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HIGHLIGHTS

e Melatonin was found to have detrimental effects on phenotype and motoneuron survival.
® Melatonin treated animals were associated with increased oxidative stress.

® Melatonin was found to upregulate the neurotoxic mutant SOD1 in the G93ASOD1 mouse.
® G93ASOD1 mouse may not be ideal for assessing the beneficial effects of melatonin.

ARTICLE INFO ABSTRACT

Arﬁc{e history: In amyotrophic lateral sclerosis (ALS) reactive oxygen species and apoptosis are implicated in disease
Received 11 February 2013 pathogenesis. Melatonin with its anti-oxidant and anti-apoptotic properties is expected to ameliorate
Received in revised form 11 May 2013 disease phenotype. The aim of this study was to assess possible neuroprotection of melatonin in the

Accepted 18 May 2013 G93A-copper/zinc superoxide dismutase (G93ASOD1) transgenic mouse model of ALS. Four groups of

mice, 14 animals each, were injected intraperitoneally with 0 mg/kg, 0.5 mg/kg, 2.5 mg/kg and 50 mg/kg
of melatonin from age 40 days. The primary end points were; disease onset, disease duration, survival
and rotarod performance. No statistically significant difference in disease onset between the four groups
was found. Survival was significantly reduced with the 0.5 mg/kg and 50 mg/kg doses and tended to be
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Melatonin
Neuroprotection reduced with the 2.5 mg/kg dose. Histological analysis of spinal cords revealed increased motoneuron loss
Oxidative stress in melatonin treated mice. Melatonin treated animals were associated with increased oxidative stress as

assessed with 4-hydroxynonenal (4-HNE), a marker of lipid peroxidation. Histochemistry and Western
blot data of spinal cord from melatonin treated mice revealed upregulation of human SOD1 compared
to untreated mice. In addition, real-time PCR revealed a dose dependent upregulation of human SOD1 in
melatonin treated animals. Thus, intraperitoneal melatonin, at the doses used, does not ameliorate and
perhaps exacerbates phenotype in the G93ASOD1 mouse ALS model. This is probably due to melatonin’s
effect on upregulating gene expression of human toxic SOD1. This action presumably overrides any of its
direct anti-oxidant and anti-apoptotic properties.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative

disorder characterized by selective loss of motor neurons in the

- brain and spinal cord leading to progressive weakness and mus-
Abbreviations: ALS, amyotrophic lateral sclerosis; SOD1, superoxide dismutase cle atrophy [5] Approximately 5-10% of all ALS cases are familial

gene. . . . 20% of which are caused by mutations in the Cu/Zn superoxide
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transgenic mice exhibit pathology and phenotype reminiscent of
human ALS [3].

There is both human and animal data supporting several
pathogenic mechanisms in ALS including glutamate excitotoxi-
city, generation of free radicals, cytoplasmic protein misfolding,
mitochondrial dysfunction, neuroinflammation and disruption of
axonal transport through neurofilament disorganization [2].

Melatonin, an endogenous neurohormone, possesses powerful
anti-oxidant properties by directly scavenging reactive oxy-
gen species and by up regulating anti-oxidant enzymes [7,14].
Melatonin has been proposed as a candidate compound for neu-
roprotection in ALS and high tolerability of the oral/rectal drug
has been demonstrated in ALS patients [4,20]. Oral administration
of 57-88 mg/kg/day of melatonin to G93ASOD1 transgenic mice
was found to delay disease onset, prolong disease progression and
extend survival, while lower doses did not seem to be effective [20].
However, the exact neuroprotective mechanism of melatoninin the
G93ASOD1 transgenic mice remains obscure. Western blot analysis
of spinal cord homogenates did not detect any differences either
in the mutant or endogenous SOD1 protein levels or in the total
amount or phosphorylation status of AKT and ERK1/2 molecules of
survival signaling pathways which were previously found to medi-
ate the antiapoptotic effects of melatonin in other animal models
[20].

