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SUMMARY

In this study, age-related changes in the monoamine oxidases (MAO) were studied

in the optic nerve (ON) of both young and aged male rats. The aim of the study was

to assess the role of MAO in age-related changes in the rat ON and explain the

mechanisms of neuroprotection mediated by MAO-B-specific inhibitors. Fifteen

three month old and fifteen 26 month old Sprague–Dawley rats were used. The ani-

mals were killed by terminal anaesthesia. Staining of MAO, quantitative analysis of

images, biochemical assays and statistical analysis of data were carried out. Samples

of the ON were washed in water, fixed in Bowen fluid, dehydrated and embedded in

Entellan. Histological sections were stained for MAO-enzymatic activities. The speci-

ficity of the reaction was evaluated by incubating control sections in a medium either

without substrate or without dye. The quantitative analysis of images was carried

out at the same magnification and the same lighting using a Zeiss photomicroscope.

The histochemical findings were compared with the biochemical results. After enzy-

matic staining, MAO could be demonstrated in the ON fibres of both young and

aged animals; however, MAO were increased in the nerve fibres of the elderly rats.

These morphological findings were confirmed biochemically. The possibility that

age-related changes in MAO levels may be attributed to impaired energy production

mechanisms and/or represent the consequence of reduced energy needs is discussed.
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The monoamine oxidases (MAO) are intracellular enzymes

linked to the mitochondrial membranes of nerve cells. MAO

were first investigated thoroughly 40–59 years ago in the cen-

tral nervous system (CNS; Studer et al. 1964; Blaschko 1974;

Brus 1975; Saura et al. 1994a,b). MAO exist in three molec-

ular forms: MAO-A, MAO-B and MAO-C. These forms dif-

fer both in specific substrates and inhibitor sensitivity. MAO-

A is sensitive to clorgyline (Johnston 1968) and MAO-B is

sensitive to deprenyl (Knoll & Magyar 1972), while MAO-C

utilizes benzylamine as substrate and is sensitive to the inhib-

itor semi-carbazide (Cao Danh et al. 1984). MAO contribute

to the regulation of neuronal activity by maintaining an

unchanged level of catecholaminergic neurotransmitters.

Monoamine oxidases show a sharp age-dependent

increase and play an important role in neurodegenerative

diseases, as demonstrated by biochemical studies (Fowler

et al. 1980; Hoffman et al. 1997; Moody et al. 1997;

Thomas 2000).

In this study, we investigated the age-related changes in

MAO-A and MAO-B in the rat optic nerve (ON), correlat-

ing morphological and biochemical data and performing a

quantitative evaluation of the enzymatic staining.

Methods

Fifteen 3-month-old Sprague–Dawley rats and fifteen

26-month-old rats were treated according to the ARVO

Statement for the Use of Animals in Ophthalmic and Vision

Research and the Italian Health Ministry guidelines. The

procedures have been approved by the Committee on
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Faculty Ethics. The rats were kept at a constant temperature

(22 °C) with a 10–14 dark–light rhythm and free access to

water and food. The maximum lifespan in our colony was

26/28 months. Each animal was weighed every day, and the

weights were recorded. They were killed by means of termi-

nal anaesthesia (50 mg/kg of endoperitoneal Nembutal).

The orbit cavity was opened, and the ON was identified,

removed, weighed and washed in cold phosphate buffer solu-

tion (PBS). Samples of the ON were drawn with a scissor,

weighed and fixed in Bowen fluid until they were required for

analysis. Afterwards, they were embedded in Entellan (Merck,

Darmstadt, Germany), sectioned at the microtome into 40–
50 l slices and treated for enzymatic staining of the MAO.

Other samples of the ON were dissected under the operative

microscope and homogenized in cold PBS 1:10 weight:vol-

ume and used for biochemical assay (proteins, enzymes).

