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Polysialic acid (polySia) is a carbohydrate polymer that modulates several cellular processes, such as migration, proliferation and differentiation processes. In the brain, its essential impact during postnatal development is well known. However, in most other polySia positive organs, only its localization has been described so far. For instance, in the murine epididymis, smooth muscle cells of the epididymal duct are polysialylated during the first 2 weeks of postnatal development. To understand the role of polySia during the development of the epididymis, the consequences of its loss were investigated in postnatal polySia knockout mice. As expected, no polysialylation was visible in the absence of the polysialyltransferases ST8SiaII and ST8SiaIV. Interestingly, cGMP-dependent protein kinase I (PGK1), which is essentially involved in smooth muscle cell relaxation, was not detectable in peritubular smooth muscle cells when tissue sections of polySia knockout mice were analyzed by immunohistochemistry. In contrast to this signaling molecule, the structural proteins smooth muscle actin (SMA) and calponin were expressed. As shown before, in the duct system of the testis, even the expression of these structural proteins was impaired due to the loss of polySia. We now found that the rete testis, connecting the duct system of the testis and epididymis, was extensively dilated. The obtained data suggest that less differentiated smooth muscle cells of the testis and epididymis result in disturbed contractility and thus, fluid transport within the duct system visible in the enlarged rete testis.
Keywords: polysialic acid, rete testis, testis, epididymis, smooth muscle cells, postnatal development
1 INTRODUCTION
All cells, both pro- and eukaryotic cells, are surrounded by a glycocalyx (Varki, 2017; Awofiranye et al., 2022). These glycoconjugates are essential for interaction and communication processes between cells, such as the recognition of endogenous and exogenous cells by immune cells. Receptors of immune cells can distinguish between glycan-based pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs) and self-associated molecular patterns (SAMPs) (Gagneux et al., 2015; Tecle and Gagneux, 2015; Springer and Gagneux, 2016; Bornhofft et al., 2018; Bornhöfft and Galuska, 2019; Varki, 2020). However, the proliferation and differentiation processes of endogenous cells are also regulated by glycoconjugates. For instance, glycosaminoglycans of the glycocalyx, such as heparin, bind growth factors and influence recognition by their growth factor receptors and thus, cellular activation (Wang et al., 2017; Wigén et al., 2019).
Another acidic carbohydrate polymer, polysialic acid (polySia), can act in a similar way. In mammals, polySia is a homopolymer of the sialic acid N-actylneuraminic acid (Neu5Ac) and can be synthesized by two different polysialyltransferases, ST8SiaII and ST8SiaIV (Colley et al., 2014; Schnaar et al., 2014; Galuska et al., 2017; Sato and Kitajima, 2020). Similar to glycosaminoglycans, polySia binds growth factors and influences their activation capacity (Kanato et al., 2008; Ono et al., 2012; Hane et al., 2015; Strubl et al., 2018). Moreover, the negative charge of polySia modulates the adhesion of cells, which additionally affects migration, proliferation and differentiation processes, which take place mainly during the development of the brain (Bruses and Rutishauser, 2001; Kleene and Schachner, 2004; Rutishauser, 2008; Sato and Kitajima, 2013; Schnaar et al., 2014; Galuska et al., 2015). Remarkably, the loss of polySia leads to several neurodevelopmental defects in the brain and a lethal phenotype in knockout mice, demonstrating the essential role of polySia (Weinhold et al., 2005). However, besides the brain, polySia is present in several other organs, such as the testis and epididymis, during postnatal development (Colley et al., 2014; Schnaar et al., 2014; Zlatina et al., 2017; Guo et al., 2019). In contrast to the brain, the impact of polySia during the development of these organs is mostly unknown.
