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Abstract.
Background: Alzheimer’s disease (AD) and frontotemporal dementia (FTD) are pathologically distinct neurodegenerative
disorders with certain overlap in cognitive and behavioral symptoms. Both AD and FTD are characterized by synaptic loss
and accumulation of misfolded proteins, albeit, in different regions of the brain.
Objective: To investigate the synaptic and organellar markers in AD and FTD through assessment of the levels of synaptic
protein, neurogranin (Ng) and organellar proteins, mitofusin-2 (MFN-2), lysosomal associated membrane protein-2 (LAMP-
2), and golgin A4 from neuronal exosomes.
Methods: Exosomes isolated from the plasma of healthy controls (HC), AD and FTD subjects were characterized using
transmission electron microscopy. Neurodegenerative status was assessed by measurement of neurofilament light chain
(NfL) using Simoa. The pooled exosomal extracts from each group were analyzed for Ng, MFN-2, LAMP-2, and golgin A4
by western blot analysis using enhanced chemiluminescence method of detection.
Results: The densitometric analysis of immunoreactive bands demonstrated a 65% reduction of Ng in AD and 53% in FTD.
Mitochondrial protein MFN-2 showed a significant reduction by 32% in AD and 46% in FTD. Lysosomal LAMP-2 and
Golgi complex associated golgin A4 were considerably increased in both AD and FTD.
Conclusion: Changes in Ng may reflect the ongoing synaptic degeneration that are linked to cognitive disturbances in AD
and FTD. Importantly, the rate of synaptic degeneration was more pronounced in AD. Changes to a similar extent in both the
dementia groups in organellar proteins indicates shared mechanisms of protein accumulation/degradation common to both
AD and FTD.
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INTRODUCTION

Exosomes are a subset of extracellular vesicles of
endocytic origin released by cells whose ability to
cross the blood-brain barrier and peripheral detection
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make them interesting candidates in the field of brain
disorders [1]. Exosomes reflect the heterogeneous
biological changes of the parental cell, and their cargo
can serve as potential biomarker source for early diag-
nosis and clinical assessment of neurodegenerative
disorders [2].

Alzheimer’s disease (AD) and frontotemporal
dementia (FTD) are two neurodegenerative dis-
eases that cause cognitive impairment and functional
disability in the elderly. The overlapping clinical
symptoms and pathological features make it chal-
lenging to differentiate between these conditions [3].
Abnormal protein conformations in neurodegenera-
tive disorders and their cellular and neuroanatomical
distribution constitute the major histological features
essential in making a specific neuropathological diag-
nosis. The characteristic defining features of AD
are the extraneuronal deposition of insoluble fibrous
amyloid proteins and the neuronal tau inclusions
called neurofibrillary tangles. FTD is characterized
by TDP-43 cytoplasmic/nuclear inclusions or tau
depositions in the frontal and temporal regions of the
brain [4].

At the cellular level, dementia syndrome is charac-
terized by a progressive synaptic failure. Changes in
synaptic function are usually reflected by alterations
in the concentration of proteins in the presynaptic or
at the post synaptic density [5]. Among them, neuro-
granin (Ng) is a 78 amino acid post synaptic protein
highly enriched in the neuronal dendritic spines in
cerebral cortex, amygdala, caudate, putamen, and the
hippocampus, has been widely investigated in the
context of AD [6]. A decrease in Ng concentration
in the brain and an elevation in cerebrospinal fluid
(CSF) are related to CNS dysfunction in AD. It is
associated with tau and amyloid pathology and poorer
cognitive performance, cortical glucose metabolism,
and hippocampal volumes in individuals with mild
cognitive impairment and AD [7]. However, reports
on the alterations in synaptic homeostasis in other
neurodegenerative disorders are poorly available [8].

With respect to disease-associated intracellular
dynamics, studying the organelles provide new
insights for understanding the pathobiology of neu-
rodegenerative disorders. Mitochondrial dysfunction
is an early feature of AD which occurs prior to
the development of A� plaque formation [9, 10].
Mitofusin-2 (MFN-2), a transmembrane GTPase
located in the outer mitochondrial membrane is
a key player of mitochondrial activities such as
fusion, trafficking, turnover, and contacts with other
organelles. Impaired activity of MFN-2 affects mito-

chondrial shape, function, and distribution within
the cell. Fusion is important for the health and
physiological functions of mitochondria, including
complementation of damaged mitochondrial DNA,
and maintenance of membrane potential [11].

