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Abstract Local antigonadotrophic action of melatonin in
testes has never been correlated with local and general
immune status of any rodent. Intra-testicular injection of
melatonin (2.5 pg/50 pl) for 10 days (MI-10D) and
20 days (MI-20D) was given to young adult male of
Funambulus pennanti and testicular androgen receptor
(AR), androgen binding protein (ABP) expression, 3f-
hydroxysteroid dehydrogenase (3f-HSD) activity, and
MellaR expression in thymus was checked along with
general immune parameters. Further, immunohistochemi-
cal localization of MellaR in testes was done. Decreased
AR, ABP expression, testes weight, 35-HSD activity, tes-
tosterone level, and spermatogenesis but increased MellaR
expression in thymus, immunoreactivity in testes, and
testicular macrophages following injection was noted.
Lymphatic tissue weight, leukocyte, lymphocyte count,
lymphocyte proliferation in spleen, thymus, plasma mela-
tonin, and IL-2 level increased in a duration-dependent
manner following intra-testicular injection. Intra-testicular
injection of melatonin decreased steroidogenesis by
enhancing the primary effect of melatonin on Leydig cell
endocrine function. Along with reduced circulatory tes-
tosterone production, an increase in testicular as well as
general immunity was observed in a duration-dependent
manner. Therefore, a local participation of melatonin in
testes of F. pennanti to control testicular androgen pro-
duction is suggested.
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Introduction

The role of melatonin as a pro and antigonadotrophic
substance in spontaneous and seasonal breeders has been
repeatedly established [1, 2]. Previous reports in hamster
suggest that melatonin can act directly on the testes to
suppress luteinizing hormone (LH)-stimulated testoster-
one release by Leydig cells [3]. Melatonin receptors
(MellaR) have also been located in immature rat Leydig
cells [4, 5]. These results suggest that melatonin may
directly act on Leydig cells to suppress the testosterone
release by rat and hamster testes in vitro. However, a
local application (in vivo) of melatonin, i.e., in testes
and regulation of male reproduction in terms of sper-
matogenesis and steroidogenesis has never been inves-
tigated. Further, male contraception is also a potential
area of research where the negative effect of local
application of melatonin on spermatogenesis will be of
high potential. Therefore, in the present study, we first
planned to note the effects of intra-testicular injection of
melatonin on steroidogenesis (androgen receptor (AR),
androgen binding protein (ABP) expression, and 3f-
hydroxysteroid dehydrogenase (35-HSD) activity), sper-
matogenesis and localization of MellaR immunoreac-
tivity in testes of a tropical squirrel and diurnal seasonal
breeder, Funambulus pennanti during the reproductively
active phase.

Melatonin acts on immune system and also modulates
reproduction by acting at different level of the hypo-
thalamo—pituitary—gonadal axis [6] of seasonal breeders
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[7]. Sex steroids also modulate immune function, as
their concentration varies during the breeding and the
non-breeding seasons [8, 9]. Even before the importance
of the thymus in immunity had been recognized,
researchers noted thymic hypertrophy following gonad-
ectomy, particularly in female animals [10]. Sex steroid
hormones are likely mediators of seasonal patterns of
immune function and diseases as well [8]. Consequently,
receptors for estrogen and androgens have been found
on lymphoid tissue suggesting that the gonadal steroid
can act directly on immune organs to influence immune
function [11]. Therefore, along with the first objective,
we proposed to note the expression of AR and MellaR
in testes and MellaR, AR expression in thymus for
their role toward modulation of cell-mediated immunity
after intra-testicular injection of melatonin. This may
help to explain partially the reason behind the decreased
seasonal reproductive activity with an increase in
immunity.

Materials and methods
Maintenance of animals

All the experiments were conducted in accordance with
Institutional practice and within the framework of revised
Animal (Specific Procedure) Act of 2007 of Govt. of India
on animal welfare. Experiment was performed during
reproductively active phase (April-June; temp. approx.
max. 40°C and min. 37°C, humidity approx. 45%, and day
length approx. 13:22 h). The squirrels, F. pennanti, were
collected from the vicinity of Varanasi (Lat. 25°, 18’ N;
Long. 83°, 1’E) in the first week of April. After 2 weeks of
acclimation (equivalent to ambient condition), healthy
young adult male squirrel of average weight 100 = 10 g
were randomly selected and divided into three groups
having seven male squirrels in each. They were kept in
wire net cages (25" x 25" x 30" in size) during experi-
ments and were maintained in a well-ventilated room
exposed to ambient conditions. Squirrels were fed with
soaked gram seeds (Cicer arientium), nuts, seasonal fruits/
vegetables, and water ad libitum.

