the epithelium 34 

of epididymis and vas deferens, whereas AQP1 was expressed in the smooth muscle layer 35 

of the vas deferens. AQP1 was present in the blood vessels and in small nerve bundles all 36 

along the genital tract. The supranuclear zone of the epididymal principal cells was AQP9-37 

immunoreactive, limited to the corpus and cauda regions, and vas deferens. The samples 38 

collected in the two reproductive seasons showed a weaker AQP9-immunoreactivity 39 

during the non-mating season. Atypical AQP9-immunoreactivity was noticed in the old 40 

buffalo examined. 41 

The tested AQP molecules showed a different expression pattern in comparison with 42 

laboratory mammals, primates, equine, dog and cat. In addition, seasonal differences were 43 

noticed which are possibly useful in regard to the comprehension of the morpho-44 

physiology of reproduction in the bubaline species, which are still a matter of debate. 45 

 46 

47 
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Introduction 48 

Buffalo is largely bred in Italy, where its economic importance is especially linked to high 49 

milk production, which in turn has implications over the Italian dairy industry. The 50 

bubaline species is a semi-domesticated one and a certain level of seasonality of the sexual 51 

activity is still present both in the male and female. Accordingly, the traditional 52 

reproductive technologies which are tentatively utilized in the buffalo demonstrate less 53 

efficient compared to the bovine (Zicarelli 1997; Drost 2007). The buffalo has been 54 

traditionally regarded as a poor breeder with low reproductive efficiency, characterized by 55 

late attainment of puberty, irregular estrous cycles, varying from 16 to 28 days and 56 

showing poor expression of estrus signs, seasonality of calving, low conception rates and 57 

long calving intervals (Perera 2011). The photoperiod has a marked control on the bubaline 58 

reproductive pattern through the melatonin secretion, which is responsible for 59 

gonadotropin release, thus inducing a different functionality of the reproductive organs 60 

along with the season (Zicarelli 1997). 61 

Even if buffalo bulls are capable of mating throughout the year, some seasonal 62 

reproductive fluctuations are evident in most countries where this species is reared (Perera 63 

2011). Morphometric evaluation of buffalo gonads and genital tract show diminished 64 

values during the non-breeding season in comparison with the breeding one (Pant et al. 65 

2003; Arrighi et al. 2010b). 66 

Male genital tract plays a crucial role in respect to sperm maturation events taking place in 67 

the luminal microenvironment, including acquisition of progressive motility and fertilizing 68 

ability (Cornwall 2009). The proximo-distally modulated role of the epithelium is crucial 69 

for luminal fluid absorption/secretion balance. The mechanisms the epididymis utilizes to 70 

carry out some of its functions are pivotal, especially in relation to hormonally different 71 



5 

 

influences, which could vary according to environmental conditions. Significant water 72 

movements take place throughout the duct. In the efferent ducts, more than 80% of the 73 

testicular fluid is reabsorbed (Clulow et al. 1994) and the epithelial absorptive activity 74 

continues along the epididymis, turning out in a progressive increase of sperm 75 

concentration. Secretory processes occur, as well, throughout the epididymis (Cornwall 76 

2009). Recent literature gives considerable importance to the presence of proteins of the 77 

aquaporin family at different levels all along the male genital tract, in rodents (Pastor-Soler 78 

et al. 2001, 2002, 2010; Badran and Hermo 2002; Hermo et al. 2004, 2008; Oliveira et al. 79 

2005; Da Silva et al. 2006a,b; Picciarelli-Lima et al. 2006; Arrighi et al. 2010a; Hermo and 80 

Smith 2011), primates (Fisher et al. 1998), carnivores (Domeniconi et al. 2007, 2008; 81 

Arrighi et al. 2010c; Arrighi and Aralla 2014), equine (Klein et al. 2013) and ram 82 

(Schimming et al. 2015). Aquaporins (AQPs) are a class of small, hydrophobic, integral 83 

membrane proteins that facilitate rapid and bi-directional, passive movement of water 84 