Lysosomal-associated membrane glycoprotein-2
(LAMP-2) is required for the fusion of autophago-
somes with the lysosomes which is the final stage
of macroautophagy, and it serves as a receptor in
the lysosomal membrane for the substrate proteins of
chaperone-mediated autophagy [12]. Neurons espe-
cially rely on lysosomal degradation since they live
extremely long without cell division. Therefore, the
defects in autophagy and endocytosis are relevant to
neurodegenerative diseases. Altered expression and
activity of a number of lysosomal proteins in CSF
have been reported in association with AD [13].

Morphological defects such as Golgi fragmenta-
tion have been observed in both animal and cell
models of AD and is considered as an early irre-
versible process [14]. In particular, golgin A4 is a
protein associated with the trans-Golgi network and
functions in transport of golgin specific cargo pro-
teins. An elevation of golgin A4 in the CSF of AD
patients has recently been reported [15]. Gradual fail-
ure of these organelles coupled with synaptic loss
may contribute to age-associated neurodegenerative
disorders [16].

Based on this premise, the objective of our study
is to investigate the levels of synaptic protein, Ng
and organellar proteins, MFN-2, LAMP-2, and golgin
A4 from neuronal exosomes as indicators of underly-
ing pathological changes in AD and FTD brains. The
selected proteins have been analyzed by immunoblot-
ting method. The extent of neurodegeneration was
assessed by the quantification of NfL in exosomal
extracts by using single molecule array (Simoa).
Extent of alterations in these candidate proteins in
AD and FTD are discussed.

MATERIALS AND METHODS

Subjects

The participants were selected from the Geri-
atric Psychiatry Unit of NIMHANS, Bengaluru,
India. The study was approved by the Institu-
tional Human Ethics committee, NIMHANS (IEC
Number NIMHANS/ IEC (BS & NS DIV.)/14th
MEETING/2018 dated September 17, 2019). Written
informed consent was obtained from all participants.
The socio-demographic details of the participants and
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the criteria followed for their selection and clinical
assessment scores are described earlier [17].

Isolation and characterization of exosomes

Exosomes were isolated from 1 mL of plasma
by using total exosome isolation kit (Thermofisher
Scientific) following the manufacturer’s instructions.
The isolated exosomes were suspended in 1 mL of
0.01 M phosphate buffered saline (PBS), pH 7.4.
Exosomes were characterized by using transmission
electron microscopy (TEM). The exosomes were pro-
cessed by negative staining method using freshly
prepared 1% phosphotungstic acid. 20 �L of the exo-
some suspension was placed onto collodion-coated
400 mesh copper grids. After 5 min, excess suspen-
sion was removed with filter paper and allowed to dry.
The grids were then dipped in the stain and allowed
to dry for 15 min. All the grid handling practices
were performed under sterile conditions. The exo-
some grids were viewed under Jeol plus 1200 TEM,
Japan; at magnification x15000.

Exosomal NfL measurement by Single molecule
array (Simoa) technique

The exosomal proteins were extracted by sonica-
tion (3 cycles, 10 s each) in 0.5% triton X-100 in 0.1 M
PBS. The mixture was then centrifuged at 4000 rpm
for 5 min at 4◦C. The clear supernatant was aliquoted
and stored at –80◦C for further analysis. Concentra-
tion of NfL in the total exosomal protein extracts was
measured by Simoa using HD-X Analyser (Quan-
terix, USA) with Simoa NF-light Advantage Kit
following the manufacturer’s instructions and stan-
dard procedures. Lower limit of quantification of the
assay was 0.174 pg/mL and the lower limit of detec-
tion was 0.038 pg/mL.

