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Abstract  25 

Under physiological conditions in vivo astrocytes internalize and degrade neuronal mitochondria in a process 26 

called transmitophagy. Mitophagy is widely reported to be impaired in neurodegeneration but it is unknown 27 

whether and how transmitophagy is altered in Alzheimer’s disease (AD). Here we report that the internalization 28 

and degradation of neuronal mitochondria are significantly increased in astrocytes isolated from aged AD mouse 29 

brains. We also demonstrate for the first time a similar phenomenon between human neurons and AD astrocytes, 30 

and in murine hippocampi in vivo. The results suggest the involvement of S100a4 in impaired mitochondrial 31 

transfer between neurons and aged AD astrocytes. Significant increases in the mitophagy regulator Ambra1 were 32 

observed in the aged AD astrocytes. These findings demonstrate altered neuron-supporting functions of aged AD 33 

astrocytes and provide a starting point for studying the molecular mechanisms of transmitophagy in AD. 34 

Keywords 35 

 Alzheimer’s disease; astrocytes; mitochondria; mitophagy; transmitophagy 36 

1. Introduction  37 

Alzheimer’s Disease (AD) is a major cause of dementia, a progressive neurodegenerative disorder with increased 38 

risk upon aging. The pathology of the AD is typified by extracellular beta-amyloid plaques (Aβ), intracellular 39 

neurofibrillary tangles, neuronal loss, neuroinflammation and oxidative stress. However, despite extensive 40 

research, the actual causes of neurodegeneration remain unclear and there is no cure for the disease. (Lane et al., 41 

2018)  42 

The brain is an organ with an exceptionally high energy need. The mitochondria are central for energy metabolism, 43 

converting glucose to adenosine triphosphate (ATP) via oxidative phosphorylation. Glucose is considered to be 44 

the main energy source for neurons, and thus the brain is highly sensitive to changes in the mitochondrial function 45 

of cells. In addition, mitochondria are central for maintaining calcium homeostasis and various cell signaling 46 

pathways. Given that upon damage mitochondria release apoptotic factors such as cytochrome c, and that the 47 

mitochondria are a major source of reactive oxygen species (ROS), maintenance of healthy mitochondria is highly 48 
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important for cellular well-being. Mitochondria quality is controlled by fusion and fission, intracellular 49 

localization, and permanent degradation of dysfunctional mitochondria via mitophagy. Impairments in mitophagy, 50 

selective form of autophagy, cause the intracellular accumulation of damaged mitochondria and are associated 51 

with adverse effects for the health of the brain cells. Cells with especially high risk are the long-lived neuronal 52 

cells. (Wang et al., 2020) 53 

 Mitochondrial dysfunction is associated with AD-induced neurodegeneration and aging. Synaptic mitochondria 54 

accumulate beta-amyloid (A)1-40 and A1-42, leading to impaired mitochondrial function and dynamics in neurons 55 

(Wang et al., 2016) . A reduction in mitochondrial number and altered phenotypes are observed in the presynaptic 56 

regions of neurons of AD patients  (Pickett et al., 2018) . Given that neurons are post-mitotic cells, they also 57 

accumulate dysfunctional mitochondria upon aging. Furthermore, defective mitophagy is observed in AD-affected 58 

neurons (Ye et al., 2015) and AD patient brains have reported to contain reduced levels of autophagy-inducing 59 

protein beclin 1 (Pickford et al., 2008) . Deficiency in beclin 1 have been shown to enhance Aβ deposition in mice 60 

modeling AD as well (Pickford et al., 2008). 61 

The majority of studies deciphering aging- and AD-associated changes in mitochondria have in the past focused 62 

on neurons. Only relatively recently, astrocytes have started to gain larger interest due to their essential roles in 63 

maintaining brain health and implications in disease. Astrocyte reactivity is a common feature observed both in 64 

AD and upon aging (Clarke et al., 2018; Liddelow et al., 2017). Accumulation of Aβ1-42 causes adverse effects in 65 

astrocytes by impairing their mitochondrial function (Yao et al., 2018) and causing autophagy inhibition (Hong et 66 

al., 2018). However, to date, there are no reports assessing mitophagy in AD-affected astrocytes. 67 

To meet the requirements for functional mitochondria, many cell types have been reported to be capable of 68 

transcellular mitochondrial movement. For example, transfer of mitochondria from mesenchymal stem cells to 69 

damaged or stressed cells of various cell types has been shown to be an important means of cellular regeneration 70 

and repair (Soundara Rajan et al., 2020) . Tunneling nanotubes (TNTs) are suggested as one possible means of 71 

mitochondrial transfer between cells (Rustom et al., 2004; Soundara Rajan et al., 2020). Transmitophagy, the 72 

transfer of mitochondria to neighboring cells specifically for degradation, was termed for the first time by (Davis 73 
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et al., 2014). The authors reported that degradation of retinal ganglion cell axon mitochondria occurs inside 74 

adjacent astrocytes under normal physiological conditions. Recently, mitophagy of dopaminergic neuron 75 

mitochondria was also suggested to be completed in neighboring astrocytes via spheroid-mediated transmitophagy. 76 

It was suggested that the aging of the astrocytes could lead to a failure in spheroid-mediated transmitophagy and 77 

in this way take part in the pathogenesis of Parkinson’s disease. (Morales et al., 2020) 78 

Astrocytes are acknowledged to be critical for brain health, and to be affected by neurodegenerative diseases, but 79 

their functions related to mitochondria are less studied. The field is lacking detailed knowledge on the role of 80 

astrocytic mitophagy and transmitophagy in AD. Here we assessed how AD alters astrocytic functions related to 81 

neuronal support with a specific focus on mitochondria-related mechanisms, including transmitophagy. We were 82 

interested whether the AD-affected astrocytes are capable of internalizing and degrading neuronal mitochondria 83 

and whether the process is possibly altered due to AD-related changes in the basic functions of the astrocytes or 84 

their mitochondria. 85 

2. Material and methods 86 

2. 1. Animals 87 

All experiments were approved by the National Animal Experiment Board of Finland and performed according to 88 

the animal protection guidelines of the Council of the European Union. The mouse lines used in this study were 89 

5xFAD (on a C57BL/6J background) and C57BL/6J. The 5xFAD mice express human amyloid precursor protein 90 

(APP) and presenilin 1 (PS1) as transgenes with a total of five mutations causing familial AD (FAD) in these 91 

transgenes, three mutations in the APP (K670N/M671L, I716V, and V717I) and two in the PS1 (M146L and 92 

L286V) (Oakley et al., 2006). 93 

2.2. MitoEGFPmCherry and GFP lentiviral constructs 94 

The plasmid for MitoEGFPmCherry was kindly provided by Professor Marsh-Armstrong, University of 95 

California, Davis (Davis et al., 2014). The plasmid was used to re-clone the transgenes to pCDH lentivirus transfer 96 

vector, in order to produce third generation lentiviral vectors. The production and purification of the lentiviral 97 
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vectors were carried out at the laboratory of Docent Andrii Domanskyi, University of Helsinki. In the lentiviral 98 

vector the transgene expression was driven by the human synapsin (hSYN) gene promoter. The construct used in 99 

this study for astrocytes took advantage of a human phosphoglycerate kinase (hPGK) promoter to drive ubiquitous 100 

expression of green fluorescent protein (GFP) in the cells. This was produced by the Biocenter Kuopio Viral Gene 101 

