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Introduction

Sperm maturation in the epididymis represents a critical process in male fertility. During this process, sperm acquire both motility and the ability to fertilize. Sperm maturation is dependent on the composition of the epididymal lumen, which is created, in part, by products secreted from Sertoli cells in the testis which enter the epididymis, by secretion and absorption of ions and proteins by principal cells which line the lumen of the epididymis, and by the blood-epididymis barrier (BEB) which limits the exchange of molecules between blood and lumen (Fig. 1). In addition to creating this environment for sperm maturation, the BEB also provides an immuneprivileged, or immune protected, milieu for sperm since they are immunogenic. The BEB is created by tight junctions between adjacent epithelial cells. Tight junctions are comprised of transmembrane proteins that enable the cells to adhere to one another, and intracellular proteins that link the transmembrane proteins to the weight-bearing cytoskeleton of the cell. The tight junctions and selective transport by principal cells allow the epididymis to concentrate organic molecules, such as carnitine and inositol, to levels that are 10-to 100-fold greater than in the blood.

1 Three families of transmembrane proteins are implicated in tight junctions: claudins (Cldns), MARVEL proteins, and junctional adhesion molecules (JAM). Table 1. 3,4 Agarwal and Hoffer 5 reported that the barrier in the rat was impermeable to lanthanum in the proximal region of the epididymis by postnatal day 14, and that by day 21, the entire epididymis was impermeable. Contradictory results by Guan et al. 6 reported that the barrier was impermeable by 7 days of age. In the mink, the barrier is impermeable to lanthanum during embryonic development.

7

Likewise immunolocalization studies in mice suggest that the lumen of the epididymis is formed during embryonic development and that occludin is localized to the apical region of the epithelium at that time.

BEB begins to form during fetal development and that differences in permeability and ultrastructure may become complete only during postnatal development.

Signature histological lesions of blood-epididymis barrier compromise

Inflammatory lesions (interstitial edema and inflammatory infiltrate) and/or sperm granulomas are the most common histopathological changes that would suggest compromise of the BEB.

Epididymal inflammation can represent a primary response to a drug (which may then compromise the BEB), or may be a secondary response to breakdown of the BEB by some other injurious mechanism allowing access of the host immune response to the antigenically foreign sperm (Fig. 2). The BEB, therefore, represents a critical aspect of the interface between the immune system and fertility. As such, changes which alter the structure or function of the BEB inevitably also affect sperm maturation, and impact male fertility and reproductive health. This was associated with an increased number of macrophages in the interstitium of the epididymis and abnormal halo cells in the epithelium (Fig. 3C,D).

14 Furthermore, the loss of BEB function was associated with an increased percentage of static sperm in the cauda epididymidis, and dramatic changes in sperm motility and velocity parameters. These observations offer basic guides to pathologies resulting from a loss in BEB function and subsequent immune response. did not appear to cause overt changes in the epithelium of the epididymis, nor was there a noticeable increase in macrophages in the interstitium. Whether or not the BEB was fully compromised in this study is difficult to assess but clearly the response appeared to be somewhat attenuated.

Aging studies using Brown Norway rats reported that the BEB was compromised in aging individuals. This was reflected by decreased expression of occludin, ZO1 and the cell adhesion protein E-cadherin (CDH1). 16 The loss of barrier function in aging rats was also associated with an increase in number of halo cells (monocytes and lymphocytes) present in the epithelium of the epididymis. 17 These observations support the notion that the loss of barrier function in the epididymis is associated with an immune response.

In humans, alterations in components of the BEB are associated with decreased fertility. Studies comparing gene expression in fertile and non-obstructive azoospermic infertile patients indicated that the intracellular targeting of Cldn10 and ZO1 was altered, while the expression of several Cldns was down-regulated in infertile patients (Fig. 4). 18 Using cell lines derived from fertile and obstructive azoospermic patients, those from infertile patients were unable to form functional tight junctions. 19 Duan et al 20 reported the presence of dendritic cells in ejaculates of patients with chronic inflammation of the genital tract. This was inversely related to sperm motility.

