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Obesity is a serious medical condition that often co-occurs with stress-related psychiatric disorders. It is recognized that the brain
plays a key role in the (patho)physiology of obesity and that there is a bidirectional relationship between obesity and
psychopathology, yet molecular mechanisms altered in obesity have not been fully elucidated. Thus, we investigated relationships
between obesity and synaptic density in vivo using the radioligand [''CJUCB-J (which binds to synaptic glycoprotein SV2A) and
positron emission tomography in individuals with obesity, and with or without stress-related psychiatric disorders. Regions of
interest were the dorsolateral prefrontal cortex, orbitofrontal cortex, ventromedial, amygdala, hippocampus, and cerebellum. Forty
individuals with a body mass index (BMI) = 25 kg/m? (overweight/obese), with (n = 28) or without (n = 12) psychiatric diagnosis,
were compared to 30 age- and sex-matched normal weight individuals (BMI < 25), with (n = 14) or without (n = 16) psychiatric
diagnosis. Overall, significantly lower synaptic density was observed in overweight/obese relative to normal weight participants
(r)l,,2 =0.193, F=2.35, p=0.042). Importantly, in participants with stress-related psychiatric diagnoses, we found BMI to be
negatively correlated with synaptic density in all regions of interest (p < 0.03), but no such relationship observed for mentally
healthy controls (p = 0.68). In the stress-related psychiatric groups, dorsolateral prefrontal cortex synaptic density was negatively
associated with measures of worry (r=—0.46, p = 0.01), tension/anxiety (r=—0.38, p = 0.04), fatigue (r=—0.44, p = 0.02), and
attentional difficulties (r = —0.44, p = 0.02). In summary, the findings of this novel in vivo experiment suggest compounding effects
of obesity and stress-related psychopathology on the brain and the associated symptomatology that may impact functioning. This
offers a novel biological mechanism for the relationship between overweight/obesity and stress-related psychiatric disorders that

may guide future intervention development efforts.
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INTRODUCTION
Obesity is a chronic disease that affects 13% of adults worldwide
[1], including >42% of adult Americans [2]. By the year 2030, it is
estimated that one in two adults in the United States will be
classified as having obesity, defined as a body mass index (BMI;
kg/m?) =30 [3]. Obesity is associated with physical comorbidities,
including cardiovascular disease, type 2 diabetes, and certain
cancers [4-6]. In addition to physical health comorbidities, obesity
has also been associated with the co-occurrence with mood- and
stress-related psychiatric disorders such as major depressive
disorder (MDD), bipolar disorder (BP), generalized anxiety disorder
(GAD), and post-traumatic stress disorder (PTSD) [7-9].
Alterations in brain health have long been documented in stress
disorders. A growing body of research consistently reports lower
gray matter (GM) volumes and density in the prefrontal cortex
(PFC) and hippocampus (HIP), as well as amygdala (AMY) and
cerebellum (CB) among individuals with mood- and stress-related
psychiatric disorders [10-14]. More recently, GM decrements have
correlated with impaired cognitive performance, particularly

executive function, and psychiatric symptom severity [12-14].
Based on preclinical findings, it has been hypothesized that lower
synaptic density may contribute to lower GM volumes and
symptom severity in individuals with psychiatric disorders. For
example, dendritic atrophy and synaptic loss have been impli-
cated in stress-induced GM volume reductions in mice [15].
Furthermore, chronic stress rodent models of depression implicate
lower synaptic protein expression and reduced dendritic spine
density in the PFC and HIP, corresponding with depression-like
behaviors, whereas chronic treatment with typical antidepressants
(e.g., serotonin-reuptake inhibitors) and acute administration of
rapid-acting antidepressants (e.g., ketamine) are associated with
synaptogenesis and reversal of depressive behaviors [16, 17].
Human postmortem research has demonstrated lower synaptic
density in the brains of individuals with MDD, BP, or PTSD, with
lower densities associated with lower synaptic gene and protein
expression [18-20].

