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Pontine Arteriolosclerosis and Locus Coeruleus Oxidative
Stress Differentiate Resilience from Mild Cognitive
Impairment in a Clinical Pathologic Cohort

Sarah C. Kelly, PhD, Peter T. Nelson, MD, PhD, and Scott E. Counts,

Abstract

Locus coeruleus (LC) neurodegeneration is associated with cogni-
tive deterioration during the transition from normal cognition to
mild cognitive impairment (MCI) and Alzheimer disease (AD).
However, the extent to which LC degenerative processes differenti-
ate cognitively normal, “resilient” subjects bearing a high AD patho-
logical burden from those with MCI or AD remains unclear. We
approached this problem by quantifying the number of LC neurons
and the percentage of LC neurons bearing AT8 tau pathology, TDP-
43 pathology, or a marker for DNA/RNA oxidative damage, in well-
characterized subjects diagnosed as normal cognition-low AD pa-
thology (NC-LP), NC-high AD pathology (NC-HP), MCI, or mild/
moderate AD. In addition, the severity of pontine arteriolosclerosis
in each subject was compared across the groups. There was a trend
for a step-wise ~20% loss of LC neuron number between the NC-
LP, NC-HP and MCI subjects despite a successive, significant
~80%—100% increase in tau pathology between these groups. In
contrast, increasing pontine arteriolosclerosis severity scores and LC
oxidative stress burden significantly separated the NC-LP/HP and
MCI/AD groups via comparative, correlation, and regression analy-
sis. Pontine perfusion, as well as LC neuronal metabolic and redox
function, may impact noradrenergic LC modulation of cognition
during the preclinical and prodromal stages of AD.
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INTRODUCTION

Locus coeruleus (LC) projection neurons, which trans-
mit norepinephrine to mediate cognitive functions such as vig-
ilance and attention, memory storage and retrieval, executive
function, and affect (1-3) undergo extensive degeneration in
the putative prodromal stage of Alzheimer disease (AD)
termed mild cognitive impairment (MCI) (4-6), supporting
the longstanding hypothesis that LC degeneration is a key fea-
ture of AD pathogenesis (4—10). Previously, we demonstrated
that the extent of LC neuron loss observed postmortem is asso-
ciated with a worsening of antemortem performance in multi-
ple cognitive domains (e.g. episodic memory, working
memory, semantic memory, perceptual speed) (4), similar to
data showing that higher LC neuronal density is associated
with slower rates of antemortem cognitive decline (11). Re-
cent MRI advancements in in vivo LC imaging have under-
scored this concept by noting that: 1) higher educational
attainment and verbal intelligence correlate with stronger LC
signal (12), 2) older adults displaying LC volumetric integrity
similar to younger adults perform better on learning and mem-
ory tasks (13), and 3) LC MRI findings may serve as a bio-
marker for AD progression (14-18). Taken together, these
data suggest that noradrenergic LC projection system integrity
may have a large role in mediating the changes from normal
cognition (NC) to cognitive deterioration during AD. How-
ever, the extent to which LC neurodegeneration influences
this conversion and the abetting mechanistic factors remain
unclear.

To explore these issues further, we characterized LC
and pontine pathology in postmortem brain tissue acquired
from University of Kentucky Alzheimer’s Disease Research
Center (UK-ADRC) participants who died with NC and with a
low AD pathological burden (NC-LP), participants who died
with NC yet displayed a relatively high AD pathological bur-
den consistent with cognitive “resilience” (NC-HP) (19, 20),
or those who died with clinical pathologic diagnoses of MCI
or mild/moderate AD. Stereologic methods were used to quan-
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tify LC neuron number within a rigorously defined rostrocau-
dal counting frame, as well as the proportion of LC neurons
bearing markers of tau pathology, TDP-43 pathology, or oxi-
dative stress. Finally, adjacent sections were analyzed to esti-
mate the extent of pontine arteriolosclerosis during disease
progression.

MATERIALS AND METHODS
UK-ADRC Subjects and Case Selection

This study was determined to be exempt from human
subjects review by the University of Kentucky and Michigan
State University Institutional Review Boards. All procedures
were performed in accordance with the ethical standards of
the institutions and with the 1964 Helsinki declaration and its
later amendments. Formalin-fixed, paraffin-embedded pontine
tissue blocks were obtained from participants in the Healthy
Brain Aging Volunteers cohort, under the purview of the Na-
tional Institute of Aging (NIA)-funded UK-ADRC (21). Ante-
mortem clinical evaluations for each subject followed the
“Alzheimer’s Disease Centers’ Uniform Data Set,” as required
by NACC (22, 23). Known history of substance abuse is an
up-front exclusion criterion for this cohort. Pontine tissue
blocks were selected from 4 distinct groups by applying the
following inclusion and exclusion criteria: The first group
consisted of subjects who died with NC and with low AD
pathological burden (NC-LP), displaying Braak NFT stages
0-II and minimal or no plaque deposition (according the Con-
sortium to Establish a Registry for Alzheimer Disease
[CERADY] neuritic density plaque scores). The second group
also consisted of NC subjects but they died with higher AD
pathological burden (NC-HP), displaying Braak NFT stages
III-V and minimal to severe plaque deposition. In addition,
we selected tissue samples from subjects who died with a sum-
mary clinical pathologic diagnosis of MCI or mild/moderate
AD (MCI separated from AD; Table 1). The diagnosis of de-
mentia or AD met recommendations by the joint working
group of the National Institute of Neurologic and Communica-
tive Disorders and Stroke/AD and Related Disorders Associa-
tion (24). The MCI subjects exhibited age- and education-
adjusted impairments upon neuropsychological testing but did
not meet the criteria for AD or dementia (21, 25).