(Agre et al. 2002). Thirteen AQPs have been identified in Mammals, all of them highly 85 

permeable to water. AQPs 3, 7, 9, and 10 are also permeable to glycerol and some small 86 

solute and are known as aquaglyceroporins. Water handling by AQPs in female and male 87 

genital systems is crucial for reproduction. 88 

It is also known that the proximo-distal modulations of excurrent duct morpho-physiology 89 

are strictly species-related. Thus, one of the goals of the present work was to give 90 

supplemental data on the morphology of the excurrent ducts during the different 91 

reproductive seasons in the bubaline species. Primarily, the research was aimed at adding 92 

information to the study of the water trafficking in the male genital tract - from the efferent 93 

ducts to the vas deferens –, investigating the possible fluid exchanges taking place at 94 

epithelial level by means of the immunohistochemical localization of one aquaporin 95 

(AQP1) and one aquaglyceroporin (AQP9). These aquaporins are among the most 96 
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represented in epididymis in the species studied up to date. The results will be 97 

comparatively described in the two reproductive seasons, which are peculiar to the 98 

bubaline species. In addition, since morphological age-related changes occurr in the 99 

epididymis of mammals (Elcock and Schoning 1984; Serre and Robaire, 1998; Calvo et al. 100 

1999; Wolf et al. 2000), in this study the morphology and the expression of AQP1 and 101 

AQP9 were investigated in cauda epididymidis of an aged buffalo bull. This epididymal 102 

region was chosen as it is known to be the site in which spermatozoa complete their 103 

maturation and are stored.  104 

Materials and methods 105 

Epididymides were obtained from mature buffalo bulls (N=8) of proven fertility and aged 106 

buffalo (more than 11 years old)  (N=1) bred in Italy. The mature bulls were slaughtered 107 

during the mating season (N=4) and non-mating season (N=4), whereas the aged bull was 108 

slaughtered during the mating period. Both gonads and epididymides of each animal were 109 

collected and macroscopically evaluated to control their healthy status. Fragments of testis, 110 

epididymis and scrotal vas deferens were collected, and immediately immersed in fixative. 111 

Histological examination of testicular tissues was aimed at verifying the sexual maturity of 112 

all the buffaloes. Morpho- and histometric evaluations on the testis and epididymis of the 113 

same animals were previously performed (Arrighi et al., 2010b), taking into account the 114 

measurements of the testicular diameters and weight in the different reproductive seasons, 115 

as well as the diameters of the testicular seminiferous tubules and of the caput, corpus and 116 

cauda of the epididymal duct.  117 

Pieces of caput, corpus and cauda of the epididymis and vas deferens were fixed in 118 

formalin 10% for 24-48h at 4°C. After fixation, fragments were dehydrated in a graded 119 

series of ethanol, clarified in xylene and embedded in paraffin. Serial sections were cut at 4 120 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Elcock%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=6524733
http://www.ncbi.nlm.nih.gov/pubmed/?term=Elcock%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=6524733
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schoning%20P%5BAuthor%5D&cauthor=true&cauthor_uid=6524733
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m thickness, de-waxed and stained with routinary haematoxylin and eosin (H&E) for 121 

general morphological purposes. Epididymal serial sections were mounted onto poly-L-122 

lysine-coated slides, de-waxed and used for the immunohistochemical procedures 123 

according to previously described methods (Arrighi et al. 2010a,c; Arrighi and Aralla 124 

2014). With regard to the aged buffalo, only the cauda epididymis was processed for 125 

immunohistochemical studies, being this the site in which spermatozoa complete their 126 

maturation, are stored and concentrated. 127 

Sections of all specimens and controls included in the study were simultaneously processed 128 

in the same session of immunohistochemistry. Antibodies, buffer and revelation solutions 129 

were made fresh for each run. Tris-Buffered Saline (TBS: 0.05 M Tris/HCl, 0.15 M NaCl) 130 

buffer was used for rinses throughout the whole procedure.  131 

Briefly, sections were washed and immersed in a freshly prepared 3% H2O2 solution for 15 132 

min to block the endogenous peroxidase activity, followed by incubation in 1:20 normal 133 

goat serum (Dako, Glostrup, Denmark, code X0907) in TBS for 30 min to prevent 134 

background prior to incubation with primary antiserum. Sections were then incubated 135 

overnight in a humidity chamber at room temperature using rabbit polyclonal antibody 136 

against rat Aquaporin 1 and Aquaporin 9 (Abcam, Cambridge, UK; Cat # respectively 137 

ab15080, ab84828) diluted 1:1000 (AQP1), and 1:100 (AQP9) in specific antibody diluent 138 