However, past studies in psychiatric disorders have either
statistically corrected for, or all together ignored, potential main
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effects of body weight and obesity or its interactions with
psychopathology on brain atrophy and synaptic dysfunction, despite
the well-documented bidirectional association between obesity and
mood- and stress-related psychiatric disorders [7-9]. Importantly,
changes in GM volume and density similar to those observed in
participants with psychiatric disorders, particularly corticolimbic areas
important for executive function and mood regulation, have also
been demonstrated among individuals with obesity relative to non-
obese controls [21-23]. Furthermore, one recent study found a
significant negative correlation between BMI and global GM volume
in a healthy adult population [22]. On the other hand, converging
preclinical evidence suggests that diet-induced obesity in rats is
associated with synaptic deficits, which correlated with cognitive
deficits [24], as well as depression- and anxiety-like behaviors [25]. In
these preclinical models of obesity, changes in neuroimmune
activity, elevated proinflammatory signaling, oxidative stress, and
reductions in brain-derived neurotrophic factor (BDNF) were
identified as possible mechanisms contributing to reduced synaptic
density and plasticity [24-27]. Inflammation/neuroimmune activation
is a proposed mediator of synaptic pathology in psychiatric disorders
[25, 28, 29]. Furthermore, inflammation is a recognized component
of the pathophysiology of obesity [30] and is a proposed link
between obesity and risk for cognitive difficulties [31]. However, the
relationship between alterations in synaptic density, cognitive
performance, mood disturbance, particularly within the context of
obesity, still remains unclear in human subjects. Thus, a need exists
for the systematic analysis of how obesity may independently be
correlated with synaptic density, as well as how this association may
be differentially modulated by (or interact with) pathophysiology in
psychiatric disorders.

Historically, the study of synaptic structure and physiology was
restricted to preclinical or postmortem analyses. However, this is
no longer the case, with multiple investigations capitalizing on
advances in molecular imaging, particularly the recently devel-
oped radioligand [''CJUCB-J that binds to the synaptic vesicle
protein 2A (SV2A). SV2A is a transmembrane glycoprotein
ubiquitously and homogeneously expressed in presynaptic
vesicles throughout the brain [32]. Using positron emission
tomography (PET) to measure [''CJUCB-J binding to SV2A
provides a method for estimating synaptic vesicle density and
can serve as a surrogate for presynaptic terminal density in vivo
[33]. Using this approach, our lab recently demonstrated that
synaptic density was negatively correlated with depressive
symptom severity among subjects with MDD, PTSD, or comorbid
MDD/PTSD [34]. Here, we applied the same method and
investigated the influence of BMI on synaptic density, as estimated
by [''CJUCB-J PET, and the additive burden of psychopathology.
Our primary hypothesis was that BMI would be negatively
associated with synaptic density. Furthermore, we hypothesized
that synaptic density alterations would be greater in individuals
with overweight/obesity who presented with one or more stress-
related psychiatric condition; for this study we included indivi-
duals with diagnoses of BP, GAD, MDD, and PTSD. Secondarily, we
predicted a negative correlation between synaptic density and
measures of mood and cognitive symptom severity in individuals
with psychiatric diagnosis and overweight/obesity. We focused
our analyses on dorsolateral, ventromedial, and orbitofrontal
cortices (dIPFC, vmPFC, and OFC, respectively), AMY, HIP, and CB.
These regions of interest (ROIs) were selected based on previous
evidence implicating them in the structural and functional
pathology of mood- and stress-related psychiatric disorders [10-
14, 34], as well as overweight/obesity [35, 36].

To our knowledge, this is the first in vivo investigation of
synaptic density within the context of overweight/obesity.
Furthermore, this analysis is novel in its examination of the
potential interaction between overweight/obesity and psychiatric
iliness on synaptic density, and the subsequent association with
cognitive performance and mood symptom severity. We show a
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negative correlation between synaptic density and BMI, an
association that was restricted to participants with one or more
psychiatric diagnoses. Furthermore, we demonstrate that among
participants with any psychiatric comorbidity, regardless of BMI
status, regional synaptic density was related to symptom severity,
particularly worry, fatigue, and attentional difficulties. Our findings
suggest that higher BMI may be a risk factor for greater synaptic
pathology within the context of psychiatric disorders. Further-
more, these data suggest that synaptic targets may be relevant for
the treatment and improved outcomes for both physical and
psychiatric conditions, and particularly their co-occurrences.

