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Abstract

Objective: Previous research reported an age-related decline in brain norepinephrine transporter
(NET) using (S,S)-[11C]O-methylreboxetine ([11C]MRB) as a radiotracer. Studies with the same
tracer have been mixed in regards to differences related to body mass index (BMI). Here, we
investigated potential age-, BMI-, and gender-related differences in brain NET availability using
[11C]MRB, the most selective available radiotracer.

Method: Forty-three healthy participants (20 females, 23 males; age range 18-49 years),
including 12 individuals with normal/lean weight, 15 with overweight, and 16 with obesity were
scanned with [11C]MRB using a positron emission tomography (PET) high-resolution research
tomograph (HRRT). We evaluated binding potential (BPyp) in brain regions with high NET
availability using multilinear reference tissue model 2 (MRTM2) with the occipital cortex as

a reference region. Brain regions were delineated with a defined anatomic template applied to
subjects’ structural MR scans.

Result: We found a negative association between age and NET availability in the locus coeruleus,
raphe nucleus, and hypothalamus, with a 17%, 19%, and 14% decrease per decade, respectively, in
each region. No gender or BMI relationships with NET availability were observed.

Conclusion: Our findings suggest an age-related decline, but no BMI- or gender-related
differences, in NET availability in healthy adults.

Data Availability Statement: The authors confirm that the data supporting the findings of this
study are available within the article and its supplementary materials.
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Relationships between brain [11C]MRB binding, a norepinephrine transporter marker,
and age, BMI, and gender
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Introduction

The norepinephrine transporter (NET) is a transmembrane protein that is the principal
regulator in norepinephrine (NE) synapses. There is evidence of NET involvement in
various neuropsychiatric conditions, such as Parkinson’s disease (McMillan et al., 2011),
Alzheimer’s disease (Szot et al., 2000), epilepsy (Kaminski et al., 2005), depression (Klimek
etal., 1997), attention deficit hyperactivity disorder (ADHD) (Sigurdardottir et al., 2021),
stress-related disorders (Miner et al., 2006), and psychostimulant abuse (Weinshenker and
Schroeder, 2007).

Given the importance of NET in neuropsychiatric conditions, positron emission tomography
(PET) has the opportunity to quantify /7 vivo NET availability in the brain and may

offer important insight into conditions with reduced NET availability like ADHD (Ulke et
al,2019) or increased availability such as patients with major depressive disorder (Moriguchi
etal, 2017). Among available radioligands, (S, S)-[11C] O methylreboxetine ([11C]MRB)
has shown the most promise for studying brain NET distribution and may provide insight
into other important individual differences (Ding et al., 2005; Ding et al., 2006).

While NE is a vital neurotransmitter with wide distribution in the brain, the locus coeruleus
(LC) is recognized as the substantial producer of NE (Lorang et al., 1994) with projections
to other areas. Several histopathologic studies have revealed decreases in the number of

LC neurons in the brain with aging (Manaye et al., 1995; Chan-Palay and Asan, 1989;
Vijayashankar and Brody, 1979). Likewise, an [11C]MRB PET study in cocaine use disorder
showed decreased binding potential (BPyp) with aging in a limited number of control
participants (N=12) in the LC, pulvinar, and hypothalamus (Ding et al., 2010).
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NE has been implicated in disorders with gender-related differences, like depression and
anxiety. Thus, considering gender in NET studies is important. Preclinical studies have
reported sex hormones’ influences on brain NET expression and hypothesized that gonadal
hormones affect NE activity, and in response, NE is involved in gonadal steroid feedback
on secretion of luteinizing hormone (Shang and Dluzen, 2002; Yang et al., 1997). To our
knowledge, however, this is the first study investigating whether gender-related differences
in NET availability exist in the human brain /n vivo.

Likewise, relationships between NET and body mass index (BMI) have attracted attention,
in part due to NE and dopamine involvement in feeding behavior and biology. Several PET
studies have examined BMI in brain NET using [11C]MRB. One of these conducted at
Yale found between group differences between obese and normal/lean weight individuals
in the thalamus, but not in other regions (Li et al., 2014). Another study with the same
tracer performed by Hesse and colleagues did not find significant differences people with
and without obesity (Bresch et al., 2017a, Hesse et al., 2017). Interestingly, the same group
found within-obesity-group relationships with [11C]MRB BPyp values suggestive of NET
involvement in eating behaviors like emotional eating and susceptibility to hunger (Bresch
etal., 2017b; Bresch et al., 2017a). They also suggested that NET availability might be
helpful as a biomarker for predicting outcomes to dietary interventions, which could inform
individualized treatment of obesity (Vettermann et al., 2018).

In the present study, we investigated the relationships between age, gender, and BMI and
brain NET binding in healthy individuals using [11C]MRB.

