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Introduction
The brain is a complex organ, comprising numerous cell 
types that interact with each other in a myriad of ways. The 
most fundamental unit of interaction is at the level of the 
synapse, which has expanded beyond just the pre- and post-
synaptic compartments of two connecting neurons to include 
modulation by associated astrocytes and surveillance, as well 
as potential pruning by microglia. The ability to study these 
interactions in a reductionist manner is key to understanding 
their role in both physiology and pathology.  The use of live-
cell imaging to examine neurite outgrowth and morphology 
enables elucidation of the cellular mechanisms underlying 
these processes. Additionally, characterizing morphological 
and functional aspects of glia cell types, such as cell motility, 
can lead to insights into their contributing biological roles.

In this article collection, we highlight recent case studies 
exemplifying the power of live-cell imaging for neuroscience 
and the development of therapeutics. First, Wang et al 
(2021) examines the use of Astragaloside IV (AS-IV), an 
herbal extract, as a pro-integrin compound to promote 
neurite outgrowth. They found that AS-IV increased the 
expression and activity of integrin-β, which through 
increasing intracellular structural force, promoted greater 
neurite extension. Next, Wadhani et al (2019) utilized 
CRISPR-Cas9 edited induced pluripotent stem cells 
differentiated into neurons to examine the expression 
of apolipoprotein E isoform E4, a genetic risk factor for 
Alzheimer’s disease. Imaging of cultured neurons and 
analysis of morphological parameters, such as neurite 
length and branching, found expression of E4 increased 
susceptibility to cytotoxicity, which was associated with 
increased tau phosphorylation and spreading, consistent with 
the pathological hallmarks observed in Alzheimer’s disease. 

Concluding the first half of this article collection is a Sartorius 
application note regarding the use of the Incucyte® Live-Cell 
Analysis System to kinetically quantify neurite outgrowth in 
mono- and co-culture systems, and how combining novel, 
non-perturbing reagents that deploy longer wavelength 
fluorophores designed for neuronal-specific measurements 
along with lab-tested protocols ensures reproducible 
and unprecedented access to phenotypic information.

The second half of this collection focuses on non-neuronal 
cells including microglia and astrocytes.  Levi et al. (2022) 
used in vitro glia models of ataxia-telangiectasia, a disease 
caused by mutations in the ATM gene, to investigate the 

role of microglia in mechanisms underlying disease-
associated cerebellar degeneration. They found that ATM 
deficiency led to altered microglia morphology, increased 
cell migration, as well as a significant reduction of cellular 
activity, such as phagocytosis, neurotrophic factor release, 
and mitochondrial activity. Lastly, we present a white 
paper by Alcantara et al. (2021) describing a number of 
live-cell techniques that allow for real-time monitoring 
of astroglia models through the quantification of growth, 
morphology, and functionality. This paper describes how 
a combination of live-cell analysis techniques provides 
the flexibility required to enable the characterization of 
highly dynamic astrocytic models by quantifying their 
growth, morphology, motility and functional analysis.

We hope the readers of this collection will gain a deeper 
understanding of how live-cell imaging can elucidate cellular 
mechanisms in neuronal and non-neuronal cell types, leading 
to the development of more translatable models facilitating 
the development of potential therapeutic interventions.

References
Wang, Y., Zhou, J., Tang, C., et al. Positive effect of 
Astragaloside IV on neurite outgrowth via talin-dependent 
integrin signaling and microfilament force. J Cell 
Physiol. 2021; 236: 2156– 2168coo. https://doi.
org/10.1002/jcp.30002

Wadhwani, A.R., Affaneh, A., Van Gulden, S. and Kessler, 
J.A. (2019), Neuronal apolipoprotein E4 increases cell death 
and phosphorylated tau release in Alzheimer’s disease. Ann 
Neurol, 85: 726-739. https://doi.org/10.1002/ana.25455

Trigg, J., et al. (2023) Quantification of neurite dynamics in 
mono-cultures and co-cultures using the Incucyte® Live-Cell 
Analysis System. Sartorius

Levi, H., Bar, E., Cohen-Adiv, S., Sweitat, S., Kanner, 
S., Galron, R., Mitiagin, Y., & Barzilai, A. (2022). 
Dysfunction of cerebellar microglia in Ataxia-
telangiectasia. Glia, 70( 3), 536– 557. https://doi.
org/10.1002/glia.24122

Alcantara, S. L., et al. (2021) Characterizing astroglia 
models with live-cell analysis. Sartorius

 4 

https://doi.org/10.1002/jcp.30002
https://doi.org/10.1002/jcp.30002
https://doi.org/10.1002/ana.25455
https://doi.org/10.1002/glia.24122
https://doi.org/10.1002/glia.24122


J Cell Physiol. 2020;236:2156–2168.wileyonlinelibrary.com/journal/jcp© 2020 Wiley Periodicals LLC

Received: 8 January 2020 | Accepted: 28 July 2020

DOI: 10.1002/jcp.30002

OR I G I NA L R E S E A RCH AR T I C L E

Positive effect of Astragaloside IV on neurite outgrowth via
talin‐dependent integrin signaling and microfilament force

Yifan Wang1 | Jingwen Zhou1 | Chuanfeng Tang2 | Jia Yu1 | Wen Zhu1 |

Jun Guo3 | Yue Wang1

1Affiliated Hospital of Nanjing University of

Chinese Medicine, Jiangsu Province Hospital of

Chinese Medicine, Nanjing, China

2State Key Laboratory of Pharmaceutical

Biotechnology, School of Life Sciences, Nanjing

University, Nanjing, China

3School of Medicine and Holistic Integrative

Medicine, Nanjing University of Chinese

Medicine, Nanjing, China

Correspondence

Yue Wang, Affiliated Hospital of Nanjing

University of Chinese Medicine, Jiangsu

Province Hospital of Chinese Medicine,

Nanjing 210029, China.

Email: wangyuephd@163.com

Jun Guo, School of Medicine and Holistic

Integrative Medicine, Nanjing University of

Chinese Medicine, Nanjing 210023, China.

Email: guoj@njucm.edu.cn

Funding information

A Project Funded by the Priority Academic

Program Development of Jiangsu Higher

Education Institutions; National Natural

Science Foundation of China,

Grant/Award Numbers: 81774274, 81973769;

Open Projects of the Discipline of Chinese

Medicine of Nanjing University of Chinese

Medicine Supported by the Subject of

Academic priority discipline of Jiangsu Higher

Education Institutions, Grant/Award Number:

NO.ZYX03KF…; Chinese Medicine Science and

Technology Program of Jiangsu Province,

Grant/Award Number: YB2017090

Abstract

Integrin plays a prominent role in neurite outgrowth by transmitting both me-

chanical and chemical signals. Integrin expression is closely associated with As-

tragaloside IV (AS‐IV), the main component extracted from Astragali radix, which has

a positive effect on neural‐protection. However, the relationship between AS‐IV and

neurite outgrowth has not been studied exhaustively to date. The present study

investigated the underlying mechanism of AS‐IV on neurite outgrowth. Longer

neurites have been observed in SH‐SY5Y cells or cortical neurons after AS‐IV
treatment. Furthermore, AS‐IV not only increased the expression of integrin β but

also activated it. The AS‐IV‐induced increased integrin activity was attributed to the

integrin‐activating protein talin. Application of the actin force probe showed that

AS‐IV led to an increase in intracellular microfilament force during neurite growth.

Furthermore, in response to AS‐IV, the microfilament force was regulated by talin

and integrin activity during neurite growth. These results suggest that AS‐IV has the

ability to increase intracellular structural force and facilitate neurite elongation by

integrin signaling, which highlights its therapeutic potential for neurite outgrowth.

K E YWORD S

Astragaloside IV, integrin, neurite, talin

1 | INTRODUCTION

Impairment of central nervous system (CNS) function is a dominant

feature of neurodegenerative disorders and has consequently re-

ceived considerable attention. Reconstruction of neural networks

plays a central role in the functional recovery of the CNS after injury

(J. Li & Lepski, 2013; Schubert, Dorkenwald, Januszewski, Jain, &

Kornfeld, 2019). This reconstruction depends on the effective

extension of neurites (W. Li et al., 2018), which is closely related to

integrin (Cheah & Andrews, 2018; Eva & Fawcett, 2014; Lilja &

Ivaska, 2018).

The transmembrane protein integrin is a functionally conserved

cell‐adhesion receptor for the transmission of mechanical and

chemical signals between the extracellular matrix (ECM) and the

Yifan Wang and Jingwen Zhou contributed equally to this study.
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cytoskeleton (Humphries, Chastney, Askari, & Humphries, 2019; Sun,

Guo, & Fassler, 2016). Integrin is composed of noncovalently bound α

and β subunits, both of which possess an extracellular ligand‐binding
region and a universally cytoplasmic tail that combines with a multitude

of cytoskeletal and adaptor molecules (Iwamoto & Calderwood, 2015).

Integrin adopts low‐, intermediate‐, and high‐affinity states in cells

(Sun, Costell, & Fassler, 2019). The transformation from a low‐affinity to
a high‐affinity state has been termed “integrin activation” (Iwamoto &

Calderwood, 2015; Sun et al., 2019). Clustering and activation of

integrin recruits and activates intracellular signaling molecules, such as

focal adhesion kinase (FAK), Src, and integrin‐linked kinase (ILK), all of

which are involved in neuronal polarization and growth, and are

conducive to axonal guidance and regeneration (Borghi, Lowndes,

Maruthamuthu, Gardel, & Nelson, 2010; S. Chen et al., 2017; Eva &

Fawcett, 2014; Kerstein, Patel, & Gomez, 2017; Lee, Lee, &

Kim, 2012; Mills et al., 2003; Palazzo, Eng, Schlaepfer, Marcantonio,

& Gundersen, 2004; Pastuhov et al., 2016; Stanslowsky et al., 2016;

Suzuki et al., 2014).

Talin is the pivotal integrin‐activating protein and is widely

present in the cytoplasm (Goult, Yan, & Schwartz, 2018; Haining,

Lieberthal, & Del Rio Hernandez, 2016). It consists of an N‐terminal

head domain (~50 kDa) and a large C‐terminal flexible rod domain

(~220 kDa). The head domain activates integrin by combining with its

β subunit cytoplasmic tails, while the rod domain binds directly to the

actin cytoskeleton (Goult et al., 2018; Klapholz & Brown, 2017). The

formation of the integrin–talin–actin complex was considered a sig-

nificant step in the transmission of mechanical and chemical signals

and has been shown to be beneficial for the crosstalk between them

(Kanchanawong et al., 2010; Kumar et al., 2019; Nakao, Maki,

Mofrad, & Adachi, 2019). In previous research, mechanical stimuli could

be transformed into a biochemical signal via the integrin–talin–actin

complex (Kukkurainen et al., 2014; Neumann & Gottschalk, 2016; Sun

et al., 2019). Furthermore, a positive correlation was identified between

talin and nerve growth factor (NGF)‐induced intracellular microfilament

force during neuronal polarization and growth (Dingyu et al., 2016).

Talin‐dependent integrin signaling could mediate the transmission of

intracellular microfilament force (Nordenfelt, Elliott, & Springer, 2016;

Sun, Guo, & Fässler, 2016).

Astragaloside IV (AS‐IV) is a natural saponin and PPARγ agonist,

extracted from Astragali radix (X. Wang et al., 2017). It has previously

been reported that AS‐IV had a protective effect against cerebral

ischemic‐reperfusion injury and glutamate‐induced neurotoxicity

(Costa et al., 2019; J. Yang et al., 2012; Yue et al., 2015) and de-

creased the production of amyloid β‐protein (Aβ) in Alzheimer's

disease (Chang et al., 2016; X. Wang et al., 2017). Moreover, AS‐IV
could upregulate the expression of integrin in high glucose‐induced
podocyte and ameliorate diabetic nephropathy by restoring the

expression of integrin in diabetic rats (J. Chen et al., 2008; J. Chen

et al., 2014). However, there is a paucity of evidence regarding AS‐IV
participating in neurite outgrowth, and whether this process is

correlated with integrin signaling remains to be explored.

This study investigated the mechanisms when AS‐IV mediated

talin‐dependent integrin signaling and its relationship with neurite

elongation. Moreover, the application of the actin force probe, based

on the Förster resonance energy transfer (FRET), clarified the effect

of AS‐IV in regulating the mechanical properties of the cytoskeletal

force during neurite elongation. This further enabled the detection of

crosstalk between intracellular mechanical activity and chemical

signaling during neurite outgrowth. This study highlights the poten-

tial of AS‐IV for the treatment of neurodegenerative diseases.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

AS‐IV was purchased from Sigma‐Aldrich (St. Louis, MO). Manganese

chloride was purchased from Sinopharm (Beijing, China) and Firate-

grast was purchased from MedChemExpress (Monmouth Junction,

NJ). Recombinant murine β‐nerve growth factor (β‐NGF) was pur-

chased from Peprotech (Rocky Hill, NJ).

2.2 | Cells and neuronal culture

Human SH‐SY5Y cells were cultured in DMEM/F12 (Wisent, Mon-

treal, Canada) at 37°C in a 5% CO2 atmosphere. The medium was

supplemented with 10% heat‐inactivated fetal bovine serum (Gibco,

Invitrogen, Grand Island, NY) and 1% mixture of penicillin and

streptomycin (Gibco, Invitrogen, Grand Island, NY). Female C57BL/6

mice were obtained from the Model Animal Research Center

(Nanjing University, Nanjing, China). All animal care and handling

procedures closely followed the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Animal Care and Use

Committee of the Nanjing University of Chinese Medicine (Nanjing,

China). Cortical neurons were obtained from C57BL/6 mice cortices

at embryonic day 18.5. Dissociated neurons were treated in 12‐well

plates, precoated with poly‐L‐lysine (Beyotime Biotechnology Jiangsu,

China) and maintained in Neurobasal medium containing 2% B27 and

0.6% (w/v) D‐glucose (Thermo Fisher Scientific, Waltham, MA) under

humidified air containing 5% CO2 at 37°C.

2.3 | Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde solution for 30min at room

temperature. Then, they were cultured with 0.1% Triton X‐100 for

15min at 4°C. After that, cells were incubated with 5% bovine serum

albumin/phosphate‐buffered saline (PBS) for 30min at room tem-

perature. For fluorescence labeling, cells were incubated with pri-

mary antibody anti‐active β1 integrin (12G10; ab30394, 1:200;

Abcam, Cambridge, MA) overnight at 4°C. After washing with PBS

three times, cells were incubated with secondary antibody

fluorescein‐conjugated goat anti‐mouse IgG (H + L) (ZF‐0312, IF

1:100; Zsgb‐Bio, Beijing, China) for 2 hr in the dark. Hoechst 33342

(Thermo Fisher Scientific) was applied to label nuclei. The change in

WANG ET AL.
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the fluorescence value was tested by laser confocal microscopy

(Leica Microsystems, Wetzlar, Germany).

2.4 | Neurite extension assay

SH‐SY5Y cells were labeled with antigrowth‐associated protein 43

(GAP‐43; bs‐0154R, 1:200; Beijing Biosynthesis Biotechnology,

Beijing, China), which is a nervous‐system‐specific growth‐associated
protein. Cortical neurons were labeled with the anti‐microtubule‐
associated protein tau (10274‐1‐AP, 1:100; Proteintech Group,

Rosemont, IL). Then, cells were detected by an inverted fluorescence

microscope, as previously described (Y. Wang et al., 2019). Neurite

length was measured by ImageJ (National Institutes of Health,

Bethesda, MD). At least 20 cells were assessed in each experiment.

2.5 | Time‐lapse imaging of neurite outgrowth

Neurons were cultured in a 12‐well culture plate, and cellular

morphology was recorded and measured every 1 hr for 2 days by an

IncuCyte live‐cell imaging system (Essen Instruments, Ann Arbor, MI)

installed in the incubator. Cells were imaged under phase. Data were

analyzed by Incucyte's NeuroTrack software.

2.6 | Western blot analysis

Cells were dissolved in cell RIPA lysis buffer (Beyotime Bio, Jiangsu,

China) supplemented with PMSF (Roche, Basel, Switzerland) and a

protease inhibitor cocktail (Sigma‐Aldrich). The extracted total

proteins were separated via SDS‐PAGE and were transferred to

nitrocellulose membranes (Bio‐Rad, Hercules, CA). After blocking in

5% nonfat milk for 1 hr, the membranes were incubated with primary

antibodies overnight at 4°C. After washing three times, the mem-

branes were incubated with secondary antibodies for 2 hr at room

temperature. Enhanced chemiluminescence (ECL) chromogenic sub-

strate was applied to enhance immunoreactive protein bands. The

intensities were quantified by densitometry (Quantity One; Bio‐Rad,
Hercules, CA). The following primary antibodies were used: anti‐FAK
(BA0839‐2, WB 1:500; Boster Bio, Pleasanton, CA), anti‐integrin β1

(34971, 1:1,000; Cell Signaling Technology, Danvers, MA), anti‐β‐
actin (4970S, 1:1,000; Cell Signaling Technology), anti‐pFAK (Y397)

(3283, 1:1,000; Cell Signaling Technology), anti‐talin (bs‐3619R,
1:500; Biosynthesis Biotechnology, Beijing, China), and anti‐talin2
(ARG41981, 1:500; Arigobio, Hsinchu City, Taiwan, ROC).

2.7 | Small interfering RNA (siRNA) transfection

Integrin β1, talin, and negative control siRNAs were constructed by

Sangon Biotech Co., Ltd (Shanghai, China). The sequence of the ne-

gative control (NC) siRNA was 5′‐UUCUCCGAACGUGUCACGU‐3′.

The sequence of integrin β1‐siRNA was 5′‐CAGUGAAUGG
CAACAAUGA‐3′. The sequence of talin‐siRNA was 5′GCACUCA
CUGGAACCAUUATT‐3′. Transfection was performed using Lipo-

fectamine 3000 (Invitrogen, Carlsbad, CA), according to the manu-

facturers' instructions. The siRNAs transfection efficiency was

detected by western blot analysis.