METHODS

Participants

Seventy individuals were studied, and BMI was used to define overweight
(BMI = 25 kg/mz) or obesity (BMI > 30) [2]. Participants were classified into
four groups: (1) normal weight (NW) psychiatrically healthy controls
(NWHC; n=16; BMI=23.29+0.32) and had no current or history of
psychiatric diagnosis; (2) normal weight individuals with one or more
psychiatric diagnoses (NWPsy; n = 14; BMI = 22.16 + 0.62); (3) overweight/
obese, but psychiatrically healthy controls (OWHC; n=12; BMI=29.51 +
0.84); and (4) overweight/obese with one or more psychiatric diagnosis
(OWPsy; n = 28; BMI = 30.76 + 0.88). Demographics and clinical character-
istics are presented in Table 1.

For psychiatric comorbidities, diagnosis was confirmed at screening
using the Structured Clinical Interview for DSM-5 [37]. All participants with
MDD were in a major depressive episode. Depressive symptoms were
additionally assessed using the Hamilton Depression Rating Scale (HAMD-
17) [38], trait “worry” was measured using the Penn State Worry
Questionnaire (PSWQ) [39], and general mood disturbance was measured
using the Profile of Mood States (POMS) [40] questionnaire.

Exclusion criteria for psychiatric groups were diagnosis of substance use
disorder (except nicotine use disorder) in the past 12 months; positive
urine toxicology or pregnancy tests; history of loss of consciousness for
more than 5 min; significant medical condition; and contraindications to
MRI or PET. Exclusion criteria were the same for the psychiatrically healthy
control groups, with the addition of no current, history of or first-degree
family history of any DSM-5 diagnosis, not including nicotine use disorder.
The Yale University Human Investigation Committee and the Radioactive
Drug Research Committee approved the study. All participants provided
written informed consent before inclusion in the study.

Participants underwent physical and neurological examination to
exclude presence of active medical or neurological illness. Screening
involved electrocardiography, hematology, blood chemistries, urinalysis
and urine toxicology screening, and plasma pregnancy tests. Participants
completed a brief computerized cognitive testing battery (Cogstate:
https://Cogstate.com/computerized-tests), consisting of the Identification
Test (IDN; visual attention), Detection Test (DET; psychomotor processing
speed), One-Back Test (OBT; working memory), and International Shopping
List Test (ISL; verbal short-term and long-term memory).

[''CJUCB-J PET imaging
T1-weighted MRI scans were acquired on 3-Tesla Siemens Prisma scanner,
as previously described [34] (Supplementary Methods).

["'CIUCB-J was synthesized onsite, as previously reported [34, 41], and
administered intravenously as a bolus over 1 min. using an automated
infusion pump (Harvard PHD 22/2000, Harvard Apparatus). Subjects were
scanned on a high-resolution human brain PET camera, the high-resolution
research tomograph. All PET imaging and measurement of the metabolite-
corrected arterial input function was performed according to previously
described procedures [33, 42] (Supplementary Methods).

The injected radioactivity was within a dose range that produced good
image quality (mean: 547.59 + 21.62 MBq). Based on the in vivo affinity of
UCB-J being previously determined as 3.4 nM (20 mg/kg) in non-human
primates [41], the mass dose was expected to produce <1% occupancy in
all groups, such that the radioligand was injected at tracer dose levels
(mean: 19.59 + 1.58 ng/kg).

PET image analysis
The primary outcome measure was total volume of distribution (V5),
computed parametrically using the 1 tissue (1T) compartment model and a
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Table 1. Summary of subject demographics, clinical characteristics, and PET parameters.

Normal weight (NW)

NWHC (n = 16)

Demographics
Age (years), mean (SD) 41.94 (4.00)
Sex (female), n (%) 10 (62.5)
Race/ethnicity (non-white), n (%) 7 (43.8)
Clinical characteristics
BMI (kg/m?), mean (SD) 23.29 (0.32)
Obese (BMI = 30 kg/m?), n (%) 0 (0.0)
Smoking status (smoker), n (%) 3(18.8)
Diagnosis, n (%)

Bipolar disorder (BP) -

Major depressive disorder (MDD) -

Post-traumatic stress disorder (PTSD) -

BP/PTSD -

MDD/PTSD -

MDD/PTSD/generalized anxiety disorder -
Age of onset (years), mean (SD) -
Psychiatric medications (any current), n (%) -
HAMD-17 (total score), mean (SD) 1.58 (1.70)
PSWQ, mean (SD) 35.92 (3.71)
POMS total, mean (SD) —2.24 (6.30)