Furthermore, there was a significant correlation between the presence of dendritic cells and levels of Il-6, Il-17, Il-23, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and neutral α-glucosidase, an epididymal marker. They postulated that the dendritic cells originated from the epididymis, suggesting that the BEB may be compromised in these patients. Shum et al 21 have shown that dendritic cells in the epididymis are present in the mouse epithelium and that these are distinct from epididymal basal cells. 

Interstitial inflammation

Edema and acute interstitial inflammation of the epididymis and/or the efferent ducts are one of the more common drug induced changes seen in the epididymis. Sperm granulomas (a chronic inflammatory response surrounding and sequestering a bolus of extravasated sperm) often develop as a sequel to an earlier interstitial inflammatory response [22][23][24][25] or following prior epididymal epithelial damage. 26 Sperm granulomas and dilatation of testis, efferent ducts, and epididymis have been observed in rats following inhibition of phosphodiesterase 4 (PDE4). 22 PDE4 is the main enzyme in mammals that hydrolyzes and thus degrades cAMP.

PDE4-selective inhibitors have been reported to increase levels of cAMP in cells, thereby suppressing certain inflammatory processes. 27 A variety of PDE4 inhibitors have been reported to cause testicular and epididymal toxicity, although mechanisms by which these occur are unclear.

28 Heuser et al. 29 reported an interstitial inflammation in the efferent ducts and epididymis following dosing with a PDE4 inhibitor. In a time course study, the acute epididymal inflammation occurred as an early event and at the same time as luminal dilation of the efferent ducts and the ducts of the initial segment of the epididymis. Although the cause of the inflammation is unknown, the authors suggest that the inflammation could be secondary to a physical compromise of the BEB (due to ductular dilation) or more likely due to a direct effect on the vasculature. Epididymal sperm granulomas were also seen, but as a later event.

Administration of L-cysteine to prepubertal rats also produced interstitial edema and acute inflammatory infiltrate as an early change followed by sperm granulomas with longer dosing. In this case the inflammatory changes were considered by the authors to be associated with Lcysteine induced defective development of the caudal epididymal ducts, leading to obstruction of sperm outflow, ductal rupture and resultant sperm granulomas in the corpus and cauda region.

23

In man, epididymal inflammation is most commonly caused by bacterial infections, although male urinary tract infections are not common. Sexually-transmitted infections, particularly gonorrhea and Chlamydia, can also cause epididymitis. [30][31][32][33] Non-infectious causes, which are rare, include reflux of sterile urine via ejaculatory ducts, causing obstruction and consequent inflammation;

sarcoidosis; and Behçet disease, a chronic systemic inflammatory disorder characterized by oral and genital ulcerations and widespread vasculitis. More rare causes of epididymitis can be the result of urinary surgeries or vasectomy; drug-induced, as with amiodarone, a heart medication; human brucellosis 34 ; and pinworm (Enterobius infection in the bowel, with concurrent orchido-epididymitis.

35

Sperm granulomas

Over 250 articles, dating back to 1964, have reported the incidence of granulomas in various tissues. Granulomas are generally described as a collection of macrophages as well as other substances or cells, and are considered to be inflammatory lesions. They appear to serve essentially as a means by which a tissue or organ attempts to restrict or isolate a systemic immune response, by 'walling off' or surrounding the foreign body (or bodies) which may pose an antigenic challenge. When substances perceived as foreign (eg bacteria, cells, fungi, suture fragments, chemicals, sperm, etc) cannot be eliminated, the immune system tries to isolate these by surrounding the foreign bodies with macrophages and connective tissue (Fig. 2).

Sperm or spermatic granulomas have been defined as a lump of extravasated sperm in the epididymis or vas deferens and are reportedly comprised of distintegrating spermatozoa, macrophages, neutrophils, and vacuolated epithelial cells containing cellular debris, 29,36,37 and have been widely reported sequelae of vasectomy in both humans and rodents. [38][39][40][41][42] In addition to post-vasectomy conditions, spermatic (also called epididymal) granulomas have also been induced in a variety of species, particularly rodents, following treatment with hormones, such as testosterone, and a variety of drugs and chemicals. 25,26,29,43,44 Many spermatic granulomas occur in the cauda epididymidis, and have been observed in several types of mice generated with deficiencies in specific genes. For instance, the estrogen receptor-null knockout mice (ERKO) 45 and SED1-null mice 46 both display disruption of epididymal epithelium integrity, resulting in formation of sperm granulomas.

