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 16 
The investigation of amyloid precursor protein (APP) has been mainly confined to its neuronal 17 

functions, whereas very little is known about its physiological role in astrocytes. Astrocytes exhibit a 18 

particular morphology with slender extensions protruding from somata and primary branches. 19 

Along these fine extensions, spontaneous calcium transients occur in spatially restricted 20 

microdomains. Within these microdomains mitochondria are responsible for local energy supply 21 

and Ca2+ buffering. Through two-photon in vivo Ca2+ imaging, we report significant decrease in the 22 

density of active microdomains, frequency of spontaneous Ca2+ transient activity and slower Ca2+ 23 

kinetics in mice lacking APP. Moreover, we observed severe structural fragmentation of the 24 

mitochondrial network that was dependent on the presence of APP. Our results highlight a 25 

substantial role of APP in the modulation of Ca2+ activity in astrocytic microdomains whose precise 26 

functioning is of significance for the reinforcement and modulation of the neural network. Due to 27 

the involvement of APP in Alzheimer’s disease (AD), our results provide novel evidence on APP 28 

physiological functions, important for the development of efficacious AD treatments. 29 

Introduction 30 

The physiological functions of APP have been the subject of intensive studies, mainly due to the 31 

involvement of APP and its cleavage products in Alzheimer’s disease (AD) (1). It is described that APP 32 

isoforms are distributed in a cell-specific manner, with the Kunitz protease inhibitor (KPI)-containing 33 

isoforms (751,770) predominantly occurring in astrocytes (2). Although its astrocytic expression is proven 34 

(2,3), the physiological role of APP in these cells remains largely unknown. Astrocytes are important 35 

neuronal partners with highly branched processes contacting up to 100.000 synapses from multiple 36 

neurons (4), refining neuronal networks, and regulating uptake of neurotransmitters and ion homeostasis 37 

(4,5). Astrocytes do not fire action potentials but display spontaneous as well as pharmacologically 38 

evocable intracellular increase of Ca2+ transients, necessary to modulate gliotransmitter release and thus 39 

neuronal activity (6,7). The distal appendages of astrocytes present repeated structures, termed 40 

microdomains, which show spontaneous increase of intracellular Ca2+ levels. Mitochondria are localized 41 

inside of microdomains, thus suggesting that microdomains are metabolically independent (8). Several 42 
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evidences ascribe a pivotal role in modulating Ca2+ transients to mitochondria (9). Specifically, the close 43 

apposition of mitochondria to the reticulum endoplasmaticum (ER) has been shown to be necessary for an 44 

efficient Ca2+ homeostasis within astrocytic microdomains (10,11).  45 

The presence of APP has been proven to be important for Ca2+ dependent activities in astrocytes. Recent 46 

in vivo findings in APP knockout (APP-KO) mice revealed an alteration in the homeostasis of D-serine, a 47 

gliotransmitter released in response to elevated Ca2+ levels (12). Congruently, previous studies on cultured 48 

astrocytes of APP-KO mice revealed altered Ca2+ and ATP homeostasis (13,14), both hallmarks of altered 49 

mitochondrial function (15). AD-related studies identified mitochondria-associated ER membranes 50 

(MAM) as sites of APP cleavage product C99 (the 99-amino acid at APP carboxyl-terminal) accumulation 51 

which interferes with the mitochondrial respiratory chain (16). Additionally, the KPI domain of APP, 52 

which is predominantly expressed in astrocytes, has been shown to be important for mitochondrial 53 

localization and function (17). More specifically, APP localizes at the translocase of the outer 54 

mitochondrial membrane (TOMM) complex, where it affects the import of nuclear encoded proteins into 55 

mitochondria (18). Intriguingly, this mechanism appears disrupted in AD (18–20), where APP tends to 56 

accumulate around TOMM complexes. However, the understanding of the physiological function of APP 57 

interacting with mitochondria needs further investigations. 58 

The aim of this work was to investigate the effects of the depletion of APP in astrocytes, starting from in 59 

vivo microdomain calcium imaging followed by the study of mitochondrial networks in astrocytic cultures 60 

from APP-KO mice. 61 

The analysis of Ca2+ transients along the fine processes of astrocytes was conducted by adeno-associated 62 

viral vector (AAV) delivery of astrocytically expressed membrane-bound genetically encoded Ca2+ 63 

indicator (AAV-lck-GCaMP6f) into the somatosensory cortex of APP-KO and wild type animals and 64 

monitored spontaneous Ca2+ activity by in vivo two-photon imaging. The analysis of the Ca2+ fluctuations 65 

demonstrated that lack of APP significantly affects Ca2+ transients in the microdomains of astrocytes. 66 

Subsequently, a cell culture approach allowed us to selectively isolate astrocytes from neurons and other 67 

cell types and revealed a fragmented mitochondria phenotype in APP-KO astrocytes.  68 

 69 

Results 70 

Distribution and activity profile of astrocytic microdomains are reduced in APP-KO 71 

animals  72 

In order to investigate spontaneous Ca2+ fluctuations along the fine astrocytic processes, we injected 73 

AAV.Pzac2.1gfaABC1Dlck-GCAMP6f (AAV-lck-GCaMP6f) into the somatosensory cortex of three 74 

months old WT and APP KO mice (Figure 1A). At the same time, mice were co-transduced with 75 

