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Astrocytes in stress accumulate lipid droplets
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Abstract

When the brain is in a pathological state, the content of lipid droplets (LDs), the lipid
storage organelles, is increased, particularly in glial cells, but rarely in neurons. The
biology and mechanisms leading to LD accumulation in astrocytes, glial cells with key

homeostatic functions, are poorly understood. We imaged fluorescently labeled LDs
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sophila brain to determine the (sub)cellular localization, mobility, and content of LDs
under various stress conditions characteristic for brain pathologies. LDs exhibited
confined mobility proximal to mitochondria and endoplasmic reticulum that was
attenuated by metabolic stress and by increased intracellular Ca?*, likely to enhance
the LD-organelle interaction imaged by electron microscopy. When de novo biogen-
esis of LDs was attenuated by inhibition of DGAT1 and DGAT2 enzymes, the astro-
cyte cell number was reduced by ~40%, suggesting that in astrocytes LD turnover is
important for cell survival and/or proliferative cycle. Exposure to noradrenaline, a
brain stress response system neuromodulator, and metabolic and hypoxic stress
strongly facilitated LD accumulation in astrocytes. The observed response of stressed
astrocytes may be viewed as a support for energy provision, but also to be neuro-
protective against the stress-induced lipotoxicity.

Abbreviations: ADFP, adipose differentiation-related protein; ALS, amyotrophic lateral sclerosis; ANLS, astrocyte-neuron lactate shuttle; ANP, atrial natriuretic peptide; AR, adrenergic receptor;
Atip, atipamezole; ATP, adenosine triphosphate; BSA, bovine serum albumin; cAMP, cyclic adenosine monophosphate; CNS, central nervous system; CREB, cyclic AMP-response element-binding
protein; DAPI, 4,6-diamidino-2-phenylindole; Dex, dexmedetomidine; DGAT, diacylglycerol acyltransferase; ECS, extracellular solution; ER, endoplasmic reticulum; FFA, free fatty acid; FWHM,
full width at half maximum; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; Iso, isoprenaline; LAMP1, lysosomal-associated membrane protein 1; LC3, microtubule-associated
protein 1 light chain 3; LD, lipid droplet; MD, maximal displacement; Mi, mitochondrion; NA, noradrenaline; OA, oleic acid; PE, phenylephrine; Prop, propranolol; rER, rough endoplasmic
reticulum; ROS, reactive oxygen species; RT, room temperature; SIM, structured illumination microscopy; SSLVs, small synaptic-like vesicles; TAG, triacylglycerol; TEM, transmission electron
microscopy; Tera, terazosin; TL, track length; vGLUT1, vesicular glutamate transporter 1.
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1 | INTRODUCTION

Astrocytes, an abundant subtype of neuroglia, constitute a morpho-
logically and physiologically heterogeneous cell population involved in
a variety of homeostatic functions in the central nervous system
(CNS; Verkhratsky & Nedergaard, 2018). This includes regulation of
the energy metabolism in the CNS, where astrocytes and neurons
may operate as a tightly coupled metabolic unit (Dienel, 2019b;
Magistretti & Allaman, 2018). Although lipids represent the most
important structural component of the CNS membranes, accounting
for approximately half of the brain tissue dry weight (Barber &
Raben, 2019; Tracey, Steyn, Wolvetang, & Ngo, 2018), studies in the
past decades have mainly focused on the glucose energy metabolism
in the CNS (Bélanger, Allaman, & Magistretti, 2011; Dienel, 2012,
2019a, 2019b; Falkowska et al., 2015; Magistretti & Allaman, 2018).
Therefore, the knowledge of how lipids contribute to the CNS energy
metabolism remains largely unknown.

Astrocyte processes surround blood capillaries and neuronal syn-
apses (Tsacopoulos & Magistretti, 1996). Thus, they are ideally posi-
tioned to transport nutrients, such as glucose, free fatty acids (FFAs),
and ketone bodies, from the systemic circulation to neurons and to
store blood-derived glucose in the form of glycogen (Brown &
Ransom, 2007). Under stimulation (e.g., glutamatergic or noradrenergic
stimulation during times of stress), when the metabolic demands of
neural cells are increased, despite normal oxygen levels, astrocytes
metabolize glycogen to glucose and further into lactate in the process
of aerobic glycolysis (Bélanger et al., 2011; Dienel & Cruz, 2016;
Pellerin & Magistretti, 1994). Lactate is considered to be used by astro-
cytes as a fuel to spare glucose for neurons (DiNuzzo, Mangia, Mar-
aviglia, & Giove, 2010; Dinuzzo, Mangia, Maraviglia, & Giove, 2012) or
it is released from astrocytes. When released, lactate may exit CNS
and enter the systemic circulation (Dienel, 2012), it may enter neurons,
where it is oxidized (i.e., the astrocyte-neuron lactate shuttle [ANLS]
hypothesis; Bélanger et al., 2011), or it may act as a signaling molecule
by binding to lactate receptors (Barros & Deitmer, 2010; de Castro
Abrantes et al., 2019; Mosienko, Teschemacher, & Kasparov, 2015;
Tang et al., 2014; Vardjan et al., 2018).

Recent studies (loannou et al., 2019; L. Liu, MacKenzie, Putluri,
Maleti¢-Savati¢, & Bellen, 2017) suggest glial-neuronal coupling of glu-
cose and lipid metabolism during increased neural cell activity. Studies
utilizing an in vitro astrocyte-neuron co-culture system derived from
Drosophila tissue has linked glial lactate transport to neurons via ANLS
to increased FFA production in neurons (loannou et al., 2019; L. Liu
et al,, 2017). Neurons are vulnerable to reactive oxygen species (ROS)
generated during B-oxidation of FFAs (Bruce, Zsombok, & Eckel, 2017),
which is why excessive FFAs can be lipotoxic for neurons. To avoid
lipotoxicity it is believed that FFAs are transferred from neurons to glial

cells, particularly astrocytes, where they are stored in LDs (loannou

et al., 2019). LDs are storage organelles composed of a core of neutral
lipids containing triacylglycerols (TAGs) and sterol esters surrounded by
a phospholipid monolayer and various associated proteins. Their multi-
step assembly involves ER-resident proteins, including diacylglycerol
acyltransferases (DGAT1 and DGAT2), which catalyze the final step in
TAG synthesis (Pol, Gross, & Parton, 2014; Welte, 2009). LD-stored
FFAs can then be used by astrocytes for energy production in
B-oxidation (loannou et al., 2019). It remains to be elucidated whether
LDs also supply astrocytes with lipids (FFA and cholesterol) for the syn-
thesis of membranes and/or with lipids that act as signaling molecules
(mediators), as suggested in other cell types (Rambold, Cohen, &
Lippincott-Schwartz, 2015; Walther & Farese, 2012).

At rest, LDs are observed in the CNS only at low levels
(Etschmaier et al., 2011). In contrast, when the CNS is in a pathological
state (i.e., cancer, neurodegenerative diseases, and ageing), the content
of LDs in the CNS is increased, predominantly in glial cells (astrocytes,
microglia) and much less in neurons (Bailey et al., 2015; Kis, Barti,
Lippai, & Sass, 2015; L. Liu et al., 2015; Marschallinger et al., 2020).
LDs have been shown to accumulate in tumors, such as astrocytomas
(Barba, Cabanas, & Arus, 1999; Opstad, Bell, Griffiths, & Howe, 2008;
Rémy et al., 1997; Zoula et al., 2003), in the brains of patients with
Alzheimer's disease and 3xTg-AD mice (Derk et al., 2018; Gémez-
Ramos & Asuncién Moran, 2007; Hamilton et al., 2015) as well as in
patients with Parkinson's disease, where LDs were proposed to be the
sites of a-synuclein aggregation (Cole et al., 2002). Moreover, LDs
have been linked to motor neuron diseases, including amyotrophic lat-
eral sclerosis (ALS; Chaves-Filho et al., 2019; Pennetta & Welte, 2018;
Velebit et al., 2020), multiple sclerosis (Grajchen, Hendriks, &
Bogie, 2018; Kamermans et al., 2019; Ponath et al., 2017), and heredi-
tary spastic paraplegia (Fowler, Simpson, &
O'Sullivan, 2019; Papadopoulos et al., 2015; Renvoisé et al., 2016).

The characteristics of LDs and the mechanisms leading to LD

Garcia-Pardo,

accumulation in astrocytes are unclear. In non-adipose cells, LD accu-
mulation has been associated with various stress stimuli and stress-
related lipotoxicity (Henne, Reese, & Goodman, 2018; Petan, Jarc, &
Jusovic, 2018). Nutrient deprivation and hypoxia are common
stressors in many CNS pathologies and might be a trigger for LD accu-
mulation in glial cells to protect neurons from stress-induced lipo-
toxicity (loannou et al., 2019; L. Liu et al., 2017).

The nature and dynamics of LD biology in astrocytes are poorly
understood. It was studied here by using transmission electron micros-
copy and fluorescence microscopy in combination with Nile Red or
BODIPY*73/593 |abeling of LDs, in isolated and brain tissue rat astro-
cytes and in glia-like cells of Drosophila brain. We found that LDs in
resting astrocytes are organelles of ~450 nm in diameter localized in
the soma and processes in the proximity of mitochondria and endo-
plasmic reticulum (ER). LDs displayed limited mobility, which was fur-

ther reduced by stimulation-evoked increase in intracellular Ca®* levels
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and metabolic stress. Inhibition of de novo biogenesis of LDs reduced
astrocyte cell number, implying that LD turnover in astrocytes is
important for cell survival and/or proliferative cycle. The cellular con-
tent of LDs increased by >2-fold in astrocytes exposed to metabolic
stress (nutrient deprivation, excess of extracellular FFAs and lactate) or
hypoxic stress (1% pO.), indicating LD accumulation. A similar increase
in LD accumulation was observed upon chronic exposure of astrocytes
to NA, the effects of which were mediated by activation of p- and a,-
adrenergic receptors (ARs). Taken together, our results reveal that NA
and metabolic and hypoxic stress, typically present in various CNS
pathologies, promote LD accumulation in astrocytes.

2 | MATERIALS AND METHODS
Unless stated otherwise, all chemicals were of the highest purity available
and obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
All animal procedures were conducted in accordance with the Inter-
national Guiding Principles for Biomedical Research Involving Animals
developed by the Council for International Organizations of Medical Sci-
ences and Animal Protection Act (Official Gazette of the RS, No. 38/13).
The experimental protocol was approved by The Administration of the
Republic of Slovenia for Food Safety, Veterinary and Plant Protection
(Republic of Slovenia, Ministry of Agriculture, Forestry and Food,
Dunajska Cesta 22, 1000 Ljubljana), document no. U34401-47/2014/7
and U34401-48/2014/7, signed by Barbara Tomse, DVM.

