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1 | INTRODUCTION
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for early intervention. Recent sub-classification of AD through extensive cerebrospinal
fluid (CSF) proteomic analyses revealed distinct characteristics of each subtype, neces-
sitating tailored therapeutic strategies. While CSF proteomics has identified potential
biomarkers, the need for non-invasive and cost-effective substitutions highlights the
importance of blood-based biomarkers (BBMs). This review is a comprehensive review
that categorizes potential BBMs based on neuronal hyperplasticity (subtype 1), under-
lining their role in refining subtype classification and enabling precision medicine. Early
AD is often marked by cortical and hippocampal hyperactivity, followed by hypoactivity
during later stages of neurodegeneration. While the exact mechanisms remain unclear,
factors like Ca?*, glutamate, amyloid beta, tau, genetic factors, and impaired glial func-
tion play a role. Advancements in blood-based diagnostics would improve detection,
individual treatment strategies, and evaluation of therapeutic response, eventually

reducing the burden of AD on health-care systems.
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Highlights

» Alzheimer’s disease (AD; subtype 1) exhibits neuronal hyperplasticity, mild cortical
atrophy, and moderate microglial activation.

* The neuronal hyperplasticity subtype of AD is characterized by an upregulation of
synaptic and plasticity-related proteins, distinguishing it from other AD subtypes.

* Identifying biomarkers specific to neuronal hyperplasticity would enable real-time
monitoring of therapeutic responses, allowing for individualized therapy as opposed
to a “one-size-fits-all” strategy.

* The treatments based on neuronal hyperactivity reduction, restoration of synaptic
plasticity, and anti-inflammation/metabolic dysfunction would be useful in this AD
subtype.

* Blood-based biomarkers offer a cost-effective and accessible alternative to cere-

brospinal fluid and neuroimaging methods.

developed PET tracers for amyloid and tau are now reference tests

for AD neuropathology, supplementing the conventional methods.

Alzheimer’s disease (AD) is the most common type of neurodegenera-
tive disease (ND), characterized by abnormal accumulation of amyloid
beta (AB) and tau protein in the brain. It is increasing globally due to an
increase in the aging population, and currently, there is no proven way
to prevent or cure AD. As per recent statistics, > 55 million people are
affected, with AD and other dementias worldwide resulting in ~ $68
billion burden on the medical system in 2024.1 Due to the distressing
outcome of dementia on AD patients and health-care structures,
finding ways for better management and cure of AD is of top pri-
ority. The pathological hallmarks of AD (A and tau neurofibrillary
tangles [NFTs]) can be diagnosed in cerebrospinal fluid (CSF) and tau
positron emission tomography (PET) with additional neuroimaging
tools like single-photon emission computed tomography (SPECT) and

magnetic resonance imaging (MRI) for neurodegeneration. Recently

CSF biomarkers consist of total tau (t-tau), phosphorylated tau (p-
tauqgq), and AB42. Numerous studies have consistently shown that
the majority of patients diagnosed with AD have a common “AD
biomarker profile” characterized by high p-tauig; levels and low
AB42 levels.2 MRI is useful for measuring brain atrophy patterns,
whereas 2-[18F] fluoro-2-deoxy-D-glucose (FDG) and amyloid PET
assessed the glucose metabolism and AB burden in AD, respectively.®
An abnormal Core 1 (amyloid PET, biofluid marker AB42, p-tauqgy,
p-taussq, p-taunq7) biomarker is sufficient for the diagnosis of AD
to inform treatment decisions at any disease stage. Later, changing
Core 2 biomarkers (biofluid marker MTBR-tau,43, other phospho-
rylated tau forms [e.g., p-tausgs], non-phosphorylated mid-region
tau fragments, and tau PET) facilitates the prediction of disease

progression.*
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AD is acomplex heterogeneous disease involving multiple pathways
like synaptic function, neuroinflammation, and abnormal metabolism
of AB, tau, and lipids. Given the heterogeneity in clinical symptoms,
progression, and genetic factors across AD patients, personalizing
treatment based on individual biomarkers, particularly in early diag-
nosis using blood-based biomarkers (BBMs), is increasingly recognized
as critical. The neuroimaging techniques (MRI and PET) are expensive,
and CSF sampling requires a lumbar puncture (LP); the procedure is
costly and requires specialized clinics. For the effective and timely
treatment of AD, early detection of the disease is essential; hence,
there is a serious need for diagnostic tools that potentially replace
existing methods to swiftly and accurately recognize early symptoms
of AD. Moreover, amyloid and tau plasma biomarkers demonstrated
a significant association with the conventional biomarkers (amyloid
PET, tau PET, CSF AB42, and CSF p-tau4gq). In contrast, the correlation
between plasma neurofilament light chain (NfL) and conventional
biomarkers like MRl and FDG PET is not as strong. Additionally, plasma
biomarkers showed high precision in identifying classic amyloid and
tau biomarker positivity, with plasma AB42/p-tau ratios displaying
better performance.” Recently, plasma p-tauy;7 was reported to be
strongly associated with AD pathology.® Therefore, identifying BBMs
in AD diagnostics is essential, as blood sampling is easy, cost effective,
and possible at general clinics. Such a diagnosis could significantly
reduce the wait times for treatment from several years to a few
months.

Recent studies identified AD subtypes based on the large-scale CSF
proteomic analysis combining conventional markers, apolipoprotein E
(APOE) variants, rare mutations, markers for vascular damage, patterns
of cortical atrophy, and neuropathological characteristics’-® which pro-
vided significant insight into biological processes involved in AD. Each
subtype also possesses unique clinical and biomarker characteristics,
further emphasizing the value of personalized treatment approaches.
The five molecular subtypes of AD identified are subtype 1: neuronal
hyperplasticity, subtype 2: innate immune activation, subtype 3: RNA
dysregulation, subtype 4: choroid plexus dysfunction, and subtype 5:
BBB dysfunction.® The subtypes had different clinical attributes, such
as subtype 1 through 3 showing elevated t-tau and p-tau levels in
CSF; subtype 1 had the longest average survival time, while subtype 3
had the shortest; subtypes 2 and 5 had the highest dementia progres-
sion rate, while subtype 4 had the lowest.8 The existence of individual
biomarker signatures for each type further highlights the potential
for exclusive therapeutic approaches based on the distinct molecular
processes underlying each subtype.

