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ABSTRACT. A comparative analysis of low linear energy transfer (LET) c-radiation-
induced damage in the lymphatic tissue of a tropical seasonal breeder, Indian palm
squirrel (Funambulus pennanti), during its reproductively active phase (RAP) and inactive
phase (RIP) was performed with simultaneous investigation of the effects of long-term
melatonin pre-treatment (100 mg/100 g body weight). A total of 120 squirrels (60 during
RAP and 60 during RIP) were divided into 12 groups and sacrificed at 4, 24, 48, 72 and
168 h following 5 Gy c-radiation exposure; control groups were excluded from exposure.
Total leukocyte count and absolute lymphocyte count (ALC) and melatonin only of
peripheral blood, stimulation index, thiobarbituric-acid-reactive substances (TBARS)
level, superoxide dismutase (SOD) activity, and the apoptotic index of spleen as analysed
by terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP) nick-end labelling (TUNEL) noted at observed time-points were significantly
reduced in melatonin pre-treated groups during RAP and RIP. Long-term melatonin pre-
treatment mitigated radiation-induced alterations more prominently during RIP, as
assessed by ALC, TBARS, SOD, TUNEL and caspase-3 activity, at some time-points. Our
results demonstrate an inhibitory role of melatonin on caspase-3 activity in splenocytes
during RAP and RIP following c-radiation-induced caspase-mediated apoptosis. Hence,
we propose that melatonin might preserve the viability of immune cells of a seasonal
breeder against background radiation, which is constantly present in the environment.
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The increasing number of personnel working with
radiation, together with the development of nuclear
weapons, stimulated an interest in the study of radiation
effects on immunity. Radiation-induced injury due to free
radicals and reactive oxygen intermediates (ROI) could
impair specific immune responses. Besides ultraviolet
(UV) radiation, a common environmental stressor that
influences animals [1] and humans [2], X-rays and c-rays
are readily available from natural and artificial sources [3–
5]. The earth and all living things are constantly
bombarded by the background radiation present in soil,
water, earth and vegetation [6, 7]; one of the major
contributors to background radiation is c-radiation [8, 9].
Funambulus pennanti (Indian tropical palm squirrel), a
photoperiodic seasonal breeder that lives close to human
populations, is exposed daily to solar radiation and UV as
well as to background radiation. Immune functions of this
squirrel are always under the effect of environmental and
biotic factors, such as ambient temperature, food avail-
ability, shelter, rainfall, humidity and other stressful

conditions, with hormonal variations in different seasons.
As F. pennanti is sensitive to seasonal changes and
stressors, it is a suitable model for studying high-dose c-
radiation effects on the immune function under seasonally
recurrent stressors. Reports regarding the destructive
effect of low linear energy transfer (LET) ionising radiation
in the lymphatic tissues of mammalian species, such as
laboratory mice and rats [10, 11], do exist, but studies in
seasonal breeders are scarce. Previous studies in seasonal
breeders involved only seasonal stress [12].

Melatonin plays an important role in the physiology of
all mammalian systems, especially in seasonal breeders, as
it adjusts the circadian and circa-annual rhythm of an
organism with the environment [13–15]. F. pennanti
exhibits seasonal variations in reproduction, survival and
immune functions with photoperiod [16]. As a conse-
quence, melatonin may coordinate reproductive, immu-
nological and other physiological processes to cope
successfully with energetic stressors during winter [17].
The annual reproductive cycle of F. pennanti has two
crucial reproductive phases: the reproductively active
phase (RAP), when melatonin levels are low and steroid
levels are comparatively high in the circulation for
reproductive success; and the reproductively inactive
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phase (RIP), when endogenous melatonin levels are higher
than those of steroids for maximal immune responses
against adverse environmental conditions [16, 18].

In addition to numerous important properties [19],
melatonin has potential clinical applications [20]. The
direct free radical-scavenging [21] and indirect antiox-
idant stimulatory [22, 23] properties of melatonin have
been used in several studies for radioprotection.
Recently, we have documented the effects of 2.06 Gy
low-LET X-rays on F. pennanti during both RAP [24] and
RIP [25] and investigated the protection afforded by
melatonin. However, nothing is known about the effects
of low-LET c-radiation on tropical seasonal breeders
during the two different phases (RAP and RIP) of the
immune status within the body. Moreover, it is unknown
whether melatonin can protect these breeders from
radiation when they are under the influence of season-
ally recurrent stressors of RAP and RIP.

X-rays and c-rays are low-LET radiations that differ
only in their origins. c-Rays are essentially very energetic
X-rays, similar in nature to X-rays but of shorter
wavelength. The relative biological effectiveness (RBE)
of X-rays and c-rays is the same, but depends on the type
of radiation, the energy of the particles and on the total
dose administered. The amount of ionisation is directly
correlated to the amount of energy deposited and tissue
penetration [26, 27]. Owing to these properties, a 5 Gy
dose of c-rays might result in more dense ionisation of
biomolecules than that caused by the previously used
dose of 2.06 Gy X-rays [24, 25]; this could pose a
challenge for melatonin in the modulation of c-radiation
effects. This is the first study aimed at comparing 5 Gy
c-radiation effects during RAP and RIP. We have also
carried out a simultaneous investigation of long-term
melatonin pre-treatment effectiveness against high-dose
c-radiation in the radiosensitive lymphatic tissue of F.
pennanti.

Early research on radiation protection has unravelled
the basic mechanisms and yielded a large number of
radioprotectors; however, most of these compounds
failed the transition from laboratory to clinic, owing to
their acute toxicity and inability to differentiate between
tumour and normal cells. Melatonin has emerged as a
promising compound, both acting as a radioprotector
and having an oncostatic role, but so far it has not been
utilised for clinical radiotherapy. Our results will
provide information on the health, survival and balan-
cing capability of tropical semi-wild squirrels against
background radiation, when they are already under the
influence of other stressors and while coping with
seasonal fluctuations during two varied reproductive
phases. Not only are experiments with ionising radiation
important from a radiation oncology point of view, but
the results from this study should move us a step closer
towards the clinical use of melatonin as a tool for
preventing potential radiation-induced disorders.

