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Blood-testis barrier (BTB) creates a particular compartment in the seminiferous epithelium. Contacting Sertoli cell-Sertoli cell plasma membranes possess specialized junction proteins which present a complex dynamic of formation and dismantling. Thus, these specialized structures facilitate germ cell movement across the BTB. Junctions are constantly rearranged during spermatogenesis while the BTB preserves its barrier function. Imaging methods are essential to studying the dynamic of this sophisticated structure in order to understand its functional morphology. Isolated Sertoli cell cultures cannot represent the multiple interactions of the seminiferous epithelium and in situ studies became a fundamental approach to analyze BTB dynamics. In this review, we discuss the contributions of high-resolution microscopy studies to enlarge the body of morphofunctional data to understand the biology of the BTB as a dynamic structure. The first morphological evidence of the BTB was based on a fine structure of the junctions, which was resolved with Transmission Electron Microscopy. The use of conventional Fluorescent Light Microscopy to examine labelled molecules emerged as a fundamental technique for elucidating the precise protein localization at the BTB. Then laser-scanning confocal microscopy allowed the study of three-dimensional structures and complexes at the seminiferous epithelium. Several junction proteins, like the transmembrane, scaffold and signaling proteins, were identified in the testis using traditional animal models. BTB morphology was analyzed in different physiological conditions as the spermatocyte movement during meiosis, testis development, and seasonal spermatogenesis, but also structural elements, proteins, and BTB permeability were studied. Under pathological, pharmacological, or pollutant/toxic conditions, there are significant studies that provide high-resolution images which help to understand the dynamic of the BTB. Notwithstanding the advances, further research using new technologies is required to gain information on the BTB. Super-resolution light microscopy is needed to provide new research with high-quality images of targeted molecules at a nanometer-scale resolution. Finally, we highlight research areas that warrant future studies, pinpointing new microscopy approaches and helping to improve our ability to understand this barrier complexity.
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INTRODUCTION
Since the first contributions to the field of spermatogenesis, microscopy-based studies were fundamental to understanding cell composition and associations in the seminiferous epithelium (França et al., 2016). The spermatogenic parenchyma is an intricate environment due to its tubular organization with specific cell associations along the seminiferous tubules. Histological cross-sections of mammals’ testis show a variety of germ cell maturation stages, from tubules, plenty of well-developed spermatids (almost spermatozoa), to tubules with immature spermatids in contact with tubule lumen (Nishimura and L’Hernault, 2017).
Blood-testis barrier (BTB) is a complex cell structure present in the seminiferous epithelium. It creates two tissular compartments: the basal one, with spermatogonia and early spermatocytes; and the adluminal one, with spermatocytes and post-meiotic germ cells (Stanton, 2016). BTB was first described due to its physiological function by analyzing the rate of passage of different substances from plasma into the rete testis (Setchell et al., 1969). When specific tracers are perfused through the testicular artery, the adluminal compartment remains spared (Pelletier, 2011a). The nurturing Sertoli cells build particular interconnections, creating an isolated adluminal compartment. During the active phase of spermatogenesis, germ cells differentiate and drive across the BTB. This process is unequivocally dynamic with cells projecting to contact others, and adhesion molecules being rearranged precisely to admit the passage of germ cells without affecting the barrier permeability (Mruk and Cheng, 2015). This complex event challenges studying BTB cellular and molecular biology, and actually, no in vitro models can represent the situation in situ where multiple cell types interact synchronously (Mruk and Cheng, 2012).
In the mammalian testis, specific cell associations occur along the seminiferous tubule. Depending on maturation, germ and Sertoli cells are exposed to different microenvironments and physiological conditions. Under these stimuli, BTB junctions are rearranged through a dynamic and precise spatio-temporal process (Xiao et al., 2011).
The first morphological shreds of evidence of a cellular barrier in the testis were based on conventional Transmission Electron Microscopy (TEM) (Dym and Fawcett, 1970). Further research was largely accomplished using animal models exploring the biology of the BTB in situ. Still, the current knowledge of junctions’ dynamics and regulatory factors like cytokines, proteases, and androgens mainly comes from in-vitro models using Sertoli cells. After the refinement of immunolocalization techniques and the setup of Sertoli cell cultures, a substantial number of studies on the Sertoli cell barrier’s functional morphology were based on in vitro models (Mruk and Cheng, 2011). Cytological preparations obtained from cell cultures allow for the precise, thorough study of subcellular processes and the localization of specific proteins. The study of the cellular and molecular dynamic of the BTB in situ demands working with animal models and optimizing sample preparation methods, yet allowing the investigation of the complexes and assemblies at the BTB in their tissular environment.
