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ABSTRACT Several studies have documented a strong
association between smoking and depression. Because ciga-
rette smoke has been reported to inhibit monoamine oxidase
(MAO) A in vitro and in animals and because MAO A
inhibitors are effective antidepressants, we tested the hypoth-
esis that MAO A would be reduced in the brain of cigarette
smokers. We compared brain MAO A in 15 nonsmokers and
16 current smokers with [11C]clorgyline and positron emis-
sion tomography (PET). Four of the nonsmokers were also
treated with the antidepressant MAO inhibitor drug, tranyl-
cypromine (10 mgyday for 3 days) after the baseline PET scan
and then rescanned to assess the sensitivity of [11C]clorgyline
binding to MAO inhibition. MAO A levels were quantified by
using the model term lk3which is a function of brain MAO A
concentration. Smokers had significantly lower brain MAO A
than nonsmokers in all brain regions examined (average
reduction, 28%). The mean lk3 values for the whole brain were
0.18 6 0.04 and 0.13 6 0.03 ccbrain (mlplasma)21 min21 for
nonsmokers and smokers, respectively; P < 0.0003). Tranyl-
cypromine treatment reduced lk3 by an average of 58% for the
different brain regions. Our results show that tobacco smoke
exposure is associated with amarked reduction in brainMAOA,
and this reduction is about half of that produced by a brief
treatment with tranylcypromine. This suggests that MAO A
inhibition needs to be considered as a potential contributing
variable in the high rate of smoking in depression and in the
development of more effective strategies for smoking cessation.

There are approximately 1 billion cigarette smokers in the
world today and about 3 million die each year from smoking-
associated illnesses (1). This places a sense of urgency on
understanding the neuropharmacological properties of to-
bacco smoke and their relationship to smoking behavior and
epidemiology. For example, it is not understood why smoking
is more prevalent in depression and why smoking cessation is
less successful in depressed patients (2, 3). Though it is unlikely
that any one factor accounts for the strong association between
smoking and depression, it is possible that tobacco smoke may
have antidepressant properties. One of the molecular targets
proposed to link smoking and depression is monoamine oxi-
dase (MAO) (4, 5), an enzyme which was first associated with
mood over 40 years ago when it was discovered that MAO
inhibitors had antidepressant properties (6, 7).
MAO exists in two subtypes (MAO A and B) that are

different gene products (8, 9). In the brain, MAO A oxidizes
serotonin and norepinephrine and is found primarily in cat-
echolaminergic neurons, whereas MAO B oxidizes ben-
zylamine and phenethylamine and is localized in serotonergic
neurons and in glial cells (10). Both forms oxidize dopamine (11).
The antidepressant effects of the nonselective MAO inhibitors
are generally attributed to the inhibition of MAO A (12).
We recently reported that smokers have reduced brain

MAO B relative to nonsmokers and former smokers (13).

Others have found that both MAOA andMAO B are reduced
in animals exposed to tobacco smoke (14) and in vitro (15, 16),
and that heavy smokers have reduced peripheral measures of
both MAO A and B (5). It has also been demonstrated that
nicotine is not responsible for MAO A inhibition (14, 16). To
test the hypothesis that tobacco smoke exposure inhibits MAO
A in the human brain, we compared a group of nonsmokers
and a group of smokers using positron-emission tomography
(PET) and [11C]clorgyline, a radiotracer which binds irrevers-
ibly to brain MAO A (17, 18). We also rescanned four of the
nonsmokers after they had received a low dose (10 mg per day)
of theMAO inhibitor drug tranylcypromine for 3 days to assess
the sensitivity of [11C]clorgyline to MAO A inhibition.