In this review, we critically evaluated putative BBMs for neuronal
hyperplasticity in AD (subtype 1) and their putative roles in streamlin-
ing AD subtyping and enhancing precision medicine in research into
ND. Therapies targeting synaptic plasticity and neuronal resilience,
such as neurotrophic factor modulators or synaptic enhancers, could
prove to be more efficacious in subtype 1 patients. BBMs could also
allow treatment efficacy to be tracked continuously, enabling the
timely adjustment of therapeutic strategies based on how a person is

responding.
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2 | MATERIALS AND METHODS

We searched three major databases (PubMed, Google Scholar, and Sci-
ence Direct) with specific terms and inclusion/exclusion rules. Based
on this approach, we aimed to cover the most relevant and high-
quality human studies available before February 2025. The literature
search on PubMed used the following strategy: “plasma biomarker,”
“blood biomarkers” AND “Alzheimer’s disease” AND “cognitive change”
AND “neuronal hyperplasticity.” We included original human studies
reporting BBMs in the context of AD-related cognitive change, hyper-
activity, or molecular subtype 1. Studies were excluded if they were:
(1) unrelated to AD; (2) animal-only research; (3) reviews, conference
abstracts, or editorials; (4) duplicate reports; or (5) informal publi-
cations (e.g., preprints, non-peer-reviewed material). Although not a
systematic review, we aimed to ensure methodological transparency
and comprehensive coverage by applying clearly defined inclusion and

exclusion criteria across the selected databases.

3 | NEURONAL HYPERPLASTICITY IN AD

Neuronal hyperplasticity is unwarranted/atypical neuronal growth and
synaptic remodeling. Such neurons actively express several proteins
and growth factors related to cell proliferation, neurodevelopment,
and plasticity. This was seen in subtype 1 of AD,® which could be a brain
compensatory mechanism to cope with cognitive disruptions caused
by amyloid plaques and tau tangles by making new synaptic connec-
tions. Some studies have demonstrated increased neuronal activity
in the cortical and hippocampal regions during early AD, transition-
ing to reduced activity as neurodegeneration advances.” However,
the specific reasons for alterations in neuronal excitability have not
been completely identified. A dysfunction of inhibitory neurons has
been linked to increased excitability in AD, where excessive glutamate
release overstimulates neurons, leading to excitotoxicity. Decreased
inhibitory tone in APOE ¢4 mice has been linked to decreased sensitiv-
ity to GABAergic signals, fewer GABAergic interneurons, and reduced
GABAergic signaling.!® New findings indicate that revising unusual
neuronal activity in brain regions impacted in the initial stages of A3
buildup not only decreases A accumulation in that specific area but
also stops the spread of Ag-related issues to other parts of the brain.!!
Elevated neuronal activity results in higher levels of AS and triggers
the release of tau, contributing to cognitive impairment.2 The synaptic
origin for neuronal hyperactivity is the most accepted hypothesis,13-1°
though the mechanism may differ, namely, increased soluble AB
oligomers,1314 dysfunction in voltage-gated sodium channel,’> and
intracellular calcium storeé (Figure 1).

Subtype 1 exhibited increased CSF levels of protein related to
neuronal plasticity (synapse formation, axon guidance, neurogenesis,
and gliogenesis).8 This subtype exhibited milder brain atrophy and
has the greatest percentage of proteins specific to neurons and
glial cells compared to other AD subtypes. Important indicators
include elevated levels of beta-secretase 1 (BACE1), Ap40, tau, and

85U 1T SUOWIWOD SR 3|aeat|dde sy Aq pausenoh ale sapoiie YO ‘8sn JO Sa|nJ 10} Akeiq1aUIUQ /S| UO (SUONIPUOD-PUB-SWLLIBYWOD S| 1M Ale.g 1 puUlJUO//SdNY) SUORIPUOD pue swid | 8yl 39S *[5Z0z/20/.2] uo AriqiauljuQ A1 ‘[noss ‘Aisieaiun Buy-Bunyd Aq S/#0/ Ze/200T OT/I0p/wod 8| 1m Aelqipul|uo's leuinol-z[e//sdny wo.y papeojumod ‘L ‘S202 ‘6.252SST



sot16 | Alzheimer’s &Dementia

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

SHARMAET AL.

B and y secretases

“ny A|3 oligomers

Synaptic :
Vesicle I

/ w2
w, (o 2
@ ot
i caM

Tau Tangles

VvGLUT

° Amyloid GABAnergic
és" @ Plaque Neuron
§ o6
2. NMDAR F=
&

®

o
®

@ﬁ

o
=
°

!

.

®

.

