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ABSTRACT.  Tubulobulbar complexes (TBCs) are composed of several tubular invaginations formed at the

plasma membrane of testicular Sertoli cells. TBCs are transiently formed at the contact region with spermatids

at spermatogenic stage VII in rat and mouse, and such TBC formation is prerequisite for spermatid release. Since

the characteristic structure of TBCs suggests that the molecules implicated in endocytosis could be involved in

TBC formation, we here investigated the localization and physiological roles of endocytic proteins, amphiphysin

1 and dynamin 2, at TBCs. We demonstrated by immunofluorescence that the endocytic proteins were concen-

trated at TBCs, where they colocalized with cytoskeletal proteins, such as actin and vinculin. Immunoelectron

microscopy disclosed that both amphiphysin 1 and dynamin 2 were localized on TBC membrane. Next, we his-

tologically examined the testis from amphiphysin 1 deficient {Amph–/–} mice. Morphometric analysis revealed that

the number of TBCs was significantly reduced in Amph–/–. The ratio of stage VIII seminiferous tubules was

increased, and the ratio of stage IX was conversely decreased in Amph–/–. Moreover, unreleased spermatids in

stage VIII seminiferous tubules were increased in Amph–/–, indicating that spermatid release and the following

transition from stage VIII to IX was prolonged in Amph–/– mice. These results suggest that amphiphysin 1 and

dynamin 2 are involved in TBC formation and spermatid release at Sertoli cells.
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Introduction

In testis, Sertoli cells support germ cells at all spermato-

genetic stages from spermatogonia to spermatid prior to the

release into the lumen of the seminiferous tubules. Sper-

matogenic stages in rat seminiferous tubules are categorized

into XIV stages, and the spermatid maturation is classified

into 19 steps (Leblond and Clermont, 1952). At the inter-

face to germ cells, Sertoli cells develop the unique adherent

junctions named “ectoplasmic specialization” (ES) (Russell,

1977; 1979a). In rat Sertoli cells, the ES starts to appear

when neighboring germ cells become step 8 round sper-

matids, and it disappears prior to the release of mature step

19 spermatids (Russell, 1977). Junctional structures termed

tubulobulbar complexes (TBCs) are also formed between

Sertoli cells near the basal surface of the seminiferous

tubules, which functions as a blood-testis barrier (Russell,

1979a). The ES consists of a bundle of actin filaments sand-

wiched by Sertoli cell plasma membrane and the endoplas-

mic reticulum (Russell, 1977; 1979a).

TBCs, which are composed of several tubular invagina-

tions at plasma membrane of Sertoli cells, are transiently

formed at the contact region with spermatids right before

the spermatid release (Russell and Clermont, 1976; Russell,

1979b; 1979c). These tubules have bulbar ends, and the

plasma membrane of spermatids evaginates into the TBCs

tubules (Russell, 1979b). TBCs are present in a variety of

mammals including rat, mouse, hamster, rabbit, dog, mon-

key and human (Russell and Malone, 1980). In rat, TBCs
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were observed at the luminal region of stage VII seminifer-

ous tubules (Russell, 1979b), where they are enriched in cell

cytoskeletal and adherent molecules such as actin, vinculin,

cofilin, cortactin, nectin, and cadherin (Grove et al., 1990;

Mulholland et al., 2001; Chapin et al., 2001; Guttman et al.,

2004a; Lee and Cheng, 2004a; 2004b). As to the cell bio-

logical function of TBC, two possibilities have been sug-

gested. One is that TBCs play a role in disassembly and/or

removal of the ES structures (Guttman et al., 2004b). This

is supported by observations in rat that when adherent ESs

between Sertoli cells and spermatids start to disappear at

stage VII, TBCs concomitantly appear in the area where

the ES disappears (Russell and Clermont, 1976; Russell,

1979b; 1979c; Russell and Malone, 1980). Spermatids are

released right after the removal of ES in stage VIII (Leblond

and Clermont, 1952). The other possibility is that TBC

functions as an endocytic device of Sertoli cells to uptake

cytoplasm and acrosome of spermatids (Russell, 1979c;

Tanii et al., 1999). Such TBC-mediated uptake decreases

the cytoplasm of spermatid to 30% in volume, which shifts

the spermatid to step 19, the completely matured germ cells

(Russell, 1979c). TBCs are eventually separated from the

plasma membrane of Sertoli cells, and transported to the

lysosomes to be lysed (Russell, 1979b).