Experimental groups

Twenty-one young adult male squirrels were randomly
assigned to three groups each containing seven animals,
first group served as control saline treated in both the testes
(CT), second group was given intra-testicular melatonin
injection (2.5 pg/testes/100 g body wt) for 10 days (MI-
10D), and the third group was treated for 20 days with
intra-testicular melatonin injection (MI-20D) during

M,
3« Humana Press

Endocr (2010) 37:479-438

evening hours (4:30-5:30 pm; 1.5 h before sunset) in both
the testes. The middle part of the testes was selected for
injection everyday. No local reaction (around the area of
injection) was observed following intra-testicular injection.
We have already reported 25 pg/100 pl as an immunoen-
hancing physiological dose when given in vivo to
F. pennanti [12]; therefore, we selected lower doses of
melatonin 0.25 and 2.5 pg/testes/100 g body wt for our
intra-testicular experiment. We did not observed any sig-
nificant effect following 0.25 pg dose injection in com-
parison to 2.5 ng dose. Thus, 2.5 pg/testes/100 g body wt
was selected as it caused significant changes in all
parameters studied.

Sample collection

After 24 h of last injection, squirrels were weighed and
killed by decapitation during night time between 8:00 pm
and 10:00 pm. Trunk blood was collected in heparinized
tubes and processed for total leukocyte count (TLC) and
percent lymphocyte count (%LC) using Leishman’s stain
method [7]. Plasma was kept at —80°C till the radioim-
munoassay (RIA) of testosterone was performed. Spleen,
thymus, testes, and seminal vesicle were dissected out on
ice, cleaned, and weighed on an electronic balance (Denver
Instruments, Gottingen, Germany) to record relative spleen
and thymus weight and then processed for the assay of
blastogenic response in terms of percent stimulation ratio
(%SR). Thymus and testes were processed for western blot
analysis. Testes were also fixed in Bouin’s fluid for his-
tology and immunohistochemical analysis.

Blastogenic response in terms of percent stimulation
ratio (%SR)

Blastogenic response was measured in terms of [°H] thy-
midine uptake against stimulation by concanavalin-A of
the splenocytes, details of which has been published else-
where [7, 13]. Tissue culture medium RPMI-1640 and all
other chemical were purchased from Sigma Chemicals,
USA. Spleen and thymus were dissected out and processed
for preparation of single cell suspensions. The number of
cells was adjusted to 1 x 10° cells/ml in culture medium
supplemented with 100 U/ml penicillin, 100 pg/ml strep-
tomycin, and 10% fetal calf serum. Two milliliters of cell
suspension was placed in duplicate culture tubes and kept
at 37°C in a 5% CO, incubator (Heraeus, Germany) for
72 h. Blastogenic response was measured in terms of [*H]
thymidine (BARC, India; specific activity 8.9 Ci/mM)
uptake against stimulation by Concanavalin-A (Con A; T
cell mitogen; SIGMA, USA) of the splenocytes and thy-
mocytes [7, 14]:
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CPM with Con A

SR =
% CPM without Con A %

100.

Histology

After fixation in Bouin’s fluid for 22 h, testes were paraffin
embedded and cut into 6-um sections. Deparafinized sec-
tions were stained using hematoxylin and eosin. Testes
morphology was observed under microscope (Leica MPV-
3, Germany). The morphometric analysis of spermatogenic
activity and number of testicular macrophages were
counted in sections randomly selected from each animal
with the help of filar ocular micrometer (Webcon Pvt. Ltd.
India)

