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Abstract.

Background: Astrocytes produce and store the energy reserve glycogen. However, abnormal large glycogen units accumulate
if the production or degradation of glycogen is disturbed, a finding often seen in patients with Alzheimer’s disease (AD). We
have shown increased activity of glycogen degrading a-amylase in AD patients and a-amylase positive glial cells adjacent
to AD characteristic amyloid-f3 (A3) plaques.

Objectives: Investigate the role of a-amylase in astrocytic glycogenolysis in presence of Af3.

Methods: Presence of a-amylase and large glycogen units in postmortem entorhinal cortex from AD patients and non-
demented controls were analyzed by immunohistological stainings. Impact of different AB4, aggregation forms on enzymatic
activity (a-amylase, pyruvate kinase, and lactate dehydrogenase), lactate secretion, and accumulation of large glycogen units
in cultured astrocytes were analyzed by activity assays, ELISA, and immunocytochemistry, respectively.

Results: AD patients showed increased number of a-amylase positive glial cells. The glial cells co-expressed the astrocytic
marker glial fibrillary acidic protein, displayed hypertrophic features, and increased amount of large glycogen units. We further
found increased load of large glycogen units, a-amylase immunoreactivity and a-amylase activity in cultured astrocytes
stimulated with fibril AB4,, with increased pyruvate kinase activity, but unaltered lactate release as downstream events. The
fibril AB4:-induced a-amylase activity was attenuated by B3-adrenergic receptor antagonist propranolol.

Discussion: We hypothesize that astrocytes respond to fibril AR, in AP plaques by increasing their a-amylase production to
either liberate energy or regulate functions needed in reactive processes. These findings indicate a-amylase as an important
actor involved in AD associated neuroinflammation.
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INTRODUCTION

The brain is the most energy demanding organ in
our body and brain cells require constant access to
glucose in order to function [1]. Particularly neurons
are sensitive to energy disruption and low glucose
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availability can lead to synaptic loss, dendritic alter-
ations, and neuronal death [2, 3]. To prevent the risk of
insufficient glucose access in case of hypoglycemia
or high energy demand, the brain uses energy back-
up in form of multibranched polysaccharides called
glycogen. The glycogen is formed and stored fore-
most in astrocytes, large star-shaped glial cells, but
can also be found within neurons and pericytes [4].
The astrocytic glycogen formation (glycogenesis)
and degradation (glycogenolysis) is thought to be
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regulated by cyclic adenosine monophosphate
(cAMP), as studies show that activation of the
B-adrenergic receptors elevates cAMP [5-7], with
enhanced short-term glycogenolysis and long-term
glycogenesis as downstream events [8]. When there
is an increased energy demand, glycogen is degraded
and the liberated glucose is converted, through the
different steps of glycolysis, into pyruvate or fur-
ther down into lactate. The former is used as energy
for endogenous processes, whereas the latter is fore-
most released into the extracellular space [5] where
it can be taken up and used as energy by the
nearby neurons. This process, termed the astrocyte-
neuron lactate shuttle (ANLS), is crucial in case of
impaired neuronal glucose metabolism [9] and is
thought to be regulated by neuronal activity, where
glutamate release enhances astrocytic glycogenol-
ysis and downstream lactate secretion [10]. Since
both glutamate excitation and astrocytic lactate trans-
portation are required for long-term potentiation,
it has been suggested that ANSL and astrocytic
glycogenolysis are important for memory forming
processes [11, 12], although criticism to this idea has
recently been raised [13]. Nevertheless, the hypoth-
esis has gained attention within the research field
of Alzheimer’s disease (AD), a dementia disor-
der neuropathologically characterized foremost by
the presence of amyloid- (AB) plaques and neu-
rofibrillary tangles (NFT) [14]. Interestingly, the
disorder is also characterized by an early impaired
glucose utilization and hypometabolism [15-17],
which is associated with the AB4; plaque burden
[18]. Moreover, patients with AD commonly show
an increased load of large abnormal aggregates of
polysaccharides in astrocytes in form of polyglu-
cosan bodies (PGB) or corpora amylacea [19-21].
These aggregates are thought to arise due to an imbal-
ance between glycogenesis and glycogenolysis or
an hyperphosphorylation of glycogen, which leads
to the formation of poorly branched glycogen units
with abnormal size [21-23]. The increased astro-
cytic PGB accumulation in AD patients thus indicates
a disturbed astrocytic glycogenosis/glycogenolysis
balance in these patients. This disturbance together
with findings demonstrating a shift from neural
glucose metabolism into astrocytic metabolism in
AD patients [24], indicate a specific role for astro-
cytes in AD. Indeed, several studies have shown
that astrocytes play an important role in neuroin-
flammatory processes associated with the disease
[25]. These versatile cells are recruited to newly

formed AB4; plaques [26, 27] and at the plaque site
they become activated, phagocytose APa4>, secrete
chemokines/cytokines to attract microglial [28], and
activate the innate immune system [29]. These acti-
vated astrocytes are recognized by their hypertrophic
features (i.e. thicken and retracted processes) and
enlarged cell bodies as well as a strong upregulation
of the astrocytic marker glial fibrillary acidic pro-
tein (GFAP) [30]. The association between activated
astrocytes and AB4p plaques in AD patients indi-
cates that A4, may directly activate astrocytes. This
idea is supported by in vitro studies demonstrating
increased secretion of pro-inflammatory cytokines
after AB4, stimulation [28]. The amyloid peptide can
also, via the 3-adrenergic receptor, elevate cAMP lev-
els [31], which indicates a direct impact of the peptide
on glycogenesis and glycogenolysis. This hypothe-
sis needs to be investigated, but since the activation
(i.e., phagocytosis, secretion of signal substances,
and morphological changes) is an energy demand-
ing process, it may be speculated that the increased
astrocytic metabolism seen in AD patients could be a
result of increased astrocytic endogenous processes
in response to A4, rather than meeting the increased
energy demand from nearby neurons.