PET parameters
Injected dose (MBq), mean (SD)
Injected mass (ug/kg), mean (SD)

538.95 (44.76)
0.024 (0.003)
0.28 (0.007)
0.221 (0.012)

Plasma-free fraction (f,), mean (SD)
Mean input function (SUV), mean (SD)

NWPsy (n = 14)

40.77 (2.68)
8 (57.1)
9 (64.3)

22.16 (0.62)
0 (0.0)
4 (28.6)

2 (14.3)

7 (50.0)

1(7.1)

0 (0.0)

4 (28.6)

0 (0.0)

23.11 (2.70)

7 (50.0)

16.16 (1.55)%****
59.16 (3.39)**x*
28.05 (5.69)****

532.30 (47.70)
0.022 (0.003)
0.29 (0.007)
0.192 (0.013)

Overweight/obese (OW)

OWHC (n=12)

46.50 (5.03)
5 (45.5)
7 (63.6)

29.51 (0.84)>***
6 (54.5)
0 (0.0)

0.70 (1.87)
31.61 (4.09)
0.14 (6.64)

662.66 (52.39)
0.021 (0.003)

0.28 (0.008)
0.275 (0.014)>***

OWPsy (n = 28)

37.46 (2.27)
15 (51.7)
13 (44.8)

30.76 (0.88)****
12 (41.4)
7 (24.1)

3 (10.3)

6 (20.7)

6 (21.43)

1(3.4)

11 (39.3)

1(3.4)

19.07 (2.15)

8 (28.6)

14.53 (1.17)%%**x
61.24 (2.42)*****
29.42 (4.12)>***

510.87 (34.04)
0.015 (0.002)

0.27 (0.005)
0.259 (0.009)***

NWHC normal weight mentally healthy control, NWPsy normal weight with any psychiatric morbidity, OWHC overweight/obese mentally healthy control, OWPsy

overweight/obese with any psychiatric morbidity.
*p <0.05 vs. NWHC.

**p < 0.05 vs. NWPsy.

**¥p < 0.05 vs. OWHC.

@Univariate analysis correcting for age and sex, with post hoc tests correcting for multiple comparisons (Bonferroni).

metabolite-corrected arterial input function, as validated previously [42]. V¢
is the tissue-to-plasma concentration ratio at equilibrium and reflects total
uptake (specific plus nonspecific binding) of the radioligand. We have
previously shown that the test-retest reproducibility of [''CIUCB-J Vr is
exceptionally good and that correcting for plasma-free fraction (f,)
worsened absolute test-retest variability and intraclass correlation coeffi-
cient. Therefore, we used ['"CJUCB-J V; as the primary outcome measure
but have provided results for Vy/f, for completeness (Supplementary
Table S1).

ROIs were selected a priori based on previous structural and functional
MRI findings in obese and psychiatric populations [10-14, 34-36, 43]. ROls
were derived from the Automated Anatomical Labeling atlas and applied
to the parametric images using the combined transformations from
template to PET space, additionally using a GM mask to calculate GM-
specific tracer concentration [44].

Statistical analysis

Statistical analysis was performed in SPSS v22 (IBM). Group differences in
demographics, clinical measures, cognitive test performance, and radio-
tracer characteristics were assessed using either analysis of variance with
weight group (overweight/obesity vs. NW) and clinical group (any
psychiatric diagnosis vs. HC) as fixed factors, or x> tests for categorical
outcomes. A multivariate analysis of covariance (MANCOVA) with weight
group (overweight/obesity vs. NW) and clinical group (any psychiatric
diagnosis vs. HC) as fixed factors was used to evaluate regional differences
in ["'CJuCB-J Vr, followed by post hoc tests with Bonferroni correction for
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multiple comparisons. Associations between regional V¢ and BMI were
examined using Pearson’s partial correlations, as well as to assess
relationships between V4 or BMI and measures of mood symptoms and
cognitive function symptoms. Given previous observations that age and
sex can influence [''CJUCB-J Vi [45], age and sex were included as co-
variates for all analyses. All statistical tests were two-tailed, and findings
were considered significant at p < 0.05.

