W) Check for updates

Received: 17 April 2025 Revised: 6 June 2025 Accepted: 9 June 2025

DOI: 10.1002/alz.70434

Alzheimer’s &Dementia

SHORT REPORT THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Locus coeruleus integrity correlates with plasma soluble Axl
levels in Alzheimer’s disease patients

Nicola Martini?® I

Roberto Ceravolo® |

| Arnaud Mary?® | Francesco Lombardo® |

GloriaTognoni® | Gabriele Siciliano® ©® |

Alessandro Galgani'
Marco Scotto>* @ |

Filippo S. Giorgi'® |

1Department of Translational Research and of
New Surgical and Medical Technologies,
University of Pisa, Pisa, Italy

2L.uxembourg Centre for Systems Biomedicine,

University of Luxembourg, Belvaux,
Luxembourg

3Department of Radiology, Fondazione
Toscana “G. Monasterio”, Pisa, Italy

4|stituto Italiano di Tecnologia, Genoa, Italy

5Department of Clinical and Experimental
Medicine, University of Pisa, Pisa, Italy

6].R.C.C.S. Stella Maris, Calambrone, Pisa, Italy

7Division of Infectious Diseases and
Immunology, University of Massachusetts
Medical School, Worcester, Massachusetts,
USA

Correspondence

Michael T. Heneka, Luxembourg Centre for
Systems Biomedicine, University of
Luxembourg, 6 Avenue du Swing, 4367,
Belvaux, Luxembourg.

Email: michael.heneka@uni.lu

Alessandro Galgani and Arnaud Mary are
co-first authors.

Filippo S. Giorgi and Michael T. Heneka are
co-senior authors.

Funding information
Ministero della Salute, Grant/Award Number:
PE2013-02359574

Michael T. Heneka?’

Abstract

INTRODUCTION: Locus coeruleus (LC) is one of the earliest structures altered in
Alzheimer’s disease (AD). Inflammation is also now considered critical in AD pathol-
ogy, early stage included. However, no association between LC degeneration and the
peripheral inflammation has been reported yet.

METHODS: A cohort of 102 patients was studied for which both magnetic resonance
imaging (MRI) scans and blood samples were available. LC integrity was assessed by
MRI, and plasma soluble TAMs (Tyro3, Axl, and MerTK) receptor levels were measured
by enzyme-linked immunosorbent assay (ELISA).

RESULTS: We found that plasma levels of the soluble TAMs receptor Axl were corre-
lated with LC rostral degeneration in the whole cohort (p = 0.007), as well as in the AD+
group (p=0.017), but not in the AD- group.

DISCUSSION: These results uncover a new relationship between peripheric markers

of inflammation and central early AD neurodegeneration.

KEYWORDS
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Highlights

¢ In Alzheimer’s disease, no link between locus coeruleus degeneration and microglial
activation was reported.

* Plasma Axl, Tyro3, and MerTK levels and locus coeruleus integrity were assessed in
Alzheimer’s disease patients.

* Locus coeruleus integrity positively correlates with plasma AXL, linked to microglia
activation.

* Axl-noradrenergic signaling interplay deserves further larger longitudinal studies.
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1 | INTRODUCTION

The locus coeruleus (LC) is the primary source of noradrenaline (NA)
for the central nervous system (CNS), projecting to nearly all major
brain regions.>2 According to postmortem assays, the LC is one of the
earliest brain structures to be involved in Alzheimer’s disease (AD),’
with development of neurofibrillary tangles and existence of neu-
ronal degeneration already in the prodromal stages of the disorder.*~¢
Through magnetic resonance imaging (MRI), in vivo human studies con-
firmed this evidence, associating LC loss of integrity with amyloid beta
(AB) deposition, tau cortical burden, and cognitive decline.”-?

At the same time, experimental preclinical data suggest that the
loss of LC-NA innervation might contribute to AD pathogenesis by
exacerbating the neuroinflammatory response to AB.10-12 LC lesion
in AD animal models have been shown to worsen inflammatory
alterations, '3 disrupt microglial clearance activity,’>1¢ and increase
of AB accumulation.'31417 Longitudinal LC-MRI studies indirectly sup-
port these preclinical data; elderly people with lower LC-MRI signal
were more likely to have memory decline at follow-up,'® and individ-
uals with mild cognitive impairment (MCI) who had more severe LC
disruption had a higher risk of progressing to full dementia.” How-
ever, to our knowledge, no clinical study has specifically explored in
vivo the possible association between LC degeneration and AD-related
neuroinflammatory activity.