Methods and materials

Animal care and maintenance

Experiments on animals were conducted in accordance
with institutional practice and within the framework of

the Revised Animals (Scientific Procedures) Act of 2002 of
the Government of India on Animal Welfare. All adult
male squirrels (F. pennanti), weighing 100 ¡ 120 g during
RAP (May) and RIP (December), were obtained from
local animal suppliers of Varanasi (latitude 25 1̊89 N;
longitude 83 0̊19 E). Squirrels were kept in a well-
ventilated animal room at room temperature (25 ¡ 2 C̊)
and with a photoperiod of light and dark of 12 h:12 h
(lights on from 6:00 am to 6:00 pm) during RAP and 10 h
light:14 h dark cycle (lights on from 7:00 am to 5:00 pm)
during RIP. Animals were fed soaked gram seed (Cicer
arietinum), seasonal nuts and grains along with water
ad libitum.

Treatments

Chemicals were purchased from Sigma-Aldrich
Chemicals (St. Louis, MO). A stock solution of melatonin
(10 mg ml21) was prepared in ethanolic saline (0.9%
NaCl and 0.01% absolute ethanol) and further diluted in
saline to obtain 100 mg/100 g body weight of working
concentration. The working concentration was the mini-
mal effective dose selected after standardising with
different doses (25, 50, 100, 250, 500 mg/100 g body
weight) of melatonin. The injections were given sub-
cutaneously (sc) in red light during evening hours (at
6:00 pm during RAP and at 5:00 pm during RIP).

Irradiation

The cobalt-60 teletherapy unit (Theratron, Atomic
Canada Ltd, Canada) at Indian Railways Cancer
Research Centre, Varanasi, India, was used for c-
radiation. The energy of administered 60Co c-rays (LET)
was 0.3 keV m21. A particular area (3 cm by 4 cm) of the
upper left abdominal region of the squirrels was shaved
and marked in order to ensure proper exposure and
absorption of c-rays onto the splenic region. The area
below the c-source where squirrels were to be exposed to
irradiation was also marked and squirrels were immo-
bilised by anaesthetising prior to irradiation to ensure
reproducibility of the irradiated volume. The shaved and
marked abdominal region was exposed with a dose rate
of 1.12 Gy min21 in a single fraction of c-radiation. Skin-
to-source distance was 80 cm to achieve a total absorbed
dose of 5 Gy. Dose is the energy of radiation absorbed
per given unit mass of the material. The energy absorbed
would be nearly 0.0015 J.

Experimental design

After acclimatisation for 2 weeks to laboratory condi-
tions during RAP, 60 male squirrels were divided into
two sets of 30 squirrels each. Set 1 received 0.9% normal
saline (NaCl) and set 2 received 100 mg melatonin/100 g
body weight daily for 4 weeks (i.e. continuous 28 days’
treatment). 12 h after treatment with the last dose, 25
saline-treated squirrels from set 1 and 25 melatonin-
treated squirrels from set 2 were anaesthetised with
25 mg kg21 thiopental sodium (sc) and exposed to 5 Gy
of c-radiation. Following exposure to c-radiation, five
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squirrels from set 1 and five from set 2 were sacrificed at
4 h, 24 h, 48 h, 72 h and 168 h, and spleen and peripheral
blood collected. The remaining five animals from each set
were not irradiated and were used as a control group and
a melatonin-treated group, respectively. A similar experi-
ment, with divisions of another 60 animals into control,
melatonin-treated, irradiated and melatonin-treated plus
irradiated groups, was performed during RIP.

Total leukocyte count

Peripheral blood was collected directly from the heart
under either anaesthesia using a heparinised leukocyte
pipette. Samples were used to evaluate the total
leukocyte count (TLC) (number mm23) in Neubauer’s
counting chamber (Paul Marienfeld GmBH & Co. KG,
Lauda-Königshofen, Germany) under a Nikon micro-
scope (Nikon, Kawasaki, Japan).

Absolute lymphocyte count

A thin film of blood was prepared and stained with
Leishman’s stain, and lymphocyte number (num-
ber mm23) was counted under an oil immersion lens of
the microscope (Leitz MPV3, Wetzlar, Hessen,
Germany).

Lymphocyte proliferation assay

To assess the cell-mediated immune response (i.e.
blastogenic response to a mitogen), spleens were minced
with sterile blades and passed through a sterile, stainless
steel wire mesh. Splenic cells were suspended in RPMI-
1640 medium and erythrocytes lysed by ice-cold 0.84%
Tris-NH4Cl incubation for 10 min. The cell suspension
was washed in culture medium before determining cell
viability and cell count. Splenocyte suspensions in
culture medium supplemented with 10% foetal bovine
serum (FBS), 100 mg ml21 streptomycin and 100 U ml21

penicillin were seeded in 35 mm sterile culture plates at
a density of 1 6 106 cells per plate with and without the
T-cell mitogen concanavalin A (Con A, 10 mg ml21).
Plates were kept in a 37 C̊ incubator with 5% CO2

atmosphere for 72 h. Cells were pulsed with 1 mCi of
[3H]-thymidine (BARC, Mumbai, India) 18 h before the
end of the incubation period. Cultures were harvested
and transferred in scintillation tubes containing 5 ml of
scintillation cocktail and counted in a beta liquid
scintillation counter (Beckman, CA). The results were
reported as the stimulation index (SI) (i.e. the ratio of
cpm readings between mitogen-stimulated cells and
non-stimulated cells).

