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and Eugenii A. Rabiner

ABSTRACT

BACKGROUND: Depression, a condition commonly comorbid with multiple sclerosis (MS), is associated more
generally with elevated inflammatory markers and hippocampal pathology. We hypothesized that neuroinflammation
in the hippocampus is responsible for depression associated with MS. We characterized the relationship between
depressive symptoms and hippocampal microglial activation in patients with MS using the 18-kDa translocator
protein radioligand ['®F]PBR111. To evaluate pathophysiologic mechanisms, we explored the relationships between
hippocampal neuroinflammation, depressive symptoms, and hippocampal functional connectivities defined by
resting-state functional magnetic resonance imaging.

METHODS: The Beck Depression Inventory (BDI) was administered to 11 patients with MS and 22 healthy control
subjects before scanning with positron emission tomography and functional magnetic resonance imaging. We tested
for higher ['®F]PBR111 uptake in the hippocampus of patients with MS relative to healthy control subjects and
examined the correlations between ['®F]PBR111 uptake, BDI scores, and hippocampal functional connectivities in
the patients with MS.

RESULTS: Patients with MS had an increased hippocampal ['®F]PBR111 distribution volume ratio relative to healthy
control subjects (p = .024), and the hippocampal distribution volume ratio was strongly correlated with the BDI score
in patients with MS (r = .86, p = .006). Hippocampal functional connectivities to the subgenual cingulate and
prefrontal and parietal regions correlated with BDI scores and ['®FJPBR111 distribution volume ratio.
CONCLUSIONS: Our results provide evidence that hippocampal microglial activation in MS impairs the brain
functional connectivities in regions contributing to maintenance of a normal affective state. Our results suggest a
rationale for the responsiveness of depression in some patients with MS to effective control of brain neuro-
inflammation. Our findings also lend support to further investigation of the role of inflammatory processes in the
pathogenesis of depression more generally.

Keywords: Depression, Hippocampus, Multiple sclerosis, Neuroimaging, Neuroinflammation, TSPO
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There is a higher prevalence of depression in patients with
multiple sclerosis (MS) than in the general population (1). The
association between MS and depression is stronger than
associations observed in patients with other long-term dis-
abling conditions, suggesting common pathophysiologic
mechanisms (2). Activation of the brain innate immune
response has been proposed as one such potential common
causal factor (3).

Magnetic resonance imaging (MRI) studies have reported
associations between depressive symptoms in patients with
MS and measures of disease burden, including lesion load and
accompanying tissue destruction, more diffuse abnormalities
of the normal-appearing white matter, and brain atrophy (4).
However, each of these associations accounted for only a

small amount of total variance in depressive symptoms, and
specific associations have not been consistent across studies.
These findings suggest that the association arises from a
common underlying factor that contributes to pathophysio-
logic changes for both MS and depression.

Elevated inflammatory markers are associated with depres-
sive symptoms in medically healthy individuals (5), and
increased levels of depression and anxiety have been docu-
mented in clinical and experimental settings after challenges
that activate an innate immune response (6,7). We hypothe-
sized that the high prevalence of depressive symptoms in
patients with MS is a direct consequence of chronic innate
immune activation in functionally relevant regions of their
brains.
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Convergent lines of research implicate the hippocampus in
the pathophysiology of depression. Hippocampal atrophy is a
consistently reported finding in patients with depression and
has been suggested as a biomarker of risk for depression (8).
Hippocampal activity modulates the hypothalamus-pituitary-
adrenal stress hormone axis and regulates the function of
prefrontal, ventral tegmental, and striatal areas that appear to
contribute to the genesis or maintenance of depressive
symptoms (9). The hippocampus may be particularly suscep-
tible to neuroinflammatory triggers; for example, it has a high
density of interleukin-1 receptors (10). Hippocampal pathology
in MS, including extensive demyelination, neuronal loss atro-
phy, and microglia activation, has been confirmed by post-
mortem and imaging studies (11-13). Studies using MRI
demonstrated that hippocampal volume loss and altered
morphology are associated with depressive symptoms in MS
(14-16). Hippocampal neuroinflammation in the rodent exper-
imental allergic encephalomyelitis (EAE) model is associated
with dysfunctional neurogenesis (17), and hippocampal neuro-
genesis in humans may be critical to recovery from depression
(18). Therefore, we hypothesized that innate immune
responses specifically in the hippocampus are responsible
for the genesis of depressive symptoms associated with MS.

We previously demonstrated that positron emission tomog-
raphy (PET) with the second-generation 18-kDa translocator
protein (TSPO) radioligand ['®F]PBR111 enables the character-
ization of microglial activation in the white matter of patients
with MS (19). Although TSPO is not seen exclusively in
activated microglia, we interpret increased TSPO signal as
arising largely from activated microglia/macrophages based
on previous immunohistochemical observations in postmor-
tem brains with MS and in EAE rodents (20-22). Studies in
patients with MS using first-generation and second-generation
TSPO radioligands reported focally increased TSPO radio-
ligand uptake associated with gadolinium-enhancing lesions
(23,24), some T2-hyperintense lesions (19,25), in the thalamus
(23,25), and in some cortical gray matter areas, particularly in
patients with secondary progressive MS (26).

In the present study, we used ['®F]PBR111 PET to quantify
hippocampal microglia activation and characterize its relation-
ship to depressive symptoms in patients with MS in vivo. We
also investigated whether the strength of hippocampal func-
tional connectivity assessed with resting-state functional MRI
is related to the expression of depressive symptoms and to
hippocampal microglia activation in patients with MS.

METHODS AND MATERIALS

Study Design and Subjects

The study was conducted at Imperial College London and the
Imanova Centre for Imaging Sciences and was approved by
the Essex 1 Research Ethics Committee and the Administra-
tion of Radioactive Substances Advisory Committee. The
clinical, demographic, and radiologic characteristics of study
subjects are summarized in Table 1 and Table S1 in
Supplement 1. The study subjects included 22 healthy control
subjects and 13 patients with relapsing-remitting MS who
underwent MRI and ['®F]PBR111 PET scans on the same day.
The MRI scan was conducted approximately 2 hours before
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Table 1. Clinical and Demographic Characteristics of Study
Participants

Age
(Years)/ TSPO Gene Disease

Case Sex Group Duration (Years) EDSS BDI MDE
Healthy Control Subjects

1 45/F MAB - — 6  None
2 36/F MAB - — 0  None
3 33/F HAB - — 9  None
4 52/F LAB - — 0 None
5 61/F MAB - - 0  None
6 42/F HAB - - 0  None
7 52/F HAB — — 1 None
8 43/M MAB - — 0 None
9 50/F HAB — — 4 None
10 28/M HAB - — 1 None
11 52/F HAB - — 0 None
12 51/M LAB - — 0  None
13 65/M LAB - — 8  None
14 28/M HAB - — 2 None
15 57/M MAB - — —  None
16 59/F HAB — — —  None
17 59/M HAB - — — None
18 62/M HAB - — — None
19 60/F MAB - — — None
20 60/F MAB - — — None
21 56/F MAB - - —  None
22 44/F LAB - — —  None
Patients With MS — — — — —

1 48/F HAB 8 6.5 23 Current
2 39/F LAB 20 4 9 Recent
3 40/F HAB 11 4 24 Current
4 55/F HAB 20 2 5  None
5 53/F LAB 20 7 30 Current
6 50/F HAB 2 4 10 Current
7 59/F MAB 16 3 8 Recent
87 42/M MAB 1 55 20 Current
9 41/F HAB 14 15 3 None
10 28/M HAB 7 2 14 Recent
11 41/F MAB 4 55 7  None
12 42/F HAB 1.5 6 19 Current
137 37/F — 9 7 23 Current

BDI, Beck Depression Inventory; EDSS, Expanded Disability Status
Scale; HAB, high-affinity binder; LAB, low-affinity binder; MAB, mixed-
affinity binder; MDE, major depressive episode; TSPO, 18-kDa trans-
locator protein.

