. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/204278/

Version: Published Version

Article:

Sadlon, A., Takousis, P., Ankli, B. et al. (2024) Association of chronic pain with biomarkers
of neurodegeneration, microglial activation and inflammation in the CSF and impaired
cognitive function. Annals of Neurology, 95 (1). pp. 195-206. ISSN: 0364-5134

https://doi.org/10.1002/ana.26804

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial (CC BY-NC)
licence. This licence allows you to remix, tweak, and build upon this work non-commercially, and any new
works must also acknowledge the authors and be non-commercial. You don'’t have to license any derivative
works on the same terms. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1002/ana.26804
https://eprints.whiterose.ac.uk/id/eprint/204278/
https://eprints.whiterose.ac.uk/

M) Check for updates

RESEARCH ARTICLE

Association of Chronic Pain with
Biomarkers of Neurodegeneration,
Microglial Activation, and Inflammation in
Cerebrospinal Fluid and Impaired
Cognitive Function

Angélique Sadlon, MD, PhD 123 Petros Takousis, PhD," Barbara Ankli, MD,>*
Panagiotis Alexopoulos, MD,>*’® and Robert Perneczky, MD, ®'-/10.11.12

for the Alzheimer's Disease Neuroimaging Initiative'

Objective: Debate surrounds the role of chronic pain as a risk factor for cognitive decline and dementia. This study
aimed at examining the association of chronic pain with biomarkers of neurodegeneration using data from the
Alzheimer’s Disease Neuroimaging Initiative.

Methods: Participants were classified using the ATN (amyloid, tau, neurodegeneration) classification. Chronic pain was
defined as persistent or recurrent pain reported at baseline. For each ATN group, analysis of covariance models identi-
fied differences in cerebrospinal fluid (CSF) levels of amyloid B1_s2, phosphorylated tau 181 (ptau,g,), total tau (t-tau),
soluble triggering receptor expressed on myeloid cells 2 (sTREM2), and cognitive function between chronic pain states.
Differences in CSF levels of inflammatory markers between chronic pain states were further analyzed. Linear mixed
effect models examined longitudinal changes.

Results: The study included 995 individuals, with 605 (60.81%) reporting chronic pain at baseline. At baseline, individ-
uals with suspected non-Alzheimer pathophysiology and chronic pain showed increased CSF levels of t-tau and
sTREM2. Chronic pain was associated with increased tumor necrosis factor a levels, irrespective of the ATN group.
Longitudinally, an increase in ptaujg; CSF levels was observed in chronic pain patients with negative amyloid and
neurodegeneration markers. Amyloid-positive and neurodegeneration-negative chronic pain patients showed higher
memory function cross-sectionally. No significant longitudinal decline in cognitive function was observed for any ATN
group.
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Interpretation: Our study suggests that chronic pain induces neuronal damage and microglial activation in particular
subgroups of patients along the AD spectrum. Further studies are needed to confirm these findings.

ain is a distressing experience involving biological,
Pcognitive and environmental dimensions and is
defined as chronic if lasting >3 months." Chronic pain
can be a highly disabling condition, affecting >20% of
adults in the USA and Europe.” Large longitudinal studies
suggest that chronic pain is associated with cognitive
decline and incident dementia.>* However, two recent
systematic reviews and meta-analyses failed to show an
unequivocal link between the two conditions, highlighting
the heterogeneity among the included studies in terms of
pain definition and assessment, follow-up time, neuropsy-
chological testing, and definitions of cognitive decline and
dementia.”®  Furthermore, analyses were not always
adjusted for risk factors known to alter cognitive function
such as analgesic intake and depression, highly prevalent
in chronic pain.” Finally, so far no study has accounted
for the presence of genetic risk factors for Alzheimer dis-
ease (AD), the most frequent form of dementia.® Yer, it is
now well established that AD has a strong genetic herita-
bility, accounting for 58 to 79% of late onset cases.” It
remains therefore unknown whether chronic pain individ-
uals suffering from cognitive decline already had a genetic
predisposition for AD.