We have recently investigated the postnatal testes of polySia knockout mice to determine the consequences of its loss (Hachem et al., 2021). In the postnatal testis of mice, polySia is mainly located in the peritubular layers of smooth muscle cells of seminiferous tubules, which surrounds the germinal epithelium, and the tunica albuginea encapsulating the whole testis. In adult mice, contractile peritubular cells are involved in sperm transport. Remarkably, in the postnatal testis of polySia knockout mice, peritubular smooth muscle cells developed toward a synthetic phenotype (Hachem et al., 2021). In addition to an increased proliferation rate, proteins of the contractile system seem to be absent. Both the cGMP-dependent protein kinase PKG1, which regulates the relaxation of smooth muscle cells (Ayoubi et al., 2017; Zhang et al., 2017) and the actin-associated protein calponin were not detectable in peritubular smooth muscle cells, whereas the expression of both proteins was not influenced in vascular smooth muscle cells of the postnatal testis. The results suggest that the contraction of peritubular smooth muscle cells is impaired.
Intriguingly, polySia is also present in the smooth muscle cell layer surrounding the epithelium of the epididymal duct (Simon et al., 2015). With increasing physiological collagenization of the contractile peritubular layer, polySia levels decrease in the postnatal epididymis. To characterize the impact of polySia during the postnatal development of the epididymis, tissue sections of different polysialyltransferase knockout mice were investigated. Furthermore, the rete testis, as the connecting element between the tubular systems of the testis and epididymis, was included in the outlined study.
2 MATERIAL AND METHODS
2.1 Animals
Wild-type and knockout mice were housed in the animal facility of the MHH under specific pathogen–free conditions. All protocols for animal use were in compliance with the German law for protection of animals and approved by the local authorities (33.12-42502-04-18/2932). For the outlined study, testicular and epididymal tissue from 5 wild-type (st8sia2+/+; st8sia4+/+), 3 st8sia2+/−; st8sia4−/− and 5 double knockout mice (st8sia2−/−; st8sia4−/−) (age 9.5 days) were used. In addition, testis and epididymis of postnatal day 7.5 of st8sia2+/−; st8sia4−/− mice were characterized. Some of the tissues have already been used in previous studies (Simon et al., 2015; Hachem et al., 2021).
2.2 Histology and immunohistochemistry
The tissues were fixed in Bouin solution as described previously (Simon et al., 2015; Hachem et al., 2021). The fixed tissue was embedded in paraffin, and 5 µm slides were dewaxed and rehydrated for the different staining techniques. The following primary antibodies were used for immunohistochemistry: mouse anti-α-smooth muscle actin (SMA) mAb (Sigma-Aldrich, St. Louis, MO, United States; 2 μg/mL), rabbit anti-calponin mAb (Abcam, Cambridge, United Kingdom; 0.134 μg/mL), rabbit anti-proliferating cell nuclear antigen (PCNA) mAb (Abcam, Cambridge, United Kingdom; 0.378 μg/mL), rabbit anti-PKG polyclonal antibody (pAb) (Enzo, Lausen, Switzerland; 2 μg/mL), and anti-polySia mAb735 (10 μg/mL). The monoclonal antibody (mAb) 735 was provided by Martina Mühlenhoff (Hannover Medical School [MHH], Germany) (Frosch et al., 1985). All primary antibodies were applied to the slides overnight at 4°C. Subsequently, the sections were washed with PBS, and a peroxidase polymer kit (DAKO, Hamburg, Germany) using 3,3′-diaminobenzidin (DAB) as the staining reagent was added to visualize the respective antigens. Nuclei of tissue sections, which were stained for polySia, were visualized with hematoxylin. In addition to immunohistochemistry, AZAN trichrome staining was used (Volkmann et al., 2011). Zeiss Axioskop 2 plus was used to take photos of the stained tissue slides (Carl Zeiss Vision, Munich, Germany). The pictures were processed with Axio Vison Software (Carl Zeiss Vision).
3 RESULTS
3.1 The deletion of st8sia2 and st8sia4 leads to a loss of polySia in the epididymis