For the purpose of this study, we focused on analyzing a possible cor-
relation with soluble TAM (Tyro3, Axl, and MerTK) receptor plasmatic
levels. TAMs are part of the receptor tyrosine kinases family, which
not only modulates cell migration, proliferation, and survival, but also
reduces inflammation.'? These cell membrane receptors can undergo
a shedding process, producing a soluble extracellular form that can be
detected in cerebrospinal fluid (CSF) and blood.'? In the ADNI cohort,
CSF Axl was one of the most significant proteins with an effect on lon-
gitudinal CSF AB4.45, in subjects without any signs of AB pathology at
baseline,? and serum Axl was one of the 12 biomarkers associated
with MCL.2! In the Swedish BioFINDER-2 longitudinal cohort, higher
baseline levels of CSF Axl and MerTK, in nondemented individuals at
risk for AD (based on positive amyloid or tau imagery), predicted future
slower tau accumulation and cognitive decline.?? In the DELCODE
cohort, higher CSF levels of sAxl and sTyro3 correlated with larger
brain structure and stable cognitive outcome at follow-up,2324 but
conversely, higher serum sAxl levels were related to lower structural
integrity in Braak |, and lower cognitive performance at baseline.?

In this study, we explore the possible association between LC-MRI
signal and plasmatic levels of TAM receptors in a cohort of elderly sub-
jects, both cognitively intact and with AD. Our aim is to provide in
vivo evidence of the pathogenic role of LC-NA system disruption in
AD, potentially mediated by the loss of its modulatory effect on the

neuroinflammatory response.
2 | MATERIALS AND METHODS

The study was conducted at the neurology clinic of the Pisa Uni-

versity Hospital, and the MRI scans were performed at Fondazione

RESEARCH IN CONTEXT

1. Systematic review: We performed a PubMed search
on the role of the locus coeruleus (LC) in modulat-
ing neuroinflammation and microglial function, both
under physiological conditions and in Alzheimer’s dis-
ease (AD). Preclinical literature consistently supports an
anti-inflammatory role of LC-derived noradrenaline, pri-
marily through modulation of microglial activity. Soluble
TAM (Tyro3, Axl, and MerTK) receptors have emerged
as potential biomarkers of microglial activation and neu-
roinflammation and have been investigated previously
across the AD continuum. However, a possible associ-
ation between LC degeneration and neuroinflammatory
biomarkers has not yet been explored in vivo.

2. Interpretation: Our findings provide the first in vivo
evidence in patients with AD of a possible association
between LC degeneration and microglial activation, offer-
ing clinical support for preclinical data.

3. Future directions: The role of the LC in modulating neu-
roinflammation in AD warrants further investigation, as it
may represent a promising target for disease-modifying

interventions.

“G. Monasterio”-CNR (Consiglio Nazionale delle Ricerche). The mea-
surements of plasma biomarkers were performed at the Luxembourg

Centre for Systems Biomedicine, University of Luxembourg.

2.1 | Patient inclusion, blood sampling, and LC
imaging

Patients fulfilling the diagnostic criteria for clinical AD dementia
(ADD)?¢ and amnestic MCI2?7 were recruited consecutively together
with age-matched healthy controls (HC). All recruited participants
were submitted to neurological evaluation, and detailed neuropsy-
chological testing was administered either to assess the cognitive
impairment severity in MCl and ADD or to confirm the preservation
of cognition in HC (the full description of neuropsychological tests
used can be found in Galgani et al.?). Global cognition was evaluated
through Mini Mental State Examination (MMSE),2¢ whereas the Clin-
ical Dementia Rating (CDR) scale?? and Neuropsychiatric Inventory
(NP1)3° were used for scoring global functioning and behavioral symp-
toms, respectively. Subjects with major cardiovascular, metabolic or
inflammatory disorders, psychiatric comorbidities, or severe chronic
ischemic encephalopathy were excluded from the study.’

Blood withdrawal was performed via venipuncture within 1 week
after the neuropsychological evaluation, consistently between 8:30
and 9:30 a.m. to minimize the risk of circadian physiological oscillations.

Participants were asked to fast and to abstain from alcohol consump-
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tion (for 1 day before withdrawal) and from heavy physical activity
(for 3 days before withdrawal). Anonymized blood samples were col-
lected in ethylenediaminetetraacetic acid (EDTA) tubes, centrifuged at
3000 rpm for 10 min at 4°C immediately after collection, and then
divided into 500 pL aliquots and stored at -80°C until biochemical
assays. All subjects were submitted to high-field 3T Brain MRI scan
within 1 month from the neurological evaluation (MR unit: Excite HDx,
General Electric with an eight-channel phased-array head coil). LC
imaging was performed using a standardized template-based approach
(see Supplementary Methods), already described in Galgani et al.” The
LC Contrast-Ratio (LCcg) was calculated for each participant for the
entire LC (left and right averaged), and its rostral and caudal parts.