2.8 | Förster resonance energy transfer (FRET)
analysis

The Actin‐cpstFRET‐Actin (AcpA) probe was purchased from

Addgene (80643). SH‐SY5Y cells, transfected with the AcpA probe,

were incubated in 1,000 μg/ml Geneticin to remove untransfected

cells, and selected cells were diluted into single cells, and cultured in

96‐well plates. The effectiveness of FRET in cells was determined as

previously described (J. Zhang et al., 2019; X. Zhang et al., 2019). The

CFP:FRET ratios were calculated by Equation 1: E = CFP donor/YFP

acceptor, which is negatively associated with FRET efficiency, but

positively correlated with mechanical force.

2.9 | Cell viability assay

The viability of SH‐SY5Y was evaluated by MTT dye 3‐(4,5‐dimethyl‐
2‐thiazolyl)‐2,5‐diphenyl‐2‐H‐tetrazolium bromide (Sigma‐Aldrich).
The cells were seeded in a 96‐well plate and treated according to

the requirements of the different groups. The cells were treated with

50 μl of MTT (5 mg/ml) for 4 hr in a 37°C incubator. Subsequently,

dimethyl sulfoxide (DMSO, 200ml/well) was added to stop reaction.

The absorbance at 570 nm was detected using a microplate reader.

2.10 | Flow cytometric analysis of integrin β1

Flow cytometric analysis of integrin β1 was conducted according to

previously described methods (Jin et al., 2015). In brief, expression of

activated or total integrin β1 was measured by geometric mean

fluorescence intensity and analyzed by FlowJo software (Tree Star,

Ashland, OR). The following antibodies were used: anti‐active
integrin β1 (9EG7; 550531; BD Biosciences, San Jose, CA) and anti‐
total integrin β1 (MAR4; 555443; BD Biosciences).

2.11 | Statistical analysis

Data analysis was performed using the statistical program SPSS

v.16.0 (IBM, Armonk, NY). Results are shown as the means ± standard

error of mean (SEM). Statistical analyses used two‐tailed Student's

t test and one‐way analysis of variance (ANOVA) was used for single‐
factor sample comparisons. A least significant difference test was

used for comparisons between any two means. Each experiment was

repeated at least three times.

WANG ET AL.
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3 | RESULTS

3.1 | AS‐IV is beneficial to neurite elongation in
SH‐SY5Y cells and cortical neurons

This study explored the association between AS‐IV and neurite

elongation. First, SH‐SY5Y cells were treated with different AS‐IV
concentrations and NGF for 2 days. Neurites were stained with an

anti‐GAP‐43 antibody to measure their length. As shown in Figure 1,

the neurites of SH‐SY5Y cells under 80 and 120 μg/ml AS‐IV

treatment were significantly longer than neurites of the control

group. For further investigation, cortical neurons were then stimu-

lated with different concentrations of AS‐IV and NGF for 2 days. The

neurites in cortical neurons were strained with anti‐tau antibody.

Immunofluorescence analysis of cortical neurons was consistent with

that in SH‐SY5Y cells (Figure 1c,d). Similar results were also obtained

by time‐lapse imaging of neurites, where neurons under the stimu-

lation of AS‐IV grew quicker than those of the control group (Movies

S1 and S2). In summary, these results suggested that AS‐IV promotes

neurite outgrowth in both SH‐SY5Y cells and cortical neurons.

F IGURE 1 AS‐IV promotes neurite elongation in SH‐SY5Y cells and cortical neurons. (a) SH‐SY5Y cells were treated with different AS‐IV
concentrations and NGF for 2 days. Representative images are shown. Scale bar, 50 μm. (b) Neurite length quantified from (a) (control, n = 23

cells; AS‐IV 20 μg/ml, n = 23 cells; AS‐IV 80 μg/ml, n = 29 cells; AS‐IV 160 μg/ml, n = 23 cells; NGF, n = 25 cells). (c) Cortical neurons were
cultured with different AS‐IV concentrations and NGF for 2 days. Representative images are shown. Scale bar, 50 μm. (d) The lengths of neurites
were quantified (control, n = 23 cells; AS‐IV 20 μg/ml, n = 24 cells; AS‐IV 80 μg/ml, n = 30 cells; AS‐IV 160 μg/ml, n = 23 cells; NGF, n = 25 cells).

Data were obtained from three independent experiments. Data are presented as means ± SEM. One‐way ANOVA was used for single‐factor
sample comparisons. *p < .05 and ***p < .001 compared with the control. ANOVA, analysis of variance; AS‐IV, Astragaloside IV;
NGF, nerve growth factor; SEM, standard error of mean

WANG ET AL.
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3.2 | AS‐IV‐induced neurite elongation is depended
on the expression and activity of integrin β1

To determine whether AS‐IV participated in neurite elongation in an

integrin‐dependent manner, the integrin/FAK signaling pathway was

investigated in SH‐SY5Y under AS‐IV stimulation. Western blot

analysis showed that the protein levels of pY397 FAK and integrin β1

in AS‐IV‐treated SH‐SY5Y cells were higher than those of the control

group (Figure 2a). Then, the activity of integrin β1 was further

examined by immunofluorescence staining using a conformation‐specific

WANG ET AL.
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antibody (mAb 12G10). The results indicated that the fluorescence

intensity of activated integrin β1 increased in response to AS‐IV
treatment (Figure 2b). Similar results were obtained in the flow

cytometric analysis, where fluorescence intensities of total integrin β1

and activated integrin β1 in the AS‐IV group were stronger than that

of the control group (Figure 2c). Next, it was examined whether the

effect of the expression and activity of integrin β1 was responsible for

the AS‐IV‐induced extension of neurites. SH‐SY5Y cells or cortical

neurons were transfected with integrin β1‐siRNA or treated with

firategrast, the antagonist of integrin β1, before AS‐IV stimulation. The

efficiency of integrin β1‐siRNA was detected by western blot analysis

(Figure 2d). The results of immunofluorescence analysis suggested that

the neurite length was significantly shortened, when the expression or

activity of integrin β1 was downregulated in SH‐SY5Y cells and cortical

neurons (Figure 2e,f). Overall, these results showed that the neurite

elongation induced by AS‐IV treatment is modulated by the expression

and activity of integrin β1.

3.3 | AS‐IV promotes neurite elongation by
upregulating the expression of talin

To explore whether talin is involved in integrin activation and

neurite outgrowth induced by AS‐IV, the expression of talin was

detected in SH‐SY5Y cells by western blot analysis under AS‐IV
stimulation. The results showed that AS‐IV upregulated the

protein level of talin (Figure 3a). To further determine the effect of

talin on integrin activation induced by AS‐IV, siRNA was applied

to decrease the expression of talin before AS‐IV treatment in

SH‐SY5Y cells (Figure 3b). The results of immunofluorescence

and flow cytometric analyses showed that talin‐siRNA decreased

the activity of integrin β1, without affecting the expression of

total integrin β1 in AS‐IV‐treated SH‐SY5Y cells (Figure 3c,d).

Moreover, immunofluorescence analysis showed that the length of

neurites decreased significantly by the downregulation of talin

expression in SH‐SY5Y cells or cortical neurons (Figure 3e,f). In

summary, these results suggested that integrin activation and

neurite elongation in response to AS‐IV is dependent on the

expression of talin.

3.4 | AS‐IV increases intracellular microfilament
force during neurite growth

The above experiments showed that AS‐IV upregulated the expres-

sion of talin during neurite growth. Furthermore, talin is also involved

in neurite growth and regeneration by intercellular mechanical ac-

tivities (Dingyu et al., 2016). Here, the AcpA probe was applied to

explore the relationship between AS‐IV and intracellular microfila-

ment force. The CFP/FRET ratio was used to calculate the force in

actin, based on previous reports (J. Guo, Wang, Sachs, & Meng, 2014;

X. Zhang et al., 2019). SH‐SY5Y cells were transfected with the AcpA

probe and then treated with AS‐IV for 24 hr. As shown in Figure 4,

AS‐IV‐treated SH‐SY5Y cells showed stronger actin force compared

with the control group. Next, probe‐transfected SH‐SY5Y were

treated with AS‐IV for 2 days and actin forces were observed in

different areas of the cell. The results showed that the actin force in

neurites was higher than that in the cell body under the stimulation

of AS‐IV (Figure 4c,d), suggesting the involvement of actin force in-

duced by AS‐IV in neurite growth. To further identify the association

between AS‐IV‐induced actin force and talin during neurite growth,

probe‐transfected SH‐SY5Y were transfected with talin‐siRNA or

control‐siRNA, and then cultured either with or without AS‐IV for

2 days. The results of FRET ratio analysis showed that the actin force

induced by AS‐IV was attenuated after the inhibition of talin ex-

pression (Figure 4e,f). In summary, these results suggest that AS‐IV
increases intracellular microfilament force during neurite growth.

3.5 | AS‐IV is involved in the upregulation of actin
force by integrin activation during neurite growth

To better understand the mechanical properties and integrin activity

induced by AS‐IV during neurite outgrowth, time‐lapse imaging was

performed for 15min after treating transfected SH‐SY5Y cells with

NGF alone, the integrin agonist manganese alone, or both manganese

and the integrin antagonist firategrast. FRET analysis showed that the

actin force increased under the stimulation of NGF or manganese

treatment, while the increasing trend induced by manganese was re-

versed by firategrast (Figure 5a,b). This suggested that the actin force

F IGURE 2 Neurite elongation in response to AS‐IV is dependent on the expression and activation of integrin β1. (a) SH‐SY5Y cells were
cultured with 80 μg/ml of AS‐IV for 2 days. The protein levels of integrin β1, FAK, and pY397 FAK were measured by western blot analysis, with
β‐actin as loading control. (b) Integrin β1 activity was assessed through staining with conformation‐specific antibody (mAb 12G10). Nuclei were

counterstained by Hoechst 33342. Scale bar, 10 μm. (c) Flow cytometric analysis of total and activated integrin β1 in cells. (d) SH‐SY5Y cells
were transfected with siRNA against integrin β1. Two days after transfection, the protein levels of integrin β1, FAK, and pY397 FAK were
measured by western blot analysis, with β‐actin as loading control. (e) SH‐SY5Y cells transfected with control‐siRNA or integrin β1‐siRNA were

treated with AS‐IV for 2 days. Immunofluorescence images show the neurite length in SH‐SY5Y cells. The length of the longest neurite in cells
was measured (control, n = 29 cells; control‐siRNA, n = 29 cells; integrin β1‐siRNA, n = 23 cells; firategrast, n = 23 cells). Scale bar, 50 μm. (f)
Immunofluorescence images show neurite lengths in cortical neurons. The length of the longest neurites in cells was measured (control, n = 29

cells; control‐siRNA, n = 29 cells; integrin β1‐siRNA, n = 24 cells; firategrast, n = 23 cells). Scale bar, 50 μm. Symbols indicate the results of
Student's t test; Data were obtained from three independent experiments. Data are presented as means ± SEM. *p < .05, **p < .01, and
***p < .001; one‐way ANOVA was used for single‐factor sample comparisons. ANOVA, analysis of variance; AS‐IV, Astragaloside IV;
FAK, focal adhesion kinase; SEM, standard error of mean; siRNA, small interfering RNA
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was regulated by integrin activity during neurite growth. After treating

the transfected cells with AS‐IV alone or with the combination of AS‐IV
and firategrast, the cells were observed for 15min using fluorescence

microscopy. The results showed that the actin force increased in a

time‐dependent manner under the stimulation of AS‐IV, whereas it

attenuated in the group with firategrast treatment (Figure 5a,c). In

summary, these results suggest that integrin activation induced by

AS‐IV modulates the microfilament force during neurite growth.

WANG ET AL.
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4 | DISCUSSION

Neurite outgrowth is paramount for the establishment of neural

networks in developing neurons, which is intimately associated with

chemical signaling and mechanical activities (Kim et al., 2018;

Toriyama, Kozawa, Sakumura, & Inagaki, 2013). The present study

showed that AS‐IV had beneficial effects on talin‐dependent integrin
signaling and intracellular microfilament force during neurite

outgrowth.

AS‐IV, a triterpenoid saponin, has a moderate penetration in the

blood–brain barrier and presents valid protective effects in neuro-

logical disorders. Functional or sensory loss occurs because of a

multitude of advantageous features, such as antioxidant, antiviral,

anti‐inflammatory, and immunoregulation functions (Costa

et al., 2019; Qu et al., 2009; C. Yang et al., 2019; C. H. Zhang

et al., 2019; W. D. Zhang et al., 2006). However, the majority of

previous studies on AS‐IV have focused on neuroprotection during

neurological diseases, while ignoring its possible effect on neurite

outgrowth. Recent studies have shown that AS‐IV plays a synergistic

role in neurite outgrowth (Liang, Zou, Niu, & Niu, 2019). The present

study further indicates that AS‐IV promoted neurite elongation alone

during nerve growth (Figure 1). These lines of evidence suggest that

AS‐IV not only prevents neurites from various harmful stimuli, but

also promotes neurite outgrowth.

Transmembrane cell‐adhesion integrins are involved in the ap-

propriate functioning of the nervous system. They cluster in the front

of neuronal synapses to promote neurite outgrowth and regenera-

tion by strengthening the connection between the cell and ECM

(Nieuwenhuis, Haenzi, Andrews, Verhaagen, & Fawcett, 2018). Pre-

vious reports demonstrated that AS‐IV modulated the expression of

integrin in high glucose‐induced podocyte and experimental diabetic

nephropathy rats (J. Chen et al., 2008; J. Chen et al., 2014). The data

obtained in the present study showed similar results, that is, AS‐IV
increased the expression of integrin β1 in neurite outgrowth

(Figure 2a,c). This suggests that AS‐IV may be involved in neurite

growth by regulating integrins. However, upregulation of integrin

expression only is not sufficient to facilitate neurite extension. The

conformational activation of integrin is also crucial for neurite

elongation (Cheah & Andrews, 2018). The conformational change of

the integrin receptor transformed by focal adhesion proteins and

modulated by trafficking and activation molecules facilitates both the

maturation of adhesion and ameliorates cell‐to‐extracellular matrix

interaction during neurite growth (Eva & Fawcett, 2014). Interest-

ingly, further analysis demonstrated that the AS‐IV increased the

activity of integrin β1 during neurite outgrowth (Figure 2b,c). In

summary, the experimental evidence allowed to hypothesize that AS‐
IV promotes neurite outgrowth by the increment of integrin β1 ex-

pression and its activity.

Talin is one of the most important mediators of integrin activa-

tion, which correlates with neurite growth and regeneration (Tan

et al., 2015). It is necessary to investigate the relationship between

integrin activation induced by either AS‐IV or talin during neurite

outgrowth. This study showed that AS‐IV upregulated the activities

of integrin by increasing the expression of talin (Figure 3a), sug-

gesting that integrin activation in response to AS‐IV might have re-

lied on talin during neurite outgrowth. Except for the chemical signal,

neurite growth is also accompanied by an array of mechanical ac-

tivities, such as osmotic pressure and intercellular structure tension,

which play a regulative role during neurite extension (Y. C. Guo,

Wang, Ge, Yu, & Guo, 2018; Suter & Miller, 2011). Talin was also

identified as an intracellular mechanosensor and was found to par-

ticipate in intracellular mechanical signal transmission (Yao

et al., 2016). When mechanical stimuli are applied to talin, it facil-

itates the exposure of multiple vinculin‐binding domains in the talin

rod domain. This is beneficial for the formation of the mechan-

osensitive talin–vinculin complex, reinforces the linkage to actin fi-

laments, and promotes mechanical transmission (del Rio et al., 2009;

Gingras et al., 2005; Hytonen & Vogel, 2008). A previous study in

NGF‐stimulated PC12 cells demonstrated that talin could upregulate

neurite growth and regeneration by microfilament force (Dingyu

et al., 2016). The application of the FRET‐based actin force probe in

this study showed that AS‐IV manifested a high relevance for talin‐
dependent intercellular microfilament force (Figure 4). Based on this

evidence, it can be speculated that AS‐IV may be involved in neurite

outgrowth by talin‐dependent intracellular cytoskeletal force.
Both intracellular mechanical activities and integrin signaling are

part of neural polarization and nerve growth. The formation of the

integrin–talin–actin complex is a vitally important procedure in the

crosstalk between them (Ciobanasu et al., 2018; Haining et al., 2016;

Yao et al., 2016). Mechanical stimulation could effectively regulate

F IGURE 3 AS‐IV promotes neurite elongation by increasing talin expression. (a) SH‐SY5Y cells were cultured with AS‐IV for 2 days. The
protein levels of talin and β‐actin were detected by western blot analysis. (b) Cells were transfected with siRNA against talin. Two days after
transfection, cells were harvested for immunoblotting, with β‐actin as loading control. (c) Flow cytometric analysis of total and activated integrin

β1 in cells. (d) Integrin β1 activities of representative groups were tested by staining with the conformation‐specific antibody (mAb 12G10).
Nuclei were counterstained by Hoechst 33342. Scale bar, 10 μm. (e) SH‐SY5Y cells transfected with control‐siRNA or integrin β1‐siRNA were
treated with AS‐IV for 2 days. Immunofluorescence images show the neurite length in SH‐SY5Y cells. The length of the longest neurites in cells

was measured with a scale bar of 50 μm (control, n = 29 cells; control‐siRNA, n = 29 cells; talin‐siRNA, n = 26 cells). (f) Immunofluorescence
images show the neurite length in cortical neurons. The length of the longest neurites in cells was measured (control, n = 30 cells; control‐siRNA,
n = 26 cells; talin‐siRNA, n = 24 cells). Scale bar, 50 μm. Data are presented as means ± SEM of three separate experiments. *p < .05, **p < .01, and

***p < .001. One‐way ANOVA was used for single‐factor sample comparisons. ANOVA, analysis of variance; AS‐IV, Astragaloside IV;
SEM, standard error of mean; siRNA, small interfering RNA
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integrin conformation and activity via this complex (Kukkurainen

et al., 2014; Sun et al., 2019). At the same time, the results of this

study suggest that the intracellular microfilament force could be

modulated by integrin activation in response to AS‐IV (Figure 5). This

may be because ectodomains, the single transmembrane, and

cytoplasmic domains keep the integrin in its bent conformation when

integrin is in low‐affinity states. Nevertheless, AS‐IV transformed

integrin into a stable extended activated high‐affinity state, which is

beneficial for mechanical transmission (Moser, Legate, Zent, &

Fassler, 2009; Yao et al., 2016). Hence, it can conceivably be

F IGURE 4 AS‐IV upregulates intracellular microfilament force during neurite growth. (a,b) Probe‐transfected cells were treated with or
without AS‐IV for 24 hr. A scatter diagram shows the mean CFP/FRET ratios of the above groups (n = 25). Scale bar, 10 μm. (c,d) Probe‐
transfected SH‐SY5Y cells were treated with AS‐IV for 2 days. The distribution of CFP/FRET ratios is shown. Scale bar, 10 μm. (e,f) Probe‐
transfected cells were transfected with control‐siRNA or talin‐siRNA and treated with or without AS‐IV for 24 hr. A scatter diagram shows the
mean CFP/FRET ratios of the above groups (n = 20). Scale bar, 10 μm. The calibration bar was set from 0.1 to 3. All error bars represent the SEM.
Each experiment was repeated more than three times. ***p < .001 compared with the control. AS‐IV, Astragaloside IV; CFP, cyan fluorescent

protein; FRET, Förster resonance energy transfer; SEM, standard error of mean; siRNA, small interfering RNA
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hypothesized that mechanical activity and integrin signals are in-

alienable during neurite outgrowth, and transform into each other.

