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Abstract The wall of the seminiferous tubule in rodents con-
sists of an inner layer of myoid cells covered by an outer layer
of endothelial cells. Myoid cells are a type of smooth muscle
cell containing α-actin filaments arranged in two independent
layers that contract when stimulated by endothelin-1. The ir-
regular surface relief of the tubular wall is often considered a
hallmark of contraction induced by a variety of stimuli. We
examine morphological changes of the rat seminiferous tubule
wall during contraction by a combination of light, confocal,
transmission and scanning electron microscopy. During ET-1-
induced contraction, myoid cells changed from a flat to a
conical shape, but their actin filaments remained in indepen-
dent layers. As a consequence of myoid cell contraction, the
basement membrane became wavy, orientation of collagen
fibers in the extracellular matrix was altered and the endothe-
lial cell layer became folded. To observe the basement of the
myoid cell cone, the endothelial cell monolayer was removed
by collagenase digestion prior to SEM study. In contracted
tubules, it is possible to distinguish cell relief: myoid cells
have large folds on the external surface oriented parallel to

the tubular axis, whereas endothelial cells have numerous cy-
toplasmic projections facing the interstitium. The myoid cell
cytoskeleton is unusual in that the actin filaments are arranged
in two orthogonal layers, which adopt differing shapes during
contraction with myoid cells becoming cone-shaped. This ar-
rangement impacts on other components of the seminiferous
tubule wall and affects the propulsion of the tubular contents
to the rete testis.

Keywords Seminiferous tubules . Endothelin-1 . Testis
ultrastructure . Peritubular myoid cell . Alpha-actin

Introduction

The seminiferous tubules (ST) of the adult rodent testis are
surrounded by a wall (boundary tissue) consisting of a contin-
uous monolayer of peritubular myoid cells (MC) (Vogl et al.
1985; Palombi et al. 1992). This wall is in turn covered by a
monolayer of endothelial cells (EC) that faces the interstitium
(Fawcett et al. 1969; Clark 1976; Yazama et al. 1997;
Söderström 2009). Each of these monolayers is easily identi-
fiable by transmission electron microscopy (TEM).

Both MC and EC are mononuclear cells with a polygonal
shape. MC are a specialized type of smooth muscle cells. Like
other types, they are contractile cells that express cytoskeletal
markers, including α-isoactin, desmin and smooth muscle
myosin (Virtanen et al. 1986; Tung and Fritz 1990;
Fernández et al. 2008). Contractile activity of MC propels
spermatozoa and testicular fluid to the rete testis (Tung and
Fritz 1990).

MC from rat ST have a cytoskeleton characterized by a
complex arrangement of actin and myosin proteins distinct
from that present in Btypical^ smooth muscle cells. We previ-
ously demonstrated (Losinno et al. 2012) by confocal
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microscopy and TEM that actin filaments (AF) and myosin
filaments in MC are arranged in thick bundles distributed as
two independent layers within the cell, with no interweaving
between the two layers. Each layer consists of parallel fila-
ments arranged orthogonally relative to the other layer
(Losinno et al. 2012). Because of this arrangement, MC have
(1) an inner circular layer with AF perpendicular to the tubular
axis, located in the cytoplasm between the nucleus and the
inner surface that faces the tubular side and (2) an outer lon-
gitudinal layer with AF parallel to the tubular axis, located
between the nucleus and the external surface that faces the
interstitium.

The AF bundles of the inner circular layer correspond to
those of neighboring cells, forming a cylindrical sheath that
tightly surrounds the ST. The AF bundles of the outer longi-
tudinal layer also correspond to those of neighboring cells but
form ribbons that run along the ST. Other AF bundles form a
peripheral belt in MC that is involved in adherent junctions
between the cells (Losinno et al. 2012). Endothelin-1 (ET-1), a
peptide synthesized by Sertoli cells in the testis, acts onMC to
induce contraction of the ST (Filippini et al. 1993; Nixon et al.
1994; Tripiciano et al. 1996, 1997).

