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Abstract

Molecular imaging represents a bridge between basic and clinical neuroscience observations and
provides many opportunities for translation and identifying mechanisms that may inform
prevention and intervention strategies in late-life depression (LLD). Substantial advances in
instrumentation and radiotracer chemistry have resulted in improved sensitivity and spatial
resolution and the ability to study in vivo an increasing number of neurotransmitters,
neuromodulators, and, importantly, neuropathological processes. Molecular brain imaging studies
in LLD will be reviewed, with a primary focus on positron emission tomography. Future directions
for the field of molecular imaging in LLD will be discussed, including integrating molecular
imaging with genetic, neuropsychiatric, and cognitive outcomes and multimodality neuroimaging.
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Introduction

The development of molecular brain imaging methods over the past 3 decades has had a
significant influence on our ability to test neurobiological hypotheses of neuropsychiatric
disorders based on an integration of clinical observations, preclinical data (including animal
models), and postmortem data in the living human brain. Advances in instrumentation have
improved spatial resolution, while advances in radiotracer chemistry have made possible the
visualization of an increasing number of neurotransmitters, neuromodulators, and
neuropathological processes. This article will review molecular brain imaging studies in
late-life depression (LLD), with a primary focus on positron emission tomography (PET).
Studies using single photon emission computed tomography are referenced for mechanisms
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and/or applications not yet investigated with PET. A brief introduction to PET imaging will
be presented, followed by a section describing considerations in the design of molecular
imaging studies and interpretation of molecular imaging data. The studies that have applied
molecular imaging to LLD will be presented. The article concludes with a discussion of
future directions for the field of molecular imaging in LLD.

Overview of PET Methodology

Positron emission tomography is an in vivo imaging technique that provides quantitative
measures of physiological processes. A PET scan involves the detection of y radioactivity
from the intravenous administration of a radiotracer, which is a position-emitting isotope
that is labeled to a pharmacologic agent as a tracer (subphysiological dose). The details of
the PET method have been reviewed extensively.1=3 The initial focus of radiochemistry
development was on radiotracers to measure global neural activity, specifically the cerebral
metabolic rate of glucose and regional cerebral blood flow (rCBF; [18F]-2-deoxy-2-fluoro-
D-glucose and [*°0]-water, respectively). The application of these radiotracers resulted in
the initial observations of the functional neuroanatomy of the “resting state” and of the
changes associated with behavioral activation in normal individuals as well as abnormalities
observed in a range of neuropsychiatric diseases (eg, schizophrenia, depression, obsessive—
compulsive disorder, and Alzheimer disease [AD]).42 At the same time, selective
radiotracers for transporters and receptors of neurotransmitter were being developed, with an
initial focus on the dopamine (D2) receptor.10:11 The development of these radiotracers for
specific neurochemical targets made it possible to directly investigate neurochemical
changes in neuropsychiatric disorders as well as relationships between drug dose, plasma
concentrations, drug occupancy, and clinical response and have had a substantial impact on
drug development.12:13 Over the past 3 decades, radiotracer development has made possible
the visualization of enzymes, neurotransmitter synthesis/metabolism, transporters, and
receptor sites for a variety of neurotransmitter and neuromodulatory systems (including
second messengers and neuropeptides, as reviewed by Sacher and Smith).14 A major focus
of radiochemistry development over the past decade is on the development of radiotracers to
image neuropathological mechanisms that have been associated with neurodegenerative
diseases. Such mechanisms include inflammation (radiotracers for the peripheral
benzodiazepine receptor that bind to activated microglia), p-amyloid deposition (the
Pittsburgh B compound and other radiotracers developed subsequently), tau (t)-protein, and
alpha (a.)-synuclein.15-18

In parallel to advances in radiotracer chemistry, developments in instrumentation have
resulted in substantial improvements in PET spatial resolution. The highest resolution PET
scanner is the high-resolution research tomograph, a dedicated human brain PET scanner
with a resolution of 2.3 to 3.4 mm.1° Another major innovation in instrumentation has been
the development of dual modality imaging. Positron emission tomography/computed
tomography scanners were developed and are widely used in both clinical and research
applications, followed by the recent development of PET/magnetic resonance (MR)
scanners.29-21 Simultaneous PET/MR imaging (MRI) will have important implications for
understanding the relationship between changes in neural circuitry associated with drug
interventions/cognitive paradigms and specific neurochemical and molecular processes.
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The clinical and methodological aspects involved in the design, analysis, and interpretation
of molecular imaging studies will be reviewed briefly. Although a majority of PET studies
have examined patients and demographically matched controls in a cross-sectional manner,
serial PET studies using within-patient designs are highly informative but logistically
challenging. The repeated study of patients during the course of treatment provides
important information to understand trait versus state-related effects as well as to evaluate
the neurobiological substrates of treatment response and treatment resistance.

Clinical Considerations

Previous medication exposure, the duration of the unmedicated interval prior to scanning,
and treatment response history may introduce variability into the results obtained. The
majority of neurochemical imaging studies in neuropsychiatric disorders such as
schizophrenia, major depression, and AD are conducted in patients who have never been
treated or who have undergone a medication-free interval. The selection of such patients
represents a challenge to patient recruitment and has also limited the ability to conduct
neurochemical imaging studies in severely symptomatic patients (eg, mania and psychotic
depression). In studies involving repeated imaging before and during the treatment, the
primary considerations are whether the treatment interval for the medication being studied is
sufficient to observe a consistent response (either response or non-response) and whether the
duration between last medication dose and time of scan was controlled and drug
concentrations prior to and after the scan were obtained.

Psychiatric and medical comorbidities are major issues in the design and interpretation of
molecular imaging studies, particularly in the elderly patients. For example, given the high
comorbidity of depression with anxiety disorders and with substance use disorders, samples
that exclude such patients may not be representative of the population. At the same time,
comorbid diagnoses may contribute variance into the results and should be considered in
data analyses. Medical comorbidity is another major issue in studies of geriatric patients. For
example, cerebrovascular disease is commonly observed in the elderly patients and findings
such as white matter hyperintensities or strokes can be quantified using structural imaging
(eg, MRI). In designing studies in the elderly patients, there is tension whether to enroll a
highly selected sample of patients or to exclude the patients who are often those who present
challenges in clinical management to obtain a more “homogeneous sample.” The limitation
of studying highly selected patients is that the sample may not be representative of the
population and may not capture severely ill or treatment-resistant patients for whom the
neuroimaging data may be most informative as mentioned in the previous section. There are
a number of considerations for selecting a comparison (control) group, including whether
family history of psychiatric or neurological conditions should be excluded, should the
controls be “matched” with the patient group in medical comorbidities, and should the
controls be free of symptoms such as subjective cognitive complaints, subsyndromal anxiety,
or depression that are common in the elderly patients.
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Some of the most informative molecular imaging studies have explained within- and
between-group variability based on correlations with affective or cognitive symptoms,
personality traits, or genetic polymorphisms, even in the absence of between group
differences. The primary limiting factor for this type of investigation is sample size. Most
molecular imaging studies have relatively limited sample sizes, while studies to evaluate the
functional correlates of genetic polymorphisms or correlations with clinical variables require
larger sample sizes. The preselection of patients to enroll in neuroimaging studies based on
genotype is an approach that could be implemented to make sure that the polymorphisms of
interest are represented in the sample.

