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Jourdan H. Parent?”, Claire J. Ciampa?, Theresa M. HarrisonP, Jenna N. AdamsP, Kailin
ZhuangP, Matthew J. Betts®d¢, Anne Maass®, Joseph R. WinerP, William J. JagustPf, Anne
S. Berryaf”

aDepartment of Psychology, Brandeis University, Waltham, MA, 02453, USA

bHelen Wills Neuroscience Institute, University of California, Berkeley, Berkeley, CA, 94720, USA

CInstitute of Cognitive Neurology and Dementia Research, Otto von Guericke University,
Magdeburg, 39106, Germany

dDeutsches Zentrum fiir Neurodegenerative Erkrankungen, Magdeburg 39120, Germany
eCenter for Behavioral Brain Sciences, University of Magdeburg, Magdeburg, Germany

fLawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

Abstract

Higher neuroticism is a risk factor for Alzheimer’s disease (AD), and is implicated in disordered
stress responses. The locus coeruleus (LC)-catecholamine system is activated during perceived
threat and is a centerpiece of developing models of the pathophysiology of AD, as it is the

first brain region to develop abnormal tau. We examined relationships among the “Big 5”
personality traits, LC catecholamine synthesis capacity measured with [18F]Fluoro-m-tyrosine
PET, and tau burden measured with [28F]Flortaucipir PET in cognitively normal older adults
(n=47). p-amyloid (Ap) status was determined using [11C]Pittsburgh compound B PET (n

=14 Ap positive). Lower LC catecholamine synthesis capacity was associated with higher
neuroticism, more depressive symptoms as measured by the Geriatric Depression Scale, and
higher amygdala tau-PET binding. Exploratory analyses with other personality traits revealed that
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low trait conscientiousness was also related to both lower LC catecholamine synthesis capacity,
and more depressive symptoms. A significant indirect path linked both high neuroticism and

low conscientiousness to greater amygdala tau burden via their mutual association with low LC
catecholamine synthesis capacity. Together, these findings reveal LC catecholamine synthesis
capacity to be a promising marker of affective health and pathology burden in aging, and identifies
candidate neurobiological mechanisms for the effect of personality on increased vulnerability to
dementia.

Keywords
Locus coeruleus; Tau; Neuroticism; Conscientiousness; Aging

1. Introduction

Understanding why some individuals are differentially prone to the development of
Alzheimer’s disease (AD) is an area of active research that includes the analysis of
personality traits. Studies linking personality with AD have demonstrated consistent
associations between higher neuroticism and greater risk for dementia (Terracciano et al.,
2014). Higher neuroticism is also associated with greater vulnerability to stress, anxiety, and
depression (Bibbey et al., 2013; Kendler et al., 2004), which are themselves risk factors

for dementia (Becker et al., 2018; Ownby et al., 2006). While the mechanisms by which
personality confers increased AD vulnerability are manifold, neuroticism’s relationship
with affective risk factors may represent a principal pathway linking neuroticism and AD
(Terracciano et al., 2014; Zufferey et al., 2017).

Previous research associating higher neuroticism with vulnerability to AD has highlighted
chronic activation of stress pathways as a possible mechanism (Terracciano et al.,

2014) given evidence that stress causally increases AD-related pathology in animal

models (Sotiropoulos et al., 2011). To date, the majority of this work has focused on
maladaptive activation of the hypothalamic-pituitary-adrenal axis, and resultant increases

in glucocorticoids (Arenaza-Urquijo et al., 2020; Green et al., 2006). However, there are
concomitant increases in activity in the locus coeruleus (LC)-catecholamine system (Rusnak
et al., 2001), which heavily innervates the amygdala (Fallon et al., 1978). Stimulation of LC
inputs to the amygdala increases anxiety-like behavior (McCall et al., 2017), and chronic
stimulation of LC induces depression-like symptoms in rodent models (Omoluabi et al.,
2021). In humans, perceived threat and emotional arousal increase pupil dilation (Bradley
et al., 2008; Clewett et al., 2018), a common proxy for LC-catecholamine activity (Joshi

et al., 2016). Human pupilimetry studies have implicated the LC-catecholamine system in
trait neuroticism (Unsworth and Robison, 2017), and genetic studies have linked inferred
reductions in catecholamine synthesis capacity with higher neuroticism (Tochigi et al.,
2006).

The LC is one of the earliest regions to accumulate AD-related tau pathology (Braak
etal., 2011), and may initiate the spread of tau pathology to connected regions (Iba et
al., 2015; Jacobs et al., 2021). Our previous research established relationships between
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higher temporal lobe tau pathology measured with [18F]Flortaucipir (FTP) PET and lower

L C-catecholamine synthesis capacity measured with [18F]Fluoro-m-tyrosine (FMT; Ciampa
et al., 2022). FMT, a substrate for aromatic amino acid decarboxylase, is an irreversible PET
tracer sensitive to catecholamine (norepinephrine and dopamine) and monoamine (serotonin)
synthesis. Our previous research found that LC catecholamine synthesis capacity predicted
temporal lobe tau-PET signal, but we did not find associations between tau and either raphe
serotonin synthesis capacity or dopamine synthesis capacity in the midbrain or striatum
(Ciampa et al., 2022).

While the LC is considered an important biomarker for the early detection of AD processes
(Betts et al., 2019; Matchett et al., 2021), there is a paucity of integrative research
considering the ways in which the affective functions of the LC-catecholamine system
may impact AD vulnerability (though see Omoluabi et al., 2021). It is possible that the
chronic engagement of stress pathways in high-neuroticism individuals (Kruschwitz et

al., 2015), including LC-amygdala interactions (Giustino et al., 2020), increases one’s
vulnerability to the accumulation of tau pathology. There is substantial tau pathology in
the amygdala, even in cognitively normal older adults (Abiose et al., 2020). How elevated
amygdala tau is associated with affective processes and lifestyle factors is an area of active
research (Abiose et al., 2020), though previous work in aging has demonstrated higher
amygdala tau pathology in individuals with higher trait neuroticism (Schultz et al., 2020).
A recent meta-analysis examining relationships between personality traits and AD-related
pathology identified higher neuroticism as the primary personality trait associated with
higher pathology, with lower conscientiousness as secondary (see Terracciano et al. (2022)
for a recent meta-analysis).

This study in cognitively normal older adults aimed to establish relationships between the
LC-catecholamine system, neuroticism, and the development of AD-related tau pathology
in the amygdala. Though our hypotheses centered on neuroticism given its clear link with
stress and affective processes, exploratory analyses probed LC catecholamines’ associations
with trait conscientiousness, agreeableness, openness, and extraversion.

2. Methods

2.1

Participants

Participants were cognitively normal older adults (n= 47; mean age = 77.1 years, standard
deviation (SD) = 5.9, range = 62-85, 27 females, mean years of education = 16.51 years,

SD = 2.01, range = 12-20 years; Table 1) who underwent FMT PET to measure LC-
catecholamine synthesis capacity, FTP PET to measure tau pathology, and[11C]Pittsburgh
compound B (PiB) PET to measure S-amyloid pathology (Fig. 1). Participants were
recruited from the Berkeley Aging Cohort Study (BACS) (Wirth et al., 2013), scored at

least 25 on the Mini-Mental State Exam (Folstein et al., 1975) (mean = 28.6, SD = 1.2),
scored 10 or less on the Geriatric Depression Scale (GDS) (Yesavage et al., 1982) (mean =
4.00, SD = 3.1), and were characterized as cognitively normal (Berry et al., 2016). The study
was approved by the Institutional Review Boards at the University of California, Berkeley
and Lawrence Berkeley National Laboratory (LBNL). All subjects provided written consent.
All participants in the current analyses were included in our previous report describing

Neuroimage. Author manuscript; available in PMC 2023 May 07.
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relationships between LC FMT, memory, and temporal lobe FTP (Ciampa et al., 2022).

One additional participant was excluded due to structural abnormality that interfered with
segmentation and normalization, and one additional participant was excluded due to a gap of
greater than 3 years between FMT and FTP PET scans.

Personality traits

We measured personality traits using the Big Five Inventory (BFI), a 44-item survey
questionnaire, to measure neuroticism, conscientiousness, agreeableness, openness, and
extraversion (John et al., 1991). Responses were rated on a 5-point Likert scale ranging
from 1 =strongly disagree to 5=strongly agree and were summed for each trait.

2.3. Geriatric depression scale

We assessed depressive symptoms in older adults using the GDS (Yesavage et al.,

1982), which is a 30-item (yes or no) self-report questionnaire validated for assessing
depressive symptoms in older adults. FMT PET studies conducted with BACS only enrolled
participants with a GDS of 10 or lower. Data were unavailable for subjects with higher GDS.
No measure of self-reported anxiety was available for BACS participants.

2.4, Structural MRI acquisition and processing

2.5.