SUBJECTS AND METHODS

Participants. These studies followed the guidelines of the
Human Subjects Research Committee at BrookhavenNational
Laboratory, and informed consent was obtained from each
subject after the procedures had been explained. Subjects were
recruited by newspaper advertisements. Subjects were
screened for a lack of history of current or past psychiatric or
neurological disease, as well as for lack of history of drug or
alcohol abuse (excluding caffeine for all subjects and nicotine
for the smokers). Exclusion criteria were (i) current or past
psychiatric disease other than nicotine dependence, (ii) neu-
rological signs andyor history of neurological disease, (iii)
history of head trauma, (iv) history of cardiovascular or
endocrinological disease, (v) current medical illness, and (vi)
dependence on any substance other than nicotine (for the
smokers) or caffeine. Inclusion criteria for nonsmokers was
that they had never smoked. Inclusion criteria for smokers was
to be a current smoker and to have smoked at least 10
cigarettes per day for the preceding 1 year. Except for three of
the female subjects who were on hormone replacement ther-
apy, none of the subjects were taking medications at the time
of the study, and any previous medications had been discon-
tinued 8 days before the PET scan. Screens for drug use were
performed prior to each PET scan. Smokers refrained from
smoking during the entire PET study and were scanned 1.5–9.5
h (average time interval, 2.7 h) after the last cigarette. Three
of the nonsmokers received a second PET scan on the same day
to assess reproducibility of repeated PET measures. Four of
the nonsmokers were scanned a second time after receiving
tranylcypromine (30 mg total; 10 mg per day for 2 days prior
and 10 mg on the day of the second PET scan) to assess the
effect of MAO inhibition on [11C]clorgyline binding. The time
interval between the baseline scan and the tranylcypromine
scan varied from 2 weeks to 6 months.
PET Imaging. PET scans were run on a whole-body, high-

resolution positron emission tomograph [6.5 3 6.5 3 6.5 mm,
full-width half maximum, 15 slices; Computer Technologies
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(Knoxville, TN; model CTI 931] which provided 15 slices of the
brain. Subjects were prepared for scanning as described (19).
Brain MAO A was measured using [11C]clorgyline, which was
prepared as described (20). Each subject received [11C]clor-
gyline (4–16 mCi; 6–50 mg; 1 Ci5 37 GBq). Time-activity data
for all brain regions was accumulated for 75 min following this
sequence: ten 1 min frames, four 5 min frames, and six 7.5 min
frames. An arterial plasma input function for [11C]clorgyline
was measured. Arterial blood samples were withdrawn every
2.5 sec for the first 2 min [Ole Dich (Hvidovre, Denmark)
automatic blood sampler], then every minute from 2–6 min,
then at 8, 10, 15, 20, 30, 45, 60, and 75 min. Each arterial blood
sample was centrifuged and plasma pipetted and counted.
Plasma samples at 1, 5, 10, 20, 30, 45, 60, and 75 min were
analyzed for [11C]clorgyline using the same solid phase extrac-
tion procedure described previously for [11C]L-deprenyl-D2
(19). An arterial input function was calculated from the total
carbon-11 in plasma corrected for the fraction present as
[11C]clorgyline.
Image Analysis. Regions of interest were drawn directly on

PET scans. For the purpose of region identification, we added
the images obtained from 30 to 75 min after tracer injection.
A template that used as a reference the brain atlas of Matsui
and Hirano (21) was projected into the ‘‘averaged’’ PET image
and manually fitted for appropriate neuroanatomical location.
The regions were then projected to the dynamic scans to obtain
time-activity data. Regions of interest for the following brain
areas were obtained: frontal cortex, parietal cortex, occipital
cortex, temporal cortex, cingulate gyrus, thalamus, basal gan-
glia, and cerebellum. Regions were identified in at least two
contiguous slices, and the weighted average was obtained for
each region. For the thalamus, basal ganglia, frontal, parietal,
and temporal cortices, the right and left regions were averaged.
For the global region eight central planes were averaged.
Data Analysis. For each subject, PET time-activity data

from different brain regions along with time-activity data for
[11C]clorgyline in arterial plasma were used to calculate the
model term Ki, a kinetic constant which determines the rate of
trapping of [11C]clorgyline (which is a function of both the
concentration of MAO A and blood flow), and K1 the blood
to tissue transport constant. An approximate blood volume
correction (4%) was subtracted from the PET data prior to
parameter optimization. K1 is related to blood flow (F)
through the following equation (see ref. 22):

K1 5 F~1 2 e2~PSyF!!, [1]

where PS is the permeability-surface area product. Assuming
a three-compartment model which allows for both the trans-
port and trapping of ligand, Ki can be written as

Ki 5 K1k3y~k2 1 k3! 5 K1lk3y~K1 1 lk3!, [2]

where k2 is the tissue to plasma efflux constant and k3 is
proportional to the concentration of MAOA. Ki is also written
in terms of the product lk3, which is independent of blood flow
(l 5 K1yk2) (23) but is a more robust parameter than k3 (24).
lk3 can be calculated from Eq. 2 if Ki and K1 are known.
Ki was obtained graphically from a transformation of plasma

and tissue time-activity data as described by Patlak et al. (25).
Kiwas taken as the average of slopes from 6 to 45 min and from
6 to 55 min. The initial time was taken as the time from which
linearity was observed. K1 was calculated by using a rearrange-
ment of the method of Blomqvist (26). In this method the
tissue radioactivity, region of interest (ROI) and plasma ra-
dioactivity (Cp) are related to model parameters as given by