Methodological Considerations

By the time a radiotracer is approved for human use, the radio-tracer would have typically
undergone rigorous evaluation in rodents, nonhuman primates, and humans, including
“blocking” studies to determine the extent of specific binding to the target of interest versus
nonspecific binding or binding to other targets to which the compound may bind based on
the pharmacologic profile. Other aspects of radiotracer evaluation include measuring the
temporal course of binding, specifically whether the half-life of the isotope is long enough to
be able to image the molecular process of interest. Considerations for determining the
suitability of a radiotracer include (1) how selective is the binding of the radiotracer to the
target of interest; (2) how high are the ratios of specific to nonspecific binding; (3) do
radiolabeled metabolites of the radiotracer enter the brain and are the metabolites found in
high enough amounts to hinder quantification of specific binding; and (4) are the kinetics of
the radiotracer such that the radiotracer reaches equilibrium and washes out within several
half-lives of the radiotracer and in a reasonable amount of time so that duration of scanning
is not too burdensome to the patients. In applying radiotracers to study patients, additional
considerations include potential effects of the disease or acute/chronic intervention studied
(1) on ligand delivery (particularly with respect to high affinity ligands whose binding is
more blood flow dependent than lower affinity ligands), (2) on the rate of metabolism of the
radiotracer, and (3) on endogenous neurotransmitter concentrations (if the radiotracer is
sensitive to alterations in neurotransmitter concentrations). The ability to interpret the data
obtained is largely determined by the degree to which the radiotracer has been characterized
in terms of its binding profile and sensitivity to its endogenous competitor (eg, endogenous
dopamine concentrations for D1 or D2 receptor). The quantification method used is another
consideration, specifically whether or not the quantification method involved obtaining
venous or arterial blood to measure radioactivity/metabolite concentrations or whether a
reference region approach was used that involves deriving an input function from a region in
the PET image that is devoid of or has low concentrations of the transporter or receptor of
interest (eg, the cerebellum for D1 or D2 receptor or for -amyloid imaging studies).

With respect to image processing, corrections for partial volume effects (imaging of less
brain volume in a region of interest (ROI) due to cerebral atrophy) and correction for head
movement during the scans are 2 challenging issues. Correction methods for both issues
have been proposed and implemented.22-25 Partial volume effects can result in a signal loss
and can be observed as spillover of radioactivity between regions. This phenomenon occurs
when the size of the region is similar to or smaller than the point spread function, being

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

Page 5

attributed to the limited spatial resolution of the scanner. Head movement can occur,
especially given the long scan protocols for some radiotracers (60-90 minutes or longer),
and may be a more critical issue when studying symptomatic patients rather than treated
patients.

Considerations with respect to data analyses include (1) whether structural brain scans are
used for anatomical definition and correction for the effects of cerebral atrophy; (2) whether
the tracer kinetic model has been validated; (3) whether a hypothesis-driven, ROl approach
or a data-driven, voxel-wise approach is used (eg, statistical parametric mapping); and (4)
the statistical procedures used (eg, analysis of variance, correction for multiple comparisons,
and network analysis methods including principal component analysis).

Late-Life Depression

Cerebral Metabolism and rCBF

Positron emission tomography neuroimaging studies in affective disorders have focused on
the characterization of rCBF and glucose metabolic alterations in mid-life patients with
primary, unipolar depression and secondary depression in stroke, dementia, and movement
disorders (Huntington and Parkinson disease). The effects of antidepressant interventions
have been studied to evaluate the neural circuitry associated with treatment response and
resistance. These results have been reviewed extensively.14.26-28 Fewer studies comparing
patients with LLD to controls or evaluating treatment effects in older patients have been
performed.2%-34 The initial studies of rCBF and metabolism in LLD reported decreased
cortical metabolism in patients relative to controls. Kumar et al reported widespread
reductions in regional cerebral glucose metabolism in neocortical (frontal, temporal, parietal,
and sensory motor), subcortical (caudate, lenticular nuclei, and right cerebellum), and
paralimbic regions (anterior cingulate, posterior cingulate, and orbitofrontal) in patients with
LLD compared to matched controls that may have the pathophysiological implications.29
Similarly, Nobler et al reported that elderly patients with depression had reduced rCBF in
frontal cortex compared with matched controls at baseline. After electroconvulsive
treatment, responders showed further reductions in perfusion in frontal regions.3°
Subsequent studies observed increased cerebral glucose metabolism in patients with LLD in
anterior (right and left superior frontal gyrus) and posterior (precuneus and inferior parietal
lobule) cortical regions relative to normal controls.34 The metabolic increases were
correlated with greater depression and anxiety symptoms and were observed in regions that
demonstrated cerebral atrophy. These increases in metabolism were observed in contrast to
decreased metabolism observed in normal aging and neurodegenerative conditions such as
AD. With respect to changes in cerebral metabolism associated with treatment, studies in
patients with LLD observed decreased anterior cortical and limbic metabolism and increases
in posterior cortical regions and cerebellum with antidepressant treatment (including
selective serotonin reuptake inhibitors [SSRIs] and total sleep deprivation).32:33:35.36 Fyrther,
the cerebral metabolic response to a single, intravenous dose of citalopram, specifically
greater reductions in anterior cortical regions and increases in posterior cortical regions, was
associated with greater clinical improvement after a 12-week trial of the oral medication.3”
Although changes in neural circuitry with antidepressant treatment have been observed in
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patients with mid-life depression and LLD, the relationship to improvement in domains of
symptoms is not well understood. Functional connectivity methods have identified neural
networks associated with improvement in affective and cognitive symptoms in patients with
LLD who underwent PET glucose metabolism studies prior to and during a course of
citalopram treatment.3® The partial least squares method identified that a subcortical—
limbic—frontal network was associated with improvement in affective symptoms (mood and
anxiety), while a medial temporal—parietal-frontal network was associated with
improvement in cognition symptoms (immediate verbal learning/memory and verbal
fluency). The underlying mechanisms of the midbrain—limbic—frontal affective network may
involve interactions between monoaminergic and glutamatergic systems. The regions
involved in the medial temporal—parietal-frontal cognitive network overlap with the regions
affected in Alzheimer dementia and may reflect neuronal vulnerability to neurodegenerative
processes, such as B-amyloid deposition.38 Studies to test these hypotheses are ongoing.
Thus, an understanding of the cerebral metabolic networks associated with the affective and
cognitive responses to antidepressant treatment is critical to the design of future mechanistic
studies.

Molecular Imaging

The initial application of neurochemical imaging methods to affective disorders was to test
the hypothesis of decreased mono-aminergic function (norepinephrine, dopamine, and, in
particular, serotonin) in depression.39:40 The majority of the studies have been performed in
patients with mid-life depression. The subsequent review will summarize the results of the
mid-life studies and discuss studies performed in patients with LLD.

The Dopamine System

Several lines of evidence support dopamine hypofunction in mid-life depression.*1:42 The
data include improvement in depressive symptoms with dopamine agonists, the induction of
a depressive relapse by pharmacologic depletion of dopamine, low cerebrospinal fluid
homovanillic acid levels in patients with depression compared to controls, and postmortem
data showing a loss of dopamine transporters and receptors. In postmortem studies, reduced
dopamine transporter concentrations were found in the central and basal nuclei of the
amygdala in major depression.*3 Bowden et al reported no differences in the number or
affinity of D1 or D2 receptors in caudate, putamen, and nucleus accumbens between suicides
that had been free of antidepressants for at least 3 months prior to death and age-matched
controls. However, increased number of binding sites and decreased affinity of D2 receptors
were found in each brain region of antidepressant-treated suicides.?4

The available molecular imaging data suggest modest decreases or no change in dopamine
metabolism, dopamine transporter, and D1 and D2 receptors.*>~47 Dopamine transporters
were reduced in patients with depression relative to controls.® With respect to the D1
receptor, decreased D1 receptors were observed in the left middle caudate in 1 report.8
Several studies of striatal and extrastriatal D2 receptors have not shown differences between
patients and controls, including studies in medication naive patients.4%-52 Greater
psychomotor slowing has been associated with increased striatal D2 receptors, indicating
that differences may be observed in subgroups of patients with depression.>3 No differences
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in amphetamine-induced striatal dopamine release ([11C]-raclopride) have been observed in
patients with either euthymic bipolar or euthymic unipolar depression.5954 Several lines of
evidence suggest that dopamine dysfunction may play a more prominent role in LLD. A
substantial age-related decline in dopamine transporters and receptors is observed by
Volkow et al.55:56 Furthermore, the evidence for the augmentation of the antidepressant
response by psychostimulants, such as methylphenidate, supports the further investigation of
the dopamine system in LLD.55-57 A better understanding of the nature of the dopaminergic
deficits in LLD would lead to targeted treatments that would potentially be more effective,
especially for symptoms such as apathy and psychomotor slowing.

