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Leydig cells are the primary source of testosterone in adult males. Recently, a growing body of evidence
has shown that testicular innervation functions as a major regulator in Leydig cell steroidogenesis. The
question then arises whether this novel regulatory pathway also plays an important role in other biolog-
ical behaviors of this cell type. In the present study, we selectively resected the superior spermatic nerves
(SSNs) or the inferior spermatic nerves (ISNs) to investigate the effects of testicular denervation on sur-
vival of Leydig cells. After testicular denervation, Leydig cells displayed morphological characteristics of
apoptosis, such as chromatin condensation, cell shrinkage and apoptotic body formation. Flow cytometry
combined with TUNEL labeling demonstrated dramatic and persistent apoptosis of Leydig cells in the
denervated testes 14 and 21 days after operation. Meanwhile, serum T concentrations in the SSN- or
ISN-denervated rats dramatically decreased on day 14 and declined further on day 21. Plasma LH levels
underwent a remarkable rise, while serum FSH levels remained unchanged. Immunofluorescent staining
and flow cytometry further demonstrated that testicular denervation activated caspase-3 and caspase-8,
but not caspase-9 in Leydig cells. Our data indicate that testicular innervation functions as an important
survival factor for Leydig cells in vivo.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Leydig cells are the primary source of testosterone in adult
males, which is critical for sperm production and sexual function
maintenance, besides its effects on kidney, liver, skin, muscles,
skeleton, bone marrow and central nervous system [1,2]. In past
decades, numerous studies have been carried out to investigate
regulation of Leydig cell steroidogenesis, and the hypothalamic–
pituitary–gonadal axis and intratesticular paracrine and autocrine
factors are known to be the chief regulators [3,4]. However, the
physiological mechanisms of maintaining the survival of Leydig
cells remain largely unknown.

Recently, several other regulatory systems have been postu-
lated to be involved in Leydig cell steroidogenesis. One of such can-
didates is testicular innervation, which reaches the testis via the
superior spermatic nerves (SSNs) and the inferior spermatic nerves
(ISNs) [5,6]. In the testes of most mammalians investigated so far,
abundance of autonomic nerve fibers have been found in their cap-
sules and/or parenchyma [7–10]. The receptors for neurotransmit-
ters, such as a- and b2-adrenergic receptors, have also been
ll rights reserved.
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detected on the surface of Leydig cells [11,12]. Furthermore,
involvement of testicular innervation in Leydig cell steroidogenesis
has been directly evidenced in the previous studies. In the rat, for
instance, bilateral section of SSNs reduces the number of testicular
luteinizing hormone (LH) receptors, blunts the human chorionic
gonadotropin-stimulated testosterone production [13] and inhibits
the acute stress-induced rise of serum testosterone [14], while
electrical stimulation of SSNs induces an elevation of testosterone
levels in the spermatic veins of cats [15]. ISN section also partly
suppresses increase of testosterone in response to hemicastration
[16]. More importantly, the neuronal pathway from brain through
spinal cord and spermatic nerves to the testis has recently been de-
picted anatomically [17–19]. This pathway has been found to reg-
ulate Leydig cell steroidogenesis independently from the pituitary
[17–19].

Those results, taken together, reveal that testicular innervation
acts as a major regulator in the steroidogenesis of Leydig cells. The
question then arises whether this novel regulatory pathway also
plays an important role in other fundamental biological behaviors,
especially survival, of this cell type. To answer this question, the
present study was designed to investigate the effects of nerve sys-
tem on Leydig cell survival. SSNs or ISNs were selectively resected
to evaluate influence of testicular denervation on Leydig cell apop-
tosis. When persistent apoptosis of Leydig cells occurred after
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denervation of SSNs or ISNs, the apoptotic signaling pathway was
further investigated. Our data showed that the caspase-8-depen-
dent extrinsic pathway was involved in testicular denervation-in-
duced apoptosis in Leydig cells.