AAV.GfaABC1DcytotdTomato.SV40 (AAV.Gfacyto.tdtomato) (Figure 1A) to confirm the astrocyte-76 



specific expression of the Ca2+ indicator AAV-lck-GCaMP6f (Figure 1A). Notably, the AAV-lck-77 

GCaMP6f expression is detected within fine protrusions of astrocytes, perfectly suitable for the 78 

investigation of astrocytic Ca2+ transients (ASCaTs). Two-photon in vivo Ca2+ microscopy was conducted 79 

in the somatosensory cortex of mice kept under isoflurane anesthesia. Respiratory rate, temperature and 80 

oxygen levels in the blood were constantly monitored and isoflurane concentration was modified 81 

accordingly to guarantee equal depth of anesthesia between mice (Figure 1B). Imaging series of 5 min 82 

were acquired with a sampling rate of 4.17 Hz. For the identification of active microdomains and their 83 

calcium transient activity analysis, we applied a protocol adapted from Agarwal et al. (11). The analysis 84 

was performed on single focal 60 x 60 µm images, as a time stack image series. As described in more 85 

detail in the method section, we low-pass filtered the time stack for background noise reduction at first. 86 

Then, a heat map of ASCaTs activity was generated and an arbitrary threshold (average of the overall 87 

activity plus three standard deviations) was used to identify active microdomains. The analysis procedure 88 

generated a mask of microdomains assigned regions of interest (ROIs) that was applied on the raw image 89 

time series. Subsequently, the traces of single ROIs were extracted and single ASCaTs were isolated and 90 

analyzed in terms of frequency, event size and kinetics. All ROIs with 1.5-fold fluorescence intensity 91 

above the baseline noise were considered as active domains. 92 

From the analysis of ROIs/microdomains distribution (Figure 2A,B), we detected that active microdomain 93 

density was reduced by ~50% in APP-KO compared to WT astrocytes (Figure 2C). Moreover, a 94 

substantial increase of the average microdomain area in APP-KO astrocytes (~25% compared to WT) 95 

(Figure 2D) was also confirmed by the analysis of the frequency distribution of the microdomain size 96 

depicted (Figure 2E), suggesting that APP-KO astrocytes have less small microdomains. Finally, Ca2+ 97 

activity analysis based on the traces extracted from active microdomains showed a reduction of ~45% in 98 

ASCaTs frequency in APP-KO astrocytes compared to WT (Figure 2F). 99 

These results indicate that APP depletion is responsible for the reduction of active microdomains and the 100 

frequency of spontaneous and locally restricted Ca2+ transients occurring in the fine processes of 101 

astrocytes in vivo.  102 

 103 

APP-KO exhibits slow ASCaTs kinetics within their active microdomains. 104 

After confirming that the population of microdomains was not only smaller but also displayed less 105 

ASCaTs in APP-KO, we focused on the study of the kinetics as functional analysis of the local Ca2+ 106 

homeostasis. From the extracted traces, at first, we considered both single peaks of calcium increase and 107 

extrapolated peaks from burst-like transients, which occasionally occurred as multiple set of single 108 

subsequent transients before returning to their baseline fluorescence (Figure 3A).  109 

The total amount of intracellular Ca2+ increase generated in each ASCaTs was examined as area under the 110 

curve (Figure 3B) and peak amplitude (Figure 3C). Statistical comparison revealed no significant 111 



difference between WT and APP-KO mice. However, ASCaTs in APP-KO mice displayed longer rise 112 

time (~22%, Figure 3D) and longer decay time (~20%, Figure 3E), implying slower kinetics of calcium 113 

regulation compared to WT controls. In the next evaluation, we considered different categories of 114 

transients distinguishing single isolated events from peaks of different order which occurred along a burst-115 

like transient. Similar to the previous analysis, the total amount of intracellular increase of calcium 116 

concentration was still comparable to WT within different peak categories (Figure 3F,G). As well, the 117 

APP-KO ASCaTs displayed significantly slower kinetics regardless of the order of appearance as a part of 118 

a burst activity (Figure 3H,I).  119 

Taken together our results suggest that in the absence of APP the spontaneous increase of Ca2+ in 120 

microdomains is still able to reach calcium levels comparable to physiological conditions, but with a 121 

significant slower rate. As mentioned before, microdomain activity is often driven by mitochondrial Ca2+ 122 

buffering (8,10,11) that is responsible for the fine tune of calcium homeostasis in the cytosol. For this 123 

reason, we decided to further focus on the effect of APP depletion on astrocytic mitochondria, considering 124 

it as a potential actor in the observed dysregulated ASCaTs.  125 

 126 

Lack of APP results in a fragmented mitochondrial phenotype  127 

To further address the questions why microdomains and ASCaTs are altered in astrocytes of APP-KO 128 

animals, we chose to investigate the phenotype in isolated astrocytes. Thus, we prepared primary astrocyte 129 

cultures from WT and APP-KO pups (postnatal day 3) and confirmed the lack of APP in astrocytes from 130 

APP-KO animals both by immunohistochemistry (Figure 4A) and western blot analysis (Figure 4B).  131 