In view of our finding that AF are organized in two inde-
pendent layers within MC (Losinno et al. 2012) and that the
MC sheet is closely associated with the EC sheet, we exam-
ined the response of the entire rat ST wall to ET-1 stimulus.
For this purpose, we integrated findings from (1) light micros-
copy and TEM of cross-sections of ST walls, (2) confocal
microscopy of cytoskeletal arrangement and (3) scanning
electron microscopy (SEM) of MC and EC surfaces.

SEM allows us to view details of EC in the external surface
of the ST wall but not the shape of MC in the underlying
sheet. To overcome this problem, we established collagenase
digestion conditions that allowed us to remove EC from the
STwall and thereby viewMC. Our comprehensive SEM stud-
ies revealed surface changes of MC and EC under both relax-
ation and ET-1-induced contraction.

Materials and methods

Animals, reagents and preparation of ST

Wistar rats were born and maintained in our animal colony
(12L:12D cycle, food and water ad libitum) and killed at age
3 months in a CO2 chamber. Animals from different litters
were used for each experiment. Animals were maintained in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. All procedures were
approved by the Animal Research Committee of the
Universidad Nacional de Cuyo (CICUAL; Protocol approval
No. 13/2012).

All reagents were from Sigma-Aldrich (St. Louis, MO,
USA) unless stated otherwise.

Testes were removed and decapsulated and ST were care-
fully teased apart with fine needles and stored in DMEM/F12
medium at 37 °C.

ET-1-induced contraction of ST

STwere treated with 50 nM human ET-1 (Filippini et al. 1993;
Fernández et al. 2008) in DMEM/F12 for 5 min at 37 °C.
Contraction was confirmed using a stereomicroscope (model
SMZ10; Nikon, Tokyo, Japan).

Transmission electron microscopy (TEM)

One set of 50 relaxed ST segments and one set of 50 ET-1-
contracted segments were fixed in 5 % glutaraldehyde (Pelco
International, CA, USA) in 0.1 M sodium cacodylate buffer
for 20 min at 37 °C and then for 2 h at 10 °C in the same
buffer. Each set was washed in the same buffer, post-fixed in
1 % OsO4 for 1 h at room temperature, dehydrated in a graded
acetone series and embedded in low-viscosity epoxy resin
(Pelco International) as described previously (Spurr 1969).
Polymerization was performed for 48 h at 70 °C. Ultrathin
sections with interference color gray were cut by an ultrami-
crotome (Ultracut R; Leica, Wien, Austria), mounted on grids
and stained with uranyl acetate and lead citrate (Reynolds
1963). Grids were examined by TEM (model 900; Zeiss,
Jena, Germany).

Light microscopy

Thin sections (1 μm thickness) were cut by an ultramicrotome
as above, mounted on slides, stained with toluidine blue and
observed by light microscopy (model 80i; Nikon). Digital
photographs were taken of ST cross-sections.

Immunostaining and confocal microscopy

For each experiment, sets (100 each) of relaxed and contracted
ST segments were fixed with 4 % paraformaldehyde in PBS
for 20 min at 37 °C, washed with PBS for 10 min 3×, incu-
bated in 50mMammonium chloride in PBS for 30min, rinsed
with 0.05 % saponin and 0.2 % BSA in PBS (wash solution)
for 10 min 3× and incubated overnight at 4 °C with primary
antibody (Ab). The Abs used were anti-α-actin mAb conju-
gated with FITC (Bα-actin Ab^) (Sigma; dilution 1:500) and
anti-β-actin mAb (Bβ-actin Ab^) (Sigma; dilution 1:500).
Samples were rinsed with wash solution for 10 min 3×. ST
segments incubated with β-actin Ab were developed with
Cy3-conjugated anti-mouse IgG (secondary Ab) (Jackson
Immuno Research, PA, USA; dilution 1:200) and rinsed with
wash solution.
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For double-staining assays (α-actin and β-actin), ST seg-
ments were sequentially incubated with β-actin Ab, second-
ary Ab, β-actin Ab again (to block free Fab regions of the
secondary Ab), rinsed with wash solution and incubated with
α-actin Ab.

