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Abstract: Background

Depression, a common co-morbidity of 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 in MS. We characterized the
relationship between depressive symptoms and hippocampal microglial
activation in MS patients using the TSPO radioligand [18F]-PBR111 in MS
patients. To evaluate pathophysiological mechanisms, we explored the
relationships between hippocampal neuroinflammation, depressive symptoms
and hippocampal functional connectivities defined by resting state fMRI.
Methods

Eleven MS patients and twenty-two healthy controls were administered the
Beck's Depression Inventory (BDI) before PET and fMRI scanning. We tested
for higher [18F]-PBR111 uptake in the hippocampus of MS patients relative
to healthy controls and examined the correlations between [18F]-PBR111
uptake, BDI scores, and hippocampal functional connectivities in the MS
patients.

Results

MS patients had an increased hippocampal [18F]-PBR111 distribution volume
ratio (DVR) relative to healthy controls (p=0.024), and in MS patients
the hippocampal DVR was strongly correlated with the BDI score (r=0.86,
p=0.006) . Hippocampal functional connectivities to the subgenual
cingulate and prefrontal and parietal regions correlated with both BDI
scores and [18F]-PBR111 DVR.

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. They suggest a rationale for the
responsiveness of depression in some patients with MS to effective
control of brain neuroinflammation. Our findings also lend support to
further investigation of the role of inflammatory processes in the
pathogenesis of depression more generally.






Detailed Response to Reviewers

To:
Dr. John H. Krystal
Editor of Biological Psychiatry

Dear Dr. Krystal

I would like to resubmit to Biological Psychiatry the revised manuscript entitled
“Hippocampal neuroinflammation, functional connectivity, and depressive
symptoms in multiple sclerosis”.

My colleagues and | were grateful for the thoughtful input provided by the reviewers.
We revised the manuscript following the suggestions of the reviewers. The main
modifications in the revised manuscript are highlighted in yellow.

| have included a point-by-point summary of how we have addressed comments of the
reviewers. Replies to reviewers’ comments are positioned below each comment and

written in italic.

We believe the our manuscript has been improved following the comments and our
changes and hope that you will find it suitable for publication.

Sincerely

Alessandro Colasanti
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Reviewer #1:

This is a study of TSPO PET imaging comparing 11 multiple sclerosis subject to 22
healthy controls using the radiotracer [18F] PBR111. Hippocampal DVR was increased
in the MS subjects. DVR is the ratio of VT in the hippocampus: VT in grey matter
throughout the cortex. The beck depression inventory scores were highly correlated with
hippocampal DVR in the MS group. Both measures were associated with functional
connectivity between hippocampus with subgenual cingulate, parietal, occipital, and
prefrontal cortices.

The group is very experienced with TSPO imaging. The radioligand is of the new
generation and has some advantages in terms of reversibility which are traded off for a
more moderate level of specific binding (and bone uptake of [18F] after
defluorination). The results are well founded with respect to use of DVR, but the paper
glosses over the rationale for the use of DVR and interpretations specific to DVR, which
is fundamental given use of DVR to obtain the main finding.

Main Comments

An analysis of TSPO in white matter appears to have been previously conducted in the
same sample in previous publication with a focus on white matter and not in the
hippocampal cortex or other grey matter regions. The present publication should include
a more comprehensive comparison of grey matter analyses, including VT in major grey
matter regions between MS and controls.

Reply: We have now included, in the supplemental results section, a
comprehensive comparison of the major grey matter regions between MS patients
and control subjects, showing no significant group difference using either V1 or
DVR in any ROIs other than an increased Hippocampal DVR in MS patients.

The relationship between VT in the hippocampus and BDI scores should also be
commented on.

Reply: As we discussed previously (Colasanti et al, 2014; J Nucl Med. 55:1112-8)
the variability of V1 estimates is substantially higher than for DVR, which is why
we had focused on the latter. DVR is particularly appropriate in the context of
this manuscript, as it is suitable for assessments of relative regional variation in
radioligand uptake, such as that reported in our current manuscript which
examines neuroinflammation in the hippocampus specifically, compared to the
rest of the brain. However, we have now included an analysis of correlation
between PBR111 Vt and BDI in the results section. No significant association was
observed between these two variables.
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Ideally there should also be comment on a sub-comparison of age matched controls to
MS subjects given that some in the field have suggested a relationship between age and
TSPO binding. This last analysis should be straightforward to add given that there are
many more controls than MS subjects.

Reply: The sub-comparison of PBR111 signal between groups, using a subgroup
of healthy controls matched to MS patients for TSPO binding status and age,
resulted in the same findings as the analysis on the whole sample, namely a
significantly increased PBR111 DVR in the hippocampus, with no other
significant differences in Vr or DVR in any of the other ROIs. We reported this
analysis in the supplemental results.

2. The physiological rationale for DVR needs more justification. Why use DVR (what is
gained with it)? What is the difference between DVR and VT from a physiological
perspective? This issue should be addressed both in the methods and in the interpretation
in the discussion.

Reply: The DVR is a ratio measure, and provides improved precision of
assessment of TSPO signal in ROIs chosen a priori, by reducing the variability
associated with non-specific binding and with components of signal contributed
by the blood compartment. DVR is appropriate particularly in the context of
assessments of relative variation in radioligand uptake for a specific brain region.
We added in the methods section a sentence clarifying the rationale for use of the
DVR. In the discussion, the section with comments on DVR use was rephrased to
provide a clearer explanation of the rationale, the limitations and the
interpretation of the DVR.

Additional Comments
3. Introduction - Increased review of the spatial extent of TSPO abnormalities in MS
would also be helpful.

Reply: We added in the introduction a paragraph to summarise the results of
previous studies that illustrate the spatial distribution of TSPO abnormalities in
MS patients.

4. Since the proportion of specific binding in LAB, MAB and HABs are each different,

this might influence the DVR calculation. The DVR is a complicated measure and more
explanation about it in this context would be helpful.
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Reply: We thank the reviewer for the important comment. We agree with the
reviewer that the different binding affinities affect the proportion of specific
binding. We used the DVR, the ratio of Vt in the hippocampus to that in the grey
matter cortex. The effect of different binding affinities on the proportion of
specific binding is the same across different ROIs (e.g. hippocampus and cortical
grey matter) and it is corrected for by using a ratio of two ROIs from the same
subject. We have shown using another TSPO PET radioligand ([*'C]-PBR28)
and pharmacological blockade of TSPO specific component, that the levels of
non-displaceable binding are similar for people with HAB and MAB genotypes
(Owen et al., 2014 J Cereb Blood Flow Metab. 2014;34:989-94). Similar results
have been obtained for the 1% generation PET ligand [*'C]-PK11195 (Kobayashi
et al., J Nucl Med 2015; 56 suppl 3:467). While similar studies have not been
conducted for all TSPO radioligands, there is no plausible hypothesis to suggest
that other ligands, including [**F]-PBR111 may differ from this.

We also included the binding affinity status as a between-subjects factor in our
ANCOVA analysis of DVR differences between patients and controls, in order to
test further the confounding effect of binding status on PBR111 DVR. In the
revised manuscript we also included an analysis of group differences using a sub-
group of healthy controls matched for age and rs6971 SNP to patients with MS.
These tests confirmed that the binding status had no effect on hippocampal
PBR111 DVR and did not influence the differences in DVR between groups.
Based on this, we did not include a control for binding status in the correlational
analysis of hippocampal PBR111 DVR, BDI, and functional connectivity in the
MS sample.

5. Results - The linear regression model that included age, disease duration, EDSS and
18F-PBR111 DVR explained an impressive degree of the variance of DVR in the sample
at 82% - which factors were individually significant predictors of DVR?

Reply: The linear regression model, that included age, disease duration, EDSS
and 18F-PBR111 DVR explained 82% of the variance of BDI. Each of the
independent variables in the model with these four regressors, was significantly
associated to BDI. We added in the supplemental material a table illustrating the
strength of association of each individual regressor to BDI.

Given the predictor of disease duration, this was likely in the MS sample alone but this
should be more clearly stated if this was the case.

Reply: We have now added a statement in the methods to clarify that the

Colasanti et al. 4



regression analysis was conducted in the MS sample only.

More detail about how these predictors were found would be helpful given the number of
predictors relative to the sample size.

Reply: The regressors have been chosen based on a priori identification of their
potential for interaction with the relationship between the two main variables of
interest, namely depressive symptoms scores and extent of hippocampal
neuroinflammation.  Specifically, age has been reported to moderate the
relationship of physical dysfunction to psychological distress in MS patients,
while EDSS and disease duration were found to be both associated with TSPO
signal in earlier PET studies in MS, and to be clinical correlates of MS
depression in previous epidemiological reports. A paragraph in the statistical
analysis section was added to clarify the choice of regressors.

6. Results- Even if included as supplemental data, it would be helpful to know the
correlations of hippocampal DVR with individual factors or items of the BDI. While the
individual items of the BDI are correlated with each other, some clusters may be
preferentially related to the hippocampal DVR.

Reply: We reported the correlations between hippocampal DVR and BDI,
individually and classified into two symptoms clusters: cognitive and somatic,
based on factor analysis studies. The analysis of individual BDI items revealed
that hippocampal DVR was related preferentially to items of the cognitive cluster.
We have included a table (supplemental Table 4) in the supplemental material
and updated the Discussion section to reflect this observation.

7. Discussion - The discussion comment regarding Hannestad study as sampling mild to
moderate MDE needs correcting since, on the scan day, at least one of the 10 subjects in
that study had a severity score corresponding to recovery and several others had scores
below even a mild MDE severity.

Reply: That statement has been corrected accordingly.
8. The speculation that volumetric changes in MDE or MS are related to the TSPO DVR
changes reported by the investigators wasn't overly persuasive. If more space is needed
in the discussion for the other recommendations raised, it might be possible to reduce or

omit this section.

Reply: Following the reviewer’s recommendation, we omitted the paragraph
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suggesting a relationship between our data and earlier findings of association
between depressive symptoms and hippocampus volumetric changes in MS. This
point recently was addressed in the literature, emphasizing the numbers of
subjects needed for significances (Schmaal et al., Mol Psychiatry 2015 Jun 30).
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Reviewer #2

This is an interesting and potentially important study evaluating the relationship of
hippocampal inflammation to MS related depression using novel PET and functional
imaging metrics. The authors report results from 11 MS patients and 22 healthy controls
studied using TSPO radioligand F18PBR111 and rsfMRI in relation to measures of
depressive symptomatology. The authors found a highly significant relationship between
the BDI score and PBR111 binding in the hippocampus as well as differences in
functional connectivity between the hippocampus and important cortical areas related to
depression. Overall the study is novel and well-done and includes the potentially
important confounder of binding affinity related polymorphisms. The study is limited by
the very small numbers, heterogeneous MS cohort and cross sectional design. A major
criticism is the over-interpretation of the promising, yet preliminary results and a lack of
examination of other possible contributing factors.

Critique:

1. BDI scores were found to be highly correlated with EDSS, one possible
interpretation is that the hippocampal inflammation is related to overall disease burden
and severity.

Reply: The reviewer raised an important point that we have considered
internally. Our data show the relationship between BDI and hippocampal
inflammation is independent from the overall disability measured with EDSS.
Two observations support our statement: 1) a significant association of PBR111
DVR to BDI score was present also after controlling for EDSS as well other
confounding variables; 2) in this group, we did not find a significant correlation
between PBR111 DVR and EDSS after controlling for age and disease duration.
We have added these observations in the results section, and also included a
comment about this in the discussion.

2. The presence of Gd+ and/or T2 lesion volumes should be reported and included in
the statistical model.

Reply: We thank the reviewer for this useful recommendation. In the revised
manuscript we included a table (Supplemental Table 1) defining the T2 FLAIR
lesion volumes and whether Gd+ lesions were present. The relationship
between T2 FLAIR volumes and clinical and imaging variables has been now
reported in the results section as a separate paragraph, and is briefly discussed
in the discussion.
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3. The BDI-II includes items that may reflect MS disease related symptoms (sleep,
etc) as well as more purely mood related items. An analysis assessing the relationship of
PBR111 binding to these more "pure™ mood related items would help strengthen the case
for binding intensity as a biomarker of depression.

