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Abstract

The plasticity of astrocytes is fundamental for their principal function, maintaining

homeostasis of the central nervous system throughout life, and is associated with

diverse exposomal challenges. Here, we used cultured astrocytes to investigate at

subcellular level basic cell processes under controlled environmental conditions. We

compared astroglial functional and signaling plasticity in standard serum-containing

growth medium, a condition mimicking pathologic conditions, and in medium without

serum, favoring the acquisition of arborized morphology. Using opto�/electrophysio-

logic techniques, we examined cell viability, expression of astroglial markers, vesicle

dynamics, and cytosolic Ca2+ and cAMP signaling. The results revealed altered vesi-

cle dynamics in arborized astrocytes that was associated with increased resting [Ca2

+]i and increased subcellular heterogeneity in [Ca2+]i, whereas [cAMP]i subcellular

dynamics remained stable in both cultures, indicating that cAMP signaling is less

prone to plastic remodeling than Ca2+ signaling, possibly also in in vivo contexts.
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1 | INTRODUCTION

Astrocytes are morphologically and functionally heterogeneous glial

cells in the central nervous system. Immunolabeling of glial fibrillary

acidic protein (GFAP) reveals major processes with finer cellular parts

remaining unstained (Connor & Berkowitz, 1985) making astrocytes

appear as stellate cells (Wolfes et al., 2017; Wolfes & Dean, 2018).

Advanced visualization techniques revealed that astrocytes exhibit a

more complex, spongioform structure (Benediktsson et al., 2005;

Bushong et al., 2004). The morphological complexity of astrocytes

arguably correlates with their extended homeostatic roles. Astroglia

assist neuro- and synaptogenesis, provide substrates to neurons, regu-

late blood flow and the blood–brain barrier, control uptake and

recycling of neurotransmitters, and produce and secrete various neu-

rotrophic factors to regulate memory formation (Araque et al., 1999;

Attwell et al., 2010; Augusto-Oliveira et al., 2020; BelangerSamo Pirnat, Mi�co Boži�c, and Dorian Dolanc share first authorship.
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et al., 2011; Belanger & Magistretti, 2009; Chung et al., 2015;

Verkhratsky & Nedergaard, 2018; Zorec et al., 2015). Astroglial dys-

function and atrophy are causally linked to the onset and progression

of neurodevelopmental and neurodegenerative disorders (Pekny

et al., 2016; Verkhratsky et al., 2019), changes in astrocyte structure

and function have been associated with neuropsychiatric diseases as

well (D'Adamo et al., 2021; Kim et al., 2018; Stenovec et al., 2020;

Vardjan et al., 2016; Verkhratsky et al., 2014). In addition, lesions to

the central nervous system, irrespective of their nature, instigate com-

plex molecular, functional, and morphological remodeling of astro-

cytes, known as reactive astrogliosis linked to an astrocyte defensive

function (Escartin et al., 2021; Verkhratsky et al., 2017).

Defined environmental conditions are required to monitor astro-

cytic basic signaling mechanisms in normal and pathologic contexts,

and an in vitro culture model appears to be an ideal solution. How-

ever, as the exact composition of interstitial solution surrounding sin-

gle cells in vivo is unknown, the composition of cell culture media is

an approximation at best. In this study, we used two cell culture sys-

tems with astrocytes exhibiting different morphological characteris-

tics. The first, classic system requires supplementation of culture

medium with fetal bovine serum (DMEM+ medium) (McCarthy & de

Vellis, 1980), generating astrocytes with a polygonal fibroblast-like

morphology; we designated these cells as DMEM+ astrocytes.

Although beneficial for cell survival and proliferation (Aswad

et al., 2016; Jayme et al., 1997), the composition of serum cannot be

precisely determined because serum batches are prone to substantial

variability; this is a challenge that cannot be controlled (Codeluppi

et al., 2011; Zheng et al., 2006). Moreover, astrocytes in vivo are not

in contact with serum, because many serum components do not cross

the blood–brain barrier except in pathologic conditions (Schachtrup

et al., 2010). Exposure to serum alters the astrocyte transcriptome

(Foo et al., 2011) therefore DMEM+ astrocytes apparently constitute

a mixture of proliferating and possibly reactive astrocytes (Du

et al., 2010; Zamanian et al., 2012; Zhang et al., 2016). To alleviate

some of the drawbacks of the DMEM+ culture model, several modifi-

cations were proposed (Fischer et al., 1982; Morrison & de

Vellis, 1981). Addition of heparin-binding epidermal growth factor

(hbEGF) (Foo et al., 2011) promotes the formation of astrocytic pro-

cesses (Placone et al., 2015; Puschmann et al., 2013). Similarly, astro-

cytes grown in serum-free medium develop thin processes with

glutamate-induced Ca2+ fluctuations (Morita et al., 2003). However,

cultured arborized astrocytes lacked the spontaneous Ca2+ fluctua-

tions observed in brain slices (Foo et al., 2011; Nett et al., 2002).

Immunopanning, an alternative method that utilizes immunoprecipita-

tion of cells by an antibody immobilized to a solid surface, is a lengthy

procedure that potentially selects only a subpopulation of astrocytes

(Foo et al., 2011). A recent change to the original protocol, referred to

as the low-cost easy stellate astrocyte method, produces process-

bearing arborized (also known as “AWESAM” or NB+) astrocytes that

acquire a more realistic morphology, have a distinct (compared with

DMEM+ astrocytes) gene expression profile, and generate Ca2+ sig-

nals similar to astrocytes co-cultured with other glia and neurons

(Wolfes et al., 2017; Wolfes & Dean, 2018).

To analyze the functional plasticity of astroglia, we studied astro-

cytes grown in serum-containing medium (DMEM+) and serum-free

medium (NB+). We examined cell viability, the expression of astro-

cyte-specific markers, intracellular vesicle mobility, exo�/endocytotic

activity as well as spontaneous and evoked cytoplasmic Ca2+ ([Ca2+]i)

and 30,50-cyclic adenosine monophosphate ([cAMP]i) signaling. We

found that NB+ astrocytes, when compared with DMEM+ astro-

cytes, exhibit an increase in subcellular heterogeneity in Ca2+ signal-

ing, but not in cAMP signaling, indicating distinct subcellular plasticity

of these two signaling systems.