The Serotonin System

The evidence for serotonin hypofunction in major depression, based on changes in
symptoms with acute pharmacologic interventions of the serotonin system, neuroendocrine
challenge studies, measurements of serotonin metabolites in cerebrospinal fluid, and plasma
and post-mortem studies supported PET neuroimaging studies of the serotonin system in
patients with depression.>8:5% The majority of studies have been performed in younger
patients with depression. McKeith et al reported a nonsignificant increase in 5-
hydroxytryptamine (5-HT) 2 receptors in the prefrontal cortex (BA10) in patients with
affective disorders (the sample included patients with unipolar, bipolar, and dysthymic
disorders) compared to controls.%0 Further, Arango et al reported an increase in 5-HT2
receptor binding to the prefrontal cortex in patients who committed suicide compared to
controls.61 Stockmeier et al reported increased 5-HT1A binding to the midbrain dorsal raphe
of suicide victims with major depression compared to controls.52 Thomas et al reported no
difference in serotonin transporters in older patients with depression as compared to
controls.83

Neurochemical imaging studies have evaluated serotonin synthesis, serotonin transporters
(the initial target site of action of the SSRIs), as well as 5-HT1A and 5-HT2A receptors.
Reduced cortical serotonin synthesis in mid-life depression has been observed in several
studies using the radiotracers [11C]-5-hydroxytryptophan and a-[11C]methyl-L-
tryptophan.8465 Serotonin synthesis was reduced in anterior cingulate gyrus (bilaterally in
females and left hemisphere in males) and left medial temporal cortex in patients with
unmedicated depression.85 Studies have evaluated serotonin transporters, 5-HT1A, and 5-
HT2A receptors in patients with mid-life unipolar and bipolar depression. Increased
serotonin transporters,56:67 decreased serotonin transporters,58-70 or no difference in
serotonin transporters has been reported in patients with mid-life, unmedicated, recovered,
or current depression.”1:72 Although the direction of the results across studies is different,
the regions implicated are remarkably consistent (eg, cingulate gyrus, frontal cortex, insula,
thalamus, and striatum). The factors that may contribute to differences across studies include
differences in sample characteristics or the radiotracers used [11C]-3-amino-4-(2-
dimethylaminomethyl-phenylsulfanyl)benzonitrile vs [11C]-(+)-6-[4-
(methylsulfanyl)phenyl]-1,2,3,5,6,10B-hexahydr opyrrolo[2,1-a]isoquinoline. Two studies
have reported that higher baseline serotonin transporters predicted remission to acute
fluoxetine treatment as well as remission at 1 year.59.73 Serotonin transporter occupancy by
SSRIs has been evaluated in patients with mid-life depression and LLD. Studies in patients
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with mid-life depression treated for 4 weeks with either paroxetine or citalopram have
reported significant serotonin transporter occupancy in caudate, putamen, and thalamus in
addition to prefrontal and anterior cingulate cortices. The magnitude occupancy for both
compounds was similar, ranging from 65% to 87% across regions.’* The magnitude of
occupancy and the relationship between brain occupancy and plasma concentrations is
consistent with that observed in elderly patients with depression treated with the citalopram
at steady state doses.’® Significant overlap between regions of serotonin transporter
occupancy that were correlated with improvement in depressive symptoms and regions of
cerebral metabolic alterations by citalopram was observed (eg, anterior cingulate gyrus,
middle frontal gyrus, precuneus, inferior parietal lobule, and cuneus).32:36.76 |mportantly,
positive correlations were observed between the improvement in depressive symptoms and
greater serotonin transporter occupancy in the anterior cingulate gyrus (bilaterally), left
middle and inferior frontal gyrus, right superior and middle temporal gyrus, right precuneus,
left inferior parietal lobule, parahippocampal gyrus (bilaterally), and left cuneus. The
findings suggest that cortical and limbic serotonin transporter occupancy may be an
underlying mechanism for the regional cerebral metabolic effects of citalopram in LLD.
Furthermore, serotonin transporter occupancy in cortical and limbic regions is associated
with treatment response, a finding that has not yet been reported in patients with mid-life
depression. Studies of the 5-HT1A receptor have either shown decreased’”~79 or increased
receptors.80 A correlation between higher baseline 5-HT1A receptors and poorer treatment
response has been reported.81:82 One study of patients with LLD observed decreased 5-
HT1A receptors in the dorsal raphe as well as in the middle temporal cortex and
hippocampus.83 Alterations in 5-HT1A receptors following SSRI treatment have not been
observed in human neuroimaging studies.”882 This finding is unexpected as animal studies
show 5-HT1A desensitization induced by SSRI treatment, and a decrease in receptors in the
human studies would be expected.84 One of the explanations for the lack of an observed
effect is that the 5-HT 1A antagonist radiotracers bind to low-affinity sites, whereas the
change with treatment may be observed in high-affinity sites. The 5-HT2A receptors have
been reported to be unchanged in patients with both mid-life depression and LLD.85:86
Decreases have been observed in one study in orbitofrontal cortex8” and in hippocampus in a
second study.88 Some studies observed increased receptors.8%90 Antidepressant treatment
studies have shown either a decrease®-91 or an increase in 5-HT2A receptors.92:93 The
discrepancy between studies may be due to differences in antidepressant drugs or
radiotracers used. At the present time, there are no published studies on the effects of
antidepressant treatment on the 5-HT1A or 5-HT2A receptors in LLD.

Other Neurochemical Systems

Other neurobiological mechanisms and therapeutic targets have been evaluated in younger
patients with depression and may have implications for patients with LLD. Regarding the
muscarinic (M2) receptor, Cannon et al found that M2 receptors were decreased in the
anterior cingulate cortex of patients with bipolar disorder compared with major depression
and healthy controls using [*8F](3-(3-(3-fluoropropyl)thio)-1,2,5-thiadiazol-4-yl)-1,2,5,6-
tetrahydro-1-methylpyridine.%* Administration of the muscarinic receptor antagonist
scopolamine has been associated with a rapid onset of antidepressant effects as reviewed by
Drevets et al.% Clinical and preclinical evidence suggests glutamatergic hyperactivity in
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depression. Recently, the metabotropic glutamate receptor subtype 5 (mGIuR5) has been
proposed as a potential target for novel therapeutic approaches to depression.96-98 positron
emission tomography studies have demonstrated lower mGIuRS5 receptors in prefrontal
cortex, cingulate cortex, insula, thalamus, and hippocampus in patients with mid-life
depression relative to controls. Greater depression severity was correlated with lower
mGIuR5 receptors in hippocampus.?® With respect to the N-methyl-D-aspartate (NMDA)
receptor subtype, studies have shown that the NMDA antagonist ketamine is associated with
a rapid onset of antidepressant effects. The mechanism of action of ketamine is an active
area of investigation as well as other molecular imaging studies are performed to better
elucidate the glutamatergic deficit in LLD.190 y-Aminobutyric acid (GABA) is the main
inhibitory transmitter in the central nervous system, and several preclinical and clinical
studies have implicated GABA involvement in the neurobiological processes behind mood
regulation.192.192 However, the precise mechanistic action behind its role remains unclear. In
a postmortem study, Khundakar et al reported a significant reduction in parvalbumin-
containing GABAergic neurons selectively in layer 6 of the dorsolateral prefrontal cortex in
patients with LLD compared to controls.103 In the cases of the treatments targeted at the M2
muscarinic receptor, the glutamate and GABA receptor subtypes, direct evidence of
dysfunction of these systems in LLD and the evaluation of whether the nature of the deficits
are the same as younger patients with depression would be needed before initiating
treatment. This is particularly important since the medications discussed might be associated
with greater side effects, including delirium in the elderly patients (eg, scopolamine and
ketamine).104