RESULTS

Sample demographics

A summary of sample demographics, clinical features, and PET
parameters is presented in Table 1. Notably, the four groups were
well matched for age, sex, race, and ethnicity and smoking status.
A univariate analysis of covariance, correcting for age and sex,
revealed that OWHC and OWPsy groups had on average a
significantly higher BMI than the NWHC and NWPsy groups (F =
71.37, p<0.001), with no effect of having a psychiatric diagnosis
on BMI (F=0.001, p =10.969) or on the proportion of individuals
with obesity within the overweight/obesity groups (x> =0.173, p
=0.677).

NWPsy + OWPsy participants, regardless of weight-group des-
ignation, scored higher on the HAMD-17 (F = 77.87, p < 0.001), the
PSWQ (F=56.33, p<0.001), and the POMS total scale (F=25.49,
p <0.001) relative to NWHC + OWHCs. No significant main effects
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of weight group, or weight-group-by-psychiatric-diagnosis inter-
actions were observed for any of these clinical measures. Between
the NWPsy + OWPsy groups, there were no differences in terms of
number of psychiatric diagnoses (1, 2, or 3 psychiatric conditions;
)(2 =1.5, p=0.472), reported age of symptom onset (range: age
2-45 years; mean: 20.64 + 1.88 years), or current treatment with
any psychiatric medication (y*=1.9, p=0.172) (see Supplemen-
tary Table S2 for full medication list).

There were no significant differences between groups in total
injected radioactivity (547.59+180.91 MBq), injected mass
(0.020+0.013ug/kg), or f, (0.28+0.027). The average
metabolite-corrected input function was significantly higher in
OW relative to NW participants (F=25.68, p <0.0001), with no
significant main effect or interaction with psychiatric diagnosis
(see Supplementary text and Supplementary Fig. S1 for details).

Relationship between body mass index and SV2A density
Using a MANCOVA, correcting for age and sex, we observed a
main effect of weight group, with SV2A density ([''CIUCB-J V4)
significantly lower in OW (OWHC + OWPsy) relative to NW
(NWHC + NWPsy) participants (n,>=0.193, F=2.35, p=0.042)
(Fig. 1). The main effect of psychiatric diagnosis (r],z,2 =0.180, F=
2.16, p=0.059), and weight-by-psychiatric diagnosis interaction
(np2:0.165, F=1.94, p=0.165) were not significant. The main
effect of weight group was statistically significant in the vmPFC
(—8.0%, F=4.53, p=0.037), OFC (9.7%, F =8.09, p =0.006), AMY
(—7.3%, F=6.25, p=0.015), and CB (—10.2%, F =7.39, p = 0.008).
The difference between OW and NW reached statistical signifi-
cance in the dIPFC (—8.3%, F=3.79, p =0.056) and HIP (—7.7%,
F=3.61, p=10.062).

To test our a priori hypothesis that overweight/obesity
would have a greater effect on V4 among individuals with
psychiatric morbidities, we performed post hoc tests looking
specifically at NWHC vs. OWHC and NWPsy vs. OWPsy. We
observed no significant differences between the NWHC and
OWHC groups; however, the OWPsy group had significantly
lower V7 relative to the NWHC group (Bonferroni p < 0.005) for
all six ROIs (Fig. 1).

We further tested whether there was a relationship between
BMI and regional V4. In the full sample (n=70), there was a
significant negative correlation such that a higher BMI was
associated with lower V1 for all ROIs (Supplementary Table S3). To
investigate how psychopathology might influence the relationship
between BMI and V5, we performed separate correlation analyses
for HC (NWHC+ OWHC, n=28) and for subjects with any
psychiatric diagnosis (NWPsy + OWPsy; n=42) (Fig. 2). There
were no significant correlations for the HCs, but correlations
between BMI and SV2A density remained significant among the
NWPsy + OWPsy groups in all ROIs (Supplementary Table S3).
Specifically within the CB, the strength of the correlation between
BMI and V; (i.e, the difference between the regression line slopes)
for the NWPsy + OWPsy groups was significantly greater than that
of HC (F=5.55, p =0.022).

