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ABSTRACT

In vivo and in vitro studies were conducted to determine whether testosterone-producing Leydig cells
are able to develop from cells associated with rat seminiferous tubules, interstitium, or both. Adult rat
seminiferous tubules and interstitium were isolated, encapsulated separately in alginate, and implanted
subcutaneously into castrated rats. With implanted tubules, serum testosterone increased through two
months. Tubules removed from the implanted rats and incubated with LH produced testosterone, and
cells on the tubule surfaces expressed steroidogenic enzymes. With implanted interstitial tissue, serum
levels of testosterone remained undetectable. However, co-culture of interstitium plus tubules in vitro
resulted in the formation of Leydig cells by both compartments. These results indicate that seminiferous
tubules contain both cellular and paracrine factors necessary for the differentiation of Leydig cells, and
that the interstitial compartment contains precursor cells capable of forming testosterone-producing
Leydig cells but requires stimulation by paracrine factors from the seminiferous tubules to do so.

Testosterone

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Testosterone, produced by Leydig cells of the mammalian testis,
plays an essential role in the development and maintenance of the
male reproductive system, as well as in metabolism, muscle mass,
and bone mineral density (Mooradian et al., 1987; Tuck and
Francis, 2009). Previous studies have shown that in both the hu-
man and rat, testosterone formation gradually increases from the
peripubertal period through the adult, coincident with the
development of adult Leydig cells (Habert et al., 2001; Svechnikov
et al., 2010; Teerds and Huhtaniemi, 2015). In mice and rats, the
adult Leydig cells develop from stem cells (stem Leydig cells,
referred to herein as SLCs) which, in postnatal day 7 testes, express
the stem cell markers nestin (Davidoff et al., 2004; Jiang et al.,
2014), COUP-TFII (Qin et al., 2008; Kilcoyne et al., 2014), Arx
(Miyabayashi et al., 2013), CD51 (Jiang et al., 2014), p75NTR (Jiang
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et al.,, 2014), and platelet-derived growth factor receptor PDGFRa
(Ge et al., 2006; Landreh et al., 2013). These cells do not express
Leydig cell lineage markers (Ge et al., 2006; Landreh et al., 2013;
Davidoff et al., 2004; Jiang et al., 2014; Kilcoyne et al., 2014). By
day 11 postpartum, some of the SLCs commit to a differentiation
pathway, forming progenitor Leydig cells (PLCs) that express the
Leydig cell lineage markers 3fB-hydroxysteroid dehydrogenase
(3BHSD), cholesterol side-chain cleavage (P450scc or CYP11A1)
and luteinizing hormone receptor (Benton et al., 1995; Chen et al,,
2010). The PLCs differentiate into immature Leydig cells (ILCs)
from day 21 to day 35, and the latter into adult Leydig cells (ALCs)
from day 28—56 (Benton et al., 1995; Chen et al., 2009, 2010;
Teerds and Huhtaniemi, 2015).

Numerous studies have shown that the elimination of the Ley-
dig cells from the adult rat testis by treating rats with the alkylating
agent ethane dimethanesulfonate (EDS) is followed by the forma-
tion of a new generation of ALCs (Jackson et al., 1986; Kerr et al.,
1987). The new cells arise from stem cells that proliferate and
then differentiate (Jackson et al., 1986; Kerr et al., 1987; Davidoff
et al,, 2004; Stanley et al., 2012; Li et al., 2016). The location(s) of
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the stem cells, and the nature and origin of regulatory factors
involved in their proliferation and differentiation to ALCs, remain
uncertain (Davidoff et al., 2004; O'Shaughnessy et al., 2008; Chen
et al., 2010; Stanley et al., 2012; Li et al., 2016).