2.2 | p-Tau 217 plasma level measurement

Samples were thawed at room temperature and the tubes were vor-
texed for 5-10 s. Phosphorylated tau-217 (p-tau217) plasma levels
were quantified in four separated runs after manually diluting the
samples 1.5 times with Sample Diluent 1 (Fujirebio #292617). Plasma
samples were poured into Hitachi sample cups (Fujirebio #80351)
and placed in the Lumipulse G600II analyzer (Fujirebio #703380).
Levels of p-tau217 were measured automatically by the analyzer,
via the chemiluminescent enzyme immunoassay technology, using
the corresponding Lumipulse G immunoreaction cartridges (Fujirebio
#81472), after controlling the cartridges by using the manufacturer’s
corresponding calibrators (Fujirebio #81471) and controls (Fujirebio
#81473), following manufacturer’s instructions.

2.3 | Enzyme-linked immunosorbent assay (ELISA)
for biomarker measurements

Soluble TAM receptors plasma levels were quantified using the
human soluble Tyro3 (R&D systems Cat#DY859), human soluble AxI
(R&D systems Cat#DY154), and human soluble MerTK (R&D systems
Cat#DY6488) DuoSet ELISA kits. Plasma samples were diluted two
times before quantifying the TAM receptors levels. ELISA was carried
out according to the manufacturer’s instructions, and the optical den-
sity was read at 450, and 540 nm for correction, using a microplate

reader (SpectraMax iD3, Molecular Device).

2.4 | Statistical workflow

Participants were further stratified into AD+ and AD— groups based
on their plasmatic p-tau217 levels (cutoff: 0.37 pg/mL31), reflecting the
likelihood of underlying AD pathology. For the current analysis, only
HC individuals classified as AD— and AD+ patients were included.

After excluding outliers exceeding the Tukey outer fence, the nor-
mality of variables was assessed using the Shapiro-Wilk test. Because
LC parameters followed a non-Gaussian distribution, nonparametric
tests were applied for comparisons. Spearman’s correlation test was
conducted to explore associations between variables.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

All statistical analyses involving multiple comparisons were
adjusted using false discovery rate (FDR) correction to minimize type
| error. The significance level was set at p < 0.05. Statistical analyses
were performed using SPSS version 25 (RRID:SCR_016479), and
charts were generated with Prism GraphPad 9.0 (RRID:SCR_002798).

3 | RESULTS
3.1 | Description of the included population

One hundred thirty-three patients were initially recruited for the
study (41 HC, 63 MCI, and 29 ADD). Thirty-one participants were
excluded from the analysis due to a mismatch between their clinical and
pathological classifications or because they were identified as outliers.
The final population included 36 AD-HC, 42 AD+ MCI, and 24 AD+
ADD. Diagnostic groups were balanced for sex and age, whereas, as
expected,3? a higher frequency of the apolipoprotein E (APOE) &4 risk
factor was found in AD+ patients. A detailed description is reported in
Table 1.

3.2 | LC-MRI analysis and TAM plasma levels

ADD patients showed significantly lower values of LCcg than HC indi-
viduals when considering both the entire LC (p = 0.019) and its rostral
part (p = 0.015) (Figure 1). A similar difference—in this case extend-
ing also to the caudal part of the LC—was found when comparing with
the MCI group (Figure 1). The latter did not show a significant differ-
ence with the HC groups (Figure 1). No significant differences were
found among diagnostic groups for the plasmatic levels of soluble TAM
receptors (Figure 2).

3.3 | Association between plasmatic level of TAMs,
LCcr and pTau217

A direct correlation was found between rostral LCcg and plasmatic
levels of sAxl in the whole cohort (o = 0.264, p = 0.007). The same asso-
ciation was detected in the AD+ group (o = 0.294, p = 0.017) but not in
the AD— group (p = 0.451). The association is strengthened when con-
sidering the MCI (o = 0.289) and ADD (o = 0.367) groups separately,
although it lost statistical significance (p = 0.063 and p = 0.078, respec-
tively) (Figure 3). No other significant associations were found when
considering other LC regions or the other TAM receptors.

Plasma levels of p-tau217 were not significantly associated with
LCcr, either in the entire nucleus or its subregions, or with plasma TAM

levels (not shown).

