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Disha Shah,1,* Willy Gsell,2 Jérôme Wahis,3 Emma S. Luckett,4 Tarik Jamoulle,4 Ben Vermaercke,5 Pranav Preman,1
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SUMMARY
Dysfunctions of network activity and functional connectivity (FC) represent early events in Alzheimer’s
disease (AD), but the underlying mechanisms remain unclear. Astrocytes regulate local neuronal activity in
the healthy brain, but their involvement in early network hyperactivity in AD is unknown. We show increased
FC in the human cingulate cortex several years before amyloid deposition. We find the same early cingulate
FC disruption and neuronal hyperactivity in AppNL-F mice. Crucially, these network disruptions are
accompanied by decreased astrocyte calcium signaling. Recovery of astrocytic calcium activity
normalizes neuronal hyperactivity and FC, as well as seizure susceptibility and day/night behavioral
disruptions. In conclusion, we show that astrocytes mediate initial features of AD and drive clinically
relevant phenotypes.
INTRODUCTION

Pathophysiological processes in Alzheimer’s disease (AD) affect

brain function several years before symptoms arise (Aisen et al.,

2017). It is crucial to understand these early functional deficits

and to identify diagnostic markers for those alterations, as they

occur long before the irreversible damage of neurons (Deture

and Dickson, 2019). The initial neuronal disruptions in mouse

models of amyloid pathology manifest as increased activity of

neurons and brain networks (Busche and Konnerth, 2015; Palop

and Mucke, 2010). In AD patients, neuronal deficits are reflected

as alterations of functional connectivity (FC) of brain networks,

measured with resting-state functional magnetic resonance im-

aging (rsfMRI) (Cieri and Esposito, 2018). For instance, increases

in cortical and hippocampal FC have been shown in individuals

at risk for developing AD (Bakker et al., 2012; Ewers et al.,

2011; Kucikova et al., 2021; Zheng et al., 2021) and in

several App mouse models before amyloid plaque deposition

(Hernandez et al., 2017; Shah et al., 2016a, 2018).

Network activity and FC thus represent clinically relevant read-

outs for early AD, but the mechanisms that underlie these

changes are not well understood. Studies show that these

network disruptions are partially mediated by toxic effects of
This is an open access article under the CC BY-N
soluble amyloid species on neurons (Busche et al., 2012);

however, recently the AD field has broadened its research focus

to understand how other cell types and their mutual interactions

contribute to the disease process (De Strooper and Karran,

2016).

Indeed, dysregulation of neuronal activity could also be medi-

ated by functional deficits of astrocytes (Khakh and McCarthy,

2015; Lines et al., 2020). When amyloid plaques develop, astro-

cytes become reactive and, together with microglia, contribute

to neuro-inflammatory processes (Arranz and De Strooper,

2019). However, astrocytes are also implicated in maintaining

homeostasis of neuronal circuits (Khakh and Deneen, 2019;

Lines et al., 2020) and regulating neuronal activity through,

among others, fluctuations of their intracellular calcium signals

(Poskanzer et al., 2018) and subsequent secretion of gliotrans-

mitters (Haydon, 2001; Pérez-Alvarez and Araque, 2013). It is

known that reactive astrocytes produce increased spontaneous

calcium oscillations near amyloid plaques at later disease stages

(Delekate et al., 2014; Kuchibhotla et al., 2009; Lines et al., 2022),

likely reflecting inflammatory phenotypes (Shigetomi et al.,

2019). It is unclear, however, whether astrocytes are already

implicated in the early stages of disease—in other words,

whether they show functional deficits before amyloid plaque
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deposition. An early disruption of astrocyte calcium signaling

could in principle impede their ability to regulate neuronal activity

(Poskanzer et al., 2018), which in turn could instigate or sustain

network hyperactivity in AD.

In this study, we asked whether astrocytes contribute to

network deficits in early AD. Since network disruptions can be

measured as altered FC using clinically available MRI tools, we

verified the translational value of FC disruptions by comparing

brain networks in cognitively intact humans and the AppNL-F

mouse model (Saito et al., 2014) before amyloid accumulation.

We then zoomed in on functional changes at the cellular level

in neurons and astrocytes. Finally, we modulate astrocyte

activity to prove their involvement in neuronal disruptions, FC

deficits, and clinically important behavior readouts. Our results

demonstrate a fundamental contribution of astrocytes to initial

features of AD.

RESULTS

Increased cingulate functional connectivity before
plaque deposition in humans and mice
RsfMRI allows non-invasive whole-brain measurements of FC,

using the blood oxygen-level-dependent (BOLD) contrast as an

indirect measure for brain activity. We analyzed rsfMRI data of

cognitively intact participants from the Flemish Prevent AD

Cohort KU Leuven (F-PACK) (Schaeverbeke et al., 2021), who

were scanned with amyloid-positron emission tomography

(PET) at two time points (7 ± 0.3 years between two scans).

We divided the group into individuals who either show no change

in amyloid load over time (controls, ‘‘Centiloid’’ [CL] at baseline

scan 7.1 ± 1.1, CL at follow-up scan 6.1.0 ± 1.6, N = 24, p =

0.83) or increasing amyloid load (amyloid accumulators, CL at

baseline 7.7 ± 2.1, CL at follow-up scan 42 ± 5.7, N = 10,

p < 0.0001) (Figure 1A). We applied a threshold of CL = 23.5 to

discriminate amyloid accumulators and controls (Karran and

De Strooper, 2022; Schaeverbeke et al., 2021). We compared

the rsfMRI scans acquired at baseline between these groups

to assess whether there are changes in BOLD FC before longitu-

dinal increases in amyloid load. The mean FC matrices (Fig-

ure 1B) show increased anterior-posterior cingulate FC in amy-

loid accumulators (false discovery rate [FDR] corrected at

p < 0.05, p = 0.0005), and we found a significant difference using

the change in amyloid load as a covariate for this connection
Figure 1. Increased FC of the anterior cingulate cortex in the human b
(A) Amyloid load (CL values ± SEMs) for controls (N = 24) and amyloid accumulato

2-way repeated ANOVA with Sidak correction.

(B) Mean FC matrices of controls (N = 24) and amyloid accumulators (N = 10). **

(C) Mean BOLD FC map of the anterior cingulate cortex of controls and amyloid

between the anterior cingulate cortex and all other voxels in the brain). Statisti

accumulators versus controls, 2-sample t test, uncorrected, p < 0.001.

(D) BOLD FC (Z scores ± SEMs) between the anterior and posterior cingulate co

(E) Correlation between change in amyloid load (DCL between baseline and time

baseline for controls (r = 0.14, p = 0.52) and amyloid accumulators (r = 0.86, p =

(F) Mean FC matrices of 3-month-old AppNL control (N = 17) and AppNL-F mice (N

scale shows Z scores.

(G) Mean BOLD FCmap of the anterior cingulate cortex of AppNL control and App

shows anterior cingulate connections that are increased in AppNL-F mice versus

(H) BOLD FC (Z scores ± SEMs) between the anterior and posterior cingulate co
(FDR corrected, p = 0.006). This was confirmed by the mean

FC maps (FDR corrected, p < 0.05) and statistical difference

map (uncorrected, p < 0.001) of the anterior cingulate cortex,

which show increased anterior-posterior FC in amyloid accumu-

lators (Figure 1C). We used the individual FC maps to quantify

anterior-posterior FC of the cingulate cortex (Figure 1D) (Z

scores for control group 0.25 ± 0.025 for N = 24 individuals, am-

yloid accumulators 0.54 ± 0.083 for N = 10 individuals, p =

0.0001). Moreover, we found a positive correlation between the

increase in amyloid load and baseline anterior-posterior cingu-

late FC in the amyloid accumulators (r = 0.86, p = 0.0016) (Fig-

ure 1E), suggesting that cingulate FC has predictive value for

downstream amyloid accumulation.

Although increased FC of cortical and hippocampal networks

has been demonstrated in patients who have amyloid plaques

and are at risk for developing AD (Kucikova et al., 2021), we

show here that cognitively normal individuals show early in-

creases of cingulate BOLD FC, several years before reaching

the threshold for amyloid positivity on PET scans. This indicates

that increased FC of the cingulate circuitry could represent a very

early functional symptom of incipient AD, before the presence of

cognitive deficits (Table S1).

We next confirmed whether similar early FC changes can be

reproduced in the (preclinical) early disease stages (i.e., at

3 months of age) in the AppNL-F mouse model of AD. AppNL

mice are considered an appropriate negative control for

AppNL-F mice as the levels of APP, APP intracellular domain

(AICD), and C-terminal fragment b (CTF-b) are equivalent in

both models. Therefore, the observed functional changes can

be attributed to the increased Ab42:Ab40 ratio caused by the

Iberian mutation in the AppNL-F mice (Saito et al., 2014). We

did not see any differences in BOLD FC when comparing

3-month-old AppNL mice with C57BL/6 mice (Figures S1A and

S1B). Moreover, we confirm the absence of amyloid plaques

with 82E1 staining and increase in the Ab42:Ab40 ratio in

3-month-old AppNL-F mice (Figures S1C and S1D).

