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Postpartum depression (PPD) has a prevalence rate of 13% and a similarly high proportion of women report a subclinical state

of one or more major depressive episode symptoms. The aim was to investigate whether monoamine oxidase-A (MAO-A) VT, an index

of MAO-A density, is increased in the prefrontal and anterior cingulate cortex (PFC and ACC), during PPD or when a PPD spectrum

symptom, greater predisposition to crying, is present. MAO-A is an enzyme that increases in density after estrogen decline, and has

several functions including creating oxidative stress, influencing apoptosis and monoamine metabolism. Fifty-seven women were recruited

including 15 first-onset, antidepressant naive, PPD subjects, 12 postpartum healthy who cry due to sad mood, 15 asymptomatic

postpartum healthy women, and 15 healthy women not recently pregnant. Each underwent [11C]-harmine positron emission

tomography scanning to measure MAO-A VT. Both PPD and greater predisposition to crying were associated with greater MAO-A VT in

the PFC and ACC (multivariate analysis of variance (MANOVA), group effect, F21,135¼ 1.856; p¼ 0.019; mean combined

region elevation 21% and 14% in PPD and crying groups, respectively, relative to postpartum asymptomatic). Greater MAO-A VT in

the PFC and ACC represents a new biomarker in PPD, and the PPD symptom of predisposition to crying. Novel strategies for preventing

PPD (and some PPD symptoms) may be possible by avoiding environmental conditions that elevate MAO-A level and enhancing

conditions that normalize MAO-A level. These findings also argue for clinical trials in PPD with the newer, well-tolerated MAO-A

inhibitor antidepressants.
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INTRODUCTION

Depressed mood in postpartum is an important issue.
Postpartum depression (PPD), defined as a major depres-
sive episode (MDE) starting within the first year after giving
birth, is highly impactful (Wisner et al, 2006), being the
most common complication of childbearing with a pre-
valence rate of 13% (O’Hara and Swain, 1996). In addition,
the presence of psychiatric illness is associated with more
than a 10-fold risk of suicide during the first postpartum
year (Comtois et al, 2008). Furthermore, a similar propor-
tion of new mothers report a subclinical state of one or
more MDE symptoms but not the full cluster of symptoms
for a MDE, a phenomenon termed minor depression or
depressed mood (Cox et al, 1987). While the symptoms of
PPD are similar to MDE, the underlying neurobiology
cannot be assumed to be completely identical since the

antecedents of these two illnesses are different: PPD occurs
in postpartum when the hormonal milieu involves changes
in estrogen, progesterone, and glucocorticoids. whereas the
initiation of non-postpartum MDE is often initiated by a
period of elevated stress alone (Paykel et al, 1969; O’Hara
and Swain, 1996).
To date, there has never been a neurochemical study,

either postmortem or in vivo, of first-onset PPD, that is, the
first episode of MDE in the early postpartum period.
However, there are several imaging studies of PPD that
include subjects with previous MDEs. Changes reported
include reduced occipital cortex GABA levels, reduced D2

receptor binding in the ventral striatum in postpartum
irrespective of PPD, and reduced 5-HT1A receptor binding
in the orbitofrontal, subgenual, and mesiotemporal cortex
in a sample of unipolar and bipolar PPD (Epperson et al,
2006; Moses-Kolko et al, 2008, 2012). As with many complex
psychiatric illnesses, it is generally believed that a number
of neuropathological changes contribute to the symptoms of
PPD and it is plausible that some of these markers reflect
specific vulnerability to PPD, MDE in general, or both
conditions. Animal models of PPD have focused upon
aberrant signal transduction, reduced neurogenesis, and
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abnormalities of GABA receptors (R delta and gamma 2
subunits) (Galea, 2008; Maguire and Mody, 2008; Suda et al,
2008). Even so, several other promising mechanisms in the
pathology of mood disorders remain largely unexplored such
as pro-oxidant states, markers of pro-apoptotic states,
mitochondrial dysfunction, and monoamine metabolism
(Shao et al, 2008; Gawryluk et al, 2011; Shelton et al, 2011).
Monoamine Oxidase-A (MAO-A) is an enzyme related