Participants each underwent structural MRI within 1.5 years of neuropsychological testing.
The median time difference between neuropsychological testing and MRI scanning was
139 days (SD = 85; range = 6-356). Structural MRI was acquired at Henry H. Wheeler

Jr. Brain Imaging Center in a 3T TIM/Trio scanner (Siemens Medical System) using a
32-channel head coil. Whole-brain high resolution T-weighted volumetric magnetization
prepared rapid gradient echo image (MPRAGE) scans were acquired (voxel size = 1 mm
isotropic, TR = 2300 ms, TE = 2.98 ms, matrix = 256 x 240 x 160, FOV = 256 x 240 x 160
mm?3 , sagittal plane, 160 slices, 5 min acquisition time). MPRAGE images were processed
in native space in FreeSurfer version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/). FreeSurfer
parcellations according to FreeSurfer’s automatic subcortical segmentation (Fischl et al.,
2002) were created for FTP PET analyses.

We generated a study-specific template using a standard pipeline in Statistical Parametric
Mapping 12 software (SPM12, www.fil.ion.ucl.ak.uk/spm) to facilitate warping to MNI
space. Each native space MPRAGE was segmented into gray matter, white matter, and CSF
compartments using DARTEL. Native space MPRAGEs and tissue segments were warped to
MNI152 Linear space using DARTEL at 2 mm isotropic resolution.

FMT PET acquisition and processing

Subjects underwent FMT PET scanning within 3 years of MRI scanning. The median time
difference between FMT PET and MRI scanning was 93 days (SD = 285; range = 5-967)
and the median time difference between FMT PET and neuropsychological testing was 231
days (SD = 250; range = 42-1099).

All PET imaging was performed at Lawrence Berkeley National Laboratory using a Siemens
Biograph Truepoint 6 PET/CT scanner (Siemens Medical System). Participants underwent a
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FMT PET scan and ingested 2.5 mg/kg of carbidopa ~1 h before scanning to minimize
peripheral decarboxylation of FMT. Participants underwent a short CT scan and then
received a bolus injection of approximately 2.5 mCi of FMT. Dynamic acquisition frames
were obtained over 90 min in 3D mode (25 frames total: 5 x 1 min, 3 x 2 min, 3 x 3

min, 14 x 5 min). All PET images were reconstructed using an ordered subset expectation-
maximization algorithm, with attenuation correction, scatter correction, and smoothing using
a Gaussian kernel of 4 mm. PET data underwent a standard preprocessing in SPM12 as
previously described by Ciampa et al. (2022). These steps include realignment to the middle
(12th) frame for motion correction, averaging, and coregistration to 3T structural images
using the mean image of frames corresponding to the first 20 min of data acquisition. Patlak
plotting was used to perform graphical analysis for irreversible tracer binding (Patlak and
Blasberg, 1985) using a primary visual cortex (lingual gyrus and cuneus) reference region.
FMT binding was quantified as net tracer influx (Ki), quantifying the amount of tracer
accumulation in the brain relative to the reference region in frames corresponding to 25 to 90
min of acquisition (Ciampa et al., 2022). Ki can be expressed as Ki = koka/(kp+k3), where k;
is the rate constant for the return of free FMT from brain back to plasma and ks is the rate
constant for the trapping of brain FMT by AADC. Native space FMT Ki maps were then
coregistered and resliced to native space structural scans and warped to MNI152 linear space
using DARTEL. Primary FMT analyses relied on a MNI-space LC ROI developed from six
existing LC templates (Dahl et al., 2022) that we previously described (Ciampa et al., 2022)
(Fig. 2A; ROI available: https://neurovault.org/collections/MPDBCZKT/). Briefly, accurate
coregistration to MNI space FMT Ki maps (nearest-neighbor interpolation) was confirmed
in Mango (https://www.nitrc.org/projects/mango/). The template was then resliced to match
FMT Ki map voxel dimensions. To accommodate PET resolution, we smoothed the MR-
derived LC ROI (4 mm FWHM) and thresholded (>0.147) to generate a mask of 479 1 x 1 x
1 mm voxels, which is approximately 6x the size of the original.

FMT is also sensitive to the synthesis capacity of serotonin in the raphe nuclei. While our
previous research did not reveal associations between raphe FMT and temporal lobe FTP
(Ciampa et al., 2022), we report secondary analyses focused on the raphe-serotonin system
for completeness, given the relevance of this system to affective function (Donaldson et al.,
2014), connections to the amygdala (Steinbusch, 1981), and associations with neuroticism
(Frokjaer et al., 2008, 2010). Analyses measured FMT in the dorsal raphe (Kranz et al.,
2012) using an unsmoothed ROI that has previously been used in PET imaging (Doppler et
al., 2021) (ROI available: https://neurovault.org/collectionssMPDBCZKT/; Fig. 2A).

2.6. PiB PET and FTP PET acquisition and processing

All participants underwent PiB PET scanning to assess S-amyloid status and FTP PET
scanning to measure tau pathology within 3 years of their FMT scan. The median time
difference between FMT and PiB scans was 170 days (SD = 197; range = 9-791). The
median time difference between FMT and FTP scanning was 170 days (SD = 241; range =
9-945). The median time difference between MRI and FTP scanning was 154 days (SD =
166; range = 3-813).
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A detailed description of PiB and FTP acquisition has been published previously (Scholl

et al., 2016). After PiB injection, dynamic frames were collected for 90 min. These frames
were realigned, coregistered, and resliced to the 3T structural T1. Distribution volume ratio
(DVR) was calculated using a Logan graphical analysis on frames corresponding to 35-90
min post-injection using a cerebellar gray reference region and mean gray matter DVR was
computed. A threshold of 1.065 was used to determine positive or negative amyloid status
(Mormino et al., 2012; Villeneuve et al., 2015). There were 14 PiB positive individuals in
this study.

FTP Standardized uptake volume ratio (SUVR) images were created based on mean

tracer uptake over 80—100 min post-injection normalized using an inferior cerebellar gray
reference region. As previously described (Ciampa et al., 2022), SUVR images were partial
volume corrected on native space FreeSurfer-derived ROIs (Baker et al., 2017). For analyses
of relationships between neuroticism, LC catecholamine synthesis capacity, and tau burden,
FTP SUVR was measured within bilateral amygdala ROIs. For completeness, we performed
parallel analyses using FTP measures in bilateral entorhinal cortex (EC) ROIs as this region
is an early tau-accumulating region, shows uptake in cognitively normal older adults, and is
commonly used as the dependent variable in tau-PET studies in aging (Maass et al., 2018).
All ROIs were defined by native-space FreeSurfer Desikan-Killiany parcellations (Desikan
et al., 2006).

2.7. Statistical analyses

We first performed Shapiro-Wilk tests of normality following removal of two outlier values
to determine data distribution. Outliers were identified using ROUT outlier identification
(@=1%) in GraphPad Prism version 9.1.0 for MacOS (GraphPad Software, San Diego,
California USA, www.graphpad.com). Pearson’s correlations assessed relationships among
GDS, neuroticism, LC FMT, amygdala FTP, and a set of secondary control variables
including raphe FMT Ki, EC FTP, and the other four BFI personality traits. Analyses

of relationships between LC FMT and neuroticism and GDS and exploratory analyses
involving conscientiousness, extraversion, agreeableness and openness were corrected for
multiple comparisons using FDR correction. Non-corrected 95% bootstrapped confidence
intervals are reported with FDR-corrected p-values. Next, we computed full regression
models adjusting for age, sex, years of education, PiB status, and time between measures
if not collected on the same date. We report simple correlations in addition to full models
due to concerns of model overfitting given the relatively small sample, so that the reader
can discern the effect of covariates on our results. Our primary hypotheses center on

LC’s associations with neuroticism and amygdala tau. For parallel analyses involving
raphe serotonin synthesis capacity and EC tau, we formally test the difference between
correlation coefficients (overlapping correlations based on dependent groups) using the
‘cocor’ Package in RStudio (Version 1.2.1335; RStudio, Inc.). Exploratory analyses with
each BFI personality trait include correction for multiple comparisons that account for the
other four BFI personality traits. For all correlations and regression models we computed
95% bootstrapped unstandardized confidence intervals using simple sampling procedures.
Descriptive statistics, correlations, regressions were computed using SPSS v28.0.0 (IBM

Neuroimage. Author manuscript; available in PMC 2023 May 07.
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Corp). Exploratory path analyses were performed using PROCESS module v4.0 (Hayes,
2013).

3. Results

Table 1 shows the descriptive statistics for all variables. Approximately 30% of the sample
was PiB positive (7= 14). PiB positive and negative older adults were analyzed together

as there were no significant differences between groups for the variables of interest.
Specifically, there were no differences between PiB positive and PiB negative participants
for GDS, trait neuroticism, amygdala FTP, or LC FMT (Table 1). Post hoc analyses found
PiB status did not interact with LC FMT to predict neuroticism, GDS or amygdala tau (all p
> .28). Additionally, there were no significant differences between men and women for the
variables of interest (Table 1). Post hoc analyses found sex did not interact with LC FMT to
predict neuroticism, GDS or amygdala tau (all p> .10).