Although widely considered to be an aspect of immune response, controversy exists in human medicine, as to whether or not spermatic granulomas are a good thing. Some authors report that spermatic granulomas are beneficial in helping to maintain the balance of inner hydrostatic pressure in the male reproductive tract. 47,48 Other studies argue against such benefit, and consider granulomas to precede other pathologies, including gangrene and tumors. 49,50 Furthermore, evidence is lacking to clearly demonstrate whether or not granulomas arise as a result of a disruption of tight junction proteins of the tissue barrier, namely the BEB, thereby allowing sperm to leak out of the epididymal lumen into the interstitial compartment, and neutrophils, antibodies, and macrophages to leak into the lumen and attack sperm. Several studies have reported that spermatic granulomas may function as a sperm disposal system, as

shown by a change in their free radical status 51,52 and that there is a link between granulomas, higher protease activity, and superoxide radicals.

53

Oxidative stress, inflammation and the epididymis

Reactive oxygen species (ROS) are formed as a result of normal cellular processes in the mitochondria of all cells, and can also act as intermediates in some metal-catalyzed reactions.

ROS are known to play a role in numerous inter-and intra-cellular signaling processes, as well as in immune cell responses (also see Fujii and Imai, this issue). There exist several mechanisms to control the level of oxidation within a cell, and to eliminate potentially damaging oxygen-based free radicals. These include anti-oxidant enzymes such as superoxide dismutase (SOD) and catalase, and non-enzymatic molecules, most frequently, glutathione, which has an exposed sulfhydryl group that can readily react with oxidizing free radicals, reducing the glutathione, which can then be regenerated by several cellular reactions.

ROS are known to be produced, likely by spermatozoa themselves, as part of the normal process of sperm capacitation.

54,55

Circulating leukocytes within the male reproductive tract also produce ROS, generally in response to stress, including radiation, chemicals, and infectious agents, among others.

56

It has been demonstrated that excessive levels of ROS, resulting from leukocyte production, can negatively impact fertility and lead to inflammation, although the precise mechanism(s) by which this is achieved is/are unclear. The assumption is that the leukocytes infiltrate the BEB in response to infection or foreign agents, but it is not clear if the stress (infection, chemical, etc) leads to disruption of the barrier, permitting infiltration of leukocytes, or if some other mechanism is involved. For instance, accumulation of free radicals can disrupt the blood-brain barrier by activating matrix metalloproteinases (MMPs), which leads to the degradation of tight junction proteins and increased brain-blood barrier permeability. 57 Such conditions could presumably arise in the epididymis, allowing for tight junction protein degradation and subsequent disruption, and increased permeability. This could, in turn, permit infiltration of leukocytes and consequently, increased ROS, as well as increases in other aspects of immune response.

Several studies have reported that basal cells express a number of genes that are implicated in the protection against free oxygen radical species. Cu-Zn SOD (SOD1) was one of the first markers of epididymal basal cells identified. 58 SOD genes play an essential role in maintaining the balance of ROS. In tissues such as the brain, the loss of functional SOD1 has been associated with impair-ment of the tight junctions of the blood-brain barrier observed in patients with neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS). [59][60][61] Another gene implicated in basal cells is glutathione-S-transferase (GST), which can protect against ROS by donating an electron to stabilize free oxygen radicals and peroxides. permeability of the BEB could be modulated by the TGF-β group of cytokines. Using an in vitro murine epididymal cell line, they showed that addition of TGFβ-1,-2, or -3 to the cell medium was sufficient to reduce Cldn1 protein levels, and significantly increase paracellular permeability, with TGFβ3 having the greatest effect. It is not, therefore, inconceivable that BEB permeability, and by extension, retention of tightness of the BEB, is regulated by various cytokines. Cytokines such as interleukin-4 and -13 have been shown to alter expression of some of the junction proteins in other tissues 77 and increase sinonasal epithelial barrier permeability. It has been shown that in vivo, the extracellular matrix (ECM) of the stroma of the rat or monkey epididymis contains TGFβ1 in all regions of the epididymis, and TGFβ3 mainly in the corpus epididymidis, and both exert significant effects on paracellular permeability.