4 | DISCUSSION

In this study, we aimed to explore the occurrence of an association
between LC degeneration in AD and the degree of neuroinflamma-
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TABLE 1 Demographic, clinical, and genetic description of study population.

AD-/AD+ HC/MCI/ADD
AD- (HC) AD+ MCI ADD (p-value) (p-value)
N 36 66 42 24 = =

Sex Male % 39% 30% 29% 33% 0.379 0.929

Age Mean + SD 71.94 +4.89 72.52+4.74 72.38 +4.27 72,7/ 3 5,57/ 0.661 0.693

APOE status E4% 11% 32% 36% 25% 0.020* 0.042*2

p-Tau 217 Mean + SD 0.143 + 0.060 0.943 + 0.564 0.831+0.349 1.137 +£0.787 <0.001* <0.001*P
MMSE Mean + SD 2676 +1.11 21.72+4.21 22.84 +2.87 19.74 +£5.38 <0.001* <0.001%¢

Data are reported for both biomarker-based (AD+/AD-) and clinical (HC/MCI/ADD) classification, with the AD+ group disclosed in MCl and ADD. Chi-square
test was performed for categorical variables, Mann-Whitney test (AD+ vs AD-) or Kruskal-Wallis test with Mann-Whitney post hoc (HC vs MClI vs ADD)
for continuous variables. APOE status is reported based on the presence of the 4 allele (¢4%), in either heterozygous or homozygous form.

Abbreviations: AD, Alzheimer’s disease; ADD, Alzheimer’s disease dementia; HC, healthy control; MCI, mild cognitive impairment; MMSE, Mini-Mental State

Examination; SD, standard deviation.

3Chi-square test: ADD vs MCl (p = 0.369), MCl vs HC (p = 0.012), ADD vs HC (p =0.157).
bPair-wise comparisons (Mann-Whitney test): ADD vs MCI (p = 0.177), MCl vs HC (p < 0.001), ADD vs HC (p < 0.001).
“Pair-wise comparisons (Mann-Whitney test): ADD vs MCI (p =0.117), MCl vs HC (p = 0.001), ADD vs HC (p < 0.001).

*p-value < 0.05.
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FIGURE 1 LCcp across diagnostic groups. Scatter plot of LCcg parameter in the three diagnostic groups (HC, MCl, and ADD), considering the

entire LC and its two rostral and caudal subregions. Trend lines represent median and interquartile range. Nonparametric tests were used. ADD,
Alzheimer’s disease dementia; HC, healthy control; LC, locus coeruleus; LCcR, locus coeruleus contrast-ratio; MCI, mild cognitively impaired.

tory response. We used MRI to evaluate in vivo LC integrity and
assessed plasmatic levels of soluble TAM receptors. Here, we report
evidence of an association between higher plasma sAxI levels and ros-
tral LC integrity preservation, occurring specifically in patients with AD
pathology. To our knowledge, this is the first time that this phenomenon
has been revealed in vivo in patients with AD.

Enhanced levels of sTAM have been reported in several autoim-
mune affections: systemic lupus erythematosus, rheumatoid arthri-
tis, Sjogren’s syndrome, or Behcet's disease. Elevated sTAM levels
are also found in patients with type 2 diabetic nephropathy and
liver cirrhosis.®® This may reflect reduced native receptor availabil-
ity and increased soluble decoys, leading to diminished TAM-mediated

immune suppression.

In neurodegenerative diseases, sAxl has been proposed as a
biomarker of multiple sclerosis (MS) disability, with serum levels dif-
fering by impairment status and treatment response.3* In MS, TAM
receptors are implicated in neuronal remyelination,3> and AxI loss in
mouse models leads to increased demyelination and axonal damage.3¢

After nearly two decades of use,®” LC-MRI has proven reliable in
AD research, supported by histological validation,383? tau pathology

correlations, 3940

and a growing number of studies in which acquisi-
tion and post hoc processing protocols have been validated by many
research groups.”84142 Using our validated method,? we observed sig-
nificant LC signal disruption in AD patients compared to HCs, both
considering the whole nucleus and its rostral part, consistently with

previous data.”-?4043 The specific vulnerability of the rostral part of
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LC has also been observed in other studies.”*%43 A possible expla-
nation has been provided based on the topographical organization of
LC-NA neurons, as those projecting to the limbic structures—primarily
affected in AD—are located mainly in the most rostral part of the
nucleus.*+4°

In our opinion, this premise strengthens the neurobiological sig-
nificance of our findings, as we observed that the association with
plasmatic sAxl levels occurred only when considering the rostral part
of the LC and not its caudal part or the nucleus as a whole. Further-
more, the LC-sAxI relation was detected when considering the AD+
patients group, whereas it disappeared in the AD- control groups. This

suggests a pathophysiological link driven by AD pathology, supporting
two interpretations.