Generation of antibodies to N-terminal region of
neurogranin and epitope analysis

The N terminal peptide corresponding to the
primary amino acid sequence KPDDDILDIPLDDP-
GANAAAAKIQASFRGHMARKK (residues 11-
45) used as antigen for polyclonal antibody
production was custom synthesized by Merrifield’s
solid phase synthesis (Biotech Desk Pvt Ltd, Hyder-
abad, India). The purity of the synthetic peptide was
ascertained by HPLC using Phenomenex Luna C18
column (4.6 x 250 mm) on LC-2010 HT system
(Shimadzu). Mobile phase contained 0.1% triflu-

oroacetic acid in water and acetonitrile (0–100%
gradient). The fractions were eluted at a flow rate
of 1 ml/min with detector wavelength set at 220 nm.
The analyses revealed that the synthetic peptide was
homogeneous to an extent of > 90%. For production
of polyclonal anti-peptide antibodies, albino rab-
bits were procured from Institute’s Central Animal
Research Facility. For primary injection, 1 mg of pep-
tide in 500 �l of distilled water emulsified with equal
volume of Freund’s complete adjuvant was subcuta-
neously administered to rabbits. This was followed by
administration of three boosters at 3-week intervals
with half the dose in Freund’s incomplete adjuvant
for each booster. Animal experiments involved in
this study were approved by the Institutional Animal
Ethics Committee (IAEC number AEC/66/395/N. C
dated November 13, 2017). Analysis of the anti-
peptide antiserum collected 10 days after the final
booster indicated a titer of 1 : 8000 against N-terminal
11-45 AA peptide for 50% Bmax binding. Epitope
mapping analysis of these antibodies was carried
out against overlapping tridecapeptides spanning the
entire sequence of neurogranin (1-78) wherein, cys-
teine residues at the N-terminal end were substituted
with alanine, to avoid potential disulphide bridge for-
mation and related conformational alterations that
may interfere with linear epitope analysis.

SDS-poly acrylamide gel electrophoresis of total
exosomal protein extract

Electrophoresis was carried out in a vertical slab
electrophoresis system (Mini-PROTEAN Tetra cell,
Bio-Rad) using 5% stacking gel and 6% or 10 %
resolving gel. 100 �g of the exosomal protein extract
was mixed with 5X gel loading dye in the presence
of �-mercaptoethanol, heated in a boiling water bath
for 5 min and loaded into wells. A broad range of
SDS-PAGE molecular weight marker (Cytiva, UK)
was used and electrophoresed at 120 V.

Immunoblotting

The proteins were transferred to a 0.45 �m pore-
sized PVDF membrane (Sigma, P2938) using the
semi-dry blotting technique at 100 mA, 1 h for pro-
teins < 150 kDa and 200 mA, 2 h for proteins > 150
kDa. Blocking was performed overnight at 4ºC using
3% BSA in 0.01 M PBS, pH 7.4. Incubations
with the in house generated polyclonal rabbit Ng
antibody, mouse monoclonal-L1CAM (sc-514360,
Santa Cruz Biotechnology), LAMP-2 (sc-18822,
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Santa Cruz Biotechnology), and MFN-2 (sc-515647,
Santa Cruz Biotechnology) antibodies (1 : 100 dilu-
tion) and rabbit monoclonal Golgin A4 antibodies
(#MBS8291539, Mybiosource) (1 : 500 dilution) in
0.3% BSA in 0.01 M PBS were performed at 37◦C
for 2 h. The membranes were washed for 8×5 min
each in wash buffer [50 mM phosphate, pH 7.4 con-
taining 0.25% gelatin, 1.0 M NaCl, 5 mM EDTA and
0.05% Triton X-100] and then incubated with appro-
priate HRP-conjugated secondary antibody (Sigma)
(1 : 2500 dilution) for 1.5 h at room temperature. Fol-
lowing 10 x 10 min washes each, the membranes
were developed for 1 min with ECL western blotting
detection reagent (Sigma) in BioRad ChemiDoc MP
imaging system. The densitometric analysis of the
protein bands was performed using Image lab version
5.2.

Statistical analysis

The data were analyzed using Graphpad version
8.4.3 (Prism; Graphpad Software Inc, San Diego, CA,
USA). Prior to analysis the outliers were removed by
the software. Exosomal NfL measurements and the
signal intensities from the immunoblots followed a
non-normal distribution and hence analyzed by non-
parametric Kruskal Wallis test followed by Dunn’s
post hoc test for multiple comparisons. Data were
reported as median and interquartile ranges (IQR).
Statistical significance was defined for p-values less
than or equal to 0.05 (*), 0.01 (**), and 0.001
(***).