Materials and methods

Animals and experimental procedures. Adult male Sprague–Daw-
ley rats, weighing 325–350 g, were purchased from Shanghai SLAC
Laboratory Animal Co. Ltd. (Shanghai, China) and maintained in the
Experiment Animal Center of Nanjing Medical University (Nanjing,
China). Eighty rats were assigned randomly to four groups: SSN
sham-operation group (SSG), SSN denervation group (SDG), ISN
sham-operation group (ISG) and ISN denervation group (IDG). Tes-
ticular denervation was carried out as described previously with a
slight modification [13]. In brief, rats were anesthetized by intra-
peritoneal injection of sodium pentobarbital (40 mg/kg). SSNs
were bilaterally exposed through a midabdominal incision and
separated from the fat tissue surrounding the spermatic artery un-
der the assistance of a Zeiss dissection microscope. Approximately
1 cm of the SSNs was removed. For ISN denervation, testes were
bilaterally exposed through a hypogastric incision and a 1-cm por-
tion of ISNs accompanying vas deferens was cut. Sham control rats
were operated without excision of the nerves. Two and three
weeks after operation, 10 rats from each group were killed by car-
bon dioxide at each time point. Trunk bloods were collected and
testes were removed. For each animal, one testis was cut into three
parts for TUNEL labeling, electron microscopy and immunofluores-
cent staining. The other testis was used for Leydig cell isolation. All
animals were treated according to protocols approved by the Ani-
mal Committee of Nanjing Medical University.

Isolation of Leydig cells by Percoll. Leydig cells were isolated as
previously described [20] with a slight modification. Briefly, testes
were decapsulated and incubated in collagenase (0.25 mg/ml) in
dissociation buffer with shaking (80 cycles per min) for 20 min at
34 �C. After digestion, seminiferous tubules were removed by fil-
tration through 200 lm nylon mesh. The enriched Leydig cell frac-
tions were collected and further separated by Percoll and BSA
density gradient centrifugation. Leydig cells were harvested and
the purities of Leydig cell fractions were evaluated by histochemi-
cal staining for 3b-HSD activity. Enrichment of Leydig cell was typ-
ically to 93%. The Leydig cell suspension was divided into two parts
for quantitative analysis of apoptotic rates and caspase activities in
Leydig cells.

Terminal deoxyribonucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) staining. In the late stage of
apoptosis, nuclear DNA is cleaved into smaller fragments with ex-
posed 30-hydroxyl ends, which can be labeled in situ by TUNEL [21].
Testicular tissues were fixed in Bouin’s solution and cut into sec-
tions in 5 lm thickness. Apoptotic cell detection was performed
using TUNEL kits (Roche Diagnostics, Mannhein, Germany) accord-
ing to the manufacturer’s instructions. The TUNEL-stained cells
were visualized with bromochloroindolyl phosphate (BCIP) and ni-
tro-blue tetrazolium (NBT) salts (Sigma, St. Louis, MO, USA), and
counterstained with methyl green. Negative controls were pre-
pared by using distilled water instead of TUNEL reaction mixture.

Electron microscopic analysis. Testicular tissues were fixed over-
night in 2.5% glutaraldehyde and postfixed with 1.0% osmium
tetroxide. After embedding in EPON, ultrathin sections were cut
and mounted on 200-mesh grids, stained with uranyl acetate fol-
lowed by lead citrate, and examined under a transmission electron
microscope (JEM-1010, JEOL, Japan).

Flow cytometry analysis of apoptosis in Leydig cells. For quantita-
tive analysis of apoptotic Leydig cells, flow cytometry using Annex-
in-V-FITC (fluorescein isothiocyanate) and PI (propidium iodide)
double staining was used in this study. After washing with PBS,
Leydig cell suspension was incubated with Annexin-FITC and PI,
using Annexin-V kits (BD Biosciences, San Diego, CA) following
the manufacturer’s instructions. Ten thousand cells were analyzed
by a FACS Vantage flow cytometer (Becton Dickinson, Franklin
Lakes, NJ). Bivariant analysis of FITC-fluorescence and PI-fluores-
cence allows differentiation of Leydig cells into four subpopula-
tions: (1) nonstaining viable cells, (2) early apoptotic cells
(Annexin-V positive), (3) late apoptotic cells (Annexin-V + PI posi-
tive), and (4) necrotic cells (PI positive) [22,23].