During the first 10 days of postnatal development, polySia is mainly localized in populations of smooth muscle cells in the epididymis (Simon et al., 2015). With an increase in collagen synthesis, the polysialylation status rapidly decreases, and two to 3 weeks after birth, smooth muscle cells show no more polySia staining. Based on these results, we analyzed the epididymis of 9-day-old polysialyltransferase knockout mice by immunohistochemistry to control whether the deletion of st8sia2 and st8sia4 leads to a loss of polySia. Simultaneously, we analyzed epididymal tissue of wild-type mice. As described in Simon et al., smooth muscle cell populations, which surround the epithelial layer, were polySia positive in wild-type mice (Figure 1). In contrast, no polySia signals were detectable in polysialyltransferase-deficient mice (st8sia2−/−; st8sia4−/−), demonstrating that without ST8SiaII and IV, no polySia is produced in the epididymis. Even in mice with one remaining active allele of a polysialyltransferase (st8sia2+/−; st8sia4−/−), smooth muscle cells exhibited no polySia staining.
[image: Figure 1]FIGURE 1 | Visualization of polySia in the postnatal epididymis of 9-day-old wild-type and knockout mice. For the immunohistochemical localization of polySia in (A) wild-type (st8sia2+/+; st8sia4+/+), (B) st8sia2+/−; st8sia4−/−, and (C) polysialyltransferase-deficient (st8sia2−/−; st8sia4−/−) mice, mAb 735 was applied. Nuclei were stained with hematoxylin. Scale bars: 100 μm.
3.2 The loss of polySia shows no impact on the expression of smooth muscle actin and calponin in smooth muscle cells
In the postnatal testis, the loss of polySia came along with a decrease of SMA in smooth muscle cells of seminiferous tubules (Hachem et al., 2021). For this reason, we visualized SMA in epididymal tissue of st8sia2+/−; st8sia4−/− and st8sia2−/−; st8sia4−/− mice and compared the immunostaining with wild-type mice (Figure 2). However, no discernible differences in SMA staining were detectable in the tubular system of the epididymis (i.e., epididymal duct) between the analyzed genotypes. In contrast, testicular tissue, visible in the same histological section (Figures 2A–C), showed the abovementioned differences in peritubular smooth muscle cells (Hachem et al., 2021). In accordance with the published data (Hachem et al., 2021), smooth muscle cells of blood vessels and tunica albuginea remained unchanged.
[image: Figure 2]FIGURE 2 | Localization of SMA in the postnatal epididymis of wild-type and knockout mice. Epididymal tissue sections of postnatal wild-type (st8sia2+/+; st8sia4+/+), st8sia2+/−; st8sia4−/−, and polysialyltransferase-deficient (st8sia2−/−; st8sia4−/−) mice were stained with an anti-SMA mAb. Arrows indicate blood vessels. (A–C) Testis is labeled with a triangle. Scale bars: (A–C) 100 μm; (D–F) 10 μm.
In addition to SMA, we analyzed the expression of another marker for muscle cells with calponin. Whereas SMA is present in all smooth muscle cells, the expression of calponin only takes place in more differentiated smooth muscle cells with a contractile phenotype (Ayoubi et al., 2017; Zhang et al., 2017). In the testes of polySia knockout mice (st8sia2−/−; st8sia4−/−), peritubular calponin staining was negative, different to smooth muscle cells of blood vessels and tunica albuginea (Figures 3A–C), which was already described in Hachem et al., 2021. However, such a difference between the genotypes was not detectable in the epididymal duct. All calponin immunostainings exhibited comparable signal intensities (Figure 3). Thus, we did not detect any influence of the loss of polySia on the expression of two important structural proteins of smooth muscle cells, SMA and calponin.
[image: Figure 3]FIGURE 3 | Distribution of calponinin in the postnatal epididymis of wild-type and knockout mice by immunostaining. For the immunohistochemical visualization of calponin in postnatal wild-type, st8sia2+/−; st8sia4−/− and st8sia2−/−; st8sia4−/− mice an mAb was applied. Arrows indicate blood vessels. (A–C) Testis is labeled with a triangle. Scale bars: (A–C) 100 μm; (D–F) 10 μm.
3.3 The expression of PKG1 is affected by the loss of polySia in smooth muscle cells of the epididymal duct
