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Abstract

The testes of sexually mature males of six mammalian species (men, bulls, boars, rats, mice, guinea pigs) have been studied using

biochemical as well as light and electron microscopical techniques, in particular immunolocalizations. In these tissues, the

peritubular walls represent lamellar encasement structures wrapped around the seminiferous tubules as a bandage system of

extracellular matrix layers, alternating with monolayers of very flat polyhedral Blamellar smooth muscle cells^ (LSMCs), the

number of which varies in different species from 1 to 5 or 6. These LSMCs are complete SMCs containing smooth muscle α-

actin (SMA), myosin light and heavy chains, α-actinin, tropomyosin, smoothelin, intermediate-sized filament proteins desmin

and/or vimentin, filamin, talin, dystrophin, caldesmon, calponin, and protein SM22α, often also cytokeratins 8 and 18. In the

monolayers, the LSMCs are connected by adherens junctions (AJs) based on cadherin-11, in some species also with P-cadherin

and/or E-cadherin, which are anchored in cytoplasmic plaques containing β-catenin and other armadillo proteins, in some

species also striatin family proteins, protein myozap and/or LUMA. The LSMC cytoplasm is rich in myofilament bundles, which

in many regions are packed in paracrystalline arrays, as well as in Bdense bodies,^ Bfocal adhesions,^ and caveolae. In addition to

someAJ-like end-on-end contacts, the LSMCs are laterally connected by numerous vertical AJ-like junctions located in variously

sized and variously shaped, overlapping (alter super alterum) lamelliform cell protrusions. Consequently, the LSMCs of the

peritubular wall monolayers are SMCs sensu stricto which are laterally connected by a novel architectonic system of arrays of

vertical AJs located in overlapping cell protrusions.
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Introduction

In previous studies of mature mammalian testes, we had noted

that the epithelium within the seminiferous tubules is funda-

mentally different from all other epithelia, including those of

the testicular excurrent ducts. With respect to the major mo-

lecular and ultrastructural components in the mature and

healthy seminiferous tubules, it has for example been found

that in this stage, the Sertoli and germ cells

– do not contain any cytokeratin (CK) but only vimentin

intermediate-sized filaments (IFs), often organized in

bundles enriched in the perinuclear region (Franke et al.

1979, 1982b; see also Spruill et al. 1983; Paranko and

Virtanen 1986; for further references, see Domke et al.

2014);

– do not contain desmosomes or desmosome-like struc-

tures, not even any desmosome-specific marker proteins

or glycoproteins (Franke et al. 1982a; Domke et al. 2014;

for a list of opposite reports and claims, see ESM,

Table S1);

– do not contain E-cadherin (CDH1)-based but only N-

cadherin (CDH2)-based adherens junctions (AJs;

Franke et al. 1982a; Cyr et al. 1992, 1993; Newton

et al. 1993; Byers et al. 1994; Domke et al. 2014;

Domke 2018); and

– do not contain an apical zonula adhaerens but deep plas-

ma membrane indentations in the apical plasma mem-

branes of the Sertoli cells in which the spermatid heads

are embedded (cf. Franke et al. 1978a).

On the other hand, we have recently found that the

cells within the seminiferous tubules are connected with

each other and with the germ cells by special—often very

large—N-cadherin-based AJ-type junctions (Bareae

adhaerentes^), which in many regions are characterized

by cytoplasmic AJ plaques containing α- and β-catenin,

proteins p120 and p0071, as well as plakoglobin (Domke

et al. 2014). Moreover, we have also discovered a very

special form of Sertoli cell junctions, the cribelliform

junctions (Bareae cribelliformes^), which are characterized

by groups of cytoplasm-to-cytoplasm channels of 5–7 nm

cytoplasmic width which are laterally connected by short

TJ- or AJ-type structures (Domke et al. 2014).

In our studies of the seminiferous tubules, we have also

studied the very thin encasement structure, the Bperitubular

wall,^ consisting of layers of extracellular matrix (ECM) alter-

nating with special cell monolayers which have been described

for decades in numerous publications as Bmyofibroblasts,^

Bmyoid cells,^ Bmyoid layers of the tunica propria,^

Bperitubular contractile cells,^ Blamina propria cells,^

Binterlamellar cells,^ or Binterlaminar cells^ (e.g., Ross and

Long 1966; Ross 1967; Fawcett et al. 1969; Dym and

Fawcett 1970; Böck et al. 1972; Hovatta 1972; Kormano and

Hovatta 1972; Dym 1975; Hargrove et al. 1977; for further

references see, e.g., ESM, CLC, and SLCs Nos. 1 and 2). As

the complex peritubular wall structure so far had not been suf-

ficiently analyzed and adequately characterized in molecular

and ultrastructural terms, we decided to study the molecular

composition as well as the cell and tissue architecture of the

peritubular wall in diverse mammalian species.

Material and methods

Tissues and cells

Bovine tissue samples of freshly slaughtered animals were

obtained in the regional slaughterhouse (Mannheim,

Germany), murine tissue samples (rat and mouse), and

guinea pig tissues from mature and sexually active animals

kept in the Central Animal Laboratory of the German

Cancer Research Center (Heidelberg, Germany; for details

see Franke et al. 2006, 2015; Domke et al. 2014). Tissue

specimens from 3-year-old boars (German landrace pigs)

were provided by Dr. Heiner Niemann, head of the

Institute of Farm Animal Genetics (Friedrich-Loeffler-

Institute, Federal Research Institute for Animal Health,

Mariensee, Germany) and fixed as described (Rickelt

et al. 2011; Domke et al. 2014). Human tissue samples were

obtained from surgical material taken and processed in

compliance with the regulations of the Ethics Committees

of the Universities of Heidelberg and Marburg (Germany;

see also Franke et al. 2006, 2015; Domke et al. 2014). In

particular, the following tissues were used: testis, testicular

excurrent ducts, liver, intestine, tongue mucosa, esophagus,

heart, bladder, and bovine muzzle.

Generally, the tissue samples were snap-frozen in

isopentane, precooled in liquid nitrogen, and then stored at

− 80 °C until use (see also the aforecited references).

Cryosections of frozen tissue samples were used for immuno-

fluorescence microscopy, immunoelectron microscopy, and

analyses by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) of polypeptides, followed by immunoblotting

(BWestern blots^). Alternatively, the tissue samples were fixed

at 4 °C with 2% or 4% formaldehyde, freshly prepared from

paraformaldehyde in PBS, and then dehydrated in an ethanol

series and finally embedded in paraffin.

Antibodies

The antibodies used in immunoblotting analyses of poly-

peptides separated by SDS-PAGE, immunofluorescence,

and immunoelectron microscopy are listed in Tables 1

and 2 and in previous publications (e.g., Franke et al.

2013, 2015; Rickelt et al. 2011; Domke et al. 2014).
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Primary antibodies were visualized with goat anti-mouse,

goat anti-guinea pig, goat anti-rat, or goat anti-rabbit IgG

(H+L) secondary antibodies conjugated to Cy3 (Dianova,

Hamburg, Germany) or Alexa 488 (Invitrogen, Karlsruhe,

Germany). Immunoblot analysis was performed with

horseradish–peroxidase (HRP)-conjugated secondary anti-

bodies (Dianova).

Gel electrophoresis and immunoblotting

Polypeptides of tissue samples were biochemically ana-

lyzed using SDS-PAGE and immunoblotting as de-

scribed (Achtstaetter et al. 1986; Rickelt et al. 2010,

2011; Straub et al. 2011; Pieperhoff et al. 2012;

Domke et al. 2014).

Immunofluorescence microscopy

Analyses by immunofluorescence microscopy were per-

formed as described (see, e.g., Franke et al. 2006, 2015;

Rickelt et al. 2011; Pieperhoff et al. 2012; Domke et al.

2014). The frozen tissue sections were mounted on glass

slides (Thermo Fisher Scientific, Rockford, IL, USA) and

shortly air-dried, followed by fixation for 10 min in a −

20 °C cold methanol/acetone (1:1) mixture and subse-

quent air-drying. The fixed sections were rehydrated in

PBS and incubated in PBS containing 0.1% Triton X-

100 for 4 min, followed by two washing steps with PBS

for 5 min and subsequent incubation with primary anti-

bodies for a minimum of 1 h.