2 | MATERIALS AND METHODS

2.1 | Cell cultures

Primary astrocyte cultures were prepared from neocortices of 2- to 3-

day-old female Wistar rats (obtained from the Medical Experimental

Centre at the Institute of Pathology, University of Ljubljana, Slovenia)

as previously described (Schwartz & Wilson, 1992); the method was

based on the original McCarthy and de Vellis protocol (McCarthy & de

Vellis, 1980). Animal handling was in accordance with the European

and Slovenian legislation (Official Gazette of the RS 38/13; UVHVVR,

no. U34401-47/2014/7). Cells were grown in DMEM+ medium

(high-glucose [25 mM] Dulbecco's modified Eagle's medium (DMEM)

supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate,

2 mM L-glutamine, and 5 U/ml penicillin, 5 μg/ml streptomycin) in an

atmosphere of 5% CO2/95% air. To purify isolated cells, sub-conflu-

ent cultures were shaken three times at 225 rpm overnight with sub-

sequent medium change. Before the experiments, cells were

trypsinized, sub-cultured (50 μl of cell suspension) onto poly-L-lysine-

coated coverslips and left for 20 min at 37�C in an atmosphere of 5%

CO2/95% air to allow the cells to attach to the coverslip surface. Cov-

erslips were then further maintained in either DMEM+ medium or

washed twice with pure Neurobasal medium (NB; Thermo Fisher Sci-

entific, Waltham, MA, USA) and from then on maintained in NB+

medium (NB complemented with B27 supplement (2%; Thermo Fisher

Scientific), hbEGF (5 ng/ml), GlutaMAX (2 mM; Thermo Fisher Scien-

tific), 5 U/ml penicillin, 5 μg/ml streptomycin). A subset of experi-

ments was conducted in human astrocytes (Innoprot, P10254, Derio,

Spain, EU) that were cultured in the same growth media as rat cortical

astrocytes. Rat cells grown in DMEM+ or NB+ medium are desig-

nated as DMEM+ or NB+ astrocytes, whereas human cells cultured

in DMEM+ medium as hDMEM+, respectively. Unless stated other-

wise, all chemicals were purchased from Merck (Darmstadt, Germany)

and were of the highest purity grade available.

2.2 | Preparation, staining and imaging of acute rat
brain slices

Acute whole brain slices were prepared from 8- to 12-week old male

Wistar rats. Animals were sacrificed by exposure to 100% CO2 for
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~5 min and immediately decapitated. The brains were carefully

removed and immersed in ice-cold slicing artificial cerebrospinal fluid

(aCSF) solution containing (in mM): 123 NaCl, 2.5 KCl, 1.3 NaH2PO4,

26.2 NaHCO3, 10 D-glucose, 4 MgCl2 and 0.5 CaCl2 at pH 7.4

(oxigenized with 95% O2, 5% CO2) and osmolality of ~300 mOsm,

measured with Osmomat 030 (Gonotech GmbH, Germany). The cere-

bellum and frontal section (approximately one-third) of the brain were

cut with a scalpel blade, and the frontal aspect of the brain was glued

onto the cutting table of a vibratome (VT1000 S, Leica Biosystems,

Wetzlar, Germany). Coronal slices with a thickness of 250 μm were

cut and submerged in ice-cold slicing aCSF throughout the sectioning

process. Then, the slices were stained with astrocyte specific fluores-

cent marker sulforhodamine 101 (SR101; 1 μM) at 35�C for 20 min

and left to recover for at least 40 min in recovery aCSF solution con-

taining (in mM): 123 NaCl, 2.5 KCl, 1.3 NaH2PO4, 26.2 NaHCO3, 10

D-glucose, 2.5 MgCl2 and 1 CaCl2 at pH 7.4 (oxigenized with 95% O2,

5% CO2) and ~ 300 mOsm.

Before being loaded with the Ca2+ indicator Fluo-4 AM, that specifi-

cally labels astrocytes in vivo (Hirase et al., 2004) and in situ (Dallwig &

Deitmer, 2002), slices were incubated with 0.0013% KolliphorEL,

according to the previously published protocol (Dawitz et al., 2011). After

that, slices were loaded for 1.5 h at room temperature with 15 μM Fluo-

4 AM and 0.05% pluronic acid (Molecular Probes, Eugene, OR, USA) in

experimental aCSF solution containing (in mM): 123 NaCl, 2.5 KCl, 1.3

NaH2PO4, 26.2 NaHCO3, 10 D-glucose, 1.3 MgCl2 and 2.5 CaCl2 at

pH 7.4 (oxigenized with 95% O2, 5% CO2) and ~ 300 mOsm. Finally,

slices were washed to remove Fluo-4 AM and incubated for 1 h at room

temperature in dye-free experimental aCSF prior to experiments.

Acute brain slices were examined with a two-photon microscope

Zeiss LSM 7 MP (Carl Zeiss, Germany) using water objective Plan-

Apochromat 20�/1.0 DIC (Carl Zeiss, Germany) and 800 nm (Fluo-

4 AM) and 900 nm (SR101) Ti:Sapphire laser (Chameleon Coherent,

Santa Clara, California, USA) excitation coupled with 500–550 nm

(Fluo4-AM) and 575–610 nm (SR101) band-pass emission filters. Cor-

tical brain tissue astrocytes were perfusion-stimulated at the rate of

1 ml/min with 10 μM NA. Time-lapse images were acquired every

second. Fluo-4 AM fluorescence intensities were quantified within a

region of interest for individual astrocytes and expressed as the rela-

tive change in fluorescence: ΔF/F0 = (F � F0)/F0, where F0 is the fluo-

rescence level at the start of the experiment.

2.3 | Astrocyte viability and analysis

The viability of astrocytes (DMEM+ and NB+) in both cultures was

determined at day 1 and day 7 after cell plating using a Live/Dead

Viability/Cytotoxicity Kit for Mammalian Cells (Thermo Fisher Scien-

tific) as described in Goncalves et al., 2008. In a subset of experi-

ments, astrocytes from both cultures were transferred into the

recording chamber and supplied with 400 μl of extracellular solution

(ECS) containing 4 μM FM4-64 (T3166; Thermo Fisher Scientific) to

stain the plasma membrane and vesicles internalized during endocyto-

sis (Rigal et al., 2015).