to these unexplored mechanisms of abnormality in PPD.
MAO-A is primarily located on the outer mitochondrial
membrane of glia and monoamine releasing neurons
(especially norepinephrine releasing neurons). It influences
predisposition towards apoptosis, promotes oxidation, and
metabolizes monoamines (Youdim et al, 2006). In brain
tissue, levels of MAO-A are highly correlated with MAO-A
activity and MAO-A VT, an index of MAO-A density, is
measurable in vivo in people using [11C]-harmine positron
emission tomography (PET) (Nelson et al, 1979; Saura et al,
1992; Ginovart et al, 2006; Sacher et al, 2010; Bacher et al,
2011). In some low mood states, elevated MAO-A VT and
MAO-A density occurs in the prefrontal and anterior
cingulate cortex (PFC and ACC) (Meyer et al, 2006; Meyer
et al, 2009; Sacher et al, 2010; Bacher et al, 2011; Johnson
et al, 2011), however, MAO-A has never been investigated in
clinical PPD in humans or in animal models of PPD.
In the present study [11C]-harmine PET is applied to

investigate MAO-A VT in PPD and in postpartum, with a
focus on the PFC and ACC. It is hypothesized that MAO-A
VT will be elevated in these regions during PPD and in a
subclinical postpartum group who report increased crying
from sadness as compared with an asymptomatic post-
partum healthy state and healthy women who are not
recently pregnant. The PFC and ACC are selected because
these regions influence mood and pessimism, key symp-
toms for generating MDE (Ressler and Mayberg, 2007;
Sharot et al, 2007). The focus of the subclinical postpartum
group was increased crying from sadness for several
reasons: First, greater MAO-A VT has been reported in the
PFC and ACC in humans when this symptom is present on
day 5 postpartum (Sacher et al, 2010). Second, this symp-
tom is important in later postpartum months, occurring in
B20% of women (Evans et al, 2001). Third, this symptom is
associated with greater vulnerability to mood induction
(Dowlati et al, 2014). Fourth, it is strongly predictive of
development of later PPD (Yamashita et al, 2000).

MATERIALS AND METHODS

Participants

Fifteen first-onset, postpartum depressed (PPD) subjects, 12
postpartum healthy subjects who cry due to sad mood but
who have never had a MDE, 15 asymptomatic postpartum
healthy women, and 15 healthy women not recently pregnant
were recruited. The demographics for these groups are
shown in Table 1. For each study participant, written
consent was obtained after the procedures had been fully
explained. The study and recruitment procedures were
approved by the Research Ethics Board for Human Subjects
at the Centre for Addiction and Mental Health, the
University of Toronto. Postpartum subjects were within 18
months since giving birth and PPD subjects had onset of

symptoms within the first month since giving birth. The
presence of PPD was established using the Structured Clinical
Interview for DSM-IV (First et al, 1995) and subsequent
consultation by a psychiatrist (JH, JS or JHM). The Hamilton
Depression Scale (Hamilton, 1960) was also recorded for all
subjects. The PPD subjects who had no other comorbid
psychiatric illnesses were antidepressant free and free of
psychotropic medication for at least 3 months (one subject
had a previous antidepressant trial).
Healthy participants were physically healthy and had no

psychiatric history. Women above age 45 or who were in
perimenopause or menopause were excluded. The group of
12 postpartum subjects who do not have a MDE but cry due
to sad mood was defined by a positive answer to question 9
of the Edinburgh Postnatal Depression Scale, ‘I have been so
unhappy, I have been crying’. These subjects otherwise met
the same criteria as healthy participants.
All subjects were screened to rule out borderline and

antisocial personality disorder using the Structured Clinical
Interview for DSM-IV for Axis II disorders (Blais and
Norman, 1997). All participants underwent a urine drug
screen at screening and on the day of the [11C]-harmine PET
scan. Subjects with positive results for other substances at
screening or on PET scanning day were excluded. All
subjects had not taken over-the-counter medications for at
least 1 month prior to scanning and healthy subjects had no
history of psychotropic medication use. Subjects were
required not to drink tea or coffee on the day of scanning.
As this latter criterion is difficult for those who drink a lot
of coffee, only those who drink less than three cups of tea/
coffee per day were enrolled. Given that some MAO-A
inhibitor substances are found in some kinds of alcohol,
subjects were required not to drink any alcohol the day
before and the day of scanning. Because heavy cigarette
smoking can alter available brain MAO-A sites through
binding of b-carbolines (Fowler et al, 1996; Bacher et al,
2011) all subjects were non-smoking for longer than 1 year.