We also observed significantly lower tissue influx values (K;) for
the OW relative to the NW groups (Supplementary Fig. S2) in the
HIP (OW =0.242+£0.006 vs. NW=0.260+0.006; —6.9%, p=
0.041), AMY OW =0.237 £0.006 vs. NW =0.262 + 0.006; —8.7%;
p=0.005), and CB (OW =0.331£0.009 vs. NW = 0.363 £ 0.009;
—8.9%; p=0.014). Importantly, although there are reports of
lower cerebral blood flow with elevated BMI [46], changes in
blood flow and K; do not affect V; for [''CJUCB-J [47]. However,
when we included regional K; as a covariate and reconducted the
correlation analyses, the relationship between BMI and Vs
remained significant in the total sample, for NWPsy + OWPsy,
and with no relationship between BMI and Vi among the HC
subjects (Supplementary Table S4). We also provide results for 4/
fo as the outcome measure for completeness (Supplementary
Table S1).

SPRINGER NATURE

Symptom severity and SV2A density in subjects with
psychiatric diagnoses

To investigate whether lower V1 observed with increasing BMI had
clinically relevant implications, we tested for correlations between
regional V; and various measures of symptom severity among
NWPsy + OWPsy subjects (Fig. 3). Tendencies to worry, char-
acterized by intrusive and repetitive negative thinking, are
commonly observed across psychiatric diagnoses [39], and were
measured by the PSWQ [48]. We observed negative correlations
between PSWQ scores and V; in the OFC (r=—0.410, p = 0.027),
vmPFC (r=—0.461, p =0.012), and dIPFC (r=—0.463, p =0.011;
Fig. 3A). There were negative correlations between scores on the
POMS tension/anxiety (POMS-T) and fatigue (POMS-F) subscales
and vmPFC (POMS-T: r= —0.367, p = 0.050; POMS-F: r = —0.428,
p=0.021) and dIPFC (POMS-T: r=—-0.381, p=0.042; Fig. 3B;
POMS-F: r=—0.442, p =0.016; Fig. 3B) SV2A density. In contrast,
higher V¢ in the CB (r=0.389, p =0.037) and HIP (r=0.400, p =
0.032; Fig. 3D) were associated with higher scores on the POMS
vigor/vitality (POMS-V) subscale. There were no significant
correlations for the three remaining POMS subscales (depression,
anger/hostility, and confusion/bewilderment) or POMS total mood
disturbance for any ROI (Supplementary Table S5).

Relationship between SV2A density, cognitive function, and
body mass index

Performance on tests of working memory was worse in NWPsy +
OWPsy relative to NWHC + OWHCs (F =5.46; p =0.023), as was
short-term verbal memory performance (F=5.28; p =0.025). No
significant main effects of weight group, or weight-group-by-
psychiatric-diagnosis interactions were observed. There were no
significant main effects of weight group or psychiatric diagnosis
associated with visual attention or psychomotor processing speed
measures.

Examining the relationships between SV2A density and
cognitive functioning in NWPsy + OWPsy participants (Fig. 4), we
observed a negative correlation with response time on visual
attention, which was significant for the dIPFC (r=—0.439, p=
0.017), vmPFC (r= —0.444, p =0.016; Fig. 4A), OFC (r=—0.420,
p=0.023), HIP (r=-0.422, p=0.022), and CB (r=-0.501, p=
0.006).

Correlations were observed between BMI and visual attention
(r=0.509, p=0.005; Fig. 4B), where higher BMI was associated
with longer response times, and between BMI and psychomotor
processing speed (r = 0.433, p = 0.019; Fig. 4C), where higher BMI
was associated with longer processing speeds. Correlations
between SV2A density for all ROIs and performance on each of
the four cognitive tests are provided in Supplementary Table S6.

DISCUSSION

To our knowledge, this is the first experiment investigating in vivo
synaptic-density levels, estimated by the PET quantification of
['"CIUCB-J V4, as a function of BMI. We provide novel evidence
that decrements in synaptic density are associated with higher
BMI in individuals with coexisting psychiatric diagnoses but not in
psychiatrically healthy controls. Furthermore, we show that
overweight/obesity status and lower synaptic density in indivi-
duals with psychiatric conditions were associated with mood
symptomatology, particularly anxiety (i.e., worry and tension) and
cognitive alterations (attention, psychomotor processing).