Reply: We classified BDI-II items into two symptoms clusters: cognitive and
somatic, based on previous factor analyses. The cognitive cluster includes
symptoms such as sadness and feelings of guilt or failure, and self-dislike, while
it does not include symptoms such as sleep disturbances and fatigue or other
somatic symptoms potentially related independently to MS. We found
hippocampal DVR to be preferentially related to the cognitive cluster, which, as
the reviewer suggests, strengthens the case for a specific association between
depression and neuroinflammation.

4. It would be of interest to include an analysis of the relationship between PBR111
binding and hippocampal functional connectivity in the control group alone to better
define the extent that the patient data deviates from this.

Reply: We included in the revised manuscript the analysis of the relationship
between hippocampal PBR111 DVR and functional connectivity of the
hippocampus in healthy controls. The methods sections of both main manuscript
and supplemental material have been updated accordingly. A whole brain map
of correlations is illustrated in Suppemental Figure 1.

5. The authors mention the possible role that brain atrophy may play in the
interpretation of the results, but BPF or some other measure of brain atrophy was not
included in table 1.

Reply: In the revised manuscript, we added measures of total brain volumes and
hippocampal volumes in the Supplemental Table 1. As expected from previous
literature, we found a smaller brain volume and smaller hippocampus in MS
patients relative to controls, but the volumes were not associated to
hippocampal TSPO signal or clinical variables. Our main finding of an
increased PBR111 signal in the hippocampus of MS patients gained stronger
significance after controlling for hippocampal volumes, suggesting that the
reduced hippocampal volumes may have biased the precision of TSPO binding
measurements, by diluting the signal arising from the hippocampus.
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Reviewer #3

In this small, cross-sectional study, Colasanti et al examine neurobiological correlates of
depressive symptoms in multiple sclerosis. 11 MS patients and 22 healthy controls
completed the BDI and underwent TSPO PET and resting state fMRI. The study explores
hippocampal TSPO uptake and functional connectivity. The authors find increased
hippocampal [18F]-PBR111 distribution volume ratio (DVR) in MS and substantial
correlations with depression scores and functional connectivity of the hippocampus.

This is a small but innovative study that has several strengths including a psychiatrist
confirmed diagnosis of MDE based on structured interviews.

Its findings suggest a role of microglia activation in MS patients with depression. This
finding is in line with previous findings in the MS animal model EAE as well as MRI
studies and post mortem examinations in MS. The correlations with depression severity
are surprisingly strong (much stronger than previous work with volumetric MRI
measures of the hippocampus). It is also mostly in line with a recent study (Setiawan et
al. JAMA Psych 2015) showing higher TSPO in MDD patients (without medical
comorbidity).

While this has to be interpreted with caution in this very small sample and definitely
needs to be replicated in larger studies, the study holds promise for a potential new
biomarker of MS depression. If confirmed, this might be particularly useful as a surrogate
outcome marker in future treatment trials of MS-associated depression.

Specific comments:
- Are the 11 MS patients in the current study identical with the 11 patients in the group's
previous publication (Colasanti et al., J Nucl Med 2014)?

Reply: They are the same patients.
- Please specify the disease course of MS patients in Table 1 (RRMS, SPMS).
Reply: They were all relapsing remitting MS patients.

- Of some concern is that the MS group and the healthy controls differed in some
potentially important variables (age, sex). Actually, from the analyzed sample, 10 out of
11 MS patients were female (91%). There might be sex and age effects on TSPO but as
far as | know, both effects would work against the authors in this case (higher binding in
men and older subjects). TSPO genotype is also a concern. The authors state that the
groups were stratified but do not report whether the groups differed significantly. TSPO
group Analyses were adjusted for TSPO genotype and age but not sex. Why?
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Reply: The reviewer’s comment refers to a potential effect of differences in
gender, age, and TSPO genotype distribution between MS patients and healthy
controls, on our findings. TSPO genotype affects the binding of second
generation TSPO ligands, and in our own sample we previously demonstrated a
global effect of TSPO genotype on PBR111 V. A generalised effect of age on
PBR111 V1 was also observed. The use of DVR (a ratio parameter relating
binding in one brain region to another) reduces the bias introduced by
demographic differences and TSPO genotype. To further account for any effect
of age or TSPO genotype on Hippocampal DVR, we included age and TSPO
genotype as covariates in our ANCOVA model. We observed a significant effect
of age on hippocampal PBR111 DVR but no effect of TSPO genotype. We added
this finding in the results sections.

We have included in the revised manuscript a new analysis on a subgroup of
controls, matched for age and TSPO genotype to MS patients, replicating
exactly the same findings of our initial analysis.

We agree with the reviewer that the presence of a gender effect on PBR111
binding cannot be excluded with certainty. However, in our cohort we saw no
significant gender differences in Vt or DVR in any of the ROl examined, even
after correcting for age and rs6971 genotype. Studies of healthy controls with
another tracer [**C]PBR28 also have not identified gender specific differences
(n=37 total, unpublished data). Also we are not aware of reports of a gender
effect on any TSPO ligand binding in the brain. Although we cannot exclude that
a different gender distribution between healthy controls and MS patients may
have influenced estimates of the DVR, we feel this is unlikely.

I'm not sure why many analyses were done with non-parametric tests but not the main
group comparisons. It is stated that BDI and PET data was normaly distributed as
indicated by visual inspection (of Q-Q plots?) and Shapiro-Wilk test. Why then not use
parametric tests throughout? Please specify. Stats section says that gender distribution
was compared using Mann-Whitney test. Wouldn't a chi sq test be more appropriate for a
categorical variable? Please justify.

Reply: The reviewer highlighted the discrepancy between use of parametric and
non-parametric tests throughout the manuscript. As suggested, we have now
used parametric statistics for all tests for consistency. The results were the same
as those obtained with non-parametric statistics. Gender distributions were
compared using Chi-squared test, and this has been now reported in the
Methods section.

The discussion on page 15 is somewhat biased in that it mentions brain region specificity
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of neuroinflammation animal studies of depression but not the inconsistency with the
recent TSPO study in MDE. The Setiawan study showed higher TSPO uptake in
numerous brain regions including the thalamus and the hippocampus in MDE (without
MS). This should be discussed more critically.

Reply: We agree with the reviewer that our study reported a different
distribution of TSPO binding differences relative to the Setiawan’s study where
global increases were observed in patients with MDE without MS. This
difference is difficult to interpret. The differences in the population studied, most
importantly the presence of MS in our sample, may account for the discrepant
findings. This could suggest differences in neuroinflammatory processes
underlying MDE in individuals with and without MS. It is important to note that
the Setiawan’s study 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
people in the study. However, both study populations were small; this question
needs further study. We added a paragraph in the discussion to critically
comment on this.

The rate of depression in the MS sample is very high (54% with current MDE), more
than twice what would be expected in a general MS sample. Were they specifically
recruited for having depressive symptoms?

Reply: Our sample of subjects with MS was not specifically recruited with the aim
of selecting patients with depressive symptoms. We agree with the reviewer that
there was a high prevalence of depression in our small sample. However, there is
a wide range of frequencies of depression in MS in clinic-based studies, and rates
of depression similar to our sample or higher have been reported (Mrabet et al.,
Depression in multiple sclerosis. Rev Neurol 2014;170:700-2; Sadovnick et al.
Depression and multiple sclerosis. Neurology. 1996;46:628-32). Differences may
depend on the recruitment (e.g., biases in who consents), populations and
instruments used for assessment.

- The mechanistic discussion on microglia activation and neurogenesis in my mind
should be framed a bit more cautiously. | think while the role of neurogenesis in animal
models of depression is well supported by evidence, the role for human depression is
more controversial (see for example Lucassen et al., Mol Psychiatry (2013), 18, 396-7 or
Lucassen & Czeh, Eur Arch PCN 2007; 257: 250-260).

Reply: We found those papers by Lucassen et al. very interesting. We agreed with
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the reviewer that the role of hippocampal neurogenesis in the pathophysiology of
depression should be phrased more cautiously, and we amended the relevant
paragraph of the discussion accordingly,

- Recent human post mortem studies have shown evidence for microglia activation and
complement deposition as a potential mechanism for synaptic alterations in the
hippocampus of MS patients (Dutta et al., Ann Neurol 2011; Michailidou et al., Ann
Neurol 2015). The authors might consider discussing these with regard to their findings.

Reply: We thank the reviewer for the useful suggestion. We made a reference to
those findings in the discussion section.
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Reviewer #5

This manuscript investigates the association between clinical features, hippocampal
microglia activation through 18F-PPR111 and hippocampal functional connectivity in
multiple sclerosis, using assessments, PET and fMRI. The authors present a very
interesting manuscript that fits well in the current view on the pathophysiology of MS
and depressive disorders. Furthermore, it expands on current paradigms that may be of
important clinical diagnostic and therapeutic value in the future. The manuscript should
be published, however there are some problems that need to be addressed

Major comments:

- In what way do the rs6971 low affinity binders influence the results? Is there a
difference between the LAB, MAB and HAB between patients and controls? In the
methods section it says that subjects were stratified into three groups.

From my perspective all associations with 18F-PBR111 should be controlled for this
polymorphism. Do the results hold after exclusion of the LAB subjects?

Reply: The rs6971 polymorphism influences the binding affinity of PBR111 to
TSPO (Owen et al., 2012) and our earlier studies demonstrated a difference in
PBR111 distribution volumes (Vr) between LABs, MABs and HABs in healthy
controls and MS patients (Guo et al. 2013, Colasanti et al. 2014). The DVR
used as outcome measure in this study, is a ratio of distribution volumes
(hippocampal V+/cortical grey matter Vr). The effect of rs6971 on PBR111
affinity to TSPO is the same in the hippocampus and cortical grey matter,
which nullifies the effect of rs6971 SNP on DVR, assuming that rs6971 has no
effect on PBR111 non-specific binding.

Since the frequencies of genotypes differed between healthy subjects and
patients with MS (although, in large populations, we have not found a
significant association between the TSPO polymorphism and MS, unpublished
results), we included the rs6971 genotype as a between-subjects factor in our
ANCOVA analysis of hippocampal DVR differences between patients and
controls. In the revised manuscript we also included a sub-analysis of group
differences using a group of healthy controls matched for age and rs6971 SNP
to patients with MS. These tests confirmed that rs6971 SNP had no effect on
hippocampal PBR111 DVR and did not influence the differences in DVR
between groups. Based on these observations, rs6971 was not included in the
correlational analysis of hippocampal PBR111 DVR, BDI, and functional
connectivity in the MS sample.
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If the LAB subjects are excluded from the analysis:

- the difference in hippocampal PBR111 DVR between MS patients and controls,
correcting for age, remains significant (F= 5.03; p=0.035; n=27)

- the correlation between hippocampal PBR111 DVR and BDI remains
significant (r=0.67; p=0.048; n=9).

- 1 would appreciate a clearer subdivision between the (confirmatory) group analyses and
the more (exploratory) association analyses that is applied throughout the methods,
results and discussion sections.

Reply: The analyses are now sub-divided into group analyses and exploratory
association analyses throughout the revised manuscript.

- Correction for multiple testing is applied to the rfMRI results, but not on the association
analyses, thereby increasing the risk for a type | error in these analyses. This can be
justified by defining these analyses as exploratory and as a result interpreting the results
as such. Another option would be to apply false discovery rate correction.

Reply: We thank the reviewer for the useful suggestion. In the revised
manuscript the association analyses are defined ‘exploratory’.

- Use of consistent and consequent terms relating to the immune system is an absolute
necessity. | would strongly suggest the use of neuroinflammation instead of inflammation
in several instances in this manuscript. Use of the word "inflammation™ on its own refers
to classical inflammation, recognized by tumor, calor, rubor, dolor none of which is
probably present in an "inflammatory hippocampus”. Neuroinflammation is also not an
ideal term, but is to be preferred in these cases, also reflecting on the title of the
manuscript. Also, "microglia inflammation” (page 17) does not exist and should probably
be altered to "microglia activation™.

