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Age-related changes in the activities of the amine metabolizing 
enzymes of rat eye 

H. CAO DANH", M. STROLIN BENEDEm*t, A. MOUSSET, P. PASQUIER-BBCHET, Centre de Recherche Delalande, I0 rue des 
CarriPres, 92500 Rueil-Malmaison, France 

Eye MAO-A, MAO-B, semicarbazide-sensitive amine 
oxidase (SSAO) and aldehyde reductase (AR) activities 
were measured in oung and old rats. When enzyme 
activity is expressecl as nmol (m protein)-' min-1, a 
si nificant decrease (18-23%) of S8AO activity in the eye 
o f  old rats was found, whereas there was no significant 
difference in MAO-A and MAO-B activities. A significant 
increase of AR activity with o-xylose (67%). DL- 

yceraldehyde (64%), D-glucuronate (43%) and D-glucose 
$1%) was found in the eye of old rats. These results 
suggest that changes in the activities of the amine metabol- 
izing enzymes of rat eye with age might have consequences 
for their function in senescence; particularly, the increase 
of AR activity might be involved in cataract formation. 

Monoamine oxidase (MAO, EC 1.4.3.4) is a mitochon- 
drial enzyme which exists in at  least two forms, MAO-A 
and MAO-B. These are differentiated by their 
substrate-specificities (Tipton et  a1 1983; Fowler et  al 
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1981) and their inhibitor sensitivities (Johnston 1968; 
Knoll & Magyar 1972). Semicarbazide-sensitive amine 
oxidase (SSAO) is another enzyme with a widespreacf 
distribution in man and rat, particularly in aorta and 
lung (Lewinsohn e t  al1978,1980). This enzyme has also 
been called plasma or serum amine oxidase, benzyl- 
amine oxidase (BZAO) because it is able to catalyse the 
oxidation of benzylamine (Lewinsohn et  al 1978, 1980), 
or clorgyline-resistant amine oxidase, as it is resistant to 
inhibition by clorgyline at  in-vitro concentrations that 
are sufficient t o  inhibit MAO-A and MAO-B activities 
completely (Lyles & Callingham 1982). 

The metabolism of catecholamines and 
5-hydroxytryptamine (5-HT) in brain first involves their 
deamination to aldehydes, a reaction catalysed by 
MAO. These biogenic aldehydes are then either oxi- 
dized to acids by aldehyde dehydrogenase (ALDH, E C  
1.2.1.3) or reduced to alcohols by NADPH-dependent 
aldehyde reductases (AR, E C  1.1.1.2) (Tipton e t  a1 
1977). 



358 COMMUNICATIONS 

There are two major forms of AR in mammalian 
brain (Turner & Tipton 1972; Ris et all975: O'Brien & 
Schofield 1980); that predominating has been called the 
high-K, form (Turner & Tipton 1972). This enzyme is 
almost certainly identical with pig kidney (Flynn et al 
1975), pig liver (Branlant & Biellman 1980) and human 
liver AR (Wermuth et a1 1977). The other major AR in 
brain is the low-K, form which is less sensitive to 
anticonvulsant drugs than the high-K, form (Whittle & 
Turner 1978) and appears to be responsible for the 
reduction of aldehydes formed by deamination of 
monoamines (Turner et al 1974: Anderson et al 1976; 
Whittle & Turner 1981). This latter enzyme appears, on 
immunological and other criteria, to be identical with 
aldose reductase (EC 1.1.1.21) (Dons & Doughty 1976; 
Hoffmann et a1 1980; Whittle & Turner 1981), the 
enzyme responsible for the reduction of glucose to 
sorbitol in several tissues (O'Brien & Schofield 1980). 

Age-related changes in MAO-A, MAO-B, SSAO, 
ALDH and AR have been reported in different tissues 
of laboratory animals (Lowe et a1 1975; Shih 1979; Della 
Corte & Callingham 1977; Strolin Benedetti & Keane 
1980; Cao Danh et a1 1983, 1984a, b) and in man 
(Gottfries et a1 1975; Robinson et a1 1972; Oreland & 
Fowler 1979). Surprisingly, age-related changes of these 
enzymes in the eye do not appear to have been studied, 
although catecholamines are involved in the regulation 
of intraocular pressure, thus suggesting a role for ocular 
tissue MAO, which might be modified by age. More- 
over, glucose metabolism can be altered in ageing to 
produce sorbitol accumulation in the lens. Results from 
previous work (Aldinio et all979) were compatible with 
the fact that both cataract and glaucoma might involve 
changes, if any, in platelet M A 0  in the same direction 
and of similar magnitude. A published study (Gierkowa 
et a1 1974) reports elevated serum amine oxidase 
activity in a group of postmenopausal women with 
glaucoma. The aim of the present work was to compare 
the MAO-A, MAO-B, SSAO and AR activities in the 
eye from young (3 months) and old (23-26 months) 
male Wistar rats. 