Lipid peroxidation assay by TBARS level estimation

All spleens were excised and weighed for preparing 10%
tissue homogenates in 20 mM Tris-HCl buffer (pH 7.4). To
prevent new lipid peroxidation during homogenisation,
butylated hydroxytoluene (BHT, 2.8 mM) was added to the
samples. Homogenates were centrifuged at 3000 g for

15 min at 4 C̊. The supernatant was subjected to thiobarbi-
turic acid (TBA) assay by reacting an aliquot with 8.1%
sodium dodecyl sulphate (SDS), 20% cold acetic acid, 0.8%
TBA and distilled water in a boiling water bath for 1 h to
yield a chromogenic product. The reaction mixture was
immediately cooled in running water and vigorously
shaken with n-butanol and pyridine reagent (15:1); the
sample was then centrifuged for 10 min at 1500 g to extract
thiobarbituric acid-reactive substances (TBARS). The absor-
bance of the upper phase was read at 534 nm at 25 C̊ [28].
The product concentration was expressed as TBARS level
in nmol g21 tissue weight using 1,1,3,3-tetraethoxy pro-
pane (TEP) as the source for the standard curve.

Superoxide dismutase activity assay

Superoxide dismutase (SOD) activity measurement was
based on the ability of the enzyme to inhibit nitrite
formation by superoxide radicals. Tissues were washed
with 0.9% NaCl and 10% tissue homogenates were
prepared in 150 mM phosphate-buffered saline (PBS,
pH 7.4) and centrifuged for 45 min at 12 000 g at 4 C̊. To
0.5 ml of homogenate, 1.4 ml of reaction mixture (50 mM
phosphate buffer, 20 mM L-methionine, 1% Triton X-100,
10 mM hydroxylamine hydrochloride, 50 mM EDTA)
was added followed by pre-incubation at 37 C̊ for 5 min.
After adding 0.8 ml of riboflavin to all mixtures, including
a control containing only buffer, samples were exposed to
a 24 W fluorescent lamp fitted in an aluminium foil-
coated wooden box. This exposure resulted in the
photogeneration of superoxide anion upon illumination
of riboflavin. After 10 min, 1 ml of freshly prepared
Greiss reagent (1% sulphanilamide in 5% orthopho-
sphoric acid, 0.1% N-1-naphthylethylenediamine dihy-
drochloride in distilled water) was added. The absorbance
of diazo dye, formed as a function of nitrite concentration,
was read at 543 nm at 25 C̊ [29]. One unit (U) of SOD
activity (defined as the amount of SOD inhibiting 50%
nitrite formation under assay conditions) was expressed
as SOD activity in U g21 tissue weight.

DNA fragmentation detection by TUNEL assay

DNA fragmentation was detected using a terminal
deoxynucleotidyl transferase (TdT)-mediated deoxyuri-
dine triphosphate (dUTP) nick-end labelling (TUNEL) kit
according to the manufacturer’s instructions (R&D
Systems, Inc. MN). Cells were fixed in 3.7% formaldehyde
in PBS for 15 min at 25 C̊ and then placed separately on
clean glass slides and air-dried. The slides were treated
with 0.05 ml proteinase K solution for 30 min, incubated
with quenching solution for 3–4 min, immersed in
16TdT labelling buffer for 5 min and incubated with
0.05 ml labelling reaction at 37 C̊ for 1 h. The reaction was
stopped by immersing slides in 16TdT stop buffer. Slides
were then incubated with 0.05 ml diluted (1:500) anti-
bromodeoxyuridine (BrdU) at 37 C̊ for 1 h, washed with
PBS containing 0.05% Tween-20 and treated with 0.05 ml
streptavidin–horseradish peroxidase solution for 10 min.
TUNEL signals were visualised by immersing slides in
diaminobenzidene (DAB) solution for 5 min. Slides were
counter-stained in methyl green solution for 2 min and
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analysed for TUNEL-positive staining under a phase-
contrast microscope at 4006 magnification (Nikon,
Tokyo, Japan). More than 300 cells per sample on a
randomly selected area were counted to detect DNA
fragmentation. Cells staining with brown fluorescence
and showing cytoplasmic shrinkage and membrane
blebbing features were as apoptotic cells and the number
of such cells was expressed as the percentage TUNEL
positivity of the total sample. Normal cells stained green,
showing an intact membrane and no chromatin conden-
sation (see the Results section).

Detection of caspase-3 activity of splenocytes

Splenic cell suspensions from both the RAP and RIP
groups (control, melatonin-treated, 4 h irradiation and
melatonin pre-treated plus 4 h irradiation) were prepared
in ice-cold 16PBS, and erythrocytes were lysed by
incubating in 0.84% Tris-NH4Cl for 10 min at 4 C̊. After
washing, cell pellets were collected by centrifugation at
500 g for 10 min at 4 C̊ and the supernatant was gently
removed. Cell pellets were lysed by the addition of 50 ml
of cold lysis buffer (5 mM Tris, 20 mM EDTA, 0.5%
Triton-X 100, pH 6.0) per 2 6 106 cells and incubated on
ice for 10 min. Lysates were centrifuged at 10 000 g for
1 min at 4 C̊, and the supernatant was transferred to a
fresh tube and processed for caspase-3 activity using a
caspase-3 colorimetric assay kit, according to manufac-
turer’s instructions (R&D Systems, Inc. MN). Each
enzymatic reaction, carried out in a 96-well flat bottom
microplate, required 50 ml cell lysate, 50 ml reaction buffer
and 5 ml caspase-3 colorimetric substrate (DEVD-pNA).
The plate was incubated at 37 C̊ for 2 h with a substrate
blank and sample blank. At the end of the incubation
period, the absorbance of enzymatically released chromo-
phore p-nitroanilide (pNA) was read at 405 nm in a
microplate reader (Tecan, Spectra II-microelisa plate
reader, Austria). Caspase-3 activity was determined by
comparing the absorbance or optical density (OD) of pNA
from apoptotic samples with the untreated control and
expressed as fold increase in OD405/106 cells per ml.

Statistical analysis

Data were expressed as the mean¡standard error of
the mean (SEM) of at least five animals per group. Data
comparisons were statistically analysed using ANOVA
followed by Student’s Newman–Keuls multiple range
tests. Differences were considered to be statistically
significant when p,0.05.