2.1 | Cellculture

Primary cultures of astrocytes were prepared from the cortex of neo-
natal Wistar rats (2-3 days old) as described previously (Schwartz &
Wilson, 1992). Cultures of isolated astrocytes were maintained in
high-glucose Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine,
5 U/ml penicillin, and 5 pg/ml streptomycin in 5% CO,/95% air at
37°C. Cells were plated on 22-mm diameter coverslips coated with
poly-L-lysine. Experiments were performed after 24 hr, when cells
reached 60-70% confluency to avoid confluence-induced LD genera-
tion (Quintero, Cabarias, & Aruas, 2007).

2.2 | Organotypic brain slice cultures

Organotypic brain slice cultures were prepared from 2- to 4-month-
old Wistar rats. The rats were euthanized with 100% CO, (Messer
Slovenia, Ruse, Slovenia) inhalation for ~5 min. After decapitation, the
brain was removed and transferred to an ice-cold dissection medium
containing Hanks' balanced salt solution, supplemented with
41.55 mM p-glucose and antibiotic-antimycotic solution (100 U/ml
penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin
B; Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After remov-
ing cerebellum and the frontal part of the brain, the brain was glued to
the specimen holder of a vibratome (VT1000S; Leica Biosystems,

Wetzlar, Germany) and coronal slices (~200 um) were cut. The brain
slices were placed onto a 0.45-pum pore LCR membrane positioned on
the top of the membrane insert with a pore diameter of 0.4 pm
(Sarstedt, Numbrecht, Germany) and cultured in 6-well plates with
1 ml/well of the growth medium containing minimum essential
medium (Thermo Fisher Scientific) and Earl's balanced salt solution in
a 2:1 ratio, supplemented with 4.2% heat-inactivated horse serum
(Thermo Fisher Scientific), 1 mM (-glutamine, 21 mM b-glucose and
antibiotic-antimycotic solution (100 U/ml penicillin, 100 pg/ml strep-
tomycin, and 0.25 pg/ml amphotericin B; Gibco, Thermo Fisher Scien-
tific) at 37°C in 5% CO,/95% air. Brain slices were cultured for up to
5 days, and the medium was changed every 2 days.

2.3 | Drosophila melanogaster stocks and crosses
Drosophila melanogaster flies were raised at 25°C on standard corn-
meal and molasses medium. The following strains were used in this
study: repo-Gal4 (Xiong, Okano, Patel, Blendy, & Montell, 1994), UAS-
L10a-EGFP (Huang, Ainsley, Reijmers, & Jackson, 2013), and wild-type
(w!18). repo-Gal4 > UAS-L10a-EGFP animals were used to outline glial
cells in the adult CNS.

24 | Experimental solutions

24.1 | Cell cultures

Extracellular solution (ECS) for cell cultures contained 10 mM b-glu-
cose, 131.8 mM NaCl, 5 mM KCI, 10 mM HEPES, 1.8 mM CaCl,, and
2mM MgCl,. ECS for cell cultures without glucose contained
135 mM NaCl, 5 mM KCl, 10 mM HEPES, 1.8 mM CaCl,, and 2 mM
MgCls.

242 | Organotypic brain slice cultures
ECS for tissue cultures contained 10 mM b-glucose, 123 mM NacCl,
2.5 mM KCl, 1.3 mM NaH,PO,, 26.2 mM NaHCO3, 1.3 mM MgCl,,
and 2.5 CaCl,. ECS for tissue cultures without glucose contained
128 mM NaCl, 2.5 mM KCI, 1.3 mM NaH,PO4, 26.2 mM NaHCOsg,
1.3 mM MgCl,, and 2.5 mM CaCl,.

The pH of extracellular solutions was adjusted to 7.2 and the
osmolality was ~300 mOsm, measured with a freezing point depres-

sion osmometer (Osmomat030; Gonotech, Berlin, Germany).

2.5 | Stress induction via reagents and hypoxia
2.5.1 | Cell cultures and organotypic brain slice
cultures

Cell and tissue cultures were exposed to the growth medium (control),
ECS with 10 mM glucose or without glucose (starvation), 300 pM
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oleic acid (OA; excess of FFA), 20 mM sodium L-lactate (excess of
L-lactate), 40 mM p-sorbitol (osmolality test), 100 pM noradrenaline
(ax-/B-AR agonist), 100 uM isoprenaline (B-AR agonist), 50 nM
dexmedetomidine (a,-AR agonist), or 100 puM phenylephrine (a;-AR
agonist) in growth medium for 24 hr at 37°C. In some experiments,
astrocytes were exposed to 100 pM noradrenaline in growth medium
in the presence of AR antagonists, 1 uM (cell culture), or 10 pM (tissue
slices) propranolol (B-AR antagonist), 10 uM atipamezole (x-AR
antagonist) and 10 uM terazosin (a;-AR antagonist) for 24 hr at 37°C.
Before exposure to noradrenaline, cell cultures, and brain slices were
pretreated with selective AR antagonists for 30 min and 1 hr, respec-
tively. In experiments with AR agonists and antagonists, all reagents
were reapplied after 8-12 hr of a 24-hr incubation.

To induce hypoxia, cell, and tissue cultures were placed in a hyp-
oxic chamber (Billups-Rothenberg, Del Mar, CA), flushed for 4 min
with a gas mixture consisting of 1% O,/5% CO,/94% N, at the begin-
ning and after 2 hr of the experiment and incubated for 24 hr at 37°C
in a humidified atmosphere.

To prevent the synthesis of TAGs and LD biogenesis, cultured
astrocytes were 24 hr after seeding supplied with fresh growth
medium or extracellular solution without glucose with or without the
presence of 10 uM DGAT1 inhibitor T863 and 10 pM DGAT?2 inhibi-
tor PF-06424439 and incubated for 24 hr at 37°C. Cells were coun-
ted with a Scepter™ cell counter using a 60 pm Scepter™ sensor. The
results were exported (Scepter™ Software Pro 2.1, Merck Millipore,
Darmstadt, Germany) and cells counted based on cell diameters rang-
ing between 8.25 um (low marker) and 24.08 pm (high marker). The

obtained values were normalized to the controls (growth medium).

2.5.2 | Drosophila melanogaster

After eclosion repo-Gal4 > UAS-L10a-EGFP flies were kept on stan-
dard medium for 3-5 days. Subsequently, a group of flies was trans-
ferred to fresh standard medium for 24 hr (control), while a second
group of flies was transferred to vials containing 1% agar and exposed
to hypoxic conditions (1% O,/5% CO,/94% N,) for 24 hr using a hyp-
oxic chamber (Billups-Rothenberg; hypoxia + starvation). All experi-
ments were performed at room temperature (RT) in duplicate (two

separate vials for each group).

2.6 | Cell and tissue staining

2.6.1 | Cell cultures

Astrocytes growing on coverslips were fixed in 4% formaldehyde
(Thermo Fisher Scientific) for 15 min at RT, washed with phosphate-
buffered saline (PBS), and treated with 10% goat serum for 1 hr at 37°C.
The cells were incubated with primary antibodies overnight at 4°C: rab-
bit anti-adipose differentiation-related protein (ADFP/perilipin-2;
1:1,000; Abcam Cat# ab108323, RRID:AB_10863476), rabbit anti-p-
serine (p-serine; 1:1,000; Gemacbio Cat# AP041, RRID:AB_2314275),

rabbit anti-vesicular glutamate transporter 1 (vGLUT1; 1:1,000; Synaptic
Systems Cat# 135303, RRID:AB_887875), rabbit anti-atrial natriuretic
peptide (ANP; 1:3,000; Abcam Cat# ab14348, RRID:AB_301128), rabbit
anti-lysosomal-associated membrane protein 1 (LAMP1; 1:100; Abcam
Cat# ab24170, RRID:AB_775978) and mouse anti-microtubule-
associated protein 1 light chain 3 (LC3; 1:100; MBL International Cat#
M152-3, RRID:AB_1279144). Excess primary antibody was washed off,
and the cells were stained with secondary anti-mouse or anti-rabbit anti-
bodies conjugated to Alexa Fluor®®® (1:500; Thermo Fisher Scientific) for
45 min at 37°C. Afterward, the cells were stained with 100 nM Nile Red
(Invitrogen, Molecular Probes, Thermo Fisher Scientific, Eugene, OR), a
fluorescent marker for neutral lipids (labels LDs), for 5 min at RT and
then mounted onto glass slides using SlowFade Gold antifade agent
(Invitrogen, Molecular Probes, Thermo Fisher Scientific). To label the ER,
cells were transfected with green fluorescent protein-tagged ER protein
Sec61p (GFP-Secé61p; Addgene plasmid #15108; deposited by
T. Rapoport) using FuGene 6 transfection reagent according to the man-
ufacturer's instructions (Promega, Madison, WI, USA). Acidic compart-
ments and mitochondria were stained in living astrocytes with
fluorescent dyes, LysoTracker Green DND-26 (400 nM; Invitrogen,
Molecular Probes, Thermo Fisher Scientific) and MitoTracker Green FM
or MitoTracker Red CMXRos (50 nM; Invitrogen, Molecular Probes,
Thermo Fisher Scientific), respectively, and then with Nile Red (50 nM)
or BODIPY*?%/5% (1 ng/ml; BODIPY 493/503, Invitrogen, Molecular
Probes, Thermo Fisher Scientific), fluorescent markers for neutral lipids

(label LDs), according to the manufacturer's instructions.

2.6.2 | Organotypic brain slice cultures

Tissue cultures were fixed in 4% formaldehyde (Thermo Fisher Scien-
tific) for 4 hr at RT, washed with PBS, and incubated in 20% bovine
serum albumin (BSA)/0.5% Triton-X-100 overnight at 4°C. After
blocking and permeabilization, slices were incubated with primary
anti-mouse glial fibrillary acidic protein antibodies (GFAP; 1:100;
Sigma-Aldrich Cat# G3893, RRID:AB_477010) in 2% BSA/0.25%
Triton-X-100 for 24 hr at 4°C. After washing to remove excess pri-
mary antibodies, the slices were stained with secondary anti-mouse
antibodies conjugated to Alexa Fluor>*® (1:600; Thermo Fisher Scien-
tific) for 2 hr at RT. Excess antibodies were washed off and the slices
were stained with BODIPY#?%5%3 (5 ;1g/ml) for 20 min at RT and
4,6-diamidino-2-phenylindole (30 uM; DAPI; Invitrogen, Molecular
Probes) for 5 min at RT. The slices were then mounted onto glass
slides using Vectashield fluorescent mounting medium (Vector Labo-

ratories, Burlingame, CA, USA).

