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Abstract 

Background Astrocytes play a central role in maintaining brain energy metabolism, but are also tightly connected 
to the pathogenesis of Alzheimer’s disease (AD). Our previous studies demonstrate that inflammatory astrocytes 
accumulate large amounts of aggregated amyloid-beta (Aβ). However, in which way these Aβ deposits influence their 
energy production remain unclear.

Methods The aim of the present study was to investigate how Aβ pathology in astrocytes affects their mitochon-
dria functionality and overall energy metabolism. For this purpose, human induced pluripotent cell (hiPSC)-derived 
astrocytes were exposed to sonicated Aβ42 fibrils for 7 days and analyzed over time using different experimental 
approaches.

Results Our results show that to maintain stable energy production, the astrocytes initially increased their mito-
chondrial fusion, but eventually the Aβ-mediated stress led to abnormal mitochondrial swelling and excessive fission. 
Moreover, we detected increased levels of phosphorylated DRP-1 in the Aβ-exposed astrocytes, which co-localized 
with lipid droplets. Analysis of ATP levels, when blocking certain stages of the energy pathways, indicated a metabolic 
shift to peroxisomal-based fatty acid β-oxidation and glycolysis.

Conclusions Taken together, our data conclude that Aβ pathology profoundly affects human astrocytes and 
changes their entire energy metabolism, which could result in disturbed brain homeostasis and aggravated disease 
progression.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder with complex pathophysiology that develops 
over decades. The main characteristics of AD are extra-
cellular plaques, consisting of aggregated amyloid-beta 
(Aβ), intracellular neurofibrillary tangles, composed of 
hyperphosphorylated tau and chronic neuroinflammation 
[1]. The impact of glial cells in AD pathology has recently 
received much attention, but many questions remain 
regarding their involvement in disease progression. Being 
the most abundant glial cell type, astrocytes play an 
important role in maintaining brain homeostasis. Their 
responsibilities include recycling of neurotransmitters, 
modification of synapse signaling, blood–brain barrier 
regulation and glymphatic clearance [2–6]. In addition, 
astrocytes play a fundamental role in energy metabo-
lism, and neurons, which have a very fast energy turnover, 
totally rely on astrocytic metabolites for their vitality.

The major cellular energy pathways include glycolysis, 
citric acid cycle followed by oxidative phosphorylation 
(OXPHOS) and fatty acid β oxidation [7–9]. Because of 
their anatomical position, between capillaries and neu-
rons, astrocytes constitute an interface for effective glu-
cose uptake from the blood. The glucose is then stored 
as glycogen or metabolized to pyruvate in the glycolysis. 
Astrocytes are highly glycolytic cells and produce lactate 
that is utilized by the neurons in their energy production. 
Moreover, astrocytes can store fatty acids that may be 
used as an energy source via fatty acid β oxidation [10].

Under healthy brain conditions, the metabolism of 
glucose and lipids is precisely regulated. Disturbed 
energy supply, lipid droplet (LD) formation and 
mitochondrial dysfunction have been linked to brain 
aging and neurodegenerative disorders, including AD 
[11, 12]. However, whether the alterations in energy 
supply constitute a cause or a consequence of the 
pathology remains unclear, as well as the underlying 
cellular mechanisms. Due to their significant role in 
energy metabolism, astrocytes are particularly interesting 
in this context.

Astrocytes with high Aβ load are frequently found 
in the human AD brain [13–17]. We have previously 
reported that cultured astrocytes engulf large 
amounts of aggregated Aβ, but then store, rather than 
degrade the ingested material [18–20]. The astrocytic 
accumulation of Aβ results in severe cellular stress and 
the release of extracellular vesicles (EVs) containing 
neurotoxic content, which could be of relevance for 
AD progression [18, 20]. Moreover, we have shown that 
astrocytes transfer protein aggregates to neighboring 
cells via thin protrusions called tunneling nanotubes 
(TNTs) [21]. Interestingly, astrocytes also forward 
major histocompatibility complex class II (MHCII) 

molecules using the same mechanism, indicating 
spreading of inflammation in addition to toxic protein 
aggregates [22]. However, in which way Aβ storage 
affects the astrocytes energy production remains 
unclear. The aim of the present study was to investigate 
the impact of Aβ pathology on mitochondria 
functionality and energy metabolism in human induced 
pluripotent cell (hiPSC)-derived astrocytes using a 
battery of different methods, with the intention to fill 
this knowledge gap.

Methods
Production of amyloid‑beta fibrils
Amyloid-beta preformed fibrils were generated using 
human Aβ42 monomers (Innovagen, SP-BA42-1) and 
HiLyte™ Fluor 555-labeled Aβ42 monomers (AnaSpec, 
60480–01). The Aβ monomers were dissolved in a 
10 mM NaOH/PBS solution to a concentration of 2 mg/
ml. The Aβ samples were left to aggregate on a shaker at 
1500 rpm, 37 °C for 4d. Then, the Aβ42 fibrils were diluted 
using peptide PBS to the final concentration of 0.5 mg/ml 
and sonicated in 20% amplitude, 1 s off and 1 s on, for 60 s 
using a Sonics Vibra Cell sonicator prior to experiment. 
For transmission electron microscopy (TEM), Aβ42 fibrils 
or sonicated fibrils diluted 1:10 in Milli-Q water were 
dropped onto carbon-coated 200-mesh copper grids, 
negatively stained with 2% uranyl acetate for 5 min and 
air dried. The samples were analyzed using a Tecnai G2 
transmission electron microscope (FEI Company).

Culture of human iPSC‑derived astrocytes
Human astrocytes were generated from neuroepithelial-
like stem (NES) cells, produced from human induced 
pluripotent stem cells (iPSCs, Cntrl9 cell line) [23, 
24]. The cells were cultured in Advanced DMEM/F12 
(ThermoFisher, 12634–010) supplemented with 1% 
penicillin streptomycin (ThermoFisher, 15140–122), 
1% B27 supplement (ThermoFisher, 17504–044), 1% 
non-essential amino acids (Merc Millipore) and 1% 
L-glutamine (ThermoFisher, 25030–024). The following 
factors were added to the medium just before use: basic 
fibroblast growth factor (bFGF) 10 ng/ml (ThermoFisher, 
13256029), heregulin β-1 10  ng/ml (Sigma-Aldrich, 
SRP3055), activin A 10 ng/ml (Peprotech, 120-14E) and 
insulin-like growth factor 1 (IGF-1) 200  ng/ml (Sigma-
Aldrich, SRP3069). Additionally, 20  ng/ml ciliary 
neurotrophic factor (CNTF; ThermoFisher, PHC7015) 
was added to the medium for the last 2 weeks of culture. 
Cells were passaged using trypsin 0.05% EDTA 0.2  g/l 
(Life Technologies) and were used for experiments 
directly after differentiation.
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Aβ42 fibril exposure
Astrocytes were exposed to 0.2 µM sonicated Aβ42 fibrils 
in astrocyte complete medium for 7 days. Control cultures 
received medium without Aβ42 fibrils. After 3 days of Aβ42 
fibril exposure, half the volume of fresh medium was added, 
without removing any conditioned medium. At day 7 the 
cells were washed 3 times with medium and then cultured 
in Aβ42 -free medium for 0, 6 or 12 days, with addition of 
half volume of fresh medium every third day. The cells were 
fixed or lysed at 7d, 7d + 6d, and 7d + 12d after Aβ42 fibril 
addition. All medium was collected from the cultures at the 
different end points and stored at – 80 °C.