AB Pore

"«o—%j
‘ Lo

[
oy
B

#

Pro-inflammatory
Cytokines

FIGURE 1 Events at the synapse of a hyperactive neuron in the AD brain. The elevated neuronal activity results in higher levels of AB. lon
channel pores (AB pores) can be formed in the plasma membrane by AB. Overaccumulation of Ag instigates phosphorylation and secretion of tau,
which in turn correlates with microglial dysfunction and reactive astrocytosis, culminating in synaptic dysfunction and neurodegeneration.
Reactive astrocytes increase the release of glutamate. Elevated activation of calcium release from intracellular reservoirs in presynaptic and
postsynaptic neurons leads to elevated cytosolic calcium concentrations. Enhanced glutamatergic signaling is caused by reduced astrocytic uptake
orincreased VGLUT expression. NMDAR is stimulated by increased glutamate release and reduced glutamate uptake. The release of
pro-inflammatory cytokines by activated microglia further enhances the excitability. Reactive astrocytes also increase neuronal excitability by
reducing synaptic inhibition. Another factor contributing to AD hyperexcitability is the decline in firing frequency and quantity of inhibitory
GABAergic neurons. Ng and GAP-43 are CaM binding proteins present in the synapse. Other proteins like a-syn, VILIP-1, SYT-1, and SNAP also
affect synaptic functioning. AChE hydrolyzes Ach to acetate and choline. It also plays an important role in AB deposition in the brain. The AG-AChE
complex is more neurotoxic than AB. Cleavage of amyloid precursor protein (APP) by BACE1 and y-secretase generates AS peptides, which
subsequently form aggregates. Created with BioRender.com. AB, amyloid beta; a-syn, a-synuclein; Ach, acetylcholine; AChE, acetylcholinesterase;
AD, Alzheimer’s disease; BACE1, beta-secretase 1; CaM, calmodulin; GAP-43, growth-associated protein 43; Ng, neurogranin; NMDAR,
N-methyl-D-aspartate receptor; p-tau, phosphorylated tau; SNAP, synaptosome-associated protein; SYT-1, synaptotagmin 1; vGLUT, vesicular

glutamate transporter; VILIP-1, visinin-like protein 1.

lysosomal protein (PLD3), along with genetic risk variations like
triggering receptor expressed on myeloid cells 2 (TREM2) R47H muta-
tion, leukocyte immunoglobulin-like receptor subfamily B member
2 (LILRB2), Ras homolog family member H (RHOH), and amyloid beta
precursor protein (APP), highlighting possible mechanisms behind
this excessive growth reaction. Both RE1 silencing transcription
factor (REST) and SUZ12 polycomb repressive complex 2 subunit
(SUZ12) regulate APP and tau, which could be the reason for the
simultaneous rise in AB production markers and tau levels.'” TREM2
R47H has been known to differentially affect the genes linked to
synaptic transmission, neuronal signaling, synaptic vesicle traffic,
and survival of neurons.’® It can decrease microglial activation,®’
leading to difficulties in plaque consolidation and synapse pruning,
which may cause axonal damage and increased synaptic plasticity as
compensatory reactions2° (Figure 2). Levels of plasma soluble TREM2
(sTREM2) and CSF sTREM2 were noticeably elevated in the AD group
compared to the mild cognitive impairment (MCI) and healthy control

groups.?!

The CSF levels of synaptic biomarkers increase with age and are
linked to increased levels of CSF p-tau and NfL. Previous research
has suggested a two-phase model for variations in cortical thick-
ness in AD progression, in which cortical thickness might first rise
in the early stages of the disease, possibly in response to inflam-
mation or neuronal hypertrophy, and the cortical thickness declines
as the disease progresses.?? Increased levels of CSF neurogranin
(Ng) and growth-associated protein 43 (GAP-43) were found to be
linked to elevated brain metabolism but reduced cortical thickness
in AD-affected brain areas, indicating they may be more closely
linked to synaptic dysfunction than other markers of brain metabolic
and structural changes.?® The CSF proteomic analysis revealed the
enrichment of proteins responsible for synaptic plasticity, including
the mitogen-activated protein kinase/extracellular-signal-regulated
kinase (MAPK/ERK) pathway, glucose metabolism, synaptic struc-
ture/function, and axonal development.8 PLD3 is accumulated in
neuritic plaques and is involved not just in autophagy but also in

inflammation® in AD. It also controls the clearance of AS in both
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FIGURE 2 Important indicators and genetic risk factors of neuronal hyperplasticity in AD (subtype 1). AD, Alzheimer’s disease; BACE1,
beta-secretase 1; REST, RE1 silencing transcription factor; SUZ12, polycomb repressive complex 2 subunit.

cell-dependent and cell-independent ways, which may play arole in the
risk of developing AD.2* Generally, PLD3 expression is not noticeable
under normal conditions but consistently increases in the activated
response microglia (ARMs) state. Both transgene and APP knock-in
models demonstrated a 4-fold rise in PLD3 levels in ARMs.2> PLD3 can
be measured in serum and plasma using commercially available human
enzyme-linked immunosorbent assay (ELISA) kits, but until now, there
is no literature suggesting its evaluation for AD.

Presynaptic dystrophic neurites that edge amyloid plaques are the
areas of microtubule disruption, BACE1 elevation, and increased AS
generation in AD,2% which describes elevated BACE1, AB, and PLD3 in
this subtype. Two important glycolytic enzymes (aldolase A and pyru-
vate kinase) were found upregulated in the CSF of AD patients,2”
indicating dysregulation of glucose metabolism. In clinics, blood tests
for aldolase A and pyruvate kinase are being done to detect muscle
damage and hemolytic anemia, respectively. However, no reference
was available for their quantification in the blood for AD. In AD, most
synaptic proteins are elevated in the CSF, but the literature on their
detection in the blood is limited. This might be due to their relatively
low concentration, less stability, or interfering blood proteins that
hamper their detection.?8

In Table 1, we discuss various potential BBMs for neuronal hyper-
plasticity available in the literature.

3.1 | Amyloid precursor protein

Proteolytic cleavage of amyloid precursor protein (APP) by beta and y-
secretase results in the formation of AB40 and AB42 peptides, which
have a significant role in AD. AB42 is the main component of Aj3
plaques in AD brains, whereas AB40 is found in only a few plaques,
indicating that the beginning stages of plaque formation involve only
AB42.27 AB40 is the predominant type of amyloid peptide in CSF and
plasma, being 10 to 20 times more common than A342 in both healthy
and diseased conditions. Researchers often analyze the AB42/AB40
ratio along with individual measurements of AB40 and AB42 to

differentiate between patients with or without AD. Additionally, the
AB42/AB40 ratio is especially valuable as a continuous indicator of the
advancement of AD.