The experimental findings of this study enable a new under-

standing of AS‐IV during neurite outgrowth. AS‐IV exerts a positive

effect on neurite elongation by integrin conformational changes and

leads to an increase in intracellular microfilament force. Further-

more, both of them can transform and interact with each other

during neurite outgrowth (Figure 6). The application of mechanical

probes allows to evaluate AS‐IV in neural therapy from a mechanical

perspective, which provides corroborative evidence for the

F IGURE 5 Microfilament force in response to AS‐IV is modulated by integrin activation during neurite growth. (a) Probe‐transfected
SH‐SY5Y cells were treated with NGF, an activator of integrin manganese, or both manganese and the antagonist of integrin β1 firategrast or
AS‐IV, or combination of AS‐IV and firategrast for 15min. (b, c) The mean CFP/FRET ratios over the whole cell were obtained by measuring the
relative increase compared with the reference value. Normalized CFP and FRET signals corresponded to actin tension versus time. The
calibration bar was set from 0.1 to 3. Data show the means ± SEM of three separate experiments. Scale bars, 10 μm. AS‐IV, Astragaloside IV;

CFP, cyan fluorescent protein; FRET, Förster resonance energy transfer; NGF, nerve growth factor; SEM, standard error of mean
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effectiveness of AS‐IV. In further studies, AS‐IV will be used as pre-

cursor compound for in vivo experiments to verify its function in the

promotion of neurite outgrowth.
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Introduction

Neurite dynamics play a fundamental role in the development and function of the nervous system. Formation 
and maintenance of synaptic networks are necessary for healthy brain function and plasticity and occurs through 
continuous changes in the fine structure of neurons. Neurite dynamics can be altered in disease states, injury, or 
following exposure to neurotoxic agents. Monitoring neuronal morphology in long-term in vitro cell cultures is 
critical for the characterization and evaluation of disease models and to understand neuronal development. 
Ideally, approaches to track neurite dynamics would allow continuous automated measurements of structural 
parameters, including neurite length and number of branch points. These methods should be non-perturbing 
and enable quantification of neurons in mono- or co-culture with glia.

This application note describes the use of live-cell imaging to kinetically quantify neuronal outgrowth using the 
Incucyte® Live-Cell Analysis System in conjunction with the Incucyte® Neurotrack Analysis Software Module. This 
assay permits the analysis of neurons in mono-culture (label-free) or in co-culture with astrocytes (Figure 1), using 
a non-perturbing Incucyte® Neurolight Red or Orange Lentivirus for continuous analysis of neurite length and 
branch points. Furthermore, the neurite analysis assay can be multiplexed with cell health reagents, Incucyte® 
Annexin V Red, Orange, or NIR Dye, to determine the onset of apoptosis in real time.

 32 

http://www.sartorius.com/incucyte-neurite-outgrowth


Mono-culture: Primary Rat Cortical Neurons

Co-culture: Primary Rat Cortical Neurons + Rat Astrocytes

Figure 1
Automated Analysis and Visualization of Neuronal 
Mono-cultures and Co-cultures 
Analysis of primary rat cortical neuron structures using label-free 
segmentation masking (top panel) showing phase image of neurons at 
Day 5 post-seeding, cell body cluster (pink), and neurite masks (yellow). 
Assessment of neurite structures in co-culture with astrocytes using 
Incucyte® Neurolight Orange Lentivirus (bottom panel) at Day 7 post-
infection, cell body cluster (white), and neurite masks (blue). 

Assay Principle and Quantification

An overview of the workflow to enable quantification of 
neurite outgrowth is represented in Figure 2. For mono-
cultures, label-free measurements are enabled by direct 
phase imaging post cell seeding. When co-cultures are 
preferred, an initial infection with Incucyte® Neurolight 
Lentivirus is required to visualize the neurons. Optimization 
of cell density, well coatings, multiplicity of infection (MOI), 
and viral exposure time are required based on the research 
model used.

The Incucyte® Neurolight Lentivirus is a live-cell neuronal 
labeling reagent driven by a synapsin promoter, resulting 
in the long-term expression of red (mKate2) or orange 
(TagRFP) fluorescent protein in neuronal cell bodies and 
neurites. The Incucyte® Neurolight Lentivirus ensures highly 
efficient, yet non-disruptive labeling of primary or induced 
pluripotent stem cells (iPSC)-derived neurons over weeks 
enabling the kinetic quantification of neurite length and 
branching in the presence of astrocytes and other non-
neuronal cell types. Purpose-built integrated Incucyte® 
Neurotrack Analysis Software automatically segments 
phase or fluorescent images and generates full time-course 
plots for each well in 96- and 384-well plates. Metrics such 
as Total Neurite Length (mm/mm2), Branch Points (count/
mm2), Cell Body Clusters (count or area/mm2), or Nuclear 
Count (for cells with a nuclear fluorescent label), and 
corresponding normalization values are generated in 
real time. 

Finally, combining novel, non-perturbing reagents that 
deploy longer wavelength fluorophores designed for 
neuronal-specific measurements along with lab-tested 
protocols ensures reproducible and unprecedented 
access to phenotypic information.
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plate iPSC-derived 
neurons
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outgrowth and cell 
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DIV0 DIV1 DIV14

Co-culture

Mono-culture

Figure 2
Quick Guide of Neurite Outgrowth Assay Workflow for Both Mono-culture and Co-culture Models
This simplified workflow enables label-free quantification of neurite dynamics in mono-culture or utilizes the Incucyte® Neurolight Orange Lentivirus 
for non-perturbing fluorescence analysis of neurons in co-culture. Using the Incucyte® Live-Cell Analysis System, visualize and quantify long-term 
changes in neurite outgrowth alongside optional readouts of cell viability using fluorescence cell death reporters. 

Measuring Neuronal Parameters in Mono-cultures

A major limitation in studying human diseases affecting 
the nervous system is the ability to culture, monitor, 
and analyze neuronal cells that accurately represent 
human phenotypes of these disorders. The use of 
human-induced pluripotent stem cell (hiPSC)-derived 
neurons has provided a valuable approach aimed at 
modeling neurological diseases in humanized models. 
Monitoring neuronal morphology in long-term cultures 
is critical for the characterization and evaluation of 
these advanced model systems. Continuous real-time 
monitoring offers a significant advantage as it provides 
a more physiologically relevant picture of neuronal cell 
behavior, allows for non-invasive, repeated measure-
ments of the same neuronal networks over time, and 
enables the capture of rare or transient events that are 
often missed with end-point assays. 

When external modification of precious cellular models is 
not an option, either to minimize handling and pertur bance 
(stem cells) or due to difficulties of genetic modification 
(primary cells), label-free phase imaging of seeded cultures 
provides an optimal solution. Figure 3 exemplifies the value 
of quantifying neuronal outgrowth in such environments 
and provides an example of the power of automatic 
segmentation and quantification. These metrics quantify 
biologically relevant processes such as neurite extension, 
branching, and loss of neurite length due to retraction or 
fragmentation. Statistical data, such as standard deviation 
and standard error of the mean, are automatically 
produced for user-defined replicates.
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Figure 3
Label-Free Quantification of Neurite Outgrowth in Neuronal Mono-cultures
Rat primary cortical neurons were seeded into poly-D-lysine (PDL)-coated 96-well plates at a range of cell densities (10–25K cells/well). High-
definition phase contrast images were acquired using the Incucyte® Live-Cell Analysis System over 16 days and automatically quantified using 
integrated Incucyte® Neurotrack Analysis Software. Representative images shown for phase and segmentation masks (cell body cluster in orange, 
neurites in pink) for each seeding density at Day 14 (A). Kinetic quantification reveals density-dependent differences in neurite length (B) and 
branch points (C), which both increase with an increase in seeding density (D). Data shown as mean ± SEM, n = 24 replicates.

Quantifying Neuronal Outgrowth in Co-cultures

Incucyte® Neurolight Lentivirus is a lentiviral reagent 
designed to transduce multiple neuronal cell types 
specifically and efficiently with low toxicity. Cell-handling 
protocols and assay conditions were optimized to produce a 
robust 96-well plate format capable of supporting medium 
throughput screening activities and mechanistic studies. 

When developing an in vitro assay using a fluorescent 
protein, it is important to show that the expressed label 
does not affect the global biology of the system. We 
examined the effects of the Incucyte® Neurolight 
Lentivirus on neurite dynamics in rat primary neurons 
and astrocytes using an antibody against βIII-tubulin to 
assess total neurite length in cultures exposed to 
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Figure 4
Validation of Incucyte® Neurolight Lentivirus Infection 
Fluorescent images of βIII-tubulin-stained (teal) or Incucyte® Neurolight Red (pink) infected rat forebrain neurons were quantified using the Incucyte® 
Neurotrack Analysis Software Module. Neurite length values (mm/mm2, mean ± SD, n = 4) were obtained and MOIs (0.001–10) compared from the 
same wells at 7 days following infection (A). The 96-well plate view displays neurite lengths over 12-day assay and data combined in time course 
(mean ± SD) to understand intra-assay variability (B).Neurite length was calculated in untreated control wells at 12 days post infection (mean ± SD, n = 8) 
for 13 separate plates run over 5 months to obtain inter-assay variability. Solid line represents overall mean neurite length (167.0 ± 16.0 mm/mm2) and 
dashed lines represent the ± 20% limits from the overall mean (C). 

varying Incucyte® Neurolight Red Lentivirus MOIs. 
Quanti fication of βIII-tubulin antibody-stained 
fluorescent images using Incucyte® Neurotrack Analysis 
Software provides an independent measure of neurite 
length and can expose possible adverse effects of the 
reagent (Figure 4). The MOI graph represents the 
neurite length calculated at 7 days post-infection 
following exposure to control solution (no Incucyte® 
Neurolight Red Lentivirus). Incucyte® Neurolight Red 
Lentivirus produced no significant changes in total 
neurite length up to MOI 3.3 (pink circles) indicating 
that Neurolight infection does not significantly alter 
neurite length (Figure 4A).

Figure 4 displays a 96-well microplate view measuring 
neurite length over 12 days post-infection. Examination of 
the assay time course shows consistent responses across 
all wells. Low intra-plate variation was observed with a 
stan dard deviation of less than 9.2 mm/mm2 at each time 
point (Figure 4B). The coefficient of variation (%) measured 
in individual experiments at 12 days post-infection ranged 
from 1.4% –12.6% with an overall mean value of 4.4%. Further, 
inter-plate variation in maximum neurite length was 
assessed for control wells from 13 plates run over a 5-month 
period. The cross-plate variability of all experiments was 
within 20% of the overall mean neurite length (Figure 4C). 
Heat maps of individual experiments revealed no significant 
position effects (data not shown). The Incucyte® Neurotrack 
co-culture assay provides a robust, medium throughput 
measurement of neurite dynamics over a minimum of a 
12-day period.
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Importance of Astroglia in iPSC Differentiation

It is widely accepted that the nervous system presents a 
coordinated involvement of neurons and glia. Glial cells 
are active partners to neurons in brain development and 
activity via bidirectional communication. This is orches-
trated at the tripartite synapse, which is composed of 
the neuronal pre- and post-synapses and their close 
interaction with the surrounding astroglia.

To investigate the effect of astrocytes in neurite 
development, a humanized live-cell model of neuronal 
activity was developed in collaboration with Talisman 
Therapeutics. Recent advances in hiPSCs offer a 

powerful in vitro model strategy for the study of both 
healthy and disease stages of the human nervous 
system. Non-perturbing neurite outgrowth 
measurements performed in mono-cultures or co-
cultures via automatic segmentation of time-lapse 
imaging using the Incucyte® Neurotrack Analysis 
Software Module were performed and are shown in 
Figure 5. When co-cultured with astrocytes, neurons 
developed a greater number of neurites with increased 
branching compared to mono-cultures, demonstrating 
the importance of astroglia in iPSC differentiation. 

Figure 5 
iPSC-Derived Neurons Co-cultured with Astrocytes Show Increased Neurite Outgrowth
iPSC-derived neurons developed by Talisman Therapeutics were infected with Incucyte® Neurolight Orange Lentivirus, co-cultured with  
mature astrocytes and monitored and quantified using the Incucyte® Live-Cell Analysis System. Representative fluorescence images shown for both 
mono-cultures and co-cultures (A). Time-course plots revealed that neurons in co-cultures yield greater neurite outgrowth (B, neurite length) and 
branching (C, branch points) when compared to neurons cultured in isolation (mean ± SEM). 
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Quantitative Pharmacology in a Parkinson’s Disease Model

Neurodegenerative diseases, such as Parkinson’s  
disease (PD), are chronic and debilitating disorders that 
progressively cause degeneration and/or death of neuronal 
cells. Neurite length can be a sensitive marker of neuro-
degenerative disease and neurotoxicity. To develop a model 
of Parkinson’s disease, we created a co-culture system of 
rat primary striatal neurons and astrocytes (Figure 6). 
Following a period of neurite development (10 days), the 
dopaminergic-specific neurotoxin 6-hydroxydopamine 
(6-OHDA) was applied to induce disease-relevant neuronal 

damage. A time- and concentration-dependent effect on 
neurite disruption was observed, yielding an IC50 value for 
6-OHDA of 70.5 µM for neurite length. 6-OHDA at the 
maximum concentration tested (500 µM) caused 95% of 
neurites to be abolished. This model system may provide 
a quantitative phenotypic assay for agents designed to 
reverse or minimize the neurotoxic effect of 6-OHDA and 
aid in the development of improved therapeutics for 
Parkinson’s disease.

Figure 6 
6-OHDA-Induced Neurite Disruption in a Parkinson’s Disease Model
Rat primary cortical neurons were labeled with Incucyte® Neurolight Lentivirus and co-cultured with astrocytes. 10 days post-seeding, once the neurite 
network had stabilized, co-cultures were treated with varying concentrations of 6-OHDA and monitored for 12 days (A). Representative fluorescence 
images are shown for vehicle and 100 μM 6-OHDA (10 days). (B) Time-course graphs represent the change in neuronal length normalized to pre-
treatment value at the different drug concentrations (%, mean ± SEM, 3 replicates). (C) Concentration response curve derived from temporal profiles 
shows individual neurite length values at 12 days post-treatment.
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Conclusions

The Incucyte® Live-Cell Analysis System, combined 
with Incucyte® Neurotrack Analysis Software Module 
and when necessary, the Incucyte® Neurolight 
Lentivirus, provides a robust method to image 
neurons in mono-cultures and co-cultures and 
quantify changes in neurite length of living cultures 
from days to weeks. The image analysis software is 
flexible for quantification of many cell types, from 
immortalized cell lines to primary neurons and iPSCs. 
An intuitive user interface allows rapid assay 

optimization and automated quantification of neurite 
dynamics. All data and time points can be verified by 
inspecting individual images and/or time-lapse 
movies. Observation of cell morphology provides 
additional validation and insight into the biological 
e�ect of treatment groups. This approach provides  
a sensitive method to detect pharmacological 
manipulations that alter neurite dynamics, including 
processes such as elongation and retraction. 
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Abstract

Ataxia-telangiectasia (A-T) is a multisystem autosomal recessive disease caused by

mutations in the ATM gene and characterized by cerebellar atrophy, progressive

ataxia, immunodeficiency, male and female sterility, radiosensitivity, cancer predispo-

sition, growth retardation, insulin-resistant diabetes, and premature aging. ATM

phosphorylates more than 1500 target proteins, which are involved in cell cycle con-

trol, DNA repair, apoptosis, modulation of chromatin structure, and other cytoplasmic

as well as mitochondrial processes. In our quest to better understand the mechanisms

by which ATM deficiency causes cerebellar degeneration, we hypothesized that spe-

cific vulnerabilities of cerebellar microglia underlie the etiology of A-T. Our hypothe-

sis is based on the recent finding that dysfunction of glial cells affect a variety of

process leading to impaired neuronal functionality (Song et al., 2019). Whereas astro-

cytes and neurons descend from the neural tube, microglia originate from the hema-

topoietic system, invade the brain at early embryonic stage, and become the innate

immune cells of the central nervous system and important participants in develop-

ment of synaptic plasticity. Here we demonstrate that microglia derived from Atm�/�

mouse cerebellum display accelerated cell migration and are severely impaired in

phagocytosis, secretion of neurotrophic factors, and mitochondrial activity, sugges-

tive of apoptotic processes. Interestingly, no microglial impairment was detected in

Atm-deficient cerebral cortex, and Atm deficiency had less impact on astroglia than

microglia. Collectively, our findings validate the roles of glial cells in cerebellar attri-

tion in A-T.