Transfer Core.  102 

2.3. Primary adult astrocyte cultures 103 

The primary astrocytes were harvested from 2-3-, 5-6- and 10-12-month-old (mo) 5xFAD mouse brains as 104 

described in (Iram et al., 2016; Konttinen et al., 2019) with the following modifications. Briefly, the brains without 105 

cerebellum, olfactory bulb and brainstem were dissociated to single cell suspension with Adult Brain Dissociation 106 

kit (Miltenyi Biotech, Bergisch Gladbach, Germany) following the manufacturer’s instructions. The cells were 107 

cultured in DMEM/F-12 with GlutaMAX supplemented with 10% iFBS and 1% P/S (all Thermo Fisher Scientific 108 

, Waltham, MA, USA)  on poly-D-lysine (Sigma-Aldrich, Saint Louis, MO, USA) coated 6-wells. The medium 109 

was changed daily for the 7 first days. The cells were split on day 7-8 in vitro (DIV) and on 10-11 DIV to expand 110 

the cultures. The cells were used for experiments at 14-26 DIV. 0.25% Trypsin–EDTA was used for detaching the 111 

cells. For studying internalization of neuronal mitochondria by astrocytes, the primary astrocytes were transduced 112 

with the lentivirus vector driving GFP expression in the cells with MOI 5 or 7 for 48 hours. The proportion of 113 

different cell types in the murine adult astrocyte cultures were assessed with qPCR and immunostaining for several 114 

markers of astrocytes, neurons, and microglia. The adult astrocyte cultures contain more than 80-85 % of astrocytes 115 

and a small proportion of other glial cells. Neurons were not detected in the cultures. 116 

2.4. Primary cortical neuronal cultures 117 

Primary cortical neuron cultures were prepared using the cortices of C57BL/6J mice on embryonic day 15 as 118 

described in (Loppi et al., 2021). The cells plated for experiments on poly-D-lysine coated plates (10 µg/ml in 119 

water, Sigma-Aldrich) in Neurobasal media supplemented with 2% B27, 1% penicillin-streptomycin (10,000 120 

U/ml) (all Thermo Fisher Scientific) and 0.5 mM L-glutamine (Lonza, Walkersville, MD, USA). On 4 or 5 DIV, 121 
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half of the media was replaced with fresh media to supply the cells with efficient amount of nutrients, unless the 122 

neurons were transduced or stained with mitochondria-targeted dye already on 2 DIV. The cells were used for 123 

experiments on 6-7 DIV. 124 

2.5. Primary neuron-astrocyte co-cultures 125 

Primary cortical neurons were plated on 24-well plates in Neurobasal media supplemented with 2% B27, 1% 126 

penicillin-streptomycin (10,000 U/ml) (all Thermo Fisher Scientific) and 0.5 mM L-glutamine (Lonza) with 127 

200000 neurons/well for the MTT assay and 120000 neurons/well for live cell imaging with rhodamine 123 dye. 128 

Primary astrocytes were seeded on 24-well transwells with 0.4 µm pore size (Sarstedt AG & Co. Nümbrecht, 129 

Germany) with 5000 astrocytes/transwell for 1-2 days before transferring the transwells on top of the wells with 130 

cortical neurons. The two cell types were co-cultured for a total of 2 days before experiments were carried out. 131 

The cells were exposed to 250 µM glutamate (Sigma-Aldrich) for 24 hours before the MTT assay or live cell 132 

imaging with rhodamine 123 dye.  133 

For assessing the internalization and degradation of neuronal mitochondria by astrocytes, the primary neurons 134 

were plated in µ-Slide 8 wells at 100 000 neurons/well (ibidi GmbH, Gräfelfing, Germany). At 2 DIV, the neuronal 135 

cells were either transduced with the LV-mito-EGFP-mCherry-msSODUTR with MOI 1 for 24 hours or stained 136 

for 30 minutes at +37 ̊C with 100 nM MitoTracker Red CMXROS dye (Thermo Fisher Scientific). Three days 137 

after labeling the neuronal mitochondria either with the lentivector or MitoTracker, the primary astrocytes were 138 

seeded in co-cultures with the neurons. The cells were grown in co-cultures for 48 hours before fixing the cells 139 

with 4% formaldehyde. 140 

2.6. iPSC-derived neuron- and astrocyte-like cultures 141 

The induced pluripotent stem cells (iPSCs) used in this study were derived from control subjects described 142 

previously (Tiihonen et al., 2019). The iPSC lines were generated and differentiated to astroglial cells and neuronal 143 

cells using previously described protocols (Oksanen et al., 2017; Tiihonen et al., 2019). On day 4, after plating the 144 

neuronal cells as 75 000 cells/cm2 onto poly-ornithinine/Matrigel-coated glass coverslips, the neuronal cells were 145 
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transduced with the LV-mito-EGFP-mCherry-msSODUTR at MOI 1 for 24 hours. The astrocyte progenitor cells 146 

derived from spheres were further maturated for one week in astrodifferentiation medium (DMEM/F12 147 

supplemented with 1% N2 supplement, 1% Glutamax, 1% non-essential amino acids, 0.5% penicillin/streptomycin 148 

(50 IU/50 μg/mL), 0.5 IU/mL heparin (LEO Pharma, Ballerup, Denmark), 10 ng/mL bFGF and 10 ng/mL EGF 149 

(both growth factors from PeproTech EC Ltd., London, UK) prior to plating in co-culture with neurons. Following 150 

maturation, the astrocytes were detached with Accutase (STEMCELL Technologies, Vancouver, Canada) and re-151 

plated in neural sphere medium at 10 000 astrocytes/cm2 on top of the lentivector-transduced neurons. Cells were 152 

grown as mixed cultures for 7 days prior to fixing the cultures with 4% paraformaldehyde. 153 

2.7. Intracerebral injections of MitoEGFPmCherry lentivirus 154 

In vivo, the localization of neuronal mitochondria inside 5xFAD mouse astrocytes was assessed following 155 

intracerebral injection of the LV-mito-EGFP-mCherry-msSODUTR to the hippocampi of 6 mo 5xFAD mice. The 156 

vector was injected in the volume of 2.5 µl into the dentate gyrus region of the hippocampus by using the following 157 

coordinates: ±3.2 mm medial/lateral, −2.7 mm anterior/posterior, −2.7 mm dorsal/ventral from the bregma as 158 

described previously (Kanninen et al., 2009). One week after the intracerebral injection with the viral vector, the 159 

mice were deeply anesthetized, perfused transcardially with heparinized saline and the brains were immersion-160 

fixed in 4 % PFA for 22h as described previously (Kanninen et al., 2009). Following cryoprotection in sucrose 161 

solution, the brain tissues were frozen in liquid nitrogen and cut as 20 µm sections with cryostat (Leica 162 

Microsystems GmH, Wetzlar, Germany). 163 

2.8. Immunocytochemistry  164 

The co-cultures of lentivector-transduced murine primary neurons and astrocytes were fixed with 4% 165 

formaldehyde in DPBS for 20 minutes, permeabilized with 0.2% Triton X-100 in DPBS for 30 minutes and the 166 

nonspecific binding of antibodies was blocked with incubation with 5% normal goat serum in DPBS for 30 minutes 167 

at room temperature. For immunostaining of the astrocytes, the co-cultures were incubated first with primary 168 

antibody for glial fibrillary acidic protein (GFAP, 1:400, Z033429-2, Dako, Glostrup, Denmark) prepared in 5% 169 
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NGS in DPBS overnight at +4 ̊C following an incubation with Alexa Fluor405 (A31556, Thermo Fisher Scientific, 170 