?These patients were not included in the positron emission tomo-
graphy analysis.

the PET scan. All healthy control subjects underwent a PET
scan, and 14 of 22 also underwent a resting-state functional
MRI scan. Of 13 patients with MS, 2 were subsequently
excluded from the PET cohort because of failure of metabolite
analysis, which precluded the kinetic modeling using arterial
input function with metabolite correction.

The mean age of patients with MS was younger than
healthy control subjects (MS group, 44.23 = 8.42 years [mean
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+ SDJ; healthy control group, 49.77 + 11.07 years; t = 1.55,
p = .13), and there were more women in the MS group than in
the healthy control group (MS group, 11/13 female [84.6%];
healthy control group, 14/22 female [63.6%]; ¥° = 1.76, p =
.18). Of 13 patients with MS, 6 were taking antidepressant
medications and 10 were receiving disease-modifying treat-
ments at the time of the examinations (Table S1 in Supplement
1). Subjects were stratified into one of three binding affinity
groups (high-affinity binders, mixed-affinity binders, low-
affinity binders) on the basis of their genotype for the rs6971
polymorphism, which is a major determinant of variations in
affinity for second-generation TSPO radioligands between
subjects (27).

Clinical Assessments

Clinical assessments were performed at screening. Disability
was assessed using the Expanded Disability Status Scale
(EDSS) (28). Diagnoses of major depressive episode (MDE)
were formulated by an experienced psychiatrist on the basis of
the Mini International Neuropsychiatric Interview (29). Current
and recent (within the past 6 months) MDEs were recorded.
The Beck Depression Inventory (BDI)-Il (30) was used for
assessment of depressive symptoms, and fatigue was
assessed using the Fatigue Severity Scale (31).

PET Imaging

The PET radioligand synthesis, image acquisition protocol,
definition of regions of interest (ROIs), and quantification of
['®F]PBR111 are described in detail in the Supplemental
Methods and Materials in Supplement 1. The hippocampus
was chosen a priori as the primary ROI for ["®F]PBR111
binding analyses. The thalamus was used as a control ROI,
based on its potential for accurate segmentation and high
TSPO signal (32), to test whether any observed increase in
TSPO was specific to hippocampus or global. A post hoc
exploratory analysis further tested for group differences in all
major ROls (details in Supplemental Methods and Materials in
Supplement 1).

The ['®F]PBR111 total volume of distribution (Vi) was
quantified using a two-tissue compartment model with
metabolite-corrected arterial input function (32). The relative
regional ['®F]PBR111 binding (as an index of activated micro-
glia density) was estimated by calculating the distribution
volume ratio (DVR), which was defined as the ratio of
['"®FIPBR111 Vr in a ROl to the ["®F]PBR111 V; across the
entire cortical gray matter used as a “pseudo-reference region.”
The use of the DVR reduces variability associated with
nonspecific binding of the radiotracer by minimizing errors
associated with the estimation of the blood input function.
Normalization is associated with an improved test-retest repro-
ducibility of ['*®F]PBR111 signal (19), leading to reduced within-
subject variability and to a better signal-to-noise ratio.

Resting-State Functional MRI

The MRI data were acquired on a 3-tesla Siemens Verio
(Siemens Healthcare, Erlangen Germany) clinical MRI scanner,
equipped with a 32-channel phased-array head coil. The MRI
protocols included T1-weighted (with and without gadolinium),
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T2-weighted fluid attenuated inversion recovery, and resting-
state functional MRI. Details on the MRI protocol and func-
tional connectivity analysis are presented in the Supplemental
Methods and Materials in Supplement 1.

Statistical Analyses

Statistical analyses were done using IBM SPSS Statistics
version 20 (IBM Corp., Armonk, New York). The analyses were
divided into group analysis, exploratory association analysis,
and functional connectivity analysis. A detailed description of
statistical analyses is provided in the Supplemental Methods
and Materials in Supplement 1.

Group analyses were performed using t tests for independ-
ent samples and analysis of covariance with DVR or V; as
dependent variables, group (or diagnosis of MDE) and rs6971
genotype as fixed factors, and age as covariate. Exploratory
association analyses were performed using Pearson partial
correlation, while controlling for age, EDSS scores, and
disease duration. The BDI items were classified into two
clusters, cognitive and somatic, based on the symptom
components most commonly identified in studies on the factor
structure of BDI-II (33).

For the functional connectivity analysis, a bilateral hippo-
campal ROI was used as the seed region. Hippocampal time-
series data were extracted from the functional data, and
contrasts modeled the positive and negative effects of the
hippocampal time-series regressor. For the analysis of corre-
lations of hippocampal functional connectivity in patients with
MS, hippocampal ['®F]PBR111 DVR and BDI were the regres-
sors of interest in the group-level model, whereas nuisance
regressors included age, disease duration, and EDSS. All
statistical images from the group models were thresholded
at p < .05 (or z = 2.3; cluster-corrected for multiple
comparisons).

RESULTS

Group Analysis

Patients with MS had a higher mean BDI score than healthy
control subjects (MS group, 15 = 8.63 [mean * SDJ; healthy
control group, 1.41 = 2.75; t = 6.9, p < .0001). Of 11 patients
with MS, 6 (54%) met criteria for current diagnosis of MDE; in
3 cases (27%), patients met criteria for a recent MDE (within
last 6 months) but did not have active symptoms at the time of
examination. None of the healthy control subjects had a
current or past MDE. The BDI was correlated with the EDSS
(Pearson r = .72; p = .013) for patients with MS. There was no
correlation between BDI and age or between BDI and duration
of disease.