We have in our previous studies found fur-
ther support for increased astrocytic glycogenolysis
in AD patients, as we detected increased activity
of the glycogen degrading enzyme a-amylase in
homogenates of hippocampus of AD patients and a
strong a-amylase immunoreactivity in astrocytes sur-
rounding AB4, plaques [32]. Normally, a-amylase is
found in saliva (isotype AMY1A) and in the pan-
creatic juice (isotype AMY2A) [33, 34], where it
degrades glycogen and starch by hydrolyzing the
a(1-4) glyosidic bonds into smaller polysaccharides
or single glucose molecules [35]. Although glycogen
degradation is considered to be the main function of
a-amylase, studies also show that the enzyme can
interact with other proteins. Such interactions can be
found in saliva, where a-amylase forms complexes
with for example glycoproteins and antimicrobial
proteins [36]. The role for a-amylase in these com-
plexes is not known, but it has been hypothesis that it
may serve as a protein carrier which protect and reg-
ulate the proteins function [36]. Interestingly, studies
indicate that salivary a-amylase activity is regulated
by a similar signaling pathway as the one regulating
glycogenolysis in astrocytes, i.e., activation of the 3-
adrenergic receptor, with downstream upregulation
of cAMP [37]. The role for a-amylase in astrocytes,
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particularly AB4; activated astrocytes remains, how-
ever, to be studied. In the current study, we investigate
a-amylase immunoreactivity as well as the load of
large glycogen units in entorhinal cortex (a brain
area where A4 plaques are commonly found) of
AD patients. Moreover, by the use of in vitro stud-
ies, we study the direct impact of AB4, on astrocytic
glycogenolysis, load of large glycogen units, and gly-
colytic events and investigate whether these events
are mediated via the 3-adrenergic receptor.

MATERIALS AND METHODS
Brain tissue preparation

The study was performed on samples of entorhi-
nal cortex (EC) from two cohorts. Cohort 1 includes
(n=38) non-demented controls (NC) and (n=12),
clinically and postmortem verified Alzheimer’s dis-
ease (AD) patients (Netherlands Brain Bank, NBB).
Cohort 2 includes (n=3) NC and (n =3) AD patients
(NBB). Samples from both cohorts were reported
previously, with information regarding neuropatho-
logical evaluation, cause of death, and presence of
APOE4 [32]. Both cohorts were matched for age and
postmortem delay. Written informed consent for the
use of brain tissue and clinical data for research pur-
poses was obtained from all patients or their next of
kin in accordance with the International Declaration
of Helsinki. Medical ethical evaluation committee of
VU Medical Centre, Amsterdam has approved the
procedures of brain tissue collection and the regional
ethical review board in Lund has approved the study.
In cohort 1, each hippocampal sample was fresh
frozen at autopsy and the frozen samples were later
incubated in paraformaldehyde (PFA) (4%) for 4 h,
followed by incubation in 30% sucrose for 3 days.
In cohort 2, the human brain samples were directly
fixed with PFA at autopsy as described in [32]. The
tissue was then sectioned in 40 wm free floating sec-
tions stored in —20°C in cryoprotectant solution until
used.

Immunohistochemical staining and analysis of
number of AMYZ2A positive cells in brain tissue

Sections from cohort 1 were immunohistochemi-
cally stained against AMY2A according to standard
protocols. Briefly, the tissue sections were quenched
in 3% H>O; and 10% methanol for 30 min and
thereafter blocked in Impress reagent kit blocking

solution (Vector Laboratories, Burlingame, CA)
for 1h at room temperature (RT). Sections were
thereafter incubated with rabbit-anti-AMY2A
(rabbit-anti-AMY2A; Thermo Fisher Scientific,
Waltham, MA) in blocking solution overnight at
4°C followed by incubation of secondary anti-
rabbit Igs Impress reagent kit secondary antibodies
(Vector Laboratories, Burlingame, CA) for 2h and
finally peroxidase detection for 3 min (0.25 mg/ml
diaminobenzidine and 0.012% H»0O,). Pictures
(Olympus cellSens Dimension) of two randomly
chosen fields (10000 umz) within the EC of three
sections from each individual were captured. The
number of AMY2A positive cells were counted and
averaged and presented as mean number AMY2A
positive cells/10000 wm?.