Sertoli cells have high endocytic activities (Clermont et

al., 1987) and highly express endocytic proteins, such as

amphiphysin and dynamin (Nakata et al., 1993; Watanabe

et al., 2001; Kamitani et al., 2002; Iguchi et al., 2002),

which are considered to participate in tubulization of

plasma membrane (Takei et al., 1998; 1999; Ochoa et al.,

2000). Amphiphysin 1 is highly present in Sertoli cells

(Watanabe et al., 2001), whereas dynamin 2 is present in

both Sertoli cells and germ cells (Kamitani et al., 2002;

Iguchi et al., 2002). The function of amphiphysin 1 and

dynamin 2 in Sertoli cells remains to be elucidated. How-

ever, from the functional analysis of these proteins in neu-

rons, it is reasonable to assert that these proteins are

involved in endocytosis. Amphiphysin 1 is also enriched in

the synapse, where it cooperates with dynamin 1 in clathrin-

mediated endocytosis (Takei et al., 1999). The SH3 domain

of amphiphysin 1 interacts directly with the proline-rich

domain of dynamin 1, and the binding of amphiphysin 1 to

dynamin 1 results in the stimulation of dynamin GTPase

activity (Takei et al., 1999; Yoshida et al., 2004). The N-

terminal BAR (BIN/amphiphysin/Rvs) domain of amphi-

physin 1 forms a crescent-shaped dimer that binds preferen-

tially to a curved lipid membrane, and therefore it is

proposed to function in sensing membrane curvature (Peter

et al., 2004).

Amphiphysin 1 is involved not only in clathrin-mediated

endocytosis (Takei et al., 1998; 1999), but also in regulation

of actin cytoskeleton (Mundigl et al., 1998; Balguerie et al.,

1999; Friesen et al., 2003). Rvs 167 protein, an amph-

iphysin homologue in yeast, localized at actin patch, and

disruption of the gene resulted in defect in actin cytoskele-

ton (Balguerie et al., 1999; Friesen et al., 2003). In neurons,

a pool of amphiphysin 1 was colocalized with actin patches

at the edge of growth cone (Mundigl et al., 1998). Dynamin

2 is also implicated in actin dynamics (Witke et al., 1998;

Lee and DeCammili, 2002; Orth and McNiven, 2003;

Schafer et al., 2004), and a key molecule that links endo-

cytosis and actin cytoskeleton is cortactin, which binds to

both dynamin 2 and F-actin (McNiven et al., 2000; Cao et

al., 2003).

In this study, we examined the localization of amphi-

physin 1 and dynamin 2 in rat testis by immunofluores-

cence and electron microscopy. Using amphiphysin 1

deficient mice, we also investigated the possible function of

amphiphysin 1 on TBC during spermatogenesis.

Materials and Methods

Animals

Male Wistar rats (8–9 week old, weight 200–250 g) were pur-

chased from Shimizu Laboratory Supplies Co. (Kyoto, Japan).

Amphiphysin 1 deficient mice (Amph–/–), which were generated

by gene targeting in embryonic stem cells as described previously

(Di Paolo et al., 2002), were provided by Professor Pietro De

Camilli (Yale University). Twenty-week-old C57BL/6 (wild-type)

or Amph–/– mice were used for experiments. All animals were

maintained under clean conditions with free access to food and

water. They were allowed to adapt to their environment for more

than 1 week before initiating the experiments.