Exclusion criteria included the presence of impactful
non-AD neuropathological processes (e.g. frank hippocampal
sclerosis, Lewy bodies), significant cerebrovascular pathology
(e.g. large strokes or lacunes), the presence of comorbid neu-
rologic disease or psychiatric disorders, chronic infectious dis-
ease, head injury, and/or brain cancer (21). Finally, pontine
blocks with discernable oblique cuts or tissue blocks missing a
significant extent of the LC based on the operational land-
marks as outlined below were excluded from analysis.

Tissue Processing, Histology, and Operational
Criteria for LC Morphometric Analyses

Tissue blocks from cases meeting the criteria described
above were sectioned at 20-pum thickness on a HM 3558 auto-
matic rotary microtome (Thermo Scientific, Waltham, MA)
and mounted onto charged slides. Prior to analysis, a 1:12 se-
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ries of slides were heated, deparaffinized in xylenes, and rehy-
drated in an ethanol series. Slides were then stained for
5 minutes in hematoxylin solution (Harris” Modified, Thermo)
and differentiated in acid alcohol and ammonia water, with
rinses in water between each incubation, followed by immer-
sion in eosin (Eosin Y, Thermo) solution for 3 minutes then
subsequently dehydrated in an ethanol series and cover slipped
with Cytoseal (Thermo). Slides were evaluated to determine
whether the decussation of cranial nerve IV was visible in the
vellum and that the mesencephalic tract of V was dorsolateral
to the neuromelanin-pigmented neurons of the LC (Fig. 1).
These operational criteria allowed us the opportunity to in-
clude a maximal number of available cases in each diagnostic
group while ensuring a standardized counting frame for each
tissue block. To ensure rigor and promote reproducibility, all
subsequent analyses were performed using randomization and
blinding.

Immunohistochemistry

Slides representing the 1:12 series for each analysis and
each case were deparaffinized and rehydrated, washed in Tris-
buffered saline ([TBS]; pH 7.4) for 10 minutes, incubated at
65°C for 20 minutes in preheated citric acid buffer (pH 6.0),
and then cooled to room temperature. Slides were washed in
TBS + 0.5% Triton X-100 (TBS-TX) for 10 minutes followed
by a 10-minute incubation in 10% hydrogen peroxide (H,0,)
in methanol to quench endogenous peroxidase activity. Slides
were then washed in three 10-minute exchanges of TBS-TX
and blocked in TBS-TX/10% goat serum/2% bovine serum al-
bumin at room temperature for 1 hour. Slides were dried, and
a hydrophobic barrier drawn with a PAP pen. Primary anti-
body was aliquoted directly onto the slides and incubated in a
humidified chamber overnight at 4°C. The primary antibodies
used in this study were rabbit antityrosine hydroxylase (TH)
antiserum (Abcam no. Ab112, Cambridge, UK, 1:500) to label
noradrenergic LC neurons, the mouse anti-AT8 monoclonal
antibody (Thermo no. MN1020, 1:1000) to label tau pathol-
ogy, rabbit antiserum to TDP-43 (ProteinTech no. 10782,
Rosemont, IL, 1:100) to evaluate aberrant cytoplasmic misloc-
alization, and the mouse monoclonal anti-oh8G/dG antibody
(QED Biosciences no. 12501, San Diego, CA, 1:250) to label
DNA/RNA oxidative damage. Following primary incubation,
sections were incubated in biotinylated anti-rabbit or anti-
mouse secondary IgG (Vector Laboratories, Burlingame, CA,
1:500) at room temperature for 2 hours, followed by Vector
ABC detection kit using horseradish peroxidase (Vector Labo-
ratories). Antibody labeling was visualized using the Vector
SG chromogen (Vector Laboratories) or 0.5 mg/ml 3,3’ diami-
nobenzidine with nickel II sulfate enhancement and 0.03%
H,0, in TBS. Control reactions included deletion of the pri-
mary antibodies and preadsorption with recombinant protein
(4,26, 27).

Estimation of LC Neuron Number and
Pathology

Quantitative analysis was performed for TH-
immunopositive or neuromelanin-positive LC neurons in each
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TABLE 1. Clinical, Demographic, and Neuropathological Characteristics by Diagnosis Category

Diagnosis p value Pair-wise
comparison
NC-LP (n=8) NC-HP (n=7) MCI (n=7) AD (n=7)
Age (years) at death:

Mean * SD (range) 85.8 £5.2 (72-90) 89.1 £ 6.2 (84-100) 87.1 3.8 (44-95) 81.7£9.1(69-93) 0.2% —
Number (%) of males: 5 (63%) 3 (43%) 3 (43%) 5(71%) 0.6" —
Years of education:

Mean * SD (range) 16.0 £2.6 (12-20) 16.1 £0.9 (15-18) 17.1 £ 1.1 (16-18)  16.0 = 2.3 (12-20) 0.9% —
Number (%) with ApoE &4 1 (13%) 1 (14%) 3 (43%) 4 (57%) 0.06" —

allele
Number (%) with 5 (63%) 4 (57%) 4 (57%) 4 (57%) 1.0 —

hypertension
MMSE
Mean * SD (range) 29.1 0.8 (28-30) 28.9 £ 1.5 (26-30) 26.0£1.9(23-28) 19.4*+4.1(11-25) 0.0001*  (NC-LP, NC-HP) >
AD
Postmortem interval (hours)