Immunofluorescent staining and analysis of large
glycogen unit in brain tissue

Sections from cohort 2 were stained with antibod-
ies against AMY2A in combination with antibodies
against astrocytic marker GFAP (rabbit-anti-GFAP
Dako, Glostrup, Denmark), AB1-16 (mouse-anti-
AB1—16, clone 6E10; Covance, Princeton, NJ), or
large glycogen units (mouse IgM-anti-glycogen,
ESGIA9mAD; kind gift from professor Hitoshi
Ashida at Kobe University), where the latter antibody
stain large glycogen molecules over smaller glyco-
gen molecules [38]. The AMY2A/GFAP staining was
performed in a sequential manner, where the sec-
tions were blocked for 1h in blocking solution (5%
goat serum (Jackson Immunoresearch, Westgrove,
PA) in KPBS) before antibodies against AMY2A
were added and incubated overnight at 4°C. Sections
were thereafter incubated with Dylight 594 goat-anti-
rabbit (Thermo Fischer Scientific, Waltham, MA)
for 2h at RT, followed by a fixation with 4% PFA
for 15min. The GFAP antibodies were thereafter
added and the sections were incubation overnight
at 4°C followed by incubation with secondary anti-
bodies Alexa 488 goat-anti-rabbit (Thermo Fischer
Scientific, Waltham, MA) for 2 h at RT. The sections
stained for AMY2A/glycogen and AMY2A/AB1—16
were blocked for 1h in blocking solution before
antibodies against AMY2A together with either
antibodies against large glycogen units (ESG1A9)
or ABi—16 were added and incubated overnight at
4°C. The sections were thereafter incubated with
the appropriate secondary antibody (Dylight 594
goat-anti-rabbit, Alexa 488 goat-anti-rabbit, Alexa
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647 goat-anti-mouse IgM (Thermo Fischer Scien-
tific, Waltham, MA or Alexa 488 mouse-anti-rabbit
(Thermo Fischer Scientific, Waltham, MA) for 2 h in
RT. The sections were mounted with Vectashield Set
mounting medium containing DAPI (Vector Labora-
tories, Burlingame, CA). The presence of AMY2A
in astrocytes and the localization of AMY?2 cells in
relation to AB4 plaques was observed with a flu-
orescence microscope. The load of large glycogen
units in five AMY2A positive EC cells in three AD
patients (in total 15 cells) and three NC (15 cells)
was analyzed using confocal microscopy 63X objec-
tive (Ziess LSM 800, Ziess, Oberkochen, Germany).
The analyzed area was determined by a delineation
of the outer boarder of the AMY2A staining and the
load of large glycogen units was presented as mean
percentage of AMY?2A area/individual.

Cell culturing

Human fetal primary astrocytes (HA) (ScienCell,
Carlsbad, CA) at passage 2 were grown with astro-
cyte medium including supplements (5% astrocyte
growth supplement and 5% penicillin/streptomycin
solutions) and fetal bovine serum (2%) (ScienCell,
Carlsbad, CA) in a T-75 flask until 80% confluency
was reached. Due to observed contamination of per-
icytes in the cell culture, MACS cell separation with
LS columns loaded with anti-AN2 antibody labelled
microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) was used to remove pericytes. Cell popula-
tion purity was analyzed by immunocytofluorescence
staining using antibodies against GFAP. Cells were
fixed for 15 min in 2% PFA, incubated with block-
ing solution for 1h and thereafter incubated with
the primary antibodies for 2h at RT. Next the cells
were incubated with the Alexa 488-conjugated anti-
rabbit or Dylight 594 goat-anti-mouse for 1h at RT
and mounted with Vectashield Set mounting medium.
Analysis of the stained cell culture showed that
the percentage of DAPI-positive/GFAP positive cells
of total DAPI-positive cells (n=250) was approxi-
mately 96%.

Amyloid-B preparation and cell stimulation

Preparations of human synthetic AB42 (Alex-
oTech, Umea, Sweden) oligomers and fibrils were
done according to a previously published protocol
[39]. To verify presence of oligomers and fibrils in the
A4 preparations, transmission electron microscopy
(TEM) was performed by absorbing the samples onto

glow-discharged carbon-coated copper grids. The
samples were washed with water stained in uranyl
acetate solution. Samples were examined using TEM
120kV JEOL 1400 plus, which verified the presence
of oligomers (Supplementary Figure 1A) and fibrils
in (Supplementary Figure 1B). Before stimulation,
HA were seeded out in Poly-L-Lysine (ScienCell,
Carlsbad, CA) coated 6-well and 12 well plates and
8-well chambers with glass bottom slide (Lab Tek
IT) and grown until 90% (6-well and 12 well plates)
and 60% (8-well chambers) confluency. The HA
cells were serum starved for 2 h and thereafter stim-
ulated with either 10 uM AR42 oligomers, 10 uM
ARy fibrils, vehicle control (1 mM NaOH), the
[-adrenergic receptor inhibitor propranolol (Sigma-
Aldrich, St. Louis, MO) (1 uM+1 mM NaOH) or
the a-amylase inhibitor acarbose (Sigma-Aldrich)
(5 wM+1 mM NaOH) for 18 h at 37°C with 5% CO»,
Cell death was measured with cytotoxicity LDH
assay (Roche, Basel, Switzerland) according to man-
ufacturer’s protocol and the absorbance at 490 nm
was measured on Eon™ (Biotek, Winooski, VT).

Immunocytofluorescence analysis of the load of
large glycogen units and AMY2A in stimulated
HA cells

HA cells grown in chamber wells were stimulated
with oligomer and fibril AB4; and vehicle control for
18 h. They were thereafter fixed for 15 min in 2%
PFA, blocked with 1% BSA diluted in PBS for 1h,
and incubated with anti-AMY?2A and anti-glycogen
for 2h at RT. The cells were then incubated for 1 h
with Alexa 488 goat-anti rabbit and Alexa 647 goat
anti-mouse IgM and mounted with Vectashield Set
mounting medium containing DAPI. The experiment
was performed three times and 3—4 cells from each
experiment and condition (in total 10 per condition)
were analyzed using confocal microscopy 63X objec-
tive (Zeiss LSM 510, Zeiss, Oberkochen, Germany).
The analyzed area was determined by a delineation
of the outer boarder of the AMY2A staining and the
load of large glycogen units and AMY?2A intensity
was presented as the percentage of AMY2A area.
Glycogen granule size was analyzed with Zen 2009
software and minimum number of granules exceed-
ing 1 wm? were counted.

