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Abstract.

Background: Alzheimer’s disease (AD) pathology is considered to begin in the brainstem, and cerebral microglia are known
to play a critical role in AD pathogenesis, yet little is known about brainstem microglia in AD. Translocator protein (TSPO)
PET, sensitive to activated microglia, shows high signal in dorsal brainstem in humans, but the precise location and clinical
correlates of this signal are unknown.

Objective: To define age and AD associations of brainstem TSPO PET signal in humans.

Methods: We applied new probabilistic maps of brainstem nuclei to quantify PET-measured TSPO expression over the whole
brain including brainstem in 71 subjects (43 controls scanned using !'C-PK11195; 20 controls and 8 AD subjects scanned
using ''C-PBR28). We focused on inferior colliculi (IC) because of visually-obvious high signal in this region, and potential
relevance to auditory dysfunction in AD. We also assessed bilateral cortex.

Results: TSPO expression was normally high in IC and other brainstem regions. IC TSPO was decreased with aging (p = 0.001)
and in AD subjects versus controls (p =0.004). In cortex, TSPO expression was increased with aging (p =0.030) and AD
(p=0.033).

Conclusions: Decreased IC TSPO expression with aging and AD—an opposite pattern than in cortex—highlights under-
appreciated regional heterogeneity in microglia phenotype, and implicates IC in a biological explanation for strong links
between hearing loss and AD. Unlike in cerebrum, where TSPO expression is considered pathological, activated microglia
in IC and other brainstem nuclei may play a beneficial, homeostatic role. Additional study of brainstem microglia in aging
and AD is needed.
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INTRODUCTION

" - - - Microglia, the brain’s resident immune cell, are
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dence of neuroinflammation, can be visualized in
vivo using positron emission tomography (PET) with
radiotracers sensitive to the 18 KDa translocator pro-
tein (TSPO.) TSPO PET has demonstrated increased
TSPO expression in cortical and subcortical cerebral
regions in patients with AD and other disorders, as
well as in normal aging [3-10].

Although not typically reported in publications,
we have noticed over decades of disease-focused
TSPO PET studies that that there is consistent, promi-
nent TSPO PET signal in the brainstem in individual
scans from both healthy controls and patients with
various disorders. When whole-brain, within-group
results are presented, a pattern of TSPO expression
extending from diencephalon to brainstem is obvious
(e.g., Extended Data Fig. 4 in Pascoal et al. [5]) with
especially prominent signal in dorsal midbrain in the
region of the inferior colliculi, a critical hub for early
auditory processing.

The purpose of this project is to investigate, for the
first time, brainstem TPSO PET signal in humans,
and its possible associations with age and AD. This
is important because the AD disease process is con-
sidered to start in the brainstem with tau deposition in
locus coeruleus [11-13], so understanding the role of
activated microglia in this region would be expected
to provide much-needed insight into early AD patho-
genesis.

In addition, the apparent location of peak TSPO
PET signal in the region of inferior colliculi could be
relevant to extremely strong links between auditory
dysfunction and AD and other dementias [14-17].
The mechanisms linking hearing loss and AD are
considered multifactorial and bi-directional, with
social/emotional and biological etiologies, and dys-
function of both peripheral and central auditory
systems. Based on the role of activated microglia in
mediating neuroplasticity through synaptic stripping
and remodeling [18], high TSPO PET signal in IC
could reflect a neuroplastic response to peripheral
hearing loss, which is inevitable with aging [19-21].
Microglial-mediated changes to central auditory
structures in response to altered auditory input have
been demonstrated in animal models [22-24].

These currently unlinked lines of evidence: 1)
increasing recognition of a critical role for cerebral
microglia in AD pathogenesis [1, 2], 2) strong, multi-
factorial links between auditory dysfunction and AD
[14-16], 3) inevitable age-related peripheral auditory
dysfunction and animal studies showing microglia
involvement in auditory brainstem remodeling
required by peripheral changes [22—24] motivated us

to examine brainstem TSPO PET signal commonly
seen in humans more closely. Specifically, we
wanted to clarify the neuroanatomic localization of
brainstem TSPO signal using recently-developed
probabilistic maps of brainstem nuclei [25-27] and
we wanted to assess associations with age and neu-
rodegeneration. To assess age effects, we analyzed
a dataset of healthy subjects (n=43) ranging in
age from 23-78 scanned using the first generation
TSPO radiotracer 'C-PK11195 (PK). To assess
the effect of AD, we analyzed a dataset consisting
of age-matched subjects (n=28) with and without
AD scanned using the second generation TSPO
radiotracer ''C-PBR28 (PBR28) [5]. We focused
on inferior colliculi, a critical hub for early auditory
processing. Our tentative hypothesis was that TSPO
signal in IC would increase with normal aging and be
greater in AD patients as compared to age-matched
controls. As a comparator region, we also examined
TSPO expression in cortex. Increased cortical TSPO
expression is a common (though not universal [7])
finding in TSPO PET studies of aging and AD [5-10].
In exploratory analyses, we quantified age-related
and AD vs control differences in TSPO expression
and regional volume in all available atlas-defined
cerebral and brainstem regions [25-27].