ROI~T! 5 K1 E
0

T

Cp~t!dt 1 K1k3 E
0

T E
0

t

Cp~t9!dt

2 ~k2 1 k3! E
0

T

ROI~t!dt . [3]

Using Ki from Eq. 2, this can be rearranged to give

ROI~T! 5 K1 E
0

T

Cp~t!dt 1

~k2 1 k3!FKi E
0

T E
0

t

Cp~t9!dt9dt 2 E
0

T

ROI~t!dtG . [4]

This is a bilinear regression with coefficients K1 and (k2 1 k3)
computed using standard methods (27).
All data is presented as the mean 6 standard deviation of

the mean. Model terms K1 and lk3 were compared for
nonsmokers and smokers using an unpaired t test (two tail) and
for nonsmokers at baseline and after treatment with tranyl-
cypromine using a paired t test. To assess whether K1 and lk3
were affected by gender, a two-factor (smoking status and
gender) ANOVA was performed.

RESULTS

Subject data is presented in Table 1. The model term lk3 was
reduced for smokers relative to nonsmokers (Table 2). An
ANOVA analysis showed that the effect of smoking on lk3 was
significant (F 5 16; P , 0.0003 for the global value), but that
there was not a significant effect of gender (F5 3; P5 0.1) and
no smoking versus gender interaction (F 5 0.3; P 5 0.6). The
region with highest difference between groups was the occip-
ital cortex (reduced by 38%), and the average reduction for all
cortical and subcortical structures was 286 4%. Values for lk3
for the different brain regions are shown in Table 2. Individual
data for the thalamus are shown in Fig. 1, and brain images are
shown in Fig. 2. We found no relationship between number of
cigarettes smoked per day and values for lk3 in this initial
study. However, because the variability in smoking behavior in
addition to dose would contribute to degree of MAO inhibi-
tion, this issue requires further investigation.
In contrast to lk3, the plasma to brain transfer constant, K1,

did not differ between nonsmokers and smokers for any brain
region (Table 2). However, there was a significant main effect
of gender on K1 for all brain regions with an average of 21%

Table 1. Characteristics of subjects

Nonsmokers Smokers

Number 15 16
Age
Mean 34.4 6 9.6 38.4 6 10.6
Range 21–58 18–60

Malesyfemales 8y7 10y6
Years smoking
Mean 20 6 11
Range 8–35

Smoking dose, pack per day
Mean 1.10 6 0.36
Range 0.5–2

Time between last cigarette
and PET scan, h
Mean 2.7 6 2
Range 2–9.5
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higher values for women (means 0.341 6 0.066 versus 0.257 6
0.016 for the global value for females and males respectively;
ANOVA: F 5 26, P , 0.0001; data for other brain regions not
shown). There was not a smoking versus gender interaction
effect on K1 (F 5 0.2; P 5 0.6).
To assess the reproducibility of repeated measures of

[11C]clorgyline binding, three of the nonsmokers received a
second PET scan 2 h after the first. The average change in K1
and lk3 for the nine brain regions examined for the three
subjects was 9.5 6 4.0% and 10.9 6 5.0%, respectively (data
not shown).
To assess the sensitivity of [11C]clorgyline binding to MAO

inhibition, four of the nonsmokers were scanned at baseline
and then treated with the nonselective MAO inhibitor drug,
tranylcypromine (10 mgyday) for 3 days prior to a second scan.
Tranylcypromine decreased lk3 by an average of 58% in all
brain regions (Table 3; P , 0.0001, paired t test, two tail; see
Fig. 1 for individual data on the thalamus and Fig. 2 for brain
images) but did not change K1 (data not shown). Differences
in lk3 were similar for all brain regions. The arterial plasma
integral for labeled clorgyline after tranylcypromine was an
average of 306 3% greater than that at baseline (3576 64 and
465 6 84 at baseline and after treatment; P , 0.0001, paired
t test, two tail).