Inhibitor treatment
The cultures were exposed to triacsin C, or etomoxir. 
Details about exposure time and concentration are found 
in Table 1.

Isolation of extracellular vesicles
The conditioned culture medium from day 7d, 7d + 6d 
and 7d + 12d was pooled prior to ultracentrifugation. The 
pooled medium samples for each treatment and cell culture 
batch were centrifuged at 300×g for 5 min to remove any 
free-floating cells, followed by another centrifugation at 
2000×g for 10  min to remove any remaining cell debris. 
The supernatants were collected and transferred to 
ultracentrifuge tubes and centrifuged at 135,000×g at 4 °C 
for 1.5 h to isolate EVs, including larger microvesicles and 
exosomes. The vesicle pellets were resuspended in 1× PBS 
for TEM or in ice-cold lysis buffer (20  mM Tris pH 7.5, 
0.5% Triton X-100, 0.5% deoxycholic acid, 150 mM NaCl, 
10  mM EDTA, 30  mM NaPyro), supplemented with a 
protease inhibitor cocktail (ThermoScientific, 78430) for 
western blot analysis.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (PFA) (Sigma-
Aldrich, P6148) in 1× PBS for 15 min at RT and washed 3 
times with 1× PBS. Prior to antibody incubation, the cells 
were permeabilized and blocked with 0.1% Triton X-100 
in PBS with 5% normal goat serum (NGS) (Bionordika, 
S-1000) for 30 min at RT. Primary antibodies were diluted 
in 0.1% Triton X-100 in 1× PBS with 0.5% NGS and the 
coverslips were incubated with the antibody solution for 
1 to 4  h at RT. For primary antibodies and dilutions, see 
Table 2. The coverslips were washed 3 times with 1× PBS 

and then incubated with secondary antibodies, also diluted 
in 0.1% Triton X-100 in PBS with 0.5% NGS for 45 min at 
37 °C. The secondary antibodies used were AlexaFluor 488, 
555 or 647 against mouse, rabbit or chicken (1:200, Molec-
ular Probes). The coverslips were washed 3 times with 
1 × PBS and mounted on microscope slides using EverBrite 
hard-set medium with DAPI (230032, Biotium). Images 
were captured using a fluorescence microscope Observer 
and Z1 Zeiss.

Dyes
To visualize actin, cover slips were incubated 30  min in 
phalloidin-fluorescein dye (2 µM, Sigma Aldrich, P5282).

To visualize cellular membranes, cover slips were 
incubated with Wheat Germ Agglutinin (WGA), Alexa 
Fluor™ 350 Conjugate (10 µg/ml, ThermoFisher, W11263) 
for 2 h at 37 °C.

To visualize neutral lipids, cover slips were incubated 
with BODIPY 493/503 (1:100, ThermoFisher, D3922) for 
30 min at 37 °C.

Labeling mitochondria for time‑lapse imaging
For the motility analysis, cells were transfected with either 
CellLight Mitochondria-GFP or Mitochondria-RFP Bac 
2.0 constructs at the concentration of 20 particles per cell 
during the last 2 days of the experiment. For the transfer 
analysis, cells were labeled using MitoTracker™ Green FM 
according to the manufacturer’s instructions.

Time‑lapse microscopy
Time-lapse experiments were performed at 37  °C in 
humidified 5%  CO2 in air, using a Nikon Biostation IM 
Live Cell Recorder (Nikon). The cells were cultured at 
a concentration of 5000 cells/cm2 in time-lapse culture 
dishes (VWR) and images were captured every 12  s for 
20 min for the motility analysis and every 2 min for 24 h for 
the transfer analysis. Movies of the time points of interest 
were exported at a speed of 10 frames/second.

Transmission electron microscopy
EVs
EV samples were mixed with an equal volume of 4% para-
formaldehyde, added onto a formvar and carbon-coated 
200-mesh grid (Oxford 11 Instruments) and incubated for 
20  min. After incubation, the grid was dried and washed 
first 3 times with PBS, followed by 8 washes in MilliQ 

Table 1 Inhibitor treatments

Drug Target Treatment time Concentration Company Cat #

Triacsin C β Oxidation 2 h 15 µM Sigma Aldrich T4540-1MG

Etomoxir β Oxidation 2 h 30 µM Sigma Aldrich 236020-5MG
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water. The samples were stained in a drop of uranyl oxalate, 
pH = 7, for 5 min, after which they were stained with a drop 
uranyl acetate 4% pH = 4 with 2% methylcellulose on ice for 
10 min. The dried grids were imaged in a Tecnai G2 trans-
mission electron microscope (TEM, FEI company) with an 
ORIUS SC200 CCD camera and Gatan Digital Micrograph 
software (both from Gatan Inc.).

Cells
The cultures were fixed in 2.5% glutaraldehyde and 
1% paraformaldehyde. The cells were then rinsed with 
0.15  M sodium cacodylate (pH 7.2–7.4) for 10  min 
and incubated in fresh 1% osmium tetraoxide in 0.1  M 
sodium cacodylate for 1  h at RT. After incubation, the 
sodium cacodylate was rinsed away to dehydrate the 
dishes with 70% ethanol for 30  min, 95% ethanol for 
30  min and > 99% ethanol for 1  h. A thin plastic layer 
(Agar 100 resin kit, Agar Scientific Ltd) was added to 
the dishes and incubated for 1 h. The plastic was poured 
off and a new plastic layer was added onto the dishes for 
incubation overnight in a desiccator. Next, the plastic was 
heated to enable its removal after which a new thicker 
plastic layer was added before another incubation for 
1 h in a desiccator. Cells were covered with 3-mm plastic 
and polymerized in the oven at 60 °C for 48 h. Embedded 
cells were sectioned by using a Leica ultracut UTC ultra-
microtome (Rowaco AB) and visualized with a Tecnai G2 
transmission electron microscope (FEI company) with 

an ORIUS SC200 CCD camera and Gatan Digital Micro-
graph software (both from Gatan Inc.).

Cell lysis
The cell culture medium was removed and the cells were 
lysed in ice-cold lysis buffer (20  mM Tris pH 7.5, 0.5% 
Triton X-100, 0.5% deoxycholic acid, 150  mM NaCl, 
10  mM EDTA, 30  mM NaPyro), supplemented with a 
protease inhibitor cocktail (ThermoScientific). The lysates 
were transferred to protein LoBind tubes (Eppendorf ) 
and incubated for 30  min on ice prior to centrifugation 
at 10,000×g for 10  min at 4  °C. The supernatants were 
transferred to new tubes and stored at -70  °C until 
analysis. To measure the protein concentration, the 
supernatants were analyzed with Pierce BCA Protein 
Assay kit (23225, ThermoFisher).

Immunoprecipitation
Immunoprecipitation was performed using Dynabeads 
Protein G Immunoprecipitation kit (10007D, 
ThermoFisher). Each 1.5  mg Dynabeads protein G 
(ThermoFisher Scientific) was bound with 5  µg of 
antibody (10 min, RT, gentle shaking) and incubated with 
200 µl of EVs lysates (2 h at RT, gentle shaking). Protein 
elution was conducted with 20 µl elution buffer and 10 µl 
Western Blot loading buffer. After each step, beads were 
concentrated on magnetic particle concentrator and 
carefully washed with recommended washing buffer.

