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Summary. Activities of Gamma-aminobutyrate aminotransferase (GABA-T) 
and Monoamine oxidase (MAO)-A and -B were estimated in postmortem brains 
from 6 control subjects without psychiatric or neurologic disorders and 8 his- 
topathologically verified cases of patients with Alzheimer's disease and senile 
dementia of Alzheimer type (AD/SDAT). The enzyme activities were examined 
in four cortical brain regions, three nuclei in the basal ganglia, thalamus and 
white matter. GABA-T activities in the cortical regions (frontal, parietal, oc- 
cipital and temporal cortices) and nucleus caudatus were significantly lowered 
in the AD/SDAT patients. The MAO-A activities were significantly increased 
in the occipital cortex, caudate nucleus, thalamus and white matter in the AD/ 
SDAT patients. No significant differences were found in the other regions 
(frontal cortex, parietal cortex, temporal cortex, putamen and globus pallidus). 
The MAO-B activities in three cortical regions (frontal, parietal and occipital 
cortices), thalamus and white matter were significantly increased in the AD/ 
SDAT patients, whereas no difference was apparent in the other regions. The 
changed activities could not be correlated with age or postmortem time. The 
present results are the first describing decreased GABA-T activities as well as 
increased MAO-A activities in brain from patients with AD/SDAT, while the 
results with MAO-B support previous findings. A possible connection was found 
between the order of magnitude of the changes in enzyme activities and the 
severity of the disease. 

Keywords: Aminobutyrate aminotransferase, Alzheimer's disease, monoamine 
oxidase, human brain, postmortem brain. 

Introduction 

Alzheimer's disease and senile dementia of Alzheimer type (AD/SDAT) are 
neurodegenerative disorders characterised clinically by dementia, anatomically 
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by cortical and white matter atrophy and histologically by the presence of 
neurofibrillary tangles and neuritic (senile) plaques (see Tomlinson et al., 1970; 
Roth, 1986). Neurochemical studies in AD/SDAT brains indicate deficiencies 
in several transmitter systems, including both the monoaminergic and the GA- 
BAergic systems (Gottfries, 1985; Hardy etal., 1985; Ellison etal., 1986; for a 
review see Gottfries, 1990). 

Human brain monoamine oxidase (MAO; E.C.1.4.3.4) activitiy can be di- 
vided into two forms: MAO-A which is mainly responsible for the oxidative 
deamination of 5-hydroxytryptamine (5-HT), noradrenaline (NA) and partially 
dopamine (DA); and MAO-B which catalyzes the oxidative deamination of 
several exogenous amines, as well as part of DA (Fowler, 1982). It has, since 
a long time, been known that in the human brain, MAO-B activity, in contrast 
to MAO-A, increases with age (Fowler etal., 1980). The increase in MAO-B 
activity seems to be rather uniform throughout the brain, with the exception 
of the lower parts, such as brain stem and medulla oblongata, where the rate 
of increase is lower (Fowler et al., 1980). A further increase in MAO-B activity 
than expected from age has been found in brains from patients with Alzheimer's 
disease (Adolfsson et al., 1980; Oreland and Gottfries, 1986; Reinikainen et al., 
1988; Jossan etal., 1991), and, as was the case in normal aging (Fowler etal., 
1980), the increase was due to an increased Vmax, rather than a change in K~ 
(Oreland and Gottfries, 1986). Furthermore, the increase in MAO-B activity 
was highly correlated to the binding of deprenyl using an autoradiographical 
technique, which again indicates that the increase is due to an increased con- 
centration of otherwise unchanged MAO-B molecules (Jossan et al., 1991). The 
simplest explanation for these phenomena is based on results obtained after 
mechanical or biochemical lesions of rat brains. When rats were transected on 
one side of the brain with a loss of nerve terminals distal of the section as a 
result, MAO-B but not MAO-A activity was increased, while no changes in 
MAO-B activities occurred on the unoperated side (Oreland etal., 1980). The 
increase in MAO-B activity, both after hemistransection and with age, has been 
shown to be entirely due to an increase in the extraneuronal component of the 
enzyme (Stenstr6m etal., 1985; Arai etal., 1985). Similar results have been 
obtained with neurotoxins of various kinds (Schoepp and Azzaro, 1983; Francis 
etal., 1985; Melamed etal., 1985; Jossan etal., 1989). Thus, some form of 
reactive proliferation of glial cells, rich in MAO-B, is consistent with the ob- 
served increase in MAO-B activity (Demarest et al., 1980; Oreland et al., 1980, 
1983; Riederer and Jellinger, 1983). The notion that the increase in MAO-B 
activity in neurodegenerative disorders is linked to gliosis involving astrocytes, 
was recently strongly supported by the findings of an expression of MAO-B 
activity in astrocytes of senile plaques (Nakamura et al., 1990). 