We next subjected primary cultures of WT and APP-KO astrocytes to electron microscopy (EM) in order 132 

to obtain high resolution micrographs of mitochondria and evaluate the effects of APP depletion in 133 

isolated astrocytes. 3D-reconstruction of EM image z-stacks revealed shorter and more fragmented, 134 

roundish-shaped mitochondria in APP-KO astrocytes compared to WT (Figure 4C,D). This result is in line 135 

with previous evidence that the lack of APP results in Ca2+ and ATP dysregulations (13,14,16) and 136 

morphological alterations of mitochondria (17) suggesting that APP regulates mitochondrial homeostasis.  137 

 138 

The fragmented mitochondrial phenotype in APP-KO can be rescued by reintroduction of 139 

APP 140 

We further assessed the effect of APP deficiency in astrocytes by immunostaining against translocase of 141 

the outer mitochondrial membrane 20 (TOMM20), which serves as a mitochondrial housekeeping protein. 142 

In this way, we visualized mitochondria in cultured astrocytes with confocal microscopy (Figure 5A). 143 

Subsequently, we used Fiji particle analysis to classify the mitochondrial morphology based on their 144 

covered area into structures such as networks (≥ 8.9 µm²), rods (2.7 - 8.8 µm²) and puncta (0.1 – 2.7 µm²) 145 

(21). A colour- coded image was generated to visualize puncta, rods and network (Figure 5B). 146 



Under physiological conditions mitochondria maintain a tubular shape, organized into extended network 147 

structures (22). Interestingly, our analysis revealed a ~10% decrease of area covered by network-shaped 148 

mitochondria together with a ~5% increase of both puncta and rod types in APP-KO astrocytes compared 149 

to WT (Figure 5C). The western blot analysis of TOMM20 showed no alteration of total protein levels in 150 

APP-KO astrocytes (Figure 5D) implying that the total amount of mitochondria was not changed. Thus, 151 

APP-KO astrocytes contain fragmented mitochondrial networks without any loss of mitochondria. 152 

Finally, we tested the hypothesis that mitochondria fragmentation is directly dependent on APP 153 

expression. Therefore, we transfected APP-KO astrocytes with APP-GFP under the EF1alpha promoter. 154 

After 5 days, the cells were fixed and immunohistochemically stained for TOMM20 for morphological 155 

investigations. Thereby, the GFP expression enabled us to identify the transfected cells that express APP 156 

(Figure 5A). Importantly, after re-introducing full-length APP in APP-KO astrocytes, we observed a 157 

rescue of the mitochondrial network phenotype, with mitochondria resembling morphological features as 158 

in WT (Figure 5A,B,C). 159 

 160 

Discussion 161 

For long time astrocytes have been considered as passive elements involved in the modulation of neuronal 162 

functions. Nowadays their active role in regulating brain network, refining synapses, shaping the 163 

extracellular space and modulating the metabolic trafficking of neuro- and gliotransmitters is widely 164 

accepted (4,23). The proteolytic cleavage of APP generates the amyloid-β peptide that is a key player in 165 

the pathogenesis of AD (1). Hence, the investigation of the physiological function of APP and its cleavage 166 

products is of major importance for understanding the disease and for finding potential cures. However, 167 

such studies have been mainly confined to neurons. Astrocytes express KPI containing isoforms of APP 168 

that are closely associated with pathological amyloid-β deposition (2). Therefore, expanding the 169 

knowledge about astrocytic APP is crucial for understanding its function in astrocytes and the 170 

consequences for associated neurons. Namely, astrocytes exhibit intracellular Ca2+ transients that drive 171 

gliotransmitter release important for the modulation of neuronal function (6). In our study we considered 172 

the effects of APP depletion on spontaneous in vivo Ca2+ dynamics of microdomains of astrocytic fine 173 

processes that are closely associated with synapses. It is of importance to understand the local function of 174 

these microdomains in order to decode the contribution of APP to the communication between astrocytes 175 

and neurons (4). Thus, we used membrane-tagged genetically encoded Ca2+ indicator for the investigation 176 

of astrocytic Ca2+ transients in astrocytic fine processes (24). Our results clearly demonstrate that lack of 177 

APP affects in vivo the conformation of the active microdomains and the dynamics of ASCaTs along the 178 

fine processes.  179 



Given that Ca2+ transients along the fine processes of astrocytes are defined by mitochondria-mediated ion 180 

homeostasis (10,14), we hypothesized and investigated possible mitochondria dysfunctions. Consistent 181 

with our hypothesis, APP-KO astrocytes exhibited mitochondrial network fragmentation which could be 182 

rescued by reintroduction of APP. As a result of the observed mitochondria fragmentation, microdomains 183 

are deprived of their main energetic sources and cannot sufficiently support surrounding neuronal activity 184 

(8). Therefore we hypothesize that the highly ramified protrusions of astrocytes, where microdomains are 185 

located, are not fully functional in APP-KO mice, thus explaining the impairments in synaptic plasticity 186 

and gliotransmitter release observed in APP-KO animals (12). Since the observed phenotype was the 187 

consequence of APP absence, we investigated putative interaction between APP and mitochondria. We 188 

reviewed AD-related studies which identified mitochondria as an APP localization target. APP harbors a 189 

mitochondrial targeting signal and forms complexes with the translocase of the outer mitochondrial 190 

membrane 40 (TOMM40) and the inner mitochondrial membrane 23 (TIMM23), regulating the 191 

translocation of nuclear-encoded proteins into the mitochondria (20,25). We therefore reason that 192 

depletion of APP compromises mitochondrial protein translocation affecting mitochondria functions and 193 

leading to imbalanced intracellular Ca2+ homeostasis. In fact, the mitochondria-associated ER membranes 194 