Table 2 Overview of primary antibodies

Antibody Host Technique Target Company Cat #

Vimentin Chicken Immunocytochemistry (1:500) Astrocytes Sigma Aldrich AB5733

GLAST-1 Rabbit Immunocytochemistry (1:400) Astrocytes Novus Biologicals NB100-1869

AQP4 Rabbit Immunocytochemistry (1:200) Astrocytes Novus Biologicals NBP1-87679

GFAP Chicken Immunocytochemistry (1:400) Astrocytes Abcam ab4674

Nestin Rabbit Immunocytochemistry (1:200) Astrocytes Millipore ABD69

COX IV Rabbit Immunocytochemistry (1:200), WB (1:500) Mitochondria Abcam ab14744

VDAC-1 Mouse Immunocytochemistry (1:200), WB (1:500) Mitochondria Abcam ab14734

pDRP-1 (S616) Rabbit Immunocytochemistry (1:200), WB (1:500) Mitochondrial dynamic Cell signaling 4494S

pDPR-1 (S637) Rabbit Immunocytochemistry (1:200), WB (1:500) Mitochondrial dynamic Abcam ab193216

DRP-1 Mouse Immunocytochemistry (1:200), WB (1:500) Mitochondrial dynamic Abcam ab56788

Catalase Rabbit Immunocytochemistry (1:200), WB (1:500) Peroxisomes Abcam ab16731

PMP70 Mouse Immunocytochemistry (1:200), WB (1:500) Peroxisomes Abcam ab211533

Flotillin1 Rabbit Immunocytochemistry (1:500), WB (1:500) Extracellular vesicles Abcam ab41927

S100β Mouse Immunocytochemistry (1:1000) Astrocytes Sigma Aldrich S2532

OPA1 Mouse WB (1:200) Mitochondrial dynamic Beckman Dickinson 612606

BAX Rabbit WB (1:200) Apoptosis Abcam ab199677

LDH Rabbit Immunocytochemistry (1:200), WB (1:500) Glycolysis Abcam ab75167

Caspase-3 Rabbit WB (1:500) Apoptosis Abcam ab4051

GAPDH Mouse WB (1:5000) Loading control Abcam ab8245
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Western blot
Protein concentrations of the total cell lysates were 
measured with Pierce BCA protein kit (ThermoFisher 
Scientific), according to the manufacturer’s 
instructions. A total of 18  μg protein was mixed with 
Bolt LDS Sample buffer and Sample Reducing agent 
(both from ThermoFisher Scientific) and incubated 
for 10  min at 80  °C to denature the proteins. Samples 
were loaded on a Bolt 4–12% Bis–Tris plus gel and run 
in Bolt MES sodium dodecyl sulfate (SDS) running 
buffer (both from ThermoFisher Scientific) for 22  min 
at 200  V. Chameleon duo pre-stained protein ladder 
(Li-Cor) was used for visualization of gel migration, 
protein size and orientation. Transfer to a PVDF 
membrane was performed for 1  h at 20  V in Bolt 
transfer buffer containing 10% methanol, 0.1% Bolt 
antioxidant (ThermoFisher Scientific) and 0.01% SDS. 
Blocking of the membrane was performed in 5% bovine 
serum albumin (BSA, Sigma-Aldrich) in 0.1% Tris-
buffered saline-Tween (TBS-T) for 1 h on shake at RT, 
prior to incubation with primary antibody in 0.5% BSA 
in 0.1% TBS-T O/N at 4 °C. For specific antibodies and 
dilutions, see Table  2. Following extensive washes in 
TBS-T, the membrane was incubated with horseradish 
peroxidase-conjugated (HRP) secondary goat anti-
rabbit (1:20,000, Sigma Aldrich) or goat anti-mouse 
antibody (1:20,000, Pierce) in 0.5% BSA in 0.1% TBS-T 
for 1 h on shake at RT. Development of membrane was 
performed with enhanced chemiluminescence (ECL, 
GE Healthcare) by using a ChemiDoc XRS with Image 
Lab Software to visualize and measure the intensity of 
the immunoreactive bands (Bio-Rad Laboratories).

ATP and lactate levels
The cell culture medium was removed and the cells 
were lysed for 30  min in ice-cold 4% perchloric acid. 
Next, lysates were centrifuged at 10,000×g for 10 min at 
4  °C. Immediately after centrifugation, the supernatants 
were used to assay ATP and lactate levels. Biochemical 
assays were conducted according to the manufacturer’s 
instruction (ATP assay kit, ab83355, Abcam; Lactate 
assay kit, ab65330, Abcam). To measure the protein 
concentration, the pellet was dissolved in 1 NaOH and 
analyzed with Pierce BCA Protein Assay kit (23225, 
ThermoFisher).

Oxygen consumption rate (OCR) and extracellular 
acidification rate (ECAR) measurements
Astrocytes were plated in poly-D-coated Seahorse 
XF96 microplates (Agilent). The day before the experi-
ment, the sensor cartridge (Seahorse Bioscience) was 

hydrated with the Seahorse XF Calibrant in a humified 
CO2-free incubator at 37 °C, overnight.

For OCR measurements, cell media was replaced 
by unbuffered DMEM supplemented with 17.5  mM 
glucose, 1  mM pyruvate and 2  mM L-glutamine, 
pH = 7.2–7.4. OCR was measured using the Seahorse® 
XF96 analyzer (Agilent) at baseline, and after sequential 
stimulation with 1  µM oligomycin A (75351, Sigma 
Aldrich), 1  µM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) (C2920, Sigma Aldrich), and 
0.5  µM antimycin A (Ant A) (A8674, Sigma Aldrich) 
plus rotenone 0.5  µM (Rot) (R8875, Sigma Aldrich). 
Accordingly, mitochondrial basal respiration, maximal 
respiration, ATP production and spare respiratory 
capacity (SRC) were automatically calculated using 
the Seahorse XF Cell Mito Stress test report generator 
from Wave 2.6.1 software (Agilent). Data were given in 
pmol O2/min and normalized for protein content.

For ECAR measurements, cell media was replaced by 
unbuffered DMEM medium supplemented with 2  mM 
l-glutamine. ECAR values were sequentially obtained 
at baseline and following sequential stimulation with 
15 mM glucose, 1 µM oligomycin A, and 50 mM 2-deoxy-
d-glucose (D9761, Sigma Aldrich). Glycolysis, glycolytic 
capacity, glycolytic reserve values were obtained using 
the Seahorse XF Glycolytic Stress Test Summary Report 
from Wave 2.6.1 software. Data were presented in mpH/
min/µg protein.

AlamarBlue test
The viability test was conducted according to the 
manufacturer’s instruction. Briefly, cells seeded at 96 well 
plate were treated with AlamarBlue dye for 2 h in 37 ˚C 
(1:10, ThermoFisher, 1025). The fluorescence intensity 
was read with 560/590 nm (excitation/emission).