Antibodies and reagents

Mouse monoclonal anti-amphiphysin 1 antibody and rabbit poly-

clonal anti-amphiphysin 1 antibody were gifts from Professor Pietro

De Camilli (Takei et al., 1998). Goat polyclonal antibody against

dynamin 2 was obtained from Santa Cruz Biotechnology (Santa

Cruz, CA). Rabbit polyclonal antibody against dynamin 3 was

obtained from ABR (Golden, CO). Mouse monoclonal anti-vinculin

antibody was obtained from Sigma (St. Louis, MO). Alexa 488-

conjugated goat anti-mouse, Alexa 546-conjugated donkey anti-goat

IgG and Alexa 488-conjugated phalloidin were from Molecular

Probes (Eugene, OR). Ten nm colloidal gold particles conjugated

with goat anti-rabbit IgG were from BB International (Llanishen,

UK). 4',6-diamidino-2-phenylindol-dihydrochloride (DAPI) was

from Kirkegaard & Perry Laboratories, Inc. (Gaithersburg, MD).

Western blotting

Testis and brain from 21-day-old Wistar rat were used for the tis-

sue lysate. Sertoli cells and germ cells of the rat testes were sam-

pled separately as described elsewhere (Kamitani et al., 2002).

Western blot analysis was performed using the lysates as described

(Kamitani et al., 2002). Briefly, 30 µg of total proteins/lane was
electrophoresed on 6% SDS-PAGE. The blotted membranes were
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blocked with 5% skim milk, 0.5% bovine serum albumin (BSA) in

25 mM Trizma base, 1 mM EDTA, and 140 mM NaCl (TEN).

The membrane was incubated with primary antibodies diluted at

1:1000 in TEN containing 0.05% Tween 20 for 2 hr at room tem-

perature, and then with HRP-conjugated secondary antibodies

diluted at 1:5000 for 1 hr. Immunoreactive bands were visualized

by enhanced chemiluminescence (ECL; Amersham, Chicago, IL).

Light microscopy

Mouse testis was immersion-fixed with Bouin’s solution for more

than 5 hr, and embedded in paraffin. Ten µm-sections were cut and

stained with hematoxylin-eosin. For staging of each seminiferous

tubule, periodic acid-Schiff (PAS) and hematoxylin staining was

performed as described (Oakberg et al., 1956a). For immunohis-

tochemistry, rats were deeply anesthetized by intraperitoneal injec-

tion with sodium pentobarbital (30 mg/kg) and the testis was fixed

by transcardiac perfusion with 4% paraformaldehyde in 100 mM

phosphate buffer, pH 7.4 for 20 min at 4°C. The testis was sliced

into 5 mm thick slabs, and postfixed in the same fixative for 12 hr,

and then cryoprotected with 12%, 16%, 18% sucrose. Five µm thick
sections were cut using a cryostat. Sections were incubated with

primary antibodies (anti-amphiphysin 1 monoclonal antibody and

anti-dynamin 2 antibody at dilution 1:100, and anti-vinculin anti-

body at a dilution 1:200) for 6 hr at room temperature and then

with fluorescence-conjugated secondary antibodies for 1 hr. Alexa

488-conjugated phalloidin was used for actin staining at a dilution

of 1:40. The sections were then counterstained with DAPI to visu-

alize the nucleus.

Electron microscopy

Testis was fixed by transcardial perfusion with 3% glutaraldehyde

in 100 mM phosphate buffer for 20 min at 4°C. The testis was dis-

sected and cut into 3 mm cubes, and fixed in the same fixative for

6 hr and further fixed in 1% OsO4 for 3 hr. Specimens were

embedded in Epon 812. One µm sections were cut to identify stage

VII seminiferous tubules before sectioning ultrathin sections. For

immunoelectron microscopy, testis was fixed with 4% paraformal-

dehyde and 0.1% glutaraldehyde in 100 mM phosphate buffer (pH

7.4) at 4°C. Fixed samples were dehydrated with 50%, 70%, 90%,

99% ethanol, and then embedded in LR White (London Resin

Company Ltd., Basingstoke, UK). Ultrathin sections on nickel

grids were incubated with 6 M urea in 50 mM glycine-HCl buffer

(pH 3.5) for 5 min. Grids were blocked with 10% fetal bovine

serum in 100 mM phosphate buffer, incubated with primary anti-

bodies (anti-amphiphysin 1 polyclonal antibody or anti-dynamin 2

antibody at a dilution 1:20) overnight at room temperature, and

then with immunogold particle-conjugated secondary antibodies

for 1 hr. Ultrathin sections were observed with an H-7100S trans-

mission electron microscope (Hitachi, Tokyo, Japan).

