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Abstract

Altered concentrations of dopamine transporter and D2/D3 receptors have been observed in the
amygdaloid complex of subjects with major depression. These findings are suggestive of
neurochemical abnormalities in the limbic dopamine system in depression. Monoamine oxidase-B
(MAO-B) is a key enzyme in the catabolism of biogenic amines, including dopamine, and
alterations in this enzyme may underlie dopaminergic abnormalities associated with depression.
The specific binding of [2H]lazabemide to MAO-B was measured in the right amygdaloid
complex of 15 major depressive subjects and 16 psychiatrically normal controls. Subjects of the
two study groups were matched as close as possible for age, sex, and postmortem interval.
Examination of the regional distribution of MAO-B revealed lower [3H]lazabemide binding to
MAO-B in the lateral and basal nuclei of the amygdala and higher binding in the medial nucleus.
A modest elevation in binding to MAO-B observed in all amygdaloid nuclei in major depressive
subjects as compared to control subjects failed to reach statistical significance. A significant
decrease in binding to MAO-B was observed when cigarette smokers were compared to
nonsmoking subjects. The amount of MAO-B binding positively correlated with the age of
subjects in all nuclei investigated. A decreased amount of MAO-B in smokers further validates the
pharmacological effect of tobacco smoke on this enzyme.
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1. Introduction

The amygdaloid complex is a limbic brain region that lies at the junction of the cerebral
cortex and basal forebrain. The amygdala receives innervation from three monoamines
(dopamine, serotonin, and norepinephrine) that have been traditionally held to be relevant to
the biology of depression. A considerable amount of research has accumulated indicating
that the amygdala plays a role in the pathobiology of depressive disorders [1,4,8,9,39,52].
Recently, evidence of dopaminergic abnormalities in the amygdala of subjects diagnosed
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with major depression was reported. Specifically, lower levels of dopamine transporter
(DAT) and elevated levels of D2/D3 receptors were observed in the central and basal nuclei
of the amygdaloid complex in subjects with major depression as compared to psychiatrically
normal control subjects [21]. It was speculated that these findings may represent adaptive
changes in response to low or deficient levels of dopamine. Hence, amygdala dysfunction in
depression may result, in part, from deficient mesoamygdalar dopamine transmission.

Deficient dopaminergic transmission in depression could result from enhanced dopamine
metabolism. Dopamine is metabolized along N-oxidative and O-methylation pathways. The
N-oxidative pathway employs the enzyme monoamine oxidase (MAOQ). There are two
isoforms of MAO (A and B) [44] coded by distinct genes [2,7,40,54]. Although both
enzymes can metabolize dopamine, MAO-B is considered a key enzyme in dopamine
metabolism in the human central nervous system [16,45]. Dopamine is also metabolized by
O-methylation by the enzyme, catechol-O-methyl transferase (COMT) [35]. MAO isoforms
differ in their localization in the central nervous system. MAO-A is found in noradrenergic
and adrenergic neurons and MAO-B is found in dopaminergic, serotonergic, and
histaminergic cells, as well as in astrocytes [18,23,24,26,30,50].

Inhibitors of MAO-B have clinical efficacy in the treatment of Parkinson’s disease. A mild
to moderate antidepressant effect of .-deprenyl, a selective MAO-B inhibitor, has also been
reported [27,29]. Given the physiological role of MAO-B, it is tempting to speculate that
dysfunction of MAO-B could contribute to dopamine pathobiology in major depression. The
present study was designed to examine the amount of MAO-B in the amygdale of major
depressive subjects with previously reported abnormalities in DAT and D2/D3 receptors
(see Klimek et al. [21]). In order to facilitate anatomically accurate measurement of MAO-B
binding, histological staining of the sections taken from multiple levels along the anterior—
posterior axis of the amygdala axis was performed. [*H]lazabemide binding to MAO-B was
measured at approximately midportion of the amygdala, where the lateral, basal,
basolateral-ventromedial, accessory basal, central, medial, and cortical nuclei were clearly
identified. The amount of MAO-B was measured in 15 major depressive subjects and 16
matched controls. Additionally, the effect of potentially confounding variables, such as age
of subjects, postmortem delay, and cigarette smoking, on the amount of MAO-B in
postmortem material was carefully evaluated. Brain tissue was collected from carefully
screened subjects (postmortem) who were diagnosed retrospectively with major depression
at the time of death and from subjects who lacked any major (Axis I) psychiatric disorders
(controls).