78-80

Similar effects of TGFβ-3 have been observed on the blood-testis barrier. 81,82 Stammler et al. 76 suggested that the role of TGFβs, under certain conditions such as infection or inflammation, could be to permit loosening of the BEB for dendritic cell migration into the epididymal epithelium. Dendritic cells, derived from monocytes, are specialized antigen-presenting cells and play a role in regulation of the immune system. These dendritic cells have recently been reported to be present in the murine epididymis, 83 although their role has not yet been elucidated.

Prostaglandins, such as prostaglandin E2 (PGE 2 ), are known to mediate inflammation and to enhance migration of dendritic cells. 28 Paradoxically, PGE 2 can also suppress cytokine production by dendritic cells. 84,85 Dendritic cells have been identified in the peritubular region of the epididymis and have extensive and lateral projections that reach in the epithelium of the epididymis.

86

The ratio of T cells vs dendritic cells appears to be important in determining effects of PGE 2 on immune system. 28 By extension, this interplay may be, at least in part, responsible for segregating immune responses to infectious agents versus chemical toxicants, for example.

In contrast, it has also been shown that the tight junction protein Cldn1, can regulate Notchsignaling via its regulation of MMP-9 and p-ERK signaling in murine intestinal epithelium. 87 The result is a regulation of epithelial proliferation and therefore a role in epithelial homeostasis. Given the presence of multiple Cldns, particularly Cldn1, in both human and rodent epididymis, it is possible that the Cldns play an important role not only in the establishment and maintenance of the tight junctions of the BEB, but also in regulation of signaling and of epithelial homeostasis.

Role of toll-like receptors and defensins in epididymal inflammation and immune protection

The occurrence of spermatic granulomas as a result of bacterial challenge has been examined in numerous studies, and indeed, the role of innate immune receptors, including the family of Toll-Like Receptors or TLRs, has been investigated in several species and cell lines. 88 TLRs function as receptors for specific ligands present on the cell surface or within the cell. To date, 11 TLRs have been identified, and binding of TLRs to their respective ligands activates a variety of cell signaling pathways. 89,90 The role and regulation of TLRs in the epididymis, as well as the role of glucocorticoids in immunity, have been extensively reviewed elsewhere. 91 Crosstalk between TLRs and other innate immunity receptors has also been reviewed elsewhere. 92 The role of TLRs and their receptors has not yet been elucidated in the male reproductive tract, although several studies have examined expression of various TLRs and ligands in male reproductive cells and organs of humans and rodents.

93-101

It has been shown, in both humans and mice, that the epididymis constitutively expresses multiple TLR proteins, inducing TLR2 and TLR4. 93,[102][103][104] Additionally, CD14, a 54 kDa protein, part of the LPS-receptor complex, has also been found in seminal plasma and sperm membranes, suggesting a role in the epididymal innate immune response.

105 LPS-induced epididymitis has been reported to impair sperm motility, by disruption of epididymal defensin expression.

106

Defensins are part of the innate immunity of the epididymis and the epididymal epithelium has been shown to express a variety of defensins. 107,108 Defensins are small cationic antimicrobial peptides that, in mammals, can be separated into 2 subfamilies: α-and β-defensins. 109 They can bind to the negatively charged extracellular surface of the microbial membrane, where they generate pores that increase the permeability of the membrane, thereby killing the microbe. 110 βdefensins have been shown to exert anti-microbial, as well as anti-fungal and anti-viral properties.

111 These proteins can be actively secreted into the epididymal lumen, where they not only protect sperm from microbial infections but also bind to the sperm and play a role in sperm maturation and the acquisition of motility. [112][113][114][115][116] Zhou et al 115 first reported that Bin1b, an epididymis-specific β-defensin found in the rat, can induce Ca 2+ uptake by the sperm, resulting in increased progressive motility of immature spermatozoa.