Recently, we reported that PDGFRa-expressing cells isolated
from the testes of EDS-treated rats had the ability to proliferate for
extended periods of time in vitro, or to differentiate into
testosterone-producing cells (Stanley et al., 2012). These are
properties expected of stem cells. When isolated rat seminiferous
tubules were cultured in vitro, functional Leydig cells were
generated on their surfaces (Stanley et al., 2012; Zhang et al., 2013;
Odeh et al., 2014; Li et al., 2016). However, under similar culture
conditions, the interstitium failed to form functional Leydig cells
(Stanley et al., 2012), indicating that the interstitium may lack
stem cells, regulatory (niche) factors, or both. Previous studies,
however, provided evidence that various cells of the testicular
interstitium might be precursors of Leydig cells, including peri-
tubular myoid cells (O'Shaughnessy et al., 2008; Stanley et al.,
2012), blood vessel-associated pericytes (Davidoff et al., 2004),
mesenchymal cells (Hardy et al., 1989), or combinations of fibro-
blasts, lymphatic endothelial cells and pericytes (Jackson et al.,
1986).

In the present study, we pursued an in vivo approach to ask
whether testosterone-producing Leydig cells would be generated
from rat seminiferous tubules and/or from interstitial tissue in
the absence of paracrine influences of one on the other. A
number of previous studies in the rodent, dog, and human had
shown that encapsulation in alginate-poly-L-lysine can effec-
tively maintain the integrity of implanted tissue and cells and
prevent immunorejection (Barsoum et al.,, 2003; de Vos et al,,
2006; Orive et al., 2006). This approach has been used for ap-
plications that include insulin delivery by pancreatic islet cells,
therapeutic gene product delivery by recombinant cells, and
testosterone delivery by adult Leydig cells (Barsoum et al., 2003;
Machluf et al., 2003; de Vos et al., 2006). Using alginate encap-
sulated seminiferous tubules and interstitium, we show in the
present studies that: 1) cells associated with seminiferous tu-
bules are able to develop into testosterone-producing Leydig
cells in vivo outside the testis and therefore in the absence of
paracrine factors from the interstitial compartment; 2) in
contrast, interstitial tissue failed to form functional Leydig cells
in vivo; but 3) in vitro co-culture of interstitium with seminif-
erous tubules resulted in the formation of testosterone-
producing cells by the interstitium, We conclude that the inter-
stitial compartment contains Leydig cell precursor cells, but lacks
required paracrine factors from the seminiferous tubules to
differentiate into testosterone-producing Leydig cells.

2. Materials and methods
2.1. Chemicals

Tissue culture supplements ITS (insulin/transferrin/selenite),
fetal bovine serum (FBS), sodium alginate, alginate lyase, poly-L-
lysine (21 kDa), and B-actin antibody were from (Sigma-Aldrich)
(St. Louis, MO). M199 and DMEM/F12 medium and Hank's Balanced
Salt Solution (HBSS) were from Invitrogen (Carlsbad, CA).
[1,2,6,7,16,17->H(N)]-Testosterone (115.3 Ci/mmol) was from Perkin
Elmer Life Sciences, Inc (Boston, MA). Testosterone antibody was
from ICN (Costa Mesa, CA). CYP11A1 antibody was from Chemicon
International (Temecula, CA). Bovine LH (USDA-bLH-B-6) was
provided by the USDA Animal Hormone Program (Beltsville, MD).
Testosterone was from Steraloids (Newport, RI). Reagents for
morphological studies were from Electron Microscopy Sciences
(Hatfield, PA).

2.2. Animals

Adult male Sprague-Dawley rats (3 month-old) were obtained
from Harlan Sprague-Dawley Inc. (Indianapolis, IN). Rats were
housed in the animal facilities of the Johns Hopkins School of
Public Health, under conditions of controlled light (14 h light: 10 h
dark) and temperature (22 °C) and with free access to rat chow
and water. All procedures were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals, according
to protocols approved by the Johns Hopkins Animal Care and Use
Committee.