In the present study we examined the effects of low
(0.5-2.5mg/kg/day)and high (50 mg/kg/day)doses of melatonin on
the G93ASOD1 mouse model of ALS administered by the intraperi-
toneal route. Such doses have been previously demonstrated to be
biologically neuroprotective in vivo [9,12]. Moreover, in order to
gain some understanding of the possible neuroprotective mecha-
nisms of melatonin in the G93ASOD1 animal model we investigated
the effect of melatonin on oxidative stress and the expression of
mutant and endogenous superoxide dismutases by PCR and West-
ern blot.

2. Materials and methods
2.1. SOD1 G93A transgenic mice

Mice carrying a high copy human SOD1 G93A transgene
(TgN(SOD1-G93A)1 GUR)were obtained from Jackson Laboratories.
The experiments were conducted under the local Cyprus Institute
of Neurology animal use guidelines and were approved by the Ani-
mal Care Committee of the Cyprus Government. Animal housing
conditions: temperature: 21 °C, humidity: 50-60%, number of ani-
mals per cage: max 4 animals/cage, time of lights on: 6 am lights
on and 6 pm lights off (circadian rhythm), air changes: 20/h, air
centrally supplied and HEPA filtered.

2.2. Melatonin treatment protocol

The experiments were done in groups of 14 animals each (7
females and 7 males) and included intraperitoneal injection of
0 mg/kg (vehicle), 0.5 mg/kg, 2.5 mg/kg and 50 mg/kg. The vehicle
used was ethanol-saline to accommodate the higher concentration
of melatonin. Melatonin was administered daily from day 40 dur-
ing the first part of photophase. Four animals of each group (two
males, two females) were sacrificed at ages of 90 and 120 days to
perform pathological and other analyses.

2.3. Disease endpoints

The disease endpoints were derived by blind clinical observation
and by various rotarod parameters.

Onset of the disease was defined as the age in days when tremor
appeared in both hind limbs, together with the inability of the

mouse to extend and paddle at least one hind paw, when sus-
pended in the air by its tail. This test was performed 3 times a
week from day 70 onwards. Survival was defined as the age in days
when mice could no longer ride themselves when gently prodded
for approximately 10s and/or the appearance of severe eye infec-
tion. Disease duration was defined as the time between disease
onset and survival.

The rotarod performance test was done using a Rotarod (Colum-
bus Instruments, Columbus, OH), which has a rotating rod starting
with a speed 20 rpm and accelerated 1 rpm every 10s. The rotarod
performance test measured the time it took for each mouse to fall
off the rotarod. The rotarod test was used to obtain two endpoints:
rotarod onset defined as the age in days after which the mouse
fell consistently below 80% of average performance and rotarod
survival as the age in days after which the mouse fell consistently
below 20% of average performance.

2.4. Spinal cord motor neuron count

The effect of melatonin on the number of motor neurons in lum-
bar spinal cord sections was evaluated in two mice from each group
at the age of 120 days. Sections were incubated with primary anti-
body (Mouse monoclonal [SMI-32] to 200KD neurofilament heavy
chain (ab28029) abcam. Both large (a-motor neurons) and small
(y-motor neurons) were counted in the anterior horns, anterior to
a line drawn through the central canal.

2.5. SOD1 immunocytochemistry

SOD1 immunocytochemistry of motor neurons from lumbar
cord was performed using rabbit anti-human-Cu/Zn superoxide
dismutase polyclonal antibody (product#: SOD-101, Stressgen) and
biotinylated polyclonal goat anti-rabbit immunoglobulin (code No.
E0432, Dakocytomation).

2.6. Western blot of SOD1

A semi quantitative measurement of 4-HNE, human SOD1 and
murine SOD2 with Western blot in spinal cord homogenates was
performed comparing melatonin treated animals and controls.
Beta-tubulin was used as a loading marker. Proteins were detected
by incubating with the following primary antibodies directed
against: human SOD1 with anti-Cu/Zn SOD (SOD-101) (Stressgen
Bioreagents), murine SOD2 with anti-Mn SOD (SOD-110) (Stress-
gen Bioreagents), 4-hydroxynonenal (4-HNE) with anti-4-HNE
antibody (MHN-100P) (JalCA, Nikken SEIL Co) and beta-tubulin
(Sigma).