Alternatively, the specimens were fixed for 6–8 min

with 2% formaldehyde in PBS, freshly prepared from

Table 1 Results of immunofluorescence microscopy on peritubular wall cells (LSMCs) of mature bovine testis using antibodies to specific smooth

muscle marker molecules

Antigen Antibodies used (type and source)1 Relative intensity2 Reactions positive in other species examined

Smooth muscle α-actin m (mcl, Progen Biotechnik, 61001) ++ Man, boar, rat, m, gp

rb (pcl, Abcam, ab5694) ++ Man, boar, rat, m, gp

Myosin (smooth muscle; heavy chain) m (mcl, Sigma-Aldrich, M7786) ++ Man, boar, rat, gp

Myosin (smooth muscle; light chain 2) rb (pcl, Cell Signalling, 3672) ++ Man, boar, rat, m, gp

Myosin (skeletal and smooth muscle) rb (pcl, Sigma-Aldrich, M7648) + Man, boar, rat, m, gp

Desmin m (mcl, Progen Biotechnik, 10519) ++ Man, boar, rat, m, gp

m (mcl, Dako, M0724) ++ Man, gp

rb (pcl, Progen Biotechnik, 10570) ++ Man, boar, rat, m, gp

Vimentin m (mcl, Progen Biotechnik, 65113) ++ Man, boar, rat, m, gp

gp (pcl, authors’ laboratory*, 2A) ++ Man, boar, rat, m, gp

Smoothelin m (mcl, Millipore, MAB3242) ++ Man, boar, gp

rb (pcl, Abcam, ab204305) ++ Man, boar, rat, m, gp

Protein SM22α rb (pcl, Abcam, ab155272) (+)3 No cross-reaction in LSMCs of other species

rb (pcl, Abcam, ab14106) + gp

Calponin m (mcl, Sigma-Aldrich, C2687) ++ Man, boar, rat, gp

Caldesmon rb (pcl, Abcam, ab32330) + Man, boar, rat, m

α-Actinin m (mcl, Sigma-Aldrich, A5044) ++ Man, boar, rat, m, gp

rb (pcl, Sigma-Aldrich, A2543) ++ Man, boar, rat, m, gp

Tropomyosin m (mcl, Sigma-Aldrich, T2780) + Man, boar, rat, m, gp

rb (pcl, Sigma-Aldrich, T3651) + Man, boar, rat, m, gp

Talin m (mcl, Sigma-Aldrich, SAB4200041) ++ Man, boar, rat, m

Filamin A rb (mcl, Abgent, AJ1299a) ++ Man, boar, rat, m, gp

Vinculin/metavinculin m (mcl, Sigma-Aldrich, V4505) + Man, boar, rat, m, gp

rb (pcl, Sigma-Aldrich, V4139) + Man, boar, rat

Dystrophin rb (pcl, Abcam, ab15277) ++ Man, boar, rat, m, gp

Control tissues used include excurrent ducts of the testis, bladder, tongue mucosa, intestine, and myocardium

*Original antibodies made in the authors’ laboratory
1Abbreviations used for type and source of antibodies: gp guinea pig, m mouse, mcl monoclonal, pcl polyclonal, rb rabbit
2 Symbols used for relative intensities: ++ high intensity, + moderate intensity
3Only a few preparations showed positive antibody reaction, maybe due to specific SM22α isoforms
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Table 2 Immunofluorescence microscopy reactions of further antibodies against cytoskeletal, junctional, and ECM marker molecules on LSMCs of

the peritubular wall

Antigen Antibodies (type and source)1 Relative intensity on bovine LSMCs2

α-Actin m (mcl, Progen Biotechnik, 651132) +

α-Cardiac actin m (mcl, Progen Biotechnik, 61075) –

α-Skeletal/cardiac actin m (mcl, Novus, NBP1-97725) –

Ankyrin-G m (mcl, Invitrogen, 33-8800)3 +

α-E-catenin m (mcl, Thermo Fisher Scientific, 13-9700) +

β-Catenin rb (mcl, Abcam, ab32572) +

m (mcl, BD Transduction Laboratories, 610154) +

Cadherin-1 (E-cadherin) m (mcl, Transduction Laboratories, 610182) +

Cadherin-2 (N-cadherin) rb (pcl, QED Biosciences, 42031) sd

m (mcl, Transduction Laboratories, 610921) sd

Cadherin-3 (P-cadherin) rat (mcl, Thermo Fisher Scientific, 13-2000Z) +

Cadherin-5 (VE-cadherin) rb (pcl, Cayman Chemical Company, 160840) –

Cadherin-6 (K-cadherin) m (mcl, Progen Biotechnik, 16111) –

Cadherin-11 (OB-cadherin) m (mcl, Progen Biotechnik, 16113) ++

m (mcl, Thermo Fisher Scientific, 32-1700) ++

rb (pcl, Thermo Fisher Scientific, 71-7600) ++

Calicin m (mcl, authors’ laboratory*) –

Caveolin-1 rb (mcl, Cell Signaling, 3267) ++

Claudin-3 rb (pcl, Thermo Fisher Scientific, 34-1700) –

rb (pcl, Abcam, ab15102) –

Claudin-4 m (mcl, Thermo Fisher Scientific, 32-9400) –

Claudin-5 m (mcl, Thermo Fisher Scientific, 35-2500) –

m (mcl, Thermo Fisher Scientific, 18-7364) –

Claudin-11 rb (pcl, Thermo Fisher Scientific, 36-4500) –

rb (pcl, Abcam, ab53041) –

Collagen IV rb (pcl, Progen Biotechnik, 10760) +

Procollagen m (mcl, Millipore, MAB1913) +

Cylicin I gp (pcl, authors’ laboratory*) –

Cylicin II gp (pcl, authors’ laboratory*) –

Cytokeratin 8 m (mcl, Progen Biotechnik, 65138) (+)4

Cytokeratin 18 m (mcl, Progen Biotechnik, 10500) (+)4

m (mcl, authors’ laboratory*, cl. 174.14.11) (+)4

Desmocollin 2 rb (pcl, Progen Biotechnik, 610120) –

Desmoglein 1+2 m (mcl, Progen Biotechnik, 61002) –

Desmoglein 1 m (mcl, Thermo Fisher Scientific, 32-6000) –

m (mcl, Progen Biotechnik, 651110) –

Desmoglein 2 rb (pcl, Progen Biotechnik, 610121) –

m (mcl, Thermo Fisher Scientific, 32-6100) –

Desmoglein 3 m (mcl, Thermo Fisher Scientific, 32-6300) –

Desmoplakin 1+2 m (mcl, Progen Biotechnik, 65146) –

Drebrin m (mcl, Progen Biotechnik, 612128)5 +

EpCAM m (mcl, Progen Biotechnik, 61004) –

Fibronectin m (mcl, Sigma-Aldrich) +

HD 220/233 m (mcl, kindly provided by K. Owaribe, University of Nagoya, Japan) –

Integrin α6 rat (pcl, Progen Biotechnik, 10709) +

Integrin β4 rb (mcl, Abcam ab133682) +

Myozap m (mcl, Progen Biotechnik, 651169) +

gp (pcl, authors’ laboratory*, 2A) +
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paraformaldehyde, before cells were permeabilized with

0.1% or 0.2% saponin in PBS for 5 min, followed by

two washing steps in PBS for 5 min each, and incubation

with the specific primary antibodies in PBS, followed by

three washing steps (5 min each) in PBS. Samples were

then exposed to the specific secondary antibodies conju-

gated with fluorochromes for 30–60 min. In addition, nu-

clear chromatin was counterstained using DAPI (Serva,

Heidelberg, Germany; 1:10,000 dilution) along with the

secondary antibodies. Excess antibodies and antibodies

not stably bound were removed by three washes with

PBS (5 min each). Subsequently, specimens were rinsed

in distilled water, dehydrated in ethanol, and mounted in

FluoromountG (Southern Biotech, Birmingham, AL,

USA).

Immunofluorescence microscopic and phase contrast im-

ages were taken with an Axiophot II photomicroscope (Carl

Zeiss, Jena, Germany), equipped with an AxioCam HR (Carl

Zeiss), or with a confocal laser scanning microscope, a Zeiss

LSM 800 instrument. Images were partially combined using a

Tile scan tool (ZEN 2012 microscope software, version 8.1,

Carl Zeiss Microscopy GmbH). For immunofluorescence mi-

croscopy of paraffin-embedded tissue samples, the sections

were deparaffinized and prepared for antigen-retrieval treat-

ment according to standard protocols (Shi et al. 1991; Vlahova

et al. 2012; see also Domke 2018).