2.6.3 | Drosophila brains

Brains of 3-5 days old male flies were analyzed. Brains were dissected
in ice-cold PBS and collected in 24-well plate inserts containing ice-
cold PBS. Fixation was done with 4% formaldehyde and 0.5% Triton
X-100 in PBS for 45 min at RT. Brains were then rinsed twice and
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washed 3 x 15 min in PBS while shaking gently before being treated
with 1 pg/ml Nile Red in PBS (hypoxia and starvation assay) or simul-
taneously with 1 pg/ml BODIPY#7%/5%3 in PBS (colocalization assess-
ment) for 30 min at RT. Brains were rinsed once with PBS and
immediately mounted onto glass slides using Vectashield mounting
medium with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA).
Nile Red and BODIPY*?%/5%% colocalization analysis was done on

5-day-old wild-type male flies.

2.7 | Confocal microscopy

Cultured cells and brain tissue slices were imaged with a fluorescence
confocal microscope LSM 780 (Zeiss, Jena, Germany) using a plan
apochromatic oil-immersion objective 40x/numerical aperture 1.3 or
63x/numerical aperture 1.4 (Zeiss). Confocal images were obtained
with a 488 nm argon laser (BODIPY#7%/59%) 561 nm diode-pumped
solid-state laser (Alexa Fluor>*, Nile Red), and 405 nm (DAPI) diode
laser excitation. The fluorescence emissions were filtered using
500-550 nm, 565-630 nm, and 413-463 nm band-pass filters.

Images of Drosophila brains were recorded with an inverted Zeiss
LSMB800 confocal microscope with a Plan-Apochromat 63x/1.40 Qil
DIC M27 objective (Zeiss) using 488 nm and 561 nm diode laser exci-
tation. Emission spectra were acquired sequentially with 410-514 nm
(EGFP or BODIPY#?%/3%%) and 564-700 nm (Nile Red) bandpass emis-
sion filters. For LD analysis, Z-stacks with 10 pm interval and 50 pm
pinhole were recorded for each brain hemisphere.

Live-cell imaging was performed on an LSM 510 META laser scanning
microscope (Zeiss) equipped with a Plan-Neofluar 63x/1.4 oil DIC immer-
sion objective (Zeiss). Confocal images were obtained with a 488 nm Ar-
ion laser (LysoTracker, MitoTracker Green) and a 543 nm He-Ne laser (Nile
Red), and the fluorescence emissions were collected using 505-530 nm

band-pass and 560 nm long-pass emission filters, respectively.

2.8 | Structured illumination microscopy

In some experiments, BODIPY#?®/3%3_|abelled LDs were imaged in
fixed cells and the distances between BODIPY#7%/5%3-|abeled LDs and
MitoTracker Red CMXRos-labeled mitochondria in living cells were
measured as reported (Singh et al., 2014) by super-resolution struc-
tured illumination microscopy (SIM; ELYRA PS.1; Zeiss) using an oil-
immersion plan apochromatic objective 63x/numerical aperture 1.4
DIC, a 488 nm and 561 nm laser line excitation, an emission band-
pass filter 495-575nm (BODIPY#**/3%%) and 570-650 nm
(MitoTracker Red) and an EMCCD camera (Andor iXon 885; Belfast,
UK). The thickness of each optical slice of a Z-stack was 500 nm.

2.9 | Transmission electron microscopy

Astrocytes growing on coverslips were fixed with a solution of 2%

(w/v) formaldehyde and 2.5% (v/v) glutaraldehyde (Serva, Heidelberg,

Germany) in 0.1 M cacodylate buffer, pH 7.4, at 37°C for 10 min and
then incubated on ice for additional 30 min. After fixation, samples
were rinsed in 0.1 M sodium cacodylate supplemented with 3 mM
CaCl, (pH 7.4) on ice (3 times for 3 min). Samples were then post-
fixed in 1% osmium tetroxide (Serva), 0.8% potassium ferrocyanide,
and 3 mM CaCl, in 0.1 M sodium cacodylate (pH 7.4) for 1 hr at
RT. After rinsing in ice-cold distilled water (3 times for 3 min), samples
were incubated overnight in 2% uranyl acetate at 4°C. Samples were
then dehydrated in a graded series of ethanol (30% EtOH 3 min, 50%
EtOH 3 min, 70% EtOH 3 min, 90% EtOH 5 min, 100% EtOH
2 x 5 min) and embedded in Epon (Serva). Epon semi-thin sections
were stained with 1% toluidine blue and 2% borate in distilled water
and examined with a Nikon Eclipse TE microscope. Ultrathin sections
were contrasted with uranyl acetate and lead citrate and observed
with a transmission electron microscope (Philips CM100, [Philips,
Eindhoven, Netherlands]), operation voltage 80 kV, equipped with
CCD camera (AMT, Danvers, MA, USA). The thickness of ultra-thin
slice was 70 pm.

210 | Lipid droplet mobility and analysis

Living cultured astrocytes were stained with 50 nM Nile Red solution
for 5 min at RT, washed with ECS, mounted into the recording cham-
ber, and transferred to the confocal microscope (LSM 510) for live
imaging. Time-lapse fluorescence images were obtained every 2 s for
1 min (30 frames) before and 3 min (90 frames) after stimulation with
100 uM adenosine triphosphate (ATP). The mobility of LDs was ana-
lyzed by ParticleTR software (Celica Biomedical, Ljubljana, Slovenia) in
exported TIFF files (Potokar, Kreft, Pangrsic, & Zorec, 2005). Approxi-
mately 50 randomly selected LDs were tracked per cell and the track
length (TL; the pathway that individual LDs traveled), the maximal dis-
placement (MD; the farthest translocation of the LDs), and the veloc-
ity were determined for 60-s epochs. For the analysis of LD mobility,
only cells containing LDs were taken into account (35% + 1% of astro-

cytes in control conditions contained LDs).

211 | Image analysis

2111 | Colocalization studies

The colocalization of green and red fluorescence pixels on each image
was determined using custom-made Matlab Software as described
(Kreft, Milisav, Potokar, & Zorec, 2004). Briefly, the program counted all
red, all green, and all colocalized pixels in the image. The colocalization
was calculated as a percentage of colocalized pixels compared with all
red pixels. The threshold intensity for the colocalized pixels was 20%
(51 AU) of the maximal fluorescence intensity (256 AU). The masks
(representing an overlay area of the green and the red fluorescence
pixels in an image) were prepared using the LSM 510 META Histo tool
by setting the threshold intensity at 20% (51 AU) of the maximal red
and green fluorescence signals (256 AU) in the original images.
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2.11.2 | LD and mitochondria distance
measurement

The distance between LDs and mitochondria was measured as the
distance between the peaks of the green (LDs) and the red (mitochon-
dria) fluorescence intensity profiles in a single plane SIM image using
Zen software, as described (P. Singh et al., 2014). For analysis, only
LDs in focus and in close proximity to the nearest mitochondrion were

taken into account.

2.11.3 | Determination of LD area, perimeter,
diameter, and number

Cross-sectional areas of individual astrocytes in culture and GFAP-
positive cells in tissue slices were marked using the Histo tool in LSM
510 META or Zen software. The number of all pixels in marked areas,
representing the total cell area, and the number of only red or green
fluorescent pixels, representing Nile Red- or BODIPY#7%/5%3_positive
cell cross-sectional areas, respectively, were determined and the per-
centage of LD area per total cell area was calculated for individual
experiments. The threshold intensity of the fluorescent signal was set
to 20% of the maximum fluorescence intensity and was used to sepa-
rate the background intensity from the fluorescent signal of Nile Red-
or BODIPY#7%/3%%_|abelled pixels. In individual experiments, data were
normalized to the average value of control untreated samples.

The number and perimeter of the LDs were determined in cross-
sections of individual cells using Fiji software (Schindelin et al., 2012),
Analyze Particles function after applying 20% threshold and signal
intensity (watershed) segmentation on individual images. Then,
assuming that all LDs are spherical, the LD diameter was estimated
from the perimeter values with the equation d = C/x, where d is the
diameter and C is the LD perimeter. In some experiments, LDs were
counted manually and the LD diameter was measured as the full
width at half maximum (FWHM) of the Gaussian curves fitted to the
green fluorescence intensity profile in two perpendicular equatorial
directions in Zen software. FWHM was measured only in LDs in
focus.

To evaluate the LD area, perimeter, diameter, and number in the
cortex of individual hemisphere of Drosophila brains, the cortical area
of Nile Red-positive red pixels with fluorescence intensity above 35%
of maximal fluorescence (Lipid droplet area) and total cortical area
was determined for each stack of images separately in the brains from
control flies and flies exposed to hypoxia and starvation using Fiji soft-
ware (Schindelin et al., 2012). The values obtained were normalized to
the average LD area per hemisphere in controls. The number of Nile
Red-labelled LDs and LD perimeter per hemisphere were determined
in each stack using Fiji, Analyse Particles function after applying 35%
threshold. Then, assuming that all LDs are spherical, the LD diameter
was estimated from the perimeter values with the equation d = C/=.
The percentage of L10a-EGFP expressing glial cells associated with
Nile Red-labelled LDs was determined in the brain cortex area manu-

ally by counting all cells and cells associated with LDs across individual

brain stack in control flies and flies exposed to hypoxia and starvation.
The results obtained from brain stacks were averaged for the individ-
ual brain.

To evaluate the subcellular distribution of LDs in the soma and
processes of the GFAP-stained astrocytes in brain tissue slices, LDs
were counted manually and expressed as a percentage of LDs in soma

or processes, respectively, per total LD number in a cell.

2.12 | Statistical analysis

Data are presented in bar charts (mean + SEM), distribution histo-
grams, or box plots. Statistical significance between the groups was
determined by Kruskal-Wallis one-way analysis of variance followed
by Dunn's test, if not stated otherwise. p < .05 was considered signifi-
cant. The number of independent experiments (n) and the number of

analyzed cells is noted in figure legends.

3 | RESULTS
3.1 | Astroglial LDs are positioned near
mitochondria and the ER

To identify LDs in astrocytes and to characterize their subcellular
localization, we labeled intracellular organelles in isolated rat brain
astrocytes immunocytochemically by transfection with GFP-organelle
markers or with fluorescent dyes and quantified the extent of
colocalization of fluorescently labeled LDs and organelle markers
(Figure 1 and Figure S1).

