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Molecular mechanisms in the brain are assumed to cause the symptoms and severity
of neuropsychiatric disorders. This review concerns the elusive nature of relationships
between the severity of depressive disorders and neuromolecular processes studied
by positron emission tomography (PET). Recent PET studies of human depression have
focused on serotonergic, dopaminergic, muscarinic, nicotinic, and GABAergic receptors,
as well as central processes dependent on monoamine oxidase, phosphodiesterase type
4, amyloid plaques, neurofibrillar tangles, and P-glycoprotein. We find that reliable causal
links between neuromolecular mechanisms and relief from depressive disorders have yet
to be convincingly demonstrated.This situation may contribute to the currently limited use
of PET for exploring the neuropathways that are currently viewed as being responsible for
beneficial effects of antidepressant treatment regimes.

Keywords: depressive disorders, symptom severity, negative emotions, positron emission tomography, brain
imaging, neurobiology, neurotransmitters, reliability

Depressive disorders continue to attract much attention due to
their detrimental impact on individuals and societies (Green-
berg et al., 2003; McIntyre and O’Donovan, 2004; Paykel et al.,
2005). Clearly, we need more effective therapeutic procedures to
alleviate the disabling symptoms of depressive disorders. Much
research has, therefore, been directed toward achieving that goal.
Our interest here relates to the common notion that changes
in the severity of depression are caused by changes in underly-
ing neuromolecular mechanisms. In particular, much research
in brain scanning by positron emission tomography (PET) has
focused over the years primarily on neuroreceptors and neuronal
transporter mechanisms in depressive disorders.

Positron emission tomography imaging differs from other
imaging procedures by determining the dynamics of molecular
processes as they occur in the living organism (Lammertsma, 2002;
Laruelle et al., 2002). PET imaging uses molecules that are radi-
olabeled with a relatively short-lived positron-emitting nuclide.
They are injected into the bloodstream so that the PET scanner
can provide a digital record of the time and place of the radio-
labeled molecule in the organ of interest, in this case the brain.
PET brain imaging is currently used for studying neuromolecular
processes in humans as well as laboratory animals (Bender et al.,
2004; Smith and Jakobsen, 2007; Smith et al., 2007, 2009).

Previously, we described several challenges currently faced by
PET research of depressive disorders (Smith and Jakobsen, 2009;
Smith and Miller, 2010). In general, they resemble challenges
described in a recent report on elusive relationships between neu-
robiology and symptoms in schizophrenia (Mathalon and Ford,
2012). One reason for the challenges stems from the fact that
schizophrenia and depression are both heterogeneous conditions.
Major symptoms of depression include hopelessness, sleep distur-
bance, altered appetite, lack of energy, concentration difficulties,

low self-esteem, self-destructive behavior, painful bodily sensa-
tions, and suicidal ideation, with symptoms and severity differing
from person-to-person. The complex nature of depression surely
warns against viewing it as a single disease with a single neuromol-
ecular cause that can be identified by a single PET scan with a single
radioligand selective for a single synaptic transporter or receptor
(Jones and Rabiner, 2012). Our interest in PET studies of depres-
sive disorders has, nonetheless, induced us to prepare this account
of recently published reports (Table 1), with special attention to
the question of whether reliable relationships have been demon-
strated between neuromolecular events and changes in depression
severity. We hope that the seemingly negative findings can motivate
searches in new directions using PET imaging to identify causal
neuromolecular mechanisms for relief from depressive disorders.

PET RADIOLIGAND BINDING
The basic molecular tools for PET studies are typically syn-
thetic compounds radiolabeled with positron-emitting nuclides
(Figure 1). PET radioligands travel throughout the body via the
bloodstream, enter the brain, and bind to target macromolecules.
The status of neuroreceptors is typically described in terms of the
magnitude with which they bind the PET radioligand, expressed
as binding potential or distribution volume (Innis et al., 2007).
It is important to realize that PET estimates of receptor binding
are a combination of three factors, namely (i) the number of neu-
roreceptors in a molecular conformation suited for binding, (ii)
the affinity of the neuroreceptors for the radiopharmaceutical, and
(iii) the concentration of endogenous neurotransmitter nearby the
neuroreceptors. Thus, differences between depressed subjects and
non-depressed subjects in receptor binding results in most stud-
ies from an unknown combination of pharmacodynamic factors
(Laruelle, 2000; Lammertsma, 2002; Gjedde et al., 2005), which
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must be kept in mind in order to avoid erroneous interpretations
of PET findings on neuroreceptors.

MONOAMINERGIC MECHANISMS
SEROTONIN SYNTHESIS
Disturbances in serotonin synthesis have often been assumed
to contribute to depressive disorders. In a recent study, Frey
et al. (2010) used α-[11C]MTrp to estimate the rate of sero-
tonin synthesis in medication-free, depressed subjects, and in
non-depressed, healthy controls. They hypothesized that sex dif-
ferences in serotonin synthesis may underlay the well-known
overrepresentation of females in lifetime likelihood of depressive

disorders. Strict exclusion criteria were applied to obtain a sam-
ple of currently depressed, drug-free patients for comparison with
age- and sex-matched PET data from healthy subjects retrieved
from a database. Statistical analysis was carried out on nor-
malized parametric images of the brain trapping constant for
α-[11C]MTrp. They found that accumulation of the radioli-
gand in selected brain regions was relatively high in medication-
free, depressed females compared with medication-free, depressed
males. Frey and coworkers postulated that greater disturbances
of serotonin synthesis and serotonergic neurotransmission are
required in males than in females for the occurrence of depres-
sion. Their notion is, however, opposed by the outcome of a study

FIGURE 1 | Continued
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FIGURE 1 | Structural drawings of PET radioligands cited in the present review on depressive disorders.

carried out previously by members of their research group (Rosa-
Neto et al., 2004), in which the clinical severity of depression failed
to correlate with the relative rate of serotonin synthesis in either
males or females. In other studies, tryptophan depletion has been
used to disrupt serotonin synthesis in males and females, but no
consistent sex differences in plasma levels of the serotonin precur-
sor, behavioral responses, or regional binding by serotonin uptake
sites have been found (Moreno et al., 1999; Praschak-Rieder et al.,
2005). Thus, little evidence supports the notion that sex differences
in serotonin synthesis are causally related to either the likelihood
or the severity of depressive disorders.

SEROTONIN TRANSPORT
Serotonin transport has received much attention over the years in
PET studies of depressive disorders (Brust et al., 1999; Smith, 1999;
Cannon et al., 2007; Meyer, 2007). Two factors have contributed
strongly to such studies. Firstly, many antidepressant drugs are
believe to exert their therapeutic effects by binding to the serotonin
transporter and thereby preventing the removal of serotonin from

the synaptic cleft (Meltzer and Lowy, 1987; Hirschfeld, 2000). Sec-
ondly, several suitable PET radioligands became available relatively
early for studying regional binding of the serotonin transporter in
brain (Brust et al., 1999, 2003; Houle et al., 2000). In a recent study,
Miller and coworkers addressed the issue of whether disturbances
in serotonin transporters provide reliable links between childhood
abuse and subsequent depressive disorders (Miller et al., 2009b).
They re-assessed PET data from an earlier study of adult sub-
jects, in which [11C]McNeil 5652 was used to estimate the binding
potential of serotonin transporters (Parsey et al., 2006a). The sub-
jects were asked about physical and/or sexual abuse during their
lifetime. The present study compared PET data from subjects that
reported childhood abuse and those who reported no such expe-
rience. Binding potentials of serotonin transporters were lower in
several brain regions of depressed subjects who reported child-
hood abuse than in those who reported no such abuse. Miller and
coworkers interpreted their findings in terms of a lower density
of serotonin transporters in depressed subjects who experienced
childhood abuse and speculated that childhood abuse can affect
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the availability of serotonin transporters later in life (Miller et al.,
2009b). We must note, however, that estimates of binding poten-
tials are a composite of three factors, not just the density of receptor
sites. Secondly, there is no way of knowing from their study how
and when differences in the binding potential of serotonin trans-
porters may have taken place. Therefore, their proposals appear
premature and ignore several possibilities, such as differences in
functional properties of serotonin transporters at birth or indi-
vidual differences in effects of the experimental setting on binding
potentials.