Results

Effect of c-radiation and melatonin pre-treatment
on total leukocyte count of peripheral blood

A significant decrease in peripheral TLC of irradiated
groups during both RAP (Figure 1a) and RIP (Figure 1b)
was noted, which was restored 168 h after exposure.
There was a significant 1.2-fold decrease at 4 h (p,0.05),
1.53-fold at 24 h, 1.56-fold at 48 h, 1.46-fold at 72 h and

1.29-fold at 168 h (p,0.01) during RAP and a 1.43-fold
decrease at 24 h, 1.52-fold at 48 h, 1.38-fold at 72 h and
1.25-fold at 168 h (p,0.01) during RIP, when compared
with the corresponding controls. Melatonin pre-treat-
ment significantly restored TLC by 1.2-fold at 48 h, 72 h
(p,0.05) and 168 h (p,0.01) during RAP and by 1.19-fold
at 48 h and 1.16-fold at 168 h (p,0.05) during RIP, when
compared with corresponding irradiated groups.

Effect of c-radiation and melatonin pre-treatment
on absolute lymphocyte count of peripheral blood

We observed a highly significant drop (p,0.01) in the
absolute lymphocyte count (ALC) of both irradiated RAP
and RIP squirrels: 1.78- and 1.77-fold at 4 h, 2.04- and
1.88-fold at 24 h, 1.96- and 1.66-fold at 48 h, 1.79- and
1.25-fold at 72 h and 1.46- and 1.17-fold at 168 h, when
compared with RAP and RIP controls, respectively.
Melatonin pre-treatment significantly restored periph-
eral ALC by 1.54- and 1.54-fold at 4 h (p,0.01), 1.6- and
1.55-fold at 24 h (p,0.01), 1.6- and 1.5-fold at 48 h
(p,0.01), 1.52- and 1.24-fold at 72 h (p,0.01), and 1.32-
fold (p,0.05) and 1.29-fold (p,0.01) at 168 h, when
compared with RAP and RIP irradiated groups, respec-
tively (Figure 2a and b).

c-Radiation-induced blastogenic responses of
splenocytes

Significant radiation-induced inhibition of splenocyte
proliferation (p,0.01) was noted at all time-points
during RAP and RIP: 2.58-fold at 4 h, 2.89-fold at 24 h,
3.77-fold at 48 h, 3.08-fold at 72 h and 2.43-fold at 168 h
(during RAP) and 2.75-fold at 4 h, 2.97-fold at 24 h, 3.96-
fold at 48 h, 2.69-fold at 72 h and 2.37-fold at 168 h
(during RIP), when compared with the corresponding
controls. Melatonin pre-treatment could not induce
splenocyte proliferation when compared with the con-
trol, but an increase was noted at all time-points (4 h,
72 h, 168 h, p,0.01; 24 h, 48 h, p,0.05) during RAP
(Figure 3a) and at 4 h (p,0.01), 24 h and 168 h (p,0.05)
during RIP (Figure 3b) when compared with the corre-
sponding irradiated groups.

Melatonin pre-treatment ameliorated c-radiation-
induced oxidative injury in splenocytes

During RAP, 5 Gy c-radiation significantly increased
(p,0.01) the TBARS level of spleen at all time-points
(2.24-fold at 4 h, 2.35-fold at 24 h, 2-fold at 48 h, 1.86-fold
at 72 h, 1.5-fold at 168 h) when compared with controls.
Melatonin pre-treatment significantly inhibited (p,0.01)
the radiation-induced elevated TBARS level (1.33-fold at
4 h, 1.32-fold at 24 h, 1.3-fold at 48 h, 1.37-fold at 72 h,
1.23-fold at 168 h) when compared with the correspond-
ing irradiated groups (Figure 4a). Like RAP, radiation
significantly enhanced (p,0.01) the TBARS level during
RIP (2.08-fold at 4 h and 48 h, 2.3-fold at 24 h, 1.65-fold
at 72 h, 1.26-fold at 168 h) when compared with controls,
whereas melatonin significantly reduced (p,0.05) the
TBARS level (1.4-fold at 4 h and 24 h, 1.26-fold at 48 h,
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1.43-fold at 72 h and 1.27-fold at 168 h) when compared
with the corresponding irradiated groups (Figure 4b).

c-Radiation-induced effects on antioxidant activity
and the role of melatonin as an antioxidant
stimulator

Radiation significantly decreased (p,0.01) the total
SOD activity of splenic tissue of reproductively active
squirrels at all time-points (39.77-fold at 4 h, 22.5-fold at
24 h, 14.28-fold at 48 h, 8.78-fold at 72 h and 3.75-fold at
168 h) when compared with controls. Melatonin pre-
treatment was unable to stimulate SOD activity at 4 h
and 24 h, but we noted highly significant (p,0.01)
increased activity from 48 h onwards (4.1-fold at 48 h,
3.96-fold at 72 h and 1.99-fold at 168 h) when compared
with irradiated groups; however, the increase in activity
of the melatonin pre-treated and irradiated groups was
still very low (p,0.01) when compared with controls
(Figure 5a). During RIP, SOD activity following c-
radiation remained unchanged except at 24 h and 48 h

when a significant decrease (p,0.01) of 1.56-fold and
1.29-fold, respectively, compared with controls was
noted. Melatonin pre-treatment significantly enhanced
SOD activity by 1.33-fold at 4 h (p,0.05), 1.58-fold at
24 h (p,0.01) and 1.42-fold at 48 h (p,0.01) when
compared with the corresponding irradiated groups
(Figure 5b).

