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a b s t r a c t

TMF/ARA160 is a Golgi-associated protein, which is essential for spermiogenesis. In this study, we show
that lack of TMF/ARA160 leads to defects in both the testis and the epididymis. In the testis, spermatid
retention and extensive proliferation of Leydig cells were observed. Concomitantly, the serum levels of
luteinizing hormone (LH), a stimulator of Leydig cell proliferation, were significantly increased in
TMF�/� mice. Structural and functional defects were also seen in the epididymis. These included apopto-
sis of epithelial epididymal cells and sperm stasis in the cauda. Notably, the serum testosterone levels of
TMF�/� mice were significantly lower than those of wt mice, and external testosterone administration
decreased the number of apoptotic epithelial epididymal cells in TMF�/� animals. In summary, we show
here for the first time that TMF/ARA160 participates in the control of serum testosterone levels in males,
and its absence results in major testicular and epididymal defects.

� 2012 Elsevier Ireland Ltd. All rights reserved.
Introduction

Spermatogenesis, sperm development and maturation in mam-
mals, is composed of two main phases: (i) spermatogenesis, during
which spermatogonia undergo successive mitotic divisions to form
spermatocytes, which divide meiotically to form round spermatids
(Oakberg, 1956; Fawcett, 1975; Dadoune, 1994), and (ii) spermio-
genesis, during which round spermatids undergo morphological
changes, thereby maturing through elongated spermatids into
spermatozoa that are adapted for fertilization (Dadoune, 1994;
Lerer-Goldshtein et al., 2010). These multi-step processes are
tightly controlled and are governed by both extrinsic hormonal sig-
nals and intricate intrinsic regulatory cascades. The complexity of
the system makes it susceptible to various defects that can jeopar-
dize male fertility.

Testosterone is the main male sex hormone secreted in the
testis by the Leydig cells, which are the main component of the
interstitial compartment of the testis (Ewing et al., 1983). Testos-
terone is the downstream effector hormone of the hypothala-
mus–pituitary–testis axis, starting with GnRH released from the
hypothalamus, which stimulates LH secretion from the pituitary,
d Ltd. All rights reserved.
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which in turn, stimulates Leydig cells to produce and secrete
testosterone (Creasy, 2001; Pareek et al., 2007).

Steroidogenesis primarily takes place in the mitochondria and
smooth endoplasmic reticulum (ER) of the Leydig cells (Payne,
1990). Most of the steriodgenic enzymes are located in the Leydig
cell ER; testosterone is secreted by a Ca2+ dependent mechanism,
which requires ER integrity and function (Costa et al., 2010). It
has also been demonstrated that the Golgi and ER can extend and
increase their surface areas when stimulated with LH in vitro,
resulting in increased testosterone release (Mendis-Handagama
et al., 1998). Although it is not completely understood how testos-
terone is secreted from Leydig cells, other hormones resembling
testosterone in structure, such as progesterone, are secreted via
granules emerging from the Golgi apparatus (Sawyer et al., 1979).

We have previously shown that the Golgi-associated protein
TMF/ARA160 controls spermiogenesis through two main mecha-
nisms; it is required both for acrosome formation and for efficient
removal of cytoplasm from elongated spermatids (Lerer-Goldshtein
et al., 2010). These two roles of TMF/ARA160 take place during the
spermiogenic process itself, and, while the first one is linked to
the Golgi-related function of TMF/ARA160, the second one may be
attributable to other functions of TMF/ARA160 such as directing
proteins to ubiquitination and proteasomal degradation (Perry
et al., 2004; Abrham et al., 2009). Since TMF/ARA160 may accumu-
late in other cells of the male reproductive tract, we sought to
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extend our analysis in TMF�/� mice to examine whether additional
defects can be seen in non-spermatogenic cells of the testis and in
cells of the epididymis, where sperm maturation occurs. This study
revealed several abnormalities that may be attributed both to tes-
tosterone deficiency and to intrinsic defects in sperm formation in
mice lacking the TMF/ARA160 protein.
Materials and methods

Animals

All animal experiments were performed according to the guide-
lines of the Institutional Animal Care and Use Committee. Mice
were housed five per cage with unlimited access to food and water
and exposure to 12 h light, 12 h dark cycles. Male wt and TMF�/�

ICR mice were obtained by inter-crossing. Heterozygous male mice
were inter-crossed with TMF�/� female mice to generate homozy-
gous tmf null offspring. Genotypes were determined by PCR anal-
ysis of 0.5 cm tail-piece DNA, with primers corresponding the
tmf gene and lacZ (see primers in Table), as previously described
for the analysis of these mice (Lerer-Goldshtein et al., 2010).

Blood collection and tissue dissection and measurement

Testicular and epididymal tissues were obtained from the mice
by cervical dislocation followed by rapid removal of the tissues.
Both epididymides were taken and weighed on a digital analytical
scale (Sartorius, Germany). The lengths of the epididymides were
measured with a digital caliper (Mitutoyo, Japan). Blood was col-
lected by cardiac puncture, as previously described (Hoff, 2000),
with minor changes, as follows. Mice were killed by CO2 to avoid
disruption of blood flow to the heart. This was followed by rapid
insertion of an 18G needle attached to a 1 ml syringe into the right
atrium of the heart, and 1 ml of blood was drawn aseptically into
the syringe. The blood was allowed to clot for 30 min at room tem-
perature. After the blood was fully clotted, serum was separated by
20 min centrifugation at 1000 g. The serum was either immedi-
ately assayed or kept at �20 �C for up to 1 month. All blood sam-
pling was performed between 11:00 am and 01:00 pm.