Scanning Day Protocol

All subjects had a single [11C]-harmine PET scan. The
radioactive half-life of Carbon-11 is 20min. [11C]-harmine
has excellent qualities for measuring MAO-A VT showing
high affinity and high selectivity for MAO-A, high brain
uptake, full reversibility, a high signal-to-noise ratio, and a
lack of brain metabolites in the human brain (reviewed in
(Meyer et al, 2009; Sacher et al, 2010; Bacher et al, 2011).
All subjects refrained from breastfeeding for more than 13

half-lives of the radiotracer (4260min) after injection, a
cut-off point similar to that in other investigations of the
early postpartum period (Moses-Kolko et al, 2005; Sacher
et al, 2010). Radioactivity in breast milk was measured at
B240min after injection and was indistinguishable from
background activity at the time. A Geiger counter
measurement performed at the chest surface in all women
at the same time point showed levels similar to background
radioactivity.

Image Acquisition

A dose of 370MBq of intravenous [11C]-harmine was
administered as a bolus for each PET scan. An automatic
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blood sampling system was used to measure arterial blood
radioactivity continuously for the first 10min. Manual
samples were obtained at 2.5, 7.5, 15, 20, 30, 45, 60, and
B90min post injection. The radioactivity in whole blood
and plasma was measured as described previously
(Ginovart et al, 2006). Frames were acquired as follows:
15 frames of 1min, then 15 frames of 5min. [11C]-harmine
was of high radiochemical purity (98.69±1.08%) and high
specific activity (1660±1044mCi/mmol) at the time of
injection.
The PET images were obtained using an HRRT PET

camera (in-plane resolution; full width at half maximum,
3.1mm; 207 axial sections of 1.2mm, Siemens Molecular
Imaging, Knoxville, Tennessee) in the manner described
previously (Meyer et al, 2009; Sacher et al, 2010; Bacher
et al, 2011).

Image Analysis

For the region of interest (ROI) method, each participant
underwent magnetic resonance imaging (GE Signa 1.5-T
scanner; fast spoiled gradient echo, T1-weighted image;
x, y, z voxel dimensions, 0.78, 0.78, and 1.5mm, GE
Medical Systems, Milwaukee, Wisconsin). The ROIs were
determined on magnetic resonance images that were core-
gistered to each summed [11C]-harmine PET image using
a mutual information algorithm. Regions of interest were
determined using a semi-automated method in which
regions on a template MRI are transformed on to the indivi-

dual MRI, via a series of transformation and deformation
parameters that match the template image to the coregis-
tered MRI followed by selection of gray matter voxels within
the ROI as described previously (Rusjan et al, 2006; Meyer
et al, 2009; Sacher et al, 2010; Bacher et al, 2011). The
location of the ROI was verified by visual assessment of the
ROI on the coregistered MRI and summated [11C]-harmine
PET image.
The ROI selected included those for which abnormal

function, neurochemistry, or MAO-A density has been
implicated in mood regulation and/or mood disorders
(Saura et al, 1992; Meyer et al, 2006; Ressler and Mayberg,
2007; Meyer et al, 2009; Price and Drevets, 2010; Sacher
et al, 2010; Bacher et al, 2011). The ROIs sampled whole
PFC, ACC (Brodmann areas 24, part of 32), putamen,
ventral striatum, thalamus, midbrain, and hippocampus.
MAO-A VT can be measured with [11C]-harmine PET. It

represents the total tissue binding of [11C]-harmine at
equilibrium, of which 85% has specific binding to MAO-A.
Hence changes in MAO-A VT may be interpreted as
representing changes in harmine binding to MAO-A. The
VT can be expressed in terms of kinetic rate parameters as
follows VT¼ (K1/k2)� (k3/k4)þ (K1/k2) where K1 and k2 are
influx and efflux rate constants for radiotracer passage
across the blood brain barrier and k3 and k4 describe the
radioligand transfer between the free and non-specific
compartment and the specific binding compartment. K1/k2
is similar among different individuals (for further details
see Ginovart et al (Ginovart et al, 2006)). For [11C]-harmine