Nile Red-labelled LDs highly colocalized with the LD-associated
protein perilipin-2 (60% + 3%) and the BODIPY#73/593 dye (62% *
4%), indicating the presence of LDs in astrocytes (Falchi et al., 2013;
Farmer, Kluemper, & Johnson, 2019; loannou et al., 2019). The
majority of LDs were positioned near mitochondria and/or
ER. Consistent with this the degree of colocalization between Nile
Red-labelled LDs and mitochondria (MitoTracker) or ER (Sec61p) was
relatively high (31% + 3% and 38% * 4%, respectively; highlighted in
Figure 1a, insets) as observed in other cell types (Brasaemle &
Wolins, 2012; Pu et al., 2011; Robenek et al., 2006; Shaw, Jones, &
Wagenmakers, 2008). Gaussian curves were fitted to the frequency
distribution plot of the distances between LDs to the nearest mito-
chondria, which were obtained by SIM microscopy and measure-
ments of the distance between peaks of red (mitochondria) and green
(LDs) fluorescence intensity profiles, revealed the value of
276 £ 14 nm, which is smaller than the mean LD diameter of
~450 nm, suggesting that the majority of LDs are in close proximity,
if not in contact with mitochondria (note that the distance between
LDs and mitochondria depends on the LD diameter; Figure 1c). Fur-
ther ultrastructural analysis of astrocytes using transmission electron
microscopy (TEM) confirmed localization of LDs to the vicinity of
mitochondria and the endoplasmic reticulum (ER; Figure 1d). The

degree of colocalization of Nile Red-labelled LDs with secretory
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vesicles (including small synaptic-like vesicles [SSLVs; b-serine,
vGLUT1], [ANP], [LAMP1]),
autophagosomes (in control [LC3] and glucose-deprived astrocytes

peptidergic  vesicles lysosomes
[LC3 starvation]) and acidic vesicular compartments (LysoTracker)
was low (<10%; Figure 1 and Figure S1), suggesting no major interac-
tion of LDs with these organelles in astrocytes under basal
conditions.

Thus, these data indicate that LDs in astrocytes are located near

the mitochondria and the ER.

BODIPY

Perilipin-2

(@)

Nile Red

3.2 | Nutrient stress triggers accumulation of LDs
in isolated and brain tissue astrocytes

To verify whether astrocytes accumulate LDs during nutrient stress,
we exposed isolated cortical astrocytes and astrocytes in organotypic
brain tissue slices for 24 hr to various nutrient stressors that are
typically present during CNS pathologies (i.e., partial/complete
nutrient deprivation, excess FFAs, and L-lactate). Cells were then fixed
and labeled with LD markers (e.g., Nile Red or BODIPY#93/503,

Sec61p3
Insets

MitoTracker

(b) (c) — .
—~ 70 - Mitochondrion
£ ) £ 100 -
= 60 ] 8x10% - 3 .
x = c
5 S 80 - |
2 50 < 6x10° ?;
=z g R
% 40 = | S 60
- € 4x10¢ S
S 30 g™ | S 4040
5 S | 2
T 201 S 2x10% 4 £
8 2 g 2]
© 10 4 L |
© . 0 - s ol P
- ™ : N
XN S RO

FIGURE 1

Legend on next page.

Distance [um] Distance [um]



SMOLIC T AL.

Figures 2 and 4). To identify astrocytes in brain tissue slices, the slices
were immunostained with the astrocytic marker GFAP. Isolated and
GFAP-positive tissue astrocytes were then imaged using confocal
microscopy, and the content of LDs was determined in individual cells
based on the Nile Red or BODIPY#7%/3%% fluorescence pixel area and
the number of Nile Red or BODIPY#73/5%3 |abeled LDs in an individual
cell cross-sectional area.

Compared with control conditions (untreated cells in growth
medium), partial (ECS with 10 mM glucose) nutrient deprivation cau-
sed a statistically significant increase in the Nile Red or BODIPY#73/503
fluorescence pixel area per cell (LD area) in isolated astrocytes and
astrocytes in brain tissue slices, respectively, both in cortical and hip-
pocampal brain area (p < .05; Figures 2 and 4). Furthermore, complete
(ECS without glucose) nutrient deprivation caused a statistically signif-
icant increase in LD area in isolated astrocytes (p < .05; Figure 2), and
a trend in LD area increase in cortical and hippocampal astrocytes
from brain tissue slices was observed (Figure 4). In addition to LD area,
the cell LD number, and LD size (diameter and perimeter) increased in
partially and completely nutrient-deprived isolated astrocytes com-
pared to controls, respectively (p < .05, Figure 2c-e).

To study the effect of excess FFAs on LD accumulation in astro-
cytes, cells were exposed for 24 hr to 300 pM OA. Upon exposure to
OA, isolated astrocytes (Figure 2) as well as cortical and hippocampal
astrocytes in brain tissue slices (Figure 4), exhibited increases in LD
area, LD number, diameter, and perimeter compared with con-
trols (p < .05).

To determine the effect of excess extracellular L-lactate concen-
tration on LD accumulation in astrocytes, astrocytes were treated
with 20 mM sodium L-lactate (L-lactate) for 24 hr. L-Lactate in cultured
astrocytes triggered an increase in LD area (Figure 2b) and LD number
(Figure 2c; p < .05), but not in LD size (diameter and perimeter) in
comparison with controls. L-Lactate also increased the LD area per cell
in cortical and hippocampal astrocytes (Figure 4b,c) from brain tissue

slices compared with controls (p < .05). To verify that the addition of

20 mM sodium L-lactate into the growth medium did not affect LD
accumulation in astrocytes by increasing solution osmolality, we per-
formed control experiments replacing 20 mM sodium L-lactate with
40 mM p-sorbitol. The 40-mOsm increase in osmolality in the experi-
ments with 40 mM p-sorbitol in the growth medium did not signifi-
cantly affect LD area in either isolated or brain tissue astrocytes
(Figures S2 and S3), indicating that the observed L-lactate-triggered
increase in LD accumulation was not due to altered solution
osmolality.

To determine the role of DGAT1 and DGAT2 enzymes that medi-
ate the final step in TAG synthesis in LD biogenesis in astrocytes, iso-
lated astrocytes were exposed to DGAT1 and DGAT2 inhibitors for
24 hr, which reduced the cell number and LD content by 40% and
75%, respectively (p < .05). DGAT1 and DGAT2 inhibitors also greatly
reduced starvation-induced (i.e., complete nutrient deprivation) LD
accumulation in astrocytes (Figure 3).

In conclusion, nutrient stress, including nutrient deprivation,
excess of extracellular FFAs or lactate, triggers LD accumulation in
isolated astrocytes and astrocytes in brain tissue. DGAT1 and DGAT2
enzymes are mediators of LD biogenesis in astrocytes in control con-

ditions and under starvation.

3.3 | Hypoxia triggers accumulation of LDs in
isolated astrocytes

To examine whether astrocytes accumulate LDs during hypoxic stress,
we exposed isolated astrocytes and astrocytes in brain tissue slices to
hypoxia (1% pO,) for 24 hr. Cells and brain tissue slices were then
fixed, labeled with LD markers (Figures 2 and 4), and in the case of tis-
sue slices, the slices were immunostained with the astrocytic marker
GFAP. Astrocytes were imaged by confocal microscopy and LD con-
tent was determined in individual cells. In comparison with controls,

hypoxia increased LD area and LD number in cultured astrocytes

FIGURE 1

Subcellular colocalization of lipid droplets in isolated astrocytes. (a) Representative fluorescence images of isolated rat cortical

astrocytes incubated in growth medium for 24 hr and labeled with fluorescent organelle markers (green) and Nile Red (red), a fluorescent marker
for lipid droplets (LDs). Astrocytes were first labeled with antibodies against perilipin-2 (LD-binding protein; n = 7 [106 cells]), BODIPY#?%/5%% dye
(BODIPY; LD marker; n = 9 [99 cells]), MitoTracker dye (mitochondrial marker; n = 16 [86 cells]) or transfected with the plasmid pAc-
GFPC1-Secé61beta (Sec61p), to label the endoplasmic reticulum (ER marker; n = 5 [54 cells]; green, upper panels) and then stained with Nile Red.
Merged images (Overlay) display colocalization (yellow) between the specific organelle markers (green) and Nile Red (red). Colocalization mask
(Mask) between the green and the red fluorescence pixels. Insets show white boxed regions at higher magnification. Yellow arrows show the
position of LDs near mitochondria. Representative images of astrocytes exposed to antibodies for p-serine (n = 6 [127 cells]) or the vesicular
glutamate transporter 1 (vVGLUT1; n = 6 [106 cells]) to label glutamatergic vesicles, peptidergic vesicles containing the atrial natriuretic peptide
(ANP; n = 5 [101 cells]), acidic organelles, stained by the LysoTracker dye (n = 18 [103 cells]), lysosomes stained by antibodies against the
lysosomal membrane protein 1 (LAMP1; n = 9 [99 cells]), autophagosomes stained by the antibodies against the light chain 3 (LC3; n = 6 [134
cells]) under normal and starvation conditions (LC3 starvation; n = 6 [123 cells]) are shown in Figure S1. Scale bars: 10 pm and 5 pm (insets).

(b) Mean colocalization levels (%) of green fluorescent pixels (fluorescent organelle markers) compared with red fluorescent pixels (Nile Red, LDs).
(c) Frequency distribution plot of the distances between LDs and mitochondria in control astrocytes. The distance between a LD to the nearest
mitochondrion was determined by structured illumination microscopy (SIM) measuring the distance between the peaks of the BODIPY#73/503
(green) and MitoTracker Red CMXRos (red) fluorescence intensity profiles in a single plane in 15 cells. The mean value for the distance between
the LDs and the mitochondria, which was calculated by fitting a Gaussian curve on a frequency distribution plot, is 276 + 14 nm. (d) Transmission
electron micrographs of an astrocyte showing close proximity of LDs to mitochondria (Mi) and rough endoplasmic reticulum (rER). Bars represent
means + SEM. n, number of independent experiments. *p < .05 (ANOVA, Dunn's test). Data for every set of experiments were obtained from at
least three different animals [Color figure can be viewed at wileyonlinelibrary.com]
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Lipid droplets in isolated astrocytes exposed to nutrient and hypoxic stress. (a) Representative fluorescence images of Nile Red-

labelled isolated astrocytes incubated for 24 hr in growth medium (Ctrl; n = 140 [367 cells]), extracellular solution (ECS) with 10 mM glucose
(10 mM glc; n = 74 [143 cells]) or without glucose (0 mM glc; n = 81 [157 cells]), and in growth medium (25 mM glc) with 300 uM oleic acid (OA;
n = 23 [53 cells]), 20 mM L-lactate (L-lac; n = 43, [164 cells]), and under hypoxia (Hypoxia; n = 53 [139 cells]). Scale bar: 20 um. (b-€) Box plots
(center, median; box, IQR [interquartile range]; whiskers, 10t and 90" percentiles) of Nile Red-stained area per total cell area normalized to
control (LD area [fold change]) (b), number of Nile Red-stained LDs per cell (c), and perimeter (d) and diameter of Nile Red-stained LDs (e) upon
exposure of astrocytes to stress stimuli. LD perimeter and diameter were measured only in cells that contained LDs (n Ctrl = 107 [220 cells];

n 10 mM glc (ECS) = 43 [79 cells]; n 0 mM glc (ECS) = 42 [75 cells]; n OA = 24 [57 cells]; ni-lac = 39 [123 cells]; n Hypoxia = 57 [151 cells]).

n, number of independent experiments. *p < .05 (ANOVA, Dunn's test). Data for every set of experiments were obtained from at least two

different animals [Color figure can be viewed at wileyonlinelibrary.com]

(b < .05; Figure 2b,c), but did not affect the LD area in astrocytes from

brain tissue slices (Figure 4b,c).