Morphometric analysis

Spermatogenic stages in rat seminiferous tubules are categorized

into XIV stages, and spermatid maturation is classified into 19 steps

(Leblond and Clermont, 1952). Those in mouse are categorized

into XII stages and 16 steps as described (Oakberg, 1956a; Abe et

al., 1991). For quantitative analysis of spermatogenic stages in

mouse, a total of 1000 seminiferous tubules from 5 mice of wild-

type or Amph–/– testis were randomly examined under light micro-

scope. The number of tubules in each spermatogenic stages was

counted, and the percentage of each stage in the total seminiferous

tubules was calculated as previously described (Oakberg, 1956b).

The percentage value is proportional to the total length of each

stage in the tubules. The number of unreleased spermatids per

length in stage VIII seminiferous tubule was calculated as follows.

Randomly selected 100 cross-sections of stage VIII tubules from 5

mice were photographed in each genotype, and the number of

unreleased spermatids was counted. The longer and shorter diame-

ters of internal seminiferous circle were measured to determine the

length of the circle. The length was calculated using the formula,

π×√(2×(L2+S2)) (where L and S are longer and shorter radii,

respectively). From these counts and measurements, the number of

unreleased spermatids per length was assessed. To analyze the

frequency of appearance of TBCs in wild-type and Amph–/– mice,

the portions of Sertoli cells surrounded by step 16 spermatids at

stage VII were randomly photographed by electron microscopy.

More than 100 areas from 3 mice of each genotype were subjected

to morphometry. To demonstrate by immunoelectron microscopy

that amphiphysin 1 and dynamin 2 are concentrated with close

proximity at the plasma membrane invagination, the number of

immunogold particles separated by a certain distance (either within

100 nm or 100–200 nm) from TBC was counted in the sections. To

avoid inadvertent bias, all morphometric analyses were carried out

by blind ssessors. All data are presented as the mean±SD. Mann-

Whitney U-test was used for statistical analysis of the morphomet-

ric difference. Differences were considered significant if p<0.05.

Results

Spermatogenic stage-specific localization of 
amphiphysin 1 and dynamin 2 in rat testis

We first confirmed the expression of amphiphysin 1 and

dynamin 2 in rat testis by western blot analysis. The result

revealed that amphiphysin 1 was expressed highly in Sertoli

cells (Fig. 1a) and dynamin 2 was present in both Sertoli

cells and germ cells (data not shown), showing the con-

sistency with previous reports (Watanabe et al., 2001;

Kamitani et al., 2002; Iguchi et al., 2002). Next, immuno-

histochemistry was performed to determine their localiza-

tions in rat seminiferous tubules at different spermatogenetic

stages. Immunoreactivities for amphiphysin 1 were present

in Sertoli cells in all stages of seminiferous tubules (Fig. 1b,

Fig. 2a, e, i, and data not shown). It was noted that amph-

iphysin 1 was highly accumulated at luminal surface in a

subset of seminiferous tubules (Fig. 1b). In such tubules,

dynamin 2 was also concentrated at the luminal region,
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Fig. 1. (a) Expression of amphiphysin 1 in rat testis was revealed by Western blot analysis. Note that amphiphysin 1 is highly expressed in Sertoli cells.

(b–e) Colocalization of amphiphysin 1 and dynamin 2 at luminal surface of rat spermatogenic stage VII seminiferous tubule was demonstrated by double

immunofluorescence. Amphiphysin 1 and dynamin 2 were present at the innermost layer of seminiferous tubules (b, c). Colocalization of these proteins was

shown (d). Elongated spermatids were arranged at the innermost layer (e). Calibration bar represents 20 µm in (b–e).
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Fig. 2. Stage specific expression of amphiphysin 1 and dynamin 2 in rat (a–l). Amphiphysin 1 (e) and dynamin 2 (f) were highly expressed at the

innermost layer of seminiferous tubules at stage VII, where spermatids at step 19 were arranged (h). Note the colocalization of amphiphysin 1 and dynamin

2 at region (g). Colocalization was specific to stage VII, and was not observed at stage VI (a–d) and stage VIII (i–l). At high magnification of the innermost

layer of rat seminiferous tubule in stage VII (m–p), amphiphysin 1 (m) and dynamin 2 (n) were concentrated at the Sertoli cell cytoplasm adjacent to the

curvature of the innermost spermatids (p). Immunoreactivity for amphiphysin 1 and dynamin 2 was expressed as periodically arranged rods (arrows in m–o).