Gamma-aminobutyrate aminotransferase (GABA-T; E.C.2.6.1.19) is an en- 
zyme that inactivates the inhibitory neurotransmitter, gamma-aminobutyric 
acid (GABA). It has been postulated that alterations in GABA neurotrans- 
mission might play a role in the pathophysiology of a number of disorders such 
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as Huntington's disease, tardive dyskinesia, epilepsy, Parkinson's disease, anx- 
iety and depressive illness (Enna et al., 1977; Teychenn6 et al., 1982; Van Kam- 
men etal., 1982; Lloyd etal., 1985). Also with regard to Alzheimer's disease 
(AD), it has been suggested that there is a disturbance in the GABAergic system, 
since low levels of GABA have been reported both in the cerebrospinal fluid 
(CSF) (Enna et al., 1977; Bareggi etal., 1982; Zimmer etal., 1984) and in post- 
mortem brains from such patients. The findings about brain levels of GABA, 
however, are contradictory. Thus, Rossor etal. (1982), in an initial study on 
brain tissue from elderly patients with SDAT, found only minor changes in 
GABA levels, but subsequently reported that younger patients with AD (aged 
less than 79 years) had a 30 to 40% reduction, both frontal and temporal 
cortices (Rossor etal., 1984). Arai etal. (1985a) also reported about reduced 
GABA levels in the inferior temporal cortex in patients with AD, which could 
not, however, be confirmed in a subsequent study (Sasaki et al., 1986). Ellison 
et al. (1986) found significant reductions in GABA concentrations in all regions 
examined in AD cerebral cortex, which is consistent with the report of Hardy 
etal. (1987). Beal etal. (1989, 1990), on the other hand, found no change in 
cortical GABA concentrations in brains from patients with AD/SDAT. 

The study of GABAergic systems in postmortem samples is complicated 
when using biochemical markers. Thus, concentrations of GABA increases after 
death (Rossor and Iversen, 1986) and the synthesising enzyme of GABA, glu- 
tamic acid decarboxylase (GAD), is known to be sensitive to premortem con- 
ditions, particularly to anoxia, reduced blood flow and prolonged illness with 
coma (Bowen et al., 1977; Perry etal., 1978; Monfort et al., 1985). With regard 
to brain GABA-T, however, we recently carried out a detailed study on the 
effect of premortem conditions on a series of suicide cases and controls. In this 
study only death by carbon monoxide poisoning seemed to affect the GABA- 
T activity in the frontal cortex (Sherif et al., 1991 a). To our knowledge, brain 
GABA-T activity, has never been studied in AD/SDAT. 

In the present study the possible use of brain GABA-T activity as a bio- 
chemical marker for AD/SDAT has been investigated. In addition, for further 
exploration of the changes of MAO-A and - B in such brains, those enzyme 
activities were estimated. 

Materials and methods 

Materials 

This study includes brains from six matched (see below) control subjects and from eight 
patients with AD/SDAT. No subject in the control group had any known history of 
psychiatric or neurological disorder. 

The AD/SDAT group includes patients with clinically diagnosed dementia. Dementia 
was established according to the DSM-III criteria (American Psychiatric Association, 1987). 
The known history of dementia varies between 2-14 years. The NINCDS-ADRDA criteria 
for probable AD (Mckhann et al., 1984) were applied and included the presence of pro- 
gressive dementia with deficits in two or more regions of cognition. One of the patients 
had, however, an onset of the dementia at the age of 93 years. One patient with a typical 
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clinical picture had concomitant symptoms of Parkinsonism. However, at the autopsy there 
was in this case a normal pigmentation of the substantia nigra. Two of the patients were 
diagnosed as Alzheimer's disease type I (pure AD with early onset) while 6 were diagnosed 
as type II (less focal symptomatology and late onset) (Blennow, 1990). Six patients were 
rated according to a rating scale constructed for posthumous rating (Adolfsson et al., 1981). 
All the rated patients were according to the ratings severaly demented (Score 54, 57, 49, 
54, 51, 58, ?, ? score variance: 0-58 with 0 indicating no intellectual impairment). 

The clinical diagnoses were confirmed at the macroscopic postmortem inspection of 
the brain. None of the brains had severe arteriosclerosis of the brain vessels, encephalo- 
malacias or other findings that could explain the dementia disorders. In 6 of the 8 cases 
the diagnosis was confirmed by histopathologieal investigation. In 2 cases the histopathology 
is missing, but as the postmortem microscopic investigation of these brains excluded dis- 
orders as vascular dementias and the clinical picture supported the AD/SDAT diagnosis, 
they were included. The case with an onset of dementia at 93 years had tangles in the 
cortical regions and in great amounts in the hippocampus. Plaques were found in cortical 
regions and in hippocampus in increased amounts, but neurons were rather well preserved. 

The cases were sex- (controls: 3 F and 3 M; AD/SDAT: 4 F and 4 M) and age-matched 
(controls: 74.8 + 7.2 years; AD/SDAT: 82.0 + 3.5 years). Postmortem time was 86.0 4- 18.3 
hours for the control subjects and 61.9 4- 13.2 hours for the AD/SDAT patients. Animal 
and human studies on the postmortem stability have indicated the stability of GABA-T 
and MAO activities up to 120 hours (Fowler etal., 1980; Sherif etal., 1991). It has also 
previously been shown that freezing before dissection of tissues does not affect the MAO 
and GABA-T activities (Gottfries et al., 1975; Fowler et al., 1980; Sherifet al., 1991). Neither 
does storage at - 80 ~ affect the MAO or GABA-T activities (Mackay et al., 1978; Sherif 
etal., 1991). Details of the controls and patients are given in Table 1. Moreover, death 
occurred relatively quickly in all the cases, generally after a period normal or near normal 
health (group A according to the classification of agonal status by Perry et al., 1982). 