In AD pathology, AB peptide deposits can be detectable up to 20
to 30 years before the onset of clinical dementia and can differenti-
ate AD-type dementia from MCI.2° The concentration of A8 peptides
in blood is at least 100-fold lower than in CSF; hence, its detection
requires ultrasensitive immunoassays. A342 is the component of senile
plaques, while AB40 is present in CSF, and a decreased A342/40 ratio
is a strong biomarker of early AD. APOE genotypes affect individ-
ual AB40 and AB42 values, while the Mini-Mental State Examination
(MMSE) score is slightly associated with AB40 levels.3! In amnestic
mild cognitive impairment (aMCl) and AD, significantly lower plasma
AB42/40 was found compared to the control and matched the CSF
AB42/40 profile. Also, plasma AB42/40 was inversely (r¢= —0.464,
P < 0.001) related to neocortical amyloid deposition.3? A recent study
reported a significantly superior area under the curve (AUC) for plasma
AB42/40 compared to other AD plasma biomarkers (p-tauqgs, glial fib-
rillary acidic protein, and NfL), suggesting its ability to detect early
amyloid accumulation.®® Usually, yearly and age-dependent variation
in the AB40/42 ratio is insignificant, but if the change is > 14.7%, other
biomarkers also need to be examined.34

These results validate the efficacy of the plasma AB42/40 ratio
in detecting early amyloid accumulation in AD, which is useful as a
non-invasive and low-cost screening method for brain amyloidosis
that can effectively distinguish between patients with positive and
negative amyloid status. However, the small decrease in the plasma
AB42/40 ratio (compared to the CSF AB42/40 ratio) in AB plaque

pathology-positive people makes the test not very robust.3>

3.2 | Acetylcholinesterase

Acetylcholinesterase (AChE) is a key enzyme in cholinergic neurotrans-
mission, which is consistently reduced in the AD brain. Even with the

general reduction, AChE levels rise near A3\ plaques, suggesting the
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involvement of AChE in ABfibril formation. Elevated AChE activity was
specifically observed in the plasma from AD patients (22.40 + 0.95
nmol/min/ml) compared to controls (18.71 + 1.00 nmol/min/ml). This
rise is linked to an increase in light isoforms (G1 and G2), which are
elevated in the AD brain.®¢ Plasma AChE levels and their enzyme
activity showed a negative correlation (AChE, n = 241, **P = 0.0015,
r = —0.2035; enzymatic activity, n = 240, ***P = 0.0008, r = —0.2151)
with the extent of A accumulation.3” Hence, blood AchE has the
potential to serve as a blood biomarker for predicting cerebral A3
deposition in cognitively normal individuals.

3.3 | Beta secretase 1

Beta secretase 1 (BACE1 is a 8-site APP-cleaving enzyme 1, which is
significantly increased in AD and MCI. Increased levels of BACE1 were
reported in CSF in early AD compared to the healthy control.8 BACE1
plasma levels in AD were increased to 32%3? and 14.4%° compared
to non-AD controls. The association of MMSE scores and BACE1 (sen-
sitivity 71.4%; specificity 95%) was significantly better as a diagnostic
tool compared to BACE1 (sensitivity 76.2%; specificity 65%).4° Shen
et al. demonstrated the increased BACE1 levels in the plasma of AD
and MCI patients (Vihean < 2 mFu/min/pg) compared to the control
(Vimean > 2.6 mFu/min/pg).% In addition, higher BACE1 was observed
in MCI patients converted to probable AD, suggesting that plasma
BACE1 can also detect AD progression. Lately, significantly higher
serum levels of BACE1 (P < 0.001) have been reported in late-onset
AD (LOAD),*2 MCI,*® and AD+AD-MCI** patients compared to the
control. A strong connection of BACE1 with AB (measured in either
CSF or through PET scan), t-tau (in CSF), and cognitive function was
also discovered.** In addition, plasma long non-coding RNA (LncRNA)
BACE1 level in AD was significantly higher than that of healthy controls
(P = 0.006).%¢

3.4 | Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is a neurotrophin responsi-
ble for promoting the survival, growth, and differentiation of neurons
and synaptic plasticity in the brain. It protects neurons against tau-
related degeneration despite the association between BDNF depletion
and Ag buildup, tau phosphorylation, neuroinflammation, and neuronal
apoptosis.*’ Various studies have suggested that blood BDNF levels
may serve as a biomarker for the diagnosis and monitoring of AD. BDNF
levels were significantly (P < 0.001) higher in AD (2545.3 pg/ml) than
in controls (1503.8 pg/ml).*8 A significant increase in plasma BDNF
was also seen in MCI (3.19 + 0.37 pg/ml) compared to in the healthy
control (2.34 + 0.51 pg/ml, P < 0.001). It also showed a strong ability
to differentiate between MCI and healthy controls with high accu-
racy (8 =0.47, 95% confidence interval [CI] = 0.32 to 0.62, P < 0.001,
R2 = 0.44).%7 Similar results were reported by Qian et al., and addition-
ally, plasma BDNF levels were significantly (P < 0.001) correlated with
Clinical Dementia Rating (CDR), MMSE, and clinical diagnosis. Initially,

BDNF decreased and later increased with cognitive impairment in the
APOE e4-negative group (P < 0.05).° The rise in BDNF could indicate a
compensatory response to early neurodegeneration and appears to be
associated with inflammation. As the disease’s severity advances, these
compensatory mechanisms might start to dysfunction, dropping BDNF
levels in the peripheral blood.