2.3. Isolation and encapsulation of seminiferous tubules and
interstitial tissue

Rats received a single, intraperitoneal injection of ethane
dimethanesulfonate (EDS; 85 mg/kg BW) to eliminate Leydig
cells, and were sacrificed by decapitation 4 days later. The testes
were perfused with DMEM/F12 medium via the testicular artery
to eliminate blood. After decapsulation, testes were separated
into 8 equal-sized pieces. The seminiferous tubules were me-
chanically separated from the interstitium using fine forceps
(Toppari et al., 1991; Stanley et al., 2012). Tubules and interstitium
were encapsulated separately in alginate gel as reported previ-
ously (Machluf et al., 2003), but with minor modifications as
follows: Tubules or interstitial tissue were placed briefly into 1.2%
sodium alginate in Ca®>*- and Mg?*-free HBSS solution, and then
incubated (5 min) in calcium solution (1.5% CaCl, in HBSS) to
crosslink the alginate. After washing with HBSS to remove free
calcium ions, the capsules were coated with 0.1% poly-L-lysine in
HBSS (12 min). Unreacted poly-L-lysine was removed by washing
the capsules 3 times with HBSS, and the capsules were addi-
tionally coated with 0.125% sodium alginate in HBSS (10 min). The
encapsulated tissues were either cultured in vitro or transplanted
into animals. For in vitro studies, 5 cm lengths of tubules were
encapsulated in alginate and cultured in 24 well plates. For in vivo
experiments, multiple tubule fragments were encapsulated
together. A total of 8 capsules of tubules and of interstitium were
prepared from each testis.

2.4. Culture of seminiferous tubules and interstitium in vitro

Dual-chamber co-culture experiments were conducted. Semi-
niferous tubules (10 cm total length per testis) were incubated in
the inner chamber of the Millicell Hanging Inserts (6 well, 1.0 um
pore; MilliporeSigma, Billerica, MA). Interstitium (isolated from 1/
8 of each testis) was placed in the outer chamber. Previous studies
showed that proliferation of SLCs associated with rat seminiferous
tubules occurs when the tubules are cultured with LH for one
week, and that differentiation occurs during weeks 2—3 (Odeh
et al.,, 2014; Li et al.,, 2016). To examine the effects of co-culture
on proliferation, interstitium and tubules were cultured together
in the presence of LH in the medium during week 1, and then were
separated and cultured with LH alone for 3 additional weeks. To
examine the effects of co-culture on differentiation, the inter-
stitium was cultured with LH for the first week, co-cultured with
tubules in the presence of LH for 2 additional weeks, and then
separated from the tubules and cultured alone for another week
with LH. To assess the ability of the interstitium to produce
testosterone after these treatments, tissue was incubated with
maximally stimulating LH (10 ng/ml) for 24 h, and testosterone
was assayed in the medium. Additionally, interstitial cells were
stained for 3B-HSD after dispersed the cells with collagenase
(1 mg/ml; 20 min) and attached to culture plate for 24 h (see
section 2.6).
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2.5. Implantation of encapsulated tissues in vivo

We first examined the effects of encapsulation itself on the
seminiferous tubules and interestitium by comparing Leydig cell
development by encapsulated and non-encapsulated tissue in vitro.
Encapsulated seminiferous tubules and intersitium were cultured in
24 well plates with M199 medium containing ITS, LH (10 ng/ml), and
FBS (0—10%) for up to 4 weeks. Each well contained either tubules or
interstitium. As controls, tubules and interstitium were cultured that
were not alginate-encapsulated. The media were replaced every
3—4 days, and ultimately collected for assay of testosterone. On the
last day of culture, some tubules and interstitium were freed from
the alginate by digesting the capsules with 10 units/ml of alginate
lyase for 30 min at 37C. Tissues were then used forimmunochemical
staining of CYP11A1, cytochemical staining of 38-HSD (Klinefelter
et al.,, 1987), and morphological studies.