MATERIALS AND METHODS

PK PET subjects

Subjects (n=43) underwent PK PET as healthy
controls for several different studies conducted at
Weill Cornell Medicine between 2013 and 2019.
All subjects were cognitively normal and free
from significant medical or neurologic disease
including substance abuse. Common medical con-
ditions in older subjects such as hypertension and
hypercholesteremia, and medication to treat these
conditions, were not exclusionary. No subjects were
taking anti-inflammatory medication. All studies
were approved by the Weill Cornel Medicine Institu-
tional Review Board. All subjects provided informed
consent to participate in a disease-focused research
study and for their data to be included in a registry for
future analyses such as this one. Age and sex effects
in cerebrum (but not brainstem) in this dataset have
been previously reported [3].

PBR28 PET subjects

Subjects (n=28) underwent PBR28 PET between
2018 and 2019 as part of the Translational Biomark-



T. Butler et al. / Activated Brainstem Microglia 309

ers of Aging and Dementia (TRIAD) study conducted
at McGill University. Subjects consisted of 20 cog-
nitively normal controls and 8 subjects diagnosed
with AD by a physician using accepted criteria.
AD subjects had a positive amyloid-B PET scan
and a CDR score between 0.5 and 2. Cognitively
normal subjects had no objective cognitive impair-
ment and a CDR score of 0. All subjects were free
from significant medical or neurologic disease (other
than AD). No subjects were taking anti-inflammatory
medication. All subjects were high affinity binders
based on Ala147Thr polymorphism of the TSPO gene
(rs6971.) The study was approved by the Douglas
Mental Health University Institute Research Ethics
Board and written informed consent was obtained
from all participants.

PK PET image acquisition

PET images were acquired over 1h in list mode
starting at the time of injection of of ~500MBq
of ''C-PK11195 on a whole body Siemens Bio-
graph PET-CT scanner. The axial field of view
(FOV) was 16.2 cm. Using the ordered subset expec-
tation maximization (OSEM) method provided by
the manufacturer, list mode PET data were recon-
structed into a 400 x 400 matrix with a voxel size of
1.02 x 1.02 x 2.03mm?> and binned into 22 frames
(four frames of 15s each, then 4 x 30s, 3 x 60s,
2 x 1205, 8 x 300s, and 1 x 600s). Reconstruction
included attenuation correction based on CT and
smoothing using a FWHM 4 mm Gaussian kernel.
All frames were used in dynamic analysis. Addi-
tional PET acquisition details are available in other
publications [3].

PBR28 PET image acquisition

PET images were acquired over 90min in list
mode after injection of ~370 MBq of ''C-PBR28
on a Siemens high-resolution research tomograph.
The axial field of FOV was 25.2cm. Using the
OSEM method provided by the manufacturer, list
mode PET data were reconstructed into a 256 x 256
matrix with a voxel size of 1.22 mm isotropic and
binned into 28 frames (4 x 10s, 4 x 20s, 3 x 40s,
3x60s, 4x120s, 5x300s, 5x600s). Recon-
struction included attenuation correction based on a
6-min transmission scan with a rotating '3’Cs point
source performed at the end of each PET emission
acquisition, and smoothing using a FWHM 2 mm
Gaussian kernel. Only the last 3 frames correspond-

ing to 60-90 min post-injection were used in analysis.
Additional PET acquisition details are available in
other publications [5].

MRI acquisition

For the PK PET dataset, three-dimensional volu-
metric T1 weighted MR images were acquired using
a GE Signa or Siemens 3T scanner. For the PBR PET
dataset, a Siemens 3T TRIO scanner was used. Addi-
tional MRI acquisition details are available in other
publications [3, 5].