The periodicity was less evident for amphiphysin 1 (m) than for dynamin 2 (n). (c), (g), (k) are merged images for (a) and (b), (e) and (f), (i) and (j),

respectively. Merged image for (m), (n) and (p) is shown in (o). Calibration bar represents 20 µm in (a–l) and 2.5 µm in (m–p).
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where it colocalized with amphiphysin 1 (Fig. 1b–d). By

DAPI staining, it was revealed that the seminiferous tubules

expressing amphiphysin 1 and dynamin 2 at the luminal sur-

face contained elongated spermatids arranged along the

inner surface (Fig. 1e). From the typical arrangement of

spermatids, the tubules were identified as stage VII (Fig.

2e–h). Concentration of dynamin 2 and amphiphysin 1at

luminal surface was not observed in the other stages includ-

ing stage VI (Fig. 2a–d), where spermatids are present but

not well aligned at the luminal surface, or stage VIII (Fig.

2i–l), where the mature spermatids have been released and

are no longer present in the lumen. At high magnification,

amphiphysin 1 and dynamin 2 at stage VII were present at

apical regions of Sertoli cells facing to the concave side of

sickle-shaped spermatid heads (Fig. 2m–p). In these regions,

the immunoreactivities for dynamin 2 were recognized as

periodically arranged bars (arrows in Fig. 2n). The periodic-

ity of immunoreactivity was also observed, although less

Supplementary fig. 1. Localization of amphiphysin 1 (a) and dynamin 3 (b) in rat spermatogenic stage VII seminiferous tubule. The section was labeled

by double immunofluorescence. Note the absence of dynamin 3 at the luminal surface. Bar: 20 µm.

Supplementary fig. 2. Control immunofluorescence experiments showing that virtually no signal is detected with mouse IgG (a) or goat serum (b) on

seminiferous tubules. The sections were counterstained with DAPI (c and d). Bar; 20 µm.
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Fig. 3. Colocalization of dynamin 2 with cell cytoskeletal molecules in rat (a–p). Dynamin 2 and actin were highly expressed at the luminal surface of

stage VII at low magnification (a–d). Dynamin 2 was colocalized with actin at TBCs at high magnification (e–h). Dynamin 2 and vinculin were highly

expressed at the luminal surface of stage VII at low magnification (i–l). Dynamin 2 was colocalized with vinculin at TBCs at high magnification (m–p).

Vinculin and actin were present at inside of curved rat spermatids (q, r). Calibration bar represents 22 µm in (a–d) and (i–l), 3 µm in (e–h) and (m–p), and 5

µm in (q, r).
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clearly, for amphiphysin 1 (arrows in Fig. 2m). These two

proteins were well colocalized within the region (arrows in

Fig. 2o). Dynamin 3, another isoform highly expressed in

Sertoli cells and germ cells (Kamitani et al., 2002), was not

concentrated at TBC region (Supplementary fig. 1). Nonim-

mune IgG or serum controls were analyzed for the anti-

bodies and there were no specific signals (Supplementary

fig. 2).

Amphiphysin 1 and dynamin 2 colocalize at TBC 
structures

Given that amphiphysin 1 and dynamin 2 are endocytic pro-

teins that have strong membrane tubulating activities (Takei

et al., 1998; 1999; Ochoa et al., 2000), immunolocalization

of these proteins at the luminal surface of stage VII was

likely to represent the presence of the proteins at TBCs.