Neuropathology

There are several postmortem studies in LLD. Sweet et al observed that patients with LLD
having evidence of dementia prior to death had significant amounts of AD pathology.
Neuritic plague concentrations were high in the entorhinal cortex, middle frontal gyrus,
inferior parietal cortex, and superior temporal gyrus. Neurofibrillary tangles were observed
in high concentrations in the entorhinal cortex, and Lewy body pathology was observed in
high concentrations in the nucleus basalis of Meynert in half of the patients.1%> On the other
hand, Tsopelas et al reported that patients with LLD who had no premorbid dementia had
Lewy bodies in the substantia nigra and the locus ceruleus and neuronal loss in the
hippocampus and in subcortical structures (nucleus basalis, substantia nigra, and raphe
nucleus). Depression was not associated with cerebrovascular or Alzheimer pathology
(neurofibrillary tangles) in cortical and subcortical areas.1%6 Thus, in patients with LLD with
and without cognitive impairment prior to death, Lewy bodies in subcortical monoaminergic
nuclei is a consistent finding. Postmortem cellular morphometry studies can be informative
in the identification of discrete changes in brain microstructure in depression. There are
varying degrees and types of neuronal and glial cell pathology in depression from young to
late life, which may suggest a different pathophysiological basis for depression, with
vascular factors (eg, microvascular lesions and postischemic inflammatory changes) playing
a potentially greater role in late life as reviewed by Khundakar and Thomas.107

In the initial study of p-amyloid deposition in LLD evaluated, patients with LLD who met
criteria for amnestic mild cognitive impairment (MCI) demonstrated greater p-amyloid
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deposition than those with nonamnestic MCI and participants who were cognitively
normal.198 These results are consistent with that of nondepressed participants with cognitive
impairment. In a study of patients with LLD who did not meet criteria for MCI, greater -
amyloid deposition relative to controls was observed in the anterior cingulate gyrus, superior
and middle frontal gyrus, left orbitofrontal gyrus, precuneus, bilateral insula, and left
parahippocampal gyrus.109 Kumar et al reported that 2-(1-(6-[(2-[*8F]fluoroethyl)
(methyl)amino]-2-naphthyl)ethylidene)malononitrile ([18F]-FDDNP) binding was
significantly higher in the posterior cingulate and lateral temporal regions in patients with
LLD compared with controls, which may reflect either greater concentrations of p-amyloid
or T-protein.110 Interestingly, in patients with MCI and cognitively normal controls, greater
depression and higher anxiety symptoms were associated with higher [18F]-FDDNP
binding.11! These studies suggest that normal controls with depressive symptoms and
patients with depression without cognitive impairment may demonstrate AD
neuropathology.

Inflammation may be a common underlying mechanism for depression and cognitive
impairment, as well as cardiovascular disease, diabetes, and cancer, and may be more
relevant to LLD, given the increasing medical comorbidity in late life.28112-114 Hannestad
et al reported that there was no significant differences in translocator protein (TSPO) binding
between major depression and controls (using the TSPO radiotracer [11C]PBR28). Future
studies are needed to determine whether individuals with depression who have elevated
levels of systemic inflammation or cerebrovascular disease measured by MRI might
demonstrate higher TSPO binding than controls.11® For example, MRI studies suggest that
white matter lesions in frontostriatal pathways in patients with depression may be vascular
in origin. Patients with such lesions may have higher TSPO binding.116

Conclusion

Positron emission tomography studies in patients with LLD, thus far, have focused on
elucidating the functional neuroanatomy and neural circuitry associated with treatment
response. The studies using radiotracers for specific neurotransmitters or neuropathological
processes in patients with LLD are limited. The serotonin and dopamine systems have been
the major focus of neurochemical imaging studies in depression; the majority of studies have
been performed in younger patients. Recent studies have focused on imaging p-amyloid
deposition in LLD as a mechanism underlying cognitive impairment that might be related to
the increased risk of AD in patients with depression. There are several other potentially
relevant molecular targets for which radiotracers are in development and/or promising new
radiotracers are available. With respect to other monoaminergic targets, radiotracers for
other serotonin receptors are being evaluated which may elucidate the role of serotonin in
affective and cognitive symptoms, including 5-HT1b,117 5-HT4,118 and 5-HT6 receptors.119
The development of radiotracers for the noradrenergic system has been challenging due to
the lack of pharmacologically selective agent and the low signal-to-noise levels of binding in
the brain. Recently developed radiotracers for the norepinephrine transporter have been
developed and look promising.120 The reports of rapid antidepressant effects of ketamine
and scopolamine have renewed interested in the glutamatergic and muscarinic
systems.121122 These systems may be especially relevant to cognitive impairment in LLD
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and may represent a pathophysiological link to AD.123 Finally, inflammation may be a
common underlying mechanism for depression and neurodegeneration and may be more
relevant to LLD given the increasing medical comorbidity in late life.112124 Thus, future
studies can test hypotheses using these radiotracers and mechanisms identified to understand
the neurobiology of treatment resistance and of cognitive impairment in both late-life
unipolar and bipolar depression. The use of molecular imaging to understand the
mechanisms underlying the increased risk of dementia associated with depression is critical
to developing strategies for prevention and intervention.

Future Directions

The present review focused on molecular imaging studies in LLD to identify alterations in
neural circuitry, neurochemical, and neuropathological mechanisms. In reflecting on the
studies presented, the importance of further investigation of mood symptoms in the normal
aging process to potentially identify the earliest mechanisms of risk of psychiatric and
neurodegenerative diseases cannot be overstated. This is particularly important as many
neurodegenerative diseases first present with mood or other neuropsychiatric symptoms.
Important areas of focus for future studies in LLD include further studies to investigate
neurobiological mechanisms of risk genes for mood disorders identified in neuropsychiatric
diseases, multimodality imaging studies to understand changes in neural circuitry for mood,
reward, and cognition relative to changes in neurochemistry and to neuropathology, and
combined radiotracer studies to evaluate alterations in neurotransmitter interactions (eg,
dopamine and serotonin modulation of other monoamines, acetylcholine, and glutamate)
would be an important and unique opportunity to inform the development of treatment
strategies. Similar considerations and priorities apply to studying secondary depression in
neurodegenerative diseases such as MCI, AD, and Parkinson disease.

With respect to identifying targets for more effective treatments, possible mechanisms
include neuroreceptor modulators other than the approved psychotropic medications (eg, 5-
HT4 partial agonists and monoamine stabilizers)125-127 as well as neural circuitry-based
interventions such as transcranial magnetic stimulation.

It is important to note that other neuropsychiatric disorders of late life are associated with
cognitive impairment and disability and have not been a major focus of molecular imaging
studies. Among the most important conditions are late-life schizophrenia, bipolar disorder,
posttraumatic stress disorders, and generalized anxiety disorders. There are fundamental
issues of clinical management in such patients as the medications that are effective in
younger patients are not as effective in older patients and are associated with greater side
effects in the elderly patients (eg, antipsychotics, mood stabilizers, and benzodiazepines), as
well as medical comorbidities, cognitive deficits, and motor symptoms. Molecular imaging
in these conditions is important to identify whether the neural circuitry and neurobiological
mechanisms are same or different between young and older patients, to evaluate drug
occupancy, dosing, and symptom/side effect relationships to determine whether lower doses
of the medications are equally effective and safe, to determine whether the neurobiological
mechanisms of cognitive impairment are same or different from neurodegenerative diseases,
and to determine whether different medications or more careful monitoring is needed in
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patients who have evidence of neuropathology (eg, p-amyloid deposition, t protein, or
neuroinflammation). Thus, studies performed during the course of treatment that are
designed to understand the neurobiological mechanisms of treatment response, the role of
drug occupancy in treatment response, as well as multimodality imaging studies to evaluate
molecular mechanisms relative to structural brain changes or cerebrovascular disease (PET
and MR) or multiple PET tracers to evaluate the impact of neuropathology on neurochemical
mechanisms.

Acknowledgments

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of
this article: The present study was supported in part by National Institute of Health: MH 64823 (GSS) and
NARSAD.