RESULTS

Participants selected for the study included HC
(n = 10), AD (n = 9), and FTD (n = 10) subjects with
their age in the range of 52–88, 52–65, and 56–62
years respectively. With respect to gender distribu-
tion, 6 males and 4 females were included in each
HC and FTD group whereas 5 males and 4 females
participated in AD group. In FTD and AD groups, the
duration from the reported onset of cognitive distur-
bances till the time point of sample collection ranged
from 0–2 years. Clinical Dementia Rating (CDR)
score of HC group was 0, and that of AD and FTD
groups were > 1. The Hindi Mental State Examina-
tion (HMSE) scores of the participants in the HC,
AD and FTD groups were 29.6 ± 1.43, 5.89 ± 1.76,
and 15 ± 7.56 respectively.

Characterization of circulating exosomes in AD
and FTD by transmission electron microscopy

Exosomes fractionated from the plasma of HC,
AD, and FTD subjects were analyzed by Jeol plus
1200 TEM, Japan. The results confirmed round/oval
shaped vesicles of diameter ranging from 60–90 nm
in all the study groups. The representative images
of exosomes from each group are shown in Fig. 1
(Supplementary Figure 1).

Quantitation of NfL as a measure of
neurodegeneration

The quantification of NfL present in the exosomes
was performed by using Simoa. The results showed
that the median concentrations of NfL in the AD
group [3.04 (1.62–6.620) pg/mL] and the FTD group
[3.29 (1.92–4.46) pg/mL] were significantly higher
than that of the HC group [0.60 (0.39–0.71) pg/mL]
with p < 0.001 (Fig. 2).

Epitope mapping analysis of Ng antibodies

Prior to conducting western blotting analysis with
Ng antibodies, as a first step, epitope mapping stud-
ies were carried out. Binding of protein-A Sepharose
affinity purified antibodies to tridecapeptides span-
ning the entire sequence of neurogranin with 8 amino
acid overlap between the consecutive 13-mer pep-
tides was measured. Epitope scan analysis results
revealed that the minimal sequence recognized by
these antibodies spanned residues 11-23 (Table 1).

Immunoblotting analysis of synaptic and
organellar markers in exosomal extracts from
AD and FTD

After ascertaining the binding pattern, Ng peptide
antibodies were used for western blotting experi-
ments. In addition, immunoblotting analyses were
carried out for the organellar proteins MFN-2,
LAMP-2, and golgin A4 in the pooled exosomal
extracts of HC, AD, and FTD groups (Fig. 3, Sup-
plementary Figure 2). The levels of neuron-specific
exosomal marker L1CAM in the extracts were also
analyzed by western blotting. All the western blot
data were normalized with the signal intensity of
L1CAM protein migrated at 100 kDa in the respective
groups and the signal intensities have been compared
with that of the HC group. The immunoblots and the
densitometric analysis data are presented in Fig. 3
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Fig. 1. Electron micrographs of plasma exosomes. Representative images of samples from two independent subjects in each group are shown.
Panel A and B correspond to exosomes from healthy controls; Panel C and D represent exosomes purified from AD subjects; exosomes
fractionated from plasma samples of frontotemporal dementia subjects are shown in panel E and F. [Magnification = x15000].

and Supplementary Figure 2. The analysis of Ng
immunoreactive band migrated at 25 kDa showed a
significant reduction in signal intensity in both AD
and FTD by 65% and 53% respectively when com-
pared with HC group. The median intensities in the
AD [0.35 (0.18–0.67)] and FTD [0.47 (0.31–0.58)]
groups were significantly lower than that of the HC
group with p < 0.01 and p < 0.05 respectively. The
median signal intensity of the bands corresponding
to MFN-2 at 75 kDa in AD and FTD groups were
[0.68 (0.41–0.73)], (p < 0.05) and [0.54 (0.49–0.64)],
(p < 0.05) respectively, with a significant reduction
in the signal intensity by 32% in AD and 46% in