PET data of forty-three healthy subjects (20 female, 23 male; age range 18-49 years),
including 12 with normal/lean BMI, 15 with overweight, and 16 with obesity, with mean
BMI scores of 23.28 + 1.2; 26.7+1.3 and 34.7+2.9 respectively. Gender distribution in each
BMI group was 4 females and 8 males in the normal weight group, 8 females and 7 males
in the overweight group and 8 females and 8 males in the obese group (Supplementary
table 2). Subjects were obtained from unpublished and previous studies (Li et al., 2014;
Hannestad et al., 2010). All participants underwent a comprehensive medical assessment
and were free of present or past major medical illnesses, including significant neurological
and psychiatric disorders. Subjects reported no history of substance use, had negative urine
toxicology tests at the time of the PET scan and had no contraindications for MRI scans.
The study was administered under protocols approved by the Yale Human Investigation
Committee, the Yale University Radiation Safety Committee, and the Yale MRI Safety
Committee. All participants signed an informed consent after a thorough explanation of the
study procedures.

PET Imaging:

[L1CIMRB was prepared as previously described (Ding et al., 2003). Subjects underwent
120 minutes of emission scanning using a High-Resolution Research Tomograph (HRRT)
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scanner (207 slices, resolution 2.5 mm FWHM in 3D acquisition mode). For attenuation
correction, transmission scans with an orbiting 137Cs point source were acquired before
radiotracer injection. For each subject, a bolus dose of 596150 (mean + SD) MBq
[L1CIMRB was injected through a venous catheter in 2 minutes. Measurements from the
Vicra (NDI systems, Waterloo, Canada), a motion-tracking tool, were used for motion
correction. PET imaging was performed in list mode with the time frame of 6 x 30 s;

3 x 1min; 2 x 2min, 22 x 5 min. Dynamic images were reconstructed using ordered
subset expectation maximization (OSEM, 2 iterations, and 30 subsets) and corrected for
attenuation, normalization, scatter, random events, dead time, and event-by-event motion
using the Motion-compensation OSEM List-mode Algorithm for Resolution-recovery
Reconstruction (MOLAR) algorithm, as previously described (Carson et al., 2003).

MRI imaging:
Structural T1-weighted MRI imaging was performed on a Siemens 3-Tesla scanner (Trio
or Prisma; Siemens AG, Erlangen, Germany) with a circularly polarized head coil for
anatomical co-registration with PET imaging. The 3-dimensional acquisition parameters
were 256 - 256 - 176, and the voxel size of the MR image was 0.98 - 0.98 - 1.0 mm.

Image analyses:

A summed PET image (0-10 min after injection) was coregistered to the subject’s MRI,
then linearly registered to an MRI template to identify regions of interest (ROIs) based on
the Automated Anatomical Labeling template (AAL) (Tzourio-Mazoyer et al., 2002). Brain
regions were incorporated into the template after being hand-drawn on the generated average
PET image (Ding et al., 2010). A normalized mutual information algorithm was used

for the transformation (FLIRT, http://www.fmrib.ox.ac.uk/analysis/research/flirt). Regional
nondisplaceable binding potential (BAyp) was quantified using the occipital cortex as a
reference region as has been previously done. No effects were seen in the reference region
in relation to age or BMI (Hannestad et al., 2010). The multilinear reference tissue model 2
(MRTMZ2; Ichise et al., 2003) was applied for parametric images of binding potential. Areas
with the highest BPyp values were included: LC, pulvinar, raphe nucleus, red nucleus,
thalamus, and hypothalamus.

Statistical analysis:

NET availability levels were assessed for normality prior to analysis using normal
probability plots and the Kolmogorov test statistics. The outcome was approximately
normal. A linear mixed model was utilized to investigate the association between

BP\p values and age, gender, and BMI. As the injection dose (596+150 MBq) was
significant in regards to the primary outcomes (F(1,38)= 4.8, p=0.03), we used it as a
covariate in all mixed model analyses. To account for within-subject correlations, three
variance-covariance structures were fit to the data (unstructured, compound symmetry,

and heterogeneous compound symmetry). According to the Bayesian information criterion
(BIC), an unstructured variance-covariance fit the data best. All analyses were conducted
using SAS, version 9.1 (SAS Institute Inc.). Potential associations between BFAyp values and
age, gender and BMI were estimated using Pearson correlations.

Synapse. Author manuscript; available in PMC 2024 September 01.


http://www.fmrib.ox.ac.uk/analysis/research/flirt

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koohsari et al.

Results

Page 5

A significant region by age interaction was observed (F(5, 38) = 2.55, p = 0.044). Mean
levels of [L1IC]JMRB BAyp values for all regions, slopes estimated from the model, and
correlations with age are reported in Table 1. A statistically significant negative association
was observed between age and NET availability in the hypothalamus (1(38) = -2.49,

p =0.0174), LC (t(38) = —3.02, p = 0.0045), and raphe nucleus (t(38) = -3.85, p =

0.0004) (Supplementary fig. 1). The average decline per decade is shown in Table 1, and
Figure 1 shows age relationships with LC BFAyp values. BMI demonstrated no significant
relationship with NET availability in any brain region. Likewise, there were no significant
differences between males and females in NET availability. For detailed information, see the
supplementary data.