Here, we review the contributions of high-resolution microscopy (HRM) to the advancement in the study of BTB cellular and molecular morphology, based on animal model studies that analyze the in situ barrier biology. We overview several studies on BTB functional morphology under different physiological and pathological situations. Finally, we discuss future directions in the study of the BTB with new technologies of high-resolution microscopy.
Considering the complexity of the seminiferous epithelium, to focus on the barrier function of Sertoli cells in the testis, only the studies regarding the junctional complex at the Sertoli cell–Sertoli cell interphase of the BTB in situ were considered.
BACKGROUND: MAMMALIAN SPERMATOGENESIS AND BTB
Spermatogonia undergo spermatogenesis evolving to mature spermatids through a complex process, and finally spermatozoa are produced (Nishimura and L’Hernault, 2017). The study of the cellular biology of the seminiferous epithelium is challenging due to the multiple cell associations taking place in the active phase of spermatogenesis (Leblond and Clermont, 1952). Through the different stages of the seminiferous epithelium during active spermatogenesis, the variety of cell types make up a drastically ever-changing spermatogenic parenchyma. Concurrently, the BTB undergoes changes shaping a dynamic and intricate physical barrier.
1. Structural features of the BTB
The BTB is mainly made up of widespread tight junctions (TJs) between somatic Sertoli cells forming paracellular seals close to the basement membrane (Dym and Cavicchia, 1977; Pelletier and Byers, 1992; Pelletier, 2011a) (Figure 1). With scanning electron microscopy, TJs look like strands in freeze-fracture preparations, being long and short strands, running parallel, or crosslinking among them (Pelletier, 1986; Ribeiro and David-Ferreira, 1996). Between TJ strands, adherens and gap junctions are present (Pelletier et al., 2011, Figure 1B). In association with Sertoli cell TJ, ectoplasmic specializations (ES) occur as zones at the periphery of the cell, with actin filament bundles hexagonally packed and endoplasmic reticulum cisternae parallelly disposed to the Sertoli cell membrane. Figure 1A shows BTB junctions’ major components and specific proteins.
[image: Figure 1]FIGURE 1 | (A). Diagram illustrating classical protein complexes at the typical junction of the blood-testis barrier in the seminiferous epithelium. (B). Transmission electron microscopy of Sertoli cell - Sertoli cell junction elements during the reactivation of testis during the annual reproductive cycle in the mink; highlighting the contacts of the ER (arrows) with elements of the cell junctional complexes. A: adhering junction; G: gap; arrow: Sertoli-Sertoli tight junctions. X 34,000. Figure partially reproduced with permission from Pelletier (2011a).
Although desmosome elements have yet to be identified using antibodies (Domke et al., 2014), various authors have defined “desmosome-like contacts” at the ultrastructural level (Russel, 1977; Russell and Peterson, 1985; Vogl et al., 1993). Pelletier and Byers (1992) redefined these unions as “intermediate type of adherin junctions”. Domke et al. (2014) could not target desmosome-specific proteins at the seminiferous epithelium but found them in other epithelia of the testicular excurrent ducts.
2. Electron microscopy studies
Before immunolocalization, electron microscopy allowed the fine study of the BTB. There are both transmission and scanning microscopy studies, the latter of which have made studying the lateral surface of the Sertoli cell possible.
Correlative TEM and freeze-fracture microscopy studies were used to understand the nature of TJ at the BTB, and to distinguish whether a TJ was a focal contact or a seal with a barrier function (Pelletier, 2011a). The surface of the lateral cleaved plasma membrane was visualized in very elegant studies carried out in different species (Nagano and Suzuki, 1976; Russell and Peterson, 1985; Pelletier, 1986; Cavicchia and Sacerdote, 1988; Kan and Lin, 1995). With freeze-fracture microscopy, TJ fibrils showed to be continuous strands in the protoplasmic face (P-face) and complementary grooves in the extracellular face (E-face) (Morita et al., 1999). In the mink, correlative MET and freeze-fracture studies showed that BTB formation during testis development was characterized by progressive basal TJ assembly. Strands of particles were first observed isolated and short in the prepuberal testis, and after testis maturation strands were made of multiple continuous rows of particles disposed roughly parallel to each other and to the basal lamina to make a competent BTB (Pelletier, 1986), coincident with similar studies in rats (Cavicchia and Sacerdote, 1991). The fracture-exposed junction particles were associated with either the P or the E fracture face in prepuberal testes, while particles were preferably found in the E-face in the adult (Pelletier, 1986). Discontinuous rows were associated with an increase in BTB permeability to substances from the interstitial space to the tubular lumen (Morales et al., 2007).