2.7. Real time PCR of mouse SOD2 and human SOD1

Expression of the SOD1 gene was measured in mice treated with
different doses of melatonin, by real-time PCR using TagMan® Gene
Expression Assays and the 7900HT Real-Time PCR System (Applied
Biosystems, Foster City, CA).

2.8. Statistical analyses

A one-tailed Student’s t-test and the Wilcoxon rank sum test
were used to analyze the significance of difference in onset of
the disease, survival and disease duration. A 2-tailed Student’s t-
test was used regarding rotarod performance of each group. The
number of neurons among groups was compared using the non-
parametric Kruskal-Wallis test as well as the one-way ANOVA
using Bonferonni, Scheffe and Tukey multiple comparisons.
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Fig. 1. (A) Disease onset curves in controls and melatonin treated animals. (B) Survival curves in controls and melatonin treated animals.
3. Results

No gender differences were observed with respect to disease
onset, motor function, and disease progression between male and
female G93ASOD1 mice (p > 0.05). Therefore, male and female mice
were pooled together and were used as a group in the following
analyses.

3.1. Disease onset

Mean age of disease onset of controls and melatonin (0.5, 2.5
and 50 mg/kg) treated mice were 97.1 £6.9,92.5+10.8,94.6 + 11.3
and 95.7 + 9.7 days, respectively (Fig. 1A). One-sided t-tests showed
no significant difference between controls and each one of the
three treatment groups (0.5 mg/kg, 2.5 mg/kg and 50 mg/kg, p-
values 0.13, 0.27 and 0.35). When all melatonin injected animals
were grouped together and compared with controls no statisti-
cally significant difference was found in terms of disease onset
(two-sided t-test p-value 0.42, nonparametric Mann-Whitney test
p-value=0.33).

3.2. Survival

Mean survival of the controls and melatonin (0.5, 2.5 and
50 mg/kg) treated mice were 143.3+6.5, 134.24+10.1, 142+7.2
and 136.8 +5.6 days, respectively (Fig. 1B). An one sided t-test
comparing the mean survival of controls versus injected animals
showed a shorter survival for the 0.5 and 50 mg/kg groups with p
values of 0.014 and 0.013, respectively. For the 2.5 mg/kg group the
p-value was 0.34. Nonparametric two-sided Mann-Whitney tests
showed a significant difference between the 0.5 mg/kg group and
controls (p-value 0.029) and between the 50 mg/kg group and con-
trols (p-value 0.029). For the 2.5 mg/kg group the p-value was 0.63.
When all melatonin injected animals were grouped together and
compared with controls there was a significant shorter survival

versus controls with a p-value of 0.05 obtained through the
Kruskal-Wallis test.

3.3. Disease duration

Mean duration of disease for controls and melatonin (0.5, 2.5
and 50 mg/kg) treated mice were 46.2 +7.8,41.7 +14.9,47.4+12.9
and 41.1 £12.9 days, respectively. An one sided t-test comparing
the mean disease duration for the 0.5, 2.5 and 50 mg/kg injected
animals versus controls did not show a significantly faster disease
progression in melatonin treated animals with p values of 0.2, 0.4
and 0.15, respectively.

3.4. Rotarod endpoints

Age atrotarod onset was not significantly different in the treated
groups compared to controls (one sided t-test, p>0.05). However,
survival was significantly shorter in the 0.5 mg/kg injected group
(one sided t-test, p=0.03) and tended to be shorter in the 2.5 and
50 mg/kg injected groups (one sided t-test, p=0.13 and p=0.065).