1:500) or Alexa Fluor680 (A31556, Thermo Fisher Scientific, 1:2000) secondary antibodies prepared in 5% NGS 171 

in DPBS for 2 h at room temperature. For iPSC-derived neuron- and astrocyte-like cultures, the protocol for 172 

immunocytochemistry was similar with only minor modifications. The co-cultures were fixed with 4% PFA, 173 

permeabilized with 0.25% Triton X-100 in DPBS for 1h at room temperature and the blocking with 5% normal 174 

goat serum was extended for 1h. The primary antibody against GFAP (Dako, Z033429-2) was used at 1:500 175 

dilution and Alexa Fluor405 secondary antibody at 1:500 dilution. The coverslips were mounted on glass slides 176 

with Vectashield mounting medium (Vector Laboratories INC, Burlingame, CA, USA) for fluorescence with 4′,6-177 

diamidino-2-phenylindole (DAPI). 178 

For visualizing tunneling nanotubes, the co-cultures of MitoTracker CMXROS labeled primary E15 neurons and 179 

astrocytes derived from adult WT or 5xFAD mouse brain were first fixed with 4% formaldehyde and then labelled 180 

with Alexa Fluor 488 Phalloidin dye (Thermo Fisher Scientific) according to the manufacturer’s instructions. Co-181 

cultures were imaged with a Zeiss Axio Observer inverted microscope with LSM800 confocal module with 63x 182 

objective and ZEN software v.2.3 (Carl Zeiss AG, Oberkochen, Germany). For the experiments studying the 183 

induction of TNT-like structures with H2O2, the neurons were treated with 1 µM H2O2 for 2 h prior labeling the 184 

neurons with Mitotracker CMXROS dye. 185 

2.9. Immunohistochemistry 186 

Mouse brain cryosections for studying transmitophagy in vivo were blocked with 10% normal goat serum for 30 187 

minutes at room temperature and incubated with an anti-GFAP primary antibody (Dako, Z033429-2, 1:500 188 

dilution in 5% normal goat serum) overnight at room temperature. Next, the sections were washed with PBS 189 

containing 0.2% Tween20 (Sigma-Aldrich) and incubated with Alexa Fluor 405 (A31556, Thermo Fisher 190 

Scientific, 1:500 dilution in 5% normal goat serum) for 2 h at room temperature. After washes with PBS containing 191 

0.2% Tween20 the sections were embedded with Fluoromount-G mounting medium (SouthernBiotech, 192 

Birmingham, AL, USA).  193 
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To study neuronal localization of S100a4 in the hippocampal area of 12 mo WT and 5xFAD mice, the mice were 194 

deeply anesthetized and transcardially perfused as described above. The brains were post-fixed in 4% PFA for 21h 195 

at +4 ̊C, cryoprotected with immersion to 30% sucrose for 48h at +4 ̊C and finally frozen at -70 C̊ prior sectioning. 196 

The 20 µm sagittal sections of one hemisphere were cut with 400 µm interval. The sections were rehydrated 197 

overnight in 0.1 M PB and washed with 1xPBS before antigen retrieval with boiling the sections in 10mM citrate. 198 

Endogenous peroxidases were blocked by treating sections with 0.3% H2O2 in methanol for 30 minutes. Next, the 199 

sections were blocked with 0.5% Mouse on Mouse Blocking Reagent (Vector Laboratories, MKB-2213) for 1h at 200 

RT with following blocking with TSA blocking reagent (Perkin Elmer, Waltham, MA, USA, FP1020) as 0.5% 201 

solution in PBS pH 7.4 for another 1h at RT. Sections were incubated o/n at RT with primary antibodies diluted 202 

in 0.5% solution of the TSA blocking reagent. Primary antibodies used for assessing the neuronal localization of 203 

S100a4 were anti-NeuN (MAB377, Sigma-Aldrich, dilution 1:200) and anti-S100a4 (ab41532, Abcam, 204 

Cambridge, UK, dilution 1:100). Incubation with the secondary antibodies was performed for 2h at RT. Secondary 205 

antibodies biotin conjugated goat anti-rabbit (BA-1000, Vector Laboratories, dilution 1:200) and goat anti-mouse 206 

IgG (H+L) Alexa Fluor 488 (A11001, Thermo Fisher Scientific, dilution 1:250) were diluted in 0.5% solution of 207 

the TSA blocking reagent. Sections were further processed according to the instructions in the TSA Plus Cyanine 208 

3 kit (Perkin Elmer, NEL744001KT) in order to visualize the biotin conjugated secondary antibody bound to anti-209 

S100a4 primary antibody. Lastly, the sections were embedded with Vectashield mounting medium (Vector 210 

Laboratories) for fluorescence with 4′,6-diamidino-2-phenylindole (DAPI). For visualizing S100a4 together with 211 

astrocytic marker GFAP and amyloid plaques, same protocol was used with anti-S100a4 (ab41532, Abcam, 212 

dilution 1:100), anti-GFAP (ab4674, Abcam, dilution 1:2500) and Anti-Amyloid β, clone W0-2 (MABN10, 213 

Sigma-Aldrich, dilution 1:1000) primary antibodies. Secondary antibodies used in this staining were biotin 214 

conjugated goat anti-rabbit (BA-1000, Vector Laboratories, dilution 1:200), goat anti-chicken IgY (H+L) Alexa 215 

Fluor 488 (A11039, Thermo Fisher Scientific, dilution 1:250) and goat anti-mouse IgG (H+L) Alexa Fluor 680 216 

(A21057, Thermo Fisher Scientific, dilution 1:250). 217 
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To study neuronal localization of S100a4 in the human brain, paraffin blocks from posterior hippocampus were 218 

cut to 5 µm sections and anti-S100a4 immunostaining was combined with Nissl-staining. There were two samples 219 

from patients with Alzheimer’s disease and two control cases in the staining. The study was approved by the Ethics 220 

Committee of the Hospital District of Northern Savonia (276/2016). First, the paraffin sections were deparaffinized 221 

using xylene and rehydrated with decreasing concentrations of ethanol. Next, the sections were washed with 222 

1xPBS before antigen retrieval with boiling the sections in 10 mM citrate. Endogenous peroxidases were blocked 223 

by treating sections with 0.3% H2O2 in methanol for 30 minutes and followed with blocking with TSA blocking 224 

reagent (Perkin Elmer) as 0.5% solution in PBS pH 7.4 for 1 h at RT. Sections were incubated o/n at RT with 225 

primary antibodies diluted in 0.5% solution of the TSA blocking reagent. The primary antibody used was anti-226 

S100a4 (ab41532, Abcam, dilution 1:100). Incubation with the secondary antibody (Biotin conjugated goat anti-227 

rabbit (BA-1000, Vector Laboratories, dilution 1:200)) diluted in 0.5% solution of the TSA blocking reagent was 228 

performed for 2 h at RT. Sections were further processed according to the instructions in the TSA Plus Cyanine 3 229 

kit (Perkin Elmer, NEL744001KT) to visualize the biotin conjugated secondary antibody bound to anti-S100a4 230 

primary antibody. The sections were imaged for representative images without letting the sections to dry with 231 

Zeiss Axio Imager 2 fluorescent microscope with 10x objective before continuing the Nissl-staining. The Nissl-232 

staining was performed by first rinsing the sections with water, followed with incubation with solution of thionin 233 

acetate, after which the sections were washed twice with water and once with both 50 % and 70 % ethanol. Finally, 234 

the sections were mounted with xylene before imaging for Nissl for the same locations as the images for anti-235 

S100a4 staining were taken previously.  236 

Stained sections were imaged with Zeiss Axio Imager 2 fluorescent microscope with 10x objective for all the 237 

immunohistochemical staining’s of S100a4 and ZEN software (Carl Zeiss AG). Images were analyzed with ImageJ 238 

for quantification of percentage of immunoreactive area for S100a4 in selected regions.  239 