Frokjaer et al. (2009) used PET to address the issue of whether
heritability affects central molecular mechanisms that may be
involved in depressive disorders. They used the Danish Twin Reg-
ister and the Danish Psychiatric Central Register to find subjects
for the study. Their “high-risk group” consisted of twins with a
co-twin having a hospital-discharge diagnosis of mood disorder,
whereas their “low-risk group” had twins with a co-twin with
no registered psychiatric diagnosis or personal history of mood
disorder. The ultimate aim of the PET study was to identify indi-
viduals at high-risk of becoming depressed. The binding potential
of serotonin transporters toward [11C]DASB in the dorsolateral
prefrontal cortex was lower in the high-risk group than in the low-
risk group, whereas no other brain regions showed reliable group
differences, and the binding potentials of serotonin transporters
toward [11C]DASB failed to correlate with scores on the Hamilton
depression scale.

Reimold et al. (2011) carried out PET with [11C]DASB in search
of links between the responsiveness of the stress hormone system
and the availability of serotonin transporters in negative mood
states. They studied depressed subjects who were medication-free
before and during the research project. The responsiveness of the
stress hormone system was assessed by measuring plasma cortisol
at times after administration of dexamethasone and corticotrophic
releasing hormone in a modified suppression test (Turner, 1982;
Amsterdam et al., 1983). PET scans and stress tests were carried out
on separate days. Binding of [11C]DASB was reduced in the thala-
mus of depressed patients compared with healthy subjects, which
replicated previous findings (Reimold et al., 2011). High respon-
siveness in the hormone suppression test was correlated with low
binding of thalamic serotonin transporters toward [11C]DASB.
The findings serve to link negative mood states, stress responsive-
ness, and properties of serotonin transporters that are independent
of genotype.

Politis and coworkers used [11C]DASB for PET to study pos-
sible relationships between binding by serotonin transporters and
depressive symptoms in patients with Parkinson disease (Poli-
tis et al., 2010). Rating scales provided measures of depression
severity, and cutoff points enabled classification of the Parkin-
son patients as being either depressed or non-depressed. Regional
binding potentials of serotonin transporters in 12 brain regions
were estimated by a graphical method with cerebellum gray mat-
ter as reference region. A group of healthy, non-depressed subjects
was included in the study, and regional binding potentials of sero-
tonin transporters toward [11C]DASB were compared between
groups. Regional binding potentials were lower in all brain regions
of non-depressed Parkinson patients than in healthy subjects. Sim-
ilarly, the binding potentials for serotonin transporters toward

[11C]DASB were lower in eight brain regions of depressed Parkin-
son patients compared with values for healthy subjects. Thus, low
binding potentials of serotonin transporters were unrelated to the
depression status of Parkinson patients.

Studies of serotonin transporters in depressive disorders can
explore possible relationships between regional binding potentials,
genotype, and symptom severity. At present, two central questions
remain regarding binding potentials of serotonin transporters in
depressive disorders. Firstly, is symptom severity reliably related
to binding potentials? Secondly, is the genotype of serotonin
transporters reliably related to binding potentials?

Murthy and coworkers performed a PET study recently to deter-
mine whether polymorphic variations in the promoter region
of genes coding for the serotonin transporter, so-called S- and
L-alleles (Canli and Lesch, 2007), determine regional binding
potentials of serotonin transporters toward [11C]DASB (Murthy
et al., 2010). They examined seven brain regions and esti-
mated binding potentials by the reference tissue method. As
expected (Houle et al., 2000; Ginovart et al., 2001), highest
binding of [11C]DASB took place in raphe, putamen, amyg-
dala, and thalamus, but binding potentials failed to be reli-
ably related to genotype. That finding agrees with recent evi-
dence (Reimold et al., 2011) that opposes the notion of direct
causal connections between genotype and functional proper-
ties of serotonin transporters in depressive disorders (Collier
et al., 1996; Mann et al., 2000; Homberg and Lesch, 2011).
In addition, most studies find that symptom severity fails to
correlate reliably with regional binding potentials of serotonin
transporters toward [11C]DASB in depressed subjects (Frokjaer
et al., 2009; Smith and Jakobsen, 2009; Politis et al., 2010). Thus,
regional binding potentials of serotonin transporters can vary
independent of genotype and of symptom severity in depressive
disorders.

Laje et al. (2010) also used PET to look for links between PET
findings on serotonin transporters and genotype, with focus on
serotonin type 2A receptors. Their study was motivated by the
outcome of a previous report on relationships between a single
genotype of serotonin type 2A receptors (rs7997012) and clinical
antidepressant effects of citalopram, a selective serotonin reuptake
inhibitor (McMahon et al., 2006). In their recent study, Laje and
coworkers determined whether binding potentials of [11C]DASB
in several brain regions were reliably related to any of fourteen sin-
gle nucleotide polymorphisms of serotonin type 2A receptors in
depressed outpatients and healthy controls. The data of depressed
patients and healthy volunteers were pooled in order to increase
statistical power, on the assumption of no difference between
diagnostic subgroups for whatever association may exist between
genetic markers (genotypes) and binding potentials (phenotypes).
As a result, the findings cannot indicate whether there were any
reliable differences between properties of serotonin transporters
in depressed versus non-depressed subjects. Special procedures,
most of which are unfamiliar to the present authors, were used
in the data analysis to adjust for multiple correlated compar-
isons. Binding potentials of [11C]DASB by serotonin transporters
in thalamus and insula were associated with one genetic variant
of serotonin type 2A receptors (rs7333412). Laje and coworkers
proposed that genetic variation in serotonin type 2A receptors
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and either functional aspects of serotonin transporters or central
serotonergic transmission affect the therapeutic response to drug-
induced inhibition of serotonin transport in major depression,
although their findings provided no direct empirical evidence for
such claims.

SEROTONIN TYPE 1A RECEPTOR
Miller et al. (2009a) determined whether binding of [11C]WAY-
100635 by serotonin type 1A receptors differs between healthy
subjects, depressed patients, and depressive patients in remis-
sion. Their previous work had shown an increase in serotonin
type 1A receptor binding in depressed patients (Parsey et al.,
2006b), and the new study contained a replication attempt. None
of the subjects had taken antidepressant medication for at least
6 months before PET scanning. Miller and coworkers performed
PET with [11C]WAY-100635 to test the notion that elevated bind-
ing potentials are a molecular trait of depressive disorders. Careful
diagnostic procedures and strict inclusion criteria were applied for
selection of subjects. In addition, particular attention was given to
the method for estimating binding potential, in light of discrep-
ancies and controversies in previous studies (Bhagwagar et al.,
2004; Parsey et al., 2006b; Moller et al., 2007; Hirvonen et al.,
2008). Binding potentials of serotonin type 1A receptors toward
[11C]WAY-100635 were, once again, higher in remitted depressed
subjects and currently depressed subjects compared with healthy
subjects. However, the estimates of binding potentials depended
heavily on the region used as reference tissue; cerebellar white mat-
ter gave higher values for binding potentials of serotonin type 1A
receptors in remitted patients than in healthy subjects, whereas
cerebellar gray matter produced opposite results. Such findings
suggest, surprisingly, that an important key to understanding the
impact of serotonin type 1A receptors in depressive disorders
resides in differences between the white and gray matter of the
cerebellum.

Sullivan and coworkers studied binding of [11C]WAY-100635
in medication-free patients with bipolar depressive disorder com-
pared with never-depressed, healthy subjects (Sullivan et al., 2009).
A major thrust of this study concerned comparisons between
methods for estimating the binding potential of serotonin type
1A receptors toward the PET radioligand. They included arter-
ial blood sampling with analysis of metabolites and free plasma
fraction for estimates of binding potentials of regional serotonin
type 1A receptors. In addition, estimates of binding potentials
were obtained by a reference region method, and the serotonin
type 1A gene was genotyped to see whether genetic factors affect
5-HT1A binding in bipolar disorder. Values for regional bind-
ing potentials of serotonin type 1A receptors toward [11C]WAY-
100635 were log transformed, and statistical analysis was then
carried out by a linear mixed-effects model. Estimates of regional
binding potentials, based on plasma data, were higher in bipolar
depressed patients than in never-depressed subjects, due mainly
to relatively high values in depressed, bipolar males, along with
lower free plasma fractions in depressed, bipolar subjects com-
pared with never-depressed subjects. It is noteworthy that values
for regional binding potentials of serotonin type 1A receptors
toward [11C]WAY-100635 failed to correlate reliably with the clin-
ical condition of subjects, and no reliable relationships were noted

between diagnostic groups for [11C]WAY-100635 binding and C(-
1019)G promoter polymorphisms. Similarly, estimates of binding
potentials by a reference region method provided no reliable dif-
ference between bipolar depressed patients and never-depressed
subjects.