BDNF levels were also evaluated in the serum. The connection
between serum BDNF and AD progression has been associated with
the pace of cognitive decline. Reduced serum BDNF levels are specif-
ically linked to rapid cognitive decline in AD, rather than gradual
cognitive decline.’! The relationship also exists between serum pro-
BDNF levels and hippocampal pro-BDNF levels, which are associated
with hippocampal p-tau expressions.>2 A combination of proBDNF and
mature BDNF (Mbdnf)/proBDNF was proposed to improve diagnos-
tic efficiency.”® The AD-MCI group showed significantly (P = 0.037)
lower serum BDNF levels compared to the healthy group. Addition-
ally, a positive correlation was observed between blood BDNF and CSF
AB42 levels (r = 0.49, P = 0.005). A decline in serum BDNF levels was
linked to a decrease in CSF AB42 levels, which may be related to medial
temporal lobe atrophy caused by the progression of tau pathology.>*
Recently, the serum plasminogen activator inhibitor-1 (PAI-1)/BDNF
ratio was suggested as a marker for AD. The elevated serum levels of
PAI-1 in AD retard BDNF production. Hence this ratio can be used to
predict AD and it is also inversely related to MMSE scores.>> BDNF can
be released from the platelets; therefore, plasma should be processed
to estimate BDNF levels. The platelet-rich plasma (PRP) had signifi-
cantly (P < 0.001) greater BDNF levels compared to the platelet-poor
plasma (PPP). Moreover, PPP BDNF was found to be positively corre-
lated (8 = 0.645, P = 0.008) with p-tauygs, a known AD biomarker.>®
Janel et al. suggested a combined assessment of plasma dual specificity
tyrosine phosphorylation-regulated kinase 1A (DYRK1A) and homo-
cysteine with BDNF to increase accuracy (93.3%), sensitivity (95.2%),
and specificity (88.9%) of the detection.””

3.5 | Growth associated protein -43

Growth associated protein -43 (GAP-43 is a calmodulin (CaM)-binding
protein exclusively present in the excitatory neurons in the nervous
system, found upregulated in conditions like epilepsy. It is also known
as neuronal plasticity protein owing to its high expression in neu-
ronal growth cones during axonal regeneration and involvement in
neurotransmitter release and long-term potentiation (LTP). The over-
expressed GAP-43 boosts sprouting after injury and creates new
synapses.’® The binding of CaM to GAP-43 inhibits phosphorylation
of GAP-43 at Ser41 by protein kinase C (PKC), preventing activation
of GAP-43 in response to transient changes in second messenger.>?
CSF levels of GAP-43 were notably higher in AD patients compared
to controls and other NDs and showed a positive connection with
the extent of deposition of NFT and AS plaques in the hippocampus,
amygdala, and cortex. However, no link was found between GAP-
43 and a-synuclein (a-syn) or TAR DNA-binding protein 43 (TDP-43)

pathology.?© Recently, a connection between the potential synaptic
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changes in faster AB-related tau spreading and higher CSF GAP-43
levels in AD patients has been reported.t!

GAP-43 has a role in neurotransmitter release and synaptic activ-
ity, and its CSF levels have been reported to increase in AD.%2 Another
study using blood neuronally derived exosomes (NDEs) registered
a decrease in NDE GAP-43 levels in AD (1926 + 509 pg/ml) and
aMCI (2325 + 606 pg/ml) compared to the control (2722 + 664
pg/ml).63 Besides GAP-43, myristoylated alanine-rich C-kinase sub-
strate (MARCKS), and brain acid soluble protein 1 (BASP1) are also
highly expressed in the axon endings and participate in signal trans-
mission and cytoskeleton organization.®* An elevated level of pSer46-
MARCKS was reported in the serum and CSF of patients with early-
stage frontotemporal lobar degeneration (FTLD),%> and an increased
expression of BASP1 was reported in the AD mice brain.?® However,
the literature about the expression in the blood of AD patients is
unavailable for both these proteins. As the presynaptic marker, GAP-43
is linked to the pathological features of AD, it can be used as a precise

and specialized biomarker for clinical studies.

3.6 | Matrix metalloproteinase-9

Matrix metalloproteinase-9 (MMP-9) is a zinc-dependent category of
extracellular endopeptidases expressed by neurons and glial cells. It is
essential for synaptic plasticity, memory and learning, tissue remod-
eling, and axon regeneration.” MMP-9 is required for converting
proBDNF into Mbdnf, critical for cell survival and synaptic adaptabil-
ity. Research has indicated elevated plasma MMP-9 concentrations in
MCI and AD.%8%? The findings revealed that plasma BDNF levels had
a significant positive correlation (3 [95% CI] = 0.454 [0.403-0.705],
P < 0.001) with plasma MMP-9 levels.”®

3.7 | Neurogranin

Neurogranin (Ng), a CaM-binding post-synaptic protein, is expressed in
the neurons of the hippocampus and cerebral cortex and participatesin
the regulation of synaptic plasticity. It has been recognized as an early
biomarker of CNS infection and synaptic dysfunction. A link among
elevated Ng levels in CSF, brain atrophy, amyloid LOAD, and cognitive
decline has also been well documented in AD.”! After the advent of the
NDE detection technique in plasma, Jia et al. documented a reduced
level of Ngin AD (254 + 69 pg/ml) compared to the control (2099 + 540
pg/ml) in NDEs, which was also significantly associated with cognitive
decline (RZ = 0.60; P < 0.0001).%® Ng concentration in blood plasma
exosomes was lower in AD and MCI patients compared to healthy con-
trols, and even lower in AD and MCI-AD patients compared to stable
MCI (sMCl) patients (P < 0.001).”2 The Ng levels increase in CSF, but
in NDEs, they displayed the contrary trend, which could be due to the
transport of Ng from plasma into the CSF.”2 These results demonstrate
that blood exosome Ng can also serve as a cognitive biomarker for
AD and MCI-AD, with additional research required to determine the

precise Ng values for diagnosis in various stages of AD.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

3.8 | Synaptotagmin 1

Synaptotagmin 1 (SYT-1) is a calcium sensor with a role in the syn-
chronous release of neurotransmitters in the hippocampus. CSF SYT-1
showed potential as a biomarker for tracking synaptic dysfunction
and degeneration in AD. Elevated levels of CSF SYT-1 were found in
patients with AD-related dementia (P < 0.0001) and AD-related MCI
(P<0.001).74

Using NDEs, a lower concentration of SYT-1 was detected in AD
(312 + 81 pg/mL) compared to healthy controls (586 + 153 pg/mL).63
The study promoted exosomal GAP-43, Ng, and SYT-1 as effective
biomarkers that could be used in combination to predict AD at the

asymptomatic stage.