3.5. Motor neuron loss

Mean motor neuronal count per section at 120 days for controls
and melatonin (0.5, 2.5 and 50 mg/kg) treated mice were 18.7 +3.4,
16.4+6.7, 12.4+2.1 and 10.1 £ 3.5, respectively (supplementary
Fig. 3). The Tukey multiple comparisons revealed that the number
of neurons was significantly higher among controls as compared to
the 2.5 and 50 mg/kg groups (p-value=0.016 and p-value=0.001,
respectively). No difference was observed among controls and the
group of 0.5 mg/kg melatonin treated animals (p-value = 0.640). Of
note, there was a significant difference in the number of neurons
between the 0.5 and the 50 mg/kg groups (p-value=0.018).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2013.05.058.
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3.6. SOD1 immunocytochemistry

To try and explain the lack of expected neuroprotection of mela-
tonin we investigated the possibility whether this was mediated
by upregulation of the toxic human G93ASOD1. We performed
anti-human SOD1 immunocytochemistry on spinal cord sections
and qualitative comparisons were made as shown in Supple-
mentary Figs. 1 and 2. Motor neurons exposed to melatonin
demonstrated increased cytoplasmic SOD1 staining while those
exposed to vehicle injections only appear as ghost cells. The results
were compatible with up regulation of SOD1 in mice exposed to
melatonin.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2013.05.058.

3.7. Western blot

The Western blot data were consistent with up regulation of
human SOD1 (Fig. 2A) and mouse SOD2 (Fig. 2B) in the experi-
mental animals exposed to melatonin. Up regulation of both the
transgenic human SOD1 and the endogenous SOD2 takes place in
melatonin treated animals at age 90 days onwards. Similarly, the
4-HNE marker of lipid peroxidation was increased in melatonin
treated animals especially at approximately age 90 days (Fig. 2C).

3.8. Real time PCR of human SOD1 and murine SOD2

We proceeded to independently verify melatonin induced up
regulation of human SOD1 and murine SOD2 using real time PCR,
measuring RNA of both the endogenous murine SOD2 and the
transgenic human SOD1. As can be seen in Table 1 there is a dose
dependent upregulation of both superoxide dismutases. Interest-
ingly the upregulation of the transgenic human SOD1 was greater
at approximately 90 days, the same as the highest oxidative stress.

4. Discussion

In the present study intraperitoneal melatonin at doses of 0.5,
2.5 and 50 mg/kg did not appear to ameliorate disease phenotype
in the G93ASOD1 mouse model of ALS. On the contrary, treated
animals at 0.5 and 50 mg/kg doses showed a shorter mean survival
time. Histological analysis of spinal cords at the age of 120 days
revealed significant motoneuron loss in melatonin treated mice in
a dose dependant manner. Melatonin treated animals were asso-
ciated with increased oxidative stress at both 90 and 120 days, as
assessed by a marker of lipid peroxidation. In the 0.5 mg group,
mice start to die off at about 120 days while in the control group
and the other two melatonin doses this occurs at about 130 days.
This earlier onset of attrition may perhaps be partly accounted for
by the higher levels of oxidative stress shown in the 0.5 mg group
at round both the 90 day and 120 day time points.

The lack of neuroprotection by melatonin may due to the up
regulation of toxic human SOD1 which may have counteracted
any direct antioxidant and radical scavenging activity of melatonin.
Similar doses of melatonin had been previously shown to be neu-
roprotective in other models of neuronal injury due to the direct
and indirect anti-oxidant activities of melatonin [11,12,17]. These
models however do not have an inherent toxic gain of function
oxidative stressor. The G93ASOD1 mouse has several copies of a
mutated hSOD1 which has been demonstrated to exhibit a toxic
gain of function. Therefore the net result of melatonin’s upregu-
lation of antioxidant enzymes would be to create a net excess of
hydrogen peroxide which cannot be handled by the other antioxi-
dant enzymes even if upregulated.

In a previous study of Weishaupt et al. [20] oral administration
of 57-88 mg/kg/day of melatonin to G93ASOD1 transgenic mice
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Fig. 2. Western blot of (A) human SOD1, (B) murine SOD2, and (C) 4-HNE.

was found to extend mean survival time and prolong disease pro-
gression. The protective effects of melatonin were lost at lower
oral doses (~ 9mg/kg/day) or when treatment was delayed until
the onset of disease symptoms (~at age of 90 days). It is possi-
ble that at high doses, melatonin’s direct anti-oxidant properties
may over compensate for the upregulation of toxic hSOD1. Evi-
dence to that effect comes from the observation that while hSOD1
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Table 1
Real time PCR, measuring RNA of murine SOD2 and transgenic human SOD1.