References

1. Phelps, M.Mazziotta, J., Schelbert, H., editors. Positron emission tomography and autoradiography:
principles and applications for the brain and heart. New York: Raven Press; 1986. p. 237-286.

2. Bailey, D., Townsend, D., Valk, P., Maisey, M. Basic Science. United States: Springer; 2005.
Positron emission tomography.

3. Shao X, Hoareau R, Hockley BG, et al. Highlighting the versatility of the tracerlab synthesis
modules. part 1: fully automated production of [F]labelled radiopharmaceuticals using a tracerlab
FX(FN). J Labelled Comp Radiopharm. 2011; 54(6):292-307. [PubMed: 21769163]

4. Ferris SH, de Leon MJ, Wolf AP, et al. Positron emission tomography in dementia. Adv Neurol.
1983; 38:123-129. [PubMed: 6604400]

5. Giovacchini G, Squitieri F, Esmaeilzadeh M, Milano A, Mansi L, Ciarmiello A. PET translates
neurophysiology into images: A review to stimulate a network between neuroimaging and basic
research. J Cell Physiol. 2011; 226(4):948-961. [PubMed: 20945377]

6. Kumar A. Functional brain imaging in late-life depression and dementia. J Clin Psychiatry. 1993;
54(suppl):21-25.

7. Buchsbaum MS, Ingvar DH, Kessler R, et al. Cerebral glucography with positron tomography. use
in normal subjects and in patients with schizophrenia. Arch Gen Psychiatry. 1982; 39(3):251-259.
[PubMed: 6978119]

8. Phelps ME, Mazziotta JC, Baxter L, Gerner R. Positron emission tomographic study of affective
disorders: Problems and strategies. Ann Neurol. 1984; 15(suppl):S149-S156. [PubMed: 6611115]

9. Baxter LR Jr, Phelps ME, Mazziotta JC, Guze BH, Schwartz JM, Selin CE. Local cerebral glucose
metabolic rates in obsessive-compulsive disorder. a comparison with rates in unipolar depression
and in normal controls. Arch Gen Psychiatry. 1987; 44(3):211-218. [PubMed: 3493749]
10. Wagner HN Jr, Burns HD, Dannals RF, et al. Imaging dopamine receptors in the human brain by
positron tomography. Science. 1983; 221(4617):1264-1266. [PubMed: 6604315]

11. Arnett CD, Wolf AP, Shiue CY, et al. Improved delineation of human dopamine receptors using
[18F]-N-methylspiroperidol and PET. J Nucl Med. 1986; 27(12):1878-1882. [PubMed: 3491193]

12. Booij J, van Amelsvoort T. Imaging as tool to investigate psychoses and antipsychotics. Handb Exp
Pharmacol. 2012; (212):299-337.

13. Wong DF, Tauscher J, Grunder G. The role of imaging in proof of concept for CNS drug discovery
and development. Neuropsychopharmacology. 2009; 34(1):187-203. [PubMed: 18843264]

14. Sacher, J., Smith, G. Molecular imaging of depression. In: Turetsky, B., Shenton, M., editors.
Imaging Neuropsychiatric Disorders. New York: Cambridge University Press; 2011. p. 170-196.

15. Chauveau F, Boutin H, Van Camp N, Dolle F, Tavitian B. Nuclear imaging of neuroinflammation: a
comprehensive review of [11C]PK11195 challengers. Eur J Nucl Med Mol Imaging. 2008; 35(12):
2304-2319. [PubMed: 18828015]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 13

Mathis CA, Wang Y, Holt DP, Huang GF, Debnath ML, Klunk WE. Synthesis and evaluation of
11C-labeled 6-substituted 2-arylbenzothiazoles as amyloid imaging agents. J Med Chem. 2003;
46(13):2740-2754. [PubMed: 12801237]

Chien DT, Bahri S, Szardenings AK, et al. Early clinical PET imaging results with the novel PHF-
tau radioligand [F-18]-T807. J Alzheimers Dis. 2013; 34(2):457-468. [PubMed: 23234879]

Neal KL, Shakerdge NB, Hou SS, et al. Development and screening of contrast agents for in vivo
imaging of parkinson’s disease. Mol Imaging Biol. 2013; 15(5):585-595. [PubMed: 23624948]

Wienhard K. Measurement of glucose consumption using [(18)F]fluorodeoxyglucose. Methods.
2002; 27(3):218-225. [PubMed: 12183109]

Townsend DW. Multimodality imaging of structure and function. Phys Med Biol. 2008; 53(4):R1-
R39. [PubMed: 18263942]

Wehrl HF, Sauter AW, Judenhofer MS, Pichler BJ. Combined PET/MR imaging—technology and
applications. Technol Cancer Res Treat. 2010; 9(1):5-20. [PubMed: 20082526]

Rousset OG, Collins DL, Rahmim A, Wong DF. Design and implementation of an automated
partial volume correction in PET: Application to dopamine receptor quantification in the normal
human striatum. J Nucl Med. 2008; 49(7):1097-1106. [PubMed: 18552147]

Shidahara M, Tsoumpas C, Hammers A, et al. Functional and structural synergy for resolution
recovery and partial volume correction in brain PET. Neuroimage. 2009; 44(2):340-348.
[PubMed: 18852055]

Montgomery AJ, Thielemans K, Mehta MA, Turkheimer F, Mustafovic S, Grasby PM. Correction
of head movement on PET studies: comparison of methods. J Nucl Med. 2006; 47(12):1936-1944.
[PubMed: 17138736]

Rahmim A, Dinelle K, Cheng JC, et al. Accurate event-driven motion compensation in high-
resolution PET incorporating scattered and random events. IEEE Trans Med Imaging. 2008; 27(8):
1018-1033. [PubMed: 18672420]

Mayberg HS. Modulating dysfunctional limbic-cortical circuits in depression: towards
development of brain-based algorithms for diagnosis and optimised treatment. Br Med Bull. 2003;
65:193-207. [PubMed: 12697626]

Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ. A meta-analytic study of changes in brain
activation in depression. Hum Brain Mapp. 2008; 29(6):683-695. [PubMed: 17598168]

Savitz JB, Drevets WC. Neuroreceptor imaging in depression. Neurobiol Dis. 2013; 52:49-65.
[PubMed: 22691454]

Kumar A, Newberg A, Alavi A, Berlin J, Smith R, Reivich M. Regional cerebral glucose
metabolism in late-life depression and Alzheimer disease: A preliminary positron emission
tomography study. Proc Natl Acad Sci U S A. 1993; 90(15):7019-7023. [PubMed: 8346211]

Nobler MS, Roose SP, Prohovnik I, et al. Regional cerebral blood flow in mood disorders, V.
Effects of antidepressant medication in late-life depression. Am J Geriatr Psychiatry. 2000; 8(4):
289-296. [PubMed: 11069268]

Smith GS, Reynolds CF, Pollock B, et al. Cerebral glucose metabolic response to combined total
sleep deprivation and antidepressant treatment in geriatric depression. Am J Psychiatry. 1999;
156(5):683-689. [PubMed: 10327899]

Smith GS, Kramer E, Hermann CR, et al. Acute and chronic effects of citalopram on cerebral
glucose metabolism in geriatric depression. Am J Geriatr Psychiatry. 2002; 10(6):715-723.
[PubMed: 12427580]

Smith GS, Reynolds CF 111, Houck PR, et al. Cerebral glucose metabolic response to combined
total sleep deprivation and antidepressant treatment in geriatric depression: a randomized, placebo-
controlled study. Psychiatry Res. 2009; 171(1):1-9. [PubMed: 19087899]

Smith GS, Kramer E, Ma Y, et al. The functional neuroanatomy of geriatric depression. IntJ
Geriatr Psychiatry. 2009; 24(8):798-808. [PubMed: 19173332]

Smith GS, Reynolds CF 111, Houck PR, et al. Glucose metabolic response to total sleep deprivation,
recovery sleep, and acute anti-depressant treatment as functional neuroanatomic correlates of
treatment outcome in geriatric depression. Am J Geriatr Psychiatry. 2002; 10(5):561-567.
[PubMed: 12213690]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 14