Immunostained samples were embedded in NP-gallate
mounting medium, coverslipped and examined by confocal
microscopy (model FV 1000; Olympus, Tokyo, Japan) with a
Paplon ×60 lens.

Appropriate negative controls were included to ensure that
the staining observed was specific (see Electronic
Supplementary Material, Figs. S1 and S2).

To obtain a z-stack, serial optical sections (OS) were taken
throughout the depth of the STsegment with step size 200 nm.
The first OS was taken at the deepest level of MC (near the
germinal epithelium), when the first filament image was de-
tected. Subsequent serial OS were taken until the last filament
image was detected at the most superficial level of MC or EC
(near the interstitium) (see Electronic Supplementary
Material, Captions.)

Morphological parameters

Diameters of relaxed and contracted ST segments (30 each)
from three different animals were measured in stereomicro-
scope images using ImageJ software (Rasband 1997–
2006).

Cellular areas of MC and EC in 150 cells per animal, from
three different animals, were measured in tangential confocal
images of ST segments stained with α-actin Ab and β-actin
Ab, respectively, using ImageJ software.

Collagenase digestion

ST from decapsulated testes were dispersed in DMEM/F12 at
37 °C in a Petri dish and incubated in the same medium with
and without 0.5 mg/ml collagenase from Clostridium
histolyticum (release of physiologically active rat hepatocytes
tested, Type IV, 0.5–5.0 FALGPA units/mg solid, ≥125 CDU/
mg solid) for 5 min with gentle shaking. Following collage-
nase digestion, samples were rinsed 3× in DMEM/F12 and
subjected to SEM study as below (see Electronic
Supplementary Material, Digestion BOptimization of diges-
tion conditions for removal of EC monolayer^; Fig. S3 and
Video S1–3.)

Scanning electron microscopy (SEM)

ST segments were digested with collagenase or not digested
(control). Within each of these two groups, subgroups were
contracted with ET-1 or not contracted (relaxed).

STsegments in each of the four resulting groups were fixed
in 5 % glutaraldehyde (Pelco International) in 0.1 M sodium

cacodylate buffer for 20min at 37 °C and then for 2 h at 10 °C,
washed in the same buffer, dehydrated in a graded series of
acetone concentrations, dried by CO2 critical point drying,
mounted on stubs, sputter-coated with gold and examined
by SEM (model EVO 40 VP; Zeiss).

Statistical analysis

Data were expressed as mean ±SE. Statistical significance
was assessed using Student’s t test (PRISM v.3.03;
GraphPad software). Differences with p<0.05 were consid-
ered significant.

Results

ET-1 treatment reduces rat ST diameter

ST diameters under relaxation and under ET-1-induced con-
traction were measured using a stereomicroscope. Diameters
were 315±3 μm for relaxed STand 187±5 μm for contracted
ST (p<0.05). We concluded that ET-1 treatment induced ST
contraction under our experimental conditions (Fig. 1).

Morphology of MC and EC under relaxation and contrac-
tion was evaluated by toluidine blue staining of ST cross-
sections using light microscopy. EC were easily distinguished
from MC even though both are thin, flattened cell types. In
relaxed ST, the EC surface facing the interstitium was smooth
(Fig. 2a, c). In contracted ST, MC were thick and protruded
into the tubular epithelium, EC had small cytoplasmic projec-
tions facing the interstitium and both MC and EC had folded
nuclei (Fig. 2b, d).

TEM observation of wall ultrastructure in relaxed
and contracted rat ST

ST are surrounded by a continuous double monolayer of cells
(Fig. 3). The inner monolayer consists of MC. The outer layer
consists of EC and faces the interstitium. Ultrathin sections
were taken of ST under relaxation and contraction and wall
ultrastructure was analyzed by TEM.