(Dako, code S302283). The sections were then washed and incubated for 30 min with 139 

biotinylated goat anti-rabbit immunoglobulins (Vector Labs. Inc., Burlingame, CA; code 140 

BA1000) diluted 1:200. Streptavidin-Biotin/HRP Complex (Vectastain® ABC kit, Vector 141 

Labs. Inc.; code PK4000) was employed as revelation system. Immunoreactive sites were 142 

visualized using a freshly prepared solution of 4 mg 3,3'-diaminobenzidine 143 

tetrahydrochloride (DAB, Sigma) in 10 ml of a 0.5 M Tris buffer at pH 7.6 containing 0,1 144 
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ml of 3% H2O2 for 13-20 min. Sections were counterstained with Mayers' haematoxylin, 145 

dehydrated and mounted using Eukitt® (Bio-Optica, Milan, Italy). 146 

Sections of mouse organs similarly processed as above, served as positive controls for 147 

AQP1 (kidney, Fig. 2i) and AQP9 (liver, Fig. 3a, inset) antisera. The specificity of the 148 

immunostaining was tested by including negative controls, performed by: (1) use of non-149 

immune rabbit serum (Dako; code # X0903) in place of specific antisera; and (2) omission 150 

of the primary antibody. No immunoreactivity was seen in the control preparations (Fig. 2i, 151 

inset). 152 

The evaluation of staining intensities was based on subjective estimates of two of the 153 

authors. Slides were observed and photographed under an Olympus BX50 154 

photomicroscope equipped with a digital camera and DP-SOFT v.5.0 software (Olympus, 155 

Italy) for computer-assisted image acquirement and managing.  156 

Results 157 

Histological evaluation of the testis morphology showed that the eight fertile buffaloes 158 

employed in this study were all sexually mature and that the spermatogenesis was 159 

conserved also in the resting period. On the contrary, the aged subject included in the study 160 

showed inactive testes, without detectable spermatogenesis. 161 

Morphology of the genital tract 162 

The caput epididymidis was in part occupied by sections of efferent ducts in most samples. 163 

Efferent ducts had a wide lumen and were lined by a simple columnar epithelium 164 

surrounding made up by ciliated and non-ciliated cells (Fig. 1a). The remaining part of the 165 

caput was occupied by the epididymal duct, which showed sub-regions with different 166 
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morphology. In the initial segment the tubule had a narrow, star-shaped and generally 167 

empty lumen and the lumen was wide and the epithelium was high (Fig. 1a). So-called 168 

“lipid-rich” region followed, in which the epithelial cells had a conspicuous cytoplasmic 169 

vacuolization, duct diameter was smaller and the lumen narrower (Fig. 1b). At the corpus 170 

level spermatozoa were present in a large number into the lumen (Fig. 1c,d) and 171 

intraepithelial crypts were frequently seen, especially during the mating season (Fig. 1c). 172 

Toward the caudal region of the duct the epithelium became consistently lower and folded 173 

to form plicae protruding into the lumen. Concomitantly, the duct had the widest diameter 174 

and a huge number of spermatozoa were present in the lumen, either in the mating and in 175 

the non-mating season (Fig. 1e,f). The smooth muscle layer surrounding the duct started to 176 

thicken at cauda level, up to the very thick muscular sheath that was present in the scrotal 177 

vas deferens, made up by three concentric layers of smooth muscle (Fig. 1h). The deferens 178 

narrow lumen was lined by pseudostratified columnar epithelium with short stereocilia. 179 

The epididymal cauda of the senile buffalo showed a very large and empty lumen 180 

surrounded by dramatically degenerated epithelium (Fig. 1g), with largely modified 181 

principal and basal cells, both containing large vacuoles (Fig. 1g, inset). 182 

AQP-immunohistochemistry  183 

A different immunoreactivity localization was noticed with AQP1 and AQP9 antisera, with 184 

variations in the diverse regions of the male excurrent duct and cellular specificity.  185 

AQP1-immunoreactivity  186 

AQP1-immunoreactivity (IR) was strongly evidenced in the epithelium limited to the 187 

efferent ducts, with slight differences in the two reproductive seasons (Fig. 2a,b). During 188 

the mating season (Fig. 2a) AQP1-IR was strongly detected at the apical surface of the 189 
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epithelium, mainly in the non-ciliated cells. Weak reactivity was also present along the 190 

basal membrane of the epithelial cells (Fig. 2a, arrows). During the non-mating season the 191 

apical surface was strongly AQP1-IR whereas the basal reactivity was quite absent (Fig. 192 