The cingulate cortex and hippocampus show increased FC

before amyloid plaque deposition. FC between the anterior

and posterior cingulate cortex shows the most significant

change (FDR corrected, anterior-posterior cingulate cortex, p =

0.0004) (Figure 1F). The mean FCmaps and statistical difference

map of the anterior cingulate cortex confirm increased anterior-

posterior FC in AppNL-F mice compared to AppNL controls (FDR
rain and AppNL-F mice
rs (N = 10). Threshold at CL = 23.5 is indicated by the dotted line. ***p < 0.001,

*p < 0.001, 2-sample t test, FDR corrected. Color scale shows Z scores.

accumulators (FDR corrected, p < 0.05). Color scale shows t values (i.e., FC

cal map shows anterior cingulate connections that are increased in amyloid

rtex. ***p < 0.001, 2-sample t test.

point 1) and BOLD FC (between the anterior and posterior cingulate cortex) at

0.0016).

= 14). *p < 0.05, **p < 0.01, ***p < 0.001, 2-sample t test, FDR corrected. Color

NL-Fmice (FDR corrected, p < 0.05). Color scale shows t values. Statistical map

AppNL controls, 2-sample t test, FDR corrected, p < 0.05.

rtex. ***p < 0.001, 2-sample t test.
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corrected, p < 0.05) (Figure 1G). We used the individual maps to

quantify FC between the anterior and posterior cingulate cortex

(Figure 1H) (Z scores for AppNL control mice 0.16 ± 0.020 for N =

17mice, AppNL-F 0.35 ± 0.033 for N = 14mice, p < 0.0001). Thus,

theAppNL-Fmousemodel shows similar early increases of BOLD

FC in the cingulate cortex as humans, emphasizing the clinical

relevance of the mouse model and the importance of the

cingulate cortex during early disease stages.

Astrocytes regulate network functional connectivity in
the healthy brain
We argue that the functional deficits of astrocytes contribute to

the observed AD-related FC disruptions. While we know that as-

trocytes support the regulation of local neuronal activity

(Haydon, 2001; Pérez-Alvarez and Araque, 2013), it remains

less knownwhether astrocytes are also involved in the regulation

of large-scale network connectivity. We used wild-type C57BL/6

mice to assess whether modulation of intracellular calcium

signals in astrocytes can modify FC in the healthy brain.

We used adeno-associated viruses (AAVs) to express different

transgenes in astrocytes under the GFAP promoter. We ex-

pressed hM3Dq designer receptors exclusively activated by

designer drugs (DREADDs) (Roth, 2016), which respond to sys-

temic injection of clozapine-N-oxide (CNO) by calcium release

from the endoplasmatic reticulum (ER) through the inositol

1,4,5-trisphosphate (IP3) pathway (Roth, 2016). Conversely, we

expressed the Pleckstrin homology (PH) domain of phospholi-

pase C (PLC)-like protein p130 (p130PH), which buffers IP3

and impedes calcium release (Xie et al., 2010). We stereotacti-

cally injected all AAVs in the cingulate cortex and performed

several control experiments to demonstrate the specificity and

efficiency of this strategy. Figure S2 shows the AAV injection

site and the specific expression of AAVs in astrocytes. Further-

more, co-injection of AAVs targeted to neurons (hSYN promoter

EGFP) or astrocytes (GFAP promoter, mCherry) showed no co-

expression of the two fluorophores, validating the cell-type

specificity of our approach.

Next, we used in vivo two-photon calcium imaging of astro-

cytes expressing GCaMP6f to confirm that the activation of
Figure 2. Modulation of astrocyte calcium activity alters network FC in

(A–E) The effect of astrocyte modulation (mCherry, DREADDs, or P130PH under th

fected with GCaMP6f after intravenous (i.v.) injection of AAV-PHP.eB under the hS

(3 mg/kg, intraperitoneally [i.p.]) to activate DREADDs.

(A) Brain regions used for correlation analyses are shown on the Allen Mouse Br

(B) Mean FC matrices show correlation between DF/F0 of neuronal calcium signa

(N = 6), or P130PH (N = 5). Color scale shows Z scores. FC between the anterio

(C) Graph showsDF/F0 correlation between anterior and posterior cingulate region

Sidak correction.

(D) Representative FC maps of the anterior cingulate cortex show FC of this regi

(E) Graph displays maximum FC of each cingulate FC map for all mice per condit

(F–K) The effect of astrocyte modulation (mCherry, DREADDs, or P130PH under th

AAV expression and administered CNO (3 mg/kg, i.p.) to activate DREADDs.

(F) Brain regions used to calculate BOLD FC matrices are displayed on the Allen

(G) Mean BOLD FC matrices show correlation between BOLD signals in mice ex

shows Z scores, representing the strength of FC. BOLD FC between the anterio

(H) Mean BOLD FC maps of the cingulate cortex of mice expressing mCherry (N

(I–K) Quantification of BOLD FC between the anterior and posterior cingulate cor

10 mg/kg, i.p., N = 7–9/group) (I), expression duration of P130PH (4, 8, and 12 wee

(N = 7/group, CNO 3 mg/kg) (K). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000
DREADDs through systemic injection of CNO increases the

amplitude and frequency of astrocyte calcium signals, while

P130PH expression decreases these parameters in wild-type

C57BL/6 mice (Figure S3).

We then show thatmodulating astrocyte calcium signals alters

FC of the cingulate cortex as measured with wide-field calcium

imaging of neurons, in which GCaMP6f was expressed after

intravenous administration of AAV-PHP.eB under the hSYN pro-

moter. The mean FC matrices show the correlation of neuronal

calcium signals between brain regions (Figures 2A and 2B). FC

between anterior and posterior cingulate regions was increased

in mice expressing DREADDs compared to mCherry controls (Z

score for mCherry 0.46 ± 0.045 for N = 6 mice, DREADDs 0.69 ±

0.033 for N = 6 mice, p = 0.0005), while P130PH expression

decreased FC of neuronal calcium signals (Z score P130PH

0.310.015 for N = 5 mice, p = 0.01) (Figure 2C). The FC maps

of the anterior cingulate cortex confirm these results (maximum

Z score for mCherry 0.46 ± 0.012, DREADDs 0.770.059,

P130PH 0.22 ± 0.029; mCherry versus DREADDs p = 0.0001,

mCherry versus P130PH p = 0.0015) (Figures 2D and 2E).

Similarly, DREADDs and P130PH increased or decreased

BOLD FC, measured with rsfMRI, between the anterior and pos-

terior cingulate cortex, respectively, as shown on the mean FC

matrices and FC map of the anterior cingulate cortex

(Figures 2F–2H). We show that increasing doses of CNO have

no effect on BOLD FC in mice expressing mCherry (Z score for

1 mg/kg CNO 0.210.015, 3 mg/kg 0.21 ± 0.013, 10 mg/kg

0.21± 0.018 forN= 7/group). However,we see a dose-dependent

effect of CNO in mice expressing DREADDs (1 mg/kg 0.21 ±

0.016, 3 mg/kg 0.27 ± 0.014, 10 mg/kg 0.34 ± 0.021 for N =

8–9/group; 1 mg/kg versus 3 mg/kg, p = 0.02, 1 mg/kg versus

10 mg/kg, p < 0.0001, 3 mg/kg versus 10 mg/kg, p = 0.01).

CNO increasesBOLDFC inDREADD-expressingmice compared

to mCherry controls at 3 mg/kg (p = 0.02) and 10 mg/kg

(p < 0.0001) (Figure 2I). P130PH caused decreased expression

compared to mCherry mice at 4 weeks mCherry 0.22 ± 0.013,

P130PH 0.13 ± 0.015, p = 0.009, N = 7/group), 8 weeks (mCherry

0.23 ± 0.022, P130PH 0.11 ± 0.015, p = 0.0007, N = 7/group),

and 12 weeks (mCherry 0.21 ± 0.015, P130PH 0.074 ± 0.024,
healthy C57BL/6 mice

e GFAP promotor) on widefield calcium imaging of neurons, which were trans-

YN promotor. We allowed 4 weeks for AAV expression and administered CNO

ain Atlas.

ls for each pair of brain regions in mice expressing mCherry (N = 6), DREADDs

r and posterior cingulate cortex is indicated by asterisk.

s (Z score ± SEM) for each condition. *p< 0.05,***p < 0.001, 1-way ANOVAwith

on with other pixels in the imaging field-of-view. Color scale shows Z scores.

ion (z-max ± SEM). *p < 0.05, **p < 0.01, 1-way ANOVA with Sidak correction.

e GFAP promotor) on BOLD FCmeasured with rsfMRI.We allowed 4weeks for

Mouse Brain Atlas.

pressing mCherry (N = 10), DREADDs (N = 8), or P130PH (N = 7). Color scale

r and posterior cingulate cortex is indicated by asterisk.