Nonetheless, the link between chronic pain and cog-
nitive decline deserves further investigation, particularly as
accumulating evidence from experimental studies points
toward shared alterations between chronic pain and AD
such as upregulated microglial activation, and locus
coeruleus dysfunction.'® Also, a recent genome-wide asso-
ciation study in the UK Biobank found that genetic vari-
ants significantly associated with multisite chronic pain are
located in genes involved in neurogenesis and synaptic sig-
naling, pathways also altered in AD.'" Finally, a recent
study in a mouse model of chronic neuropathic pain
found that chronic pain is associated with tau-mediated
hippocampal atrophy and cognitive deficits.'*

To our knowledge, no study has examined the asso-
ciation between chronic pain status and biomarkers of
neurodegeneration in the cerebrospinal fluid (CSF), and
advanced neuropsychological testing. Yet, such results
would not only unveil the influence of chronic pain on
neuronal function but would also help identify individuals
at risk for developing AD, most likely to benefit from
targeted preventive measures.

Using data from the well-phenotyped and genotyped
Alzheimer’s Disease Neuroimaging Initative (ADNI)
cohort, we examined the influence on CSF biomarkers of
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neurodegeneration, inflammation, and microglial activa-
tion cross-sectionally and longitudinally. In a further step,
we investigated the effect of chronic pain on cognitive
function, both cross-sectionally and longitudinally.

Patients and Methods
Study Design

Data used in the preparation of this article were obtained
from the ADNI database (accessed in May 2022). The
ADNI was launched in 2003 as a public—private partnership,
led by Principal Investigator Michael W. Weiner, MD
(ClinicalTrials.gov IDs: NCT02854033, NCT01231971).
The primary goal of ADNI is to test whether serial magnetic
resonance imaging, positron emission tomography, other bio-
logical markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of mild
cognitive impairment (MCI) and early AD. The ADNI
cohort includes subjects with AD dementia, MCI, and
healthy controls. Using the National Institute of Neurologi-
cal and Communicative Disorders and Stroke—Alzheimer’s
Disease and Related Disorders Association criteria, individ-
uals were classified as having AD if they presented a Mini-
Mental State Examination (MMSE) score of 20 to
26 and a Clinical Dementia Rating (CDR) score of 0.5
or 1. Individuals without functional complaints but a
MMSE score of 24 to 30, a CDR score of 0.5 (with a
memory box score of 0.5 or greater), and memory com-
plaints were classified as having MCI. Finally, healthy
controls were defined as being independent in their
activities of daily living, reporting no memory com-
plaints and impairment on cognitive testing. Further
details on the study characteristics are described else-
where.'? Study protocols can be found on https://adni.
loni.usc.edu/methods/documents/.

Standard Protocol Approvals, Registration, and
Contents

ADNI was reviewed and approved by all host study site
institutional review boards, and participants completed

written informed consent after receiving a comprehensive

description of the ADNI.

ATN Classification

To study the role of chronic pain on biomarkers of neu-
rodegeneration, participants were classified based on their
CSF AD biomarker results using the ATN classification
from the National Institute on Aging—Alzheimer’s
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Association research framework. This classification is based
on the presence of amyloid deposition (A), tau pathology
(T), and neurodegeneration (N) at baseline and is
intended for research purposes with the aim of under-
standing the pathophysiology behind neurodegenerative dis-
cases."* As proposed before, A4 was defined as CSF amyloid
B (AB)1_42 < 192pg/ml (AB1_4 range = 77.90—
327.00pg/ml) and TN+ was defined as phosphorylated tau
181 (ptau;g;) = 23pg/ml (ptau; g range = 6.90—
213.00pg/ml) and/or total tau (t-tau) > 93pg/ml (t-tau
range = 14.30-479.00pg/ml)."”” Using these curtoffs, we
defined 4 distinct groups: 2 groups along the AD continuum
(A+TN+ and A+TN—-), 1 group with suspected non-AD
pathophysiology SNAP (suspected non-Alzheimer disease
pathophysiology (SNAP); A—TN+), and 1 group with nor-
mal biomarkers (A—TN-). Individuals with other bio-
marker profiles suggesting a non-AD pathology were
excluded.