DISCUSSION

The main finding in this study is that smokers have reduced
brain MAO A relative to nonsmokers as measured with
[11C]clorgyline and PET. This result is consistent with the
results of studies in animals exposed to tobacco smoke (14) and
on peripheral measures of MAO A in heavy smokers (5). The

reduction in brain MAO A was not accounted for by reduced
brain blood flow since the plasma to brain transfer constant K1
did not differ between smokers and nonsmokers [though we
did find a lower blood to brain transfer constant K1 in men
relative to women which is likely to reflect the known lower
cerebral blood flow in males than in females (28)].
The ability of PET and labeled clorgyline to measure brain

MAO A is supported by prior studies in mice (17), by the
reduction in the binding of labeled clorgyline by treatment for
3 days with the nonselective MAO inhibitor tranylcypromine
(10 mg per day; Table 3), and by the general similarity in the
relative regional distribution of carbon-11 as determined by
PET with the regional distribution of MAO A in human brain
postmortem. MAO A has been reported to be relatively high
in thalamus (29, 30) and in occipital cortex (31), with inter-
mediate values in basal ganglia, frontal, and temporal cortices
(29, 32) and a low concentration in cerebellum (31), though
this comparison is limited by the lack of a single postmortem
study measuring the same regions sampled by PET.
MAO A inhibition would be predicted to spare norepineph-

rine and serotonin, both of which are MAO A-specific sub-
strates, in addition to dopamine, which is a substrate for both
MAO subtypes. The monoamines norepinephrine and sero-
tonin are linked to mood as is evidenced by the effectiveness
of the tricyclic antidepressants and selective serotonin re-
uptake inhibitors in the treatment of depression (12). Since
MAO A inhibitors are also effective antidepressants, the
inhibition of human brain MAO A by smoke may contribute
to the difficulty of smoking cessation in depression (2). More
specifically, withdrawal from cigarettes would not only repre-
sent withdrawal from nicotine but also withdrawal fromMAO
A inhibitory substances in smoke.
A question that remains is the extent to which the level of

MAO A inhibition achieved by cigarette smoke is clinically
significant. Estimates of the degree to which MAO A needs to
be inhibited for clinical improvement vary from 20% to 80%
(as assessed from peripheral measures of monoamine metab-
olites) (5, 33, 34). The level of MAO A inhibition which we
measured in smokers (28%) is in the low range of these values
(assuming that peripheral measures of monoamine metabo-
lites reflect brain MAO A levels). Since the time interval
between the last cigarette and the PET scan averaged 2.7 h,
which is longer than the typical recycle time of 1 h or less for
the smoker, it is possible that the degree of inhibition was
underestimated in our study. However, future studies are
required to determine if the level of MAO A inhibition
achieved with chronic exposure to cigarette smoke is associ-
ated with antidepressant effects.
We recently reported that MAO B was inhibited by about

40% in smokers relative to nonsmokers and former smokers
(13). This finding, coupled with the results of the present study,
raises the question of whether chronic, partial reduction of

FIG. 1. Comparison ofMAOA levels in the thalamus (as expressed
by the model term lk3) for nonsmokers (n 5 15), smokers (n 5 16),
and nonsmokers who were treated with tranylcypromine (n 5 4).

Table 2. Comparison of model terms K1 and lk3 for nonsmokers and smokers for different brain regions

Brain region

K1 (mlyccymin)

P
value

lk3 [ccbrain (mlplasma)21 min21]

P
value

Nonsmokers
(n 5 15)

Smokers
(n 5 16)

Nonsmokers
(n 5 15)

Smokers
(n 5 16)

%
difference

Global 0.30 6 0.07 0.28 6 0.05 0.3 0.18 6 0.04 0.13 6 0.03 228 0.0003
Cingulate 0.42 6 0.11 0.36 6 0.08 0.1 0.25 6 0.06 0.18 6 0.043 228 0.0006
Gyrus
Occipital cortex 0.49 6 0.11 0.46 6 0.07 0.4 0.32 6 0.10 0.20 6 0.06 238 0.0001
Basal ganglia 0.42 6 0.04 0.40 6 0.08 0.5 0.23 6 0.04 0.18 6 0.04 222 0.0014
Thalamus 0.46 6 0.12 0.42 6 0.06 0.2 0.33 6 0.07 0.24 6 0.05 227 0.0003
Frontal cortex 0.36 6 0.06 0.34 6 0.06 0.6 0.22 6 0.05 0.16 6 0.035 227 0.0008
Parietal cortex 0.37 6 0.09 0.34 6 0.07 0.3 0.21 6 0.04 0.16 6 0.03 224 0.0003
Temporal 0.40 6 0.10 0.35 6 0.08 0.2 0.24 6 0.05 0.17 6 0.04 229 0.0001
Cortex
Cerebellum 0.42 6 0.08 0.40 6 0.06 0.4 0.14 6 0.03 0.099 6 0.025 229 0.0005
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both MAO A and B by smoke enhances neurotransmitter
activity. Studies in animals have reported that the simulta-
neous inhibition of both MAO subtypes produces large in-
creases in serotonin outflow (35). Since both MAO A and B
break down dopamine, their simultaneous inhibition by smoke
may combine to enhance brain dopamine which has been
implicated in reward and reinforcement (36). This may en-
hance the behavioral and addictive properties of nicotine and
other substances of abuse by preventing the breakdown of
dopamine and other neurotransmitters which are released by
abused substances (37). This may be relevant to the comor-
bidity between smoking and alcoholism and the addiction to
other substances (38).
Though MAO B inhibition by smoke has been discussed as