Table 1 Demographic and Clinical Characteristics of Healthy Not Recently Pregnant, Healthy Recently Pregnant, Healthy Recently
Pregnant Crying Due to Sad Mood and Postpartum Depressed Subjects

Healthy not recently
pregnant (n¼ 15)

Healthy recently
pregnant (n¼15)

Healthy recently pregnant
crying due to sad mood (n¼12)

Depressed
(n¼ 15)

Age, yearsa 30.27±8.13 29.93±5.54 30.58±5.20 30.32±6.25

SCID diagnosis of major depressive episode 0 0 0 15

HRSD score at time of scanb 0.67±0.99 0.53±0.83 2.83±3.28 20.8±3.17

Parity

Subjects with 1 child 2 9 9 7

Subjects with 2þ children 3 6 3 8

Subjects with 0 children 10 0 0 0

Menstrual cyclec

Follicular phase 5 3 5 5

Mid cycle 7 2 1 3

Luteal 3 6 1 4

Menstrual cycle not returned 0 3 5 3

Hormone levelsd

Estradiol, pmol/l 297±182 842±1662 563±892 293±349

Progesterone, nmol/l 8.02±11.34 6.72±10.98 3.02±5.95 9.00±15.74

Abbreviations: HRSD, 17-item hamilton rating scale for depression; SCID, structured clinical interview for DSM-IV-TR, axis I disorders; SD, standard deviation.
aOne-way analysis of variance showed no significant effect for age (F3, 53¼ 0.031, p¼ 0.993). Data expressed as mean±SD.
bThirteen of 15 participants in the Healthy not Recently Pregnant completed the HRSD, data expressed as mean±SD, all subjects were screened with the structured
clinical interview for DSM-IV.
cw2-test showed no significant effect for phase of menstrual cycle (w2(9, N¼ 57)¼ 9.75, p¼ 0.37).
dOne-way analysis of variance showed no significant group effect on hormone levels (estradiol: F3, 50¼ 0.989, p¼ 0.406; progesterone: F3, 50¼ 0.583, p¼ 0.629). See
Supplementary Section (S1) for further analyses in relation to MAO-A VT (no significant correlations found). Data expressed as mean±SD. The mean estradiol level in
the healthy recently pregnant group was influenced by one subject without whom the mean would have been 426.6 pmol/l (±423.5).
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PET, VT may be validly and reliably measured with either an
unconstrained two-tissue compartment model or with the
Logan model with arterial sampling (for which the under-
estimate of VT is negligible for time activity curves from
ROI) (Ginovart et al, 2006), and the latter was applied in
this study. This method has been described in greater detail
previously (Ginovart et al, 2006; Meyer et al, 2009).

Statistical Analysis

There were two main analyses: the first main analysis was a
MANOVA applied to determine the effect of group (PPD,
postpartum with crying, postpartum asymptomatic, healthy
not recently pregnant) upon MAO-A VT in the two primary
ROI, the PFC and ACC; additional comparisons were
carried out using the protected Least Significant Difference
(LSD) procedure.
The second analysis was a MANOVA to assess the effect

of group (PPD, postpartum crying, postpartum asympto-
matic, and healthy not recently pregnant) throughout all the
brain regions assayed, which included regions that have
been implicated in mood disorders and/or have reasonably
high concentrations of MAO-A, such as the ventral striatum,
dorsal putamen, hippocampus, thalamus, and midbrain.