Chronic Pain Definition

In ADNI, participants were asked at each visit about the
presence of pain symptoms as well as symptom duration
(episodic, persistent, or recurrent) and severity (mild,
moderate, or severe). Definition of severity grades were as
follows: mild as discomfort without disruption of normal
daily activity, moderate as discomfort with reduction of
normal daily activity, and severe as incapacity to perform
any normal daily activity. The symptoms were recorded in
the BSXSYMP or MHDESC columns in the recbllog and
recmbist datasets, respectively. We used the International
Association for the Study of Pain classification to manually
identify patients suffering from recurrent or persistent pain
at the screening or baseline visits for a duration of at least
3 months." The duration was calculated as the difference
between the examination date and the reported symptom
onset date (BSXONSET or MHDTONSET columns in
the recbllog and recmbist datasets, respectively). Both
chronic primary and secondary pain were considered.
Chronic primary pain syndromes included chronic wide-
spread pain (eg, fibromyalgia), complex regional pain syn-
dromes, chronic primary headaches (eg, migraine),
chronic primary visceral pain (eg, arising from irritable
bowel syndrome), and chronic primary musculoskeletal
pain (eg, low back pain). Chronic secondary pain syn-
dromes were defined as pain syndromes arising from an
underlying condition (eg, rheumatoid arthritis).

Outcomes

Neuropsychological Assessments. For neuropsychological
assessments we used the composite scores of memory and
executive function, described and validated previously,
which are provided by ADNL'®" Briefly, the composite

Sadlon et al: Pain and Neurodegeneration

score of memory (ADNI MEM, range = —2.27 to 3.14)
included results from the Auditory Verbal Learning Test,
the word list learning and recognition components of the
AD Assessment Scale—Cognitive Subscale, word recall
items from the MMSE, and Logical Memory I from the
Wechsler Memory Test—Revised.'” The composite score
for executive function (ADNI EF, range = —3.02 to
3.00) was derived from the digit symbol substitution and
digit span backward tests, Trail Making Test Parts A
and B, animal and vegetable Category Fluency, Digit Can-

cellation, and the Clock Drawing test. 1©

CSF and Blood Biomarkers. Biomarkers of neu-
rodegeneration included CSF concentrations of APy 4,
ptaul81, and t-tau, analyzed by the ADNI Biomarker
core laboratory on a multiplex xMAP Luminex platform
using specific monoclonal antibodies.'® To investigate
neuroinflammation, we used CSF levels of soluble trigger-
ing receptor expressed on myeloid cells 2 (STREM2), a
marker of microglial activation, altered at different stages
of the AD spectrum.'”?® sSTREM2 was measured in the
CSF via enzyme-linked immunosorbent assay as described
previously.”' Inflammatory protein CSF levels (tumor
necrosis factor [TNF]-R1, TNF-R2, transforming growth
factor [TGF] p1, TGFp2, TGFp3, interleukin [IL]-21,
IL-6, IL-7, IL-9, IL-10, TNFa, interferon y-induced pro-
tein 10, IL.12.P40, intercellular adhesion molecule-1, vas-
cular cell adhesion molecule-1) were analyzed using a

. . 22
multiplex immunoassay.

Covariates

In addition to age, sex, education, and apolipoprotein E
(APOE) €4 status (at risk individuals were defined as car-
rying at least one risk allele), we considered the Geriatric
Depression Scale (GDS) short form score (range = 0-15)
for each visit as well as the CDR-Sum of Boxes (CDR-
SB; range = 0-18). Moreover, for each visit, analgesic
intake by study participant provided in the recemed table
by ADNI was extracted. We extracted following drug cat-
egories recommended in the management of chronic pain:
"opioids" (Anatomical Therapeutic Chemical Classifica-
tion code [ATC]: NO2A), "anti-inflammatory and anti-
theumatic  products, non steroids" (ATC: MO0IA),
"pyrazolones" (ATC: NO2BB) such as metamizole,
"anilides" (ATC: NO2BE) such as paracetamol, "carbox-
amide derivates”" (ATC: NO3AF) such as carbamazepine,
and finally, pregabalin and gabapentin from the "other
antiepileptics” (ATC: NO3AX) group.23 The number of
chronic conditions as defined in the Charlson Comorbid-
ity Index was extracted for each visit and converted to a
binary variable if at least one chronic condition was
present.24
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Statistical Methods
Descriptive data are presented as frequency (n [%]) for
categorical variables and mean (standard deviation [SD])
for continuous variables. Outliers were removed if they fell
>3 X the interquartile range above the third quartile or
under the first quartilee. Normality was assessed using the
Shapiro-Wilk test. Here, all CSF biomarkers showed a signifi-
cant Shapiro-Wilk test (p < 0.05) and were log10 transformed
to approach the assumptions of Gaussian normal distribution.
Differences between chronic pain status were first investigated
using a Pearson chi-squared test or a Fisher’s exact test for cate-
gorical variables and 7 test or Wilcoxon test for normally or
non-normally distributed continuous variables, respectively.