= 10), DREADDs (N = 8), or P130PH (N = 7). Color scale shows t values.

tex (Z score ± SEM) of mice after injection of different doses of CNO (1, 3, and

ks’ expression, N = 7/group) (J) or after co-injection of DREADDs and P130PH

1, 1-way ANOVA with Sidak correction for multiple comparisons.
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p = 0.0002, N = 7/group) after AAV expression (Figure 2J). Co-

injection of DREADDs and P130PH caused decreased cingulate

BOLD FC before CNO injection (Z scores mCherry 0.19 ± 0.018,

P130PH and DREADDs before CNO 0.09 ± 0.014, p = 0.008)

and recovery of BOLD FC after CNO injection (3 mg/kg)

(P130PH and DREADDs after CNO 0.21 ± 0.029, p = 0.002)

(Figure 2K).

These data demonstrate an important role of astrocytes in

controlling FC and supporting large-scale functional organiza-

tion of the healthy brain, prompting us to test whether astrocytes

calcium signaling is altered in AppNL-F mice.

Astrocytes show decreased calcium signaling at early
stages of amyloid pathology
In vivo two-photon imaging of GCaMP6f expressing astrocytes

shows a decrease in astrocyte calcium signaling in AppNL-F

mice compared to AppNL control mice, as illustrated by the

representative fluorescence calcium (DF/F0) time traces

(Figure 3A) and heatmaps (Figure 3B). We show that calcium

signals from the soma and proximal processes were

decreased in AppNL-F mice, while calcium signals from the

distal processes remained unaltered (Figures S4A–S4D). The

percentage of active cells is decreased in AppNL-F mice (AppNL

controls mCherry 64%, N = 223 cells from 5 mice; AppNL-F

mCherry 28%, N = 291 cells from 4 mice, p < 0.0001)

(Figure 3C). Furthermore, the frequency (number of peaks per

minute for AppNL controls mCherry 0.12 ± 0.011; AppNL-F

mCherry 0.04 ± 0.006, p < 0.0001) and DF/F0 amplitude (AppNL

controls mCherry 1.29 ± 0.009; AppNL-F mCherry 1.21 ±

0.00763, p < 0.0001) of the calcium time traces are decreased

in AppNL-F mice (Figures 3D and 3E).

Cytosolic calcium disruptions in AppNL-F mice could be

caused by a deficit of calcium release from internal stores. To

increase calcium signaling in astrocytes, we expressed either

control virus (mCherry) or DREADDs in astrocytes. We verified

that the AAV expression was the same between AppNL control

and AppNL-F mice (Figures S4E and S4F).

Activation of DREADDs (CNO 3mg/kg) increases the percent-

age of active astrocytes in AppNL-F mice (AppNL controls

DREADDs 71%, N = 263 cells from 4 mice; AppNL-F DREADDs

48%, N = 236 cells from 4 mice; AppNL-F mCherry versus

DREADDs p < 0.0001) (Figure 3C). The frequency (AppNL con-

trols DREADDs 0.23 ± 0.018; AppNL-F DREADDs 0.09 ± 0.01;

AppNL controls mCherry versus DREADDs p = 0.0004; AppNL-F

mCherry versus DREADDs p = 0.0002) and DF/F0 amplitude

(AppNL controls DREADDs 1.44 ± 0.0173; AppNL-F DREADDs

1.28 ± 0.0107; AppNL controls mCherry versus DREADDs
Figure 3. Astrocytes show decreased calcium signaling at early stage

(A) Representative DF/F0 calcium traces of astrocytes in the cingulate cortex of

GCaMP6f in addition to either control AAV (mCherry) or DREADDs in astrocytes

(B) Heatmaps show astrocyte calcium activity (DF/F0 exceeding 2*SD baseline, y

mice, 223 cells) or DREADDs (N = 4 mice, 263 cells), and AppNL-F mice expressi

(C–E) Graphs show percentage of active cells (X2(3, N = 1014) = 119, p < 0.000

F0±SEM). **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test with Dunn’s

(F and G) Representative images and quantification of astrocytic IP3R2 (IP3R2+

immunofluorescent staining in mouse (N = 6 AppNL controls, N = 6 AppNL-F mice

patients, 4 slices per sample). Scale bar, 20 mm. *p < 0.05, **p < 0.01, 2-sample
p = 0.001; AppNL-F mCherry versus DREADDs p < 0.0001) are

also increased (Figures 3D and 3E).

However, activation of DREADDs elicits a weaker increase of

calcium signaling in AppNL-F mice than in AppNL controls

(frequency: 4.4-fold increase in AppNL control mice, 2.2-fold in

AppNL-F mice, p < 0.0001), which could point to a

downregulation of IP3 receptor type 2 (IP3R2), an intracellular

calcium release channel located in astrocytes (Sharp et al.,

1999; Taylor et al., 1999). Indeed, immunohistochemistry ana-

lyses of the astrocytic IP3R2 receptors demonstrate �42%

decreased expression in AppNL-F mice (puncta IP3R2+GFAP

density per 100 mm2 for AppNL control mice 0.39 ± 0.020 from

N = 6 mice, AppNL-F mice 0.23 ± 0.032 from N = 6 mice, p =

0.001). Moreover, we analyzed cortical tissue from control

individuals (Consortium to Establish a Registry for Alzheimer’s

Disease [CERAD] score 0, N = 3) and AD patients (CERAD score

3, N = 4) and found an �31% decrease in IP3R2 expression in

human AD brains (IP3R2+GFAP density for controls 0.36 ±

0.018, AD 0.25 ± 0.019, p = 0.01) (Figures 3F and 3G). GFAP

expression, however, remained unaltered in mice (percentage

area GFAP for AppNL controls 33 ± 1.5, AppNL-F mice 34 ± 1.4)

and human tissue (percentage area GFAP for controls 9.2 ±

1.4, AD 13 ± 1.6).

We additionally assessed a second mouse model to verify

whether our findings of decreased astrocyte calcium signaling

at early stages of amyloid pathology are reproducible. We stud-

ied the AppNL-G-F mice at 6 weeks of age, before major plaque

deposition, and confirmed the presence of early-stage

decreased astrocyte calcium signaling (Figures S4G–S4J).

Thus, astrocytes show early deficits in AD, reflected as

decreased calcium signaling in AppNL-F mice and decreased

IP3R2 expression in AppNL-F mice and human AD.

Restoring astrocyte calcium signaling dampens early
neuronal hyperactivity
We next wondered whether DREADDs-mediated modulation of

astrocytes would affect neuronal activity. For all of our experi-

ments, we used mice expressing mCherry as controls for the

DREADDs, and all of the groups were injected with CNO. We

performed an additional set of control experiments with rsfMRI

and two-photon calcium imaging of neurons to verify the lack

of effect of CNO versus saline in mice expressing mCherry.

Furthermore, we included CNO and saline injections in mice ex-

pressing DREADDs as an additional control (Figure S5).

In line with calcium imaging results in other amyloid mouse

models (Busche et al., 2008), we show thatGCaMP6f-expressing

cingulate neurons display hyperactive calcium signaling in
s of amyloid pathology

3-month-old AppNL control and AppNL-F mice expressing the calcium reporter

(GFAP promoter). Scale bar, 20 mm.

axis) over time (800 s, x axis) in AppNL control mice expressing mCherry (N = 5

ng mCherry (N = 4 mice, 291 cells) or DREADDs (N = 4 mice, 236 cells).

1), frequency (number of peaks per minute ± SEM), and signal amplitude (DF/

correction.

GFAP density/100 mm2 ± SEM) and GFAP (percentage area GFAP ± SEM) of

, 5 slices per mouse) and human AD cortical tissue (N = 3 controls, N = 4 AD

t test.
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Figure 4. Recovery of deficient calcium signaling in astrocytes dampens neuronal hyperactivity

(A) Representative DF/F0 calcium traces of neurons in AppNL control and AppNL-F mice expressing neuronal GCaMP6f (hSYN promoter) in addition to either con-

trol AAV (mCherry) or DREADDs in astrocytes (GFAP promoter). Scale bar, 20 mm.

(B) Heatmaps show neuronal calcium activity (DF/F0 exceeding 2*SD baseline, y axis) over time (800 s, x axis) in AppNL control mice expressing mCherry (N = 5

mice, 463 neurons) or DREADDs (N = 4 mice, 640 neurons), and AppNL-F mice expressing mCherry (N = 5 mice, 652 neurons) or DREADDs (N = 5 mice, 466

neurons).

(C and D) Graphs show frequency (number of peaks per minute ± SEM) and signal amplitude (DF/F0 ± SEM). ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test with

Dunn’s correction.
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Figure 5. Recovery of deficient astrocyte signaling mitigates network hypersynchrony and behavior hyperactivity in early AD

(A and B) BOLD FC matrices (A) and graphs quantifying FC (Z scores ± SEMs) (B) between the anterior and posterior cingulate cortex (indicated in matrices by

asterisk) upon modulation of astrocyte calcium activity in AppNL control and AppNL-F mice expressing mCherry or DREADDs (GFAP promoter) (N = 8/group).

***p < 0.001, ****p < 0.0001, 1-way ANOVA with Sidak correction.

(C) Seizure susceptibility (seizure score ± SEM) to a subconvulsive dose of PTZ (30 mg/kg) for AppNL control (N = 15/group) and AppNL-F mice (N = 16/group)

expressing mCherry or DREADDs. *p < 0.05, **p < 0.01, ****p < 0.0001, Kruskal-Wallis test with Dunn’s correction.