2b). The epithelia lining the epididymis and vas deferens lacked AQP1-immunoreactivity 193 

throughout, regardless of the reproductive season (Fig. 2c,d,e,f). 194 

AQP1-immunoreactivity constantly marked the red blood cells and was detected at the 195 

level of the blood vessels all along the genital tract, with noteworthy differences 196 

throughout in the different regions. At caput level, AQP1-immunoreactivity was expressed 197 

peripherally in the arterial wall, where the vasa vasorum are located (Fig. 2c). In the 198 

corpus and cauda AQP1-immunoreactivity decorated the endothelium of very small 199 

capillaries which were noticed in growing number toward the cauda, where they were 200 

regularly distributed just beneath the basal lamina (Fig. 2d,e). Endothelium of the veins 201 

was AQP1-IR in the corpus and cauda regions. AQP1-IR capillaries and veins were 202 

particularly numerous in the vas deferens (Fig. 2f’,2f’’), where AQP1 was also expressed 203 

in the smooth muscle layer (Fig. 2f’’’). AQP1-immonoreactivity was peripherally present 204 

in the blood vessels also in the aged buffalo (Fig. 2g). Few AQP1-immunoreactive bundles 205 

of nerve fibres were frequently noticed, peripherally located throughout the epididymis 206 

(Fig. 2 h).  207 

AQP9-immunoreactivity  208 

AQP9 aquaglyceroporin was never detected at the level of the efferent ducts in any of the 209 

samples analysed. In the epididymal duct, no reactivity was noticed in the different zones 210 

of the caput and scarce immunoreactivity was detected in the corpus. In this region, 211 

immunoreactivity was inconstantly seen in the long microvilli of the principal cells in both 212 

seasons (Fig 3a). Reaction was more intense at the level of the intraepithelial crypts, 213 
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limited to the mating season (Fig. 3b). In the mating season, the cauda region displayed 214 

strong immunoreactivity at level of the apical surface (Fig. 3c). AQP9-immunoreractivity 215 

was not present in the non-mating season (Fig. 3d). AQP9-immunoreractivity was 216 

diffusely detected in the epithelial cells lining the cauda epididymidis of the senile buffalo, 217 

(Fig. 3e). Strong AQP9-immunoreactivity could be noticed in the most adlumenal rim of 218 

the epithelial cells lining the vas deferens during the mating season (Fig. 3f), whereas no 219 

reactivity was present during the non-mating period (Fig. 3g).  220 

Discussion    221 

The present study investigated the buffalo excurrent ducts, collected during the mating and 222 

non-mating seasons, with the aim to describe by immunohistochemistry the expression of 223 

two proteins of the aquaporin family: AQP1 and AQP9.  224 

Although Mediterranean buffalo bulls are known to show seasonal rise and fall in 225 

reproductive functions (Zicarelli 1997), previous studies confirmed that morphological 226 

integrity is conserved both at testicular and at epididymal levels (Arrighi et al., 2010b). 227 

Smaller testicular volumes, together with minor values of tubular diameters were observed 228 

in the non-mating season, indicating a decreased spermatogenesis. In addition, reduced 229 

epididymal tubular diameters especially at corpus level were observed during the non-230 

mating season, indicating a decreased functional activity of the organ, whose 231 

accomplishments toward maturation and conservation of spermatozoa transiting in the 232 

lumen are well-known (Arrighi et al. 2010b). 233 

Aquaporin expression has been much studied in the male excurrent duct of laboratory 234 

mammals (Fisher et al. 1998; Pastor-Soler et al., 2001, 2002, 2010; Badran and Hermo 235 

2002; Oliveira et al. 2005; Da Silva et al. 2006a,b; Picciarelli-Lima et al., 2006; Arrighi et 236 
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al. 2010a; Lu et al. 2008) and sporadically in primates (Fisher et al. 1998). Attention was 237 

paid to this argument also in several domestic animals such as dog (Domeniconi et al. 238 