(MAMs) are sites where the APP cleavage product C99, composed of the 99-amino acid carboxyl-195 

terminal APP, accumulates and interferes with the mitochondrial respiratory chain (16). Hence, we 196 

speculate that C99 at physiological levels has a function in ensuring ER-mitochondria proximity and thus 197 

permitting proper mitochondria functionality. The lack of APP and therefore of C99 would impede this 198 

interaction resulting in the aforementioned Ca2+ alterations. While the interaction between APP, its 199 

cleavage products, and neuronal mitochondria in AD have been addressed (20,27), knowledge about the 200 

physiological function of APP in astrocytic mitochondria is limited. This study reports mitochondria 201 

fragmentation in APP-KO primary astrocyte cultures that interestingly resembles previous findings in 202 

HeLa cells expressing KPI-APP mutants (17). As KPI-containing APP isoforms are primarily expressed in 203 

astrocytes (2), we presume that the mitochondrial fragmentation and the consequent ASCaTs alteration in 204 

APP-KO mice are mainly an astrocyte-specific feature.  205 

In summary, this study provides novel insights into the role of APP as a regulator of mitochondrial 206 

network and Ca2+ homeostasis in astrocytes, breaking ground for further investigations on APP function in 207 

astrocytes that has been neglected for too long.  208 

 209 

 210 
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Figure Legends 218 

Figure 1: Expression pattern of astrocytic viruses, in vivo astrocytic Ca2+ imaging setting 219 
and analysis procedure. (A) Confocal ex vivo images of the expression pattern of membrane (green, 220 
left) and somatic (red, middle) associated astrocytic viruses and overlay (right) in the somatosensory 221 
cortex. Upper row: overview injection site. Lower row: detailed z-projection of a single astrocyte. Scale 222 
bar upper row = 100 µm, scale bar lower row = 10 µm. (B) Experimental setting for 2-photon in vivo 223 
microscopy under monitored anesthesia and analysis workflow for Ca2+ trace extraction from astrocytic 224 
microdomain GCaMP activity. Briefly, the background subtraction and z-projections of the image series 225 
generates an activity profile (heat map) from which ROIs/microdomains can be determined and further 226 
used for trace extraction from the raw image series. Notably, not all ROIs/microdomains are displaying 227 
transients (purple ROIs and transients). For analysis only the active microdomains (green ROIs and 228 
transients) were considered. Scale bar = 10 µm. 229 
 230 
Figure 2: Altered astrocytic microdomain size and occurrence in the cortex of APP-KO 231 

mice. Color-coded heat map of astrocyte activity showing ASCaTs frequency from WT (A) and APP-KO 232 
(B) somatosensory cortex area extracted active microdomains (right, green encircled). Scale bar = 10 µm. 233 
(C) Active microdomain density was decreased in APP-KO mice (Student’s t test: t(17)=3.53, p<0.005). 234 
(D) APP-KO microdomain areas were increased, as shown their averaged size (t(94)=3.723, p<0.001) and 235 
(E) in their frequency distribution (KS test; D=0.1955, p<0.05). (F) The frequency (ASCaTs/min/domain) 236 
was reduced in APP-KO mice (t(17)=2.878, p<0,05). *p<0.05, **p<0.01, ***p<0.001. 237 
 238 
Figure 3: Altered kinetics of astrocytic calcium transients in the cortex of APP-KO mice. 239 
(A) Representative traces from active microdomains of WT (above) and APP-KO (below). The area under 240 
the curve (B) and peak amplitudes (C) values were comparable between genotypes. The rise time 241 
(D)(Student’s t test: t(17)=2.24, p<0.05) and decay times (E)(t(17)=2.118, p<0.05) were significantly 242 
increased in APP-KO ASCaTs. When considered as isolated (single peak) or ordered by occurrence along 243 
burst transients, both area (F) and amplitude (G) values showed no significant difference between KO and 244 
WT. More than a specific peak category, there were a general increase of the rise (H)(two-way ANOVA, 245 
genotype main factor, F(1,65)=9.92, p<0.01) and the decay time (I) (genotype main factor, F(1,65)= 17.26, 246 
p<0.001) in the kinetics of the ASCaTs of KO mice. *p<0.05, **p<0.01, ***p<0.001. 247 
 248 

Figure 4: Primary cultured astrocytes lacking APP display fragmented mitochondrial 249 
morphology. (A) Immunohistochemical analysis with C-terminus targeted APP antibody on WT (left) 250 
and APP-KO (right) primary astrocytes shows exclusive expression of APP in WT. Scale bar = 40 µm. 251 
(B) Western blot analysis of primary astrocyte lysates confirms the absence of APP in APP-KO astrocytes 252 
with C-terminus targeted APP antibody. Representative FIB/SEM microscopy of WT (C) and APP-KO 253 
(D) cultured astrocytes with detailed images of 3D-recontructions (right) illustrate the fragmentation of 254 
mitochondria in APP-KO astrocytes. Original FIB/SEM image, scale bar = 2 µm; overview reconstruction 255 
(middle), scale bar = 2.5 µm, single mitochondria fragments, scale bar = 1 µm. 256 
 257 