(D and E) Behavior analyses of day/night activity ofAppNL control andAppNL-Fmice expressingmCherry (AppNL control mCherry N = 15,AppNL-FmCherry N = 16)

or DREADDs (AppNL control DREADDs N = 18, AppNL-F DREADDs N = 19) over 24 h (counts of photobeam crosses ± SEMs). ****p < 0.0001, 1-way ANOVA with

Sidak correction.
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3-month-old AppNL-F mice, as shown in the representative

calcium traces and heatmaps (Figures 4A and 4B). We found

an increase in the frequency (AppNL controls mCherry 14.0 ±

0.149, N = 463 neurons from N = 5 mice; AppNL-F mCherry

15.5 ± 0.129, N = 652 neurons from N = 5 mice; p < 0.0001)

and DF/F0 amplitude (AppNL controls mCherry 1.34 ± 0.0168;

AppNL-F mCherry 1.61 ± 0.0257; p < 0.0001) of calcium time

traces. Activating DREADDs in the astrocytes of AppNL control

mice causes an increase in neuronal calcium activity—in other

words, signal frequency (AppNL controls DREADDs 17.5 ±

0.232,N = 640 neurons from5mice, p < 0.0001) andDF/F0 ampli-

tude (AppNL controls DREADDs 1.67 ± 0.0285, p < 0.0001). How-

ever, recovering the functional deficit of astrocytes in AppNL-F

mice dampens neuronal hyperactivity (i.e., frequency; AppNL-F

DREADDs 14.5 ± 0.241, N = 466 neurons from 5 mice,

p < 0.0001) and DF/F0 amplitude of the calcium traces (AppNL-F

DREADDs 1.27 ± 0.0221, p < 0.0001) (Figures 4C and 4D).

Thus, restoring early astrocyte disruptions in AppNL-F mice
decreases neuronal activity to levels comparable to control

mice. We thus show that the increase in neuronal activity is

mediated by the functional disruption of astrocyte calcium

signaling.

Recovery of astrocyte dysfunction mitigates clinically
relevant phenotypes
Our rsfMRI data confirm earlier results (Figure 2) showing that the

activation of astrocytes in AppNL control mice increased BOLD

FC (Z scores for AppNL controls mCherry 0.19 ± 0.018 and

DREADDs 0.31 ± 0.024, p = 0.0002, N = 8/group). Importantly,

DREADDs-mediated astrocyte activation normalizes BOLD FC

in AppNL-F mice (Z score for AppNL-F mCherry 0.31 ± 0.022 and

AppNL-F DREADDs 0.18 ± 0.0079, p = 0.0001, N = 8/group)

(Figures 5A and 5B), which is also consistent with our neuronal

calcium imaging data (Figure 4). Hence, we show that restoring

local astrocyte activity in AppNL-F mice is sufficient to mitigate

hypersynchrony of BOLD signals in the cingulate cortex.
Cell Reports 40, 111280, August 23, 2022 9
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Interestingly, we found that worsening the astrocyte deficit

in 3-month-old AppNL-F mice by overexpressing p130PH

exacerbates BOLD hypersynchrony (Figure S6), providing

further support to our findings.

AD patients develop subclinical epileptic activity and sleep

disturbances beforemajor cognitive decline, both of which could

be related to neuronal hyperactivity (Ju et al., 2014; Lam et al.,

2017; Vossel et al., 2013).

We assessed seizure susceptibility (Van Erum et al., 2019)

(Table S2) in 3-month-old AppNL-F mice (Figure 5C) by

administering subconvulsive doses of pentylene-tetrazole

(PTZ, 30 mg/kg) (Shimada and Yamagata, 2018). Activating

DREADDs in astrocytes of AppNL control mice before PTZ injec-

tion increases the seizure score (AppNL controls mCherry 1.5 ±

0.16, DREADDs 2.9 ± 0.37, p = 0.04, N = 15/group). AppNL-F

mice (N = 16/group) have a higher seizure score compared to

AppNL control mice (AppNL-F mCherry 5.2 ± 0.27, p < 0.0001),

which we could recover by DREADDs-mediated stimulation of

astrocytes (AppNL-F DREADDs 2.9 ± 0.32, p = 0.004).

Similarly, we observed behavior hyperactivity using activity

cage monitoring in 3-month-old AppNL-F mice (Figures 5D and

5E). During both light and dark phases, AppNL-F mice show

increased activity compared to controls (light: number of beam

crosses for AppNL controls mCherry 73 ± 8.8 for N = 15 mice,

AppNL-F mCherry 121 ± 9.37 for N = 16 mice, p = 0.002; dark:

AppNL controls mCherry 235 ± 42.1, AppNL-F mCherry 416 ±

33.2, p = 0.005). Activation of DREADDs has no effect in control

mice (light: number of beam crosses forAppNL control DREADDs

89 ± 7.5 for N = 18 mice, p = 0.25; dark: AppNL controls

DREADDs 264 ± 53.1, p = 0.6), but recovers behavior hyperac-

tivity in AppNL-F mice (light: number of beam crosses for

AppNL-F DREADDs 75 ± 10 for N = 19 mice, p = 0.002; dark:

AppNL-F DREADDs 212 ± 23.5, p = 0.001).

Taken together, these data indicate that clinically relevant

phenotypes that occur at early stages of AD, before amyloid pla-

que deposition, can be prevented bymanipulating astrocyte cal-

cium signaling.
DISCUSSION

The present study provides key findings on the role of astro-

cytes in network hyperactivity, which is one of the earliest func-

tional changes observed in several amyloid mouse models (Bu-

sche and Konnerth, 2015; Shah et al., 2016a) and mild

cognitive impairment (MCI) patients (Bakker et al., 2012; Ewers

et al., 2011). We used whole-brain resting-state fMRI as a

translational imaging tool to pinpoint brain areas with altered

network FC before visible amyloid deposition in humans and

mice, and demonstrate that the cingulate cortex is affected at

early disease stages in both species. Although previous studies

have reported increased network FC in patients at risk for

developing AD (Kucikova et al., 2021), we show here that

increased FC of the cingulate cortex occurs in cognitively

normal individuals preceding the accumulation of amyloid and

predicting amyloid-PET positivity several years later, suggest-

ing that this is possibly one of the earliest symptoms of incip-

ient AD. Moreover, we show comparable increases of FC in
10 Cell Reports 40, 111280, August 23, 2022
the AppNL-F mice, emphasizing the clinical relevance of this

mouse model.

Next, we confirmed that astrocytes play a role in maintaining

large-scale networks in the healthy brain using widefield cal-

cium imaging of neurons and rsfMRI, and demonstrate that

they are involved in early FC disruptions in AD. In vivo studies

in AD models show increased calcium signals in astrocytes of

APP mice after amyloid plaque deposition at later disease

stages (Kuchibhotla et al., 2009; Lines et al., 2022; Reichen-

bach et al., 2018). This is likely due to increased astrocyte

reactivity as a response to plaques (Shigetomi et al., 2019),

which can lead to astrocytic calcium hyperactivity through,

among others, the altered regulation of purinergic receptors,

aberrant release of ATP and other gliotransmitters, and

increased calcium efflux from mitochondria by reactive oxygen

species production (Delekate et al., 2014; Shigetomi et al.,

2019). At this late stage, astrocytes are known to acquire an

inflammatory phenotype, which includes the development of

hypertrophic morphology and increased expression of, among

others, GFAP, vimentine, and nestine, as well as increased

secretion of inflammatory cytokines such as interleukin-1 and

tumor necrosis factor alpha (Osborn et al., 2016). Astrocytes

around amyloid plaques also undergo transcriptional changes

of genes involved in inflammatory, cell signaling, and mito-

chondrial pathways (Habib et al., 2020; Preman et al., 2021).

At early disease stages, it has been shown that astrocytes

show changes in genes involved in synaptic regulation (Pan

et al., 2020), consistent with our observations at the functional

level.

We demonstrate decreased in vivo calcium signaling in astro-

cytes, several months before the presence of amyloid plaques,

which we verified in two App knockin mouse models. Moreover,

we show decreased expression of the astrocytic IP3R2 in

AppNL-F mice, which could explain impaired calcium release

from internal stores. Astrocytic IP3R2 expression was also

decreased in human AD brain tissue, emphasizing the transla-

tional relevance of the observations in the AppNL-F mouse

model. At the functional level, we confirm the importance of

the IP3 signaling pathway through the recovery of astrocyte

calcium signaling in AppNL-F mice using DREADDs.

DREADDs-mediated activation of astrocytes increases the

amplitude and frequency of astrocyte calcium signals, as re-

ported in other studies using astrocyte-specific DREADDs

(Adamsky et al., 2018; Durkee et al., 2019; Herrewegen et al.,

2021), or pharmacological/sensory-evoked activation of astro-

cytes (Ding et al., 2013; Lines et al., 2020; Wang et al., 2006). Re-

covery of deficient calcium signaling in cingulate cortex astro-

cytes of AppNL-F mice normalizes neuronal hyperactivity and

increased BOLD FC. This is a major finding that emphasizes

the important role of astrocytes during the earliest stages of

AD. We must note that, first, several mechanisms specific to

these cell types can impair glutamate metabolism and lead to

network hyperactivity. For instance, decreased expression of

the GLT-1 transporter has been reported in AD mice (Lin et al.,

2012; Schallier et al., 2011) and patients (Findley et al., 2019;

Jacob et al., 2007; Lauderback et al., 2001), and has been sug-

gested as a possiblemechanism governing neuronal calcium hy-

peractivity in AD (Zott et al., 2019). We also confirm a decrease in
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GLT-1 expression in 3-month-old AppNL-F mice (Figures S7A

and S7B).