A whole-brain analysis of the distribution ['®F]PBR111
signal was reported previously (32). The ['®F]PBR111 DVR
was higher in the hippocampus of patients with MS relative to
healthy control subjects (MS group, 1.083 * 0.04 [mean =*
SDJ; healthy control group, 1.025 + 0.09; t = 2.49, p = .018)
(Figure 1). The difference remained significant (F = 5.73, p =
.024) after correction for age and rs6971 genotype. The rs6971
genotype did not affect differences between groups and was
not associated with hippocampal ['®F]PBR111 DVR. Age
correlated with hippocampal ['®F]PBR111 DVR (F = 4.39,
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Figure 1. Comparison of ['®F]PBR111 distribution volume ratio (DVR)
between groups in the regions of interest. The ['®F]JPBR111 DVR was higher
in patients with MS (multiple sclerosis) than healthy control subjects in the
hippocampus, but not in the thalamus. Each circle represents individual
subjects’ DVR values. The horizontal lines represent the group’s mean
and SD.

p = .046). No significant difference between patients with MS
and healthy control subjects was found in the thalamus (F =
.66, p = .42) (Figure 1). The ['®F]PBR111 V1 in the cortical gray
matter (which was used as a pseudo-reference region for DVR
contrasts) also was similar between patients with MS and
healthy control subjects, even after correction for age and
rs6971 genotype (F = .01, p = .98).

Exploratory Association Analyses

A current diagnosis of MDE was associated with a higher
hippocampal ['®F]PBR111 DVR among patients with MS,
relative to patients with no history or with recent but resolved
MDE (current MDE, 1.11 = .018; no history and resolved MDE
[pooled together], 1.06 + .047; t = 2.48, p = .044) (Figure 2A).
The hippocampal ['®F]PBR111 DVR values of the three
patients with MS and no history of MDE diagnosis (range,
1.03-1.06) were within the 95% confidence interval for the
mean of ['®FPBR111 DVR of healthy control subjects (95%
confidence interval = .98-1.07).

There was a positive correlation between ['®F]PBR111 DVR
in the hippocampus and BDI (Pearson r = .63, p = .037) in
patients with MS. The strength of the independent relationship
was stronger when controlled for age, disease duration, and
EDSS scores (Pearson partial correlation r = .863, p = .006)
(Figure 2B). We did not find a similar significant association
between ['®F]PBR111 V; and BDI (Pearson partial correlation
r = —.119, p = .778). Correlations between individual BDI
items or symptoms clusters and hippocampal ['8F]PBR111 are
displayed in Table S4 in Supplement 1. No correlation was
found between ['®F]PBR111 DVR in the hippocampus and
EDSS scores, even after controlling for age and disease
duration. Similarly, no correlation was observed between
['®FIPBR111 DVR in the hippocampus and Fatigue Severity
Scale scores, and the correlation between hippocampal
['"®FIPBR111 DVR and BDI remained significant with additional
correction for the Fatigue Severity Scale.

We did not find a significant correlation between BDI and
['®FIPBR111 DVR in the thalamus (Pearson r = .23, p = .58) or
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with the neocortical V+ (Pearson r = —.23, p = .57) after
controlling for age, disease duration, and EDSS. For patients
with MS, a linear regression model with age, disease duration,
and EDSS explained 48% of the BDI variance, whereas
inclusion of hippocampal ['®F]PBR111 DVR increased
the BDI variance explained by the model to 82%. The
['®FIPBR111 DVR alone explained 33% of the BDI variance.
Table S5 in Supplement 1 illustrates the strength of associa-
tion of each individual regressor to BDI in patients with MS.
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Figure 2. Relationship between hippocampal ['®F]PBR111 distribution
volume ratio (DVR) and depression (major depressive episode [MDE]
diagnosis and Beck Depression Inventory [BDI] scores) in patients with
multiple sclerosis. (A) Relationship between diagnosis of MDE and
['®F]PBR111 DVR in the hippocampus. Recent MDE diagnosis refers to
the occurrence of a MDE in the last 6 months that has resolved at the time
of scanning. (B) Partial regression plot illustrating the correlation between
['®F]PBR111 DVR in the hippocampus and BDI scores in patients with
multiple sclerosis (1 = 11) after correcting for age, duration of disease, and
Expanded Disability Status Scale scores. Values represent standardized
residuals of the dependent variable (BDI scores) and ['®F]PBR111 DVR
when both variables are regressed on the rest of the independent variables
(age, duration of disease, and Expanded Disability Status Scale scores). The
BDI scores are represented on the ordinate, and ['®F]PBR111 DVR is
represented on the abscissa.
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Hippocampal Resting-State Functional Connectivity

Whole-brain statistical contrasts of hippocampal functional
connectivity did not reveal significant group differences
between patients with MS and healthy control subjects.
Patterns of hippocampal functional connectivity in patients
with MS and healthy control subjects are illustrated in Figure 3.

Hippocampal ['®F]PBR111 DVR in patients with MS was
positively correlated with the strength of functional connectiv-
ity between hippocampus and regions in the prefrontal
(cingulate cortex and inferior frontal, orbital, and precentral
gyri), parietal (posterior cingulate, precuneus, and angular and
postcentral gyri), and occipital cortices (p < .05 or z = 2.3;
cluster-corrected for multiple comparisons) (Figure 4A). Neg-
ative correlations were found with functional connectivity to
the insula, temporal lobe, and basal ganglia. In healthy control
subjects, the pattern of correlations of hippocampal
['®FIPBR111 DVR to functional connectivity of the hippo-
campus was different. Small clusters of positive correlations
were observable in the operculum cortex, whereas negative
correlations could be seen in the anterior cingulate gyrus
(Figure S1 in Supplement 1).

The BDI scores in patients with MS were positively corre-
lated with functional connectivity between hippocampus and
the medial prefrontal cortex; cingulate cortex; subgenual,
orbital, parahippocampal, and lingual gyri; posterior cingulate;
precuneus; and occipital cortex (p < .05 or z = 2.3; cluster-
corrected for multiple comparisons) (Figure 4B). Negative
correlations were observed in the frontal pole, frontal orbital
cortex, putamen, insula, middle temporal gyrus, and
lingual gyrus.

Correlations of hippocampal functional connectivities with
['®F]PBR111 DVR and with BDI scores showed moderate
overlap (Jaccard index = .34) (Figure 4C). Brain volumes with
positive correlations for both were localized in the frontal lobe
(subgenual and anterior cingulate cortex and superior and
middle frontal gyri), parietal lobe (precuneus and posterior
cingulate), and occipital lobe. Brain volumes with negative
correlations included insula, frontal lobe areas, and putamen.
In a post hoc analysis, we characterized correlations of
hippocampal functional connectivity to a prefrontal volume
that included the subgenual cingulate and orbital gyrus
[selected on the basis of their reported functional association
with symptoms of depression in earlier work (34)] with both the
radioligand uptake and the BDI (Figure 5A). We found a strong
correlation for both measures (Pearson partial correlations r =
.63 for ['®F]PBR111 DVR and r = .62 for BDI) (Figure 5B, C).