βeta-Defensin 126 (DEFB126; also known as epididymal secretory protein 13.2) was first identified in epididymis of Macaque monkeys. 117 Immunostaining indicated that the protein covered the entire surface of spermatozoa. 113,118,119 It has been shown to be part of the sperm glycocalyx that encapsulates the sperm and is thought to be important for stabilizing the sperm plasma membrane. 120 There are several proteins that are secreted by the principal cells of the epididymis, but only a few are integrated into the sperm plasma membrane. 121 Studies have suggested that DEFB126 is implicated in protecting sperm from the immune system, capacitation, penetration into the cervical mucus, and binding to the epithelium of the oviduct.

119,122-124

Tollner et al. 119 showed that DEFB126 disassociates when sperm are capacitated and if the protein is added back to the sperm, zona pellucida binding is inhibited. Alterations in pH appear to be responsible for removing DEFB126 from the sperm following capacitation. 116 Dubé et al 125 showed, using both microarray and real-time PCR, that the levels of DEFB126 mRNA are 4-fold higher in the caput as compared to the corpus and cauda epididymidis. Furthermore, DEFB126 was also shown to be expressed at lower levels in the caput epididymidis of patients with non-obstructive azoospermia.

18 Tollner et al.

126 also showed that a dinucleotide deletion in the human DEFB126 was associated with reduced fertility.

Role of proteins in the composition of the BEB

Cldns are tetraspan transmembrane proteins linked to the cytoskeleton via the zona occludens (ZO) proteins. In mammals, there are 27 different Cldns that can polymerize with other Cldns and/or occludin (a Marvel protein) in both homotypic and heterotypic fashion to form tight junctions. [127][128][129][130][131] They are not only necessary for the barrier function of the epithelium, but can form ion selective pores in the tight junction to allow paracellular transport between adjacent cells.

The selectivity of such pores is dependent on specific Cldns.

128 Occludin, tricellulin, and MarvelD3 are members of the tight junction associated MARVEL protein family which are characterized as having a tetra-spanning domain known as MARVEL (MAL and related proteins for vesicle trafficking and membrane link). 132,133 While these proteins are expressed in a variety of tissues 134 there is little information on their interactions. Raleigh et al. 133 investigated the relationship between these 3 proteins in an intestinal cell line (Caco-2)

and concluded that they display some overlap in localization and function, yet this overlap appears to be non-redundant. Previous studies have suggested that any one of these proteins is not critical or essential for tight junction formation. For example, Saitou et al. 135 showed that while occludin-knockout mice displayed growth retardation, testicular atrophy, and other effects, there were no defects in epidermal, renal, respiratory, or intestinal barrier function. However, Raleigh et al. 133 concluded from their studies that although there is overlap among these 3 proteins, no compensation by the other family members occurs following knockdown of either tricellulin, occludin, or marvelD3, which may result in effects on tight junction assembly. Interestingly, tumor necrosis factor (TNF)-treatment of intestinal Caco-2 cells showed that protein expression of marvelD3 and tricellulin were increased, but that of occludin did not change. 133 Occludin was the first tight junction protein identified in the epididymis, and the same study reported that tight junctions were heterogeneous, and that occludin was not expressed or was expressed at low levels in the initial segment of the epididymis. 136 This led to studies which showed that Cldn1 was localized to epididymal tight junctions in all epididymal regions, and that the localization of the protein was regulated by androgens, but only in the initial segment, indicating that Cldns may be regulated differently in the different regions of the epididymis ( 9,141,142 Dufresne and Cyr 142 showed that the Cldn1 promoter is regulated by specificity proteins (SP)-1 and -3 in the epididymis. Furthermore, studies have shown that p63, expressed in basal cells of the epididymis, can bind to the SP1/SP3 consensus sequence of the DNA of the Cldn1 promoter in skin. 143 Given that p63 as well as Cldn1 have been shown to be expressed in basal cells, it is likely that p63 may regulate the expression of Cldn1 in basal cells.

Micro RNAs have also been shown to regulate Cldn10 in the epididymis. Belleannee et al. 144 showed that there is a negative correlation between miRNA 145 and Cldn10 in the human epididymis. It is therefore likely that miRNAs are implicated in the regulation of other Cldns.

Role of basal cells in the BEB: protector of the barrier?