Besides SMA and calponin, PKG1 expression was investigated in the epididymis of all three genotypes. In postnatal testes of st8sia2+/−; st8sia4−/− mice, reduced levels of PKG1 and in double knockout mice (st8sia2−/−; st8sia4−/−), a loss of PKG1 staining was described in seminiferous tubules (Figures 4A–C) (Hachem et al., 2021). These alterations also occurred in the epididymal duct (Figure 4). In comparison to st8sia2+/−; st8sia4−/− mice, slightly stronger PKG1 signals were detected in wild-type. In polysialyltransferase-negative mice (st8sia2−/−; st8sia4−/−), no staining for PKG1 occurred in the tubules of the testis and epididymis (seminiferous tubules and epididymal duct). In contrast, no changes in PKG1 staining between the groups were observed in vascular smooth muscle cells (Figures 4D–F). Thus, only smooth muscle cell populations, which surround the epithelial layer, were affected by the loss of polySia. In sum, our analysis of the smooth muscle cells in the tubular structures of the testis (Hachem et al., 2021) and epididymis revealed an impaired differentiation status in polysialyltransferase knock out mice.
[image: Figure 4]FIGURE 4 | Localization of PKG1 in the postnatal epididymis of wild-type and knockout mice by immunostaining. PAbs were used for immunohistochemical visualization of PKG1 in epididymis of postnatal wild-type, st8sia2+/−; st8sia4−/−, and double knockout (st8sia2−/−; st8sia4−/−) mice. (A–C) The testis is labeled with a triangle. Arrows indicate blood vessels. Scale bars: (A–C) 100 μm; (D–F) 10 μm.
3.4 Enlarged rete testis in polysialyltransferase knockout mice
When investigating the connection between the testis and epididymis, namely, the rete testis, in routinely stained histological sections, surprisingly, a noticeable enlargement of the rete testis area was visible in st8sia2+/−; st8sia4−/− mice (Figure 5). It is worth noting that in wild-type mice, some epithelial cells of the postnatal rete testis are polySia positive (Supplementary Figure S1).
[image: Figure 5]FIGURE 5 | Rete testis of st8sia2+/−; st8sia4−/− mice. For the structural characterization of the epididymis and testis in st8sia2+/−; st8sia4−/− mice, AZAN trichrome staining was used. Scale bar: 100 µm.
We systematically compared the rete testis of the outlined genotypes at the same age (Figure 6). In contrast to wild-type mice, st8sia2+/−; st8sia4−/− and double knockout (st8sia2−/−; st8sia4−/−) mice showed an expanded rete testis, together with a widened luminal area.
[image: Figure 6]FIGURE 6 | Rete testis of wild-type and knockout mice. For the structural characterization of rete testis, AZAN trichrome staining was used. (A) Wild-type (st8sia2+/+; st8sia4+/+), (B) st8sia2+/−; st8sia4−/−, and (C) polysialyltransferase-deficient (st8sia2−/−; st8sia4−/−) mice. Scale bar: 100 µm.
4 DISCUSSION
During the postnatal development of the epididymis, the carbohydrate polymer polySia is localized in the smooth muscle cell layer of the epididymal duct (Simon et al., 2015). The presence of polySia is restricted to the first two postnatal weeks in mice. Simultaneously, the expression of both polysialyltransferases, ST8SiaII and ST8SiaIV, decreases. In adult animals, smooth muscle cells are polySia-negative. To determine the impact of polySia on epididymal development and function, we analyzed the postnatal epididymis of polysialyltransferase knockout mice. In both investigated genotypes, st8sia2+/−; st8sia4−/− and st8sia2−/−; st8sia4−/−, no polysialylation of smooth muscle cells was observed. We used three markers to obtain information on smooth muscle cell differentiation. Not only the more general marker SMA but also calponin, indicating more differentiated smooth muscle cells, remained unchanged in the epididymal duct of knockout mice. In contrast to these structural proteins, the signaling molecule PKG1 was not detectable in smooth muscle cells of the epididymal duct when st8sia2 and st8sia4 were knocked out (Figure 7). In peritubular smooth muscle cells of the testicular duct system, a stronger effect on differentiation occurred (Hachem et al., 2021). Here, the expression of the investigated structural proteins was decreased. The impaired differentiation of the peritubular smooth muscle cells in the testis and epididymis suggests that the contraction in both organs is influenced.