Determination of protein and RNA levels by western blotting and semi
quantitative RT-PCR

Preparation of tissue lysates and the immunoblot analysis were
carried out as described (Volpe et al., 2006). Affinity-purified, rab-
bit polyclonal TMF/ARA160 antibodies, which were prepared in our
lab (Perry et al., 2004) were used (1:1000) to examine the TMF/
ARA160 expression levels. Anti-3-b-HydroxySteroid Dehydroge-
nase (HSD3B) (ab-65156, Abcam, UK-1:1000), anti-17-Beta-
HydroxySteroid Dehydrogenase (HSD17B) (sc-26968, Santa Cruz,
USA-1:1000) and anti- Steroidogenic Acute Regulatory Protein
(StAR) (D10H12, Cell signaling, USA-1:000) were used to
determine these steroidogenic enzyme protein levels. GAPDH
(SC-25778, Santa Cruz, USA-1:1000) and actin (sc-1616-R, Santa
Cruz, USA-1:1000) antibodies were used to check equal protein
loading in the gel lanes. Whole cell RNA was extracted from three
epididymal regions. RNA was reverse transcribed and PCR was per-
formed under linear conditions as described before (Abrham et al.,
2009). The primers used in these analyses are shown in Table 1.

Extraction of intra-testicular testosterone

One testicle was removed from each of five 20 week old wt mice
and five age matched TMF�/� mice. Intra-testicular testosterone
extraction was performed as previously described (Jeyaraj et al.,
2005). Briefly, whole testicle was homogenized in 250 ll ice cold
PBS using a Heidolph homogenizer (Heidoplh, Germany). The
homogenized samples were transferred to a 20 ml glass tube and
5 ml diethyl ether was added (296082, Sigma–Aldrich, Israel).
Mixtures were vortexed until the two phases were completely
mixed. Solutions were then left at room temperature for 10 min
and the upper phase of the diethyl ether was carefully removed
and transferred to a new glass tube. The aqueous phase was re-
extracted with 3 ml diethyl ether and was kept on dry ice for
15 min to allow the freezing of the aqueous phase, thereby en-
abling better separation of the ether phase. The ether phases from
the two rounds of extraction were combined and allowed to evap-
orate overnight at room temperature inside a fume hood. After the
complete evaporation, samples were re-dissolved in 1 ml PBS and
used for testosterone level determination as described below.

Determination of testosterone levels and LH serum levels

Serum and intra-testicular testosterone levels were determined
using a solid-phase competitive chemiluminescence enzyme
immunoassay – ‘‘IMMULITE 2000 total testosterone kit’’ (Siemens,
USA)-, according to the manufacturer’s instructions. The detection
range of this assay was 10–1600 ng/dL. Luteinizing hormone (LH)
concentrations were determined using the ‘‘Mouse LH ELISA kit’’
(M7657, TSZ ELISA, USA) according to the manufacturer’s instruc-
tions. The kit detection range for LH serum concentration was:
0.5–80 mIU/ml.

Tissue H&E and PAS staining for histological evaluation

Adult testes and epididymides were removed from ten, 15–
40 week-old wt, and ten age-matched TMF�/� mice. Testes were
fixed in Bouin’s fluid or Davidson’s fluid and epididymides were
fixed with 4% paraformaldehyde. Fixed organs were then embed-
ded in paraffin (Creasy, 2002) and 5 lm sections were prepared
and stained with hematoxylin and eosin-phloxine. Alternatively,
the sections were stained with PAS-hematoxylin (Creasy, 2002).

Immunocytochemical analysis of paraffin-embedded sections

For immunocytochemical analysis, 5 lm testicular and epididy-
mal paraffin sections were stained with primary antibodies
followed by fluorophore conjugated secondary antibodies, as pre-
viously described (Abrham et al., 2009). The following primary
antibodies were used: anti-TMF/ARA160 (R02400 clone
HPA008729 Sigma–Aldrich, Israel-1:200), anti-Mannosidase II
(ab24565 Abcam, UK-1:100), anti-Protein Disulfide Isomerase
(PDI) (ab5484, Abcam, UK-1:100) and anti-cleaved caspase-3
(#9664, Cell Signaling, USA-1:200). For immunofluorescence
detection, the following secondary antibodies were applied: anti-
mouse Alexa 488 (1:200) and anti-Rabbit Alexa 594 (1:200)
(Molecular Probes, Invitrogen, Paisley, UK). Nuclei were visualized
with 0.2 mg/ml Hoechst solution. Staining with the corresponding
secondary antibody alone served as a control in all immunocyto-
chemical analysis. The stained sections were viewed with an Axio-
imagerz1 (Zeiss, Germany) microscope. Changes in contrast,
gamma, or color were made using Axiovision LE version 4.5.0.0
and were applied evenly over the entire image. No features were
removed or added using the software.

Immunohistochemical analysis of paraffin-embedded sections

Epididymides and testes were removed and fixed for 48 h in 4%
paraformaldehyde or Davidson’s fluid, respectively. Then, 5 lm
sections from the paraffin-embedded tissues were subjected to
immunohistochemical staining with anti- TMF/ARA160 (R02400



Table 1
Primers.

Product name forward Reverse

LacZ 50CCCTGGCGTTACCCAACTTAATCGCCTTGC30 50TTCTCCGTGGGAACAAACGGCGGATTGAC30

TMF 50GAAGCTCAATGAGAGTTGCTGCTCATCG30 50CCCAATGCCCTCTTCTACTCTGTAGTTACC30

GAPDH 50TGGCCAAGGTCATCCATGACAA 30 50 GGGCCATCCACAGTCTTCTG 30
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clone HPA008729 Sigma–Aldrich, Israel-1:200) or anti- Proliferat-
ing Cell Nuclear Antigen (PCNA) antibody (Santa Cruz, SC-7907,
USA-1:100). For the secondary antibody, anti-rabbit HRP conju-
gated antibody was used according to the ‘‘EXPOSE rabbit specific
HRP/DAB detection IHC kit’’ manual (ab80437, Abcam, UK). Stain-
ing with the corresponding secondary antibody alone served as a
control in all immunohistochemical analyses. Nuclei were stained
with hematoxylin (Sigma–Aldrich, Israel). The stained sections
were viewed with an Axioimagerz1 (Zeiss, Germany) microscope.
Immuno-detection and quantification of apoptotic cells (apoptotic
index)