PK PET image processing

PK PET images were motion corrected and linearly
co-registered to MRI using MCFLIRT [28] within
FSL [29]. Binding Potential (BPnd) images reflect-
ing the concentration of TSPO expressed by activated
microglia, irrespective of tracer delivery/blood flow,
were generated from dynamic PET using a multilin-
ear reference tissue model [3, 4, 30] implemented
in the freely available software package FireVoxel
(https://firevoxel.org.) The reference tissue time-
activity curve was identified via optimized supervised
cluster analysis (SVCA) [31]. This method identi-
fies gray matter voxels to serve as the reference for
modeling, since no brain region is devoid of PK bind-
ing to serve as a true anatomic reference region. We
recorded the number of voxels in the reference region
identified by SVCA for each subject. This is con-
sidered the optimal method for analyzing PK PET
scans [32]. Each subject’s T1 MRI was linearly co-
registered to his/her BPnd image with rigid body
transformation in FSL.

PBR28 PET image processing

PBR PET images were processed (motion cor-
rected, co-registered) as described above for PK
PET scans. SUVr 60-90 min images were calculated
using cerebellar gray matter as a pseudo-reference
region. This method for quantifying PBR PET has
been shown to provide accurate results as compared
to fully quantitative modeling with invasive arterial
input function [33].

Normal pattern of TSPO expression
To visualize the normal pattern of TSPO expres-

sion, MRI scans were warped to Montreal Neurologic
Institute (MNI) standard space using Advanced Neu-
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roimaging Tools [34]. MRI-derived normalization
parameters were applied to co-registered PET images
to bring them into standard space. Statistical Para-
metric Mapping [35] (SPM 12) was used to generate
images corresponding to average TSPO expression
in normal subjects in the PK and PBR28 datasets
(separately.)

Regional TSPO PET quantification

TSPO expression (BPnd for PK, SUVr for PBR28)
in the bilateral inferior colliculi ROI, as well as
in other brainstem regions, was quantified using
BrainstemNavigator [25-27], a probabilistic brain-
stem atlas based on histology (https://www.nitrc.org/
projects/brainstemnavig.) Brainstem masks were
thresholded at 50%. After warping each subject’s
MRI to MNI standard space [34], the inverse warp-
ing fields were applied to the masks to quantify TSPO
in each subject’s co-registered PET. Individual scans
were reviewed in native space to ensure correct local-
ization of brainstem and in particular inferior colliculi
masks.

TSPO expression in the bilateral cortical ROI,
as well as in other cerebral gray matter regions,
was quantified using Freesurfer [36]. ROIs were
defined on MRI and transformed to PET space
using the inverse transformation matrix from the co-
registration step. ROIs were eroded slightly (1 mm in
cortex, 2mm in subcortical regions in 2D) to min-
imize partial volume effects, in accord with prior
studies [37-39].

MRI regional volume calculation

MRI volume of IC (and other brainstem regions)
thresholded at 50% were quantified in subjects’
native space using BrainstemNavigator [25-27]. For
normalization purposes, total intracranial volume
(TICV) was measured using SPM [35].

Statistical methods

Analyses were performed using R and SPSS ver-
sion 26. For normally-distributed variables (assessed
via Shapiro-Wilk test) we assessed correlations
using Pearson test and group differences using t-test
and analysis of covariance. For non-normally dis-
tributed data, we either log-transformed the data or
used nonparametric tests (Spearman for correlation;
Mann-Whitney for group comparisons). All model
assumptions were checked. Results in the inferior

colliculi and cortex regions of a priori interest were
considered significant at p <0.05, uncorrected for
multiple comparisons.

PK PET analyses

In the PK dataset, we assessed the correlation
between age and regional PK BPnd in bilateral infe-
rior colliculi and cortex. Fisher’s z test was used to
determine if these correlations differed from each
other.

We also assessed age correlations when controlling
for potentially relevant biologic and methodologic
variables. We performed separate partial correlation
analyses controlling for the following variables: body
mass index (BMI), a factor previously shown to affect
TSPO PET results [10]; MRI-measured volumes
(normalized by TICV) of the ROIs, since atro-
phy/partial volume effects could affect PET results;
and the size (number of voxels) of the SVCA-
generated reference region used to calculate PK
BPnd.

PBR PET analyses

In the PBR dataset, possible age and BMI dif-
ferences between AD subjects and controls were
assessed using 7-test.

Separate analyses of (co)variance were used to
compare PBR SUVr in bilateral inferior colliculi and
cortex between AD subjects and controls.

This group comparison was also performed when
covarying for age and for the potentially relevant bio-
logic and methodologic variables described above for
PK PET analyses: BMI and MRI-measured regional
volume (SVCA was not used for PBR PET).