Parsey et al. (2010) carried out another PET study with
[11C]WAY-100635 to examine possible sources of discrepancies in
previous studies concerning whether regional binding potentials
of serotonin type 1A receptors are higher or lower in major depres-
sive disorders than in non-depressed subjects. As noted above
(Sullivan et al., 2009), regional binding potentials of serotonin type
1A receptors toward [11C]WAY-100635 were reduced in depressed
subjects compared with non-depressed subjects when reference
tissue was cerebellar gray matter, whereas opposite findings were
obtained with the use of cerebellar white matter as reference tis-
sue. The marked sensitivity of estimates of radioligand binding by
serotonin type 1A receptors on selection of cerebellar tissue com-
plicates the use and interpretation of reference region methods for
PET studies of depression with [11C]WAY-100635.

Karlsson and coworkers determined whether the binding
potential of serotonin type 1A receptors is affected by psychother-
apy and/or antidepressant drug treatment (Karlsson et al., 2010).
Using a randomized design, they treated depressed subjects from
a previous PET study (Hirvonen et al., 2008) with either fluox-
etine or short-term psychodynamic therapy. Brain imaging with
[11C]WAY-100635 was done before and after treatment, along with
symptom assessment by the Hamilton Depression Rating Scale.
They used the reference region method based on cerebellar white
matter and found increased binding potentials of serotonin type
1A receptors toward [11C]WAY-100635 in cortical regions in the
group given psychotherapy compared with those given fluoxetine,
despite the fact that improvement of depression was similar in
the two groups. Compared with healthy subjects, post-treatment
binding potentials of serotonin type 1A receptors were elevated in
the psychotherapy group but not in the fluoxetine group. Karlsson
and coworkers view their findings as direct evidence for a spe-
cific neurotransmitter mechanism involved in the neurobiology
of psychotherapy, perhaps unrelated to therapeutic response.

Saijo et al. (2010a) did a study to see whether antidepres-
sant treatment affects the binding potential of serotonin type 1A
receptors. In their case, the antidepressant treatment consisted
of electroconvulsive therapy (ECT). Using PET with [11C]WAY-
100635, brain imaging took place before and after ECT in a
group of depressed inpatients. Kinetic data analysis was car-
ried out using the reference region method based on cerebellar
gray matter. Never-depressed subjects underwent PET scanning
with [11C]WAY-100635 on one occasion to provide measures of
regional binding by serotonin type 1A receptors for compari-
son with values in depressed inpatients. The patients continued
to receive selective serotonin reuptake inhibitors during ECT.
Depression improved markedly in all patients given ECT between
the first and second PET scans, but no reliable changes occurred in
regional binding potentials of serotonin type 1A receptors. Com-
pared with never-depressed subjects, reduced binding potentials
of serotonin type 1A receptors were noted in the midbrain raphe
region both before and after completion of antidepressant ther-
apy. The findings agree with a previous report on the lack of direct
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relationships between binding by serotonin type 1A receptors and
negative mood state (Bhagwagar et al., 2004).

Lanzenberger et al. (2013) also determined by PET whether
ECT alters [11C]WAY-100635 binding in brain regions. They
scanned treatment-resistant depressed patients twice before ECT
begun, so as to establish the test-retest validity of the procedure
and, thereby, to improve the initial characterization of serotonin
type 1A receptors. The patients remained in steady-state drug
treatment during the study. Cerebellar gray matter, excluding the
vermis, served as reference tissue for estimating the binding poten-
tial of serotonin type 1A receptors. ECT lowered the binding
potential of serotonin type 1A receptors toward [11C]WAY-100635
throughout the brain,without region-specific effects. Of particular
importance for the present review is the fact that no reliable corre-
lations were noted between the magnitude of treatment-induced
changes in radioligand binding by serotonin type 1A receptors and
changes in scores on the Hamilton depression scale.

Theodore et al. (2007, 2012) followed-up a previous PET study
on possible dysfunctions of serotonin type 1A receptors in depres-
sive disorders in patients with temporal epilepsy. In their new
study, they looked for relationships between the binding potential
of hippocampal serotonin type 1A receptors toward [11C]WAY-
100635 and depression in epileptic patients. They used metabolite-
corrected plasma input functions in their estimates of binding
potentials, and found that high scores on the Beck depression self-
rating inventory were correlated with low hippocampal binding
of [11C]WAY-100635 in the hemisphere on the side of the seizure
focus. We can only wonder about the potential clinical importance
of these findings, while we wait for them to be replicated to judge
their validity.

A major controversy in PET studies of serotonin type 1A
receptors currently centers around differences noted between
studies of regional binding of [11C]WAY-100635 in depression
(Shrestha et al., 2012). Uncertainties may stem from a range of
factors, including choice of reference region, measurement of
radiometabolites, altered affinity state of receptors, and relatively
small samples (Shrestha et al., 2012). There is, nonetheless, gen-
eral agreement that published findings fail to demonstrate reliable
relationships between the severity of depression and [11C]WAY-
100635 binding. That situation in itself casts doubt on the notion
that PET studies of serotonin type 1A receptors can disclose the
neurobiological basis of depressive disorders. In view of radiation
doses received by subjects in PET studies along with the relatively
great expense of such studies, perhaps the time has come to aban-
don the apparently futile search for confirmatory evidence that
regional binding potentials of serotonin type 1A receptors toward
[11C]WAY-100635 are critical for the course of psychic depression.

SEROTONIN TYPE 1B RECEPTOR
Murrough and coworkers carried out the first PET study on sero-
tonin type 1B receptors in depressive disorders (Murrough et al.,
2011). They estimated the binding potential of [11C]P943 (Nabulsi
et al., 2010) in brain regions rich in serotonin type 1B receptors,
namely ventral striatum and ventral globus pallidus (Sari, 2004).
The study used healthy subjects and medication-free subjects in
prolonged episodes of major depressive disorder. Kinetic data
analysis consisted of a multiple reference tissue method (Ichise

et al., 2003) with cerebellum as reference region. PET data were
expressed as the ratio between binding potentials of serotonin type
1B receptors in ventral striatum versus ventral globus pallidus.
That ratio was markedly lower in both hemispheres of subjects
with major depressive disorder than in healthy subjects, but it
failed to correlate with clinical or demographic items. In addition,
we wish to point out that presenting PET data only as ratios pre-
cludes gaining an understanding of the neuromolecular source of
the alleged differences between healthy and depressed subjects in
receptor binding in brain regions.

SEROTONIN TYPE 2 RECEPTOR
Yatham and coworkers examined the status of serotonin type
2 receptors before and after a series of right unilateral ECT in
depressed subjects who were refractory to previous antidepres-
sant therapies (Yatham et al., 2010). Needless to say, ECT provides
one of the most powerful antidepressant procedures by which
to explore possible relationships between depression severity and
neuroreceptor binding (Minichino et al., 2012). The number of
ECTs administered to each depressed subject was based on clini-
cal response, with a maximum of eight treatments. Psychotropic
drugs other than benzodiazepines for sleep were discontinued at
least 1 week prior to PET scanning with [18F]setoperone. Estimates
of the binding potential of serotonin type 2 receptors in the cere-
bral cortex toward [18F]setoperone were obtained by a graphical
reference tissue method. Depressed subjects who were included in
this study had relatively high scores on the Hamilton depression
rating scale, indicative of their severe condition. Binding potentials
of serotonin type 2 receptors in several cortical regions, including
medial prefrontal cortex and parahippocampal gyri, were lower
after ECT than before treatment, but the magnitude of clinical
improvement failed to correlate reliably with changes in binding
potentials.

The lack of a reliable relationship between the clinical con-
dition of depressed patients given ECT and regional binding
of [18F]setoperone by serotonin type 2 receptors challenges the
notion of causal links between depressive disorders and that
receptor system.

DOPAMINE D2/3 RECEPTOR
Saijo et al. (2010b) used [11C]FLB 457 for PET to determine
whether ECT affects the binding of extrastriatal dopamine D2/3

receptors in depressed subjects. They carried out PET scanning
before and after ECT in depressed patients who were allowed to
continue taking antidepressant medication during the study. A
group of never-depressed, healthy subjects were included in the
study; they were scanned once in order to obtain baseline esti-
mates of binding of [11C]FLB 457 by dopamine D2/3 receptors for
comparison with depressed inpatients. ECT reduced the severity
of depression in all patients, but binding potentials of dopamine
D2/3 receptors toward [11C]FLB 457 in patients failed to be reliably
related to improvement in their clinical condition. Binding poten-
tials of dopamine D2/3 receptors toward [11C]FLB 457 were lower
in right anterior cingulate after ECT than before treatment, but
no reliable differences were noted between depressed patients and
never-depressed subjects.
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Normalized parametric images were used by Saijo and cowork-
ers in their analysis of dopamine D2/3 receptor binding. That
procedure fails, however, to provide quantitative estimates for
statistical comparisons. Nevertheless, it is noteworthy once again
that the clinical condition of depressed subjects was unrelated to
[11C]FLB 457 binding by dopamine D2/3 receptors.