Gene expression analysis

The AB4y stimulated HA cells grown in 6-well
plates (three individual experiment in two replicates)
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were lysed on ice using giazol lysis reagent (Qiagen,
Venlo, the Netherlands) and transferred to micro-
centrifuge tubes. The total RNA from the lysed
cells was purified using RNeasy Plus Universal
Mini Kit (Qiagen, Venlo, the Netherlands), accord-
ing to the manufacturer’s instructions. RNA Purity
and concentration were quantified using Take 3™
and Eon™ (Biotek, Winooski, VT) and the con-
centration was adjusted with RNase free water.
Preparation of cDNA was performed using Max-
ima first strand cDNA synthesis kit (Life Tech,
Carlsbad, CA) according to manufacturer’s instruc-
tions and thereafter mixed with Maxima probe/ROX
QPCR mastermix (Life Tech, Carlsbad, CA) together
with probes for a-amylase (HS00420710_g1) (cap-
turing AMY2A, AMY1A, AMYIC, AMY1B and
AMY?2B), housekeeping genes ribosomal protein
L13A (RPL13A) (HS04194366_g1) and hydrox-
ymethylbilane synthase (HMBS) (Hs00609296_g1)
(Applied Biosystems, Foster City, CA). The RT-
gPCR reactions were carried out using Viia™ 7
system (Applied Biosystems, Foster City, CA) and
the relative expression in mRNA level was calculated
using the 2~2C method [40] and normalized against
the geometric mean of RPL13A and HMBS.

Analysis of a-amylase and pyruvate kinase
activity

Analyses of enzymatic activities of a-amylase and
pyruvate kinase (PKM) and lactate dehydrogenase
(LDH) in samples from A4 and vehicle stimulated
HA cells were performed using alpha amylase col-
orimetric activity kit (Abcam, Cambridge, UK) and
pyruvate kinase activity assay (Abcam, Cambridge,
UK) according to the manufacturer’s protocol. The
stimulated and vehicle control HA cells in 6 and
12 wells were homogenized on ice with 500 ul
a-amylase buffer provided by a-amylase activity
kit and centrifuged at 10,000rpm for 10min at
4°C, whereby two third of the supernatant was
removed. Thereafter the activity analyses were per-
formed on the remaining supernatant/pellet. The
kinetic measurements were done using spectropho-
tometer Eon™ (Biotek, Winooski, VT) at 405 nm
(Abs4ps5nm) over 20 min (ATZO) for the a-amylase
and at 570 nm (Abss70am) over AT?Y for PKM assay
and the enzyme activity (mU/ml) was calculated
according to the equation in manufactures protocol.
Every experiment was performed three times in two
replicates.

Analysis of lactate

Analysis of released lactate from cells stimu-
lated with AB4; fibril and vehicle control for 18 h
(three individual experiment in two replicates) were
performed by the use of L-lactate assay (Abcam,
Cambridge, UK) on cell medium according to man-
ufacturer’s protocol and measured with on Eon™
(Biotek, Winooski, VT) at Abss7gnm. Cell stimula-
tion with the a-amylase inhibitor acarbose for 24 h
was use as negative control.

Analysis of cell localization of AMY2A

The presence of AMY2A in lysosomes was ana-
lyzed by adding Lysotracker RED DND-99 (a dye
that becomes fluorescent in acidic compartments)
to the medium the last 2h of the stimulation with
A4z fibril and vehicle. The cells were then washed,
fixed with 2% PFA, immunostained against AMY2A
and examined using an Olympic fluorescent micro-
scope with a 40x objective. Co-localization between
Lysotracker Red DND-99 and AMY2A was ana-
lyzed using confocal microscopy equipped with a
63 x objective and Zen 2009 software. Overlap per-
centage (Mander’s coefficient) of Lysotracker Red
DND-99 and AMY2A was calculated using Zen
2009 software. Lysosomal size in HAs analyzed
by confocal was examined using Olympus cellSens
Dimension. Lysosomes with a diameter larger than
3pm (more than twice the average size of a regular
lysosome) were considered as enlarged.

Statistical analysis

Statistical analysis was performed using SPSS
software (version 24 for Mac, SPSS Inc., Chicago,
IL). Analysis using Kolmogorov—Smirnov test
showed normal distribution of values within all anal-
ysis. Differences between AD and NC were analyzed
by the use of independent-samples #-test and cor-
relations between neuropathological evaluation (A3
plaques and NFT) and number of AMY2A positive
cells was performed by Spearman correlation test.
Differences between vehicle control and oligomer-
and fibril AB4 in the in vitro study were analyzed
using one-way analysis of variance (ANOVA), fol-
lowed by Tukey post hoc correction (comparisons
for n=3), whereas the comparisons between vehicle
control and fibril AB4, were analyzed using Student’s
t-test. Results are presented as means =+ standard
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deviations, and a value of p <0.05 level was consid-
ered statistically significant.