Figure 5: APP-KO astrocytic mitochondria display more fragmented morphology than WT 258 

which can be restored by reintroduction of full-length APP. (A) Confocal microscopy images of 259 
TOMM20-positive astrocytic mitochondria (in red) from WT, APP-KO and APP-KO + APP-GFP plasmid 260 
(in inset). Scale bars = 10µm. (B) Illustrative reconstruction of TOMM20-based morphological 261 
classifications: “network” (black), “rods” (green) and “puncta” (red). (C) Quantification of mitochondria 262 
morphology. Mitochondria of APP-KO astrocytes were more fragmented compared to WT controls. The 263 
reintroduction of full length APP restored physiological composition of mitochondria network in 264 
astrocytes. (one-way ANOVA for puncta: F(2,87)=21.14, p<0.001; rods: F(2,87)=18.38, p<0.001; networks 265 
F(2,87)=19.78, p<0.001)) (D) Western Blot of TOMM20 and calnexin, (housekeeping protein) and their 266 
quantification. TOMM20/calnexin-ratio revealed no difference between WT and APP-KO astrocytes. 267 
Bonferroni’s post hoc test: ***p<0.001 268 
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Materials and Methods  289 

Animals 290 

The studies were carried out in accordance with an animal protocol approved by the Ludwig-Maximilians-291 

University Munich and the government of Upper Bavaria (ref. number 55.2-1-54-2532-214-2016). 292 

Amyloid precursor protein knock-out (APP-KO) (28,29) and wild type (WT) (C57BL/6) mice as control 293 

were used. Mice were group-housed with three to six individuals in standard cages (30 × 15 × 20 cm), 294 

with standard bedding and additional nesting material under pathogen-free conditions until surgery. After 295 

cranial window implantation they were singly housed in standard cages, with food and water provided ad 296 

libitum. Mice were kept under a 12/12-hr light/dark cycle. At the age of 2 months, virus injection and 297 

cranial window implantation were performed and at 3 months of age mice underwent in vivo imaging. 298 

Cranial window and viral injection 299 

Details of the cranial window implantation have been previously described (30,31) . Shortly, mice were 300 

anesthetized before undergoing surgery by intraperitoneal injection of ketamine/xylazine (respectively 120 301 

and 10 μg/g body weight; WDT/Bayer HealthCare); inflammation and pain were reduced by the 302 

subcutaneous administration of the anti-inflammatory drug Rymadil (7.5 µg/g; Pfizer) and the antibiotic 303 

Baytril (7 μg/g body weight, Bayer HealthCare). 4 WT and 4 APP KO were injected in three different 304 

areas of the somatosensory cortex with: AAV5.GfaABC1D.cyto-tdTomato.SV40 (# 44332, Penn Vector, 305 

Philadelphia, PA, USA) and AAV2/5.GfaABC1D.Lck-GCaMP6f (# 52924, Penn Vector, Philadelphia, 306 

PA, USA) viruses, in a solution of 10% virus, 45% PBS (1x) and 45% of the original stock of mannitol 307 

solution, for a final volume of 300 μl/injection site. Viruses were injected at 200 μm depth from the brain 308 

surface with a speed of 30 nl/minute. A piece of skull of the diameter of 4 mm above the somatosensory 309 

cortex was removed and a thin glass (VWR International GmbH, Darmstadt, De) was placed on top of the 310 

injected area and sealed by dental acrylic (Cyano-Veneer fast; Schein, Vienna, AU). A custom made small 311 

metal bar was cemented next to the coverslip to allow head-fixation during imaging sessions. 312 

In vivo Two-Photon Microscopy  313 

Weekly imaging sessions started at earliest 4 weeks after surgery to allow mice to recover and cranial 314 

windows to become clear. Mice were anesthetized by isoflurane inhalation (1-1.5% isoflurane in oxygen), 315 

head fixed and placed under the microscope. During every imaging session the body temperature was 316 

monitored and maintained at 37°C with a thermostat-controlled heating pad. To ensure mice were equally 317 

anesthetized during imaging breath rate, oxygen saturation and heart rate were monitored with the 318 

Oximeter probe (MouseOx; STARR Life Sciences, Oakmont, PA, USA) and kept constant (breath rate 319 

between 60-70 breaths per minute; oxygen saturation between 97% and 98%, and heart rate between 300 320 

and 450 bpm) as suggested in the monitoring protocol (32) . In vivo time-lapse image series of GCaMP6f 321 

fluorescence were acquired in the layer 1/2 (120–200 µm below the pial surface) of the somatosensory 322 

cortex. Fluorescence image series were collected by the LaVision Trim Scope equipped with tunable 323 

Ti:sapphire two-photon lasers (Chameleon, Coherent, Santa Clara, CA, USA ) tuned at 940 nm and 25x 324 