Reply: We thank the reviewer for these comments, and agree that the use of the
term neuroinflammation is more precise. We replaced ‘inflammation’ with
‘neuroinflammation’ throughout the manuscript, including title, abstract, main
manuscript and supplementary material. We also replaced ‘microglia
inflammation’ with ‘microglia activation’.

- The first paragraph of the discussion does not belong there. | could be removed or

should be incorporated in the introduction. Instead, the discussion should probably start
with a concise recapitulation of the most important results.
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Reply: As suggested by the reviewer, we rephrased the first paragraph of the
discussion.

- In my opinion the use of "people with MS" on several instances should be replaced with
"subjects with MS / MS subjects” when relating to the study, or "patients with MS / MS
patients” when relating to the MS patient group as a whole.

Reply: We followed this recommendation and replaced the term ‘people with
MS’ with ‘MS subjects’ or ‘MS patients’.

Minor
- Statistical analyses of the rfMRI are put under the rfMRI subsection. Please consider
combining them with the other statistical analyses in the statistical analyses subsection.

Reply: We moved the description of the functional connectivity analysis to the
Statistical analysis section.

- Please add a reference to an article discussing the immune-related effects of
antidepressants to the sentence "...were on antidepressant treatments..." on page 19 (e.g.
Walker, F.R., 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.)

Reply: We made a reference in the discussion to the article by Walker (2013)
to comment the immune-modulating effects of antidepressants.

- Please hypothesize in the discussion on why different neuroinflammation PET studies
yield different results (in other words, why do you think the Hannestad article did not

find any differences?)

Reply: We added a paragraph in the discussion to hypothesize a potential
explanation for the discrepant findings of TSPO PET studies in depression.
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Abstract
Background

Depression, a common co-morbidity of 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 in MS. We characterized the relationship between depressive symptoms
and hippocampal microglial activation in MS patients using the TSPO radioligand
['|F]-PBR111 in MS patients. To evaluate pathophysiological mechanisms, we
explored the relationships between hippocampal neuroinflammation, depressive

symptoms and hippocampal functional connectivities defined by resting state fMRI.
Methods

Eleven MS patients and twenty-two healthy controls were administered the Beck’s
Depression Inventory (BDI) before PET and fMRI scanning. We tested for higher
[*|F]-PBR111 uptake in the hippocampus of MS patients relative to healthy controls
and examined the correlations between [*®F]-PBR111 uptake, BDI scores, and

hippocampal functional connectivities in the MS patients.
Results

MS patients had an increased hippocampal [*®F]-PBR111 distribution volume ratio
(DVR) relative to healthy controls (p=0.024), and in MS patients the hippocampal
DVR was strongly correlated with the BDI score (r=0.86, p=0.006). Hippocampal
functional connectivities to the subgenual cingulate and prefrontal and parietal

regions correlated with both BDI scores and [*®F]-PBR111 DVR.
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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. They suggest a rationale for the responsiveness of depression in some
patients with MS to effective control of brain neuroinflammation. Our findings also
lend support to further investigation of the role of inflammatory processes in the

pathogenesis of depression more generally.

Keywords

multiple sclerosis; depression; neuroimaging; hippocampus; neuroinflammation;

TSPO
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Introduction

There is a higher prevalence of depression in multiple sclerosis (MS) than in the
general population (1). The association between MS and depression is stronger than
that observed in patients with other long-term disabling conditions, suggesting
common pathophysiological 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. This
suggests that the association arises from a common, underlying factor that contributes

to pathophysiological changes for both MS and depression.

Elevated inflammatory markers are associated with depressive symptoms in medically
healthy individuals (5), and increased levels of depression and anxiety have been
documented in both clinical and experimental settings after challenges that activate an
innate immune response (6, 7). We hypothesised 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.

Convergent lines of research implicate the hippocampus in the pathophysiology of
depression. Hippocampal atrophy is a consistently reported finding in depressed
patients, and has been suggested as a biomarker of risk for depression (8).
Hippocampal activity modulates the hypothalamus-pituitary-adrenal stress hormone
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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 susceptible to neuroinflammatory triggers, for
example it has a high density of interleukin-1 receptors (10). Hippocampal pathology
in MS, including extensive demyelination, neuronal loss atrophy and microglia
activation, has been confirmed by post mortem and imaging studies (11-13). Studies
with MRI demonstrate that hippocampal volume loss and altered morphology are
associated  with  depressive symptoms in  MS (14-16). Hippocampal
neuroinflammation in the rodent Experimental Allergic Encephalomyelitis (EAE)
model is associated with dysfunctional neurogenesis (17) and hippocampal
neurogenesis in humans may be critical to recovery from depression (18). We
therefore hypothesised that innate immune responses specifically in the hippocampus

are responsible for the genesis of depressive symptoms with MS.

We previously demonstrated that PET with the second generation TSPO radioligand
[*®F]-PBR111 enables the characterisation of microglial activation in the white matter
of MS patients (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 post-
mortem MS brains and in EAE (20-22). Studies in MS patients using first and second
generation TSPO radioligands reported focally increased TSPO radioligand uptake
associated to gadolinium-enhancing lesions (23, 24), some T2-hyperintense lesions
(19, 25), in the thalamus (23, 25) as well as in some cortical grey matter areas,

particularly in secondary progressive MS patients (26).

Here we use [*°F]-PBR111 PET to quantify hippocampal microglia activation and

characterize its relationship to depressive symptoms in MS patients in vivo. We also
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investigated whether the strength of hippocampal functional connectivity assessed
with resting state functional MRI (fMRI) 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 Administration of Radioactive Substances Advisory Committee.

The clinical, demographic, and radiological characteristics of study subjects are
illustrated in Table 1 and Supplemental Table 1. Twenty-two healthy controls and
thirteen patients with relapsing remitting MS underwent MRI and [*®F]-PBR111 PET
scans on the same day. MRI scanning was conducted approximately 2 hours prior to
the PET scan. All healthy controls completed a PET scan, and 14/22 also had a resting
state fMRI scan. Of thirteen MS patients studied, two were subsequently excluded
from the PET cohort due to failure of metabolite analysis, which precluded the kinetic

modeling using arterial input function with metabolite correction.

The mean age in the MS group investigated was younger [MS, 44.23 years + 8.42
(mean + SD); healthy controls, 49.77 years + 11.07; t=1.55; p=0.13] and included
more women than the healthy control group [MS, 11/13 F (84.6%); healthy controls,
14/22 F (63.6%); X* =1.76; p=0.18)]. 6/13 MS patients were taking antidepressant
medications and 10/13 were on disease modifying treatments at the time of the

examinations (Supplemental Table 1). Subjects were stratified into one of three
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binding affinity groups [High Affinity Binders (HABs); Mixed Affinity Binders
(MABSs); Low Affinity Binders (LABSs)] 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 (MINI) (29). Current and recent
(within the past six months) MDEs were recorded. The Beck Depression Inventory
(BDI)-11 (30) was used for assessment of depressive symptoms, while fatigue was

assessed using the Fatigue Severity Scale (FSS) (31).
PET imaging

The PET radioligand synthesis, image acquisition protocol, definition of regions of
interests (ROIs) and quantification of [**F]-PBR111 are described in detail in the
supplemental methods. The hippocampus was chosen a priori as the primary Region
of Interest (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 hippocampus-specific or
global. A post-hoc exploratory analysis further tested for group differences in all

major ROIs (details in supplemental material).

The [**F]-PBR111 Total Volume of Distribution (V) was quantified using a 2-tissue

compartment model with metabolite-corrected arterial input function (32). The
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relative regional [**F]-PBR111 binding (as an index of activated microglia density),
was estimated by calculating the Distribution Volume Ratio (DVR), which was
defined as the ratio of [*®F]-PBR111 V7 in a ROI to the [**F]-PBR111 V7 across the
entire cortical grey matter used as a “pseudo-reference region”. The use of DVR
reduces variability associated with non-specific binding of the radiotracer and by
minimizing errors associated with the estimation of the blood input function.
Normalisation is associated with an improved test-retest reproducibility of [**F]-
PBR111 signal (19), leading to reduced within-subject variability and, in turn, to a

better signal-to-noise ratio.
Resting state fMRI

MRI data were acquired on a 3T Siemens Verio (Siemens Healthcare, Erlangen
Germany) clinical MRI scanner, equipped with a 32-channel phased-array head coil.
MRI protocols included T1-weighted (with and without Gadolinium), T2-weighted
FLAIR and resting-state fMRI. Details on MRI protocol and functional connectivity

analysis are presented in the Supplemental Methods.
Statistical analyses

Statistical analyses were done using SPSS 20. Analyses were divided into group
analyses, exploratory association analyses and functional connectivity analysis. A

detailed description of statistical analyses is provided in the supplemental methods.

Group analyses were performed using T-tests for independent samples and analysis of
covariance (ANCOVA) with DVR or Vr as dependent variables, group (or diagnosis

of MDE) and rs6971 genotype as fixed factors, and age as covariate. Exploratory
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association analyses were performed using Pearson’s partial correlation, while

controlling for age, EDSS scores, and disease duration.

BDI items were classified into two clusters, cognitive and somatic, based on the
symptoms components most commonly identified in studies on the factor structure of

BDI-11 (33).

For the functional connectivity analysis, a bilateral hippocampal 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 correlations of hippocampal functional
connectivity in MS patients, hippocampal [‘*F]-PBR111 DVR or BDI were the
regressors of interest in the group-level model, while nuisance regressors included
age, disease duration, and EDSS. All statistical images from the group models were

thresholded at p<0.05 (or z=2.3; cluster-corrected for multiple comparisons).

Results

Group analysis

Patients with MS had a higher mean BDI score than healthy controls [MS, 15 + 8.63
(mean + SD); healthy controls, 1.41 + 2.75; t=6.9; p<0.0001). Six out of eleven
patients with MS (54%) met criteria for current diagnosis of MDE, while in three
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 healthy controls had

current or past MDE. BDI was correlated with EDSS (Pearson’s r=0.72; p=0.013) for
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MS patients. 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 has been reported
previously (32). [*®F]-PBR111 DVR was higher in the hippocampus of MS patients
relative to healthy controls [MS, 1.083 + 0.04 (mean + SD); healthy controls, 1.025 +
0.09; t=2.49; p=0.018 (Fig.1)]. The difference remained significant (F=5.73; p=0.024)
after correction for age and rs6971 genotype. The rs6971 genotype did not affect
differences between groups and was not associated to hippocampal [**F]-PBR111
DVR. Age correlated with hippocampal [*®F]-PBR111 DVR (F=4.39; p=0.046). No
significant difference between patients with MS and healthy controls was found in the
thalamus [F=0.66; p=0.42 (Fig.1)]. [*®F]-PBR111 V7 in the cortical grey matter
(which was used as a “pseudo-reference region” for DVR contrasts) also was similar
between patients with MS and healthy controls, even after correction for age and

rs6971 genotype (F=0.01; p=0.98).
Exploratory association analyses

A current diagnosis of MDE was associated with a higher hippocampal [*°F]-PBR111
DVR amongst MS patients, relative to those with no history or with recent but
resolved MDE [current MDE, 1.11 + 0.018, no history and resolved MDE (pooled
together), 1.06 + 0.047; t=2.48; p=0.044 (Fig.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 [**F]-PBR111

DVR of healthy controls (95% ClI, 0.98 — 1.07).

There was a positive correlation between [**F]-PBR111 DVR in the hippocampus and

BDI (Pearson’s r=0.63; p=0.037) in patients with MS. The strength of the
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independent relationship was stronger when controlled for age, disease duration, and
EDSS scores (Pearson’s partial correlation r=0.863; p=0.006) (Fig.2B). We did not
find a similar significant association between [**F]-PBR111 V; and BDI (Pearson’s
partial correlation r=-0.119; p=0.778). Correlations between individual BDI items or
symptoms clusters and hippocampal [*°F]-PBR111 are illustrated in Supplemental
Table 4. 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 [*®F]-PBR111 DVR in the hippocampus and FSS
scores, and the correlation between hippocampal [*F]-PBR111 DVR and BDI

remained significant with additional correction for FSS.