3.1. LC catecholamine synthesis capacity is related to neuroticism and depressive
symptoms
Consistent with previous reports (Bibbey et al., 2013; Kendler et al., 2004), higher
neuroticism was associated with more depressive symptoms as indicated by higher GDS
score (r= .66, 95% bootstrapped Confidence Interval (Cl) [.47, .81], p=<.001; Fig. 2B).
This relationship remained significant following adjustment for covariates (Table 2A).

Consistent with our hypotheses, lower LC FMT was associated with higher neuroticism (r=
-.38, Cl [-.58, —.13] p=.012 FDR corrected; Fig. 2C) and higher GDS score (r=-.37, Cl
[-.58, —.14], p=.012 FDR corrected; Fig. 2D). Both relationships survived adjustment for
covariates (Table 2B,C).

3.2. Serotonin synthesis capacity in the raphe is marginally related to neuroticism

Secondary analyses found that the relationship between raphe FMT and neuroticism was
marginal (r=-.31, Cl [-.55,-.01], p=.082 FDR corrected, Fig. 2E). The relationship with
GDS was not significant (GDS: r=-.16, Cl [-.43, .11], p=.283 FDR corrected, Fig. 2F).
Correlation coefficients for analyses involving LC FMT were not statistically different from
those involving raphe FMT (neuroticism: r difference = —.07, Pearson and Filon’s Z=-0.52,
p=.60; GDS: r difference = -.20, Pearson and Filon’s Z=-1.47, p=.14).

3.3. Amygdalatau is directly related to LC catecholamine synthesis capacity but not
neuroticism

Amygdala FTP was not directly related to neuroticism (r=.13, Cl [-.12, .38], p= .51, FDR
corrected; Fig. 3A) or GDS (r=.11, Cl [-.22, .42], p= .51 FDR corrected; Fig. 3B). We did,
however, find an association between higher amygdala FTP and lower LC FMT (r=-.35, CI
[-.59, -.04], p=.028; Fig. 3C). This relationship remained significant following adjustment
for covariates (Table 3A). A model including an interaction term (PiB status* LC FMT
revealed no significant interaction between FMT and PiB (p = .81) suggesting that these
relationships were not driven by PiB status. Consistent with our previous research (Ciampa
et al., 2022), we did not find a significant association between raphe FMT and amygdala

Neuroimage. Author manuscript; available in PMC 2023 May 07.
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FTP (r=.05, Cl [-.24, .33], p=.74; Fig. 3D). A test of the difference of correlations
for amygdala FTP with LC FMT and raphe FMT revealed that these correlations were
significantly different from one another (r difference = —.40, Pearson and Filon’s 7= -2.72,

p=.007).

LC catecholamine synthesis capacity represents an indirect path linking neuroticism

with amygdala tau

Relationships between higher neuroticism and higher amygdala FTP PET binding have
been previously reported in aging (Schultz et al., 2020), but were not present in the
current dataset. Post hoc exploratory analyses probed LC FMT’s mutual association with
these variables to test the possibility that lower LC catecholamine synthesis capacity
represents a significant pathway associating higher neuroticism with higher amygdala FTP
(neuroticism — LC FMT — amygdala FTP (Hayes, 2013). Implicit in this model is the
idea that neuroticism can affect the regulation of the LC-catecholamine system. Testing
this possibility using model 4 of the PROCESS module v4.0 (Hayes, 2013), we identified
a signficiant indirect path suggesting neuroticism is related to amygdala tau through

their associations with LC FMT (Table 3B). This path analysis was significant following
adjustment for covariates. We did not find significant pathways using control variable raphe
FMT (Table 3C).

3.5. Neuroticism is not related to entorhinal cortex tau

3.6.

Primary analyses focused on amygdala tau as our hypotheses centered on models linking
amygdala, LC, and neuroticism in stress responsivity. For completeness, we report parallel
analyses for EC FTP given EC is an early tau accumulating region and is ubiquitously
reported in tau-PET studies of aging (Harrison et al., 2019; Jacobs et al., 2021), and has
been implicated in affective processing via connectivity with the amygdala (Ritchey et al.,
2008). EC FTP was not directly related to neuroticism (r= .20, CI [-.09, .44], p= .23, FDR
corrected) or GDS (r= .32, CI [-.05, .57], p= .09 FDR corrected). There was no association
between EC tau and lower LC FMT (r=-.07, CI [-.33, .20], p=.68). A model including
an interaction term (PiB status* LC FMT revealed no significant interaction between FMT
and PiB (p = .34). Tests of the difference of correlations for LC FMT relationships with
amygdala FTP compared to with EC were marginal EC (r difference = —.26, Pearson and
Filon’s Z=-1.89, p=.059). Finally, we performed parallel path analyses as reported above
neuroticism — LC FMT — EC FTP and found no indirect path linking neuroticism and EC
FTP (Table 3D).

Exploratory analyses using other Big 5 personality traits

A priori analyses focused on neuroticism given our strong predictions based on its
association with psychopathology and its role as a risk factor for dementia. Here we report
exploratory analyses for the other Big 5 personality traits: conscientiousness, agreeableness,
openness, and extraversion. These analyses specifically probe relationships with GDS, LC
FMT, and amygdala tau pathology to form the basis for future hypothesis testing.

Together, these exploratory analyses revealed conscientiousness to be a personality trait of
particular interest as individuals with lower conscientiousness showed high GDS (r=-.47,
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Cl [-.67, -.20], p=.003 FDR corrected; Fig. 4A) and low LC FMT (r= .39, CI [.14,

.60], p=.028 FDR corrected; Fig. 4B), which is the same pattern of results identified

for high neuroticism individuals. These findings survived adjustment for covariates (Table
4A,B). Relationships between other personality traits and GDS and LC FMT did not reach
statistical significance (Openness r= .29, FDR corrected p = .087; all other |r| < .25, FDR

corrected p=> =.16). Raphe FMT was not related to conscientiousness (r= .09, CI [-.18,
.37], p= .57 FDR corrected) or the other personality traits (all |r| { .31, FDR corrected p )

.10).

Similar to neuroticism, conscientiousness was not directly related to amygdala tau pathology
(r=-.004, CI [-.40, .39], p= .98 FDR corrected; Fig. 4C). Like neuroticism, there was a
signficiant indirect path relating conscientiousness and amygdala tau through their mutual
associations with LC FMT (Table 4C). These findings were significant following adjustment
for covariates. Analyses substituting raphe FMT or EC tau were not significant (Table
4DE).

4. Discussion

This study marries two prominent lines of AD-related research: the role of personality
traits in conferring risk of dementia, and the role of the LC in the early pathophysiology
of AD. A summary graphic of our findings is depicted in Fig. 5. We found that

lower LC catecholamine synthesis capacity was associated with higher neuroticism, more
depressive symptoms, and higher amygdala tau burden. Exploratory analyses identified
similar patterns of associations with low conscientiousness, another personality trait
implicated in dementia risk and elevated AD-related pathology burden (Terracciano et al.,
2022). While interrelationships among these measures are complex, our findings identify
reduced LC catecholamine synthesis capacity as a central arbiter of both neuroticism’s
and conscientiousness’ relationship with amygdala tau burden. Together, these findings
contribute to a developing model by which low LC catecholamine synthesis coincides with
vulnerability to affective dysregulation and tau burden within the amygdala.