In pseudo-stratified epithelia, such as the epididymis, it has generally been accepted that basal cells are restricted to the basal compartment of the epithelium. These cells have thin projections that interact with projections from adjacent basal cells to form a basket-like structure at the base of the epithelium. 145 These projections can extend apically between principal cells and reach the epididymal lumen. 73 Cldn1 was shown to be expressed in basal cells, 141 as well as along the lateral margins of the plasma membrane of principal cells. Shum et al. 73 suggested that expression of Cldns by basal cells allowed these cells to bind to the Cldns of the tight junctional complex of the BEB to cross the barrier to reach the lumen. It has been suggested that lumenal basal cell projections act as sensors of angiotensin II, and that these cells regulate acidification of the lumen via the production of nitrous oxide, which act on epididymal clear cells to stimulate proton secretion.

146 Basal cells also express elevated levels of cyclooxygenase 1 (COX1) and prostaglandin E synthetase (PGES), which are implicated in prostaglandin synthesis. The expression of these enzymes increases along the epididymis. 147 Increased prostaglandin synthesis is thought to regulate functions of the principal cells. For example, PGE2 has been shown to be an important regulator of the cystic fibrosis receptor (CFTR) in principal cells.

148

It is well-known that reactive oxygen species (ROS) and other oxidative stress agents can alter or negatively affect one or multiple aspects of spermatogenesis. 149 In addition, multiple diseases, including chronic inflammatory diseases and bacterial infections, can also impact and compromise the functioning of Sertoli cells in the testis, and various components of the BEB.

Access of drugs across the BEB

Many factors can affect an individual's response to toxic or therapeutic substances.

Toxicokinetics/pharmacokinetics examines time-dependent processes regulating the interaction between substances and living organisms. This encompasses 4 fundamental principles of toxicology: absorption, distribution, bio-transformation, and excretion. Dose and physico-chemical characteristics of the substance, route and duration of exposure, and inter-individual variability are all important factors which can influence the kinetic profile of a given substance. Any compound is capable of eliciting a response if given at sufficiently high doses. Chemical lipophilicity and routes of exposure will also greatly affect how a substance is both absorbed and distributed throughout the body. As a general rule, lipid-soluble compounds are more readily absorbed through the skin, the gut and the lungs, and are more easily distributed between internal compartments. Other substances, while innocuous in their original form, can be bioactivated by xenobiotic metabolizing enzymes in the liver to become more toxic. Cellular barriers, such as the BEB, regulate the paracellular movement of molecules, including toxic substances, across blood-tissue barriers thereby affecting the distribution, absorption and transfer of substances. As such these structures play an important role in drug distribution.

Cellular transporters and the BEB

A functional aspect of cellular barriers is the ability to regulate the movement of materials across the barrier to maintain ideal conditions within immuno-privileged environments while protecting cells within these sites. As discussed above, one of the functions of Cldns in the tight junctions is to regulate and in some case, restrict, the paracellular movement of ions between cells. To regulate larger molecules including organic toxicants, transport systems have been shown to be associated with different barrier systems in the body. ATP-binding cassette (ABC) transporters are a large family of membrane-embedded transport proteins implicated in multidrug resistance. [150][151][152] There are 49 ABC transporters in humans that can be subdivided into 7 families.

They actively transport various molecules including drugs, lipids, metabolites, and ions. ABC transporters in the epididymis, and that the transcript levels of these transporters varies between the different segments of the epididymis (Table 1). While the functionality of these transporters needs to be established, it is noteworthy that so many members of the ABC transporter proteins are present in the epididymis, and for many, their distribution is segmentspecific suggesting that they are specifically regulated along the epididymis.

Studies in the rat have identified ABCB1a/b transcript and protein throughout the different epididymal segments. 154 ABCB1 was localized to apical region of the epithelial cells lining the lumen of the epididymis, as well to the epididymal spermatozoa of the corpus and cauda epididymidis. 154 Protein levels were significantly higher in both corpus and cauda epididymidis relative to the initial segment and caput. Furthermore, efflux activity and protein levels could be stimulated in rat epididymal cells, RCE, 155 exposed to either doxorubicin or nonylphenol 154 thus

showing that the transporter was functional. Likewise, functional MDR assays have suggested that ABCC1 may also play a role in epididymal barrier defense, although this transporter was not induced by either DOX or nonylphenol treatment.