Melatonin pre-treatment restores c-radiation-
triggered apoptosis in splenocytes

We observed TUNEL-positive staining (cells with
brown fluorescence, indicated in the figures by black
dotted arrows) in the nuclear region of cells of the
irradiated groups with condensed chromatin and frag-
mented DNA (Figure 6c). The melatonin-pre-treated
RAP and RIP groups showed a 1.85-fold and 2.6-fold
decrease in TUNEL positivity, respectively, when com-
pared with their corresponding controls (Figures 6a and
b and 7a and b). The cells of the melatonin-pre-treated
group were resistant to radiation, as indicated by the low

Figure 1. Effect of melatonin pre-treatment (100 mg/100 g body weight) on total leukocyte count (TLC) of Funambulus
pennanti following exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72 and 168 h during (a) the
reproductively active phase (RAP, May) and (b) the reproductively inactive phase (RIP, December). (c) A comparison of TLC
between RAP and RIP in irradiated (I) and melatonin-treated plus irradiated (MI) groups, in which controls of both phases were
assumed to be 100%, was completed. Vertical bars represent mean¡SEM (standard error of the mean), n55 for each group. The
statistical significance is indicated: a5p,0.05 and b5p,0.01 when compared with the control group; c5p,0.05 and d5p,0.01
when compared with the irradiated group. Con, control; Mel, melatonin only; Irrd, irradiation only; Mel+Irrd, melatonin
treatment and irradiation.
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index of TUNEL positivity (Figure 6d). 5 Gy c-radiation
significantly increased (p,0.01) the apoptotic index of
splenocytes of RAP (Figure 7a) and RIP squirrels
(Figure 7b) by, respectively, 3.32-fold and 1.89-fold at
4 h, 5-fold and 2.15-fold at 24 h, 5.24-fold and 2.49-fold at
48 h, 5.32-fold and 2.53-fold at 72 h, and 3.56-fold and
2.17-fold at 168 h when compared with their correspond-
ing RAP and RIP controls. Melatonin pre-treatment
significantly inhibited (p,0.01) TUNEL positivity and
the apoptotic index in the RAP and RIP groups by,
respectively, 1.82-fold and 1.33-fold at 4 h, 1.3-fold and
1.33-fold at 24 h, 1.42-fold and 1.43-fold at 48 h, 1.38-fold
and 1.37-fold at 72 h, and 1.82-fold and 1.46-fold at 168 h
when compared with the irradiated groups.

Effect of c-radiation and melatonin on caspase-3
activity of splenocytes

There was a significant increase (p,0.01) in caspase-3
activity in the c-irradiated groups: by 3.99-fold during
RAP (Figure 8a) and by 3.76-fold during RIP (Figure 8b),
when compared with controls. Melatonin-pre-treated
groups showed resistance to c-radiation with a significant

decrease (p,0.01) of 2.03-fold and 1.76-fold in caspase-3
activity, when compared with the OD405 of the control,
and a decrease of 1.97-fold and 2.13-fold when compared
with irradiated groups during RAP and RIP.

Comparative analysis of radiation and melatonin
effects between RAP and RIP squirrels

By assuming controls of all the parameters (TLC, ALC,
SI, TBARS level, SOD activity, TUNEL positivity index,
caspase-3 activity) to be 100%, a percentage of the mean
of each parameter was calculated. On comparing
splenocyte proliferation (SI) results of both RAP and
RIP, we observed similar radiation-induced effects at all
time-points during both phases (Figure 3c). However,
saline-treated squirrels showed more radiation-induced
damage during RAP than during RIP, as reflected in the
TLC (4 h, 24 h), ALC (48 h, 72 h, 168 h), TBARS (4 h,
24 h, 72 h, 168 h), SOD (4 h, 24 h, 48 h, 72 h, 168 h),
TUNEL poitivity (4 h, 24 h, 48 h, 72 h, 168 h) and
caspase-3 results. Melatonin treatment significantly
altered all the observed parameters in RAP and RIP
melatonin-pre-treated plus irradiated groups, but the

Figure 2. Effect of melatonin pre-treatment (100 mg/100 g body weight) on absolute lymphocyte count (ALC) of Funambulus
pennanti following exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72 and 168 h during (a) the
reproductively active phase (RAP) and (b) the reproductively inactive phase (RIP). (c) A comparison of ALC between RAP and RIP
irradiated (I) and RAP and RIP melatonin-treated plus irradiated (MI) groups, in which controls of both phases were assumed to
be 100%. Vertical bars represent the mean¡SEM (standard error of the mean), n55 for each group. The statistical significance is
indicated: a5p,0.05 and b5p,0.01 when compared with the control group; c5p,0.05 and d5p,0.01 when compared with
the irradiated group. Con, control; Mel, melatonin only; Irrd, irradiation only; Mel+Irrd, melatonin treatment and irradiation.
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change followed a similar pattern to those observed in
the irradiated only groups during both phases
(Figures 1c, 2c, 3c, 5c, 7c and 8c). More attenuation of
radiation-induced damage was noted during RIP with an
increase in TLC (4 h), ALC (24 h onwards) and SOD
activity (4 h onwards), and a decrease in TBARS level
(4 h, 24 h, 72 h, 168 h), TUNEL positivity (4 h onwards)
and caspase-3 activity. Marked differences in TLC at 4 h
and 24 h (Figure 1c) and ALC from 48 h onwards
(Figure 2c), TBARS level at 72 h and 168 h (Figure 4c),
SOD activity at all time-points (Figure 5c), and TUNEL
positivity index from 4 h onwards with a maximum at
24 h, 48 h and 72 h (Figure 7c) were noted between
irradiated and melatonin-pre-treated plus irradiated
groups during RAP and RIP.