2007, 2008), cat (Arrighi et al. 2010c; Arrighi and Aralla, 2014), horse (Klein et al., 2013) 239 

and ram (Schimming et al. 2015).  240 

The investigated aquaporins were chosen among the most represented in the male genital 241 

tract of the species studied up to date, namely AQP1 and 9, which were differently 242 

immuno-localized at distinct levels along the bubaline genital tract.  243 

The presence and function of AQPs in the efferent ducts is reported in the literature with 244 

general agreement of the authors. AQP1- and AQP9 expression occur in rats (Pastor-Soler 245 

et al. 2001; Badran and Hermo 2002; Oliveira et al. 2005), dogs (Domeniconi et al. 2007, 246 

2008), and  cats (Arrighi and Aralla, 2014). Either AQP1- and AQP9–IR are generally 247 

found on the microvilli of non-ciliated cells, although Schimming et al. (2015) detected 248 

AQP9-immunireactive nuclei in the nuclei of the epithelial cells of the ram efferent ducts, 249 

without giving an explanation for this unusual site of AQP-immunoreactivity. In bubaline 250 

efferent ducts, AQP1-IR was found at the luminal border of the epithelial cells and weakly 251 

on their basal membrane, whereas AQP9-IR was absent. It is known that efferent ducts 252 

share an embryological origin with the renal proximal tubules, which absorb up to 80% of 253 

the glomerular ultrafiltrate and where AQP1 is maximally expressed (Schnermann et al. 254 

1998). In the efferent ducts this water channel is of greatest importance in the 255 

concentration of testicular fluid, which requires rapid reabsorption (Clulow et al. 1998). 256 

Interestingly, AQP1 disappeared in the basal membrane of epithelial cells of efferent ducts 257 

during the non-mating season. This suggests the presence of a different absorption pattern 258 

between mating and non-mating seasons with a higher water absorption in the mating one. 259 
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At epididymal level AQP1-immunoreactivity was detected in the blood vessels, with 260 

different localizations. In the caput, AQP1-immunoreactivity was principally expressed in 261 

the outer sheath of the arterial wall, where the vasa vasorum are located. Starting from the 262 

corpus and more intensely in the cauda AQP1-immunoreactivity decorated the 263 

endothelium of small capillaries distributed just beneath the epithelial basal lamina. These 264 

capillaries are present in growing number in the cauda, where they were regularly 265 

distributed. The endothelium that lines the veins was AQP1-IR in the corpus and cauda 266 

regions. AQP1-IR capillaries and veins were particularly numerous in the vas deferens. 267 

Different localization of AQP1 in the blood vessels might sustain a different need for water 268 

exchange between the blood stream and the interstitium, related to the functional 269 

specificity of the epididymal regions. AQP1 was also expressed in the smooth muscle layer 270 

of the very last epididymal tract and vas deferens. This localization was detected also in the 271 

cat deferens (Arrighi et al. 2014), where it was attributed a likely trophic role necessary to 272 

rapid contractile cell activities. AQP1-IR subtle nerve bundles located in the connective 273 

tissues were also frequently noticed, peripherally located throughout the epididymis. In this 274 

localization AQP1 might be implicated in optimizing tissue trophism (Arrighi et al. 2013, 275 

2016 in press).  276 

AQP9 expression was absent in the different zones of the caput epididymidis. This 277 

aquaporin was inconstantly seen in the long microvilli of the principal cells in the corpus 278 

during the mating season when they strongly expressed AQP9 on the apical surface of the 279 

intraepithelial crypts. The presence of this kind of “cavities” lined by principal cells with 280 

long microvilli projecting into the lumen of the cavity is peculiar of the epididymis of 281 

some domestic mammals, such as cattle (Nicander 1958; Sinowatz et al. 1981), cat 282 

(Arrighi et al. 1986) or equines (Arrighi et al. 1993). The extensive presence of 283 

intraepithelial crypts during the buffalo mating season could depend on the necessity to 284 
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sustain an enhanced epithelial activity than in the resting period. An analogous 285 

interpretation might be given for the strong intensity of AQP9-immunoreaction which was 286 

observed during the mating season in the apical border of the principal cells of the cauda 287 

region and vas deferens, in comparison with absence of AQP9-immunoreactivity in the 288 

season of sexual slowdown. AQP9 was recognized as the primary aquaporin in epididymis 289 