Mean * SD (range) 3.8+2.6(1.8-10.0) 3.8*+3.2(1.3-10.8) 3.4=*14(1.2-6.0) 4.4*+2.1(2.7-8.5) 0.6* —
Identified microinfarcts

Mean * SD (range) 0.2+£0.4 (0-1) 0.6 = 0.8 (0-2) 0.6 £ 0.8 (0-7) 0.7 £1.0 (0-2) 0.1* —
Distribution of Braak scores:

0 2 0 0 0

/1 6 0 3 1 0.0005*  NC-LP < (NC-HP,

AD)

/v 0 7 4 3

V/VI 0
NIA Reagan diagnosis(likeli-

hood of AD)

No AD 2 1 1 0

Low 5 1 3 1 0.02* NC-LP < AD

Intermediate 1 5 3 3

High 0 0 0 3
CERAD diagnosis

No AD 4 1 2 0

Possible 1 1 2 0 0.07* —

Probable 2 3 3 5

Definite 1 2 0 2

AD, Alzheimer disease; CERAD, Consortium to Establish a Registry for Alzheimer disease; MCI, mild cognitive impairment; NC-LP, normal cognition-low AD pathology; NC-

HP, normal cognition-high AD pathology.
*Kruskal-Wallis test, with Dunn’s test for multiple comparisons.
"Fisher exact test, with Bonferroni correction for multiple comparisons.

case using a Nikon Eclipse 80i microscope (Nikon Instru-
ments, Melville, NY) hard-coupled to a MAC5000 computer-
controlled x-y-z motorized stage (Ludl Electronic Products,
Hawthorne, NY) and a Retiga 4000 R camera (Qimaging, Sur-
rey, BC Canada), and equipped with Stereolnvestigator v9.0
software (MBF Bioscience Williston, VT). Briefly, the opera-
tor drew a closed contour around the LC and used the Stereo-
Investigator Meander Scan function to count labeled cells via
total enumeration within the contour on every 12th section,
with 10-14 slides per case. Raw cell counts were by multiplied
by the sampling fraction to extrapolate the population esti-
mate. The same procedures were used to quantify neurons
bearing ATS8 tau or RNA/DNA oxidative damage. However,

these markers were expressed as the ratio of neuromelanin-
positive LC cells for each case.

Histological Assessment of Pontine Vascular
Pathology

Semiquantitative assessment of pontine arteriolosclero-
sis at the level of the LC was examined and scored for severity
using a 1:12 series of hematoxylin and eosin-stained slides.
Tissue was rated for the extent of arteriolosclerosis in each
case in a randomized and blinded manner, as previously de-
scribed (28, 29). Briefly, the Stereolnvestigator Meander Scan
function was employed to identify and score the first 6 arterio-
les coursing perpendicular to the plane of each tissue section
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FIGURE 1. Operational definition of locus coeruleus (LC)
counting frame. Hematoxylin and eosin stain shows the
requisite landmarks in a representative rostral pons tissue
section at the start of the counting frame. The decussation of 4
(trochlear nerve) was visible in the medullary vellum (MV) and
the mesencephalic tract of 5 (trigeminal nerve, me5) was
dorsolateral to the pigmented LC neuron field. Identification
of these anatomical relationships was used as inclusion criteria
in case selection and to normalize the rostrocaudal extent of
the LC analyzed by stereology across the cases. Abbreviations:
SCP, superior cerebellar peduncle; MLF, medial longitudinal
fasciculus; 1V, fourth ventricle.

in a random fashion (12 sections/case = 72 microvessels/
case). The severity was graded on a 4-tier semiquantitative
scale: O (normal appearing); 1 (mild, with mild thickening of
the vessel wall and modest disruption of vessel wall and neu-
ropil), 2 (moderate, with moderate thickening of the vessel
wall and often tortuous vessel contours), and 3 (severe, with
marked dysmorphic changes including evidence for vessel oc-
clusion) (28).

Power Analysis, Sample Size, and Statistics

Based on stereologic data of LC neuron number from
our previous study (4) and o= 0.05, a sample size of 6/group
was determined have 80% power to detect an effect size of
1.25 standard deviations between NC-LP and MCI. Having
applied the inclusion/exclusion criteria for case selection, we
identified the following number of cases for each diagnostic
group: NC-LP (n=8), NC-HP (n="7), MCI (n=7), and mild/
moderate AD (n =7, total n =29). Normality of cohort demo-
graphic, clinical, and pathologic characteristics as well as ex-
perimental outcomes was tested using the Shapiro-Wilk test
(30). Data displaying Gaussian distribution were analyzed by
1 or 2-way ANOVA with Bonferroni correction; otherwise,
data were analyzed by Kruskal-Wallis with Dunn’s post hoc
testing. Associations between outcome variables and were
tested using Spearman rank correlations. Significantly corre-
lated associations were analyzed further by linear or logistic
regression. The level of statistical significance was set at
p <0.05.
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RESULTS

Demographic, Clinical, and Neuropathological
Characteristics

Table 1 summarizes the demographic, clinical, and neu-
ropathological characteristics of the 29 cases examined. There
were no significant differences in age, sex, education level,
ApoE4 status, comorbid hypertension, postmortem interval
(PMI), microinfarcts, or CERAD neuritic plaque scores across
the groups examined.