[image: Figure 7]FIGURE 7 | Summary of the observed phenotype in polySia knockout mice. The loss of polySia drives the differentiation of peritubular smooth muscle cells to a more synthetic phenotype and leads to a dilatation of rete testis. Created with BioRender.com.
Interestingly, the rete testis connecting the duct system of the testis with the epididymis and ensuring the transport of sperm and fluid was enlarged in both studied genotypes (st8sia2+/−; st8sia4−/− and st8sia2−/−; st8sia4−/−) (Figure 7). Thus, a link between impaired polysialylation, a less differentiated smooth muscle cell phenotype and disturbed fluid flow is conceivable. A comparable morphological phenotype of the rete testis was observed when estrogen receptor α was knocked out (Hess et al., 1997; Lee et al., 2009). Already at postnatal day 10, dilatation of the rete testis was evident (Lee et al., 2009). In this model, a disturbed reabsorption of fluid by epithelial cells of the proximal epididymis was described (Hess et al., 1997). Our knockout model, however, is characterized by a disturbed contractile phenotype of peritubular smooth muscle cells in the testis (Hachem et al., 2021) and epididymis. Thus, smooth muscle cells of the duct system might essentially contribute to undisturbed anterograde fluid transport. It cannot be excluded that loss of polySia, found in some epithelial cells of the wild-type rete testis, may also contribute to changes in the rete testis.
A further interesting observation was that different to the epididymal duct, the differentiation of vascular smooth muscle cells was not affected by the loss of polySia. These results were in line with the described phenotype of testicular smooth muscle cells of polySia knockout mice (Hachem et al., 2021). The biochemical mechanisms for the different effects are unknown so far. PolySia can bind several growth factors, such as basic fibroblast growth factor (bFGF) or brain-derived neurotrophic factor (BDNF), and seems to influence their activation mechanisms (Kanato et al., 2008; Ono et al., 2012). Thus, the massive polysialylation of peritubular smooth muscle cells might play a role in the orchestra of growth factor action. In this context, it is of interest that no polySia immunostaining of vascular smooth muscle cells was detected in the epididymis.
In summary, our results demonstrate that the loss of polySia is accompanied by a less differentiated phenotype of smooth muscle cells surrounding the epithelium of the epididymal duct. The effects on the contractile system might influence fluid transport in the duct, resulting in the observed enlargement of the rete testis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Niedersächsische Landesamt für Verbraucherschutz und Lebensmittelsicherheit.
AUTHOR CONTRIBUTIONS
Conceptualization, SG and RM; investigation, LH and NH; resources, BW; writing—original draft preparation, SG and RM; writing—review and editing. All authors contributed to the article and approved the submitted version.
FUNDING
The publication of this article was funded by the Open Access Fund of the Research Institute for Farm Animal Biology (FBN).
ACKNOWLEDGMENTS
We thank Ingrid Schneider-Hüther and Sabine Tasch for expert technical assistance. In addition, we thank Martina Mühlenhoff (MHH Hannover) for the kind gifts of mAb 735.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1240296/full#supplementary-material
REFERENCES
 Awofiranye, A. E., Dhar, C., He, P., Varki, A., Koffas, M. A. G., and Linhardt, R. J. (2022). N-glycolylated carbohydrates in nature. Glycobiology 32, 921–932. doi:10.1093/glycob/cwac048
 Ayoubi, S., Sheikh, S. P., and Eskildsen, T. V. (2017). Human induced pluripotent stem cell-derived vascular smooth muscle cells: Differentiation and therapeutic potential. Cardiovasc. Res. 113 (11), 1282–1293. doi:10.1093/cvr/cvx125
 Bornhöfft, K. F., and Galuska, S. P. (2019). Glycans as modulators for the formation and functional properties of neutrophil extracellular traps: Used by the forces of good and evil. Front. Immunol. 10 (959), 959. doi:10.3389/fimmu.2019.00959
