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1. INTRODUCTION 

Age-related changes in cerebral functions are believed to be partially due to an 
imbalance between pro-oxidant and antioxidant factors. l To compensate for this 
imbalance, dietary supplementation with various antioxidant agents is being tested.2 We 
have been studying the neuroprotective and biochemical role of melatonin.3 Melatonin, 
an indoleamine derivative of serotonin, is synthesized within the pineal body, and 
melatonin levels in the plasma have been noted to decrease with age.4 The effects of 
addition of melatonin to the diet over an extended time have been studied with emphasis 
on age-related changes in two indices of oxidant activity: the rate of formation of reactive 
oxygen species (ROS) and the activity of nitric oxide synthase (NOS). Ages of mice that 
reflected middle adulthood and pre-senescent periods rather than stages of early 
development or extreme age were selected. 

2. METHODS 

2.1. Animals and Diets 

Male B/6C3Fl mice, a hybrid between C57BU6 and C3H from Harlan Labs, 
Indianapolis, IN, were maintained on a 12 hour light! dark cycle in a temperature 
controlled (20±1°C) room.2 Diets and water were provided ad lib. The minimal basal diet 
(#101101, Dyets Inc., PA) consisted of 50% sucrose and 26% casein (w/w) with a 
minimal salt and vitamin mix that include 110 ppm a-tocopherol acetate. This diet was 
supplemented with 0.004% melatonin and diets were fed to mice from age 3 to 9 months. 

1 O.K. Lahiri, Y-.W. Ge, J.I. Nurnberger, Jr., ,.nstitute of Psychiatric Research, Indiana University School of 
Medicine, 791 Union Drive Indianapolis, IN 42602; E.Y. Yang, S.C. Bondy, Department of Community and 
Environmental Medicine, University of California, Irvine, CA-92697. 1 O.K. Lahiri- Corresponding author 
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2.2. Assay of NOS activity in mice brain extracts 

NOS activity from the mice cerebellum was assayed using L-[3H]-arginine 
(Amersham, NJ) and a kit (Stratagene, CA) as described previously.5 A ratio of 
radioactive citrulline to unreacted arginine gives the percent conversion of arginine to 
citrulline and reflects a measure of net NOS activity under the condition used here. 

2.3. Measurement of the rate of formation of reactive oxygen species 

The cerebrocortical synaptosomal! mitochondrial fraction was prepared to measure 
the rate of formation of ROS using 2',7'-dichlorofluorescin diacetate (DCFH-DA).6 
Briefly, DCFH-DA is de-esterified within cells to the ionized free acid, which was 
oxidized to the fluorescent 2',7'-dichlorofluorescein (DCF) by ROS6. 

3. RESULTS 

3.1 Optimization of NOS activity in mouse brain extracts 

The assay used was based on monitoring the biochemical conversion of L-arginine to 
L-citrulline by NOS. This reaction involves a five-electron oxidation of the guanidino­
nitrogen of L-arginine to nitric oxide, together with the stoichiometric production of L­
citrulline. The reaction requires NADPH, molecular oxygen, calcium, calmodulin and 
tetrahydrobiopterin. Since this assay is based on the use of radioactive arginine, the 
sensitivity of the assay is in the picomole level. The standard curve for the NOS assay 
indicates that NOS activity was linear with 5 to 30 IJg of cerebellar extracts in our 
laboratory. Protein samples within the linear range of NOS activity were used. 

3.2. Effect of age and dietary supplementation with melatonin on NOS activity 

The activity of NOS in different treatment groups was compared (Table 1). The 
activity was greatly reduced in older 9-month mice (46.3%) relative to younger 3-month 
mice. When younger mice were fed a melatonin supplemented diet (40 ppm) for 6 
months the original activity was almost completely maintained (87.5%) (Table 1). 
Results were very similar when NOS activity was adjusted to per mg wet weight of the 
original tissue. In this case, NOS activity was reduced to 51.4 % in older mice relative to 
corresponding values for younger mice, and the original activity was maintained to 
98.3% when younger mice were fed diets supplemented with melatonin for 6 months. 