FTD when compared to HC. The median intensities
of LAMP-2 immunoreactive band observed at 100
kDa in AD group [1.74 (1.41–2.54)] and FTD group
[2.07 (1.71–3.62)] was significantly higher than that
of the HC group with p < 0.05 and p < 0.01 respec-
tively i.e., the relative abundance of LAMP-2 was 1.7
times higher in AD and 2 times higher in FTD than
that of HC. The analysis of golgin A4 band observed
at 250 kDa had an intensity 1.5 times higher in AD and
1.6 times higher in FTD than that of the controls. The
median signal intensities of golgin immunoreactive
band in AD and FTD groups were 1.47 (1.21–1.79)
and 1.62 (1.4–1.85) respectively and both the inten-
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Fig. 2. Comparison of exosomal NfL concentrations in HC, AD,
and FTD subjects. Data represented as median (interquartile ranges
[IQR]); HC [0.60 (0.39–0.71) pg/mL], AD [3.04 (1.62–6.620)
pg/mL], and FTD [3.29 (1.92–4.46) pg/mL]. Boxes encom-
pass IQR with median line and whiskers designate 10th–90th
percentiles. Statistically significant difference of ***p < 0.001
recorded between groups.

Table 1
Epitope scan analysis of Ng peptides with rabbit polyclonal

antibodies

Sequence of tridecapeptide Immunoreactivity with Ng
peptide (11-45) antibodies

MDAATENAASKPD (1-13) –
ENAASKPDDDILD (6-18) –
KPDDDILDIPLDD (11-23) ++++
ILDIPLDDPGANA (16-28) –
LDDPGANAAAAKI (21-33) –
ANAAAAKIQASFR (26-38) –
AKIQASFRGHMAR (31-43) –
SFRGHMARKKIKS (36-48) –
MARKKIKSGERGR (41-53) –
IKSGERGRKGPGP (46-58) –
RGRKGPGPGGPGG (51-63) –
PGPGGPGGAGVAR (56-68) –
PGGAGVARGGAGG (61-73) –
VARGGAGGGPSGD (66-78) –

(Amino acid number in the primary sequence of neurogranin is
indicated in parentheses. Cysteine residues in the N-terminal pep-
tide (1–13) substituted with alanine are shown underlined. Epitope
peptide is shown in bold). ++++, very strong binding with opti-
cal density (OD) values > 3.0 at 450 nm. –, no binding, with OD
values < 0.1 at 450 nm.

sities were significantly higher in comparison to HC
with p < 0.05.

DISCUSSION

The shape and size of the exosomes in HC and
AD groups were similar to that of the previously
reported study from our laboratory [18] wherein the
TEM characterization of exosomes was performed
using Tecnai G2 Spirit Biotwin, The Netherlands. It
was observed that the inter-instrument variation has
not affected the quality of images. In addition to the
HC and AD samples, the present study also included
exosomes from FTD samples. The characteristics of
the exosomes from this group showed no apparent
difference in the appearance and size range. The neg-
ative staining study helped to confirm the typical
morphology of the exosomes. Treatment with phos-
photungstic acid resulted in the deposition of heavy
metal salts on the surface of exosomes and allowed
the visualization of exosomes [19].

NfL, an intermediate filament protein expressed
exclusively in neurons, has emerged as a promis-
ing biomarker of neurodegeneration. CSF NfL
concentration has reproducibly shown to reflect neu-
rodegeneration in brain disorders [20]. In AD, plasma
NfL level correlates strongly with the CSF NfL level
and associates with cognitive decline and disease
related structural brain changes [21]. While CSF and
blood levels of NfL reflect the amount that is released
into the interstitial fluid, the exosomal NfL is directly
associated with the neuronal cell of origin. In our
study, the concentration of exosomal NfL as mea-
sured by Simoa demonstrated significant increase in
AD and FTD compared to HC, thus confirming the
neurodegenerative status in disease groups. Current
findings are one among the first few studies that has
quantified exososmal NfL in AD and FTD.

Through the immunoblotting experiments we have
assessed the levels of Ng, MFN-2, LAMP-2, and gol-
gin A4 in the neuronal exosomes of study groups. The
immunoblots showed that these proteins were present
in detectable levels in the exosomes. Signal intensity
of the L1CAM immunoreactive band at 100 kDa has
been used to normalize the levels of other proteins
under study. L1CAM is a member of cell adhesion
molecules primarily expressed in nervous system and
has been proven as a marker of exosomes of neuronal
origin with a molecular weight of 100 kDa [22, 23].