2.10. Assessing the internalization and transmitophagy of neuronal mitochondria by astrocytes in vitro and 240 

in vivo 241 
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Transmitophagy and internalization of the lentivirus labelled neuronal mitochondria in vitro and in vivo were 242 

visualized by imaging with a Zeiss Axio Observer inverted microscope with LSM800 confocal module with 63x 243 

objective and ZEN software v. 2.3 (Carl Zeiss AG, Oberkochen, Germany). For quantifying the internalized and 244 

degraded neuronal mitochondria in primary murine or iPSC-derived astrocytes, the number of intact and degraded 245 

neuronal mitochondria were manually counted per one astrocyte from confocal z-stack images aided with the 246 

profile tool in the ZEN software. The results were counted as an average of three biologically individual 247 

experiments for each age-group for murine astrocytes and as per one donor for iPSC-astrocytes. 248 

2.11. Measurement of neuronal metabolic activity 249 

Metabolic activity of the neurons co-cultured with astrocytes isolated from 5-6 mo and 11-12 mo WT or 5xFAD 250 

mice was assessed with the MTT assay. Briefly, the cell culture medium was replaced with fresh cell culture 251 

medium supplemented with 1.2 mM MTT ((3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide), 252 

Sigma-Aldrich). For lysed cell control the cells we treated with 30% (v/v) Triton X-100 (Sigma-Aldrich) for 5 253 

minutes prior replacing the medium. The cells were incubated in the media containing MTT for 1-4 hours at +37 ̊C 254 

before solubilizing the cells with dimethyl sulfoxide. Absorbance of 100 µl aliquots of solubilized cells was 255 

measured at 595 nm with Wallac Victor 1420 microplate reader (Perkin Elmer).  256 

2.12. Measuring mitochondrial membrane potential with rhodamine123 imaging 257 

Cell cultures (astrocytes or neurons) were incubated for 30 min at 37 ̊C in 5 µM rhodamine123 solution 258 

(ThermoFisher Scientific, 5 mM stock solution in 99% EtOH). Then cells were transferred to the imaging system 259 

where they were constantly perfused with Basic Salt Solution (BSS, contained in mM 152 NaCl, 10 HEPES, 10 260 

glucose, 2.5 mM KCl, 2 CaCl2, 1 MgCl2.  pH was adjusted to 7.4). First, the baseline was recorded for 1 min 261 

before applying 4 µM FCCP (Abcam, 20 mM stock solution in DMSO) for 2 min. The response was calculated as 262 

∆F/F0 (normalized to baseline). Both BSS and FCCP solution contained 0.02% (v/v) DMSO. Our TILL Photonics 263 

imaging system (TILL Photonics GmbH, Germany) was equipped with fast perfusion system (Rapid Solution 264 

Changer RSC-200, BioLogic Science Instruments, Seyssinet-Pariset, France), allowing fast exchange between 265 
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applying solutions (~ 30 ms). Cells were imaged with Olympus IX-70 (Olympus Corporation, Tokyo, Japan) with 266 

CCD camera (SensiCam, PCO imaging, Kehlheim, Germany) with 10x objective for astrocytes or 20x objective 267 

for neurons. The excitation wavelength was 495 nm. Imaging was conducted at 1 FPS. All the experiments were 268 

conducted using Live Acquisition and processed with Offline Analysis software (TILL Photonics GmbH, Munich, 269 

Germany). 270 

2.13. Western blotting 271 

Cells were lysed directly in 1x Laemmli buffer (62.5 mM Tris-HCl (pH 6.8), 2.3% SDS, 5% β-mercaptoethanol, 272 

10% glycerol, 0.02% bromophenol blue). The cell lysates were boiled at 95 ̊C and run on 10% or 15% SDS-PAGE 273 

Tris-glycine gels. The proteins were transferred to PVDF membranes with Trans-Blot Turbo Transfer System 274 

(Bio-Rad, Hercules, CA, USA) following blocking with 5% non-fat dry milk solution prepared in 0.2 % Tween-275 

20/0.01 M PBS for 30 min. The immunodetection of selected proteins was performed overnight at 4 ̊C with the 276 

following antibodies: p62 (Cell Signaling Technology Inc, Danvers, MA, USA, 5114, 1:1000), LC3b (Abcam 277 

ab51520, 1:3000 dilution), Tom20 (Proteintech Group Inc, Rosemont, IL, USA, 11802-1-AP, 1:2000 dilution), 278 

Ambra1 (Proteintech 13762-1-AP, 1:200 dilution) and β-actin (Sigma-Aldrich A5441, 1:5000) for loading control. 279 

For detection of the proteins of interest, the membranes were incubated for 2 h at room temperature in HRP 280 

conjugated IgG anti-rabbit secondary antibody (Bio-Rad 170-65-15, 1:3000) or Cy5 conjugated IgG anti-mouse 281 

secondary antibody (Jackson ImmunoResearch Laboratories Europe Ltd., Cambridgeshire, UK 715-175-151, 282 

1:1000 dilution). The membranes incubated with HRP conjugated secondary antibody were further developed 283 

using enhanced chemiluminescence (SuperSignal™ West Pico PLUS Chemiluminescent Substrate, Thermo Fisher 284 

Scientific). All membranes were imaged on a Bio-Rad ChemiDoc XRS+ System. 285 

2.14. Statistical analyses and graphical illustrations 286 

The data was analyzed using t-test or ANOVA as appropriate using GraphPad Prism 8.1.0 (GraphPad Software 287 

Inc, San Diego, CA, USA). Before performing the statistical test, the data was analyzed for normality and possible 288 

outliers were identified with the ROUT method (Q=1%) in GraphPad Prism. Statistical significance was assumed 289 
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if P < 0.05 and confidence intervals were reported with SEM. The graphical illustrations were created with 290 

BioRender.com. 291 

Material and methods for supplementary figures and tables are described in separate supplementary file. 292 

3. Results 293 

3.1. Transcellular internalization and degradation of neuronal mitochondria is altered in aged AD 294 

astrocytes 295 

Movement of mitochondria between neurons and astrocytes has been shown to occur in normal physiological 296 

conditions in the mouse optic nerve head in vivo (Davis et al., 2014), after stroke from astrocytes to neurons both 297 

in vitro and in vivo  (Hayakawa et al., 2016) and to rescue cisplatin-treated neurons (English et al., 2020) . Here 298 

we utilized two fluorescent mitochondrial labels to study whether astrocytes internalize mitochondria derived from 299 

neurons, and whether the process is altered in AD. Neuronal mitochondria were labelled with a MitoTracker 300 

CMXROS dye, or a mitochondria-targeted tandem fluorophore reporter before co-culturing neurons with 301 

astrocytes. Confocal imaging revealed the presence of neuron-derived mitochondria inside both WT and AD 302 

astrocytes (Fig 1A and 1B). Astrocytes harvested from 5xFAD mouse brains internalized significantly more 303 

neuronal mitochondria than their WT controls in all age groups. The aged (11 mo) 5xFAD astrocytes internalized 304 

the most neuronal mitochondria (mean difference 27.13 ± 6.805, p=0.0002) compared to the wild-type (WT) 305 

astrocytes (Fig 1C). The increased internalization of the neuronal mitochondria by AD astrocytes was also 306 

confirmed with human-derived cells. The iPSC-astrocytes derived from a symptomatic AD patient with the PSEN1 307 

ΔE9 mutation were observed to internalize significantly more neuronal mitochondria derived from iPSC-neurons 308 

compared to its isogenic, PSEN1 mutation corrected, control cells (mean difference 4,960 ± 1,554, p=0.0023). 309 