For in vivo studies, tubules and interstitial tissue were encap-
sulated as above and implanted subcutaneously in the backs of
adult rats (N = 8) that had been castrated one week earlier. Total
tubules or intersitium from one testis were implanted into each
animal. Alginate capsules without encapsulated tubules or inter-
stitium were implanted as controls. At days 1 and 30 after im-
plantation, blood was collected from the rats by tail bleeding and
the serum was frozen at —70 C until testosterone measurement. At
day 60, the rats were sacrificed and implanted capsules were
removed. Some of the capsules were fixed for light and electron
microscopic analysis of the encapsulated tissues. Others were
treated with 10 units/ml of alginate lyase for 30 min at 37 C to
degrade the alginate coating. The freed tubules and interstitial
tissue were washed and transferred into serum-free medium con-
taining maximally stimulating LH (100 ng/ml) for 24 h, and
testosterone production was measured in the medium by RIA.
Tissue was also used for cytochemical staining of 38-HSD or for
Western blots analysis of CYP11A1.

2.6. CYP11A1 immunofluorescence and 3BHSD activity staining

Seminiferous tubules and interstitium were washed with Ca®*-
and Mg?*-free HBSS solution and fixed in neutral buffered formalin.
After washing with HBSS solution, the tissues were incubated with
CYP11A1 primary antibody (1:100) overnight. Tissue then was
treated with fluorescent secondary antibodies (Alexa-conjugated
anti-rabbit IgG, 1:1000) for 1 h and, after washing, was examined
using a Nikon Eclipse 800 microscope. Staining for 33-HSD was
conducted as previously reported (Klinefelter et al., 1987). In brief,
tubules or cells were washed in HBSS solution and then dried on
slides at room temperature for 30 min. Slides were stained for
40 min with a solution containing 0.4 mM 5f-androstan-3§3-0l-17-
one steroid substrate, 1 mg/ml NAD, and 0.2 mg/ml tetranitro blue
tetrazolium. After washing in HBSS solution, the stained tissue was
fixed with 10% formalin in HBSS containing 5% sucrose (15 min).

2.7. Light and electron microscopy

For light and electron microscopic analyses, tissues were fixed
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, post-fixed in
cacodylate-buffered 1% osmium tetroxide, and embedded in Epon.
Sections of 600—800 A were mounted on 200-mesh grids, stained
with uranyl acetate and lead citrate, and examined with a Hitachi
HU12F electron microscope. For light microscopy, sections (1 pm)
were mounted on glass slides and stained with toluidine blue.

2.8. Western blot analysis

Tissues were lysed with Tris-HCI buffer (100 mM Tris, 1% Triton

X-100, 50 mM dithiothreitol, 1X Sigma protease inhibitor cocktail,
pH 6.8). After sonication and centrifugation (18,000 g, 10 min), the
supernatant was mixed with 3X SDS loading buffer (New England
BioLab, Ipswich, MA). Equal amounts of total protein (about 30 pug)
from each sample were separated by 10% SDS-PAGE, and then
transferred onto a nitrocellulose membrane. After incubation with
primary CYP11A1 antibody (1:1000) and horseradish peroxidase
(HRP)-conjugated secondary antibody (1:5000), signal was detec-
ted by the enhanced chemiluminescence Western blot kit from
Pierce (Rockford, IL). The bound antibodies on the membranes were
stripped by Restore Western Blot Stripping Buffer (Pierce, Rockford,
IL), and the membranes were re-probed with antibody to B-actin.
CYP11A1 protein was quantified by digitally scanning the Western
blot bands of 4 animals. The results were processed by NIH Image
(Image]) software.

2.9. Statistical analyses

One-way analysis of variance (ANOVA) was used for compari-
sons of multiple group means. If group differences were revealed by
ANOVA (P < 0.05), differences between individual groups were
determined with the Student-Neuman-Kuels test, using SigmaStat
software (Systat Software Inc., Richmond, CA). Values were
considered significant at P < 0.05.

3. Results

3.1. Differentiation of testosterone-producing cells by alginate-
encapsulated tissues in vitro

Seminiferous tubules (Fig. 1A, C) and interstitium (Fig. 1B, D)
were dissected from the testes of EDS-treated rats and separated
from each other. When encapsulated in alginate (Fig. 1E), the tu-
bules maintained their original morphology for at least 4 weeks in
culture even in the presence of 10% FBS. Without encapsulation,
cells migrated away from the tubules (Fig. 1F).