At baseline, analyses of covariance compared CSF
biomarkers as well as neuropsychological outcomes

between chronic pain and non-chronic pain patients for
each ATN group, adjusting for age, sex, education, APOE
€4 carrier status, and CDR-SB score. Additional covariates
(GDS score, intake of analgesic, presence of chronic dis-
eases) were added to the model if they met the significance
level of & = 0.2 in the univariate model. We further con-
ducted an interaction analysis between pain status and
painkiller intake (except for the A—TN+ group, as only
one patient in the non-chronic pain group reported pain-
killer intake).

For the longitudinal analysis, for each ATN group,
we used a linear mixed effect regression model using the
function /mer from the lme4 package in R and adding
the 2-way interaction time of visit X chronic pain status.
The covariates age, sex, education, APOE €4 carrier status,

Participants at inclusion

n=995
with chronic pain without chronic pain
baseline baseline
CSF biomarkers (AB, ,,, t-tau, ptau,g,) CSF biomarkers (AB, ,, t-tau, ptau,,,)
nnotimputed=605 (100%) nnotimputed=390 (100%)

neuropsychological assessments

neuropsychological assessments

nnoﬁmputed=605 (100%) nnotimputed=390 (100%)
CSF sTREM2 CSF sTREM2
N potimputed=00 (100%) M gtimpure=390 (100%)

12 months J l 12 months
CSF biomarkers (AB, ,,, t-tau, ptau,,,) CSF biomarkers (AB, ,,, t-tau, ptau,,)
M timputed™ 199 (25.38%) M50 (20.51%)

Minouteg = 490 (74.62%) Nimpuies =310 (79.49%)
neuropsychological assessments neuropsychological assessments
nnotimpuled=519 (8607%) nnotr‘mputed=334 (8564%)

Nimputes =04 (13.93%) Niputeg =56 (14.36%)

24 months J 24 months
CSF biomarkers (AB, ,, t-tau, ptau,,) CSF biomarkers (AB,_,, t-tau, ptau,g,)
N potimputed=222 (37.56%) N otimputes™135 (34.62%)

Ninputea =374 (62.44%) Nimputeg =255 (65.39%)
neuropsychological assessments neuropsychological assessments
Nrotimputed™24 73 (78.97%) N otimputed=278 (71.28%)
Nimpuea = 126 (21.03%) N =112 (28.72%)

FIGURE 1: Study flowchart. Missing variables were imputed using a random forest algorithm implemented in the MissForest
package in R. Neuropsychological assessments included Alzheimer’s Disease Neuroimaging Initiative (ADNI) composite scores of
memory (ADNI MEM) and executive function (ADNI EF). Ap = amyloid p; CSF = cerebrospinal fluid; ptau181 = phosphorylated
tau 181; sTREM2 = soluble triggering receptor expressed on myeloid cells 2; t-tau = total tau.
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TABLE. Demographics

Characteristic

Age, yr
Gender
Female
Male
Education, yr
APOE €4
Noncarrier
Risk allele carrier
GDS
CDR

Painkiller intake
Pain type
Visceral
Musculoskeletal

Mixed pain types
ATN

A—TN-—

SNAP

A+TN-—

A+TN+

Presence of >1 chronic conditions

Widespread pain [eg, fibromyalgia]

Headache or orofacial pain

Overall, n = 995*

73.07 (7.33)

435 (43.72%)
560 (56.28%)
16.03 (2.79)

528 (53.07%)
467 (46.93%)
1.44 (1.38)
1.66 (1.80)
316 (31.76%)
205 (20.60%)