We did not find a significant correlation between BDI and [**F]-PBR111 DVR in the
thalamus (Pearson’s r=0.23, p=0.58) or with the neocortical V1 (Pearson’s r=-0.23,

p=0.57) after controlling for age, disease duration and EDSS.

For subjects with MS, a linear regression model with age, disease duration, and EDSS
explained 48% of the BDI variance, while inclusion of hippocampal [**F]-PBR111
DVR increased the BDI variance explained by the model to 82%. [**F]-PBR111 DVR
alone explained 33% of the BDI variance. Supplemental Table 5 illustrates the

strength of association of each individual regressor to BDI in MS patients.
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 controls.
Patterns of hippocampal functional connectivity in patients with MS and healthy

controls groups are illustrated in Fig. 3.
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Hippocampal [*®F]-PBR111 DVR in MS patients was positively correlated with the
strength of functional connectivity between hippocampus and regions in the prefrontal
(cingulate cortex and inferior frontal, orbital and precentral gyri), parietal (posterior
cingulate, precuneus, angular and postcentral gyri) and occipital cortices (p<0.05 or
z=2.3; cluster-corrected for multiple comparisons; Fig.4A). Negative correlations
were found with functional connectivity to the insula, temporal lobe and basal
ganglia. In healthy subjects, the pattern of correlations of hippocampal [**F]-PBR111
DVR to functional connectivity of the hippocampus was different. Small clusters of
positive correlations were observable in the operculum cortex, while negative

correlations could be seen in the anterior cingulate gyrus (Supplemental Figure 1).

BDI scores in MS patients were positively correlated with functional connectivity
between hippocampus and the medial prefrontal cortex, cingulate cortex, subgenual,
orbital, parahippocampal and lingual gyri, the posterior cingulate, precuneus and the
occipital cortex (p<0.05 or z=2.3; cluster-corrected for multiple comparisons; Fig.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=0.34) (Fig.4C). Brain
volumes with positive correlations for both were localised in the frontal lobe
(subgenual and anterior cingulate cortex, superior and middle frontal gyri), parietal
lobe (precuneus, posterior cingulate), and occipital lobe. Brain volumes with negative
correlations included insula, frontal lobe areas, and putamen. In a post hoc analysis,
we characterised correlations of hippocampal functional connectivity to a prefrontal
volume which included the subgenual cingulate and orbital gyrus (selected on the

basis of their reported functional association with symptoms depression in earlier
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work (34)) with both the radioligand uptake and BDI (Fig.5A). We found a strong
correlation for both measures (Pearson’s partial correlations r=0.63 ([**F]-PBR111

DVR) and r=0.62 (BDI)) (Fig.5B and C).

Discussion

We observed a higher [*®F]-PBR111 binding in the hippocampus of MS patients
relative to healthy subjects, 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 those
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 (such as the thalamus or in the neocortex
generally). Some previous observations implicate the hippocampus specifically as a
candidate region for the action of microglia-produced pro-inflammatory cytokines in
mediating depressive symptoms. The hippocampus has the highest interleukin-1
receptor density (10) and LPS (lipopolysaccharide)-induced depressive-like behavior
is associated with abnormal cellular activity in the hippocampus (35). Depressive
symptoms 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 depression has been postulated
more generally (38, 39). Recent TSPO PET imaging studies have provided
accumulating in vivo evidence to support the association between brain
neuroinflammation and depression. Findings include an increased hippocampal [*3F]-
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PBR111 binding in MS patients with MDE (present study), globally increased [**F]-
FEPPA Vr in patients with depression during a MDE (40), and an increased
hippocampal [*'C]-(R)-PK11195 binding in euthymic bipolar disorder patients (41).
In contrast, Hannestad and coworkers did not find differences in [*'C]-PBR28 uptake
between patients with MDE and healthy controls. However, differences in the study
populations could account for discrepant findings, since Hannestad’s study included
only subjects with low markers of peripheral inflammation and some of their patients

with MDE presented with lower depression indices (42).

The findings have described different anatomical distribution for observed increases
in TSPO binding. While our study and that of Haarman found the increases to be
restricted to the hippocampus, Setiawan’s study in patients with MDE (without other
co-morbid disease) described an association with global increases in TSPO binding.
This could suggest differences in neuroinflammatory processes underlying MDE in
individuals with and without MS, but it is important to note that the Setiawan’s study
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 people 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 MS patients. 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 functional connectivity of the

hippocampus. The hippocampus is anatomically connected to the parahippocampal
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gyrus, amygdala, prefrontal cortex, thalamus, and basal ganglia (44, 45). The pattern
of functional connectivity that we defined is consistent with the anatomical
connectivity, as well as with previous studies of functional connectivity of the
hippocampus (46-49). We did not observe significant differences in functional
connectivity between the healthy subjects and the patients with MS as previously
reported (50), but our study was not optimally powered to detect this, particularly

given the potential interactions of functional connectivity with treatment (51, 52).

The neuroanatomical conjunction of correlations of hippocampal 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 contributing cause of depression, the symptoms of which are associated with altered
hippocampal functional connectivity. Pathological and preclinical evidence supports
the hypothesis that neuroinflammation alters hippocampal function and may be a
proximate cause of depression. Human post-mortem studies in the brain of MS
patients 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, hippocampal neuroinflammation
alters adult neurogenesis (17) and causes alterations of GABAergic 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 GABAergic transmission (55). This observation may be relevant for
depression, considering the similarities of the EAE-associated behavioural syndrome
to depressive conditions (56). However, the role of hippocampal neurogenesis in the
pathophysiology of depression has not been well characterized yet; extrapolation of

findings from animal studies must be done with caution (18, 57).
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Theoretical models of depression support the anatomical distribution of differences in
hippocampal functional connectivity that we found associated with BDI.
Neuroimaging, neuropathological, and lesion analysis data all implicate the
hippocampus in an extended anatomical 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).

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 not possible to establish whether hippocampal microglia activation
causes depressive symptoms or vice versa. We cannot exclude the latter possibility;
exposure of rodents to chronic stress and social isolation, for example, 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
anatomical 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 concentrations, and hence improves the signal-to-noise ratio. By doing so,
the DVR expresses only a relative signal and is therefore appropriate only when

testing for differences in the regional distribution of activated microglia. The
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elimination of global differences in the [*®F]-PBR111 specific signal also reduces the
between-subject variability associated with the rs6971 polymorphism of the TSPO
gene (32). On the other hand, 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 DVR for a region of
interest. We cannot exclude that the observed between-groups difference could have
been driven by a lower [**F]-PBR111 binding in the cortical grey matter (the pseudo-
reference region) in patients with MS, although this direction of effects (decreased
microglial activation in associated with depression) would be counter to expectations
based on other observations (3, 39, 40). Moreover, cortical grey matter [*®F]-PBR111
V7, as well as [*®F]-PBR111 V1 and DVR in all ROIs other than the hippocampus,

were similar across groups.

A fixed effect model was used for correlation analysis with functional connectivity
measures as a consequence of the small sample size. This method is appropriate for
examination of effects in samples of particular patient groups, as used here, but 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 confounding factors
such as gender, 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 FLAIR activity was related to decreased severity of
depression. Despite this, BDI correlated positively with hippocampal DVR suggesting
a specific association of depression to 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
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that hippocampal 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
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 EDSS, the relationship between hippocampal neuroinflammation and
BDI appeared to be independent of EDSS; we did not observe a relationship between
hippocampal [**F]-PBR111 DVR and EDSS. We found that hippocampal
neuroinflammation was correlated preferably to the cognitive, rather than the somatic

components of BDI.

Most of the MS subjects studied were on disease modifying treatment, which might
have an effect, even if indirect, to reduce microglial activation and thus the range of
variation in [**F]-PBR111 DVR seen in our sample (63). The interaction between
disease-modifying therapy, neuroinflammation and depression is complex, as some
disease modifying therapies, such as interferon-f, might be themselves associated
with depression (64). Additionally, most of the patients with prominent depressive
symptoms were on antidepressant treatments (5/6 patients with current MDE) that
could have further confounded the relationship between depressive symptomatology
and hippocampal neuroinflammation, by influencing the expression of depressive
symptoms, the activation of microglia or both (65). In future work, a longitudinal

design will be needed 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
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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 above, support a pathogenic role of chronic
neuroinflammation in the genesis of depression in MS. Control of neuroinflammatory
disease processes may be a rational treatment for depression in MS patients. This
paradigm also suggests a possible role for immune-modulating treatment for major

depressive disorder in other contexts.
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Table and Figure Legends

Figure 1. Comparison of [**F]-PBR111 DVR between groups in the ROIs

['°F]-PBR111 DVR was higher in patients with MS than healthy controls in the
hippocampus but not in the thalamus. Each circle represents individual subjects’ DVR

values. The horizontal lines represent the group’s mean and standard deviation.

Figure 2. Relationship between hippocampal [*®F]-PBR111 DVR and depression

(MDE diagnosis and BDI scores) in patients with MS

A) Relationship between diagnosis of Major Depressive Episode (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 MS patients (n=11), after correcting for age, duration
of disease and EDSS scores. Values represent standardized residuals of the dependent
variable (BDI scores) and ['°F]-PBR111 DVR when both these variables are
regressed on the rest of the independent variables (age, duration of disease, and EDSS
scores). BDI scores are represented on the ordinate, while [**F]-PBR111 DVR is

represented on the abscissa.

Figure 3. Patterns of significant positive functional connectivity with the

hippocampal seed in healthy controls and patients with MS
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The threshold was set at z=4, p<0.05 (cluster-corrected for multiple comparisons).
The right side of the brain is to the left in the figure (images in radiological
orientation). The regions showing significant positive functional connectivity with the
hippocampal seed were located in the limbic system (parahippocampal gyrus,
amygdala, and insula), basal ganglia (putamen and caudate), thalamus, temporal lobe
(superior/middle/inferior temporal gyri), medial and inferior prefrontal cortex
(anterior cingulate cortex, subgenual cingulate, inferior frontal gyrus, orbital gyrus),
parietal lobe (posterior cingulate, precuneus, angular gyrus, postcentral gyrus),
occipital lobe and the cerebellum. A similar pattern of functional connectivity was

found in the MS patients group.

Figure 4. Whole brain map of correlations of hippocampal functional
connectivity to hippocampal [**F]-PBR111 binding and depressive symptoms in

patients with MS.

A) Loci with significant correlation between [*®F]-PBR111 DVR and strength of
functional connectivity to the hippocampus. B) Loci with significant correlation
between BDI scores and strength of functional connectivity to the hippocampus.
Threshold was set at Z=2.3, p=0.05 (cluster-corrected for multiple comparisons). Loci
with positive correlations are displayed in red-to-yellow, 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 DVR and BDI scores. Loci with positive correlations are coloured

in copper, while negative correlations are displayed in green.
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Figure 5. Relationship between hippocampal functional connectivity,

hippocampal [*®F]-PBR111 DVR and BDI scores

A) An area of the prefrontal cortex which included the subgenual cingulate and orbital
gyrus (Brodmann areas 11, 12, 25) was chosen from the conjunction map in Fig. 4C
for illustration purposes. B and C). The scatterplots illustrate the high correlation of
the three variables, hippocampal functional connectivity, BDI scores, and
hippocampal [*®F]-PBR111 DVR to each other. Values represent standardized
residuals of the dependent variables (BDI scores and [**F]-PBR111 DVR,
respectively) and standardized residuals of functional connectivity of the
hippocampus, when all these variables are regressed on the rest of the independent

variables (age, duration of disease, and EDSS scores).
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Table 1. Clinical and demographic characteristics of study participants

Case Age Gender TSPO Disease EDSS BDI MDE
gene  duration
group (years)
1 45 F MAB 6 None
L‘gﬁ:tr?;s 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
MS 1 48 F HAB 8 65 23  Current
patients 5, 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
*8 42 M MAB 11 55 20 Current
9 41 F HAB 14 1.5 3 None
10 28 M HAB 7 2 14  Recent
11 41 F MAB 4 55 7 None
12 42 F HAB 15 6 19  Current
*13 37 F - 9 7 23 Current

HAB: high affinity binder; MAB: mixed affinity binder; LAB: low affinity binder;
BDI: Beck depressive inventory; EDSS: expanded disability status scale; MDE; major

depressive episode; TSPO: 18kDa Translocator Protein. * These patients were not

included in the PET analysis
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Abstract
Background

Depression, a common co-morbidity of 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 in MS. We characterized the relationship between depressive symptoms
and hippocampal microglial activation in MS patients using the TSPO radioligand
['|F]-PBR111 in MS patients. To evaluate pathophysiological mechanisms, we
explored the relationships between hippocampal neuroinflammation, depressive

symptoms and hippocampal functional connectivities defined by resting state fMRI.
Methods

Eleven MS patients and twenty-two healthy controls were administered the Beck’s
Depression Inventory (BDI) before PET and fMRI scanning. We tested for higher
[*®F]-PBR111 uptake in the hippocampus of MS patients relative to healthy controls
and examined the correlations between [*®F]-PBR111 uptake, BDI scores, and

hippocampal functional connectivities in the MS patients.
Results

MS patients had an increased hippocampal [*®F]-PBR111 distribution volume ratio
(DVR) relative to healthy controls (p=0.024), and in MS patients the hippocampal
DVR was strongly correlated with the BDI score (r=0.86, p=0.006). Hippocampal
functional connectivities to the subgenual cingulate and prefrontal and parietal

regions correlated with both BDI scores and [*®F]-PBR111 DVR.
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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. They suggest a rationale for the responsiveness of depression in some
patients with MS to effective control of brain neuroinflammation. Our findings also
lend support to further investigation of the role of inflammatory processes in the

pathogenesis of depression more generally.