For detection of apoptotic cells in the epididymal epithelium,
staining for cleaved caspase-3 was performed, as described in the
immunocytochemical analysis section, below. Both epididymides
from each of five wt animals (15–30 week-old) and five TMF�/�

age-matched mice (20 sections total) were examined and evalu-
ated. For the testosterone administration experiments, both epi-
didymides from three 20 week-old mice from each group were
evaluated (six sections total from each group). The detection of
at least two cleaved caspase-3 positive cells within a duct epithe-
lium was marked as a positive score. A total of 110 duct epithelium
sections (50 tubules from the caput, 40 tubules from the corpus
and 20 tubules from the cauda), representing the three epididymal
segments were scanned for positive signals.
Immunohistochemical and immunocytochemical detection of
proliferating Leydig cells

For detection of proliferating Leydig cells within the testicular
interstitial compartments, a double staining analysis was used.
Testicular sections from four 40 week-old wt mice (eight sections
total) and from four TMF�/� mice of the same age (eight sections
total) were stained with anti-PCNA (sc-7907, Santa Cruz, USA-
1:100) for immunohistochemical analysis, or co-stained with
mouse anti-PCNA (ab-29, Abcam, UK-1:100) and rabbit
anti-HSD3B (ab-65156, Abcam, UK-1:100) (a Leydig cell marker)
(Cacciola et al., 2008), for immunofluorescence analysis. For quan-
tification of PCNA positively stained Leydig cells, both testes from
Fig. 1. Spermatid retention in seminiferous tubules of TMF�/� testes. Sections from w
seminiferous tubules from TMF�/� mice exhibit spermatid retention of abnormal step
seminiferous tubule is shown as a control (A). Bars represent 20 lm.
each one of four 40 week-old wt animals and four TMF�/� age-
matched mice (16 sections in total, eight of each genotype) were
evaluated. The mean number of Leydig cells double stained with
PCNA and HSD3B out of 900 randomly screened Leydig cells from
eight sections of each cohort and appearing at least 100 lm apart
in each testis, was determined.
Administration of testosterone to wt and TMF�/� mice

Six wt mice at the age of 18 weeks and 6 TMF�/� age-matched
mice were divided into four groups: three wt and three TMF�/�

mice were treated each with a control, 0.1 ml oily solution (vehi-
cle)/day/mouse without testosterone, three wt and three TMF�/�

mice were treated each with 0.5 mg/day/mouse of a testoster-
one-enanthate solution (Bayer pharmaceuticals), (Fan and Robaire,
1998; Takagi-Morishita et al., 2002). All solutions were injected
daily, intra peritoneally (ip), using a 1 ml syringe with a 25G nee-
dle, for 12 days. On day 12 the mice were killed 6 h after injection
and the relevant tissues were immediately removed and fixed. Sec-
tions were prepared from all epididymides (six epididymides from
each group), stained with H&E for histological analysis or with
anti-cleaved caspase-3 for scoring the number of apoptotic cells,
as described above.
TUNEL assay

Epididymides or testes were removed from five 15–30 week-old
wt and five age-matched TMF�/� mice and were fixed in 4%
paraformaldehyde or with Bouin’s fluid respectively for 48 h and
then embedded in paraffin blocks, from which 5 lm sections were
prepared. These sections were then subjected to terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay, by
using the ‘‘In Situ Cell Death Detection Kit, TMR red’’ (12 156 792
910, Roche, Germany), according to the manufacturer’s protocol.
Nuclei were stained with 0.2 mg/ml Hoechst solution. The stained
sections were viewed with an Axioimager z1 (Zeiss, Germany)
microscope. Changes in contrast, gamma or color were made in
Axiovision LE version 4.5.0.0, and were applied evenly over the en-
tire image. No features were removed or added using this software.
t (A) and TMF�/� (B) testes of 20 week old mice were stained with H&E. Stage XI
16 spermatids bearing multinucleated heads (indicated by arrow). WT stage XI



Fig. 2. Leydig cell hyperplasia and TUNEL positive seminiferous tubule cells in testes of TMF�/� mice. Sections from testes of 30–40 week old mice (A–C) were stained with
H&E. Interstitial compartments from wt (A) and TMF�/� (B and C) are indicated with arrows. Bars represent 20 lm. Testicular sections from 40 week old mice (D–F) were
stained with hematoxylin (blue) and subjected to immunohistochemical analysis using anti-PCNA antibody (brown). PCNA positive interstitial cells are present in TMF�/�

sections (E and F) and are marked with black arrows but are not seen in the wt section (D). Proliferating intra-tubular cells are seen in both wt (D) and TMF�/� testes (E and F,
marked by blue arrows). Sections were co-stained with anti-PCNA (green), anti-HSD3B, a Leydig cells marker (red), and with Heochest for visualization of nuclei (blue).
Merged image is shown, and proliferating Leydig cells are indicated by white arrows (G). Overall, an approximate 8-fold increase in the mean number of PCNA positive Leydig
cells was seen in the TMF�/� sections (H). Results are represented as the mean number of positive PCNA and HSD3B cells (mean ± SD), n = 8. Bars represent 20 lm. Sections of
testes from wt (I and K) and TMF�/� (J and L) mice were subjected to a fluorescent TUNEL assay (red). Nuclei were stained with Hoechst (blue). Positive TUNEL cells are
indicated by white arrows and interstitial spaces are indicated by white asterisks. Bars represent 20 lm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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RNA array analysis

Whole cell RNA, extracted from the testes of four 20 week-old
wt and four age matched TMF -/- mice were subjected to micro ar-
ray-RNA chip analysis. All experiments were performed using
Affymetrix Mouse Gene 1.0st oligonucleotide arrays, as described
(url1). Total RNA from each sample was used to prepare biotinyla-
ted target DNA, according to the manufacturer’s instructions (url2).