Second, activation of astrocyte calcium signaling causes

opposing effects on neuronal activity in healthy versus AppNL-F

mice (i.e., increase versus decrease, respectively). We

therefore decided to assess the regulatory role of astrocyte

calcium signaling in healthy mice, by mimicking the situation in

the AD brain as closely as possible. We mirrored the decrease

in GLT-1 function by pharmacologically blocking this transporter

using dihydrokainic acid (DHK). In these circumstances, we see

that astrocytes with intact calcium signaling mechanisms

respond differently to basal versus hyperexcited levels of

neuronal activity. More specifically, healthy astrocytes are able

to regulate neuronal hyperactivity induced by GLT-1 dysfunction

back to basal levels (Figures S7C–S7F). These data suggest that,

despite GLT-1 dysfunction, the recovery of astrocyte-neuron

communication through astrocyte calcium signaling is crucial

to restore neuronal hyperactivity, and that astrocytes, in the

absence of amyloid pathology, maintain a regulatory role on

network activity, in line with other studies (Lines et al., 2020).

Interestingly, restoring astrocyte calcium signals in the anterior

cingulate cortex recovered seizure susceptibility and day/night

behavior hyperactivity in 3-month-old AppNL-F mice. The

cingulate cortex region is a known epileptogenic zone (Chang

and Shyu, 2014). Our data, together with other studies (Lines

et al., 2020; Vanderheyden et al., 2018), show a clear role for

astrocytes in the regulation of neuronal activity. This regulatory

function is impaired in the cingulate cortex in early AD,

possibly increasing the vulnerability of this region to seizure

activity. Moreover, astrocytes have also been linked to

circadian rhythm and sleep regulation (McKee et al., 2020), in

which decreased astrocytic calcium activity impaired the sleep

homeostat (Ingiosi et al., 2020), possibly leading to the

increased day/night behavior activity we observed in the

AppNL-F mice. As such, restoring the deficit in astrocytes in

early AD recovers their control of neuronal activity, which in

turn improves network and behavioral disruptions.

Our experiments highlight the importance of the cingulate cor-

tex and the consequences of its vulnerability in early AD at the

cell, network, and behavior levels (Borges et al., 2019; Keszycki

et al., 2019). Despite differences in anatomy and functional

complexity between the mouse and human brain, at the func-

tional level the cingulate cortex is part of the default mode

network (DMN) in humans and mice (Hafkemeijer et al., 2012;

Beason-Held, 2011; Stafford et al., 2014; Whitesell et al., 2021)

and is involved in many cognitive functions in both species

(Hoi et al., 2008; Kim et al., 2016; Koike et al., 2016; Leech and

Sharp, 2014; Sheth et al., 2012; Vogt, 2019; Weible, 2013; Ya-

suno et al., 2015), such as learning and memory, cognitive flex-

ibility, decision making, social interactions, and emotional func-

tions through strong structural and functional connections with

the posterior cingulate cortex, hippocampus, prefrontal cortex,

and thalamus (Allman et al., 2001; Stevens et al., 2011). There-

fore, an early vulnerability of this brain region could contribute

to cognitive deficits as AD pathology progresses.

In conclusion, astrocytes represent a major upstream player in

early AD pathology. Restoring the calcium-dependent homeo-

static regulatory mechanism in astrocytes mitigates early
neuronal hyperactivity, FC disruptions measured with rsfMRI,

and other clinically relevant phenotypes linked to network

hyperactivity in AD, such as disturbances in day/night rhythm

and sensitivity to epileptic insults.

Limitations of the study
We demonstrate an early deficit of cingulate FC in human volun-

teers several years before the detection of amyloid load with PET

scans. While this could have implications for the early detection

of functional disruptions in AD, we need to assess these individ-

uals longitudinally to determine how cingulate FC changes over

time, how this relates to cognitive changes, and which individ-

uals are eventually diagnosed with AD.

We show that the network deficits of the cingulate cortex are

mediated by an early deficit of calcium signaling in astrocytes,

which is in contrast to studies showing increased astrocyte ac-

tivity during plaque deposition (Delekate et al., 2014; Kuchibhotla

et al., 2009). Although these studies were performed at later dis-

ease stages, in different mouse models and other brain regions,

longitudinal experiments are warranted to investigate astrocyte

dysfunctions over the course of amyloid pathology.
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Pérez-Alvarez, A., and Araque, A. (2013). Astrocyte-neuron interaction at

tripartite synapses. Curr. Drug Targets 14, 1220–1224. https://doi.org/10.

2174/13894501113149990203.

Poskanzer, K., Araque, A., Oliveira, J.F., Guerra-Gomes, S., Sousa, N., and

Pinto, L. (2018). Functional roles of astrocyte calcium elevations: from synap-

ses to behavior. Front. Cell. Neurosci. https://doi.org/10.3389/fncel.2017.

00427. Www.Frontiersin.Org.

Preman, P., Alfonso-Triguero,M., Alberdi, E., Verkhratsky, A., and Arranz, A.M.

(2021). Astrocytes in alzheimer’s disease: pathological significance and mo-

lecular pathways. Cells 10. https://doi.org/10.3390/cells10030540.
Cell Reports 40, 111280, August 23, 2022 13

https://doi.org/10.1016/j.neuroimage.2014.08.043
https://doi.org/10.1038/s41593-020-0624-8
https://doi.org/10.1016/j.bbadis.2011.07.008
https://doi.org/10.1038/35058528
https://doi.org/10.1016/j.bbr.2017.11.017
https://doi.org/10.1186/s13041-021-00856-w
https://doi.org/10.1101/lm.905008
https://doi.org/10.1016/j.cub.2020.08.052
https://doi.org/10.1016/j.cub.2020.08.052
https://doi.org/10.3233/JAD-2007-11113
https://doi.org/10.3233/JAD-2007-11113
https://doi.org/10.1038/nrneurol.2013.269
https://doi.org/10.1038/s41573-022-00391-w
https://doi.org/10.3389/fphar.2019.01109
https://doi.org/10.1146/annurev-neuro-070918-050443
https://doi.org/10.1146/annurev-neuro-070918-050443
https://doi.org/10.1101/cshperspect.a020404
https://doi.org/10.1037/bne0000117
https://doi.org/10.1037/bne0000117
https://doi.org/10.1016/j.jalz.2014.07.003
https://doi.org/10.1038/npp.2015.229
https://doi.org/10.2967/jnumed.108.060756
https://doi.org/10.2967/jnumed.108.060756
https://doi.org/10.1126/science.1169096
https://doi.org/10.1126/science.1169096
https://doi.org/10.1016/j.neubiorev.2021.07.024
https://doi.org/10.1016/j.neubiorev.2021.07.024
https://doi.org/10.1038/nm.4330
https://doi.org/10.1038/nm.4330
https://doi.org/10.1046/j.1471-4159.2001.00451.x
https://doi.org/10.1046/j.1471-4159.2001.00451.x
https://doi.org/10.1093/brain/awt162
https://doi.org/10.1093/brain/awt162
https://doi.org/10.4155/fmc.12.122
https://doi.org/10.1002/glia.24112
https://doi.org/10.1002/glia.24112
https://doi.org/10.1038/s41467-020-17536-3
https://doi.org/10.1007/s00018-019-03314-y
https://doi.org/10.1117/1.nph.6.2.025014
https://doi.org/10.1016/j.pneurobio.2016.01.001
https://doi.org/10.1038/nn.2583
https://doi.org/10.1186/s12974-020-01774-9
https://doi.org/10.2174/13894501113149990203
https://doi.org/10.2174/13894501113149990203
https://doi.org/10.3389/fncel.2017.00427
https://doi.org/10.3389/fncel.2017.00427
http://Www.Frontiersin.Org
https://doi.org/10.3390/cells10030540


Article
ll

OPEN ACCESS
Ran, Q., Jamoulle, T., Schaeverbeke, J., Meersmans, K., Vandenberghe, R.,

and Dupont, P. (2020). Reproducibility of graph measures at the subject level

using resting-state fMRI. Brain Behav. 10, 2336–2351. https://doi.org/10.

1002/brb3.1705.

Reichenbach, N., Delekate, A., Breithausen, B., Keppler, K., Poll, S., Schulte,

T., Peter, J., Plescher, M., Hansen, J.N., Blank, N., et al. (2018). P2Y1 receptor

blockade normalizes network dysfunction and cognition in an Alzheimer’s dis-

ease model. J. Exp. Med. 215, 1649–1663. https://doi.org/10.1084/jem.

20171487.