K E YWORD S

Ataxia-telangiectasia, A-T, ATM, microglia, astrocytes, brain degenerative diseases

1 | INTRODUCTION

Ataxia-telangiectasia (A-T; OMIN#208900) is a highly pleiotropic

autosomal recessive human disorder (Lavin, 2008; Perlman

et al., 2012; Rothblum-Oviatt et al., 2016; Shiloh & Lederman, 2017)

caused by null mutations in the ATM gene, which encodes the ATM

protein kinase (Savitsky, Bar-Shira, et al., 1995; Savitsky, Sfez,

et al., 1995; Shiloh & Ziv, 2013; Ziv et al., 1997). Patients experience

progressive cerebellar ataxia that develops into severe motor dysfunc-

tion. The cerebellar cortical degeneration primarily involves Purkinje

neurons and granule neurons. Peripheral neuropathy may develop

during the second decade of life. Oculocutaneous telangiectasia

(dilated small blood vessels) appear variably. Marked immunodefi-

ciency is typically manifested by reduction of IgG4, IgA, IgG2, and IgE

isotypes and diminished B and T lymphocyte counts. Lung infections

often result from food aspiration emanating from neuromotor dys-

function combined with the immunodeficiency. Another hallmark is

gonadal and thymic dysgenesis. Cancer predisposition is manifestedHadar Levi and Ela Bar contributed equally to this work.
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as increased tendency to develop lymphoreticular malignancies, and

various carcinomas appear in older patients. Growth retardation and

occasional endocrine abnormalities are also seen, particularly insulin-

resistant diabetes. Premature aging has recently been recognized in

A-T (Shiloh & Lederman, 2017). Major laboratory findings are elevated

serum levels of α-fetoprotein and carcinoembryonic antigen.

A-T patients show striking sensitivity to the cytotoxic effect of

ionizing radiation, and A-T cells exhibit marked chromosomal instabil-

ity, sensitivity to radiation and radiomimetic chemicals, and reduced

telomere length (Metcalfe et al., 1996; Pandita, 2002; Shiloh

et al., 1983; Taylor et al., 1975; Ziv et al., 1989). Ionizing radiation sen-

sitivity results from a profound defect in the cellular response to DNA

double-strand breaks (DSBs) due to the lack of the ATM protein

kinase, which mobilizes the DSB response (Bhatti et al., 2011;

McKinnon, 2012; Shiloh & Ziv, 2013). Many A-T symptoms can be

attributed to the abrogation of the cellular response to DSBs, whether

physiological or induced by endogenous reactive oxygen species

(ROS) (McKinnon, 2012). However, the mechanism behind the most

devastating symptom of A-T—the progressive cerebellar atrophy—is

still being debated (Biton et al., 2008; Ditch & Paull, 2012;

Herrup, 2013; Herrup et al., 2013; Hoche et al., 2012;

McKinnon, 2012; Shiloh, 2014; Shiloh & Ziv, 2013; Vail et al., 2016;

Y. Yang et al., 2014). Although patients with the classical form of A-T

have null mutations in both copies of the ATM gene (Savitsky, Bar-

Shira, et al., 1995; Savitsky, Sfez, et al., 1995; Ziv et al., 1997), ATM

mutations that cause milder forms of the disease have been identified

(Gilad et al., 1996; Gilad et al., 1998) (Alterman et al., 2007; Claes

et al., 2013; Meneret et al., 2014; Nakamura et al., 2014; Saunders-

Pullman et al., 2012; Silvestri et al., 2010; Soresina et al., 2008; Taylor

et al., 2014; Verhagen et al., 2009; Verhagen et al., 2012; Worth

et al., 2013).

DNA damage—a major threat to genome stability—is caused in

living organisms primarily by endogenous ROS or radicals produced

during metabolism, which induce tens of thousands of DNA lesions

per cell per day (Cadet & Wagner, 2013; Crouch & Brosh Jr., 2016;

Jena, 2012; Jeppesen et al., 2011; Lindahl, 1993). Defense against

threats to genome integrity is critical for cellular homeostasis and

timely development and for prevention of undue cell death, cancer,

and premature aging (Abbas et al., 2013; Ciccia & Elledge, 2010;

Jeppesen et al., 2011; McKinnon, 2013; Negrini et al., 2010;

Thompson, 2012; Vijg & Suh, 2013). The DNA damage response is a

vast signaling network that activates DNA repair mechanisms and rap-

idly modulates many physiological processes, leading to numerous

protein post-translational modifications and marked modulation of

the transcriptome (Goodarzi & Jeggo, 2013; Panier & Durocher, 2013;

Polo & Jackson, 2011; Shiloh & Ziv, 2013; Sirbu & Cortez, 2013;

Thompson, 2012). The importance of the DNA damage response to

human health is highlighted by mutations that lead to genome instabil-

ity syndromes, one of which is A-T (Aguilera & Garcia-Muse, 2013;

Ciccia & Elledge, 2010; Jeppesen et al., 2011; McKinnon, 2013;

O'Driscoll, 2012; Perlman et al., 2012; Vijg & Suh, 2013).

The DNA damage response is more vigorously activated by DSBs

than other DNA lesions (Bhatti et al., 2011; Ciccia & Elledge, 2010;

Marechal & Zou, 2013; Shiloh & Ziv, 2013; Sirbu & Cortez, 2013;

Stracker et al., 2013; Thompson, 2012). DSBs are induced by DNA

damaging agents or endogenous ROS (Schieber & Chandel, 2014) or

are formed during physiological processes such as meiotic recombina-

tion (Borde & de Massy, 2013; Lange et al., 2011) and the

rearrangement of antigen receptor genes in the adaptive immune sys-

tem (Alt et al., 2013). The primary transducer of the DSB response

network is ATM (Bhatti et al., 2011; McKinnon, 2012; Shiloh &

Ziv, 2013); the protein kinase activity of ATM is markedly enhanced in

response to DSBs (Bakkenist & Kastan, 2003; Bensimon et al., 2010;

Bhatti et al., 2011; Kaidi & Jackson, 2013; Kozlov et al., 2006;

Paull, 2015; Shiloh & Ziv, 2013; Sun et al., 2007). Activated ATM

phosphorylates numerous proteins in various pathways of the DSB

response (Bensimon et al., 2010; Bensimon et al., 2011; Matsuoka

et al., 2007; Mu et al., 2007; Shiloh & Ziv, 2013). ATM belongs to a

family of PI-3 kinase-like protein kinases (Lovejoy & Cortez, 2009)

that includes, among other proteins, the catalytic subunit of the DNA-

dependent protein kinase (B. P. Chen et al., 2012; Kong et al., 2011)

and ATR (Errico & Costanzo, 2012; Marechal & Zou, 2013). Like ATM,

the DNA-dependent protein kinase is involved in the response to gen-

otoxic and other stresses. ATM might also be involved in regulating

other aspects of genome integrity such as nucleotide metabolism, the

response to replication stress, and resolution of the occasional con-

flicts between DNA damage and the transcription machinery. Further,

ATM is active in metabolic pathways (Ambrose & Gatti, 2013; Ditch &

Paull, 2012; Eaton et al., 2007; Herrup, 2013; D. Q. Yang et al., 2011)

that maintain cellular redox balance (Cremona & Behrens, 2014;

Ditch & Paull, 2012; Semlitsch et al., 2011; D. Q. Yang et al., 2011)

and mitochondrial metabolism (Ambrose & Gatti, 2013; Eaton

et al., 2007; Sharma et al., 2014; Stern et al., 2002; Valentin-Vega

et al., 2012; Valentin-Vega & Kastan, 2012). Different functions of

ATM involve different modes of ATM activation (Ditch & Paull, 2012;

Guo et al., 2010; Paull, 2015). Thus, evidence is emerging that ATM's

capacity as a protein kinase is exploited in signaling pathways that are

not associated with DNA damage including pathways that operate in

the cytoplasm (Ambrose & Gatti, 2013; Ditch & Paull, 2012; Eaton

et al., 2007; Herrup, 2013; Herrup et al., 2013; Vail et al., 2016; D. Q.

Yang et al., 2011; Y. Yang et al., 2014). Thus, when functional ATM is

missing, as it is in A-T patients, the modulation of numerous pathways

in response to occasional stresses becomes suboptimal and the cumu-

lative DNA damage disrupts genome homeostasis.

Between 5% and 15% of the cells in the central nervous system

(CNS) are microglia (Herculano-Houzel, 2014; Ohtaki et al., 2013).

These cells are derived from early embryonic myeloid progenitors of

the hematopoietic system. It was long thought that microglia were

derived from peripheral macrophages that enter the brain after birth.

In 2010, a landmark fate mapping study challenged this dogma by

showing that microglia develop from myeloid progenitors in the yolk

sac (Ginhoux et al., 2010). These cells then make a pilgrimage into the

brain very early in embryonic development (Kierdorf et al., 2013;

Ransohoff & Cardona, 2010). The realization that microglia develop

alongside neurons during this critical period of brain development has

led to a change of thinking about microglia in the healthy brain. New
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data implicate microglia in many functions required to build and wire

the developing CNS, ranging from neurogenesis to synaptic pruning.

Microglial cells that colonize the brain (Ginhoux et al., 2010) con-

tinually monitor the microenvironment (Nimmerjahn et al., 2005) and

are implicated in neuro-plasticity, host defense, homeostasis, cell

migration, debris scavenging, peripheral immune cell recruitment, and

immune response regulation (Aloisi, 2001). In response to a variety of

stressors, microglia are capable of migrating and undergo morphologi-

cal and functional changes. Pathological stimuli such as cytokines,

chemokines, and growth factors, polarize microglial cells and play

important roles in either the deterioration or the repair of the CNS.

Microglia are active contributors to neuronal damage in brain degen-

erative diseases, and over-activation or dysregulation of microglia can

result in disastrous and progressive neurotoxic consequences.

Although these observations have been widely reviewed in recent

years (Kim & Joh, 2006; McGeer et al., 2006; Zecca et al., 2006), the

characteristics defining deleterious microglial activation and the mech-

anisms that result in neurotoxic microglial activation remain poorly

understood.

Microglia are also crucial part to maintenance of brain homeo-

stasis (Napoli & Neumann, 2009). They release a number of neuro-

trophic factors and structurally remove synapses from damaged

neurons (Cullheim & Thams, 2007; Trapp et al., 2007). Microglia also

function in neurogenesis, enabling the integration of new neurons

into neuronal circuits in adult animals (Wake et al., 2013), and

BDNF secreted by microglia modulates neuronal plasticity in a

mouse model of neuropathic pain (Coull et al., 2005). Neuronal plas-

ticity is important for learning, memory, and cognition (Morris

et al., 2013). Programmed cell death is integral to CNS development

(de la Rosa & de Pablo, 2000). For example, most of cerebellar

Purkinje cells that undergoing developmental apoptosis are engulfed

by amoeboid microglia that release superoxide ions to trigger cell

death (Marin-Teva et al., 2004). Abnormalities in cerebellar develop-

ment, including alterations in neuronal numbers and neural circuit

formation, can lead to sensory motor coordination deficits and cere-

bellar ataxia (Manto & Jissendi, 2012). This suggests that microglia

have a role in the loss of cerebellar Purkinje cells in A-T. Following

injury or disease, microglia are rapidly recruited to sites of damage

where they engulf, or phagocytose, debris and unwanted and dying

cells. Although critical for the immune response to infection or

trauma, microglia also contribute to pathological neuroinflammation

by releasing cytokines and neurotoxic proteins (Perry et al., 2010;

Ransohoff & Cardona, 2010).

It has been estimated that the total number of microglia in adult

mouse brain is around 3.5 � 106, but these cells are not evenly dis-

tributed throughout the brain. Compared to cerebral cortex, the cere-

bellum is much less densely populated with microglia. The gray matter

of the cerebellar deep nuclei contains most of the microglial cells,

whereas much lower density was found in the granular and the molec-

ular layers (Lawson et al., 1990). FACS analysis based on immunoregu-

latory markers revealed distinct regional and immunological diversity

(de Haas et al., 2008). Genome-wide analysis of microglial cells

derived from different brain regions revealed that these cells display

region-specific transcriptional identities. Interestingly, the cerebellum

has high expression of genes related to immune as well as defense

responses. Lower density of cerebellar microglia implies that each

cells has to survey a larger volume of tissue with increased energy

demands on each glial cell (Grabert et al., 2016). Deep single–cell RNA

sequencing shows higher microglia heterogeneity in early postnatal as

compared to adult microglia, which display less regional diversity. A

subset of a proliferative-region-associated microglia are detected in

developing white matter. These cells have an amoeboid morphology

similar to that of disease-associated microglia. These microglial cells

are metabolically active and capable of phagocytosis of newly formed

oligodendrocytes (Q. Li et al., 2019). During early development, the

amoeboid microglial cells invade the white matter, but during develop-

ment these cells are replaced by ramified microglia that colonize the

gray matter (Ling & Tan, 1974; Stensaas & Reichert, 1971). Grabert

et al. further suggested that the transcriptome of the microglia

undergoes an aging process that is non-uniform across brain regions.

The cerebellar microglia age faster than those in the forebrain regions

(Grabert et al., 2016).

Similar to neurons and microglia, astrocytes also display func-

tional and regional heterogeneity. Hoft et al. showed that astrocytes

have physiological differences within the same brain region (Hoft

et al., 2014). Five different astrocytic populations were found in sev-

eral different brain regions. Interestingly, each astrocytic population

displayed different regulation of synaptogenesis (John Lin

et al., 2017). Astrocytes are closely interconnected with various types

of neuronal populations. In response to insults, astrocytes can secrete

either pro- or anti-inflammatory signals. They react to neuronal insults

by becoming reactive, hypertrophic, and senescent or by increased

proliferation (Miller, 2018). Under certain pathological conditions the

astrocyte become reactive and heterogeneous (Liddelow &

Barres, 2017). Thus, reactive astrocytes cannot be divided into simple

binary phenotypes such as neuroprotective or neurotoxic. Escartin

et al. suggested that reactive astrocytes could adopt multiple states

depending on context (Escartin et al., 2021).

Co-culturing of cerebral cortical astrocytes with cerebellar astro-

cytes led to the demise of the astrocytes and also demonstrated the

heterogenic functionality of astrocytes; however, cerebellar astro-

cytes fully support the viability and the functionality of age-matched

granule neurons (Kanner et al., 2018). Astrocytes and microglia seem

to be interconnected. Activated microglia can induce A1 astrocytes by

the release of IL-1a, TNF, and C1q and thereby become toxic

(Liddelow et al., 2017). Together, these findings and others support

the notion that both microglia and astrocytes are highly inter-

connected as well as heterogenic.

Important tools in the investigation of the physiological and

molecular bases of A-T syndrome are mouse models obtained using

gene targeting or transgene expression. Atm-deficient mice exhibit

many of the characteristics of human A-T (Barlow et al., 1996; Elson

et al., 1996; Hande et al., 2001; Y. Xu et al., 1996) as well cerebellar

abnormalities as shown in our recent publication (Kanner

et al., 2018). Here we show that Atm deficiency in mice severely

affects the functionality of the cerebellar but not cerebral cortical
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microglial cells. Atm-deficient cerebellar microglia display impaired

secretion of vital neurotrophic factors, accelerated migration, and

deterioration of mitochondrial functionality. On the other hand, no

microglial impairment was detected in Atm-deficient cerebral cortex.

Further, Atm deficiency had less impact on astroglia than microglia.

These findings validate the roles of glial cells in cerebellar attrition

in A-T.

2 | MATERIALS AND METHODS

2.1 | Atm-deficient mice and animal care

Atm+/� mice were a generous gift from Dr. Anthony Wynshaw-

Boris (University of California, San Diego, CA, USA). The construc-

tion of the Atm-deficient mice (allele designation Atmins 5790neo)

was previously described (Barlow et al., 1996). Mice from heterozy-

gous crosses were genotyped by PCR (Barlow et al., 1996). Hetero-

zygotes were derived from mating in a completely inbred 129SvEv

background. Experiments were performed using young (4 day old)

Atm�/� mice or wild type (WT) littermates as controls. All animal

care protocols and all experimental protocols used for this study

were conducted according to the animal research guidelines from

Tel Aviv University and were approved by the Tel Aviv University

Animal Care Committee.

2.2 | Cerebellar and cerebral cortical cultures
enriched in microglia

Mixed glial cultures were prepared from cerebella and cerebral corti-

ces of 4-day-old WT and Atm�/� SvEv129 mice and grown in MEM-

EAGLE (Beit Haemek) with essential amino acids, 0.6 mg/ml glucose,

10% FCS (heat inactivated), 0.2% L-glutamine, 0.8% GlutMAX (100X)

(Gibco), 0.5% penicillin (100 U/ml), and streptomycin (100 μg/ml).

After 12 days in culture, microglia isolation was performed as previ-

ously described (Giulian & Baker, 1986). Briefly, after mechanical dis-

sociation, microglia cerebellar cells were collected and centrifuged.

The cells were then resuspended in cold PBS with 1% FCS, labeled

with CD11b-PE, and subjected to FACS isolation to assess microglial

purity.

2.3 | Cerebellar and cerebral cortical cultures
enriched in astrocytes

Mixed glial cultures were prepared from cerebella and cerebral corti-

cal of 4-day-old Atm�/� and WT SV129 mice. After16 days in cul-

ture, glial cultures reached confluency, and more than 90% of cells

were astrocytes. Isolation was performed using pre-warmed trypsin

incubation for 5 min, followed by a short aggressive shaking by

hand. Trypsin and floating astrocytes were transferred to a tube

containing DMEM, which was centrifuged for 5 min at 2300 rpm

[Eppendorf 5242R, rotor FA-45-24-11 (541g)]. The numbers of live

and dead cells, identified based on dye exclusion or uptake, were

counted. The yield of astrocytes was a density of approximately

4,500,000 cells/ml. The cells were then cultured using technics that

depended on the experiment or were reseeded. Each culture was

prepared from a single mouse.