3.4 | Exposure of Drosophila melanogaster to
hypoxia and starvation triggers LD accumulation and
increases the number of LD-associated glial cells in the
fly brain

To investigate whether hypoxia and starvation affect accumulation of
LDs in the CNS in vivo, we exposed adult Drosophila to hypoxia and
starvation for 24 hr and stained isolated Drosophila brains with fluo-
rescent LD marker Nile Red (Figure 5), while outlining glia through the
expression of an EGFP under transcriptional control of the glia-
specific repo (repo-Gal4 > UAS-L10a-EGFP).

First, we confirmed the presence of LDs in the Drosophila brain by
co-staining brains isolated from wild-type flies (w'*®) with the LD
markers Nile Red and BODIPY#?¥/3%% (Figure S7). Importantly, in flies

exposed to hypoxia and starvation (24 hr), the Nile Red-positive brain
area, indicating LD content, and the number of LDs were significantly
increased (p < .05; Figure 5b,c) compared to control flies raised on stan-
dard medium. Moreover, the mean proportion of EGFP-positive glial cells
that contain or were in close contact with LDs (LD-associated Repo*
cells) was increased by 46% in the brains isolated from flies exposed to
hypoxia and starvation compared to control flies (p < .01; Figure 5e).
These results show that in vivo hypoxic and nutrient stress condi-

tions increase the accumulation of LDs in the brain.

35 |
of LDs

Noradrenaline triggers the accumulation

Noradrenergic signaling is greatly enhanced in the CNS during stress
and, among many processes, also regulates brain metabolism, in par-
ticular, astroglial glucose energy metabolism and metabolic support of
neurons (Dienel & Cruz, 2016; Dong et al, 2012; Kreft, Bak,
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FIGURE 3 Inhibition of DGAT1 and DGAT2 enzymes in isolated

astrocytes decreases cellular LD content and cell number. (a) Mean
percentage of Nile Red-stained cell area per total cell area (LD area)
and cell count in astrocytes incubated for 24 hr in growth medium
(Ctrl; n for cell count = 7; n for LD area = 49 [281 cells]) or in growth
medium upon simultaneous exposure to DGAT1 inhibitor (D1i;

10 pM) and DGAT?2 inhibitor (D2i; 10 uM; Ctrl D1i + D2i; n for cell
count = 7; n for LD area = 52 [253 cells]) expressed as % of control.
(b-d) Box plots (center, median; box, IQR [interquartile range];
whiskers, 10™" and 90" percentiles) of Nile Red-stained area per total
cell area normalized to control (LD area [fold change]) (b), number of
Nile Red-stained LDs per cell (c), and diameter of Nile Red-stained
LDs (d) in astrocytes incubated for 24 hr in growth medium (Ctrl;

n =49 [281 cells]), growth medium in combination with DGAT1 and
DGAT2 inhibitors (Ctrl D1i + D2i; n = 52 [253 cells]), extracellular
solution (ECS) without glucose (0 mM glc; n = 54 [335 cells]) and
extracellular solution without glucose in combination with DGAT1
and DGAT?2 inhibitors (0 mM glc D1i + D2i; n = 52 [301 cells]).
Diameter of LDs was measured only in cells that contained LDs

(n Ctrl = 48 [196 cells]; n Ctrl D1i + D2i = 34 [105 cells]; n 0 mM glc
(ECS) = 54 [282 cells]; n 0 mM glc (ECS) D1i + D2i = 20 [56 cells]).

n, number of independent experiments. *p < .05 versus Ctrl (ANOVA,
Dunn's test) and *p < .05 all pairwise (ANOVA, Dunn's test). Data for
every set of experiments were obtained from three different animals

Waagepetersen, & Schousboe, 2012). To see whether it also affects
astroglial LD dynamics, we exposed isolated and brain tissue astro-
cytes to NA (100 uM; Figures 6 and 7). NA induced an increase in LD

area in isolated astrocytes (Figure 6) and in cortical and hippocampal
astrocytes in brain tissue (Figure 7) compared with controls (p < .05).
To see whether the observed increase in the LD area was due to an
increase in LD number or size, we imaged astrocytes with SIM micros-
copy and determined the LD number per cell and the LD diameter as
the FWHM fluorescence intensity (Figure 6d-f). NA caused a ~1.4-
fold increase in LD diameter (0.434 + 0.039 um [Ctrl, n = 6, 14 cells,
287 LDs] versus 0.618 + 0.031 pm [NA, n = 9, 13 cells, 498 LDs];
Figure 6d) and a ~2-fold increase in the number of LDs per cell
(Figure 6e) compared with controls (p < .05). In the frequency distribu-
tion chart, the peak values for the LD diameter were 449 nm and
567 nm in control untreated and in NA-stimulated cells, respectively
(Figure 6f). The results suggest that the number and the size of LDs
increased upon noradrenergic activation, consistent with the accumu-

lation of LDs in astrocytes.

3.6 | Noradrenaline triggers LD accumulation
through activation of - and a,-ARs in astrocytes

Given that adrenergic activation triggers LD accumulation in astrocytes,
we further explored the contribution of selective activation of AR types
(a1, atg, B1-3) on LD accumulation. We exposed astrocytes for 24 hr to
selective B-AR agonist isoprenaline (Iso, 100 pM), a1-AR agonist phenyl-
ephrine (PE, 100 pM), and a2-AR agonist dexmedetomidine (Dex, 50 nM).

Iso increased the LD area (Figure 6b) in isolated astrocytes and in
astrocytes from the cortex and hippocampal area (Figure 7b, c) in brain
tissue slices compared with control conditions (p < .05). Iso also increased
the LD number in cortical and hippocampal astrocytes from brain tissue
(Figure 7c). An increase in LD area was also observed upon Dex applica-
tion in isolated astrocytes (Figure 6éb) and in cortical and hippocampal
(Figure 7b,c) astrocytes from brain tissue slices compared with controls
(p < .05). Stimulation of astrocytes with PE caused only a small, insignifi-
cant increase in LD area compared with controls; in isolated astrocytes
(Figure 6b) and in cortical and hippocampal astrocytes (Figure 7b,c).

Next, we analyzed the subcellular distribution of LDs in GFAP-
stained astrocytes in brain tissue slices in control untreated cells and
in cells treated with AR agonists. A significantly higher proportion of
LDs in the cellular processes vs. somata was observed in control corti-
cal astrocytes (p < .05; Figure 7e), while in control hippocampal astro-
cytes the proportion of LDs in processes vs. somata was similar. No
considerable difference in subcellular LD distribution was observed in
cortical or hippocampal astrocytes treated with NA (Figure 7e) or
other AR agonists (Figure S8).

To further elucidate the role of individual AR types in LD accumu-
lation in astrocytes, we pre-treated astrocytes with selective antago-
nists of ARs, Prop (B-AR), Atip (x>-AR), and Tera (a1-AR), and then
exposed them to NA for 24 hr together with AR antagonists. We have
observed that pretreatment with the selective p-AR antagonist Prop
(1 pM) reduced the NA-mediated increase in LD area in isolated astro-
cytes (p <.05; Figure 6c). Furthermore, Prop (10 pM) reduced
NA-mediated increase in cortical and hippocampal astrocytes in brain

tissue slices (p < .05; Figure 7d). Pretreatment of isolated astrocytes
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FIGURE 4 Lipid droplets in brain tissue astrocytes exposed to nutrient and hypoxic stress. (a) Representative fluorescence images of brain
tissue astrocytes stained with BODIPY#?%/5%3 (BODIPY; green), antibodies against astrocyte-specific glial fibrillary acidic protein (GFAP; red) and
nuclear marker 4,6-diamidino-2-phenylindole (DAPI; blue) incubated for 24 hr in growth medium (Control; Ctrl, 25 mM glucose; number for
cortex [nc] = 38 [358 cells]); number for hippocampus (ny) = 23 [209 cells]), extracellular solution (ECS) with 10 mM glucose (10 mM glc; nc = 6
[86 cells]; ny = 7 [70 cells]) or without glucose (0 mM glc; nc = 5 [88 cells]; ny = 6 [63 cells]), and in growth medium with oleic acid (OA, 300 pM;
nc = 13 [123 cells]; ny = 9 [76 cells]), L-lactate (L-lac, 20 mM; nc = 12 [95 cells]; ny = 10 [69 cells]), and under 1% pO, (Hypoxia; nc = 12 [105
cells]; ny = 5 [65 cells]). Overlay represents merged images. Scale bars: 10 um. (b, c) Box plots (center, median; box, IQR [interquartile range];
whiskers, 10" and 90" percentiles) of BODIPY#7%/03_gstained area per total cell area normalized to control (LD area [fold change]) in astrocytes
upon 24 hr treatment of brain tissue slices with various stress stimuli, separately for cortex (b) and hippocampus (c). n, number of independent
experiments, *p < .05 (ANOVA, Dunn's test). Data for every set of experiments were obtained from at least two different animals [Color figure
can be viewed at wileyonlinelibrary.com]

with Atip, a selective a,-AR antagonist, and Tera, a selective a1-AR
antagonist, reduced the NA-mediated increase in LD area in isolated
astrocytes (p < .05; Figure 6c), while Atip- and Tera-induced reduction
in LD accumulation was insignificant in cortical and hippocampal
astrocytes in brain tissue slices (Figure 7d). AR antagonists per se did
not affect the LD area in astrocytes (Figures S4 and S5).