Image analysis
Motility analysis of CellLight mitochondria
Analysis of mitochondria motility was performed on 
time-lapse recordings of astrocytes transfected with 
CellLight Mitochondria-RFP or CellLight Mitochondria–
GFP, by segmenting and tracking individual 
mitochondrion using the Mitometer MATLAB algorithm 
[25]. Time-lapse recordings with 90–180 frames at 
12  s intervals were analyzed. The motility parameters 
displacement, distance, speed and velocity were 
analyzed. Displacement is the Euclidian distance between 
start and end position for a mitochondrion while the 
distance parameter expresses the accumulated length of 
a mitochondrion track. Velocity is the momentaneous 
speed, i.e., distance between two frames while the speed 
parameter expresses the average velocity for a track 
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(Additional file  2A). The mean value per mitochondria 
over time was used to calculate the average value per cell 
for distance, displacement, speed and velocity.

Morphology analyses of CellLight mitochondria
Morphology analyses of mitochondria in astrocytes 
transfected with CellLight Mitochondria-RFP 
or CellLight Mitochondria-GFP construct were 
measured with MiNa ImageJ macro and quantified 
using Valentine and colleagues’ protocol [26]. In total, 
data were analyzed from 3 independent experiments 
(each time point and treatment was captured with 20 
images (63x) per one set of experiment). Image pre-
processing assessment included: image sharpening, 
contrast enhancing, binary image production and 
image skeletonization. The MiNa image processing 
reports branches and network was normalized to the 
number of analyzed cells. MiNa ImageJ macro defines 
an individual mitochondrion as an object that only 
contains 1 or 0 branches (a rod or puncta).

Morphology analysis of mitochondria in TEM images
For measurements of mitochondrial dynamic, the 
mitochondrial length and width were measured 
using ImageJ software in the TEM images. Only 
mitochondria with clearly recognizable cristae were 
analyzed. To receive the mitochondrial aspect ratio, the 
mitochondrial length was divided by the mitochondrial 
width.

Statistical analysis
The Shapiro–Wilk’s normality test excluded normal 
data distribution. Therefore, the data were analyzed by 
nonparametric Mann–Whitney test, using GraphPad 
Prism (version 5.03) and shown as median with 
interquartile ranges. The level of significance for all the 
graphs was: *P < 0.05, **P < 0.01, and ***P < 0.001.

Immunocytochemistry
A minimum of 60 images per time point and 
treatment for each culture system were captured 
at 63× magnification from three-five independent 
experiments. The IntDen fluorescence intensity signal 
was measured using ImageJ software.

Morphology analyses of CellLight mitochondria
A minimum of 60 images per time point and treatment 
for each culture system were captured at 63× 
magnification from three independent experiments.

Morphology analysis of mitochondria in TEM images
At least 300 mitochondria were assessed per time point 
and treatment for each culture system.

Western blot
The presented WB data were calculated from 3 or 6 
independent experiments.

ATP and lactate levels
The metabolite levels were calculated from 3 or 6 
independent experiments.

AlamarBlue test
The viability test was assayed in 3 independent 
experiments.

Motility analysis
600–2500 mitochondria per cell were analyzed 
from 11 or 12 time-lapse recordings, for control 
and Aβ-exposed astrocytes, respectively. Mean 
mitochondria displacement, distance, speed and 
velocity were calculated and analyzed by Wilcoxon 
rank test and shown in the graphs as mean with 95% 
confidence interval of the values for all individual 
mitochondrion.

Results
Astrocytes ingest and accumulate sonicated Aβ42 fibrils
Human astrocytes, expressing the astrocytic markers 
GLAST-1, vimentin, S100β, AQP4, GFAP and nestin 
(Additional file  1) were exposed to sonicated HiLyte™ 
Fluor 555-labeled Aβ42 fibrils for 7 days. The astrocytes 
were then washed and cultured for additional 0, 6 or 
12 days (referred as 7d, 7d + 6d, and 7d + 12d, respec-
tively) in Aβ42 free medium (Fig.  1A). TEM analysis 
confirmed that the sonication of the fibrils resulted in 
smaller Aβ42 aggregates (Fig.  1B, C). In line with our 
previous observations that astrocytes easily degrade 
monomeric proteins, while accumulate larger oli-
gomers and fibrils [18–21], we found that the astro-
cytes ingested the Aβ42 aggregates during the 7  days 
exposure, but did not effectively degrade the material. 
Hence, intracellular Aβ42 deposits were observed at all 
three time points (Fig.  1D, E). Image analysis revealed 
that, upon removal of extracellular sonicated Aβ42 
fibrils, the intracellular Aβ signal initially increased 
(Fig. 1D). This result can be explained by the fact that 
the Aβ aggregates are brought closer together over 
the 6-day period. Upon ingestion, the aggregates are 
relocated inside the cell to end up in “storage dumps” 
around the nucleus, a phenomenon that we have 
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previously documented in different astrocytic cul-
ture systems following exposure to aggregated Aβ or 
α-synuclein [20, 21, 27]. However, at day 7d + 12d the 
intracellular Aβ signal was reduced compared to day 7, 
indicating that the astrocytes were capable of degrad-
ing at least a proportion of the ingested Aβ42 fibrils over 
time (Fig. 1D).

Accumulation of Aβ in astrocytes results in mitochondrial 
network alterations
To investigate how the mitochondrial network is affected 
in Aβ-accumulating astrocytes, we labeled the mitochon-
dria with CellLight Mitochondria-GFP or -RFP (Fig. 2A), 
and used the MiNa ImageJ macro [26] for quantification. 

In order to create the optimal condition for the macro, 
we converted the microscopy photos to binary images 
that were then skeletonized (Fig.  2B). Our analysis of 
the skeletonized images showed that the number of 
mitochondria per astrocyte were significantly decreased 
in Aβ-exposed cultures compared to control cultures 
at 7d + 6d (Fig.  2C). However, at the later time point, 
7d + 12d, the result was the opposite, with a significant 
increase in the number of mitochondria per astrocyte 
in the Aβ-exposed cultures (Fig.  2C). Hence, the effect 
of Aβ-accumulation on mitochondrial number changes 
over time.

Next, we studied the mitochondria motility in time-
lapse recordings of Aβ-exposed astrocytes and control 

Fig. 1 Astrocytes engulf and accumulate Aβ. Human iPSC derived astrocytes were exposed to sonicated Aβ fibrils for 7 days and the cells were 
analyzed 0 days (7d), 6 days (7d + 6d) or 12 days (7d + 12d) after exposure (A). Aβ fibrils were visualized with TEM before (B) and after sonication (C). 
Quantification of the HiLyteFluor555 signal, revealed that there was a slight rise in Aβ signal at 7d + 6d followed by a decrease at 7d + 12d (D). Aβ 
inclusions were found inside the astrocytes at all three time points (E). Scale bar: E = 20 µm
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astrocytes, focusing on the parameters; mitochondrial 
displacement, distance, speed and velocity [25]. 
Interestingly, Aβ-exposed astrocytes showed a higher 
mitochondrial displacement (17% increase), compared to 
control astrocytes (Fig. 2D). A similar pattern was found 
for the distance parameter (13% increase), indicating that 
mitochondria in Aβ accumulating astrocytes traveled 
longer distances, compared to mitochondria in control 
astrocytes (Fig.  2E). There was also a modest increase 
in mitochondrial speed and velocity in Aβ-exposed 
astrocytes (10% and 14% increase, respectively; 
Additional file  2B, C). Taken together, these results 
indicate that the change in mitochondrial number 

in Aβ-exposed astrocytes is entailed with an altered 
mitochondria motility pattern.