Materials and methods 
5-Hydroxytryptamine-[side chain-2-14C] creatinine sul- 
phate and [7-14C]benzylamine hydrochloride were 
obtained from the Radiochemical Centre, Amersham, 
UK; P-phenylethylamine-[ethyl-1-W] hydrochloride 
(P-PEA) was obtained from New England Nuclear, 
Boston, Mass., USA; clorgyline hydrochloride was 
synthesized in the Department of Organic Chemistry, 
Centre de Recherche Delalande, France. The other 
reagents were standard laboratory reagents of analytical 
grade. 

Male Wistar rats (Iffa Credo), aged 23-26 months 
(600-850 g) were compared with matched animals of 3 
months (170-180 g). Animals were decapitated and eyes 
immediately removed, rinsed in saline (0.9% NaCl 
w/v), frozen in liquid nitrogen and stored at -20 "C. 

Eye M A 0  and SSAO activities were measured by the 
micromethod of Clarke et a1 (1982) with some modifica- 
tions, as described by Guffroy & Strolin Benedetti 
(1984). In all cases, the final substrate concentrations in 
the assay tubes were 400 VM for 5-HT, 50 +M for f3-PEA 
and 1 p~ for benzylamine (BZ). The initial velocities 
were measured. M A 0  and SSAO activity was 
expressed as nmol (of deaminated substrate) (mg 
protein)-1 min-1. Oxidative deamination of each sub- 
strate by MAO-A, -B andlor SSAO in eye was studied 
following the decrease of substrate oxidation as a 
function of increasing concentrations of a selective 
MAO-A or SSAO inhibitor, clorgyline and semi- 
carbazide, as described by other authors. 

For AR determination, eyes were removed, imme- 
diately weighed and homogenized (Potter-Elvehjem) in 
9 volumes of 0.1 M sodium phosphate buffer (pH 7.0) 
containing 0 . 3 2 ~  sucrose and 1% Triton X-100 as 
previously described (Cao Danh et al 1984a). The 
homogenates were then centrifuged in a type R40 rotor 
at 105 OOOg for 60 min in a Spinco-Beckman model L5 
ultracentrifuge. The supernatants were used to measure 
the activity of AR. This was assayed according to Reyes 
& Erwin (1977) with four substrates (D-glucose, D- 
glucuronate, D-xylose, DL-glyceraldehyde) in the eye of 
old rats compared with matched animals of 3 months. 
The substrate and protein concentrations used are in 
Results. AR activity was determined spectrophoto- 
metrically by following the rate of NADP formation at 
340 nm. Protein concentration was determined by the 
method of Lowry et a1 (1951) with bovine serum 
albumin as standard. 

Statistical analyses were made using Student's t-test 
when the hypothesis of equal variance was valid as 
evaluated by the Fisher test, and the Wilcoxon non- 
parametric test when this hypothesis was rejected. 

Results 
Protein content in the eye of young and old rats. A slight 
but significant ( P  < 0.05) decrease in protein concentra- 
tion (mg (g fresh tissue)-' ? s.e.m) was found in the eye 
of old rats (81 * 12) compared with young rats (131.9 ? 
15.9) in the experiment where MAO-A and -B activities 
were determined (Table 2). But in the experiment 
where SSAO activity was measured (Table l ) ,  no 
significant difference in the protein concentration was 
observed. 