Interestingly, there was no significant difference in internalization of the neuronal mitochondria between the iPSC-310 

astrocytes derived from pre-symptomatic AD patient and its isogenic control cells (Fig 1E). Thin nanotube-like 311 

structures consisting of filamentous actin were observed to be bridging between the primary neurons and astrocytes 312 

in the cultures (Fig. 1F), suggesting one possible route allowing the transcellular movement of mitochondria from 313 
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neurons to astrocytes. The H2O2 treatment on neurons seemed to increase the thin TNT-like protrusions around 314 

astrocytes, and even more in 5xFAD astrocytes compared to WT astrocytes (Fig 1G).   315 

To validate whether astrocytes can degrade neuron-derived mitochondria in vitro, we transduced primary neurons 316 

with a tandem fluorophore reporter of acidified mitochondria (Fig 2A) before co-culturing the neurons with 317 

astrocytes. Confocal imaging revealed the presence of neuron-derived, degraded mitochondria inside the cultured 318 

astrocytes (Fig 1B). Transmitophagy was also confirmed in human induced pluripotent stem cell (iPSC) derived 319 

astrocytes co-cultured with iPSC-derived neurons (Fig 1D) and in the mouse hippocampi in vivo (Fig 2D). 320 

Impairments in mitochondrial quality control have previously been linked to AD (Lampinen et al., 2018; Reddy 321 

and Oliver, 2019) and AD-affected neurons have previously been reported to accumulate dysfunctional 322 

mitochondria (Fang et al., 2019). We next questioned whether transmitophagy alterations occur in AD. Co-cultures 323 

of WT neurons with astrocytes harvested from mouse brains at various ages demonstrated that the degree of 324 

transmitophagy was not changed in young (2-3 mo) astrocytes. However, AD astrocytes derived from both 6 mo 325 

and 11 mo mice displayed an increase (in the total amount of degradation of neuronal mitochondria (Fig 2B). 326 

Furthermore, similarly to the murine AD astrocytes, the iPSC-astrocytes derived from a symptomatic AD patient 327 

with the PSEN1 ΔE9 mutation were observed to degrade significantly more neuronal mitochondria derived from 328 

iPSC-neurons compared to its isogenic, PSEN1 mutation corrected, control cells (mean difference 4,296 ± 1,156, 329 

p=0.0005). However, no significant difference in degradation of the neuronal mitochondria between the iPSC-330 

astrocytes derived from pre-symptomatic AD patient and its isogenic control cells was observed (Fig 2C). The 331 

degradation of neuronal mitochondria was the highest in murine astrocytes derived from 11 mo 5xFAD mice 332 

(mean difference 18,56 ± 4,478, p=0.0001) indicating an age-dependent alteration to transmitophagy in AD 333 

astrocytes.  334 
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Figure 1. Astrocytes’ ability to internalize neuronal mitochondria is altered in AD. (A) Example confocal 336 

images from one z-plane showing neuronal mitochondria internalized by astrocytes in vitro in orthogonal view. 337 

E15 cortical neurons were labelled with MitoTracker CMXROS dye prior to co-culturing with adult astrocytes 338 

derived from 5 mo WT or 5xFAD mouse brains and expressing a lentiviral-GFP construct. Sacle bar 20 µm. (B) 339 

Example confocal images from one z-plane showing internalized neuronal mitochondria inside adult astrocytes in 340 

vitro in orthogonal view. Adult astrocytes were co-cultured with E15 neurons expressing a lentiviral-341 

mitoEGFPmCherry construct. Scale bar 20 µm. (C) Quantified amounts of internalized neuronal mitochondria in 342 

astrocytes harvested from 2-3 mo, 6 mo and 11 mo WT and 5xFAD mouse brain. Neuronal mitochondria were 343 

labeled with a lentiviral-mitoEGFPmCherry construct. Data is shown as all (mCherry only and mCherry + EGFP) 344 

fluorescence signal peaks/cell ± SD. N=3 biologically independent replicates for each age-point. Each dot 345 

represents one single astrocyte imaged. Three biologically independent experiments were carried out for each age-346 

point. Unpaired two-tailed t test. (D) Example images showing degraded neuronal mitochondria inside astrocyte 347 

in iPSC-derived neuron- and astrocyte cultures. An internalized mitochondria is shown in maximum intensity 348 

projection of a z-stack (left hand side, scale bar 20 µm) and as a digital zoom-in from one z-stack plane for an 349 

iPSC-astrocyte with internalized neuronal mitochondria (right hand side, scale bar 10 µm).(E) Quantified amounts 350 

of neuronal mitochondria in iPSC-astrocytes derived from symptomatic and pre-symptomatic AD patients carrying 351 

PSEN1 mutation and their isogenic (mutation corrected) lines. N=22-30 analyzed astrocytes/ iPSC-line. spPSEN, 352 

symptomatic donor with clinical diagnosis for AD and PSEN1 ΔE9 mutation. pPSEN, pre-symptomatic donor 353 

with PSEN1 ΔE9 mutation. SpISO, isogenic (PSEN1 mutation corrected) line for the symptomatic donor, pISO, 354 

isogenic (PSEN1 mutation corrected) line for the pre-symptomatic donor. Unpaired two-tailed t-test. (F) An 355 

example confocal image showing neuronal mitochondria traveling along a tunneling nanotube visualized with 356 

phalloidin staining. Neuronal mitochondria were labelled with MitoTracker CMXROS dye prior co-culturing with 357 

adult astrocytes harvested from 3 mo 5xFAD mouse brain. On the right-hand side an enlarged image of the boxed 358 

area. The white arrow heads point to examples of degraded neuronal mitochondria in astrocytes and white arrow 359 

point to neuronal mitochondria traveling along the TNT-like structure. Scale bar 20 µm. Example images acquired 360 

with objective with 63x objective. (G) Example images of murine neuron-astrocyte co-cultures where formation 361 
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of TNT-like structures were induced in astrocytes by treating the neurons with 1 µM H2O2 for 2h prior labeling 362 

the neuronal mitochondria with Mitotracker CMXROS dye and co-culturing them with astrocytes. TNT-like 363 

structures were visualized with phalloidin dye. Scale bar 50 µm. All graphs represent the mean ± SD.  364 

 365 

 366 

Figure 2. Astrocytes’ ability to degrade neuronal mitochondria is altered in aging and in AD. (A) Graphical 367 

illustration of the lentiviral-mitoEGFPmCherry construct. The synapsin promoter driven mitochondria-targeted 368 

reporter construct contains EGFP (green) and mCherry (red), which colocalize in mitochondria (yellow signal). 369 

Upon meeting the acidic environment of the lysosome, the EGFP signal is lost, resulting in red mCherry 370 

fluorescence, indicative of mitochondrial degradation. (B) Quantified amounts of degraded neuronal mitochondria 371 

in astrocytes harvested from 2-3 mo, 6 mo and 10-11 mo WT and 5xFAD mouse brains. Neuronal mitochondria 372 

were labeled with lentiviral-mitoEGFPmCherry construct. Data is shown as only mCherry fluorescence signal 373 
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peaks/cell ± SD. N=3 biologically independent replicates for each age-point. Each dot represents one single 374 

astrocyte imaged. Three biologically independent experiments were carried out for each age-point. Unpaired two-375 

tailed t test.  (C) Quantified amounts of degraded neuronal mitochondria in iPSC-astrocytes derived from 376 

symptomatic and pre-symptomatic AD patients carrying PSEN1 mutation and their isogenic (mutation corrected) 377 

lines. N=22-30 analyzed astrocytes/ iPSC-line. spPSEN, symptomatic donor with clinical diagnosis for AD and 378 