2. Materials and methods
2.1. Subjects

Tissues from 15 depressed subjects and 16 psychiatrically normal control subjects were
obtained at autopsy at the Coroner’s Office of Cuyahoga County, Cleveland, OH, USA. An
ethical protocol approved by the Institutional Review Board of the University Hospitals of
Cleveland was used and informed written consent was obtained from the next-of-kin for all
subjects. Blood and urine samples from all subjects were examined by the coroner’s office
for psychotropic medications and substances of abuse.

Retrospective, informant-based psychiatric assessments were performed for all depressed
and control subjects. See Table 1 for information on all subjects. A trained interviewer
administered the Schedule for Affective Disorders and Schizophrenia: lifetime version
(SADS-L) to knowledgeable next-of-kin of 12 depressed subjects. The Structured Clinical
Interview for DSM-1V Psychiatric Disorders (SCID-1V) was administered to next-of-kin of
the three remaining depressed subjects [12]. Axis | psychopathology was assessed and
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consensus diagnoses were reached in conference using information from interviews and
medical records. The deaths of 13 of the 15 depressed subjects were ruled a suicide by the
coroner. No antidepressant drugs were detected in the postmortem toxicology screening of
subjects in the present study (Table 1), as the presence of such drugs was a criterion of
exclusion from the study. The control subjects did not meet criteria for an Axis | disorder at
the time of their deaths.

Information on smoking was also collected in the interview. In the present study, 6 major
depressive subjects and 7 control subjects were active smokers (smoked 20 or more
cigarettes daily up to death). Nine depressed and 9 controls were nonsmokers (never
smoked).

Tissue blocks were sectioned serially in the coronal plane along the anterior—posterior length
of the amygdala, beginning at its anterior extent. Sections (30 um) for acetylcholinesterase
histochemistry, followed by a series of consecutive 20 um sections for MAO-B
autoradiography, were collected at 1 mm intervals by thaw-mounting onto gelatin-coated
glass slides. Sections for autoradiography were vacuum-dried overnight at 4 °C and stored in
an ultra-cold freezer (—83 °C) until assayed.

2.2. Histochemical staining

Histochemical localization of acetylcholinesterase was used to create anatomical templates
for anatomical positioning of nuclei and for the study of radioligand binding by quantitative
autoradiography. The histochemical staining of acetylcholinesterase was performed as
described by Biegon and Wolff [3]. Briefly, 30 um sections were incubated in an acetate
buffer (pH 5.5) containing acetylthiocholine iodide (4.2 mmol/L), a butyrylcholinesterase
blocker (ethopropazine, 10 pmol/L), 2 mmol/L CuSOy, and 10 mol/L glycine for 2 h at 37
°C. After incubation, sections were quickly dipped 4 times in distilled water. The stain was
developed in 1.25% Na,S (pH 7.2) for 1 min then enhanced by 1 min in 0.125% AgNOs3,
followed by a water rinse (2 x 1 min). Stained sections were dehydrated through graded
alcohols and fixed in xylene.

2.3. Radioligand autoradiography

After confirming anatomically equivalent levels of amygdaloid complex for all subjects,
duplicate sections for total and non-specific binding were used in the experiments.
[3H]lazabemide (6 nM; 10 Ci/mmol; gift kindly provided by F. Hoffmann-La Roche LTD,
Basil, Switzerland) was used to label MAO-B. This ligand has an affinity for MAO-B that is
3000-fold higher than its affinity for MAO-A [37]. Slide-mounted sections were incubated
for 90 min at room temperature with 6 nM [3H]lazabemide in 50 mM Tris HCI buffer (pH
7.4) containing 120 mM NaCl, 5 mM KCI, 1 mM MgCl,, and 0.5 mM EGTA. Non-specific
binding was determined in the presence of 1 uM deprenyl. Following incubations, sections
were washed at 4 °C in the same buffer 2 times for 30 s and once for 60 s, then rinsed briefly
(2 s) in ice-cold water before drying.

Sections and [3H] standards (American Radiolabeled Chemicals, Inc., St. Louis, MO) were
apposed to [3H]-Hyperfilm (Amersham, Piscataway, NJ) and exposed in X-ray cassettes at
room temperature for 4 weeks. Films were processed with GBX developer and fixer
(Eastman Kodak, Rochester, NY, U.S.A.) at room temperature. After autoradiography, the
same sections were stained for acetylcholinesterase and were used to create anatomical
templates for measuring the density of radioligand binding. Densitometric measurements of
autoradiograms were made using the Microcomputer Controlled Imaging Device (MCID
Elite, Amersham Biosciences, Buckinghamshire, England). Amygdala autoradiograms were
analyzed by simultaneously overlaying the image of the autoradiogram with the image of the
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same, acetylcholinesterase-stained section. The amygdaloid nuclei were outlined and the
density of binding was measured. Specific binding was defined as the difference between
total and non-specific binding.