Immunoelectron microscopy carried out in fracture replicas revealed oligodendrocyte-specific protein (OSP)/claudin-11 distributed on the fully formed TJ strands of Sertoli cells (Morita et al., 1999) and over the seminiferous epithelium in the mouse testis (Hellani et al., 2000).
3. Localization of single molecules and adhesion protein complexes in the BTB
In this section, reports showing high-resolution images of the immunolocalization of structural proteins of the BTB and others that are part of the signaling that regulates the junction complexes and the permeability of the barrier are mentioned.
Targeting of single proteins in the testis by immunofluorescence (IF) and immunohistochemistry became a key tool for understanding the architecture of body tissues. After the 90s, massive use of this technique was reported in several publications (Hogarth and Griswold, 2013). Then, laser-scanning confocal microscopy enhanced this technique by allowing the study of three-dimensional structures and complexes at the seminiferous epithelium (França et al., 2016).
The TJs in the Sertoli cell membranes embody the structural basis of the BTB. BTB’s TJs are composed of two main transmembrane proteins, claudin-11 and occludin. These integral proteins comprise the skeleton of the TJs and are arranged as particles along junctional strands, making up for only a small portion of the intramembranous particles at the junctional fibrils (Morita et al., 1999). Adherens and gap junctions at the BTB were also well analyzed with different models (Mulholland et al., 2001; Johnson and Boekelheide, 2002b; Domke et al., 2014).
The TJ structure comprises a transmembrane region with identical transmembrane proteins attached to both sides (Mruk and Cheng, 2010). Besides, scaffolding proteins at the cytoplasmic side of the tight junction link to the actin cytoskeleton and are involved in signaling pathways, controlling junction structure and function (Lui et al., 2003, Figure 1A).
Claudins are the major TJs’ integral transmembrane proteins (Morita et al., 1999; Jiang et al., 2014). The distribution of claudin-3 and -11 and occludin was studied along different stages of the seminiferous epithelium in a mouse model for conditional androgen insensitivity (Meng et al., 2005). In the Iberian mole, clau-11 expression pattern was analyzed across the seminiferous cycle stages showing a cycle-dependent distribution with the strongest signal observed parallel to the basal membrane in stages VII-VIII (Dadhich et al., 2013).
Zonula occludens-1 (ZO-1) is an adaptor protein that links transmembrane proteins to the actin cytoskeleton. The position of the scaffold cytoplasmic protein ZO-1 was well characterized in several studies (Chihara et al., 2010; Mok et al., 2011b; Schimenti et al., 2013). It was identified at the apical membrane of the Sertoli cells in contact with mature spermatids in the BTB (Byers et al., 1991).
Focal adhesion kinase (FAK) is a major regulator of the BTB as a non-receptor protein kinase (Lie et al., 2012; Li et al., 2013). At the BTB, FAK links to the occludin-ZO-1 complex and regulates actin dynamics by converting from bundled to unbundled filaments at the ES. Gene knockdown of FAK produces the alteration of occludin phosphorylation status and occludin-ZO-1 association, destabilizing the Sertoli cell TJ-permeability barrier (Siu et al., 2009a). Stage-specific localization of FAK and co-localization with occludin was found at the basal membrane of Sertoli cells (Siu et al., 2009b).
Occludin is an integral membrane protein constitutive of tight junctions. In adult mice and rat testis, occludin is distributed in a linear pattern in the basal regions of the Sertoli cells’ TJ strands. Also, its distribution overlapped with ZO-1 at the basal third of the Sertoli cells (Morita et al., 1999).
Key structural and regulator proteins of the BTB (ZO-1, β-catenin, claudin-11, and Par-6 family cell polarity regulator beta, PARD6B) showed varying localization according to germ cells’ differentiation stage in a mutant infertile Kitw/Kitwv mice model which received spermatogonial stem cell transplant (Li X. Y et al., 2018).
Beta-catenin is a plaque protein associated with cadherin, found in the basal Sertoli cell cytoplasm (Dadhich et al., 2013; Domke et al., 2014; Li X et al., 2018; Merico et al., 2019).