 Bornhofft, K. F., Goldammer, T., Rebl, A., and Galuska, S. P. (2018). Siglecs: A journey through the evolution of sialic acid-binding immunoglobulin-type lectins. Dev. Comp. Immunol. 86, 219–231. doi:10.1016/j.dci.2018.05.008
 Bruses, J. L., and Rutishauser, U. (2001). Roles, regulation, and mechanism of polysialic acid function during neural development. Biochimie 83 (7), 635–643. doi:10.1016/s0300-9084(01)01293-7
 Colley, K. J., Kitajima, K., and Sato, C. (2014). Polysialic acid: Biosynthesis, novel functions and applications. Crit. Rev. Biochem. Mol. Biol. 49 (6), 498–532. doi:10.3109/10409238.2014.976606
 Frosch, M., Gorgen, I., Boulnois, G. J., Timmis, K. N., and Bitter-Suermann, D. (1985). NZB mouse system for production of monoclonal antibodies to weak bacterial antigens: Isolation of an IgG antibody to the polysaccharide capsules of Escherichia coli K1 and group B meningococci. Proc. Natl. Acad. Sci. U. S. A. 82 (4), 1194–1198. doi:10.1073/pnas.82.4.1194
 Gagneux, P., Aebi, M., and Varki, A. (2015). “Evolution of glycan diversity,” in Essentials of glycobiology ed . Editors rdA. Varki, R. D. Cummings, J. D. P. EskoStanley, G. W. M. Aebi, A. G. HartDarvill, T. N. H. KinoshitaPacker, J. H. R. L. PrestegardSchnaar, et al. (New York, NY: Cold Spring Harbor), 253–264. 
 Galuska, C. E., Lütteke, T., and Galuska, S. P. (2017). Is polysialylated NCAM not only a regulator during brain development but also during the formation of other organs?Biol. (Basel) 6 (2), 27. doi:10.3390/biology6020027
 Galuska, C. E., Maass, K., and Galuska, S. P. (2015). Mass spectrometric analysis of oligo- and polysialic acids. Methods Mol. Biol. 1321, 417–426. doi:10.1007/978-1-4939-2760-9_28
 Guo, X., Elkashef, S. M., Loadman, P. M., Patterson, L. H., and Falconer, R. A. (2019). Recent advances in the analysis of polysialic acid from complex biological systems. Carbohydr. Polym. 224, 115145. doi:10.1016/j.carbpol.2019.115145
 Hachem, N. E., Humpfle, L., Simon, P., Kaese, M., Weinhold, B., Gunther, J., et al. (2021). The loss of polysialic acid impairs the contractile phenotype of peritubular smooth muscle cells in the postnatal testis. Cells 10 (6), 1347. doi:10.3390/cells10061347
 Hane, M., Matsuoka, S., Ono, S., Miyata, S., Kitajima, K., and Sato, C. (2015). Protective effects of polysialic acid on proteolytic cleavage of FGF2 and proBDNF/BDNF. Glycobiology 25 (10), 1112–1124. doi:10.1093/glycob/cwv049
 Hess, R. A., Bunick, D., Lee, K. H., Bahr, J., Taylor, J. A., Korach, K. S., et al. (1997). A role for oestrogens in the male reproductive system. Nature 390 (6659), 509–512. doi:10.1038/37352
 Kanato, Y., Kitajima, K., and Sato, C. (2008). Direct binding of polysialic acid to a brain-derived neurotrophic factor depends on the degree of polymerization. Glycobiology 18 (12), 1044–1053. doi:10.1093/glycob/cwn084
 Kleene, R., and Schachner, M. (2004). Glycans and neural cell interactions. Nat. Rev. Neurosci. 5 (3), 195–208. doi:10.1038/nrn1349
 Lee, K. H., Park, J. H., Bunick, D., Lubahn, D. B., and Bahr, J. M. (2009). Morphological comparison of the testis and efferent ductules between wild-type and estrogen receptor alpha knockout mice during postnatal development. J. Anat. 214 (6), 916–925. doi:10.1111/j.1469-7580.2009.01080.x
 Ono, S., Hane, M., Kitajima, K., and Sato, C. (2012). Novel regulation of fibroblast growth factor 2 (FGF2)-mediated cell growth by polysialic acid. J. Biol. Chem. 287 (6), 3710–3722. doi:10.1074/jbc.M111.276618
 Rutishauser, U. (2008). Polysialic acid in the plasticity of the developing and adult vertebrate nervous system. Nat. Rev. Neurosci. 9 (1), 26–35. doi:10.1038/nrn2285
 Sato, C., and Kitajima, K. (2013). Disialic, oligosialic and polysialic acids: Distribution, functions and related disease. J. Biochem. 154 (2), 115–136. doi:10.1093/jb/mvt057
 Sato, C., and Kitajima, K. (2020). Polysialylation and disease. Mol. Asp. Med. 79, 100892. doi:10.1016/j.mam.2020.100892
 Schnaar, R. L., Gerardy-Schahn, R., and Hildebrandt, H. (2014). Sialic acids in the brain: Gangliosides and polysialic acid in nervous system development, stability, disease, and regeneration. Physiol. Rev. 94 (2), 461–518. doi:10.1152/physrev.00033.2013