Mitochondrial fission and fusion are central pro-
cesses that are important for maintaining mitochon-
drial health and function. In order to investigate the 
effect of Aβ-accumulation on fission/fusion homeo-
stasis, we performed TEM on Aβ-exposed astrocytes 
and control astrocytes at two time points. At 7d + 6d, 
the mitochondria in control astrocytes displayed a 
healthy morphology, with an intact and clear cris-
tae and no signs of swelling (Fig.  3A). In contrast, the 
mitochondria in Aβ-accumulating astrocytes were 
extremely long (Fig. 3B) and formed unusual, branched 

Fig. 2 Mitochondrial networks are severely affected by Aβ accumulation. The cells were labeled with CellLight Mitochondria-GFP followed by ICC in 
order to visualize the mitochondrial networks (green), Aβ (red) and the cell nuclei (blue) (A). MiNa ImageJ macro was used to analyze the networks 
and the images were skeletonized for optimal analysis (B). The quantifications showed that there was a decrease in the number of mitochondria in 
Aβ-exposed astrocytes at day 7d + 6d, but an increase at 7d + 12d (C). Motility analysis, using Mitometer, revealed that mitochondria displacement 
(D) and distance (E) were increased in Aβ-exposed astrocytes. Scale bar: A = 20 µm
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structures (Fig.  3B’), indicating exaggerated fusion or 
reduced fission. At 7d + 12d, the mitochondria profiles 
were unchanged in the controls (Fig.  3C), but in the 
Aβ-exposed astrocytes the mitochondria profiles were 
very short, severely swollen and with disrupted cris-
tae, indicating that they had instead undergone exces-
sive fission (Fig. 3D, E). When we quantified the length 
of the mitochondria profiles in the cultures, we could 

show that mitochondria profiles in Aβ-exposed astro-
cytes were significantly longer than in control astro-
cytes at 7d + 6d, but significantly shorter at 7d + 12d 
(Fig.  3F). The same pattern was observed when we 
quantified the aspect ratio between length and width 
(Fig.  3G). These results indicate that Aβ accumulation 
in astrocytes severely affects their mitochondria fis-
sion/fusion homeostasis.

Fig. 3 Aβ accumulation causes mitochondrial fission and fusion dysfunction. TEM analysis demonstrated that while control astrocytes had healthy 
mitochondria profiles at 7d + 6d (A), astrocytes exposed to Aβ displayed mitochondria profiles that were extremely long (B) and abnormally 
branched (B’). At 7d + 12, the mitochondria profiles in the control cultures still showed a healthy morphology (C), while in the Aβ-exposed 
astrocytes had swollen (D) and very short (E) mitochondria profiles. Quantifications confirmed that mitochondria profiles in Aβ-exposed astrocytes 
were significantly longer than in control astrocytes at 7d + 6d, but significantly shorter at 7d + 12d (F). The aspect ratio between mitochondria 
length and width showed the same pattern (G)
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DRP‑1 phosphorylation and expression pattern changes 
when the astrocytes accumulate Aβ
To further elucidate the changes in mitochondrial fis-
sion and fusion in Aβ-accumulating astrocytes, we next 
analyzed the key proteins involved in these processes. 
As the levels of OPA1, which is involved in mitochon-
drial fusion, were not affected by Aβ exposure (Addi-
tional file 3), we focused on the dynamin related protein 
1 (DRP-1). Recruitment of DRP-1 to mitochondria is a 
central step required for mitochondrial fission, which 
can be triggered or blocked by phosphorylation at dif-
ferent sites by distinct kinases. Hence, we investigated 
the proportion of DRP-1 that were either phosphoryl-
ated at Ser616 (S616), which promotes mitochondrial 
fission, or at Ser637 (S637), which can either activate fis-
sion or induce detachment of DRP-1 from the mitochon-
dria, depending on which kinase that is involved in its 
phosphorylation [28, 29]. Western blot analysis showed 
that the total DRP-1 levels were unchanged (Fig.  4A), 

while DRP-1 (S616) was increased in Aβ-exposed astro-
cytes at 7d (Fig.  4B) and DRP-1 (S637) was increased 
in Aβ-exposed cultures at 7d + 6d (Fig.  4C). Interest-
ingly, immunocytochemistry revealed that the expres-
sion pattern of phosphorylated DRP-1 was dramatically 
changed in the astrocytes after Aβ exposure. In control 
astrocytes, DRP-1 (S616) was evenly distributed at 7d, 
but in Aβ-exposed astrocytes, the protein formed large 
clumps (Fig. 4D). At 7d + 6d the DRP-1 (S637) was par-
ticularly found around BODIPY-positive lipid droplets 
in Aβ-exposed astrocytes, suggesting a possible role of 
phosphorylated DRP-1 in lipid droplet metabolism in 
addition to mitochondrial fission/fusion (Fig. 4E).

Phosphorylated DRP‑1 is transferred between astrocytes 
via EVs and TNTs
Based on our previous data that astrocytes actively trans-
port aggregated proteins to surrounding cells, we sought 
to investigate if astrocytes also secrete and/or transfer 

Fig. 4 Both phosphorylation and expression pattern of DRP-1 is altered in Aβ accumulating astrocytes. To investigate fission and fusion changes 
further, the total DRP-1 levels were measured, but there were no changes (A). Depending on where DRP-1 is phosphorylated it can enhance 
fission (S616) or fusion/fission (S637). However, the protein may also have other functions. Levels of pDRP-1 (S616) were increased in Aβ-exposed 
astrocytes at day 7 (B), while pDRP-1 (S637) was increased at 7d + 6d after Aβ exposure (C). ICC revealed that the pattern of pDRP-1 (S616) changes 
dramatically in the presence of Aβ. Aβ-accumulating astrocytes displayed large, concentrated clumps of pDRP-1 (S616), which was not present in 
control astrocytes (D). Moreover, pDRP-1 (S637) was found to encapsulate BODIPY-positive lipid droplets (E). The separate channels of the merged 
image (E) are shown in Additional file 4. Scale bar: D = 20 µm; E = 2 µm
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phosphorylated DRP-1 via extracellular vesicles (EVs) or 
tunneling nanotubes (TNTs). By TEM, we could confirm 
the presence of EVs around both control astrocytes and 
Aβ-exposed astrocytes (Fig. 5A, B), as well as in the con-
ditioned media following ultracentrifugation (Fig.  5C). 
The EV fractions were analyzed with western blot analy-
sis using antibodies towards the phosphorylated DRP-1 
proteins and the mitochondrial membrane marker volt-
age-dependent anion-selective channel 1 (VDAC-1). The 

results demonstrated that both control and Aβ-exposed 
astrocytes secrete pDRP-1 proteins. However, there was a 
trend of increased pDRP-1 (S616) (Fig. 5D) and a signifi-
cant twofold increase in pDRP-1 (S637) (Fig. 5E) in EVs 
isolated from the Aβ-exposed astrocytes, while VDAC-1 
levels were not significantly changed (Fig. 5F). Hence, the 
increased secretion of DRP-1 proteins is not caused by 
the secretion of whole mitochondria. These data indicate 

Fig. 5 Astrocytes transfer pDRP-1 through EVs and TNT. TEM showed EVs in close proximity to the astrocytes in controls (A) and Aβ-exposed 
cultures (B). EVs were visualized with TEM after isolation through ultracentrifugation (C). WB analysis of the isolated EVs demonstrated that pDRP-1 
(S616) (D) and pDRP-1 (S637) (E) are secreted from astrocytes, also showing a significant increase of pDRP-1 (S637) after Aβ exposure. However, the 
levels of the mitochondrial marker VDAC-1 were stable (F). ICC stainings of Aβ-exposed astrocytes from 7d showed the presence of pDRP-1 (S616) 
in both thicker protrusions (white arrowhead) (G) and in thin TNTs (G’ and white arrowheads in G”) connecting the cells. Scale bar: 20 µm
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that Aβ-exposed astrocytes are more prone to secrete 
EVs with pDRP-1 content than control astrocytes.