Structures observed in sequence, from the ST external sur-
face to the interstitium, were the basement membrane of the
germinal epithelium, an inner space with collagen fibers, the
MCmonolayer with its inner and outer basement membranes,
an outer space with collagen fibers and the EC monolayer.

The basement membrane of the germinal epithelium was
continuous and delicate. In the MCmonolayer, the inner base-
ment membrane was amorphous and discontinuous, whereas
the outer one was thicker and continuous (Fig. 3c, d).

The MC of relaxed ST, looked very flat, contained AF
arranged in an inner circular layer and an outer longitudinal
layer, with bundles perpendicular and parallel to the tubular
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axis, respectively (Fig. 3a, c). These two layers ran indepen-
dently with no interweaving and had a cytoplasmic space
between them in which the nucleus, rough endoplasmic retic-
ulum and mitochondria were located. EC were relatively thin
and contained no AF bundles. Both MC and EC had plasma
membranes with smooth surfaces and numerous caveolae.

In contracted ST, MC were convex toward the tubular ep-
ithelium, nuclei were folded and heterochromatin was present
under the nuclear membrane (Fig. 3b, d). Basement mem-
branes of both epithelium and MC were markedly wavy
(Figs. 3d, 4a–d). The orientation of collagen fibers was

altered, becoming frequently perpendicular to basement mem-
branes (Fig. 4b, d).

Numerous caveolae were present on the surfaces of MC
and EC under both contracted and relaxed conditions
(Figs. 3d, 4a, c). Plasma membrane surfaces of both cell types
were irregular. EC projections to the interstitium were abun-
dant and small (Figs. 3b, 4a, b).

These findings demonstrate that MC contraction causes
altered arrangement of several components of the ST wall,
including basement membranes, collagen fibers and the EC
monolayer.

Fig. 1 Relaxed and contracted
ST observed by light and
stereomicroscopy. Whole unfixed
STobserved by stereomicroscopy
a before and b after ET-1
treatment. ET-1 reduces ST
diameter in ~40 % and produces
the expulsion of ST content from
their extremes (arrow).
Longitudinal sections of c relaxed
and d contracted ST stained with
toluidine blue and observed by
light microscopy, showing MC
(white arrowheads) and EC
(black arrowheads) profiles with
respect to the tubular thickness

Fig. 2 ST cross-sections stained
with toluidine blue and observed
by light microscopy. a Relaxed
ST. The thin wall consists of
myoid cells (MC) that face the
germinal epithelium and
endothelial cells (EC) that face the
interstitium. MC and EC both
have a flat shape. b Contracted
ST. MC and EC both have folded
nuclei. MC protrude into the
epithelium. c Relaxed ST,
showing the smooth surface of the
wall. d. Contracted ST, showing
detail of the numerous
cytoplasmic projections (arrows)
of EC into the interstitium
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Fig. 3 TEM images of relaxed
versus contracted ST. a Relaxed
ST, showing germinal epithelium
(Ep) covered by MC and EC
monolayers. b Contracted ST,
showing folded MC and wavy
basement membranes (BM). MC
maintain two independent layers
above and below their nuclei
(arrows). EC have cytoplasmic
projections (arrowheads) into the
interstitium (In). c Relaxed ST,
showing detail of tubular wall.
MC, between Ep and EC, have
AF arranged in two independent
layers (arrows), oriented in
orthogonal directions. d
Contracted ST, showing detail of
tubular wall. AF from one of the
layers (arrow) inside MC form a
thicker and more interwoven
sheet than in relaxed ST. Wavy
BM, caveolae of EC and MC and
collagen fibers in (c) are visible