2.4 | Immunocytochemical analyses

Following isolation, microglial cells were grown on poly-L-lysine-

coated 13-mm glass coverslips in 24-well plates at 37�C for 2–3 days

prior to fixation. Cultures were washed twice with PBS, then fixed

with 4% paraformaldehyde (Merck) for 10 min and left in PBS until

staining. For immunocytochemical staining, fixed cultures were

washed three times with PBS (10 min each). Next, cells were perme-

abilized with 0.5% Triton x100 (Sigma) in PBS for 10 min. Cultures

were blocked with 2% BSA, 10% normal donkey serum, and 0.5% Tri-

ton x100 in PBS for 1 h at room temperature. The cultures were incu-

bated overnight with the primary antibodies GFAP (1:400, Sigma-

Aldrich, cat# G9269) and Iba-1 (1:500, Synaptic Systems cat#

234-004) at 4oC. Cultures were then washed three times with PBS

and incubated with the secondary antibodies for GFAP (Alexa Fluor®

546 Goat Anti-Rabbit), for Iba-1 (Alexa Fluor® 488 Goat Anti-Guinea

pig) for 1 h at room temperature. After washing three times with PBS,

cells were incubated with DAPI (1:1000, Jackson) in PBS for 15 min

and then washed again with PBS. The coverslips containing the sta-

ined cells were mounted on microscope slides using Fluoroshield

(Sigma-Aldrich cat# F6182). Slides were visualized in a Leica TCS SP8

confocal laser-scanning platform. Analyses of cerebellar activated

microglia was carried out using an F4/80 antibody that specifically

labels activated microglia (1:400, Abcam, cat #6640) and an appropri-

ate secondary antibody (Alexa Fluor® 546 Goat Anti-Rat). Analyses of

proliferation was carried out using a Ki67 antibody (1:200, BioVision,

cat #A1135-100; secondary antibody Alexa Fluor® 546 Goat Anti-

Rabbit).

2.5 | Immunocytochemical analyses of cerebellar
sections

WT and Atm�/� mice at 1.5 months of age were perfused with

PBS. Whole brains were removed and placed in 4% PFA overnight,

then rinsed with PBS and submerged in 30% sucrose solution over-

night and followed by microtome coronal sectioning to 40-μm thick

slices. Sections were kept at �20�C in cryo-protectant. For immuno-

histochemical staining, the slides were washed three times in PBS,

then permeabilized with 0.3% Triton x100 (Merk) in PBS for 1 h

and then blocked (10% INGS, 0.25% Triton x100 in PBS) for 1 h at

room temperature. Slices were then incubated overnight with pri-

mary antibodies (F4/80, Iba-1) at 4�C, washed three times with

PBS, and incubated with matching secondary antibody (1:400, Alexa

Invitrogen) in a fresh blocking solution for 1 h at room temperature.
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Thereafter, the slices were washed three times with PBS, for total

of 30 min. Slices were mounted on slides with ProLong Gold anti-

fade reagent (Molecular Probes) and DAPI. Slides were visualized in

a Leica SP5 Confocal Laser Scanning Platform. Z-stack images were

acquired at 1-μm intervals. Maximum intensity projections were

then generated from the Z-stacks, and analysis was performed with

image J software.

2.6 | EDU staining

Following isolation, 2 � 105 cells/well were seeded on poly-L-lysine

coated 13-mm glass coverslips in a 24-well plate at 37�C overnight

prior to fixation. 5-Ethynyl-20-deoxyuridine (EdU) was added at final

concentration of 10 μM for 24 h, then cells were washed twice

with PBS for 10 min. Cells were then fixed with 4% paraformalde-

hyde (Merck) for 10 min and washed twice with PBS. Next, cells

were permeabilized with 0.5% Triton x100 (Sigma) in PBS for

10 min. Blocking was performed in 5% BSA, and 0.5% Triton x100

in PBS for 1 h at room temperature. Cells were incubated overnight

with primary antibodies (Iba-1, 1:500, Wako) at 4�C. Cells were then

washed with PBS three times for 10 min and incubated with sec-

ondary antibodies (Alexa) for 1 h at room temperature on an orbital

shaker covered in aluminum foil. After washing three times with

PBS, cells were incubated with DAPI (1:500, Jackson Laboratories)

in PBS for 10 min and then washed again three times with PBS.

Coverslips containing the stained cells were mounted on microscope

slides using Fluoroshield. Slides were visualized in Leica SP8

microscope.

2.7 | Western blot analyses

Western blots were performed on extracts from both primary micro-

glial cells cultures and 4-month-old WT and Atm�/� mice cerebellar

tissues as previously described (4). In brief, lysis buffer was added to

tissue or cells in a homogenizer tube or well, incubated for 40 min on

ice, transferred to 1.5-ml tubes, and centrifuged for 20 min at 10,000g

at 4�C. The supernatants were transferred to new 1.5-ml tubes and

stored at �70�C. Protein concentrations were determined using Brad-

ford reagent (Bio-Rad Laboratories), and 10 μg total protein from each

sample were loaded in each well. For electrophoretic separations,

10% polyacrylamide gels were used. Samples were transferred to

nitrocellulose membranes. The membranes were blocked with 5%

bovine serum albumin blocking buffer for 1 h, washed with 0.05%

Tween in TBS, (TBST), and reacted with mouse anti-GAPDH (1:5000,

Synaptic Systems, Cat# 106001), mouse anti-actin (1:5000, Thermo

Scientific, Cat# MA1-045), rat anti-CD11b (1:50, Abcam, Cat# 8878),

anti-BDNF (1:1000, Abcam, Cat# 10319), and rabbit anti-Akt (1:1000,

Cell Signaling, Cat# 4691) overnight at 4�C. The membranes were

washed three times with TBST and reacted with secondary goat-anti-

mouse-HRP (1:10,000, Jackson Laboratories) for 1 h at room temper-

ature. The membranes were washed with TBST, reacted with ECL

western blot substrate, and analyzed using the Amersham imager

600UV (GE Life Technologies). Coomassie blue and Ponceau red

staining were used as loading controls.

2.8 | Automatic migration assay

To assess the effect of Atm deficiency on microglial migration,

microglia were seeded in wells of 96-well, glass-bottomed plates

(Sartorius Group) at 3 � 105 cells per well. After incubation at 37�C

overnight, a scratch was made using a 96-pin Wound-MakerTM in the

middle of each well. Two washes were performed with glial medium

(MEM with 10% FBS, 0.6 mg/ml glucose, 2 mM glutamine, 0.8%

Gmax, 0.5% penicillin, and 0.5% streptomycin). Time-lapse microscopy

was performed with a Sartorius Incucyte® S3 Live-Cell imager with a

10X objective. Images were acquired every 120 min for 48 h. Wound

closing was quantified using the Incucyte® software system.

2.9 | Phagocytosis assay

Microglia were suspended in the presence or absence of fluorescent

beads (1 μm diameter) for 2 h. Cells were washed thoroughly to

remove uninternalized beads and centrifuged. Pellets were

resuspended in ice-cold PBS. Cell sorting was performed using the

Stratedigm S100EXi flow cytometry instrument. The percentage of

cells that had phagocytosed latex beads phagocytosis and fluores-

cence intensity per cell was calculated using the Flowing software.

2.10 | Mitochondrial activity assay

Mitochondrial activity was evaluated by the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. In brief,

purified primary cultured microglial cells were seeded at 1 � 104

cells/well into 96-well microtiter plates with glial medium. After 24 h,

the medium was removed, and the cells were incubated with MTT

(0.5 mg/ml) diluted in MEM medium for 1 h at 37�C. The formazan

crystals in the cells were solubilized with DMSO. The level of MTT

converted to formazan was determined by measuring absorbance at

570 nm relative to absorbance at 630 nm with a Tecan SpectraFluor.

2.11 | Methylene blue cell viability assay

Microglia cell survival was evaluated using methylene blue staining

{Yamazaki, 1986 #162}. Microglia were seeded at 1 � 104 cells/well

in 96-well microtiter plates with glial medium [MEM-EAGLE (without

L-glutamine, with essential amino acid, Biological Industries Beit

Haemek, Israel), 0.6 mg/ml Glucose, 10% Fetal calf serum (heat

inactivated, Biological Industries Beit Haemek, Israel, 0.8% GlutaMAX,

0.5% Pen/Strep (100 U/ml), 2 mM glutamine]. After 24 h, microglia

were fixed with 4% formaldehyde in PBS for 2 h. Cells were washed
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with 0.1 M boric acid. 1% methylene blue in 0.1% boric acid was

placed on cells for 30 min. Cells were washed eight times with doubly

distilled water, and the remaining color was eluted from cells using

0.1% HCl. Absorption at 595 nm was measured using a Synergy HTX

multi-mode reader (BioTek).

2.12 | Measurement of levels of intracellular ROS

Determination of ROS levels in primary cultures of microglia was per-

formed according to the method reported by Goldshmit et al. (2001).

Briefly, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-

Aldrich) was dissolved in DMSO and diluted with MEM lacking phenol

red to a final concentration of 10 μM. Cells were plated on poly-L-

lysine-coated, 96-well culture plates at a density of 1 � 104 cells/well

in glial medium. After 24 h, the medium was replaced with MEM with

10 μM DCFH-DA (without phenol red). After 30 min at 37�C, cells

were washed with MEM lacking phenol red. The fluorescence was

monitored using a Bio-TEK Instruments FL500 microplate reader with

an excitation wavelength of 485 nm and an emission wavelength

530 nm. The increase in fluorescence for each genotype was calcu-

lated compared to the control without cells and was normalized to the

number of cells as determined by the methylene blue assay.

2.13 | Assessment of mitochondrial mass and
membrane potential

For estimation of mitochondrial membrane potential (Δψm), we used

tetramethylrhodamine ethyl ester (TMRE). The assessment of mito-

chondrial mass/content was performed using MitoTracker Green

FM. After microglial isolation, cells were centrifuged to obtain a cell

pellet, and the supernatant was removed by aspiration. The cells were

suspended in pre-warmed (37�C) staining solution containing the

MitoTracker/TMRE probe diluted in glial medium. Cells were incu-

bated for 30 min in the dark. After staining was complete, cells were

pelleted by centrifugation and resuspended in fresh pre-warmed PBS

for analysis by flow cytometry. The lengths of microglial processes

after staining with anti-Iba1 were measured in ImageJ software.

2.14 | Statistical analyses

Following a Shapiro–Wilk normality test, data comparisons were car-

ried out using a two-tailed t-test or two-tailed Mann–Whitney U test

for two groups and one-way analysis of variance (ANOVA) followed

by Tukey's multiple comparison test or Kruskal–Wallis test followed

by a Dunn's multiple comparison post-hoc test for multiple group

comparisons and two-sample Kolmogorov–Smirnov test. All statistical

analyses were performed using GraphPad Prism version 6 for Win-

dows or MATLAB. The p values of <0.05 were considered statistically

significant. Values are expressed as means ± SEM. Statistical details of

experiments can be found in the figure legends.

3 | RESULTS

3.1 | Preparation of highly purified microglia and
astroglia dissociated cultures

To specifically interrogate the effects of Atm deficiency and microglial

origin, we studied their functionality under fully controlled conditions

using highly purified dissociated primary cultures of cerebellar and

cerebral microglial cells. To obtain highly purified microglial cultures,

we adopted the “shaking” method reported previously (Giulian &

Baker, 1986; Tamashiro et al., 2012). The purity of microglial cells

harvested from mixed glial cultures was evaluated utilizing flow cyto-

metry analysis (FACS) using the microglia/macrophage marker CD11b

combined with an Fc receptor blocker. The purity degree of the cere-

bellar microglia primary cultures was 96.1% for WT and 95.9% for

Atm�/� cells. Similar results were obtained for cerebral cortical micro-

glial cells: 96.7% for WT and 97.5% for Atm�/� cells. The purified

microglial cells were cultured and subjected to immunohistochemical

analyses using Iba-1, GFAP, and the latter a marker of astrocytes. The

major population in culture consists of microglial cells with negligible

amounts of astrocytes (Figure 1). Similarly, we found over 90% purity

of cerebellar and cerebral cortical astroglial cell cultures (not shown).

To verify the specificity of the Iba1 antibody, the cultures were

exposed to only the secondary antibody. As shown in Figure S1, no

staining was observed demonstrating the specificity of primary anti-

Ibs1 antibody.

To explore the differences between cerebellar and cerebral corti-

cal microglia, we compared the amount of microglial cells that can be

purified from the mixed glial cultures. Compared to WT cells, the yield

of the cerebellar Atm�/� microglia was significantly lower, 21.7% that

of WT cells (Figure 2a). The yield of the Atm�/� microglia derived

from cerebral cortex was also significantly lower at 55% of the yield

of the WT culture, but markedly higher than that of cerebellar

microglia (Figure 2b). Using EdU and Ki67 as markers of cell division,

we found no evidence of cell proliferation in cultured cerebellar and

cerebral cortical WT and Atm�/� microglia. In contrast, both WT and

Atm�/� astrocytes proliferated demonstrating the specificity of the

anti-EdU and Ki67 antibodies (Figure S2a–f). Our results further

showed that cerebellar WT and Atm�/� were highly sensitive to the

presence of EdU, whereas cortical WT and Atm�/� were not affected

by EdU. No cell division was detected as shown by staining for Ki67, a

nuclear protein that serves as a marker of cellular proliferation.

Together, these findings suggest that the lower yield of cerebellar and

to lesser extent cerebral cortical WT and Atm�/� stemmed mainly

from cell demise rather than from reduced cell proliferation.

3.2 | Atm deficiency activates cerebellar but not
cerebral cortical microglia

Microglial cells change their morphology in response to their activa-

tion state from highly ramified non-activated cells to amoeboid or uni-

polar activated status. In an attempt to validate the notion that Atm
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deficiency leads to microglial activation, we measured the lengths of

the processes of cultured, purified microglial cells. Since it is problem-

atic to determine whether each protuberance is indeed a real process,

we measured the length of the microglial processes. The average

length of the processes of the cerebellar WT microglia was 28.05

± 13.8 A.U. as compared to 5.22 ± 2.4 A.U. in Atm-deficient cells

(p < 2E�25) (Figure 3a,b). In contrast to cerebellar microglia, there

was not a significant difference between the lengths of the cerebral

cortical WT microglial cell processes (32.1 ± 15.1 A.U.) and Atm�/�

microglial processes (27.6 ± 16.6 A.U.) (Figure 3c,d, p < 0.1).

To further confirm that Atm deficiency leads to microglial activa-

tion in the whole cerebellum, we immuno-reacted cerebellar sections

derived from 1.5-month-old WT and Atm�/� with antibodies to Iba1,

a marker of macrophages and microglia, and F4/80, which serves as a

marker of microglial activation (Jurga et al., 2020; Wada et al., 2000).

We found a 5-fold increase in the number of cells labeled with F4/80

antibody in Atm�/� cerebella. Moreover, most of the WT microglia

assume ramified morphology with extended processes (Figure 3e). In

contrast, the Atm�/� microglia are markedly less ramified and have

amoeboid morphology indicative of their activated state as previously

reported (Quek et al., 2017a, 2017b; X. Song et al., 2019).

To quantify the activated microglia cultured from WT and

Atm�/� cerebella and cerebral cortices, we counted the quantity of

bipolar non-activated as well as amoeboid and unipolar activated

microglia (Figure 4 and Figure S3). Quantification of the different

microglial morphologies showed that only 42% of the cultured WT

cerebellar microglial cells had resting ramified or bipolar appearance,

and around 58% of the cells had either amoeboid or unipolar mor-

phologies indicative of activated status (Figure 5a). In cultures of

Atm-deficient cerebellar microglial cells, 75% of microglia were

activated [amoeboid (50%) and the unipolar (25%)] (Figure 5b). In

contrast to cerebellar microglia, most of the cerebral cortical

microglia were non-activated; 55% of cells in WT cultures and 53%

in Atm-deficient cultures were ramified or bipolar in appearance

(Figure 5c,d). Activated amoeboid and unipolar morphologies were

present at 29% and 16%, respectively, in WT cultured cerebral cor-

tical microglia and at 30% and 17%, respectively, in Atm�/� cells

(Figure 5c,d). Thus, the frequency of activated microglial cells was

higher in the WT cerebella than in cerebral cortex, and loss of Atm

F IGURE 1 Procedure
employed results in highly
purified microglial cells from WT
cerebella. (a) Representative
confocal images of cells purified
from WT cerebella stained for
(a) microglia/macrophage marker
Iba-1 (green), (b) cell nuclei with
DAPI (blue), and (c) for astrocyte-

specific marker GFAP (red).
(d) Merged staining showing that
most of the cells are microglia
with a very low amount of
astrocytes

F IGURE 2 The yield of purified Iba-1-positive cells isolated from
WT and Atm�/� cerebellar and cerebral cortical mixed glial cultures.
Plots of numbers of purified Iba-1-positive cells derived from mixed
glial cultures prepared from WT (n = 12) and Atm�/� (n = 17)
cerebella and cerebral cortices (n = 3). Significance determined by
two-tailed Student's t-test unequal variance. *p < 0.05,
*****p < 0.0001

LEVI ET AL.

 46 



resulted in abnormal activation in cerebella but not cerebral cortex.

These results support the notion that cerebellar and cerebral cortical

microglia have different innate properties.

One of the characteristics of activated microglia is the enlarge-

ment of their soma size (Davis et al., 2017). To test whether Atm

deficiency led to increased soma area of activated microglia, we

F IGURE 3 Atm deficiency reduces the length of cerebellar microglial processes. (a) Representative confocal images of cultured WT and

Atm�/� cerebellar microglia stained for microglial marker Iba-1 (red) and nuclei (with DAPI, blue). (b) Quantification of the lengths of cerebellar
microglial processes with ImageJ software. (c) Representative confocal images of cultured WT and Atm�/� cerebral cortical microglia stained for
microglial marker Iba-1 (red) and nuclei (with DAPI, blue). (d) Quantification of the lengths of cerebral cortical microglial processes with ImageJ
software. (e and f) Representative micrographs of cerebellar sections derived from (e) WT and (f) Atm�/� mice stained with Iba1 (green) shows
ramified, non-activated microglia with long processes. Nuclei were stained with DAPI (blue). Immunostaining with anti-F4/80 antibody (red)
shows unramified activated microglia in cerebellum sections of 1.5-month-old Atm�/� mice. Significance determined by two-tailed Student's
t-test unequal variance. *****p < 0.0001

F IGURE 4 Microglial cells derived from Atm�/� mice have different morphologies than those derived from WT mice. Left-most panels:
Representative confocal images of WT and Atm�/� cerebellar microglia stained for microglial marker Iba-1 (red) and nuclei (with DAPI, blue).
Green arrows indicate ramified microglial cells, white arrows indicate bipolar microglia, and pink and yellow arrows indicate unipolar or amoeboid
cells, respectively. Scale bars, 25 μm. Right panels: Magnified images of resting bipolar microglia and activated amoeboid and unipolar microglial
cells from WT cultures. Scale bars, 10 μm
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measured the soma size of cultured WT and Atm�/� microglia

derived from the cerebellum and cerebral cortex. The average area

of cerebellar bipolar microglia was 31% larger than that of the aver-

age area of cerebral cortical microglia, and the average area of the

cerebellar amoeboid cells was 25% larger than that of amoeboid

cells in the cerebral cortex (Figure S4). In Atm-deficient cerebellar

cultures, the average area of bipolar microglia was significantly

higher relative to that of WT cells by 36%; in the cerebral cortex

cultures, it was higher by 33%. Atm inactivation also increased the

average area of the cerebellar amoeboid cells by 33% but had no

effect on the cerebral cortical amoeboid microglia. Collectively,

these data show that both location and the presence of Atm influ-

ences microglial morphology.