Discussion

The immune status of F. pennanti varies with changes
in the seasons. Immune status is at a maximum during
RIP, as F. pennanti faces maximum challenges from

nature during this period (November to January) when
the tropical ambient temperature in North India is quite
low (8 ¡ 2 C̊). Moreover, during this time, food grains
and shelter are scarce and seasonal diseases emerge. This
winter-bound stress increases free radical load and
induced damage. During RAP, the immune status of
these squirrels is comparatively low [16] for two reasons.
First, there is a comparatively high level of circulatory
gonadal steroids [18] and an energy trade-off towards
maintaining high reproductive capacity in the body [30].
Second, melatonin synthesis and secretion are low under
the long days–short night phase of summer (RAP),
compared with the short day–long night phase of winter
(RIP) [18]. To establish an interrelationship between
melatonin and immune function following c-radiation in
tropical seasonal breeders (F. pennanti), we assessed the
effect of long-term exogenous melatonin (100 mg/100 g
body weight) during RAP and RIP when peripheral
levels of melatonin are different. Long-term melatonin
administration has been shown to influence the temporal
circadian variations of biochemical variables in rats [31].
In addition, reports of long-term melatonin therapy in

Figure 3. Stimulation index (SI) of splenocytes against concanavalin A mitogenic challenge of Funambulus pennanti following
exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72 and 168 h during (a) the reproductively active phase
(RAP) and (b) the reproductively inactive phase (RIP). (c) A comparison of SI between RAP and RIP irradiated (I) and RAP and RIP
melatonin-treated plus irradiated (MI) groups, in which controls of both phases were assumed to be 100%. Vertical bars
represent mean¡SEM (standard error of the mean), n55 for each group. The statistical significance is indicated: b5p,0.01
when compared with the control group; c5p,0.05 and d5p,0.01 when compared with the irradiated group. Con, control; Mel,
melatonin only; Irrd, irradiation only; Mel+Irrd, melatonin treatment and irradiation.

Melatonin modulates c-radiation effects in RAP and RIP squirrels

The British Journal of Radiology, February 2010 143



seasonal breeders [24, 25, 32, 33] supported our results of
long-term melatonin pre-treatment efficacy against c-
radiation in F. pennanti.

The spleen, a secondary lymphoid organ situated high
in the left abdominal cavity and populated with T- and
B-lymphocytes, is a highly proliferative organ and thus is
sensitive to the effects of c-radiation. This is in agreement
with our results for the DNA SI of splenic cells following
T-cell mitogenic challenge. Changes in circulating leu-
kocyte and lymphocyte counts following radiation depict
the immune status of animals [34]. Thus, in the present
study, the observed suppression of TLC, which was
mainly the result of a decreased circulating population of
lymphocytes, indicates a suppressed immune function of
the animals. Furthermore, the SI of Con A-stimulated
lymphocytes showed a direct correlation with ALC,
implying a link between the amelioration of lymphocyte
blastogenesis and the decrease in lymphocyte count.
However, long-term exogenous melatonin counteracted
radiation-induced suppression of the leukocyte and
lymphocyte population (Figures 1a and b and 2a and
b). Reports exist that suggest that the peak time of

circulating lymphocytes corresponds closely with that of
peak melatonin levels, and these levels correlate with a
high immune status over the circadian cycle. Immunity
levels were found to increase following melatonin
treatment [35, 36].

Lipid damage and protein malfunctioning are critical
events following exposure to low-LET radiation. The free
radicals generated as a result of radiation interact with
the polyunsaturated fatty acids of the lipid membrane to
form lipid breakdown products, collectively known as
TBARS. The levels of TBARS thus give a measure of lipid
peroxidation following oxidative stress [37]. Biological
specimens contain a mixture of TBARS, including lipid
hydroperoxides and aldehydes such as malondialdehyde
(MDA). TBARS like MDA form an adduct with cellular
DNA and proteins, introducing cross-links in proteins
and causing alterations in their biochemical properties
[38]. 5 Gy c-rays were damaging enough to generate
significant levels of TBARS and reduce SOD activity in
the spleen of active melatonin-pre-treated squirrels for
up to 168 h. Melatonin protection was more effective
during RIP (Figures 4c and 5c); this might be due to the

Figure 4. Effect of melatonin pre-treatment (100 mg/100 g body weight) on thiobarbituric acid-reactive substances (TBARS)
level in the spleen of Funambulus pennanti following exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72
and 168 h during (a) the reproductively active phase (RAP) and (b) the reproductively inactive phase (RIP). (c) A comparison of
the TBARS level between RAP and RIP irradiated (I) and RAP and RIP melatonin-treated plus irradiated (MI) groups, in which
controls of both phases were assumed to be 100%. Vertical bars represent mean¡SEM (standard error of the mean), n55 for
each group. The statistical significance is indicated: a5p,0.05 and b5p,0.01 when compared with the control group;
d5p,0.01 when compared with the irradiated group only. Con, control; Mel, melatonin only; Irrd, irradiation only; Mel+Irrd,
melatonin treatment and irradiation.
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additive effect of long-term treatment of melatonin
during RIP, as endogenous melatonin is already high
compared with that during RAP. Highly significant
differences in the SOD activity of both RAP and RIP
squirrels were seen following radiation, with a drastic
prompt drop during RAP. This rapid drop indicates the
production of more toxic superoxide radicals as a result
of the indirect action of c-radiation (i.e. water radiolysis
in tissues and recombination of primary free radicals).
Gradual rises of SOD activity in the melatonin pre-
treated and irradiated RAP groups were observed from
48 h onwards compared with the irradiated group with
no melatonin pre-treatment. This might be result of the
production of radiation-induced reactive oxygen species
(ROS) within the cellular system.

The enhanced TBARS level accompanied by a decrease
in SOD activity during RAP is in agreement with the
work of Dubner et al [39]. High SOD activity and
overexpression increases the resistance of cells to
radiation-induced oxidants [40]. The role of SOD lies in
the elimination of toxic superoxide (O2

2) radicals.

Unbalanced conditions can deplete SOD activity and,
hence, lead to an increased sensitivity of cells to
c-radiation. SOD concentrations other than the optimal
lead to increased lipid peroxidation and, therefore, a
decrease in cell viability [41]. SOD activation results in
the formation of hydrogen peroxide (H2O2) [42], the
accumulation of which can be more toxic for cells than
O2

2 [43, 44]. This is because H2O2 causes the formation
of the NOH radical, which is one of the most toxic oxygen
molecules in vivo owing to its high reactivity, short life-
time and limited diffusion rate [45]. The upregulated
nuclear translocation of extracellular SOD under oxida-
tive stress suggested a protective role of SOD against
oxidative damage to genomic DNA [46]. Therefore, an
increase in SOD activity during winter (RIP) in the
control group highlighted the physiological importance
of SOD in protecting against radicals generated because
of winter-bound stresses. This protective effect of SOD
might be explained by correlating its activity pattern
with the seasonal variation in internal melatonin level of
F. pennanti [16].