In brief, RNA was used to generate first-strand cDNA by using a
T7-random hexamers primer. After second-strand synthesis,
in vitro transcription was performed. The resulting cRNA was then
used for a second cycle of first-strand cDNA synthesis by using a



Fig. 3. TMF/ARA160 accumulates in Leydig cells. Testes sections from three 20 week old wt (A and B) or TMF�/� (C) mice were stained with hematoxylin (blue) and with anti-
TMF/ARA160 antibody in an immunohistochemical analysis (brown). WT Leydig cells exhibiting peri-nuclear staining of TMF/ARA160 are marked by arrows (A and B). Bars
represent 20 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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T7-random hexamers primer with UTP, resulting in SS DNA used
for fragmentation and terminal labeling. The target cDNA
generated from each sample was processed as per manufacturer’s
recommendation using an Affymetrix GeneChip Instrument
System. Spike controls were added to 5.5 lg fragmented cDNA be-
fore overnight hybridization. Arrays were then washed and stained
with streptavidin–phycoerythrin, before being scanned on an
Affymetrix GeneChip scanner. A complete description of these pro-
cedures is available at (url1).
Quality control
The quality and amount of initial RNA was confirmed with an

agarose gel or a Bioanalyzer (Agilent, USA). After scanning, array
images were assessed visually to confirm scanner alignment and
the absence of significant bubbles or scratches on the chip surface.
The signals derived from the array were assessed by the use of
various quality assessment metrics. Details of quality control
measures can be found at (url3).
Data analysis
Gene level RMA sketch algorithm (Affymetrix Expression Con-

sole and Partek Genomics Suite 6.2) was used for crude data
generation.

Genes were analyzed using unsupervised hierarchical cluster
analysis (Spotfire Decision Site for Functional Genomics; Somer-
ville, MA, USA) to obtain a first assessment of the data, and filtered
according to the fold change calculations. Further processing in-
cluded functional analysis and over-representation calculations
based on Gene Ontology and published data, DAVID (http://apps1.
niaid.nih.gov/David/upload.asp), Ingenuity, Database for Anno-
tation (GO), Visualization, and Integrated Discovery. Over-
representation calculations were performed using Ease (DAVID).
url1: http://www.affymetrix.com/support/technical/datasheets/
gene_1_0_st_datasheet.pdfurl2: http://www.affymetrix.com/sup-
port/downloads/manuals/wt_sensetarget_label_manual.pdfurl3:
http://www.affymetrix.com/support/technical/whitepapers/exon_
gene_arrays_qa_whitepaper.pdf
Statistical analysis

Statistical analysis was performed using the paired and un-
paired Student’s t-test, with a P value <0.05 being considered sig-
nificant. Results are depicted as mean ± standard deviation (±SD)
of the mean for n given samples. For comparative statistical analy-
sis of three or four groups, multiple comparison was performed
using one way ANOVA analysis with Bonferroni post hoc, with P
value <0.05 being considered significant. Asterisks mark different
groups which are, when given different numbers of asterisks, sig-
nificantly different when compared.
Results

Spermatid retention and Leydig cells hyperplasia in testes of TMF�/�

mice

We have previously described the establishment of TMF/
ARA160 knockout (TMF�/�) mice and the fact that these mice de-
velop normally, except that the males are sterile (Lerer-Goldshtein
et al., 2010). To further characterize defects in the reproductive
system of these animals that could contribute to their sterility,
we conducted additional light microscopic morphological examin-
ations of the testes and epididymides. In addition to the abnormal
shape of developing elongating spermatids, which we have re-
ported before (Lerer-Goldshtein et al., 2010), there was also failure
of spermiation, reflected by the retention of step 16 spermatids
past their normal stage of release (Fig. 1).

Abnormalities were also seen in the interstitial compartments
of the TMF�/� testes. Furthermore, an expansion of the interstitial
tissue due to hyperplasia of the Leydig cells was found to be a con-
sistent change in the testes of TMF�/� mice but not those of wt
mice (Fig. 2A–C). To test whether the increase in interstitial tissue
was due to proliferation of Leydig cells, testes sections were co-
stained with anti-HSD3B to identify Leydig cells (Cacciola et al.,
2008) and with anti-PCNA antibodies to detect this DNA replica-
tion promoting factor in the nucleus of proliferating Leydig cells
(Dietrich, 1993; Sriraman et al., 2000). While proliferating sperma-
togonia were detected in the basal layers of seminiferous tubules
of both wt and TMF�/� mice, testicular TMF�/� sections exhibited
frequent PCNA positive staining in Leydig cells, as well. This phe-
nomenon was not observed in the wt cohort (Fig. 2D–G). Overall,
the staining quantification documented a 8-fold increase in the
number of PCNA positive Leydig cells in TMF�/� sections, compared
with those of the wt testicular sections (Fig. 2H). In order to deter-
mine if Leydig cells number is also controlled by cell death, which
might oppose the increased numbers of these over-proliferating
cells in the TMF�/� testes, a TUNEL assay was carried out on testic-
ular sections from 20 week old wt and TMF�/� mice. This analysis
did not reveal cellular death in Leydig cells of TMF�/� mice. How-
ever, it did show a relatively large number of TUNEL positive cells
residing close to the basal membrane in the seminiferous tubules
of the knock out (KO) mice (Fig. 2J and L), suggesting the onset
of cellular death in early developing spermatids, spermatocyte or
sprematogonia in TMF�/� testes. This phenomenon was not ob-
served in testes of the wt cohort (Fig. 2 I and K).