Our findings are consistent with previous research suggesting a role of the LC-
catecholamine system in neuroticism. Pupillometry (Unsworth and Robison, 2017)

and genetic studies (Tochigi et al., 2006) have previously implicated the LC-
catecholamine system in trait neuroticism. To our knowledge, this is the first study

to demonstrate a relationship between an endogenous measure of LC neurochemical
function and neuroticism. Our exploratory analyses identified a relationship between
lower conscientiousness and higher LC catecholamine synthesis capacity. Low trait
conscientiousness is associated with poor executive function (Bell et al., 2020; Fleming
et al., 2016), which is consistent with LC’s role in attention (Aston-Jones et al., 1999;
Sara, 2009). While a previous pupillometry study has implicated the LC in individual
differences in trait conscientiousness (Wright et al., 2013), the observed relationship
between conscientiousness with an endogenous measure of LC catecholamine function is
novel and warrants future investigation.
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Individuals with more depressive symptoms were also more neurotic and had lower LC-
catecholamine synthesis capacity. These findings are supported by a substantial body of
work linking neuroticism with psychopathologies including depression (Bibbey et al., 2013;
Kendler et al., 2004) as well as research implicating the LC-catecholamine system in
depression (Ressler and Nemeroff, 1999). The positive relationship between neuroticism
and depression is not surprising given that self-reported depressive symptoms contribute
to trait neuroticism scores. While we had strong a priori hypotheses regarding the role of
higher neuroticism in affective function, lower conscientiousness was similarly related to
more depressive symptoms. This has been demonstrated before (Klein et al., 2011) with
suggestion that high conscientiousness is protective against daily-life controllable stressors
and low conscientiousness (i.e. low executive function) increases exposure to stressful and
depressogenic experiences (Bartley and Roesch, 2011; Gartland et al., 2014; Roberts and
Bogg, 2004; Snyder et al., 2019; Snyder and Hankin, 2016). It is necessary to highlight
here that we identified these relationships in non-depressed individuals with a restricted
range in GDS scores (0-10), which limits our ability to extend these findings to the
general population where there is a broad range of depression symptoms. Future research
is needed to assess the extent to which LC-catecholamine measures are associated with
clinical depression, which would be timely given increasing appreciation of the complexity
of neuromodulator contributions to affective disorders (Moncrieff et al., 2022). There is
emerging /17 vivo neuroimaging evidence that depression is accompanied by reductions in
LC structural integrity (Liu et al., 2017), which are also observed across the AD spectrum
(Betts et al., 2019). LC neuroimaging biomarker development will benefit from conjoint
consideration of these pathways as the LC may be a target for both psychiatric and
pathologic processes.

Future longitudinal analyses with larger samples and parallel studies in animal models will
be critical for clarifying the extent to which LC catecholamine function changes across the
lifespan and is, itself, altered by neuroticism, chronic stress and the development of tau
pathology. Such studies would provide context to aid in the interpretation of the origin

of low LC-catecholamine synthesis capacity and potential for therapeutic intervention.
Catecholamine systems are highly regulated, and synthesis rates may be reduced in response
to greater tonic activity of LC or upregulation of beta adrenergic receptors, as there are
known mechanisms of feedback inhibition to suppress catecholamine synthesis (Tekin et
al., 2014). How LC catecholamine synthesis capacity is related to catecholamine release
(Berry et al., 2018) or density of beta adrenergic receptors in the amygdala is not known. A
comprehensive understanding of this system will facilitate the integration of these findings
with the greater animal literature, which finds upregulation of norepinephrine synthesis in
response to novel stress (Rusnak et al., 2001), and human clinical studies which suggest
sensitization of the LC-norepinephrine system in affective disorders (Naegeli et al., 2018).

LC is at the center of active lines of research establishing its early role in the
pathophysiology of AD (Matchett et al., 2021). However, it is worth noting that abnormal
tau within the LC is present in most middle-aged adults (Braak et al., 2011; Pletnikova

et al., 2018). Its early occurrence makes it an attractive target for intervention, though it
remains an open question to what extent LC tau is simply a feature of aging versus a
meaningful signal of accelerating pathological processes. The majority of /n vivo studies
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in humans have focused on structural measures of LC integrity (Betts et al., 2019), though
see Lui et al. (2021), and have demonstrated associations between elevated tau burden and
reductions in LC integrity (Dahl et al., 2022; Jacobs et al., 2021, 2021). Our research
assessing neurochemical function of the LC complements this work by demonstrating
associations between elevated tau burden in the amygdala and lower LC catecholamine
synthesis capacity. The relationship between LC catecholamine synthesis capacity and EC
tau was not significant, though formal testing of the difference between LC-amygdala vs
LC-EC relationships was only marginal (o = .06). Additional research will be necessary for
determining the extent to which LC neurochemical measures like FMT are preferentially
related to amygdala tau rather than EC tau given their interconnections and mutual
contributions to affective processing and memory (Ritchey et al., 2008). It is possible
signaling from the amygdala to LC (Cedarbaum and Aghajanian, 1978; Wallace et al., 1989)
drives alterations in LC neurochemical health, strengthening observed relationships between
amygdala tau burden and LC catecholamine synthesis capacity across individuals.

We did not find that LC catecholamine synthesis capacity interacted with Ag status

to predict tau as we have found previously for analyses in which tau pathology was
measured within a larger tau “meta” ROI comprised of 6 temporal lobe regions vulnerable
to tau pathology (Jack et al., 2017). The observation that the association between LC-
catecholamine synthesis capacity and amygdala tau burden was not dependent or limited

to AB positive individuals is noteworthy and suggests the effects we describe may not be
specific to AD mechanisms when considering tau in the amygdala. This possibility warrants
further investigation given how little research attention amygdala tau has received (relative
to EC) given the high levels of amygdala tau-PET binding in aging.

Here, and in our previous research, we have not found associations between raphe serotonin
synthesis capacity and tau burden. There is comparatively little focus on raphe as a key
player in the etiology of AD tau spread (Grinberg et al., 2009) despite observations that

the dorsal raphe is also vulnerable to tau pathology (Ehrenberg et al., 2017; Grinberg et

al., 2009). There is a need for systematic research in this area to understand the converging
and diverging pathologic trajectories of raphe and LC nuclei and their possible role in
accelerating disease spread.

The current study is not able to determine the directionality of effects among personality
traits, depression symptoms and LC catecholamine function. A recent report in rats provides
support for the feasibility of a model by which affective dysregulation can exacerbate
effects of tau pathology in the LC. Omoluabi et al. (2021) examined the effect of a LC
stimulation protocol designed to mimic chronic stress conditions using a rat model of LC
pretangle tau. Daily tonic LC stimulation induced depression-like behavior in rats and was
associated with anatomical degradation of the LC. In contrast, a daily phasic LC stimulation
protocol designed to mimic activity associated with novelty was associated with positive
cognitive outcomes and preservation of the LC. Together, these findings shed light on the
specific harm of chronic stress and suggest that both depression and the advancement of tau
pathologic processes are related to tonic LC activity. Additional work is needed to extend
our understanding of mechanisms linking chronic stress with progression of tau pathology to
include prefrontal cortex-amygdala circuits specifically (Liu et al., 2020)
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There are other mechanisms by which higher neuroticism and lower conscientiousness may
be associated with greater tau pathology and risk of dementia including effects on behavior
and neural systems. We highlight some of these mechanisms, and their connection to the
LC-catecholamine system. For example, higher neuroticism and lower conscientiousness are
associated with health and lifestyle factors associated with AD such as reduced tendency

to exercise (Courneya and Hellsten, 1998; Kummer et al., 2021). Our previous research
identified a relationship between a self-report measure of cognitive and physical engagement
across the lifespan, the Lifetime Experiences Questionnaire (Valenzuela and Sachdev, 2007),
and higher LC catecholamine synthesis capacity (Ciampa et al., 2022). Indeed, physical
exercise is associated with increases in norepinephrine synthesis (Gordon et al., 1966) and
basal levels of norepinephrine in brainstem and amygdala (Chaouloff, 1989). Effects of
personality on inflammation may also contribute to AD risk, as higher trait neuroticism and
lower conscientiousness are associated with elevated inflammatory cytokines (Sutin et al.,
2010; Turiano et al., 2013). Low LC catecholamine function may contribute to or worsen
the effects of personality on inflammation as norepinephrine has known anti-inflammatory
functions (Feinstein et al., 2002).

This study has limitations. There was a relatively low number of participants, which limited
our ability to probe effects of Ag status and possible sex differences. Women are uniquely
vulnerable to both mood disorders and AD (Altemus et al., 2014; Laws et al., 2018), which
makes the LC-catecholamine system’s role in affective function and AD risk a promising
target for future research. The cross-sectional data and long time periods between PET

and behavioral testing sessions limit our ability to interpret directionality of effects within
our exploratory path analyses. Fortunately, adjusting for time between testing session does
not affect statistical significance within our regression models. While FMT PET imaging
of the LC has supported interpretable findings relevant to cognition and tau pathology in
aging (Ciampa et al., 2022), addition of complementary perfusion measures and additional
consideration around partial volume effects is needed particularly for the extension of FMT
PET in patient populations.

The identification of personality and lifestyle factors that increase risk of AD, and the
investigation of the biological mechanisms underlying the conferral of risk represent
critical fields of research because of their potential for identifying targets for intervention
(McGurran et al., 2019, Bachman et al., 2022). Early intervention may be particularly
effective in reducing risk associated with personality traits relevant to stress reactivity as
these traits may interact with LC neurochemical function, and tau pathology in older age

to create a “vicious cycle” (Justice, 2018). Amygdala tau pathology may cause changes in
affective function, increasing neuroticism and disrupting noradrenergic function. Behavioral
training (Hoge et al., 2013) or pharmacological control (Sheline et al., 2014) of stress
reactivity in early life may prevent this cycle by reducing activity within otherwise well-
worn affective pathways involving the LC and amygdala, thus reducing tau spread in aging.
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Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al. Page 13

Acknowledgments

This research was supported by the following grants: National Institutes of Health grant AG058748 (ASB)
AG072328 (ASB), AG034570 (WJJ), AG062542 (WJJ), AG044292 (WJJ), F31AG063428 (JRW), and Alzheimer’s
Association Award AARF-17-530186 (ASB). MJB is supported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) —Project-1D 425899996 — SFB 1436 Project A08 and by the German Federal
Ministry of Education and Research (BMBF, funding code 01ED2102B) under the aegis of JPND. Avid
Radiopharmaceuticals enabled the use of the Flortaucipir tracer, but did not provide direct funding and were

not involved in data analysis or interpretation. MR data were collected at the Henry H. Wheeler, Jr. Brain

Imaging Center, which receives support from the National Science Foundation through their Major Research
Instrumentation Program, award number BCS-0821855. We thank Sarah Kobayashi for analysis support. We thank
Michael Sommerauer for generously sharing the raphe region of interest.