Biochemical methods 

GABA-T assay 

The brain tissue was homogenised by 6 strokes at 600 rpm in 20 volumes of buffer (0.1 M 
disodium phosphate, 0.1 mM EDTA, 0.5 mM dithiothreitol and 0.2 mM pyridoxal phos- 

Table 1. General features of AD/SDAT patients and 
control subjects 

Data Control AD/SDAT 
subjects patients 

n 6 8 
Sex 3F, 3M 4F, 4M 
Age, yr 74.8 + 7.2 82.0 + 3.5 
(range) (53-98) (65-98) 
Postmortem time, h 86.0 4- 18.3 61.9 4- 13.2 
(range) (46-168) (28-142) 

Values as mean + SEM, range is given in brackets. 
There were no statistically significant differences 

between the groups (unpaired t-test) 
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phate, pH 8.4) in a Potter-Elvehjem glass/Teflon system. GABA-T activity was estimated 
by measuring the formation of (14 C)-succinic semialdehyde under standard conditions. 
Further details are given in Sherif etal. (1991). Briefly, standard assays contained the 
following components in a final volume of 100 gl: 25 gl of incubation medium (0.05 mM 
EDTA, 0.25 mM dithiothreitol, 0.1 mM pyridoxal phosphate and 50mM disodium phos- 
phate; pH 8.4), 25 gl of 0.68 mM alpha-ketoglutarate and 25 gl of tissue homogenate in the 
buffer. The substrate (25gl at a concentration of 2mM; 14C-GABA) (NEN Research 
Products, Boston, Mass) was added and the sample incubated at 37 ~ for 30rain. The 
reaction was terminated on ice and by addition of 30 gl of 1 M HCI to the reaction mixture. 
Blanks were prepared by substitution of alpha-ketoglutarate for disodium phosphate 
(0.05 M; pH 8.4). The incubates were passed through an ion-exchange columns (Bio-Red 
Laboratories AG 50W-X8 resin) into scintillation vial. Scintillation liquid (15ml; Ready 
Protein x~) was added and radioactivity counted in a liquid scintillation counter. All assays 
were performed in triplicate. The reproducibility of the assay was tested by estimating a 
sample from a normal control cortex several times. The intra-assay coefficients of variation 
of the assay for GABA-T was found to be less than 6%, (0.923 4- 0.037, mean 4- S.D., 
n = 7). 

MAO assay 

MAO-A and -B activities were assayed in the homogenates by a conventional radiochemical 
method (Eckert et al., 1980) with 14 C-5-hydroxytryptamine (5-HT) and 14 C-2-phenylethyl- 
amine hydrochloride (PEA) (NEN Research Products, Boston, Mass) respectively, as sub- 
strates. Briefly, brain tissue was homogenised by 6 strokes at 600 rpm in 9 volumes of ice 
cold sucrose (0.32 M) in a Teflon/glass motorised tissue grinder. The homogenates were 
diluted with 9 volumes of 10raM Na-K phosphate buffer, pH7.4. Fortly gl of the ho- 
mogenate was then incubated for 20 rain at 37 ~ with 0.1 mM 5-HT and for 5 rain at 37 ~ 
with 0.05 mM PEA as substrates, respectively, in a total volume of 100 gl. Incubation was 
terminated by acidification with 20 lal of 3 M HCI and the acid metabolites formed extracted 
into 1 ml toluene: ethyleacetate 1 : 1, saturated with water. Radioactivity was estimated by 
liquid scintillation counting using scintillation fluid (8 ml; Ready Safea'M). All assays were 
performed in triplicate. The intra-assay coefficients of variation of the assay for MAO was 
found to be less than 5%, (MAO-A was 0.177 + 0.006 and for MAO-B was 0.864 4- 0.028, 
mean 4- S.D., n = 7). 

Protein assay 

The protein concentrations of brain homogenates were estimated by the method of Lowry 
et al. (1951) as modified by Markwell et al. (1978) with bovine plasma albumin as a standard. 

Results 

The main  characterist ics o f  the A D / S D A T  pat ients  and the cont ro l  subjects 
with regard to age, p o s t m o r t e m  time (the t ime be tween  death  and s torage o f  
the tissue at - 80 ~ and sex are shown in Table  1. There were no significant 
differences be tween  A D / S D A T  pat ients  and the cont ro l  subjects. 

Brain GA BA- T 

Table  2 shows G A B A - T  activities in var ious  regions o f  p o s t m o r t e m  brains o f  
cont ro l  subjects and A D / S D A T  patients.  There was a significant reduct ion  in 
G A B A - T  activities in the A D / S D A T  pat ients  in all cortical  regions invest igated 
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Table 2. Activity of GABA-T in AD/SDAT brain regions compared to control subjects 

Brain Control Alzheimer Mean % of 
region subjects patients controls 

Cortical regions 
Frontal C. 0.952 + 0.072 0.707 + 0.052*** 74 
Parietal C. 0.999 + 0.057 0.713 + 0.064*** 71 
Occipital C. 0.946 + 0.062 0.773 • 0.054* 82 
Temporal C. 0.979 4- 0.097 0.753 4- 0.071" 77 

Basal ganglia 
Caudate nucleus 1.326 + 0.071 1.121 4- 0.044** 85 
Globus pallidus 0.859 4- 0.096 0.852 4- 0.042 99 
Putamen 0.988 + 0.082 0.960 • 0.112 97 

Thalamus 0.956 -4- 0.105 0.831 • 0.056 87 
White matter 0.233 4- 0.025 0.247 • 0.017 106 

Values (nmole per rain per mg protein) are expressed as means • SEM. 
Significantly different from controls by unpaired t-test (* p < 0.05; ** p < 0.025; 
p < 0.01) 

as well as in the caudate nucleus. In  the basal ganglia, however, the activity in 
the globus pallidus and pu tamen  were unchanged.  In the thalamus,  there was 
no statistically significant difference, but  the mean  value was o f  the same order  
as that  o f  caudate nucleus, i.e. appr.  85 % of  the controls. The GABA-T  activity 
in the white mat ter  did no t  differ between the two groups. 