Fig. 4 TEM images of wall
morphology of contracted ST. a,
b Basement membranes (BM) are
highly folded. Collagen fibers c
are present between germinal
epithelium and inner BM of MC
and between outer BMofMC and
EC. Outer BM of MC is very
thick. EC have an irregular
surface with cytoplasmic
projections into the interstitium
(In). c Detail from (a) showing
organization of AF (arrow) in
MC. The AF are more interwoven
than in relaxed ST, with
intermittent, dense anchorages to
the cytoplasmic membrane
(asterisk). Numerous caveolae in
MC and EC are visible. d Detail
from (b) showing arrangement of
collagen fibers c between the
outer BM of MC and EC
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Change from flat to conical shape and retaining of two
independent AF layers in contracted MC of rat ST

Immunostaining ofα-actin was used to studyMC cytoskeletal
arrangements in relaxed and contracted ST, since MC are the
only cells in ST that express this protein.

Confocal microscopy showed that MC in relaxed ST were
large and polygonal, forming a continuous Btiled floor^
(Fig. 5). MC had a peripheral AF Bbelt^ that outlined their
contour. MC surface area was 1819.4 ± 68.8 μm2. In
contracted ST, compared with relaxed ST, MC were smaller
and more rounded, the peripheral AF Bbelt^ was thicker and
theMC surface area at the outer tangential surface was 1127.0
±77.9 μm2 (Fig. 5).

To scanAF throughout the thickness of theMC, we applied
the z-stack function from the deepest to the most external OS.
In the deepest OS of relaxed ST, AF were oriented perpendic-
ular to the tubular axis. In the external OS, AF were oriented
along the tubular axis. Thus, the cytoskeleton was organized
in two flat layers: an inner circular layer and an outer longitu-
dinal layer (Fig. 6; Electronic Supplementary Material Video
S4). The AF from both layers corresponded with the adjacent
cells, forming continuous sheaths that are tight round ST in
transverse and longitudinal directions.

In contracted ST, AF of the inner circular layer in the
deepest OS were also oriented perpendicular to the tubular
axis but appeared as isolated groups (Fig. 6; Electronic
Supplementary Material, Video S5). In the external OS, the
outer longitudinal layer appeared as a single plane, forming
dense ribbons running along the ST, upon cellular nuclei.
These ribbons corresponded to those of adjacent MC but
were more tightly packed than in relaxed ST. These findings
indicate that MC in contracted ST change from a flat to a

conical shape, with evident changes in the aspect of their
two AF layers. The inner circular layer of AF has a convex
surface with the top facing the germinal epithelium, while the
outer longitudinal layer forms the flat base of the cone. The
area of the cone base for contracted MC is less than the outer
area of relaxed MC.

EC constitute a continuous monolayer that covers MC
in rats

To evaluate coverage of the MC monolayer by the EC mono-
layer, we immunostained ST segments with both α-actin and
β-actin Abs. Moving from the MC level (positive α-actin
staining) to the most external OS of the ST wall, we found
AF of EC stained with antiβ-actin antibody (Fig. 7) forming a
continuous sheet over the MC monolayer. The AF of EC did
not show defined bundles as observed in MC and were more
homogeneously distributed in the cytoplasm. Due to AF not
being organized in the peripheral belt, the contours of ECwere
not well defined. The tangential area occupied by EC in
relaxed ST was measured as 3751.5±805.3 μm2. We were
not able to measure the EC tangential area in contracted ST.

These findings indicate that EC constitute a monolayer
(sheet) of flat, heterogeneously-sized polygonal cells that
completely covers the MC monolayer.

Contraction alters surface relief of MC and EC
monolayers

Changes in surface relief of the STwall are considered a hall-
mark of contraction. We observed EC and MC surfaces of
relaxed and contracted ST by SEM.