MRI volumetric analyses

For MRI volumetric analysis, we combined across
the two datasets since there were no significant acqui-
sition differences. In normal subjects (n=63), we
assessed the partial correlation (controlling for TICV)
between age and inferior colliculi volume (based on
50% thresholded probabilistic mask) and cortex vol-
ume. Using ANCOVA we compared inferior colliculi
and cortex volume between AD subjects (n=8) and
controls (n =63) while controlling for age and TICV.

Exploratory analyses in additional brain regions

We report results of exploratory analyses out-
side the inferior colliculi and cortical ROlIs.
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This includes 39 additional Brainstem Navigator-
defined bilateral or midline regions (listed at
nitrc.org/projects/brainstemnavig) and 6 Freesurfer-
defined bilateral subcortical regions (amygdala,
hippocampus, globus pallidus, thalamus, caudate and
putamen). Results of exploratory analyses were con-
sidered significant at p <0.05, corrected for multiple
comparisons using Bonferroni method.

RESULTS
Subject demographics

Subject demographics are presented in Table 1. In
the PBR dataset, AD and control subjects did not dif-

fer significantly by age (#=0.783, p=0.452) or BMI
(t=0.743, p=0.464). One AD subject had CDR =2,
three had CDR =1, and the rest had CDR =0.5.

Normal pattern of brainstem TSPO expression

Figure 1 shows the normal, group average pat-
tern of TSPO expression obtained using both PK and
PBR28 PET, with prominent signal in dorsal mid-
brain colliculi. High signal is also present diffusely in
brainstem. MNI coordinates of regions of peak signal
within these regions are presented in Table 2. Brain-
stem regions appear to correspond to multiple nuclei
of the reticular formation.

Subject Demographics
Age Sex (% female) AR+ E4+ BMI
PK Control (n=43) 55.0 (23-78; sd 15.9) 44% F Not assessed Not assessed 26.7 (18.6-37.5, sd 4.3)

PBR28 Control (n=20)

PBR28 AD (n=8) 71.0 (57.1-78.6; sd 7.8)

73.4 (65.3-85.7;5d 5.5) 75% F
62.5% F

2 (10%) 4. (20%)
8 (100%) 2 (25%)

25.8(17.3-32.8,sd 3.7)
24.5 (17.2-31.0, sd 4.5)

-
>
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Fig. 1. Normal, whole-brain pattern of TSPO expression measured using PET. Group average TSPO PET images in MNI space are
overlaid onto T1 template MRI. A) PK PET BPnd in 43 healthy subjects. B) PBR28 PET SUVr in 20 healthy subjects. Note prominent high
signal in dorsal midbrain colliculi (circled on sagittal view) using both TSPO tracers. High signal is also visible in thalamus and diffusely
in midbrain, pons and medulla. MNI coordinates of regions of peak signal are presented in Table 2. Brainstem regions of high signal appear

to correspond to multiple nuclei of the reticular formation.



312 T. Butler et al. / Activated Brainstem Microglia

Table 2
Regions of normally high TSPO expression in human brain based on 43 normal subjects scanned using ''C-PK 11195 (PK) and 20 normal
subjects scanned using ! C-PBR28 (PBR). MNI coordinates of local maxima based on averaged scan data are provided

Region MNI coordinates (X,y,z); peak signal value

PK (BPnd) PBR (SUVr)
midbrain collicular region™ 5-28-5;0.20 7-27-5;1.68
pons 1-32-33;0.27 1-30-37; 1.51
medulla # 243 -44;1.59

thalami 12 -16 9; 0.33-12 -20 8; 0.28 13-147;1.63-8 -21 5; 1.63

*Signal in this region included superior and inferior colliculi and cuneiform nuclei. Coordinates of peak TSPO PET signal specifically within
the inferior colliculi region of interest were x=—4, y=-33, z=-8 (PK) and x=—4, y=-34, z=-9 (PBR.) #No distinct peak in medulla was
discernible in the PK dataset, possibly due to lower scan resolution.

A

0.2-

p=-0.47,p=0.001

0.0~

-0.2- .

inferior colliculus PK BPnd

40 60 80

age

p=0.33,p=0.03 o

-0.050 -

-0.075-

cortical PK BPnd

-0.125- .