2.4. Statistical analysis

3. Results

Duplicate binding values of the amygdala were averaged for each amygdaloid nucleus for
each subject. Mean values of specific binding in amygdaloid nuclei for groups of depressed
and control subjects, as well as for groups of smokers and nonsmokers, were compared
statistically using a two-way ANOVA followed by Bonferroni post tests. A P value <0.05
was considered statistically significant. All data are presented as means + SEM. Linear
regression analysis was used to compute potential correlations between binding densities
and age, as well as between binding densities and postmortem delay for both groups of
subjects.

3.1. Anatomical positioning for MAO-B autoradiography

Each block of amygdala (16 controls and 15 major depressive subjects) varied in the length
of the rostro-caudal axis. Thus, anatomical positioning of sections taken for these studies
varied accordingly, with nuclei being defined anatomically using the atlas by Sims and
Williams [41]. Therefore, in order to establish comparable anatomical resolution of MAO-B
binding for each subject, tissue sections from each interval representing the 1 mm of axis
was processed for acetylcholinesterase preparation. Anatomical position was established as
close as possible to the level where basal nucleus appeared bipartite, approximately midway
to the caudal end, and where all nuclei of interest were clearly identified: lateral (L), basal
(B), accessory basal (AB), central (C), medial (M), cortical (CO), and basolateral—
ventromedial (BM) (Fig. 1).

3.2. MAO-B autoradiography

Examination of the regional distribution of MAO-B in all subjects revealed lower
[3H]lazabemide binding to MAO-B in the lateral and basal nuclei of the amygdala and
higher binding in the medial nucleus. There was no significant difference in [3H]lazabemide
binding between subjects diagnosed with major depression and control subjects in any of the
amygdaloid nuclei (F1 169 = 3.418, P = 0.07; Fig. 2). However, it is noteworthy that there
was a trend towards elevation of the amount of MAO-B in subjects diagnosed with major
depression as compared to controls consistently observed in all examined nuclei, ranging
from 7% in basolateral-ventromedial to 18% in medial nucleus comparing depressives to
control subjects.

3.3. Postmortem delay and age

Postmortem intervals were not statistically different between major depressive and control
subjects (Tables 1 and 2). There were no positive correlations between postmortem interval
and the amount of [®H]lazabemide binding in any nuclei that were investigated (data not
shown).

Average age was not different between major depressive and control subjects (Tables 1 and
2). However, there was a positive correlation between the [2H]lazabemide binding and the
age of all subjects in the lateral (r2 = 0.27; P = 0.003; Fig. 3), basal (r? = 0.26; P = 0.004;
Fig. 3), accessory basal (r2 = 0.30; P = 0.003), central (r2 = 0.23; P = 0.014), medial (r2 =
0.27; P = 0.022), cortical (r2 = 0.31; P = 0.006), and basolateral-ventromedial (r2 = 0.25; P
= 0.006) nuclei of the amygdaloid complex. When measured separately in control subjects,
correlations between [3H]lazabemide binding and age reached statistic significance only in
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the lateral (r2 = 0.28; P = 0.036) and basal (r2 = 0.29; P = 0.032) nuclei (data not shown). As
for depressed subjects alone, correlations between [3H]lazabemide binding and age reached
statistic significance only in the accessory basal nucleus (r2 = 0.38, P = 0.026, data not
shown).

3.4. Cigarette smoking and MAO-B

Since 7 depressives and 6 control subjects were cigarette smokers, the effect of smoking on
radioligand binding to MAO-B was evaluated. However, the sample size of depressive
smokers and control smokers was far too small to statistically evaluate the effect of smoking
on these two groups separately. Therefore, the amount of MAO-B was compared between
all smokers (depressive and controls, n = 13) and all nonsmokers (depressive and controls, n
= 18). This was a reasonable alternative to evaluate potential effects of smoking since no
statistically significant difference in MAO-B was observed between control and depressive
subjects. Two-way ANOVA of the data revealed that MAO-B binding was significantly
lower in smokers as compared to nonsmokers (F1 159 = 36.69; P < 0.0001; Fig. 4). A
Bonferroni post-hoc test for individual comparisons revealed a significant decrease in MAO-
B binding only in the medial nucleus of smokers as compared to nonsmokers, although
MAO-B binding was modestly and consistently lower in smokers as compared to
nonsmokers in all investigated nuclei.