Fig. 5 Confocal microscopic images ofMC in a relaxed and b contracted
ST. ST segments were incubated with α-actin Ab. Dashed lines: MC
contour. MC in contracted ST (b) occupy less area and have a more
rounded shape compared with those in relaxed ST (a). In both relaxed

and contracted ST, (1) MC have peripheral belts (asterisk) of AF that
delimit their contour and (2) AF are arranged in two directions: parallel
and perpendicular to the ST tubular axis (arrow). In contracted ST (b), the
AF running parallel to the axis are grouped to form ribbons (R)
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Relaxed ST surface

Non-digested ST segments were always covered by the EC
monolayer (Fig. 8a, b). Flat, polygonal EC had a smooth sur-
face and overlappedMC. Nuclei of both EC andMC protrude
into the interstitium. EC had a border of intercellular junctions

(Fig. 8b, arrow) in the periphery. Because they were so thin,
some MC contours could be perceived below them (Fig. 8b,
arrowheads). In digested ST (Fig. 8c, d), the EC monolayer
was removed from much of the ST wall to reveal MC, al-
though EC Bpatches^ remained in some areas. MC had a
smooth surface with some adhered collagen fibers.

Fig. 6 Confocal microscopic
images of deepest and external
optical sections (OS) of MC from
relaxed versus contracted ST. ST
were incubated with α-actin Ab
and walls were examined
sequentially from the germinal
epithelium (Deepest OS) to the
interstitium (External OS). In
relaxed ST, AF in MC were
homogeneously distributed,
perpendicular to the ST axis
(arrow) in deepest OS (a) and
parallel to the axis in external OS
(c), corresponding, respectively,
to the inner circular layer and
outer longitudinal layer. In
contracted ST, AF of the inner
circular layer appear as small
isolated groups in deepest OS (b),
whereas AF of the outer
longitudinal layer form dense
ribbons (R) running along ST in
external OS (d). Peripheral AF
belts (asterisk) are thicker than in
relaxed ST

Fig. 7 Confocal microscopic
images of MC and EC from
relaxed ST. Images were obtained
from the same optical field a at
the MC level (α-actin Ab
positive; green) and b at the EC
level (β-actin Ab positive; red).
MC and EC both have polygonal
shape. β-Actin in EC (b) does not
form defined bundles (in contrast
to α-actin in MC) and does not
form a peripheral belt around EC.
Arrow ST axis
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Contracted ST surface Non-digested ST segments contracted
by ET-1 treatment had numerous small projections on EC
surfaces. Nuclei were evident but boundaries between cells
were not visible among the projections (Fig. 9a, b). Digested
ST segments contracted by ET-1 had MC among the EC
patches (Fig. 9c, d). The MC surface had large folds running
along the tubular axis and small folds perpendicular to the
large ones (Fig. 9d, large and small arrows). It was not pos-
sible to perceiveMC contours among the numerous folds. The
surface relief of EC, with small, non-oriented, finger-like pro-
jections, was easily distinguished from that of MC, with large
folds running along the tubular axis of ST.

Discussion

The wall of rodent ST is composed of a continuous cellular
sheet made up of flat EC, outside another sheet made up of
MC. The EC of ST have been described previously as mesen-
chymal cells (Leeson and Leeson 1963; Leeson and Forman
1981), fibroblasts (Ross 1967; Kormano and Hovatta 1972)
and EC from lymphatic vessels (Fawcett et al. 1969; Clark
1976; Söderström 2009; Yazama et al. 1997; Dym and
Fawcett 1970). We found that the EC sheet remains tightly
adhered to the MC sheet even after mechanical teasing with
fine tweezers to isolate ST and remove connective tissue.

Collagenase digestion was necessary to separate the two
sheets that constitute the ST wall. The EC sheet is not an
indifferent neighboring structure; it conforms to the STsurface
during the process of contraction.

ET-1 treatment causes contraction of ST (Tripiciano et al.
1996). We observed by light and stereomicroscopy that ST
diameter is ~40 % less under contracted versus relaxed
condition (Fig. 1).