Staining of the MAO was performed according to the method

described by Uchida and Koelle (1984):

• incubation of the sections in 30% Na2S04 solution for

1 h at 37 °C;
• incubation for 1 h at 37 °C in 0.05 M PBS (pH 7.6)

containing sucrose (8%) either with or without 10–7

moles of clorgyline as MAO-A-specific inhibitor (John-

ston 1968): or deprenyl as MAO-B-specific inhibitor

(Knoll & Magyar 1972);

• rinsing of the sections in PBS and staining with a solution

containing phosphate buffer, nitroblue tetrazolium,

sucrose (8%) and tryptamine (1 mM, used as a substrate

and starter of the reaction) for 1–2 h at 37 °C.
The specificity of the reaction was evaluated by incubating

control sections in a medium either without substrate (trypt-

amine) or without dye (nitroblue tetrazolium). In both

instances, a negative result was expected. The reaction was

considered to be positive when nitroblue tetrazolium precipi-

tates were present. In such cases, the granules appear blue on

the slides and black on B/W photographs.

The quantitative analysis of the images (QAI) was carried

out at the same magnification and the same lighting as in

the photographs, using a Zeiss II photomicroscope (Karl

Zeiss, Jena, Germany). QAI makes it possible to obtain data

for many morphological parameters (e.g. surface of a struc-

ture, specific parameters, number of cells, intensity of a reac-

tion, white or black or grey intensity, etc.). The value 0

indicates a negative reaction and may be obtained, for

example, by omitting the substrate in the incubation med-

ium or the specific dye, but also by adding an excess of the

specific reaction inhibitor. The value 100 indicates the maxi-

mum intensity of the reaction present in the samples with

the strongest staining. The final values are expressed in Con-

ventional Units (CU ± SEM) and are directly provided by

the instruments (Handbook of Methods 1997).

To make the results as objective as possible, measure-

ments were repeated three times by different researchers,

using different instruments and with double-blind method.

Samples were marked and identified only after completion

of all the experimental procedures. Data were then analysed

statistically to derive the significance index.

For the biochemical assay, samples were weighed and

homogenized into an ice-cold buffer solution. Tissue protein

concentrations were determined following the method

described by Ledoux and Lamy (1986), using bovine serum

albumin (BSA) as standard and Folin phenol as reagent.

Enzymatic assays

Subtypes of MAO were assayed on Zeiss Model PMQ II

Spectrophotometer by the rate of change of concentrations

of nicotinamide adenine dinucleotides (NAD) or nicotin-

amide adenine dinucleotides phosphate (NADP), as shown

by extinction measurements at 340 lm at room temperature

(19 °C). Results were recorded on a Varian model G-42A

graphic recorder (Varian Instrument Group, Palo Alto, CA,

USA). The values of the blank (endogenous values of extinc-

tion) were subtracted from each sample. The reaction mix-

ture was buffered with 0.5 M potassium phosphate buffer

(pH 7.4) until final volume of 2.7 ml in 1 cm quartz cuvette

(Beisenherz 1955). The MAO-A was assessed with 5-

hydroxytryptamine as substrate, while the subtype B of the

same enzyme was assessed with benzylamine as substrate.

Final values were expressed as nmol/mg protein, calculated

on the basis of the extinction coefficient and of protein con-

tent (Owen et al. 1987).

The statistical analysis was carried out both for histochemi-

cal and for biochemical results, using basic statistical meth-

ods, that is, by calculating the arithmetic mean, the extreme

values, the variance, the standard deviation, the standard

error and the correlation coefficient as indicated by Serio

(1986). Student’s t-test was used to compare the mean values

obtained in the young and elderly rats. Chi-square test was

used to compare frequencies between the two groups. A P

value <0.05 was considered statistically significant.

Results

Table 1 shows some data obtained in rats of different ages

and MAO activity values in a transverse section of the ON

of young and elderly rats. The microphotographs 1a and 1b

must be compared to point out the difference between

MAO activities in young (Figure 1a) and elderly (Figure 1b)

rats. Increased MAO-enzymatic staining is apparent in the

ON of the elderly rats compared with the young rats. Fig-

ures 1c and 1d are examples of MAO-A staining (i.e. using
inhibitor deprenyl, which inhibits MAO-B and stains only
MAO-A). In the elderly rats, an increase in enzymatic staining
may be observed also in non-neuronal cells, such as glial cells,
and in blood vessels and meningeal membranes.
Figures 2a and 2b compare samples of young (Figure 2a) and

elderly (Figure 2b) rat ON stained using the specific
MAO-A inhibitor clorgyline that thus provides an index of
MAO-B enzymatic staining.
This has to be seen against our background observation

(unpublished) that in the heart, clorgyline inhibits MAO

staining completely. Since the MAO-A inhibitor inhibits

only 30% in the eye of staining, as demonstrated by QAI
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around 70% of MAO staining is not inhibited by clorgyline

and is presumably associated with the presence of the other

MAO.