4. Discussion

The present study is the first anatomically detailed examination of [3H]lazabemide binding
to MAO-B in the human amygdaloid complex. The distribution of the binding of
[3H]lazabemide to MAO-B in amygdala was homogenous in lateral, basal, and accessory
basal nuclei and was moderately higher in the medial nucleus (Figs. 1, 2). Histological
staining of the entire amygdala allowed us to establish anatomical positioning for
[3H]lazabemide binding experiments, so that equivalent anatomical levels of the amygdala
were compared in depressives and matched control subjects. This report demonstrates that
the amount of MAO-B is not statistically different in major depressive subjects as compared
to psychiatrically normal controls. Thus, dopaminergic pathobiology in the amygdaloid
complex, as previously described by Klimek et al. [21], may not involve abnormalities in
oxidative degradation of dopamine. Although major depression was the common diagnosis
in the psychiatric group, 13 out of 15 major depressive subjects in this study died as a result
of suicide. It is worth noting that two major depressive subjects that died of natural causes
did not appear to differ from the suicide subjects and had amounts of MAO-B comparable to
their matched controls.

The present study utilized the MAO-B inhibitor, [3H]lazabemide, to measure MAO-B
protein distribution and density. The in vitro binding characteristics of [°H]lazabemide
(kinetics, pharmacology) were previously reported by Saura et al. [37]. The binding of
[3H]lazabemide is high affinity, reversible, saturable, and selective for MAO-B. In fact,
[3H]lazabemide has an affinity for MAO-B 3000-fold higher than its affinity for MAO-A.
Thus, this radioligand selectively labels MAO-B and can be used to investigate potential
changes in MAO-B protein amount. However, a change in the activity of the enzyme cannot
be detected using this radioligand binding method.

The present study is in agreement with previous observations of normal amounts of MAOs
(A and B) in brainstem nuclei of depressed subjects. The specific binding of [3H]R041-1049
to MAO-A and [3H]lazabemide to MAO-B was also found unchanged in the locus coeruleus
and raphe nuclei in subjects diagnosed with major depression [22,31]. Moreover, Mann and
Stanley [28] reported that MAO enzyme kinetics is normal in the frontal cortex of suicide
victims. In contrast, other studies demonstrate both lower brain MAO activity of suicide
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victims [17] and higher platelet MAO activity in unmedicated depressed patients as
compared to controls [32]. Together, the present and previous studies do not convincingly
demonstrate that MAOSs are involved in the pathology associated with depression.

Dopamine in the central nervous system is catabolized along two different routes. Dopamine
undergoes oxidative deamination (oxidative pathway) mediated by intracellular MAO and is
O-methylated (O-methylation pathway) by extracellular catechol-O-methyltransferase
(COMT). The products of both routes, 3,4-dihydroxyphenylacetic acid (DOPAC) and 3-
methoxytyramine (3MT), undergo further metabolism to yield homovanillic acid (HVA) as
the final product. Lower concentrations of HVA have been observed in cerebrospinal fluid
of patients with depression, providing support for decreased dopamine turnover
[20,33,36,48]. These findings indicate that potential abnormalities in dopamine synthesis
and/or degradation might occur in major depression. The present study provides little
evidence for a depression-related disruption of the oxidative pathway for dopamine
metabolism. A modest increase in ligand binding to MAO-B in depressives failed to reach
statistical significance. However, it is worth noting that the activity of the enzyme could be
altered and the present study is not able to address this possibility.