40 60 80
age

Fig. 2. Opposite patterns of age-correlated TSPO expression/microglial activation (PK PET BPnd) in inferior colliculi and cortex
in 43 healthy subjects. A) TSPO expression in inferior colliculi decreased with increasing age (rtho=-0.479, p=0.001). This is a novel
finding. B) TSPO expression in cortex increased with increasing age (rho=0.331, p=0.030). This is in accord with multiple prior studies

[8-10].

TSPO expression in inferior colliculi and cortex:
effects of age and AD

PK PET results

In the PK PET dataset, as shown in Fig. 2, TSPO
expression (BPnd) decreased with age in inferior
colliculi (rho=-0.479, p=0.001), but increased with
age in cortex (tho=0.331, p=0.030). Fisher’s Z test
showed that these two correlations differed signifi-
cantly from each other (z=-0.558, p <0.001).

Results in IC were unchanged when including BMI
(rtho=-0.464, p=0.002), IC volume (rho=-0.477,
p=0.001) or the number of voxels in the SVCA ref-
erence region (tho =-0.482, p=0.001) as covariates.

Results in cortex were similar when including
BMI as a covariate (tho=0.349, p=0.024) but
were weakened when covarying for cortical volume
(rtho=0.293, p=0.059) or the number of voxels in
the SVCA reference region (rho=0.273, p =0.080).
Notably, there was an inverse correlation between

subject age and reference region volume such that
older subjects had fewer voxels in the reference
region (rho =-0.539, p <0.001).

PBR PET results

In the PBR28 dataset, as shown in Fig. 3, inferior
colliculi SUVr (which was non-normally distributed
and was log-transformed for analysis) was found to
be lower in AD subjects as compared to controls
(AD mean=0.82, sd=0.18; control mean=1.15,
sd=0.33; F(1,26)=9.87, p=0.004). Cortical SUVr
was greater in AD subjects as compared to controls
(AD mean=1.15, sd=0.094; control mean=1.08,
sd=0.064; F(1,26)=5.08, p=0.033).

AD versus control differences in IC remained sig-
nificant when controlling for age (F[1,25]=9.89,
p=0.004), BMI (F[1,24]=10.09, p=0.004), IC
volume (F[1,25]=10.38, p =0.004) or when one sub-
ject with severe dementia (CDR =2) was excluded
(F[1,25]=10.09, p=0.004).
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-

mean PBR28 PET SUVr

inferior colliculi cerebral cortex

Fig. 3. Bar plot showing opposite patterns of TSPO expres-
sion/microglial activation (PBR PET SUVr) in inferior colliculi
and cerebral cortex in 8 AD subjects versus 20 healthy controls.
In inferior colliculi, TSPO expression was lower in AD subjects
as compared to controls (p=0.004). This is a novel finding. In
cerebral cortex, TSPO expression was greater in AD subjects as
compared to controls (p =0.04). This is in accord with several prior
studies [5-7]. PBR PET SUVr is calculated over bilateral regions.
Error bars =95% confidence intervals.

Results in cortex were similar when control-
ling for age (F[1,25]=4.70, p=0.040) or BMI
(F[1,24]1=5.23, p=0.03) or excluding the subject
with severe dementia (F[1,25]=6.4, p=0.018) but
were slightly weakened when controlling for cortical
volume (F[1,25]=3.9, p=0.059).

MRI volumetric results in IC and cortex

IC volume was uncorrelated with age in controls
(n=63; R=-0.132, p=0.31; analysis controlled for
TICV) and did not differ between AD subjects and
controls when controlling for age and TICV (AD:
72.38 ml, sd=13.8; control: 71.94ml, sd=10.20;
F[1,67]1=0.586, p=0.45).

Cortical volume was significantly inversely corre-
lated with age in controls (R =-0.639, p <0.001; anal-
ysis controls for ICV) and significantly lower in AD
subjects as compared to controls when controlling for
age and TICV (AD: 343.17 ml, sd=79.89; control:
412.68 ml, sd=46.19; F[1,67] =44.48, p<0.001).

Exploratory results in additional brain regions

Table 3 lists additional brain regions in which there
was a correlation (positive or negative) between PK
PET BPnd and age at an uncorrected p < 0.05 thresh-
old. No results were statistically significant after
correction for multiple comparisons. Notably, neg-
ative correlations (decreasing TSPO with increasing
age) were found in superior colliculi and caudate.