Figure 5. Effect of melatonin pre-treatment (100 mg/100 g body weight) on superoxide dismutase (SOD) activity of the spleen of
Funambulus pennanti following exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72 and 168 h during (a) the
reproductively active phase (RAP) and (b) the reproductively inactive phase (RIP). (c) A comparison of SOD activity between RAP
and RIP irradiated (I) and RAP and RIP melatonin-treated plus irradiated (MI) groups, in which controls of both phases were
assumed to be 100%. Vertical bars represent mean¡SEM (standard error of the mean), n55 for each group. The statistical
significance is indicated: a5p,0.05 and b5p,0.01 when compared with the control group; c5p,0.05 and d5p,0.01 when
compared with the irradiated group. Con, control; Mel, melatonin only; Irrd, irradiation only; Mel+Irrd, melatonin treatment
and irradiation.
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The effects of melatonin on the levels of a number of
biochemical variables, on hormones and on oxidative
and antioxidative status in mammals, and how they
change in relation to their circadian patterns, have been
reported [47, 48]. Besides being a circadian and seasonal
biorhythm regulator, a wide spectrum of targets and
effects of melatonin has evolved in a variety of tissues,
such as the gut, cerebrospinal fluid, ovary, skin, bone
marrow, bile fluid and lymphocytes, as well as in whole
organisms [49–55]. Antioxidant enzyme activities have
been shown to exhibit circadian rhythms corresponding
to melatonin rhythmicity and total antioxidant status in
chicken brain, liver and lung [56]. Daily fluctuations in
SOD gene expression correspond to day–night changes
in circulating melatonin levels in rats [57]. Melatonin is
known to stimulate SOD under both basal and oxidative
stress conditions [58] and it significantly upregulates free
radical-scavenging systems in many body compartments
[59, 60]. Melatonin forms an adduct with MDA [61], thus
breaking the peroxidation chain reaction and further

stopping its action towards protein alterations. The
reduction in TBARS levels and elevation in SOD
activities in melatonin-treated animals suggested a role
of melatonin in scavenging free radicals generated as a
result of c-radiation.

Evidence of melatonin as an enhancer of antioxidant
enzyme activity and expression with activation of its
membrane receptors (MT1, MT2), via G inhibitory
protein, supported our results [59, 62]. Melatonin is a
highly electroreactive molecule that acts primarily as a
powerful electron donor and detoxifies electrodeficient
ROS. Through the use of a scavenging cascade, melato-
nin reduces the overall toxic environment in the cell [63].

Ionising radiation interacts with biological molecules
to produce radiolytic products that have a major role in
cell injury and, subsequently, induce apoptotic cell death
through activation of a pro-apoptotic pathway. Two
mechanisms of nuclear DNA damage that involve direct
free radical attack on DNA and endonuclease-mediated
DNA fragmentation via the caspase cascade have been

(a) (b)

(c) (d)

Figure 6. DNA fragmentation detected using an apoptosis detection TUNEL kit. TUNEL-negative staining in (a) the control
group and (b) the melatonin-treated group. (c) TUNEL-positive staining in the c-irradiated group. (d) Melatonin decreased the
number of TUNEL-positive cells. Cells visualised at 4006 magnification: cells indicated with orange arrows are apoptotic and
those indicated with black arrows are non-apoptotic.
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reported [64]. Caspase activation, via receptor-mediated
and mitochondrial pathways, is a common response to
ionising radiation that actively initiates and executes
apoptosis [65]. Caspase-3 initiates fragmentation by
translocating from the cytoplasm to the nucleus, where
it cleaves genomic DNA at internucleosomal regions,
generating oligonucleosomal fragments [66]. Free 39-OH
ends were available for TdT-labelling in the apoptotic
cells where TUNEL positivity was detected. Melatonin,
in addition to the ability of scavenging radiation-induced
NOH radicals, might also influence the stimulation of
enzymes involved in the repair of lesions in cellular
DNA [67]. Melatonin provides direct protection in the
nucleus by reducing the extent of DNA damage through
the generation of signal(s) that trigger the activation of
DNA repair enzymes and promote expression of a set of
genes that lead to de novo protein synthesis associated
with DNA repair [68]. Our data show that melatonin
treatment leads to markedly reduced TUNEL positivity
of c-radiated groups from 4 h onwards during both
phases (Figure 7a and b). A reduced frequency of
TUNEL signals (Figure 6d) in melatonin-pre treated plus

irradiated groups indicated a positive role of melatonin
towards DNA repair (i.e. melatonin may modulate
endogenous DNA repair activity because of a lower
incidence of double-strand breaks that is not related to
antioxidative and anti-apoptotic effects).

Caspase-3 appears to play its role 3 h after radiation
[69], leading to cellular apoptosis. In agreement with this
finding, in the present study, in vitro caspase-3 activity
peaked 4 h after radiation and the caspase-3-mediated
pathway was involved in executing apoptosis in both the
RAP and RIP irradiated groups. Melatonin appeared to
have a protective action, suggesting that melatonin
might reduce apoptosis through a caspase-3-mediated
pathway by blocking caspase-3 activity. On correlating
the results of the apoptotic splenocyte index and caspase-
3 activity at 4 h, we found that DNA fragmentation was
mostly caspase-3-dependent, as supported by the work
of Inagaki-Ohara et al [70].