The AD subjects performed significantly worse on the
Mini-Mental State Examination (MMSE) compared with the
NC-LP (p= 0.0004) and NC-HP (p= 0.001) cases. As
expected, Braak NFT stages were also significantly different
across the clinical groups. The NC-LP cases displayed signifi-
cantly lower Braak NFT stages than the NC-HP (p = 0.0045)
and AD (p= 0.001) groups. NC-LP cases were classified as
Braak NFT stages 0 (25%), I/IT (75%), LI/IV (0%), or V/VI
(0%). The NC-HP cases were Braak NFT stages II/IV
(100%). The MCI cases were Braak NFT stages I/I1 (43%), 111/
IV (57%), and V/VI (0%), and the AD cohort was classified as
Braak stages I/II (14%) III/IV (43%) or V/VI (43%). As
expected, the NIA-Reagan diagnosis for likelihood of AD dif-
ferentiated NC-LP from AD subjects (p = 0.01).

LC Neuron Number Was Decreased in MCl and
AD and Displayed Topographical Differences
among the NC-LP, NC-HP, and MCI Groups

The mean estimated number of TH-positive LC neurons
in the NC-LP group was (17712 = 4782; range =12 432—
24 516), whereas neuron number was progressively decreased
in the NC-HP (13 959=* 6024; range = 6240-21 522), MCI
(9859 4384; range =2940-15 152) and AD (1620* 5213;
range = 1620—15 900) groups (Fig. 2A, B). There was a trend
noted (~22%) for a decrease in LC neuron number in NC-HP
compared with NC-LP subjects (p =0.25), whereas a signifi-
cant ~40% decrease was observed in the number of LC neu-
rons in MCI compared with NC-LP cases (p=0.03). An
additional ~10%—-15% decrease in LC neuron number was
quantified in AD compared with NC-LP resulting in a ~50%-—
55% loss of LC neurons in the AD group compared with NC-
LP (p=0.006). Notably, LC neuron number in the NC-HP
group was not statistically different from either MCI
(p=0.43) or AD (p=0.16; Fig. 2B). A comparison of total es-
timated TH+ LC neuron numbers to total estimated neuro-
melanin+ LC neuron numbers did not reveal significant
differences across the groups (p=0.8 via 2-way ANOVA
with Bonferroni correction), suggesting a preservation of nor-
adrenergic tone in surviving LC neurons during disease pro-
gression. Finally, there were no differences in total TH+ LC
neuron number between males and females in the diagnostic
groups (p=0.25 via 2-way ANOVA with Bonferroni
correction).

Although the number of TH-positive neurons in the LC
of NC-HP individuals did not differ significantly in compari-
son to NC-LP or MCI groups, the topographical pattern of LC
degeneration in NC-HP did differ from NC-LP (Fig. 2C).
Since the rostral boundary of the LC for each tissue series was
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FIGURE 2. Locus coeruleus (LC) neuron loss and topography of degeneration across the diagnostic groups. (A) Representative
tyrosine hydroxylase (TH)-immunostained sections showing step-wise LC neuron loss across the diagnostic groups. (B) TH+ cell
counts revealed a significant ~40% decrease in the number of LC neurons in mild cognitive impairment (MCI) compared with
normal cognition-low Alzheimer disease (AD) pathology (NC-LP) cases and a ~50%—55% loss of LC neurons in the AD group
compared with NC-LP. There was a nonsignificant ~22% decrease in LC neuron number in normal cognition-high AD pathology
(NC-HP) compared with NC-LP subjects. The ~18% reduction in LC neuron number between MCl and NC-HP was not

significant, nor was the ~30% difference in cell numbers between AD and NC-HP groups.

*p<0.05; **p<0.01 via T-way

ANOVA with Bonferroni correction. (€) LC neuron numbers in each case were distributed by rostrocaudal topography. Linear
regression revealed that the rostrocaudal extent of LC neuron loss cell loss was significantly different among all cases (p <0.001),
with regression curves maintaining significant differences between NC-LP and NC-HP (p =0.006) and between NC-HP and MCI
(p <0.001). LC neuron numbers differed significantly between NC-LP and NC-HP within slides 3, 4, 7-11. *p < 0.05 via 2-way

ANOVA with Bonferroni correction. Scale bar = 100 um.

operationally defined (see ‘“Materials and Methods”), TH-
positive neuron counts on each slide were compared in a ros-
trocaudal manner among the groups. Rostrally, there was clear
separation between higher LC cell counts in NC-LP and NC-
HP compared with MCI and AD, and regression analysis indi-
cated significantly different patterns of rostral to caudal LC
number across the groups (p < 0.001), wherein the topography
of LC cell loss in NC-HP more closely mirrored NC-LP in the
rostral LC, yet aligned with MCI and AD in the more caudal
portions (Fig. 2C).