RESULTS

As shown in the demographics (Table 1), there were no
significant differences between groups in age (ANOVA,
F3,53¼ 0.031, p¼ 0.993) nor phase of menstrual cycle (w2(9,
N¼ 57)¼ 9.75, p¼ 0.371) at the time of scanning. The first
main analysis prioritized the PFC and ACC and showed a
significant elevation of MAO-A VT with PPD and post-
partum with crying due to sad mood (MANOVA, effect of
group, F6,104¼ 3.540, p¼ 0.003), as well as significant main
effects in the PFC (F3,53¼ 7.518, p¼ 0.000) and the ACC
(F3,53¼ 4.869, p¼ 0.005). Post-hoc Fisher’s LSD tests for the
PFC indicate that the mean scores for the PPD (M¼ 23.54,
SD¼ 3.45) and the postpartum group with crying
(M¼ 22.75, SD¼ 2.93) were significantly different than the
mean scores of both the postpartum asymptomatic group
(M¼ 19.78, SD¼ 3.62) and the healthy not recently
pregnant group (M¼ 19.90, SD¼ 2.14). MAO-A VT in the
PFC was elevated by 22% in the MDD group, and 15% in
postpartum group with crying, in comparison to the
postpartum asymptomatic group. Post-hoc LSD tests for
the ACC also indicate that the mean scores for the PPD
group (M¼ 24.16, SD¼ 3.85) were significantly different
than the mean scores from both the postpartum asympto-
matic group (M¼ 20.73, SD¼ 3.74) and the healthy not
recently pregnant group (M¼ 20.90, SD¼ 2.42), and that
the mean score for postpartum group with crying (M¼
23.42, SD¼ 2.81) was higher than the postpartum asympto-
matic group (M¼ 20.73, SD¼ 3.74). MAO-A VT in the ACC
was elevated by 19% in the MDD group, and 13% in
postpartum with crying, in comparison to the postpartum
asymptomatic group. The mean Edinburgh Postnatal
Depression Scale (Cox et al, 1987) in the PPD group was
15.13±4.17.
In the analysis of the larger set of regions, MAO-A VT

was also significantly elevated in the PPD group and the

postpartum group with crying (MANOVA, effect of group,
F6,104¼ 3.265, p¼ 0.006) (see Figure 1). Significant uni-
variate effects were seen in five of seven brain regions under
investigation, including the PFC, ACC, thalamus, dorsal
putamen and midbrain, with a trend towards significance in
the ventral striatum (p¼ 0.066) and the hippocampus (p¼
0.073). There were no significant differences in radioligand
binding to plasma protein among groups (53 samples out of
57 subjects available, ANOVA, effect of group, F(3,49)¼ 0.36,
p¼ 0.78). The plasma free fraction means for the groups
were as follows: 1.26% (±0.59) for healthy not recently
pregnant, 1.24% (±0.46) for postpartum asymoptomatic,
1.38% (±0.67) for healthy postpartum with crying, and
1.16% (±0.28) for PPD. Given these results, there is no
reason to think that the free fraction accounts for the
finding.

Additional Exploratory Analyses of Predictors of
MAO-A VT in the PFC and ACC

First, a MANOVA was performed after collapsing two post-
partum groups (healthy postpartum asymptomatic and
otherwise healthy postpartum women who cry due to sad
mood) such that three groups remained: healthy not
recently pregnant (n¼ 15), healthy postpartum (n¼ 27),
and PPD (n¼ 15). Significant main effects were found in
MAO-A VT in the PFC (F2,54¼ 7.07, p¼ 0.002) and ACC
(F2,54¼ 4.74, p¼ 0.013). Corrected post-hoc tests demon-
strated increased MAO-A VT in the PPD group relative to
the healthy not recently pregnant group (p¼ 0.003 in PFC
and 0.021 in ACC) and relative to the collapsed, healthy
postpartum group (p¼ 0.007 in PFC and 0.032 in ACC).
Second, a MANOVA was performed after collapsing the

four original groups into two groups: symptomatic (n¼ 27)
and asymptomatic (n¼ 30). The symptomatic group was
formed by merging healthy postpartum women with crying