2.4 | Immunocytochemistry and image analysis

Immunocytochemical staining of astrocytes was performed as

described previously (Stenovec et al., 2016). The following primary

and secondary antibodies were used: mouse monoclonal anti-nestin

(dilution 1:400; ab11306, Abcam), mouse monoclonal anti-GFAP (dilu-

tion 1:500; G3893, Merck), rabbit polyclonal anti-MFGE8 (dilution

1:250; sc33546, Santa Cruz Biotechnology, Dallas, TX, USA), and anti-

mouse or anti-rabbit antibodies conjugated to Alexa Fluor 488 or 546

(1:600; Thermo Fisher Scientific). The counts of immunolabeled

GFAP- and/or MFGE8-positive astrocytes were obtained as described

in the section on Astrocyte viability and analysis.

2.5 | Visualization of vesicles and analysis of
mobility

Astrocytes were preloaded at 37�C overnight with 10 μM Dextran

conjugated to Alexa Fluor 488 (Dex488; MW 10,000 Da, D22910,

Thermo Fisher Scientific) in the respective culture media (DMEM+

and NB+ media). Mobility of individual dextran-laden endocytotic

vesicles was analyzed in time-lapse images acquired every 485 ms for

1 min before and 2 min after stimulation with 100 μM ATP in

exported tiff files by ParticleTR software (Celica, Ljubljana, Slovenia)

as described previously (Lasic et al., 2020).

2.6 | Membrane capacitance measurements

Individual exo�/endocytotic events were detected in membrane capaci-

tance traces as discrete up�/downward steps that reflect the sudden

addition (exocytosis) or removal (endocytosis) of the vesicle membrane

to/from the patch of cell membrane (Neher & Marty, 1982). Cell-

attached membrane capacitance measurements were performed as pre-

viously described (Bozic et al., 2020; Rituper et al., 2013). Only record-

ings that contained at least a net 3 min of low-noise recording time were

included in the analysis. The low background noise in the cell-attached

configuration enables the detection of single exo�/endocytotic vesicles

interacting with the plasmalemma with a diameter as small as 35 to

60 nm (Gucek et al., 2016; Kreft & Zorec, 1997; Rituper et al., 2013).

Individual exo�/endocytotic events were manually detected in

the CellAn program (Celica BIOMEDICAL) written for MATLAB. The

given event was accepted if: (i) the signal-to-noise ratio was at least 3

to 1 and (ii) it was not a result of crosstalk from the current (I) signal

due to spontaneous single channel activity or temporary seal instabil-

ity (Henkel et al., 2000; Rituper et al., 2013). The given event was des-

ignated either reversible (reversible exo�/endocytosis) if an initial

up�/downward step was followed by a subsequent step of similar

amplitude and opposite direction within 15 s, or irreversible (full

exo�/endocytosis) if no similar subsequent step occurred within 15 s

(Bozic et al., 2020; Lasic et al., 2016; Lasic et al., 2017). Vesicle capaci-

tance (Cv) was calculated with the formula, Cv = [(Re2 + Im2)/Im]/ω,

where ω denotes angular frequency: ω = 2πf (Lindau, 1991). Given
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that membrane capacitance is proportional to the cell membrane sur-

face area, the vesicle surface and thus diameter (d) can be determined

by Cv = Cspecπd2,where Cspec is the specific membrane capacitance

(Cspec = 10 fF/μm2) (Trachtenberg et al., 1972) and assuming spherical

vesicle geometry. Reversible exo�/endocytotic events that displayed

measurable projections to Re were used to calculate fusion pore con-

ductance, Gp = (Re2 + Im2)/Re, from which the fusion pore diameter

was calculated with the equation: Gp = (πr2)/(ρλ) where ρ is estimated

saline resistivity (100 Ωcm), and r and λ are the estimated fusion pore

radius and length (15 nm), respectively (Kabaso et al., 2013; Lin-

dau, 1991; Spruce et al., 1990).

2.7 | Calcium imaging and analysis

2.7.1 | Fura-2 measurements

Ninety-six hours after sub-culturing, astrocyte-loaded coverslips were

incubated for 30 min at room temperature in 1 ml of culture medium

(DMEM+ or NB+ medium) supplemented with 4 μM Fura-2 AM, a cell-

permeant ratiometric fluorescent calcium indicator. Cells were washed

twice with ECS (pH 7.3) (Bozic et al., 2020) and incubated in ECS for an

additional 30 min at room temperature. Thereafter, coverslips were

washed twice, immersed in 400 μl of ECS and mounted in the recording

chamber on a fluorescence microscope Axio Observer.A1 (Zeiss). Cells

were observed by an EC Plan Neofluar oil immersion 40�/NA 1.3 objec-

tive. Fura-2 was excited by monochromator Polychrome V (Till Photon-

ics, Graefelfing, Germany) using filter set 21 HE (Zeiss), and emission

fluorescence was band-pass filtered at 420–600 nm and captured by a

CCD camera Luca S (Andor Technology, Belfast, UK). During the mea-

surements, cells were sequentially excited with 340 and 380 nm (100 ms

exposure time with 10 ms delay between the excitation wavelengths) at

1-s intervals for a total of 10 min. Cell were first monitored for 5 min

and then stimulated with 100 μM ATP to record ATP-evoked changes in

[Ca2+]i for an additional 5 min. For analysis, regions of interest (ROIs; del-

imiting cell soma) were drawn, and the ratio of fluorescence intensities

(F340/F380) recorded with Till Photonics Live Acquisition software was

calculated and corrected for background fluorescence.