Table 2 (continued)

Antigen Antibodies (type and source)1 Relative intensity on bovine LSMCs2

Laminins rb (pcl, Progen Biotechnik, 10765) ++

rb (pcl, Sigma-Aldrich, L9393) ++

Protein LUMA gp (pcl, authors’ laboratory*, 2A) +

l/s Afadin rb (plc, Sigma-Aldrich, A0224) –

LYVE-1 rb (pcl, Acris, DP3500PS) –

Myomesin (Myom-2) rb (pcl, Acris, AP01485PU-N) –

PE-CAM (CD 31) m (mcl, Thermo Fisher Scientific, 37-0700) –

Protein PERP m (mcl, authors’ laboratory*, 26.3.30.) –

m (mcl, authors’ laboratory*, 8.2.9.) –

gp (pcl, authors’ laboratory*, 4A) –

Plakoglobin m (mcl, Progen Biotechnik, 65105) –

Plakophilin 1 m (mcl, Progen Biotechnik, 65160) –

Plakophilin 2 m (mcl, Progen Biotechnik, 651101) –

Plakophilin 3 m (mcl, Progen Biotechnik, 651113) –

Plectin gp (pcl, Progen Biotechnik, GP21) –

rb (pcl, Abcam, ab83497) –

m (mcl, Novus Biologists, NB120-11220) –

Podoplanin m (mcl, Acris, DM3500P) –

m (mcl, Dako, M3619) –

Protein p120 m (mcl, BD Transduction Laboratories, 610134) sd

Protein p0071 m (mcl, Progen Biotechnik, 651165) sd

gp (pcl, Progen Biotechnik, GP71) sd

Striatin6 m (mcl, BD Transduction Laboratories, 610838) –

gp (pcl, authors’ laboratory*) –

Tetraspanin (CD151) m (mcl, Acris, SM1209P) –

rb (plc, Abcam, ab185684) –

Troponin T m (mlc, Sigma-Aldrich, T6277) –

*Original antibodies made in the authors’ laboratory
1Abbreviations used for type and source of antibodies: gp guinea pig, m mouse, mcl monoclonal, pcl polyclonal, rb rabbit
2 Symbols used for relative intensities: ++ high intensity, + moderate intensity, – no reaction, sd significance not decidable yet
3 For a review, see Bennett and Healy (2009)
4The antibodies to cytokeratin 8 and/or 18 used are only positive on bovine and boar PW-LSMCs
5The antibodies used have been previously described: Peitsch et al. (1999, 2001, 2005)
6 Striatin and proteins of the striatin family (Franke et al. 2015)
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Electron and immunoelectron microscopy

For electron and immunoelectron microscopy, previously pub-

lished protocols were used (e.g., Langbein et al. 2002; Franke

et al. 2006; Domke et al. 2014). For immunoelectron micros-

copy, cryostat sections of frozen tissue samples were fixed in

2% formaldehyde in PBS for 6–8 min and washed with PBS

and incubated in 50 mM NH4Cl in PBS (w/v) twice for 5 min

each, followed by partial permeabilization with 0.1% saponin in

PBS (3–4 min). Specimens were incubated with primary anti-

bodies for 3 h. After three washing steps, the samples were

exposed to secondary antibodies conjugated with 1.4 nm gold

particles (Nanoprobes, Yaphank, NY, USA) overnight at 4 °C.

In most cases, silver enhancement of gold particles was per-

formed, using the HQ Silver Enhancement Kit from Biotrend

(Köln, Germany) for various periods of time (5, 7, or 9 min)

after fixation with 2.5% glutardialdehyde in PBS for 30 min at

4 °C (for subsequent treatment see the references quoted

above). Electron micrographs were taken at 80 kV in an EM

10 (Carl Zeiss) instrument. In addition, series of (up to 30)

coaxial or sagittal thin sections across the seminiferous tubule

structures were evaluated in tile scans and after serial recon-

struction of the electron micrographs used for visualization

and tomography arrangements.

Results

Biochemical identifications of cytoskeletal
and junctional proteins and glycoproteins

Beginning with the basal lamina of the testicular seminiferous

tubules, we have studied the peritubular wall cell monolayers

of diverse mammalian species using the adjacent epithelia of

the excurrent ducts and various other tissues (intestine, liver,

bladder, esophagus, tongue mucosa, heart, and bovine

Fig. 1 Identification of proteins by SDS-PAGE of protein lysates in dis-

sected tissue samples of mammalian testes and immunoblotting with

specific antibodies (apparent molecular weights are indicated in kDa on

the left margin). a Antibodies against smooth muscle α-actin (SMA)

show positive reactions in tissues of the seminiferous tubules of human

(lane 1), bovine (lane 2), porcine (lane 3), and rat (lane 4) testis as well as

in bovine bladder (lane 5). b Similarly, smoothelin is seen in these sem-

iniferous tubules (lanes 1–4) and in bovine bladder (lane 5). c Desmin is

detected in all testicular tissues (lanes 1–4; here a lysate from cultured

murine HL-1 cells, i.e., of cardiomyocyte origin, is shown in lane 5 for

comparison). d Vimentin as a component of Sertoli, peritubular wall, and

interstitial cells is present in all testicular tissue lysates (lane 1, human;

lane 2, bovine; lane 3, rat; lane 4, mouse) as well as in cultured human

SV80 cells of mesenchymal origin (lane 5) added as control protein prep-

aration. e Protein myozap (ca. 54 kDa) is present in testicular tissue of

seminiferous tubules (lane 1, human) and excurrent ducts (lane 2, boar). f

Cadherin-11 (CDH-11) is identified in the tissues of seminiferous tubules

of human (lane 1), bull (lane 2), and boar (lane 3) as well as in excurrent

duct tissues (e.g., lane 4, boar). g Protein LUMA (ca. 45 kDa) is present in

the tissues of human (lane 1), bovine (lane 2), porcine (lane 3), and rat

(lane 4) testis as well as in human HaCaT keratinocytes (lane 5)
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Fig. 2 Tile scan arrangement of images showing double-label immuno-

fluorescence microscopy of fast-frozen bull testis tissue presenting a

cryotomy cross section through seminiferous tubules (L, lumen) as well

as blood vessels (V) after reactions with monoclonal mouse antibodies to

smoothelin (a, a^, a^’; red) and rabbit antibodies to desmin (a’–a^’;

green). Colocalization (yellowmerge color) of both smooth muscle mark-

er proteins is seen in relatively thin peritubular wall structures (brackets)

around the seminiferous tubules and in the perivascular smooth muscle

cell layer of certain blood vessels (V, the very small vessel in the lower left

region is negative for smoothelin and maybe negative or very low with

respect to SMC differentiation) in the interstitial space (I). Images are

shown on optical phase contrast background in a^’. Nuclei have been

stained blue with DAPI (a^’). Bar 50 μm
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muzzle) as controls. The specificity and sensitivity of the an-

tibodies used have been examined by SDS-PAGE of polypep-

tides present in lysates from microdissected tissue samples,

followed by immunoblotting. Some exemplary results are pre-

sented in Fig. 1 of the present report as well as in Fig. 1 of

Domke et al. (2014). In this previous publication, the absence

of reactions as negative controls is shown for N-cadherin in

the SDS-PAGE results of Fig. 1b, lanes 3, 5, and 7, i.e., for

excurrent ducts of bull, boar, and mouse. Correspondingly, in

Fig. 1d of that report, the absence of E-cadherin is shown for

seminiferous tubules of testes from bull, boar, and mouse in

lanes 2, 4, and 6. In contrast, E-cadherin is absent in the sem-

iniferous tubule-enriched tissue of lanes 2–5 of Fig. 1e, i.e., for

bovine, rat, mouse, and human testes. Absolute negativity for

desmoplakin is shown for seminiferous tubules of bull, rat,

mouse, and human testes (lanes 2–5 of Fig. 1h), and the cor-

responding negative reactions for desmoglein Dsg-2 are seen

in lanes 2–5 of Fig. 1i). In the present publication, our results

concerning the molecular composition are essentially identical

in the six species analyzed (human, bovine, porcine, guinea

pig, rat, and mouse).

The basal lamina of the seminiferous epithelium

In all six species examined, the basal plasma membrane of the

seminiferous epithelium is different from those of other epi-

thelia, including the testicular excurrent ducts (for opposite

claims in the literature see, e.g., Wrobel et al. 1979): It does

not reveal any hemidesmosomal structures and marker mole-

cules such as the integrin α6/β4 complex, protein HD230

(bullous pemphigoid antigen, BPA 230), and tetraspanin

CD151 (see, e.g., Owaribe et al. 1990, 1991; Sonnenberg

et al. 1991; Uematsu et al. 1994; Sterk et al. 2000; Koster

et al. 2003; see also ESM, SLC No. 7). The significance of

these negative results in the seminiferous tubule epithelia of

all species studied has been controlled by findings of

hemidesmosomal structures and positive immunostaining of

hemidesmosomal marker molecules in all E-cadherin-positive

epithelial cells examined, including those of the specific ex-

current ducts (see, e.g., ESM, Fig. S1).

In all six species, the basal lamina is well developed. In

bovine testis, it shows in certain regions numerous, up to

2.5-μm-deep indentations into the Sertoli cells, often in almost

regular patterns (lateral distances ca. 2–3 μm; for electron mi-

croscopic examples see, e.g., Fig. 14; see also Wrobel et al.