LC Neuron Number Was Associated With Global
Cognitive Performance

Estimated TH-positive LC neuronal counts were corre-
lated with demographic data, antemortem cognitive test per-
formance, and postmortem neuropathologic variables. Neuron
number was not associated with age (r=0.23, p=0.22) or
PMI (r=0.12, p=0.5). However, lower LC neuron numbers
and MMSE scores displayed a significant positive association

(r=0.5379, p= 0.0026). With respect to neuropathological
diagnostic criteria, a reduction in TH-positive LC neuron
numbers was not correlated with increasing measures of neu-
ropathology as characterized by Braak NFT stages (r = 0.283,
p=0.21), NIA-Reagan (r = —0.10, p=0.60), or CERAD (r =
—0.024, p=10.9) staging.

LC TDP-43 Pathology in the Diagnostic Groups
TDP-43 proteinopathy was observed in only 1 of the
AD cases, reflecting the inclusion/exclusion criteria.

LC Tau Pathology Was Increased in NC-HP and
MCI and Correlated With Clinical Pathologic
Variables

LC tau pathology across the groups was evaluated using
the ratio of AT8-positive to neuromelanin-positive LC neu-
rons in each case (Fig. 3). There was a significant ~8-fold in-
crease in LC neuronal tau pathology in NC-HP compared with
o NC-LP subjects (p=0.0005), in contrast to an equivalent
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amount of tau pathology between the NC-HP and MCI groups
(p=0.43; Fig. 3A, B). AT8 burden in LC neurons was associ-
ated with reductions in TH-positive LC neuron number (r =
—0.67, p < 0.0001), higher Braak stage (r=0.46, p=0.012),
and lower MMSE scores (r = —0.5, p=0.008) across
subjects.

LC Neuronal Oxidative Stress Was Increased in
MCI and AD

LC neuronal oxidative stress pathology across the
groups was evaluated using the ratio of oh8G/dG-positive (i.e.
neurons expressing DNA/RNA oxidative modifications) in
neuromelanin-positive LC neurons in each case (Fig. 4). Al-
though ~80% of LC neurons in NC-LP and NC-HP subjects
displayed evidence of substantial oxidative stress (Fig. 4A, B),
levels of the oxidative damage marker were significantly
higher in LC neurons in MCI (p=0.0017) and AD
(p<0.0001) subjects compared with NC-HP subjects
(Fig. 4B). Furthermore, increased LC neuronal oxidative stress
marker was significantly correlated with increased LC tau pa-
thology (r=10.48, p < 0.006), decreased LC cell number (r =
—0.46, p=0.012), and lower MMSE score (r = —0.68,
p <0.0001).

Pontine Arteriolosclerosis Severity Was
Increased in MCl and AD

Arteriolosclerosis severity scoring (28, 29) of arterioles
in stage 0 (Fig. 5A), stage 1 (Fig. 5B), stage 2 (Fig. 5C), or
stage 3 (Fig. 5D) was performed in the pons at the level of the
LC. Severity ratings revealed no differences between NC-LP
and NC-HP subjects (p =0.7; Fig. SE). In contrast, there was
significantly greater arteriole pathology in MCI (p = 0.0053)
and AD (p < 0.0001) compared with NC-HP (Fig. SE). Arte-
riolosclerosis severity was not associated with TH-positive LC
neuron number in the subjects (r = —0.3, p=0.11) or global
cerebral arteriolosclerosis severity (r = —0.21, p=0.32).
However, the degree of pontine arteriole pathology signifi-
cantly correlated with LC neuronal oxidative stress (r =0.62,
p=0.0004), LC neuronal tau pathology (r=0.61,
p=0.0004), Braak stage (r=0.47, p<0.01), and individual
MMSE scores (r = —0.8, p < 0.0001).

Regression Analysis of LC Variables Across
Diagnostic Groups

Linear regression revealed that indices of pontine arte-
riolosclerosis, LC neuronal oxidative stress, and LC neuronal
tau pathology, but not age or PMI, were predictors of LC neu-
ron number (Table 2). Additional analyses showed that pon-
tine arteriolosclerosis, LC neuronal oxidative stress, LC
neuronal tau pathology, and LC neuron number also predicted
MMSE scores. Finally, these variables as well as MMSE score
and Braak NFT stage predicted the diagnostic categorization
of NC-LP, NC-HP, MCI, or AD (Table 2).

Next, logistic regression was performed to understand
which variables might influence whether the subject was NC-
HP or MCI (i.e. relatively high AD pathology but unimpaired
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vs cognitively impaired). Not surprisingly, MMSE score pre-
dicted this diagnostic differentiation; however, in the multi-
variable model Braak NFT stage, Reagan AD criteria-based
diagnosis, and CERAD neuritic plaque score did not (Table 3).
Of all other variables examined, only the severity of pontine
arteriolosclerosis (r2 = 04, p=0.01, area under the curve
[AUC] = 0.85) and LC neuronal oxidative damage (# =0.5,
p=0.003, AUC = 0.9) predicted whether the subject was
classified as NC-HP or MCI (Table 3).

DISCUSSION

LC neuronal degeneration during the incipient stages of
AD has been reported by our group and others (46, 9, 17),
and this study supports prior concepts related to the relation-
ship between LC cell loss and cognitive status during the pro-
gression of AD (4, 6). Given the physiological role of
forebrain noradrenergic signaling in sleep/wake cycles and af-
fective responses such as mood and stress (1-3, 31-34), which
are often disturbed even in the AD prodrome (35-38), early
LC cell loss could also impact these emerging symptoms in
addition to cognitive decline. In this study, we explored poten-
tial differences in LC status between unimpaired subjects with
low (NC-LP) versus high (NC-HP) AD pathology vs those
with MCI and AD, using the NC-HP group as a biological con-
trast between NC-LP subjects and elderly people with increas-
ingly severe pathological and clinical disease. Quantitative
analysis of multiple pathological markers showed that the NC-
HP and MCI groups can be differentiated by the relative sever-
ity of pontine arteriolosclerosis and LC oxidative stress burden
in the subjects examined and, moreover, that these 2 markers
were highly predictive for discriminating between the 2
groups.