Radioimmunoassay (RIA) for hormones. After clotting at room
temperature, trunk bloods were centrifuged at 1000g for 30 min
at 4 �C. The sera were stored at �20 �C for assay. Testosterone
(T), luteinizing hormone (LH), and follicle-stimulating hormone
(FSH) concentrations were determined with RIA kits (Beijing North
Institute of Biological Technology, China).

Immunofluorescent staining for caspase-3, -8 and -9. Caspase acti-
vation is known as an event occurring during the early stage of cel-
lular apoptosis [24,25]. Our preliminary study using flow
cytometry showed that the denervated testes contained more
early-stage apoptotic Leydig cells on day 21 than day 14 after tes-
ticular denervation. Therefore, caspase assay was performed on the
samples obtained on 21 day in the present study. For immunoflu-
orescent staining of caspases in Leydig cells, cryostat blocks of tes-
ticular tissues were cut into 10-lm-thick sections. The sections
were fixed in 3.7% formaldehyde overnight and then permeabilized
with 0.1% Triton X-100 for 5 min. Following rehydration with 1%
BSA for 30 min at room temperature, the sections were incubated
with rabbit antihuman IgG against caspase-3 (1:100, Santa Cruz,
USA), caspase-8 (1:50, Santa Cruz, USA) and caspase-9 (1:50, Santa
Cruz, USA), which were conjugated with FITC. Fluorescent Hoechst
(Molecular Probes, OR, USA) was applied to visualize the cell nu-
clei. The slides were observed with Axioskop 2 plus (Carl Zeiss,
Thornwood, NY, USA). Exposure times during photography were
uniform to enable optimal comparison of fluorescence among the
test samples.

Flow cytometry analysis of activities of caspase-3, -8, and -9. The
activities of caspase-3, -8 and -9 were determined by flow cytom-
etry using fluorescein active caspase staining kits (BioVision,
Mountain View, CA, USA) according to the manufacturer’s instruc-
tions. Briefly, 1 � 106 Leydig cells were suspended in 300 ll of cul-
ture medium, and 1 ll of appropriate substrates (FITC-DEVD-FMK
for caspase-3, FITC-IETD-FMK for caspase-8, and FITC-LEHD-FMK
for caspase-9) were added. The cells were incubated for 60 min
at 37 �C in an incubator with 5% CO2. After centrifugation at
3000 rpm for 5 min, the cells were washed twice in wash buffer
and analyzed by a FACS Vantage flow cytometer (Becton Dickinson,
Franklin Lakes, NJ).

Statistical analysis. Results are presented as means ± SEM. The
data were analyzed for statistical significance by two-way ANOVA,
followed by Tukey’s multiple comparisons test. Levels of statistical
significance were fixed for P values <0.05.

Results and discussion

Testicular denervation induces apoptosis of Leydig cells

On post-operation day 14 and 21, apoptotic Leydig cells as well
as spermatogonia (not discussed here), revealed by TUNEL, ap-
peared in the SSN- or ISN-denervated testes (Fig. 1A). Meanwhile,
morphological characteristics of apoptosis, such as chromatin con-
densation, cell shrinkage and apoptotic body formation, were also
observed in Leydig cells of all the denervated testes (Fig. 1B). For
further quantitative analysis, we isolated Leydig cells and utilized
flow cytometry to access their apoptotic rates. In the sham-oper-