Discussion

The of this study was to evaluate the involvement of MAO

in the pathogenesis of neurodegenerative changes, particu-

larly in the ON of experimental animals. Other researchers

have already demonstrated a correlation between brain age-

ing, neuritic plaques and quantitative changes in the MAO

(Fowler et al. 1980).

The MAO are localized mainly in the mitochondrial

membranes and are able to oxidize biogenic amines (neuro-

transmitters) only when they are released by the presynaptic

vesicles. This oxidation induces their catabolism and makes

them lose the specific function of neurotransmitters

(Blaschko 1974). Hyperactivity of MAO causes a reduction

of biogenic amines and leads to an excessive production of

oxygen free radicals (hydrogen peroxide) followed by oxida-

tive stress and neurotoxicity.

(a) (b)

(c)
(d)

Figure 1 (a) Transversal section of a young rat optic nerve (ON). The black line indicates the connective sheath that envelops all the
three fascicles of the ON (1, central; 2, nasal upper; and 3, temporal lower; magnification 1009). (b) Transversal section of an
elderly rat ON. There is an increase in the enzymatic staining (total MAO-A-B-C) in the ON of the elderly rats compared with the
young rats (a). The black line indicates atrophic ON fibres. The numbers and diameters of the nerve axons are strongly decreased,
and the nerve fibres/meningeal membranes ratio is also decreased. The ON is surrounded by orbital adipose tissue (magnification
1009). (c) MAO activity in transversal section of the ON of a young rat. Centrally, cross sections of the ophthalmic artery and the
central artery of the retina are observed. All the nerve structures (fascicles of nerve fibres, connective sheath and septa) are well
preserved (magnification 2509). (d) MAO activity in a transversal section of the ON of an elderly rat. The ophthalmic artery and its
branches, as well as the central artery of the retina, appear obstructed and strongly positive at the enzymatic staining. The connective
septa are increased. All the structures of the ON are strongly positive for the MAO activity (magnification 2509).

Table 1 Data summary for rats of different ages

Transverse section of

optic nerve (ON) Young rats Elderly rats P

Age (months) 3 26 –
Numbers of animals 15 15

Body weight (g ± SD) 150 ± 35 360 ± 44 <0.001
Diameter of ON

(lm ± SEM)

221 ± 13 268 ± 9 0.006

Ratio nerve fibres/

meningeal
membranes (%)

74.6/25.4 52.2/47.8 NS

Total number of

nerve fibres ± SEM

113,000 ± 894 67,300 ± 516 <0.001

Area of ON

(lm2 ± SEM)

30618.8 ± 12.1 28734.1 ± 10.6 <0.001

MAO activity 76 ± 1.5 208 ± 4.2 <0.001

Mean value ± standard deviation (SD) or standard error of the

mean (SEM). Significant differences (P) were calculated comparing
the data obtained in elderly and in young rats.

The values of MAOs activity are expressed in International Units

(I.U.) ± SEM.
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The possible mechanisms of cell damage induced by free

radicals include:

• reactions with nucleic acids, nucleotides, polysaccharides,

protein and non-protein thiols;

• covalent bond with the components of membranes;

• triggering of the lipid peroxidation reaction (Slater 1984).

The oxidative stress owing to the action of H2O2 is neu-

rotoxic and may be inhibited by inhibitors of MAO-B as L-

deprenyl and structurally related propargylamines (DRPs) as

they can increase neuronal survival by reducing apoptosis

(Tatton et al. 2003).