(Pastor-Soler et al. 2010) being implicated in substantial reabsorption of water during the 290 

epididymal transit (Elkjaer et al. 2000). The remarkable increase of AQP9 expression in 291 

the cauda region is suggestive of major water movement in this region compared with 292 

more proximal ones. The cauda epididymidis is the site of sperm storage in which 293 

spermatozoa complete their maturation process and are concentrated. Thus, the high 294 

presence  of AQP9 at the luminal border of this epididymal region has been correlated with 295 

formation of a vital and enabling environment for sperm storage (Schimming et al. 2015).  296 

It should be noted also that one of the solutes that can permeate through AQP9 is glycerol, 297 

a spermatozoa metabolic substrate that accumulates in the lumen of the distal epididymis 298 

(Pastor-Soler et al. 2010). The presence of AQP9 is not constant during the year because it 299 

lacked in the lining epithelium of epididymis and vas deferens during non-mating period. 300 

This suggests that the expression of AQP9 is hormonally regulated and that it could be 301 

implicated in the poorer semen quality of non-mating period (Presicce et al., 2003). A 302 

reduced presence of the AQP9 was observed in the cauda region of adult orchidectomized 303 

rats (Badran and Hermo 2002). Our results are in line with a previous report in which 304 

season-depending molecular changes were observed in the lining epithelium of buffalo 305 

epididymis  (Scala and Maruccio 2012). 306 

As regards the aged buffalo, the epithelium lining the cauda epididymis showed 307 

dramatically degenerated aspects, with large vacuoles inside the epithelial cells. Age-308 

related changes in the epididymis have been also described in dog (Elcock and Schoning 309 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Elcock%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=6524733
http://www.ncbi.nlm.nih.gov/pubmed/?term=Elcock%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=6524733
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1984), rat (Serre and Robaire, 1998), hamster (Calvo et al., 1999), black-footed ferret 310 

(Wolf et al, 2000). Similarly to our findings, the emergence of cells with large vacuoles is 311 

the major effect of age in the cauda epididymidis of rodents (Serre and Robaire 1998; 312 

Calvo et al. 1999). The morphological age-related changes in the buffalo cauda 313 

epididymidis was accompanied by altered expression of AQP9. Compared with younger 314 

and reproductively active animals, cauda epididymidis from aged buffalo showed a 315 

decreased expression of AQP9 on the apical surface and, on the contrary, the unusual 316 

presence in the epithelial cells cytoplasm. This immunostaining pattern  could be related to 317 

altered AQP9-water trafficking from the cytoplasm towards the plasma membrane. To the 318 

best of our knowledge, this is the first time that epididymal age-related change in the 319 

expression of AQP has been detected. Altered expression of AQPs during the aging has 320 

been reported in other mammalian tissues such as kidney (Combet et al. 2008), 321 

intervertebral disc (Taş et al. 2012), cerebrum (Su et al. 2013), and skin (Seleit et al. 2015).  322 

In conclusion, this study demonstrates that the epithelium lining the buffalo excurrent 323 

ducts is implicated in diversified local processes of absorption and that, moreover, the 324 

manipulation of the luminal fluids undergo seasonal- and aging-dependent changes. In 325 

particular, the reduced expression of AQP9 in the lining epithelium of the corpus and 326 

cauda epididymis as well as the scrotal vas deferens during the non-mating period could 327 

lead to an altered reabsorption of luminal fluid, which, in turn, could be one of the 328 

responsible factors for the poorer semen quality compared to the mating period.    329 
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Figure legends  477 

Fig. 1. Genital tract morphology in the adult buffalo. H&E stain. (a) Caput epididymidis. 478 

Efferent ducts (ed) can be seen, lined by columnar ciliated epithelium, together with 479 

initial segment of the epididymal duct (is), characterized by higher epithelium and star-480 

shaped lumen. Inset: at higher magnification ciliated and non-ciliated cells are 481 

distinguishable in the epithelium lining the efferent ducts. (b) Caput epididymidis. 482 

Section of epididymal duct at the level of the lipid-rich zone (lrz). Inset: at higher 483 

magnification the large amounts of vacuoles are clearly detectable in the epithelial 484 

principal cells. (c,d) Corpus epididymidis in the mating (M) and non-mating (NM) 485 

seasons. Notice the presence of intraepithelial crypts during the mating season (arrows) 486 

and the smaller diameter of the duct during the non-mating one. (e,f) Cauda 487 

epididymidis in the mating (M) and non-mating (NM) seasons. Notice the smaller 488 

diameter of the duct during the non-mating seasons. (g) Cauda epididymidis in senile 489 

buffalo. Notice the total absence of spermatozoa in the duct lumen and the involute 490 

aspects of the epithelium, filled with vacuoles (inset). (h) Vas deferens. Notice the 491 

enlarged diameter of the duct, whose smooth muscle sheath is enormously developed. 492 