3-HSD estimation

3-HSD enzyme assay was performed as it is located on
smooth endoplasmic reticulum of Leydig cells and is
responsible for the conversion of androstenediol to testos-
terone. 35-HSD enzyme was assayed according to the
method of Shivanandappa and Venkatesh [15] using tes-
ticular homogenate. Testes were pooled and homogenized
to make 10% tissue homogenate in 0.1 M Tris—Cl buffer
(pH 7.8). The homogenate was centrifuged at 12,000 x g
at 4°C and the supernatant was used as the source of
enzyme. The enzyme was assayed in 0.1 M Tris—Cl buffer
(pH 7.8) containing 500 mM NAD, 100 mM DHEA as
substrate, and enzyme (50 pl) in a total volume of 3.0 ml
and incubated at 37°C for 1 h. The reaction was stopped by
the addition of 2.0 ml of phthalate buffer (pH 3.0) and the
absorbance was noted at 490 nm. The enzyme activity was
calculated from the standard curve of NADH and expressed
as nmol NADH formed /h/mg protein.

Immunohistochemical localization of melatonin
receptor (MellaR)

For immunohistochemical localization of MellaR, testes
were dissected out and kept in Bouin’s fluid for 22 h. After
dehydration, paraffin blocks were prepared and 6 pm thick
transverse sections (T.S.) were cut and mounted on gelatin
(1%) coated slides and deparaffinized. After rehydration,
endogenous peroxide activity was blocked by 0.3% H,O,
in methanol for 30 min at room temperature (RT). Sections
were washed thrice with phosphate buffer saline (PBS;
0.1 M NaH,PO,, Na,HPO,, NaCl; pH 7.4) and preincu-
bated with horse blocking serum (1:100 in PBS; PK-6200,
Vector laboratories, Burlinghame, CA) for 2 h. Then sec-
tions were incubated with primary antibody (MellaR;
R-18, anti-rat; goat raised; Santa Cruz Biotech, USA, dilu-
tion 1:200) overnight at 4°C. Sections were washed thrice
by PBS and were incubated with biotinylated secondary
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antibody (Vectastain ABC Universal kit; PK-6200, Vector
laboratories, Burlinghame, CA, dilution 1:50). Sections
were then washed with PBS and a pre-formed ABC reagent
was conjugated to the free biotin of the secondary anti-
body. The antigens were visualized using the 0.03% per-
oxidase substrate 3, 3-diaminobenzidine (DAB, Sigma
chemicals St. Louis, USA) in 0.01 M Tris—Cl (pH 7.6) and
0.1% H,0, and counterstained with Ehrlich’s hematoxylin.
Sections were dehydrated and mounted with DPX. Finally,
they are observed and photographed under Leitz-MPV-3
microscope (Germany). The negative controls were
obtained by omitting the primary antibody and incubating
the testes section with goat serum and counterstained with
hematoxylin.

Western blot analysis of MellaR, androgen receptor
(AR), and androgen binding protein (ABP)

We checked ABP expression as it is a testicular glyco-
protein [16, 17] that binds androgens with high affinity [18]
and transports them to the epididymis [16]. Testes and
thymus homogenates were lysed in RIPA buffer (1% (v/v)
NP-40, 0.1% (w/v) sodium dodecyl sulfate (SDS) in
phosphate-buffered solution (PBS) containing aprotinin,
sodium orthovanadate, and phenylmethylsulfonylfluoride
(PMSF). Quantification of the protein was done by Brad-
ford method [19]. For AR blot analysis aliquots containing
40 ng of protein from testes and 60 pg of protein from
thymus were resolved by 10% (w/v) SDS-polyacrylamide
gel electrophoresis, while 60 pg of protein from thymus
was resolved by 12% (w/v) SDS-polyacrylamide gel
electrophoresis for MellaR immunoblot analysis. Electro-
phoresis was followed by electrotransfer to a Nitrocellulose
membrane (Bioscience, Keene NH, USA). Immunodetec-
tion was carried out by using anti-AR, anti-ABP, and anti
MellaR antibodies (anti-AR, N-20, Santa Cruz Biotech,
USA, diluted 1:250; rabbit ABP antiserum, diluted 1:200
was kind gift from Dr. Peter Petrusz, University of North
Carolina, USA; anti MellaR, R-18, Santa Cruz Biotech,
USA, diluted 1:200) and f-actin antibody (A-2228, Sigma-
Aldrich Chemicals, St. Louis, USA, diluted 1:1,000) all
were diluted in PBS containing 5% skimmed milk and
0.1% Tween-20 followed by horseradish peroxidase con-
jugated secondary antibody (donkey anti-rabbit IgG for AR
and ABP antisera; diluted 1:10,000; donkey anti goat IgG
for MellaR diluted 1:1,000 and donkey anti mouse IgG for
p-actin, diluted 1:10,000), which were further, detected
using Super Signal West Pico Chemiluminescent Substrate
(# 34080, Thermo Scientific, Rockford, USA). Bands were
quantified by measurement of optical density using Scion
Image Analysis Software (Scion Corporation, MD, USA).
Values were expressed as the ratio of the density of the
specific signal to f-actin signal and expressed as % control
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value [20]. Each sample corresponds to tissue from a single
animal and at least four gels corresponding to each subunit
and experimental condition were analyzed. Details of the
validation method for MellaR in F. pennanti have been
performed as described and published elsewhere [21].