The results presented here suggest that the pattern of
changes in TLC, SI, TBARS and caspase-3 activity of
irradiated and melatonin-treated plus irradiated groups at
different time-points were irrespective of the reproductive

Figure 7. Inhibitory effect of melatonin pre-treatment on apoptosis or TUNEL positivity index of splenocytes of Funambulus
pennanti following exposure to 5 Gy c-radiation. Animals were sacrificed after 4, 24, 48, 72 and 168 h during (a) the
reproductively active phase (RAP) and (b) the reproductively inactive phase (RIP). (c) A comparison of the TUNEL positivity index
between RAP and RIP irradiated (I) and RAP and RIP melatonin-treated plus irradiated (MI) groups, in which controls of both
phases were assumed to be 100%. Vertical bars represent mean¡SEM (standard error of the mean), n55 for each group. The
statistical significance is indicated: b5p,0.01 when compared with the control group; d5p,0.01 when compared with the
irradiated group. Con, control; Mel, melatonin only; Irrd, irradiation only; Mel+Irrd, melatonin treatment and irradiation.
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phase, whereas changes in ALC, SOD activity and TUNEL
positivity were dependent on the reproductive phase.
Melatonin pre-treatment significantly increased the basal
count of lymphocytes and induced a prompt decrease in
both the basal activity of SOD and the basal number of
TUNEL-positive cells; however, the effects still followed a
similar pattern to those of the untreated irradiated groups
during both phases (Figures 2c, 5c and 7c). Immune
function varies on a seasonal basis [71] and requires
substantial energy [72]. During RAP, seasonal breeders
channel energy for reproductive success; thus, steroidal
levels are higher than during RIP. Steroids are known to
suppress melatonin synthesis; thus, circulating melatonin
is comparatively low during RAP when the days are long.
By contrast, during the short day and long night phase
(RIP), animals possess low steroid and high melatonin
levels. As circulating steroid hormones (testosterone,
oestradiol, corticosterone) mediate immunosuppression
[32, 33], it follows that squirrels possess better immune
function during RIP than during RAP. The enhanced

immune function seen in RIP might result from the
channelling of energy to strengthen the immune function
in order to face the adverse challenges of energetically
demanding winters. The stress of coping with energeti-
cally demanding conditions increases steroid levels to the
extent that immune function is compromised [73], which
further increases the risk of infection and death under
conditions in which there are insufficient energy reserves
to sustain immunity. Nelson et al [12] have reported
seasonal changes in mammalian immune function, show-
ing enhanced function during short day lengths. The
maintenance of lymphoid tissue function and activity
during RIP could result from the elevated internal
melatonin levels produced in response to environmental
stress. These high levels of melatonin might not only
strengthen the immunity of F. pennanti to fight winter-
bound stress, but could also provide protection against
the free radicals generated by high doses of c-radiation.

Comparing the effects of 5 Gy c-radiation on lympho-
cytes with our previously reported results for 2.06 Gy

Figure 8. Effect of melatonin on 5 Gy c-radiation-induced caspase-3 activity in the splenocytes of Funambulus pennanti.
Animals were sacrificed after 4 h exposure during (a) the reproductively active phase (RAP) and (b) the reproductively inactive
phase (RIP). (c) A comparison of caspase-3 activity between RAP and RIP irradiated (I) and RAP and RIP melatonin-treated plus
irradiated (MI) groups, in which controls of both phases were assumed to be 100%. Vertical bars represent mean¡SEM
(standard error of the mean), n55 for each group. The statistical significance is indicated: a5p,0.05, b5p,0.01 when compared
with the control group; d5p,0.01 when compared with the irradiated group. Con, control; Mel, melatonin only; Irrd,
irradiation only; Mel+Irrd, melatonin treatment and irradiation.
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X-rays, in terms of TBARS level and apoptosis percen-
tage, we observed a similar pattern in both RAP and RIP
squirrels; however, with c-rays we noted 95% and 71%
more lipid damage and 186% and 31% more apoptosis
during RAP [24] and RIP [25], respectively. Also,
following c-radiation, squirrels pre-treated with melato-
nin (100 mg/100 g body weight) showed a nearly 88%
and 38% increase in TBARS level and an 85% and 16%
increase in apoptosis per cent during RAP and RIP,
respectively, when compared with squirrels pre-treated
with a comparatively lower dose of melatonin (25 mg/
100 g body weight) following exposure to X-rays.
Radiation effects in biological systems depend on the
dose rate and are proportional to the absorbed dose,
which is the average energy deposited inside a test
volume [74, 75]. In the present study, a 5 Gy dose of c-
rays deposited approximately 2.5 times more energy
than 2.06 Gy X-rays within the same irradiated volume
(spleen), thus increasing the probability of tissue
damage. In addition, the damage induced by the 5 Gy
c-rays was more difficult for cells to repair, owing to the
increased exposure time (,4.47 min) to the tissue, as
compared with X-rays (1 min). This longer exposure
might have increased the concentration of local radicals
with increased radical attack, disturbing the internal
balance of antioxidative enzymes and internal melatonin
levels inside the cell. The results reported here support
the statement that c-rays induce more dense ionisation of
biomolecules than X-rays [26, 27].

Any radiation dose is capable of causing cancer and a
strong immune system is important for preventing
mutations from developing into a cancer. Hence, pre-
application of melatonin could be beneficial for cancer
patients undergoing radiation treatment. Our results
may partially explain various discrepancies observed by
clinicians following radiotherapy and may provide a
fundamental basis for using melatonin as a substrate to
minimise the deleterious effects of ionising radiation
used in clinical therapy. Our results documenting the
role of melatonin in inhibiting caspase-3 activity in the
radiation-induced caspase-3-dependent apoptotic path-
way has prompted further investigations of the mechan-
ism of melatonin action in the apoptotic signalling
pathway at points other than the caspase cascade.
Moreover, changes in protective endogenous cell phy-
siological pathways caused by melatonin-induced gene
expression, as well as the inhibition of damaging
processes such as inflammation and mitochondrial
metabolism that could be disrupted following radiation,
need to be considered in future studies.
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