3.3 | Atm deficiency accelerates cell migration in
Atm�/� microglia

Microglia are highly motile cells, capable of surveying the brain to

maintain neuronal and astrocytic functionality. To investigate the

effects of microglial origin and Atm in microglial cell migration, cere-

bellar and cerebral cortical cultures of purified microglia were sub-

jected to a migration assay. Surprisingly, our results showed that Atm

deficiency in cerebellar microglia significantly elevated their migration

capabilities compared to WT cells (Figure 6a and Figure S5). In con-

trast to cerebellar microglia, the migration capabilities of Atm�/� cere-

bral cortex microglia were slightly but significantly reduced compared

to WT cells (Figure 6b and Figure S6). Interestingly, astrocytes, which

are considered to be more “territorial cells” (Bushong et al., 2004),

had better migration capacities than microglial cells. The migration

rate of cerebellar Atm�/� astrocytes was significantly lower than that

of WT (Figure 6C and Figure S7). On the other hand, the migration

capabilities of cerebral cortical WT and Atm�/� astrocytes were indis-

tinguishable (Figure 6d and Figure S8). The migration rate of WT cere-

bellar and cerebral cortical microglia were similar (Figure 6e) and

reached around 20% gap confluence at a very early stage and

remained unchanged for at least 24 h. In contrast to microglia, the

migration rate of astrocytes was almost linear (the R2 of cerebellar

WT is 0.9906 and 0.9873 for Atm�/�) for up to 72 h. Whereas Atm

deficiency in the cerebellum accelerated the migration rate of cerebel-

lar microglia, no such acceleration was evident in cerebral cortical

microglia (Figure 6f). These results suggest that Atm expression rather

than microglia origin is the dominant factor that regulates cell migra-

tion. On the other hand, origin mainly determines the migration rates

of astrocytes, and Atm has a marginal effect on astrocytic cell migra-

tion (Figure 6g,h).

F IGURE 5 Quantification the distribution of resting versus activated microglial derived from WT and Atm�/� cerebella and cerebral cortices.

(a) Quantification of resting and activated microglia from purified microglial cultures prepared from cerebella derived of WT and Atm�/� mice
(n ≥ 5). (b) Quantification of resting, amoeboid, and unipolar microglia from purified microglial cultures prepared from cerebella derived of WT and
Atm�/� mice (n ≥ 5). (c) Quantification of resting and activated microglia from purified microglial cultures prepared from cerebral cortices derived
of WT and Atm�/� mice (n ≥ 5). (d) Quantification of resting, amoeboid, and unipolar microglia from purified microglial cultures prepared from
cerebral cortices derived of at least five WT and five Atm�/� mice (n ≥ 5). Statistical analyses: one-way ANOVA and unequal variant Student's
t-test
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3.4 | ROS production is increased in Atm�/�

cerebellar microglia

It has been shown that Atm deficiency leads to oxidative stress, espe-

cially in the cerebellum (Kamsler et al., 2001; Stern et al., 2002). Elevated

ROS levels due to Atm loss are involved in increased cell migration

through Rac1 activation; oxidative stress directly activates Rac1 resulting

in cytoskeleton reorganization (Tolbert et al., 2019). To evaluate the con-

nection between cell migration and oxidative stress, we analyzed

the ROS levels in WT and Atm�/� microglia derived from the

cerebellum and the cerebral cortex. We treated the microglia cultures

with DCFH-DA and measure its oxidation to 20,70-dichlorofluorescin

(DCF) due to the presence of ROS. The intensity of DCF fluorescence is

proportional to the ROS levels. To account for effects of altered cell pro-

liferation or cell death on DCF levels in the various genotypes and

regions, the DCF levels were normalized to the number of viable cells in

each measurement. In Atm-deficient cerebellar cultures, ROS levels were

significantly higher than in WT cultures by 45% (Figure 7a). In contrast,

ROS levels in Atm-deficient cerebral cortical microglial cultures were

slightly but not significantly reduced (Figure 7a). In contrast to microglial

cells, there were no significant differences in ROS levels between cere-

bellar WT and Atm�/� astrocytes, but levels of ROS were significantly

lower in Atm�/� cerebral cortical astrocyte cultures than in WT cerebral

cortical astrocyte cultures (Figure 7b).

3.5 | Functionality of Atm�/� cerebellar microglia
is impaired

Microglia phagocytose and degrade infectious agents (Neumann

et al., 2009), extracellular protein aggregates, and apoptotic cell

debris thereby regulating inflammation and protecting neurons

F IGURE 6 Atm deficiency significantly increases cell migration of cerebellar but not of cerebral cortical microglia. (a–d) Quantification of
percent cell migration on cultures of (a) WT (n = 7) and Atm�/� (n = 4) cerebellar microglia, (b) WT (n = 9) and Atm�/� (n = 5) cerebral cortical
microglia, (c) WT (n = 10) and Atm�/� (n = 6) cerebellar astrocytes (the R2 of cerebellar WT is 0.9906 and that for Atm�/� is 0.9873), and (d) WT
(n = 7) and Atm�/� (n = 4) cerebral cortical astrocytes (the R2 of cerebellar WT is 0.9952 and that for Atm�/� is 0.9927). (e) Comparison between
the migration rates of WT cerebellar and cerebral cortical microglia. (f) Similar to E but for microglia derived from Atm-deficient cerebella and
cerebral cortices. (g) Comparison between the migration rates of WT cerebellar and cerebral cortical astrocytes. (h) Similar to G but for astrocytes
derived from Atm-deficient cerebella and cerebral cortices. Statistical analyses: two-sample Kolmogorov–Smirnov test

F IGURE 7 ROS levels are higher in Atm�/� cerebellar and lower
in Atm�/� cerebral cortical astrocyte cultures. ROS levels in cultures
of WT and Atm�/� (a) microglia and (b) astrocyte cultures.
Fluorescence was normalized to numbers of living cells in cultures
(n = 8) for microglia (cerebellum and cerebral cortex) and n = 3-4 for
astrocytes (cerebellum and cerebral cortex). The Kolmogorov–
Smirnov normality test shows that all the data are in the 95% region
of acceptance. Statistical analyses: two-tailed Student's t-test unequal
variance. *p < 0.05, *****p < 0.0001
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(Fu et al., 2014). In addition to these functions in pathogenic condi-

tions, microglial phagocytosis is also involved in CNS development

and synaptogenesis as microglia eliminate malfunctioning synapses

(Brown & Neher, 2014). Inadequate microglial phagocytic ability

leads to abnormal synaptic connections and accumulation of aggre-

gated proteins (Lian et al., 2016; Schafer et al., 2012). Using latex

beads as substrates, we measured the phagocytic activities of

microglial and astroglial cells derived from WT and Atm�/� cere-

bella and cerebral cortices. Using FACS analyses, we measured the

phagocytic activity of WT and Atm�/� cerebellar and cerebral

microglial cells (Figure 8a–d). More than 80% of the microglial cells

derived from WT and Atm�/� cerebellar microglial cells took up

inert fluorescent beads (Figure 8e). Per cell, there was significantly

more signal in WT cerebellar microglia than in Atm�/� cells

(Figure 8b,f). There was a slight and non-significant reduction in

phagocytic activity for Atm�/� cerebral cortical microglia compared

to WT, and the amount of phagocytosis per cell did not differ sig-

nificantly (Figure 8g,h). Similarly to microglia, around 80% of the

WT and the Atm�/� cerebellar astrocytes showed phagocytic activ-

ity (Figure S9a). A slight, non-significant reduction was measured in

the phagocytic signal per cell detected in Atm�/� cerebellar astro-

cytes (Figure S9b), and there were small, non-significant reductions

in the percentage of Atm�/� cortical astrocytes capable of phago-

cytosis of the latex beads (Figure 9c) and in the phagocytic signal

per cell detected in Atm�/� cerebral cortical astrocytes compared

to WT cells (Figure S9d). Together, these results suggest that loss

of Atm impairs phagocytic activity of microglia from the cerebellum

but not the cerebral cortex. In contrast, Atm deficiency did not

affect the phagocytic activity of cerebellar or cerebral cortical

astrocytes.

3.6 | Atm deficiency downregulates the expression
of key proteins in cerebellar microglia

In the healthy brain, microglia are in close contact with the dendrites

and synapses of neighboring neurons (Wu et al., 2015). Microglia

secrete neurotrophic factors such as BDNF that remodel synapses

and maintain proper neuronal network function (M. Song et al., 2017).

Using western blot analysis, we examined the pro-BDNF (34 kDa)

produced by WT and Atm�/� microglia. Levels of pro-BDNF were

reduced by 87% in cerebellar Atm�/� microglia lysates compared to

WT lysates (Figure 9a), indicating that pro-BDNF might play a role in

the abnormalities seen concerning learning and motor-function in A-T

disease. The 14-kDa mature form of BDNF could not be detected in

most samples, due to the young age of the animals tested (P4). At this

age, the dominant form of BDNF is the pro-BDNF (Hempstead, 2015;

Ulmann et al., 2008).

F IGURE 8 Atm�/� deficiency decreases the phagocytic activity of cerebellar but not in cerebral cortical microglia. (a–d) Flow cytometry

analysis of phagocytosis by microglial cells derived from WT and Atm�/� mice for (a) untreated WT cultured purified microglia, (b) WT cultured
purified microglia treated with fluorescently labeled latex beads, (c) untreated Atm�/� cultured purified microglia and (d) Atm�/� cultured
purified microglia treated with fluorescently labeled latex beads. (e) Percent of WT and Atm�/� cerebellar microglia that phagocytose latex beads.
(f) Fluorescence intensity per cell for WT and Atm�/� cerebellar microglia. (g) Percent of WT and Atm�/� cerebral cortex microglia that
phagocytose latex beads. (h) Fluorescence intensity per cell for WT and Atm�/� cerebral cortex microglia. The data presented in the figures are
the fluorescent intensity of the stained cells compared to the fluorescent intensity per cell of the unstained cells, which was around 23%. The
numbers of mice used in each experiments are shown in the graph. Statistical analyses: two-tailed unequal Student's t-test). **p < 0.01
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The housekeeping GAPDH is often used for normalized of protein

levels by western blot (Mergia et al., 2003; Rao et al., 1997; N. Wang

et al., 2017). GAPDH functions in both cytoplasmic and nuclear path-

ways (Kornberg et al., 2010), and, in addition to its well-known glyco-

lytic functions, GAPDH regulates gene transcription, RNA transport,

DNA replication (Sirover, 1999), and the initiation of apoptosis once

oxidative stress occurs (Nakajima et al., 2017). It is possible that in

certain cells or in response to certain stimuli, GAPDH levels are

altered. In repeated experiments, we observed a significant reduction

of 91.2% in the expression levels of GAPDH protein in Atm�/� cere-

bellar microglial cells compared to WT cells (Figure 9b). Thus, not only

was GAPDH unreliable as a control protein, its levels appear be

affected by Atm deficiency.

ATM and AKT intersect in several pathways (Halaby et al., 2008;

Khalil et al., 2011). Interestingly, Akt�/� and Atm�/� mice are similar in

terms of phenotypic abnormalities such as growth retardation, defects

in the maturation of the immune system, infertility, resistance to insu-

lin, and radiosensitivity (Barlow et al., 1996; W. S. Chen et al., 2001).

The significant reduction of 58% seen in Akt in the Atm�/� cerebellar

microglia cells supports a role of Akt in Atm-dependent pathways

(Figure 9c), supporting conclusions of other studies (W. S. Chen

et al., 2001; Khalil et al., 2011).

Like GAPDH, actin is also widely used for normalization in protein

quantification experiments. As with GAPDH, there was a clear dispar-

ity in actin levels between Atm�/� and WT cerebellar microglial cells.

Actin levels in Atm�/� microglia were significantly lower by 33%

(Figure 9d). Actin is a cytoskeleton protein, and its cleavage has an

effect on microglial cell morphology and motility (Franco-Bocanegra

et al., 2019). We assumed that the reduced actin levels observed in

Atm�/� cerebellar microglia would result in the formation of stress

fibers that support higher motility of microglia. We tested this possi-

bility and found no evidence for elevated levels of actin stress fibers

(Figure S10). Thus, alterations in actin levels do not explain alterations

in microglial migration.

CD11b, also known as integrin αM, is a membrane protein that

serves a marker of microglia and macrophages. This protein is

F IGURE 9 Altered protein expression levels in Atm�/� CD11b-positive cells derived from mouse cerebella. (a–e) Upper: Representative
western blots of (a) pro-BDNF protein, (b) GAPDH protein, (c) Akt, (d) actin, and (e) CD11b in lysates of microglia derived from WT and Atm�/�

cerebella. Lower: Quantification of protein levels in cerebellar lysates normalized to selected Coomassie blue stained bands (n = 3–5). (f–j) Upper:
Representative western blots of (f) pro-BDNF, (g) GAPDH, (h) Akt, (i) actin, and (j) CD11B in lysates of WT and Atm�/� microglia derived from
cerebral cortices. Lower: Quantification of protein levels in cerebral cortex lysates normalized to selected Ponceau S red stained bands (n = 3–5).
Statistical analyses: two-tailed unequal Student's t-test. *p < 0.05, ***p < 0.005
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involved in phagocytosis and cell migration. Western blot analyses

revealed a non-significant 55% reduction, in the expression of

CD11b in Atm�/� cerebellar microglia compared to WT cerebellar

microglia (Figure 9e). Remarkably, no alterations in the expression

of pro-BDNF, GAPDH, Akt, actin, and CD11b were detected in

cerebral cortical Atm�/� microglia (Figure 9f–j). This shows that

cerebral cortical microglia are fundamentally different than cerebel-

lar microglia.

3.7 | Atm deficiency impairs the functionality of
cerebellar microglial mitochondria

In metabolically active cells, MTT is reduced to a formazan by the

mitochondrial succinate dehydrogenase (SDH). This enzyme has a role

both in the citric acid cycle as well as in electron transport. When cells

die, their mitochondria lose the ability to convert MTT into formazan,

thus color formation serves as a useful and convenient marker of

mitochondrial activity (Berridge & Tan, 1993). To insure that we mea-

sured mitochondrial activity and not cell viability, the MTT assay data

were normalized to viability as monitored by methylene blue staining.

The conversion of MTT to formazan in viable Atm�/� cerebellar

microglia was significantly lower, by 39%, compared to WT cells, but

there was no difference between mitochondrial activity in WT and

Atm�/� cerebral cortical microglia (Figure 10a), indicating that Atm

deficiency specifically affects the mitochondrial functionality of cere-

bellar microglia. Similar to effects on microglia, Atm deficiency signifi-

cantly reduced mitochondrial activity in cerebellar astrocytes but not

in cerebral cortical astrocytes (Figure 10b).

Based on these findings, we looked more closely at the role of

Atm in mitochondrial functionality in microglia and astrocytes. To

reveal mitochondrial involvement in Atm-dependent pathways, we

first used MitoTracker green, which stains mitochondria regardless of

their membrane potential (Reipert et al., 1995). FACS analyses

(Figure 11a–d) of percentage of MitoTracker green-positive

cells showed a similar percentage of labeled cells in WT and Atm�/�

cerebellar microglia (55 ± 20.05% and 63 ± 10.43%, respectively) and

in WT and Atm�/� cerebral cortical labeled (60.74 ± 9.98% and 69.72

± 5.93% respectively). However, the fluorescence intensity per cell

was significantly higher (1.48-fold increase) in the cerebellar Atm�/�

cells (Figure 11e) but not in cerebral cortex Atm�/� cells (Figure 11f).

The percentages of MitoTracker-labeled cerebellar WT and Atm�/�

astrocytes were 88% and 94%, respectively, and fluorescence intensi-

ties of the MitoTracker signal per cell was similar between WT and

Atm�/� astrocytes derived from both cerebellum (Figure 11g) and

cerebral cortex (Figure 11h). MitoTracker green passively diffuses

across the plasma membrane and accumulates in the inner mitochon-

drial membrane (Camilleri-Broet et al., 1998). The high fluorescent

intensity per cell may be due to an increase in mitochondrial perme-

ability suggestive of apoptosis; however, since these cells are viable,

we assume that increased staining reflects a higher mitochondrial

mass in Atm�/� cerebellar microglia.

To measure mitochondrial membrane potential, we used TMRE.

In healthy cells, the mitochondrial membrane potential is approxi-

mately �140 mV (Gerencser et al., 2012). One of the essential com-

ponents in the generation of mitochondrial membrane potential is

cytochrome C, which promotes the pumping of protons into the mito-

chondrial intermembrane space as it shuttles electrons from Complex

III to Complex IV along the electron transport chain. The release of

cytochrome C during certain types of cell death impairs the ability of

the mitochondria to maintain their proper membrane potential

(Huttemann et al., 2011). The collapse of the mitochondrial transmem-

brane potential coincides with the opening of the mitochondrial per-

meability transition pores, leading to the release of cytochrome C into

the cytosol. TMRE analyses revealed similar percentages of TMRE-

labeled WT and Atm�/� cerebellar microglia (90.6% and 93.5%,

respectively), but significantly lower, by 65%, membrane potential in

cerebellar Atm�/� microglial cells (Figure 12a–e). In contrast to cere-

bellar microglial cells, no differences were observed between cerebral

cortical WT and Atm�/� microglial with respect to TMRE labeling or

mitochondrial membrane potential (Figure 12f). The percentages of

TMRE-labeled cerebellar WT and Atm�/� astrocytes were 88% and

94%, respectively, and in the cerebral cortex the percentages were

95% and 84%, respectively. Atm deficiency did not affect the mito-

chondrial membrane potential of cerebellar astrocytes (Figure 12g).