In relaxed ST, both MC and EC are flat polygonal cells. In
our previous confocal microscopic study of tangential planes
(Losinno et al. 2012), we found thatMC in contracted ST have
a smaller external area, greater height and a more rounded
contour. The present study revealed that MC in contracted
ST have a conical shape with the top pointing toward the
tubule interior, based on light microscopy (Fig. 2b, d), TEM
(Fig. 3b) and confocal microscopy (Fig. 6; Electronic
Supplementary Material, Video S5). In confocal z-stack func-
tion of contracted ST immunostained with α-actin Ab, the
deepest OS show isolated AF groups corresponding to the
tops of cells, while the most superficial OS show the flat base
of the cells, where AF form the peripheral belts and ribbons of
the outer longitudinal layer (Fig. 6; Electronic Supplementary
Material, Video S5).

EC adapt to the shape changes that MC undergo during
contraction by increasing thickness, folding the nuclei and
protruding the nuclei into the interstitium, as revealed by light

Fig. 8 SEM images of MC and
EC monolayer surfaces in relaxed
ST. a Without collagenase
digestion; EC monolayer is
present. b Higher magnification
of the ST segment in (a), showing
the smooth surface and
intercellular junctions (arrow) of
EC. Some MC boundaries are
visible under the EC monolayer
(arrowheads). c The EC
monolayer has been mostly
removed by digestion. The MC
monolayer is exposed, although a
few EC are still present. d Higher
magnification of the ST segment
in (c), showing the smooth
surface of MC. The small spaces
among MC are a technical artifact
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microscopy (Fig. 2d) and TEM (Fig. 4b). We propose a model
for ST contraction in Fig. 10.

We were not able to measure the surface area of contracted
EC by either confocal microscopy or SEM. The problem in
confocal microscopy was that EC had no peripheral belt of AF
to indicate the cell contour. The problem in SEMwas that cell

boundaries were obscured by the numerous cytoplasmic
projections.

SEM examination of the MC surface requires removal of
the EC sheet that externally covers the MC sheet. Collagenase
digestion was performed in previous studies to remove the
connective tissue of the interstitium (Maekawa et al. 1994,

Fig. 10 Model for the ST
contraction. Relaxed and
contracted ST are shown,
surrounded by two concentric
sheets in the rat: the MC (red) and
EC monolayers (green). In the
relaxed case, bothMC and EC are
flat and polygonal. In the
contracted case,MC adopt a conic
shape with their tops towards the
tubular center and their rounded
bases towards the external
surface. Note the disposition of
AF in MC in relaxed and
contracted ST (arrows). EC in
contracted ST show multiple
cytoplasmic projections to the
interstitium (arrowheads).
Basement membranes and
collagen fibers are not drawn

Fig. 9 SEM images of MC and
EC monolayer surfaces in
contracted ST. a Without
digestion; EC monolayer is
present. b Higher magnification
of the ST segment in (a), showing
numerous, variably-sized
cytoplasmic projections of EC
and protrusion of nuclei into the
interstitium. Bar 10μm. c The EC
monolayer has been removed by
digestion to reveal the MC
monolayer. d Higher
magnification of the ST segment
in (c). MC have large folds (large
arrow) parallel to the ST axis that
cover the nuclei and small
perpendicular folds (small
arrow). A few remaining EC are
present, revealed by their
cytoplasmic projections
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1996; Tripiciano et al. 1996, 1997, 1999) but the EC sheet
remained intact. Murakami et al. (1979) performed digestion
of relaxed ST to examine the MC surface by SEM. They used
a digestion methodmore aggressive than ours, involving treat-
ment with HCl and collagenase following fixation but patches
of the MC were also exfoliated, so it was impossible to iden-
tify the MC surface. Our method involved mechanical isola-
tion of ST and careful, controlled digestion of the EC sheet to
expose the MC monolayer in relaxed and contracted ST. This
approach allowed better preservation of the ultrastructure
without MC detachment.