At the cadherin-based junctions, p120 is attached to cadherin in the cytoplasmic domain. In the rat testis, p120 was observed at the basal junctions by immunolocalization, but not associated with ectoplasmic specialization (Johnson and Boekelheide, 2002a). In the adult testis, p120 distribution was overlapped with N-cadherin at the base of the seminiferous epithelium (Johnson and Boekelheide, 2002b).
Plectin, a plakin protein. Is found at the basal interface in Sertoli cell-cell junctions. Plectin co-locates with vimentin at the end of the intermediate filament and is distributed as focal patches (Guttman et al., 1999).
N-cadherins are transmembrane adhesion proteins (Nollet et al., 2000) found in the TJ between the Sertoli cells. N-cadherin showed a stage-specific distribution in the rat testis located basally in the Sertoli cell-cell junction and juxtaposed though not colocalized with basal ectoplasmic specialization (Mulholland et al., 2001; Johnson and Boekelheide, 2002b).
Cortactin is an F-actin filament-binding protein linked to intercellular junctions. At the junction, cortactin is associated with the junction proteins N-cadherin and E-cadherin, and accessory proteins like ZO-1, p120-catenin, and β-catenin (Vitale et al., 2009). In the adult mice, P-cortactin was identified at the base of the Sertoli cell cortical cytoplasm near plasma membrane segments, showing a stage-dependent distribution. Depending on the state, cortactin was found above the spermatogonia (stage V), surrounding spermatogonia and preleptotene spermatocytes (stage VII), or close to the basal membrane (stage VIII and X). Cortactin and Cx43 were found as linked molecules and their colocalization in the basal third of the seminiferous epithelium was stage-dependent (Vitale et al., 2009).
Another member of the Claudins family, claudin-5, has been reported to contribute to BTB function in mice. It was largely expressed along the different stages of the seminiferous epithelium with strong staining at stage VIII, nearby preleptotene, and leptotene spermatocytes (Morrow et al., 2009).
Other constituents of the BTB, like the transmembrane junctional adhesion molecule 1 (JAM-1) and the Coxsackie and adenovirus receptor (CAR), were studied in situ (Mruk and Cheng, 2004; Wang et al., 2007; Lie et al., 2012).
Filamentous actin (F-Actin), another BTB component of the basal ES, was localized in the seminiferous epithelium and actin dysregulation was observed in a non-collagenous (NC) 1 domain peptide overexpression model. The structure of actin and microtubule cytoskeleton, and the localization of regulatory proteins were analyzed, and alterations were also associated with NC-1 peptide overexpression (Liu et al., 2020). Calmodulin-regulated spectrin-associated protein (CAMSAP), a microtubule tracking protein, showed a prominent stain at the BTB near the base through the different stages of the seminiferous epithelium (Mao et al., 2019).
Other regulators have been also identified. Fyn immunoreactivity was detected in Sertoli cells along the different stages of the seminiferous epithelium, concentrated at the basal sites of the epithelium, where ESs are found (Maekawa et al., 2002).
Cell surface proteins like the single transmembrane coxsackievirus and adenovirus receptor (CAR) are present in most epithelial TJs. CAR was found in the basal compartment in all rat testis stages. During fully active spermatogenesis, CAR and ZO-1 co-localized near the base of the seminiferous epithelium, showing that both are constituents of the BTB (Wang et al., 2007).
Connexin (Cx) 43 is the principal protein of the gap junction (GJ) of the testis. GJs are typical BTB constituents found at the contact membrane between Sertoli cells (Risley et al., 1992; Pointis and Segretain, 2005). At the base of the epithelium, Cx43 colocalized with occludin (Cyr et al., 1999; Carette et al., 2010).
Two studies showed stage-specific localization proteins involved in actin and microtubule cytoskeleton regulation (Su et al., 2012). Scribble and ZO-1 were co-localized in the BTB (Su et al., 2012). Dishevelled-3 was targeted together with F-actin and α-tubulin, indicating a close association of regulatory and cytoskeletal proteins (Li et al., 2019). It has been shown that the polarity complex Scribble/Lgl (lethal giant larvae)/Dig (discs large) affects the ES dynamic, regulating the actin filament network (Su et al., 2012).
Intermediate filaments are one of the three major elements of the cell cytoskeleton and are associated with cell junctions at Sertoli-Sertoli cell junctions. The localization of vimentin and other non-typical intermediate filaments as glial fibrillary acid protein (GFAP) and neurofilaments (NF) were targeted in the Sertoli cell cytoplasm (Aumüller et al., 1992; Davidoff et al., 1999; Budipitojo et al., 2018). Vimentin filaments distribution changed with the stage of spermatogenesis, with the shortest filaments found during early spermiation stages (Show et al., 2003). Assembled NF filaments were localized as the three filament forms (NF-L, NF-M, and NF-H) in the human testis (Davidoff et al., 1999).