Two-point calibration to determine F340/F380 ratios at minimum

and saturating [Ca2+]i was independently performed in each culture. In

brief, Fura-2 AM-loaded cells were incubated at room temperature for

10 min in MIN (138 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM EGTA,

10 μM ionomycin, 10 mM HEPES/NaOH, pH 7.3) and MAX (128 mM

NaCl, 5 mM KCl, 10 mM CaCl2, 1 mM MgCl2, 10 μM ionomycin,

10 mM HEPES/NaOH, pH 7.3) solution to obtain Rmax (F340/F380

fluorescence ratio in MAX solution), Rmin (F340/F380 fluorescence

ratio in MIN solution), Fmax (F380 in MAX solution) and Fmin (F380 in

MIN solution) coefficients. [Ca2+]i was calculated using the formula

[Ca2+]i = Kd � ((R � Rmin)/(Rmax � R)) � (Fmin/Fmax). The Kd values

used in the calculations was 225 nM (Dong et al., 2017). Baseline (b)

[Ca2+]i concentration was calculated as the average [Ca2+]i of the first

300 recordings (before the addition of ATP). The highest [Ca2+]i value

measured in a given sequence was set as the peak (p) [Ca2+]i value,

whereas the area under the curve (S) was calculated using the trapezoi-

dal rule for the first 120 data points (120 s) after ATP stimulation.

2.7.2 | Fluo-4 measurements

Fluo-4 AM (5 μM; Thermo Fisher Scientific)-loaded cells (similar prep-

aration steps as for Fura-2 measurements described above) were

mounted onto the LSM 780 confocal microscope and observed either

with a Plan-Apochromat 20�/NA 0.8 objective (Zeiss; for measuring

global calcium activity) or a Plan-Apochromat 63�/NA 1.4 oil immer-

sion objective (Zeiss; for measuring calcium activity in microdomains).

Fluo-4 was excited by a 488-nm argon laser line, and emission fluores-

cence was filtered with a 495–565 nm band-pass filter. Time-lapse

images were acquired every second for 5 min before and 10 min after

the bolus addition of ATP, which reached a final concentration of

100 μM. Baseline fluorescence was set to equal the average fluores-

cence intensity of the first 300 recordings (pre-ATP stimulation).

2.7.3 | Analysis of calcium oscillations

[Ca2+]i dynamics was classified into one of three categories: transient,

sustained (persistent), or oscillatory responses (Yoshida et al., 2005).

To further characterize ATP-evoked oscillatory responses in DMEM+

and NB+ astrocytes, the oscillation period (up to a maximum period

of 30 s) was determined by using the WAVOS toolkit (Harang

et al., 2012) in MATLAB. The continuous wavelet transform method

utilizing the Morlet wavelet (Szekely et al., 2009) was used.

2.8 | cAMP imaging and analysis

2.8.1 | Epac1-camps measurements and analysis

Astrocytes were transfected with plasmid encoding Epac1-camps

(0.8 μg/μl) (Nikolaev et al., 2004) using FuGENE 6 Transfection

Reagent (Promega Corporation, Madison, WI, USA) and imaged 24–

48 h after transfection. Astrocyte-loaded coverslips were mounted

into the chamber in a confocal microscope (LSM 780, Zeiss), and

imaged by a Plan-Apochromat air objective 20�/NA 0.8 or a Plan-

Apochromat 63�/NA 1.4 oil immersion objective. Epac1-camps was

excited by a 458 nm argon laser line, and two-channel (cyan fluores-

cent protein [CFP] and yellow fluorescent protein [YFP]) images were

acquired by a gallium arsenide phosphide (GaAsP) detector. CFP and

YFP emission spectra were band-pass filtered from 473–499 nm and

508–534 nm, respectively. Time-lapse CFP and YFP images were

acquired every 2 s for 2 min before and 5 min after the bolus addition

of noradrenaline (NA), which reached a final concentration of 100 μM.

For analysis, changes in CFP and YFP fluorescence intensities were

extracted from DMEM+ and NB+ astrocytes by ZEN 2010B software

(Zeiss) within the ROIs of interest that encompassed individual cells.

After subtracting the background fluorescence (mean + 3 � SD) from

2902 PIRNAT ET AL.



the CFP and YFP channels in Excel (Microsoft, Redmond, WA, USA),

we calculated the fluorescence resonance energy transfer (FRET) sig-

nal as the ratio of CFP to YFP fluorescence. An increase in [cAMP]i is

thus reflected as an increase in the FRET signal.

To estimate the time constant (τ) of the NA-evoked increase in

[cAMP]i in DMEM+ and NB+ astrocytes, we fitted a single-exponential

increase to maximum function (f = y0 + a � (1 � exp[�b � x]) to time-

dependent changes in CFP/YFP fluorescence ratio using SigmaPlot

(Systat Software, San Jose, CA, USA); τ = 1/b. The maximal amplitude

(amax) of the [cAMP]i increase was calculated as a quotient of the CFP/

YFP fluorescence ratio at the end of NA stimulation (averaged over the

last 20 s) versus the resting CFP/YFP fluorescence ratio before applica-

tion of NA (averaged over the last 20 s) and expressed as % increase.

To characterize microdomains of [cAMP]i in individual astrocytes,

MATLAB was used to draw linear paths in a perpendicular direction

from the edge of the cell nucleus toward the periphery/processes and

equidistantly placed circular ROIs (2r = 2 μm) along these paths. The

mean CFP/YFP ratio within individual ROIs was calculated after correc-

tion of background fluorescence. To estimate time-dependent changes

in [cAMP]i within a given microdomain (ROI), the entire time series of

CFP and YFP images was processed (either 120 or 420 s). To estimate

the resting level of [cAMP]i (CFP/YFP ratio), we averaged data points

gathered in the first 30 s within an individual ROI (the total recording

time of 420 s with 100 μM NA added at 120 s). Similarly, to estimate

the stimulated level of [cAMP]i, we averaged data from the last 30 s

within an individual ROI after addition of 100 μM NA to astrocytes. All

CFP/YFP ratio values calculated in individual cells were normalized

using the following function x' = (x � xmin)/(xmax � xmin).