Figure 1 Greater monoamine oxidase-A VT level in postpartum
depression compared with healthy controls. MAO-A VT was significantly
elevated in the postpartum depression (PPD) group and the postpartum
group with crying due to sad mood (multivariate analysis of variance, effect
of group, F6,104¼ 3.265, p¼ 0.006) and significant univariate effects found
in the prefrontal and anterior cingulate cortex (PFC and ACC), thalamus,
dorsal putamen, and midbrain (p¼ 0.000–0.035). Post-hoc testing in PFC
and ACC showed significant elevation in MAO-A VT in PPD group relative
to both healthy groups (pp0.05, Least Significant Difference (LSD) test).
Postpartum subjects who were crying due to sad mood showed a
significant elevation in MAO-A VT relative to both healthy groups in the
PFC, and relative to the healthy recently pregnant group in the ACC
(pp0.05, LSD test).
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and PPD women. The asymptomatic group merged healthy
not recently pregnant women and postpartum asympto-
matic women. MAO-A VT was significantly elevated in the
symptomatic group relative to the asymptomatic group
(MANOVA, effect of group, F1,55¼ 20.28, po0.001 in PFC
and F1,55¼ 13.29, p¼ 0.001 in ACC).

DISCUSSION

This is the first study to investigate brain MAO-A in PPD
and we found that MAO-A VT was highly elevated,
particularly in the PFC and ACC in PPD and postpartum
women who cry (but are otherwise healthy). In these
groups, MAO-A VT also tended to be elevated in other brain
regions that are either implicated in the pathophysiology of
mood disorders or which have a reasonably high MAO-A
density such as the hippocampus, striatum, thalamus, and
midbrain. These findings have important implications for
understanding the pathophysiology of PPD/PPD spectrum
symptoms, creating novel prevention strategies against
PPD, and developing specific treatment approaches.
Given the functions of MAO-A, the present study argues

that several types of processes that contribute to patholo-
gical mood are enhanced in PPD. MAO-A VT is an index of
MAO-A level (Tong et al, 2013; Ginovart et al, 2006) and the
changes in latter are strongly implicated in the effects of
hormonal influences on the MAO-A activity(Nelson et al,
1979; Edelstein and Breakefield, 1986; Saura et al, 1992; Ma
et al, 1993; Smith et al, 2004). MAO-A metabolizes mono-
amines such as serotonin, norepinephrine, and dopamine,
creates reactive oxygen species such as hydrogen peroxide
(H2O2), thereby promoting a pro-oxidant state (Youdim
et al, 2006), suggesting that enhanced monoamine metabo-
lism and a pro-oxidant state may be present during PPD.
In addition, greater MAO-A activity is associated with
apoptosis-inducing conditions (Ou et al, 2006; Youdim
et al, 2006). Increased expression of genes associated with
greater apoptotic stress, and increased levels of pro-
apoptotic transcription factors in the PFC are associated
with MDE although these have not been investigated in PPD
(Johnson et al, 2011; Shelton et al, 2011). Thus, the elevation
in MAO-A VT in the PFC and ACC in PPD implicates several
processes also associated with dysregulated mood, includ-
ing greater monoamine removal, a pro-oxidative state, and
greater predisposition to apoptosis.
Our findings have major implications for developing

novel prevention strategies for PPD. Substantial estrogen
decline, such as the decline in estrogens over the first few
days postpartum consequent to loss of placenta, is normally
associated with a very strong, temporary rise in MAO-A VT

density and activity (Chevillard et al, 1981; Ma et al, 1993;
Smith et al, 2004; Sacher et al, 2010). The present study
suggests that MAO-A VT subsequently declines either to
normal levels, or does not decline to normal levels, leading
to three subsequent outcomes: With a full decline to
normative MAO-A VT level in the PFC and ACC, a healthy
mood is a likely outcome. With an inadequate decline, and
ongoing elevated MAO-A VT levels in the PFC and ACC,
either PPD or a tendency to cry due to depressed mood is
likely. Not having a full PPD despite the presence of elevated
MAO-A VT in the PFC and ACC may reflect greater

resiliency against elevated MAO-A levels or against PPD
due to a lesser presence of the other markers associated
with PPD (such as reduced GABA levels, GABA receptor
abnormalities, reduced 5-HT1A binding, reduced neurogen-
esis etc (Epperson et al, 2006; Galea et al, 2008; Maguire and
Mody, 2008; Moses-Kolko et al, 2008; Suda et al, 2008).
Based upon this model, promoting normalization of