Beside EVs, astrocytes are also known to transfer 
organelles and aggregated proteins through TNTs. 
To investigate this mechanism, we performed 
immunocytochemistry using phalloidin to visualize 
filamentous actin and antibodies against pDRP-1 (S616) 
(Fig. 5G) as well as time-lapse microscopy of GFP-labeled 
mitochondria (Additional files 5 and 6). Indeed, the live 
imaging experiments demonstrated that mitochondria 
are frequently transferred from one astrocyte to another 
via TNTs (Additional files 5 and 6). Moreover, pDRP-1 
(S616) was found in both thicker protrusions (Fig.  5G, 
white arrowhead) and in thinner TNTs (Fig.  5G’-G”) 
connecting the astrocytes, indicating that mitochondria 
with pDRP-1 in their outer membrane and/or deposits 
of phosphorylated pDRP-1 are distributed between the 
cells.

Aβ accumulation in astrocytes affects OXPHOS spare 
respiratory capacity, despite no changes in ATP production
To further study the impact of Aβ accumulation on mito-
chondrial function, we used the Seahorse flux analyzer 
to evaluate OCR. No changes in mitochondrial respi-
ration were observed in 7d or 7d + 6d in Aβ-exposed 
astrocytes (Fig. 6A, B, D–F, Additional file 7A). However, 
at 7d + 12d the astrocytes showed significant deficits in 
maximal mitochondrial respiration and spare respira-
tory capacity (SRC) (Fig. 6C–E), despite no alterations on 
basal respiration or ATP production (Fig. 6F, Additional 
file 7A). Total ATP levels were also unchanged (Fig. 6G), 
confirming the results from the Seahorse analysis. Taken 
together, these data point to an impaired ability of mito-
chondria in Aβ-exposed astrocytes to increase OXPHOS 
activity, in order to meet extra energy requirements 
beyond the basal levels.

To elucidate whether this deficiency was related with 
altered mitochondrial complexes, we evaluated the 
expression levels of complex IV (COX IV). COX IV is a 
mitochondrial enzyme, which has previously been shown 
to be highly affected by Aβ accumulation in other cell 
types [30]. Western blot analysis demonstrated that COX 
IV levels were significantly decreased in the astrocytes 

exposed to Aβ compared to control astrocytes, both at 7d 
and 7d + 6d (Fig.  6H). Interestingly, the expression lev-
els of VDAC-1, an important mitochondrial  Ca2+ chan-
nel, remained stable (Fig.  6I). Immunocytochemistry of 
Aβ-exposed astrocytes and control astrocytes showed 
that COX IV and VDAC-1 did not fully overlap, sug-
gesting that there is a mitochondrial population that is 
COX IV negative (Fig. 6J). In addition, the mitochondrial 
dysfunction in Aβ-exposed astrocytes did not affect the 
overall cell viability (Additional file  7B) or the percent-
age of apoptotic cells in the culture (Additional file  7C, 
D). These results suggest that, although Aβ accumula-
tion causes mitochondrial deficits, during heavy work-
load (stimulated by FCCP), the ATP levels remained 
unchanged, indicating that the energy metabolism in the 
Aβ-exposed astrocytes is switched to a different pathway.

Astrocytes increase glycolysis after Aβ exposure
There are three principal pathways for energy production 
in astrocytes: glycolysis, citric acid cycle coupled with 
OXPHOS, and fatty acid β oxidation (Fig.  7A). Because 
the astrocytes showed a decreased activity of OXPHOS 
following Aβ exposure, we next sought to investigate 
whether the glycolysis pathway was upregulated. Astro-
cytes are glycolytic cells and are known to convert 
pyruvate that results from glycolysis into lactate by the 
enzyme lactate dehydrogenase (LDH). Hence, we meas-
ured the levels of both LDH and lactate. The LDH levels 
increased significantly after 7d of Aβ exposure (Fig. 7B), 
suggesting that the astrocytes tried to use the glycolysis 
pathway for energy production. Surprisingly, lactate lev-
els were unchanged (Fig. 7C), suggesting either dysfunc-
tional glycolysis or higher rate conversion of lactate into 
pyruvate. To test that hypothesis, we used the Seahorse 
to evaluate proton production through ECAR, an indi-
rect measurement of cellular glycolytic phenotype. We 
observed that both glycolysis and glycolytic capacity of 
Aβ-exposed astrocytes were increased at day 7 and 7 + 6 
(Fig. 7D, E, G, H). This increase was no longer observed 
at 7d + 12d (Fig.  7F–H), when SRC was affected. Taken 
together, these data indicate that at 7d and 7d + 6d, 
OXPHOS activity in Aβ-exposed astrocytes was sus-
tained by an increase in glycolysis.

(See figure on next page.)
Fig. 6 Aβ exposure affects OXPHOS in astrocytes, but the ATP levels remain unchanged. Seahorse OCR analysis was performed in astrocyte cultures 
exposed to Aβ and untreated controls at three different time points; 7d, 7d + 6d, and 7d + 12d (A–C). Maximal respiration and spare respiratory 
(SRC) capacity were significantly decreased in Aβ-exposed astrocytes compared to controls at 7d + 12d (D, E). ATP levels remained unchanged both 
when analyzed with Seahorse OCR (F) and ATP assay (G). WB analysis showed a clear decrease in COX IV expression in Aβ-exposed astrocytes, both 
at 7 and at 7 + 6 d (H), suggesting a reduced activity of the electron transport chain in these cultures. Since VDAC-1 levels were stable between 
controls and Aβ-exposed cultures (I), the COX IV decrease was not a result of reduced number of mitochondria. Immunostainings for COX IV (red) 
and VDAC-1 (green) in control astrocytes did not reveal a complete overlap of the mitochondrial markers, indicating that there is a mitochondria 
population in the astrocytes that is COX IV negative (J). Scale bar: A = 20 µm
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Fig. 6 (See legend on previous page.)
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Energy production in Aβ‑accumulating astrocytes switches 
to fatty acid β oxidation
Interestingly, our TEM analysis of Aβ-accumulating 
astrocytes frequently showed lipid droplets in close 
proximity to mitochondria (Fig.  8A and Additional 
file 8), which may indicate that the droplets are used as 
a source for fatty acid β oxidation. The droplets them-
selves are not pathological structures and lipid droplets 
could also be found in control astrocytes (Additional 
file  8). To fully elucidate the energy metabolism in 
Aβ-exposed astrocytes, we next performed ATP-
analysis experiments in the presence of two different 
inhibitors, specifically blocking certain stages of the 
fatty acid β oxidation pathway. Etomoxir inhibits the 

transport of fatty acids from the cytosol into the mito-
chondria, while triacsin C inhibits the de novo synthe-
sis of neutral lipids from fatty acids and the formation 
of lipid droplets (Fig. 8B). When adding etomoxir to the 
Aβ-exposed astrocytes, we did not detect any changes 
in ATP levels, suggesting that fatty acid β oxidation 
takes place not only in mitochondria. To confirm that 
fatty acid β oxidation is responsible for the ATP pro-
duction, triacsin C was used to inhibit the formation of 
lipid droplets. Lipid droplets are characteristic lipid-
rich organelles that are used by various cell types for 
lipid storage and fatty acid β oxidation. When the astro-
cytes were exposed to triacsin C, the ATP levels were 
clearly reduced (Fig. 8C) in Aβ-exposed astrocytes, but 