DISCUSSION

We observed a higher ['®F]PBR111 binding in the hippo-
campus of patients with MS relative to healthy control sub-
jects, consistent with previous data identifying a substantial
inflammatory disease burden in the hippocampus of patients
with MS (11,12). In our exploratory association analyses, we
found that hippocampal ['®F]PBR111 binding in patients with
MS was highly correlated to BDI scores and was highest in
patients meeting the criteria for current MDE. A significant
association between depressive symptoms and ['®F]PBR111
binding was specific for the hippocampus and not found for
other brain regions examined (e.g., the thalamus or in the
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neocortex generally). Previous observations implicated the
hippocampus specifically as a candidate region for the action
of microglia-produced proinflammatory cytokines in mediating
depressive symptoms. The hippocampus has the highest
interleukin-1 receptor density (10), and lipopolysaccharide-
induced depressive-like behavior is associated with abnormal
cellular activity in the hippocampus (35). Depressive symp-
toms have been previously associated with structural
and functional hippocampal changes in patients with MS
(14-16,36,37).

A role for neuroinflammation in the pathogenesis of depres-
sion has been postulated more generally (38,39). Recent TSPO
PET imaging studies provided accumulating in vivo evidence
to support the association between brain neuroinflammation
and depression. Findings include an increased hippocampal
['®F]PBR111 binding in patients with MS and MDE (present
study), globally increased ['®FJFEPPA Vr in patients with
depression during a MDE (40), and an increased hippocampal
[''C](R)-PK11195 binding in patients with euthymic bipolar
disorder (41). In contrast, Hannestad et al. (42) did not find
differences in [''C]JPBR28 uptake between patients with MDE
and healthy control subjects. However, differences in the
study populations could account for discrepant findings, as
the study by Hannestad et al. included only subjects with low
markers of peripheral inflammation, and some of their patients
with MDE presented with lower depression indices.

Findings have described different anatomic distribution for
observed increases in TSPO binding. Although our study and
that of Haarman et al. (41) found the increases to be restricted
to the hippocampus, the study by Setiawan et al. (40) in
patients with MDE (without other comorbid disease) described
an association with global increases in TSPO binding. This
finding could suggest differences in neuroinflammatory proc-
esses underlying MDE in individuals with and without MS;
however, the study by Setiawan et al. does not rule out a
particular impact of hippocampal inflammation, although it
may not have been able to be identified specifically given the
strong global correlations that seemed to be present in brains
of subjects in the study. However, both study populations
were small. This question needs further study.

We explored the mechanistic basis for an association
between hippocampal neuroinflammation and depressive
symptoms in patients with MS. It has been suggested that
intact functional brain connectivity is important to maintain an
optimal affective function and that abnormal connectivities
underlie aspects of emotional dysregulation observed in
depression (43). Therefore, we evaluated the relationship of
BDI and ['®F]PBR111 DVR variation with resting-state func-
tional connectivity of the hippocampus. The hippocampus is
anatomically connected to the parahippocampal gyrus, amyg-
dala, prefrontal cortex, thalamus, and basal ganglia (44,45).
The pattern of functional connectivity that we defined is
consistent with the anatomic connectivity as well as with
previous studies of functional connectivity of the hippocampus
(46-49). We did not observe significant differences in func-
tional connectivity between healthy subjects and patients with
MS as previously reported (50), but our study was not
optimally powered to detect this, particularly given the poten-
tial interactions of functional connectivity with treatment
(51,52).
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The neuroanatomic conjunction of correlations of hippo-
campal functional connectivity with BDI or ['®F]PBR111 DVR
was striking. We interpret this as evidence in support of the
hypothesis that microglial activation in patients with MS is a
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< Z-statistics

Figure 3. Patterns of significant
positive functional connectivity with
the hippocampal seed in healthy con-
trol subjects and patients with multi-
ple sclerosis (MS). The threshold was
set at z = 4, p < .05 (cluster-cor-
rected for multiple comparisons). The
right side of the brain is to the left in
the figure (images in radiologic orien-
tation). The regions showing signifi-
cant positive functional connectivity
with the hippocampal seed were
located in the limbic system (parahip-
pocampal gyrus, amygdala, and
insula), basal ganglia (putamen and
caudate), thalamus, temporal lobe
(superior, middle, and inferior tem-
poral gyri), medial and inferior pre-
frontal cortex (anterior cingulate
cortex, subgenual cingulate, inferior
frontal gyrus, and orbital gyrus), par-
ietal lobe (posterior cingulate, precu-
neus, angular gyrus, and postcentral
gyrus), occipital lobe, and cerebellum.
A similar pattern of functional connec-
tivity was found in the patients with
multiple sclerosis.

contributing cause of depression, the symptoms of which are
associated with altered hippocampal functional connectivity.
Pathologic and preclinical evidence supports the hypothesis
that neuroinflammation alters hippocampal function and may
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Figure 4. Whole-brain map of correlations of hippocampal functional connectivity to hippocampal ['®FIPBR111 binding and depressive symptoms in
patients with multiple sclerosis. (A) Loci with significant correlation between ['®F]PBR111 distribution volume ratio and strength of functional connectivity to
the hippocampus. (B) Loci with significant correlation between Beck Depression Inventory scores and strength of functional connectivity to the hippocampus.
The threshold was set at z = 2.3, p = .05 (cluster-corrected for multiple comparisons). Loci with positive correlations are displayed in red-to-yellow, and loci
with negative correlations are displayed in blue-to-cyan. (C) Conjunction map illustrating loci with significant correlations between strength of hippocampal
functional connectivity and both ['®F]PBR111 distribution volume ratio and Beck Depression Inventory scores. Loci with positive correlations are displayed in

orange, and loci with negative correlations are displayed in green.

be a proximate cause of depression. Human postmortem
studies in the brain of patients with MS demonstrated that
demyelination in the hippocampus is associated with synaptic
alterations (53) and that microglia mediate the synaptic
degradation via activation of the complement system (54). In
EAE rodents, hippocampal neuroinflammation alters adult neu-
rogenesis (17) and causes alterations of gamma-aminobutyric
acidergic transmission (55). This effect is likely to be mediated
by activated microglia, as incubation of hippocampal slices
from healthy mice with activated microglia causes similar
alterations of gamma-aminobutyric acidergic transmission
(55). This observation may be relevant for depression, consid-
ering the similarities of the EAE-associated behavioral syn-
drome to depressive conditions (56). However, the role of

hippocampal neurogenesis in the pathophysiology of depres-
sion has not been well characterized yet; extrapolation of
findings from animal studies must be done with caution (18,57).