3.9 | Synaptosome-associated protein 25

Synaptosome-associated protein 25 (SNAP-25) is a part of the sol-
uble N-ethylmaleimide-sensitive-factor attachment protein receptor
(SNARE) protein complex, which is involved in the exocytotic release
of neurotransmitters during synaptic transmission. Recently, non-
SNARE roles and postsynaptic functions have also been identified
for SNAP-25.75 SNAP-25 is increased in the CSF of AD patients
and serves as a biomarker for synaptic activity.”® Decreased levels
of SNAP-25 were detected in serum NDEs, which correlated with
cognitive status (r = 0.465; P = 0.01). NDEs SNP-25 could differen-
tiate between AD and control (AUC = 0.826, sensitivity = 87.5%,
specificity = 70.6%).6%77 With the development of a novel ultra-
sensitive immunoassay called single molecular arrays (Simoa), it was
possible to detect SNAP-25 in the plasma of AD patients. Nilsson
et al. found a strong correlation between immunoprecipitation-mass
spectrometry (IP-MS) and Simoa methods in detecting AD.”8 The ele-
vated plasma level of SNAP-25 in AD (0.81 pg/mL vs. 0.6 pg/mL) had
a significant correlation with MMSE (8 = —6.69, P = 0.001), corti-
cal atrophy (8 = —0.05, P = 0.009), and amyloid centiloid (P = 0.016,
rho =0.48).”7€0 Hence, SNAP-25 quantification in blood could provide

an easily available measure of synaptic integrity in AD.

3.10 | pB-synuclein

B-synuclein (SNCB) is a presynaptic protein predominantly expressed
in the brain. SNCB is altered in preclinical AD much before p-tauqgy,
suggesting its use as an early AD biomarker. Furthermore, SNCB lev-
els are altered comparatively more in amyloidopathies; their elevated
levels in CSF act as an early biomarker of AD. Lately, immunodetection
techniques have increased the sensitivity of SNCB for effective quan-
tification in blood.8* Serum SNCB increased significantly (P < 0.001) in
demented-AD patients compared to MCI-AD patients versus control.
The level of SNCB in the blood was found to be associated with amyloid
PET positivity in various regions and hence showed distinguishing char-
acteristics for AG PET-positive and negative individuals.82 Moreover, it
did not correlate with the MMSE score.®! The serum SNCB increased

significantly in AD (11.7 pg/mL vs. 9.4 pg/mL) and was strongly
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associated with regional brain atrophy regions observed by MRI. &3
Several other studies correlated blood SNCB levels with brain atro-
phy, cognitive impairment, and amyloid PET, signifying its connection
with AD severity.82-84 Recently, the Simoa technique was developed
to quantify SNCB in blood for prion disease but has not been studied in
the AD scenario.8> The above research findings proved the eligibility of
SNCB as a candidate blood marker for early synaptic degeneration that
might be useful in clinical AD trials.

3.11 | Kallikrein-related peptidase 8

Kallikrein-related peptidase 8 (KLK-8; neuropsin), a serine protease
important for neuroplasticity and memory acquisition, is expressed
chiefly in the hippocampus. It regulates cell adhesion and extracellular
matrix proteins for synapse remodeling. KLK-8 specifically modifies
the L1 cell adhesion molecule (LICAM) in the presynaptic region
in the hippocampus of mice.8¢ This modification disrupts synaptic
integrity and functionality, resulting in the synaptic impairments seen
in neurodegenerative disorders.2¢ Studies suggested that CSF and
blood KLK-8 can be potential biomarkers for detecting early AD and
aMCI.2887 MCI patients had the highest blood KLK-8 levels (1139.3
pg/mL), compared to AD (453.9 pg/mL) and controls (227 pg/mL), indi-
cating blood KLK-8 as a stronger discriminator for MCI (AUC = 0.94)
than AD (AUC = 0.83)%7 and is not associated with non-amnestic MCI
(naMCI).88 As far as diagnostic accuracy is concerned, CSF KLK-8
equaled or surpassed that of CSF AB42, t-tau, and p-tau for both MCl
and AD and was even superior to CSF AB42 in the case of MCI. Blood
KLK-8 was just as effective at distinguishing MCI but slightly less
effective for AD compared to the core CSF biomarkers mentioned.
Additionally, no significant correlations were observed between sex
and APOE genotype in CSF or blood KLK-8 values.8” This suggests that
blood KLK-8 might serve as a biomarker in the early detection of AD.
However, there are sex-specific variations in the relationship between
KLK-8 and cognitive decline during the initial stages of AD, which
might result from varying levels of sex hormones.8? Thus, to precisely

comprehend KLK-8 blood levels, sex-specific analyses are essential.

3.12 | Visinin-like proteins

Visinin-like protein 1 (VILIP-1), a neuronal calcium sensor protein, reg-
ulates synaptic plasticity and cognition by signaling cyclic nucleotides,
promoting dendritic growth, modulating the nicotinergic activity,
and indicating neuronal cell death. VILIP-1 in blood and CSF is an
emergent marker for early AD and other NDs. APOE ¢4 carriers had
a noteworthy rise in CSF VILIP-1 levels, which showed a positive
correlation with tau and p-tau levels.? CSF levels of VILIP-1 and
VILIP-1/AB42 showed comparable predictive abilities for total cog-
nitive decline as tau and tau/AB42.9%92 Serum VILIP-1 is considered
a better biomarker for epilepsy and seizure-induced neuronal injury.
VILIP-1 mRNA expression has been associated with NFTs and MMSE
scores of AD patients.”® Also, CSF levels of VILIP-1 are correlated
with tau and the APOE genotype in AD.?* Chen et al. noticed elevated

VILIP-1 in the blood of AD patients (9.0 + 2.9 ng/L) compared to the
control (3.3 + 1.7 ng/L), and its levels were negatively (r = —0.463;
P<0.01) and positively (r = 0.417; P = 0.01) correlated with MMSE
score and age, respectively.”® Increased VILIP-1 levels were recently
detected in serum (P<0.01) and CSF (P<0.0001) compared to controls.
However, a weak correlation was observed between CSF and serum
VILIP-1 levels (r = 0.32; P < 0.0001).7¢ Because VILIP-1 is involved in
regulating synaptic plasticity, it could serve as an indicator of synaptic
dysfunctionin AD.