Data Availability

Metadata are provided in supplementary information. Raw data are available following
data use agreement. LC and Raphe ROIs are available at https://neurovault.org/collections/
MPDBCZKT/.

References

Abiose O, Deters KD, Young C, Mormino EC, 2020. Amygdala tau in preclinical Alzheimer’s disease.
Alzheimer’s Dement. 16 (S4), e046762. doi:10.1002/alz.046762.

Altemus M, Sarvaiya N, Neill Epperson C, 2014. Sex differences in anxiety and depression clinical
perspectives. Front. Neuroendocrinol 35 (3), 320-330. doi:10.1016/j.yfrne.2014.05.004. [PubMed:
24887405]

Arenaza-Urquijo EM, Przybelski SA, MacHulda MM, Knopman DS, Lowe VJ, Mielke MM, Reddy
AL, Geda YE, Jack CR, Petersen RC, Vemuri P, 2020. Better stress coping associated with lower
tau in amyloid-positive cognitively unimpaired older adults. Neurology 94 (15), E1571-E1579.
d0i:10.1212/WNL.0000000000008979. [PubMed: 31964689]

Aston-Jones G, Rajkowski J, Cohen J, 1999. Role of locus coeruleus in attention and behavioral
flexibility. Biol. Psychiatry 46 (9), 1309-1320. doi:10.1016/S0006-3223(99)00140-7. [PubMed:
10560036]

Bachman Shelby L., Cole Steve, Yoo Hyun Joo, Nashiro Kaoru, Min Jungwon, Mercer Noah,
Nasseri Padideh, Thayer Julian F., Lehrer Paul, Mather Mara, 2022. Daily heart rate variability
biofeedback training decreases locus coeruleus MRI contrast in younger adults. medRxiv
d0i:10.1101/2022.02.04.22270468.

Baker SL, Maass A, Jagust WJ, 2017. Considerations and code for partial volume correcting [18F]-
AV-1451 tau PET data. Data Brief doi:10.1016/j.dib.2017.10.024.

Bartley CE, Roesch SC, 2011. Coping with daily stress: the role of conscientiousness. Pers. Individ.
Dif 50 (1), 79-83. d0i:10.1016/j.paid.2010.08.027. [PubMed: 21076634]

Becker E, Orellana Rios CL, Lahmann C, Riicker G, Bauer J, Boeker M, 2018. Anxiety as a risk factor
of Alzheimer’s disease and vascular dementia. Br. J. Psychiatry 213 (5), 654-660. doi:10.1192/
bjp.2018.173. [PubMed: 30339108]

Bell T, Hill N, Stavrinos D, 2020. Personality determinants of subjective executive function in older
adults. Aging Ment. Health 24 (11), 1935-1944. doi:10.1080/13607863.2019.1667300. [PubMed:
31561724]

Berry AS, Shah VD, Baker SL, Vogel JW, O’Neil JP, Janabi M, Schwimmer HD, Marks SM, Jagust

WJ, 2016. Aging affects dopaminergic neural mechanisms of cognitive flexibility. J. Neurosci
doi:10.1523/JNEUROSCI.0626-16.2016.

Berry AS, Shah VD, Furman DJ, White RL, Baker SL, O’Neil JP, Janabi M, D’Esposito M, Jagust WJ,
2018. Dopamine synthesis capacity is associated with D2/3 receptor binding but not dopamine
release. Neuropsychopharmacology 43 (6), 1201-1211. doi:10.1038/npp.2017.180. [PubMed:
28816243]

Neuroimage. Author manuscript; available in PMC 2023 May 07.


https://doi.org/10.13039/100000002
https://neurovault.org/collections/MPDBCZKT/
https://neurovault.org/collections/MPDBCZKT/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al.

Page 14

Betts MJ, Kirilina E, Otaduy MCG, lvanov D, Acosta-Cabronero J, Callaghan MF, Lambert C,
Cardenas-Blanco A, Pine K, Passamonti L, Loane C, Keuken MC, Trujillo P, Lisebrink F, Mattern
H, Liu KY, Priovoulos N, Fliessbach K, Dahl MJ, ... Himmerer D, 2019. Locus coeruleus imaging
as a biomarker for noradrenergic dysfunction in neurodegenerative diseases. Brain 142 (9), 2558—
2571. doi:10.1093/brain/awz193. [PubMed: 31327002]

Bibbey A, Carroll D, Roseboom TJ, Phillips AC, de Rooij SR, 2013. Personality and physiological
reactions to acute psychological stress. Int. J. Psychophysiol 90 (1), 28-36. doi:10.1016/
J.ijpsycho.2012.10.018. [PubMed: 23147393]

Braak H, Thal DR, Ghebremedhin E, Del Tredici K, 2011. Stages of the pathologic process in
alzheimer disease: age categories from 1 to 100 years. J. Neuropathol. Exp. Neurol 70 (11), 960—
969. doi:10.1097/NEN.0b013e318232a379. [PubMed: 22002422]

Bradley MM, Miccoli L, Escrig MA, Lang PJ, 2008. The pupil as a measure of emotional arousal and
autonomic activation. Psychophysiology 45 (4), 602-607. doi:10.1111/j.1469-8986.2008.00654.x.
[PubMed: 18282202]

Cedarbaum JM, Aghajanian GK, 1978. Afferent projections to the rat locus coeruleus as determined by
a retrograde tracing technique. J. Compar. Neurol 178 (1), 1-15. doi:10.1002/cne.901780102.

Chaouloff F, 1989. Physical exercise and brain monoamines: a review. Acta Physiol. Scand 137 (1),
1-13. doi:10.1111/j.1748-1716.1989.tb08715.x. [PubMed: 2678895]

Ciampa CJ, Parent JH, Harrison TM, Fain RM, Betts MJ, Maass A, Winer JR, Baker SL, Janabi
M, Furman DJ, D’Esposito M, Jagust WJ, Berry AS, 2022. Associations among locus coeruleus
catecholamines, tau pathology, and memory in aging. Neuropsychopharmacology doi:10.1038/
$41386-022-01269-6.

Clewett DV, Huang R, Velasco R, Lee T-H, Mather M, 2018. Locus coeruleus activity
strengthens prioritized memories under arousal. J. Neurosci 38 (6), 1558-1574. doi:10.1523/
JNEUROSCI.2097-17.2017. [PubMed: 29301874]

Courneya KS, Hellsten L-AM, 1998. Personality correlates of exercise behavior, motives, barriers
and preferences: an application of the five-factor model. Pers. Individ. Dif 24 (5), 625-633.
doi:10.1016/S0191-8869(97)00231-6.

Dahl MJ, Mather M, Werkle-Bergner M, Kennedy BL, Guzman S, Hurth K, Miller CA, Qiao Y, Shi Y,
Chui HC, Ringman JM, 2022. Locus coeruleus integrity is related to tau burden and memory
loss in autosomal-dominant Alzheimer’s disease. Neurobiol. Aging 112, 39-54. doi:10.1016/
j.neurobiolaging.2021.11.006. [PubMed: 35045380]

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, Buckner RL, Dale AM,
Maguire RP, Hyman BT, Albert MS, Killiany RJ, 2006. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage 31 (3), 968-980. doi:10.1016/j.neuroimage.2006.01.021. [PubMed: 16530430]

Donaldson ZR, Piel DA, Santos TL, Richardson-Jones J, Leonardo ED, Beck SG, Champagne FA,
Hen R, 2014. Developmental effects of serotonin 1A autoreceptors on anxiety and social behavior.
Neuropsychopharmacology 39 (2), 291-302. doi:10.1038/npp.2013.185. [PubMed: 23907404]

Doppler CEJ, Kinnerup MB, Brune C, Farrher E, Betts M, Fedorova TD, Schaldemose JL, Knudsen
K, Ismail R, Seger AD, Hansen AK, Ster K, Fink GR, Brooks DJ, Nahimi A, Borghammer P,
Sommerauer M, 2021. Regional locus coeruleus degeneration is uncoupled from noradrenergic
terminal loss in Parkinson’s disease. Brain doi:10.1093/BRAIN/AWAB236.