Theoretical models of depression support the anatomic
distribution of differences in hippocampal functional connec-
tivity that we found associated with BDI. Neuroimaging,
neuropathologic, and lesion analysis data all implicate the
hippocampus in an extended anatomic network formed by the
neural projections of the subgenual cingulate and other areas
of the medial orbitofrontal cortex, together with other regions
such as amygdala, posterior cingulate cortex, ventral striatum,
and thalamus. Impaired functions of key nodes within this
network could dysregulate emotional expression and give rise
to the clinical signs and symptoms of depression (58,59).
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Figure 5. Relationship between

hippocampal functional connectivity

hd (FC), hippocampal ['®F]PBR111 distri-

bution volume ratio (DVR), and Beck

Depression Inventory (BDI) scores. (A)

An area of the prefrontal cortex that

included the subgenual cingulate and

orbital gyrus (Brodmann areas 11, 12,

25) was chosen from the conjunction

map in Figure 4C for illustration pur-

poses. (B, C) Scatterplots illustrate

the high correlation of the three vari-

ables, hippocampal FC, BDI scores,

° and hippocampal ['®F]PBR111 DVR,

to each other. Values represent stan-

dardized residuals of the dependent

variables (BDI scores and ['®F]PBR111

DVR, respectively) and standardized

residuals of FC of the hippocampus

when all these variables are regressed

o on the rest of the independent vari-

ables (age, duration of disease, and

Expanded Disability Status Scale
scores).
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Our study provides important new data but has some
limitations. The cross-sectional nature of the study prevents
us from making confident inferences of causality. For example,
it is impossible to establish whether hippocampal microglia
activation causes depressive symptoms or vice versa. We
cannot exclude the latter possibility; for example, exposure of
rodents to chronic stress and social isolation has been shown
to cause proliferation, activation, and priming of hippocampal
microglia (60). It is possible that patients with MS, who are in
an immunologically “primed” state (61), may be more likely to
manifest such a response. However, the apparent anatomic
specificity of the microglial response associated with BDI is
striking. This important question requires further longitudinal
study controlling for effects of disease-modifying treatment
and antidepressants.

The use of a normalized measure of ['®F]PBR111 binding,
the DVR, reduces the variability in modeling the brain signal
that arises from imprecision in measurement of blood con-
centrations and hence improves the signal-to-noise ratio. By
doing so, the DVR expresses only a relative signal and is
appropriate only when testing for differences in the regional
distribution of activated microglia. The elimination of global
differences in the ['®F]PBR111 specific signal also reduces the
between-subject variability associated with the rs6971 poly-
morphism of the TSPO gene (32). However, the use of a region
that is recognized to bind TSPO radiotracers and in which MS-
associated increases in binding are observed must be taken
into account when assessing the magnitude and sign of the

8 Biological Psychiatry m, 2016; ©:1m-111 www.sobp.org/journal
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DVR for a ROIl. We cannot exclude that the observed between-
groups difference could have been driven by a lower
['®F]PBR111 binding in the cortical gray matter (the pseudo-
reference region) in patients with MS, although this direction of
effects (decreased microglial activation is associated with
depression) would be counter to expectations based on other
observations (3,39,40). Moreover, cortical gray matter
['®FIPBR111 V1 as well as ['®F]PBR111 V; and DVR in all
ROls other than the hippocampus were similar across groups.

A fixed-effects model was used for correlation analysis with
functional connectivity measures because of the small sample
size. This method is appropriate for examination of effects in
samples of particular patient groups, as used here, but it limits
the generalization of findings to the whole population, and
therefore the extrapolation of our findings to the wider MS
population must be made cautiously (62). Our small sample
size precluded exploration of the impacts of potential con-
founding factors such as sex, use of concomitant medications,
global and regional brain atrophy, localization of lesions, and
alteration in structural connectivity in patients. We observed
that overall greater T2 fluid attenuated inversion recovery
activity was related to decreased severity of depression.
Despite this observation, BDI correlated positively with hippo-
campal DVR, suggesting a specific association of depression
with PET measures of neuroinflammation. Our interest was
focused on hippocampal functional connectivity because of
the prominence of the microglial activation signal in this
region, but it cannot be excluded that hippocampal
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neuroinflammation is associated with alterations in functional
connectivity in regions other than the hippocampus.

The potential role of confounding factors must be taken into
account. Clinical factors such as fatigue and cognitive deficits
need to be considered; however, depression in patients with
MS is a distinct symptom and is not explained by either fatigue
or cognitive impairment. Although depressive symptoms were
correlated to the level of disability measured with the EDSS,
the relationship between hippocampal neuroinflammation and
the BDI appeared to be independent of the EDSS; we did not
observe a relationship between hippocampal ['®F]PBR111
DVR and EDSS. We found that hippocampal neuroinflamma-
tion was correlated preferably to the cognitive, rather than the
somatic, components of the BDI.

Most of the patients with MS studied were receiving
disease-modifying treatment, which might have an effect,
even if indirect, to reduce microglial activation and the range
of variation in ['"®F]PBR111 DVR seen in our sample (63). The
interaction between disease-modifying therapy, neuroinflam-
mation, and depression is complex, as some disease-
modifying therapies, such as interferon-f, might be associated
with depression (64). Additionally, most of the patients with
prominent depressive symptoms were on antidepressant
treatments (five of six patients with current MDE) that could
have further confounded the relationship between depressive
symptoms and hippocampal neuroinflammation, by influenc-
ing the expression of depressive symptoms, the activation of
microglia, or both (65). A longitudinal design will be needed in
future work to define independent contributions of these
factors.

In conclusion, our findings suggest that mediators of innate
immunity in the hippocampus play a significant role in the
pathophysiology of the affective dysregulation associated with
MS. Our results provide novel insight into the relationship
between hippocampal pathology and depressive symptoms in
MS and, in conjunction with other observations cited in this
article, support a pathogenic role of chronic neuroinflamma-
tion in the genesis of depression in MS. Control of neuro-
inflammatory disease processes may be a rational treatment
for depression in patients with MS. This paradigm also
suggests a possible role for immune-modulating treatment
for major depressive disorder in other contexts.

ACKNOWLEDGMENTS AND DISCLOSURES

This work was supported by the GlaxoSmithKline (GSK)/Wellcome Trust
Clinical Training Fellowship in Translational Medicine and Therapeutics
awarded through Imperial College London (to AC), Imperial College National
Institute of Health Research Biomedical Research Centre, and National
Institute of Health Research/Wellcome Trust Clinical Research Facility.

GSK contributed positron emission tomography scanning time and
operational support for the study.

We thank the study participants for their patience and collaboration.
Some participants in this study were recruited through the Patient Research
Cohort: Rapidly Evolving Multiple Sclerosis trial funded by the United
Kingdom Medical Research Council Ref. No. G0800679 (PAM).

We thank Bayer and Australian Nuclear Science and Technology
Organisation for providing preclinical data on ['®F]PBR111.

We thank all the staff of Imanova, in particular, Awet Tewolde, Rahul
Dimber, Yvonne Lewis, Michelle Cunneen, James Anscombe, Mark Tanner,
and Ineke de Meer for their excellent support to the study.