MAO inhibitors are able to facilitate the neuronal activity,

to increase cerebral perfusion and to prevent neurodegenera-

tion and ischaemic axonal damage. Therefore they can reduce

neuronal death induced in vivo and in vitro by various kinds

of damage in a number of different experimental neuronal

models. These insults include ON or peripheral nerve crush

or axotomy, hypoxia and/or ischaemia, trophic insufficiency,

thiamine deficiency, nitric oxide (NO), ageing, glutathione

depletion, etc. (Tatton et al. 2000; Rosenstiel et al. 2002).

Some authors state that L-deprenyl protects vascular endo-

thelium from peptide amyloid-b toxicity, increases cerebral

blood vessels and stimulates production of NO that reduces

the oxidative stress in Alzheimer’s Disease and related disor-

ders (Thomas et al. 1999; Thomas 2000).

Carlile et al. (2000) showed that glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), a glycolytic enzyme that

plays a key role in energy metabolism, is a target for depre-

nyl and may contribute to the neuroprotection. In fact,

GAPDH is also known to have several non-glycolytic cellu-

lar functions and has been implicated as an initiator signal

of programmed cell death cascades. Therefore, it may be sig-

nificant for a number of human disorders such as apoptosis,

neurodegenerative diseases, prostate cancer and viral patho-

genesis (Berry 2004). This was observed by the increased

nuclear GAPDH in postmortem samples from patients with

Parkinson’s disease, Alzheimer’s Disease, Huntington’s Dis-

ease and glaucoma, among others. A number of small-mole-

cule compounds, including CGP 3466 – a tricyclic deprenyl

analogue showing anti-apoptotic activity as it interacts with

GAPDH and prevents its nuclear accumulation – have now

been identified (Berry 2004). In fact, CGP 3466 binds to

GAPDH and, in addition, blocks growth factor deprivation-

induced GAPDH nuclear translocation and apoptosis (Car-

lile et al. 2000). Therefore, MAO-B inhibitors (deprenyl, its

metabolite desmethyl-deprenyl and CGP3466) can reduce

apoptosis independent of MAO-B inhibition and have been

found to bind to GAPDH (Carlile et al. 2000).

Furthermore, Kusner et al. (2004) reported nuclear accu-

mulation of GAPDH in human retinal Müller cells undergo-

ing apoptosis secondary to high glucose concentrations,

effects that were prevented by treatment with deprenyl. The

authors state that similar agents limit the mass movement of

GAPDH into the nucleus and may be useful therapies for

diabetic retinopathy.

Finally, Mazzola and Sirover (2005) provided evidence of

structural changes in subcellular expression of the GAPDH

protein associated with age-related neurodegenerative condi-

tion. These results suggest the possibility that subcellular

interactions may mitigate oxidative stress–induced GAPDH

modification in human ageing.

We have observed that in both young and elderly rats, the

ON sheaths envelop the whole nerve and give off septa into

the inner portion of the nerve, but in the elderly rats, there

is an increase in thickness and area of the sheaths and septa.

Moreover, in elderly rats ON, MAO activity is strongly

increased. It is a possibility that age-related changes in

MAO levels may be attributed to impaired energy produc-

tion mechanisms; alternatively, these changes may follow

reduced energy needs. In conclusion, therefore, we suggest

that strong enzymatic staining correlates with ageing and

with neurodegenerative changes.

(a)

(b)

Figure 2 (a) Histochemical staining of MAO activity in the
optic nerve (ON) of a young rat. A few nerve fibres stain
positively for MAO. The whole sample appears black and
therefore scarcely positive after the reaction (magnification
8009). (b) Histochemical staining of MAO activity in the ON
of an elderly rat. An intense positive MAO reaction is apparent.
The whole sample appears dark and therefore strongly positive
after the reaction (magnification 8009).

International Journal of Experimental Pathology, 2012, 93, 401–405

404 M. Nebbioso et al.



Despite several research studies, the mechanisms of neuro-

protection mediated by L-deprenyl remain poorly under-

stood. Further studies will be needed to elucidate the causes

of MAO increased values in the elderly rats and to better

explain the mechanism of action of deprenyl.
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