31 (3.12%)
284 (28.54%)
1 (0.10%)
31 (3.12%)
190 (19.10%)

189 (18.99%)
182 (18.29%)
76 (7.64%)
548 (55.08%)

No chronic Chronic pain,
pain, n = 397° n = 605" ?°
72.86 (7.55) 73.20 (7.19) 0.5

<0.001

144 (36.92%) 291 (48.10%)

246 (63.08%) 314 (51.90%)

16.40 (2.64) 15.78 (2.85) 0.002
0.092

194 (49.74%) 334 (55.21%)

196 (50.26%) 271 (44.79%)

1.32 (1.28) 1.53 (1.44) 0.053

1.86 (1.96) 1.53 (1.67) 0.049

114 (29.23%) 202 (33.39%) 0.2

35 (8.97%) 170 (28.10%) <0.001
0 (0.00%) 31 (5.12%)
0 (0.00%) 349 (57.69%)
0 (0.00%) 1(0.17%)
0 (0.00%) 34 (5.62%)
0 (0.00%) 190 (31.40%)
0.026
64 (16.41%) 125 (20.66%)
61 (15.64%) 121 (20.00%)
27 (6.92%) 49 (8.10%)
238 (61.03%) 310 (51.24%)

Abbreviations: APOE = apolipoprotein E; ATN = amyloid, tau, neurodegeneration; CDR = Clinical Dementia Rating; GDS = Geriatric Depression

Scale; SNAP = suspected non-Alzheimer disease pathophysiology.

*Mean (standard deviation) or n (%).

"Wilcoxon rank-sum test, Pearson chi-squared test, or Fisher exact test.

CDR-SB score, analgesic intake (at visit point), and GDS
total (at visit point) were added as fixed effects to the model.
‘We ran a model without random effects and a model includ-
ing a random intercept and/or a random slope for each par-
ticipant and then compared the models using the Akaike
information criterion. Here, the model including a random
intercept showed better performance for each outcome.

To increase the power for our longitudinal analysis,
we imputed missing values at 12- and 24-month visits
using a random forest algorithm implemented in the

MissForest package in R.* This method creates a nonpara-
metric imputation for each variable; it was recently
described and validated to impute missing values for longi-
tudinal data analysis in the ADNI datasets.”**”

All statistical analyses were undertaken in R version
4.2.1. Due to the hypothesis-generating nature of our paper,
statistical significance was set at p,,,, < 0.05. We also carried
a Bonferroni correction (p,4) to account for multiple com-
parison for the CSF biomarker outcomes (Ncomp = 4) and
for the cognitive function outcomes (Nomp = 2).
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FIGURE 2: Differences in cerebrospinal fluid levels of amyloid § (Af; A), total tau (t tau; B), phosphorylated tau 181 (ptau181; C), and
soluble triggering receptor expressed on myeloid cells 2 (STREM2; D) between chronic pain patients from different ATN (amyloid,
tau, neurodegeneration) groups. Uncorrected p values are shown, with boldface highlighting significant uncorrected p values, and
* denoting significant results after Bonferroni correction for multiple comparison. Analysis of covariance model includes age, gender,
education, APOE ¢4 carrier status, Clinical Dementia Rating-Sum of Boxes, analgesic intake, and Geriatric Depression Scale total
score as covariates. Blue = no chronic pain, red = chronic pain. SNAP = suspected non-Alzheimer disease pathophysiology.

Results

Baseline Characteristics

The total sample size at baseline consisted of 995 individuals
(Fig 1). The cohort’s mean age (SD) was 73.07 (7.33) years,
and 560 (56.28%) participants were male. A total of
605 (60.81%) participants reported chronic pain at baseline,
with musculoskeletal pain being the most frequent chronic
pain type (46.94%); compared to patients without chronic
pain, these participants were older (mean age = 73.20 vs
72.86 years, p < 0.001), were more frequenty male (51.90%
male vs 48.10% female, p < 0.001), reported lower educa-
tion years (mean education years = 15.78 vs 16.40 years,
= 0.002), and took analgesics more regularly (regular anal-
gesic intake: 28.10% vs 8.97%, p < 0.001). The two chronic
pain status groups showed differences in ATN group distri-
bution, as well as AP;_4, CSF levels at baseline (Table).