Brain MAO 

When brain M A O  activities in the A D / S D A T  patients were compared  with the 
control  subjects, the M A O - A  activity was found  to be significantly increased 
(34% of  control  value, p < 0.05) in the occipital cortex (Table 3). No  difference 
was found in the other  cortical regions. In the basal ganglia, there was a 
significant increase in the caudate nucleus with no change in the globus pallidus 
and putamen.  With  regard to the latter region, however, the mean  activity was 
increased with appr. 50% but  with a considerable variation. In the thalamus,  
the M A O - A  activity was significantly increased (appr. 40%, p < 0.025) and in 
the white mat ter  the M A O - A  activity was increased 21/2 fold (Table 3). 

With  respect to MAO-B activity, an increased activity was found in the 
brains of  the A D / S D A T  patients in all cortical regions (45-94%), however, not  
reaching statistical significance in the temporal  par t  (Table4). In  the basal 
ganglia, no statistically significant difference was found,  a l though the mean  of  
the activity of  the A D / S D A T  patients in the pu t amen  was 157% of  that  of  the 
controls. In  the tha lamus there was a significant increase of  about  50% in the 
A D / S D A T  patients and in the white mat ter  their MAO-B activity was almost  
two-fold that  of  the controls (Table 4). 
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Table 3. Activity of MAO-A in brain regions of patients with AD/SDAT 
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Brain Control Alzheimer Mean % of 
region subjects patients controls 

Cortical regions 
Frontal C. 0.178 4- 0.014 0.204 -4- 0.032 115 
Parietal C. 0.169 4- 0.015 0.217 4- 0.035 128 
Occipital C. 0.175 4- 0.015 0.234 4- 0.027* 134 
Temporal C. 0.175 4- 0.005 0.160 4- 0.009 92 

Basal ganglia 
Caudate nucleus 0.168 -4- 0.005 0.217 4- 0.021" 129 
Globus pallidus 0.166 4- 0.031 0.181 4- 0.013 109 
Putamen 0.140 4- 0.014 0.204 4- 0.030 146 

Thalamus 0.208 4- 0.021 0.288 4- 0.022** 139 
White matter 0.058 4- 0.006 0.148 4- 0.030** 255 

Activity of MAO-A is given as mean 4- SEM in nmole per min per mg protein. 
* p < 0.05; ** p < 0.025, t-test (unpaired) 

Table 4. Activity of MAO-B in brain regions of patients with AD/SDAT 

Brain Control Alzheimer Mean % of 
region subjects patients controls 

Cortical regions 
Frontal C. 0.860 4- 0.093 1.326 4- 0.190" 154 
Parietal C. 0.697 4- 0.089 1.351 4- 0.206** 194 
Occipital C. 0.678 + 0.146 1.122 4- 0.166" 166 
Temporal C. 0.724 4- 0.105 1.048 4- 0.191 145 

Basal ganglia 
Caudate nucleus 1.651 4- 0.117 1.785 4- 0.186 108 
Globus pallidus 1.251 4- 0.239 1.355 + 0.162 108 
Putamen 0.985 4- 0.214 1.542 4- 0.262 157 

Thalamus 1.173 4- 0.180 1.727 4- 0.225* 147 
White matter 0.629 4- 0.125 1.205 4- 0.193"* 192 

Activity of MAO-B is given as mean 4- SEM in nmole per min per mg protein. 
* p < 0.05; ** p < 0.025, t-test (unpaired) 

Since the increase in M A O - A  activity in the A D / S D A T  cases was against  

expectat ions (see Discussion),  analyses o f  the individual  cases were performed,  
where it was found  tha t  in all regions, the highest  M A O - A  activities, with some 
margin,  could be found  in 3 o f  the 8 cases. Even if  a compar i son  was made  
between the remaining 5 patients  and  the controls,  however,  significant differ- 
ences were found  in the tha lamus  (0.256 -4- 0.009 and  0.208 4- 0.021 nmole per 
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min per mg protein, respectively, p < 0.05) and in the white matter 
(0.091 =k 0.018 and 0.058 4- 0.006 nmole per min per mg protein, respectively, 
p < 0.05). In Fig. 1 are shown the mean MAO-A and -B activities as well as 
the GABA-T activities of all the cortical regions, the thalamus and of the white 
matter in the controls, in the 5 AD/SDAT patients with moderate changes and 
in the 3 patients with great changes in these enzyme activities. It can be seen 
that the GABA-T activity in the cortical regions and in the thalamus was lowest 
in the 3 AD/SDAT patients with the highest MAO-A and -B activities and 
highest in the controls. It can also be seen that the pattern for the MAO-A 
and -B activities were rather similar, both with regard to the 3 groups of 
individuals and the 3 brain regions shown. When the diagnoses and microscopic 
investigations of the different AD/SDAT cases were analysed the following 
observations were made. The two patients with the diagnoses AD type I and 
the patient with the late onset (93 years) dementia constituted the group of the 
three patients. The five patients all had the diagnoses SDAT (type II). The 
patients with late onset dementia had rather well preserved neurons otherwise 
no difference in the histopathological picture was seen between the groups. It 
can also be mentioned that the patient with late onset dementia had a pernicious 
anemia in her anamnesis. As mentioned under materials, histopathological 
investigation was missing for two out of the eight AD/SDAT cases. Removal 
of those two cases did not change any of the significant biochemical differences 
between the AD/SDAT cases and the controls (data not shown). 