To test whether Leydig cell hyperplasia in TMF�/� testes could
be linked to the absence of TMF/ARA160 from interstitial cells,
the presence of TMF/ARA160 in these cells was determined in wt
and TMF�/� testicular sections using a specific anti-TMF antibody
applied in an immunohistochemical analysis. This demonstrated
the accumulation of TMF in a peri-nuclear spot in interstitial Ley-
dig cells from wt mice (Fig. 3A and B) but not in interstitial cells
of TMF�/� testes (Fig. 3C).

http://apps1.niaid.nih.gov/David/upload.asp
http://apps1.niaid.nih.gov/David/upload.asp
http://www.affymetrix.com/support/technical/datasheets/gene_1_0_st_datasheet.pdf
http://www.affymetrix.com/support/technical/datasheets/gene_1_0_st_datasheet.pdf
http://www.affymetrix.com/support/technical/whitepapers/exon_gene_arrays_qa_whitepaper.pdf
http://www.affymetrix.com/support/technical/whitepapers/exon_gene_arrays_qa_whitepaper.pdf
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Distribution of TMF/ARA160 in the epididymis

To examine whether TMF/ARA160 plays a functional role in an
extra-testicular compartment of the male reproductive system, we
extended our analysis to evaluate the integrity of the epididymis in
TMF�/� mice. As a first step, we determined the expression profile
Fig. 4. Average weight and length of epididymides and accumulation of TMF/ARA160
corpus (C) and cauda (D) of five 20–30 weeks old mice were subjected to immunofluoresc
Nuclei were visualized by staining with Hoechst (blue) or hematoxylin dye. Bars repres
preparations from fresh epididymal regions; results are presented as mean tmf/ara160
post hoc analysis was performed to obtain a corrected P value (P = 6.5 � 10�6). Mar
(mean ± SD), n = 4 (E). Relative TMF/ARA160 protein levels were determined using weste
normalized to the GAPDH protein levels. One way ANOVA with Bonferroni post hoc wa
groups (mean ± SD), n = 4 (F). Finally, 40 epididymides from ten adult wt (black histogr
weighed (H). Results are presented as average weight and length (mean ± SD), n = 20. (Fo
to the web version of this article.)
of TMF/ARA160 in this post-testicular organ. The stained epididy-
mal sections from wt mice with anti-TMF antibodies revealed the
accumulation of TMF in the epithelial cells lining the ducts in the
three major sub divisions of the epididymis: the caput (head),
the corpus (body) and the cauda (tail). However, anti-TMF staining
was not evident in the epididymal spermatozoa in the lumen,
in epididymal epithelium of adult mice. The epididymal sections, caput (A and B),
ence (A, C and D) or DAB immunohistochemical (B) analysis with anti-TMF antibody.
ent 20 lm. The relative tmf/ara160 RNA levels were determined by RT-PCR of RNA
RNA levels normalized to the GAPDH RNA levels. One way ANOVA with Bonferroni
king with different number of asterisks represent significantly different groups
rn blot analysis of lysates from fresh epididymal regions. TMF/ARA160 levels were
s performed to obtain a corrected P value (P = 7.6 � 10�7) Asterisks mark different
am) and ten age matched TMF�/� (white histogram) mice were measured (G) and
r interpretation of the references to color in this figure legend, the reader is referred
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consistent with the absence of TMF n ARA160 from mature sperm
cells (Lerer-Goldshtein et al., 2010). Notably, TMF was confined to a
specific apical localization area facing the epididymal lumen
(Fig. 4A–D). However, while the level of TMF/ARA160 was rela-
tively high in the caput and corpus, it was significantly lower in
the caudal region (Fig. 4E and F). The accumulation profile of the
tmf/ara160 RNA along the three epididymal sections was similar,
although not identical, to the accumulation profile of the TMF/
ARA160 protein in the three consecutive epididymal sections
(Fig. 4E). A gradual relative decrease in the protein level of TMF/
ARA160 was also observed in a western blot analysis conducted
on whole cell protein extracts from each epididymal sub division
(Fig. 4F).

Epididymal morphology and epithelial apoptosis in wt and TMF�/�

mice

After confirming the accumulation of TMF/ARA160 in the epi-
didymal epithelium, we turned to examine the integrity of this
tubular organ in wt and in TMF�/� mice. To compare the morphol-
ogy of this organ along the progression of age, 15 to 40 week-old
mice were studied. Notably, the average weight of epididymides
from TMF�/� mice was lower by 30% than that of the wt mice. This
was accompanied by a minor decrease in the average length of the
TMF�/� epididymides, in comparison to that of the wt organ
(Fig. 4G and H).

At the cellular level, while the ductal epithelial layers of the
three epididymal regions appeared normal in wt mice, intracellular
vacuolization was present in all three epididymal regions of TMF�/

� mice (Fig. 5A–F, indicated by black arrows). This phenomenon
did not show significant progression with age (data not shown)
and was not detected in wt sections (Fig 5G–I). Closer examination
Fig. 5. Vacuolization of the epididymal epithelium from 30 week old TMF�/� mice. Ep
Vacuolization is marked by black arrows. Blue arrows indicate low sperm numbers in
interpretation of the references to color in this figure legend, the reader is referred to th
of the vacuoles revealed nuclear fragments resembling apoptotic
bodies in many cells (Fig. 5E and F, indicated by black arrows). Fur-
thermore, the caput and corpus sections also exhibited low pres-
ence of spermatozoa in their luminal compartment (Fig. 5A, B
and D, indicated by blue arrows) compared to wt sections
(Fig. 5G and H). To examine whether these vacuoles represented
tubular epithelial cells undergoing apoptotic death, the epididymal
sections were stained with an anti-cleaved caspase-3 antibody
which detects the form of caspase-3 that specifically accumulates
in apoptotic cells (Hengartner, 2000). Along with the cleaved cas-
pase-3 staining, the sections were also subjected to a TUNEL assay,
a method detecting the breakdown of DNA which occurs in cells
undergoing apoptosis (Loo, 2011). Quantification of the ducts -con-
taining at least two positively stained cells for cleaved caspase-3,
showed an about 7-fold increase in the TMF�/� mice when com-
pared with the wt organ (Fig. 6A, B and E). This confirmed the exis-
tence of cells undergoing apoptotic death in tubular epithelial cell
layers of TMF�/�, but not of wt epididymis. Similarly, TUNEL posi-
tive cells were detected in the TMF�/� caudal epithelium, but not in
the wt sections (Fig. 6C and D, indicated by white arrow-heads).
Moreover, TMF�/� tubules from the proximal cauda also contained
in their lumen a significant number of TUNEL positive cells
(Fig. 6D), which were not seen in wt caudal sections (Fig. 6C). This
suggests that improperly maturing spermatozoa that undergo
apoptotic death accumulate in the intra-tubular compartment of
TMF�/� cauda epididymis. Accordingly, the presence of sloughed
testicular germ cells, cell debris and misshapen spermatozoa were
only seen in H&E stained caudal TMF�/� sections and not in those
of the wt (Fig. 6F and G, marked by black arrows). The relatively
intense PAS staining and density of the contents in TMF�/� cauda
epididymis lumen (Fig. 6H and I), suggest stasis of the epididymal
contents (Clements et al., 2010) in TMF�/� mice. Thus, the lack of
ididymal sections from TMF�/� (A–F) and wt (G–I) mice were stained with H&E.
the lumen of caput and corpus TMF�/� epididymides. Bars represent 20 lm. (For
e web version of this article.)