NIA workshop reports on the neuropathologic assess-
ment (39, 40) and the preclinical definition (20, 41) of AD ac-
knowledged that people who died with a NC-HP classification
may “never manifest clinical symptoms in their lifetime” (20).
However, from an operational perspective, this group provides
a critical window into the mechanistic progression from the
“normal” biology of the aged brain to biological processes as-
sociated with prodromal AD (19), and may provide new
insights into novel mechanisms linking pathology and demen-
tia. Hence, we also tested whether there were specific meas-
ures of LC pathology that differentiated NC-HP and MCI
subjects to define potential factors influencing the transition
from “resilience” to cognitive impairment.

Quantification of LC neuron numbers revealed a step-
wise loss of LC neurons between the NC-LP and NC-HP stage
(~22%) and further neuronal loss between NC-HP and MCI
(~18%; Fig. 2). These differences were not statistically signif-
icant, due perhaps to the sample size of subjects who met the
inclusion/exclusion criteria within each group—a limitation of
the study. However, there was a significant ~40% loss be-
tween the NC-LP and MCI groups that contrasts with our pre-
vious study quantifying a ~30% loss of LC neurons between
cognitively unimpaired and MCI subjects (4). This discrep-
ancy could be related to cohort group classifications, tissue
preparation (e.g. present use of paraffin-embedded vs free-
floating sections) or quantification methods (e.g. present use
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FIGURE 3. Locus coeruleus (LC) tau pathology across the diagnostic groups. (A) Representative AT8-immunostained sections
showing a step-wise increase in the number of neuromelanin+ LC neurons bearing neurofibrillary tangles (arrows). Note that in
later disease stages AT8 labeling is seen in neurons devoid of neuromelanin (arrowheads). (B) The ratio of neuromelanin-positive
LC neurons expressing AT8+ tau pathology was significantly increased ~3-fold in NC-HP cases and ~4- to 5-fold in MCI and AD
cases compared with NC-LP. **p < 0.01; ****p < 0.0001 via 1-way ANOVA with Bonferroni correction. Scale bar = 50 pm.
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FIGURE 4. Accrual of LC neuronal oxidative stress across the diagnostic groups. (A) Representative oh8G/dG-immunostained
sections show prominent nucleic acid oxidative damage in all diagnostic groups (arrows), with evidence for increasing oxidative
stress burden in later disease stages. Note that almost all LC neurons were labeled with the DNA/RNA oxidative marker in AD. (B)
The ratio of LC neurons expressing oh8G/dG+ oxidative stress pathology was high (see Y-axis) but similar in NC-LP and NC-HP
cases. In contrast, LC neuronal oxidative damage was significantly increased in MCl and AD cases compared with NC-LP, as well
as NC-HP. *p < 0.05, **p < 0.01; ***p < 0.0001 via 1-way ANOVA with Bonferroni correction. Scale bar = 50 um.

of total enumeration vs the optical disector probe for cell
counting). In any event, these results expand upon and offer
new insights into LC degeneration in the earliest stages of AD.
For example, Theofilas and colleagues reported that LC vol-
ume decreases ~8.4% with each successive Braak stage,
resulting in a significant ~25% loss of LC volume in control
(CDR 0) cases neuropathologically diagnosed postmortem as
Braak NFT stage III compared with stage 0 (5). All of the NC-
HP cases in the present study were classified as Braak NFT
stages III/IV, so the ~22% decrease in LC neuron number ob-
served here aligns well with these volumetric measures. Inter-
estingly, this previous study also noted that rates of change in
the total number of neurons (*£neuromelanin) within the LC

became significant only in subjects with Braak NFT stages
III-VI. When compared with our present results counting TH-
labeled LC neurons, it is possible that the relatively constant
rate of volume loss observed in this prior study was being
driven by phenotypically noradrenergic LC neuron loss (5).

In contrast, Arendt et al. (6) previously used stereology
to demonstrate 1) a nonsignificant ~3% loss of neuromelanin-
positive LC neurons in subjects classified as preclinical AD
(CDR 0 who also displayed “low” amyloid-Braak-CERAD
[ABC] diagnostic scores [42]) compared with those classified
as controls (CDR 0 and “not” ABC score), and 2) a significant
~13% loss of LC neurons in subjects classified as MCI/pro-
dromal AD (CDR 0.5 who also displayed “low” to
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FIGURE 5. Pontine arteriolosclerosis severity across the diagnostic groups. Representative images of vessels graded as stage 0 (A),
stage 1 (B), stage 2 (C), or stage 3 (D), according to arteriolosclerosis severity by an observer blinded to diagnosis, as described
in “Materials and Methods.” (E) Pontine arteriolosclerosis severity was similar in NC-LP and NC-HP cases. In contrast, pontine
arteriolosclerosis was significantly more severe in MCl and AD cases compared with NC-LP, as well as NC-HP. *p <0.05,
**p <0.01; ***p <0.001; ****p <0.0001 via T-way ANOVA with Bonferroni correction. Scale bars = 50 um (stage 0), 70 pm

(stage 1), 100 um (stage 2), and 90 um (stage 3).