Therefore, double immunofluorescence was performed using

the constitutional and marker proteins for TBC, actin and

vinculin (Grove et al., 1990; Mulholland et al., 2001;

Chapin et al., 2001; Guttman et al., 2004a; Lee and Cheng,

2004a; 2004b). As expected, actin and vinculin were colo-

calized with dynamin 2 at the apical regions of Sertoli cells

in stage VII (Fig. 3a–d and 3i–l). Like amphiphysin 1 and

dynamin 2, actin and vinculin were absent on the luminal

surface of seminiferous tubules at the other stages (data not

shown). High magnification of stage VII revealed strong

immunoreactivity of actin and vinculin at the region where

periodical immunoreactivity of dynamin 2 was present (Fig.

3e–h and 3m–r). Taken together, this strongly suggested

that amphiphysin 1 and dynamin 2 are present at TBC struc-

tures.

Next, we observed rat and mouse TBC structures by elec-

tron microscopy. TBCs were present in both rat (Fig. 4a, b)

and mouse (Fig. 4c–e). TBCs were present where actin

bundles of ES had disappeared (Fig. 4e), consistent with

previous studies (Russell and Clermont, 1976; Russell,

1979b; 1979c; Russell and Malone; 1980). To investigate

localization of amphiphysin 1 and dynamin 2 at TBCs in

detail, immunoelectron microscopy was performed. Expect-

edly, both amphiphysin 1 and dynamin 2 were present at

the area adjacent to the membrane invagination of a Sertoli

cell (Fig. 5a, c). Morphometric analysis confirmed that

these proteins were concentrated in proximity to the plasma

membrane invagination of TBC (Fig. 5b, d). No specific

signals were observed with nonimmune serum (Supplemen-

tary fig. 3).

Deletion of amphiphysin 1 reduces the number of TBCs 
and affects spermatogenic stages in mouse

Electron microscopy also revealed that the TBC structures

were often present where Sertoli cells surround step 16

spermatids (Fig. 6a). By Western blotting, a similar level of

dynamin 2 expression was observed in wild-type and

Amph–/– testis (Supplementary fig. 4). Since the transient

formation of TBCs coincided with the presence of amphi-

physin 1 and dynamin 2 in the region, we next examined

Fig. 4. Ultrastructure of TBC in rat (a, b) and wild-type mouse (c, d, e)

by electron microscopy. Sections in (a–d) were cut along the long axis of

the elongated spermatids. Tubular membrane invaginations of TBC (black

arrow) of approximately 50–100 nm in diameter were formed in the Sertoli

cells adjacent to the inner curvature of the elongated spermatids (a, c, e).

The tubular structure was connected to the plasma membrane of the Sertoli

cell (b, e). Tubular membrane invaginations of TBC were generated at the

region where actin bundles of ES (white arrow) were absent (e).

Calibration bar represents 1 µm in (a, c), 200 nm in (b, d) and 400 nm in

(e).



Amphiphysin 1 and Dynamin 2 in Testis

109

whether the appearance of the TBC structures is affected by

amphiphysin 1. For this purpose, we counted the number of

membrane invaginations of TBC present in wild-type or

Amph–/– Sertoli cells (Fig. 6a, b). The number of membrane

tubules was apparently reduced in Amph–/– testis compared

to the wild-type (Fig. 6c: 4.51±0.24 in wild-type and 1.82±

0.21 in Amph–/–). Given that TBC formation has a close link

with the removal of the ES structures and with spermatid

release (Guttman et al., 2004b; Mruk and Cheng, 2004), the

reduction of TBC tubules in Amph–/– testis prompted us to

investigate whether the spermatogenic cycle and the sper-

matid release were affected in Amph–/– testis. The ratio of

Fig. 5. Immunoelectron microscopy for amphiphysin 1 and dynamin 2 at rat TBC structure (a–d). Immunogold particles labeling amphiphysin 1 (a) and

dynamin 2 (c) were located on or near the plasma membrane of TBC. To confirm that amphiphysin 1 and dynamin 2 are concentrated in close proximity at

the plasma membrane invagination, the number of immunogold particles separated a distance (within 100 nm or 100–200 nm) from TBC was counted in the

sections. In both proteins labeling the TBC, the number of immunogold particles located within 100 nm was significantly high compared to that in 100–200

nm area. (b) amphiphysin 1: *: p<0.01, number of observed TBCs=34. (d) dynamin 2: *: p<0.01, number of observed TBCs=14. Calibration bar represents

160 nm in (a, c). Se: Sertoli cell. Sp: spermatid.