MAO-A levels after the immediate postpartum period might
reduce the probability of PPD and/or the subsyndromal
symptom of crying due to sad mood. At a practical level,
since chronic stress, heavy cigarette smoking, and pro-
apoptotic states facilitate greater MAO-A expression
(Filipenko et al, 2002; Ou et al, 2006; Ou et al, 2006a;
Bacher et al, 2011), avoidance of these would be expected to
be beneficial. Consistent with this, factors related to chronic
stress such as perceived reduced partner support are often
associated with greater risk for PPD (Brugha et al, 1998;
Adewuya et al, 2005). While it may not always be feasible to
avoid chronic high stress, it is possible to reduce cigarette
smoking during pregnancy (Hauge et al, 2011). Prospective
evaluation of depression symptoms during pregnancy and
postpartum reported greater severity in women who smoke
more heavily, and it is heavy smoking that is associated with
greater MAO-A levels (Ludman et al, 2000; Munafo et al,
2008; Bacher et al, 2011). Investigations into mechanisms
that increase MAO-A levels and activity are a relatively new
direction so this list is anticipated to grow substantially over
the upcoming decade. Given the lack of standardized
recommendations for preventing PPD, translation of
biological models to facilitate normalizing MAO-A level
into prevention strategies represents a novel and potentially
important direction for long term impact.
To date, randomized double blind clinical trials have largely

focused upon selective serotonin reuptake inhibitor treatment
for PPD (di Scalea and Wisner, 2009), whereas randomized
double blind clinical investigations with MAO-A inhibitors
have not yet been conducted. Ideally, treatments should be
matched to illness, and SSRI, which raise extracellular sero-
tonin, can be viewed as only a partial match to the pathology
of MAO-A levels insofar as there is a match with the MAO-A
function of metabolizing serotonin, but a mismatch with the
other functions of MAO-A to remove monoamines and
promote a pro-oxidative state. Our data would argue for
clinical trials of MAO-A inhibitors for treatment of PPD, a
feasible strategy with the development of new, well-tolerated
MAO-A inhibitors that either rapidly wash out of the
periphery or which have high brain to periphery concentra-
tions (Haefely et al, 1992; Youdim et al, 2006).
Some clarifications regarding measurement and inter-

pretation apply to our study. Being a PET neuroimaging
study, we chose to measure MAO-A VT because it is
computationally efficient, highly stable, and the least
variable measure of [11C]-harmine binding. However, since
B15% of this measure reflects free and non-specific
binding (Ginovart et al, 2006) it is assumed that free and
non-specific binding do not differ enormously (ie, by more
than twofold), between conditions. Finally, the specific
binding of [11C]-harmine represents both MAO-A density
and affinity since an increase in either could increase [11C]-
harmine binding. A change in affinity is unlikely since
affinity is similar across brain regions (Bottlaender et al,
2010), and, to the best of our knowledge, MAO-A affinity
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has not been reported to be modifiable in brain tissue.
However, even if affinity of MAO-A alone were increased,
this would not necessarily change the functional interpreta-
tion of our data as greater affinity of MAO-A for substrate
could still represent a mechanism for increased mono-
aminergic loss and excessive oxidation.
In summary, this is the first neurochemical study of first-

onset PPD in humans, and we found significantly greater
MAO-A VT, an index of MAO-A density, in the PFC and
ACC. These results implicate specific pathological condi-
tions in PPD associated with greater MAO-A levels such as
greater monoamine lowering, pro-oxidant state, and greater
vulnerability to apoptosis (Ou et al, 2006; Youdim et al,
2006). We also found elevated MAO-A VT in women who
experience pronounced crying due to sad mood in
postpartum but are otherwise healthy, which suggests that
persistent elevation of MAO-A VT in the PFC and ACC is
linked to intermittent expression of overly depressed mood.
These results suggest a future direction of developing
strategies to prevent PPD through avoidance of environ-
mental factors known to raise MAO-A levels or activity,
which presently include chronic stress and heavy cigarette
smoking, (Filipenko et al, 2002; Ou et al, 2006; Ou et al,
2006a; Youdim et al, 2006; Bacher et al, 2011) although it is
anticipated that additional factors will be identified. In
addition, the results argue, based upon increased target
expression of MAO-A, that randomized double blind
clinical trials of PPD treatment should evaluate the MAO-
A inhibitor class of antidepressants.
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