Keywords

multiple sclerosis; depression; neuroimaging; hippocampus; neuroinflammation;

TSPO
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Introduction

There is a higher prevalence of depression in multiple sclerosis (MS) than in the
general population (1). The association between MS and depression is stronger than
that observed in patients with other long-term disabling conditions, suggesting
common pathophysiological 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. This
suggests that the association arises from a common, underlying factor that contributes

to pathophysiological changes for both MS and depression.

Elevated inflammatory markers are associated with depressive symptoms in medically
healthy individuals (5), and increased levels of depression and anxiety have been
documented in both clinical and experimental settings after challenges that activate an
innate immune response (6, 7). We hypothesised 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.

Convergent lines of research implicate the hippocampus in the pathophysiology of
depression. Hippocampal atrophy is a consistently reported finding in depressed
patients, and has been suggested as a biomarker of risk for depression (8).
Hippocampal activity modulates the hypothalamus-pituitary-adrenal stress hormone
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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 susceptible to neuroinflammatory triggers, for
example it has a high density of interleukin-1 receptors (10). Hippocampal pathology
in MS, including extensive demyelination, neuronal loss atrophy and microglia
activation, has been confirmed by post mortem and imaging studies (11-13). Studies
with MRI demonstrate that hippocampal volume loss and altered morphology are
associated  with  depressive symptoms in  MS (14-16). Hippocampal
neuroinflammation in the rodent Experimental Allergic Encephalomyelitis (EAE)
model is associated with dysfunctional neurogenesis (17) and hippocampal
neurogenesis in humans may be critical to recovery from depression (18). We
therefore hypothesised that innate immune responses specifically in the hippocampus

are responsible for the genesis of depressive symptoms with MS.

We previously demonstrated that PET with the second generation TSPO radioligand
[*®F]-PBR111 enables the characterisation of microglial activation in the white matter
of MS patients (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 post-
mortem MS brains and in EAE (20-22). Studies in MS patients using first and second
generation TSPO radioligands reported focally increased TSPO radioligand uptake
associated to gadolinium-enhancing lesions (23, 24), some T2-hyperintense lesions
(19, 25), in the thalamus (23, 25) as well as in some cortical grey matter areas,

particularly in secondary progressive MS patients (26).

Here we use [*°F]-PBR111 PET to quantify hippocampal microglia activation and

characterize its relationship to depressive symptoms in MS patients in vivo. We also
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investigated whether the strength of hippocampal functional connectivity assessed
with resting state functional MRI (fMRI) 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 Administration of Radioactive Substances Advisory Committee.

The clinical, demographic, and radiological characteristics of study subjects are
illustrated in Table 1 and Supplemental Table 1. Twenty-two healthy controls and
thirteen patients with relapsing remitting MS underwent MRI and [*®F]-PBR111 PET
scans on the same day. MRI scanning was conducted approximately 2 hours prior to
the PET scan. All healthy controls completed a PET scan, and 14/22 also had a resting
state fMRI scan. Of thirteen MS patients studied, two were subsequently excluded
from the PET cohort due to failure of metabolite analysis, which precluded the kinetic

modeling using arterial input function with metabolite correction.

The mean age in the MS group investigated was younger [MS, 44.23 years + 8.42
(mean + SD); healthy controls, 49.77 years + 11.07; t=1.55; p=0.13] and included
more women than the healthy control group [MS, 11/13 F (84.6%); healthy controls,
14/22 F (63.6%); X* =1.76; p=0.18)]. 6/13 MS patients were taking antidepressant
medications and 10/13 were on disease modifying treatments at the time of the

examinations (Supplemental Table 1). Subjects were stratified into one of three
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binding affinity groups [High Affinity Binders (HABs); Mixed Affinity Binders
(MABS); Low Affinity Binders (LABs)] 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 (MINI) (29). Current and recent
(within the past six months) MDEs were recorded. The Beck Depression Inventory
(BDI)-11 (30) was used for assessment of depressive symptoms, while fatigue was

assessed using the Fatigue Severity Scale (FSS) (31).
PET imaging

The PET radioligand synthesis, image acquisition protocol, definition of regions of
interests (ROIs) and quantification of [**F]-PBR111 are described in detail in the
supplemental methods. The hippocampus was chosen a priori as the primary Region
of Interest (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 hippocampus-specific or
global. A post-hoc exploratory analysis further tested for group differences in all

major ROIs (details in supplemental material).

The [**F]-PBR111 Total Volume of Distribution (V) was quantified using a 2-tissue

compartment model with metabolite-corrected arterial input function (32). The
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relative regional [**F]-PBR111 binding (as an index of activated microglia density),
was estimated by calculating the Distribution Volume Ratio (DVR), which was
defined as the ratio of [*®F]-PBR111 V7 in a ROI to the [*®F]-PBR111 V/ across the
entire cortical grey matter used as a “pseudo-reference region”. The use of DVR
reduces variability associated with non-specific binding of the radiotracer and by
minimizing errors associated with the estimation of the blood input function.
Normalisation is associated with an improved test-retest reproducibility of [*°F]-
PBR111 signal (19), leading to reduced within-subject variability and, in turn, to a

better signal-to-noise ratio.
Resting state fMRI

MRI data were acquired on a 3T Siemens Verio (Siemens Healthcare, Erlangen
Germany) clinical MRI scanner, equipped with a 32-channel phased-array head coil.
MRI protocols included T1-weighted (with and without Gadolinium), T2-weighted
FLAIR and resting-state fMRI. Details on MRI protocol and functional connectivity

analysis are presented in the Supplemental Methods.
Statistical analyses

Statistical analyses were done using SPSS 20. Analyses were divided into group
analyses, exploratory association analyses and functional connectivity analysis. A

detailed description of statistical analyses is provided in the supplemental methods.

Group analyses were performed using T-tests for independent samples and analysis of
covariance (ANCOVA) with DVR or Vt as dependent variables, group (or diagnosis

of MDE) and rs6971 genotype as fixed factors, and age as covariate. Exploratory
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association analyses were performed using Pearson’s partial correlation, while

controlling for age, EDSS scores, and disease duration.

BDI items were classified into two clusters, cognitive and somatic, based on the
symptoms components most commonly identified in studies on the factor structure of

BDI-11 (33).

For the functional connectivity analysis, a bilateral hippocampal 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 correlations of hippocampal functional
connectivity in MS patients, hippocampal [*F]-PBR111 DVR or BDI were the
regressors of interest in the group-level model, while nuisance regressors included
age, disease duration, and EDSS. All statistical images from the group models were

thresholded at p<0.05 (or z=2.3; cluster-corrected for multiple comparisons).

Results

Group analysis

Patients with MS had a higher mean BDI score than healthy controls [MS, 15 + 8.63
(mean + SD); healthy controls, 1.41 + 2.75; t=6.9; p<0.0001). Six out of eleven
patients with MS (54%) met criteria for current diagnosis of MDE, while in three
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 healthy controls had

current or past MDE. BDI was correlated with EDSS (Pearson’s r=0.72; p=0.013) for
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MS patients. 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 has been reported
previously (32). [*®F]-PBR111 DVR was higher in the hippocampus of MS patients
relative to healthy controls [MS, 1.083 + 0.04 (mean + SD); healthy controls, 1.025 +
0.09; t=2.49; p=0.018 (Fig.1)]. The difference remained significant (F=5.73; p=0.024)
after correction for age and rs6971 genotype. The rs6971 genotype did not affect
differences between groups and was not associated to hippocampal [**F]-PBR111
DVR. Age correlated with hippocampal [*®F]-PBR111 DVR (F=4.39; p=0.046). No
significant difference between patients with MS and healthy controls was found in the
thalamus [F=0.66; p=0.42 (Fig.1)]. [*®F]-PBR111 V7 in the cortical grey matter
(which was used as a “pseudo-reference region” for DVR contrasts) also was similar
between patients with MS and healthy controls, even after correction for age and

rs6971 genotype (F=0.01; p=0.98).
Exploratory association analyses

A current diagnosis of MDE was associated with a higher hippocampal [*°F]-PBR111
DVR amongst MS patients, relative to those with no history or with recent but
resolved MDE [current MDE, 1.11 + 0.018, no history and resolved MDE (pooled
together), 1.06 + 0.047; t=2.48; p=0.044 (Fig.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 [**F]-PBR111

DVR of healthy controls (95% ClI, 0.98 — 1.07).

There was a positive correlation between [**F]-PBR111 DVR in the hippocampus and

BDI (Pearson’s r=0.63; p=0.037) in patients with MS. The strength of the
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independent relationship was stronger when controlled for age, disease duration, and
EDSS scores (Pearson’s partial correlation r=0.863; p=0.006) (Fig.2B). We did not
find a similar significant association between ['°F]-PBR111 V and BDI (Pearson’s
partial correlation r=-0.119; p=0.778). Correlations between individual BDI items or
symptoms clusters and hippocampal [**F]-PBR111 are illustrated in Supplemental
Table 4. 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 [*°F]-PBR111 DVR in the hippocampus and FSS
scores, and the correlation between hippocampal [*F]-PBR111 DVR and BDI

remained significant with additional correction for FSS.

We did not find a significant correlation between BDI and [**F]-PBR111 DVR in the
thalamus (Pearson’s r=0.23, p=0.58) or with the neocortical V1 (Pearson’s r=-0.23,

p=0.57) after controlling for age, disease duration and EDSS.

For subjects with MS, a linear regression model with age, disease duration, and EDSS
explained 48% of the BDI variance, while inclusion of hippocampal [**F]-PBR111
DVR increased the BDI variance explained by the model to 82%. [**F]-PBR111 DVR
alone explained 33% of the BDI variance. Supplemental Table 5 illustrates the

strength of association of each individual regressor to BDI in MS patients.
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 controls.
Patterns of hippocampal functional connectivity in patients with MS and healthy

controls groups are illustrated in Fig. 3.
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Hippocampal [*®F]-PBR111 DVR in MS patients was positively correlated with the
strength of functional connectivity between hippocampus and regions in the prefrontal
(cingulate cortex and inferior frontal, orbital and precentral gyri), parietal (posterior
cingulate, precuneus, angular and postcentral gyri) and occipital cortices (p<0.05 or
z=2.3; cluster-corrected for multiple comparisons; Fig.4A). Negative correlations
were found with functional connectivity to the insula, temporal lobe and basal
ganglia. In healthy subjects, the pattern of correlations of hippocampal [**F]-PBR111
DVR to functional connectivity of the hippocampus was different. Small clusters of
positive correlations were observable in the operculum cortex, while negative

correlations could be seen in the anterior cingulate gyrus (Supplemental Figure 1).