Table 3
Results of exploratory analysis showing all brain gray matter
regions in which there was a correlation (positive or negative)
between TSPO expression’ microglial activation (PK PET BPnd)
and age in 43 healthy subjects at an uncorrected p <0.05 threshold

Region Spearman rho P

Superior colliculi —-0.426 0.004
Cuneiform nuclei® -0.331 0.030
Caudate™ -0.390 0.010
subthalamic nuclei* 0.334 0.029
hippocampi 0.322 0.035
Globus pallidus 0.360 0.018

#Cuneiform nuclei, little studied in humans, are small nuclei adja-
cent and medial to inferior and superior colliculi. Cuneiform PET
signal may reflect spillover from strong signal within colliculi.
*Similar results were found in subthalamic subregions. Note that
subthalamic nuclei are diencephalic regions included in the Brain-
stemNavigator atlas. T One subject was found to have abnormally
high signal in caudate as well as pallidum and putamen (>5 SD
above mean.) Excluding this subject did not significantly change
results in regions of interest or exploratory regions.

Positive correlations were found in hippocampi,
globus pallidus and subthalamic nuclei.

In the AD versus control comparison, one addi-
tional region, superior colliculi, showed between-
group differences. AD subjects had lower PBR
SUVr than controls (AD median=0.90, control
median=1.17, U=38.0, uncorrected p=0.033.)
However, this result was not significant after correc-
tion for multiple comparisons.

MRI volumetric results in exploratory brainstem
and diencephalic regions

Average regional volumes based on 50% probabil-
ity masks from BrainstemNavigator are presented in
Supplementary Table 1.

DISCUSSION

Using TSPO PET sensitive to activated microglia
and recently-developed probabilistic maps of brain-
stem nuclei, we found high TSPO expression in
healthy subjects in midbrain inferior colliculi, crit-
ical for early auditory sensory processing, as well as
in several additional brainstem regions. With aging,
and in AD subjects as compared to controls, we found
significantly decreased TSPO expression in inferior
colliculi. These results remained significant when
covarying for MRI-measured IC volume (which was
unaffected by age or AD status) indicating that PET
results are not due to atrophy/partial volume effects.
This first demonstration of abnormal TSPO expres-
sion in brainstem auditory nuclei in AD implicates
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this region in a biological explanation for extremely
strong links between hearing loss and AD [14-16],
in accord with study hypotheses. Similar results in
superior colliculi, important for early visual process-
ing, may be relevant to understanding associations
between visual loss and dementia [40].

However, while we confirmed our a priori hypoth-
esis of abnormal microglial activation in inferior
colliculi in AD, our results were not in the expected
direction. Nearly all prior TSPO PET studies show
increased rather than decreased cerebral microglial
activation with aging, AD or other disease [3-10].
We also demonstrate this: we found significantly
greater TSPO expression in bilateral cortex with
aging, and in AD subjects versus controls. Microglia
are generally considered to maintain a resting state
until activated by damage or other stimuli, and
microglial activation/TSPO expression is tradition-
ally viewed as pathological. Current results in cortex
(and several subcortical cerebral regions) of increased
TSPO expression with increasing age, and in AD
subjects versus controls, replicate multiple prior
studies [5-10], and can be understood as reflect-
ing/mediating age and disease-related microglial
activation and detrimental neuroinflammation. Other
studies have directly linked TSPO-PET measured
microglial activation and neurodegeneration [5].
However, understanding our finding of normally-high
TSPO expression in inferior (and superior) colli-
culi that is reduced with aging and AD, requires
consideration of microglial phenotypic complexity
and regional heterogeneity that is beginning to be
appreciated based on tissue studies [41-47] but has
received little attention in human TSPO PET studies.
While microglial phenotypes are often dichotomized
into “good” (fighting infection, clearing debris, main-
taining homeostasis, mediating neuroplasticity after
injury) and “bad” (damaging neurons through inflam-
matory cytokines, blocking neurogenesis), current
results showing opposite patterns of TSPO expression
with aging and AD in sensory brainstem nuclei versus
cortex add to growing evidence that this dichotomy
is a significant oversimplification [2], and highlight
increasingly recognized phenotypic and functional
heterogeneity in microglia across different brain
regions [41-48].