First, Axl, part of the TAM family with Tyro3 and Mer,* is
expressed mainly by microglia®’ and regulates phagocytosis and
neuroinflammation.*¢~#8 It is intriguing that although Mer seems to be
crucial in modulating resting microglia, Axl activation and expression
are increased mainly in pro-inflammatory conditions.*¢4’ Its activa-
tion supports microglial phagocytosis,*® and thus higher activation of
Axl might be interpreted as a physiological response to an inflam-
matory environment, not necessarily acquiring a noxious role.*647
Clinical studies show baseline Axl correlates with cognitive impair-
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ment, but also with slower disease progression.24234? These findings
align with Axl’s dual role: upregulated in inflammation, yet beneficial
via microglial modulation. NA also regulates microglial activity,'4?
and LC-NA system impairment in AD models disrupts glial phagocyto-
sis and promotes amyloid accumulation.’®1” NA modulates microglia
activity, both maintaining it in its resting state and promoting its effi-
cient activation in response to pathological event.’°-52 Thus, early LC-
NA dysfunction may exacerbate neuroinflammation in humans.10.12.49
Our observed sAxI-LC link may reflect this mechanism: preserved LC-
NA function could enhance TAM signaling and sAxl levels. Notably,
sAxl may act as a decoy receptor for Gasé,® but elevated levels could
also result from increased Axl expression, not just shedding, thereby
preserving TAM signaling. This might be the explanation beyond our
observation that higher plasma sAxl levels correlate with preserved LC
integrity. Unfortunately, to the best of our knowledge, no experimental
or in vitro studies have been performed specifically exploring a possi-
ble role of NAin modulating TAM receptor expression and activity, thus
our hypothesis cannot rely on further evidence.

Second, TAM activity might protect the LC from tau pathology.*°
AD+ patients with higher sAxl may have more resilient LC structures.
Of interest, the LC uniquely expresses the TAM ligand Pros1, although
it activates Tyro3 and MerTK, not AxI, which binds Gasé.°* However,
as Pros1 specifically activates Tyro3 and Mer but not Ax|,>> which in
turns shows higher affinity with Gasé, expressed throughout the entire
CNS,>455 we cannot further speculate on this evidence to interpret our
results.

Another point to mention is that it is not clear whether all the
sAxl in the plasma originates from a CSF spillover. Additional periph-
eric sources could play a role. Indeed, TAM receptors are not only
expressed by central microglia, but also by peripheral macrophages and
dendritic cells.”®

This study has limitations. The absence of amyloid biomarkers pre-
vented assessment of cortical amyloid burden and its relationship with
LC-NA integrity and TAM levels. This also limited diagnostic precision.
Nonetheless, our clinical, neurological, and radiological assessments,
along with plasma p-tau217 levels, provide a robust foundation for our
conclusions.

The second significant limitation we acknowledge is the relatively
small sample size, primarily due to the single-center design of the
study. This limited sample size may have reduced our statistical power,
particularly considering the inconsistent findings in the LC caudal
region. Although the significant difference between MCl and ADD was
expected (consistently with post-mortem studies®), the lack of signifi-
cance in the comparison between ADD and HC might be attributed to
this statistical limitation. The same limit might, at least in part, justify
the lack of significant differences between HC and MCl patients in the
LC-MRI analysis and the absence of differences in plasma TAM recep-
tor levels across the three diagnostic groups. However, the absence of
longitudinal data, which in other studies has provided greater insight
into these parameters, may also have contributed to this negative
finding.?23-25
Nonetheless, despite these limitations, we believe our findings war-

rant attention due to their novelty and potential pathophysiological

significance. As noted, this is the first in vivo study to highlight a
possible association between LC degeneration and AD-related neu-
roinflammation in patients. In addition, we provide preliminary clinical
evidence suggesting a potential interplay between the TAM receptor
system and NA, which has never been explored experimentally.

For these reasons, further research is necessary. Our findings should
be tested and replicated in larger, longitudinal clinical studies with
an exhaustive assessment of AD biomarkers. Experimental studies,
both in vitro and in animal models, could further investigate a possi-
ble interaction between TAM receptors and NA signaling in microglial
cells. This could provide new insights into the role of neuroinflam-
mation in AD and potentially uncover novel therapeutic targets for

disease-modifying interventions.
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