Ehrenberg AJ, Nguy AK, Theofilas P, Dunlop S, Suemoto CK, Di Lorenzo Alho AT, Leite RP, Diehl
Rodriguez R, Mejia MB, Rib U, Farfel JM, de Lucena Ferretti-Rebustini RE, Nascimento CF,
Nitrini R, Pasquallucci CA, Jacob-Filho W, Miller B, Seeley WW, Heinsen H, Grinberg LT,
2017. Quantifying the accretion of hyperphosphorylated tau in the locus coeruleus and dorsal
raphe nucleus: the pathological building blocks of early Alzheimer’s disease. Neuropathol. Appl.
Neurobiol 43 (5), 393-408. d0i:10.1111/nan.12387. [PubMed: 28117917]

Fallon JH, Koziell DA, Moore RY, 1978. Catecholamine innervation of the basal forebrain II.
Amygdala, suprarhinal cortex and entorhinal cortex. J. Compar. Neurol 180 (3), 509-531.
doi:10.1002/cne.901800308.

Feinstein DL, Heneka MT, Gavrilyuk V, Russo CD, Weinberg G, Galea E, 2002. Noradrenergic
regulation of inflammatory gene expression in brain. Neurochem. Int 41 (5), 357-365.
doi:10.1016/S0197-0186(02)00049-9. [PubMed: 12176079]

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al.

Page 15

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, Van Der Kouwe A, Killiany
R, Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM, 2002. Whole brain
segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron 33
(3), 341-355. doi:10.1016/S0896-6273(02)00569-X. [PubMed: 11832223]

Fleming KA, Heintzelman SJ, Bartholow BD, 2016. Specifying associations between
conscientiousness and executive functioning: mental set shifting, not prepotent response inhibition
or working memory updating. J. Pers 84 (3), 348-360. doi:10.1111/jopy.12163. [PubMed:
25564728]

Folstein MF, Folstein SE, McHugh PR, 1975. Mini-mental state”. A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res. doi:10.1016/0022-3956(75)90026-6.

Frokjaer VG, Mortensen EL, Nielsen FA, Haugbol S, Pinborg LH, Adams KH, Svarer C, Hasselbalch
SG, Holm S, Paulson OB, Knudsen GM, 2008. Frontolimbic serotonin 2a receptor binding in
healthy subjects is associated with personality risk factors for affective disorder. Biol. Psychiatry
63 (6), 569-576. doi:10.1016/j.biopsych.2007.07.009. [PubMed: 17884017]

Frokjaer VG, Vinberg M, Erritzoe D, Baaré W, Holst KK, Mortensen EL, Arfan H, Madsen J, Jernigan
TL, Kessing LV, Knudsen GM, 2010. Familial risk for mood disorder and the personality risk
factor, neuroticism, interact in their association with frontolimbic serotonin 2A receptor binding.
Neuropsychopharmacology 35 (5), 1129-1137. doi:10.1038/npp.2009.218. [PubMed: 20043006]

Gartland N, O’Connor DB, Lawton R, Ferguson E, 2014. Investigating the effects of conscientiousness
on daily stress, affect and physical symptom processes: a daily diary study. Br. J. Health Psychol
19 (2), 311-328. doi:10.1111/bjhp.12077. [PubMed: 24237707]

Giustino TF, Ramanathan KR, Totty MS, Miles OW, Stephen Maren X, 2020. Locus coeruleus
norepinephrine drives stress-induced increases in basolateral amygdala firing and impairs
extinction learning. J. Neurosci 40 (4), 907-916. d0i:10.1523/JNEUROSCI.1092-19.20109.
[PubMed: 31801809]

Gordon R, Spector S, Sjoerdsma A, Udenfriend S, 1966. Increased synthesis of norepinephrine and
epinephrine in the intact rat during exercise and exposure to cold. J. Pharmacol. Exp. Ther 153 (3),
440-447. [PubMed: 5922322]

Green KN, Billings LM, Roozendaal B, McGaugh JL, LaFerla FM, 2006. Glucocorticoids increase
amyloid-g and tau pathology in a mouse model of Alzheimer’s disease. J. Neurosci 26 (35),
9047-9056. doi:10.1523/JNEUROSCI.2797-06.2006. [PubMed: 16943563]

Grinberg LT, Rib U, Ferretti REL, Nitrini R, Farfel JM, Polichiso L, Gierga K, Jacob-Filho W,
Heinsen H, 2009. The dorsal raphe nucleus shows phospho-tau neurofibrillary changes before the
transentorhinal region in Alzheimers disease. A precocious onset? Neuropathol. Appl. Neurobiol
35 (4), 406-416. doi:10.1111/j.1365-2990.2008.00997.x. [PubMed: 19508444]

Harrison TM, Maass A, Adams JN, Du R, Baker SL, Jagust WJ, 2019. Tau deposition is
associated with functional isolation of the hippocampus in aging. Nat. Commun doi:10.1038/
s41467-019-12921-z.

Hayes AF (2013). Introduction to mediation, moderation, and conditional process analysis: a
regression-based approach. 507.

Hoge EA, Bui E, Marques L, Metcalf CA, Morris LK, Robinaugh DJ, Worthington JJ, Pollack MH,
Simon NM, 2013. Randomized controlled trial of mindfulness meditation for generalized anxiety
disorder: effects on anxiety and stress reactivity. J. Clin. Psychiatry 74 (8), 786-792. doi:10.4088/
JCP.12m08083. [PubMed: 23541163]

Iba M, McBride JD, Guo JL, Zhang B, Trojanowski JQ, Lee VM-Y, 2015. Tau pathology spread
in PS19 tau transgenic mice following locus coeruleus (LC) injections of synthetic tau fibrils is
determined by the LC’s afferent and efferent connections. Acta Neuropathol. 130 (3), 349-362.
doi:10.1007/s00401-015-1458-4. [PubMed: 26150341]

Jack CR, Wiste HJ, Weigand SD, Therneau TM, Lowe VJ, Knopman DS, Gunter JL, Senjem ML,
Jones DT, Kantarci K, Machulda MM, Mielke MM, Roberts RO, Vemuri P, Reyes DA, Petersen
RC, 2017. Defining imaging biomarker cut points for brain aging and Alzheimer’s disease.
Alzheimer’s Dement. 13 (3), 205-216. doi:10.1016/j.jalz.2016.08.005. [PubMed: 27697430]

Jacobs HIL, Becker A, Kwong K, Munera D, Ramirez-Gomez LA, Sanchez JS, Thibault EG, Vila-
Castelar C, Baena AY, Sperling RA, Johnson KA, Lopera F, Quiroz YT, 2021a. Locus coeruleus

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al.

Page 16

integrity predicts tau accumulation and memory dysfunction in autosomal dominant Alzheimer’s
disease. Alzheimer’s Dement. 17 (S3), e052664. doi:10.1002/alz.052664.

Jacobs HIL, Becker JA, Kwong K, Engels-Dominguez N, Prokopiou PC, Papp KV, Properzi M,
Hampton OL, d’Oleire Uquillas F, Sanchez JS, Rentz DM, El Fakhri G, Normandin MD, Price
JC, Bennett DA, Sperling RA, Johnson KA, 2021b. In vivo and neuropathology data support
locus coeruleus integrity as indicator of Alzheimer’s disease pathology and cognitive decline. Sci.
Transl. Med 13 (612). doi:10.1126/scitransimed.abj2511.

John OP, Donahue E, Kentle R, 1991. The Big Five inventory: Versions 4a and 54 [Technical Report].
University of California, Institute of Personality and Social Research, Berkeley.

Joshi S, Li Y, Kalwani RM, Gold JI, 2016. Relationships between pupil diameter and neuronal activity
in the locus coeruleus, colliculi, and cingulate cortex. Neuron 89 (1), 221-234. doi:10.1016/
j.neuron.2015.11.028. [PubMed: 26711118]

Justice NJ, 2018. The relationship between stress and Alzheimer’s disease. Neurobiol. Stress 8, 127—
133. d0i:10.1016/j.ynstr.2018.04.002. [PubMed: 29888308]

Kendler KS, Kuhn J, Prescott CA, 2004. The interrelationship of neuroticism, sex, and stressful life
events in the prediction of episodes of major depression. Am. J. Psychiatry 161 (4), 631-636.
doi:10.1176/appi.ajp.161.4.631. [PubMed: 15056508]

Klein DN, Kotov R, Bufferd SJ, 2011. Personality and depression: explanatory models and review of
the evidence. Annu. Rev. Clin. Psychol 7, 269-295. doi:10.1146/annurev-clinpsy-032210-104540.
[PubMed: 21166535]

Kranz GS, Hahn A, Savli M, Lanzenberger R, 2012. Challenges in the differentiation of
midbrain raphe nuclei in neuroimaging research. Proc. Nat. Acad. Sci 109 (29). doi:10.1073/
PNAS.1206247109, E2000-E2000. [PubMed: 22711836]

Kruschwitz JD, Walter M, Varikuti D, Jensen J, Plichta MM, Haddad L, Grimm O, Mohnke S, Péhland
L, Schott B, Wold A, Mihleisen TW, Heinz A, Erk S, Romanczuk-Seiferth N, Witt SH, N&then
MM, Rietschel M, Meyer-Lindenberg A, Walter H, 2015. 5-HTTLPR/rs25531 polymorphism and
neuroticism are linked by resting state functional connectivity of amygdala and fusiform gyrus.
Brain Struct. Function 220 (4), 2373-2385. doi:10.1007/s00429-014-0782-0.