Cytochemical staining for 3BHSD identified Leydig cell clusters
that formed on the surfaces of the encapsulated tubules after 4
weeks in culture (Fig. 2A), whereas freshly isolated tubules lacked
3BHSD-positive cells (Fig. 2B). Immunofluorescent staining of
CYP11A1 was consistent with that of 3BHSD; CYP11A1-positive
cells formed in clusters on the tubule surfaces by 4 weeks
(Fig. 2C), whereas before culture the tubules lacked these cells
(Fig. 2D). Interstitial tissue failed to form 3BHSD-positive or
CYP11A1-positive cells whether or not the tissue was encapsulated
(data not shown). The abilities of encapsulated and non-
encapsulated tubules and interstitial tissue (interstitial fraction,
IF) to form Leydig cells also were compared by measuring their
respective abilities to produce testosterone in vitro in response to
LH stimulation (Fig. 2E). Testosterone, which was not detectable at
the start of culture, was measurable in the culture medium of
seminiferous tubules after 2 weeks whether or not the tubules
were encapsulated. Thereafter, testosterone production continued
to rise through 4 weeks, equivalently between encapsulated and
non-encapsulated tubules. In contrast, the interstitial tissue,
whether or not encapsulated, failed to produce testosterone for up
to 4 weeks.

3.2. Differentiation of testosterone-producing cells by implanted
alginate-encapsulated tissues in vivo

To determine whether cells associated with the seminiferous
tubules and/or interstitial tissue would differentiate into
testosterone-producing Leydig cells when encapsulated in alginate
and implanted separately into rats outside the testis, encapsulated
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Fig. 1. Effect of alginate encapsulation on the maintenance of tissue integrity in vitro. Freshly isolated seminiferous tubules (A, C) and interstitium (B, D) were cultured in vitro for 4

weeks (E, F) in the presence of 10% FBS.

tubules and interstitium were implanted subcutaneously into the
backs of rats that had been castrated a week earlier. Castrated rats
that received alginate capsules devoid of tissue served as controls.
By two months following implantation, blood vessels were seen
entering the tubule-containing capsules (Fig. 3A). Leydig cells were
evident in implants of seminiferous tubules removed from rats at 2
months (Fig. 3B). These cells resembled the Leydig cells restored to
the testes of EDS-treated rats (Fig. 3C). As seen by electron micro-
scopy (Fig. 3D), the restored cells in the capsules were rich in
mitochondria and smooth endoplasmic reticulum, characteristic of
testosterone-producing Leydig cells. In contrast, the transplanted
interstitial tissue failed to develop any cells that resembled Leydig
cells (Fig. 3E).

Cytochemical staining revealed that whereas there were no
3BHSD-positive cells associated with the tubules before their im-
plantation (Fig. 4A), 3BHSD-positive cells were evident on the
surfaces of the tubules two months after their implantation
(Fig. 4B). Western blot analyses of CYP11A1 expression by tubules
prior to their implantation and 2 months thereafter were consistent
with the 3BHSD data; before implantation, CYP11A1 was not
expressed by cells associated with the isolated tubules, whereas
CYP11A1 was expressed 2 months after implantation (Fig. 4C).
Quantification of the Western blot results from 4 rats per group

showed significant increase in CYP11A1 two months after im-
plantation (Fig. 4D). In contrast, no 3fHSD-positive cells were seen
in interstitial tissue either before (Fig. 4E) or after (Fig. 4D) im-
plantation, and there were no cells that expressed CYP11A1 (not
shown).

Before implantation, seminiferous tubules and interstitial tissue
incubated with LH for 24 h produced no testosterone (Fig. 5A). Two
months after implantation, the implanted tissue capsules were
removed from rats and incubated with LH for 24 h. The capsules
containing seminiferous tubules produced testosterone, whereas
those that contained interstitial tissue did not (Fig. 5A). Measure-
ments of serum levels of testosterone in implanted rats were
consistent with these results (Fig. 5B). Serum testosterone initially
was undetectable in castrated rats that received alginate only or
alginate-encapsuled interstitial tissue or tubules. Serum testos-
terone remained below detection limits throughout the following 2
months in rats that received alginate or interstitial tissue. In rats
that received seminiferous tubule-containing implants, however,
serum testosterone levels rose significantly by one month, and rose
further through two months. These results, taken together, indicate
that cells associated with the tubules, but not with interstitial tis-
sue, formed testosterone-producing Leydig cells during the two
month in vivo implantation period.