Our demonstration of normal, high levels of
TSPO expression in several subcortical and brain-
stem regions suggests that constitutively activated
microglia in these regions is a normal phenomenon,
unrelated to damage or disease. High TSPO expres-
sion in these brainstem regions is a robust finding that

has been observed in individual scans and within-
group average images in many prior studies, but to
our knowledge has not previously been quantified
or interpreted. As shown in Fig. 1, in addition to a
prominent focus of high TSPO signal in the mid-
brain collicular region of interest, high TSPO signal
is apparent in bilateral thalami extending diffusely
through midbrain, pons and medulla, most promi-
nently in midline, dorsal regions which appear to
correspond to multiple nuclei of the reticular forma-
tion. The reticular formation is a complex network
of nuclei dispersed throughout the brainstem that
serves as an integration and relay center for multi-
ple vital brain systems [49]. We did not detect age-
or disease-related TSPO alterations in the region of
the reticular formation as we did in inferior colli-
culi and cortex. While this could of course be due
to our limited sample size and/or the limited resolu-
tion of PET, with different age/disease associations in
adjacent small nuclei potentially canceling each other
out, an intriguing possibility is that that in humans,
as in several animal models [45, 46], constitutively-
activated microglia in the evolutionarily-conserved
reticular formation (essential for wakefulness, motor,
autonomic and other functioning) serve to maintain
neuronal circuity essential for survival.

More research into the role of under-studied brain-
stem microglia in aging and AD is clearly needed
to confirm, to extend and to provide a mechanistic
explanation for our results. One possible explana-
tion for the unusual pattern of TSPO expression
in inferior (and superior) colliculi (normally high
expression that decreases with aging and AD) may
relate to a relatively unique feature of brainstem
sensory nuclei: that that they have prominent per-
ineuronal nets (PNN). PNNs are a specialized part of
the extracellular matrix considered neuroprotective
[50]. They serve to stabilize synapses and are required
for optimal functioning of rapid spiking sensory neu-
rons [51]. They are also protective against protein
deposition in AD [52]. PNN increase with age, and
while this may protect neurons from oxidative stress
and other age-related damage, it has been posited
to account for decreasing neuroplasticity with aging
[53]. This role of PNN in preserving and stabilizing
synapses [18] directly opposes the role of activated
microglia in sculpting and stripping synapses to
mediate neuroplasticity [18-21], and there is evi-
dence for a reciprocal relationship between microglia
and PNN in AD: activated microglia cause PNN
loss in late stages of AD [54, 55], and PNN com-
ponents may inhibit microglial functioning in the
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earliest stages of AD [56]. It is plausible that our
finding of reduced microglial activation in brainstem
sensory nuclei with aging and AD reflects dysreg-
ulated PNN/microglia interactions in these regions
and contributes to a biologic explanation for strong
associations between auditory (and visual) impair-
ments and AD. It is also possible that dysregulated
PNN-microglial interactions in sensory nuclei may be
relevant to AD pathogenesis more broadly. Specif-
ically, we wonder if dysregulated PNN-microglial
interactions in sensory nuclei with strong PNN may
prevent microglia from their critical job clearing
debris, amyloid and tau [1], allowing these toxic
proteins to begin accumulation in adjacent, non-
sensory midbrain nuclei lacking PNN. In particular,
the nearby locus coeruleus lacks a PNN, and this is
considered an explanation for its early vulnerability
to tau accumulation that starts the course of AD [52].
Although not statistically significant after correc-
tion for multiple comparisons, exploratory results
showing increasing TSPO expression with increas-
ing age in globus pallidus, subthalamic nuclei and
hippocampi match the pattern seen in cortex, and
are broadly in accord with prior studies [5—10]. Our
finding of decreasing TSPO expression with aging
in caudate was unexpected, and requires replication.
However, it does fit with a recent, also unexpected
finding that activated microglia in caudate in human
autopsy specimens were associated with preserved
cognition and less AD neuropathology, an opposite
pattern than seen in cortex [48], again emphasizing
the importance of regional heterogeneity in microglia
phenotype and function in aging and AD.

Limitations

A limitation of this study is that we do not have
information about auditory function in these sub-
jects beyond knowing that their hearing was adequate
for verbal communication. Future studies assessing
TSPO expression within brain auditory networks
longitudinally and in association with carefully mea-
sured hearing and perhaps brainstem auditory evoked
responses will be important to clarify the mechanisms
and significance of our finding of aberrant microglial
activation in inferior colliculi in association with
aging and AD.

Studying brainstem nuclei using PET is chal-
lenging. Many brainstem structures are below the
resolution of PET. We used new probabilistic brain-
stem masks based on histology [25-27] to identify
inferior colliculi (and other brainstem nuclei), and

visually inspected mask accuracy in individual sub-
jects. We thresholded masks at 50%, which is stricter
than used in other studies [57] and helped to mini-
mize partial volume effects, allowing sampling of a
small but anatomically accurate core of the region.
Including the volume of the IC (which did not differ
between AD subjects and controls) as a covari-
ate in analysis did not affect our results, further
decreasing the likelihood that partial volume effects
drove our results. Still, additional investigation using
brainstem-focused neuroimaging, high resolution
scanners [58], animal models and/or human tissue
will be needed to increase confidence in localization
of TSPO signal within the brainstem.