4. Current limitations of in vitro Sertoli cells’ models
In preparations using an appropriate substrate, Sertoli cells maintain morphological characteristics and establish TJ complexes similar to those present in situ (Mruk and Cheng, 2011). Transepithelial resistance of in vitro systems is lower than expected for the BTB, attributing this difference to the absence of germ and peritubular myoid cells (Mruk and Cheng, 2015). The highly complex tissular environment in the testis may partially explain why, so far, no in vitro co-culture model has mimicked germ cell migration across the BTB. While a variety of factors regulate Sertoli cell junctions, evidence continues to be collected from experiments using Sertoli cells cultured alone (Mruk and Cheng, 2012). Considering that no in vitro model actually reflects the role of germ cells in regulating BTB, all data from Sertoli cell cultures should be analyzed with reservations concerning that: BTB is a highly dynamic structure in situ and the limits of extrapolation of in vitro data to the whole animal (Saino and Satoh 2009). Since the possibility of tracking live events using cell culture and the accuracy of immunolocalization performed on cytological preparations, new models in vitro, including co-culture of Sertoli and germ cells, are needed that more closely relate them with in-vivo BTB models.
5. BTB junction assembly during testis development
Soon after mice birth, gonocytes attach to the basal membrane and become spermatogonia, occupying their definitive localization, the basal compartment (Mirza et al., 2007). Testicular cords during embryonic development present no complete spermatogenesis and no functional BTB. Sertoli cell TJs appear during fetal life, then a few discontinuous junctional fibrils can be observed in juveniles while continuous fibrils develop in puberty with the establishment of the BTB (Morales et al., 2007). Fully functional BTB settles in puberty with the assembly of continuous fibrils at the junctions, giving rise to TJ zonules sealing the space between Sertoli cells (Pelletier and Friend, 1983; Pelletier, 2011a). Sertoli junctions in the adult testis adapt to the cyclic passage of meiotic cells while maintaining TJ function. In rats, the establishment of a developed BTB is necessary for type A spermatogonia differentiation and the initiation of the meiosis cycle (Mok et al., 2011a). During testis maturation in rats, integral TJ proteins occludin and claudin-11 were colocalized with the scaffold protein ZO-1 at the BTB after 25–30 days postpartum (dpp) (Figure 2). GJ proteins and basal ES proteins were mapped as indicators of BTB assembly (Mok et al., 2011b).
[image: Figure 2]FIGURE 2 | Blood-testis barrier morphology during testis development in rats. Claudin-11 (red) and ZO-1 (green) co-localization in testes sections obtained after 12-, 15-, 17-, 20-, 25-, 30-, 38- and 120 days postpartum (dpp). Proteins co-localized at the BTB from day 25, showing junction assembly. Bar 25 μm: micrographs of 12–20 dpp; Bar 50 μm: micrographs of 25–120 dpp. Figure reproduced partially with permission from Mok et al. (2011) and modified.
During development and tissular morphogenesis, CAR is present at high levels, mediating cell adhesion (Mirza et al., 2007). Few studies using different animal models targeted the IF position of CAR in the seminiferous epithelium during testis maturation. Its presence (Wang et al., 2007) or absence (Mirza et al., 2007) in adult Sertoli cells was discussed and needs further and accurate microscopy studies.
The BTB assembly during puberty was studied in 14–20 dpp using TEM and permeability tracers, showing an association between the absence of the BTB and the apoptosis of zygotene-pachytene spermatocytes (Morales et al., 2007).
Occludin was targeted in embryonic and developing mouse testis showing a diffuse localization in embryonic cords and a reorganization at the basal junction of postnatal prepuberal individuals, showing the initial TJ layout (Cyr et al., 1999).
6. BTB and transcellular germ cell migration
The transfer of spermatocytes from one compartment (basal) of the seminiferous epithelium to another (adluminal) is necessary for germ cell maturation. In the adluminal compartment, meiosis is completed, and spermatids formation is followed by spermatid differentiation and spermatozoa release (Russell, 1977; Nishimura and L’Hernault, 2017). The progression of preleptotene/leptotene spermatocytes across the BTB (stage VIII in rats) is dynamic as spermatocytes penetrate through Sertoli cells TJ, along with an extensive restructuring of the BTB (Wang and Cheng, 2007; Mruk and Cheng, 2015). This event is crucial because BTB integrity cannot be disrupted. The old BTB above the preleptotene spermatocytes will be dismantled, but only after a new barrier is assembled behind. The 3-dimensional organization of some adhesion complexes was visualized in confocal studies of claudin-11 and claudin-3 during preleptotene spermatocyte movement across the BTB. Migrating cyst conformation was also verified by specific markers like testis expressed 14, intercellular bridge forming factor (TEX14) and F-actin. The moving cell syncytium is enclosed within TJ during while crossing the BTB (Smith and Braun, 2012). Under electron microscopy, preleptotene spermatocyte was observed between TJ after detaching from the basal lamina (Yan et al., 2008).