Radioimmunoassay/RIA

The plasma contents of testosterone (Immunotech, France;
intra & inter assay variation; 4.5 and 6%; sensitivity;
6 pg/ml, and recovery; 95%) and corticosterone (gift from
NIHFW, New Delhi, India; intra and inter assay variation;
5.5 and 8.5%; sensitivity; 0.25 pg/dl, and recovery; 85%)
in respective groups were estimated according to manu-
facturers instruction. The RIA of melatonin was performed
following the method of Rollag and Niswender [22] using
Guildhey antisera (Guildhey, Surrey, UK). Details of the
method published elsewhere [23]. The validation of
radioimmunoassay was performed as described earlier
[23]. The intra and inter assay variation for melatonin was
9 and 15%. The sensitivity for melatonin RIA was 18—
20 pg/ml and the recovery was 92%.

Technically, it was not feasible for us to perform the
RIA/ELISA of LH and follicle stimulating hormone (FSH)
because of the lack of specific antibody against our
experimental model, i.e., Indian palm squirrel F. pennanti.

ELISA for IL-2

Sandwich ELISA was performed to quantify plasma level
of IL-2 in all the three groups according to manufacturers
instruction (Immunotech, France) Intra assay variation was
between 3.3 and 7.2% and inter assay variation was
between 6.2 and 8.2%; sensitivity; 5 pg/ml and recovery
was between 80 and 132%.

Statistical analysis

Statistical analysis of the data was performed with one-way
ANOVA followed by Student Newman—Keul’s multiple
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range tests. The differences were considered significant
when P < 0.05.

Results
Body weight

No significant difference was observed between saline
treated control group and intra-testicular melatonin treated
group for MI-10D and MI-20D (Table 1)

Lymphoid organs weight

Spleen showed significant (P < 0.01) increase in weight
after 10 and 20 days of intra-testicular melatonin injection
when compared to the control squirrels (Table 1). Con-
trasting with spleen, thymus showed significant (P < 0.01)
increase in weight in MI-10D groups when compared with
control groups but, thymus weight decreased in MI-20D
groups when compared with MI-10D group (Table 1).

Testes and seminal vesicle weight

Testes and seminal vesicle showed significant (P < 0.01)
decrease in weight following intra-testicular injection in
both MI-10D and MI-20D treated groups when compared
with control group (Table 1).

Total leukocyte and % leukocyte count
(TLC and %LC)

We observed significant increase (P < 0.01) in TLC after
10-days of treatment (MI-10D) than untreated control
squirrels. MI-20D group showed further, a significant
increase in leukocyte count than control group (P < 0.01)
(Table 1). Percent lymphocyte showed parallelism with
that of TLC. MI-10D group showed significant (P < 0.01)
increase in %LC than control group. MI-20D group

Table 1 Variation in body (in g), spleen and thymus weight (in g/100 g body weight), total leukocyte count (TLC; as cells/mm?), % lymphocyte
count (LC) after intra-testicular melatonin injection for 10 day (MI-10D) and 20 days (MI-20D)

Parameters Control MI-10D MI-20D

Body weight 108 + 5.6 100 + 6 105 + 4

Spleen weight 0.208 £ 0.0028 0.255 £ 0.039%* 0.259 £ 0.016**
Thymus weight 0.104 £ 0.0184 0.215 £ 0.0104** 0.179 £ .0075%%*
Testes weight 1.53 + 0.06 1.28 4+ 0.049** 1.12 + 0.0678**
Seminal vesicle wt. 0.355 £ 0.02 0.271 £ 0.013%%* 0.219 £ 0.01%**
TLC (cells/mm?®) 5650 + 420 6250 £+ 700** 13200 + 740**
%1L.C 15.8 + 0.64 242 + 1.44%* 31.4 + 2.08**