Biological
Psychiatry

RN has received honoraria or funding from Bayer, Biogen, Genzyme,
Merck Serono, Novartis, Roche, and Teva Pharmaceutical Industries. OC
receives grant support from the Multiple Sclerosis Society of Great Britain
and Northern Ireland, the Department of Health Comprehensive Biomedical
Centre, the International Spinal Cord Research Trust, and the Engineering
and Physical Sciences Research Council; she serves as a consultant for
Novartis, Biogen, and GE Healthcare; payments are made to University
College London Institute of Neurology. PAM has received honoraria for
speaking and travel support from Merck Serono, Biogen, Bayer, and
Novartis. OM has received honoraria from Biogen, Schering, Teva Pharma-
ceutical Industries, and Novartis for lectures and advisory panels and
received travel grants for conferences from Biogen and Novartis. AHY
has been a paid lecturer and served on advisory boards for all major
pharmaceutical companies with drugs used in affective and related
disorders. RNG is a consultant for GSK, Abbvie, UCB, and Intra-Cellular
Therapies. PP has received ad hoc consultancies from Teva Pharmaceutical
Industries, The Michael J. Fox Foundation (United States), Cure Hunting-
ton’s Disease Initiative (United States), Parkinson’s UK, Network European
CNS Transplantation and Restoration, Canada Research Chairs Program,
and I’Association France Parkinson “Grand Appel d’Offres”; all honoraria
paid for these consultancies go to Imperial College London. PMM was a
part-time employee of GSK at the time of the study, he holds stock in GSK,
has received research funds from Biogen and GSK, and has received
consultancy/speaker fees from IXICO, GSK, Biogen, Novartis, and Adelphi
Communications; all honoraria paid for these consultancies go to Imperial
College London. EAR holds stock in GSK and has received consultancy/
speaker fees from Lightlake Therapeutics, Gedeon Richter, AbbVie, and
Biotie Therapies. The other authors report no biomedical financial interests
or potential conflicts of interest.

ARTICLE INFORMATION

From the Division of Brain Sciences (AC, PG, PAM, DRO, RNG, PP, PMM),
Department of Medicine, Imperial College London; Centre for Affective
Disorders (AC, AHY), Psychological Medicine, and Centre for Neuroimaging
Sciences (EAR), Institute of Psychiatry, Psychology and Neuroscience,
King’s College London; Imanova Centre for Imaging Sciences (AC, QG,
MBW, RDN, CB, MO, RNG, EAR); Imperial College Healthcare National
Health Service Trust (RN, OM); Department of Neuroinflammation (OC),
University College London Institute of Neurology; and National Institute of
Health Research Biomedical Research Centre at University College London
Hospitals (OC), London, United Kingdom.

PMM and EAR contributed equally to this work.

Address correspondence to Alessandro Colasanti, M.D., Ph.D., Centre
for Affective Disorders, Institute of Psychiatry, Psychology and Neuro-
science, Room E2.10, PO72 De Crespigny Park, London SE58AF, United
Kingdom; E-mail: alessandro.colasanti@kcl.ac.uk.

Received Jul 15, 2015; revised Nov 4, 2015; accepted Nov 25, 2015.

Supplementary material cited in this article is available online at http://
dx.doi.org/10.1016/j.biopsych.2015.11.022.

REFERENCES

1. Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR,
et al. (2003): The epidemiology of major depressive disorder: Results
from the National Comorbidity Survey Replication (NCS-R). JAMA
289:3095-3105.

2. Patten SB, Beck CA, Williams JV, Barbui C, Metz LM (2003): Major
depression in multiple sclerosis: A population-based perspective.
Neurology 61:1524-1527.

3. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008):
From inflammation to sickness and depression: When the immune
system subjugates the brain. Nat Rev Neurosci 9:46-56.

4. Feinstein A, Magalhaes S, Richard JF, Audet B, Moore C (2014): The
link between multiple sclerosis and depression. Nat Rev Neurol 10:
507-517.

5. Raison CL, Capuron L, Miller AH (2006): Cytokines sing the blues:
Inflammation and the pathogenesis of depression. Trends Immunol
27:24-31.

Biological Psychiatry i, 2016; p:1m-1m www.sobp.org/journal 9


dx.doi.org/http://dx.doi.org/10.1016/j.biopsych.2015.11.022
dx.doi.org/http://dx.doi.org/10.1016/j.biopsych.2015.11.022
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref1
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref1
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref1
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref1
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref2
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref2
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref2
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref3
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref3
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref3
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref4
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref4
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref4
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref5
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref5
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref5
www.sobp.org/journal

Biological
Psychiatry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

10

Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, Morag A,
et al. (2001): Cytokine-associated emotional and cognitive disturban-
ces in humans. Arch Gen Psychiatry 58:445-452.

Musselman DL, Lawson DH, Gumnick JF, Manatunga AK, Penna S,
Goodkin RS, et al. (2001): Paroxetine for the prevention of depression
induced by high-dose interferon alfa. N Engl J Med 344:961-966.
Cole J, Costafreda SG, McGuffin P, Fu CH (2011): Hippocampal
atrophy in first episode depression: A meta-analysis of magnetic
resonance imaging studies. J Affect Disord 134:483-487.

MacQueen G, Frodl T (2011): The hippocampus in major depression:
Evidence for the convergence of the bench and bedside in psychiatric
research? Mol Psychiatry 16:252-264.

Parnet P, Kelley KW, Bluthe RM, Dantzer R (2002): Expression and
regulation of interleukin-1 receptors in the brain. Role in cytokines-
induced sickness behavior. J Neuroimmunol 125:5-14.

Geurts JJ, Bo L, Roosendaal SD, Hazes T, Daniels R, Barkhof F, et al.
(2007): Extensive hippocampal demyelination in multiple sclerosis.
J Neuropathol Exp Neurol 66:819-827.

Papadopoulos D, Dukes S, Patel R, Nicholas R, Vora A, Reynolds R
(2009): Substantial archaeocortical atrophy and neuronal loss in
multiple sclerosis. Brain Pathol 19:238-253.

Sicotte NL, Kern KC, Giesser BS, Arshanapalli A, Schultz A, Montag
M, et al. (2008): Regional hippocampal atrophy in multiple sclerosis.
Brain 131:1134-1141.

Gold SM, Kern KC, O’Connor MF, Montag MJ, Kim A, Yoo YS, et al.
(2010): Smaller cornu ammonis 2-3/dentate gyrus volumes and
elevated cortisol in multiple sclerosis patients with depressive symp-
toms. Biol Psychiatry 68:553-559.

Gold SM, O’Connor MF, Gill R, Kern KC, Shi Y, Henry RG, et al.
(2014): Detection of altered hippocampal morphology in multiple
sclerosis-associated depression using automated surface mesh mod-
eling. Hum Brain Mapp 35:30-37.

Kiy G, Lehmann P, Hahn HK, Eling P, Kastrup A, Hildebrandt H (2011):
Decreased hippocampal volume, indirectly measured, is associated
with depressive symptoms and consolidation deficits in multiple
sclerosis. Mult Scler 17:1088-1097.

Giannakopoulou A, Grigoriadis N, Bekiari C, Lourbopoulos A, Dori |,
Tsingotjidou AS, et al. (2013): Acute inflammation alters adult hippo-
campal neurogenesis in a multiple sclerosis mouse model. J Neurosci
Res 91:890-900.

Dranovsky A, Hen R (2006): Hippocampal neurogenesis: Regulation
by stress and antidepressants. Biol Psychiatry 59:1136-1143.
Colasanti A, Guo Q, Muhlert N, Giannetti P, Onega M, Newbould RD,
et al. (2014): In vivo assessment of brain white matter inflammation
in multiple sclerosis with 18F-PBR111 PET. J Nucl Med 55:
1112-1118.