Cross-Sectional Analysis of Chronic Pain and CSF
Neurodegeneration Markers

At baseline, we found that individuals from the SNAP
group had increased ttau CSF levels (log mean
[SD] = 1.84 [0.19] pg/ml for chronic pain vs 1.79 [0.14]
pg/ml for non-chronic pain, F; 175 = 4.46, p,,,, = 0.036,
Pady = 0.14) and increased sSTREM2 CSF levels (log mean
[SD] = 3.54 [0.17] pg/ml for chronic pain vs 3.52 [0.22]

pg/ml for nonchronic pain, £ 174 = 7.36, p,., = 0.008,
Pagi = 0.028; Fig 2). We found no significant interaction
between chronic pain status and painkiller intake.

Cross-Sectional Analysis of Chronic Pain and
Cognitive Function

Our analysis revealed that chronic pain patients in the A
+TN-— group showed higher memory function at baseline
(mean [SD] = 0.46 [0.68] for chronic pain vs 0.10 [0.93]
Figo =7.65  pruw = 0.007,
Paqi = 0.098; Fig 3). No significant interaction between

for non-chronic pain,

chronic pain status and painkiller intake was found.

Cross-Sectional Analysis of Chronic Pain and CSF
Inflammatory Levels

We investigated the influence of chronic pain on inflam-
matory proteins in the CSF, irrespective of the ATN
group. Our analysis showed that chronic pain is associated
with increased CSF TNFa levels (f = 0.16, 95% CI
[0.035-0.29], 0 = 0.013, s = 0.19; Fig 4).

Longitudinal Analysis of Chronic Pain Association
with CSF Neurodegeneration Biomarkers and
Memory Function

For the A—TN— group, we found an interaction effect
between time and chronic pain status for ptau;g;
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FIGURE 3: Differences in neuropsychological testing
between chronic pain patients from different ATN (amyloid,
tau, neurodegeneration) groups. Uncorrected p values are
presented, with boldface denoting significant results after
Bonferroni correction for multiple comparison. Analysis of
covariance model includes age, gender, education, APOE ¢4
carrier status, Clinical Dementia Rating-Sum of Boxes,
Geriatric Depression Scale total score, and analgesic intake.
Blue = no chronic pain, red =chronic pain. ADNI =
Alzheimer's Disease Neuroimaging Initiative; EF = executive
function; MEM = memory; SNAP = suspected non-Alzheimer
disease pathophysiology.

(» = 0.038) and AP CSF levels (p = 0.016); chronic pain
patients showed an increase in ptau;g; CSF levels over time
(B =0.014, 95% CI [0.01-0.028]). In contrast, non-
chronic pain patients showed a decrease in A CSF levels
over time (f = —0.01, 95% CI [—0.02 to —0.01]; Fig 5).
For cognitive function, no interaction effect for time and
chronic pain status was observed for ADNI EF for any
ATN group, whereas a significant effect was observed for
ADNI MEM (p = 0.041) for A+TN— individuals. In this
group, non-chronic pain patients had a significant increase
in ADNI MEM over time (f =0.21, 95% CI [0.06—
0.36]; see Fig 5). The 3-way interactions time X chronic
pain status X painkiller intake and time X chronic pain x
baseline sSTREM2 were not significant for any outcome.

Discussion

In this study, we assessed the relationship between chronic
pain and CSF biomarkers of neurodegeneration in the