Inhibition of substrate deamination in eye of young and 
old rats by clorgyline. Oxidative deamination of 5-HT, 
&PEA and BZ in the eye of young and old rats as a 
function of increasing concentrations of clorgyline is 
presented in Fig. 1. In the eye of both young and old 
rats, 5-HT is metabolized only by MAO-A and P-PEA 
by MAO-B, even though a small contribution by the A 
form is clearly visible, in so far as the latter is concerned 
(Fig. 1). Fig. 1 shows that the oxidative deamination of 
1 FM BZ is hardly affected by MAO, although a small 
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FIG. 1. Oxidative deamination of BZ, 5-HT and @-PEA in the eye of young (0) and old (0) rats as a function of increasing 
concentration of a selective MAO-A inhibitor (clorgyline) or SSAO inhibitor (semicarbazide). Each point represents the 
mean f s.e.r. (determinations in triplicate). 

contribution by the -9 form in eye of both young and old 
rats can be observed. 

Inhibition of BZ deamination in eye of young and old 
rats by semicarbazide. Fig. 1 also shows that, in the eye, 
1 PM BZ is mainly a substrate of SSAO in young and old 
rats. 

Changes in SSAO activity with age in rat eye. SSAO 
activity in the rat eye is low compared with tissues such 
as aorta (Cao Danh et al 1984b), duodenum and lung, 
but it is comparable to that in kidney (Cao Danh 
1984~). SSAO activity was measured in the presence 
and absence of clorgyline. A significant decrease 
(18-23%) in enzyme activity was found in the eye of old 
rats (Table 1). 

Changes in MAO-A and MAO-B activity with age in rat 
eye. M A 0  activity in the rat eye is low compared with 
the other tissues studied (Cao Danh et a1 1985). A 

significant decrease in both MAO-A and -9 activity was 
found in the eye of old rats when enzyme activity was 
expressed g-1 of tissue whereas no significant change 
was found when enzyme activity was expressed mg-l of 
protein (Table 2). 

Changes in AR activity with age in rat eye. AR activity in 
the eye is lower than that detected in brain, liver and 
heart (Cao Danh et a1 1984a). AR activity in the eyes of 
young and old rats was assayed using various aldehydes 
as substrates. A significant increase of AR activity was 
found with D-glucose (21%), DL-glyceraldehyde (64%), 
D-xylose (67%) and D-glucuronate (43%) (Table 3). 
Moreover, an additional experiment (n = 6) was carried 
out using 100 mM D-xylose as substrate in the presence 
of sodium valproate (DPA) (1 mM), as described by Cao 
Danh et a1 (1984a). The increase of AR activity in the 
presence of DPA was 67 4 7% (mean ? s.e.r.) whereas 
in the absence of DPA it was 57 k 4% (mean f. s.e.r.). 
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Table 1. Oxidative deamination of BZ by eye homogenates 
of Young and old rats with and without clorgyhe (0.1 mM). 
Final concentration: BZ: 1 p ~ .  SSAO activity is expressed 
as nmol (g of tissue)-' or (mg of protein)-' min-*, n = 6. 
Student's 1-test or Wilcoxon test, 'P < 0.05. 

Table 2. Oxidative deamination of 5-HT and @-PEA by eye 
homogenates of oung and old rats. Final concentrations: 
5-HT: 400 p ~ ,  P - h :  50 p ~ .  M A 0  activity is expressed as 
nmol (g of tissue)-' or (mg of protein)-' min-1, n = 6. 
Student's f-test or Wilcoxon test, **P < 0.01. 

Youne rats 
Old 
-x 100 

Old rats Young v 

mean *-s.e.m. mean f s.e.m. mean f s.e.r. 
without clorg line 

0.51 +- 0.02 0.41 _+ 804 81 2 8* 

with clorgyline (0.1 mM) 
(0.0030 & O~OOOI) (0OXS f 04002) (82 f 8)* 

0.49 ? 0.02 0.39 f 0.05 78 f lo* 
(0.0029 5 0.ooOl) (0.0023 2 0.0002) (77 f 9) 