Fig. 1. Apoptosis of Leydig cells induced by testicular denervation. (A) TUNEL-positive Leydig cells (arrowheads) and spermatogonia (triangles) appeared in the SSN-
denervated testes and ISN-denervated testes on day 14 and 21. Dramatic apoptosis of spermatids and spermatocytes was not detected in the denervated testes. (B) After
testicular denervation, Leydig cells displayed morphological characteristics of apoptosis, including chromatin condensation (a), cell shrinkage (b) and apoptotic body
formation (c). (C) Flow cytometry analysis demonstrated that SSN or ISN denervation-induced significant apoptosis of Leydig cells 14 days and 21 days after operation,
compared to their own sham-operation control (*P < 0.05 vs control). SSN- or ISN-denervated testes contained more early apoptotic and fewer late apoptotic Leydig cells on
day 21 compared to day 14 (#P < 0.05 vs day 14). No significant difference of Leydig cell apoptosis was detected between the SSN and ISN denervation groups.
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ated rats, <2% of Leydig cells were positively stained with Annexin-
V (early apoptosis) or Annexin-V + PI (late apoptosis) (Fig. 1C).
However, the total percentage of apoptotic Leydig cells increased
by approximately more than 10 folds after the removal of SSNs
or ISNs (Fig. 1C). We noted that the percentage of late apoptotic
Leydig cells was 12.8% and 11.9% in the SSN- or ISN-denervated
testes, respectively, on day 14, while the rates decreased to 5.6%
and 5.3% on day 21. By contrast, the rates of early apoptotic Leydig
cells increased from 5.1% and 5.9% on day 14 to 11.6% and 10.7% on
day 21 (Fig. 1C), implying that another new group of Leydig cells



Fig. 2. Serum T, LH and FSH levels after testicular denervation. (A) Plasma T
concentrations in the SSN- or ISN-denervated rats dramatically decreased 14 days
after surgery compared to their own sham-operation control (*P < 0.05 vs control),
and declined further on day 21 (#P < 0.05 vs day 14). (B) Serum LH levels underwent
a progressive rise after testicular denervation (*P < 0.05 vs control; #P < 0.05 vs day
14). (C) Serum FSH levels remained unchanged after operation.
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underwent apoptosis on day 21. All of these results, taken together,
provide convincing evidence that Leydig cells underwent dramatic
and persistent apoptosis when testicular innervation was deprived,
suggesting that the neuronal input to the male gonad functions as
an important survival factor for this cell type in vivo.

In previous studies, testicular innervation removal was shown
to lead to the reduced number of testicular LH receptors, the block-
age of hCG-stimulated testosterone production as well as the sup-
pression of acute stress-induced elevation of serum testosterone
[13,14,16]. The underlying mechanisms, however, remain largely
unknown in past decades. Based on the results of the present
study, these phenomena can be explained, at least in part, by Ley-
dig cell apoptosis. As Leydig cells die via apoptosis after spermatic
nerve removal, the capacity of the denervated testes to produce
testosterone and the number of LH receptors localized on Leydig
cells decrease consequently.

Although SSNs and ISNs are both the providers of testicular
innervation, classical study assumes that the male gonad is inner-
vated chiefly by SSNs [5]. However, our study has demonstrated
that there was no significant difference of Leydig cell apoptosis be-
tween the ISN-denervated testes and the SSN-denervated ones
(Fig. 1C), indicating that ISNs and SSNs are of equal importance
for Leydig cell survival.

As SSNs are adjacent to the spermatic arteries, and the testes
were ever pulled up into the abdominal cavity for ISN exposure,
one may then attribute Leydig cell apoptosis observed in this study
to testicular ischemia resulting from injuries to the spermatic
arteries during our surgical procedures or potential experimental
cryptorchidism. This possibility seems unlikely, because the two
operated rats developing experimental cryptorchidism have been
excluded from our study. In all the other rats, no apparent patho-
logical changes took place in their testes until three weeks after
denervation. Most importantly, a growing body of evidence has
shown that high temperature or ischemia, as demonstrated in
the undescended testes or those undergoing testicular torsion, re-
sults in massive apoptosis of spermatocytes and spermatids, in-
stead of Leydig cells [26–29]. So, if experimental cryptorchidism
or injuries to the spermatic arteries had happened in our surgery,
remarkable apoptosis of spermatocytes and spermatids should
have occurred simultaneously in the denervated testes. In our
study, however, dramatic apoptosis of these two cell types was
not observed (Fig. 1A). These results suggest that perturbation to
testicular blood supply and temperature due to the surgical proce-
dures is, if present, negligible and also, it can be concluded that dis-
orders of intratesticular blood flow and/or temperature caused by
testicular denervation itself are slight.