Diaconescu AO, Kramer E, Hermann C, et al. Distinct functional networks associated with
improvement of affective symptoms and cognitive function during citalopram treatment in geriatric
depression. Hum Brain Mapp. 2011; 32(10):1677-1691. [PubMed: 20886575]

Smith GS, Workman CI, Kramer E, et al. The relationship between the acute cerebral metabolic
response to citalopram and chronic citalopram treatment outcome. Am J Geriatr Psychiatry. 2011,
19(1):53-63. [PubMed: 21218565]

Buckner RL, Snyder AZ, Shannon BJ, et al. Molecular, structural, and functional characterization
of Alzheimer’s disease: evidence for a relationship between default activity, amyloid, and memory.
J Neurosci. 2005; 25(34):7709-7717. [PubMed: 16120771]

Schildkraut JJ. The catecholamine hypothesis of affective disorders: a review of supporting
evidence. Am J Psychiatry. 1965; 122(5):509-522. [PubMed: 5319766]

Lapin IP, Oxenkrug GF. Intensification of the central serotoninergic processes as a possible
determinant of the thymoleptic effect. Lancet. 1969; 1(7586):132—-136. [PubMed: 4178247]
Brown AS, Gershon S. Dopamine and depression. J Neural Transm Gen Sect. 1993; 91(2-3):75-
109. [PubMed: 8099801]

Nestler EJ, Carlezon WA Jr. The mesolimbic dopamine reward circuit in depression. Biol
Psychiatry. 2006; 59(12):1151-1159. [PubMed: 16566899]

Klimek V, Schenck JE, Han H, Stockmeier CA, Ordway GA. Dopaminergic abnormalities in
amygdaloid nuclei in major depression: a postmortem study. Biol Psychiatry. 2002; 52(7):740-
748. [PubMed: 12372665]

Bowden C, Theodorou AE, Cheetham SC, et al. Dopamine D1 and D2 receptor binding sites in
brain samples from depressed suicides and controls. Brain Res. 1997; 752(1-2):227-233.
[PubMed: 9106461]

Agren H, Reibring L. PET studies of presynaptic monoamine metabolism in depressed patients and
healthy volunteers. Pharmacopsychiatry. 1994; 27(1):2-6.

Meyer JH, Kruger S, Wilson AA, et al. Lower dopamine transporter binding potential in striatum
during depression. Neuroreport. 2001; 12(18):4121-4125. [PubMed: 11742250]

Suhara T, Nakayama K, Inoue O, et al. D1 dopamine receptor binding in mood disorders measured
by positron emission tomography. Psychopharmacology (Berl). 1992; 106(1):14-18. [PubMed:
1531387]

Cannon DM, Klaver JM, Peck SA, Rallis Voak D, Erickson K, Drevets WC. Dopamine type-1
receptor binding in major depressive disorder assessed using positron emission tomography and
[11CINNC-112. Neuropsychopharmacology. 2009; 34(5):1277-1287. [PubMed: 18946469]

Klimke A, Larisch R, Janz A, Vosberg H, Muller-Gartner HW, Gaebel W. Dopamine D2 receptor
binding before and after treatment of major depression measured by [1231]IBZM SPECT.
Psychiatry Res. 1999; 90(2):91-101. [PubMed: 10482381]

Parsey RV, Oquendo MA, Zea-Ponce Y, et al. Dopamine D(2) receptor availability and
amphetamine-induced dopamine release in unipolar depression. Biol Psychiatry. 2001; 50(5):313-
322. [PubMed: 11543733]

Hirvonen J, Karlsson H, Kajander J, et al. Striatal dopamine D2 receptors in medication-naive
patients with major depressive disorder as assessed with [11C]raclopride PET.
Psychopharmacology (Berl). 2008; 197(4):581-590. [PubMed: 18251011]

Montgomery AJ, Stokes P, Kitamura Y, Grasby PM. Extrastriatal D2 and striatal D2 receptors in
depressive illness: pilot PET studies using [11C]FLB 457 and [11C]raclopride. J Affect Disord.
2007; 101(1-3):113-122. [PubMed: 17197036]

Meyer JH, McNeely HE, Sagrati S, et al. Elevated putamen D(2) receptor binding potential in
major depression with motor retardation: An [11C]raclopride positron emission tomography study.
Am J Psychiatry. 2006; 163(9):1594-1602. [PubMed: 16946186]

Anand A, Verhoeff P, Seneca N, et al. Brain SPECT imaging of amphetamine-induced dopamine
release in euthymic bipolar disorder patients. Am J Psychiatry. 2000; 157(7):1108-1114.
[PubMed: 10873919]

Volkow ND, Gur RC, Wang GJ, et al. Association between decline in brain dopamine activity with
age and cognitive and motor impairment in healthy individuals. Am J Psychiatry. 1998; 155(3):
344-349. [PubMed: 9501743]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 15

Volkow ND, Wang GJ, Fowler JS, et al. Parallel loss of presynaptic and postsynaptic dopamine
markers in normal aging. Ann Neurol. 1998; 44(1):143-147. [PubMed: 9667606]

Lavretsky H, Kumar A. Methylphenidate augmentation of citalopram in elderly depressed patients.
Am J Geriatr Psychiatry. 2001; 9(3):298-303. [PubMed: 11481139]

Mann JJ. Role of the serotonergic system in the pathogenesis of major depression and suicidal
behavior. Neuropsychopharmacology. 1999; 21(2 suppl):99S-105S. [PubMed: 10432495]

Owens MJ, Nemeroff CB. The serotonin transporter and depression. Depress Anxiety. 1998;
8(suppl 1):5-12. [PubMed: 9809208]

McKeith IG, Marshall EF, Ferrier IN, et al. 5-HT receptor binding in post-mortem brain from
patients with affective disorder. J Affect Disord. 1987; 13(1):67-74. [PubMed: 2959702]

Arango V, Ernsberger P, Marzuk PM, et al. Autoradiographic demonstration of increased serotonin
5-HT2 and beta-adrenergic receptor binding sites in the brain of suicide victims. Arch Gen
Psychiatry. 1990; 47(11):1038-1047. [PubMed: 2173513]

Stockmeier CA, Shapiro LA, Dilley GE, Kolli TN, Friedman L, Rajkowska G. Increase in
serotonin-1A autoreceptors in the midbrain of suicide victims with major depression-postmortem
evidence for decreased serotonin activity. J Neurosci. 1998; 18(18):7394-7401. [PubMed:
9736659]

Thomas AJ, Hendriksen M, Piggott M, et al. A study of the serotonin transporter in the prefrontal
cortex in late-life depression and Alzheimer’s disease with and without depression. Neuropathol
Appl Neurobiol. 2006; 32(3):296-303. [PubMed: 16640648]

Agren H, Reibring L, Hartvig P, et al. Low brain uptake of L-[11C]5-hydroxytryptophan in major
depression: a positron emission tomography study on patients and healthy volunteers. Acta
Psychiatr Scand. 1991; 83(6):449-455. [PubMed: 1882697]

Rosa-Neto P, Diksic M, Okazawa H, et al. Measurement of brain regional alpha-[11C]methyl-L-
tryptophan trapping as a measure of serotonin synthesis in medication-free patients with major
depression. Arch Gen Psychiatry. 2004; 61(6):556-563. [PubMed: 15184235]

Cannon DM, Ichise M, Fromm SJ, et al. Serotonin transporter binding in bipolar disorder assessed
using [11C]DASB and positron emission tomography. Biol Psychiatry. 2006; 60(3):207-217.
[PubMed: 16875929]

Cannon DM, Ichise M, Rollis D, et al. Elevated serotonin transporter binding in major depressive
disorder assessed using positron emission tomography and [11C]DASB; comparison with bipolar
disorder. Biol Psychiatry. 2007; 62(8):870-877. [PubMed: 17678634]