2.8.2 | cAMP accumulation assay by AlphaScreen

DMEM+ and NB+ astrocytes growing on multiwell plates were non-

enzymatically detached with dissociation solution. cAMP accumulation

was measured in nonstimulated cells (3000 cells per well, each sample in

triplicate) by the AlphaScreen cAMP assay kit according to the manufac-

turer's protocol in 384-well OptiPlate microplates (PerkinElmer Life Sci-

ences, Waltham, MA) using the EnSpire Reader equipped with Alpha

technology (PerkinElmer Life Sciences, Waltham, MA). The values of the

ALPHA signal (in counts per second [cps]) were converted into cAMP

production values by interpolating from a standard curve run in parallel

using GraphPad Prism software (GraphPad, San Diego, CA, USA), and

fitted by the four-parameter logistic Equation (F = min + (max-min)/

(1 + [x/EC50]
� Hill slope)), with weighting of 1/Y2. The cAMP concentra-

tion produced during 30 min in 25 μl of suspension containing 3000 cells

was used to estimate the average cell cAMP production rate (pM cAMP

produced per cell per min) using Excel (Microsoft).

2.9 | Statistical analysis

Data analysis was performed using SigmaPlot (Systat Software, San

Jose, CA, USA) and Excel (Microsoft). Measured parameters are

presented as means ± SEM or median values and interquartile range

(third quartile [Q3]–first quartile [Q1]). Unless stated otherwise, Stu-

dent's t-test and Mann–Whitney U-test were used to determine sta-

tistical significance; p < .05 was considered significant.

3 | RESULTS

3.1 | Morphology, viability, and astroglial markers
in DMEM+ and NB+ astrocytes

Typical astrocyte morphology in different culture media was visual-

ized using membrane styryl dye FM4-64 (Figure 1a,b). Cell morphol-

ogy was quantified in both cultures by the cell shape factor

(CSF = 4 � π � S/p2; frequency distributions are displayed in

Figure 1c,d), where S represents the surface area and p is the cell

perimeter (Vardjan et al., 2014). CSF was significantly lower in NB+

(0.35 ± 0.03, n = 63) than in DMEM+ astrocytes (0.53 ± 0.03;

p < .001, n = 71, Mann–Whitney U-test), indicating the prevalence of

cells with arborized structure in the NB+ culture. The cell viability

assay (Figure S1a) revealed >96% survival rate of astrocytes from both

cultures (Figure S1b). Purified postnatal astrocytes cultured in media

with hbEGF, a mitogenic factor, display an ability to proliferate and

divide once every 3 days, whereas DMEM+ astrocytes divide faster,

every 1.4 days (Foo et al., 2011). Hence, we examined whether nestin,

a marker of progenitor cells (Bernal & Arranz, 2018) is less expressed

in NB+ astrocytes. The relative percentage of nestin-positive cells

was significantly lower (p < .001) in NB+ versus DMEM+ astrocytes

(Figure S1c,d). The expression of GFAP, a common astrocytic marker,

and milk fat globule-EGF factor 8 protein (MFGE8), a marker of telen-

cephalon astrocytes (Zeisel et al., 2018), was different between the

cultures. Whereas all DMEM+ and NB+ astrocytes were MFGE8-

positive, the relative fraction of double, GFAP-, and MFGE8-positive

cells was lower (p < .001) in NB+ astrocytes (Figure S2a–c). Astro-

cytes in both cultures thus exhibit different cell morphology and

GFAP expression.

3.2 | Mobility of endocytotic vesicles is attenuated
in NB+ astrocytes

Vesicle traffic in astrocytes plays a pivotal role in regulated exocytosis

and in the uptake of extracellular molecules (Potokar et al., 2013;

Verkhratsky et al., 2016). Detailed examination of dextran-laden vesi-

cles (Figure 1e,f) revealed their attenuated mobility in NB+ versus

DMEM+ astrocytes (p < .001; Figure 1g–l). As the mobility of endocy-

totic vesicles depends on cytosolic Ca2+ (Potokar et al., 2008), we

stimulated cells in both cultures with 100 μM ATP triggering Ca2+ sig-

naling (Pangrsic et al., 2006; Verkhratsky et al., 2020). Stimulation

with ATP significantly suppressed (p < .001) vesicle mobility as indi-

cated by a decrease in track length (TL; Figure S3a,b) and maximal dis-

placement (MD; Figure S3c,d). In addition, purinergic receptor

activation exerted greater impact on vesicle mobility in DMEM+ than
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NB+ astrocytes, as revealed by a larger relative decrease in track

length and maximal displacement within the first poststimulation

minute; 44% versus 25%, and 71% versus 57% (DMEM+ versus NB

+), respectively. Notably, the directionality index (DI) also decreased

in astrocytes from both cultures; the decrease was larger in NB+

astrocytes (p < .001; Figure S3e,f).

3.3 | Elementary exo�/endocytosis events are
similar in astrocytes from both cultures

To characterize astroglial elementary exo�/endocytosis, we moni-

tored membrane capacitance (Cm), a parameter linearly related to the

membrane area (Neher & Marty, 1982; Zorec et al., 1991). In total, we

recorded from 62 DMEM+ and 48 NB+ astrocytes with an average

recording time of 16.3 ± 0.4 min and cumulative recording time of

29 h and 52 min, respectively. In agreement with previous reports, we

observed distinct types of elementary exo�/endocytosis (Bozic

et al., 2020; Gucek et al., 2016; Lasic et al., 2016; Lasic et al., 2017).