Sadlon et al: Pain and Neurodegeneration

context of AD, at baseline and after 24 months. We found
that chronic pain induced increased t-tau CSF levels only
in patients with SNAP. In the same group, we also
observed that chronic pain was associated with increased
CSF levels of sSTREM2, a biomarker of microglial activa-
tion.”" Considering that increased t-tau CSF levels reflect
neuronal damage and neurodegeneration intensity, our
findings suggest an interplay between chronic pain, neuro-
nal damage, neurodegeneration, and microglial activa-
tion.”® These results are consistent with previous studies
reporting increased microglial activation in chronic pain
states such as neuropathic pain, cancer pain, and
migraine.”” However, our study is the first to suggest a
link between neuronal damage and neurodegeneration
with microglial activation in chronic pain states. Addition-
ally, we observed that the difference in sSTREM2 CSF
levels between chronic pain states in the SNAP group
were close to the differences reported between healthy
controls and MCI or AD patients.”"*° Because the CSF
levels of STREM2 and biomarkers of neurodegeneration
were analyzed from the same aliquot in ADNI, we were
not able to determinate whether microglial activation pre-
ceded neuronal damage. Further studies are needed to
establish the temporal relationship between microglial acti-
vation and neuronal damage, as such findings have poten-
tial therapeutical implications. That our analysis did not
yield any significant CSF alterations in other ATN groups
indicates that the pathological processes underlying SNAP
may favor chronic pain-induced neuronal damage. SNAP
is a heterogenous clinical entity, and various pathological
drivers have been reported in the literature, including the
presence of cerebrovascular diseases (CeVD).”" The latter
are characterized by alterations in cerebral blood flow
(CBF) that may precipitate neuronal damage and subse-
quent increased CSF t-tau levels.”> Interestingly, past
studies found that changes in CBF participate in pain per-
ception alteration and chronic pain states.>®> Hence, based
on our findings, we may postulate that chronic pain
induces changes in CBF, which induce significant neuro-
nal damage in vulnerable brains, such as in SNAP patients
with CeVD.

At the longitudinal level, we observed that amyloid-
and neurodegeneration-negative individuals with chronic
pain experienced an increase in ptaujg; CSF levels over
time. Considering that past studies have reported
increased microglial activation in chronic pain patients,” 4
our results suggest that chronic pain induces a microglial
phenotype more prone to tau seeding and propagation.”’
It is noteworthy that a recent study in a mouse model
showed that transcription factor NF-kf, a key player in
chronic pain, participates in microglial-driven tau spread-
ing and toxicity.”®*” Another hypothesis may be that
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FIGURE 4: Differences in cerebrospinal fluid |nf|ammatory markers between chronic pain patients from different ATN (amyloid,
tau, neurodegeneration) groups. Analysis of covariance model includes age, gender, education, APOE €4 carrier status, Clinical
Dementia Rating—Sum of Boxes Geriatric Depression Scale total score, and analgesic intake. Blue = no cp, red = ¢cp. cp = chronic
pain; ICAM = intercellular adhesion molecule; IL = interleukin; IP = interferon y-induced protein; TGF = transforming growth
factor; TNF = tumor necrosis factor; VCAM = vascular cell adhesion molecule.

pathological processes involved in chronic pain interact
with the aberrant tau phosphorylation process typical for
AD. Tau is a microtubule-associated protein that partici-
pates in the cytoarchitecture by stabilizing the microtu-
bule; hyperphosphorylation of tau leads to decreased
binding affinity, eventually resulting in microtubule dis-
ruption and later to intracellular neurofibrillary tangles.”®
The literature describes a wide range of protein kinase
families involved in tau hyperphosphorylation, such as the
mitogen-activated protein kinase and Src families.>**’
Interestingly, both families are also key players in chronic
pain, as they modulate the transmission of pain receptors
and interact with neurotrophic factors.*"** These kinase
signaling pathways consist of a cascade of reactions
involving kinases and phosphatases, interacting through
feedback regulatory loops.” Therefore, in individuals
from the A—TN— group, dysregulated protein kinase sig-
naling described in chronic pain may to some extent
increase tau phosphorylation either by a feedback loop or
by creating an imbalance between the protein phospha-
tases and kinases. Although the longitudinal increase in
ptau;g; CSF levels was not associated with a deterioration
in cognitive function over time, it is possible that

cognitive changes occur at a later stage.”® Surprisingly, in
the same group non-chronic pain patients experienced a
decrease in AP over time. We may hypothesize that the
chronic pain-induced microglial phenotype may play a
protective role against amyloid deposition, similar to find-
ings in carly stages of AD.**

An exploratory analysis of CSF levels of inflamma-
tory proteins revealed increased TNFa levels in the CSF
of chronic pain patients. This proinflammatory cytokine
has been involved in pathological processes underlying
chronic pain conditions such as new daily persistent head-
ache® and migraines.”® Noteworthy, we previously
showed that TNFa is positively correlated with sSTREM2
in CSF." It remains to be further determined whether
increased TNFa in chronic pain induces microglial activa-
tion or whether TNFa is produced by chronic pain-
activated microglia.