Kummer S, Dalkner N, Schwerdtfeger A, Hamm C, Schwalsberger K, Reininghaus B, Krammer
G, Reininghaus E, 2021. The conscientiousness-health link in depression: results from a path
analysis. J. Affect. Disord 295, 1220-1228. doi:10.1016/j.jad.2021.09.017. [PubMed: 34706436]

Laws KR, Irvine K, Gale TM, 2018. Sex differences in Alzheimer’s disease. Curr. Opin. Psychiatry 31
(2), 133-139. doi:10.1097/YC0.0000000000000401. [PubMed: 29324460]

Liu KY, Acosta-Cabronero J, Hong YT, Yi Y-J, Himmerer D, Howard R, 2021. FDG-PET
assessment of the locus coeruleus in Alzheimer’s disease. Neuroimage 1 (1), 100002. doi:10.1016/
j.ynirp.2020.100002. [PubMed: 34396361]

Liu KY, Marijatta F, Himmerer D, Acosta-Cabronero J, Diizel E, Howard RJ, 2017. Magnetic
resonance imaging of the human locus coeruleus: a systematic review. Neurosci. Biobehav. Rev
83, 325-355. d0i:10.1016/j.neubiorev.2017.10.023. [PubMed: 29107830]

Liu W-Z, Zhang W-H, Zheng Z-H, Zou J-X, Liu X-X, Huang S-H, You W-J, He Y, Zhang J-Y,

Wang X-D, Pan B-X, 2020. Identification of a prefrontal cortex-to-amygdala pathway for chronic
stress-induced anxiety. Nat. Commun 11 (1), 2221. doi:10.1038/s41467-020-15920-7. [PubMed:
32376858]

Maass A, Lockhart SN, Harrison TM, Bell RK, Mellinger T, Swinnerton K, Baker SL, Rabinovici GD,
Jagust WJ, 2018. Entorhinal Tau pathology, episodic memory decline, and neurodegeneration
in aging. J. Neurosci 38 (3), 530-543. doi:10.1523/JNEUROSCI.2028-17.2017. [PubMed:
29192126]

Matchett BJ, Grinberg LT, Theofilas P, Murray ME, 2021. The mechanistic link between selective
vulnerability of the locus coeruleus and neurodegeneration in Alzheimer’s disease. Acta
Neuropathol. 141 (5), 631-650. doi:10.1007/s00401-020-02248-1, Springer. [PubMed: 33427939]

MccCall JG, Siuda ER, Bhatti DL, Lawson LA, McElligott ZA, Stuber GD, Bruchas MR, 2017. Locus
coeruleus to basolateral amygdala noradrenergic projections promote anxiety-like behavior. Elife
6. doi:10.7554/eL ife.18247.

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al.

Page 17

McGurran H, Glenn JM, Madero EN, Bott NT, 2019. Prevention and treatment of Alzheimer’s disease:
biological mechanisms of exercise. J. Alzheimer’s Dis 69 (2), 311-338. doi:10.3233/JAD-180958.
[PubMed: 31104021]

Moncrieff J, Cooper RE, Stockmann T, Amendola S, Hengartner MP, Horowitz MA, 2022. The
serotonin theory of depression: a systematic umbrella review of the evidence. Mol. Psychiatry
1-14. doi:10.1038/s41380-022-01661-0.

Mormino EC, Brandel MG, Madison CM, Rabinovici GD, Marks S, Baker SL, Jagust WJ, 2012. Not
quite PIB-positive, not quite PIB-negative: slight PIB elevations in elderly normal control subjects
are biologically relevant. Neuroimage doi:10.1016/j.neuroimage.2011.07.098.

Naegeli C, Zeffiro T, Piccirelli M, Jaillard A, Weilenmann A, Hassanpour K, Schick
M, Rufer M, Orr SP, Mueller-Pfeiffer C, 2018. Locus coeruleus activity mediates
hyperresponsiveness in posttraumatic stress disorder. Biol. Psychiatry 83 (3), 254-262.
doi:10.1016/j.biopsych.2017.08.021. [PubMed: 29100627]

Omoluabi T, Torraville SE, Maziar A, Ghosh A, Power KD, Reinhardt C, Harley CW, Yuan Q,

2021. Novelty-like activation of locus coeruleus protects against deleterious human pretangle tau
effects while stress-inducing activation worsens its effects. Alzheimer’s Dement. 7 (1), e12231.
doi:10.1002/trc2.12231.

Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D, 2006. Depression and risk for Alzheimer
disease: systematic review, meta-analysis, and metaregression analysis. Arch. Gen. Psychiatry 63
(5), 530-538. doi:10.1001/archpsyc.63.5.530. [PubMed: 16651510]

Patlak CS, Blasberg RG, 1985. Graphical evaluation of blood-to-brain transfer constants from
multiple-time uptake data. Generalizations. J. Cerebral Blood Flow Metabol 5 (4), 584-590.
doi:10.1038/jchfm.1985.87.

Pletnikova O, Kageyama Y, Rudow G, LaClair KD, Albert M, Crain BJ, Tian J, Fowler D, Troncoso
JC, 2018. The spectrum of preclinical Alzheimer’s disease pathology and its modulation by ApoE
genotype. Neurobiol. Aging 71, 72-80. doi:10.1016/j.neurobiolaging.2018.07.007. [PubMed:
30099348]

Ressler KJ, Nemeroff CB, 1999. Role of norepinephrine in the pathophysiology and treatment of mood
disorders. Biol. Psychiatry 46 (9), 1219-1233. doi:10.1016/s0006-3223(99)00127-4. [PubMed:
10560027]

Ritchey M, Dolcos F, Cabeza R, 2008. Role of amygdala connectivity in the persistence of emotional
memories over time: an event-related FMRI investigation. Cereb. Cortex (New York, N.Y.: 1991)
18 (11), 2494-2504. doi:10.1093/cercor/bhm262.

Roberts BW, Bogg T, 2004. A longitudinal study of the relationships between conscientiousness and
the social-environmental factors and substance-use behaviors that influence health. J. Pers 72 (2),
325-354. doi:10.1111/j.0022-3506.2004.00264 .. [PubMed: 15016067]

Rusnak M, Kvetiansky R, Jelokova J, Palkovits M, 2001. Effect of novel stressors on gene
expression of tyrosine hydroxylase and monoamine transporters in brainstem noradrenergic
neurons of long-term repeatedly immobilized rats. Brain Res. 899 (1), 20-35. doi:10.1016/
S0006-8993(01)02126-6. [PubMed: 11311864]

Sara S, 2009. The locus coeruleus and noradrenergic function. Nat. Rev. Neurosci 10, 211-223.
doi:10.1038/nrn2573. [PubMed: 19190638]

Scholl M, Lockhart SN, Schonhaut DR, O’Neil JP, Janabi M, Ossenkoppele R, Baker SL, Vogel
JW, Faria J, Schwimmer HD, Rabinovici GD, Jagust WJ, 2016. PET imaging of tau deposition
in the aging human brain. Neuron 89 (5), 971-982. doi:10.1016/j.neuron.2016.01.028. [PubMed:
26938442]

Schultz SA, Gordon BA, Mishra S, Su Y, Morris JC, Ances BM, Duchek JM, Balota DA, Benzinger
TLS, 2020. Association between personality and tau-PET binding in cognitively normal older
adults. Brain Imaging Behav. 14 (6), 2122-2131. doi:10.1007/s11682-019-00163-y. [PubMed:
31486975]

Sheline Y1, West T, Yarasheski K, Swarm R, Jasielec MS, Fisher JR, Ficker WD, Yan P, Xiong C,
Frederiksen C, Grzelak MV, Chott R, Bateman RJ, Morris JC, Mintun MA, Lee J-M, Cirrito JR,
2014. An antidepressant decreases CSF AB production in healthy individuals and in transgenic AD
mice. Sci. Transl. Med 6 (236). doi:10.1126/scitransImed.3008169, 236re4.

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parent et al.