Cosenza-Nashat M, Zhao ML, Suh HS, Morgan J, Natividad R,
Morgello S, et al. (2009): Expression of the translocator protein of
18 kDa by microglia, macrophages and astrocytes based on immu-
nohistochemical localization in abnormal human brain. Neuropathol
Appl Neurobiol 35:306-328.

Abourbeh G, Theze B, Maroy R, Dubois A, Brulon V, Fontyn Y, et al.
(2012): Imaging microglial/macrophage activation in spinal cords of
experimental autoimmune encephalomyelitis rats by positron emis-
sion tomography using the mitochondrial 18 kDa translocator protein
radioligand [(1)(8)FIDPA-714. J Neurosci 32:5728-5736.

Mattner F, Staykova M, Berghofer P, Wong HJ, Fordham S, Callaghan
P, et al. (2013): Central nervous system expression and PET imaging
of the translocator protein in relapsing-remitting experimental auto-
immune encephalomyelitis. J Nucl Med 54:291-298.

Banati RB, Newcombe J, Gunn RN, Cagnin A, Turkheimer F, Heppner
F, et al. (2000): The peripheral benzodiazepine binding site in the brain
in multiple sclerosis: Quantitative in vivo imaging of microglia as a
measure of disease activity. Brain 123(pt 11):2321-2337.

Debruyne JC, Versijpt J, Van Laere KJ, De Vos F, Keppens J,
Strijckmans K, et al. (2003): PET visualization of microglia in multiple
sclerosis patients using [11C]PK11195. Eur J Neurol 10:257-264.
Rissanen E, Tuisku J, Rokka J, Paavilainen T, Parkkola R, Rinne JO,
et al. (2014): In vivo detection of diffuse inflammation in secondary

Biological Psychiatry 1, 2016; 1:1m—118 www.sobp.org/journal

Hippocampal Neuroinflammation and Depression in MS

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

progressive multiple sclerosis using PET imaging and the radioligand
11C-PK11195. J Nucl Med 55:939-944.

Politis M, Giannetti P, Su P, Turkheimer F, Keihaninejad S, Wu K, et al.
(2012): Increased PK11195 PET binding in the cortex of patients with
MS correlates with disability. Neurology 79:523-530.

Owen DR, Yeo AJ, Gunn RN, Song K, Wadsworth G, Lewis A, et al.
(2012): An 18-kDa translocator protein (TSPO) polymorphism explains
differences in binding affinity of the PET radioligand PBR28. J Cereb
Blood Flow Metab 32:1-5.

Kurtzke JF (1983): Rating neurologic impairment in multiple sclero-
sis: An expanded disability status scale (EDSS). Neurology 33:
1444-1452.

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller
E, et al. (1998): The Mini-International Neuropsychiatric Interview (M.1.
N.L): the development and validation of a structured diagnostic
psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry 59
(suppl 20):22-33; quiz 34-57.

Beck AT, Steer RA, Ball R, Ranieri W (1996): Comparison of Beck
Depression Inventories -IA and -Il in psychiatric outpatients. J Pers
Assess 67:588-597.

Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD (1989): The
fatigue severity scale. Application to patients with multiple sclerosis
and systemic lupus erythematosus. Arch Neurol 46:1121-1123.

Guo Q, Colasanti A, Owen DR, Onega M, Kamalakaran A, Bennacef |,
et al. (2013): Quantification of the specific translocator protein signal
of [18F]PBR111 in healthy humans: A genetic polymorphism effect on
in vivo binding. J Nucl Med 54:1915-1923.

Huang C, Chen JH (2015): Meta-analysis of the factor structures of the
Beck Depression Inventory-Il. Assessment 22:459-472.

Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D,
Hamani C, et al. (2005): Deep brain stimulation for treatment-resistant
depression. Neuron 45:651-660.

Frenois F, Moreau M, O’Connor J, Lawson M, Micon C, Lestage J,
et al. (2007): Lipopolysaccharide induces delayed FosB/DeltaFosB
immunostaining within the mouse extended amygdala, hippocampus
and hypothalamus, that parallel the expression of depressive-like
behavior. Psychoneuroendocrinology 32:516-531.

Riccelli R, Passamonti L, Cerasa A, Nigro S, Cavalli SM, Chiriaco C,
et al. (2015): Individual differences in depression are associated with
abnormal function of the limbic system in multiple sclerosis patients
[published online ahead of print Oct 9]. Mult Scler.

Rocca MA, Pravata E, Valsasina P, Radaelli M, Colombo B, Vacchi L,
et al. (2015): Hippocampal-DMN disconnectivity in MS is related to
WM lesions and depression [published online ahead of print Sep 14].
Hum Brain Mapp.

Wager-Smith K, Markou A (2011): Depression: A repair response to
stress-induced neuronal microdamage that can grade into a chronic
neuroinflammatory condition? Neurosci Biobehav Rev 35:742-764.
Miller AH, Maletic V, Raison CL (2009): Inflammation and its dis-
contents: The role of cytokines in the pathophysiology of major
depression. Biol Psychiatry 65:732-741.

Setiawan E, Wilson AA, Mizrahi R, Rusjan PM, Miler L, Rajkowska G,
et al. (2015): Role of translocator protein density, a marker of neuro-
inflammation, in the brain during major depressive episodes. JAMA
Psychiatry 72:268-275.

Haarman BC, Riemersma-Van der Lek RF, de Groot JC, Ruhe HG,
Klein HC, Zandstra TE, et al. (2014): Neuroinflammation in bipolar
disorder—a [(11)C]-(R)-PK11195 positron emission tomography study.
Brain Behav Immun 40:219-225.

Hannestad J, DellaGioia N, Gallezot JD, Lim K, Nabulsi N, Esterlis |,
et al. (2013): The neuroinflammation marker translocator protein is not
elevated in individuals with mild-to-moderate depression: A [(1)(1)C]
PBR28 PET study. Brain Behav Immun 33:131-138.

Sheline YI, Price JL, Yan Z, Mintun MA (2010): Resting-state functional
MRI in depression unmasks increased connectivity between networks
via the dorsal nexus. Proc Natl Acad Sci U S A 107:11020-11025.
Phillips ML, Drevets WC, Rauch SL, Lane R (2003): Neurobiology of
emotion perception I: The neural basis of normal emotion perception.
Biol Psychiatry 54:504-514.