154

Another member of the ABC transporter family is the cystic fibrosis transductance regulator (CFTR/ABCC7). CFTR has been shown to be essential for male fertility. 148,156 Some studies have shown that mutations in the CFTR can cause male infertility resulting from the malformation of the epididymis and congenital absence of vas deferens in humans. 157,158 Furthermore, there appears to be a correlation between infertility and CFTR mutations in men with normal reproductive tract development. 159,160 Animal model studies have reported an association between CFTR mutations and developmental absence of vas deferens in the ferret and porcine animal models. [161][162][163] CFTRknockout mice do not exhibit congenital malformations of the epididymis or absence of vas deferens, yet the animals are subfertile.

164,165

Conclusions

In conclusion, the morphological and physiological components of the BEB represent essential aspects of male fertility. Disruption or loss of specific BEB components or disturbances to the epididymal epithelium which compromise integrity and functioning of the BEB can elicit immune responses, and have been associated with decreased fertility in humans. Although disruption or loss of the BEB can result in an immune response, the barrier itself is clearly also subject to regulation by the immune system, especially in cases of inflammation. There have been limited reports of pathologies resulting directly from loss of BEB function; perhaps the most obvious reason for this resides in the complexity of the BEB and the large number of proteins that comprise the junctions of the BEB. We are now beginning to better understand the roles of the various protein components of the BEB, and the loss of BEB function may not necessarily result in full loss of the barrier but rather in its physiological functions, whether these are associated with the tight junctions, cellular transporters, or components of epididymal immune functions, such as the defensins. Clearly, assessing pathological effects on the epididymis will require multiple

Figure 1 .

 1 Figure 1. Schematic diagram showing the testis and epididymis including the 4 regions of the epididymis (initial segment, caput, corpus and cauda epididymidis). The epididymis is

Figure 2 .

 2 Epididymal granuloma and inflammation. Examples of epididymal granuloma (panels A and B). Note the alterations and degradation of the epithelium around the granuloma containing accumulated sperm. Mixed immune cells can be observed either surrounding (A) or in the periphery of the granuloma (B). Panel B shows an inflammatory response with increased immune cells in the interstitium. Photomicrographs were generously provided by Dr. D. Creasy (Huntingdon Life Sciences). PowerPoint slideOriginal jpg (187.00KB)Display full size Pathological consequences of BEB disruption Examples of pathological consequences associated with loss of the BEB are limited in the literature. Hermo et al. 9 showed a loss of barrier function in cathepsin A deficient mice. Cathepsin A is a lysosomal caboxypeptidase that facilitates lysosomal targeting and activation of αneuramididase and protects β-galactosidase and α-neuramididase against proteolytic degradation. 10-13 In knockout mice, the membrane localization of Cldns 1, 3, 8 and 10 is either decreased or becomes cytoplasmic in regions of the epididymis. The epididymis of these animals is also permeable to lanthanum nitrate perfusion, indicating a loss of BEB function (Fig 3A, B).

Figure 3 .

 3 Electron microscope images of adult wild-type (A and B) and deficient in protective protein cathepsin A mice perfused with lanthanum nitrate. In A, lanthanum nitrate percolates through the intercellular spaces (arrowheads) between adjacent principal cells up to the apical tight junctions. In B, lanthanum nitrate permeates the entire intercellular space (arrowheads) including the apical junctional complexes (arrows) indicating a loss of tight junctions. Lanthanum nitrate is also evident in the epididymal lumen (circles, inset of B). In C, paraffin sections of wild-type mice were immunostained for Cldn3. Cldn3 is located in the apical region of the epithelium (arrow). In cathepsin Aknockout mice, the localization of Cldn3 is cytoplasmic. Furthermore, the interstitial area contains numerous macrophages and large vacuoles are present in the epithelium. a mixture of polychlorinated biphenyls (PCBs; Aroclor 1254) caused increased permeability of epididymal tight junctions to lanthanum perfusion, suggesting that the BEB was compromised. Gene profiling indicated that PCBs altered small G-proteins, and this was associated with a decrease in ZO-1 levels. Unlike the cathepsin A knockout experiments, PCBs

Figure

  principal cells in the caput epididymidis of fertile patients, in In infertile patients there is a noticeable increase in cytosolic localization. These results show that the localization of these CLDNS can be negatively regulated in infertile men. Magnification × 640. P, Principal cells; B, basal cells; IT, intertubular space; Lu, lumen. Reproduced from Dubé et al. 18 .