7. BTB and the controversy about the intermediate compartment
Morphological studies reveal a third compartment in the seminiferous epithelium (Russell, 1978). At the time germ cells cross the BTB, preleptotene/leptotene spermatocytes cannot be defined within either the basal or the adluminal (apical) compartment. Instead, there is an intermediate between them, sealed above and below migrating cells (Yazama, 2008). In the boar mature testis, the intermediate compartment was identified using TEM during spermatocyte migration (Yazama, 2008).
8. Junction assembly and dismantling in seasonal breeders
Testosterone regulates cell adhesion proteins in the seminiferous tubules (Meng et al., 2005; McCabe et al., 2010). In seasonal breeders, testosterone controls the activity of the spermatogenic epithelium, whereby cell sloughing with disorganization of protein complexes at the adherens junctions is observed during the inactive season. A comparable regression occurs in typical models of experimental androgen reduction (Haverfield et al., 2014). In animals with seasonal spermatogenesis, cell junction proteins were localized in the regressing testes of several species as the armadillo and the Iberian mole (Dadhich et al., 2013; Luaces et al., 2014).
Many works of mammalian species with seasonal spermatogenesis analyzed the function of the BTB with ultrastructural studies (Pelletier, 1986; Morales and Cavicchia, 1993; Pelletier, 2011a) and immunolocalization of different proteins (Massoud et al., 2021). Freeze-facture and TEM studies of the inter-Sertoli cell junctions were done in the viscacha (Lagostomus maximus), a seasonal reproducer that presents no BTB competence during the inactive period, as confirmed using permeability tracers (Morales and Cavicchia, 1993).
In the large hairy armadillo (Chaetophractus villosus), different proteins of the Sertoli cell junctions were analyzed during the active phase of spermatogenesis over the different stages of the seminiferous epithelium and in the regressive testis phase (Luaces et al., 2014; Merico et al., 2019). Co-localization of N-cadherin and β-catenin was observed at the base during the active phase, and a decrease and diffused localization in the staining pattern was shown during testis regression. Two kinases, FAK and c-Src, that play a key role in regulating BTB. dynamics were detected by IF at the basal portion of the seminiferous epithelium, with strong signals during the active phase of the testis with respect to the inactive and regressing testis. The phosphorylated forms of both kinases were not detected by IF in the basal compartment (Merico et al., 2019). In another seasonal breeder, the Iberian mole (Talpa occidentalis), structural markers of the BTB, like claudin-11, Cx43, E-cadherin, and N-cadherin, were studied. BTB was compromised after testis regression, as shown using permeability tracers and inferred by TEM (Dadhich et al., 2013). In the greater white-toothed shrew (Crocidura russula), claudin-11 was mapped during the active and regression phases of spermatogenesis (Massoud et al., 2014). BTB markers were studied in the testis of another species with the seasonal arrest of the spermatogenesis, the Egyptian long-eared hedgehog (Hemiechinus auritus), with a disruption of tight and gap junctions as shown by claudin-11 and Cx43, respectively. Adherens junction molecules, N-cadherin and β-catenin, were also targeted by IF (Massoud et al., 2018).
9. Junction assembly and dismantling in pathologies
In biopsies of patients with testicular carcinoma in situ, studies showed impaired development of Sertoli cell junctions and BTB functional integrity loss with changes in the distribution pattern of ZO-1 and ZO-2 (Fink et al., 2006). The role and localization of specific TJ molecules was studied during puberty in a cryptorchid rat model, claudin-11 staining pattern was characterized by an altered distribution of this integral protein, with claudin-11 stain parallel to the basal membrane in control vs. vertical stain in non-descended testes (Kato et al., 2020, Figure 3). Spontaneous autoimmune orchitis was studied in the mink (Mustela vison) and Cx46 distribution was examined in the seminiferous epithelium of pathological testis (Pelletier et al., 2011b; Pelletier et al., 2015).