RESULTS

Increased astrocytic a-amylase immunoreactivity
and load of large glycogen units in AD patients

To investigate astrocytic a-amylase in pres-
ence of AD pathology, we analyzed EC sections
from three AD patients and three NC (Cohort
1) using immunostaining against AMY2A. As
described earlier [32], scattered cells with glial mor-
phology were found throughout EC of both AD
patients and NC (Fig. 1A), but the current anal-
ysis showed that the number of AMY2A+glial
cells were significantly higher in AD patients com-
pared to NC (Fig. 1A—C). This increase correlated
significantly with neuropathological evaluation of
AB plaque load (r=0.556 p=0.017) and NFTs
(r=0.609, p=0.007) (Supplementary Figure 2).
Moreover, in line with our previous studies, double
immunostainings showed that all AMY2A+glial cells
co-expressed GFAP, suggesting that the vast majority
of AMY2A + glial cells are astrocytes. Interestingly,
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the strong AMY2A immunoreactivity was primarily
found in GFAP + astrocytes with hypertrophic mor-
phology (thicken processes and swollen cell bodies)
(Fig. 1A—C), indicating an upregulation of AMY2A
in foremost activated astrocytes. The AMY2A glial
cells were in similarity to AMY2A in hippocampus
[32] found foremost adjacent to AB plaques. Confo-
cal analysis of immunostainings of a second cohort
(Cohort 2) further showed that AMY2A + glial cells
in AD contained on the boarder significantly more
amount of large glycogen units per cell compared to
AMY?2A + glial cells in NC (p=0.059) (Fig. 1H-J).

Increased o-amylase immunoreactivity and
glycogen load in cultured astrocytes after ABsn
stimulation

The increased load of large glycogen units and
number of AMY2A +glial cells in AD patients as
well as the association between A4 plaques and
AMY2A +glial cells, inevitably raises the question
whether these events are related to APB4z. Thus, to
investigate the direct impact of AB42 on astrocytic
a-amylase, we stimulated primary human fetal astro-
cytes (HA) cells with AB4; fibrils and oligomers for
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Fig. 1. Increased astrocytic a-amylase immunoreactivity and glycogen load in AD patients. Image in (A) illustrates an AMY2A immunostain-
ing of entorhinal cortex (EC) in a representative NC (arrow indicates an AMY2A positive glial cell). The number of strongly AMY2A+glial
cells was significantly higher in AD (n = 12) compared to NC (n = 8), which is illustrated in image (B) and the column scatter plot in (C). The
AMY2A glial cells (red in D) co-expressed GFAP (green in E) (D merged with E and blue DAPI staining in F) and were found primarily
in astrocytes with a hypertrophic morphology (arrow in D-F), and less in astrocytes with a resting morphology (arrowhead in E). The
AMY2A+glial cells (red indicated with arrowheads in G) were commonly seen adjacent to AP plaques (green in G). Confocal images in
(H-I) demonstrate a double staining against AMY2A (in green) and glycogen (in red indicate with arrowheads in H and I), where the glycogen
load in NC (H) is less pronounced compared to AD (I). The column scatter plot in (J) shows an on boarder significant increase of glycogen
area/cell percentage in AMY2A+cells (n=5) of AD patients (n=3) (in total 15 cells) compared to glycogen area/cell in AMY2A+cells
(n=5) of NC (n=3) (in total 15 cells). Data was analyzed using student #-test and presented as mean £+ SD. **p>0.01. Scalebar A and
B=40,D-F=15,G=25,Hand =5 pm.
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Fig. 2. Increased a-amylase immunoreactivity and glycogen load in cultured astrocytes after AB4, stimulation. Confocal images in (A—C)
show double immunofluorescent AMY2A/glycogen staining of cells treated with vehicle control (Ctrl), 10 uM AR oligomers (AB42 O),
and 10 uM APy, fibrils (AB4z F). Scale bar =40 wm. The small square marks an area shown at higher magnification (bottom left), where
increased glycogen granules (red indicated with arrowheads in A—-C) and AMY2A immunoreactivity (green in A-C) can be visualized to a
higher degree after A4, fibril stimulation (C) compared to Ctrl (A). Scale bar =8 wm. Column scatter plots in (D-E) show area percentage
of AMY2A and glycogen immunoreactivity in the stimulated cells. Significant higher area percentage of AMY2A (D) and glycogen (E)
was seen in AB4; O stimulated cells compared with Ctrl and an even more pronounced increase of AMY2A area percentage after AB42
F stimulation compared with Ctrl. Column scatter plots in (F) show the number of glycogen granules exceeding 1 wm? /stimulated HA
cells. HA cells stimulated with AB4 O or ARy, F showed greater number of glycogen granules exceeding 1 wm? compared to controls.
The experiment was independently performed three times and 3-4 cells from each experiment and condition (in total 10 per condition) was

analyzed. Data was analyzed using one-way ANOVA with Tukey post-test and presented as mean = SD. **p <0.01, *p <0.001.

18 h and analyzed alterations in a-amylase and load
of large glycogen units. While the stimulation of 18 h
did not increase cell death (data not shown), confo-
cal analysis showed significantly higher percentage
of both AMY2A and glycogen immunoreactivity per
analyzed HA after AB4, oligomer and fibril stimu-
lation compared to control HA (Ctrl). The increase
of both parameters was however more pronounced
after A4 fibril stimulation (Fig. 2A-E). Finally, the
number of large glycogen granules (>1 wm?) was sig-
nificantly higher in HA stimulated with A4, fibrils
and ARy oligomers (ranging from 1.9-17.9 um? and
1.3-12.3 wm?, respectively) compared to Ctrl (rang-
ing from 1.6-4.5 um?). (Fig. 2A, B, F).