Fig. 6. Apoptotic cells in the epididymal epithelium and stasis in the cauda
epididymis of TMF�/� mice. Epididymal sections from five wt (A) and five TMF�/�

(B) age matched mice were subjected to immunofluorescence analysis using anti-
cleaved caspase-3 antibody as an apoptosis marker (red, A and B). Nuclei were
visualized with Hoechst (blue). One typical stained section of the proximal cauda, is
presented. Similar profiles were obtained for all epididymal segments analyzed.
Sections of epididymal proximal cauda from wt (C) and TMF�/� (D) mice were
subjected to a fluorescent TUNEL assay (red). Nuclei were stained with Hoechst
(blue). For quantification of positive cleaved caspase-3 tubules, an apoptotic index
was calculated. A 7.5-fold increase in positive tubules was detected in TMF�/�

sections (E). Results are presented as a mean positive tubules number (mean ± SD),
n = 10. Cauda epididymal sections from 30 week old wt (F and H) and TMF�/� (G
and I) mice from the same age, were subjected to H&E (F and G) and PAS (H and I)
staining. Arrows in (G) indicate sloughed cells, cell debris and abnormal sperm. Bars
represent 20 lm (A and B, F–I) and 50 lm (C and D). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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TMF/ARA160 imposes several structural and functional defects on
the mouse epididymis.

Testosterone deficiency and elevated LH levels in TMF�/� mice

Some of the testicular and epididymal defects in the TMF�/�

males described above could be attributed, among other causes,
to a testosterone deficiency. Depletion of elongating spermatids,
spermatids retention and Leydig cell hyperplasia are features of
testosterone depletion (Creasy, 1997, 2001). Similarly, apoptotic
death of the epididymal epithelium is seen in orchidectomized
mice (Fan and Robaire, 1998; Takagi-Morishita et al., 2002) and
in rats with reduced testosterone (Creasy, 2001). To test this possi-
bility, serum testosterone levels were determined in eleven wt
males with the average age of 30 weeks, as well as in eleven
TMF�/� male mice of the same age. Our results revealed an almost
4-fold lower serum testosterone level in TMF�/� males (Fig. 7A).
These reduced levels were also more than 4-fold lower than the
commonly measured serum testosterone levels in normal ICR mice
(Machida et al., 1981). To further study the testosterone deficiency
in TMF�/� mice, intra-testicular testosterone levels were deter-
mined in 20 week old wt and TMF�/� animals. This revealed a 2-
fold decrease in the intra-testicular testosterone levels in the
TMF�/� mice when compared to the levels in the wt cohort
(Fig. 7B).

Reduction in the serum testosterone levels should lead to an in-
crease in the LH serum levels, due to perturbed feedback regulation
of the central secretion of this hormone (Huang et al., 2001). To
investigate this, LH levels were determined in serum samples ta-
ken from 12 wt and 12 TMF�/� male mice. This analysis revealed
an about 2-fold increase in the level of LH in TMF�/� mice in com-
parison to that measured in wt males (Fig. 7C). This also corre-
sponds to a 2-fold increase over the known normal serum LH
levels in ICR mice (Jean-Faucher et al., 1983).

The impaired androgen production and/or secretion by TMF�/�

of Leydig cells could result from various causes. TMF/ARA160 was
described as a co-activator of the AR (Mori and Kato, 2002). Ab-
sence of TMF/ARA160 could impair AR transcription activation
functions in Leydig cells, leading to decreased levels of steroido-
genic enzymes and consequent reduction in androgen synthesis
and secretion (Xu et al., 2007). To test this possibility, we subjected
de-capsulated testicular RNA from 20 week-old wt and TMF�/�

mice to gene-expression profiling. This did not reveal any decrease
in the levels of mRNAs encoding key steroidogenesis enzymes
(Fig. 7D). Accordingly, no reduction in the protein level of the ste-
roidogenesis enzymes, HSD3B, HSD17B or StAR, (O’Shaughnessy
et al., 2002) was observed in testes of TMF�/�mice (Fig. 7E). Rather,
western blot analysis detected an increased expression level of the
HSD3B protein and a minor increase in the protein levels of StAR in
testicular extracts prepared from TMF�/� mice (Fig. 7E).

Testosterone synthesis takes place in mitochondria and smooth
ER of Leydig cells (Payne, 1990). To determine whether TMF/
ARA160 associates with the ER in Leydig cells, tissue sections from
testes of five wt mice were co-stained with anti-TMF antibody and
an antibody directed towards the ER marker, Protein Disulphide
Isomerase (PDI) (Haefliger et al., 2011). In parallel, sections were
co-stained with anti-TMF and with an antibody directed toward
the Golgi marker, mannosidase II (Yamane et al., 2007). This anal-
ysis demonstrated the association of TMF with both the Golgi
(Fig. 8A) and the ER (Fig. 8B) of Leydig cells.