Sacrificed time (days) Treatment RNA (ng/wl) Relative quantity
mSOD2 hSOD1
90 Vehicle 308 0 0
91 Melatonin 2.5 mg/kg 199 0.38 0.35
90 Melatonin 50 mg/kg 124 0.62 5.74
120 Vehicle 133 0 0
121 Melatonin 2.5 mg/kg 237 0.36 0.25
120 Melatonin 50 mg/kg 127 0.61 3.94

upregulation at both 90 and 120 days was higher with 2.5 mg rather
than 0.5 mg of melatonin the net level of oxidative stress was actu-
ally less with 2.5 mg versus the 0.5 dose (Fig. 2). There are also
a number of methodological differences between the two studies
that could partly account for the different results. We used daily,
intraperitoneal injection of melatonin, during the first part of pho-
tophase while Weishaupt et al. [20] administered melatonin orally
which was presumably drank by the mice under more physiologi-
cal conditions, i.e. at night, during the active phase of the animals.
In our study melatonin administration was started from day 40
of age, while in the study of Weishaupt et al. [20] melatonin was
added in drinking water from day 28. It is possible that the stress of
intraperitoneal injections per se could also have potentially acted
in a detrimental way to the well being of the mice.

A relevant finding in our study, be it in the small number of
animals examined, was the almost dose dependant motoneuron
loss in the spinal cords of melatonin treated mice compared with
untreated controls. In the study of Weishaupt et al. [20] no morpho-
metric data on lumbar cord motor neurons in treated and untreated
animals were provided and so we do not know the pathological
substrate of the prolonged survival provided by high dose oral
melatonin. Was prolonged survival the result of motor neuron
preservation or was it due to other effects of melatonin? Melatonin
been shown to improve motor performance of rats in an experi-
mental model of depression, possibly through an interaction with
central serotonin neurotransmission [10].

In the current study, melatonin treated G93ASOD1 animals
were found to have increased levels of 4-HNE, a marker of oxida-
tive stress, compared to vehicle animals. On the contrary, in a
mouse model of cerebral ischemia-reperfusion injury, melatonin
was found to reduce oxidative damage assessed by of 4-HNE
[8]. Also, previous studies have shown increased levels of 4-HNE
in the spinal cord of G93A SOD-1 transgenic mice [6,13] while
effective treatment significantly suppressed 4-HNE immunoreac-
tivity [16] suggesting a link between 4-HNE and motor neuron
survival.

We have demonstrated, using immunocytochemistry, Western
blot and real time PCR that melatonin up regulates toxic human
SOD1 in the G93ASOD1 mice. This is in agreement with a study
showing that administration of melatonin increases the expression
of SOD1 in the lumbar spinal cord of neonatal rats [15].

Up regulation of mutant SOD1 in the G93ASOD1 ALS mouse
model raises the possibility that this animal model may not be
appropriate for assessing the neuroprotective properties of mela-
tonin in ALS. Similarly in a rotenone model of Parkinson’s disease,
melatonin was proved detrimental by potentiating rotenone toxic-
ity [19].

Admittedly there is no strict concordance between melatonin
associated neuronal loss and shortened survival. This might be the
result of the complex effects of melatonin on the behavior and biol-
ogy of mice, its ability to up regulate anti oxidative enzymes, its
direct anti-oxidant and anti-apoptotic properties or simply be due
to the relatively small number of mice used. Furthermore, U-shaped
effects of melatonin have been reported in other animal models

[1,18]. Admittedly our results need confirmation in a larger number
of animals.

5. Conclusions

We conclude that intraperitoneal melatonin at doses 0.5, 2.5 and
50.0 mg/kg does not appear to be neuroprotective and may possibly
be detrimental to motor neurons in the G93ASOD1 mouse model of
ALS. Our results can probably be explained by melatonin’s unique
dual mode of action. Our data imply that G93ASOD1 mouse model
may not be an ideal model for assessing the neuroprotective prop-
erties of melatonin or other molecules with complex anti-oxidative
properties.
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