[image: Figure 3]FIGURE 3 | Blood-testis barrier morphology in a cryptorchid rat model. Claudin-11 (green) immunolocalization in rat testes at 4–6 weeks postpartum. After 5 weeks postpartum, claudin-11 staining was redistributed in control testes and descended testes, from vertical to parallel with respect to the basement membrane. Staining pattern was unaltered in the undescended testes, remaining vertical to the basement membrane. Scale bar = 10 μm. Figure reproduced with permission from Kato et al. (2020).
Infertility is associated with diet-induced obesity in animal models characterized by serum hyperlipidemia and hyperleptinemia, as in metabolic syndrome (Fan et al., 2015). Altered cholesterol homeostasis in Sertoli cells should disturb BTB function due to regulating the endocytosis of junctions involved in the BTB seal. In rabbits fed with a 2% cholesterol-enriched diet, the identification of ZO-1 and occludin suggested a disruption of the BTB using a permeability assay (Morgan et al., 2014). In the HFD mice model, a dysfunctional BTB was concurrent with altered relevant biomarkers of the BTB function. Both TEM and permeability assay showed that BTB integrity was compromised in this model (Fan et al., 2015). In the mouse testis, IF localization of Cx43, Cx46 and Cx50 was analyzed using models of diabetes and obesity (Pelletier et al., 2018; Pelletier et al., 2020).
10. BTB and contraceptives
Non-hormonal alternatives are desirable for male contraception in order to minimize side effects. Several works analyzed compounds to induce post-meiotic germ cell depletion from the testis as contraceptives (Mao et al., 2019b). Drug delivery at the target is challenging since the BTB might block molecules’ passage (Cheng and Mruk, 2002; Cheng and Mruk, 2012). Adjudin affects Sertoli-germ cell adhesion, producing germ cell shedding and temporal infertility, depleting meiotic and postmeiotic cells from the testis (Yan and Cheng, 2005; Mruk and Cheng, 2010). The in vivo murine model of adjudin reveals changes in Cx43 stain intensity in treated testes (Li et al., 2009).
11. BTB and toxicants
The effect of environmental contaminants on BTB alteration has been confirmed (Zhu et al., 2020). Sobarzo et al. (2009) demonstrated that Di (2-ethylhexyl) phthalate induces a delocalization of claudin-11 in rat testis.
One of the most studied environmental pollutants with detrimental effects on testis function is Cadmium, a heavy metal, as in cadmium chloride (CdCl2). Humans are exposed to Cd through pollutants in the air, drinking water, and food, and Cd impairs Sertoli cell development during fetal and neonatal phases (Zhu et al., 2020). On gestational day 12, a single Cd intraperitoneal injection up to 1.0 mg/kg to 64-day-old Sprague-Dawley dams dose-dependently impaired fetal testis production of testosterone, reduced fetal Leydig cell numbers, and downregulated protein expression in Leydig and Sertoli cells (Li X et al., 2018). The CdCl2 model is widely used to study the TJ of Sertoli cells. This compound is used to study Sertoli cell TJ dynamics, damages the BTB, and has irreversible effects on the testis (Zhu et al., 2020). BTB markers were analyzed in rodent models exposed to cadmium and disruption of the barrier was observed by TEM and IF of ZO-1, occludin, N-cadherin, and β-catenin (Wong et al., 2004; Wong et al., 2005). Cadmium also affects BTB by reducing occludin expression in mice (Zhou et al., 2022) and altering the localization of Cx43 and occludin in rats. A recent study shows that a traditional Chinese medicine prevented Cd-induced BTB damage opposing to Cd-effects on the PI3K/Akt/Rictor signaling pathway (RICTOR, the rapamycin-insensitive companion of mTOR, is the scaffold protein for substrate binding to mTORC2, which promotes BTB integrity) (Shen et al., 2023).