The three cases with more severe changes had the longest duration of the 
dementia disorder (9, 11,14 years) compared to the five others (2, 3, 3, 6, 7 
years). Two patients in the group of three had the lowest brain weight (F, 1025; 
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F, 1098; M, 1205 gram) compared to the five others (F, 1116; F, 1275; M, 1115; 
M, 1189; M, 1243 gram). 

Discussion 

Our findings in the present study on four cortical brain regions, three nuclei 
in the basal ganglia, thalamus and white matter from patients with AD/SDAT 
are: (a) a reduction in cortical GABA-T activities and caudate nucleus; (b) 
increased MAO-A activities in occipital cortex, caudate nucleus, thalamus and 
white matter; (c) increased MAO-B activities in the cortical regions, thalamus 
and white matter. 

The mean reduction of the GABA-T activities found in the AD/SDAT 
patients in the cortical regions and the caudate nucleus was in the order of 20- 
30%. This result is not likely to be a result of differences between the patient 
and control series with regard to sex, age or postmortem time before freezing, 
since they were carefully matched for these parameters (Table 1). Furthermore, 
results from a previous study, (Sherif etal., 1991), as well as our unpublished 
data, suggest that age and gender do not affect brain GABA-T activity. The 
result is in sharp disagreement with the only report previously published on 
GABA-T activity in the brains of patients with AD. Thus, Aoyagi et al. (1990) 
found a significantly increased GABA-T activity in the occipital lobe in brain 
of patients with AD (510% of the control value). We have no explanation for 
this discrepancy, but it is notable that their activities were 10-20-fold lower 
than usually found (Maitre etal., 1979; White and Faison, 1980; Sherif etal., 
1991). Furthermore, it is notable that they found a 17-fold increase in choline 
acetyltransferase activity in the AD brains, which is at variance with the typical 
findings of reduced activities of this enzyme throughout the brain (see Gottfries, 
1990). It is difficult to draw any firm conclusion on the regional distribution 
of the reduction of the GABA-T activity. It is obvious from Table 2, that all 
the cortical regions are affected, but there is also a significant reduction in the 
caudate nucleus and, although not reaching statistical significance, the mean 
activity of the patients in the thalamus was reduced by 15 %. The pathological 
changes in Alzheimer's disease are thought to mainly affect cortical regions, 
while also subcortical changes are found in senile dementia of Alzheimer type 
(Gottfries, 1990 a). The patient series in the present includes both diagnoses. 
Furthermore, when three of the AD/SDAT and three of the control brains in 
the present study previously were analysed by autoradiography for the occur- 
rence of MAO-B binding sites, these were found to be generally increased 
throughout the brains in the patient series, supporting the notion that patho- 
logical changes in AD/SDAT brains are not always distinct regional features 
(Jossan etal., 1991). 

There are a number of observations indicating that GABAergic systems are 
involved in AD. Rossor etal. (1982, 1984) and Ellison etal. (1986) reported of 
low cortical GABA concentrations in patients with AD and Enna et al. (1977) 
and Pomara et al. (1989) of low CSF GABA levels in AD patients. Furthermore, 
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Hardy et al. (1987) recently demonstrated a 20-30% loss of GABA neurons in 
cortical regions without any significant changes in subcortical regions. The 
activity of GAD has also been studied in brains from AD/SDAT patients and 
was found to be reduced in some regions of the cerebral cortex (Bowen et al., 
1976; Perry et al., 1977; Davies, 1979) and in the midbrain (Davies, 1979). Thus, 
our results of low cortical GABA-T activity are in line with previous studies 
of low GABA levels and GAD activities, supporting the notion that GABAergic 
system is involved in AD/SDAT. 

The findings of a significantly increased MAO-B activity in the cortical 
regions and thalamus in the AD/SDAT brains are in good agreement with 
previous reports (Adolfsson etal., 1980; Oreland and Gottfries, 1986; Reini- 
kainen et al., 1988; Jossan et al., 1991). Also the relatively very high increase in 
the white matter (about 2-fold) is similar to that previously reported (Oreland 
and Gottfries, 1986). The lack of increase in the caudate nucleus and globus 
pallidus, was, on the other hand, unexpected. So far, however, all studies on 
MAO in the brains of AD/SDAT patients have been carried out on rather small 
series, and it seems likely that the degree of gliosis, which is supposed to cause 
the selective increase in MAO-B activity (see Oreland etal., 1990), might differ 
regionally between different patients. 

The MAO-A activity has, in previous studies on AD/SDAT brains, not 
been found to be different from controls (Adolfsson et al., 1980; Oreland and 
Gottfries, 1986). Neither has MAO-A activity, in contrast to MAO-B activity, 
been found to change with normal aging (Fowler et al., 1980) or experimental 
lesioning of rat brains (Coyle etal., 1978; Oreland etal., 1980; Jossan etal., 
1989). Thus, the present results with significantly increased MAO-A activities 
in the occipital cortex, caudate nucleus, thalamus and white matter of the AD/ 
SDAT brains (Table 3) were unexpected. At present the heterogeneity of Alz- 
heimer type dementia is discussed (for review see Blennow, 1990). Data indicate 
that early onset AD is a more pure form (type I) than the late onset form (type 
II). The neurochemical pathology is most pronounced in the type I form, which 
also has the longest duration. The finding that three of the cases had the most 
marked changes in all three enzyme activities investigated, is of interest as two 
of these cases were AD type I. The third patient with late onset dementia also 
had a pernicious anemia in her anamnesis. Vitamin B-12 deficiency is reported 
in a subgroup of SDAT (Oreland etal., 1990; Regland etal., 1991). Possibly 
vitamin B-12 deficiency together with high age may cause the same type of 
neurochemical changes as type I AD. 