Fig. 7 Glycolysis is increased in Aβ-accumulating astrocytes. There are three main pathways for energy production in cells: glycolysis, the citric acid 
cycle + OXPHOS, and fatty acid β oxidation (A). Although LDH levels were increased at 7 day after Aβ exposure (B), lactate levels remained stable 
(C), suggesting that the astrocytes try to switch to glycolysis but are not successful. Seahorse analysis revealed that both glycolysis and glycolytic 
capacity of Aβ-exposed astrocytes were increased at day 7 and 7 + 6 (D, E, G, H). This increase was, however, no longer observed at 7d + 12d (F–H)
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not in control astrocytes, pointing to a switch towards 
fatty acid β oxidation for energy production. Besides 
mitochondria, fatty acid β oxidation takes place in 
peroxisomes. Therefore, we examined the peroxisome 
markers PMP70, which is situated in the peroxisomal 
membrane, and catalase, which is directly involved in 
peroxisomal β-oxidation. After 7d of Aβ-exposure, both 
markers were clearly increased (Fig. 8D, E), suggesting 

an increase in peroxisomal biogenesis. Consequently, 
our results support that astrocytes change their energy 
production pathway towards fatty acid β oxidation in 
response to Aβ accumulation. The initial increment of 
glycolysis and fatty acid β oxidation after Aβ exposure 
may consist in a cellular mechanism to sustain energy 
metabolism, explaining why deficits in mitochondrial 
respiration only occur 12 days after Aβ removal.

Fig. 8 Astrocytes switch to fatty acid β oxidation for energy production after Aβ exposure. Lipid droplets (white asterisks) were observed in close 
proximity to mitochondria (white arrowhead) in Aβ-exposed astrocytes when TEM was performed (A). To further investigate fatty acid β oxidation 
the cells were treated with etomoxir, which inhibits the transport of fatty acids inside the mitochondria, or triacsin C, inhibiting the formation of 
neutral lipids from fatty acids (B). ATP levels were lowered when the astrocytes were exposed to both Aβ and triacsin C, suggesting that there is a 
switch to fatty acid β oxidation (C). Peroxisomes can also be a hub for fatty acid β oxidation and both the peroxisomal markers PMP70 and catalase 
show an increase 7 after the astrocytes were exposed to Aβ (D, E)
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Discussion
Growing evidence indicates that astrocytes play 
a central role in Aβ-mediated pathology and may 
constitute a strategic treatment target. Our previous 
data demonstrates that astrocytes ingest and store large 
deposits of aggregated Aβ. A high proportion of the 
astrocytic Aβ is N-terminally truncated [20]. Hence, the 
Aβ is processed and modified by the astrocytes, although 
not completely digested. This incomplete degradation 
results in the release of EVs containing neurotoxic Aβ 
species and increased levels of apoE [18, 20, 31]. More 
specifically, our data demonstrates that the Aβ-EVs 
induce synaptic loss, axonal swelling and vacuolization 
of the neuronal cell bodies, which consequently lead to 
apoptosis [18]. In this study, we aimed to investigate how 
the Aβ accumulation affect the astrocytes themselves, 
focusing on their energy metabolism. The human brain 
is a high-energy consuming organ. The energy demand 
is particularly pronounced in the neurons [32], although 
astrocytes have the foremost responsibility for the energy 
metabolism.

Mitochondria, the power stations of the cell, are very 
dynamic organelles. Their number is controlled through 
fission and fusion, because they cannot be generated de 
novo [33]. During fusion, the mitochondria mix their 
compartments to ensure that the DNA is inherited 
throughout the mitochondrial population. Fission 
increases the mitochondria number, but is also important 
for the distribution of mitochondria in the cell [33]. 
Our results suggest that Aβ-accumulation in astrocytes 
causes a disruption of mitochondrial dynamics. More 
specifically, analysis of the mitochondria motility 
revealed that in Aβ-exposed astrocytes the mitochondria 
move significantly longer distances/time than in control 
astrocytes. In addition, Aβ accumulation causes an 
imbalance in fission and fusion that changes over time. 
Six days after Aβ withdrawal, there was a clear decrease 
in the number of mitochondria, due to increased fusion 
or ineffective fission. This finding was confirmed by 
TEM, which showed very long and abnormally branched 
mitochondria in the Aβ-accumulating astrocytes. Twelve 
days after Aβ withdrawal, the number of mitochondria 
was instead increased, indicating excessive mitochondrial 
fission. This result was verified by TEM, demonstrating 
that the Aβ-accumulating astrocytes had multiple very 
short and swollen mitochondria. When recruited to 
the mitochondrial membrane, DRP-1 is responsible for 
mitochondrial fission. This is a well-controlled process, 
that DRP-1 can be either trigger or inhibit, depending 
on which sites of the protein that is phosphorylated (at 
serine 616 (S616) or serine 637 (S637), respectively) 
[28, 29]. It has previously been shown that there is an 
overall decrease of DRP-1 protein in the AD brain, but 

an increase in pDRP-1 (S616) [34]. Here, we found that 
astrocytes had elevated levels of pDRP-1 (S616) directly 
after the 7  day Aβ exposure and 6  days later there was 
an increase in pDRP-1 (S637). It is possible that DRP-
1, in addition to its role in fission regulation, also have 
other functions in the cell that are not mitochondria 
related. For example, it has been shown that DRP-1 can 
affect synapse formation and embryonic development 
[35], postsynaptic endocytosis and dendritic growth 
in neurons [36], peroxisomal fission [37, 38] and 
LDs dissociation from the ER [39]. Notably, our 
immunostainings revealed that the pattern of pDRP-1 
(S616) changed dramatically following Aβ exposure. The 
Aβ-accumulating astrocytes displayed large deposits of 
pDRP-1 (S637) that co-localized with BODIPY-positive 
lipid droplets. Interestingly, we could demonstrate 
secretion of the modified DRP-1 forms to the media 
and inter-cellular transfer of the pDRP-1 (S616) deposits 
from one astrocyte to another via TNTs and thicker 
protrusions. In line with our findings, a recent study 
suggests an integral role of DRP-1 in fatty acid β oxidation 
[40]. The authors demonstrated that DRP-1 knock-out 
cell line translocate LDs to their mitochondria, but have 
a decreased fatty acid degradation. To fully understand 
the relevance of DRP-1 for cell metabolism, additional 
studies will be needed, but it is clear that DRP-1 has 
multiple functions in human astrocytes that are affected 
by the presence of Aβ pathology.