PSEN1 ΔE9 mutation. pPSEN, pre-symptomatic donor with PSEN1 ΔE9 mutation. SpISO, isogenic (PSEN1 379 

mutation corrected) line for the symptomatic donor, pISO, isogenic (PSEN1 mutation corrected) line for the pre-380 

symptomatic donor. Unpaired two-tailed t-test. (D) Maximum intensity projection of a z-stack and orthogonal 381 

view from one z-stack plane (right hand side) visualizing degraded neuronal mitochondria inside an astrocyte in 382 

the hippocampus of a 6 mo 5xFAD mouse and a digital zoom-in from one z-stack plane with internalized neuronal 383 

mitochondria (right hand side, scale bar 20 µm). 384 

3.2. Aged 5xFAD mice display a shift in immunoreactivity for S100a4 from neurons to astrocytes  385 

The concentration gradient of the S100a4 protein between neurons and astrocytes has been shown to determine 386 

the direction of TNT formation, which serve as potential transcellular highways for mitochondrial transfer between 387 

these cell types (Sun et al., 2012). To determine its involvement in the mitochondrial transfer from neurons to 388 

astrocytes, we assessed levels of S100a4 by immunohistochemistry in 5xFAD mouse brain sections. The 389 

immunoreactivity of S100a4 was not significantly reduced in the areas highly enriched with hippocampal neurons 390 

of 12 mo 5xFAD mice when compared to age-matched WT mice, although there was seen a trend for reduced 391 

immunoreactivity in areas enriched with neurons the images of the anti-S100a4 immunostained brain sections 392 

(data not shown). On the other hand, in the fiber tract area, populated primarily by astrocytes, a significant increase 393 

(mean difference above CA1 4.300 ± 0.4966, p<0.0001 and mean difference above CA3 2.967 ± 0.3850, p<0.0001) 394 

in immunoreactivity for S100a4 was observed in 12 mo 5xFAD mice (Fig 3A). In addition, in 5xFAD sections the 395 

S100a4 staining was observed close to areas stained with anti-amyloid β antibody (Fig 3A).  396 

We performed further an ELISA assay for S100a4 from cell lysates of adult astrocytes derived from 5-6 mo and 397 

11-12 mo WT and 5xFAD mice (Supplementary figure 1). The results indicate an increase of intracellular S100a4 398 
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in astrocytes harvested from 12 mo 5xFAD mice compared to the other study groups, similarly as immunostaining 399 

for S100a4 was observed to be increased in 12mo 5xFAD mouse brain in astrocyte-rich areas. 400 

To assess the S100a4 immunoreactivity also in the human brain, we immunostained post mortem human brain 401 

sections with both anti-S100a4 antibody and Nissl staining. Based on these example images it seems that in the 402 

human brain the AD neurons have less S100A4 in the hippocampal layer, where the neurons are visualized with 403 

Nissl-staining. However, in the cortex the AD brain seemed to have more positive immunostaining for S100A4 in 404 

other cell types besides neurons (Fig 3B). These data are in line with our findings in the 5xFAD mice for the glial-405 

like cells. 406 
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Figure 3. S100a4 is increased in aged 5xFAD astrocytes in vivo. (A) The immunoreactivity of S100a4 was by 408 

histochemical staining from cryosections of 12 mo 5xFAD and WT brain sections in cells resembling astrocytes 409 

by morphology in the fiber tract region above CA1 and CA3 neuronal layers. Quantitative data is presented as 410 

immunoreactive area for S100a4, % ± SD. N=7 WT mice and N=4 5xFAD mice. Example images with 10x 411 

objective (scale bar 500 µm) and enlargement of boxed areas (scale bar 50 µm) showing the difference between 412 

genotypes. Anti-S100a4 staining is shown as red, anti-GFAP as green, DAPI as blue and anti- amyloid β with 413 

white pseudo color. Unpaired two-tailed t test. (B) The immunoreactivity for S100a4 in neuron-enriched areas was 414 

assessed by immunohistochemical staining in paraffin sections of human brain posterior hippocampus. The 415 

location of neuronal cells was visualized with Nissl staining. Example images were taken with 10x objective. Scale 416 

bar 200 µm. 417 

3.3. Mitochondrial functions of astrocytes, astrocyte reactivity and phagocytosis are unaltered upon aging 418 

and AD 419 

The observation of increased internalization and degradation of neuronal mitochondria by aged 5xFAD astrocytes 420 

led us to investigate the functionality and health of the astrocytes’ own mitochondria. We first assessed cytochrome 421 

c oxidase (mitochondrial electron transport chain complex IV) activity in astrocytes in WT and 5xFAD mouse 422 

brains by histochemistry. The cytochrome c oxidase activity appeared to be altered specifically around beta-423 

amyloid plaques in aged 5xFAD brains (Suppl. Fig. 2A), indicating that the mitochondrial function of a subset of 424 

astrocytes may be altered in vivo. However, we did not observe a difference in the basal respiration rate between 425 

age-matched 5xFAD and WT astrocytes (Suppl. Fig 2B). Upon comparing the 5xFAD astrocytes harvested from 426 

5-6 mo mice to those extracted from 10-12 mo 5xFAD mice, the 5xFAD astrocytes from 5-6 mo mice was observed 427 

to have significantly higher basal respiration rate. Furthermore, levels of intracellular ATP were not altered when 428 

comparing WT and 5xFAD astrocytes (Suppl. Fig 2C) and live cell imaging of the mitochondrial membrane 429 

potential of astrocytes did not reveal alteration in 5xFAD astrocytes (Suppl. Fig. 2D). The absence of 430 

mitochondrial alterations in 5xFAD astrocytes was further supported by measurement of the mitochondrial content 431 

in the cells by Western blotting for the mitochondrial outer membrane protein Tom20, which remained unchanged 432 
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during aging and in 5xFAD cells (Suppl. Fig 2E). To rule out the possibility of increased levels of oxidative stress 433 

in the aged 5xFAD astrocytes, the gene expression levels of the antioxidant-response genes heme oxygenase-1 434 

(Hmox1) and NAD(P)H: quinone oxidoreductase (Nqo1) were assessed by qPCR. However, no significant 435 

difference between WT and 5xFAD astrocytes was observed (data not shown).  436 

In rodent brains, the astrocytes have been reported to manifest as the reactive sub-phenotype, termed A1, in AD 437 

and normal aging (Clarke et al., 2018; Liddelow et al., 2017). To determine how aging and AD affect key astrocytic 438 

functions besides mitochondrial internalization and degradation, we assessed their reactive phenotype and 439 

phagocytic ability. The expression level of the A1 marker gene Serping1 was observed to be increased and while 440 

the other A1 marker gene Srgn expression was reduced in astrocytes isolated from the adult 5xFAD mouse brains, 441 

indicating that the FAD mutations alter the phenotype of astrocytes (Suppl. Fig. 3A). The expression of genes 442 

encoding phagocytosis-related proteins was unchanged in AD and during aging of astrocytes except for up-443 

regulation of Megf10 (Log2 FC 1.0689, p<0.045) in 5xFAD astrocytes at 2-3 mo age compared to the astrocytes 444 

harvested from age-matched WT mice (Suppl. Fig. 3B). Furthermore, no difference was observed in phagocytosis 445 

of pHrodo Zymosan A bioparticles between the WT and 5xFAD astrocytes at all ages, indicating that the 446 

phagocytic capacity of astrocytes remains unaltered (Suppl. Fig 3C). The 5xFAD astrocytes were not observed to 447 

increase secretion of inflammatory cytokines compared to WT (Supplementary Tables 2 and 3). 448 