Astrocytic a-amylase can be found within the
cytosol, in lysosomes, and in the cell nucleus

Confocal analysis of the cellular localization of
a-amylase in HA indicated that, while most of the

a-amylase appeared to be cytosolic, a fraction of the
enzyme was found within the nucleus (Fig. 3A, B).
In addition, some of the AMY2A co-localized with
lysosomes (Fig. 3A—C). Although the co-localization
increased after stimulation with APy4y fibrils, the
increase was not statistically significant (Fig. 3C).
Finally, we observed enlarged lysosomes in all AB4;
fibrils stimulated HA (more than 2 enlarged lyso-
somes in 10 out of 10 analyzed cells), whereas none
of Ctrl HA (n=10) had enlarged lysosomes (Fig. 3B).

Unchanged gene expression but increased
activity of a-amylase and downstream glycolytic
changes in cultured astrocytes after ABa;
stimulation

To further investigate if the AB42-induced increase
in a-amylase immunoreactivity is reflected on a
mRNA level or by enzyme activity, we analyzed the
a-amylase gene expression and activity in A342 stim-
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Fig. 3. Astrocytic a-amylase can be found within the cytosol, in lysosomes and in the cell nucleus. Confocal images in (A and B) show
an AMY2A immunostaining of HA exposed to Lysotracker RED DND-99 (in red indicated with arrowheads in A and B), vehicle control
(Ctrl) and 10 uM APy fibrils (AB42 F). The AMY2A (in green in A and B) was found within the cytosol but some AMY2A (indicated
with arrows in A) was also found within the DAPI stained cell nucleus (in blue). The AMY2A (arrowheads in A and B) was also found
within lysosomes (red in A and B) and some of the lysosomes were enlarged in the ARy, F stimulated HA cells (B). Scale bar=5 pm.
Column scatter plots in (C) show the co-localization coefficient AMY2A within lysosomes in the stimulated HA. No significant change in
co-localization between AB42 F and Ctrl stimulated HA cells was detected. The experiment was independently performed three times and
3-4 cells from each experiment and condition (in total 10 per condition) was analyzed. Data was analyzed using one-way ANOVA with

Tukey post-test and presented as mean =+ SD.

ulated HA. We found no significant difference in
a-amylase gene expression between AR4, oligomer
and fibril stimulated HA and Ctrl (Fig. 4A), but
a significant increase in a-amylase activity was
noted in APy, fibril stimulated HA compared with
Ctrl (Fig. 4B). Stimulation with AB4> oligomer
also yielded a tendency toward increased a-amylase
activity but the increase was not statistically sig-
nificant. To further analyze whether the increased
o-amylase activity seen after AB4 fibril stimulation
is associated with glycolytic activity (i.e., glucose
metabolism), we measured the activity of pyruvate
kinase (PKM), an enzyme which in the final step of
the glycolysis produces pyruvate. We found signifi-
cantly increased PKM activity in HA cells stimulated
with both AB4; oligomer and fibrils, but only the
increase after A4, fibril stimulation reached sig-
nificance (Fig. 4C). To further investigate whether
the AB4; fibril-induced increase in glycolytic activ-
ity leads to increased lactate secretion, we measured
lactate levels in cell culture medium from stimulated
HA cells. Cells stimulated with the a-amylase/a-
glucosidase inhibitor acarbose (negative control)
showed, as expected, lower lactate levels; however,
no changes were seen after AR4, fibrils stimulation
compared to Ctrl (Fig. 4D).

APBao-induced a-amylase activity is mediated by
the B-adrenergic receptor

Since previous studies suggest an association
between cAMP and a-amylase activity, and since
cAMP levels in astrocytes are known to be regulated
by the B-adrenergic receptor, we investigated whether
the (3-adrenergic receptor antagonist propranolol can
influence the APy, fibril-induced a-amylase activ-
ity. Indeed, while propranolol itself did not alter
a-amylase activity compared with Ctrl, it signifi-
cantly inhibited the increase in a-amylase activity
induced by AP4; fibril (Fig. 4E), indicating a role
for the B-adrenergic receptor in A4, fibril induced
a-amylase activity. To further study if the counter-
acting impact of propranolol on AB4; fibril-induced
a-amylase activity is reflected in the downstream gly-
colytic pathway, we analyzed the PKM activity after
the different stimulations. We found elevated PKM
activity in HA stimulated with A7 fibril compared
to HA stimulated with ARg4, fibril + propranolol;
however, the increase was not significant. Further-
more, no changes were found when the activity
in Ctrl, AB4 fibril+ propranolol stimulated HA,
and propranolol stimulated HA was compared
(Fig. 4F).
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Fig. 4. Unchanged gene expression but increased activity of a-amylase and glycolytic changes in cultured astrocytes after A4, stimulation.
Column scatter plot in (A) shows relative expression of a-amylase normalized against values of housekeeping genes ribosomal protein
L13A (RPL13A) and hydroxymethylbilane synthase (HMBS) in HA stimulated with control (Ctrl), 10 uM A oligomers (AB42 O), and
10 wM ARy, fibrils (AB42 F). No significant difference was seen between the stimulations. Column scatter plot in (B) shows the change in
a-amylase activity seen in stimulated HA cells. AB4; F stimulated HA showed significantly higher a-amylase activity compared with Ctrl.
Column scatter plot in (C) shows the change in pyruvate kinase (PKM) activity seen in stimulated HA cells. AB4, F significantly increased
PKM activity in HA stimulated with AB4; F compared with Ctrl. Column scatter plot in (D) shows the unaltered lactate levels in cell culture
medium after stimulation with AB4; F, but reduced lactate levels after stimulation with the negative control 5 uM acarbose. Column scatter
plot in (E) shows the inhibiting impact of 1 wM propranolol (Prop.) on AB4; F induced a-amylase activity, were propranolol counteracted
the AB42 F- induced a-amylase activity. Column scatter plot in (F) shows the PKM activity in HA after stimulation with propranolol and
AB42 F. The experiments were performed independently three times with two replicates. Data was analyzed using one-way ANOVA with
Tukey post-test and presented as mean = SD. *p <0.05, **p <0.01, ***p <0.001.