Interestingly, the mitochondrial membrane potential in the Atm-

deficient cerebral cortical astrocytes was significantly higher than in

WT cells (Figure 12h). Thus, Atm deficiency selectively reduces the

mitochondrial membrane potential of cerebellar but not cerebral corti-

cal microglia. The effects are different in astrocytes as loss of Atm

F IGURE 10 Mitochondrial
activity is low in cerebellar
Atm�/� microglia and astroglia.
(a) Formazan levels in WT
cerebellar (n = 15) and Atm�/�

(n = 14) and cortical microglia
(n = 4). (b) Formazan levels in
Atm�/� and WT cerebellar and
cortical astrocytes (n = 3–5).
Statistical analyses: two-tailed
Mann–Whitney test. *p < 0.05
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resulted in no change in cerebellar astrocytes and increased the

potential in cerebral cortical astrocytes.

4 | DISCUSSION

A-T is a pleotropic genetic disorder characterized by developmental

abnormalities and by a progressive neuronal loss in the cerebellum,

while the cerebral cortex remains relatively intact (Gatti et al., 2001;

Shiloh, 2003). Our results show that Atm�/� cerebellar, but not cere-

bral cortical, microglia have significantly impaired phagocytosis, accel-

erated cell migration, elevated ROS levels, diminished secretion of

neurotrophic factors, and hampered mitochondrial activity. Moreover,

the effects of Atm deficiency on cerebellar and cerebral cortical

astroglia are markedly different. These observations are compatible

with the notion that microglia and astrocytes are heterogeneous

populations of cells with region-specific characteristics. This hypothe-

sis is supported by evidence showing that under physiological condi-

tions and upon deleterious stimuli microglia exhibit distinct turnover

rates, extents of self-renewal, growth factor release, metabolism, and

radiosensitivities, and differences in functions such as synaptic model-

ing, myelination, and vascular remodeling (Menzel et al., 2018;

Stratoulias et al., 2019). The mechanisms by which cerebellar and

cerebral cortical microenvironments as well as Atm deficiency alter

the phenotypic behavior and the functionality of microglial cells is not

well understood. Differences in cerebellar and cortical microglia might

stem from disease-associated signaling, differences in cell types,

microenvironments, redox state, and metabolites.

Together, our results support the notion that Atm-proficient

microglia can exert protective effects. In contrast, Atm deficiency in

microglia can alter cerebellar homeostasis in a way that contributes to

cerebellar demise. The importance of fully functional microglia for

neuronal survival was suggested previously by Song et al. (X. Song

et al., 2019) who showed that Atm inhibition caused severe structural

damage to cultured neurons most likely by the secretion of neurotoxic

substances. The finding that Purkinje neurons are dynamically sur-

veyed by a special type of microglial cells strengthens the notion that

Purkinje cell survival and functionality are heavily dependent on

microglia (Stowell et al., 2017).

We did not find any evidence for microglial cell proliferation in

purified cultures regardless of Atm expression or their origin

(Figure S2). In contrast, astrocytes are fully proliferative in purified

cultures. These results suggest that specific signals, which are lacking

in the microglial cell cultures, are needed to induce proliferation. This

F IGURE 11 Atm deficiency increases the mitochondrial mass in cerebellar but not in cerebral cortical microglia. (a–d) Flow cytometry
analysis of Mito-tracker green (MTG) uptake into microglial cells derived from WT and Atm�/� mice. Cells were (a) WT purified microglia cultured
without MTG, (b) WT purified microglia exposed to fluorescently labeled MTG, (c) Atm�/� purified microglia cultured without MTG, and
(d) Atm�/� purified microglia exposed to fluorescently labeled MTG. MTG labels mitochondria regardless of their membrane potential.
(e) Quantification of MTG levels per microglial cell derived from WT and Atm�/� cerebella. (f) Quantification of mitochondrial masses in microglia
derived from WT and Atm�/� cerebral cortex. (g) Quantification of MTG levels per astrocytes derived from WT and Atm�/� cerebella.
(h) Quantification of mitochondrial masses in astrocytes derived from WT and Atm�/� cerebral cortex. Statistical analyses: two-tailed unpaired
Student's t-test; n = 4–8; ***p < 0.005
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notion is supported by several studies (Floden & Combs, 2007; Yu

et al., 2017) that have demonstrated that the proliferation rate of cul-

tured microglial cells is highly dependent on GM-CSF, which was absent

from our culture media. The DNA precursor EdU is widely used to assess

cell proliferation; however, EdU can trigger DNA damage and can impair

cell-cycle transitions and apoptosis (Zhao et al., 2013). The finding that

EdU can trigger massive cell death in WT and Atm�/� cerebellar

microglia suggest that these cells are highly sensitive to minor DNA dam-

age triggered by low doses of this drug that do not affect astrocytes or

cerebral cortical microglia (Figure S2a,b,d). Together, these results

emphasize the differences between the microglial cells that originate

from different brain areas. In the brain, microglia numbers are strictly

maintained by the balance between cell proliferation and cell death

(Askew et al., 2017). Lack of cell proliferation in the cultured microglia

and increased cell death in Atm�/� cerebellar microglia are most likely

the causes for the significantly reduced yield of the mutant microglia.

We further assume that the higher yield of Atm�/� cerebral cortical

microglial cell compared to cerebellar microglia cells stemmed from

higher resistance to cell death by the cerebral cortical cells (Figure 2).

About 42% of the cultured WT cerebellar microglial cells had resting

ramified or bipolar appearance. In WT cortical cultures and in Atm�/�

cortical cultures of microglia, about half the cells were activated. In contrast,

about 75% of cerebellar Atm�/� microglia in our purified cultures were in

either amoeboid or unipolar morphologies characteristic of activated cells

(Figure 4a–d). In vivo morphological analysis of Atm�/� mouse cerebella

revealed that around 60% the microglia had shorter and thicker processes

and larger cell bodies, signs of microglia activation (X. Song et al., 2019).

Similar to the primary microglial cultures, our in vivo analyses revealed that

Atm deficiency led to microglial activation (Figure 4e,f). Thus, similar to the

in vitro conditions, Atm deficiency can lead to significant microglial activa-

tion in whole cerebellum. The divergence in functionality between microglia

from the cerebella and cerebral cortex likely begins early in development.

Our analyses were performed on cultures from P4 cerebella and cerebral

cortices and differences were observed within two weeks after their disso-

ciation. Our results suggest that microglial maturation occurs more rapidly

in the cerebral cortex than in the cerebellum, and we propose that Atm

deficiency specifically impairs cerebellar development leading to the accu-

mulation of immature amoeboid cells. Together, these results strengthen

the notion that the primary tissue cultures of purified microglia faithfully

represent the effects of Atm deficiency on microglial cells.

Microglial cells survey the microenvironment and phagocytose

cell debris, impaired synapses, and plaques. Lim et al. found that Atm

F IGURE 12 Atm deficiency decrease the mitochondrial membrane potential in cerebellar and increase in cerebral cortical microglia. (a–d)
Flow cytometry analysis of tetramethylrhodamine ethyl ester (TMRE) uptake into microglial cells from WT and Atm�/� mice. Cells were (a) WT
purified microglia cultured without TMRE, (b) WT purified microglia treated with fluorescently labeled TMRE, (c) Atm�/� purified microglia
cultured without TMRE, (d) Atm�/� cultured purified microglia treated with fluorescently labeled TMRE. (e) Quantification of TMRE levels per
microglial cell derived from WT and Atm�/� cerebella. (f) Mitochondrial membrane potential in microglial cells derived from WT and Atm�/�

cerebral cortices (n = 6 WT and 3-4 Atm�/� mice). (g) Quantification of TMRE levels per astrocyte derived from WT and Atm�/� cerebella.
(h) Mitochondrial membrane potential in astrocytes derived from WT and Atm�/� cerebral cortices (n = 3-4 WT and 3-4 Atm�/� mice). The left
part of each graph shows the fluorescent levels per cell and the right part shows the TMRE levels in microglia or astrocytes. Statistical analyses:
two-tailed unpaired Student's t-test; ***p < 0.005
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binds to β-adaptin, one of the components of AP-2 adaptor complex,

which is involved in clathrin-mediated endocytosis (Lim et al., 1998).

Cerebellar, but not cerebral cortical, Atm�/� microglial cells were sig-

nificantly impaired in their ability to phagocytose latex beads

(Figure 8). This finding implies that under certain circumstances Atm

plays an important role in cell membrane function. These functions

require that microglial cells have high plasticity and motility. The

reduced functionality of the cerebellar microglia led us to hypothesize

that Atm deficiency in microglial cells would severely reduce their

motility, but, surprisingly, our results showed the opposite: Atm defi-

ciency accelerated motility of cerebellar microglia (Figure 6). Two main

mechanisms may result in this phenomenon: First, we speculate that

increased levels of ROS and reactive nitrogen species that we

observed in Atm�/� cerebellar microglia compared to WT cells

(Figure 7) accelerate microglial motility. It has been shown that ele-

vated levels of these reactive species directly increase the steady-

state levels of GTP-bound Rac1 protein thereby accelerating motility

(Tolbert et al., 2019). Second, microglia in their resting state are not

motile but rather actively survey their environment through their

highly motile processes and protrusions (Nimmerjahn et al., 2005).

Compared to wild type cerebellar microglia, a significantly higher per-

centage of Atm�/� cerebellar microglia are activated. The migration

rate of resting microglia is lower than that of activated unipolar

microglia (Lively & Schlichter, 2013). Thus, the high percentage of uni-

polar Atm�/� cerebellar microglia partially explains the accelerated

motility of these cells.

We found a significant increase in ROS levels in Atm�/� cerebellar

microglia relative to WT cells but not in cerebral cortical cells

(Figure 7a). We previously found that oxidative stress plays a role in

cellular degeneration in A-T (Kamsler et al., 2001). Our work is com-

patible with the previous report that provided evidence of a dramatic

increase in heme oxygenase activity in Atm�/� cerebellum of mice

that was strongly suggestive of increased oxidative stress (Barlow

et al., 1999). In contrast to microglial cells, we found that cerebral cor-

tical Atm�/� astrocytes had significant lower ROS levels compared to

WT astrocytes. Since ROS level measurements were of untreated

astrocytes, the reduction in ROS level can be explained due to

increased levels of endogenous antioxidants (Poljsak, 2011). The

mutant cells might have an improved defense machinery against ROS,

which can greatly contribute in coping with oxidative environment in

the absence of Atm (Figure 7b).

We found that levels of pro-BDNF, Akt, GAPDH, and actin were

significantly reduced in Atm�/� cerebellar, but not cerebral cortical,

microglial cells (Figure 9). Specific proteolytic cleavage of pro-BDNF

yields the 14-kDa, mature form. We assume that the reduced pro-

BDNF levels in Atm�/� cerebellar microglia in the early postnatal

period result in reduced expression of mature BDNF in Atm�/� cere-

bellar microglial cells. Mature BDNF promotes cell survival, migration,

and differentiation as well as dendritic arborization, synaptogenesis,

and activity-dependent forms of synaptic plasticity (Gottlob

et al., 2001). In contrast, the pro-BDNF causes cell death and pruning

of non-active synapses (Je et al., 2012). Interestingly, we previously

showed that Atm deficiency results in an increased number of

synapses in neural cultures as well as in the mutant cerebellum

(Kanner et al., 2018). BDNF secreted by microglia is critical in multiple

learning tasks and in learning-induced synaptic remodeling (Parkhurst

et al., 2013). Moreover, genetic depletion of BDNF from microglia

recapitulates many of the phenotypes generated by deletion of

microglia (Parkhurst et al., 2013). We speculate that in addition to

Atm deficiency-induced cerebellar atrophy, reduced BNDF expression

impairs cerebellar learning further augmenting cerebellar motor defi-

cits in diseases like A-T.

Links between Akt and Atm have been documented. For instance,

radiosensitivity, which is one of the classical hallmarks of A-T, is

explained by the lack of Akt activity (W. S. Chen et al., 2001). The pre-

viously reported prolonged delay seen in the G2/M checkpoint fol-

lowing γ-radiation in Atm�/� cells may also result from altered Akt

activity (B. Xu et al., 2002) as Akt plays a key role in controlling this

transition after DNA damage (Kandel et al., 2002). It is possible that

the lack of Atm prevents appropriate phosphorylation of Akt (Y. Li

et al., 2012).

Atm deficiency in microglia also decreases expression of the

housekeeping protein GAPDH, which is often used for normalization

during western blot analyses. The multifunctional GAPDH is impor-

tant in the glycolytic process and in apoptosis independently of its gly-

colytic functions (Berry & Boulton, 2000). GAPDH also has a

protective role through inhibition of mitochondrial outer membrane

permeabilization and cytochrome C release through mechanisms not

dependent on caspase activation (Colell et al., 2007). GAPDH also

protects cells from apoptosis through the elevation of glycolysis

followed by enhancement of autophagy and transient reduction in

mitochondrial mass (Colell et al., 2007). Combined reduction in the

levels of Akt and GAPDH along with the elevation of the mitochon-

drial mass and the impaired mitochondrial membrane potential

observed in the Atm-deficient microglia (Figure 11), might interrupt

the regulation of processes necessary for cell survival, thus triggering

various independent apoptotic pathways.

The cleaved form of the cytoskeleton protein actin influences

microglial cell morphology (Franco-Bocanegra et al., 2019). Impaired

actin dynamics can lead to reduced mitochondrial membrane potential

and sensitivity to apoptotic insult, a mechanism conserved from yeast

to mammals (Gourlay & Ayscough, 2005). Thus, morphology differ-

ences seen in Atm�/� compared with the wild type cerebellar

microglia and the reduced mitochondrial membrane potential in the

mutant might be due to loss of actin.

Our analysis also revealed a significant increase in mitochondrial

mass in cerebellar Atm�/� microglia (Figure 11a). Additionally, using

TMRE we found that cerebellar Atm�/� microglial cells exhibit

reduced mitochondrial membrane potential suggesting that Atm defi-

ciency reduces mitochondrial functionality (Figure 11b). Our results

are compatible with the recent findings that mitochondrial activity

and ATP production are abnormally low primary human skin fibroblast

cell lines created from A-T patients (Chow et al., 2019). Changes in

mitochondrial mass and membrane potential are observed in early

stages of apoptosis (Mancini et al., 1997; Reipert et al., 1995). Atm is

activated in response to oxidative stress specifically in the
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mitochondria in the absence of DNA damage (Ditch & Paull, 2012;

Morita et al., 2014; Paull, 2015), suggesting that factors not related to

DNA damage are involved in Atm activation (Lee & Paull, 2020).

Valentin-Vega et al. showed that a fraction of Atm protein is localized

in the mitochondria and that there is mitochondrial dysfunction and

enhanced generation of ROS in Atm�/� thymocytes (Valentin-Vega

et al., 2012). Changes in the membrane potential are presumed to

occur in response to the opening of the mitochondrial permeability

transition pore, which allows passage of ions and small molecules

leading to the uncoupling of the respiratory chain and the release of

cytochrome C into the cytosol where it activates cell death through

activation of caspases (C. Wang & Youle, 2009).

We hypothesize that Atm function couples the mitochondrial

respiratory chain and the generation of ATP. Atm deficiency likely

induces generation of superoxide anions thereby accelerating the for-

mation of oxygen radicals and resulting in oxidative stress. The idea

that oxidative stress plays a role in the etiology of A-T was proposed

by Rotman and Shiloh (Rotman & Shiloh, 1997a, 1997b) and validated

by Kamsler et al. (Kamsler et al., 2001). Barlow et al. provided evi-

dence of oxidative stress in in the cerebellum of Atm-deficient mice

(Barlow et al., 1999). High levels of oxidative stress may underlie the

diverse symptoms of A-T such as progressive neurodegeneration,

immunodeficiency, and premature aging.

In summary, Atm deficiency severely impaired the functionality of

cerebellar microglia. In culture, Atm�/� cerebellar microglia have

impaired phagocytosis, accelerated cell migration, elevated levels of

ROS, increased mitochondrial mass, and decreased membrane poten-

tial compared to wild-type cerebellar microglia. Loss of Atm did not

result in dysfunction of cerebral cortical microglia, however. Our data

support our working hypothesis that Atm inactivation reduces the

protective effects of cerebellar glial cells but not of cerebral cortical

glial cells leading to the cerebellar atrophy that is observed in A-T

patients. It is still unclear whether the differences between cerebellar

and cerebral microglia are innate, tissue specific, or stem from differ-

ences in responses to alterations in signaling resulting from Atm defi-

ciency. Our analyses accentuate the critical role played by regional

microglial cells in the etiology of A-T. Under the conditions of Atm

deficiency, the cerebellar but not the cortical microglial cells become

destructive thereby contributing to cerebellar pathology.
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White Paper

Characterizing Astroglia Models With  
Live-Cell Analysis
S. L. Alcantara, J. Trigg, T. Campbell, J. Rauch, L. Oupicka, T. Jackson, N. Holtz, E. Endsley, C. Schramm,  
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The Diverse Astrocyte—A Confirmed Key Player in the Nervous System

Astrocytes are a type of specialized glial cell ubiquitously distributed throughout the brain and spinal cord. It is estimated that 
they occupy 50% of the total volume of the central nervous system (CNS) and that they outnumber neurons by over fivefold.1  
Interestingly, the number, complexity, and diversity of astroglia cells have increased considerably with evolution2, and research 
from several groups indicate the existence of gender di�erences.3 Historically, astrocytes have been regarded as mere support-
ers of neuronal function, but mounting evidence indicates that they not only support neuronal activity, but directly contribute to it.