 Simon, P., Feuerstacke, C., Kaese, M., Saboor, F., Middendorff, R., and Galuska, S. P. (2015). Polysialylation of NCAM characterizes the proliferation period of contractile elements during postnatal development of the epididymis. PLoS One 10 (3), e0123960. doi:10.1371/journal.pone.0123960
 Springer, S. A., and Gagneux, P. (2016). Glycomics: Revealing the dynamic ecology and evolution of sugar molecules. J. Proteomics 135, 90–100. doi:10.1016/j.jprot.2015.11.022
 Strubl, S., Schubert, U., Kuhnle, A., Rebl, A., Ahmadvand, N., Fischer, S., et al. (2018). Polysialic acid is released by human umbilical vein endothelial cells (HUVEC) in vitro. Cell. Biosci. 8, 64. doi:10.1186/s13578-018-0262-y
 Tecle, E., and Gagneux, P. (2015). Sugar-coated sperm: Unraveling the functions of the mammalian sperm glycocalyx. Mol. Reprod. Dev. 82 (9), 635–650. doi:10.1002/mrd.22500
 Varki, A. (2017). Biological roles of glycans. Glycobiology 27 (1), 3–49. doi:10.1093/glycob/cww086
 Varki, A. (2020). PAMPs, DAMPs and SAMPs: Host glycans are self-associated molecular patterns, but subject to microbial molecular mimicry. FASEB J. 34 (S1), 1. doi:10.1096/fasebj.2020.34.s1.00178
 Volkmann, J., Müller, D., Feuerstacke, C., Kliesch, S., Bergmann, M., Mühlfeld, C., et al. (2011). Disturbed spermatogenesis associated with thickened lamina propria of seminiferous tubules is not caused by dedifferentiation of myofibroblasts. Hum. Reprod. 26 (6), 1450–1461. doi:10.1093/humrep/der077
 Wang, M., Liu, X., Lyu, Z., Gu, H., Li, D., and Chen, H. (2017). Glycosaminoglycans (GAGs) and GAG mimetics regulate the behavior of stem cell differentiation. Colloids Surfaces B Biointerfaces 150, 175–182. doi:10.1016/j.colsurfb.2016.11.022
 Weinhold, B., Seidenfaden, R., Rockle, I., Mühlenhoff, M., Schertzinger, F., Conzelmann, S., et al. (2005). Genetic ablation of polysialic acid causes severe neurodevelopmental defects rescued by deletion of the neural cell adhesion molecule. J. Biol. Chem. 280 (52), 42971–42977. doi:10.1074/jbc.M511097200
 Wigén, J., Elowsson-Rendin, L., Karlsson, L., Tykesson, E., and Westergren-Thorsson, G. (2019). Glycosaminoglycans: A link between development and regeneration in the lung. Stem Cells Dev. 28 (13), 823–832. doi:10.1089/scd.2019.0009
 Zhang, X., Bendeck, M. P., Simmons, C. A., and Santerre, J. P. (2017). Deriving vascular smooth muscle cells from mesenchymal stromal cells: Evolving differentiation strategies and current understanding of their mechanisms. Biomaterials 145, 9–22. doi:10.1016/j.biomaterials.2017.08.028
 Zlatina, K., Lutteke, T., and Galuska, S. P. (2017). Individual impact of distinct polysialic acid chain lengths on the cytotoxicity of histone H1, H2A, H2B, H3 and H4. Polym. (Basel) 9 (12), 720. doi:10.3390/polym9120720
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Humpfle, Hachem, Simon, Weinhold, Galuska and Middendorff. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1240296-g005.gif





OPS/images/fphys-14-1240296-g006.gif
st8sia2*/* st8siad*  st8sia2" st8siad”






OPS/images/fphys-14-1240296-g003.gif
st8sia2"* st8siad**  st8sia2” stésiad’  stésia2” stdsiad”






OPS/images/fphys-14-1240296-g004.gif





OPS/images/fphys-14-1240296-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Knockout of the polysialyltransferases ST8SiaII and ST8SiaIV leads to a dilatation of rete testis during postnatal development		1 Introduction

		2 Material and methods		2.1 Animals

		2.2 Histology and immunohistochemistry





		3 Results		3.1 The deletion of st8sia2 and st8sia4 leads to a loss of polySia in the epididymis

		3.2 The loss of polySia shows no impact on the expression of smooth muscle actin and calponin in smooth muscle cells

		3.3 The expression of PKG1 is affected by the loss of polySia in smooth muscle cells of the epididymal duct

		3.4 Enlarged rete testis in polysialyltransferase knockout mice





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’frontiers | Frontiers in Physiology






OPS/images/fphys-14-1240296-g001.gif





OPS/images/fphys-14-1240296-g002.gif
st8sio2"" st8siad”  stésio2/ stdsiod’










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