http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref6
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref6
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref6
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref7
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref7
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref7
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref8
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref8
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref8
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref9
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref9
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref9
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref10
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref10
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref10
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref11
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref11
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref11
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref12
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref12
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref12
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref13
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref13
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref13
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref14
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref14
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref14
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref14
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref15
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref15
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref15
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref15
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref16
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref16
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref16
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref16
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref17
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref17
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref17
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref17
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref18
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref18
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref19
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref19
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref19
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref19
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref20
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref20
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref20
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref20
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref20
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref21
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref21
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref21
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref21
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref21
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref22
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref22
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref22
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref22
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref23
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref23
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref23
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref23
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref24
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref24
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref24
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref25
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref25
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref25
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref25
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref26
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref26
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref26
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref27
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref27
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref27
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref27
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref28
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref28
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref28
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref29
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref29
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref29
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref29
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref29
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref30
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref30
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref30
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref31
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref31
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref31
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref32
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref32
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref32
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref32
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref33
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref33
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref34
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref34
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref34
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref35
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref35
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref35
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref35
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref35
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref36
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref36
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref36
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref37
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref37
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref37
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref38
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref38
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref38
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref38
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref39
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref39
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref39
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref39
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref40
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref40
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref40
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref40
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref41
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref41
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref41
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref42
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref42
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref42
www.sobp.org/journal

Hippocampal Neuroinflammation and Depression in MS

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rosene DL, Van Hoesen GW (1977): Hippocampal efferents reach
widespread areas of cerebral cortex and amygdala in the rhesus
monkey. Science 198:315-317.

Stein T, Moritz C, Quigley M, Cordes D, Haughton V, Meyerand E
(2000): Functional connectivity in the thalamus and hippocampus
studied with functional MR imaging. AUONR Am J Neuroradiol 21:
1397-1401.

Ranganath C, Heller A, Cohen MX, Brozinsky CJ, Rissman J (2005):
Functional connectivity with the hippocampus during successful
memory formation. Hippocampus 15:997-1005.

Cao X, Liu Z, Xu C, Li J, Gao Q, Sun N, et al. (2012): Disrupted resting-
state functional connectivity of the hippocampus in medication-
naive patients with major depressive disorder. J Affect Disord 141:
194-203.

Zarei M, Beckmann CF, Binnewijzend MA, Schoonheim MM, Ogha-
bian MA, Sanz-Arigita EJ, et al. (2012): Functional segmentation of the
hippocampus in the healthy human brain and in Alzheimer’s disease.
Neuroimage 66C:28-35.

Barkhof F, Haller S, Rombouts SA (2014): Resting-state functional MR
imaging: A new window to the brain. Radiology 272:29-49.

Leavitt VM, Wylie GR, Girgis PA, DelLuca J, Chiaravalloti ND (2014):
Increased functional connectivity within memory networks following
memory rehabilitation in multiple sclerosis. Brain Imaging Behav 8:
394-402.

Prakash RS, Patterson B, Janssen A, Abduljalil A, Boster A (2011):
Physical activity associated with increased resting-state functional
connectivity in multiple sclerosis. J Int Neuropsychol Soc 17:986-997.
Dutta R, Chang A, Doud MK, Kidd GJ, Ribaudo MV, Young EA, et al.
(2011): Demyelination causes synaptic alterations in hippocampi from
multiple sclerosis patients. Ann Neurol 69:445-454.

Michailidou I, Willems JG, Kooi EJ, van Eden C, Gold SM, Geurts JJ,
et al. (2015): Complement C1g-C3-associated synaptic changes in
multiple sclerosis hippocampus. Ann Neurol 77:1007-1026.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Biological
Psychiatry

Nistico R, Mango D, Mandolesi G, Piccinin S, Berretta N, Pignatelli M,
et al. (2013): Inflammation subverts hippocampal synaptic plasticity in
experimental multiple sclerosis. PloS One 8:54666.

Pollak Y, Orion E, Goshen |, Ovadia H, Yirmiya R (2002): Experimental
autoimmune encephalomyelitis-associated behavioral syndrome as a
model of “depression due to multiple sclerosis”. Brain Behav Immun
16:533-543.

Lucassen PJ, Fitzsimons CP, Korosi A, Joels M, Belzung C, Abrous
DN (2013): Stressing new neurons into depression? Mol Psychiatry
18:396-397.

Drevets WC, Savitz J, Trimble M (2008): The subgenual anterior
cingulate cortex in mood disorders. CNS Spectr 13:663-681.
Mayberg HS (1997): Limbic-cortical dysregulation: A proposed model
of depression. J Neuropsychiatry Clinical Neurosci 9:471-481.
Walker FR, Nilsson M, Jones K (2013): Acute and chronic stress-
induced disturbances of microglial plasticity, phenotype and function.
Curr Drug Targets 14:1262-1276.

Ramaglia V, Hughes TR, Donev RM, Ruseva MM, Wu X, Huitinga |,
et al. (2012): C3-dependent mechanism of microglial priming relevant
to multiple sclerosis. Proc Natl Acad Sci U S A 109:965-970.

Friston KJ, Holmes AP, Worsley KJ (1999): How many subjects
constitute a study? Neuroimage 10:1-5.

Ratchford JN, Endres CJ, Hammoud DA, Pomper MG, Shiee N,
McGready J, et al. (2012): Decreased microglial activation in MS
patients treated with glatiramer acetate. J Neurol 259:1199-1205.
Fragoso YD, Frota ER, Lopes JS, Noal JS, Giacomo MC, Gomes S,
et al. (2010): Severe depression, suicide attempts, and ideation during
the use of interferon beta by patients with multiple sclerosis. Clin
Neuropharmacol 33:312-316.

Walker FR (2013): A critical review of the mechanism of action for the
selective serotonin reuptake inhibitors: Do these drugs possess anti-
inflammatory properties and how relevant is this in the treatment of
depression? Neuropharmacology 67:304-317.

Biological Psychiatry 111, 2016; L:1a-11 www.sobp.org/journal 11


http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref43
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref43
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref43
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref44
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref44
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref44
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref44
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref45
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref45
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref45
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref46
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref46
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref46
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref46
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref47
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref47
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref47
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref47
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref48
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref48
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref49
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref49
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref49
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref49
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref50
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref50
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref50
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref51
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref51
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref51
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref52
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref52
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref52
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref53
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref53
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref53
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref54
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref54
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref54
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref54
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref55
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref55
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref55
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref56
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref56
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref57
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref57
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref58
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref58
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref58
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref59
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref59
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref59
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref60
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref60
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref61
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref61
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref61
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref62
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref62
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref62
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref62
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref63
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref63
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref63
http://refhub.elsevier.com/S0006-3223(15)01025-2/sbref63
www.sobp.org/journal

	Hippocampal Neuroinflammation, Functional Connectivity, and Depressive Symptoms in Multiple SclerosisHippocampal...
	Methods and Materials
	Study Design and Subjects
	Clinical Assessments
	PET Imaging
	Resting-State Functional MRI
	Statistical Analyses

	Results
	Group Analysis
	Exploratory Association Analyses
	Hippocampal Resting-State Functional Connectivity

	Discussion
	Acknowledgments and Disclosures
	Article Information
	References