With regard to the increase in MAO-A activity, it shows that a severe or 
special type of gliosis obviously also can be reflecting an increase in this enzyme 
activity. An increase in MAO-B activity alone should not, according to previous 
experience, significantly have affected serotonin oxidation (here denoted as 
MAO-A activity) at the concentration used in the present study (Francis et al., 
1985). Furthermore, in the white matter, the increase in MAO-A activity was, 
indeed, greater than that of the MAO-B activity (Fig. 1). It is of interest to note 
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that  a regional heterogeneity among  astrocytes in the central nervous system, 
also with regard to M A O  activity, recently has been reported (Hansson,  1990). 
The observed increase in M A O - A  activity might  explain some of  the inconsis- 
tencies in the literature about  M A O  activities in substantia nigra in brains f rom 
patients with Parkinson 's  disease, with reports  about  both  mainly increased 
M A O - A  and -B activities, respectively (Jellinger and Riederer, 1984; Riederer 
et al., 1989). 

Acknowledgements 

We would like to thank Drs. S. S. Jossan and P. G. Gillberg for help in human brain 
dissection and Miss U. Thornstr6m for expert technical assistance. We are also grateful 
to E. Ericson for valuable assistance. 

References 

Adolfsson R, Gottfries CG, Oreland L, Wiberg ~, Winblad B (1980) Increased activity of 
brain and platelet monoamine oxidase in dementia of Alzheimer type. Life Sci 27: 
1029-1034 

Adolfsson R, Gottfries CG, Nystr6m L, Winblad B (1981) Prevalence of dementia disorders 
in institutionalised Swedish old people. The work load imposed by caring for these 
patients. Acta Psychiatr Scand 63:225-244 

American Psychiatric Association (1987) Diagnostic and statistical manual of mental dis- 
orders, 3 rd ed (revised). American Psychiatric Association, Washington DC, p 103 

Aoyagi T, Wada T, Nagai M, Kojima F, Harada S, Takeuchi T, Takahashi H, Hirokawa 
K, Tsumita T (1990) Increased gamma-aminobutyrate aminotransferase activity in 
brain of patients with Alzheimer's disease. Chem Pharm Bull 38:1748-1749 

Arai Y, Stenstr6m A, Oreland L (1985) The effect of age on intra- and extraneuronal 
monoamine oxidase-A and -B activities in the rat brain. Biogenic Amines 2:65-71 

Arai H, Kobayashi K, Ichimiya Y, Kosaka K, Iizuka R (1985 a) Free amino acids in post- 
mortem cerebral cortices from patients with Alzheimer-type dementia. Neurosci Res 
2:486-490 

Bareggi SR, Franceschi M, Bonini L, Zecca L, Smirne S (1982) Decreased CSF concen- 
trations of homovanillic acid and gamma-aminobutyric acid in Alzheimer's disease. 
Arch Neurol 39:709-712 

Beal MF, Mazurek MF, Ellison DW, Kowall NW, Solomon PR, Pendlebury WW (1989) 
Neurochemical characteristics of aluminum-induced neurofibrillary degeneration in 
rabbits. Neuroscience 29:339-346 

Beal MF, MacGarvey U, Swartz KJ (1990) Galanin immunoreactivity is increased in the 
nucleus basalis of Meynert in Alzheimer's disease. Ann Neurol 28:157-161 

Blennow K (1990) Heterogeneity of Alzheimer's disease. Thesis, University of Gothenburg, 
Sweden 

Bowen DM, Smith CB, White P, Davison AN (1976) Neurotransmitter-related enzymes 
and indices of hypoxia in senile dementia and other abiotrophies. Brain 99:459-496 

Bowen DM, Smith CB, White P, Goodhardt M J, Spillane JA, Flack RHA, Davison AN 
(1977) Chemical pathology of the organic dementias, validity of biochemical meas- 
urements on human post-mortem brain specimens. Brain 100:397-426 

Coyle JT, Molliver ME, Kuhar MJ (1978) In site injection of kainic acid: a new method 
for selectively lesioning neuronal cell bodies while sparing axons of passage. J Comp 
Neurol 180:301-324 



238 F. Sherif et al. 

Davies P (1979) Neurotransmitter-related enzymes in senile dementia of the Alzheimer 
type. Brain Res 171:319-327 

Demarest KT, Smith D J, Azzaro AJ (1980) The presence of the type A form of monoamine 
oxidase within nigrostriatal dopamine-containing neurons. J Pharmacol Exp Ther 215: 
461-468 

Eckert B, Gottfries CG, von Knorring L, Oreland L, Wiberg A, Winblad B (1980) Brain 
and platelet monoamine oxidase in mental disorders 1. Schizophrenics and cycloid 
psychotics. Prog Neuro Psychopharmacol 4:57-68 

Ellison DW, Beal MF, Mazurek MF, Bird ED, Martin JB (1986) A postmortem study of 
amino acid neurotransmitters in Alzheimer's disease. Ann Neurol 20:616-621 