To more directly examine the role of testosterone deficiency in
apoptosis induction in epithelial epididymal cells of mice lacking
TMF/ARA160, testosterone was externally administered to wt and
TMF�/� mice. Intraperitoneal injections of testosterone-enanthate
to 18 week-old TMF�/� mice for 12 days significantly decreased
the number of apoptotic epididymal cells (Fig. 9), suggesting that



Fig. 7. Decreased serum and intra-testicular testosterone levels, and increased serum LH levels in TMF�/� mice. Serum (A, n = 11) and intra-testicular testosterone (B, n = 5)
levels were determined in sera and testes respectively, from wt and TMF�/� mice. Results are presented as mean levels (mean ± SD). LH levels were determined in wt and
TMF�/� mouse sera (C, n = 12). For LH, 1 mIU/ml = 47.2 ng/ml. Results are presented as mean levels (mean ± SD). RNA chip analysis of whole testicular RNA extract. Levels of
RNAs encoding key steroidogenesis enzymes are presented in Table (D). Three pairs of testes from three TMF�/� and three wt mice were subjected to western blot analysis of
key steroidogenesis enzymes (E). One representative blot out of three, which gave similar results, is shown.
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testosterone deficiency contributes, at least in part, to the onset of
apoptosis in TMF�/� epididymides.
Discussion

TMF/ARA160 has previously been shown to reside in the Golgi
of spermatogenic cells and its absence in TMF�/� mice results in
failure of acrosomal development and abnormal development of
spermatids and spermatozoa (Lerer-Goldshtein et al., 2010). We
show here that TMF/ARA160 associates also with the Golgi appara-
tus and with the ER of testicular testosterone-producing Leydig
cells.

Using TMF�/� mice, we further investigated the morphological
integrity of spermatogenesis and also examined the epididymis,
where sperm complete their maturation and are stored before
ejaculation. In the testes of TMF�/� mice, the most mature (step
16) spermatids, which should be released during stage VIII of the
seminiferous cycle (Ahmed and de Rooij, 2009), were still adherent
to the luminal surface in stages IX–XII. The presence of step 16
spermatids in stage IX–XII tubules is abnormal and indicates fail-
ure of spermiation, which is the process whereby Sertoli cells
and mature spermatids release their membrane connections (Wine
and Chapin, 1999). Spermiation is a testosterone- dependent pro-
cess, and spermatid retention often accompanies decreased testos-
terone levels (Creasy, 2001). Since TMF�/� mice have decreased
testosterone levels, this may be a causative factor, though the
abnormal shape of the TMF�/� spermatid heads caused by the acro-
some defect (Lerer-Goldshtein et al., 2010) may also play a role in
the failed spermiation. Other abnormalities in the testes of TMF�/�

mice include a decreased number of elongating spermatids
(Lerer-Goldshtein et al., 2010). This, in conjunction with spermatid
retention, could lead to the decreased number of sperm cells in the
epididymal duct. Another abnormal feature observed in the testes
of TMF�/� mice is Leydig cell hyperplasia. Since Leydig cells have a
very low proliferation rate in adult mice (Vergouwen et al., 1991;
Sriraman et al., 2000), the observed increased proliferation sug-
gests abnormal stimulation of these cells in TMF�/� males. When
we determined the levels of the Leydig cell stimulator, LH, we in-
deed found increased serum LH levels in TMF�/� mice, which most
plausibly derives from the proliferation and hyperplasia of the
TMF�/� Leydig cells (Prahalada et al., 1994). In mammals, LH is
secreted throughout the day in pulses, and basal levels of LH are
almost always detectable (Jean-Faucher et al., 1983). Notably, the
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mean levels of LH in the serum of TMF�/� mice were as high as
some of the peak measurements in wt mice, suggesting that in-
creased stimulation by LH is likely to drive the proliferation of
TMF�/� Leydig cells. A TUNEL assay carried out on testicular sec-
tions from TMF�/� mice failed to show cell death in their Leydig
cells, a process which could oppose the over-proliferation of these
cells.

To extend the analysis of the reproductive organs in TMF/
ARA160 KO males, we subjected epididymal sections from wt
and TMF�/� mice to immunocytochemical, immunohistochemical
and histological analyses. Our results revealed the apical expres-
sion of TMF/ARA160 in the epithelium of the epididymal duct.
TMF/ARA160 was detected throughout the epididymis, although
at relatively different levels. While the highest level was seen in
the caput, it gradually decreased towards the distal segments,
exhibiting the lowest level in the cauda. In spite of the varying
accumulation levels of TMF/ARA160, a similar degree of vacuoliza-
tion of epididymal epithelial cells was seen in all three TMF�/� epi-
didymal regions. Similarly, staining for cleaved caspase-3
demonstrated the presence of apoptotic epithelial cells in all epi-
didymal segments, which was absent from the wt cohort. The pre-
valent apoptotic death in TMF�/� caudal epithelial cells, which
normally express significantly lower levels of TMF/ARA160 than
do the caput and corpus epithelial cells, suggests that the invoked
apoptosis does not solely result from the absence of TMF/ARA160
from these cells, but is also caused by the deficiency of a systemic
factor in the TMF�/� animals. Apoptotic cells in the proximal cauda
were also identified using the TUNEL assay. This revealed the
Fig. 8. TMF/ARA160 associates with ER and Golgi of Leydig cells. Testicular sectio
Immunofluorescence staining using an anti-mannosidase II as a Golgi marker (green), a
Merged image is shown on the right. Arrows indicate the co-localization with the Golgi ap
10 lm. (B) Nuclear staining with Hoechst (blue). Immunofluorescence staining using an a
channels are shown on the left. Merged image is shown on the right. Arrows indicate co-
10 lm. (For interpretation of the references to color in this figure legend, the reader is r
additional accumulation of intra-luminal apoptotic cells, which
were not detected by the cleaved caspase-3 test. The different pro-
files obtained by the two assays reflect the different apoptotic
stages detected by each approach. While accumulation of cleaved
caspase-3 characterizes a relatively early stage of the apoptotic
process (Hengartner, 2000; Gown and Willingham, 2002), DNA
fragmentation detected by the TUNEL assay typifies a more ad-
vanced stage or different mechanism of cell-death. Since TUNEL as-
say fails to differentiate between distinct cell-death pathways
(Grasl-Kraupp et al., 1995; Collins et al., 1997; Gown and Willing-
ham, 2002), the TUNEL staining observed most likely reflects the
vast accumulation of cells undergoing advanced apoptosis or dif-
ferent cell-death mechanisms in the cauda lumen. H&E staining
corroborated the accumulation of sloughed cells, cell debris and
abnormal spermatozoa in the caudal lumen. These results could
coincide with the positive TUNEL cells in the testes seminiferous
tubules of TMF�/� mice, suggesting that a portion of the epididy-
mal sloughed cells have started to deteriorate in the TMF�/� testis
and continued to undergo cell death in the epidydimal lumen. The
visualized peripheral TUNEL positive cells correlated with the
cleaved caspase-3 staining and H&E analysis and represent, most
probably, apoptotic cells in the epidydimal ductal epithelium.