Reimold M, Batra A, Knobel A, et al. Anxiety is associated with reduced central serotonin
transporter availability in unmedicated patients with unipolar major depression: A [11C]DASB
PET study. Mol Psychiatry. 2008; 13(6):606—13. 557. [PubMed: 18268503]

Miller JM, Oquendo MA, Ogden RT, Mann JJ, Parsey RV. Serotonin transporter binding as a
possible predictor of one-year remission in major depressive disorder. J Psychiatr Res. 2008;
42(14):1137-1144. [PubMed: 18331740]

Parsey RV, Kent JM, Oquendo MA, et al. Acute occupancy of brain serotonin transporter by
sertraline as measured by [11C]DASB and positron emission tomography. Biol Psychiatry. 2006;
59(9):821-828. [PubMed: 16213473]

Bhagwagar Z, Murthy N, Selvaraj S, et al. 5-HTT binding in recovered depressed patients and
healthy volunteers: a positron emission tomography study with [11C]DASB. Am J Psychiatry.
2007; 164(12):1858-1865. [PubMed: 18056241]

Meyer JH, Houle S, Sagrati S, et al. Brain serotonin transporter binding potential measured with
carbon 11-labeled DASB positron emission tomography: effects of major depressive episodes and
severity of dysfunctional attitudes. Arch Gen Psychiatry. 2004; 61(12):1271-1279. [PubMed:
15583118]

Kugaya A, Sanacora G, Staley JK, et al. Brain serotonin transporter availability predicts treatment
response to selective serotonin reuptake inhibitors. Biol Psychiatry. 2004; 56(7):497-502.
[PubMed: 15450785]

Meyer JH, Wilson AA, Ginovart N, et al. Occupancy of serotonin transporters by paroxetine and
citalopram during treatment of depression: A [(11)C]DASB PET imaging study. Am J Psychiatry.
2001; 158(11):1843-1849. [PubMed: 11691690]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

Page 16

Smith GS, Kahn A, Sacher J, et al. Serotonin transporter occupancy and the functional
neuroanatomic effects of citalopram in geriatric depression. Am J Geriatr Psychiatry. 2011,
19(12):1016-1025. [PubMed: 21841458]

Smith GS, Kramer E, Hermann C, et al. Serotonin modulation of cerebral glucose metabolism in
depressed older adults. Biol Psychiatry. 2009; 66(3):259-266. [PubMed: 19368900]

Drevets WC, Frank E, Price JC, et al. PET imaging of serotonin 1A receptor binding in depression.
Biol Psychiatry. 1999; 46(10):1375-1387. [PubMed: 10578452]

Sargent PA, Kjaer KH, Bench CJ, et al. Brain serotoninlA receptor binding measured by positron
emission tomography with [11C]JWAY-100635: Effects of depression and antidepressant treatment.
Arch Gen Psychiatry. 2000; 57(2):174-180. [PubMed: 10665620]

Hirvonen J, Karlsson H, Kajander J, et al. Decreased brain serotonin 5-HT1A receptor availability
in medication-naive patients with major depressive disorder: An in-vivo imaging study using PET
and [carbonyl-11C]WAY-100635. Int J Neuropsychopharmacol. 2008; 11(4):465-476. [PubMed:
17971260]

Parsey RV, Oguendo MA, Ogden RT, et al. Altered serotonin 1A binding in major depression: A
[carbonyl-C-11]WAY 100635 positron emission tomography study. Biol Psychiatry. 2006; 59(2):
106-113. [PubMed: 16154547]

Parsey RV, Olvet DM, Oquendo MA, Huang Y'Y, Ogden RT, Mann JJ. Higher 5-HT1A receptor
binding potential during a major depressive episode predicts poor treatment response: preliminary
data from a naturalistic study. Neuropsychopharmacology. 2006; 31(8):1745-1749. [PubMed:
16395308]

Moses Kolko EL, Price JC, Thase ME, et al. Measurement of 5-HT1A receptor binding in
depressed adults before and after anti-depressant drug treatment using positron emission
tomography and [11C]JWAY-100635. Synapse. 2007; 61(7):523-530. [PubMed: 17447260]

Meltzer CC, Price JC, Mathis CA, et al. Serotonin 1A receptor binding and treatment response in
late-life depression. Neuropsychopharmacology. 2004; 29(12):2258-2265. [PubMed: 15483563]

Blier P, De Montigny C, Azzaro AJ. Modification of serotonergic and noradrenergic
neurotransmissions by repeated administration of monoamine oxidase inhibitors:
electrophysiological studies in the rat central nervous system. J Pharmacol Exp Ther. 1986; 237(3):
987-994. [PubMed: 2423685]

Meyer JH, Kapur S, Eisfeld B, et al. The effect of paroxetine on 5-HT(2A) receptors in depression:
an [(18)F]setoperone PET imaging study. Am J Psychiatry. 2001; 158(1):78-85. [PubMed:
11136637]

Meltzer CC, Price JC, Mathis CA, et al. PET imaging of serotonin type 2A receptors in late-life
neuropsychiatric disorders. Am J Psychiatry. 1999; 156(12):1871-1878. [PubMed: 10588399]
Biver F, Wikler D, Lotstra F, Damhaut P, Goldman S, Mendlewicz J. Serotonin 5-HT2 receptor
imaging in major depression: Focal changes in orbito-insular cortex. Br J Psychiatry. 1997;
171:444-448. [PubMed: 9463603]

Sheline Y1, Mintun MA, Barch DM, Wilkins C, Snyder AZ, Moerlein SM. Decreased hippocampal
5-HT(2A) receptor binding in older depressed patients using [18F]altanserin positron emission
tomography. Neuropsychopharmacology. 2004; 29(12):2235-2241. [PubMed: 15367923]

Meyer JH, Kapur S, Houle S, et al. Prefrontal cortex 5-HT2 receptors in depression: An
[18F]setoperone PET imaging study. Am J Psychiatry. 1999; 156(7):1029-1034. [PubMed:
10401447]

Bhagwagar Z, Hinz R, Taylor M, Fancy S, Cowen P, Grasby P. Increased 5-HT(2A) receptor
binding in euthymic, medication-free patients recovered from depression: a positron emission
study with [(11)C]MDL 100,907. Am J Psychiatry. 2006; 163(9):1580-1587. [PubMed:
16946184]

Yatham LN, Liddle PF, Dennie J, et al. Decrease in brain serotonin 2 receptor binding in patients
with major depression following desipramine treatment: a positron emission tomography study
with fluorine-18-labeled setoperone. Arch Gen Psychiatry. 1999; 56(8):705-711. [PubMed:
10435604]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

92.

93.

94.

95.

96.

97.

98.

99.

Page 17

Moresco RM, Colombo C, Fazio F, et al. Effects of fluvoxamine treatment on the in vivo binding
of [F-18]FESP in drug naive depressed patients: a PET study. Neuroimage. 2000; 12(4):452-465.
[PubMed: 10988039]

Massou JM, Trichard C, Attar-Levy D, et al. Frontal 5-HT2A receptors studied in depressive
patients during chronic treatment by selective serotonin reuptake inhibitors. Psychopharmacology
(Berl). 1997; 133(1):99-101. [PubMed: 9335087]

Cannon DM, Carson RE, Nugent AC, et al. Reduced muscarinic type 2 receptor binding in subjects
with bipolar disorder. Arch Gen Psychiatry. 2006; 63(7):741-747. [PubMed: 16818863]

Drevets WC, Zarate CA Jr, Furey ML. Antidepressant effects of the muscarinic cholinergic
receptor antagonist scopolamine: a review. Biol Psychiatry. 2013; 73(12):1156-1163. [PubMed:
23200525]

Zarate CA Jr, Singh JB, Carlson PJ, et al. A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Arch Gen Psychiatry. 2006; 63(8):856-864.
[PubMed: 16894061]

Kendell SF, Krystal JH, Sanacora G. GABA and glutamate systems as therapeutic targets in
depression and mood disorders. Expert Opin Ther Targets. 2005; 9(1):153-168. [PubMed:
15757488]

Hasler G, van der Veen JW, Tumonis T, Meyers N, Shen J, Drevets WC. Reduced prefrontal
glutamate/glutamine and gamma-aminobutyric acid levels in major depression determined using
proton magnetic resonance spectroscopy. Arch Gen Psychiatry. 2007; 64(2):193-200. [PubMed:
17283286]

Deschwanden A, Karolewicz B, Feyissa AM, et al. Reduced metabotropic glutamate receptor 5
density in major depression determined by [(11)C]ABP688 PET and postmortem study. Am J
Psychiatry. 2011; 168(7):727-734. [PubMed: 21498461]

100. Machado-Vieira R, Salvadore G, Diazgranados N, Zarate CA Jr. Ketamine and the next

101.