These results imply that the NA-triggered increase in LD accumu-

lation in astrocytes is mediated via p- and ay-ARs.

3.7 | Mobility of LDs in isolated astrocytes is
calcium-dependent and reduced under nutrient
deprivation

To address the characteristics of LD mobility in astrocytes and to
determine whether LD mobility is affected by nutrient stress, we
monitored the mobility of Nile Red-labelled LDs in isolated astro-

cytes by real-time confocal microscopy in control and starved (24-hr
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FIGURE 5 Hypoxia and starvation increases the LD content and the percentage of LD-associated glial cells in the Drosophila brain.

(a) Representative fluorescence confocal images of adult Drosophila brains (left panels) labeled with lipid droplet (LD) marker Nile Red (red) and
expressing L10a-EGFP in glial cells (using the repo-Gal4 driver; green) isolated from control flies (Ctrl; n = 12, upper panel) and flies exposed to
hypoxia and starvation (Hypoxia + Starvation; n = 16, lower panel). Right panels show yellow framed regions at higher magnification. Yellow
arrowheads indicate cortical glial cells (green) associated with LDs (red). Shown are single optical sections, recorded by confocal microscope. Scale
bars: 100 um (left panels) and 20 pm (right panels). (b-e) Box plots (center, median; box, IQR [interquartile range]; whiskers, 10t and 90"
percentiles) of Nile Red-labelled area per cortical brain area (LD area [fold change]) normalized to control (b), number of LDs (c), LD diameter

(d) and percentage of LD-associated glial (Repo*) cells (e) in the brains from controls and flies exposed to hypoxia and starvation. Note that
exposure of flies to hypoxia and starvation increases the brain LD area, LD number, and the proportion of glial (Repo™) cells associated with LDs.
Only male flies were used. All experiments were performed under noncrowded conditions (<15 flies per vial) in duplicate. n, number of
independent experiments, *p < .05, **p < .01; Mann-Whitney Rank Sum Test (b and e) and Student's t-test (c) [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Noradrenaline increases the number and size of LDs in isolated astrocytes through activation of B-adrenergic receptors.

(a) Representative fluorescence images of isolated astrocytes incubated for 24 hr in growth medium without (Control; n = 6 [113 cells]) and with
various adrenergic receptor (AR) agonists, nonselective a-/f-AR agonist noradrenaline (NA; 100 uM; n = 4 [156 cells]), selective B-AR agonist
isoprenaline (Iso; 100 pM; n = 5 [114 cells]), selective ay-AR agonist dexmedetomidine (Dex; 50 nM; n = 3 [120 cells]), selective a;1-AR agonist
phenylephrine (PE; 100 uM; n = 4 [126 cells]), and labelled with LD marker BODIPY#7%/5% (green). Scale bar: 10 pm. (b, c) Box plots (center,
median; box, IQR [interquartile range]; whiskers, 10t and 90" percentiles) of LD marker stained area per total cell area normalized to control
(LD area [fold change]) in untreated astrocytes (Control; Ctrl) and in astrocytes exposed to (b) various AR agonists and (c) to NA (100 uM; n = 47
[98 cells]) in the presence of various AR antagonists, f-AR antagonist propranolol (1 uM; Prop + NA; n = 54 [121 cells]), a>-AR antagonist
atipamezole (10 pM; Atip + NA; n = 57 [124 cells]), and a4-AR antagonist terazosin (10 uM; Tera + NA; n = 56 [136 cells]). (d, e) Mean LD
diameter (d) and mean LD number per cell (e) in control untreated cells (Ctrl; n for LD diameter = 6 [14 cells] and n for LD number = 7 [73 cells])
and in cells exposed to NA (n for LD diameter = 9 [13 cells] and n for LD number = 11 [91 cells]) for 24 hr. The apparent LD diameter was
determined by structured illumination microscopy measuring the full width at half maximum (FWHM) of the BODIPY#?3/5%% flyorescence
intensity profile in two perpendicular directions (only the horizontal direction is displayed; d, left panel). Bars represent means + SEM. n, number
of independent experiments. *p < .05, **p < .01, and ***p < .001 versus control and #p < .05 versus NA (ANOVA, Dunn's test (b and c) and
Student's t-test (d and e)). (f) Frequency distribution of LD diameter in untreated controls (grey bars) and in cells treated with NA (striped bars) for
24 hr. Gaussian curves were fitted to LD diameter frequency distributions in untreated controls (black line; 287 analyzed LDs) and cells treated
with NA (red line; 498 analyzed LDs). The mean peak values of the curves are 449 + 8 nm in controls and 567 + 7 nm in NA-treated cells. Data
for every set of experiments were obtained from at least two different animals [Color figure can be viewed at wileyonlinelibrary.com]

exposure to ECS with 10 mM glucose) conditions before Gibson, 2005). Three parameters of LD mobility, TL, MD, and veloc-
(i.e., spontaneous mobility) and after stimulation with 100 uM ATP ity, were determined for each condition, as described (Potokar

to increase intracellular Ca?" levels (Bennett, Farnell, & et al., 2005).
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FIGURE 7 Noradrenaline-induced LD accumulation in brain tissue astrocytes through activation of - and a,-adrenergic receptors.

(a) Representative fluorescence images of brain tissue astrocytes stained with BODIPY#?%/5%% (BODIPY; green), antibodies against astrocytic
marker glial fibrillary acidic protein (GFAP, red), nuclear marker 4',6-diamidino-2-phenylindole (DAPI; blue), and merged images (Overlay)
incubated for 24 hr in growth medium without (Control; Ctrl, 25 mM glucose; number for cortex (n¢c) = 39 [403 cells]; number for
hippocampus (ny) = 38 [349 cells]) and with various adrenergic receptor (AR) agonists: nonselective a-/p-AR agonist noradrenaline (NA,

100 pM; ne = 27 [242 cells]; ny = 24 [164 cells]), selective -AR agonist isoprenaline (Iso; 100 uM; nc = 12 [100 cells]; ny = 13 [89 cells]),
a2-AR agonist dexmedetomidine (Dex; 50 nM; nc = 12 [99 cells]; ny = 10 [79 cells]), and a1-AR agonist phenylephrine (PE; 100 pM; nc = 14
[105 cells]; ny = 14 [124 cells]). Scale bars: 10 pm. (b-d) Box plots (center, median; box, IQR [interquartile range]; whiskers, 10" and 90"
percentiles) of BODIPY#7%/°%3_stained area per total cell area normalized to control (LD area [fold change]) (b, d) and number of
BODIPY*#?3/5%3_stained LDs per cell (c) in untreated control astrocytes (Ctrl) and (b, c) astrocytes exposed to various AR agonists and (d) NA
(100 pM) in combination with various AR selective antagonists (10 pM); B-AR antagonist propranolol (Prop + NA; nc = 12 [123 cells]; ny = 10
[64 cells]), ay-AR antagonist atipamezole (Atip + NA; nc = 11 [94 cells]; ny = 10 [93 cells]), and a41-AR antagonist terazosin (Tera + NA; nc = 12
[126 cells]; ny = 8 [65 cells]), separately for cortical (Cortex) and hippocampal (Hippocampus) tissue astrocytes. (€) Mean percentage of
BODIPY#?%/5%3_stained LDs per cell soma (black bars) and processes (white bars) in untreated control astrocytes (Ctrl; nc = 15 [111 cells];

ny = 15 [114 cells]) and astrocytes exposed to NA (nc = 10 [64 cells]; ny = 8 [48 cells]), separately for cortical and hippocampal brain area.
Bars represent means + SEM. n, number of independent experiments. *p < .05 versus Control and #p < .05 versus NA (ANOVA, Dunn's test
(b-d)), *p < .05 all pairwise (ANOVA, Dunn's test (e)), n.s., not significant. Data for every set of experiments were obtained from at least two
different animals [Color figure can be viewed at wileyonlinelibrary.com]
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A reduction in the mobility of LDs was observed under starvation
compared with controls; the mobility parameters were reduced: the
MD was significantly reduced by 26% (0.41 + 0.02 um [control] ver-
sus 0.31 = 0.02 um [starvation]; p < .05), while the TL and velocity
show a trend in reduction by 14% (1.73 + 0.06 um [n = 28, 1,316 LDs;
control] versus 1.49 £ 0.08 um [n = 8, 514 LDs; starvation]) and by
17% (0.06 + 0.00 pm/s [control] versus 0.05 + 0.00 pm/s [starvation];
Figure 8), respectively.

ATP stimulation, which increases cytosolic free Ca%* concentra-
tion (Horvat, Zorec, & Vardjan, 2016), reduced the mobility of LDs in
isolated astrocytes in control conditions. In control astrocytes, ATP
stimulation triggered a 9% decrease in TL (1.73 + 0.06 pm [spontane-
ous] versus 1.57 +0.07 pm [ATP]), a 12% decrease in MD
(0.42 £ 0.02 pm [spontaneous] versus 0.37 = 0.01 um [ATP]) and a

Velocity (um/s)

Track Length (um)

Max. Displacement (um)

FIGURE 8 Mobility of LDs is
reduced in glucose-deprived and
ATP-stimulated isolated cortical
astrocytes. (a-b, i) Representative
fluorescence images of Nile Red-
labelled isolated astrocytes
incubated for 24 hrin (a, i)
growth medium (Control; Ctrl,
25 mM glucose) and (b, i) under
nutrient deprivation (10 mM
glucose, Starv.). Red puncta
represent fluorescently labeled
lipid droplets (LDs). (a-b, ii and iii
[insets]) Trajectories of 50 Nile
Red-labelled LDs in a
representative cell 60 s before
(Spon.; upper panels) and 60 s
after stimulation with ATP (ATP,
100 uM; lower panels in control
(Ctrl) and under starvation
(Starv.). Insets (iii) show black-
boxed regions in (ii) at higher
magnification. Scale bar: 10 pm.
(c) Histograms of average LD
track length, maximal
displacement and velocity 60 s
before (Spon.) and 60 s after the
addition of ATP (ATP, 100 pM) in
control (Ctrl; black bars; n = 28
[1,316 LDs]) and under nutrient
deprivation (Starv.; white bars;

n = 8 [514 LDs]). All mobility
parameters were reduced by
>10% under nutrient deprivation
in spontaneous and in ATP-
stimulated conditions. *p < .05
(paired t-test), *p < .05 (ANOVA,
Dunn's test). Data for every set
of experiments were obtained
from at least two different
animals [Color figure can be
viewed at wileyonlinelibrary.com]
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17% decrease in velocity (0.06 £ 0.00 pm/s [spontaneous] versus
0.05 + 0.00 um/s [ATP]; p <.05). In starved astrocytes, the mobility
parameters were unchanged wupon ATP stimulation: TL
(1.49 £ 0.08 pum [spontaneous] versus 1.49 +0.09 pm [ATP]), MD
(0.31 £0.02 pm [spontaneous] versus 0.32 +0.03 pm [ATP]) and
velocity (0.05 +0.00 pm/s [spontaneous] versus 0.05 + 0.00 um/s
[ATP]; Figure 8).