Enna SJ, Stern LZ, Wastek GJ, Yamamura HI (1977) Cerebrospinal fluid gamma-ami- 
nobutyric acid variations in neurological disorders. Arch Neurol 34:683-685 

Fowler CJ (1982) Selective inhibitors of monoamine oxidase types A and B and their clinical 
usefulness. Drugs Future 7:501-517 

Fowler CJ, Wiberg/~, Oreland L, Marcusson J, Winblad B (1980) The effect of age on 
the activity and molecular properties of human brain monoamine oxidase. J Neural 
Transm 49:1-20 

Francis A, Pearce LB, Roth JA (1985) Cellular localisation of monoamine oxidase-A and 
B in brain: evidence from kainic acid lesions in striatum. Brain Res 334:59-64 

Gottfries CG (1985) Alzheimer's disease and senile dementia: biochemical characteristics 
and aspects of treatment. Psychopharmacology 86:245-252 

Gottfries CG (1990) Neurochemicat aspects of dementia disorders. Dementia 1:56-64 
Gottfries CG (1990 a) Differential diagnosis of early Alzheimer's disease. In: Dostert P, 

Riederer P, Strolin Benedetti M, Roncucci R (eds) Early markers in Parkinson's and 
Alzheimer's disease. Springer, Wien New York, pp 155-163 

Gottfries CG, Oreland L, Wiberg ~, Winblad B (1975) Lowered monoamine oxidase activity 
in brains from alcoholic suicides. J Neurochem 25:667-673 

Hansson E (1990) Regional heterogeneity among astrocytes in the central nervous system. 
Neurochem Int 16:237-245 

Hardy J, Adolfsson R, Alafuzoff I, Bucht G, Marcusson J, Nyberg P, Perdahl E, Wester 
P, Winblad B (1985) Transmitter deficits in Alzheimer's disease. Neurochem Int 7: 
545-563 

Hardy J, Cowburn R, Barton A, Reynolds G, Dodd P, Wester P, O'Carroll AM, L6fdahl 
E, Winblad B (1987) A disorder of cortical GABAergic innervation in Alzheimer's 
disease. Neurosci Lett 73:192-196 

Jellinger K, Riederer P (1984) Dementia in Parkinson's disease and (pre) senile dementia 
of Alzheimer type: morphological aspects and changes in the intracerebral MAO ac- 
tivity. In: Hassler RG, Christ JF (eds) Advances in neurology, 40. Raven Press, New 
York, pp 199-210 

Jossan SS, Hiraga Y, Oreland L (1989) The cholinergic neurotoxin ethylcholine mustard 
aziridinium (AF64A) induces an increase in MAO-B activity in the rat brain. Brain 
Res 476:291-297 

Jossan SS, Gillberg PG, Gottfries CG, Karlsson I, Oreland L (1991) Monoamine oxidase 
B in brains from patients with Alzheimer's disease: a biochemical and autoradiograph- 
ical study. Neuroscience 45:1-t2 

Lloyd KG, Bossi L, Morselli PL, Rougier M, Loiseau P, Munari C (1985) Biochemical 
evidence for dysfunction of GABA neurons in human epilepsy. In: Bartholini G, Bossi 
L, Lloyd KG, Morselli PL (eds) Epilepsy and GABA receptors agonists: basic and 
therapeutic research. Raven Press, New York, pp43-51 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement with the 
folin phenol reagent. J Biol Chem 193:265-275 

Mackay AVP, Davies P, Dewar AJ, Yates CM (1978) Regional distribution of enzymes 



Brain GABA-T and MAO in Alzheimer's disease 239 

associated with neurotransmission by monoamines, acetylcholine and GABA in the 
human brain. J Neurochem 30:827-839 

Maitre M, Ossola L, Mandel P (1979) GABA-transaminase of mammalian brain. Adv Exp 
Med Biol 123:3-20 

Markwell MAK, Haas SM, Bieber LL, Tolbert NE (1978) A modification of the Lowry 
procedure to simplify protein determination in membrane and lipoprotein samples. 
Anal Biochem 87:206-210 

Mckhann G, Drackman D, Folstein M, Katzman R, Price D, Stadlan E M (1984) Clinical 
diagnoses of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under 
the auspices of department of health and human services task force on Alzheimer's 
disease. Neurology 34:939-944 

Melamed E, Youdim MBH, Rosenthal J, Spanier I, Uzzan A, Globus M (1985) In vivo 
effect of MPTP on monoamine oxidase activity in mouse striatum. Brain Res 359: 
360-363 

Monfort JC, Javoy-Agid F, Hauw JJ, Dubois B, Agid Y (1985) Brain glutamate decarb- 
oxylase in Parkinson's disease with particular reference to a premortem severity index. 
Brain 108:301-313 

Nakamura S, Kawamata T, Akiguchi I, Kameyama M, Nakamura N, Kimura H (1990) 
Expression of monoamine oxidase B activity in astrocytes of senile plaques. Acta 
Neuropathol 80:419-425 

Oreland L, Gottfries CG (1986) Platelet and brain monoamine oxidase in aging and in 
dementia of Alzheimer's type. Prog Neuro Psychopharmacol Biol Psychiatry 10: 533- 
540 

Oreland L, Fowler CJ, Carlsson A, Magnusson T (1980) Monoamine oxidase-A and -B 
activity in the rat brain after hemitransection. Life Sci 26:139-146 

Oreland L, Arai Y, Stenstr6m A, Fowler CJ (1983) Monoamine oxidase and localisation 
in the brain and the activity in relation to psychiatric disorders (In: MAO in psychiatric 
research). Med Probl Pharmacopsychiatry 19:246-254 