MULTIPLE MONOAMINE RECEPTORS
Smith and coworkers radiolabeled mirtazapine, a multitarget anti-
depressant compound (Millan, 2006, 2009), for PET in treatment-
resistant, medication-free, depressed subjects, and in never-
depressed, healthy subjects (Smith et al., 2009). The rationale for
the study centered on the notion that treatment-resistant depres-
sion may involve dysfunction of several neuroreceptor systems
that may be assessed simultaneously by a multitarget PET radi-
oligand. Binding potentials of receptors toward [11C]mirtazapine
were lower in cortical regions of treatment-resistant, depressed
subjects than in healthy subjects, and depression scores were cor-
related inversely with binding potentials in frontal, temporal,
and occipital cortical regions. However, the multiple pharma-
cological actions of [11C]mirtazapine on central receptor sys-
tems preclude statements on the relative role of specific neuro-
molecular mechanisms in differences detected by PET between
depressed and healthy subjects. Another drawback of the study
concerns differences in the specific activity of the radioligand
administered to healthy versus depressed subjects. That factor
was dealt with by post hoc regression analysis, which is a pro-
cedure with many pitfalls (Vul et al., 2009; Simmons et al.,
2011).

MONOAMINE OXIDASE TYPE A
Meyer and coworkers explored possible relationships between
depressive disorders and regional binding of [11C]harmine, a PET
radioligand for studying monoamine oxidase type A (Meyer et al.,
2009a). They determined whether therapeutic effects of anti-
depressant drug treatment affects binding of [11C]harmine by
monoamine oxidase type A, and whether recurrence of depres-
sion is associated with the level of [11C]harmine binding in brain
regions. To determined whether successful treatment with an anti-
depressant drug affects central binding of [11C]harmine, they PET
scanned depressed subjects twice, once before treatment, and again
after 6 weeks of treatment with a selective serotonin reuptake
inhibitor. It is noteworthy for the present review that beneficial
clinical effects of antidepressant treatment failed to reliably affect
regional binding of [11C]harmine in the brain. Some relation-
ships were noted, nevertheless, between binding of [11C]harmine
and depression. For example, [11C]harmine binding was elevated
in brain regions of depressed subjects and of subjects who had
recovered from depression compared with never-depressed sub-
jects, and recurrence of depression was associated with elevated
[11C]harmine binding.

This study was carried out with meticulous attention to detail
in screening subjects, scanning procedures, and kinetic data analy-
sis. In our view, the failure of beneficial antidepressant treatment
to affect [11C]harmine binding as measured by PET dissociates
depressive psychopathology from central levels of monoamine oxi-
dase type A. The relationship reported between elevated activity

of monoamine oxidase type A in some brain regions and recur-
rence of depression was statistically significant without correction
for multiple comparisons, but inspection of the data indicates
marked overlap between groups, which tends to call that finding
into question.

NON-MONOAMINERGIC MECHANISMS
MUSCARINIC TYPE 2 RECEPTOR
Cholinergic neurotransmission has a widespread distribution in
the brain and the parasympathetic nervous system (Mineur and
Picciotto, 2010; Wevers, 2011). Cannon and coworkers combined
PET brain imaging and genotyping in their study of central cholin-
ergic processes in depressive disorders (Cannon et al., 2011). They
assessed possible relationships between six single nucleotide poly-
morphisms of the cholinergic muscarinic type 2 receptor gene
and binding of the high-affinity cholinergic agonist, [18F]FP-TZT.
Their study had several strong points. For example, they included
an independent test of a previous finding (Cannon et al., 2006),
applied strict exclusion criteria with regard to the use of nicotine
and psychotropic drugs by their subjects, and used appropriate
statistical procedures with corrections for multiple comparisons
(Curran-Everett, 2000; Nieuwenhuis et al., 2011). They found that
differences in the degree of binding of [18F]FP-TZTP in the ante-
rior cingulate cortex of bipolar depressive versus healthy subjects
depended on the allelic composition of the single nucleotide poly-
morphism (rs324650), whereas no such differences were noted
for [18F]FP-TZTP binding between healthy subjects and subjects
with unipolar depressive disorder. Cannon and coworkers inter-
preted their finding of relatively low [18F]FP-TZTP binding in
bipolar disorder in relation to the nucleotide sequence coding for
the muscarinic type 2 receptor. In our view, that is a truly bold
hypothesis on the basis of a single study.

NICOTINIC RECEPTOR
Nicotinic receptors contribute to central molecular mechanisms
ranging from nicotine dependence to severe cognitive dysfunction
(Dani and Bertrand, 2007; Romanelli et al., 2007). Meyer et al.
(2009b) reasoned that disturbances in nicotinic receptors may
contribute to symptoms of depression in patients with Parkinson
disease. To test that notion, they carried out PET with [18F]FA-
85380 in Parkinson patients and healthy subjects. All subjects
were non-smokers, which ruled out nicotine dependence as a
confounding factor (Brody et al., 2006). Depression in Parkin-
son patients was determined by a self-report questionnaire, and
PET data were analyzed by region-of-interest and voxel-based
procedures. As expected (Perry et al., 1995), binding by nico-
tinic receptors was reduced in several brain regions of Parkinson
patients compared with healthy subjects. In addition, depression
scores in Parkinson patients were correlated inversely with binding
of [18F]FA-85380 in several brain regions. Meyer and coworkers
speculated that their PET procedures may enable early detection
of nicotinic alterations in brain regions of Parkinson patients at
risk of developing depressive disorders.

GAMMA AMINO BUTYRIC ACID (GABA) TYPE A RECEPTOR
GABAergic mechanisms are currently receiving much attention
in research on psychic disorders (Rudolph and Knoflach, 2011).
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Klumpers and coworkers used [11C]flumazenil for PET to see
whether binding of central GABAA receptors differs between
depressed and healthy subjects (Klumpers et al., 2010). In addition,
they determined whether antidepressant drug treatment affects
GABAA receptor binding. The findings depended heavily on the
method used for PET data analysis. Voxel-based data analysis indi-
cated that antidepressant drug treatment reduced [11C]flumazenil
binding in right lateral temporal gyrus and dorsolateral prefrontal
cortex of depressed patients. In contrast, region-of-interest analy-
sis revealed no reliable differences of antidepressant treatment
on [11C]flumazenil binding, no differences in [11C]flumazenil
binding between depressed and healthy subjects, and no reli-
able correlations between regional receptor binding potentials and
depression scores. In a selected sample of patients, a relation-
ship was found between reduced binding of [11C]flumazenil at
certain brain sites and lack of neuroendocrine suppression in a
dexamethasone-suppression test. Klumpers and coworkers inter-
preted their findings in terms of putative deficiencies in inhibitory
GABAergic mechanisms.

PHOSPHODIESTERASE TYPE 4
Fujita and coworkers used [11C]-(R)-rolipram for PET to probe
the cAMP second messenger system in healthy subjects and
depressed patients (Fujita et al., 2012). Rolipram was originally
developed as an antidepressant drug to inhibit phosphodiesterase
type 4 and thereby reduce metabolism of cAMP (Wachtel, 1982,
1983; Zanotti-Fregonara et al., 2011). As usual (Gjedde et al., 2005),
estimates of radioligand binding in brain regions depended on the
density and the activity of the enzyme, as well as the concentra-
tion of other compounds that compete at the receptor site. Fujita
and coworkers found that [11C]-(R)-rolipram binding was reliably
lower throughout the brain of depressed patients than in healthy
subjects, with no reliable correlations between radioligand binding
and the severity of depressive symptoms.