Discussion 
The present results show that the oxidative deamination 
of 1 pM BZ is mainly carried out by SSAO, although a 
Small Contribution of MAO-B is evident in the eye of 
both young and old rats. 4 0 0 ~ ~  5-HT is practically 
metabolized only by MAO-A in rat eye, whereas SO PM 
&PEA is preferentially metabolized by MAO-B, but 
with a small contribution from MAO-A. In the present 
work, when enzyme activity is expressed as nmol min- 
(g of tissue)-l, SSAO, MAO-A and MAO-B activities 
decreased in eye of old rats compared to young rats. 
SSAO activity in eye of old rats also decreased when 
enzyme activity is expressed as nmol min-l (mg 
protein)-1, which is not the case for MAO. In our 
previous studies (Cao Danh et a1 1984c, 1985), age- 
related changes in MAO-A, MAO-B and SSAO activi- 
tips have been observed in various tissues of rats. A 
significant increase of MAO-B was found in brain and 
liver, and a particularly important increase of MAO-A 
in the heart, with a significant increase in liver too. Both 
MAO-A and -B activities decreased significantly in the 
lung of old rats (Cao Danh et al 1985), as well as SSAO 
activity (Cao Danh et al 1984~). These results demon- 
strate that ageing exerts specific changes in MAO-A, 
-B, and SSAO activities of brain and peripheral organs 
in the rat. It seems likely that alterations in membranes 
contribute to changes of M A 0  and SSAO activities in 
old rat tissues (Huang & Faulkner 1980; Noh1 & Kramer 
1980). The present results show that AR activity 
increased in the eye of old rats with D-glucose, D-xylose, 
DL-glyceraldehyde and D-glucuronate as substrates. 

Old 
- X I 0 0  

Substrate mean f s.e.m. mean 2 s.e.m. mean f s.e.r. 
B-PEA 5.79 f 0.29 4.09 k 0.44 71 L 8'. 

(0.046 k 0.005) (0455 2 0,009) (119 t 23) 
5-HT 21.30 * 1.75 13.22 k 0.388 62 2 5" 

(0.169 f 0.016) (0.180 2 0.023) (107 f 17) 

Young rats Old rats Young 

D-Glucuronate provides a convenient means for assay- 
ing the high-K, valproate-sensitive reductase exclu- 
sively, at least in rat brain (Turner & Whittle 1981); 
D-XylOSe has been chosen as the model substrate for the 
low-K, aldehyde reductase which, when from pig brain 
and kidney, is immunologically identical with pig lens 
aldose reductase (Turner et a1 1982; Cromlish & Flynn 
1983); D-glucose is also a preferential substrate for the 
low-K, aldehyde reductase. Reduction of glucose to 
sorbitol has been attributed to the enzyme aldose 
reductase, and therefore to the low-K, aldehyde 
reductase. Therefore, both high-K, and low K, 
aldehyde reductases seem to increase in rat eye with 
age, in contrast to brain, where only the high-K, form 
seems to increase with age (Cao Danh et a1 1984a). 
Preliminary data on sorbitol dehydrogenase (EC 
1.1.1.14) show no significant changes of this enzyme in 
rat eye with age (Cao Danh et al, unpublished results). 
If the same is true in man, under conditions of severe 
diabetic hyperglycaemia, age can aggravate the sorbitol 
accumulation in the lens responsible for diabetic cata- 
ractogenesis, whereas age should have virtually no 
effect on the accumulation of sorbitol in the brain, 
which is considered to be the causative agent in the 
development of fatal cerebral oedema (O'Brien & 
Schofield 1980). 

The results of the present work on changes in SSAO, 
MAO-A, MAO-B and A R  activity with age in rat eye 
favour a decrease of ocular levels of aldehydes in old 
rats. Preliminary resultson AR activity (mean f s.e.m., 
n = 6) in rat lens using 100mhi D-xylose as substrate 
have shown no statistically significant difference 
between old rats (0.99 f 0.05nmol NADPH 
oxidized min-l (mg of protein)-') and young rats (0.93 
? 044nmol NADPH oxidized min-1 (mg of 

Table 3. AR activit in e e of young and old rats. AR activity is expressed as nmol NADPH oxidized min-I mg- I of protein * s.e.m., n = 6. *% < $05, **P < o.ooi. 

Substrate 
(pmol/assay) 

Old x 100 
Protein Young rats Old rats Young 

(mg/assav) mean f s.e.m. mean f s.e.m. mean S s.e.r. 
~ - _ I  

121 f 10* 
1642 6** 
1 6 7 5  9** 

0.75 f 0.03 1432 8** 

D-Glucose (400) 2.0-6.0 0.26 f 0.01 0.32 f 0.02 
DL-Glyceraldehyde (5) 34-4.5 0.52 f 0.01 0.85 * 0.02 

D-Ghcuronate (10) 3.2-5.5 0.52 f 0.02 
D-Xylose (100) 2.0-5.0 0.31 f 0.01 0.52 _+ 0.02 
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