DISCUSSION gen degrading property of a-amylase, it is tempting
to speculate that the increased presence of glycogen
The aim of this study was to investigate how astro- degrading oi-amylase reflects an increased demand of
cytic a-amylase is implicated in AD pathology and if energy. However, since a-amylase also could play an
the enzyme is associated with downstream glycolytic important role in transportation, functional modula-
events in response to AP4y. Our study was initi- tion, and protection of interacting proteins/enzymes
ated by investigating the presence of AMY2A + glial [36], it is also theoretically possible that the upregu-
cells in the entorhinal cortex, a brain area exposed lation of a-amylase reflects an increased demand of
to AD pathology in the earliest stages of the disease. such events in activated astrocytes.
In line with our previous studies, we noted that the The link between A4 and increased astrocytic
AMY2A + glial cells were frequently found adjacent a-amylase activity was further shown in our cell
to AB42 plaques and were additionally found in sig- culture studies demonstrating significantly increased
nificantly greater numbers in AD patients. The vast o-amylase immunoreactivity in HA cells after both
majority of AMY2A + glial cells co-expressed GFAP, oligomers and fibril AB4,. The effect, however, was
whereas not all GFAP+cells expressed AMY2A and greater after fibril stimulation and a-amylase activ-
since the GFAP+/AMY?2A+cells also showed hyper- ity was only significantly increased after fibril AB42
trophic features, we conclude that a-amylase is stimulation. These finding may explain why astro-
upregulated in activated astrocyte in presence of cytes close to APs> plaques, showed particularly
AB4p. Since the activities of activated astrocytes strongly AMY2A immunoreactivity, as fibril AB4»

requires large amount of energy, and given the glyco- is the major component of these plaques.
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Our results demonstrating unaltered o-amylase
gene expression, but increased a-amylase activ-
ity after fibril AP4; stimulation, further suggest
that fibril AB4, rather influence post-translational
modifications of a-amylase, than gene expression.
This idea is supported by reports stating that up
to 60% of all enzymes in the body are regulated
with post-translational modifications [41]. Since such
modifications are commonly induced by either phos-
phorylation or glycosylation and since AMY2A
display several potential phosphorylation and gly-
cosylation sites [42], one might speculate that fibril
A4y alters the a-amylase activity in astrocytes by
inducing either event.

Our studies further showed that the increased
o-amylase activation in response to fibril AP
was inhibited by propranolol, a 3-adrenergic recep-
tor antagonist. The fibril AB4;-induced increase in
PKM activity was also lowered by propranolol,
but this change did not reach significance (which
could potentially be strengthen by the use of addi-
tional replicates in each experiment). The inhibiting
impact of propranolol should be viewed from the
perspective that salivary a-amylase is known to
be upregulated by activation of the (-adrenergic
receptor and downstream elevation of cAMP [37].
Interestingly, levels of cAMP increase after AP4;
activation of the (3-adrenergic receptor [31]. It may
thus be hypothesized that fibril AB4> enhances a-
amylase via the same signaling pathway and that
inhibition of (B-adrenergic receptor could reduce
astrocytic glycogenolysis/protein interactions and
thereby astrocytic activation. If this holds true, it
is intriguing to note that patients with hypertension
chronically treated with (3-adrenergic receptor antag-
onists have a reduced risk for AD [43], and it is
tempting to speculate that this reduced risk may in
part be due to reduced damaging neuroinflammatory
actions involving activation of astrocytes.

Although studies implicate the involvement of
B-adrenergic receptor and cAMP in short-term
glycogenolysis, studies also show that the same
signaling pathways are involved in long-term glyco-
genesis (i.e., the formation of glycogen) [8].
We detected increased load of glycogen units in
AMY?2A +glial cells in entorhinal cortex of AD
patients and in HA cells stimulated with oligomer
and fibril AP4. The increase could reflect an
AB42-induced long-term storage of glycogen, which
intends to serve as an energy reserve in a com-
promised brain area. However, since the glycogen
granules are enlarged, it is more likely that the AB4;

induced glycogen load instead is associated with
the formation of polysaccharides bodies and corpora
amylacea (both containing undegradable polysaccha-
rides) commonly seen in AD patients [19, 20]. It is
furthermore important to point out that investigation
of glycogen in postmortem tissue are complicated
as normal glycogen reserves in the brain are usu-
ally degraded within 10 min after death [44]. Since
the postmortem delay of individuals included in the
study is between 4—7 h and given that the used glyco-
gen antibody foremost captures larger glycogen units,
we find it likely that our stainings capture foremost
large undegradable glycogen units such as PGB rather
than glycogen accessible for glycogenolysis. Hence,
we are unable to clearly described the potential link
between AB4, and glycogen formation in astrocytes
ex vivo, but our in vitro studies indicate that glycogen
load is indeed enhanced in cultured astrocytes after
stimulation with fibril AB4>. This finding is in line
with a previous in vitro study demonstrating increased
glycogen levels in human stem cell-derived astrocytes
after 24 h exposure to oligomeric A4y [45].