The appearance of an upward or a downward step in Cm was inter-

preted either as a complete merger (full exocytosis; Figure 2a-i) or as

a complete fission of a vesicle from the plasmalemma (full endocyto-

sis; Figure 2a-ii), respectively. If a step in Cm was followed by a similar

step in the opposite direction within 15 s, we regarded such an event

as a reversible vesicle exo�/endocytosis (Figure 2a-iii,iv) (Bozic

et al., 2020; Lasic et al., 2016; Lasic et al., 2017). In occasional bursting

events, (Lasic et al., 2016; Lasic et al., 2017) we calculated the average

amplitude in Cm and the dwell time of the first and last flicker (short

F IGURE 1 Attenuated spontaneous mobility of dextran-positive vesicles in NB+ astrocytes. (a), (b) confocal micrographs of morphologically
distinct nonarborized serum (a; DMEM+) and arborized (b; NB+) astrocytes labeled with membrane styryl dye FM4-64. (c), (d) the relative
frequency distribution (in %) of the cell shape factor (=4 � π � S/p2, where S represents the surface area and p the cell perimeter) values
calculated in DMEM+ astrocytes (c) and NB+ astrocytes (d). e, f confocal micrographs of DMEM+ astrocytes (e) and NB+ astrocytes (f) with
numerous endocytotic vesicles that internalized fluorescent dextran (Dex488, green). Scale bars, 10 μm. (g), (h) trajectories of Dex488-positive
vesicles (n = 30) reconstructed for a 15 s epoch in DMEM+ astrocytes (g) and NB+ astrocytes (h). Note the less elongated vesicle tracks in NB+
astrocyte. Scale bars, 10 μm. (i), (j), (k), (l) track length (TL; (i)), maximal displacement (MD; (j)), directionality index (DI; (k)), and speed (l) of Dex488-
positive vesicles in DMEM+ and NB+ astrocytes. Note that all parameters of vesicle mobility (TL, MD, DI, and speed), are diminished in NB+
astrocytes. The numbers at the top and at the bottom of the bars (mean ± SEM) indicate the number of vesicles and cells analyzed, respectively.
***p < .001 (Mann–Whitney U-test)
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step-like change in Cm) in the burst and pooled these data together

with reversible exo�/endocytotic events (Bozic et al., 2020).

Vesicle capacitance (Cv) and diameter (d, calculated by assuming

spherical vesicle geometry and the specific membrane capacitance of

10 fF/μm2) (Trachtenberg et al., 1972) of exo�/endocytotic vesicles

was similar in both cultures (Figure 2b; Table S1), consistent with pre-

viously published results (Lasic et al., 2017). In addition, all events

occurred with a comparable frequency in DMEM+ and NB+ astro-

cytes (Figure 2c; Table S1).

Reversible step-like changes in the Im admittance signal dis-

playing projections to the Re admittance signal (Figure 2a-iii, right

traces; Figure 2a-iv, right traces; Figure S4a) were recorded as previ-

ously described (Gucek et al., 2016). These changes were interpreted

as transient openings of a relatively narrow fusion pore, which acted

as an additional resistive element, enabling the estimation of fusion

pore conductance (Gp), a parameter related to fusion pore diameter

(see Materials and methods (Kabaso et al., 2013; Lindau, 1991;

Spruce et al., 1990)). In reversible exocytotic events, the Gp was

larger in NB+ versus DMEM+ astrocytes: 41 pS (Q1, 32; Q3, 51;

n = 89 events; 26 cells with at least one applicable event) versus 27

pS (Q1, 20; Q3, 49; n = 174 events; 44 cells with at least one appli-

cable event; p < .001), respectively (Figure S4b). In addition, the

dwell time of all reversible exocytotic events was prolonged in NB+

astrocytes: 0.09 s (Q1, 0.04; Q3, 0.36; n = 183 events; 37 cells with

at least one applicable event) versus 0.05 s (Q1, 0.03; Q3, 0.26;

n = 284 events; 52 cells with at least one applicable event; p = .02;

Figure S4c). However, both parameters were comparable in revers-

ible endocytotic events. The Gp was 42 pS (Q1, 32; Q3, 63; n = 59

events; 19 cells with at least one applicable event) versus 46 pS (Q1,

32; Q3, 90; n = 38 events; 22 cells with at least one applicable

event; p = .567) and the dwell time was 0.13 s (Q1, 0.05; Q3, 0.61;

n = 116 events; 30 cells with at least one applicable event) versus

0.12 s (Q1, 0.05; Q3, 0.54; n = 85 events; 40 cells with at least one

applicable event; p = .960) for NB+ and DMEM+ astrocytes,

respectively (Figure S4b,c).

At rest, vesicles that interacted with the plasmalemma exhibit

similar amplitude (size) and frequency in astrocytes from both cul-

tures (Figure 2b,c; Table S1). However, in NB+ astrocytes,

increased Gp and prolonged dwell time were recorded in reversible

exocytosis (Figure S4). Because both parameters depend on [Ca2+]i

(Gucek et al., 2016), it is possible that NB+ astrocytes exhibit dif-

ferent Ca2+ signaling patterns. Therefore, we stimulated DMEM+

and NB+ astrocytes with 100 μM ATP to increase [Ca2+]i (Figure

S5). In DMEM+ astrocytes (n = 31 cells), this stimulation increased

the frequency of both full and reversible exocytosis: 0.15 ± 0.03

events/min versus 0.27 ± 0.05 events/min (p = .010) and 0.47

± 0.07 events/min versus 0.66 ± 0.09 events/min (p = .011),

respectively, as well as reversible endocytosis: 0.20 ± 0.05 events/

min versus 0.51 ± 0.19 events/min (p = .031). Moreover, a robust

decrease in the frequency of full endocytosis was detected upon

ATP stimulation: 1.07 ± 0.14 events/min versus 0.48 ± 0.07

events/min (p < .001) (Figure S5a). ATP stimulation attenuated the

frequency of full endocytosis in NB+ astrocytes (n = 26 cells):

1.03 ± 0.16 events/min versus 0.55 ± 0.09 events/min (p = .005).

Conversely, the frequency of other exo�/endocytotic event types

remained unaltered: 0.21 ± 0.05 events/min versus 0.36 ± 0.11

events/min (p = .258) and 0.44 ± 0.12 events/min versus 0.93

F IGURE 2 The size and frequency of elementary exo�/
endocytotic events are similar in DMEM+ and NB+ astrocytes. (a)
Representative examples of different types of exo�/endocytotic
events recorded as discrete upward/downward steps in the imaginary
(Im; proportional to membrane capacitance, Cm) and real (Re) parts of
the admittance signals representing full exocytosis (i), full endocytosis
(ii), reversible exocytosis (iii), and reversible endocytosis (iv). All
elementary events were obtained in NB+ astrocytes and are similar
to events obtained in serum astrocytes, as reported (Lasic
et al., 2020). Asterisks denote calibration pulses. The projection from
the Im to the Re signal (iii, right and iv, right) enabled calculation of
fusion pore conductance (Gp) and the fusion pore diameter (2r) as
described in Figure S4 (see Section 2). (b,c) vesicle capacitance (Cv),
vesicle diameter (2r; (b)) and frequency (c) of different types of exo�/
endocytotic events: Full exocytosis (full Exo; [a-i]), full endocytosis
(full Endo; [a-ii]), reversible exocytosis (rev Exo; [a-iii]), reversible
endocytosis (rev Endo; [a-iv]) in resting serum (DMEM+) and
arborized (NB+) astrocytes. Numbers at the bottom of the bars
indicate the number of vesicles (b) and cells (c) analyzed
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± 0.26 events/min (p = .061), for full and reversible exocytosis,

respectively, and 0.34 ± 0.11 events/min versus 0.35 ± 0.14

events/min (p = .927) for reversible endocytosis (Figure S5b). The

Wilcoxon signed-rank test was used to statistically evaluate differ-

ences in exo�/endocytotic frequencies in astrocytes before and

after ATP stimulation. Collectively, our data indicate that ATP-

evoked modulation of single-vesicle exo�/endocytosis is less pro-

nounced in NB+ compared with DMEM+ astrocytes.