Values are mean £ SEM; N = 7; * P < 0.05; ** P < 0.01 control versus experimental group
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Table 2 Variation in 3f-HSD activity (nmol NADH formed
min~' mg~! protein), percent SR (%SR) in splenocytes and thymo-
cytes, plasma testosterone level (ng/ml), corticosterone level (pg/dl),
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and plasma IL-2 level (pg/ml) after intra-testicular melatonin
injection for 10 day (MI-10D) and 20 days (MI-20D)

Parameters Control MI-10D MI-20D

3-HSD activity 1.39 + .072 0.81 £ 0.050%* 0.585 £ 0.046%**
%SR—splenocytes 1142 £ 2.64 189.2 £+ 6.96%** 156.6 £ 9.92%**
%SR—thymocytes 138 £ 3.6 356.2 £ 4%* 258.4 £ 5.28%%*
Plasma testosterone 1.204 + 0.1368 0.503 £ 0.07** 0.224 £ 0.030%**
Plasma corticosterone 34 + 4 35.8 £4.32 409 + 4.48
Plasma melatonin 75 £ 4 120.8 £ 5.36%* 142 4+ 5.52%*
IL-2 level in plasma 87.98 + 4.016 138.78 £ 2.312%* 159.772 4+ 3.017**

Values are mean &+ SEM; N = 7; * P < 0.05; ** P < 0.01 control versus experimental group

showed further increase in lymphocyte count (P < 0.01)
(Table 1).

Blastogenic response/%SR

The changes in cellular immunity (T-helper cells) in
splenocytes and thymocytes were noted following mitogen
Concanavalin-A challenge. We observed significant
increase (P < 0.01) in percent stimulation ratio of
splenocytes of squirrels treated with intra-testicular mela-
tonin for 10 and 20 days in comparison with control
squirrels while, thymocytes showed an increase only in MI-
10D group (P < 0.01). Longer treatment of 20 days (MI-
20D) further complemented the proliferation of cells when
compared to control squirrels (P < 0.01) (Table 2).

Histological observation

The testes of control squirrel exhibited normal histological
features of reproductively active phase. Closely packed
seminiferous tubules (342 pm =+ 17.6), lumen filled with
sperms, various stages of spermatogenic activity with

successive stages of transformation of spermatogonia into
spermatozoa were observed (Fig. 1a). Degenerative chan-
ges including disorganized, elongated, and reduced diam-
eters of seminiferous tubules with vacuoles (v), and
exfoliation of germ cells, presence of giant cells, reduced
spermatogenesis, and detachment of inter-tubular connec-
tive tissue were observed in testicular sections of intra-
testicular melatonin injected squirrels (Fig. 1b, c). The
diameter of seminiferous tubules and Leydig cells reduced
following intra-testicular injection (159 pm =+ 11.2) of
melatonin in a duration-dependent manner when compared
with control testes (Table 3). Number of macrophages also
increased following intra-testicular injection of melatonin
(Table 3).

3B-HSD activity

There was a significant decrease (P < 0.01) in testicular
35-HSD enzyme activity in both the treated groups (MI-
10D and MI-20D) in comparison to control group. The
decrease in the 3-HSD activity observed with an increase
in the duration of melatonin treatment (Table 2).

Fig. 1 a Histology of testes after intratesticular saline injection. Note
the active testes presenting complete stages of spermatogenesis and
spermatozoa. Black arrows show the areas of MellaR immunoposi-
tivity. b Histology of testes following 10 days of intratesticular
melatonin injections (MI-10D). Note the complete inactive testes
showing decrease in spermatogenesis, elongated and reduced seme-
niferous tubule diameter with some giant cells. Black arrows were

showing immunopositivity on Leydig cells, peritubular myoid cells,
endothelial lining of blood vessels in interstitial zone. “V”’—
vacuolation and “G”—giant cells. ¢ Histomorphology of testes after
20 days of intratesticular melatonin injection (MI-20D). Black arrows
showing the immunopositivity for MellaR in different regions of
testes as mentioned for Fig. 1b. d Control section of testes showing no
immunoreactivity
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Table 3 Seminiferous tubular diameter (in pm), Leydig cell diameter (in pm), and number of macrophages per seminiferous tubule after intra-
testicular melatonin injection for 10 day (MI-10D) and 20 days (MI-20D)