254 H. Chen et al. / Molecular and Cellular Endocrinology 436 (2016) 250—258

E < 1600
3 1400 - ©-T-Control
g ®-T-Alginate
'g 1200 + o+IF-Control
a % 1000 4 | -=IF-Alginate
o3 i
g 5 800
52 600 -
8 400 -
» 200 A
2

0 +—a—T—0—0
3 7

10

14 17 21

24

28

Days in Culture

Fig. 2. Effect of encapsulation on the development of functional Leydig cells in vitro. Alginate encapsulated seminiferous tubules were stained for 3f-HSD (A, B) or CYP11A1 (C, D).
Clusters of 33-HSD (A) and CYP11A1 (C) positive cells were seen after 4 weeks in culture, but not before culture (B, D). (E) Testosterone production by cultured seminiferous tubules.
Whether encapsulated or not, the cultured tubules (T) produced testosterone by 4 weeks, whereas intersitium (IF), whether or not encapsulated, produced no testosterone. Data are
expressed as mean + SEM of three separately conducted experiments. Groups with shared letters were not significantly different at P < 0.05. Groups without letters had unde-

tectable testosterone levels.

3.3. Differentiation of testosterone-producing cells by interstitial
tissue when cultured together with seminiferous tubules

In both in vitro and in vivo studies described above, the inter-
stitial tissue, by itself, was unable to form Leydig cells. In contrast,
Leydig cells did form on the surfaces of seminiferous tubules. These
results suggested that the interstitial tissue lacks stem cells and/or
required differentiation factors, the latter presumably from semi-
niferous tubules. To distinguish between these possibilities, we
used a dual-chamber co-culture system in which interstitum and
seminiferous tubules were cultured side-by-side, separated by a
filter that prevented contact between the two but allowed
communication via secreted factors (Fig. 6A). Tissues were co-
cultured with LH either for week 1, when SLC proliferation is
known to occur, or for weeks 2—3, when SLC differentiation occurs

(Odeh et al., 2014; Li et al., 2016). In the first case, after 1 week of
culture together, the interstitium and the tubules were cultured
separately with LH for another 3 weeks. In the second case, the
interstitium was cultured alone for the first week, and then co-
cultured with the tubules for weeks 2—3. This was followed by
separation of the two tissues and the culture of interstitum with LH
alone for another week. After the 4 week culture periods, tissue was
cultured with maximally stimulating LH for 24 h, and testosterone
was measured in the medium. Co-culture of interstitium and tu-
bules for week 1 had little effect on the ability of the interstitium to
form testosterone-producing cells (Fig. 6B). However, co-culture of
interstitium and tubules during weeks 2—3 resulted in significantly
increased testosterone production by the interstitium (Fig 6B).
Cytochemical staining of 3BHSD activity was consistent with the
testosterone results; no 3PHSD-positive cells were seen in
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Fig. 3. In vivo development of Leydig cells by alginate-encapsulated tissue two months after implantation. (A) Seminiferous tubule-containing capsules (black arrow) showing
blood vessels that entered the implants. (B) Section of implanted capsule revealing Leydig cells formed between the seminiferous tubules (white arrows). (C) Leydig cells (white
arrows) restored to rat testis two months after EDS-treatment of the rats. (D) Electron micrograph of Leydig cells formed on the surface of the encapsulated tubules. (E) No Leydig

cells were identified in the implanted interstitial tissue.

preparations of interstitium cultured alone with LH for 4 weeks
(Fig. 6C), but were seen in interstitial preparations co-cultured with
tubules during weeks 2—3 (Fig. 6D).