1.05 NA water-immersion objective (Olympus, Hamburg, DE). The setup was controlled using LaVision 325 

Imspector software (LaVision BioTec GmbH, Bielefeld, DE). Each image frame was acquired at the rate 326 

of 4.17 Hz and was 75 x 75 µm with 512 x 512 pixel resolution. Laser power was kept below 20mW. 327 

Mice were kept on the stage for a maximum of 1 hour and 30 minutes and during this time period image 328 

series from the injected area of the somatosensory cortex were acquired (~8 min per area). Only images 329 



acquired under same anesthesia condition were taken into consideration for astrocytic calcium activity 330 

analysis. 331 

Extraction and analysis of Ca²⁺ transients 332 

After an image series was acquired, the x-y axis drift in the image stacks was stabilized using the software 333 

Igor 7 Pro (WaveMetrics Inc., Lake Oswego, OR, USA). The protocol used for astrocytic calcium 334 

investigation was adapted from the protocol “CASCADE” (11). Calcium transient information about 335 

individual microdomain activity was extracted by the combination of custom written codes of Fiji (33) and 336 

MiniAnalysis Software (Synaptosoft Inc., Decatur, GA, USA). As a first step, background noise was 337 

subtracted by performing 3D convolutions (average and Gaussian filters of size 5x5x5 pixels (x,y,t)) on 338 

time-series image stacks (I(x,y,t)). By subtracting the products of the average and Gaussian filtering we 339 

obtained a noise filtered image stack (I(x,y,t)). To identify those regions that exhibit frequent dynamic 340 

changes in fluorescence, the mean intensity (avg) and standard deviation (sd) of background pixels noise 341 

filtered stacks were calculated. The sum-intensity projected stacks were binarized using a threshold value 342 

of avg + 3 sd. By summing the binarized sum- and sd-projected stacks of the noise filtered stack we 343 

generated a mask where the core of each microdomain was detected. All domains with an area bigger than 344 

25 pixels were taken into consideration. The binarized mask of the microdomain cores was used as 345 

template for ROIs detection. ROIs were finally applied on the raw time series image to plot the GCaMP 346 

intensity- levels over the time. Time traces of fluorescence intensity were extracted from the ROIs and 347 

converted to dF/F values. We analyzed spontaneous events that occurred in recording session of 300 s. 348 

ASCaTs were identified based on amplitudes that were at least 1.5-fold above the baseline noise of the 349 

trace (dF/F). Spontaneous events were semi-manually marked, and event amplitudes, area under the curve, 350 

time to peak, decay time and event frequency per ROI per min were measured using MiniAnalysis 6.0.07 351 

(Synaptosoft, Inc., Decatur, GA, USA).  352 

Immunofluorescence on brain sections 353 

Mice were anaesthetized with an intraperitoneal injection of ketamine/xylazine (respectively 120 and 10 354 

μg/g body weight; WDT/Bayer HealthCare) and transcardially perfused with phosphate buffered saline 355 

(1x PBS) followed by 4% paraformaldehyde in 0.12 M PBS, pH: 7.4. The brain was removed and post-356 

fixed for 24 h at 4°C in the same fixative. The brains were washed in 1x PBS and coronal sections of 50 357 

μm were obtained at room temperature by the vibratome Leica VT 1000S (Leica Mikrosysteme Vertrieb 358 

GmbH, Wetzlar, Germany). Immunofluorescence was performed on free floating sections. The study was 359 

focused on astrocytes of layer 2/3 of the somatosensory cortex (from bregma 1.98mm to – 1.82mm). 360 

Sections were permeabilized (2% TritonX –PBS, Life Science, Darmstadt, DE), gently shacked, overnight 361 

at 4°C. Blocking solution (10% normal donkey serum in 1x PBS, Thermo Fisher Scientific Messtechnik 362 

GmbH, Munich, DE) was applied for 2 h at room temperature (RT). Sections were incubated with anti-363 

GFP antibody conjugated with Alexa 488 (#A21311, Thermo Fisher Scientific Messtechnik GmbH, 364 

Munich, DE) diluted in 3% normal donkey serum, 0,03% Triton-X, 0,05% sodium azide – 1x PBS 365 

overnight at 4°C. Brain sections were mounted on polysine slides with Dako Fluorescente Mounting 366 

Medium (#S3023, Thermo Fisher Scientific Messtechnik GmbH, Munich, DE). Confocal images were 367 

acquired using a Zeiss LSM 780 with a Plan Apochromat 40x/ NA 1.4 Oil DIC M27 with a Pinhole set to 368 

1 airy unit. For a list of all the primary antibodies see below. 369 

Primary cortical astrocyte culture 370 



Primary cortical astrocyte cultures were prepared on postnatal day 3 (P3) from APPKO and C57/Bl6 371 

animals. The brain was isolated and placed in HBSS (Gibco, cat. 24020091, Thermo Fisher Scientific) at 372 

RT. Meninges were removed and the cortex was dissected. Cortices from 3 animals were pooled, cut into 373 

pieces, washed with HBSS, and digested in 5 ml Trypsin containing 0.05% EDTA (Gibco; cat. 25300062, 374 

Thermo Fisher Scientific) at 37°C for 15 min. The reaction was stopped by adding 5 ml of medium (MEM 375 