It is noteworthy that participants of this study were relatively
medically healthy and free of medical complications, including
conditions typically associated with obesity, such as type 2
diabetes and cardiovascular disease. While this design enabled us
to isolate correlates of overweight/obesity independent of
medical comorbidities, it could also in part explain why we did
not see stronger relationships between overweight/obesity and
mood and cognitive symptoms, as these physiological
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Fig. 1 Effect of overweight/obesity status on synaptic density. Synaptic density is shown as estimated by [''CJUCB-J volume of distribution
(V5) as it binds to synaptic vesicle protein 2A (SV2A) in the A dIPFC, B vmPFC, C OFC, D AMY, E HIP, and F CB. A MANCOVA revealed significantly
reduced SV2A density in overweight or obese (OW; n = 40) subjects relative to normal weight (NW; n = 30) subjects, overall (np2 =0.193, F=
2.35, p=0.042). Individual values are shown with the group mean +SEM and p value associated with the main effect of weight group

displayed above. **p < 0.005 (Bonferroni) relative to NWPsy.

disturbances have been cited as potential mediators of relation-
ships between obesity, cognitive dysfunction, and mood dis-
turbances [49]. This could also contribute to why a relationship
between BMI and synaptic density was not observed among the
mentally healthy controls in this study. We believe further
investigation of potential interactions between overweight/
obesity, synaptic density, and appetitive behaviors in individuals
without psychiatric morbidities are still warranted.

Our findings of lower in vivo synaptic density associated with
overweight/obesity (albeit restricted to the psychiatric morbidity

Neuropsychopharmacology (2022) 47:543 - 552

group) are consistent with the preclinical literature. For example,
rodent models of diet-induced obesity are associated with lower
dendritic spine density and synaptic protein expression [24, 50].
Furthermore, lower synaptic density is congruent with observed
lower GM volume and density, particularly in brain regions
important for executive function and learning, in humans with
obesity relative to lean individuals [35, 36]. Possible mechanisms
contributing to lower synaptic density as a function of BMI include
elevated systemic inflammation and neuroimmune activation
[25, 51]. In addition, obesity or consumption of a high-fat diet is
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Fig.2 Relationship between BMI and synaptic density and the influence of psychiatric morbidity. No relationship between BMI and SV2A
density ([''CJUCB-) V;) was observed among the mentally healthy control subjects (HC; n=28), but there was a significant negative
correlation among subjects with psychiatric disorders (Psy; n = 42) in the A dIPFC, B vmPFC, C OFC, D AMY, E HIP, and F CB. The best-fit line for
each group is shown with the associated partial correlation (r; adjusting for age and sex) and p value. The BMI cutoff value for overweight/

obesity (BMI=25) is illustrated by the gray dashed vertical line.

associated with increase in leptin levels and alterations in
glucocorticoid signaling, of which both can impact neurotrophic
factors such as BDNF/TrkB and mTor signaling in ways that could
contribute to dendritic atrophy and synaptic loss [25, 52-56].
Consistent with this potential mechanism, in leptin-receptor-
deficient mouse model of obesity, plasma corticosterone was
elevated and associated with reduced BDNF protein expression
and hippocampal synaptic deficits, along with impaired spatial
memory, with these phenotypes being “rescued” by treatment
with the glucocorticoid synthesis inhibitor metyrapone [57]. In
human studies of obesity and type 2 diabetes, reducing
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glucocorticoid signaling, either by glucocorticoid receptor antag-
onism (e.g., mifepristone) or blocking cortisol synthesis (e.g.,
selective inhibition of the 13-hydroxysteroid dehydrogenase type
1 enzyme), resulted in improved glucose metabolism and insulin
sensitivity [58, 59]; testing the effect on mood symptoms and
cognitive function would be an extension of this work.

Since correlations between BMI and SV2A densities were
significant only within the psychiatric group, this could suggest
that individuals with psychiatric conditions, particularly stress- and
trauma-related disorders, are more vulnerable to brain alterations
that may increase vulnerability to influences of higher BMI or
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obesity. This interpretation would be consistent with results of
translational and clinical research that implicate synaptic dysfunc-
tion in the etiology and symptomology of psychiatric disorders
[16, 18, 34, 60]. Furthermore, our findings suggest synaptic
pathology as a potential point of convergence and interaction of
biological mechanisms for overweight/obesity and stress-related
psychiatric disorders. Indeed, preclinical findings support the
notion that diet-induced obesity augments physiological, endo-
crine, and behavioral consequences of stress in rodents [61, 62]; in
turn, chronic stress is associated with reduced synaptic density
and plasticity and behavioral and cognitive deficits [16, 17].