Our study found no effect of chronic pain on cogni-
tive function over time for any ATN group. These results
are in line with two recent meta-analyses, which failed to
show a clear association between chronic pain and cogni-
tive decline and advocated for further investigations.”®
Our findings are strengthened in that we adjusted for
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FIGURE 5: Longitudinal changes in cerebrospinal fluid biomarkers of neurodegeneration and cognitive function between chronic
pain patients from different ATN (amyloid, tau, neurodegeneration) groups. Linear mixed effect regression model includes age,
gender, education, APOE ¢4 carrier status, Clinical Dementia Rating-Sum of Boxes, Geriatric Depression Scale total and
analgesic intake. Blue = no chronic pain, red = chronic pain. Ap = amyloid p; ADNI = Alzheimer's Disease Neuroimaging
month 12; m24 = month 24; MEM = memory; ptau181 =

Initiative; bl = baseline; EF = executive function; m12

phosphorylated tau 181; t-tau = total tau.

important confounders known to influence cognitive func-

tion, such as APOE €4 carrier status, depressive symptoms,

. . 4 .
and intake of analgesics. 7 Moreover, our outcomes consisted

of composite scores of memory and executive function, vali-
dated in ADNI, a well-established cohort specifically
designed to investigate questions pertaining to AD.'®"”
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The prevalence of chronic pain in our study was
60.81%, which is in line with previous USA-based epide-
miological studies conducted at the time when ADNI data
were collected. More than 50% of adults 65 years and
older reported suffering from pain in the past months in
the National Health and Aging Trends Study 2011.%
Surprisingly, in our study, chronic pain was slightly more
prevalent in male participants (51.9% in male vs 48.1%
in female), which contrasts with past studies.”® We have
identified two hypotheses to explain our findings. First,
prevalence studies on chronic pain are marked by a high
heterogeneity in study settings and population, pain defi-
nition, and pain assessments and we lack the evidence
from a memory clinic-based population. Second, we iden-
tified chronic pain patients based on symptoms reported
at baseline as well as in the follow-up visits if the given
pain duration indicated presence of chronic pain at base-
line. It is well established that men are less likely to report
chronic pain symptoms than women, due to social, psy-
chological, and cultural constructions.”” Hence, our multi-
step approach of identifying chronic pain patients at
different time points may have increased the possibility of
identifying male chronic pain patients who omitted to
report chronic pain symptoms at the baseline and screen-
ing visits.

Opverall, our study suggests an association between
chronic pain and various biomarkers of neurodegeneration
in a large cohort. Although our work offers a novel per-
spective on the shared biology between chronic pain and
AD, some limitations need to be mentioned. First, due to
the relatively small sample size of chronic pain patients,
we could not assess the effect of chronic pain severity (ie,
mild, moderate, or severe) or chronic pain type on our
outcomes of interest. Second, as ADNI was not designed
for chronic pain patients, assessment and screening of
chronic pain did not follow a specific pain screening
instrument. Third, the follow-up time was short compared
to epidemiological cohorts (24 months) and it is possible
that our described CSF patterns and cognitive function
may undergo further changes along the disease spectrum.
Fourth, we lacked the power to explore the influence of
anti-inflammatory medication intake on neurodegenerative
markers. Considering that anti-inflammatory markers have
attracted increased attention in the field of neu-
rodegeneration in recent decades, further studies are now
needed to investigate their role in chronic pain patients,
where anti-inflammatory medication intake is high.”
Fifth, the trend of microglial activation over time could
not be ascertained due to lack of data. Finally, to improve
the power of our analysis, we imputed missing longitudi-
nal data. Further studies, with a specific focus on chronic
pain patients, are needed to confirm our results.

10

Conclusions

Our study suggests that chronic pain is associated with
neuronal damage, neurodegeneration, and microglial acti-
vation in patients with SNAP and may participate in a
long-term aberrant phosphorylation in individuals without
biomarker alterations. Future studies targeted at investigat-
ing the link between chronic pain and biomarkers of neu-
rodegeneration are needed.
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