Microplastics (MPs), emerging pollutant particles smaller than 5 mm, have been reported to induce testicular disorder in mammals (Wen et al., 2022). In “in vitro” studies, 0.5 μm–10 μm MPs were internalized by the germ, Leydig, and Sertoli cells (Jin et al., 2021), disrupting BTB and inducing spermatocyte apoptosis in testis via inflammation and oxidative stress (Wei et al., 2021; Yin et al., 2021). Likewise, in vivo, MPs affected sperm count, motility and abnormality rate, and sex hormones level (Xie et al., 2020). Polystyrene microplastics disrupted BTB integrity, as evidenced by actin localization in mice (Wei et al., 2021). Oral treatment with a polystyrene MPs and cadmium combination was harmful to the testicular activity of sexually mature rats, as evidenced by histological and biomolecular alterations. MPs accumulated in the seminiferous epithelium, induced oxidative stress, and affected sperm quality. BTB cytoarchitecture of the blood-testis barrier was compromised, as revealed by lower levels of structural occludin, Van Gogh-like protein 2, and connexin 43 (Hassine et al., 2023). The simultaneous administration of microplastics and cadmium affected the cytoarchitecture of testicular cells and normal spermatogenesis, impairing expression and localization of two proteins—DAAM1 and PREP—involved in actin- and microtubule-associated processes, during germ cells differentiation into spermatozoa (Venditti et al., 2023).
12. Permeability tracers and the BTB
Several methods are available to determine BTB permeability rate in situ using electron or light microscopy. Lanthanum nitrate and horseradish peroxidase are the most widely used in TEM. Lanthanum has the disadvantage of forming precipitates responsible for false positives and unreliable staining (Mann et al., 2003). Horseradish peroxidase infusion through the vascular system showed no tracer precipitates and gives more reliable results (Pelletier and Byers, 1992; Lustig et al., 2000). Different tracers tested in testosterone deprivation models in vivo showed varying permeability rates in relation to their molecular weight (Haverfield et al., 2014). During spermatogenic re-initiation, small, medium, and large-sized tracers were used to map the extension of the BTB permeation. The magnitude of permeation was associated with a particular germ cell, according to spermatid maturation after spermatogenesis’ re-initiation (Haverfield et al., 2014).
13. Unexplored issues in microscopy and new technologies
The study of BTB structure calls for a technical upgrade, using new technological advances to review previous, classic, and/or established concepts.
Super-resolution microscopy emerged as a powerful tool for the study of cellular biology in the last two decades, allowing visualization of molecular structures below the visible light diffraction limit (around 250 nm). Super-resolution microscopy accuracy allows molecular localization within the nanoscale range, which is required to understand the significant diversity of protein interactions in the BTB in vitro and in situ (Zhang et al., 2013; Adams et al., 2018).
Three-dimensional structures like cells, organelles, and the ultrastructure of the cellular membrane can be examined using confocal microscopy (Du et al., 2013) and Electron Tomography (ET) (Lucić et al., 2005). The intricate membrane and subcellular structures like the Golgi complex, endosomes, and lysosomes can be studied with ET. BTB cells display active migratory movements, with cellular processes on spermatids and Sertoli cells. Some Sertoli cell processes penetrate spermatocytes cytoplasm, showing an active and coordinated migration. ET is also used to study cell pseudopodia, allowing us to understand the complex nature of the intracellular membrane structure in the BTB (Pelletier, 2011a).
Fine-resolution techniques have been used to analyze Sertoli cell organelles in rat testis. Using Electron tomography, the 3D aspect of tubulobulbar complexes was described (Lyon et al., 2017). Basal ES elements in the BTB, like the stromal interacting molecule 1 (STIM1), a sensor in the ER membrane, were also viewed using confocal microscopy (Lyon et al., 2017).
Also, using Fluorescent Labeling of Abundant Reactive Entities (FLARE) and expansion super-resolution microscopy, spermatid development was imaged showing specific carbohydrate patterns (Mao et al., 2020). In contrast to antibody labeling, FLARE enables staining thick specimens with fluorescent dyes for intense covalent labeling in super-resolution microscopy (and cleared tissue microscopy) (Mao et al., 2020).
CONCLUDING REMARKS
The blood-testis barrier has a central role in spermatogenesis regulation. So far, the classical ultrastructural and IF research framework has supported BTB functional morphology. As observed in a standard cross-section of the testis, there’s a great diversity of cell associations that occur between cells. During spermatogenesis, BTB needs to keep a safe and isolated environment for postmeiotic germ cell maturation. Because of its complex structure, the BTB can be fully understood only considering the whole seminiferous epithelium in situ. Imaging the dynamic nature of the junctions that seal the adluminal space is a challenge for morphological studies. Therefore, visualization of specific structures and interactions of the junctions at a high spatial resolution is necessary to improve the actual knowledge of the BTB. Further studies using microscopic techniques like electron tomography and confocal microscopy, which ponder the three-dimensional junction structures, are yet to be done. The junctions at the BTB are one of the largest obstacles to male contraception, since many drugs cannot reach the adluminal compartment. Addressing BTB functional morphology issues will help to understand how it is regulated and design new strategies for male fertility control and contraception.
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