  MT1 and MT2 have metal response elements which can be induced by divalent cations (eg. Cd, Cu, and Zn), resulting in increased MT synthesis. MT can bind metals ions, thereby reducing their bioavailability, and hence their toxicity. In addition to their role in heavy metal toxicity, MTs can scavenge ROS, and thus reduce their toxicity.[66][67][68] While several studies have reported that sperm are particularly sensitive to the effects of high levels of ROS, 69-72 whether or not the presence of various ROS defense mechanisms in basal cells is sufficient to decrease ROS levels in the lumen of the epididymis remains to be demonstrated. A more likely function of the ROS defense mechanisms is to protect the epithelial cells that line the lumen of the epididymis and the BEB. Clearly, however, basal cells play an important function in detoxification. While the structure of these cells may be altered by anti-androgens,73 and hence by certain endocrine disruptors, careful analysis of cell numbers and their projections is needed to assess basal cell health and function when toxic effects on the epididymis are suspected.Inflammation, matrix metalloproteinases and the blood-epididymis barrierMMPs are a family of zinc-dependent endopeptidase enzymes involved in tissue matrix degradation and remodelling. They play a role in several normal physiological processes, such as embryonic development, menstrual cycle, and tissue damage repair, and are also associated with diseases such as arthritis and cancers.74 They are often associated with cancer progression, since they can break down tissue barriers and permit metastatic spread (NIH/NCBI). Wilson et al. 75 demonstrated that MMP7, also known as matrilysin, which is involved in normal tissue remodelling, is expressed in the initial segment and caput epididymal epithelium, suggestive of a role in maturation of sperm during epididymal transit, as well as a role in fluid regulation. It is likely that these functions are achieved by MMPs via their regulation of some signaling pathways, via enzyme cascades and by generating some cytokines, growth factors, and adhesion molecules (NIH). Curiously, a recent study by Stammler et al 76 reported that the

  Fig 5). 137 Studies by Guan et al 138 as well as by Gregory and Cyr 139 demonstrated that the presence of multiple Cldns in the epididymis, and that the localization of Cldns varied as a function of postnatal development, being localized primarily to the cytoplasm in young animals, and becoming progressively localized to the plasma membrane as a function of age (Fig 6). While the mechanism responsible for this is unclear, DeBellefeuille et al 140 showed that during development, ZO-1 associates with β-catenin (CTNN1) in the adherens junction prior to the formation of tight junctions, suggesting that this association was necessary for the initial assembly of the tight junctions. These studies point to the fact that pathological examination of the BEB barrier necessitates immunolocalization studies as the localization of tight junction proteins may be mistargeted under certain conditions. Certainly the conclusion from developmental studies indicates that post-transcriptional modifications in cellular targeting associated with the formation, or completion of the BEB, are as important as the transcription regulation of the genes. Furthermore, the effects of androgens on Cldn1 localization indicate that anti-androgens may affect, if not the entire function of the barrier, certainly its permeability, which may result in consequences for sperm maturation.

Figure 5 .

 5 Figure 6. Immunocytochemical localization of Cldn-3 (A, C) and Cldn-4 (B, D) in the epididymis of 14 (A, B)-and 42 (C, D) day old rats. At 14 days there is an important cytoplasmic reaction (arrows) suggesting that Cldns have not yet completely localized to the area of the tight junction. In 42 day old rats the reaction in all regions of the epididymis is present exclusively in the area of tight junction and there is no cytoplasmic staining. The photomicrographs are from the initial segment region. Magnification 640×. E = epithelial cells, P = principal cells, IT = intertubular space, L = lumen. Reproduced from Gregory et al., 139 .

  can act as drug/toxicant efflux proteins and have been shown to be important in the detoxification of a diverse array of xenobiotics by excreting potentially harmful substances. ABC transporters are expressed in a tissue-specific manner and have been associated with various blood-tissue barriers.153 They represent one of the physiological components of blood-tissue barriers. Gene expression profiling in the human epididymis has shown that there are 46 different
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