Page 18

Snyder HR, Friedman NP, Hankin BL, 2019. Transdiagnostic mechanisms of psychopathology in
youth: executive functions, dependent stress, and rumination. Cognit. Ther. Res 43 (5), 834-851.
doi:10.1007/s10608-019-10016-z.

Snyder HR, Hankin BL, 2016. Spiraling out of control: stress generation and subsequent rumination
mediate the link between poorer cognitive control and internalizing psychopathology. Clin.
Psychol. Sci 4 (6), 1047-1064. doi:10.1177/2167702616633157. [PubMed: 27840778]

Sotiropoulos I, Catania C, Pinto LG, Silva R, Pollerberg GE, Takashima A, Sousa N, Almeida OFX,
2011. Stress acts cumulatively to precipitate Alzheimer’s disease-like tau pathology and cognitive
deficits. J. Neurosci 31 (21), 7840-7847. doi:10.1523/JNEUROSCI.0730-11.2011. [PubMed:
21613497]

Steinbusch HW, 1981. Distribution of serotonin-immunoreactivity in the central nervous system of the
rat-cell bodies and terminals. Neuroscience 6 (4), 557-618. doi:10.1016/0306-4522(81)90146-9.
[PubMed: 7017455]

Sutin AR, Terracciano A, Deiana B, Naitza S, Ferrucci L, Uda M, Schlessinger D, Costa PT, 2010.
High neuroticism and low conscientiousness are associated with interleukin-6. Psychol. Med 40
(9), 1485-1493. d0i:10.1017/S0033291709992029. [PubMed: 19995479]

Tekin I, Roskoski R, Carkaci-Salli N, Vrana KE, 2014. Complex molecular regulation of tyrosine
hydroxylase. J. Neural. Transm 121 (12), 1451-1481. doi:10.1007/s00702-014-1238-7. [PubMed:
24866693]

Terracciano A, Bilgel M, Aschwanden D, Luchetti M, Stephan Y, Moghekar AR, Wong DF, Ferrucci
L, Sutin AR, Resnick SM, 2022. Personality associations with amyloid and tau: results from
the baltimore longitudinal study of aging and meta-analysis. Biol. Psychiatry 91 (4), 359-369.
doi:10.1016/j.biopsych.2021.08.021. [PubMed: 34663503]

Terracciano A, Sutin AR, An'Y, O’Brien RJ, Ferrucci L, Zonderman AB, Resnick SM, 2014.
Personality and risk of Alzheimer’s disease: new data and meta-analysis. Alzheimer’s Dement.
10 (2), 179-186. doi:10.1016/j.jalz.2013.03.002. [PubMed: 23706517]

Tochigi M, Otowa T, Hibino H, Kato C, Otani T, Umekage T, Utsumi T, Kato N, Sasaki T, 2006.
Combined analysis of association between personality traits and three functional polymorphisms
in the tyrosine hydroxylase, monoamine oxidase A, and catechol-O-methyltransferase genes.
Neurosci. Res 54 (3), 180-185. doi:10.1016/j.neures.2005.11.003. [PubMed: 16360899]

Turiano NA, Mroczek DK, Moynihan J, Chapman BP, 2013. Big 5 personality traits and interleukin-6:
evidence for “Healthy Neuroticism” in a U.S. population sample. Brain Behav. Immun 28, 83-89.
doi:10.1016/j.bbi.2012.10.020. [PubMed: 23123863]

Unsworth N, Robison MK, 2017. A locus coeruleus-norepinephrine account of individual differences
in working memory capacity and attention control. Psychon. Bull. Rev 24 (4), 1282-1311.
d0i:10.3758/S13423-016-1220-5, 2017 24:4. [PubMed: 28108977]

Valenzuela MJ, Sachdev P, 2007. Assessment of complex mental activity across the lifespan:
development of the lifetime of experiences questionnaire (LEQ). Psychol. Med 37 (7), 1015-1025.
d0i:10.1017/S003329170600938X. [PubMed: 17112402]

Villeneuve S, Rabinovici GD, Cohn-Sheehy BI, Madison C, Ayakta N, Ghosh PM, La Joie R, Arthur-
Bentil SK, Vogel JW, Marks SM, Lehmann M, Rosen HJ, Reed B, Olichney J, Boxer AL, Miller
BL, Borys E, Jin L-W, Huang EJ, ... Jagust W, 2015. Existing Pittsburgh Compound-B positron
emission tomography thresholds are too high: statistical and pathological evaluation. Brain 138
(Pt7), 2020-2033. doi:10.1093/brain/awv112. [PubMed: 25953778]

Wallace DM, Magnuson DJ, Gray TS, 1989. The amygdalo-brainstem pathway: selective innervation
of dopaminergic, noradrenergic and adrenergic cells in the rat. Neurosci. Lett 97 (3), 252-258.
doi:10.1016/0304-3940(89)90606-X. [PubMed: 2717061]

Wirth M, Madison CM, Rabinovici GD, Oh H, Landau SM, Jagust WJ, 2013. Alzheimer’s
disease neurodegenerative biomarkers are associated with decreased cognitive function but not-
amyloid in cognitively normal older individuals. J. Neurosci 33 (13), 5553-5563. doi:10.1523/
JNEUROSCI.4409-12.2013. [PubMed: 23536070]

Wright TJ, Boot WR, Morgan CS, 2013. Pupillary response predicts multiple object tracking load,
error rate, and conscientiousness, but not inattentional blindness. Acta Psychol. (Amst.) 144 (1),
6-11. doi:10.1016/j.actpsy.2013.04.018. [PubMed: 23743340]

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Parent et al. Page 19

Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, Leirer VO, 1982. Development
and validation of a geriatric depression screening scale: a preliminary report. J. Psychiatr. Res
doi:10.1016/0022-3956(82)90033-4.

Zufferey V, Donati A, Popp J, Meuli R, Rossier J, Frackowiak R, Draganski B, von Gunten A,
Kherif F, 2017. Neuroticism, depression, and anxiety traits exacerbate the state of cognitive
impairment and hippocampal vulnerability to Alzheimer’s disease. Alzheimer’s Dement. 7, 107—
114. doi:10.1016/j.dadm.2017.05.002.

Neuroimage. Author manuscript; available in PMC 2023 May 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Parent et al. Page 20

47- A FTPscan

46 & FMTscan

| PiB positive scan
434 [ PiB negative scan

|

v

{1l

1

[T p

Subject ranking

I lTT!LI.;IgTIITTLLT!L. | I7%

E A

-1000 -500 0 500 1000
Time from FMT scan (days)

Fig. 1. Plot of the time from FMT scan.

Individual subject data are plotted to display the temporal relationship of FTP PET (blue),
PiB negative PET (green), and PiB positive PET (red) relative to FMT PET (pink). Subjects
are ranked by LC FMT value for (1 = lowest, 47 = highest). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. Relationships among neuroticism, FMT, and Geriatric Depression Risk.
(A) Scatterplot of correlation between neuroticism and GDS scores. (B) dorsal raphe (blue)

and locus coeruleus (LC) (green) regions-of-interest overlayed on sample-specific older
adult template brain. (C-D) Scatterplots show LC FMT relationship with neuroticism (C)
and GDS (D). (E-F) Scatterplots show dorsal raphe FMT relationship with neuroticism
(E) and GDS (F). 90% confidence intervals are depicted. Circles indicate PiB negative
individuals, triangles indicate PiB positive individuals. *p < .05, **p < .01, ***p < .001.
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(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Relationships among neuroticism, FMT and amygdala FTP.
(A) Scatterplot of correlation between neuroticism and amygdala FTP. (B) Scatterplot of

correlation between GDS and amygdala FTP. (C) Scatterplots show LC FMT relationship
with amygdala FTP. (D) Scatterplots show raphe FMT relationship with amygdala FTP.

90% confidence intervals are depicted. Circles indicate PiB negative individuals, triangles
indicate PiB positive individuals. *p < .05.
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Fig. 4. Relationships among conscientiousness, LC FMT, and amygdala FTP.
(A) Scatterplot of correlation between conscientiousness and GDS. (B) Scatterplot of

correlation between conscientiousness and LC FMT. (C) Scatterplot of the relationship
between conscientiousness and amygdala FTP. 90% confidence intervals are depicted.
Circles indicate PiB negative individuals, triangles indicate PiB positive individuals. *p <
.05, **p < .01.
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Fig. 5. Bidirectional model of locus coeruleus catecholamine synthesis and personality traits.
We propose that relations between personality traits and catecholamine synthesis in the locus

coeruleus (LC) has several implications in aging. Personality traits that affect an individual’s
sensitivity or exposure to stress may contribute to reductions in LC catecholamine synthesis.
Altered LC catecholamine function and engagement of LC-amygdala pathways may

then result in increased tau accumulation in the amygdala. Additionally, amygdala tau
accumulation may cause decreases in LC catecholamine synthesis, which, in turn, may alter
cognitive and affective function. NE = norepinephrine.
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