Discussion

To our knowledge, this is the largest sample to date measuring NET in the brain of healthy
individuals. Aligned with a previous study (Ding et al., 2010), lower NET availability was
seen with aging in several NE-rich brain regions, including the hypothalamus, raphe nucleus,
and LC, while no age effect is seen on thalamus or red nucleus (Loughlin et al.,1986).

It is unclear whether this decrease in BAyp is due to a decline in the number of neurons

or a change in function in those regions. While some postmortem studies have shown a
significant loss of LC neurons with aging (Manaye et al., 1995), others using stereological
quantification did not replicate this finding (Mouton et al., 1994), although it is possible
that structural change occurs without a significant change in LC cell number (e.g., axonal
arborization). Although an indirect measure, in vivo MRI studies measuring LC signal
intensity using the neuromelanin-sensitive MRI technique also had equivocal outcomes,
with some studies suggesting age-related changes in subregions of the LC rather than the
whole region (Liu et al., 2019; Dahl et al., 2019; Clewett et al., 2016). Additionally, there
is an age-related decline in the activation of LC neurons and change in LC functional
connectivity (Zhang et al, 2016). These mixed findings suggest the possibility of changes in
NE function where [11C]MRB binding could be reduced even without a noticeable decline
in neurons or synaptic terminals. This effect might be due to the progressive enveloping

of LC terminals with aging (Iwanaga et al., 1996), which might make NET less visible to
radioligands. This phenomenon is associated with compensatory downregulation of other
molecules involved in the synthesis of NE (Downs et al., 2007), which might lead to a
compensatory downregulation of NET itself.

Further investigations on brain NET availability aiming for subjects with wider age ranges
would be helpful in understanding age-related changes particularly among older adults.
Additionally, age-related declines in NET availability need further investigation regarding
the underlying mechanism and the role of NET in older adults in cognitive aging and in the
pathophysiology of Alzheimer’s disease and related dementias (Peterson and L.i,2018).

Consistent with most of the previous findings (with the exception of the thalamus in Li et al.,
2014) we did not find differences in BPyp between subjects in the obesity and normal/lean
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groups in any regions (supplementary fig. 2/table 1) (Bresch et al., 2017a, Hesse et al.,
2017). While this might provide solid evidence of a lack of a relationship, it is important to
note that although [11C]MRB is the best available tracer for measuring NET availability, the
binding potential values are relatively low and do not have the characteristics of an optimally
desirable tracer with higher specific binding. Thus, with low levels of nondisplaceable
binding and small regions of interest, there is a higher probability of artifact that may make
it challenging to replicate results. In this cohort, the reference region did have a correlation
with BMI (0.459, p=0.002) and the time activity curves were lower in obese individuals,
which may make the parametric images noisier in this population and therefore more subject
to artifact. Relatedly, the Li paper (Li et al., 2014) and the current work have methodigocal
differences as the input images are smoothed to different voxel sizes (3 voxels in the current
work, 5 voxels in the previous study) and the kinetic modelling rate constant k2’ is estimated
by MRTM2 currently, while it was a fixed constant previously. These methodical differences
between manuscripts do not seem to change the overall BMI results as data processed both
ways were similar.

This is the first PET study investigating gender-related differences in NET availability in the
healthy human brain. With a relatively even distribution (47% female and 53% male), we
did not observe any significant between-group differences in [LLC]MRB binding in explored
brain regions (supplementary fig. 3). Previously, gender-related differences were found in
brown adipose tissue (Hwang et al.,2015), with men having higher [11C]MRB uptake. Also,
in a murine study (Mulvey et al.,2018), molecular and functional sex differences in the LC
were found, leaving the possibility that there might be anatomic and species-specific sex
differences in NE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Scatterplot of BAyp versus age (in years) in the locus coeruleus. The dashed line shows the
Pearson correlation: R= —0.36, P<0.01
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TABLE 1.

Mean values, slope between age and regional [11C]MRB BAyp. Correlations with age and BA\p and average
decreases per decade are shown. The Pr (>[t|) column represents the p-value associated with the t value.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Region BP np Slope Pr>|t| PearsonR Decrease per decade
Mean SD Estimate Standard Error

Hypothalamus  0.6169 0.2903 -0.01234 0.004962 0.0174 -0.3 -14%
Locus coeruleus  0.5082 0.2701 -0.01329 0.004399  0.0045 -0.36 -17%
Red nucleus 0.4765 0.2656 —-0.00594 0.004799  0.2232 -0.12 7%
Pulvinar 0.5416 0.2252 -0.0059 0.003962  0.1448 -0.14 -6%
Raphe nucleus 0.671  0.3246 -0.01923 0.004996  0.0004 -0.46 -19%
Thalamus 0.4934 0.1721 -0.00498 0.003114 0.1181 -0.14 -5%
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