AMYLOID AND TAU PROTEINS
Pathological changes in the brain consisting of amyloid plaques
and neurofibrillar tangles typically herald cognitive disturbances
in Alzheimer disease (Vardy et al., 2006; Golde et al., 2010; Small
et al., 2012). Lavretsky et al. (2009) used [18F]DDNP to see whether
amyloid plaques and neurofibrillar tangles are also present in the
brain of middle-aged and older subjects with mild-to-moderate
depressive disorders, with and without mild cognitive impairment.
None of the subjects had required antidepressant drug treatment.
Depressive symptoms in subjects with mild cognitive impairment
were associated with increased binding of [18F]DDNP in lateral
temporal regions, whereas symptoms of depression in subjects
without mild cognitive impairment were associated with increased
binding of [18F]DDNP in medial temporal regions. Thus, amyloid
plaques and neurofibrillar tangles were identified by PET in elderly,
mildly depressed subjects, regardless of their cognitive condition.

Kumar and coworkers also used [18F]DDNP for PET to
explore possible links between depressive disorders and amyloid
plaques and neurofibrillar tangles (Kumar et al., 2011). They
recruited non-demented subjects with late-life depression, and
compared them to non-depressed, age-matched subjects. Bind-
ing of [18F]DDNP in several cortical brain regions was higher

in the group with late-life depression than in the age-matched,
non-depressed group.

P-GLYCOPROTEIN
The blood-brain barrier limits the bi-directional passage of mol-
ecules, while the removal of certain molecules from the brain
is enhanced by the P-glycoprotein efflux pump. Verapamil is a
calcium channel blocker that is removed from the brain by the
P-glycoprotein pump, and the drug can be radiolabeled with a
positron-emitting nuclide and used to study the P-glycoprotein
pump (Bartels et al., 2010). de Klerk et al. (2009) examined possi-
ble relationships between the P-glycoprotein pump and depressive
disorders. They used [11C]verapamil for PET brain imaging in
a group of severely depressed subjects receiving various antide-
pressant drugs and in a group of non-depressed, unmedicated
subjects. The binding of [11C]verapamil in the whole brain failed
to differ reliably between groups, while regional data analysis indi-
cated that levels of [11C]verapamil were lower in prefrontal cortex
and temporal lobes of depressed subjects than in healthy controls.
de Klerk and coworkers interpreted their finding in relation to the
possible impact of long-term usage of antidepressant drugs and/or
treatment-resistant depression on the P-glycoprotein pump.

The diversity of recent PET studies on non-monoaminergic
mechanisms in depressive disorders precludes general statements
concerning the findings. [18F]DDNP was used in two recent
studies that found an association between binding by amyloid
plaques and neurofibrillar tangles in temporal lobes of elderly
subjects with mild-to-moderate depression. That finding con-
curs with reports on neuropathology in temporal cortex of
depressed subjects (Saylam et al., 2006; Vasic et al., 2008) and
supports the well-known relationship between depressive disor-
ders and Alzheimer’s disease (Caraci et al., 2010; Frisardi et al.,
2011). Cholinergic mechanisms have also been implicated in
both depressive disorders and Alzheimer’s disease (Mineur and
Picciotto, 2010; Fisher, 2012), which may relate to the differ-
ences observed in binding of [18F]FP-TZTP and [18F]FA-85380
between healthy subjects and subjects with depressive disorders.
With regard to GABAergic neurotransmission, much evidence
implicates disturbances of function in depression as well as other
neuropsychiatric disorders (Rudolph and Knoflach, 2011). The
recent PET findings with [11C]flumazenil are of interest in that
respect (Klumpers et al., 2010), despite the fact that benefi-
cial effects of antidepressant treatment were associated with a
further reduction of radioligand binding. Obviously, we have
much to learn regarding whether non-monoaminergic mecha-
nisms can be reliably linked with depressive disorders by PET brain
imaging.

GENERAL DISCUSSION
The search continues for PET radioligands that can disclose causal
links between the binding properties of central neuromolecular
processes and the clinical condition of people suffering from
depressive disorders. Our account of PET findings presented in
this review is both critical and harsh, based on our serious con-
cern regarding the current lack of clear-cut relationships between
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neuromolecular processes as measured by PET and changes in the
severity of depression. In particular, beneficial effects of potent
antidepressant treatments have typically failed to affect neurore-
ceptor binding of PET radioligands in subjects who were depressed
at the start of the study, but who experienced clear-cut reductions
in symptom severity. We are aware that lack of effect of beneficial
antidepressant treatment on receptor binding in depressed sub-
jects can be said to reflect a so-called “trait variable,” but we fail to
see the value of that notion since it has no impact on treatment
strategy. What is more, the notion of a “trait variable” as a stable,
neuromolecular abnormality fails to take into account the possi-
bility that the foreign experience of being constrained in a PET
scanner and having a radioactive substance injected into a vein
may affect brain function differently in depressed subjects than
in healthy volunteers. If that were to occur, then the PET find-
ings would reflect a so-called “state variable” rather than a “trait
variable.”

The failure of changes in the clinical condition of depressed
subjects to be reliably linked with changes in binding of PET

radioligands in the living brain adds to the disappointment that
currently surrounds the field (Jones and Rabiner, 2012). Sadly,
studies carried out by PET with available radioligands have neither
proved nor refuted conclusively any hypothesis concerning causal
connections between molecular neurobiology and the severity
of depression. The failure of PET to demonstrate reliable effects
on neuroreceptors in depressed subjects receiving potent antide-
pressant treatments may indicate that neuronal systems probed
by currently available positron-emitting radioligands are remark-
ably stable. If so, then the success of PET scanning in detecting
causal relationships between symptoms of depression and molec-
ular neurobiology may require the invention of further positron-
emitting radioligands along with new scanning procedures that
can detect dynamic variations in neuromolecular processes that
remain unknown. The richness of human emotions, thoughts, and
actions, plus the complexity of molecular events in the human
brain, caution against expecting PET brain imaging to provide
rapid progress toward improving the treatment of depressive
disorders.

REFERENCES
Amsterdam, J. D., Winokur, A., Bryant,

S., Larkin, J., and Rickels, K.
(1983). The dexamethasone sup-
pression test as a predictor of anti-
depressant response. Psychopharma-
cology (Berl.) 80, 43–45.

Bartels, A. L., de Klerk, O. L., Kortekaas,
R., de Vries, J. J., and Leenders, K.
L. (2010). 11C-verapamil to assess
P-gp function in human brain dur-
ing aging, depression and neurode-
generative disease. Curr. Top. Med.
Chem. 10, 1775–1784.

Bender, D., Olsen, A. K., Marthi, M.
K., Smith, D. F., and Cumming, P.
(2004). PET evaluation of the uptake
of N-[11C]methyl CP-643,051, an
NK1 receptor antagonist, in the liv-
ing porcine brain. Nucl. Med. Biol.
31, 699–704.

Bhagwagar, Z., Rabiner, E. A., Sargent,
P. A., Grasby, P. M., and Cowen,
P. J. (2004). Persistent reduction in
brain serotonin1A receptor binding
in recovered depressed men mea-
sured by positron emission tomog-
raphy with [11C]WAY-100635. Mol.
Psychiatry 9, 386–392.

Brody, A. L., Mandelkern, M. A., Lon-
don, E. D., Olmstead, R. E., Farahi, J.,
Scheibal, D., et al. (2006). Cigarette
smoking saturates brain alpha 4 beta
2 nicotinic acetylcholine receptors.
Arch. Gen. Psychiatry 63, 907–915.

Brust, P., Scheffel, U., and Szabo, Z.
(1999). Radioligands for the study of
the 5-HT transporter in vivo. Idrugs
2, 129–145.

Brust, P., Zessin, J., Kuwabara, H.,
Pawelke, B., Kretzschmar, M., Hinz,
R., et al. (2003). Positron emis-
sion tomography imaging of the

serotonin transporter in the pig
brain using [11C](+)-McN5652
and S-([18F]fluoromethyl)-
(+)-McN5652. Synapse 47,
143–151.

Canli, T., and Lesch, K. P. (2007). Long
story short: the serotonin trans-
porter in emotion regulation and
social cognition. Nat. Neurosci. 10,
1103–1109.

Cannon, D. M., Carson, R. E., Nugent,
A. C., Eckelman, W. C., Kiesewet-
ter, D. O., Williams, J., et al. (2006).
Reduced muscarinic type 2 recep-
tor binding in subjects with bipolar
disorder. Arch. Gen. Psychiatry 63,
741–747.

Cannon, D. M., Ichise, M., Rollis, D.,
Klaver, J. M., Gandhi, S. K., Charney,
D. S., et al. (2007). Elevated sero-
tonin transporter binding in major
depressive disorder assessed using
positron emission tomography and
[11C]DASB; comparison with bipo-
lar disorder. Biol. Psychiatry 62,
870–877.