TABLE 2. Linear Regression Analysis of Postmortem Variables
and Cohort Characteristics

LC neuron number MMSE score Diagnosis

Pontine arteriosclerosis =04 =045 ¥ =0.63
p =0.0002 p<0.0001 p<0.0001
LC oxidative damage ”=03 =047 =055
p =0.002 p<0.0001 p<0.0001
LC tau pathology =04 =03 =065
p =0.0002 p =0.0004 p<0.0001
LC neuron number X =04 =038
p=0.0002 p=0.0003
Age =005 =019 ~=0.04
p=022 p =0.02 p=0.27
PMI ?=0.02 N/A N/A
p=0.5
MMSE 7 =024 X =057
p=0.007 p<0.0001
Braak stage ?=0.1 P#=013 =039
p=0.09 p=0.054 p=0.0003
Reagan diagnosis ” =001 #=0.11 ”=0.12
p=0.6 p=0.07 p=0.06
CERAD diagnosis ”=0.06 =016 =0.12
p=0.2 p=0.03 p=0.06

CERAD, Consortium to Establish a Registry for Alzheimer Disease; LC, Locus coe-
ruleus; MMSE, Mini-Mental State Examination. Boldface indicates significant
differences.

“intermediate” ABC scores [42]) compared with controls.
Whereas the cases in the present study were not assigned an
ABC score, the Braak stage and CERAD scores suggest that
the NC-HP and MCI individuals predominantly displayed an
“intermediate” AD neuropathologic changes. Finally, our esti-
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mate of total TH-positive LC cell number in NC-LP
(17 712 = 4782) was similar to other LC morphometric stud-
ies (43—45) and, more specifically, to Arendt et al.’s (6) unbi-
ased estimate of  neuromelanin-positive  neurons
(17 487 = 2736) for control subjects. Moreover, we report a
rostrocaudal gradient of topographical LC cell loss (Fig. 2),
consistent with the topography of LC volume and cell loss
reported in AD (5, 46). Although there was considerable vari-
ability across the cases in the present study, we offer new per-
spectives on this concept by showing that there was a clear
separation between the relative preservation of rostral,
forebrain-projecting LC neurons (47) in the NC-LP and NC-
HP cases compared with the apparent degeneration of these
same neurons in the MCI and AD cases. It was also interesting
to note the relatively steep rostrocaudal gradient of LC cell
loss in the NC-HP cases, which aligned more closely with the
NC-LP group rostrally but more closely with the AD group
caudally. These observations suggest that analyzing discrete
topographical differences in rostral LC neuron loss—and their
respective projection sites—between NC-HP and MCI indi-
viduals may inform the anatomical basis for how the LC fore-
brain projection system vulnerability affects the onset of
cognitive decline (13).

An additional morphological property that might impact
the transition from NC-HP to MCI is the extent of the LC den-
dritic fields between the 2 groups. The LC displays a complex
dendritic arborization pattern (48) receiving prominent affer-
ent inputs including reciprocal glutamatergic innervation from
prefrontal and anterior cingulate cortices (49, 50). Interest-
ingly, Boros and colleagues recently demonstrated similar
spine densities in prefrontal cortex of NC-LP and NC-HP sub-
jects compared with AD subjects (51), whereas spine head di-
ameter was inversely correlated with MMSE scores (52).
Although we were unable to reliably visualize TH-positive
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TABLE 3. Logistic Regression Analysis of Variables Differentiating the NC-HP and MCI Groups

LC Neuron Number LC tau Pathology LC Oxidative Damage Pontine Arteriosclerosis Age

MMSE Infarcts Braak Reagan CERAD

” 0.14 0.14 0.51
p 0.22 0.17 0.003
AUC 0.70 0.71 0.90

0.41 0.09 0.48 0.20 0.22 0.08 0.06
0.01 0.25 0.004 0.15 0.1 0.3 0.4
0.85 0.68 0.89 0.72 0.75 0.66 0.64

AUCG, area under the curve; LC, locus coeruleus; MCI, mild cognitive impairment; NC-HP, normal cognition-high AD pathology. Boldface indicates significant differences.

neurites for evaluation in the paraffin-embedded sections, it is
possible that the structural integrity of the dendritic architec-
ture of the LC neurons is more stable and intact among the
remaining LC neurons in the NC-HP patients compared with
MCI and AD.

With respect to pathologic changes that might differenti-
ate NC-LP, NC-HP, and MCI, we quantified the percentage of
neuromelanin-positive neurons LC neurons bearing markers
for tau pathology (ATS), TDP-43 pathology, or oxidative
stress (Oh8G/dG as a marker for DNA/RNA oxidative modifi-
cations), as well as the severity of pontine arteriolosclerosis.
TDP-43 pathology was seen only very rarely in this sample,
due to the study’s exclusion criteria. In contrast, AT8 tau pa-
thology—which spans early and late-stage tangles (53)—was
progressively increased in NC-HP, MCI, and AD cases com-
pared with NC-LP (Fig. 3), and was significantly associated
with reductions in TH-positive LC neuron number, higher
Braak NFT stage, and lower MMSE scores. While these obser-
vations support Braak’s revised “pretangle” stage of AD pro-
gression (54), the lack of significant differences between
ATS8-positive neurons in NC-HP compared with MCI suggests
that LC tau pathological load does not necessarily impact
whether a person is cognitively normal or impaired.