Reinartz, M., Gabel, S., Schaeverbeke, J., Meersmans, K., Adamczuk, K.,

Luckett, E.S., De Meyer, S., Van Laere, K., Sunaert, S., Dupont, P., et al.

(2021). Changes in the language system as amyloid-b accumulates. Brain.

https://doi.org/10.1093/brain/awab335.

Roth, B.L. (2016). DREADDs for neuroscientists. Neuron 89, 683–694. https://

doi.org/10.1016/j.neuron.2016.01.040.

Saito, T., Matsuba, Y., Mihira, N., Takano, J., Nilsson, P., Itohara, S., Iwata, N.,

and Saido, T.C. (2014). Single App knock-in mouse models of Alzheimer’s dis-

ease. Nat. Neurosci. 17, 661–663. https://doi.org/10.1038/nn.3697.

Schaeverbeke, J.M., Gabel, S., Meersmans, K., Luckett, E.S., De Meyer, S.,

Adamczuk, K., Nelissen, N., Goovaerts, V., Radwan, A., Sunaert, S., et al.

(2021). Baseline cognition is the best predictor of 4-year cognitive change in

cognitively intact older adults. Alzheimer’s Res. Ther. 13, 75. https://doi.org/

10.1186/s13195-021-00798-4.

Schallier, A., Smolders, I., Van Dam, D., Loyens, E., De Deyn, P.P., Michotte,

A., Michotte, Y., and Massie, A. (2011). Region-and age-specific changes in

glutamate transport in the AbPP23 mouse model for alzheimer’s disease.

J. Alzheimers Dis. 24, 287–300. https://doi.org/10.3233/JAD-2011-101005.

Shah, D., Latif-Hernandez, A., De Strooper, B., Saito, T., Saido, T., Verhoye,

M., D’Hooge, R., and Van der Linden, A. (2018). Spatial reversal learning defect

coincides with hypersynchronous telencephalic BOLD functional connectivity

in APPNL-F/NL-F knock-in mice. Sci. Rep. https://doi.org/10.1038/s41598-

018-24657-9.

Shah, D., Deleye, S., Verhoye, M., Staelens, S., and Van der Linden, A. (2016b).

Resting-state functional MRI and [18F]-FDG PET demonstrate differences in

neuronal activity between commonly used mouse strains. Neuroimage 125,

571–577. https://doi.org/10.1016/j.neuroimage.2015.10.073.

Shah, D., Praet, J., Latif Hernandez, A., Höfling, C., Anckaerts, C., Bard, F.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

guinea pig anti-GFAP Synaptic Systems Cat#: 173004; RRID:AB_10641162

mouse anti-GFAP Biolegend Cat#: 837202; RRID:AB_2565372

mouse anti-NeuN Millipore Cat#: mab377; RRID:AB_2298772

rabbit anti-Iba1 Synaptic systems Cat#: 234004; RRID:AB_2493179

chicken anti-GFP Abcam Cat#: ab13970; RRID:AB_300798

rabbit anti-RFP Rockland Cat#: 600-401-379

rabbit anti-IP3R2 Thermofischer Cat#: PA1904; RRID:AB_2209751

rabbit anti-GLT1 Abcam Cat#: ab41621; RRID:AB_941782

goat anti-guinea pig Jackson Immunolabs Cat#: 106-585-003; RRID:AB_2337442

goat anti-mouse Invitrogen Cat#: A11001

goat anti-mouse Invitrogen Cat#: A21144

goat anti-rabbit Invitrogen Cat#: A11034

goat anti-rabbit Invitrogen Cat#: A11010

goat anti-chicken Invitrogen Cat#: A11039

Bacterial and virus strains

pAAV-GFAP-mCherry Addgene 58909

pAAV-GFAP-hMD3(Gq)-mCherry Addgene 50478

pAAV-GFAP-P130PH-mCherry Vectorbuilder 181205-130csr

pAAV-GFAP-GCaMP6f Vectorbuilder VB211116-1001aht

pAAV-hSYN-GCaMP6f Addgene 100837

pAAV-hSYN-GCaMP6f(PHP-eB) Vectorbuilder VB200227-1036jba

pAAV-hSYN-eGFP Vectorbuilder VB190717-1233spm

Chemicals, peptides, and recombinant proteins

clozapine-N-oxide dihydrochloride Hellobio HB6149

Experimental models: Organisms/strains

mouse: C57BL/6: C57BL/6JRj Janvier C57BL/6J@Rj

mouse: APPNL/NL:C57BL/6-Apptm1.1Tcs Saito et al., 2014 Available from the Saido lab

mouse: APPNLF/NLF:C57BL/6-Apptm2.1Tcs Saito et al., 2014 Available from the Saido lab

mouse: APPNLGF/NLGF:C57BL/6-Apptm3.1Tcs Saito et al., 2014 Available from the Saido lab
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bart De

Strooper (b.destrooper@ucl.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This paper does not report original code. All data reported in this paper will be shared by the lead contact upon request. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODELS AND SUBJECTS

Mice
All mice were bred in-house and maintained on a C57BL/6J background. All APPNL/NL (KM670/671N Swedish mutation), i.e. control

mice, APPNL-F/NL-F (KM670/671N Swedish and I716F Iberian mutations) and APPNL-G-F/NL-G-F (KM670/671N Swedish, E693G Arctic,

and I716F Iberian mutations) knock-in mice (Saito et al., 2014) were backcrossed for at least 2 generations with C57BL/6Jmice in the

De Strooper lab. We used female mice throughout the entire study between 6 and 12 weeks of age. Mice were randomly assigned to

experimental groups. All experimental procedures were performed in strict accordance with the European Directive 2010/63/EU on

the protection of animals used for scientific purposes. The protocols were approved by the Committee on Animal Care and Use at

VIB-KU Leuven, Belgium (permit number P043/2018 and P072/2019), and all efforts were made to minimize animal suffering.

F-PACK participants
The Flemish Prevent Alzheimer’s Disease Cohort KU Leuven (F-PACK) is a cohort of 180 participants followed by the Laboratory for

Cognitive Neurology, KU Leuven. Individuals were recruited between 2009 and 2015 in three waves of 60. Inclusion criteria included

participants being aged between 50-80 years old, scoringR 27 on the mini mental state examination, having a clinical dementia rat-

ing score of 0 and scoring within published norms on an extensive neuropsychological test battery (Adamczuk et al., 2013; Schae-

verbeke et al., 2021). Individuals were excluded if they had any contraindications for magnetic resonance imaging (MRI), lesions on

MRI, history of cancer or neuropsychological illness, or exposure to radiation one year preceding the baseline amyloid-PET scan.

Recruitment was stratified for APOE status (ε4 allele present or absent) and BDNF status (66 met allele present or absent), such

that per five-year age bin each factorial cell was matched for age, sex, and education. At baseline all individuals received a structural

MRI scan and an 18F-Flutemetamol amyloid-PET scan. A subset also received baseline functional MRI and follow-up amyloid-PET

and thus form the cohort for the present study. Individuals are being followed over a 10-year period with two-yearly neuropsycho-

logical assessments. Table S1 shows details on the participants included for the analyses, i.e. number of subjects, CL values,

age, gender, education, andMMSE scores. The local Ethics Committee for Clinical Studies UZ/KU Leuven approved the study. Writ-

ten informed consent was obtained from all participants in accordance with the Declaration of Helsinki.

METHOD DETAILS

Viral vectors injections
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) were used to increase calcium signaling in astrocytes.

Overexpression of the Pleckstrin Homology (PH) domain of Phospholipase C (PLC)-like protein p130 (p130PH) (Xie et al., 2010),

which buffers IP3 and blocks calcium release from internal stores, was used to decrease calcium signals in astrocytes. Expression

occurred through intracerebral injections of adeno-associated viruses (AAVs). Plasmids were obtained from addgene (www.

addgene.org) or Vectorbuilder (www.vectorbuilder.com) and AAVs were packaged by Vectorbuilder. We used the following AAVs

(AAV8 serotype, >1012 GC/mL): pAAV-GFAP-mCherry (addgene ID 58909), pAAV-GFAP-hMD3(Gq)-mCherry (addgene ID 50478),

pAAV-GFAP-P130PH-mCherry (vectorbuilder ID VB181205-1030csr), pAAV-GFAP-GCaMP6f (vectorbuilder ID VB211116-

1001aht), pAAV-hSYN-GCaMP6f (addgene ID 100837), pAAV-hSYN-GCaMP6f(PHP-eB) (vectorbuilder ID VB200227-1036jba),

pAAV-hSYN-eGFP (vectorbuilder ID VB190717-1233spm). We allowed 3 weeks between AAV injections and readouts.