Ng is a 7.6 kDa protein highly enriched in the
dendritic spines of neurons. Ng functions in post-
synaptic calcium signaling and memory formation
via binding to calmodulin in a calcium dependent
manner [24]. For the detection of Ng in the exoso-
mal extracts by immunoblotting, we have used an
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Fig. 3. Western blot analysis for immunodetection of L1 CAM, Ng, MFN-2, LAMP-2, and golgin A4 in exosomal protein extracts from
HC, AD, and FTD subjects. In Panel A, representative immunoblots of the synaptic and organellar markers are shown with corresponding
molecular weights indicated. In panel B to E, densitometric analyses of the signal intensities corresponding to synaptic and organellar
proteins in the exosomes of HC, AD, and FTD groups are shown. Data presented as scatter plot with median value and interquartile ranges
of signal intensities obtained from independent western blot experiments of neurogranin (n = 6), MFN-2 (n = 5), LAMP-2 (n = 6), and golgin
A4 (n = 4). Statistical difference of p < 0.05 was considered significant (*p < 0.05 and **p < 0.01).

in-house generated polyclonal antibody, with epitope
mapped to N-terminal region (residues 11-23) in Ng.
An immunoreactive band at 25 kDa was observed in
the blot. In literature, multiple forms of neurogranin
have been reported. For example, Ng from CSF and
brain homogenates has been reported to migrate as
12 kDa species in gel electrophoresis whereas the
same species in size exclusion chromatography, has
eluted as 25 kDa fraction [25]. Bereczki et al. have
reported 15 kDa Ng species in AD brain homogenates
by electrophoresis [8]. Ng is a protein which is sub-
jected to various post translational modifications such
as the addition of N-terminal acetyl group, disul-
fide bridge at C3-C4/C4-C9, glutathione additions at
C3/C9, phosphorylation at the Serine, etc. which may
contribute to the differences in the reported molecu-
lar forms of Ng [26]. Alternatively, association of
Ng with binding partners such as calmodulin can
also give rise to higher molecular form(s) [27] which
awaits experimental confirmation.

The immunoreactivity produced by Ng antibody
has shown a significant reduction in signal intensity
in dementia groups compared to HC with the extent
of decrease in the order of AD > FTD>HC, which
was proportionately related to HMSE scores. Multi-
ple studies have reported that CSF Ng is increased
in AD correlating with total tau, phospho tau [28],
and cognitive decline [29]. Current results are sug-
gestive of an inverse relationship in the distribution
of Ng between CSF and exosomes. Further, our cur-
rent findings are in agreement with a recent study that
reported a reduction in the concentration of synap-
tic proteins including Ng in the exosomes of AD as
well as FTD when measured by ELISA [30]. Exten-
sive synaptic loss and decrease in synaptic density

in the autopsy analysis of FTD cortex tissues have
also been documented [31]. The impaired intellec-
tual and behavioral symptoms manifested in FTD has
also been attributed to the decrease in post synap-
tic density [28]. Tau pathology also has been shown
to cause synaptic damage through inflammatory pro-
cesses which could be probably a late event in FTD
syndrome [32]. Synaptic degeneration occurs as a
part of any neurodegenerative process. But the main
brain regions affected in AD such as parietal, tem-
poral cortices, amygdala, and hippocampus are the
regions with highest Ng expression [33]. In addition,
AD characteristically exhibits a remarkable alteration
in the memory impairment at the early stages. This
may begin with the subtle alterations that take place
at the synaptic level [34]. In FTD, the distribution of
neuropathology differs from that in AD, i.e., the FTD-
related pathologies are more abundantly found in the
frontal and temporal lobes. FTD is characterized by
a variety of dysexecutive, language, and behavioral
disturbances and cognitive impairment may occur at a
later stage [35]. Altogether our data strongly supports
that synaptic degeneration/dysfunction is an early
event in AD indicating the role of Ng as a potential
clinical marker of AD.