Table 1. Assay of the activity of NOS in mice cerebellar extracts· 
Age of mice Treatment NOS (% conversion) b S.E.M % original activity 
3 months None 7.98 0.87 100 
9 months None 3.69* 0.51 46.3 
9 months Melatonin 7.01 1.06 87.5 

• NOS activity is expressed as the percent conversion of arginine to citrulline per 10 !lg of protein samples. Seven 
animals were used/group. 

b * Value differs significantly from corresponding value for 3 month-old mice receiving basal diet. 
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Table 2. Measurement of the formation of Rosa 

Age of mice Treatment ROS b S.E.M % activity 
3 months None 422.8 2.18 100 
9 months None 294.3* 1.31 69.6 
9 months Melatonin 412.7 3.17 97.6 

a The rate of formation of ROS was quantitated using a DCF standard curve and results were expressed as nmol 
DCF formed! mg protein! hour. Seven animals were used/group. 

b * Value differs significantly from corresponding value for 3 month-old mice receiving basal diet. 

3.3. Effect of age and dietary supplementation with melatonin on ROS generation 

A similar trend to that of NOS activity was observed when the rate of generation of 
reactive oxygen species within cerebral cortex was measured. However, the age-related 
decline of ROS was somewhat less than was the case with NOS. Melatonin 
supplementation in the diets for 6 months was able to maintain the rate of ROS formation 
to 97.6% of the corresponding 3 month-old value (Table 2). 

4. DISCUSSION 

The goal of this work was to study the alteration of cerebral redox status during 
aging, and to use a specific dietary supplement in an attempt to maintain oxidant 
parameters at levels paralleling those in younger animals. A major age-related decrease in 
the rate of ROS generation and NOS activity was found but addition of melatonin to the 
basal diet restored both NOS and ROS generation rates to levels not significantly 
different from those found in younger animals. These data suggest that melatonin 
supplementation may result in maintaining a younger metabolic rate profile in 
chronologically older mice. 

Because of its ability to retard age-related changes, melatonin supplementation may 
have potential value in the treatment of neurological disease closely associated with 
senescence such as Alzheimer's disease (AD). This is supported by reports that melatonin 
may playa role in several neuropsychiatric conditions.7, 8 Abnormalities in melatonin 
secretion are found in AD7 and bipolar I affective disorder subjects.8 It is possible that 
dietary supplementation of melatonin would retard the progressive imbalance of 
homeostatic cellular mechanisms characterizing these disorders. The reason to select 3-
and 9-month old mice was to avoid age-related extremes but also to determine the 
changes associated with transition from full maturity to early aging. Major reductions in 
both NOS levels and ROS production rate occurred with aging despite the relatively short 
age span covered. The current findings are in contrast to other reports of increased levels 
of oxidative damage to macromolecules in aging brain.9 This may be due to the fact that 
these latter results represented a summation of events over an extended duration. In 
contrast, our assays reflect a snapshot of actual, ongoing dynamic pro-oxidant status in 
the aging animal at death, a single instant in time. The present findings are consistent 
with an earlier report of an age-related depression of short-lived oxidative species. l 

The reason to select measurement of redox processes, such as ROS generation rate 
and NOS activity, as biochemical endpoints is because of their involvement in 
maintaining cellular homeostasis in the body. The major source of the intracellular 
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formation of ROS is believed to be mitochondria. Therefore, reductions of both ROS 
formation rate and NOS activity in aged mice may reflect a slowing of the functioning of 
the electron transport chain with age as also shown in another study.lO Melatonin suppl­
ementation was chosen because this agent can readily traverse the blood-brain barrier and 
some data suggest that it is neuroprotective4 • Our present results argue strongly for a 
neuroendocrine role of melatonin during aging. Thus the increase in ROS and NOS found 
in melatonin-treated older animals may reflect maintenance of levels of mitochondrial 
activity characterizing that of younger animals, rather than implying deleterious events. 

5. CONCLUSION 

Levels of cerebellar NOS and rates of generation of cortical ROS were significantly 
reduced in 9 month-old mice relative to 3 month-old mice. Since most intracellular ROS 
have a mitochondrial origin, this may reflect a slowing down of the electron transport 
chain with age. Following six months treatment with dietary melatonin, the NOS activity 
and ROS formation rate were restored to the corresponding values found in the younger 
group of mice. Melatonin's ability to maintain the original levels of ROS and NOS may 
be due to increased endocrine function, rather than any direct antioxidant property. The 
dietary presence of melatonin may help maintain oxidant parameters at levels 
characteristic of younger animals by compensating for some of the loss of mitochondrial 
activity during aging. 
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