1979). Such indentations have also been noted, though at lower

frequency, in the basal lamina of human and porcine seminif-

erous tubules (for human testes see, e.g., Chakraborty et al.

1976). Moreover, several types of laminins are also generally

found in close association with the Sertoli cell basal plasma

membrane as well as with the peritubular wall layers and, to-

gether with integrins, fibronectin, collagen IV, and other colla-

gens, shall be subject of a following special publication (for a

special electron microscopy study of localizations of ECM

molecules see, e.g., Yazama et al. 1997; see also Vogl et al.

1993).

The peritubular wall, a bandage structure of very flat
smooth muscle cell monolayers alternating with ECM
layers: immunofluorescence microscopy
of contractile, cytoskeletal, and cell–cell junctional
molecules

In the frozen sections used for immunofluorescence microsco-

py, the smooth muscle cells (SMCs) of the peritubular wall

appear—for the most part—as broad, flattened lamellae, hence

collectively classified as lamellar SMCs (LSMCs), which are

organized as bandages of monolayers alternating with ECM

layers (cf., e.g., Leeson and Leeson 1963; De Kretser et al.

1975; Bustos-Obregon 1976; Wrobel et al. 1979; Maekawa

et al. 1996). These bandages of one or several tightly packed

LSMC–ECM layer pairs are closely wrapped around the spe-

cific seminiferous tubules and thus are especially well demon-

strable in cross sections of these tubules. In such cross sections

and in series of combinations of such sections, these LSMCs

have been characterized by immunofluorescence microscopy,

using antibodies specific for SMC marker proteins such as

smoothelin, desmin, vimentin, smooth muscle α-actin

(SMA), light, and heavy chains of smooth muscle myosin,

filamin, talin, dystrophin, and vinculin (for results and the

specificities of the reagents used, see Tables 1 and 2). Some

LSMC type–specific examples of these results are mentioned

in Figs. 2, 3, 4, 5, and 6 and Table 1, and in ESM, Figs. S2 and

S3. Table 2 presents a list of SMC-typical marker molecules

identified as constituents of the peritubular wall LSMCs of

mammalian testes or found absent from these cells (for

relevant SMC biology, see references of ESM, SLC No. 3a).

As recent research results on the regulation of the synthesis

of SMC proteins have indicated that for certain tissues such as

vascular SMCs, smoothelin isoform B (ca. 110 kDa; see also

Fig. 1b) is one of the most sensitive and specific SMC marker

molecules (for review, see e.g., van Eys et al. 2007); we have

frequently used smoothelin as a major SMC reference protein.

Immunofluorescence microscopy using frozen sections of tes-

tes shows specific reactions with SMCs of blood vessel walls

�Fig. 3 Higher magnification of double-label immunofluorescence mi-

croscopy of cryotomy sections through frozen bull testis tissue (as in

Fig. 2), showing that in the LSMC layers of the peritubular wall

(brackets), smoothelin (a, a^, a^’, b, b^, b^’; red; monoclonal mouse

antibodies) and desmin (a’, a^’, b’–b^’; green; rabbit antibodies) colocal-

ize in some regions (yellow merge color, with phase contrast background

in a^’, b^’) but clearly not in all. At even higher magnification (b–b^’),

another region is shown in which the local differences of both smooth

muscle proteins are extended and many fibrils are seen in different

orientations—some longitudinal, some in almost cross-striated appear-

ance. L lumen, I interstitial space. Bars 20 μm
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and the SMCs of the rather thin peritubular walls (for

smoothelin and desmin in bovine testes, see e.g., Figs. 2, 3,

and 4). At higher magnification (Fig. 3), one can distinguish

distinct desmin- and/or smoothelin-containing structures and

regions in the same cells. Figure 4 presents similar positive

reactions in such cells for the intermediate-sized filament (IF)
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protein desmin and the myofilament marker SMA in the

SMCs of both the blood vessels and the peritubular walls.

Finally, two smooth muscle myofilament markers, SMA and

smooth muscle myosin, are shown in Fig. 5 on a section

through the peritubular wall of a human person of advanced

age in which this wall is thicker and the LSMC layers appear

to be separated by more ECM material. As another typical

example showing the LSMC character, Fig. 6 presents

double-label immunostaining of filamin A and SMA.

Essentially, all SMC-typical components which are listed in

Table 1 have been localized to peritubular wall LSMCs by con-

trolled immunofluorescence microscopy, in comparison with

Fig. 4 Double-label immunofluorescence microscopy of a cryotomy

cross section through walls of seminiferous tubules (L, lumen) and

blood vessels (V) in frozen bull testis tissue after reactions with mono-

clonal mouse antibodies against smooth muscleα-actin (SMA; a, a^; red)

and rabbit antibodies to desmin (a’–a^; green). Note that in the peritubular

SMC layers (a^; brackets) as well as in the perivascular (V, vessel), SMC

colocalization regions are seen (yellow merge color) next to others which

are specific for either SMA or desmin. Note also in the interstitial region

(I) a small vessel (left V) which here is positive only for SMA (b’, c’). The

inserts (b–b^, c–c^) show at higher magnification regional localization

and orientation differences of protein immunostainings in different

peritubular wall cell layers or intercepts. Bars 20 μm (a–a^), 10 μm (b–

b^, c–c^)
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testicular excurrent ducts and other tissues (for some examples,

see e.g., ESM, Figs. S9–S11). As an example, one of the larger

muscle protein molecules, talin (270 kDa), is shown in compari-

son with SMA (ESM, Fig. S3a–a^). And finally, dystrophin

(427 kDa), apparently the product of the largest mammalian gene

which can occur in various isoforms, is seen again in comparison

with smoothelin (Fig. 7a) and desmin (Fig. 7b, c). As in diverse

kinds of muscle cells dystrophin is mostly associated with distinct

regions of the inner surface of the plasma membrane (for

dystrophins in SMCs see, e.g., North et al. 1993; Culligan et al.

1998; Vannucchi et al. 2002; Ramírez-Sánchez et al. 2005;

Halayko and Stelmack 2005; Ito et al. 2006; Anastasi et al.

2007), it is assumed to characterize special plasma membrane

fields and functions.

Finally, the Ca2+-binding and Ca2+-regulator molecules

mentioned in Table 1, including the smallest SMC-specific

molecule SM22α and calponin, have been examined (ESM,

Figs. S3 and S4; for references, see also ESM, SLC 3b). So

far, we cannot decide whether the local differences seen here

are related to specific calponin isoforms, different scaffolding

forms, or differences of epitope accessibility (see, e.g., also the

different immunostaining patterns obtained for rat testis

reported by Zhu et al. 2004). The LSMCs have also been

intensely immunostained by antibodies against caveolin-1

(for specific references see ESM, SLC No. 3c).

Generally, the same SMC-typical molecules have also been

recognized in the peritubular walls of the excurrent duct sys-

tem as well as in the much thicker outer SMC bundles asso-

ciated with these ducts which are totally different in three-

dimensional organization than that of LSMCs (for details see

ESM, Figs. S9–S11; cf. Baumgarten et al. 1971).

AJs of the monolayer LSMCs and their special lateral
end-on-end and vertical alter super alterum arrays
in overlapping cell protrusions

As the LSMCs are tightly connected with each other in

the specific monolayer, it has been important to analyze

Fig. 5 Double-label immunofluorescence microscopy showing a cross

section of a part of the lumen (L) and the peritubular wall (bracket) of a

seminiferous tubule in snap-frozen human testis (adult) with far-reaching

but not total colocalization (yellow merge color) of smooth muscle myo-

sin (a, a^, a^’; red monoclonal mouse antibodies) and SMA (a’–a^’;

green; rabbit antibodies; on a phase contrast background in a^’). Nuclei

have been stained blue with DAPI (a^’). Note the broader ECM regions

between the LSMCs, probably reflecting some pathological or aging-

related alterations. I interstitial space. Bars 20 μm
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the cell–cell connections, mechanisms, and structures in-

volved and to determine their molecular compositions. In

addition to the end-on-end AJ-containing contacts, we

have frequently noted regions in which—mostly very

flat—lamellipodial protrusions of LSMCs are in rather

close and extended overlapping contact with similar

lamelliform protrusion structures of adjacent cells (type:

processus alter super alterum, ASA). By immunocyto-

chemistry, we have found that these overlapping mem-

branes contain AJs with the by far most frequent trans-

membrane glycoprotein in this tissue, cadherin-11

(CDH11; OB-cadherin; Okazaki et al. 1994; Hoffmann

Fig. 6 Double-label immunofluorescence microscopy of cryotomy

sections through seminiferous tubules (L, lumen) of bull testis after

reactions with rabbit antibodies against filamin A (a, a^, a^’, b, b^; red)

and monoclonal mouse antibodies to SMA (a’–a^’, b’, b^; green; phase

contrast background in a^’). Filamin A and protein SMA are localized in

the SMCs of the peritubular (brackets in b^) and the vascular (V, blood

vessels) walls, mostly in colocalization (yellow merge color). I interstitial

space. Bars 50 μm (a), 20 μm (b)
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and Balling 1995; Kimura et al. 1995; Simonneau et al.