4 | PATHOLOGICAL VERSUS COMPENSATORY
HYPERACTIVITY IN AD SUBTYPE 1

While slight increased neural activity may have initially served as
an adaptive response to early neurodegeneration, growing evidence
suggested that the hyperactivity observed in subtype 1 reflected
pathological overactivation rather than compensation. In a CSF pro-
teomic study, the upregulation of synaptic and glutamatergic signaling
proteins was reported in subtype 1, which aligned with excessive exci-
tatory activity rather than healthy synaptic plasticity.® Hyperactivity
of hippocampal neurons led to AB deposition, signifying that hyper-
activity is one of the earliest dysfunctions in the pathophysiological
cascade of AD.?7 In a mouse model of AD, soluble A oligomers trig-
gered neuronal hyperactivity, disrupted the neuronal network synaptic
excitation/inhibition (E/I) balance, and contributed to cognitive decline,
indicating a pathological condition.”® The mechanisms associated with
AD amyloid pathology established that variations in neural activity
controlled AB levels in the interstitial fluid.?? Furthermore, reducing
this hyperactivity in the hippocampal cornu ammonis 3/dentate gyrus
(CA3/DG) using low-dose levetiracetam improved memory, supporting
the notion that the overactivation is a pathogenic process.’%° Medica-
tions that increased GABAergic inhibition, like pentobarbital, improved
memory deficits in these models, suggesting that the hyperactivity was
detrimental rather than helpful.20%

In addition to individuals with aMCI, APOE ¢4 carriers and those with
familial AD mutations also exhibited hippocampal hyperactivity. Ini-
tially believed to be a compensatory response, several functional MRI
(fMRI) studies had shown increased hippocampus activation in these
groups, 02103 correlating with cognitive decline rather than compen-
satory mechanisms. According to Dickerson et al.,1* aMCl individuals
who exhibited greater hippocampus activation on fMRI during memory
tasks were likely to undergo a more rapid cognitive decline over time.
Other research indicated that this type of hyperactivity, particularly in
the CA3/DG, was associated with worse memory function, suggesting
a pathological condition in the brain.X%° In a similar study, magnetoen-
cephalography (MEG) recordings of brain electrical activity demon-
strated that aberrant slowing in hippocampus regions corresponded
with cognitive decline in early AD.1%¢ All of these results lent credence
to the theory that the hyperactivity observed in subtype 1 AD is a
pathological process that affects memory rather than being adaptive.

Collectively, these findings suggested that the sustained, spatially

localized hyperactivity observed in subtype 1 is not a transient,
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TABLE 2 Correlation between BBMs and neuroimaging markers in AD.

Neuroimaging/
Biomarker structural correlation Key findings Refs.
AB42/40 ratio Amyloid PET Lower plasma AB42/40 ratios are significantly 82-37
Tau PET associated with higher cerebral amyloid and tau
FDG PET deposition, neocortical amyloid deposition, cortical
PiB PET thickness, hippocampal atrophy, and
PET SUVR hippocampal-dependent memory loss. Also correlated
SBM with age, APOE &4 status, and brain amyloidosis.
AChE Amyloid PET Increased plasma AChE activity correlates with higher e
amyloid plaque burden across multiple cortical regions,
suggesting a link between peripheral cholinergic
activity and central amyloid pathology.
BACE1 FDG PET, voxel-based Elevated plasma BACE1 levels are associated with 89-42
morphometry, cerebral accumulation of AB, cognitive decline, atrophy
PET in the basal forebrain and hippocampus, as well as
decreased glucose metabolism in cognitively healthy
individuals at risk for AD. BACE1 variant and APOE ¢4
interaction have arole in brain A3 deposition.
BDNF Amyloid PET, MRI Lower plasma BDNF levels correlate with increased e
amyloid deposition and greater medial temporal lobe
atrophy, indicating its potential as a biomarker for early
AD detection.
MMP-9 MRI, ADNI Accelerated hippocampal atrophy and cognitive 44,45
decline. Faster memory loss in females.
SNAP-25 Amyloid PET, MMSE score Elevated plasma SNAP-25 levels in cognitively impaired 21
individuals and amyloid and tau-positive individuals
TREM2 Tau PET Elevated plasma soluble TREM2 levels are associated 46.47

Florbetapir PET with increased white matter lesions and tau pathology,

independent of amyloid burden.

Abbreviations. AB, amyloid beta; AChE, acetylcholinesterase; AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipopro-
tein E; BACE1, beta-secretase 1; BBM, blood-based biomarker; BDNF, brain-derived neurotrophic factor; FDG PET, '8F-fluorodeoxyglucose positron
emission tomography; MMP-9, matrix metalloproteinase-9; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; PET, positron emis-
sion tomography; PiB, Pittsburgh compound B; SBM, surface-based morphometry; SNAP-25, synaptosome-associated protein 25; SUVR, standardized
uptake value ratio; TREM2, triggering receptor expressed on myeloid cells 2.