4. Discussion

Although Leydig cells represent a relatively stable population in
the adult testis, some turnover has been reported (Teerds et al.,
1989). The observation that a new generation of Leydig cells
forms after the experimental elimination of pre-existing Leydig
cells from the adult testis with EDS (Jackson et al., 1986; Kerr et al.,
1987) suggested that there may be stem cells in the adult testis that
are capable of giving rise to the new cells (Davidoff et al., 2004;
Jackson et al., 1986; Stanley et al., 2012). Indeed, there have been
studies reporting the isolation, culture, and characterization of
putative SLCs from neonatal and adult animals (Ge et al., 2006;
Stanley et al.,, 2012; Landreh et al., 2013; Jiang et al., 2014; Kilcoyne
et al,, 2014; Li et al., 2016). These cells have been shown to be
capable of self-renewing in vitro for prolonged periods of time, and
of differentiating into testosterone-producing cells (Ge et al., 2006;
Stanley et al., 2012; Jiang et al., 2014). A recent study reported that
SLCs from neonatal animals are multipotent (Jiang et al., 2014). The
location of the SLCs and the niche factors involved in their regu-
lation in vivo remain uncertain. There have been studies reporting
that at least some Leydig cells derive from SLCs located on the
outside of the seminiferous tubules (Russell et al., 1995;
O'Shaughnessy et al., 2008; Stanley et al., 2012; Li et al., 2016).
However, there also are studies reporting that SLCs are located in
perivascular regions of the interstitial compartment of fetal, early

neonatal and adult testes (Jackson et al., 1986; Davidoff et al., 2004;
Defalco et al., 2013).

We showed previously that stem cells associated with the
seminiferous tubules of the adult testis were able to proliferate
and differentiate into functional Leydig cells in vitro, but that the
culture of isolated interstitium failed to generate testosterone-
producing cells (Stanley et al., 2012). The latter did not rule out
the possibility that SLCs are in fact present in the interstitial tissue.
Rather, we hypothesized that if indeed there were Leydig cell
precursor cells in the interstitial compartment, that compartment,
when physically separated from the tubules, might lack critical
factors required for the differentiation of the precursor cells
(Stanley et al., 2012). To begin to assess this, we first sought to
determine whether functional Leydig cells would be derived from
each of the seminiferous tubules and interstitial tissue in vivo
under circumstances in which there was no paracrine influence of
one on the other. This was done by isolating seminiferous tubules
and interstitium, encapsulating each in alginate to protect against
the immune system, and implanting the tissues separately in
castrated rats. By two months after the implantation of tubules,
testosterone was elevated in the serum of the castrated rats.
Consistent with this, Leydig cells were found to have formed on the
surfaces of the implanted tubules. In contrast, there was no
detectable elevation of testosterone after implantation of inter-
stitial tissue, and no evidence of Leydig cells having formed.
Additionally, we found that the newly formed Leydig cells pro-
duced testosterone ex vivo in response to LH, as determined by
removing the tubule-containing alginate capsules from implanted
rats and then incubating the tubules with LH in vitro. In contrast,
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and also consistent with in vitro results and with serum testos-
terone measurements, there was no evidence of steroidogenic cells
in the alginate-encapsulated interstitium removed from the
implanted rats, and no testosterone production ex vivo in response
to LH by interstitial tissue obtained from the implants. These re-
sults, taken together, suggest that if, indeed, there are SLCs asso-
ciated with interstitial tissue, the cells require factors to stimulate
their differentiation that are not present when the tissue is sepa-
rated from the remainder of the testis.