Parameters Control MI-10D MI-20D
Seminiferous tubule diameter (im) 342 + 17.6 239.8 + 6.24%%* 159 + 11.2%*
Leydig cell diameter (um) 19.2 £ 1.12 14.5 £ 1.28%* 10.5 £ 1.28%*
Macrophages/seminiferous tubule 2-4 7-10 12-15

Values are mean + SEM; ** P < 0.01 control versus experimental group

Hormonal analysis

We observed significantly decreased (P < 0.01) peripheral
plasma testosterone level in MI-10D group when compared
with control groups. When melatonin treatment was
extended for 20 days (MI 20D), it further suppressed the
testosterone level compared to the control and 10 days (MI
10D) treated groups (P < 0.01). There was no significant
difference observed in peripheral corticosterone level in
both the groups when compared with control group.
Peripheral melatonin level was increased in a duration-
dependent manner (Table 2).

Plasma IL-2

Plasma IL-2 level increased significantly in MI 10D and
MI 20D groups. MI 20D showed maximum increase
(P < 0.01) when compared with control group (P < 0.01)
(Table 2).

Immunohistochemistry

Immunoreactivity for MellaR was observed in the Leydig
cells of the testes of control squirrel (Fig. 1a). Following
10 days of intra-testicular melatonin injection, high
immunoreactivity was observed on the cells surrounding
basement membrane of the seminiferous tubules (peritu-
bular myoid cells), Leydig cells, endothelial lining of the
blood vessels when compared with control testes (Fig. 1b).
Complete arrest of spermatogenesis was observed follow-
ing 10 and 20 days of intra-testicular melatonin injection in
a duration-dependent manner. After 20 days of melatonin
injection, stronger immunoreactivity was observed in the
above-mentioned areas (Fig. Ic). No immunoreactivity
was observed in control testes sections processed by
omitting primary antibody and incubated with goat serum
(Fig. 1d).

Western blot analysis
We detected AR proteins as a single band between 100 and
120 kDa (when compared with standard marker protein; #

SM-1841; FERMENTAS INC. Maryland, USA), in both
testes and thymus. AR expression in thymus decreased
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significantly (P < 0.01) following 10 days treatment (MI
10D); while in the MI 20D group, it decreased more sig-
nificantly (P < 0.01) (Fig. 2).

Androgen binding protein was detected as a single major
band between 45 and 50 kDa in the testes, which precisely
corresponds to the predicted molecular mass of the recep-
tor, i.e., 47 kDa [24, 25]. AR percent expression in testes
decreased significantly (P < 0.01) after 10 days treatment
(MI-10D) and a further decrease was noted following
treatment for 20 days (MI-20D) (P < 0.01) when com-
pared with the control group (Fig. 3). ABP expression
pattern was similar to that of AR and exhibited a significant
decrease (P < 0.01) in percent expression following MI
10D treatment, which was more significant (P < 0.01)
following MI 20D group (Fig. 4).

We detected MellaR as a single major band between 35
and 40 kDa in thymus, which has already been reported by
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Fig. 2 Western blot analysis of androgen receptor (AR) expression in
thymus of F. pennanti. f-Actin expression was used as loading
control. Lower panel shows the % expression of receptor following
Scion image analysis. Values are means += SEM, N = 4. Significant
of difference saline injected control versus MI-10D and MI-20D.
* P <0.05 and ** P < 0.01
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Fig. 3 Western blot analysis of androgen receptor (AR) expression in
testes of F. pennanti. ff-actin expression was used as loading control.
Lower panel shows the % expression of receptor following Scion
image analysis. Values are means £ SEM, N = 4. Significant of
difference saline injected control versus MI-10D and MI-20D.
* P <0.05 and ** P < 0.01
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Fig. 4 Western blot analysis of androgen binding protein (ABP)
expression in testes of F. pennanti. f-Actin expression was used as
loading control. Lower panel shows the % expression of receptor
following Scion image analysis. Values are means + SEM, N = 4.
Significant of difference saline injected control versus MI-10D and
MI-20D. * P < 0.05 and ** P < 0.01
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us in the lymphoid organs of F. pennanti [21]. MellaR
expression in thymus was significantly increased
(P < 0.01) in duration-dependent manner following intra-
testicular melatonin injection (Fig. 5).