Cannon, D. M., Klaver, J. K., Gandhi,
S. K., Solorio, G., Peck, S. A., Erick-
son, K., et al. (2011). Genetic vari-
ation in cholinergic muscarinic-2
receptor gene modulates M2 recep-
tor binding in vivo and accounts
for reduced binding in bipo-
lar disorder. Mol. Psychiatry 16,
407–418.

Caraci, F., Copani, A., Nicoletti, F., and
Drago, F. (2010). Depression and
Alzheimer’s disease: neurobiological
links and common pharmacologi-
cal targets. Eur. J. Pharmacol. 626,
64–71.

Collier, D. A., Stober, G., Li, T., Heils, A.,
Catalano, M., Di, B. D., et al. (1996).

A novel functional polymorphism
within the promoter of the sero-
tonin transporter gene: possible role
in susceptibility to affective disor-
ders [see comments]. Mol. Psychiatry
1, 453–460.

Curran-Everett, D. (2000). Multiple
comparisons: philosophies and illus-
trations. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 279, R1–R8.

Dani, J. A., and Bertrand, D. (2007).
Nicotinic acetylcholine receptors
and nicotinic cholinergic mecha-
nisms of the central nervous system.
Annu. Rev. Pharmacol. Toxicol. 47,
699–729.

de Klerk, O. L., Willemsen, A. T.,
Roosink, M., Bartels, A. L., Hen-
drikse, N. H., Bosker, F. J., et
al. (2009). Locally increased P-
glycoprotein function in major
depression: a PET study with
[11C]verapamil as a probe
for P-glycoprotein function in
the blood-brain barrier. Int.
J. Neuropsychopharmacol. 12,
895–904.

Fisher, A. (2012). Cholinergic modu-
lation of amyloid precursor pro-
tein processing with emphasis on
M1 muscarinic receptor: perspec-
tives and challenges in treatment of
Alzheimer’s disease. J. Neurochem.
120(Suppl. 1), 22–33.

Frey, B. N., Skelin, I., Sakai, Y.,
Nishikawa, M., and Diksic, M.
(2010). Gender differences in
alpha-[(11)C]MTrp brain trapping,
an index of serotonin synthesis,
in medication-free individuals
with major depressive disorder:
a positron emission tomography
study. Psychiatry Res. 183, 157–166.

Frisardi, V., Panza, F., and Farooqui,
A. A. (2011). Late-life depression
and Alzheimer’s disease: the gluta-
matergic system inside of this mir-
ror relationship. Brain Res. Rev. 67,
344–355.

Frokjaer, V. G., Vinberg, M., Errit-
zoe, D., Svarer, C., Baare, W.,
Budtz-Joergensen, E., et al. (2009).
High familial risk for mood disor-
der is associated with low dorso-
lateral prefrontal cortex serotonin
transporter binding. Neuroimage 46,
360–366.

Fujita, M., Hines, C. S., Zoghbi, S.
S., Mallinger, A. G., Dickstein,
L. P., Liow, J. S., et al. (2012).
Downregulation of brain phospho-
diesterase type IV measured with
(11)C-(R)-rolipram positron emis-
sion tomography in major depres-
sive disorder. Biol. Psychiatry 72,
548–554.

Ginovart, N., Wilson, A. A., Meyer,
J. H., Hussey, D., and Houle, S.
(2001). Positron emission tomog-
raphy quantification of [(11)C]-
DASB binding to the human sero-
tonin transporter: modeling strate-
gies. J. Cereb. Blood Flow Metab. 21,
1342–1353.

Gjedde, A., Wong, D. F., Rosa-Neto,
P., and Cumming, P. (2005). Map-
ping neuroreceptors at work: on
the definition and interpretation of
binding potentials after 20 years
of progress. Int. Rev. Neurobiol. 63,
1–20.

Golde, T. E., Petrucelli, L., and Lewis,
J. (2010). Targeting Abeta and tau
in Alzheimer’s disease, an early
interim report. Exp. Neurol. 223,
252–266.

www.frontiersin.org March 2013 | Volume 4 | Article 8 | 13

http://www.frontiersin.org
http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research/archive


Smith and Jakobsen Elusive neurobiology of depression

Greenberg, P. E., Kessler, R. C., Birn-
baum, H. G., Leong, S. A., Lowe, S.
W., Berglund, P. A., et al. (2003).
The economic burden of depres-
sion in the United States: how did
it change between 1990 and 2000? J.
Clin. Psychiatry 64, 1465–1475.

Hirschfeld, R. M. (2000). History
and evolution of the monoamine
hypothesis of depression. J. Clin.
Psychiatry 61(Suppl. 6), 4–6.

Hirvonen, J., Karlsson, H., Kajander,
J., Lepola, A., Markkula, J., Rasi-
Hakala, H., et al. (2008). Decreased
brain serotonin 5-HT1A recep-
tor availability in medication-naive
patients with major depressive dis-
order: an in-vivo imaging study
using PET and [carbonyl-11C]WAY-
100635. Int. J. Neuropsychopharma-
col. 11, 465–476.

Homberg, J. R., and Lesch, K. P. (2011).
Looking on the bright side of sero-
tonin transporter gene variation.
Biol. Psychiatry 69, 513–519.

Houle, S., Ginovart, N., Hussey, D.,
Meyer, J. H., and Wilson, A. A.
(2000). Imaging the serotonin
transporter with positron emis-
sion tomography: initial human
studies with [11C]DAPP and
[11C]DASB. Eur. J. Nucl. Med. 27,
1719–1722.

Ichise, M., Liow, J. S., Lu, J. Q., Takano,
A., Model, K., Toyama, H., et al.
(2003). Linearized reference tissue
parametric imaging methods: appli-
cation to [11C]DASB positron emis-
sion tomography studies of the sero-
tonin transporter in human brain.
J. Cereb. Blood Flow Metab. 23,
1096–1112.

Innis, R. B., Cunningham,V. J., Delforge,
J., Fujita, M., Gjedde,A., Gunn, R. N.,
et al. (2007). Consensus nomencla-
ture for in vivo imaging of reversibly
binding radioligands. J. Cereb. Blood
Flow Metab. 27, 1533–1539.

Jones, T., and Rabiner, E. A. (2012).
The development, past achieve-
ments, and future directions of brain
PET. J. Cereb. Blood Flow Metab. 32,
1426–1454.

Karlsson, H., Hirvonen, J., Kajander, J.,
Markkula, J., Rasi-Hakala, H., Salmi-
nen, J. K., et al. (2010). Research
letter: psychotherapy increases brain
serotonin 5-HT1A receptors in
patients with major depressive dis-
order. Psychol. Med. 40, 523–528.

Klumpers, U. M., Veltman, D. J., Drent,
M. L., Boellaard, R., Comans, E. F.,
Meynen, G., et al. (2010). Reduced
parahippocampal and lateral tempo-
ral GABAA-[11C]flumazenil bind-
ing in major depression: prelimi-
nary results. Eur. J. Nucl. Med. Mol.
Imaging 37, 565–574.

Kumar, A., Kepe, V., Barrio, J. R., Sid-
darth, P., Manoukian, V., Elderkin-
Thompson, V., et al. (2011). Pro-
tein binding in patients with late-life
depression. Arch. Gen. Psychiatry 68,
1143–1150.

Laje, G., Cannon, D. M., Allen, A. S.,
Klaver, J. M., Peck, S. A., Liu, X.,
et al. (2010). Genetic variation in
HTR2A influences serotonin trans-
porter binding potential as mea-
sured using PET and [11C]DASB.
Int. J. Neuropsychopharmacol. 13,
715–724.

Lammertsma, A. A. (2002). Radioli-
gand studies: imaging and quantita-
tive analysis. Eur. Neuropsychophar-
macol. 12, 513–516.

Lanzenberger, R., Baldinger, P., Hahn,
A., Ungersboeck, J., Mitterhauser,
M., Winkler, D., et al. (2013). Global
decrease of serotonin-1A receptor
binding after electroconvulsive ther-
apy in major depression measured
by PET. Mol. Psychiatry 18, 93–100.

Laruelle, M. (2000). Imaging synap-
tic neurotransmission with in vivo
binding competition techniques: a
critical review. J. Cereb. Blood Flow
Metab. 20, 423–451.

Laruelle, M., Slifstein, M., and Huang,Y.
(2002). Positron emission tomogra-
phy: imaging and quantification of
neurotransporter availability. Meth-
ods 27, 287–299.