The production of testosterone-producing Leydig cells by the
SLCs associated with the seminiferous tubules both in vitro and
in vivo, but the failure of the interstitial tissue to give rise to
testosterone-producing cells, suggested the possibility that the
seminiferous tubules may provide the required factors for SLC
differentiation. Indeed, by co-culturing the interstitium with
seminiferous tubules in a dual-chamber system that allowed a
free exchange of paracrine factors from the two tissues,
testosterone-producing Leydig cells were generated in the inter-
stitial tissue. Interestingly, the timing of the co-culture period was
important; the seminiferous tubules were effective in inducing
Leydig cell development from the intersititium when the two

tissues were co-cultured during weeks 2—3, a time during which
SLCs have been shown to differentiate (Li et al., 2016). The for-
mation of testosterone-producing Leydig cells by seminiferous
tubules in the absence of interstitial tissue, and by the interstitial
tissue only when paracrine factors were provided by the tubules
in co-culture experiments, strongly suggest that the interstitium
has precursor cells but lacks critical factors provided by the
seminiferous tubules. This emphasizes the uniqueness of the
intratesticular environment in the development of Leydig cells, a
conclusion that is consistent with previous observations that stem
cells from other sources can be induced to form Leydig cells in vivo
if transplanted into the interstitial compartment of the testis
(Yazawa et al., 2006; Lue et al., 2007). The nature of the paracrine
factors, and the cells from which they are derived, are not known
as yet.

The observation that stem Leydig cells are capable of giving rise
to testosterone-producing Leydig cells in vivo, in locations outside
testis, could have clinical implications. Hypogonadism, which is
common in aging men, may be linked to a number of metabolic and
quality-of-life changes, including decreased lean body mass and
bone mineral density, increased visceral fat, decreased libido and
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Fig. 5. Testosterone production by seminiferous tubules and interstitium implanted in
castrated rats. (A) Testosterone production by seminiferous tubules and interstitium
(IF) before and two months after their implantation. The implants were removed from
rats after implantation and incubated with LH in vitro for 24 hours. Testosterone was
assayed in the medium. (B) Testosterone in the serum of castrated rats at 1, 30 and 60
days after rats were implanted with either seminiferous tubules or interstitium (IF).
Rats that received empty implants (alginate only) served as controls. *Undetected.
——Detection limit of RIA. 3Significantly different from *groups at P < 0.05. "Signifi-
cantly different from ®group and *groups at P < 0.05.

sexual function, altered mood, and fatigue (Carruthers, 2009; Lang
et al, 2012; Morris and Channer, 2012). These changes can be
partially overcome by exogenous testosterone administration
(Katznelson et al., 1996; Wang et al., 1996; Steidle et al., 2003; Page
et al., 2005; Seftel et al., 2015). However, it has been reported
recently that administering testosterone may increase the risks of
cardiovascular disorders and prostate tumorigenesis (Klotz, 2015;
Yeap, 2015). Thus the availability of therapies that increase serum
testosterone levels more physiologically, without the need to
administer testosterone, could be of benefit to the many men with
primary hypogonadism. The current studies suggest that it might
be possible to elevate serum testosterone levels in individuals, and
thus to treat testosterone deficiency, by implanting stem cells at
locations outside testis. This approach seems more realistic for
therapeutic purposes than injecting stem cells directly into the
testis, as has been reported recently (Jiang et al., 2014; Yang et al.,
2015). However, generating Leydig cells from stem cells outside
the testis apparently requires critical seminiferous tubule-derived
proliferation/differentiation factors. The nature and the regulation
of such potential factors are currently under study.
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Fig. 6. Effect of seminiferous tubule-derived factors on the differentiation of Leydig
cells by intersititial tissue. (A) Diagram of the system used for the co-culture of sem-
iniferous tubules and interstitium. (B) Testosterone production by interstitium alone
on Day 1 and Day 28 of culture with LH (denoted Interstitium); interstitium co-
cultured with seminiferous tubules during Week 1, then separated from the tubules
and cultured alone with LH for 3 additional weeks (+Week 1); interstitum alone
cultured with LH for 1 week, then co-cultured with tubules for weeks 2—3, and then
separated from the tubules and cultured with LH for an additional week (+Week 2—3).
*Significant difference from other groups at P < 0.05 based on three separately con-
ducted experiments. (C) 3BHSD staining of cells in the intersititium after culture alone
for 4 weeks with LH. (D) 3BHSD staining of cells in the interstitium after co-culture
with seminiferous tubules during weeks 2—3. Arrows indicate 3pHSD + cell cluster.
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