Our sample size, especially for AD subjects, is
quite small, and we do not have any AD subjects
scanned using the PK radiotracer. We were not able
to combine the two TSPO PET datasets analyzed in
this study due to different tracer properties, scan-
ner acquisition parameters and (necessarily) different
image processing/analysis methods. The limitations
of small sample size and different methodologies
are related: if methods analogous to the centil-
loid scale for amyloid PET could be developed for
TSPO PET, this would allow larger scale studies that
could improve understanding of the role of activated
microglia in aging and AD.

Our use of the first generation TSPO radiotracer
PK11195, with lower signal-to-noise properties than
second generation tracers [7] can be considered a lim-
itation. Because there is no brain region devoid of PK
binding under normal conditions, the optimal method
for analyzing PK PET requires a statistically-defined
(rather than anatomic) reference region to quantify
TSPO expression as BPnd [32]. We found that the
number of voxels in this reference region was affected
by age, with significantly smaller reference regions
in older subjects. Although not previously reported,
this correlation is not unexpected, as brain inflamma-
tion/TSPO expression is known to increase diffusely
with aging, reducing the amount of “normal” brain
available to serve as a reference region. Still, a smaller
reference region in older subjects has the potential to
affect results, and in fact we found that including the
volume of the reference region as a covariate in anal-
ysis weakened results in cortex. This methodologic
issue will be important to consider in future studies
of aging using SVCA for PET analysis. However,
the novel result of this study—the inverse correla-
tion of age with inferior colliculus PK BPnd—was
robust and not affected by the size of the reference
region (nor by IC volume or subject BMI). In addi-
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tion, convergent results using two different TSPO
tracers supports reliability of results in this study.

It is a limitation of this and all TSPO PET studies
that TSPO is expressed by several cell types in the
brain in addition to microglia. This includes astro-
cytes, endothelial cells in blood vessels, infiltrating
macrophages and possibly neurons [59]. TSPO PET
cannot differentiate among these cell types. Newer,
non-TSPO microglial tracers under development may
in the future clarify the cellular source of the TSPO
signal in vivo in humans. Ultimately, neuropathologi-
cal investigation of human tissue is needed to confirm
and extend our results in terms of the cellular source
of PET signal, as well the precise neuroanatomic
localization within the brainstem. We hope that cur-
rent results will motivate greater attention to inferior
colliculi and other brainstem regions in human tissue
studies of aging and AD.

Conclusion

We demonstrate using PET that TSPO expression,
considered to reflect activated microglia, is normally
high in several brainstem regions, and decreases sig-
nificantly with aging and AD in midbrain inferior
colliculi. These results implicate aberrant microglial
functioning in auditory brainstem in a biological
explanation for extremely strong links between hear-
ing loss and AD [14-16]. Similar results in superior
colliculi, important for early visual processing, may
be relevant to understanding associations between
visual loss and dementia [40]. Because auditory and
visual impairments are inevitable with aging, but
often remediable, understanding these links could
have near-term relevance for AD prevention and treat-
ment strategies.

Our novel finding of normal, constitutive TSPO
expression in brainstem, with age- and AD-related
decreases in sensory nuclei, contrasts with our
(expected) findings in cortex, where microglial acti-
vation increased with aging and AD, in accord with
multiple prior TSPO PET studies [5-10]. These
results highlight complexities and regional hetero-
geneity in microglial phenotype that are beginning to
be studied in animal models and ex vivo tissue studies
[41-47], but have not previously been considered in
human TSPO PET imaging studies.

This first demonstration of age and AD-related
microglial abnormalities in brainstem, in combina-
tion with longstanding evidence that AD pathology
may begin in the brainstem (with tau deposition in
locus coeruleus [11, 13]) and mounting evidence that

microglial dysfunction in cortex and hippocampus is
pathophysiologically critical in AD [1, 2], provides
strong motivation for additional study of brainstem
microglia in aging and AD. Future studies in ani-
mal models and human tissue could investigate the
intriguing possibility that dysregulated interactions
between microglia and strong extracellular matrix
PNN surrounding and protecting brainstem sensory
nuclei underly both early sensory dysfunction in AD,
and the inception of the AD pathogenic process in
adjacent brainstem nuclei whose lack of PNN make
them highly vulnerable to protein deposition [52].
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