Astrocytes are a heterogenous population of cells with distinctive morphological and functional characteristics, that have 
specialized to their di�erent brain regions and locations.4 Remarkably, regional populations of astrocytes appear to also exhibit 
local heterogeneity.5 Protoplasmic astrocytes, present in the grey matter, consist of fine and complex branching processes that 
envelop synapses and enable bidirectional communication.6 In contrast, fibrous astrocytes, present in the white matter, contact 
the myelin-sheath gaps, Nodes of Ranvier7, and are generally more coarse and less extensively branched. Morphological 
variation is best characterized by in vivo imaging, however further development is needed for in vitro replication. 

During development, astrocytes guide axonal migration and assist the formation and function of developing synapses.8  
By interaction with pericytes, epithelial cells and blood vessels, they orchestrate CNS flow and modulate the blood brain 
barrier (BBB).9 Interestingly, they form regional islands of non-overlapping astrocytes10, composed of thousands of synapses, 
enabling synaptic and blood flow control over large regions.11 They also function as key regulators of energy metabolism.12 
Maintaining brain homeostasis function is imperative. Under pathological conditions, such as injury, neurodegeneration, 
or infection, reactive astrocytes together with microglia participate in the inflammatory response, playing a key role in the 
progression of neurodegenerative diseases.13  
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Here we describe how a combination of live-cell analysis techniques provide the flexibility required to enable the 
characterization of these highly dynamic astrocytic models, by quantifying their growth, morphology, motility, and 
functional analysis. 

Live-Cell Analysis Applied to Astroglia Characterization

Real-time, live-cell analysis is redefining the possibilities 
and workflows of cell biology. This technique is based on 
non- invasive time-lapse image acquisition and automatic 
software segmentation. This enables researchers to  
monitor and measure cell behaviors and phenotypes in a 
non-perturbing manner, over long periods of time, and in 
real-time, allowing for informed and data-driven decisions 
to be incorporated within the routine experimental work-
flow. The Incucyte® Live-Cell Analysis System provides  
flexible kinetic quantification of biological phenotypes  
to monitor growth, morphology, motility, and cellular  
function.14 

To exemplify the use of live-cell analysis to monitor and  
compare the diversity of cultured astroglia phenotypes,  
rat primary astrocytes isolated from different brain regions  

(cortex, hippocampus, and cerebellum), were grown in vitro. 
Time-lapse images were automatically acquired, segmented, 
and quantified in real-time (Figure 1). Segmentation of these  
images at each time-point allows for the generation of 
time-courses, enabling kinetic assessment of morphological 
change. In addition, metric variability can be derived from 
this data, leading to assay optimization and an increased  
experimental robustness. In this in vitro paradigm, cortical  
astrocytes presented a faster rate of growth (confluence)  
and a lower ramification (analyzed with Incucyte® Neurotrack 
Analysis Software Module), when compared to astrocytes  
isolated from the hippocampus or cerebellum. 

From this data, one can extrapolate the potential that  
live-cell analysis brings to the research of these very 
dynamic and heterogeneous type of cells.

Figure 1: Temporal monitoring of brain region astroglia revealed differences in cell growth and morphology. Cortex, Hippocampus, and Cerebellum 
astroglia were seeded in 96-well plates at 2,000 cells/well. Proliferation and morphology were monitored over 10 days. Images show cultures at 30–40% 
confluence (2 days, cortical, or 4 days, hippocampal and cerebellar). Time-course profile compares growth across brain regions and reveals cortical 
astrocytes have the fastest rate of growth. Glia ramification (pink and brown masks) is compared over time with cerebellum astrocytes yielding the high-
est ramification by 96 h (68.3 ± 1.8 branch points (BP)/mm2) followed by hippocampal (50.6 ± 1.5 BP/mm2) and cortical (12.3 ± 0.7 BP/mm2). Maximum 
ramification for each well is also shown (variability plot). Data presented as mean ± SEM (24 replicates) and images were captured at 10X magnification.
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Cell Monitoring and Workflow Optimization

As advanced cell assays become technically more complex, 
the need to holistically capture dynamic and sometimes 
subtle cellular events becomes ever more important. 
Introducing live-cell monitoring during cell culture QC 
provides an opportunity for better-informed decision-
making, such as the best time to manipulate the culture, or 
perform the assay. This ensures that the models are optimal 
from the outset, which in turn validates and improves the 
assay readout, resulting in an enhanced data interpretation, 
increased reliability, and improved experimental success.15 

Appropriately adjusting seeding density improves cellular 
health while minimizing the time for assay readiness. 
Figure 2 shows the kinetic correlation of confluence with 
seeding density for the human glioblastoma T98G cell line. 

The software capability to discriminate cells from back-
ground is seen in the segmented image. The automatic 
segmentation calculates a confluence value in real-time. 
The confluence values are concatenated to provide a 
growth profile for each well of the plate, which can be used 
to assess the optimal seeding density and appropriate  
assaying time for each specific cell type. 

The importance of the culture environment for a primary 
astrocytic line was studied by seeding rat cortical astrocytes 
on several extracellular matrices (ECM), such as Poly-D-
Lysine (PDL), Poly-L-Lysine (PLL) or Poly-L-Ornithine 
(PLO), and kinetically following their confluence. The data 
demonstrates the effect of coating a tissue culture vessel 
on cell growth and an indication of assay variability. 

Ensuring assay quality with live-cell analysis offers scien-
tists benefits at every stage of their cell assay workflow. 
Continually monitoring cell culture during the study 
improves the understanding of cellular events, while the 
ability to retrospectively assess images enables scientists 
to make better informed decisions. Live-cell monitoring 
ensures efficient use of resources, which is further 

enhanced by its non-invasive and cell-sparing nature. 
Additionally, live-cell analysis allows pre-treatment 
normalization of cells, which further increases assay 
robustness and enables accurate characterization  
of small changes. 

Figure 2: Cell monitoring and workflow optimization. Human glioblastoma T98G cells were seeded in 96-well plates at several densities (1,000–8,000 
cells/well). Cellular proliferation was monitored over 4 days. Representative phase images show the segmented cells at 4,000 cells/well and 4 days 
post-seeding. Plate view represents cell growth in each well of a microtiter plate. Time-course profiles compare astrocyte growth at the different 
densities tested. The importance of an extracellular matrix is presented in the variability plot, where rat primary cortical astrocytes were seeded at 
4,000 cells/well in PLL, PDL, or PLO (0.02–1 mg/mL) pre-coated 96-well plates and each individual confluence value at 4 days was obtained.  
Data presented as mean ± SEM, 12–24 replicates.
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Modulating Astroglia Health, Morphology and Growth

It is generally accepted that primary astrocyte proliferation 
occurs mainly during brain development, and adult 
astrocytes, under healthy conditions, do not proliferate. 
However, neural stem cells, which have characteristics of 
astrocytes, retain the ability of self-renewal. Furthermore, 
astrocytes can regain their proliferative properties under 
pathological conditions, such as stress, neurodegeneration, 
or injury.16

Reactive astrogliosis is deemed a pathological hallmark of 
altered CNS tissue, with reactive astrocytes found in areas 
surrounding severe focal lesions, and characterized by 
proliferation and morphological change, leading to the 
generation of the glial scar.17 Reactive protoplasmic 
astrocytes in the cortex have shown to re-enter the cell 
cycle and start proliferating within 3 to 5 days post-injury.18

In order to generate a cell-based model to study and 
modulate pathological conditions, injury was induced in 
primary cerebella astrocytes by increasing their intracellular 
calcium levels using the Calcium chelator ionomycin.19 The 
effect of this drug on growth, viability, and morphology was 
assessed using live-cell imaging (Figure 3). Confluence 
measurements showed ionomycin-induced inhibition on 
cell growth. Apoptosis was measured via visualization and 
quantification of the kinetic externalization of phosphatidyl 
serine (PS) using Incucyte® Annexin V NIR Dye. As 
expected, proliferation and apoptosis are inversely 
proportional, as shown by the concentration response 
curves (CRCs). Interestingly, at early timepoints (< 24 h) 
ionomycin induced concentration-dependent increases  
in ramification.

Figure 3: Effects of calcium increase in cerebellar astrocytes cellular growth, morphology, and health. Cerebellum astrocytes were seeded in 96-well 
plates at 10,000 cells/well and treated with Ionomycin (0.01–10 µM) in media supplemented with Incucyte® Annexin V NIR Dye. Proliferation, cell 
health, and morphology were monitored over 10 days. Time-course shows the effect of Ionomycin on cell growth. Concentration response curves 
compare the effect of Ionomycin on cell growth and apoptosis. The bar graph quantifying morphology and representative images demonstrate  
that the drug increased ramification at concentrations above 10 nM. Data presented as mean ± SEM, 3 replicates, and images captured at  
10X magnification.
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The role of astrocytes in neurodegeneration is becoming 
increasingly evident, and the potential of novel stem cell-
based platforms in modelling these diseases is gaining 
momentum. The importance of astrocytes in Alzheimer’s 
disease (AD) is currently strongly emerging.20 In order to 
gain a deeper insight into cell cycle dynamics, human T98G 
glioblastoma cells were stably infected with the Incucyte® 
Cell Cycle Green | Orange Lentivirus, which enables 
quantification of cells in the G1 (orange), S | G2 | M (green), 
or transitioning (G1 to S in yellow; M to G1 non-fluorescent) 
cell cycle phases without altering cell function and in real-
time (Figure 4). Images show T98G cells as they grow and 
divide. Quantification and classification of the different 
populations was performed by the Incucyte® Cell-by-Cell 

Analysis Software Module21, allowing individual cells to be 
segmented and classified according to the orange and 
green fluorescent intensity. This provides an insight into  
the phenotypic biology of subsets of cells within a culture. 
Kinetic quantification of the percentage of cells  
at each phase exhibits the culture growth dynamic. 
Pharmacological modulation allows the study of drug-
induced treatment effects on proliferation. The effect of  
the PP2A inhibitor Okadaic acid (OKA) was studied in  
an astrocytic cell model of AD. The data indicates that 
inhibiting phosphorylation via OKA arrested T98G 
astrocytes in S | G2 | M phase in a concentration  
dependent manner.

Figure 4: Effect of inhibiting phosphorylation in an astrocytic model of Alzheimer’s Disease. T98G glioblastoma cells stably expressing Incucyte® Cell 
Cycle were seeded in 96-well plates at 4,000 cells/well. Schematic displays the color expression of the reagent. Representative images show a cycling 
cell cluster over time. For Cell Cycle quantification, images were acquired in Incucyte ® Cell-by-Cell Analysis Software Module to allow individual cells 
to be segmented and classified according to orange and green fluorescence intensity. Classification masks shows cells identified as orange, green, 
yellow, or non-fluorescent at a time-point. Time-course reveals the dynamics of each of the populations of T98G cells. To examine cell cycle 
modulation, T98G cells were treated with the protein phosphatase inhibitor Okadaic Acid (OKA; 0.14–50 nM). The concentration-response  
curves break down the percentage of cells at each phase for a given concentration at 20 h post-treatment. This data indicates that inhibiting 
phosphorylation via OKA arrested T98G astrocytes in S | G2 | M phase in a concentration dependent manner. Data presented as mean ± SEM,  
6 replicates.
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Insights into Astroglia Motility

It is during development, disease, and post-injury that 
astrocytes have been found to divide and migrate. In a pro-
inflammatory environment, astrocytes undergo astrogliosis 
and change from naïve to reactive in a reversible manner, 
changing their morphology and protein expression. In  
order to minimize propagation of the lesion, this glia then 
proliferate and migrate to the lesion site and form the 
irreversible glial scar.22 A very recent and exciting study 
using single nucleus RNA-sequencing discovered a novel 
and intermediate astrocytic state present in Alzheimer’s 
and in lesser extent, in aging mouse and human brains. 
These Disease Associated Astrocytes (DAAs) switch  
from homeostatic astrocytes by upregulating metabolic, 
immune, stress, and aging pathways.23 Characterizing  
these reversible glia states via elucidating the molecular 
mechanisms regulating astrocyte motility provides a 
window of opportunity for therapeutic intervention for 
neurodegenerative diseases, stroke, and injury.24

Here we present a cell model to study astrocytic migration 
post-injury, using live-cell analysis and the Incucyte® 
Scratch Wound Assay.25 Time-lapse images from a scratch 
wound assay can be analyzed, and the rate of cell migration 
and wound closure quantified using the relative wound 
density (RWD) metric. Primary astrocytes from different 
brain regions (cortex, hippocampus, and cerebellum), and 
iPSC derived cortical iCell Astrocytes (Fujifilm) were 
seeded at 80–90% confluence in PLL pre-coated plates.  
96 independent scratches were simultaneously performed 
using the Incucyte® 96-well Woundmaker Tool. The 
baseline rate of wound closure was obtained for the 
different cell types (Figure 5). When treated with 
Ionomycin, iCell Astrocytes presented a decreased  
motility in a concentration-dependent manner.

To gain further biological insight into glia motility towards 
site of injury, a live-cell model of chemotactic migration was 
developed. Human T98G astrocytic line was plated in the 
Incucyte® Clearview 96-well Plates.26 Each well provides  
an optically clear surface for label-free imaging and a 
membrane consisting of 96 laser etched pores. Cells were 
seeded in the upper chamber in low serum media and Fetal 
Bovine Serum (FBS, 0–10%) as the chemoattractant added 

to the lower reservoir plate. Directional migration between 
top and bottom side of the membrane was monitored  
and quantified using the Incucyte® Chemotaxis Analysis 
Software Module27 (Figure 6). A concentration-dependent 
migration of T98G cells through the pores was observed, 
demonstrating the potential of this model to study 
chemotactic astroglia migration.

Figure 5: Brain region dependent astrocytic migration post-injury and pharmacological modulation. Primary (Cortex, Hippocampus, Cerebellum) or 
iPSC (iCell, Fujifilm) astrocytes were seeded in Incucyte® Imagelock 96-well Plates at 30,000 cells/well and precise, reproducible wounds were 
created with the Incucyte® Woundmaker. Images were acquired using the Incucyte® Live-Cell Analysis System. Images show migration of iPSC derived 
iCell Astrocytes at 0, 12, and 24 h post-injury, allowing qualitative morphological assessment. Segmentation indicates initial wound mask (blue) and 
time-dependent mask (yellow). Time-course profiles compare rate of wound closure for different brain regions with cerebellar astroglia migrating the 
fastest. For pharmacological studies, iPSC astroglia were incubated with ionomycin (0.01–10 µM) at time of wounding. A concentration-dependent 
inhibition of migration was observed (IC50 = 0.9 µM). Data presented as mean ± SEM, 3 replicates.
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Astrocytic Modulation of Neuronal Signaling in Co-Cultures

As opposed to the traditional view that brain function 
results exclusively from neuronal activity, it is now widely 
accepted as a more coordinated perspective involving both 
neurons and glia. Astrocytes are regarded as active partners 
in brain activity via bidirectional communication, orches-
trated at the tripartite synapse, composed of the neuronal 
pre- and post-synapses and their close interaction with the 
surrounded astroglia.28

In order to understand the effect of astrocytes in the 
signaling response of neurons via measurements of calcium 
oscillations, a humanized live-cell model of neuronal activity 
was developed in collaboration with Talisman Therapeutics. 
Recent advances in human induced pluripotent stem cell 
(hiPSC) offer a powerful in vitro model strategy for the 
study of both healthy and disease stages of the human 
nervous system. Non-perturbing neurite outgrowth 
measurements can be performed in mono- or co-culture 

(post-infection with Incucyte® Neurolight Orange 
Lentivirus29) via automatic segmentation of time-lapse 
imaging using the Incucyte® Neurotrack Analysis Software 
Module.30 Cell bodies and neurites are discriminated and 
kinetically quantified. For Neuronal Activity measurements, 
neurons can be infected with the synaptic driven Incucyte® 
Neuroburst Orange Lentivirus.31 High-frequency images  
(3 frames/second) are obtained, and fluorescent calcium 
bursts are quantified over-time using the Incucyte® 
Neuronal Activity Analysis Software Module.32 When  
co-cultured with astrocytes, neurons developed greater  
and more branched neurites compared to monocultures 
(Figure 7). The functional profile of co-cultures also differed 
of that of monocultures, the former showing greater active 
objects (1/image), burst duration (sec), and lower burst rate 
(1/min), at a similar correlation, indicating greater network 
stability in the presence of glial cells. 

Figure 6: T98G astrocyte chemotactic 
migration towards FBS. T98G cells were 
plated in the top chamber of the Incucyte® 
Clearview 96-Well Plate coated with PDL 
(0.1 mg/mL) at a density of 1,000 cells/well. 
Once the cells had adhered, Fetal Bovine 
Serum (FBS; 0.12–10%) was added to the 
bottom chamber as a chemoattractant. 
Images, and respective masks, are repre-
sentative of the top and bottom side of  
the membrane at 48 h post-addition. 
Time-course and bar-graph data indicate  
a concentration-dependent increase in 
migration through the pore with increasing 
levels of FBS. Data presented as mean ± 
SEM, 6 replicates. 0 12 24 36 48
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Conclusion

In this white paper, we described several live-cell  
phenotypic analyses suitable for the characterization of  
astroglia cells. When used in combination, the growth, 
health, morphology, motility, and functional effects, as  
well as their modulation, can be studied in a flexible and  
dynamic manner, ideally suited for this type of hetero-
genous and plastic cells.

New technological tools, adapted to the glia dynamism, can 
provide the stepping stone to further our understanding  
of this once undervalued brain cell type. When used in 
combination to traditional downstream techniques, one  
can achieve a wider view on the influence that glia has in 
neuronal health and disease, opening the door to more 
translatable cell models suitable for improved therapeutics. 

Figure 7: iPSC neurons co-cultured with mature astrocytes yield greater outgrowth and branching and neuronal network activity is modified. 
Network activity in neuron-astrocyte co-culture differs from monocultures, displaying a reduced frequency of longer-lasting burst rates 
(characteristic of a more mature neuronal network through the development of a network’s ability to fire trains of APs). N = 12. Traces and  
bar charts are 23 days post-infection.
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Simplifying ProgressEmpower Your Research With 
Incucyte® Live-Cell Analysis
The Incucyte® Live-Cell Analysis System speeds scientific discovery by 
combining lab-tested protocols and reagents with powerful, automated image 
acquisition and analysis. Gain dynamic insights into the health, morphology, 
movement and function of cell models, all from the stable environment of a 
tissue culture incubator. Select an Incucyte® for your research at
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