Oreland L, Hiraga Y, Jossan SS, Regland B, Gottfries CG (1990) Increased monoamine 
oxidase activity and vitamin B-12 deficiency in dementia disorders. In: Dostert P, 
Riederer P, Strolin Benedetti M, Roncucci R (eds) Early markers in Parkinson's and 
Alzheimer's disease. Springer, Wien New York, pp 267-286 

Perry EK, Gibson PH, Blessed G, Perry RH, Tomlinson BE (1977) Neurotransmitter 
enzyme abnormalities in senile dementia. J Neurol Sci 34:247-265 

Perry EK, Tomlinson BE, Blessed G, Bergmann K, Gibson PH, Perry RH (1978) Correlation 
of cholinergic abnormalities with senile plaques and mental test scores in senile de- 
mentia. Br Med J 2:1457-1459 

Perry EK, Perry RH, Tomlinson BE (1982) The influence of agonal status on some neu- 
rochemical activities of postmortem human brain tissue. Neurosci Lett 29:303-307 

Pomara N, Deptula D, Galloway MP, LeWitt PA, Stanley M (1989) CSF GABA in caregiver 
spouses of Alzheimer patients. Am J Psychiatry 146:787-788 

Regland B, Gottfries CG, Oreland L (1991) Vitamin B-12 induced reduction of platelet 
monoamine oxidase activity in patients with dementia and pernicious anemia. Eur 
Arch Psychiatr Clin Neurosci 240:288-291 

Reinikainen KJ, Palj~rvi L, Halonen T, Malminen O, Kosma VM, Laakso M, Riekkinen 
PJ (1988) Dopaminergic system and monoamine oxidase-B activity in Alzheimer's 
disease. Neurobiol Aging 9:245-252 

Riederer P, Jellinger K (1983) Neurochemical insights into monoamine oxidase inhibitors, 
with special reference to deprenyl (selegiline). Acta Neurol Scand 95:43-55 

Riederer P, Konradi C, Hebenstreit G, Youdim MBH (1989) Neurochemical perspectives 
to the function of monoamine oxidase. Acta Neurol Scand 126:41-45 

Rossor MN, Garrett NJ, Johnson AL, Mountjoy CQ, Roth M, Iversen LL (1982) A post- 



240 F. Sherif et al.: Brain GABA-T and MAO in Alzheimer's disease 

mortem study of the cholinergic and GABA systems in senile dementia. Brain 105: 
313-330 

Rossor MN, Iversen LL (1986) Non-cholinergic neurotransmitter abnormalities in Alz- 
heimer's disease. Br Med Bull 42:70-74 

Rossor MN, Iversen LL, Reynolds GP, Mountjoy CQ, Roth M (1984) Neurochemical 
characteristics of early and late onset types of Alzheimer's disease. Br Med J 288: 961- 
964 

Roth M (1986) The association of clinical and neurological findings and its bearing on the 
classification and aetiology of Alzheimer's disease. Br Med Bull 42:42-50 

Sasaki H, Muramoto O, Kanazawa I, Arai H, Kosaka K, Iizuka R (1986) Regional 
distribution of amino acid transmitters in postmortem brains of presenile and senile 
dementia of Alzheimer type. Ann Neurol 19:263-269 

Schoepp DD, Azzaro AJ (1983) Effects of intrastriatal kainic acid injection of (3 H) dop- 
amine metabolism in rat striatal slices: evidence for postsynaptic glial cell metabolism 
by both the type A and B forms of monoamine oxidase. J Neurochem 40:1340-1348 

Sherif F, Eriksson L, Oretand L (1991) GABA-transaminase activity in rat and human 
brain: regional, age and sex-related differences. J Neural Transm 84:95-102 

Sherif F, Marcus son J, Oreland L (1991 a) Brain gamma-aminobutyrate transaminase and 
monoamine oxidase activities in suicide victims. Eur Arch Psychiatr Clin Neurosci 241: 
139-144 

Stenstr6m A, Arai Y, Oreland L (1985) Intra- and extraneuronal monoamine oxidase-A 
and -B activities after central axotomy (hemisection) on rats. J Neural Transm 61: 
105-113 

Teychenn6 PF, Ziegler MG, Lake CR, Enna SJ (1982) Low CSF GABA in parkinsonian 
patients who respond poorly to therapy or suffer from the "on-off '  phenomenon. Ann 
Neurol 11:76-79 

Tomlinson BE, Blessed G, Roth M (1970) Observations on the brains of demented old 
people. J Neurol Sci II: 205-242 

Van Kammen DP, Sternberg DE, Hare TA, Waters RN, Bunney WE (1982) CSF levels 
of gamma-aminobutyric acid in schizophrenia. Arch Gen Psychiatry 39:91 97 

White HL, Faison LD (1980) GABA-T in blood platelets: comparison with GABA-T of 
other tissues. Brain Res Bull 5:115-119 

Zimmer R, Teelken AW, Trieling WB, Weber W, Weihmayr T, Lauter H (1984) Gamma- 
aminobutyric acid and homovanillic acid concentration in the CSF of patients with 
senile dementia of the Alzheimer's type. Arch Neurol 41:602-604 

Authors' address: Prof. L. Oreland, Department of Medical Pharmacology, University 
of Uppsala, Biomedical Center, Box 593, S-751 24, Uppsala, Sweden. 

Received September 4, 1991 