1995; Alimperti et al. 2014; see also ESM, SLC No. 4), a

type II cadherin which is also seen in AJs of cells of the

interstitial space (Fig. 8a–e presents bovine and human

Fig. 7 Double-label immunofluorescence microscopy of a cryotomy

cross section through seminiferous tubules (L, lumen) of (a, b) bovine

and (c) boar testis after reactions with rabbit antibodies against protein

dystrophin (a, a^, b, c, c^; red) and monoclonal mouse antibodies to

smoothelin (a’, a^; green) and desmin (b, c’, c^; green). The peritubular

wall cells (brackets) are positive for all three smooth muscle marker

proteins showing partly colocalization (yellow merge color). I interstitial

space, L lumen. Bars 50 μm
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examples). The fundamental molecular difference be-

tween the transmembrane AJ structures, within the semi-

niferous tubules (areae adhaerentes) on the one hand and

these junctions in the peritubular wall cells on the other, is

directly seen in Fig. 8c in an obliquely grazing section; N-

cadherin is the dominant—often apparently exclusive—

cadherin base of the AJs between Sertoli cells and be-

tween Sertoli and germ cells (see also Domke et al.

2014), whereas cadherin-11 appears to be absent in the

tubules but is the predominant basis molecule of the AJ-

like junctions of the LSMC structures.

Another relatively frequent cadherin identified in

LSMCs of adult testes is, rather surprisingly, P-cadherin

(CDH3), which is known as a major component of AJs of

certain epithelia, for example, the basal cell layers of sev-

eral stratified epithelia (see e.g., the example of bovine

Fig. 8 Double-label immunofluorescence microscopy of cross sections

through frozen bovine (a, b, d, e) and human (c) testis after reactions with

monoclonal mouse antibodies against cadherin-11 (a, a’, b, c, d; red) and

rabbit antibodies to N-cadherin (c; green). (a, b, d, e) Positive punctate

reactions for cadherin-11 are seen in some places of the peritubular wall

structure (brackets) around the seminiferous tubules (L, lumen; shown at

higher magnification in d and e) as well as in blood vessel (V) walls and in

some other interstitial cells (I). (c) Sertoli cells, however, are totally neg-

ative for cadherin-11 but positive for N-cadherin. Nuclei have been

stained blue with DAPI (a’, b, d, e). Bars 20 μm (a, b, c), 10 μm (d, e)
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tongue mucosa in Fig. 9a, a’; for general references, see

e.g., Nose and Takeichi 1986; Johnson et al. 1993; Wu

et al. 1993; Furukawa et al. 1997). One of its rare occur-

rences in non-epithelial tissues is that noted in the

peritubular wall LSMCs which has already been

mentioned—specifically for post-puberty rats—by Lin

and DePhilip (1996a, b). Whether in addition to the

peritubular wall LSMCs and some cell groups in the

interstitial space, certain sparse punctate CDH3 molecular

reactions are associated with certain Sertoli cells (see e.g.,

Fig. 9b^, c, c’) cannot yet be decided (for rat fetal and

postnatal testes, see e.g., Lin and DePhilip 1996a, b.

In LSMCs of peritubular walls of some mammalian spe-

cies, punctate or plaque-like structures containing E-

cadherin have been detected in addition to cadherin-11

(e.g., ESM, Fig. S5 b, c; for bovine peritubular walls, see

Fig. 9 Double-label immunofluorescence microscopy of cryotomy cross

sections through frozen (a) bull tongue mucosa and (b, c) bull seminifer-

ous tubules after reactions with rat antibodies against P-cadherin (a, a’, b,

b^, c, c’; red) and N-cadherin (b’-b^; green; monoclonal mouse anti-

body). (a) Positive reaction for P-cadherin is seen in SMCs of blood

vessel (V) as well as in the basal layer(s) of tongue mucosa. Peritubular

wall cells (brackets in b^, c, c’) surrounding the seminiferous tubules (L,

lumen) also show positive immunoreaction for P-cadherin. Here, Sertoli

cells are negative for P-cadherin but positive for N-cadherin (the cell

biological significance of the punctate reaction sites in yellow merge

color is not yet clear). I interstitial space. Bars 50 μm
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also Fig. 4 of Domke et al. 2014). These findings, so far

obtained with only one of the antibodies used, are remark-

able as this cadherin is known to occur regularly and pri-

marily only in epithelial and epithelium-derived cells (for

references, see e.g., Vestweber and Kemler 1984; Takeichi

1990; Perez and Nelson 2004; Meng and Takeichi 2009)

but appears to be totally absent in AJs and other structures

of mature Sertoli and germ cells (see e.g., Cyr et al. 1992,

1993; Newton et al. 1993; Byers et al. 1994; Domke et al.

2014).

In addition to β-catenin, the ensembles of the cytoplasmic

plaque proteins present in LSMCs include plakoglobin,

Fig. 10 Double-label immunofluorescence microscopy of a cryotomy

cross section through a seminiferous tubule (L, lumen) of bull testis

after reactions with monoclonal mouse antibodies against protein

myozap (a, a^, a^’; red) and rabbit antibodies to β-catenin (a’–a^’;

green). The peritubular wall cells are positive for myozap and partly also

for β-catenin. All Sertoli cells are positive for β-catenin but negative for

myozap. Note totally negative spermatids in the lumen. I interstitial space.

Bar 50 μm
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striatin family proteins, and protein p0071. In addition, a strik-

ing new finding in LSMCs has been the identification of the

54-kDa protein myozap as a major AJ component in bovine

testes (Figs. 10 and 11) as well as in testicular regions of some

other species. This cytoskeletal protein, discovered by Seeger

et al. (2010) as a major plaque component of the cardiomyo-

cyte composite junctions (areae compositae), has since also

been shown to be a constitutive element of the zonula

adhaerens AJs of E-cadherin-based epithelia (Rickelt et al.

2011) as well as a general component of endothelial AJs of

mammalian blood and lymph vessels (Pieperhoff et al. 2012).

As shown in Figs. 10 and 11, protein myozap, which has not

been detected in the AJ types of Sertoli cells (cf. Domke et al.

2014), except for rodent testes, also occurs in the AJs of the

endothelia of testicular blood vessels (note in particular in

Fig. 11a–d, the extensive myozap and β-catenin co-immuno-

staining indicative of colocalization).

Protein LUMA, which has also been reported to occur in the

composite junctions of cardiomyocytes (e.g., Franke et al. 2014),

can as well be detected in LSMCs of peritubular walls and in the

SMCs of certain blood vessel walls, but not in Sertoli cells

(Fig. 12). Moreover, protein LUMA has also consistently been

found in association with the heterotypic cell–cell junctions

connecting the nucleus-containing (Bhead^) part of the sperma-

tids (for topologically corresponding molecular markers, see

Franke et al. 1978a; Longo et al. 1987; Hess et al. 1993, 1995;

von Bülow et al. 1995; Heid et al. 2002) with the specific nectin-

positive indentations of the apical plasma membrane of Sertoli

cells (see e.g., Ozaki-Kuroda et al. 2002; Takai and Nakanishi

2003; Guttman et al. 2004; Inagaki et al. 2006).

Compositional heterogeneities of IF proteins in LSMCs
of peritubular walls

Positive immunofluorescence reactions of LSMCs are often

seen for both IF proteins, desmin, and vimentin and have

been reported for SMCs of various kinds, in some cells also

as heteropolymer IFs (e.g., Gard and Lazarides 1980;

Berner et al. 1981; Frank and Warren 1981; Gabbiani et al.

1981, 1982; Schmid et al. 1982; Quinlan and Franke 1982,

1983; Franke and Quinlan 1983; van Vorstenbosch et al.

1984; Soellner et al. 1985, Virtanen et al. 1986; van

Muijen et al. 1987). However, the intracellular distribution

of these two IF proteins can differ markedly and does not

indicate an obligatory colocalization in the same filament

(for review, see Quinlan et al. 1985). To the contrary, these

immunostaining reactions can show, besides colocalization

regions, specific localization differences between species,

in different LSMC layers of the same peritubular wall, or

even between different regions in the same LSMC.