Most of the LDs in control astrocytes exhibited a nondirectional
type of mobility within 60 s of analysis with MD <1 um (Potokar
et al., 2005). Only 48 of 1,316 LDs (3.65%) in spontaneous conditions
and 24 of 1,316 LDs (1.82%) upon ATP stimulation exhibited direc-
tional mobility with MD > 1 pm. In starved cells, under spontaneous
conditions and upon ATP stimulation, all LDs exhibited only non-
directional mobility with MD < 1 um (Figure Sé).
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These data indicate that LDs in resting astrocytes are relatively static
organelles. Prolonged starvation and acute ATP stimulation reduce LD
mobility, implying that the mobility of LDs in astrocytes is downregulated

by intracellular Ca®* increase and prolonged nutrient deprivation.

4 | DISCUSSION

During various brain pathologies, LDs were shown to accumulate in the
human brain, predominantly in glia, and to a lesser extent in neurons.
However, the LD biology and the mechanisms leading to LD accumula-
tion in CNS pathologies are poorly understood. Here, we provide evi-
dence that astroglial LDs are organelles of ~450 nm in diameter
important for normal astrocyte function exhibiting primarily low mobil-
ity, confined to the proximity of mitochondria and ER. This mobility is
further restrained by metabolic stress and stimulation of astrocytes.
The exposure of astrocytes to NA, the neuromodulator of the stress
response system in the CNS, and to metabolic and hypoxic stress facili-
tates the accumulation of LDs in astrocytes, increasing the number and
the size of LDs. The nature of this change in astrocytes may be viewed
as a support for energy provision but also to be neuroprotective against

the stress-induced accumulation of FFAs and lipotoxicity.

4.1 | Astroglial LDs are important for normal cell
function and exhibit limited mobility proximally to
mitochondria and ER

LDs were recognized in some non-adipose cells not only as passive
lipid storage organelles, providing substrates for energy metabolism
and membrane synthesis, but also as dynamic, mobile organelles inter-
acting with other intracellular compartments, that, depending on the
cell type, can play a role in a number of additional cellular functions
(Barbosa & Siniossoglou, 2017; Kilwein & Welte, 2019; Olzmann &
Carvalho, 2019; Thiam, Farese, & Walther, 2013). However, there is
limited knowledge on the characteristics of LDs in astrocytes. We
found that ~35% of isolated cortical astrocytes at basal conditions
contain LDs of ~450 nm in diameter. When de novo biogenesis of
LDs was attenuated by inhibition of DGAT1 and DGAT2 enzymes,
the astrocyte cell number was reduced by ~40%, suggesting that LDs
in astrocytes are important for the maintenance of cell cycle and/or
cell survival.

LDs were typically clustered near the nucleus and located in the
vicinity of (and may even directly associate with) mitochondria and ER
as determined with SIM and TEM. This is consistent with previous
studies in adipocytes (Blanchette-Mackie & Scow, 1983; Brasaemle &
Wolins, 2012; Freyre, Rauher, Ejsing, & Klemm, 2019; Novikoff,
Novikoff, Rosen, & Rubin, 1980), skeletal muscle cells (Shaw
et al, 2008) and different cell lines (Herms et al., 2015; Rambold
et al., 2015). In brain tissue slices, ~70% of astrocytes in basal condi-
tions contained LDs, which were observed not only in soma but also
inside astrocytic processes. In cortical astrocytes, the proportion of

LDs was higher in processes than in soma, while in hippocampal

astrocytes, the distribution of LDs between processes and soma was
similar. The LD-mitochondria contact sites may allow direct transport
of FFAs from the LD core to the mitochondrial matrix for -oxidation
(Gao & Goodman, 2015; Herms et al., 2015; Pu et al., 2011; Rambold
et al., 2015), whereas LD-ER contacts likely indicate sites of de novo
biogenesis of LDs (Robenek et al., 2006; Walther & Farese, 2012).
Besides their essential role in lipid oxidation, mitochondria may also
provide building blocks, energy, and redox equivalents for de novo
lipogenesis, triglyceride synthesis, and LD assembly within the ER
(Benador, Veliova, Liesa, & Shirihai, 2019; Petan, 2020). Therefore,
the interactions between mitochondria and LDs observed in astro-
cytes may also be anabolic in nature, a hypothesis that remains to be
tested in future studies. In contrast to mitochondria and ER, LDs do
not show any major colocalization with other astroglial cellular organ-
elles tested, including SSLVs, peptidergic vesicles, and acidic compart-
ments (e.g., lysosomes, autophagosomes).

LDs must exhibit a certain degree of mobility to ensure their
interaction with other organelles. We provide evidence that LDs in
astrocytes display limited mobility. In comparison with astroglial
secretory vesicles, they exhibit one order of magnitude lower average
velocity (~60 nm/s) with the exception of late endolysosomes, which
exhibit limited mobility similar to LDs (Potokar, Stenovec, Kreft,
Gabrijel, & Zorec, 2011). More than 95% of LDs jittered with an aver-
age velocity of ~60 nm/s in a confined area displaying MDs < 1 um
within the recording time of 1 min, suggesting motion around a teth-
ered point at mitochondria or ER. Only a minority (<5%) of LDs
exhibited directional, likely cytoskeleton-associated, mobility
(Kilwein & Welte, 2019; Potokar et al., 2005), with MDs >1 um and
average velocity of ~110 nm/s. The relatively faster directional mobil-
ity might be important for the delivery of LDs to contact sites with
other cellular organelles, such as mitochondria, ER, other LDs, with
the mission to exchange lipids (Kilwein & Welte, 2019), or to the
plasma membrane and subsequent extrusion from astrocytes (Falchi
et al., 2013). However, we have not observed any LD-plasma mem-
brane fusion events during our recording time. Prolonged starvation
and stimulation of astrocytes with ATP, which mobilizes intracellular
Ca?* in astrocytes (Bennett et al., 2005; North & Verkhratsky, 2006),
attenuates LD mobility in astrocytes. Such reduction in LD mobility
could strengthen the connection between LDs and mitochondria or
ER, enhancing the transport of lipids from the LDs to cellular organ-

elles and vice versa during times of starvation or stimulation.

4.2 | Astrocytes accumulate LDs in response to
metabolic and hypoxic stress

Astrocytes are crucial for the homeostatic regulation of CNS metabo-
lism. They uptake energy substrates, such as glucose and FFAs, from
the blood circulation and can store them in the form of glycogen (Bak,
Walls, Schousboe, & Waagepetersen, 2018) and, under conditions
related to CNS pathologies, in LDs (Barber & Raben, 2019). In con-
trast, neurons are not energy-storing cells and do not normally contain
glycogen (Barros, 2013) or LDs (Barber & Raben, 2019). Compared to
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glycogen, the role of astroglial LDs in the CNS is much less studied.
Environmental nutrient and hypoxic stress have been linked to the
formation of LDs in some non-adipocyte cell types (Henne
et al., 2018) and might also trigger LD accumulation in glial cells when
nutrient and oxygen supplies in diseased CNS regions are limited,
completely depleted, or even in excess.

We show here that exposure of astrocytes in pure cultures and
brain tissue slices to nutrient deprivation facilitates accumulation of
LDs, increasing the number and the size of LDs. Most likely, astro-
cytes under starvation convert their own structural components of
membranes into energy-rich FFAs and use them as an alternative
energy source in mitochondrial f-oxidation. However, to prevent
cytotoxic effects of the released FFAs, they first esterify FFAs into
energy-rich molecules (TAGs) and pack them into LDs (Farmer
et al, 2019; Nakajima, Gotoh, Fukasawa, Murakami-Murofushi, &
Kunugi, 2019; Nguyen et al., 2017; Rambold et al., 2015). Consistent
with this, we show here that selective inhibition of DGAT1 and
DGAT2, enzymes responsible for the final steps of TAG synthesis,
was sufficient to prevent starvation-induced LD biogenesis in isolated
astrocytes. In the brain tissue, besides endogenous lipids, the external
lipids derived from other cell types may also represent a lipid source
for LD formation in astrocytes. Consistent with the astroglial capacity
to store FFAs in LDs, isolated astrocytes (Kis et al., 2015; Nakajima
et al., 2019) and brain tissue astrocytes exposed to an excess of extra-
cellular FFAs (OA) accumulate LDs. FFAs can be mobilized from LDs
for mitochondrial B-oxidation either by cytosolic lipases (Chaves,
Frasson, & Kawashita, 2011; Etschmaier et al, 2011; Zechner,
Madeo, & Kratky, 2017) or by autophagosomal degradation of LDs
(K. Liu & Czaja, 2013; Ouimet et al., 2011; R. Singh et al., 2009). Star-
vation for 24 hr to induce autophagy did not trigger any increase in
the content of the autophagosomal marker LC3 (data not shown),
however, the extent of colocalization between the LDs and the
autophagosomal marker LC3 in astrocytes exposed to 24 hr starvation
was increased by 30%, suggesting a potential association of some LDs
with autophagosomes during starvation (Rambold et al., 2015). During
states of hypoglycemia, by accumulating LDs, astrocytes might switch
from glucose to lipid metabolism, which can increase astroglial viabil-
ity in times of prolonged glucose deprivation, as observed in a glioma
LN18 cell line (Cabodevilla et al., 2013). This way they spare any
remaining glucose for neuronal metabolism, because FFAs can be
used as a fuel mostly by glial cells, whereas neurons are too vulnerable
to ROS generated during p-oxidation (Bruce et al., 2017; Panov,
Orynbayeva, Vavilin, & Lyakhovich, 2014; Schonfeld & Reiser, 2013).
Given that astrocytes are ketogenic cells, FFAs from astroglial LDs
might also be converted under brain tissue starvation into ketone
bodies, which can be transported to neurons as an alternative source
of energy (Guzman & Blazquez, 2001, 2004), increasing neuronal via-
bility. This needs to be further examined.