On the other hand, there was a significant increase in the
ratio of LC neurons bearing oxidative damage in MCI and AD
individuals compared with NC-LP or NC-HP individuals. Pre-
viously, we reported a downregulation of specific transcripts
involved in mitochondrial (e.g. cytochrome C1 and nuclear re-
spiratory factor 1) and redox (eg superoxide dismutase 2 and
glutathione peroxidase) function within individual LC neurons
from amnestic MCI compared with cognitively intact subjects;
moreover, reduced levels of these transcripts correlated with
worsening antemortem cognitive variables (4). We used the
Oh8G/dG marker as a proxy for cellular oxidative stress in
this study, but our findings more specifically suggest that
DNA and RNA oxidative damage may contribute to the dysre-
gulation of these key functional classes of genes, which in turn
promotes the high oxidative environment within aged LC neu-
rons and the significant increases observed in MCI and AD.
Such a deleterious environment may correspond with reduced
cellular energy charge driving synaptic dysfunction in projec-
tion zones (55, 56).

The source of this high level of oxidative damage within
noradrenergic LC neurons and the significant increase in the
level of oxidative stress between NC-HP and MCI is unclear,
yet a novel observation from our study was that the severity of
pontine arteriolosclerosis was also significantly increased dur-
ing the transition from HC-HP to MCI. The vascular bed of
the LC is supplied by the penetrating pontine arteries and is

very dense, displaying an estimated ~1250 mm length per cu-
bic millimeter of tissue in capillaries alone (57). This vascular
density was hypothesized to be greater than any other nucleus
in the CNS except the supraoptic nucleus (57). Interestingly,
polymorphisms in certain AD risk genes (APOE4, CR1, BINI,
and PICALM) contribute both to an earlier time of onset of
AD and to the development of coronary artery disease or
stroke (58-61), whereas radiographic studies have demon-
strated reduced basilar artery wall sheer stress in MCI and AD
that was significantly associated with MMSE scores (62). The
extent of hypertension was equivalent across the groups (Ta-
ble 1) suggesting a myriad of potential sources for differential
cerebrovascular disease in the subjects, but the present find-
ings suggest that arteriolar pathology within the LC could lead
to hypoperfusion and hypoxic conditions (63), resulting in LC
neuronal oxidative and metabolic stress, as noted above (4), as
well as LC toxicant burden (64). In this regard, Pamphlett
et al. (65, 66) have used mass spectrometric analysis and X-
ray fluorescence microscopy to demonstrate the presence neu-
rotoxic mercury as well as cadmium, silver, lead, iron, copper,
bromine, rubidium, selenium, and nickel in LC neurons in
aged subjects. Given additional evidence that these metals
contribute to cellular oxidative damage (67, 68) and that heavy
metals in neuromelanin-containing organelles can result in
neurodegeneration (69), LC neurons in the aged brain may be
primed for further toxicant damage during AD. Since LC pro-
jection system axons innervate microvessels in the CNS (70—
73), regulate blood flow, vessel diameter, and blood volume
changes in regions of oxygen demand (74-77), and disrupt
several markers of cerebrovascular function upon LC axonal
lesions in rat models of AD (78, 79), it is tempting to consider
a model wherein LC degenerative processes due to local aber-
rant perfusion triggers feed-forward vascular pathology in
forebrain projection zones.

To identify relationships among LC pathologic variables
and clinical neuropathologic criteria among the subjects ex-
amined, we used regression analyses. These produced models
to understand which variables might more directly influence
whether the subject was cognitively impaired. We focused on
the conversion between NC-HP and MCI. Linear regression
showed that LC neuron number predicted MMSE scores and
diagnostic category, whereas LC tau pathology, LC oxidative
stress, and pontine arteriolosclerosis severity were all predic-
tors of LC neuron number, MMSE score, and diagnostic cate-
gory. However, logistic regression showed that only LC
oxidative stress, pontine arteriolosclerosis severity and, pre-
dictably, MMSE scores were able to discriminate between
subjects with relatively high AD pathology who were unim-
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paired (NC-HP) versus those who were cognitively impaired
(MCD).

In summary, we explored mechanisms underlying the
transitions along the spectrum from normal/minimal pathol-
ogy to impaired/with AD-type pathology. The observation for
incremental LC neuron loss across this clinical-pathological
spectrum, and the relative preservation of rostral LC neurons
in NC-HP compared with MCI cases, suggest that there is a
critical threshold of rostral, forebrain-projecting neuron loss
that contributes to a loss of resilience and onset of cognitive
decline and potentially comorbid behavioral disturbances in
wakefulness and affect. This threshold may not be driven pri-
marily by the accumulation of LC neuronal tau pathology
since there was a striking and equivalent increase of tau pa-
thology in LC neurons from NC-HP and MCI compared with
NC-LP subjects. However, the observation that LC neuronal
oxidative stress and pontine arteriolosclerosis differentiate
HC-NP and MCI subjects indicates that these 2 factors may
play a hitherto underappreciated role in this transition. We
posit that pathology in the LC vascular bed, subsequent oxida-
tive and metabolic stress, and LC neuronal dysfunction in cog-
nitive efferent regions contribute to the onset of cognitive
impairment and dementia and represent rational therapeutic
targets for disease modification.
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