         
3.4. Astrocyte-mediated neuronal support is altered in AD 449 

We next assessed whether the ability of astrocytes to support neuronal functions is altered upon aging and/or AD, 450 

possibly thereby elucidating why the internalization and degradation of neuronal mitochondria is increased in the 451 

aged 5xFAD astrocytes. Based on live cell imaging with rhodamine 123 dye, co-culturing primary neurons with 452 

5xFAD astrocytes from aged mice altered the mitochondrial membrane potential (MMP) of neurons (Fig 4A). 453 

When the neurons were co-cultured with 5xFAD astrocytes and treated with glutamate (mimicking the glutamate 454 

excitotoxicity in AD) neurons co-cultured with 11-12 mo 5xFAD astrocytes exhibited significantly higher MMP, 455 

compared to that with 5-6 mo mice. The 11-12 mo WT astrocytes were not observed to induce similar alterations 456 

in the neuronal MMP under vehicle or glutamate treatment. Prolonged high MMP has been reported to increased 457 
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production of mitochondrial reactive oxygen species (ROS) and up-regulate autophagy, especially in neurons 458 

treated with glutamate (Kumari et al., 2012). Interestingly, both the WT and 5xFAD astrocytes isolated from 11-459 

12 mo mice were incapable of buffering neuronal viability from the effects of glutamate exposure (Fig 4B). 460 

However, treating the co-cultures of neurons and astrocytes isolated from 5-6 mo mice WT or 5xFAD mice with 461 

glutamate had no effect on the viability of the neurons, suggesting an age-dependent reduction in astrocyte 462 

functions relating to neuronal support. Furthermore, the 11-12 mo 5xFAD astrocytes secreted reduced levels of 463 

anti-inflammatory interleukin 10 (IL-10) and interferon gamma (IFN- γ) in comparison to age-matched WT 464 

astrocytes (Supplementary Tables 2 and 3). 465 

 466 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 17, 2021. ; https://doi.org/10.1101/2021.09.15.460570doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.15.460570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

Figure 4. Astrocytes’ ability to support neuronal functions is altered in AD. (A) Mitochondrial membrane 467 

potential of primary WT neurons co-cultured with WT or 5xFAD adult astrocytes was measured by live cell 468 

imaging with rhodamine123 dye. The astrocytes were cultured on inserts on top of the neurons for 2 days prior the 469 

experiment and co-cultures were treated with 250 µM glutamate for 24 h before the live cell imaging. The bar 470 

graph shows the cells response to FCCP as ∆F/F0 (normalized to baseline), % ± SD. For neurons co-cultured with 471 

astrocytes harvested from 5-6 mo mice the data is shown as an average of 3-4 individual experiments with 3 472 

technical replicates in each (n=3-4 mice per group in total). For astrocytes harvested from 10-12 mo mice, data 473 

shown as an average of 2 experiments with 3 technical replicates in each (N=2 mice per group in total).  All graphs 474 

represent the mean ± SD. Two-way ANOVA genotype effect p=0.0495 for vehicle treated cultures and age-effect 475 

for the glutamate treated cultures p=0.0274. (B) The viability of the neurons was assessed with the MTT assay. 476 

The histograms show relative MTT reduction in neurons ± SD when neurons were co-cultured with or without 477 

astrocytes isolated from 5-6 mo or 11-12 mo) WT or 5xFAD mice for 2 days prior the experiment. For 24 h before 478 

the MTT assay all the cultures were treated with 250 µM glutamate or vehicle solution. Data is shown as an average 479 

of 3-5 individual experiments with 5-6 mo astrocytes and 1 experiment with 11-12 mo astrocytes (N=3-4 mice for 480 

astrocytes isolated from 5-6 mo mice, N= 2-3 mice for astrocytes isolated from 11-12 mo mice). One-way 481 

ANOVA. 482 

3.5. Protein levels for mitophagy-inducer Ambra1 are significantly increased in aged 5xFAD astrocytes 483 

To decipher whether autophagy-related processes are responsible for the observed transmitophagy alteration in 484 

aged AD astrocytes we assessed protein levels of common autophagy markers by Western blot. Immunoblotting 485 

against mitophagy- and autophagy-related proteins, p62 and LC3b, did not reveal significant changes in in 486 

astrocytes during aging or in AD (Fig. 5B). However, a two-fold increase in the protein level of Ambra1, a 487 

mitophagy inducer, was observed in aged (11-12 mo) 5xFAD astrocytes compared to WT astrocytes (Fig. 5A). 488 

The mRNA expression of Ambra1 was not altered between the genotypes (data not shown). 489 
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 490 

Figure 5. Expression of mitophagy-inducer Ambra1 is increased selectively in aged AD astrocytes. (A) The 491 

relative protein level of Ambra1 was assessed by Western blotting in adult astrocytes. N=3-5 mice per group. 492 

Unpaired two-tailed t test. (B) The relative protein levels of p62 and LC3B were assessed by Western blotting in 493 

adult astrocytes. N=3-5 mice per group.  The ratio of protein expression was determined by normalizing the level 494 

of each protein to that of -actin and the normalized value ratio to that of the value of 2-3 mo WT mice. In bar 495 

plots one dot represent astrocytes harvested from a single mouse.  496 

4. Discussion 497 

Many previously accepted facts about mitochondria have been recently re-evaluated, including the assumptions 498 

that each cell degrades its own mitochondria (Davis et al., 2014), and that mitochondria and their DNA are 499 
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exclusively maternally inherited (Luo et al., 2018). These new findings have provided more on the importance of 500 

this organelle for previously unappreciated functions. The results presented herein demonstrate for the first time 501 

both in mouse and human that mitochondrial transfer occurs between neurons and AD-affected astrocytes, and 502 

that AD astrocytes degrade mitochondria derived from neurons. Moreover, mitochondrial transcellular movement 503 

and transmitophagy are impaired in AD.  504 

Experiments with astrocytes treated with A peptides have reported the induction of multiple alterations in 505 

astrocytic mitochondrial function (Abramov et al., 2004; Sarkar et al., 2014), but there are not many reports of 506 

mitochondrial functions of astrocytes isolated from mice modeling AD. Mitochondrial fractions of neonatal 507 

5xFAD astrocytes have been shown to contain altered levels of metabolites and enzymatic activity related to the 508 

glycolytic pathway and TCA cycle. Similar changes were observed in WT astrocytes after exposure to oligomeric 509 