(Gibco cat. 31095029, Thermo Fisher Scientific), 0.6% Glucose (Merck # 1083371000, CAS 50-99-7), 376 

5% heat-inactivated FBS (PAN Biotech P40-37500)). After washing with HBSS, cells were mechanically 377 

dissociated in culture medium to obtain a single-cell suspension and plated on a T-75 flask (Nunc EasY 378 

Flask cat. 156499, Thermo Fisher Scientific). The medium was changed the next day in order to remove 379 

unattached cells. Cultures were grown in an incubator with humid environment at 37°C and 5% CO2 380 

(Hereaus, HERAcell 150i). Astrocytic cultures were split at 90% confluency by transferring the cells 381 

equally in T-175 flasks (Nunc EasY Flask cat.159910, Thermo Fisher Scientific).  382 

Astrocyte culture on coverslips for transfection and immunofluorescence experiments 383 

During the second passaging cells were plated on 15 mm glass coverslips (Marienfeld, pretreated 384 

overnight (o/n) with nitric acid (Merck), washed with H2O, and sterilized in an oven (Memmert UF30) in 385 

a 12 well plate (Nunc cat. 150628, Thermo Fisher Scientific) at a density of 70 000 cells per well. 72 h 386 

after plating, cells were transfected with 1µg plasmid carrying APP full length with a C-terminal-GFP-tag 387 

under the EF1alpha promoter (peak12/HA-APP-GFP: the insert: EF1a/HA-humanAPP-GFP was cloned 388 

into a peak12/RFP backbone using the cloning sites 1: Hind3 and 2: Not1) and 1.5 µl lipofectamine 389 

(lipofectamine 2000 reagent, Invitrogen) in OptiMEM (Gibco, cat. 51985026, Thermo Fisher Scientific) + 390 

2.5% FBS per well. Astrocytes were incubated with the transfection mix and the medium was changed the 391 

following day. Day 5 after transfection cells were washed with autoclaved phosphate-buffered saline (1x 392 

PBS) and fixed for 15 min with 4% PFA (Merck, 4% PFA (w/v) in PBS) at RT. After washing with 1x 393 

PBS, cells were used for immunofluorescent staining.  394 

Western blots of cortical astrocytes culture 395 

Westernblot analysis was performed with 2x passaged astrocyte cultures.5 cultures prepared from 3 pups 396 

each were taken to obtain 5 biological replicates. After cells reached 90 % confluency they were detached 397 

by trypsinization and lysed with STET buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% 398 

Triton-X-100,) containing 1:100 freshly added protease inhibitor (P8340, Sigma-Aldrich Chemie Gmbh 399 

Munich, De) and 1:100 phosphatase inhibitor (#5870 Cell signaling) for 30 min on ice. Protein 400 

concentration was determined with bicinchoninic acid (BCA) assay (Uptima Interchim) and samples were 401 

mixed 1 in 4 with 4x Laemmli buffer (8% SDS, 40% Glycerol, ~0.025% Bromophenol blue, 10% β-402 

mercaptoethanol, 125 mM Tris, pH 6.8). 10-15 µg protein was loaded on a gradient gel (M42015, 403 

Genscript ExpressPlus PAGE gel 4-20%) and SDS-PAGE was performed with Tris-MOPS-SDS Buffer 404 

(M00138, Genscript,). Proteins were transferred onto a PVDF membrane (IPVH 00010, Merck) in transfer 405 

buffer (25 mM Tris, 240 mM Glycin, 10% Methanol). The membrane was blocked with 5% skim milk 406 

(Sigma-Aldrich Chemie Gmbh Munich, De) in PBS-T (1x Phosphate buffered saline + 0.05% Tween) for 407 

at least 30 min at RT with horizontal rotation. After washing with PBS-T following antibodies were used 408 

for WB analysis: primary antibodies in PBS-T, 0.25% BSA and incubated o/n at 4°C APPY188 1:1000, 409 

TOMM20 1:1000 (see antibody list), 1h at RT β-actin 1:10000 (A5316, clone AC-74, Sigma), 1 h at RT 410 

calnexin 1:10000 (ADI-SPA-860, Enzo); secondary antibodies in PBS-T, 0.25% BSA and incubated 1h at 411 

RT anti-mouse- horseradish peroxidase (HRP) 1:10000 (Promega, Mannheim, De), anti-rabbit-HRP 412 



1:10000 (Promega). Protein signals were developed with enhanced chemiluminescence (ECL) (ECL-413 

substrate, GE Healtcare) and visualized using ImageQuant LAS4000 (GE Healthcare).  414 

Immunofluorescence on cortical astrocyte culture 415 

Cover glasses were placed into a humid chamber, quenched for 10 minutes with 50 mM Ammonium 416 

Cloride and extracted with 0.1% Triton-X 1x PBS (Life Science, Darmstadt, Germany) for 3 minutes at 417 

RT. To prevent unspecific binding, a 10 % blocking solution (2% FCS, 2% BSA, 0.2% fish Gelatin) 418 

diluted in 1x PBS was applied on the coverslips for 1 h at room temperature. For immunolabelling 419 

sections were incubated 1 h at RT with primary antibody diluted in 10% blocking solution/ PBS (for a 420 

complete primary antibodies list see table). After rinsing the coverslips 3 times with 1x PBS we applied 421 

secondary antibodies diluted in 10% blocking solution/ PBS. The secondary antibodies applied, raised in 422 

goat or donkey, were: Alexa 594, Alexa 488, and Alexa 647 diluted 1:500 in 10% blocking solution/PBS. 423 