In the present study, the levels of MFN-2 was
found to be reduced in AD and FTD groups to a
similar extent. Mitochondria are dynamic organelles
that undergo constant fission and fusion. In AD,
A� overproduction increases mitochondrial fission
and simultaneously decreases mitochondrial fusion
activity causing mitochondrial fragmentation and
neuronal death [36]. Increased levels of mitochon-
drial fission proteins and decreased levels of fusion
proteins in the frontal cortical tissues of AD patients
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have been reported [37]. Similar to AD, mito-
chondrial alterations are also observed in FTD,
like deregulation of mitochondrial genes, significant
reduction in the enzymatic activity of the mitochon-
drial complexes, etc. [38]. It is known that mitophagy
is a key pathway of mitochondrial quality control
mechanisms which is involved in the sequestration of
defective mitochondria into autophagosomes for sub-
sequent lysosomal degradation [39]. Upon the loss of
inner mitochondrial membrane potential, PINK 1, a
mitochondrial kinase is stabilized to the surface of
the dysfunctional mitochondria, which then recruits
Parkin, a ubiquitin ligase that ubiquitinates mitochon-
drial outer membrane proteins including MFN-2.
This Parkin-mediated turnover of MFN-2 may lead
to a shift in the balance of mitochondrial dynamics
towards decreased fusion and increased fission [40,
41].

Mitochondria can make contact with ER to reg-
ulate vital cellular homeostatic functions including
mitochondrial quality control, lipid metabolism, cal-
cium homeostasis, the unfolded protein response, and
ER stress. There are several mitochondria-ER con-
tact sites (MERCS) tethering proteins that maintain
these contacts and facilitate their function. MFN2
acts as a physical tether and maintains Ca2+ home-
ostasis and regulates mitochondrial morphological
changes. Dysfunctional MERCS have been impli-
cated in neurodegenerative diseases including AD
and FTD [42]. Mitochondrial fusion process has
not been thoroughly investigated in frontotempo-
ral dementia, but a few reports have demonstrated
damage to ER-mitochondria signaling in response
to the TDP-43 inclusions associated with FTD [43].
Any minor alteration in mitochondrial metabolism
accelerates production of reactive oxygen species,
reduced ATP production and causes cellular damage.
Our results suggest an imbalance in mitochondrial
fusion-fission process in the neurodegenerative dis-
eases under study.

Our immunoblotting studies with LAMP-2 has
shown an immunoreactive band at 100 kDa [44].
There was a significant upregulation in the LAMP-
2 levels in both AD and FTD in comparison to HC
in the order of FTD > AD>HC which was inversely
related to HMSE scores. These findings concur with
our previously reported elevated LAMP-2 levels in
exosomal protein extracts of AD subjects quanti-
fied by using ELISA [18]. Insufficient clearance of
neurotoxic proteins has been implicated in several
neurodegenerative disorders. Chaperone mediated
autophagy (CMA) plays a crucial role in cellular

proteostasis under physiological as well as patholog-
ical conditions. LAMP-2 acts as a receptor for the
cytosolic cargo in CMA. CMA activity is upregu-
lated in neurodegeneration [45]. Postmortem of AD
brain has shown accumulation of large autophagic
vacuoles with undegraded aggregates including A�.
Neuronal endosomal enlargement and upregulation
of genes related to endocytosis and associated pro-
teins are early events observed in AD. These changes
are followed by an increase in lysosome biogene-
sis, autophagy impairment, alterations in genes and
proteins related to lysosomal network suggesting a
failure of lysosomal protein degradation in AD [46].
In FTD, the major genetic causes like GRN muta-
tions, C9orf72 expansions play a critical role in
lysosome function and autophagy [47]. Our findings
from LAMP-2 immunoblotting suggest that the pro-
tein clearance mechanisms might be compromised in
AD, FTD, and related protein aggregation disorders.

Densitometric analysis of the golgin A4 bands
has shown an overall increase in the signal intensity
in both the dementia groups. Golgin A4 concentra-
tion has been reported to be significantly higher in
CSF from patients with AD than in CSF of controls.
Immunohistochemical studies of AD brains have also
demonstrated the accumulation of golgin A4 gran-
ules within the cytoplasm of neuronal cells. Elevated
golgin A4 levels may indicate an early response due
to either Golgi alterations or cellular stress associ-
ated with elevated levels of misfolded proteins [16].
Golgin A4 also plays a critical role during the ini-
tial steps of autophagy because it has been detected
in the autophagosomes during the biogenesis [15].
Golgi fragmentation has been observed in the neu-
rons of AD patients but the molecular mechanism
leading to Golgi fragmentation in AD remains elu-
sive. It has been reported that the Golgi fragmentation
enhances vesicle budding from the Golgi membranes
and accelerates protein trafficking. In response to pro-
tein aggregation, unstacking and fragmentation of
Golgi accelerates the protein trafficking which in turn
upregulates the proteins associated with the trans-
port machinery [48]. It has also been proposed that
A� accumulation accelerates the activity of kinases
which phosphorylates Golgi structural proteins and
causes Golgi fragmentation. The phosphorylation of
Golgi structural proteins can also contribute to the
fragmentation in AD. The inhibition of kinases has
also resulted in the reduction of Golgi fragmenta-
tion and rescue of the organelle in cell culture studies
[49]. The Golgi alterations in other neurodegenera-
tive disorders have not been thoroughly investigated,
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although, Golgi fragmentation as a phenomenon has
been observed in many protein aggregation disorders
[50].