BDI scores in MS patients were positively correlated with functional connectivity
between hippocampus and the medial prefrontal cortex, cingulate cortex, subgenual,
orbital, parahippocampal and lingual gyri, the posterior cingulate, precuneus and the
occipital cortex (p<0.05 or z=2.3; cluster-corrected for multiple comparisons; Fig.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=0.34) (Fig.4C). Brain
volumes with positive correlations for both were localised in the frontal lobe
(subgenual and anterior cingulate cortex, superior and middle frontal gyri), parietal
lobe (precuneus, posterior cingulate), and occipital lobe. Brain volumes with negative
correlations included insula, frontal lobe areas, and putamen. In a post hoc analysis,
we characterised correlations of hippocampal functional connectivity to a prefrontal
volume which included the subgenual cingulate and orbital gyrus (selected on the

basis of their reported functional association with symptoms depression in earlier
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work (34)) with both the radioligand uptake and BDI (Fig.5A). We found a strong
correlation for both measures (Pearson’s partial correlations r=0.63 ([**F]-PBR111

DVR) and r=0.62 (BDI)) (Fig.5B and C).

Discussion

We observed a higher [**F]-PBR111 binding in the hippocampus of MS patients
relative to healthy subjects, 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 those
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 (such as the thalamus or in the neocortex
generally). Some previous observations implicate the hippocampus specifically as a
candidate region for the action of microglia-produced pro-inflammatory cytokines in
mediating depressive symptoms. The hippocampus has the highest interleukin-1
receptor density (10) and LPS (lipopolysaccharide)-induced depressive-like behavior
is associated with abnormal cellular activity in the hippocampus (35). Depressive
symptoms 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 depression has been postulated
more generally (38, 39). Recent TSPO PET imaging studies have provided
accumulating in vivo evidence to support the association between brain
neuroinflammation and depression. Findings include an increased hippocampal [*3F]-
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PBR111 binding in MS patients with MDE (present study), globally increased [**F]-
FEPPA Vr in patients with depression during a MDE (40), and an increased
hippocampal [*'C]-(R)-PK11195 binding in euthymic bipolar disorder patients (41).
In contrast, Hannestad and coworkers did not find differences in [*'C]-PBR28 uptake
between patients with MDE and healthy controls. However, differences in the study
populations could account for discrepant findings, since Hannestad’s study included
only subjects with low markers of peripheral inflammation and some of their patients

with MDE presented with lower depression indices (42).

The findings have described different anatomical distribution for observed increases
in TSPO binding. While our study and that of Haarman found the increases to be
restricted to the hippocampus, Setiawan’s study in patients with MDE (without other
co-morbid disease) described an association with global increases in TSPO binding.
This could suggest differences in neuroinflammatory processes underlying MDE in
individuals with and without MS, but it is important to note that the Setiawan’s study
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 people 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 MS patients. 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 functional connectivity of the

hippocampus. The hippocampus is anatomically connected to the parahippocampal
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gyrus, amygdala, prefrontal cortex, thalamus, and basal ganglia (44, 45). The pattern
of functional connectivity that we defined is consistent with the anatomical
connectivity, as well as with previous studies of functional connectivity of the
hippocampus (46-49). We did not observe significant differences in functional
connectivity between the healthy subjects and the patients with MS as previously
reported (50), but our study was not optimally powered to detect this, particularly

given the potential interactions of functional connectivity with treatment (51, 52).

The neuroanatomical conjunction of correlations of hippocampal 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 contributing cause of depression, the symptoms of which are associated with altered
hippocampal functional connectivity. Pathological and preclinical evidence supports
the hypothesis that neuroinflammation alters hippocampal function and may be a
proximate cause of depression. Human post-mortem studies in the brain of MS
patients 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, hippocampal neuroinflammation
alters adult neurogenesis (17) and causes alterations of GABAergic 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 GABAergic transmission (55). This observation may be relevant for
depression, considering the similarities of the EAE-associated behavioural syndrome
to depressive conditions (56). However, the role of hippocampal neurogenesis in the
pathophysiology of depression has not been well characterized yet; extrapolation of

findings from animal studies must be done with caution (18, 57).
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Theoretical models of depression support the anatomical distribution of differences in
hippocampal functional connectivity that we found associated with BDI.
Neuroimaging, neuropathological, and lesion analysis data all implicate the
hippocampus in an extended anatomical 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).

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 not possible to establish whether hippocampal microglia activation
causes depressive symptoms or vice versa. We cannot exclude the latter possibility;
exposure of rodents to chronic stress and social isolation, for example, 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
anatomical 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 concentrations, and hence improves the signal-to-noise ratio. By doing so,
the DVR expresses only a relative signal and is therefore appropriate only when

testing for differences in the regional distribution of activated microglia. The
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elimination of global differences in the [*®F]-PBR111 specific signal also reduces the
between-subject variability associated with the rs6971 polymorphism of the TSPO
gene (32). On the other hand, 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 DVR for a region of
interest. We cannot exclude that the observed between-groups difference could have
been driven by a lower [*®*F]-PBR111 binding in the cortical grey matter (the pseudo-
reference region) in patients with MS, although this direction of effects (decreased
microglial activation in associated with depression) would be counter to expectations
based on other observations (3, 39, 40). Moreover, cortical grey matter [**F]-PBR111
V7, as well as [*®F]-PBR111 V1 and DVR in all ROIs other than the hippocampus,

were similar across groups.

A fixed effect model was used for correlation analysis with functional connectivity
measures as a consequence of the small sample size. This method is appropriate for
examination of effects in samples of particular patient groups, as used here, but 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 confounding factors
such as gender, 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 FLAIR activity was related to decreased severity of
depression. Despite this, BDI correlated positively with hippocampal DVR suggesting
a specific association of depression to 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
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that hippocampal 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
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 EDSS, the relationship between hippocampal neuroinflammation and
BDI appeared to be independent of EDSS; we did not observe a relationship between
hippocampal [**F]-PBR111 DVR and EDSS. We found that hippocampal
neuroinflammation was correlated preferably to the cognitive, rather than the somatic

components of BDI.

Most of the MS subjects studied were on disease modifying treatment, which might
have an effect, even if indirect, to reduce microglial activation and thus the range of
variation in [**F]-PBR111 DVR seen in our sample (63). The interaction between
disease-modifying therapy, neuroinflammation and depression is complex, as some
disease modifying therapies, such as interferon-f, might be themselves associated
with depression (64). Additionally, most of the patients with prominent depressive
symptoms were on antidepressant treatments (5/6 patients with current MDE) that
could have further confounded the relationship between depressive symptomatology
and hippocampal neuroinflammation, by influencing the expression of depressive
symptoms, the activation of microglia or both (65). In future work, a longitudinal

design will be needed 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
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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 above, support a pathogenic role of chronic
neuroinflammation in the genesis of depression in MS. Control of neuroinflammatory
disease processes may be a rational treatment for depression in MS patients. This
paradigm also suggests a possible role for immune-modulating treatment for major

depressive disorder in other contexts.
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Table and Figure Legends

Figure 1. Comparison of [**F]-PBR111 DVR between groups in the ROIs

['°F]-PBR111 DVR was higher in patients with MS than healthy controls in the
hippocampus but not in the thalamus. Each circle represents individual subjects’ DVR

values. The horizontal lines represent the group’s mean and standard deviation.

Figure 2. Relationship between hippocampal [*®F]-PBR111 DVR and depression

(MDE diagnosis and BDI scores) in patients with MS

A) Relationship between diagnosis of Major Depressive Episode (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 MS patients (n=11), after correcting for age, duration
of disease and EDSS scores. Values represent standardized residuals of the dependent
variable (BDI scores) and ['°F]-PBR111 DVR when both these variables are
regressed on the rest of the independent variables (age, duration of disease, and EDSS
scores). BDI scores are represented on the ordinate, while [**F]-PBR111 DVR is

represented on the abscissa.

Figure 3. Patterns of significant positive functional connectivity with the

hippocampal seed in healthy controls and patients with MS
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The threshold was set at z=4, p<0.05 (cluster-corrected for multiple comparisons).
The right side of the brain is to the left in the figure (images in radiological
orientation). The regions showing significant positive functional connectivity with the
hippocampal seed were located in the limbic system (parahippocampal gyrus,
amygdala, and insula), basal ganglia (putamen and caudate), thalamus, temporal lobe
(superior/middle/inferior temporal gyri), medial and inferior prefrontal cortex
(anterior cingulate cortex, subgenual cingulate, inferior frontal gyrus, orbital gyrus),
parietal lobe (posterior cingulate, precuneus, angular gyrus, postcentral gyrus),
occipital lobe and the cerebellum. A similar pattern of functional connectivity was

found in the MS patients group.

Figure 4. Whole brain map of correlations of hippocampal functional
connectivity to hippocampal [**F]-PBR111 binding and depressive symptoms in

patients with MS.

A) Loci with significant correlation between [*®F]-PBR111 DVR and strength of
functional connectivity to the hippocampus. B) Loci with significant correlation
between BDI scores and strength of functional connectivity to the hippocampus.
Threshold was set at Z=2.3, p=0.05 (cluster-corrected for multiple comparisons). Loci
with positive correlations are displayed in red-to-yellow, 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 DVR and BDI scores. Loci with positive correlations are coloured

in copper, while negative correlations are displayed in green.
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Figure 5. Relationship between hippocampal functional connectivity,

hippocampal [*®F]-PBR111 DVR and BDI scores

A) An area of the prefrontal cortex which included the subgenual cingulate and orbital
gyrus (Brodmann areas 11, 12, 25) was chosen from the conjunction map in Fig. 4C
for illustration purposes. B and C). The scatterplots illustrate the high correlation of
the three variables, hippocampal functional connectivity, BDI scores, and
hippocampal [*®F]-PBR111 DVR to each other. Values represent standardized
residuals of the dependent variables (BDI scores and [**F]-PBR111 DVR,
respectively) and standardized residuals of functional connectivity of the
hippocampus, when all these variables are regressed on the rest of the independent

variables (age, duration of disease, and EDSS scores).
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Table 1. Clinical and demographic characteristics of study participants

Case Age Gender TSPO Disease EDSS BDI MDE
gene  duration
group (years)
1 45 F MAB 6 None
L‘gﬁ:tr?;s 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
MS 1 48 F HAB 8 65 23  Current
patients 5, 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
*8 42 M MAB 11 55 20 Current
9 41 F HAB 14 1.5 3 None
10 28 M HAB 7 2 14  Recent
11 41 F MAB 4 55 7 None
12 42 F HAB 15 6 19  Current
*13 37 F - 9 7 23 Current

HAB: high affinity binder; MAB: mixed affinity binder; LAB: low affinity binder;
BDI: Beck depressive inventory; EDSS: expanded disability status scale; MDE; major

depressive episode; TSPO: 18kDa Translocator Protein. * These patients were not

included in the PET analysis
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depressive symptoms in multiple sclerosis
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Supplemental methods

Subjects recruitment and screening procedures

Healthy controls were recruited from a database of volunteers. For healthy volunteers,
exclusion criteria included any medical, neurological, or psychiatric illness at
screening or any concomitant pharmacological treatments. All structural Magnetic
Resonance Imaging (MRI) images were inspected by an experienced neuroradiologist
for unexpected findings of potential clinical significance or features that might

confound imaging analysis.

Patients with relapsing remitting multiple sclerosis (MS) were referred by consultant
neurologists in the Imperial College Healthcare NHS Trust and the University College
London Hospitals NHS Foundation Trust. None had received steroid treatment in the
month before the Positron Emission Tomography (PET) scans and all had been stable
on their medications for at least 3 months prior to scanning. Clinical characteristics of

MS patients are described in the Supplemental Table 1.