102.

103.

104.

105.

106.

107.

108.

generation of antidepressants with a rapid onset of action. Pharmacol Ther. 2009; 123(2):143—
150. [PubMed: 19397926]

Brambilla P, Perez J, Barale F, Schettini G, Soares JC. GABAergic dysfunction in mood
disorders. Mol Psychiatry. 2003; 8(8):721-37. 715. [PubMed: 12888801]

Zarate CA, Du J Jr, Quiroz J, et al. Regulation of cellular plasticity cascades in the
pathophysiology and treatment of mood disorders: role of the glutamatergic system. Ann N Y
Acad Sci. 2003; 1003:273-291. [PubMed: 14684452]

Khundakar A, Morris C, Thomas AJ. The immunohistochemical examination of GABAergic
interneuron markers in the dorsolateral prefrontal cortex of patients with late-life depression. Int
Psychogeriatr. 2011; 23(4):644-653. [PubMed: 21044398]

Richardson JS, Miller PS, Lemay JS, et al. Mental dysfunction and the blockade of muscarinic
receptors in the brains of the normal elderly. Prog Neuropsychopharmacol Biol Psychiatry. 1985;
9(5-6):651-654. [PubMed: 4089189]

Sweet RA, Hamilton RL, Butters MA, et al. Neuropathologic correlates of late-onset major
depression. Neuropsychopharmacology. 2004; 29(12):2242-2250. [PubMed: 15354182]
Tsopelas C, Stewart R, Savva GM, et al. Neuropathological correlates of late-life depression in
older people. Br J Psychiatry. 2011; 198(2):109-114. [PubMed: 21282780]

Khundakar AA, Thomas AJ. Cellular morphometry in late-life depression: a review of
postmortem studies [published online Septemeber 5, 2013]. Am J Geriatr Psychiatry. 2013
Butters MA, Klunk WE, Mathis CA, et al. Imaging Alzheimer pathology in late-life depression
with PET and pittsburgh compound-B. Alzheimer Dis Assoc Disord. 2008; 22(3):261-268.
[PubMed: 18580591]

109. Marano CM, Workman CI, Lyman CH, et al. Cortical beta-amyloid deposition in late-life

110.

depression. Am J Geriatr Psychiatry. 2013; 21(3):127.

Kumar A, Kepe V, Barrio JR, et al. Protein binding in patients with late-life depression. Arch Gen
Psychiatry. 2011; 68(11):1143-1150. [PubMed: 22065530]

111. Lavretsky H, Siddarth P, Kepe V, et al. Depression and anxiety symptoms are associated with

cerebral FDDNP-PET binding in middle-aged and older nondemented adults. Am J Geriatr
Psychiatry. 2009; 17(6):493-502. [PubMed: 19472439]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hirao and Smith

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Page 18

Smith GS, Gunning-Dixon FM, Lotrich FE, Taylor WD, Evans JD. Translational research in late-
life mood disorders: Implications for future intervention and prevention research.
Neuropsychopharmacology. 2007; 32(9):1857-1875. [PubMed: 17327888]

Zhu CB, Blakely RD, Hewlett WA. The proinflammatory cytokines interleukin-1beta and tumor
necrosis factor-alpha activate serotonin transporters. Neuropsychopharmacology. 2006; 31(10):
2121-2131. [PubMed: 16452991]

Lopresti AL, Maker GL, Hood SD, Drummond PD. A review of peripheral biomarkers in major
depression: the potential of inflammatory and oxidative stress biomarkers. Prog
Neuropsychopharmacol Biol Psychiatry. 2013; 48C:102-111.

Hannestad J, Dellagioia N, Gallezot JD, et al. The neuroinflammation marker translocator protein
is not elevated in individuals with mild-to-moderate depression: a [(11)C]PBR28 PET studly.
Brain Behav Immun. 2013; 33:131-138. [PubMed: 23850810]

Thomas AJ, O’Brien JT, Davis S, et al. Ischemic basis for deep white matter hyperintensities in
major depression: a neuropathological study. Arch Gen Psychiatry. 2002; 59(9):785-792.
[PubMed: 12215077]

Pierson ME, Andersson J, Nyberg S, et al. [11C]AZ10419369: A selective 5-HT1B receptor
radioligand suitable for positron emission tomography (PET). Characterization in the primate
brain. Neuroimage. 2008; 41(3):1075-1085. [PubMed: 18434202]

Marner L, Gillings N, Comley RA, et al. Kinetic modeling of 11C-SB207145 binding to 5-HT4
receptors in the human brain in vivo. J Nucl Med. 2009; 50(6):900-908. [PubMed: 19470850]

Parker CA, Gunn RN, Rabiner EA, et al. Radiosynthesis and characterization of 11C-GSK215083
as a PET radioligand for the 5-HT6 receptor. J Nucl Med. 2012; 53(2):295-303. [PubMed:
22223878]

Ding YS, Singhal T, Planeta-Wilson B, et al. PET imaging of the effects of age and cocaine on the
norepinephrine transporter in the human brain using (S, S)-[(11)C]O-methylreboxetine and
HRRT. Synapse. 2010; 64(1):30-38. [PubMed: 19728366]

Mathew SJ, Manji HK, Charney DS. Novel drugs and therapeutic targets for severe mood
disorders. Neuropsychopharmacology. 2008; 33(9):2080-2092. [PubMed: 18172433]

Furey ML, Drevets WC. Antidepressant efficacy of the antimuscarinic drug scopolamine: a
randomized, placebo-controlled clinical trial. Arch Gen Psychiatry. 2006; 63(10):1121-1129.
[PubMed: 17015814]

Ondrejcak T, Klyubin I, Hu NW, Barry AE, Cullen WK, Rowan MJ. Alzheimer’s disease amyloid
beta-protein and synaptic function. Neuromolecular Med. 2010; 12(1):13-26. [PubMed:
19757208]

Miller AH, Maletic V, Raison CL. Inflammation and its discontents: the role of cytokines in the
pathophysiology of major depression. Biol Psychiatry. 2009; 65(9):732-741. [PubMed:
19150053]

Brodney MA, Johnson DE, Sawant-Basak A, et al. Identification of multiple 5-HT(4) partial
agonist clinical candidates for the treatment of Alzheimer’s disease. J Med Chem. 2012; 55(21):
9240-9254. [PubMed: 22974325]

Steensland P, Fredriksson I, Holst S, et al. The monoamine stabilizer (-)-OSU6162 attenuates
voluntary ethanol intake and ethanol-induced dopamine output in nucleus accumbens. Biol
Psychiatry. 2012; 72(10):823-831. [PubMed: 22817867]

Jorge RE, Moser DJ, Acion L, Robinson RG. Treatment of vascular depression using repetitive
transcranial magnetic stimulation. Arch Gen Psychiatry. 2008; 65(3):268-276. [PubMed:
18316673]

J Geriatr Psychiatry Neurol. Author manuscript; available in PMC 2017 October 18.



	Abstract
	Introduction
	Overview of PET Methodology
	Considerations Regarding the Design and Interpretation of PET Molecular Imaging Studies
	Clinical Considerations
	Methodological Considerations

	Late-Life Depression
	Cerebral Metabolism and rCBF
	Molecular Imaging
	The Dopamine System
	The Serotonin System
	Other Neurochemical Systems
	Neuropathology

	Conclusion
	Future Directions
	References