3.4 | NB+ astrocytes exhibit distinct resting and
ATP-evoked changes in [Ca2+]i

Differences in vesicle mobility (Figure 1; Figure S3) and exo�/endocy-

totic activity (Figures S4 and S5) may reflect distinct Ca2+ homeosta-

sis in DMEM+ and NB+ astrocytes. Therefore, we next measured

resting and ATP-evoked increases in [Ca2+]i by microfluorimetry in

DMEM+ and NB+ astrocytes loaded with the fluorescent Ca2+

F IGURE 3 Resting and ATP-evoked
increase in [Ca2+]i differ in DMEM+ and
NB+ astrocytes. (a), (b) Epifluorescent
images of serum ((a), DMEM+) and
arborized ((b), NB+) astrocytes loaded
with the Ca2+ indicator Fura-2, before
(�60 s) and during (0 and 120 s) ATP
stimulation (100 μM), which increased
[Ca2+]i. the increase in [Ca2+]i is depicted

on a pseudocolor scale (right: Minimum
F340, black; maximum F340, red). Scale
bars, 20 μm. (c) Examples of time-
dependent Fura-2 emission ratio (F340/
F380 left) and [Ca2+]i (nM, right)
measured in DMEM+ (black trace) and
NB+ (gray trace) astrocytes after
stimulation with ATP (100 μM); b denotes
baseline [Ca2+]i, p denotes peak [Ca2+]i,
and S is the area under the curve. The
increase in F340/F380 ratio evoked by
ATP (white horizontal bar) indicates an
increase in [Ca2+]i (ordinates on the right
of the plots; black, DMEM+; gray, NB+
astrocytes, taking into account respective
Fura-2 calibration curves for each culture).
(d) The relative frequency distribution (in
%) of ratio values (F340/F380) obtained
during the 120 s resting period (indicated
by box in (c)). These data were fitted with
the Gaussian function f = a � exp
(�0.5 � ([x � x0]/b)

2), where a = 30.60
± 2.08, b = 0.00 ± 0.00–0.5, x0 = 0.29
± 0.00 (black frequency plot) in DMEM+

astrocytes and a = 32.18 ± 4.75,
b = 0.00 ± 0.00–0.5, x0 = 0.33 ± 0.00
(gray frequency plot) in NB+ astrocytes.
The parameter x0 is used here to
represent the baseline [Ca2+]i (displayed
in nM; baseline [Ca2+]i values were
calculated from the DMEM+ and NB+
calibration curves) in both astrocyte
cultures. Note the higher baseline [Ca2+]i
in NB+ astrocytes. (e) Baseline [Ca2+]i;

***p < .001 (Mann–Whitney U-test). (f)
Peak over baseline fold increase in [Ca2+]i.
(g) Area under the curve measured for
120 s ATP stimulation; ***p < .001
(Mann–Whitney U-test). Data displayed in
(e), (f), and (g) (mean ± SEM) were
obtained in 20 DMEM+ and 25 NB+
astrocytes
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indicator Fura-2 and imaged individual cells before and after ATP

application (Figure 3a,b).

At rest, the mean baseline [Ca2+]i was ~2-fold higher in NB+ ver-

sus DMEM+ astrocytes: 68 ± 6 nM (n = 25 cells) versus 33 ± 3 nM

(n = 20 cells); p < .001; Mann–Whitney U-test (Figure 3c–e), respec-

tively. We also examined spontaneous changes in [Ca2+]i, localized to

subcellular microdomains, in astrocytes loaded with Fluo-4 AM (Figure

S6a�d). The frequency of microdomain Ca2+ spikes was higher in NB

+ astrocytes, 0.45 ± 0.02/min (n = 280 microdomains, n = 32 cells)

versus DMEM+ astrocytes, 0.30 ± 0.02/min (n = 61 microdomains,

n = 30 cells; p < .05; Figure 4e), whereas relative peak [Ca2+]i ampli-

tude and the amount of mobilized [Ca2+]i during Ca2+ spikes did not

differ in astrocytes from both cultures (Figure S6f,g), as reported pre-

viously (Wolfes et al., 2017).

Next, we examined ATP-evoked [Ca2+]i responses in Fura-2-

loaded DMEM+ (Figure 3a) and NB+ (Figure 3b) astrocytes. After

application of 100 μM ATP, the average peak-to-baseline (p/b) ratio

of the [Ca2+]i increase was similar in NB+ and DMEM+ cells; 22-

fold and 25-fold, respectively (Figure 3f). However, the area under

the curve (S), estimated for the first 120 s after ATP stimulation, was

3-fold higher in NB+ astrocytes than in DMEM+ astrocytes

(p < .001; Mann–Whitney U-test; Figure 3g), likely due to distinct

kinetics of [Ca2+]i responses. Indeed, three types of ATP-evoked

[Ca2+]i responses were observed in astrocytes from both cultures:

transient, sustained, and oscillatory (Figure S7a,b). The fraction of

cells with the transient responses was similar in DMEM+ and NB+

astrocytes, about a quarter of total cell population (Table S2). How-

ever, the percentage of sustained and oscillatory responses differed

in DMEM+ and NB+ cells. In DMEM+ cells, the oscillatory

responses were predominant (72%) as confirmed by continuous

wavelet transform analysis (see Section 2 and Figure S7c), whereas

in NB+ cells, sustained responses prevailed (72%). The most charac-

teristic oscillation periods fall in the range between 11 and 20 s in

DMEM+ astrocytes (55% of the total cell population; Figure S7d).