Lavretsky, H., Siddarth, P., Kepe, V.,
Ercoli, L. M., Miller, K. J., Burggren,
A. C., et al. (2009). Depression
and anxiety symptoms are associated
with cerebral FDDNP-PET binding
in middle-aged and older nonde-
mented adults. Am. J. Geriatr. Psy-
chiatry 17, 493–502.

Mann, J. J., Huang, Y. Y., Underwood,
M. D., Kassir, S. A., Oppenheim, S.,
Kelly, T. M., et al. (2000). A serotonin
transporter gene promoter poly-
morphism (5-HTTLPR) and pre-
frontal cortical binding in major
depression and suicide. Arch. Gen.
Psychiatry 57, 729–738.

Mathalon, D. H., and Ford, J. M.
(2012). Neurobiology of schiz-
ophrenia: search for the elusive
correlation with symptoms.
Front. Hum. Neurosci. 6:136.
doi:10.3389/fnhum.2012.00136

McIntyre, R. S., and O’Donovan, C.
(2004). The human cost of not
achieving full remission in depres-
sion. Can. J. Psychiatry 49, 10S–16S.

McMahon, F. J., Buervenich, S., Char-
ney, D., Lipsky, R., Rush, A. J., Wil-
son, A. F., et al. (2006). Variation in
the gene encoding the serotonin 2A
receptor is associated with outcome
of antidepressant treatment. Am. J.
Hum. Genet. 78, 804–814.

Meltzer, H. Y., and Lowy, M. T. (1987).
“The serotonin hypothesis of depres-
sion,” in Psychopharmacology: The
Third Generation of Progress, eds H.
Y. Meltzer (New York: Raven Press),
513–526.

Meyer, J. H. (2007). Imaging the
serotonin transporter during major
depressive disorder and antidepres-
sant treatment. J. Psychiatry Neu-
rosci. 32, 86–102.

Meyer, J. H., Wilson, A. A., Sagrati,
S., Miler, L., Rusjan, P., Bloom-
field, P. M., et al. (2009a). Brain
monoamine oxidase A binding in
major depressive disorder: relation-
ship to selective serotonin reuptake
inhibitor treatment, recovery, and
recurrence. Arch. Gen. Psychiatry 66,
1304–1312.

Meyer, P. M., Strecker, K., Kendziorra,
K.,Becker,G.,Hesse,S.,Woelpl,D., et
al. (2009b). Reduced alpha4beta2∗-
nicotinic acetylcholine receptor
binding and its relationship to mild
cognitive and depressive symptoms
in Parkinson disease. Arch. Gen.
Psychiatry 66, 866–877.

Millan, M. J. (2006). Multi-target
strategies for the improved treat-
ment of depressive states: concep-
tual foundations and neuronal sub-
strates, drug discovery and thera-
peutic application. Pharmacol. Ther.
110, 135–370.

Millan, M. K. (2009). Dual- and
triple-acting agents for treating core
and co-morbid symptoms of major
depression: novel concepts, new
drugs. Neurotherapeutics 6, 53–77.

Miller, J. M., Brennan, K. G., Ogden,
T. R., Oquendo, M. A., Sullivan,
G. M., Mann, J. J., et al. (2009a).
Elevated serotonin 1A binding in
remitted major depressive disor-
der: evidence for a trait biologi-
cal abnormality. Neuropsychophar-
macology 34, 2275–2284.

Miller, J. M., Kinnally, E. L., Ogden,
R. T., Oquendo, M. A., Mann, J. J.,
and Parsey, R. V. (2009b). Reported
childhood abuse is associated with
low serotonin transporter binding
in vivo in major depressive disorder.
Synapse 63, 565–573.

Mineur, Y. S., and Picciotto, M.
R. (2010). Nicotine receptors and
depression: revisiting and revising
the cholinergic hypothesis. Trends
Pharmacol. Sci. 31, 580–586.

Minichino, A., Bersani, F. S., Capra,
E., Pannese, R., Bonanno, C.,
Salviati, M., et al. (2012). ECT,
rTMS, and deepTMS in pharma-
coresistant drug-free patients with
unipolar depression: a comparative
review. Neuropsychiatr. Dis. Treat. 8,
55–64.

Moller, M., Jakobsen, S., and Gjedde,
A. (2007). Parametric and regional
maps of free serotonin 5HT1A
receptor sites in human brain
as function of age in healthy
humans. Neuropsychopharmacology
32, 1707–1714.

Moreno, F. A., Gelenberg, A. J.,
Heninger, G. R., Potter, R. L., McK-
night, K. M., Allen, J., et al. (1999).
Tryptophan depletion and depres-
sive vulnerability. Biol. Psychiatry 46,
498–505.

Murrough, J. W., Henry, S., Hu, J.,
Gallezot, J. D., Planeta-Wilson, B.,
Neumaier, J. F., et al. (2011).
Reduced ventral striatal/ventral pal-
lidal serotonin1B receptor binding
potential in major depressive disor-
der. Psychopharmacology (Berl.) 213,
547–553.

Murthy, N. V., Selvaraj, S., Cowen, P. J.,
Bhagwagar, Z., Riedel, W. J., Peers,
P., et al. (2010). Serotonin trans-
porter polymorphisms (SLC6A4
insertion/deletion and rs25531) do
not affect the availability of 5-HTT
to [11C] DASB binding in the liv-
ing human brain. Neuroimage 52,
50–54.

Nabulsi, N., Huang, Y., Weinzimmer, D.,
Ropchan, J., Frost, J. J., McCarthy,
T., et al. (2010). High-resolution
imaging of brain 5-HT 1B recep-
tors in the rhesus monkey using
[11C]P943. Nucl. Med. Biol. 37,
205–214.

Nieuwenhuis, S., Forstmann, B. U., and
Wagenmakers, E. J. (2011). Erro-
neous analyses of interactions in
neuroscience: a problem of signifi-
cance. Nat. Neurosci. 14, 1105–1107.

Parsey, R. V., Hastings, R. S., Oquendo,
M. A., Huang, Y. Y., Simpson,
N., Arcement, J., et al. (2006a).
Lower serotonin transporter binding
potential in the human brain dur-
ing major depressive episodes. Am.
J. Psychiatry 163, 52–58.

Parsey, R. V., Oquendo, M. A., Ogden,
R. T., Olvet, D. M., Simpson,
N., Huang, Y. Y., et al. (2006b).
Altered serotonin 1A binding in
major depression: a [carbonyl-C-
11]WAY100635 positron emission
tomography study. Biol. Psychiatry
59, 106–113.

Parsey, R. V., Ogden, R. T., Miller, J. M.,
Tin, A., Hesselgrave, N., Goldstein,
E., et al. (2010). Higher serotonin 1A
binding in a second major depres-
sion cohort: modeling and reference
region considerations. Biol. Psychia-
try 68, 170–178.

Paykel, E. S., Brugha, T., and Fryers, T.
(2005). Size and burden of depres-
sive disorders in Europe. Eur. Neu-
ropsychopharmacol. 15, 411–423.

Frontiers in Psychiatry | Affective Disorders and Psychosomatic Research March 2013 | Volume 4 | Article 8 | 14

http://dx.doi.org/10.3389/fnhum.2012.00136
http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research
http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research/archive


Smith and Jakobsen Elusive neurobiology of depression

Perry, E. K., Morris, C. M., Court, J.
A., Cheng, A., Fairbairn, A. F., McK-
eith, I. G., et al. (1995). Alteration
in nicotine binding sites in Parkin-
son’s disease, Lewy body demen-
tia and Alzheimer’s disease: possi-
ble index of early neuropathology.
Neuroscience 64, 385–395.

Politis, M., Wu, K., Loane, C.,
Turkheimer, F. E., Molloy, S.,
Brooks, D. J., et al. (2010). Depres-
sive symptoms in PD correlate with
higher 5-HTT binding in raphe and
limbic structures. Neurology 75,
1920–1927.

Praschak-Rieder, N., Wilson, A. A.,
Hussey, D., Carella,A.,Wei, C., Gino-
vart, N., et al. (2005). Effects of tryp-
tophan depletion on the serotonin
transporter in healthy humans. Biol.
Psychiatry 58, 825–830.

Reimold, M., Knobel, A., Rapp, M. A.,
Batra, A., Wiedemann, K., Strohle,
A., et al. (2011). Central serotonin
transporter levels are associated with
stress hormone response and anxi-
ety. Psychopharmacology (Berl.) 213,
563–572.