In summary, this study has explored the analy-
sis of synaptic and organellar-specific proteins in
the neuronal exosomes of HC, AD, and FTD. The
immunoblotting studies of Ng from the exosomes
showed significant synaptic degeneration in the
dementia groups. Although there was an overlap in
Ng levels in AD and FTD, relatively lower Ng levels
in AD than FTD may contribute to greater cognitive
deficits seen early on in AD. It was observed that,
changes in the structural and functional dynamics
of organelles may be common pathological features
in AD and FTD. Our findings highlight the clin-
ical utility of plasma exosomes as a less invasive
mode of assessment of the changes in neurons from
which they are derived from. Large-scale studies
with longitudinal monitoring of these synaptic and
organellar markers may support evaluation of cellular
and molecular changes in the course of neurodegener-
ative disease progression/treatment response. While
simultaneous analysis of markers for three differ-
ent organelles which are crucial in cellular protein
homeostasis forms the strength of the present study,
smaller sample size and lack of inclusion of other
neurodegenerative dementias form limitations to the
present study. Scope for future research includes
efforts in reducing Golgi fragmentation may help
improve trafficking of proteins involved in fast axonal
transport [51] including tau, thus reducing pathogen-
esis of protein aggregation disorders. Further, means
to improve lysosomal functions through upregulation
of lysosomal proteins/enzymes and pH regulation
[52], adapting strategies to induce mitochondrial
biogenesis through improving mitochondrial-nuclear
communication [53] may potentially offer advan-
tage to disease modifying therapies for proteinopathic
neurodegenerative dementias.
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Mórotz GM, Annibali A, Gomez-Suaga P, Stoica R, Pail-
lusson S, Miller C (2018) Disruption of ER-mitochondria
signalling in fronto-temporal dementia and related amy-
otrophic lateral sclerosis. Cell Death Dis 9, 327.

[44] Ferreira JV, Soares AR, Ramalho J, Carvalho CM, Car-
doso MH, Pintado P, Carvalho AS, Beck HC, Matthiesen R,
Zuzarte M, Girão H, van Niel G, Pereira P (2022) LAMP2A
regulates the loading of proteins into exosomes. Sci Adv 8,
eabm1140.

[45] Kanno H, Handa K, Murakami T, Aizawa T, Ozawa H
(2022) Chaperone-mediated autophagy in neurodegenera-
tive diseases and acute neurological insults in the central
nervous system. Cells 11, 1205.

[46] Uddin MS, Stachowiak A, Mamun AA, Tzvetkov NT,
Takeda S, Atanasov AG, Bergantin LB, Abdel-Daim
MM, Stankiewicz AM (2018) Autophagy and Alzheimer’s
disease: from molecular mechanisms to therapeutic impli-
cations. Front Aging Neurosci 10, 04.

[47] Root J, Merino P, Nuckols A, Johnson M, Kukar T (2021)
Lysosome dysfunction as a cause of neurodegenerative
diseases: Lessons from frontotemporal dementia and amy-
otrophic lateral sclerosis. Neurobiol Dis 154, 105360.

[48] Thayer DA, Jan YN, Jan LY (2013) Increased neuronal
activity fragments the Golgi complex. Proc Natl Acad Sci
U S A 110, 1482–1487.

[49] Joshi G, Chi Y, Huang Z, Wang Y (2014) A�-induced Golgi
fragmentation in Alzheimer’s disease enhances A� produc-
tion. Proc Natl Acad Sci U S A 111, E1230–E1239.
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