Testicular denervation results in decrease of serum T level and increase
of plasma LH concentration, with serum FSH level unaffected

Parallel to apoptosis of Leydig cells, plasma testosterone levels
in the SSN- or ISN-denervated rats dramatically decreased on day
14 and declined further on day 21 (Fig. 2A). In clinics, significant
decrease of testosterone levels is also observed in the patients
undergoing spinal cord injury who often have elevated serum LH
levels [30,31]. Although some hypotheses have been proposed to
explain this clinical phenomena, the underlying mechanisms re-
main unclear. Based on the present study, Leydig cell apoptosis
resulting from disrupt of neuronal input to the testes of these pa-
tients seems to be one of the leading causes.

It is known that LH secretion is regulated predominantly by ser-
um testosterone via its negative feedback to the pituitary. With ser-
um androgen concentration dropping markedly, a progressive rise of
plasma LH levels was noticed in all the denervated rats on day 14 and
21 (Fig. 2B). The levels of FSH, another gonadotropin secreted by the
pituitary, however, remained unchanged following denervation
(Fig. 2C), indicating that testicular denervation has no direct effect
on the pituitary gonadotropin secretion. This also lends further sup-
port to the latest findings that the neuronal circuit between the brain
and the testis acts independently from the pituitary [18].



Fig. 3. Expression and activities of caspases in Leydig cells after testicular denervation on day 21. (A) Representative merged pictures of Hoechst (blue) and caspase-3, -8, -9
(green) double staining. On day 21, the expression of caspase-3 and caspase-8 was significantly elevated in Leydig cells after denervation of SSNs or ISNs, but caspase-9
expression was not affected (magnification, 400�). (B) Flow cytometry showed that after SSN or ISN cutting, caspase-3 and caspase-8 activities increased significantly
compared to their own sham-operation control (*P < 0.05 vs control), but the activity of caspase-9 remained unchanged. (For interpretation of color mentioned in this figure
legend the reader is referred to the web version of the article.)
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Testicular denervation induces Leydig cell apoptosis via activating
caspase-8- not caspase-9-dependent pathway

Caspases have been identified as center mediators of apoptosis,
exerting their effects in a cascade involving both death receptor-
dependent (extrinsic) and mitochondria-dependent (intrinsic)
pathways. Caspase-8 and -9 are the initiators of these two path-
ways, respectively, and induce apoptosis commonly via activating
caspase-3, a down-stream effector caspase [32,33]. In this study,
immunofluorescent staining and flow cytometry analysis showed
that the expression and the activity of caspase-3 in Leydig cells
dramatically increased after SSN or ISN removal (Fig. 3), indicating
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that testicular denervation triggers Leydig cell apoptosis through
activating caspase-dependent pathways. Further analysis demon-
strated significantly increased expression and activity of caspase-
8 not caspase-9 in Leydig cells after testicular denervation
(Fig. 3), suggesting that Leydig cell apoptosis induced by testicular
denervation is mediated by the death receptor-dependent pathway
instead of the mitochondria-dependent one.

In conclusion, the present study has showed that the deprival of
testicular innervation results in significant apoptosis of Leydig cells,
followed by the decrease of serum T level and the increase of plasma
LH concentration. Apparently, testicular denervation induces Leydig
cell apoptosis through activating the caspase-8-dependent path-
way. These findings may have important implications in deepening
understanding male reproductive physiology and clinical condi-
tions, such as spinal cord injury, in which impaired steroidogenesis
in Leydig cells takes place due to disrupt of the neuronal input to the
male gonad.
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