Since a-amylase is a glycogen degrading enzyme,
is it plausible that an increase in a-amylase activ-
ity, as seen in our ex vivo and in vitro study, indicate
an increase in glycogenolysis and downstream gly-
colytic activity. We therefore measured the PKM
activity in the stimulated HA cells, as this activity is
the final and irreversible step in the glycolysis [46].
The PKM activity was indeed increased in HA cells
stimulated with fibril, but not oligomer, A4, and we
can thus conclude that HA cells increase their pro-
duction of pyruvate in response to the fibril version
of the amyloid peptide. The reversing impact of pro-
pranolol on PKM activity in fibril AB4o stimulated
HA cells (where also the increased a-amylase activity
is counteracted), further indicates that a-amylase is
involved in the downstream glycolytic activity. How-
ever, it should be pointed out that the a-amylase
activity was very low in relation to the PKM activity,
which raises the question whether a-amylase activity
in so low concentration can significantly contributes
to glycogenolysis under normal conditions. We there-
fore hypothesis that a-amylase activity is rather a
back-up system, acting foremost under pathological
conditions when astrocytic energy is rapidly needed
for reactive processes. It can further be speculated that
a-amylase, instead of being involved in glycogenol-
ysis, is involved on other activities by its potential
ability to interacting with other protein and enzyme. It
should further be noted that we know very little about
brain a-amylase and it is not unlikely that the enzyme
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in minor ways diverts structurally from peripheral
(pancreatic and salivary) a-amylase. Thus, since the
activity assay used in the study is optimized for mea-
suring peripheral a-amylase activity and since our
AMY?2A stainings as well as gene expression analy-
sis show a robust presence of a-amylase, we cannot
exclude the possibility that higher a-amylase activity
could be captured using an assay specific for brain
a-amylase activity.

As suggested by the ANSL hypothesis, astrocytes
increase their glucose metabolism in order to sup-
port neurons with energy in form of lactate. It is thus
possible that astrocytes increase a-amylase activ-
ity to aid dying or dysfunctional neurons in brain
areas with AD pathology and neurodegeneration.
However, to our surprise, we found no changes in L-
lactate levels in the medium from HA cells stimulated
with fibril AB4; compared to control cells. Similar
findings have been reported before, where human
stem cell derived astrocytes showed unaltered lac-
tate secretion after stimulation with oligomer A2
[45]. We thus conclude that the increase in a-amylase
activity induced by fibril AB4; leads to foremost pyru-
vate, fueling endogenous processes involved in the
activation provoked by A4z, and less to lactate aid-
ing surrounding cells. Support for this idea can be
found in an in vitro study using astrocyte-neuron
co-cultures, which showed that although astrocytes
increase their glucose uptake and glycolytic activity
in response to A3, they are unable to rescue adjacent
neurons [47]. Notably, stimulation with the nega-
tive control acarbose, a compound known to bind
reversibly and non-competitively to a-amylase and
a-amylase cleavage sites on starch [34, 48], signifi-
cantly reduced lactate levels in medium of HA cells.
This finding suggests that a-amylase glycogenolysis,
under normal conditions does contribute to the ANSL
process.

Since both the ex vivo and in vitro AMY?2A stain-
ing yielded a dotted appearance, we hypothesized
that astrocytic a-amylase is in part localized within
vesicles with enzymatic activity such as lysosomes.
Indeed, our confocal analysis of the HA cells revealed
a co-localization between a portion of the AMY2A
staining and the lysosomal marker Lysotracker RED
DND-99. This finding indicates that a-amylase, in
similarity to a-glycosidase [49, 50], degrades glyco-
gen in lysosomes. However, we cannot exclude the
possibility that a-amylase has other scavenging and
protein degrading functions in the lysosomal com-
partment. From this perspective it is interesting to
note that HA cells stimulated with fibril AB4, dis-

played a higher, albeit not significant, portion of
AMY?2A co-localizing with the lysotracker. Whether
this increase corresponds to higher amount of glyco-
gen in lysosomes or increased need for breakdown
of potential waste or toxic products (including AB42
aggregates) remains to be investigated. Many of
the lysosomes in fibril AB4y stimulated HA cells
were moreover enlarged and swollen, a sign of non-
functional lysosomal activity [51]. Similar findings
have been reported before, where astrocytes fail-
ing to degrading engulfed AB4, display enlarged
endosomes [52] and the presence of lysosomal abnor-
malities in neurons in the AD brain [53]. The confocal
analysis also revealed the presence of AMY2A
within the DAPI positive nuclei. The specific signif-
icance of its presence within this cell compartment
is not known, but metabolic enzymes have repeat-
edly been found within the nucleus [54-56]. Since
these metabolic enzymes are associated with cell
proliferation [57] and epigenetic modulations [58],
we hypothesize that a-amylase plays a similar role,
which again highlights its role in activation of astro-
cytes.

To conclude, knowledge on underlying mecha-
nisms and actors in the brain involved in energy
supply as well as in what way alterations of the
same are implicated in neurodegenerative disease is
scarce. Our study, demonstrating a possible role for
a-amylase activity in astrocytic glycogenolysis and
downstream glycolytic activities in response to A4z,
highlights a-amylase as a potential regulating actor
in AD pathology. Moreover, the inhibiting impact
of B-adrenergic receptor antagonists on a-amylase
activity and downstream glycolytic activities opens
up for new strategies to regulate astrocytic activa-
tion and neuroinflammatory processes involved in
AD pathology.
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