The extensive in situ hybridization study by Saura et al. [38] revealed that MAO-B
transcripts are predominantly found in cells of the dorsal and median raphe, lateral
hypothalamic nuclei and in granule cells of the dentate gyrus. Konradi and coworkers
[23,24] have observed moderate immunostaining for MAO-B in the ventral tegmental area,
but no detectable level of MAO-B immunoreactivity was observed in dopaminergic neurons
of the substantia nigra. Damier et al. [6], using a double immunostaining method,
demonstrated the presence of MAO-B positive dopaminergic neurons in all dopaminergic
groups of human midbrain including substantia nigra pars compacta. In previous
autoradiographic study, high binding of [3H]deprenyl to MAO-B was observed in human
caudate nucleus and putamen [19]. Richards et al. [34] demonstrated evidence that, in
human substantia nigra, MAO-B protein was more abundant than MAO-A; MAO-B was
localized in the reticular zone while MAO-A was found in the compact zone. In addition to a
neuronal location, there is consistent and convincing data showing localization of MAO-B in
glial cells throughout the human brain in areas which are known to contain
catecholaminergic neurotransmitters as well as in the other brain regions [23,38,50,51].
Together, these findings imply that [3H]lazabemide binding measured in the amygdaloid
complex in the present study could be to MAO-B in dopaminergic and non-dopaminergic
neurons, as well as in glia.

A role of MAO-B in the physiology of normal aging and in neurological conditions has been
established. MAO-B mRNA, protein, and enzymatic activity increases with age and
increases in certain neurodegenerative diseases [11,15,25,42,43,46,49]. Age-related
increases in cortical MAO-B concentrations in both controls and suicide victims have been
reported [28]. The increase of MAO-B with age may reflect age-associated increases in glial
cells [47]. The present findings demonstrate a positive correlation between [3H]lazabemide
binding and age of all subjects included in the study. Since MAO-B is found in glial cells,
particularly in astrocytes [10,24,26], the increase in the amount of MAO-B with age may be
due to an increase in the MAO-B protein expression and/or in the number of astrocytes.
Whether the age-related increase of MAO-B observed in the present study represents
changes in neurons or glial cells will require double-labeling immunochemistry to resolve.

Present observation on the decreased amount of [3H]lazabemide binding to MAO-B in
amygdala of chronic cigarette smokers, as compared to nonsmokers, is consistent with a
large body of evidence showing that one of the biological actions of tobacco is inhibition of
MAOs (A and B). Interestingly, the activities of MAO-A and MAO-B are inhibited when
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rats are exposed to tobacco smoke, but not when exposed to nicotine alone [5]. Similarly, an
aqueous extract of cigarette smoke, or saliva obtained after smoking, can irreversibly inhibit
the action of MAO on a variety of the enzyme’s substrates in rat lung tissue [53]. Significant
decreases in MAO-A and MAO-B in the brains of smokers relative to nonsmokers or to
former smokers have been demonstrated using in vivo PET imaging with radiotracers
specific for MAO-A and MAO-B [13,14]. Thus, present data showing lower binding of
[3H]lazabemide to MAO-B in the amygdala further confirm the involvement the MAO-B in
the pathology of tobacco dependency.

In summary, statistically significant changes in the amount of MAO-B in amygdala of
subjects with major depression were not detected, suggesting that dopaminergic pathology
of the amygdala in major depression may not involve altered metabolism by this oxidative
pathway. An age-related increase in MAO-B and low MAO-B in cigarette smokers further
validates findings of other laboratories.
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Fig. 1.

A digital autoradiogram of the specific binding of [°H]lazabemide to MAO-B in a coronal
section of the amygdala (a) and a digital image of the same section stained histochemically
for acetylcholinesterase (b).
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Fig. 2.

The specific binding of [2H]lazabemide to MAO-B measured in psychiatrically normal
control subjects (white bars, n = 10-16) and in subjects diagnosed with major depression
(black bars, n = 8-15). Each bar represents the mean = SEM. Abbreviations are as described
in Fig. 1. There were no significant differences in [°H]lazabemide binding comparing major
depressive to control subjects.
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Fig. 3.

The relationship between [3H]lazabemide binding and age of all subjects in two amygdaloid

nuclei.
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Fig. 4.

The specific binding of [2H]lazabemide to MAO-B measured in nonsmokers (white bars, n
= 10-18) and in chronic cigarette smokers (dotted bars, n = 8-13). Each bar represents the
mean + SEM. Abbreviations are as described in Fig. 1. Overall, [*H]lazabemide binding to
MAO-B was significantly lower in smokers (P < 0.0001; 2-way ANOVA). Bonferroni post-
hoc tests revealed a significant difference in [3H]lazabemide binding in medial nucleus
comparing smokers to nonsmokers (P < 0.05).
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Summary of demographics

Table 2

Parameter Control  Major depression
Age range 26-78y 30-78y

Age (mean £ SEM 57+4y 57+4y

PMI range 6-28 h 4-32h

PMI (mean £ SEM) 17+2h 21+*2h
Female:male 5:11 6:9
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