We anticipated that lower SV2A estimates of synaptic density
would have functional correlates, and thus predicted negative
associations between SV2A density and better mood and
cognitive functioning. Lower SV2A density has been associated
with greater depression symptom severity in individuals with
MDD, PTSD, or comorbid MDD/PTSD [34], and lower synaptic
density in subjects with mild cognitive impairment and Alzhei-
mer's disease has correlated with poorer performance on
cognitive tests [63, 64]. Congruent with these findings, here we
observed that among participants with psychiatric morbidities, in
brain regions important for emotional regulation and cognitive
function including dIPFC, vmPFC, HIP, and CB, lower synaptic
density was associated with severity of mood symptoms,
particularly, tension/anxiety and fatigue as well as worse atten-
tional skills. Furthermore, higher BMI was related to worse
performance on cognitive assessments among subjects with
psychiatric disorders. These data add to translational and clinical
evidence linking lower synaptic density to chronic stress and
psychiatric disorders [15, 18, 19, 34], and now overweight/obesity
in clinically relevant manners. Importantly, we presently cannot
say whether pre-existing lower synaptic density is a risk factor for
the subsequent development of obesity and psychopathology, or
rather a consequence of these conditions or experiences. Both
possibilities warrant further investigation with longitudinal studies,
as relationships between obesity, psychiatric comorbidity, and
synaptic biology are complex.

Study limitations warrant consideration. First, V; was used as the
PET outcome (as opposed to binding potential—BPyp); however, a
valid reference brain region, void of SV2A expression, has not
been identified in individuals with mood disorders. We previously
validated the use of V; as the PET outcome measure for [''CJUCB-
J, calculated using a metabolite-corrected arterial input function
[42]. Furthermore, Holmes et al. [34] previously observed between-
group differences in centrum semioval—a small region of white
matter that some (e.g., [45]) have suggested as a reference region
—as a function of depression. Presently, group differences in
centrum semioval V; were observed (Supplementary Fig. S3), as
well as correlations between Vi, BMI and clinical measures
(Supplementary Table S8), providing additional evidence that
the centrum semiovale is not a valid reference region to use in the
current study population.

Second, SV2A has been reported to be ubiquitously expressed
by synaptic vesicles; however, recent evidence suggests that SV2A
may be differentially expressed by inhibitory vs. excitatory
neuronal subtypes, which could contribute to differences in
vesicle-trafficking and neurotransmitter-release dynamics [65].
With the currently available PET methods, we cannot remark on
cell-type specificity of SV2A expression or exclude that differences
in SV2A expression reflect a shift in synaptic vesicle function rather
than synaptic density, per se. Third, we used BMI (per CDC
guidelines) to define overweight/obesity. However, BMI does not
account for body composition, nor is it a direct measurement of
any specific health outcome, with the cutoff designating “healthy”
vs. “unhealthy” being relatively arbitrary [66, 67].

Despite these limitations, this work is novel in its study of
relationships between overweight/obesity and in vivo measure-
ments of synaptic density and suggests synaptic pathology as a
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potential point of convergence between biological mechanisms
for overweight/obesity and stress-related psychiatric disorders. In
addition, these results promote that weight management (and
addressing associated medical comorbidities) should be consid-
ered as an important component of a comprehensive treatment
plan for individuals with psychiatric disorders and concurrent
overweight/obesity. For example, in addition to supporting a
healthy weight, exercise has been shown to enhance p-opioid
receptor activation, BDNF production, and mTor signaling, and can
reduce cortisol, factors that in turn are associated with increased
positive affect, reduction of depression and anxiety symptoms,
and improved cognitive performance [68-71]. Furthermore, these
data build on the growing recognition that specifically addressing
brain dysfunction underpinning mood and cognitive symptoms is
paramount in the treatment of obesity [72, 73].

In summary, here we demonstrate a negative relationship
between BMI and synaptic density among individuals with
psychiatric disorders. We believe these data suggest synaptic
dysfunction as a possible point of intersection for the pathophy-
siology of overweight/obesity and stress-related psychiatric
disorders. Thus, we provide a novel biological mechanism for
the high prevalence of these two co-occurring diseases and add to
the growing evidence base implicating synaptic loss in the
pathophysiology of stress-related conditions and their role in
contributing to overweight/obesity.
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