Most CNS pathologies, including ischemia, injury, cancer, and
neurodegeneration, are associated not only with hypoglycemia but
also with hypoxia (X. Guo, Namekata, Kimura, Harada, &
Harada, 2017; Kawabori & Yenari, 2015; Laurenti et al, 2011;
Petan, 2020; Petan et al., 2018; Zoula et al., 2003), favoring anaerobic

metabolism with glycolytic production of L-lactate, which exits neural
cells and may accumulate in extracellular space, causing
hyperlactatemia (Proia, Di Liegro, Schiera, Fricano, & Di Liegro, 2016).
The physiological concentration of extracellular L-lactate in the brain
(~0.1-1.4 mM) can increase to >10 mM in the above-mentioned
pathologies (Mosienko et al., 2015), which could also affect the
astroglial LD metabolism. Exposure of isolated and brain tissue astro-
cytes for 24 hr to an increased extracellular L-lactate concentration
(20 mM) under normoxic and normoglycemic conditions facilitated LD
accumulation. Exogenous L-lactate may enter astrocytes through lac-
tate monocarboxylate transporters and lactate channels (Sotelo-
Hitschfeld et al., 2015), to be used as a metabolic substrate for de
novo FFA synthesis, as shown in oligodendrocytes (Sanchez-Abarca,
Tabernero, & Medina, 2001) and neurons, where lactate is
decarboxylated in mitochondria and the resulting acetyl-CoA gener-
ates FFAs (loannou et al., 2019; L. Liu et al., 2017). This could trigger
LD accumulation to protect astrocytes from FFA overload and lipo-
toxicity (Bailey et al., 2015; loannou et al., 2019; L. Liu et al., 2017;
L. Liu et al., 2015). In tissue slices, it is also possible that L-lactate
enters neurons first, where it is transformed to FFAs and subse-
quently transported to astrocytes. This was addressed in recent stud-
ies demonstrating that astroglial L-lactate entering neurons via ANLS
is the driving force for FFA production in stressed overstimulated
neurons. Lactate-derived FFAs are then transported from neurons to
astrocytes in vesicles containing apolipoprotein E-like particles and
stored in astroglial LDs, because astrocytes, in contrast to neurons,
have the capacity to use FFAs in B-oxidation and fight the mitochon-
drial overproduction of ROS during B-oxidation (Bailey et al., 2015;
loannou et al., 2019; L. Liu et al., 2017; L. Liu et al., 2015). Moreover,
increased extracellular L-lactate concentrations may also activate cell
surface G-protein coupled receptor 81 (half-maximal effective con-
centration ~ 5 mM; C. Liu et al., 2009), located on the surface of brain
cells (Lauritzen et al., 2014; Morland et al., 2015), as in adipocytes
(Ahmed et al., 2010; C. Liu et al., 2009). This may downregulate the
formation of cytosolic cAMP, thus inhibiting the activity of cAMP-
dependent lipolytic enzymes and lipolysis, promoting energy storage
in LDs, as observed in myotubes (Sun, Ye, Xie, & Ye, 2016).

Moreover, our studies demonstrate that hypoxic stress, a com-
mon etiology of various CNS diseases, induced by hypoxia (1% O, for
24 hr) in normoglycemic conditions triggers LD accumulation in iso-
lated astrocytes. Astroglial LD accumulation may be induced by a
potentiation of glycolytic lactate production under hypoxia, which can
in turn trigger FFA production from L-lactate and storage of excess
FFAs in astroglial LDs, as discussed. Hypoxia also triggers increased
ROS production (Islam et al., 2019). If the ROS production is much
higher than the cellular antioxidant capacity, it can induce peroxida-
tion of membrane lipids (also proteins and nucleic acids), particularly
polyunsaturated fatty acids, both in astrocytes and neurons. Under
oxidative stress, polyunsaturated fatty acids were shown to be trans-
ferred from cell membranes to the glial LD core, where they are less
vulnerable for lipid peroxidation chain reaction (Bailey et al., 2015).
Consistent with this, cultured astrocytes with LDs were shown not

only to upregulate genes to neutralize ROS but also genes involved in
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FIGURE 9 Stressed astrocytes accumulate LDs. LDs in astrocytes are organelles with limited mobility positioned in close proximity to
mitochondria and ER most likely to enable a stronger interaction between these organelles and thus more efficient p-oxidation and LD biogenesis,
respectively. Noradrenaline, a brain stress-response system neuromodulator, metabolic stress (nutrient deprivation, excess of free FAs, and
L-lactate), and hypoxic stress strongly increase LD accumulation in astrocytes by increasing the number and the size of LDs. Noradrenaline
increases LD accumulation through activation of - and az-ARs. Accumulation of LDs in stressed astrocytes may be viewed as a support for
energy provision, but may also provide neuroprotection against the stress-induced lipotoxicity. AR, adrenergic receptor; ER, endoplasmic
reticulum; FAs, fatty acids; LD, lipid droplet [Color figure can be viewed at wileyonlinelibrary.com]

FFA transport and metabolism, likely promoting accumulation of LDs
and p-oxidation (loannou et al., 2019). Fatty acid-binding protein
7 was recently proposed to protect isolated astrocytes exposed to a
combination of chronic hypoxia and hypoglycemia from ROS toxicity
by LD formation (Islam et al., 2019). Moreover, chronic hypoxia can
trigger activation of the HIF-1 and HIF-2 pathways in astrocytes
(M. Guo et al., 2019), which may activate transcription factors altering
the expression pattern of proteins involved in lipid transport and lipid
metabolism, favoring LD accumulation in astrocytes, as observed in
other cell types (Furuta et al., 2008; Krishnan et al., 2009; Sekiya,
Hiraishi, Touyama, & Sakamoto, 2008).

Moreover, hypoxia and starvation triggered accumulation of LDs
in the Drosophila brain, indicating that the systemic response to hyp-
oxic and nutrient stressors involves accumulation of LDs in the brain
in vivo. LDs were observed to associate with glial cells, which is con-
sistent with results obtained from the larval Drosophila brain (Bailey
et al., 2015; Kis et al., 2015), implying involvement of glial cells in the
LD metabolism in adult Drosophila brain. During extreme conditions,
where the energy demands are increased, Drosophila energy provision
largely depends on the fat body (functional equivalent to mammalian
adipose tissue and liver), the major lipid storage site. The lipids stored
in the fat body may be transported to target sites under stress
(Toprak, Hegedus, Dogan, & Guiney, 2020), including the brain. Thus,
upon hypoxia and starvation flies may utilize fat sources from the fat
body or other organs for LD accumulation in the brain (Henne
et al.,, 2018; Schulz et al., 2015).

Taken together, these data indicate that although glial LD accu-

mulation has been associated with neuronal signals, we show here

that not only tissue-associated astrocytes, but also isolated astrocytes
cut off from neural signals possess mechanisms to respond to pro-
longed nutrient and hypoxic stress with LD accumulation. Accumula-
tion of LDs may help stressed astrocytes to resist FFA overload and
lipotoxicity and to promote energy metabolism. All of which may also
contribute and augment neural cell viability during CNS pathologies.

4.3 | Stress-related noradrenergic activation
triggers LD accumulation in astrocytes via - and
(XQ'ARS

Astrocytes express all types of ARs and may respond to activation of
the stress response locus coeruleus-noradrenergic system, which
releases NA, with changes in intracellular Ca?" and cAMP levels,
affecting many aspects of astrocyte physiology, including glucose
metabolism (Bélanger et al., 2011; O'Donnell, Zeppenfeld, McConnell,
Pena, & Nedergaard, 2012). Here, we show for the first time that NA
also affects astroglial LD metabolism. Long-term exposure (24 hr) of
isolated and brain tissue astrocytes to NA leads to LD accumulation
by increasing the number and the size of LDs. LD accumulation was
mediated via activation of p- and ay-ARs, whereas activation of
a1-ARs did not significantly affect it. These findings are consistent
with the results in adipocytes, where a;-AR/Ca®* signaling is not
involved in the regulation of lipid metabolism (Duncan, Ahmadian,
Jaworski, Sarkadi-Nagy, & Sul, 2007), whereas a,-AR-mediated down-
regulation of cAMP synthesis inhibits lipolysis and promotes LD accu-

mulation (Chaves et al., 2011). Surprisingly, in contrast to our results
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on astrocytes, where the prolonged activation of p-ARs triggers LD
accumulation, in other cell types, including adipocytes (Chaves
et al., 2011), hepatocytes (Schott et al., 2017), and myocytes (Morales,
Bucarey, & Espinosa, 2017), activation of the B-AR/cAMP pathway
promotes lipolysis by activating cAMP-dependent protein kinase A,
which phosphorylates adipose triglyceride lipase, hormone-sensitive
lipase, and perilipin-1, causing LD degradation. -AR/cAMP activation
in astrocytes could trigger metabolic (Dienel & Cruz, 2016) and tran-
scriptional responses (Pardo et al., 2017). It upregulates glycogenoly-
sis, aerobic glycolysis, and lactate production in astrocytes (Dienel &
Cruz, 2016; Vardjan et al., 2018) and accumulated L-lactate could trig-
ger de novo synthesis of FFAs and storage of FFAs in astroglial LDs
(L. Liu et al., 2017). B-AR activation also activates transcriptional factor
cAMP-response element-binding protein (CREB), which upregulates
transcription of some genes involved in lipid metabolism in astrocytes,
but not in neurons (Pardo et al., 2017), and may promote LD accumu-
lation selectively in astrocytes. Interestingly, besides LD accumulation,
long-term noradrenergic activation also triggers upregulation of glyco-
gen synthesis in astrocytes via p-AR and CREB-dependent gene tran-
scription as well as via acute a,-AR stimulation (Hertz, Chen, Gibbs,
Zang, & Peng, 2004), suggesting that f- and a-AR signaling are
involved in noradrenergic upregulation of both glucose (i.e., glycogen)

and lipid storage (i.e., LDs) mechanisms in astrocytes.

5 | CONCLUSIONS

We show here that LDs in astrocytes are organelles of ~450 nm in
diameter, positioned in the soma and inside astrocytic processes in
close proximity to mitochondria and ER. They exhibit limited but reg-
ulated mobility. Upon starvation and stimulation, LD mobility is
decreased, likely enabling a stronger connection between LDs and
mitochondria or ER for efficient B-oxidation or LD biogenesis,
respectively. Stress-related noradrenergic activation and metabolic/
hypoxic stress facilitate LD accumulation in isolated astrocytes in the
absence of neuronal signals and in brain tissue astrocytes, increasing
the number and the size of LDs (Figure 9). These may promote FFA
energy metabolism in stressed astrocytes and protect neural cells
from stress-induced overload of lipids and lipotoxicity in brain

pathologies.
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