Collectively, most of the testicular and epididymal defects char-
acterized in the male TMF�/� mice could be attributed, at least in
part, to the reduced serum androgen levels that were detected in
these animals. The development, structure and function of the
epididymis, as with other reproductive organs in the male, are
androgen dependent and respond with decreased size and function
ns of wt mice were subjected to: (A) nuclear staining with Hoechst (blue).
nd anti-TMF/ARA160 antibody (red). The separate channels are shown on the left.
paratus. One section out of five, which gave similar profiles, is shown. Bars represent
nti-PDI as an ER marker (green), and anti-TMF/ARA160 antibody (red). The separate
localization of markers with the ER. One section out of five is shown. Bars represent
eferred to the web version of this article.)



Fig. 9. External testosterone administration decreases apoptosis in TMF�/� epididymides. Testosterone (T) and vehicle (oily solution (OS)), which served as a control were
administered to 18 week old wt and TMF�/� mice. Animals were sacrificed after receiving 12 daily injections. Epididymal corpus sections were prepared for histological H&E
analysis (A–D, Bars represent 100 lm), and for cleaved caspase-3 immuno-staining (E–H, Bars represent 50 lm). The number of mean cleaved caspase-3 positive tubules in
each group was determined, and is presented in histogram I. One way ANOVA with Bonferroni post hoc was performed to give a corrected P value (P = 8.1 � 10�8, F = 31.897,
df = 3, 20) Asterisks mark different groups. (Mean ± SD); n = 6. The histogram describing the testosterone treated wt group is marked twice with triple and a single asterisk to
denote its insignificant difference from the untreated wt and testosterone treated TMF�/� mice.
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to androgen deficiency (Dohle et al., 2003). Indeed epididymides of
the TMF�/� mice showed decreased size and weight, which most
probably reflects atrophy as well as developmental defects of this
organ. To link the testosterone deficiency to the observed epithelial
epididymal apoptosis more directly, we administered testosterone
to TMF�/� mice. This led to a significant decrease in the number of
apoptotic epithelial epididymal cells, although not to a complete
rescue of the phenotype. The results support the notion that testos-
terone deficiency contributes to the induction of apoptosis in the
epithelial cell layer of the TMF�/� epididymis, but do not exclude
the possible direct effect of TMF/ARA160 loss on these cells.

The decreased weight and size of the epididymis in the TMF�/�

mice were unexpected in light of our previous study of the TMF�/�

male reproductive system (Lerer-Goldshtein et al., 2010). However,
while our past study was carried out on 6 week-old mice, in the
current study, older mice were examined and, the atrophic epidid-
ymal profiles were most profoundly observed.

Increased LH serum levels in pubertal males are the normal
homeostatic response to reduced androgen levels owing to re-
duced negative feedback on the hypothalamic pituitary axis (Lind-
zey et al., 1998; Dohle et al., 2003). In turn, increased LH levels
increase Leydig cell proliferation, which results in normalization
of testosterone levels. Notably, the reduced androgen levels in
the TMF�/� mice did not cause major defects in the spermatogenic
process as reported in AR knock-out mice or in mice which specif-
ically lack AR in their Leydig cells (Wang et al., 2009). This is con-
sistent with the fact that spermatogenesis is only quantitatively
(not qualitatively) dependant on testosterone and can therefore
progress with only a minor decrease in efficiency, under reduced
testosterone levels (Sharpe et al., 1994) which are produced in
TMF�/� mice.

The impaired androgen production and/or secretion by TMF�/�

Leydig cells could result from various causes. Gene-expression pro-
filing and protein levels analysis carried out in the current study
not only failed to detect decreased expression of steroidogenic
genes in TMF�/� testes, but rather, revealed a mild increase in
the steroidogenic enzyme mRNA and protein levels, which are
probably due to increased LH levels. Indeed, elevated LH levels in-
crease the expression of genes involved in steroid and cholesterol
synthesis (Eacker et al., 2008). The reduced production and secre-
tion of androgen by TMF�/� Leydig cells could, however, be attrib-
utable to the direct absence of TMF/ARA160 from the ER and Golgi
of these cells. Although the role of the Golgi apparatus in steroido-
genesis is currently unknown, correlation between the Golgi and
the expansion of other membranous organelles in response to LH
stimulation has been well documented (Mendis-Handagama
et al., 1998). While the testosterone serum levels of TMF�/� mice
are 4-fold lower than those of wt mice, the intra-testicular testos-
terone levels of TMF�/� mice are only 2-fold lower than the wt co-
hort. This could suggest that both testosterone synthesis and
secretion are impaired in TMF�/� testes.

Further studies should deepen our understanding of the func-
tional roles of TMF/ARA160 in Leydig cells and the contribution
of TMF/ARA160 to the control of testosterone levels in males.
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