compensatory adaptation, but rather a disease-driving mechanism that 6 | CONCLUSION AND FUTURE DIRECTIONS
could be targeted therapeutically.
Recent proteomics studies of CSF have revealed potential molecu-

lar signatures of neuronal hyperplasticity in AD (subtype 1), including

5 | CLINICAL AND NEUROIMAGING RELEVANCE
OF BBMS LINKED TO NEURONAL
HYPERPLASTICITY IN AD

mild cortical atrophy, moderate microglial activation, increased synap-
tic proteins, neurotrophic factors, and plasticity-related kinases. These
findings in the form of blood-based diagnostics would assist in the early
diagnosis and monitoring of disease progression. Plasma biomarkers
Current literature did not provide sufficient evidence directly link- such as Ng and BDNF have already established links with synaptic
ing the plasma levels of most BBMs mentioned in this review resilience and cognitive function in AD. Also, novel blood-based indi-

to neuroimaging or structural brain changes in AD. The available cators of axonal integrity could further enhance subtype 1 specificity.

information32°479.107-121 js hresented in Table 2. To clarify the transla-
tional potential of the reviewed biomarkers, we overviewed their levels
of validation and use in clinical trials in Table 3. Biomarkers, like the
plasma ApB42/40 ratio, have established cutoff values and are already
being used in screening or enrichment in treatment trials,11>122-124
Others, including BDNF, Ng, and SNCB, are at an earlier stage of clinical
validation but showed a clear association with neuronal hyperplasticity

(subtype 1) and synaptic function.444>48.63:84.87,121,125

Consequently, the treatments in this specific AD subtype should focus
on neuronal hyperactivity reduction, restoration of synaptic plasticity,
and anti-inflammatory/metabolic dysfunction. Monoclonal antibod-
ies (donanemab, lecanemab, and aducanumab) promote the removal
of amyloid plaques, diminishing hyperplasticity caused by amyloid
aggregation. Cholinesterase inhibitors (donepezil, galantamine, and
rivastigmine) enhance the neurotransmitter acetylcholine (Ach), sup-
porting communication between cells in the brain. Memantine can be
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TABLE 3 Status of BBMs inclinical trials.
Validation

Protein status Clinical trial cut-off values In clinical trials Refs.
AB42/40 ratio v Plasma AB42/40 ratio >0.170: lower NCT05026866 trial 34,48-50

risk; AB42/40 ratio of 0.150 to (TRAILBLAZER-ALZ 3);

0.169: intermediate risk; A342/40 TRAILBLAZER-ALZ studies

ratio < 0.150: higher risk of AD

Plasma AB42/AB40 (<0.1218)
BACE1 o) 20.7Ku/L (70%-80% specificity and Observational cohorts 451,52

sensitivity) in serum

11.04 Ku/L (AUC 0.991) in serum

27 + 7.4 pg/mL (plasma)
BDNF o) 1497.4-4153.4 pg/mL (plasma) Observational cohorts 12,53

AD (1.16;0.13-21.34); MCI (0.68;

0.02-19.14)
GAP-43 @) AUC value 0.83 Two-stage-sectional study 15
KLK-8 @) > 397 pg/mL (for AD) and > Observational cohorts >4

1121 pg/mL (for MCI)
MMP-9 O AUC value 0.78 Observational cohorts &2
Neurogranin @) Results awaited ChiCTR2000029055 56

o) AUC value 1.0 Two-stage-sectional study 15

SNAP-25 e} AUC value 0.75 Two-stage-sectional study &
SNCB o) AUC value 0.77 Observational cohorts 57
SYT-1 O AUC value 0.95 Two-stage-sectional study B
TREM2 @) > 460 pg/mL Neurology database of Ruijin 47

Note: v/, Accepted (validated) use; O, Potential use, supportive data available.

Hospital for Alzheimer’s Disease
(NRHAD) cohort

Abbreviations: AB, amyloid beta; AD, Alzheimer’s disease; AUC, area under the curve; BACE1, beta-secretase 1; BBM, blood-based biomarker; BDNF, brain-
derived neurotrophic factor; GAP-43, growth-associated protein 43; KLK-8, kallikrein-related peptidase 8; MCI, mild cognitive impairment; MMP-9, matrix
metalloproteinase-9; SNAP-25, synaptosome-associated protein 25; SNCB, f-synuclein; TREM2, triggering receptor expressed on myeloid cells 2.

used to prevent calcium overload, protect against excitotoxicity, and
preserve normal synaptic plasticity by serving as an antagonist at the
N-methyl-D-aspartate receptor (NMDAR). In addition, TREM2 acti-
vators would help prevent excessive synaptic remodeling and reduce
amyloid-driven hyperplasticity by enhancing microglial phagocytosis
and Ag clearance. Recently, a small molecule agonist (VG3927: Vigil
Neuroscience) has demonstrated promising results in Phase 1 clinical
trials.

Importantly, emerging evidence suggested that subtype 1 might
have responded distinctively to strategies targeting hyperexcitabil-
ity. For example, low-dose levetiracetam, an anti-epileptic agent, was
shown to reduce hippocampal hyperactivity and to improve memory
performance in individuals with aMCl—a clinical phenotype potentially
aligned with AD subtype 1.12¢ Tijms et al.® also suggested that sub-
type 1 is biologically enriched in pathways linked to synaptic activity
and glutamate signaling, indicating that it could have been particularly
receptive to treatments that targeted glutamatergic function, such as
NMDAR antagonists.

Though existing anti-amyloid treatments like lecanemab and
donanemab are not yet personalized to specific molecular subtypes, a

post hoc analysis evaluating treatment response by proteomic subtype

(particularly those characterized by hyperactivity) might provide
insights into subtype-specific efficacy. Thus, designing clinical trials
that consider these biomarker-defined subtypes would be a key step
toward more personalized and effective treatment approaches in AD.
In hyperplasticity-driven AD subtypes, these results offered credibility
to the viability of multimodal approaches to improve diagnostic accu-
racy and track treatment outcomes. Further studies integrating blood
biomarkers, imaging phenotypes, and clinical outcomes were essential
to establish clinically actionable subtype classifications, optimize
therapeutic strategies, and ultimately improve patient stratification in
AD trials.
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