Discussion

In seasonal breeding rodents, testicular activity depends
largely upon the effect of the pineal-derived melatonin,
secreted during darkness, mainly by acting at the level of
the brain and pituitary or during the period of sensitivity of
the reproductive system to melatonin [1, 26]. The present
study describes the effects of intra-testicular injection of
melatonin (in both MI-10D and MI-20D groups), which
reduced steroidogenesis and spermatogenesis on one hand
and enhanced the testicular as well as general immunity on
the other. Further, no report exists to explain the possible
role of local injection of melatonin in regulation of
androgen secretion and its receptor (AR) expression in
gonad and lymphoid organ. The possibility of diffusion of
intra-testicular injected melatonin in general circulation
cannot be ruled out. We wanted to suggest that the selected
dose may act through autocrine/paracrine regulation
(decrease) of testicular steroidogenesis thereby improving
local as well as general immunity. Our results suggest that
injection of melatonin interfered directly with endocrine
function of testes by acting upon Leydig cells to reduce
steroidogenesis (as reflected by the reduced plasma
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Fig. 5 Western blot analysis of melatonin receptor (MellaR)
expression in thymus of F. pennanti. f-Actin expression was used
as loading control. Lower panel shows the % expression of receptor
following Scion image analysis. Values are means + SEM, N = 4.
Significant of difference saline injected control versus MI-10D and
MI-20D. * P < 0.05 and ** P < 0.01
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testosterone level and 3-HSD activity) and spermatogenic
activity (in terms of reduction in the diameters of semi-
niferous tubules, no. of Leydig cells, and an inhibition of
spermatogenesis) when compared with the saline injected
control squirrels. Previous reports of melatonin injection
(i.p.) on downregulation of StAR and key steroidogenic
enzymes 3f-HSD, and 175-HSD expression following
melatonin treatment in rat [2, 27, 28] support our present
study. The decrease in 3 f-HSD enzyme activity noted by
us is due to an effect of (i) melatonin on enzyme activity
itself or (ii) on its gene and protein expression could be an
interesting point for future elaboration.

Reports exist demonstrating the atrophy of the testes and
the accessory sex organs with daily injection (i.p.) of
melatonin [29-32]. Intra-testicular melatonin injection also
significantly decreased the weight of the seminal vesicle,
an androgen-dependent organ supporting our data of
decreased peripheral level of testosterone. This result
supported the effects noted earlier following melatonin
injection in rat [27]. There is a possibility that this effect
might be due to the high circulatory level of melatonin,
which diffused out from the testes into the circulation and
inhibited the HPG axis.

Our study also explored the possible effect of in-
tratesticular melatonin injection on androgen level and its
receptor (AR) expression in gonad. Intra-testicular mela-
tonin injection decreased the expression of AR and ABP
at translational level in the testes suggesting that the
effect being independent of hypothalamo-hypophyseal
axis. Besides its local inhibitory effect melatonin via
circulation might have reached the hypothalamus—pitui-
tary complex to inhibit gonadotropin release and subse-
quently reduce gonadal function [1]. Such an indirect
effect of melatonin administration cannot be excluded.
For lack of the specific antibody against LH, FSH for this
squirrel, we are unable to submit that this action is hy-
pothalamo-hypophyseal independent/dependent. Recent
reports suggest that testosterone regulates spermatogenesis
via AR expression in testicular somatic cells, namely
Sertoli cells, peritubular myoid cells, and Leydig cells
[33, 34]. We observed reduced steroidogenesis and sper-
matogenesis as evident by the decreased circulatory tes-
tosterone, decreased expression of AR, ABP within the
testis following intratesticular melatonin injection, which
could have produced significant impact upon local and
general immune status of squirrels. Therefore, the present
study could be taken as an interface between reproductive
and immune status in the context of tropical seasonally
breeding rodents.