For stereotactic injections, mice were injected with buprenorphine (0.05 mg/kg), anesthetized with 2.5% isoflurane and placed in a

stereotactic frame. Xylocaine (subcutaneous, 100mL, 1%) was used as local anesthesia before exposing the skull. A surgical drill was

used to perform a small craniotomy to allowmicroinjection of AAVs. Bilateral injectionswere carried out using a 2mL neurosyringewith

a 30 gauge needle (https://www.hamiltoncompany.com/) at the following coordinates: anteroposterior (AP) �1.1 mm from Bregma;

mediolateral (ML) ±0.3 mm; dorsoventral (DV) �1.3 mm, to target the anterior cingulate cortex. An injection pump controlled the in-

jection volume (2 3 1013 GC/mL, 0.4 mL per AAV per injection site) and rate (0.1mL/min). After each injection, the syringe was left in

place for 10 min to allow for diffusion of the AAVs, after which it was carefully withdrawn. The burr hole was filled with bone wax, after

which the incision was closed using surgical glue (Dermafuse). All AAVs were injected stereotactically in the cingulate cortex, except

for PHP.eB, which was injected into the tail vein to express GCaMP6f in neurons (Michelson et al., 2019). Postoperative care included

subcutaneous injections of buprenorphine (0.05 mg/kg) at 4–6 h after surgery.

Cranial window surgeries for multi-photon imaging
Craniotomy surgeries were performed to gain optical access to the cingulate cortex through a set of cover glasses (Goldey et al.,

2014). All mice were anesthetized using a mix of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively, intraperitoneal)

and placed in a stereotactic frame. Xylocaine (0.5%, 0.1 mL) was used as local anesthesia before exposing the skull. A custom-

made titanium head plate was mounted to the skull using adhesive cement C&B-metabond, Parkell) and acrylic material (TAB,

2000, Kerr). A 6 mm diameter craniotomy was made over the brain midline using a surgical drill. Cranial windows were constructed

by bonding two 6mm cover glass slips to a 8mm top cover glass using optical adhesive (NOA 71, Norland), implanted over the crani-

otomy and sealed using Vetbond (3M). The top layer was covered with acrylic material mixed with black pigment to block ambient

light from the two-photon microscope. Two rubber rings were attached to the head-plate to form a well to hold distilled water during
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imaging. Buprenorphine was administered postoperatively (0.05 mg/kg) when the animal recovered from anesthesia every 12 h until

3 days after surgery.

Two-photon calcium imaging
During all imaging procedures mice were anesthetized using a combination of medetomidine (Domitor, 0.05 mg/kg, subcutaneous)

and isoflurane (0.5%), according to a previously established protocol (Cramer et al., 2019; Grandjean et al., 2014; Shah et al., 2016a).

After the imaging procedures, the effects of medetomidine were counteracted by atipamezole (Antisedan, 0.1 mg/kg).

A customized two-photon microscopy (Neurolabware) was used for all imaging. GCaMP6f was excited at 920 nmwavelength with

a Ti:Sapphire excitation laser (MaiTai DeepSee, Spectra-Physics). The emitted photons were split by a dichroic beamsplitter

(centered at 562 nm) and collected with a photomultiplier tube (PMT, Hamamatsu) through a bandpass filter (510 ± 42 nm, Semrock)

for the green fluorescence of GCaMP and a bandpass filter (607 ± 35 nm, Semrock) for the red fluorescence of mCherry. Two-photon

images (512 3 512 pixels per frame) were collected at 30 Hz with a 163 objective (Nikon 0.80 NA) for 12–15 min to measure spon-

taneous calcium activity in astrocytes or neurons (imaging depth 150–300 mm). Clozapine-N-oxide (CNO, 3 mg/kg, intraperitoneal)

was used to activate DREADDs by a single injection 20 min before imaging. For the experiments with dihydrokainic acid (DHK), we

acquired 5min long scans at baseline, after DHK (10 mg/kg, intraperitoneal) or saline injections, and after subsequent CNO (3mg/kg)

injections.

All data were analyzed using ImageJ/Fiji software (https://imagej.nih.gov) and custom written scripts in MATLAB 2019b (Math-

works, Natick, MA, USA) as previously established (Batiuk et al., 2020). Two-photon images for all experiments were motion regis-

tered, and regions-of-interest (ROIs) were manually segmented using information from both red and green channels. We analyzed

somas and proximal and distal processes for astrocytes and somas for neurons. Cellular time courses for each ROI were extracted

by averaging all pixels inside each ROI and removing the background. All time traces were then converted to DF/F0 traces. For quan-

tification, we defined events as DF/F0 signals that exceeded twice the standard deviation of the noise band. We then quantified the

number of transients and DF/F0 amplitude for each group (Batiuk et al., 2020).

Widefield imaging
Widefield fluorescent images were acquired through a 23 objective (NA = 0.055, Edmund Optics) using blue LED (479 nm, ThorLabs)

and collection of the emitted green light with an EMCCD camera (510/84 nm filter, Semrock) at a rate of 20 frames/second. CNO

(3mg/kg) was injected in all experimental groups 20min before imaging. For the analysis, images were rescaled to 2/3 of their original

size, co-registered, and converted to DF/F0 using Image J according to an established protocol (Cramer et al., 2019). For selection of

ROIs, we performed independent component analysis (ICA) using the GIFT-toolbox (Group ICA of fMRI toolbox: http://icatb.

sourceforge.net/). ICA was performed using a preset of 20 components and the Infomax algorithm, which was successful at gener-

ating relevant neurological components in the mouse brain in rsfMRI and PET studies (Shah et al., 2016b). Based on this analysis and

the Allen brain atlas (https://mouse.brain-map.org/static/atlas) we defined the following ROIs around the midline: left and right pre-

frontal regions, left and right rostral anterior cingulate regions, left and right caudal anterior cingulate regions, left and right posterior

cingulate regions. At the lateral parts of the cortex we defined: the left and right somatosensory, left and right somatomotor, and left

and right visual cortices. These spatial maps were used to define the ROIs for correlation analyses, where pairwise correlation co-

efficients between each pair of ROIswere calculated and z-transformed usingMATLAB. Additionally, seed-based analyseswere per-

formed by computing individual z-transformed FC-maps of the anterior cingulate cortex.

Mouse resting state functional magnetic resonance imaging
During all imaging procedures mice were anesthetized using a combination of medetomidine (Domitor, 0.05 mg/kg, subcutaneous)

and isoflurane (0.5%), according to a previously established protocol (Grandjean et al., 2014; Shah et al., 2016a). After the imaging

procedures, the effects of medetomidine were counteracted by atipamezole (Antisedan, 0.1 mg/kg).

MRI procedures were performed on a 9.4T Biospec MRI system (Bruker BioSpin, Germany) with the Paravision 6 software (www.

bruker.com). Images were acquired using a standard Bruker cross coil set-up with a quadrature volume transmit coil and a quadra-

ture surface receive coil for mice. Three orthogonal multi-slice Turbo RARE T2-weighted images were acquired to render slice-posi-

tioning uniform (repetition time 2000 ms, echo time 33 ms, 16 slices of 0.4 mm with a gap of 0.1 mm). Field maps were acquired for

each animal to assess field homogeneity, followed by local shimming, which corrects for the measured inhomogeneity in a rectan-

gular VOI within the brain. Resting-state signals were measured using a T2*-weighted single shot echo-planar imaging sequence

(repetition time 2000 ms, echo time 15 ms, 16 slices of 0.4 mm with a gap of 0.1 mm, 300 repetitions). The field-of-view was

(20 3 20) mm2 and the matrix size (128 3 64), resulting in voxel dimensions of (0.156 3 0.312 3 0.5) mm3. CNO (1, 3, or

10 mg/kg, intraperitoneal) was injected 20 min before rsfMRI imaging sessions.

Pre-processing of the rsfMRI data, including realignment, normalization and smoothing, was performed using SPM12 software

(Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk) as described previously (Shah et al., 2016a). First, all images within

each session were realigned to the first image. For the rsfMRI data analyses, motion parameters resulting from the realignment

were included as covariates to correct for variation in intensity related to possible movement that occurred during the scanning

procedure. Second, all datasets were normalized to a study specific EPI template. The EPI images were co-registered to a study-

specific anatomical T2-weighted template and the Allen mouse brain atlas. Finally, in plane smoothing was done using a
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Gaussian kernel with full width at half maximum of twice the voxel size (0.31 3 0.62 mm2). All rsfMRI data were filtered between

0.008-0.1 Hz.

For the comparison with the widefield imaging, ICA was performed on rsfMRI data using the same approach, and the following

ROIs were defined using the Allen mouse brain atlas and MRicron software (https://www.nitrc.org/projects/mricron): the prefrontal

cortex, anterior cingulate cortex, posterior cingulate cortex, hippocampus, motor cortex, somatosensory cortex, parietal/visual cor-

tex, caudate putamen, thalamus and hypothalamus. ROI-correlation analyses were performed using the MATLAB REST toolbox

(http://resting-fmri.sourceforge.net), resulting in z-transformed FC matrices. Additionally, seed-based analyses were performed

by selecting a region of 8 voxels in the anterior cingulate cortex, and computing individual z-transformed FC-maps. For the compar-

ison with human rsfMRI data, we used the Allen mouse brain atlas to select the same ROIs in the mouse brain.