Initially surprising, but generally in agreement with re-

ports of molecular analyses of other SMC tissues, is our

finding that in bull and boar testes several LSMC layers

also contain the IF proteins CK8 and CK18 (Fig. 13a–e;

ESM, Figs. S5–S7). This adds the LSMCs of the testicular

peritubular wall of certain mammalian species to the list of

SMC subtypes which in general contain type I and type II

CKs and apparently can form typical CK IF structures in

addition to IFs of desmin or vimentin or both (ESM,

Table S2). Detailed immunofluorescence microscopic

analysis has further revealed that in some places, desmin

and CK IFs are in close contact, as indicated by the merge

color (e.g., ESM, Figs. S5 and S6), whereas in other re-

gions, separate localizations of desmin and vimentin on the

one hand and CKs on the other are prevalent (see, e.g.,

Fig. 13b–e as well as ESM, Figs. S5–S7).

Cell architecture, ultrastructural, and molecular
components of the cells of the peritubular wall:
electron and immunoelectron microscopy

The characteristic, bandage-like peritubular wall organization

of alternating ECM layers and LSMCmonolayers is shown in

cross sections in Figs. 14, 15, 16, and 17. The Sertoli cells are

attached to the basal lamina which is followed by a first ECM

layer with close-packed bundles of collagen fibrils which for

the most are oriented in parallel to the seminiferous tubule,

followed by another LSMC monolayer, another collagen

fibril-dominated ECM layer, and even another LSMC mono-

layer. While in the rodent species, we have usually noted only

one LSMC layer, often covered by an extremely thin lamellar

fibrocytoid cell layer (see below); in other species, we have

recognized three, four, even five, or six ECM-LSMC pairs

(see e.g., Figs. 14, 15, 16, and 17; for a special review, see

Christl 1990). The thicknesses of the collagen fibril-rich ECM

layers and the LSMC monolayers can vary markedly, also

locally in the same layer. In relatively large portions of bull

testis LSMCs, for example, the cytoplasmic thickness of the

very thin Blamellar flaps^ of LSMCs is less than 100 nm, in

some extended regions even down to the range of ca. 30–

100 nm (e.g., Figs. 14c, d and 16f), but may exceed 1 μm in

other—more central—regions, in particular those in which the

nucleus is located.

In the LSMC monolayers, variously sized, overlapping

lamelliform, or filopodial cell protrusions of the ASA type

provide the basis for the formation of close connections

between adjacent cells of the same monolayer often with

clusters of plaque-attached AJs (e.g., Figs. 14c, d, 15b, d,

16, and 17). In some of these overlapping AJ-rich regions,

we could count up to eight plaque-anchored AJ junctions
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per ultrathin section in tomographic reconstructions so far

up to 15 per lamelliform overlapping ASA structure. The

wide variety of sizes and forms, e.g., straight or with

curvatures, two or even three protrusions, is shown in

Fig. 17e–f.

In the thicker portions, the LSMCs often contain typical

Bdense bodies,^ some of which may exceed 0.5 μm in cen-

tripetal direction and 1 μm in length (e.g., Fig. 15a). The

packing density of myofilaments is also rather variable, even

in neighboring fibril bundles, including relatively thick bun-

dles with paracrystalline actin and myosin filament arrays,

which often occupy the entire cytoplasmic space of that region

(e.g., Fig. 15b, c). As seen with special clarity in cross sections

through seminiferous tubules and their peritubular walls, the

orientations of the myofilament bundles can vary between

specific LSMC layers, even in neighboring ones: In some

LSMC layers, they are oriented coaxially with the seminifer-

ous tubule (see e.g., layer nos. 1 and 2 in Fig. 15a); in others,

they appear in an almost circular or somewhat oblique orien-

tation with respect to the axis of the specific seminiferous

tubule (see e.g., Figs. 14c, d, and 15a). Frequencies and cluster

arrays of plaque-bearing focal adhesions (for reviews, see

Jockusch et al. 1995; Critchley 2004; Dubash et al. 2009)

and of plasma membrane caveolae (e.g., Figs. 14d–f and

15a–b) also show marked local variations.

The locally sometimes very high packing densities of myo-

filaments as well as the local frequencies of dense bodies,

focal adhesions, and caveolae are in the range typical of other

kinds of SMCs (for caveolae and caveolin-1, see e.g., ESM,

SLC No. 3c). Particularly striking in cross sections is gener-

ally the high frequency of myofilament arrays with an identi-

cal orientation, often even in dense, paracrystalline packing

(e.g., Fig. 15c). Our observations of coaxially oriented myo-

filament bundles in a given LSMC are obviously in contrast to

claims of some other authors that—at least in rodents—in the

same LSMC region myofilament bundles may exist that are

oriented in different directions (see e.g., Losinno et al. 2012,

2016).

Some AJ-like structures connecting LSMCs appear—at

relatively low frequency—as rather short end-on-end junc-

tions. As aforementioned, however, most of the AJs are locat-

ed in closely overlapping, often very broad lamelliform ASA

protrusions (e.g., Figs. 16a, c–f and 17). Occasionally, LSMC

invaginations (recessus adhaerens; cf. Wuchter et al. 2007)

into an adjacent LSMC are seen which are also studded with

AJs (e.g., indicated by the arrow in the right hand part of

Fig. 16a). In addition, cell–cell contacts with a very small

intercellular distance (ca. 5–10 nm) but hardly—or not at

all—detectable intercellular structures are also often recog-

nized (e.g., Figs. 16d–f and 17).

Using immunoelectron microscopy on frozen tissue sec-

tions, we have localized in all LSMC layers typical AJ plaque

components, including β-catenin and protein myozap

(Fig. 18a–e), while cadherin-11 appears as the major trans-

membrane glycoprotein with predominant heavy metal label

enrichment in intermembrane regions (Fig. 18f–h).

Discussion

Major results and conclusions

Our analyses of the cell and molecular biological components

and structures of the peritubular wall cells have resulted in the

identification and definition of a new cell type and a new

tissue as well as a new cell–cell junction system.

(a) With respect to their molecular and ultrastructural com-

ponents, the peritubular wall cells are complete and well-

differentiated smoothmuscle monolayer cells of a unique

morphology, characterized by an omnidirectionally ex-

tended and flattened, polygonal cell shape and—for the

most part—densely packed structures, including myofil-

ament bundles of various diameters, in some places even

in paracrystalline packing. Therefore, we subsume these

cells under the special category of Blamellar smoothmus-

cle cells^ (LSMCs).

(b) These LSMCs are not polar with an apical and a

basolateral side, but both sides are covered and separated

by ECM structures which often vary in thickness. Thus,

one to six LSMC monolayers (the numbers vary in the

different species) form alternating LSMC–ECM ban-

dages which are tightly wrapped around the specific

seminiferous tubule.

(c) In a given monolayer, the LSMCs are tightly connected

with adjacent LSMCs in end-on-end cell–cell junctions,

but major parts of their plasma membranes form closely

parallel, overlapping lamelliform, or oblique cell

�Fig. 11 Double-label immunofluorescence microscopy of cryotomy

cross sections through seminiferous tubules (L, lumen) of bull testis

after reactions with monoclonal mouse antibodies against protein

myozap (a, a^, a^’, b, b^, b^’, c, d, d’; red) and rabbit antibodies to β-

catenin (a’-a^’, b’–b^’, c, d, d’; green). The peritubular and vascular SMC

wall cells are positive for myozap and partly colocalize with β-catenin

(punctate sites with yellowmerge color, shown at higher magnification in

the insert b^–b^’). In contrast, colocalization is very prominent in the

adherens junctions connecting endothelial cells of blood vessels (V, yel-

low merge color; shown at higher magnification in c–d’). Sertoli cells are

positive for β-catenin but negative for myozap. Note spermatids in the

lumen (a^’). I interstitial space. Bars 50 μm (a), 20 μm (b, c, d)
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protrusions of the ASA type in which these cells are

vertically and stably connected by a variable number of

AJs, i.e., a totally novel architectonic mode to form and

enhance lateral connections (Blateral by vertical^).

(d) The AJs of these LSMCs which—apparently for the most

part—are based on cadherin-11 represent a compositionally

new molecular subtype of SMCs, in some species surpris-

ingly characterized by the major plaque protein myozap.