In an extension, we are also reporting immunolocaliza-
tion of MellaR type in squirrel testes to propose that
melatonin might be acting directly through its receptor
present in testes for local modulation of steroidogenesis.
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MellaR immunoreactivity was confined mostly on the
membranes of Leydig cells, as demonstrated earlier by
using iodomelatonin binding assay method [35, 36]. The
comparatively less expression of MellaR on the Leydig
cells in control testes might be due to high circulatory
testosterone level. Intra-testicular melatonin injection by
reducing the peripheral testosterone level (due to local
action on Leydig cells and also via media of circulation to
HPG axis) might have released MellaR from the inhibition
of testosterone and hence, a strong immunoreactivity was
observed in experimental testes as also observed by us
under annual study of MellaR expression and melatonin/
testosterone level in F. pennanti (Ahmad, 2009, unpub-
lished PhD Thesis, BHU, India).

Along with the negative effect on the spermatogenesis
and steroidogenesis of testes in F. pennanti, intra-testicular
melatonin injection also caused increase in general immune
status as recorded by the observed changes in immune
parameters (weight of lymphoid organs, TLC, %LC, %SR)
and a high number of testicular macrophages as an indi-
cator of increased local immunity. Highest immunity was
noted in MI-20D treated group suggesting that melatonin-
induced decrease in testosterone level might have increased
cell-mediated immunity. Our previous experimentation
with testosterone as well as melatonin administration in
vivo also suggests an inverse relationship between those
two hormones in immune regulation [7]. This is the first
report suggesting that local injection of melatonin not only
increased testicular (local) immunity but also the general
immunity.

Interestingly, in adult Indian palm squirrels, an active
thymus has been reported [13] and a strong negative rela-
tion between androgen thymus activity and their cumula-
tive effect on cell-mediated immunity in tropical rodents is
already known [7]. We report here the AR expression in the
thymus of adult palm squirrel and found significant
decrease in AR expression in thymus following both MI-
10D and MI-20D treatments of melatonin. With decrease in
AR expression in thymus, a simultaneous increase in
MellaR expression has been observed in a duration-
dependent manner. This decrease in androgen level, AR
expression and increase in MellaR expression could be
responsible for the abrupt increase in thymus weight in the
MI-10D group and a significant increase in cellular
immunity in terms of blastogenic response of thymocytes
as well as splenocytes. This might have triggered a wave of
proliferation in T-helper cells which could be responsible
for increase in cytokine level, i.e., IL-2 level in plasma in
both MI-10D and MI-20D group of squirrels. The present
study suggests a “trade off” relation between the expres-
sion of AR and MellaR in thymus, which could be the
reason of increase in cell-mediated immunity following
intra-testicular melatonin injection.
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Melatonin has been proposed to regulate the immune
system by affecting cytokine production of immunocom-
petent cells [37]. The observed increase in plasma IL-2
level of MI-10D and MI-20D squirrels could be attributed
to the increased production of Th-1 cells in thymus and
spleen following intratesticular melatonin injection, which
reached them via circulation. Our result is in line with
classical reports of melatonin as enhancer of the production
of IL-2, IFN-y, and IL-6 by cultured human mononuclear
cells [38]. Increase in testicular macrophage might have
increased the intra-testicular interleukin production, which
reduced steroidogenesis. Thus, the increase in macrophage
number in the testicular interstitium, which is a part of
immune system, supports our suggestion of positive local
immunomodulation by melatonin.

The possibility of experimental stress following injec-
tions etc. has been ruled out as no significant difference in
plasma corticosterone level was observed between control
saline treated and MI-10D, MI-20D group squirrels. There
is a possibility that melatonin may be synthesized within
the testes [39] as the interstitial cells produce high levels of
serotonin [40, 41]. This possibility led us to propose a
systemic effect of melatonin via MellaR receptor. This
pathway might be inhibiting the Leydig cell function and
thereby testicular regression in this squirrel. Increased
MellaR and decreased AR expression in thymus also
points toward systemic effect of melatonin in modulating
local and general immunity. The observed effect was
duration dependent; therefore, a local endocrine action of
melatonin injection may be proposed.

In conclusion, our findings demonstrate the existence of
a melatonergic system in the F. pennanti testis that acts in
an autocrine manner to modulate testicular steroidogenesis,
which affects over-all physiology, thereby causing an
increase in thymic MellaR expression and a decrease in
thymic AR expression in a systemic manner, which could
be the first report of its kind in any tropical seasonal breeder.
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