Scale bars: a,b’,c,d,e,f,g = 200μm; inset in a =  50μm; inset in g = 100μm.  493 

 is, initial segment; lrz, lipid-rich zone; M, mating period; NM, non-mating period; sz, 494 

spermatozoa; arrow, intraepithelial crypts. 495 

Fig. 2. Aquaporin-1 immunohistochemistry. (a’,a’’,b)  Efferent ducts in the mating (M) 496 

and non-mating (NM) seasons. Strong AQP1-immunoreaction is present in the 497 

microvilli at the apical surface of the non-ciliated cells, whereas the ciliated cells are 498 

unstained this pattern of immunoreactivity is particularly evident in (a’’). During the 499 

mating season (a’,a’’) AQP1-immunoreactivity is evident also in the basal plasma 500 
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membranes of the epithelial cells (thick arrows). (c) Caput epididymidis. AQP1-501 

immunoreactivity is detected in the adventitia of the arteries (arrowheads) and red 502 

blood cells (e) The epididymal lining epithelium is unreactive in this and subsequent 503 

regions. (d) Corpus epididymidis. AQP1-immunoreactivity is noticed in the 504 

endothelium lining the capillaries just beneath the duct epithelium (thin arrows). (e) 505 

Cauda epididymidis. AQP1-immunoreactivity decorates the capillary and vein 506 

endothelium (thin arrows). (f’,f’’,f’’’) Scrotal vas deferens. AQP1-immunoreactivity is 507 

present in the endothelium lining the capillaries just beneath the duct epithelium (f’, 508 

thin arrows; f’’, detail of f’) and in the smooth muscle cells of the duct muscular layer 509 

(higher magnification in f’’’). (g) Cauda epididymidis of an aged buffalo. AQP1-510 

immunoreactivity is peripherally localized in the blood vessels (arrowheads). (h) 511 

Evident AQP1-immunopositivity can be seen in nerve fibre bundles (nf). (i) Adult rat 512 

kidney utilized as positive control for AQP1-immunoreaction. Strong membrane and 513 

cytoplasmic immunostaining can be seen in the of cells lining the proximal convoluted 514 

tubules. Inset: negative control of epididymal epithelium obtained by use of non-515 

immune rabbit serum in place of the primary antibody. Scale bars: a’,c,f’’,f’’’,i, inset 516 

of i = 100μm; a’’ =  50μm; b,d,e,f’,g,h = 200μm. 517 

e, erythrocytes; M, mating period; nf, nerve fibres; NM, non-mating period; 518 

arrowheads, blood vessel adventitia; thick arrows, basal region of the epithelium; thin 519 

arrows, vessel endothelium. 520 

Fig. 3. Aquaporin-9 immunohistochemistry. (a,b) Corpus epididymidis. The microvilli of 521 

the principal cells show weak AQP9-immunoreactivity (arrow). Inset: Adult rat liver 522 

utilized as positive control for AQP9-immunoreaction. Strong membrane 523 

immunostaining can be seen at the sinusoidal surface of the hepatocytes. (b) During 524 
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the mating season (M) intraepithelial crypts show intense AQP9-immunoreactivity 525 

(arrowheads), particularly evident at higher magnification (inset). (c,d,e) Cauda 526 

epididymidis. Strong AQP9-immunoreactivity is present in the apical surface of 527 

principal cells (asterisks) during the mating season (M) (c), whereas the epithelium is 528 

completely unreactive in the non-mating season (NM) (d). In the senile buffalo 529 

unusual AQP9-immunoreactivity can be noticed in the epithelium (e). (f,g) Scrotal vas 530 

deferens. AQP9-immunoreactivity is present in the apical surface of the epithelial cells 531 

(asterisks) during the mating season (M) (f), whereas the epithelium is almost 532 

completely unreactive in the non-mating season (NM), except for sporadic apical 533 

immunoreactivity (asterisks) (g). Scale bars: a,c,e,  insets of a and b = 100μm; b,d,f,g = 534 

200μm. 535 
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