Human positron emission tomography and resting state functional magnetic resonance imaging
Amyloid-PET

Baseline and follow-up amyloid-PET scans were acquired on a 16-slice Biograph PET/CT scanner (Siemens, Erlangen, Germany). All

baseline and follow-up scans were acquired as a static 18F-Flutemetamol PET scan with acquisition window 90–120 min post injec-

tion, with an average intravenous dose of 150 ± 1.02 MBq (139–164MBq) at baseline and 173 ± 3.83 MBq (140 MBq–197 MBq) at

follow-up as described previously (Adamczuk et al., 2013; Koole et al., 2009; Vandenberghe et al., 2010). A subset of 14 participants

received a dynamic 11C-Pittsburg Compound-B (11C-PiB) scan lasting 60 min. A low-dose CT scan was acquired prior to the PET for

attenuation correction, and random and scatter corrections were applied. Data were reconstructed using ordered subsets expecta-

tion maximization, as six frames of five minutes (five iterations, eight subsets). PET images were processed using SPM12 and

MATLAB as described previously (Adamczuk et al., 2013; Koole et al., 2009; Vandenberghe et al., 2010).

Mean standardized uptake value ratios (SUVRs) were calculated at baseline and follow-up in a composite cortical volume of inter-

est (VOI) derived from the Automated Anatomic Labelling Atlas (AAL), with cerebellar gray matter as reference region. Frontal (AAL

areas 3–10, 13–16, 23–28), parietal (AAL 57–70), anterior cingulate (AAL 31–32), posterior cingulate (AAL 35–36), and lateral temporal

(AAL 81–82, 85–90) regions were included (Adamczuk et al., 2013; Tzourio-Mazoyer et al., 2002). This VOI was masked with the

participant-specific greymatter (GM) segmentationmap (threshold of greymatter voxel >0.3). A subject-specific cerebellar greymat-

ter reference region was used for the calculation of the SUVRs. This was defined as AAL 91–108 and was masked by the participant-

specific GM map (GM threshold >0.3). SUVRs were then converted to Centiloids (Klunk et al., 2015) using the formulas CLFlut =

127.6 3 SUVR -149, CLPiB = 132.53 3 SUVR – 174.64 (De Meyer et al., 2020; Reinartz et al., 2021). Individuals were included in

the analysis with following criteria: baseline CL < 23.5 for all individuals, CL < 23.5 at follow-up (T1) for the control group, CL R

23.5 at T1 for amyloid accumulators. A CL value of 23.5 was chosen as threshold as it indicates amyloid positivity (Schaeverbeke

et al., 2021).

MRI

A 3T Philips Achieva MRI scanner with a 32-channel head coil (Philips, Best, The Netherlands) was used to obtain high resolution T1-

weighted structural MRI scans at baseline and follow-up (inversion time 900 ms, repetition time 9.6 ms, echo time 4.6 ms, flip angle

8�, field of view 2503 250mm, voxel size 0.983 0.983 1.2mm3). Eyes-closed resting-state fMRI data was acquired using T2* echo-

planar images (repetition time 3000 ms, echo time 30 ms, 50 transverse slices, voxel size 2.5 3 2.5 3 2.5 mm3, field-of-view

200 3 200 mm2) (Adamczuk et al., 2013).

Preprocessing of rsfMRI data was performed in SPM12 as described previously (Adamczuk et al., 2013; Ran et al., 2020) and

included realignment, co-registration of structural and functional images, normalization of structural images to the SPM12 T1-tem-

plate in Montreal Neurological Institute (MNI) space, normalization of the rsfMRI scans and smoothing using a Gaussian kernel with

full width at half maximum (63 63 6)mm3. All data were filtered using a band-pass filter of 0.008-1 Hz. For the rsfMRI data analyses,

the effects of motion, global signal and white matter signal were regressed out. The global signal regressor was calculated by aver-

aging the BOLD time series across all voxels in which the sum of the grey matter/CSF/white matter segmentation maps were above

0.9. Motion parameters were derived from the realignment step.

ROIs were defined on the MNI template using MRicron software and the Brainnetome atlas (https://atlas.brainnetome.org/): MNI

coordinates for prefrontal cortex (+/�5, 42, 40), anterior cingulate cortex (+/�5, 35, 10), posterior cingulate cortex (+/�10, �50, 20),

hippocampus (+/�30,�19,�15), motor cortex (+/�35,�19, 45), somatosensory cortex (+/�50,�19, 30), caudate putamen (+/�10,

13, 10), thalamus (+/�11, �17, 6). ROI-correlation analyses were performed in MATLAB, resulting in z-transformed FC matrices.

Regression analysis was performed to assess group differences in FC using amyloid load as a covariate. A spherical seed region

of 30 voxels was selected centered around the MNI coordinates of the anterior cingulate cortex to perform seed-based analysis,

for which we computed individual z-transformed FC-maps of the anterior cingulate cortex.

Behavior studies
For the seizure susceptibility experiments, mice were injected with CNO (3 mg/kg, intraperitoneal). After 30 min, a subconvulsive

dose of pentylene-tetrazole (PTZ, 30mg/kg, intraperioneal) was administered andmice were placed individually in a recording cham-

ber. Recording started immediately after PTZ injection. Seizures were scored as listed in Table S2 (Van Erum et al., 2019) in a double

blind manner.
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For the activity measurements, CNO was administered for 24 h through drinking water. All mice were housed individually in

20 3 30 cm2 transparent cages located between three photo beams. Activity was measured as number of beam crossings with a

30 min interval over 24 h. Analyses included comparison of activity during light and dark phases for each group.

Immunohistochemistry
Mice were euthanized using intraperitoneal injection of 60 mg/kg/pentobarbital, after which they were transcardially perfused first

with ice-cold PBS, and then with 4% paraformaldehyde. Brains were then surgically removed, postfixed in 4% paraformaldehyde,

after which 30 mm thick vibratome sections were prepared. Brain sections were stored in cryoprotectant solution (30% ethylene gly-

col, 30% glycerol, 40% PBS) at �20�C until use. For human samples, 10 mm thick cryo-sections were made from frozen cortical tis-

sue of AD and age-matched control samples obtained from the Netherlands Brain Bank. Immunofluorescence analyses were per-

formed using the following antibodies: Guinea pig anti-GFAP (Synaptic Systems, ID 173004, 1:1000), mouse anti-GFAP

(Biolegend, ID 837202, 1:1000), mouse anti-NeuN (Millipore, ID mab377, 1:200), Rabbit anti-Iba1 (Synaptic Systems, ID 234004,

1:200), Chicken anti-GFP (Abcam, ID ab13970, 1:500), Rabbit anti-RFP (Rockland, ID 600-401-379, 1:500), rabbit anti-IP3R2 (Ther-

mofischer, ID PA1904, 1:200), rabbit-anti-GLT1 (Abcam, ID ab41621, 1:500). Secondary antibodies included: goat anti-guinea pig

(Alexa 594, Jackson Immunolabs, ID 106-585-003, 1:500), goat anti-mouse (Alexa 488, Invitrogen, ID A11001 and Alexa 568, Invi-

trogen, ID A21144, 1:500), goat anti-rabbit (Alexa 488, Invitrogen, ID A11034 and Alexa 546, Invitrogen, ID A11010, 1:500), goat

anti-chicken (Alexa 488, Invitrogen, ID A11039, 1:500). Images were acquired on a NikonTi-E inverted microscope equipped with

an A1R confocal unit driven by NIS (4.30) software. All images were acquired at 10x or 20x magnification at 2X zoom and analysed

using Image J/FIJI software. Expression was quantified by density per 100 mm2 or % area staining using maximum intensity projec-

tion images.

Ab40 and Ab42 levels quantification
The cingulate cortex of 3 months old AppNL and AppNL-F mice was dissected after transcardial perfusion with ice-cold phosphate-

buffered saline (PBS). Tissue was homogenized in tissue protein extraction reagent (Pierce) supplemented with complete protease

inhibitors (Roche). The homogenates were centrifuged at 4�C for 1 h at 100,0003g (Beckman TLA 100.4 rotor), and the supernatants

were used for ELISA. To assess the GuHCl-soluble Ab fraction of the tissue, we used a guanidine-HCl extraction protocol. Ab40 and

Ab42 levels were quantified on Meso Scale Discovery (MSD) 96-well plates by ELISA using end-specific antibodies (Janssen Phar-

maceutica, Belgium). Monoclonal antibodies JRFcAb40/28 and JRFcAb42/26, which recognize the C terminus of Ab species termi-

nating at amino acid 40 or 42, respectively, were used as capture antibodies. JRF/AbN/25 labeled with sulfo-TAG was used as the

detection antibody, and the plate was read in MSD Sector Imager 6000.

QUANTIFICATION AND STATISTICAL ANALYSES

All details on number of subjects and samples can be found in the results section/figure legends. Normality was assessed using the

Shapiro-Wilk test. Comparison of two groups was done using two-sample T-tests or Mann-Whitney tests. Comparison of multiple

groups was done using one-way ANOVAs with Sidak correction for multiple comparisons, two-way ANOVA with Sidak correction

for multiple comparisons, or Kruskal-Wallis tests with Dunn’s correction for multiple comparisons. A chi-square test was performed

to assess differences in the proportion of active cells with Bonferroni correction. For FC matrices and maps, data were corrected

using False Discovery Rate (FDR, p < 0.05). For the rsfMRI seed-based maps, we used a statistical threshold of FDR<0.05 and a

minimum of 20 voxels.
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