Romanelli, M. N., Gratteri, P., Guan-
dalini, L., Martini, E., Bonaccini,
C., and Gualtieri, F. (2007). Central
nicotinic receptors: structure, func-
tion, ligands, and therapeutic poten-
tial. ChemMedChem 2, 746–767.

Rosa-Neto, P., Diksic, M., Okazawa,
H., Leyton, M., Ghadirian, N.,
Mzengeza, S., et al. (2004).
Measurement of brain regional
alpha-[11C]methyl-L-tryptophan
trapping as a measure of sero-
tonin synthesis in medication-free
patients with major depression.
Arch. Gen. Psychiatry 61, 556–563.

Rudolph, U., and Knoflach, F. (2011).
Beyond classical benzodiazepines:
novel therapeutic potential of
GABAA receptor subtypes. Nat. Rev.
Drug Discov. 10, 685–697.

Saijo, T., Takano, A., Suhara, T.,
Arakawa, R., Okumura, M.,
Ichimiya, T., et al. (2010a). Effect
of electroconvulsive therapy on
5-HT1A receptor binding in
patients with depression: a PET
study with [11C]WAY 100635.
Int. J. Neuropsychopharmacol. 13,
785–791.

Saijo, T., Takano, A., Suhara, T.,
Arakawa, R., Okumura, M.,

Ichimiya, T., et al. (2010b). Elec-
troconvulsive therapy decreases
dopamine D(2) receptor binding in
the anterior cingulate in patients
with depression: a controlled study
using positron emission tomogra-
phy with radioligand [(11)C]FLB
457. J. Clin. Psychiatry 71, 793–799.

Sari, Y. (2004). Serotonin1B receptors:
from protein to physiological func-
tion and behavior. Neurosci. Biobe-
hav. Rev. 28, 565–582.

Saylam, C., Ucerler, H., Kitis, O., Ozand,
E., and Gonul, A. S. (2006). Reduced
hippocampal volume in drug-free
depressed patients. Surg. Radiol.
Anat. 28, 82–87.

Shrestha, S., Hirvonen, J., Hines, C.
S., Henter, I. D., Svenningsson, P.,
Pike, V. W., et al. (2012). Serotonin-
1A receptors in major depression
quantified using PET: controversies,
confounds, and recommendations.
Neuroimage 59, 3243–3251.

Simmons, J. P., Nelson, L. D., and
Simonsohn, U. (2011). False-
positive psychology: undisclosed
flexibility in data collection and
analysis allows presenting anything
as significant. Psychol. Sci. 22,
1359–1366.

Small, G. W., Siddarth, P., Kepe, V.,
Ercoli, L. M., Burggren, A. C.,
Bookheimer, S. Y., et al. (2012).
Prediction of cognitive decline by
positron emission tomography of
brain amyloid and tau. Arch. Neurol.
69, 215–222.

Smith, D. F. (1999). Neuroimaging of
serotonin uptake sites and antide-
pressant binding sites in the thal-
amus of humans and ‘higher’ ani-
mals. Eur. Neuropsychopharmacol. 9,
537–544.

Smith, D. F., and Jakobsen, S. (2007).
Stereoselective neuroimaging
in vivo. Eur. Neuropsychopharmacol.
17, 507–522.

Smith, D. F., and Jakobsen, S. (2009).
Molecular tools for assessing human
depression by positron emission
tomography. Eur. Neuropsychophar-
macol. 19, 611–628.

Smith, D. F., and Miller, P. W. (2010).
“Challenges for PET Neuroimaging
of Major Depressive Disorder,” in
Neuroimaging, Chap. 4, ed. C. M.
Del-Ben (Rijeka: Intechopen Online
Press), 1–20.

Smith, D. F., Stork, B. S., Wegener, G.,
Ashkanian, M., Jakobsen, S., Bender,
D., et al. (2009). [11C]Mirtazapine
binding in depressed antidepres-
sant nonresponders studied by PET
neuroimaging. Psychopharmacology
(Berl.) 206, 133–140.

Smith, D. F., Stork, B. S., Wegener, G.,
Jakobsen, S., Bender, D., Audrain,
H., et al. (2007). Receptor occu-
pancy of mirtazapine determined
by PET in healthy volunteers.
Psychopharmacology (Berl.) 195,
131–138.

Sullivan, G. M., Ogden, R. T., Oquendo,
M. A., Kumar, J. S., Simpson, N.,
Huang, Y. Y., et al. (2009). Positron
emission tomography quantification
of serotonin-1A receptor binding in
medication-free bipolar depression.
Biol. Psychiatry 66, 223–230.

Theodore, W. H., Hasler, G., Giovac-
chini, G., Kelley, K., Reeves-Tyer,
P., Herscovitch, P., et al. (2007).
Reduced hippocampal 5HT1A PET
receptor binding and depression in
temporal lobe epilepsy. Epilepsia 48,
1526–1530.

Theodore, W. H., Wiggs, E. A., Mar-
tinez, A. R., Dustin, I. H., Khan, O. I.,
Appel, S., et al. (2012). Serotonin 1A
receptors, depression, and memory
in temporal lobe epilepsy. Epilepsia
53, 129–133.

Turner, W. J. (1982). Dexametha-
sone suppression test: problems and
promise. Biol. Psychiatry 17, 1–2.

Vardy, E. R., Hussain, I., and Hooper,
N. M. (2006). Emerging therapeutics
for Alzheimer’s disease. Expert Rev.
Neurother. 6, 695–704.

Vasic, N., Walter, H., Hose, A., and Wolf,
R. C. (2008). Gray matter reduc-
tion associated with psychopathol-
ogy and cognitive dysfunction in
unipolar depression: a voxel-based
morphometry study. J. Affect. Dis-
ord. 109, 107–116.

Vul, E., Harris, C., Winkielman, P.,
and Pashler, H. (2009). Puzzlingly
high correlations in fMRI studies
of emotion, personality, and social
cognition. Perspect. Psychol. Sci. 4,
274–290.

Wachtel, H. (1982). Character-
istic behavioural alterations
in rats induced by rolipram
and other selective adenosine
cyclic 3’, 5’-monophosphate

phosphodiesterase inhibitors.
Psychopharmacology (Berl.) 77,
309–316.

Wachtel, H. (1983). Potential antide-
pressant activity of rolipram and
other selective cyclic adenosine 3’, 5’-
monophosphate phosphodiesterase
inhibitors. Neuropharmacology 22,
267–272.

Wevers, A. (2011). Localisation of pre
and postsynaptic cholinergic mark-
ers in the human brain. Behav. Brain
Res. 221, 341–355.

Yatham, L. N., Liddle, P. F., Lam, R. W.,
Zis, A. P., Stoessl, A. J., Sossi, V., et
al. (2010). Effect of electroconvulsive
therapy on brain 5-HT(2) receptors
in major depression. Br. J. Psychiatry
196, 474–479.

Zanotti-Fregonara, P., Zoghbi, S. S.,
Liow, J. S., Luong, E., Boellaard,
R., Gladding, R. L., et al. (2011).
Kinetic analysis in human brain
of [11C](R)-rolipram, a positron
emission tomographic radioligand
to image phosphodiesterase 4: a
retest study and use of an image-
derived input function. Neuroimage
54, 1903–1909.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 01 October 2012; accepted:
11 February 2013; published online: 04
March 2013.
Citation: Smith DF and Jakobsen
S (2013) Molecular neurobiology
of depression: PET findings on the
elusive correlation with symptom
severity. Front. Psychiatry 4:8. doi:
10.3389/fpsyt.2013.00008
This article was submitted to Frontiers
in Affective Disorders and Psychosomatic
Research, a specialty of Frontiers in Psy-
chiatry.
Copyright © 2013 Smith and Jakobsen.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits use, distribution and reproduction
in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.

www.frontiersin.org March 2013 | Volume 4 | Article 8 | 15

http://dx.doi.org/10.3389/fpsyt.2013.00008
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research/archive

	Molecular neurobiology of depression: PET findings on the elusive correlation with symptom severity
	PET radioligand binding
	Monoaminergic mechanisms
	Serotonin synthesis
	Serotonin transport
	Serotonin type 1A receptor
	Serotonin type 1B receptor
	Serotonin type 2 receptor
	Dopamine D2/3 receptor
	Multiple monoamine receptors
	Monoamine oxidase type A

	Non-monoaminergic mechanisms
	Muscarinic type 2 receptor
	Nicotinic receptor
	Gamma amino butyric acid (GABA) type a receptor
	Phosphodiesterase type 4
	Amyloid and tau proteins
	P-glycoprotein

	General discussion
	References