At baseline screening for eligibility, all study subjects underwent a full medical,
neurological and psychiatric examination. During the screening examination, blood

was collected for genotyping for the rs6971 polymorphism of the TSPO gene. The


http://ees.elsevier.com/bps/download.aspx?id=803301&guid=2573c2bc-0c31-4e75-9abe-5e379d3af2f7&scheme=1

subjects returned to the research center for the combined MRI and'®F-PBR111 PET

scan visit within approximately one week of the screening visit.

All subjects provided written, informed consent prior to enrolment. Expenses of all
subjects were reimbursed and they were provided with honoraria recognizing the time

and effort of participation.

PET Radioligand synthesis

['°F]-PBR111 was labelled with fluorine-18 by a simple one-step tosyloxy-for-
fluorine nucleophilic aliphatic substitution, followed by purification by semi-
preparative high-performance liquid chromatography (HPLC) and reformulation. The
synthetic procedure of [*F]-PBR111 was adapted from a previously described
method (1). A fully automated procedure was developed in-house using a Siemens

Explora GN module coupled with a semi-preparative HPLC system.

[*8F]-Fluoride, produced using a Siemens RDS-111 Eclipse cyclotron equipped with a
fluoride target loaded with oxygen-18 enriched water, was obtained by means of the
80(p,n)*®F reaction. The [*®F]-fluoride in solution in oxygen-18 enriched water was
then trapped onto a DW-TRC-L trap and release cartridge (O.R.T.G.). Following that
first step the fluoride was released into the reactor using 1.0 mL of a solution
consisting of 8.3 mL of acetonitrile, 0.8 mL of water, 250 mg of K2, and 50 mg of
K,COs;. The content of the reactor was evaporated a first time and then the
evaporation process was repeated 2 times following the addition of 1 mL of
acetonitrile each time. The toxyloxy precursor (6.0-10.0 mg in solution in 1.0 mL of

anhydrous acetonitrile) was then added to the reactor containing the “dry” [*°F]-
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fluoride. The reaction mixture was heated for 5 min at 100 °C and then cooled to 50
°C before diluting with water. The crude reaction mixture was then diluted with water
(3 ml) and loaded onto the HPLC injection loop for purification on an Agilent Eclipse
XDB CI18 column (5 um, 250 x 9.4 mm) with ammonium formate buffer (pH
4)/CH5CN (55:45, viv) at 9.5 mL/min. The fraction containing [**F]-PBR111 was
collected in water (20 ml) and loaded onto an activated Waters Sep-Pak® Classic C18
cartridge (Waters Corp.) for reformulation. Following an initial SepPak® column
wash with water, [*®F]-PBR111 was eluted off the column with ethanol and 0.9%
saline solution for injection to lead to [**F]-PBR111 formulated in 11 mL of
maximum 20% (v/v) ethanol in 0.9% saline solution for injection. In the final step a
sterile filtration through a 0.2 pum sterile filter (Millipore Millex GV, 0.22 pm, 33

mm) was performed to deliver the final dose as a sterile and pyrogen-free solution.

Typically, the total [**F]-PBR111 synthesis procedure, including HPLC purification
and Sep-Pak®-based formulation, was accomplished in less than 60 min. Up to 4.2
GBq of [*®F]-PBR111 (>97% radiochemically pure, n>20) were obtained starting

from 10 GBq of [*®F]-fluoride with a specific radioactivity of up to 480 GBg/pumol.

PET protocol

[*|F]-PBR111 was injected as an intravenous bolus over approximately 20 seconds
and PET emission data collected in 3D-mode for 120 min post injection. The injected
mass and radioactivity of [**F]-PBR111 were similar for healthy controls and MS
patients [healthy controls, mass 0.32 (0.14 — 8.66) pg [median (range)], radioactivity
166 (143 — 182) MBq; MS patients, mass 0.49 (0.2 — 1.9) pg, radioactivity 166 (150-
179) MBaq].
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PET data were reconstructed using filtered back projection including corrections for
attenuation and scatter (based on a low-dose Computerised Tomography acquisition).
Dynamic data were binned into 29 frames (durations: 8 x 15s, 3 x 1 min, 5x 2 min, 5

X 5 min, 8 x 10 min).

Arterial blood data were sampled via the radial artery to enable generation of an
arterial plasma input function. A continuous sampling system (ABSS Allogg,
Mariefred, Sweden) was used to measure whole blood activity each second for the
first 15 minutes of each scan. Discrete blood samples were manually withdrawn at 5,
10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 minutes after scan start to
facilitate measurement of whole blood and plasma activity. Samples taken at 5, 10, 15,
20, 30, 50, 70, 90 and 120 minute time points were also analysed using HPLC to
determine the fraction of radioactivity corresponding to intact parent compound in
arterial plasma. The first three discrete blood samples were used to calibrate the
continuous blood data, and then the continuous and discrete data sets were used to
form a whole blood activity curve covering the duration of the scan. Discrete plasma
samples were divided by the corresponding whole blood samples to form plasma-
over-blood (POB) data. A constant POB model was fitted (i.e. average of POB
values). This POB value was then multiplied by the whole blood curve to generate a
total plasma curve. Parent fraction data were fitted to a sigmoid model f= ((1-
(t/(t3+10%))*+c)/(1+c) where t is time and a, b and c are fitted parameters. The
resulting fitted parent fraction profile was multiplied by the total plasma curve and
then smoothed post-peak using a tri-exponential fit to derive the required parent
plasma input function. For each scan, a time delay was fitted and applied to the input
function to account for any temporal delay between blood sample measurement and

the tomographic measurements of the tissue data.
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Definition of regions of interest

The hippocampus and thalamus were chosen a priori. The post-hoc exploratory
analysis included cortical grey matter regions of interest (ROIs) (frontal cortex,
occipital cortex, parietal cortex, temporal cortex, cingulate cortex, insula), as well as

caudate, putamen, cerebellum, midbrain, pons and medulla.

Due to defluorination of the metabolite (1) [*°F]-PBR111 defluorinates in vivo
resulting in a relatively high signal in the bones of the skull (2, 3). The ROIs for the
cortical grey matter reference region, as well as for the frontal, occipital, parietal,
temporal, cingulate, and insular cortices, were therefore eroded by 5 mm away from
the skull to avoid “spill-in” from uptake of [**F]-fluoride by bone of the skull. All the
ROIs were then applied to the dynamic PET data to derive regional time activity

curves.

The pre-chosen ROIls and the cortical grey matter were defined with the MNI152
template (http://www2.bic.mni.mcgill.ca), derived from an average of MRI brain
scans from the Montreal Neurological Institute. The template was nonlinearly warped
to the high-resolution T1-MRI of each individual, with SPM5 (Statistical Parametric
Mapping; WellcomeTrust Centre for Neuroimaging). The deformation parameters
derived were then applied to a corresponding anatomical atlas, the CIC (Clinical
Imaging Center) atlas (4) to bring this into the space of the individual subject. Finally,
the MRI image, ROIls, and warped anatomical atlas were resampled to match the PET

image resolution.
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Quantification of TSPO signal

The [*®F]-PBR111 Total Volume of Distribution (V1) was quantified using a 2-tissue
compartment model with metabolite-corrected arterial input function and a fixed
blood volume correction of 5%, as previously described (3). For each ROI examined,
the total V1 was estimated from the rate constants as described previously (5). The
Logan graphical method (6) employing a plasma input, using a fixed blood volume
correction of 5% and a linear start time at 35 minutes was also used to estimate the V+
of each ROI and further applied at the voxel level to produce parametric V1 maps.
Model fitting and parameter estimation were performed using software implemented

in Matlab R2008b (The MathWorks, Inc.).

MRI protocol

MRI data was acquired on a 3T Siemens Verio (Siemens Healthcare, Erlangen
Germany) clinical MRI scanner, equipped with a 32-channel phased-array head coil.
T1-weighted structural images were applied for PET co-registration and used the
Alzheimer’s Disease Neuroimaging Initiative recommended parameters with a
parallel imaging factor of 2 (7). T1-weighted images were acquired pre- and post- iv

Gadolinium-chelate administration (0.1 mmol/kg Gadoteric Acid, Dotarem®).

Volumetric T2-weighted FLAIR images were acquired using a 1mm isotropic
resolution 3D SPACE sequence (8), with a 250x250x160mm FOV, TE=395ms,
TR=5s, TI=1800ms, turbo factor of 141, 256x256x160 matrix, and parallel imaging

factor of 2 in 5m:52s.
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Resting-state fMRI data was acquired with a double-echo gradient echo EPI
sequence, capturing 150 volumes in 5m:06s. Each volume comprised 35 3-mm thick
slices in a 225mm FOV, 64x64 matrix size, echo times at 13 and 31ms, parallel

imaging factor of 2, and a TR of 2 seconds.

Statistical analyses

Statistical analyses were done using SPSS 20. Analyses were divided into group
analyses, exploratory association analyses and functional connectivity analysis. A

detailed description of statistical analyses is provided in the Supplemental Methods.

Group analyses

We used T-tests for independent samples for between-groups comparisons of age and
Beck Depression Inventory (BDI) scores, while gender distribution was studied using
a Chi-squared test. For [®F]-PBR111 Distribution Volume Ratio (DVR) in the
Hippocampal and Thalamic ROI and V1 in the cortical grey matter, we used both a t-
test and an analysis of covariance (ANCOVA) with DVR or V1 as dependent
variables, group (or diagnosis of Major Depressive Episode (MDE)) and rs6971
genotype as fixed factors, and age as covariate. A post-hoc analysis of group

differences in all major grey matter ROIs was performed using only the ANCOVA.

Exploratory association analyses

The correlation between BDI scores, age, Expanded Disability Status Scale (EDSS)
scores, and disease duration in patients with MS was studied using Pearson’s
correlation. The correlation between hippocampal [**F]-PBR111 DVR and BDI

scores was exclusively studied in patients with MS using Pearson’s partial correlation,

Colasanti et al. Hippocampal neuroinflammation and depression in MS 7



while controlling for age, EDSS scores, and disease duration (i.e., the same nuisance
variables as used in the model to study correlations of functional connectivity to
depressive symptoms and PET signal). The choice of these nuisance variables was
defined a priori based on their potential effect on the relationship between the two
main variables of interest, namely depressive symptoms scores and hippocampal
neuroinflammation. Age is known to moderate the relationship of physical
dysfunction to psychological distress in MS patients (9) while EDSS and disease
duration have been found associated with TSPO PET signal in earlier PET studies in
MS (10, 11), and have also been found to be associated to MS depression in previous
epidemiological reports (12).

Correlation and partial-correlation analysis of BDI were performed between
hippocampal [*°F]-PBR111 DVR and subtotal scores of the cognitive and somatic
clusters as well as individual scores of BDI items.

Two linear regression models were explored in order to study the proportion of
variance in BDI scores that would be explained by hippocampal [*°F]-PBR111
binding: first, we tested a model with BDI scores as the dependent variable and age,
disease duration, and EDSS as explanatory variables. Then, we subsequently added to
the model hippocampal [*®F]-PBR111 DVR as an additional explanatory variable.

Statistical significance for all analyses was set at the p<0.05 level.

Both [‘®F]-PBR111 DVR and BDI data were normally distributed as determined by

visual inspection of Q-Q plots and Shapiro-Wilk test for normality.
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MRI and Functional Connectivity analysis

Each subject’s T1 anatomical images were stripped of their non-brain tissue using the
brain extraction tool (BET) v2.1 (fractional intensity threshold=0.5, robust brain
centre estimation). A bilateral hippocampal ROl was defined in standardised
stereotactic (MNI152) space. The entire hippocampus was defined using a standard
anatomical atlas (the CIC Atlas, thresholded at 0.5). This template hippocampal
region was then registered into each subject’s functional data space using FLIRT
(FSL’s Linear Registration Tool). Time-series data were then extracted from the
functional data using the transformed subject-specific hippocampal ROI as a mask

image.