a mechanism which may account for the decreased risk of

Parkinson disease in smokers (39), MAO A may also play a
role in the link between Parkinson disease and smoking
because it is compartmentalized within dopaminergic neurons.
This may place dopaminergic neurons at risk for damage from
reactive oxygen species resulting from MAO A generated
hydrogen peroxide (40).
Though this study only measured the effects of cigarette

smoke on brain MAO A, it is possible that smoke may also
inhibit MAO A in peripheral organs. MAO A inhibition in the
liver is of particular importance because of its role in breaking
down vasoactive amines associated with hypertension. Future
studies are needed to determine whether liver MAO A is
inhibited by cigarette smoke and its potential contribution to
toxicity associated with cigarette smoke.
In conclusion, we report here the first direct observation in

the human brain that tobacco smoke exposure is associated
with a reduction in MAO A. Since MAO A breaks down
monoamines linked to mood, this study suggests that MAO A
inhibition needs to be considered as a link between tobacco
smoke exposure and depression. It also provides support for a
recent trial usingMAO inhibitor therapy for smoking cessation
(41) Even though this study suggests a mechanism by which
smoking may provide relief in depressed individuals, the
adverse effects of smoking are overwhelming (42). Thus the
challenge remains to understand the neurochemical effects of
smoke that contribute to smoking behavior and epidemiology
and to use this knowledge to develop better therapies for
smoking cessation, particular in that subgroup of individuals
who consistently relapse.

We are grateful to Robert Carciello, Richard Ferrieri, Donald
Warner, Payton King, Noelwah Netusil, and Carol Redvanly for their

Table 3. Effect of treatment with tranylcypromine on lk3 (n 5 4)

Brain region Baseline Tranylcypromine % change*†

Global 0.17 6 0.05 0.08 6 0.02 253
Cingulate gyrus 0.22 6 0.05 0.10 6 0.02 255
Occipital cortex 0.28 6 0.05 0.11 6 0.02 261
Basal ganglia 0.24 6 0.07 0.11 6 0.04 254
Thalamus 0.30 6 0.08 0.12 6 0.04 260
Frontal cortex 0.22 6 0.06 0.08 6 0.015 264
Parietal cortex 0.19 6 0.03 0.08 6 0.015 258
Temporal cortex 0.22 6 0.04 0.08 6 0.014 264
Cerebellum 0.13 6 0.04 0.064 6 0.022 251

*% change refers to percent change of the model term lk3 (ccbrain
(mlplasma)21 min21) from the baseline scan compared to the second
scan.
†P , 0.0001, paired t-test, two tail.

FIG. 2. Pixel by pixel images of the model term which is a function of MAO A activity for a nonsmoker (Top row), a smoker (Middle row), and
the same nonsmoker after treatment with tranylcypromine (Bottom row). The same four planes of the brain are shown for each subject and
correspond to brain sections at 5.8 cm (level of the occipital cortex and the lateral ventricles), 5.1 cm (level of the occipital cortex and the lateral
ventricles), 4.5 cm (level of the thalamus), and 1 cm (level of the lower temporal poles and the cerebellum) above the canthomeatal line (proceeding
from left to right). The color scale represents values of lk3 [scales from 0.4 (red) to 0 (black)]. The values of lk3 for the thalamus are 0.319, 0.212,
and 0.128 ccbrain (mlplasma)21 min21 for the nonsmoker, the smoker and the nonsmoker treated with tranylcypromine, respectively. The
corresponding K1 values are 0.434, 0.421, 0.404 mlyccymin.
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advice and assistance and to the subjects who volunteered for this
study. This research was carried out at Brookhaven National Labo-
ratory under Contract DE-AC02-76CH00016 with the U.S. Depart-
ment of Energy and supported by its Office of Health and Environ-
mental Research and also by the National Institutes of Health (Na-
tional Institute of Neurological Diseases and Stroke, Grant NS 15380,
and National Institute on Drug Abuse, Grant DA 06891).
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