110

N. Kusumi et al.

stage VIII was significantly increased in Amph–/– mice com-

pared to the wild-type mice (Fig. 7a). The compensatory

decrease of stage IX, a stage immediately after the sper-

matid release, was also apparent in Amph–/– testis. There was

no significant difference in the other stages. We defined

seminiferous tubule stage with the latest spermatids as stage

VIII. Therefore, spermatids were absent in stage IX and X.

The effect of the delayed release in the KO is reflected as

the increase of stage VIII (Fig. 7a). The number of unreleased

spermatids at stage VIII was consistently increased to

approximately twofold in Amph–/– testis (Fig. 7b).

Discussion

The present study demonstrated that amphiphysin 1 and

dynamin 2 are concentrated at the luminal surface of

seminiferous tubules at stage VII. A combination of

immunofluorescence and immunoelectron microscopy

revealed that these proteins concentrate on the plasma mem-

brane of TBC at stage VII. This is the first demonstration

that these endocytic proteins are enriched at the TBC. The

TBC consists of a variety of molecules implicated in

cytoskeleton and cell attachment, such as actin, vinculin,

cofilin, cortactin, nectin, and cadherin (Grove et al., 1990;

Mulholland et al., 2001; Chapin et al., 2001; Guttman et al.,

2004a; Lee and Cheng, 2004a; 2004b). Amphiphysin 1 and

dynamin 2 colocalized with actin and vinculin (in this

study) and cortactin (data not shown) around TBC, which

implicates these endocytic proteins in the TBC function

via cytoskeletal modulation.

Supplementary fig. 3. Control immunogold experiments showing that

no signal is detected with rabbit serum (left) or goat serum (right) on TBC.

Bar; 160 nm.

Fig. 6. Frequency of TBC structures at the apical cytoplasm of a Sertoli

cell was compared between wild-type (WT) and Amph–/– mice (a–c). TBC

is shown using an arrow. ES structures are shown using arrowheads. In the

morphometric analysis of TBCs in number (c), the frequency of TBCs in

Amph–/– mice was approximately half of that in WT mice (*: p<0.0001,

number of observations in each genotype=102). Calibration bar in (a)

represents 1 µm in (a, b).

Supplementary fig. 4. Western blot analysis showing presence of

similar amounts of dynamin 2 in WT or amphiphysin 1 (–/–) mouse testis.
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Morphometrical analysis revealed the reduction of TBC

in number in Amph–/– testis. This result could be attributed

either to increased fission activity of TBC, and/or reduced

generation of TBC in Amph–/– testis. Since suppression of

amphiphysin 1 expression in cultured Sertoli cells had no

effect on transferrin uptake (data not shown), amphiphysin

1 at the apical region may function in the TBC formation

rather than fission. As to how amphiphysin 1 contributes to

TBC formation, there are two possibilities. One is that the

amphiphysin family proteins with the N-terminal BAR

domain, which sense membrane curvature and could tubu-

late the membrane (Peter et al., 2004), participate in TBC

formation. The amphiphysin isoform, amphiphysin 2 (also

called BIN1), is localized at the T-tubule, which is a TBC-

like membrane invagination in skeletal muscle, and plays a

role in T-tubule formation (Butler et al., 1997; Lee et al.,

2002). A second possibility is that the interaction between

amphiphysin 1 and/or dynamin 2 and other proteins acts on

the actin depolymerization required for TBC formation.

Peripheral actin in Sertoli cells transiently forms clear actin

bundles sandwiched between the plasma membrane and the

endoplasmic reticulum. The structure of the cell-cell actin-

based adherent junction (ES) is dissolved concomitant with

TBC formation at the interface between Sertoli cells and

spermatids. Application of cytochalasin D, an inhibitor of

F-actin formation, results in the destruction of ES and TBC

formation in rat testis, suggesting that actin depolymeriza-

tion is required for TBC formation (Russell et al., 1988;

Mruk and Cheng, 2004). Actin filament bundles in ES are

either depolymerized or fragmented and the formation of

TBCs is then initiated in part by the recruitment of actin

network-forming proteins to the site.