Aβ (van Gijsel-Bonnello et al., 2017) One could think that defects in mitochondrial health of AD-affected 510 

astrocytes leads to increased internalization of neuronal mitochondria, for example due to an attempt to correct an 511 

energy deficit. However, our studies on the mitochondrial functions of astrocytes isolated from adult 5xFAD 512 

mouse brains did not reveal significant differences when compared to age-matched WT astrocytes in any of the 513 

assays we performed. 514 

TNTs, thin elongations of the cell membrane consisting of F-actin, serve as highways for organelle transfer, 515 

including mitochondria, between cells (Rustom et al., 2004; Spees et al., 2006) Our data demonstrates the 516 

formation of TNT-like structures between neurons and astrocytes, and suggests they may mediate the transfer of 517 

mitochondria between these cell types. Although not assessed in the current paper, previous studies have shown 518 

that astrocytes from neonatal APP/PS1 mice form more TNTs than their WT counterparts (Sun et al., 2012) This 519 

finding supports our results and possibly explains, at least in part, our finding of increased mitochondrial transfer 520 

that occurs in aged 5xFAD astrocytes. The formation of TNTs between cells is driven by a concentration gradient 521 

of the protein S100a4, cleaved by caspase-3. The cell initiating the TNT formation has reduced levels of S100a4 522 

compared to the recipient cells with higher S100a4 concentration (Sun et al., 2012). Interestingly, Yao et al. have 523 

observed increased caspase-3 activity in U87 astrocyte-like cells after treating the cells with Aβ (Yao et al., 2018). 524 
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The presence of AD pathology manifested as increased levels of brain Aβ1-42 could be speculated to activate 525 

caspase-3, leading to reduced levels of S100a4 in affected cells. Our results suggest that S100a4 levels are reduced 526 

in aged 5xFAD hippocampal neurons. On the other hand, astrocytes in the aged 5xFAD brain and 11-12 mo 5xFAD 527 

astrocytes cultured in vitro display increased S100a4. These findings imply that the aged 5xFAD astrocytes 528 

function as recipient cells for TNT-like structures formed by neurons, since the S100a4 protein gradient formed 529 

between these cell types would allow the transfer of mitochondria along TNT-like structures. This is in line with 530 

our observation of increased internalization of neuronal mitochondria by 5xFAD astrocytes over the WT 531 

astrocytes. Previously studies have also shown astrocytic S100a4 to be increased after head trauma or astrocytes 532 

under stress (Dmytriyeva et al., 2012; Kozlova and Lukanidin, 2002). The protein has been shown to be 533 

neuroprotective, acting partly via binding to the IL-10 receptor and via JAK/STAT3 pathway (Dmytriyeva et al., 534 

2012) . In addition, the authors suggested that S100a4 may be potent for activating the IL10R/Akt pathway. In 535 

other studies IL-6, IL-8 and especially IL-7 have been reported to function via JAK/STAT3 pathway and stimulate 536 

secretion of S100a4 from human chondrocytes (Yammani et al., 2009) . In addition, when stimulated, adult 5xFAD 537 

astrocytes have been reported to secrete threefold more IL-6 compared to WT astrocytes (Iram et al., 2016). We 538 

did not observe differences in levels of secretion of IL-6 from unstimulated aged WT and 5xFAD astrocytes. Our 539 

result of increased S100a4 in astrocytes of the 12 mo 5xFAD mouse brain together with reduced secretion of anti-540 

inflammatory IL-10 may, however, imply the involvement of the S100a4-IL-10 axis in AD astrocytes and in 541 

mitochondrial transfer between neurons and astrocytes.  542 

Transmitophagy has been shown to occur in rodent astrocytes in vivo adjacent to the optic nerve head (Davis et 543 

al., 2014)  and between dopaminergic neurons and their neighboring in the context of Parkinson’s disease (Morales 544 

et al., 2020). Our data are the first to demonstrate transmitophagy of neuron-derived mitochondria by human iPSC-545 

derived astrocytes, and alterations to this process upon aging in AD astrocytes. Our data also supports the existence 546 

of transmitophagy both in vitro and in vivo. Altered transmitophagy was not associated with astrocytic 547 

phagocytosis capacity and basic mitochondrial functions, yet the cytochrome c oxidase activity appeared to be 548 

altered specifically around beta-amyloid plaques in aged 5xFAD brains and the aged AD astrocytes had 549 
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significantly increased Ambra1 levels when compared to their WT counterparts. Existing literature supports the 550 

hypothesis of altered COX-activity in 5xFAD mice brains. Devi and Ohno (2012) have shown increased release 551 

of mitochondrial cytochrome c to cell cytosol in 5xFAD mice brains compared to the WT brains, regardless of the 552 

mouse age. In addition, the authors have described a trend (p=0.06) towards reduced COX activity in 12 month-553 

old 5xFAD mouse brains (Devi and Ohno, 2012). Mitophagy induction via Ambra1 by its binding to LC3 is known 554 

to occur independently of the classical mitophagy-related protein Parkin (Strappazzon et al., 2015). Levels of p62 555 

remained unaltered but the levels of LC3bII seemed to be slightly increased in the aged (11-12 mo) 5xFAD 556 

astrocytes. This suggests that unlike in synaptosomal (neuronal) mitochondria, in which aged 5xFAD cells display 557 

increased LC3bII and Parkin translocation (Wang et al., 2016), increased mitophagy in 5xFAD astrocytes is the 558 

result of up-regulated Ambra1 and its action together with LC3.  559 

A key finding in this study is that a large amount of neuronal mitochondria are internalized and degraded by 560 

astrocytes in co-cultures. This finding agrees with a previous study reporting that degradation of large amounts of 561 

axonal mitochondria by glial cells in the optic nerve head  (Davis et al., 2014). Notably, we also found 562 

mitochondria with both EGFP and mCherry signals inside the astrocytes, denoting mitochondria not yet present 563 

in an environment with a low pH suitable for degradation. Previous data indicated that the degrading neuronal 564 

mitochondria were found in astrocytes expressing high levels of marker for phagocytosis, Mac2 (Davis et al., 565 

2014). On the other hand, reactive A1 type of astrocytes have been reported to be to present in AD-affected brains 566 

and during normal aging, showing reduced ability for neuronal support (Clarke et al., 2018; Liddelow et al., 2017). 567 

For example, in the article by Liddelow et al., astrocytes isolated from neonatal mice and induced to the A1 type 568 

by reactive microglia displayed reduced synapse engulfment and reduced gene expression of the phagocytosis 569 

related genes Megf10 and Mertk. However, our data did not indicate alterations to phagocytosis by the aged 5xFAD 570 

astrocytes, suggesting that the phagocytosis process may not be responsible for the observed effects in 571 

transmitophagy and internalization of neuronal mitochondria.  572 

Iram et al. have reported that astrocytes isolated from adult 5xFAD mouse brain show defects in neuronal support 573 

(Iram et al., 2016), and our results support this observation. Glutamate is known to strengthen the role of glycolysis 574 
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as an energy source in cultured astrocytes (Yan et al., 2017). Our results indicated that glutamate treatment reduced 575 

neuronal viability when neurons were co-cultured with aged (11-12 mo) astrocytes despite the genotype of the 576 

astrocytes. However, the aged 5xFAD astrocytes failed to prevent the effects of glutamate excitotoxicity on 577 

neuronal MMP. The inability of neuronal mitochondria to reduce MMP upon glutamate exposure in a neuron-578 

astrocyte co-culture indicates a dysfunctional response in the aged astrocytes, resulting in increased stress and loss 579 

of quality, thus direction for degradation including transmitophagy. Recently it was reported that only those retinal 580 

ganglion cells that were already damaged by a previous insult were prone to cellular death induced by neurotoxic 581 

astrocytes (Guttenplan et al., 2020). This is in line with our observations of the effects of aged and especially aged 582 

5xFAD astrocytes on the neuronal health of glutamate treated neurons.  583 

In the past, researchers have heavily relied on conducting experiments with astrocytes isolated from neonatal mice. 584 

In this study we utilized astrocytes isolated from the brains of adult mice at various age points and report significant 585 

age- and genotype-related differences in the performed assays, emphasizing the importance of using cells derived 586 

from aged animals especially when studying age-related diseases. Transmitophagy was also observed in human 587 

iPSC-derived astrocytes and in vivo in the mouse hippocampi. Further studies should focus on developing means 588 

to study transmitophagy in vivo in the human brain and to assess whether the observed alterations represent an 589 

early indication of AD-related pathology. Taken together, our results along with the existing data highlights the 590 

importance of mitochondrial traffic between neurons and astrocytes and demonstrates AD-induced alterations to 591 

astrocytic functions. 592 
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