FIB/SEM characterization of mitochondria morphology 424 

During the second passaging, primary cortical astrocytes were plated on 15 mm glass coverslips 425 

(Marienfeld , pretreated overnight (o/n) with nitric acid (Merck) and sterilized) in a 12 well plate (Nunclon 426 

delta surface) at a density of 70 000 cells per well. After 5 days, astrocytes were rinsed with autoclaved 427 

phosphate buffered saline ) briefly and fixed with 2,5% glutardialdehyde in cacodylate-buffer (75 mM 428 

cacodylate, 75 mM NaCl, 2 mM MgCl2) for 30 min, followed by 3 washing steps in cacodylate buffer. 429 

Thereafter, cells were post-fixed with 1% OsO4 and 1% K4Fe(CN)6 in cacodylate buffer for 30 min, 430 

washed 3 times in ddH2O, incubated with 1% thiocarbohydrazide in ddH2O for 30 minutes, washed with 431 

ddH2O 3 times, followed by a second post-fixation with 1% OsO4 in ddH2O for 30 min. Samples were 432 

further rinsed 3 times with ddH2O, dehydrated in a graded series of acetone (10%, 20%, 40%, 60%, 80%, 433 

100%, 100%, 100%; 10 min each) including an incubation step in 1% uranyl acetate in 20 % acetone for 434 

30 min. Subsequently, cells were infiltrated and embedded as described previously (34). Tomographic 435 

datasets were obtained by the ‘slice and view’ technique using a Zeiss Auriga 40 crossbeam workstation 436 

(Carl Zeiss Microscopy, Oberkochen, DE). For milling with the Ga-ion beam, the conditions were as 437 

follows: 0.5–1 nA milling current of the Ga-emitter; with each step 50 nm of the epoxy resin was 438 

removed. SEM images were recorded at 1.5 kV with an aperture of 60 μm operated in the high current 439 

mode with the in-lens EsB detector (EsB grid set to −1000 V). The voxel size was 5 nm in x/y and 50 in z. 440 

FIB/SEM image stacks were aligned, segmented and 3D reconstructed with Amira® (Thermo Fischer 441 

Scientific Messtechnik GmbH, Munich, DE). 442 

Mitochondria morphological investigation 443 

Mitochondria of cultured astrocytes were stained against TOMM20 (see table for protocol) and mounted 444 

with Dako Fluorescent Mounting Medium (S3023) on Polysine slides (Thermo Scientific, P4981). Z-445 

stacks confocal microscopy images were acquired (x: 106.07 µm, y: 106.07 µm, z: between 3-6 µm, 0.5 446 

µm interval; Zeiss 40x/1.4, oil immersion) and 2-D deconvoluted (AutoQuantX3, Media Cybernetics). 447 

Projection on the z-axis was performed to obtain a single in-focus field projection. Mitochondria were 448 

selected by thresholding the pictures and processing them using the software Fiji (33). Classification of 449 

mitochondria morphology in network, rods and puncta was done accordingly to the following values: 450 

puncta area: 0.1 – 2.7 µm²; rods area: 2.7 - 8.8 µm² and network area: from 8.9 µm². Based on the area 451 

covered by the mitochondria, a colour- coded image was generated to visualize in red puncta, in green 452 

rods and in blue the network. GFP signal of APP-GFP transfected cells was amplified by anti-GFP 453 



staining which allowed visual identification and investigation of their mitochondria. For statistical analysis 454 

the morphological class is shown as fraction (%) of the total mitochondria area (TOMM20) of an 455 

astrocyte, n = 30 astrocytes. 456 

Statistical analysis 457 

For statistical analysis and comparisons GraphPad Prism 5.04 (GraphPad Software, Inc., La Jolla, CA 458 

USA) was used. For each set of data, we determined whether values were normally distributed or not. If 459 

they were normally distributed, we used parametric tests; otherwise, we used non-parametric tests 460 

(unpaired two-tailed Student’s t test and two-way ANOVA followed by Bonferroni post-hoc test or Mann 461 

Whitney test). For frequency distribution comparison, Kolmogorov-Smirnov test was applied. P-value < 462 

0.05 was defined as statistically significant. All the analysis was performed blinded with respect to mouse 463 

genotype. 464 

  465 

Primary Antibody list for Immunofluorescence 466 

ANTIGEN SOURCE TYPE DILUTION 
FACTOR 

INCUBATION SAMPLE 

GFP-Alexa 
conjugated488 

Thermo 
Fisher 
(#A21311) 

rb 1:500 2 h /room temp. Brain slice, 
astrocytic 
culture 

TOMM20 

Mitochondrial 
import receptor 

Abcam 

(#186735) 

rb 1:200 1 hour/ room 
temp. 

Astrocytic 
culture 

APPY188 

Amyloid 
Precursor 
Protein 

Abcam 

(#32136) 

rb 1:200 1 hour/ room 
temp. 

Astrocytic 
culture 
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