The involvement of endocytic proteins in actin cytoskele-

ton has been occasionally reported. Rvs 167 protein, the

yeast amphiphysin homologue, was colocalized with actin

patches, and the mutation of the homologue led to abnormal

actin cytomatrix (Balguerie et al., 1999). Phosphorylation

of Rvs 167 protein regulated actin cytoskeleton in yeast

(Friesen et al., 2003). By the analysis of cultured hippo-

campal neurons, amphiphysin 1 was shown to be colocal-

ized with actin in the apex of dendritic and axonal growth

cones (Mundigl et al., 1998). Amphiphysin 2 has also been

shown to be concentrated at the actin layer in axons, the

nodes of Ranvier, and muscle (Butler et al., 1997).

As for dynamin, dynamin 2 binds actin-binding proteins,

such as cortactin (McNiven et al., 2000; Cao et al., 2003)

and profilin (Witke et al., 1998) via its proline-rich domain,

in an interaction that regulates cell shape (McNiven et al.,

2000). Interestingly, dynamin 2 seems to be involved in the

formation of the podosome, which is a TBC-like tubular

membrane invagination observed in osteoclasts, fibroblasts,

and macrophages (Ochoa et al., 2000). Both the podosome

and the TBC of this study are enriched in dynamin 2 and

actin filaments (Ochoa et al., 2000), suggesting that these

proteins may play a role in the dynamics of tubular structure

formation by modulating the cell cytoskeleton. Sertoli cells

Fig. 7. Quantitative analysis of spermatogenic stages in WT and Amph–/– mice (a). The ratio of stage VIII and stage IX in Amph–/– mice was significantly

higher and lower than that in WT mice, respectively (*: p<0.05, no. of mice=5). Quantitative analysis of unreleased spermatids at stage VIII in WT and

Amph–/– mice (b). The number of unreleased spermatids in Amph–/– mice was increased to about twofold compared to that in WT mice (**: p<0.01, number

of mice=5).
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express dynamin 3 in addition to dynamin 2. However, it is

unlikely that dynamin 3 is implicated in the formation of

TBC, since the isoform is not concentrated at TBC region in

stage VII (Supplementary fig. 1). In contrast, the localiza-

tion of dynamin 3 at TBC was recently reported (Vaid et al.,

2007). The discrepancy may be caused by the difference of

dynamin 3 antibodies used in the studies. Future studies are

needed on the general function of dynamin 3 in testis.

This study revealed that the ratio of stage VIII seminifer-

ous tubules in Amph–/– testis was significantly increased

compared to that of control mice. Conversely, the ratio of

stage IX in Amph–/– testis was decreased. The unreleased

spermatids were increased in stage VIII in Amph–/– testis,

indicating that the shift from stage VIII to IX by completing

the spermatid release is prolonged in Amph–/– mice. How-

ever, it remains to be elucidated why an increase of unre-

leased spermatids was observed in the mice. Taken together

with the current evidence that the number of TBCs was

decreased in Amph–/– mice, there are two conceivable expla-

nations to the phenomenon. First, it is possible that the com-

plete resolution and/or removal of the adherent ES structure

is being prolonged because of the decline in TBC number

and function. In this case, it would seem that spermatid

release is being directly inhibited by the delay of adherent

ES absorption in Sertoli cells. Second, we conjectured that

the cytoplasmic material from spermatids were not being

efficiently endocytosed by the Sertoli cells due to the reduc-

tion in the number of TBC. The insufficient final formation

of the spermatids by Sertoli cells could thus trigger the

delay of spermatid maturation and the disruption of sper-

matid release.

In conclusion, we found that amphiphysin 1 and dynamin

2 were colocalized at TBCs, thus implicating them in the

TBC formation and spermatid release that is the final step of

spermatogenesis. To our knowledge, this is the first study to

demonstrate the influence of the absence of amphiphysin 1

on spermatogenesis. Although further studies are required

as to semen findings and reproducibility in Amph–/– mice, it

is very likely that these proteins play an important role in

endocytic systems and germ cell-supportive functions of

Sertoli cells in order to promote spermatogenesis.
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