Fig. 12 Double-label immunofluorescence microscopy showing a cross

section through a part of the lumen (L), the seminiferous epithelium, and

the peritubular wall (brackets) of a seminiferous tubule in snap-frozen

bull testis after reactions with antibodies to protein LUMA (a, a^, a^’;

red; guinea pig antibodies) and β-catenin (a’–a^’; green; monoclonal

mouse antibodies; on a phase contrast background in a^’). Protein

LUMA is localized in LSMCs of the peritubular walls and in spermatid

heads in the lumen. I interstitial space. Bar 50 μm
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The peritubular wall—a closed and contractile tissue
system encasing the seminiferous tubules

Since the early cinematographic and microscopic obser-

vations of Roosen-Runge (1951) and Clermont (1958),

the cells of the peritubular wall have been known as

major elements of the internal, i.e., directly seminiferous

tubule-associated contractile system in mature mammali-

an testes (see also e.g., Leeson and Leeson 1963;

Hargrove et al. 1977; Leeson and Forman 1981; see

Fig. 13 Double-label immunofluorescence microscopy of cryotomy

sections through bull testis, showing that SMCs of the peritubular wall

of the seminiferous tubules (L, lumen; walls denoted by brackets in a^)

contain regions positive for smooth muscleα-actin (SMA; a, a^, b–e; red;

monoclonal mouse antibodies) and others positive for the intermediate-

sized filament proteins cytokeratins (CKs) 8 and 18 (a’–e; green; guinea

pig antibodies) as well as some small overlapping regions (yellow merge

color). Note also the exclusive SMA positivity in certain perivascular

walls (V, vessels). At higher magnification (b–e), various fibrillar patterns

of CK positivity are recognized, including regionswith oblique and cross-

striation structures. I interstitial space. Bars 20 μm
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also ESM, SLC No. 1). The contractile function of these

cells and its regulation is obviously important for male

fertility and has been extensively studied, in particular

with respect to the release of the spermatids from their

heterotypic attachment structures in the apical indenta-

tions of the Sertoli cells and their further translocation

into the excurrent duct system, where the mature sper-

matozoa finally show autonomous motility. Obviously, a

central tissue structure functionally involved in these

contractions and translocations is the very thin

peritubular wall. The second major contractile system

of the testis, the outer, i.e., subcapsular SMC system,

is very different, in particular more complex and com-

positionally heterogeneous. We have therefore decided to

dedicate a following special report to the cell and mo-

lecular biology of the contractile SMC system of the

tunica albuginea system.

The LSMCs of the peritubular walls—a special kind
of smooth muscle tissue

The results of our biochemical, immunocytochemical, and

electron microscopical studies have shown, apparently in

contrast to Galdieri and Ricci (1998), that in the

peritubular walls, only one kind of cells exists and that

these cells are typical SMCs, even though they often vary

in shape, thickness, lamelli- and fusiform processes, and

distribution patterns of cytoplasmic structures. This

general classification as LSMCs supports and extends

the very early classification based on transmission elec-

tron microscopy (Ross and Long 1966; Ross 1967) but is

now also based on a series of cell and molecular biolog-

ical results: these LSMCs are the only SMCs which grow

in situ in distinct monolayers of tight-packed monolayers

and are very closely and stably connected by some end-

on-end and many vertical area adhaerens AJ-like struc-

tures (see below). Understandably, this latter special cell

architectonic organization has not been noted in the nu-

merous scanning electron microscopy preparations as

these have only presented the outermost total cell surfaces

of entire LSMC monolayers (see e.g., Tung and Fritz

1987; Palombi et al. 1992; Tripiciano et al. 1996, 1997,

1999; Romano et al. 2005; Losinno et al. 2016).

Clearly, these LSMCs are not just Bmyoid^ (meaning

only Blooking like muscle^ but not being a real muscle)

as it had been proposed by Fawcett and co-workers (e.g.,

Fawcett et al. 1969; Fawcett 1994), who described them

as Bepithelial in shape and mode of association^ with an

Batypical shape^ for a muscle cell. Gabella (1994) em-

phasized Ban elongated spindle-shape^ and a certain

range of volume (μm3) to surface (μm2) ratio as a further

criterion for smooth muscle cells which, of course, is

clearly exceeded by LSMCs. These cells are also not

Bfibroblastic^ or Bmyofibroblastic^ (for the specific

derivation and definition of the term myofibroblast, see

e.g., Gabbiani et al. 1971, 1972; Majno et al. 1971; Böck

et al. 1972; Eddy et al. 1988; Tomasek et al. 2002; Hinz

et al. 2007; Hinz 2016; see also ESM, SLC No. 2). They

are indeed complete SMCs sensu stricto as our results

show that they contain all essential SMC molecules and

structures such as actin- and myosin-containing myofila-

ments, often even organized in muscle-characteristic

paracrystalline bundle arrays, dense bodies, focal adhe-

sions (for reviews, see Jockusch et al. 1995; Critchley

2004, Dubash et al. 2009), and—regionally more or less

frequent—caveolae (see e.g., ESM, SLC No. 3c). In mo-

lecular terms, we have shown that they are rich in the

specific SMC marker proteins, including SMA (Skalli

et al. 1986) and the corresponding myosin light and

heavy chains (for review, see Krendel and Mooseker

2005), smoothelin (cf. van der Loop et al. 1996, 1997;

Wehrens et al. 1997; Niessen et al. 2005; van Eys et al.

2007), IFs containing desmin or vimentin or both (cf.

Franke et al. 1980, 1989; Berner et al. 1981; Frank and

Warren 1981; Gabbiani et al. 1981, 1982; Osborn et al.

1981, 1987; Quinlan and Franke 1982; Schmid et al.

1982; Travo et al. 1982), and many other SMC-

characteristic proteins (Table 1; for further references,

see ESM, SLC No. 3a). These LSMCs also contain

SMC-typical Ca2+-binding and Ca2+-regulator proteins,

�Fig. 14 Electron micrographs of ultrathin cross sections through

peritubular wall structures encasing seminiferous tubules of bull testis. a

In many regions, the basal lamina (BL) presents rather closely spaced

indentations of up to 1.5 μm (arrows) into the cytoplasm of the Sertoli

cells (SC). In other regions, the basal lamina is for the most part nearly

even-surfaced and borders on a collagen (C) fiber-rich extracellular ma-

trix (ECM) layer, followed by the first lamellar smooth muscle cell

(LSMC) layer (numbered on the right hand margin: no. 1), another

ECM layer, and the second LSMC layer (no. 2). b In some other regions,

the SCs show small and short acute protrusions into the BL. c Fili- or

lamelliform processes of LSMCs (numbered on the right hand margin) of

a peritubular wall surrounding SCs (N nuclei; arrowheads denote BL

indentations of the type described in a) are associated with layers of

collagen (C) fiber-rich ECM. These special LSMC cytoplasms are very

thin (in some places down to a range of 30–100 nm; denoted by arrow-

heads) and characterized by densely packed actin and actomyosin fila-

ments. d Higher magnification of a part of the region adjacent to that

shown in c, demonstrating that here filament bundles are packed much

closer in the upper LSMC layer (no. 1) than in the LSMC layer no. 2 (J in

layer no. 1 denotes a cell–cell junction in an overlapping region). The

arrowheads denote the numerous focal adhesions of LSMC layer no. 2,

and the two arrows point to relatively narrow plasma membrane invagi-

nations. Note also the numerous caveolae and vesicles at the plasma

membrane of the lower LSMC (no. 2). e Subjacent to the SCs and the

BL, there are three thin LSMC layers (nos. 1–3) with different myofila-

ment packing densities, many cytoplasmic vesicles, and caveolae. f

Higher magnification of a typical caveolae-rich plasma membrane region

(seen at the right end of the image of cell layer no. 1 in e). Bars 2 μm (a),

1 μm (b, c, e), 500 nm (d), 200 nm (f)
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including calponin, caldesmon, and SM22α (for

references, see ESM, SLC No. 3b).

Some previous authors had already called these

peritubular wall cells BSMCs^ on the basis of positive

reactions of one or a few SMC marker molecules such

as SM-α-actin, desmin, or a SM-myosin chain (e.g.,

Virtanen et al. 1986; Palombi et al. 1992; Romano et al.

2007). This, however, is an insufficient basis for any cell

type identification and classification since the synthesis of

just one or a few individual protein(s) does not define a

special cell type in various tissues (there are several kinds

of cells in non-SM tissues which are positive for one or a

few SMC markers).

LSMCs are among the thinnest mammalian cells
growing in tissues

Large parts of the peritubular wall LSMCs are remarkably thin

(cytoplasmic distance between inner membrane surface-to-

inner membrane surface in the range of 30–100 nm) and thus

free of cell organelles and large vesicles or molecular aggre-

gates. As mitochondria are apparently excluded from such

very thin and often very large lamellar regions, the metabolic

conditions in these cell parts seem to be rather special. To the

best of our knowledge, these very flat LSMC regions are

among the thinnest cytoplasmic regions so far noted in a mam-

malian tissue in situ, markedly thinner than, for example, the

protrusions of specific bone marrow or cardiac valvular cells

in situ or in cell cultures (e.g., Wuchter et al. 2007; Barth et al.

2009, 2012). Even thinner extended cytoplasmic regions of

only 11–16 nm inner cytoplasmic thickness—but stabilized

by special membrane-to-membrane columella structures—

have been shown, to the best of our knowledge, in some cul-

tured marsupial cells (cf. Franke et al. 1978b).