The fMRI Expert Analysis Tool (FEAT) v6.00 was used for pre-processing, GLM
(general linear model) analysis and anatomical registration of the fMRI data. Pre-
processing included temporal high-pass filtering (0.01 Hz), head-motion correction,
and spatial smoothing with a 5mm FWHM (full-width half-maximum) Gaussian
kernel. First-level analyses were conducted on each individual subject/scan by
entering the extracted hippocampal time-course as a regressor, together with head-
motion parameters as regressors of no interest. No haemodynamic modelling was
added to the hippocampal regressor, as it already represents haemodynamic data.
Contrasts simply modeled the positive and negative effects of the hippocampal time-
series regressor. The resulting statistical images were registered to the subject’s main
anatomical image (acquired during the same session) and subsequently non-linearly

warped to the template T1 anatomical image in standard MNI-space.

Group-level analyses were also conducted using FEAT, and used a mixed-model

(FLAME-1) approach to test between-groups differences in order to model both
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within and between-subject variance. Age and gender were included in this model as
additional regressors of no interest. The analysis of correlations of hippocampal
functional connectivity to hippocampal [**F]-PBR111 DVR was done separately for
MS patients and healthy controls. [**F]-PBR111 DVR was the regressor of interest in
the group-level model, while nuisance regressors included age, disease duration, and
EDSS for MS patients, and age for healthy controls. The analysis of correlations of
hippocampal functional connectivity to depressive symptoms was performed only on
MS patients’ data. For this analysis BDI was included as regressor of interest and
nuisance regressors included age, disease duration, and EDSS. In order to maximise

sensitivity, fixed-effects models were used for the analysis of correlations.

The Jaccard index was used to quantify the overlap between correlation maps of
hippocampal functional connectivity to [®F]-PBR111 DVR and BDI respectively,

and was computed as follows:

|AN B
|AU B|

(1) J,B) =

where A is the map of loci with significant correlations (positive and negative)
between hippocampal functional connectivity and [**F]-PBR111 DVR, and B is the
map of loci with significant correlations between hippocampal functional connectivity

and BDI.

Brain tissue volume, normalised for subject head size, and hippocampal volume were
estimated respectively with SIENAX (13) and FIRST (14), part of FSL (15). T2-
FLAIR hyperintense WM volumes were segmented using JIM version 6.0 (Xinapse

Systems, Northants).
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Supplemental results

Exploratory group analyses

We found no significant group differences in either [*®F]-PBR111 V1 or DVR in any
ROIs other than the hippocampus, in a post-hoc exploratory test of all major ROIs

(Supplemental Table 2).

An analysis using a subgroup of healthy subjects (n=11), matched for TSPO binding
status and age to the MS patients group, also demonstrated a higher [*®F]-PBR111
DVR in the hippocampus of MS patients relative to controls (t=2.891; p=0.009),
while all V1 or DVR values of the other ROIs did not differ between groups

(Supplemental Table 3).
T2 FLAIR lesions and brain volumes

No T2 FLAIR or gadolinium-enhancing lesions were found in the hippocampus of
subjects. We observed was a negative correlation between T2 FLAIR volumes and
Hippocampal DVR (r=-0.65; p<0.05), while there was no relationship between T2
FLAIR volumes and cortical or hippocampal V1. T2 FLAIR volumes were not
associated to EDSS, while they were negatively correlated to BDI, and the inverse
correlation remained significant after correction for age, disease duration and EDSS
(r=-0.85; p<0.01).

MS patients had reduced total brain (MS, 1,438 cm® + 60 (mean + SD); healthy
controls, 1,506 cm®+ 56; t=3.05; p=0.005) and grey matter (MS, 741 cm®+ 40 [mean
+ SDJ; healthy controls, 786 mm?® + 37; t=3.06; p=0.005) volumes compared to
healthy controls. The differences remained significant after correction for age and

gender (total brain volume: F=11.19; p=0.003; gray matter volume: F=8.43;
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p=0.008). We did not observe a correlation in MS patients between hippocampal
DVR and total brain or gray matter volumes after correction for age, disease duration
and EDSS. Similarly, brain volumes were not correlated to cortical V1 even after
further correction for TSPO binding group. Total brain and grey matter volumes in
MS patients were not significantly associated to EDSS or BDI.

Hippocampal volumes were smaller in MS patients relative to healthy controls (MS,
6,731 mm?® + 1086 healthy controls, 7,644 mm?®+ 478; t=2.77; p=0.016)(mean + SD)
and the difference remained significant after correction for age and gender (F=7.97;
p=0.008). Hippocampal volumes were not correlated to hippocampal [**F]-PBR111
DVR, nor to EDSS or BDI. Our main finding of an increased hippocampal [**F]-
PBR111 DVR in MS patients, relative to healthy subjects, reached stronger
significance with the correction for hippocampal volumes (F=7.76; p=0.01). This
observation could indicate that smaller hippocampal volumes may affect the precision
of measurement of [**F]-PBR111 binding, by diluting the signal arising from the

hippocampus.
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Supplemental Tables

Supplemental Table 1. Clinical characteristics of MS patients

palzi/lesnts -II;ZSIE:]"IA;LE Br?/ionll;rri]s:ue Hig}o;za:qr(\epal Disease Modifying Antidepressant
Case mm? om? mm? Treatment Treatment

1 9438 1434 5619 natalizumab Amitriptyline
2 32088 1417 6439 interferon f3 Citalopram
3 1077 1470 7000 natalizumab Mirtazapine, Citalopram
4 32098 1454 7508 interferon 8 i
5 929 1505 7756 - Citalopram
6 20179 1487 6229 interferon f3 =
7 8214 1355 6428 - -
8 599 1385 4764 interferon f3 -
9 8942* 1411 7671 - -
10 5207 1451 8649 interferon f3 Citalopram
11 23331 1364 5693 interferon f3 -
12 4677 1571 7023 interferon 3 §
13 n/a® 1396 n/a® interferon B Citalopram

Supplemental Table 1. T2 FLAIR lesions, whole brain and hippocampal volumes,

disease-modifying and antidepressant treatment across MS patients

* presence of gadolinium-enhancing lesions

8 T2-FLAIR lesions load and hippocampal volumes could not be calculated due to

incomplete acquisition of MRI data

Colasanti et al.
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Supplemental Table 2. Significance of differences in [**F]-PBR111 V7 and

DVR between MS and healthy control groups across ROls

V+ DVR

ROI

F p values F p values
Frontal cortex 0.01 0.92 3.28 0.08
Occipital cortex 0.03 0.87 1.93 0.18
Parietal cortex 0.00 0.98 0.04 0.85
Temporal cortex 0.01 0.94 0.67 0.42
Cingulate cortex 0.02 0.90 0.06 0.82
Insula 0.01 0.92 0.08 0.78
Cerebellum 0.00 0.96 0.02 0.90
Brainstem 0.00 0.96 0.11 0.75
Striatum 0.02 0.90 0.00 0.97
Thalamus 0.05 0.83 0.66 0.43
Hippocampus 0.25 0.63 5.73 0.02*

Supplemental Table 2. Post-hoc exploratory comparison of [*®F]-PBR111 V+ and

[*|F]-PBR111 DVR in all major grey matter ROls between MS patients and controls.

* The ANCOVA showed a significant group difference only in hippocampal [*®F]-

PBR111 DVR.
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Supplemental Table 3.

Post-hoc analysis of sub-groups matched for age and genotype

HV MS
No. subjects 11 11
(HAB:MAB:LAB) 7:2:2 7:2:2
Gender (M:F) 3:8 1:10
Mean S.D. Mean S.D.
Age (years) 44.9 11.82 451 8.86
Age HAB group (years) 43.1 13.02 434 8.71
ROIs Mean S.D. Mean S.D. pvalue
Frontal cortex V¢ 3.29 1.13 2.90 0.96 0.40
DVR 1.00 0.03 0.98 0.03 0.07
Occipital cortex V+ 3.42 1.21 3.14 0.97 0.57
DVR 1.04 0.05 1.07 0.05 0.23
Parietal cortex V+ 3.17 1.09 2.89 0.92 0.52
DVR 0.97 0.02 0.98 0.02 0.29
Temporal cortex V7 3.36 124 3.04 0.96 0.50
DVR 1.02 0.05 1.03 0.03 0.66
Cingulate cortex V+ 3.14 1.14 2.92 1.01 0.64
DVR 0.96 0.06 0.98 0.05 0.31
Insula Vr 3.13 111 2.89 0.96 0.60
DVR 0.95 0.06 0.97 0.04 0.37
Cerebellum V+ 3.17 148 2.82 0.93 0.52
DVR 0.94 0.12 0.96 0.07 0.71
Brainstem V+ 3.57 1.47 3.30 1.17 0.64
DVR 1.07 013 111 0.15 0.55
Striatum V+ 2.96 113 278 0.98 0.69
DVR 0.90 0.08 0.93 0.06 0.35
Thalamus V+ 3.50 135 3.23 1.10 0.61
DVR 1.06 0.07 1.09 0.07 0.39
Hippocampus V+ 3.25 123 319 0.99 0.89
DVR 0.99 0.10 1.08 0.04 0.01*

Supplemental Table 3. Tests for between-groups differences in [**F]-PBR111 V7
and [*®F]-PBR111 DVR in grey matter ROIs between MS patients and controls

matched for age and TSPO binding status
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Supplemental Table 4.

Correlation of Hippocampal DVR to individual BDI items

Partial correlation

Correlation .
BDI-II items coefficients coefticients
(TCorrEca) _ (corrected_for age,
disease duration, EDSS)
Sadness ® 0.79 ** 0.84 **
Pessimism * 0.12 -0.37
Past Failure ® 059 * 0.62
Loss of pleasure ° 0.31 0.17
Guilty feelings 0.53 077 *
Punishment feelings 0.14 0.16
Self-dislike 0.47 0.52
Self-criticalness ® 0.42 0.50
Suicidal thoughts or wishes ® 0.38 0.64
Crying © 0.50 0.57
Agitation 0.47 071 *
Loss of interest ” 0.19 0.33
Indecisiveness © 0.46 070 *
Worthlessness " 0.58 0.62
Loss of energy " 0.53 0.55
Changes in sleeping pattern ° 0.22 0.09
Irritability ° 0.39 0.42
Changes in appetite ° 0.39 0.59
Concentration difficulty ° 0.33 0.62
Tiredness or fatigue ° 0.40 0.49
Loss of interest in sex ° 0.36 0.42
Cognitive cluster 0.73 ** 0.94 Fx**
Somatic cluster 0.46 0.62

Supplemental Table 4. Correlation and partial correlation analyses between

individual BDI items and symptoms clusters to hippocampal [‘®F]-PBR111 DVR

3 cognitive cluster items; ® somatic cluster items; ¢ items not included in a cluster

*p < 0.05 **p<0.01 *** p<0.005 **** p<0.0005
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Supplemental Table 5. Linear regression analysis

Correlation coefficients

Regressors P coefficient T p value )
Zero-order Partial
EDSS 0.696 4.694 0.003 0.717 0.887
Hippocampal DVR 0.657 4.185 0.006 0.631 0.863
Disease duration 0.460 2.795 0.031 -0.053 0.752
Age -0.473 -2.895 0.028 -0.002 -0.763

Supplemental Table 5. Linear regression analysis model with BDI as dependent

variable. The contribution of each individual regressor is indicated.
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Supplemental Figure 1. Whole brain map of correlations of hippocampal

functional connectivity to hippocampal ['*F]-PBR111 binding in healthy

volunteers

Colasanti et al. Hippocampal neuroinflammation and depression in MS 18



Supplemental Figure 1. Loci with significant correlation between [**F]-PBR111
DVR and strength of functional connectivity to the hippocampus in healthy subjects.
Threshold was set at Z=2.3, p=0.05 (cluster-corrected for multiple comparisons). Loci
with positive correlations are displayed in red-to-yellow, loci with negative

correlations are displayed in blue-to-cyan.
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*IN THIS ISSUE Statement

IN THIS ISSUE STATEMENT

The hippocampus is a specific site of pathology in multiple sclerosis and is involved
in the pathophysiology of depression. In a study combining PET targeting microglia
and resting state fMRI, Colasanti et al. demonstrated hippocampal neuroinflammation
in multiple sclerosis patients, which was associated to their depressive symptoms. The
functional connectivity of the hippocampus was correlated to both depressive
symptoms and hippocampal neuroinflammation, suggesting a role for

neuroinflammation in the pathogenesis of depression in multiple sclerosis.