For standardization of the digestion method (see Electronic
Supplementary Material, Digestion), we determined an optimal
condition with collagenase (0.5 mg/ml) treatment of ST for 5
min at 37 °C with gentle shaking. We were able to regulate
digestion conditions to remove EC but with less distortion of
the MC monolayer morphology, controlling the moment at
which this situation was reached using confocal microscopy
(see Electronic Supplementary Material, Fig. S3, Videos S1–3).
We detectedMC byα-actin Ab fluorescence, because EC do not
express this isoform and detected EC using β-actin Ab, because
the level of this isoform is very low in MC. We achieved ST
contraction after EC digestion and before sample fixation.

Digestion did not alter ST diameter and therefore did not
induce contraction by itself, as shown by SEM of relaxed ST
(Fig. 8a, c).

It is difficult to distinguishMC fromEC by SEM in relaxed
ST because the two types of cells have similar size, shape and
surface relief (smooth) (Fig. 8). In contrast, in contracted ST,
EC have numerous finger-like surface projections facing the
interstitium, which are easily distinguished from the folds seen
on MC (Fig. 9b, d). Such finger-like projections have been
described previously in TEM and SEM studies of EC from
pulmonary arteries and are considered a distinctive feature of
the inner layer of blood vessels in many species (Smith et al.
1971).

SEM observation of MC, following removal of EC by di-
gestion, reveals many folds with differing orientations. The
large folds run parallel to the tubular axis, forming thick rib-
bons above the nuclei (Fig. 9d). These findings are consistent
with confocal microscopic images of the outer longitudinal
layer of AF (Fig. 5, Contracted ST).

Because cell surface folding in the ST wall is considered a
hallmark of contraction induced by a variety of stimuli (Palombi
et al. 1992; Tripiciano et al. 1996, 1997, 1999; Romano et al.
2005), it is important to note the distinctive changes that occur in
the two cell types in the wall of contracted ST: MC have folds,
mostly parallel to the tubular axis (Fig. 9d), whereas EC have
numerous small, finger-like projections (Fig. 9b).

Use of optimal digestion conditions as described here
for removal of the EC monolayer prior to SEM imaging
of the MC layer surface will facilitate future studies of
ST contraction.

Our previous study showed that AF in contracted MC are
arranged in two independent layers: an inner circular layer and
an outer longitudinal layer (Losinno et al. 2012). Contraction
of myofilaments in the two layers cause them to overlap and
appear as thick electron-dense bundles in TEM micrographs,
concurrent with cytoplasmic and nuclear folding (Fig. 3b, d).
Our present findings show that the two AF layers assume
different shapes during contraction: the inner circular layer
takes on a convex shape that protrude into the ST, whereas
the outer longitudinal layer remains shaped as a single plane
and may become more rigid (Fig. 3d). Consistent results were
obtained from confocal z-stack function (Fig. 6; Electronic
Supplementary Material, Video S5).

Based on the results of this work, we interpret that ST con-
traction is originated in MC and transferred to the epithelium,
where the pressure propels luminal fluid to the rete testis. It is
evident that the contraction generated inMC is also transferred to
the EC sheet because these cells change their shapes. We ob-
served that the contraction force is not transferred by direct con-
tact of MC with EC or Sertoli cells of the tubular epithelium but
indirectly through collagen fibers that adopt a new arrangement
in the two adjacent spaces and produce folding of the basement
membranes (Fig. 4d). Transfer of the MC contraction force thus
depends on (1) a strong junction betweenMC (as reflected by the
thickness of the AF peripheral belt at the adherens junctions;
Fig. 6), (2) anchorage of cytoskeletal filaments to the plasma
membrane (Fig. 4c) and (3) collagen fibers that transfer the force
to the germinal epithelium and endothelium.

In conclusion, the MC cytoskeleton in ST is different from
that of other smooth muscle cells, has two independent layers
of AF arranged orthogonally within the cytoplasm and the
two layers adopt differing shapes during ST contraction: the
inner layer becomes convex and the outer layer keeps flat,
making a cone with the top to the center of the tubule. This
arrangement impacts other components of the STwall, such as
EC, the basement membranes and the extracellular matrix. In
this way, the ST wall responds as a unit to external stimuli to
propel the tubular contents to the rete testis.
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