Formation and stabilization of lateral connections
in LSMc monolayers by vertical AJs in overlapping
(ASA) thin lamelliform protrusions—a novel
architectonic principle

In the specific LSMC monolayers, adjacent cells are lat-

erally connected by some sparse membrane–membrane

contacts end-on-end. In addition, however, we have

found that laterally adjacent LSMCs are further and more

frequently connected by clusters of cell–cell contact

structures of cadherin-11-based AJs located in an ASA

arrangement of thin overlapping, lamelliform-like cell

protrusions. In such—often very large—AJ-rich lamellar

regions, the two plasma membranes are very close to

each other and are stably anchored in a special type of

cytoplasmic membrane-attached β-catenin-rich plaques.

Clearly, the large majority of these LSMC-AJs is based

on cadherin-11 (for rat testes, see also Johnson and

Boekelheide 2002a, b), understandably as this type II

cadherin is the major and characteristic Bmesenchymal

AJ-marker glycoprotein^ (Okazaki et al . 1994;

Hoffmann and Balling 1995; Kimura et al. 1995;

Simonneau et al. 1995; Alimperti et al. 2014; see also

ESM, SLC No. 4).

In addition, we have also found P-cadherin in

LSMCs of peritubular walls but cannot yet decide

whether this cadherin occurs only in a specific AJ sub-

type or whether AJs exist that contain both cadherin-11

and P-cadherin (for adhering junction heterocomplexes,

see also Straub et al. 2011). In general, our immunocy-

tochemical detection and localization of P-cadherin in

peritubular wall cells is surprising as this cadherin is

especially known from its occurrence in various kinds

of epithelial cells and tumors derived therefrom (for

references see, e.g., Nose and Takeichi 1986; Johnson

et al. 1993; Wu et al. 1993; Furukawa et al. 1997). Our

finding, however, appears to correspond, however, to

the reports of Lin and DePhilip (1996a, b) that in mu-

rine testis, P-cadherin would occur only in Sertoli cells

until postnatal day 8 but that subsequently de novo

synthesis of P-cadherin is detectable only in LSMCs

of peritubular walls after day 15 and in the adult

animal.

Studies using cell cultures containing LSMC-derived
cells

Certainly, it is experimentally not easy to isolate, enrich, and

purify LSMCs and to let them grow and proliferate to conflu-

ent and junction-connected monolayer cultures corresponding

�Fig. 15 Electron micrographs of ultrathin sections through bovine

testicular tissue, showing details of the LSMC monolayers encasing the

seminiferous tubules, interspersed with collagen (C) fiber-rich ECM

layers (note that here almost all collagen fibers are cross-sectioned, i.e.,

orientated coaxially with the seminiferous tubules). a A Sertoli cell (SC)

associated with the basal lamina (BL) which is attached to the first ECM

layer (C, collagen fibrils). The following three layers of LSMCs shown

here (nos. 1–3) are rich in myofilaments, intermediate-sized filaments,

and cytoplasmic Bdense bodies^ (arrowheads). Note that most of the

filaments in LSMC layer no. 1 extend in a direction different from that

of the filaments seen in LSMC layer no. 2. b–d LSMCs rich in filament

bundles are separated by layers of ECM. Note that here the LSMCs of all

three layers (nos. 1–3a/b) contain cross-sectioned filament bundles run-

ning in the same direction as the specific seminiferous tubule: the major

fibril bundle of LSMC layer no. 1 is shown at higher magnification in c.

The LSMC layer no. 2 contains in addition a circular peritubular fiber

bundle (arrows). c Note the high-packing density of the ca. 6-nm-thick

actin filaments, most of them arranged in paracrystalline arrays and sparse

actomyosin filaments of ca. 12 nm diameter. Note also the close associ-

ation of such filaments with focal adhesions and cytoplasmic plaques of

cell–cell junctions (denoted by brackets in LSMC layer no. 3a/b of b).

Bars 1 μm (a), 500 nm (b), 200 nm (c)
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Fig. 16 Electron micrographs of ultrathin sections through peritubular

walls of seminiferous tubules of bovine (a, c–f) and porcine (b) testes,

showing LSMC layers with various ultrastructural forms of cell–cell junc-

tions of the adherens junction (AJ) type. a, b The basal lamina (BL) is

associated with the Sertoli cell (SC) and the first ECM layer (C, collagen

fibrils), followed by an extended overlapping region of two neighboring

cells of the first LSMC (nos. 1a and 1b) layer (note that in some species,

i.e., in boar, frequent BL branching structures are seen, b). Note the

numerous AJs (arrowheads) connecting overlapping lamellar protrusions

of adjacent LSMCs in the same layer (nos. 1a and 1b). Similarly,

appearing plaques of adjacent cells may also occur at cell–cell invagina-

tions (e.g., at the arrow in the right). c, d Other regions of LSMC layers

show clusters of AJs (arrowheads) as well as of focal adhesions (arrows)

and individual dense bodies (thin arrow in c). dHigh resolution of an AJ-

type cell–cell contact region without a visible electron-dense cytoplasmic

plaque. e A special subform of plaque-anchored AJs (denoted by arrow-

heads in the upper left region) as well as a more extended end-on-end AJ

(bracket on the right hand side) are seen as well as an extended focal

adhesion in the lower left hand region (arrows). f Regions of overlapping

flat LSMC processus, with longitudinally sectioned, i.e., circular,

peritubular orientated filament bundles. Note that the plasma membranes

of these cell portions are rather closely associated with each other over an

extended, partly AJ-resembling region as characteristic also for areae

adhaerentes. Bars 1 μm (a, c), 500 nm (b, e, f), 50 nm (d)
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to the peritubular wall SMCs in situ. Nevertheless, many re-

ports on cultures of such cells have been published in the past

decades, some of them as co-cultures or as interaction cultures

with other—notably Sertoli—cells. Such cultured derivatives

have in particular been used for the identification and/or func-

tional elucidation of signaling and other interactions with

Sertoli cells (e.g., Tung and Fritz 1980; Albrecht et al. 2006;

Schell et al. 2008; Albrecht 2009; Mayerhofer 2013; see also

ESM, SLC No. 5). Such studies have, for example, led to the

discovery of dynamic LSMC components such as endothelin-

1, decorin, biglycan, fibronectin, Toll-like receptors, pigment

epithelium–derived factor, and many more.

On the other hand, a number of researchers have reported

cultures enriched in LSMCs by various isolation protocols, in-

cluding co-cultures of LSMCs and Sertoli cells for example.

While such cultures could be shown to synthesize the one or

other typical secretory compound, the general value of such

cultures is biologically not satisfactory: They appear to grow

in culture in a form very different from the typical LSMC mor-

phology in situ. In particular, in all cultures so far shown in the

literature, the cells were not polygonal, not at all confluent, not

connected by typical ASA–SMC junctions, and not associated

with ECM structures on both sides (see ESM, SLC No. 5).

Structures and functions of testicular peritubular
walls in non-mammalian vertebrates

So far, only limited molecular and cell biological information is

available for corresponding cell types and tissues of the wide

range of non-mammalian animals, including species with sea-

sonal fertility cycles or other changes. On the other hand, al-

ready rather early, some researchers had noted that apparently

contractile LSMCs also occur in the peritubular walls of diverse

lower vertebrates, in particular in birds, reptiles, and amphibia

(see, e.g., Rothwell and Tingari 1973; Rothwell 1975; Unsicker

1974, 1975; Unsicker and Burnstock 1975; see also ESM, SLC

Fig. 17 Electron micrographs of ultrathin sections through peritubular

walls of seminiferous tubules of bovine testes, showing LSMC layers

with various ultrastructural forms of vertical cell–cell junctions of the

adherens junction (AJ) type in extended overlapping regions (alter super

alterum). These membrane–membrane complexes connect adjacent

monolayer cells and contribute to closure of the peritubular wall structure

against translocations of cells, particles, and large molecular complexes.

Note also that some of these lamellar processes of LSMCs are very thin.

Bars 500 nm
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No. 6), and the histology, the range of peritubular wall mono-

layers, and functional cell structures are surprisingly similar in a

series of non-mammalian vertebrates (a correspondingly exten-

sive biochemical, immunolocalization, and ultrastructural re-

port of our group is currently in preparation).
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Comment

As already mentioned in the first article of this series on cell

differentiation processes in the mammalian testis (L.M. Domke et al.

[2014] The cell–cell junctions of mammalian testes: I. The adhering junc-

tions of the seminiferous tubule epithelium represent special differentia-

tion structures. Cell Tissue Res 357:645-665), since half a century, there

are severe scientific controversies in this field of research. Therefore, we

have felt obliged in this publication to attach as electronic supplementary

material (ESM) a compilation of special references, including controver-

sial ones (special literature collections, SLCs, Nos. 1–7), as well as a

cumulative list of all references mentioned in relation to the subject of

the cell and molecular biology of testicular peritubular walls (ESM:

Cumulative Literature Collection, CLC).
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