Energy metabolism is vital for cell functions, and there 
are several pathways to produce energy: glycolysis, the 
citric acid cycle followed by OXPHOS, and fatty acid β 
metabolism. The citric acid cycle with OXPHOS is a 
very effective pathway for energy production and takes 
place in the matrix respective the inner membrane of 
mitochondria [41]. Our Seahorse flux OCR analysis 
showed that maximal respiration and SCR were severely 
affected in Aβ-exposed astrocytes, 12  days after Aβ 
withdrawal, suggesting that astrocytes cannot increase 
OXPHOS activity under stress in the long run. COX IV 
is an enzyme involved in the electron transport chain 
and in OXPHOS and is therefore a key player in energy 
production. Our result revealed a decrease in COX IV 
levels in astrocytes exposed to Aβ that was not a result 
of decreased mitochondrial number, measured by the 
mitochondrial membrane marker VDAC-1. These 
results suggest that parts of the OXPHOS pathways 
are dysregulated by Aβ exposure, which consequently 
could result in less ATP production. Interestingly 
ATP levels remained unchanged in the Aβ-exposed 
astrocytes, indicating that the astrocytes switched to 
a different pathway for energy production. This was 
also supported by the fact that astrocytic viability was 
unaffected by the Aβ-exposure, based on the apoptotic 
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markers caspase-3 and BAX. It has been shown that Aβ 
induces energy production in microglia to shift from 
OXPHOS to glycolysis [42], therefore we investigated 
if this was also the case in the astrocytic cultures. 
Astrocytes are glycolytic cells that have lactate as an 
end-product of glycolysis instead of pyruvate [7]. We 
analyzed the levels of LDH, the enzyme that converts 
pyruvate into lactate, and lactate in order to investigate 
if the energy production had switched to glycolysis. We 
found that the LDH levels rose directly after the 7  days 
of Aβ-exposure, suggesting that the astrocytes tried to 
increase the glycolysis. However, lactate levels remained 
unchanged, pointing at either dysfunctional glycolysis or 
at a higher conversion rate of lactate into pyruvate. Both 
glycolysis and glycolytic capacity were increased in Aβ 
accumulating astrocytes directly after Aβ exposure and 
6 days later, but not at the latest time point. These results 
suggest that glycolysis support OXPHOS at the earlier 
time points, but not continuously.

During starvation and stress astrocytes have been 
reported to increase the formation of LDs [9, 43]. 
In Aβ-accumulating astrocytes, we observed LDs 
in close proximity to mitochondria, suggesting an 
interaction between the two. Lipid droplets can provide 
mitochondria with fatty acids for fatty acid β oxidation. 
To elucidate if energy production in the astrocytes 
switched to fatty acid β oxidation, we used two inhibitors: 
etomoxir and triacsin C. Etomoxir inhibits the shuttling 
of fatty acids inside the mitochondria, while triacsin C 
inhibits the production of neutral lipids from fatty acids 
needed for the formation of LDs. The combination of 
triacsin C and Aβ exposure caused a drop in ATP levels, 
suggesting that LDs play a role in the astrocytes’ energy 
production under pathogenic conditions. When the 
astrocytes were treated with etomoxir, the ATP levels 
remained stable, indicating that fatty acid β oxidation 
does not after all take place in the mitochondria. Another 
organelle, the peroxisome, is also able to oxidize fatty 
acids to produce energy [44] and has been shown to 
interact with LDs [45]. This switch to peroxisomal fatty 
acid β oxidation was confirmed by increased levels of the 
peroxisomal markers PMP70 and catalase. A previous 
study has shown that peroxisomal proliferation protects 
neurons from Aβ toxicity [46]. Our results suggest 
that the increase of peroxisomal activity has a similar 
protective role in astrocytes.

Conclusions
Alzheimer’s disease is the leading cause of dementia. 
Yet, no treatments that limit neurodegeneration 
or slow down the progression of the disease are 
available. In order to identify novel treatment targets, 
detailed knowledge about the mechanisms of AD 

progression is highly desirable. According to the 
amyloid cascade hypothesis, Aβ accumulation is 
the causative agent of AD, consequently driving the 
formation of neurofibrillary tangles, inflammation and 
finally neuronal cell loss. However, the exact cellular 
and molecular mechanisms by which Aβ induce these 
processes remain unclear. Here, we show that that Aβ 
accumulation severely affects the mitochondria in 
human astrocytes. However, by shifting their energy 
production to peroxisomal fatty acid β-oxidation, the 
astrocytes can maintain functionality and keep constant 
ATP levels. In the brain, such a maneuver by the 
astrocytes would have repercussions for their capability 
to maintain homeostasis and support neuronal energy 
metabolism, which may accelerate the disease course.
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Additional file 1. Astrocytic markers. hiPSC-derived astrocytes were 
stained with DAPI (blue) and the astrocytic markers: GLAST-1 (A), Vimentin 
(B) S100β (C), AQP4 (D), GFAP (E), and Nestin (F). Scale bar: 20 μm.

Additional file 2. Aβ exposure affects mitochondrial motility in astrocytes. 
The parameter displacement, distance, velocity and speed were analyzed 
with Mitometer (A). Motility analysis showed a significant increase in the 
mitochondrial speed (B) and velocity (C) in Aβ-exposed astrocytes.
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Additional file 3. Mitochondrial fusion protein levels are not affected by 
Aβ exposure. Western blot analysis demonstrated that OPA1 levels remain 
unchanged by Aβ exposure at 7d and 7d+6d.

Additional file 4. pDRP-1 (S637) encapsulated BODIPY positive lipid 
droplets in Aβ exposed astrocytes. Lipid droplets (b, green) in Aβ exposed 
astrocytes are surrounded by pDRP-1 (S637) (c, red). Scale bar = 2 μm.

Additional file 5. Mitochondria are distributed between astrocytes via 
tunneling nanotubes. Arrows indicate transfer of MitoTracker™ Green 
labeled mitochondria from the top cell to the bottom cell via tunneling 
nanotubes. The top panel show fluorescent mitochondria in white and 
the bottom panel show the merged images (GFP and bright field) of the 
same time points.

Additional file 6. Cell to cell mitochondrial transfer. The movie shows a 
time-lapse recording of MitoTracker™ Green labeled astrocytes. Images 
were captured at 20x every 2 minutes.

Additional file 7. Aβ exposure does not affect basal respiration of mito-
chondria, cell viability or apoptosis in astrocytes. Seahorse OCR analysis 
showed no differences in mitochondrial basal respiration between control 
and Aβ-exposed astrocytes (A). Alamar blue assay showed no decrease in 
viability in the astrocyte cultures exposed to Aβ (B). Similarly, WB analysis 
showed no increase in apoptosis markers caspase-3 and BAX in the 
Aβ-exposedcultures (C and D).

Additional file 8. Lipid droplets are found in both Aβ exposed and 
control astrocytes. Lipid droplets (white asterisks) are observed in Aβ 
exposed astrocytes (a,b) and in controls (c,c´).
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