Only 4% of NB+ astrocytes displayed oscillatory responses with a

discernible oscillation period in the range between 21 and 30 s. In

summary, NB+ astrocytes display higher resting [Ca2+]i, higher fre-

quency of spontaneous Ca2+ spikes, and diminished frequency of

ATP-evoked oscillatory [Ca2+]i responses in comparison with DMEM

+ astrocytes.

To further validate findings of stimulus-evoked Ca2+ signaling in

rat astrocyte cultures, we next examined NA-evoked Ca2+ signaling

in SR 101-labeled astrocytes in acute rat brain slices (Nimmerjahn

et al. 2004) and to our knowledge, for the first time, also in primary

cultured human DMEM+ astrocytes. Application of NA (10 μM)

evoked an increases in [Ca2+]i with a similar peak (relative-to-base-

line (p/b)) amplitude in all astrocytes examined; in cultured rat

DMEM+ and NB+ astrocytes, in cultured human DMEM+ astro-

cytes, and in acute rat brain slice astrocytes (Figure S8). With the

exceptions of rat NB+ and hDMEM+ astrocytes, in which the aver-

age peak NA-evoked increases in [Ca2+]i were larger when com-

pared to rat DMEM+ astrocytes. However, the peak responses in

[Ca2+]i were similar (Figure S8).

3.5 | Subcellular [cAMP]i heterogeneity is similar in
DMEM+ and NB+ astrocytes

Signaling mediated with cAMP is pivotal for the regulation of astro-

cyte morphology (Horvat & Vardjan, 2019; Koyama et al., 1993;

Vardjan et al., 2014; Won & Oh, 2000), and it may differ between

DMEM+ and NB+ astrocytes. To examine whether cAMP production

differs in astrocytes from different cultures, astrocytes were non-

enzymatically detached from multiwell plates and exposed to the

amplified luminescent proximity homogenous assay (ALPHA, see

Materials and methods). The cAMP calibration curve was used to con-

vert the measured ALPHA signals to the quantity of cAMP molecules

produced in a suspension of astrocytes from a given culture (EC50 of

6.21 ± 0.42 nM; Figure S9a). The capacity of cAMP production, deter-

mined as the cAMP molecules released per unit time from cell lysates

(12 independent measurements, each in triplicate, prepared from two

cultures), revealed a similar production rate in both cultures (Fig-

ure S9b).

To study cAMP homeostasis at the cellular level, DMEM+ and

NB+ astrocytes were transfected with FRET-based cAMP nanosensor

Epac1-camps (Figure 4a,b), which reports [cAMP]i with EC50 ~ 1 μM

(Borner et al., 2011). At rest, the nanosensor CFP/YFP ratio was rela-

tively homogeneously distributed inside individual cells from both cul-

tures (Figure 4c,d). However, the average resting CFP/YFP ratio

appeared higher in NB+ astrocytes than in DMEM+ astrocytes, indi-

cating increased resting [cAMP]i in NB+ astrocytes (Figure 4f,g).

Although ratiometric fluorescence measurements are conceptually

devoid of artifacts associated with heterogeneous subcellular distribu-

tion of the nanosensor within the cell (Grynkiewicz et al., 1985), we

analytically examined this possibility as well. We thus calculated the

Pearson correlation coefficient (R) between the normalized sum of

CFP and YFP fluorescence intensity (CFP + YFP), reporting the

amount of fluorophore in a given cell region, and the normalized fluo-

rescence ratio (CFP/YFP), a measure of [cAMP]i, on a pixel-by-pixel

basis (in total 491,133 Epac1-camps-positive pixels) from 8 images of

DMEM+ astrocytes (Figure S10a–t). The calculated R was 0.05 (Fig-

ure S10t), indicating that region-specific differences in the local

amount of nanosensor are unlikely to affect the ratiometric estimate

of [cAMP]i.

As the resting [cAMP]i appeared higher in NB+ astrocytes than in

DMEM+ astrocytes (0.62 ± 0.01 μM versus 0.57 ± 0.01 μM; p < .01;

Figure 4g) we next examined whether NA-evoked changes in [cAMP]i

also differ in astrocytes from both cultures. The application of

100 μM NA evoked a time-dependent exponential increase in the

CFP/YFP ratio (Figure 4e). The maximum amplitude and the time con-

stant of the NA-evoked increase in [cAMP]i were similar in both cul-

tures (Figure 4h,i), suggesting that noradrenergic, G-protein coupled

receptor mediated cAMP signaling, on a global cell scale, is operating

similarly in DMEM+ and NB+ astrocytes.

Further, to learn whether subcellular, microdomain-like, heteroge-

neity exists in resting and/or NA-evoked changes in [cAMP]i, we ana-

lyzed small ROIs positioned along a line in the perpendicular direction

from the cell nucleus toward the periphery/processes (Figure 5a,b,e,f).
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We examined time-dependent changes in the CFP/YFP ratio before

and after NA stimulation (100 μM; Figure 5c,d,g,h). In a single small

ROI, we recorded a NA-induced monophasic increase in the CFP/YFP

ratio (microdomain, Figure 5c,g), which shared similarity with the

time-dependence of the CFP/YFP ratio obtained in the entire cell

(Figure 4e). Generally, the average ROI signal of individual micro-

domains was noisier than the signal obtained from the whole cell

soma, likely due to a relatively small number of image pixels constitut-

ing the small ROI. By plotting all averaged CFP/YFP ratios (normalized

to 0–1) from all ROIs sampled along a given line, we constructed

kymographs and observed a relatively uniform time-dependent

increase in [cAMP]i. Two kymographs are displayed in Figure 5d,h,

where the abscissa represents time and the ordinate is the distance

from the nucleus (as successive ROI numbers), and the normalized

CFP/YFP ratio at a given cell position is pseudocolor-coded (warm

colors represent a relatively higher value of the CFP/YFP ratio). In

astrocytes from both cultures, the intensity of the CFP/YFP signal

increased with the distance from the nucleus; in soma as well as in the

processes (Figure 5d,h).

Moreover, when analyzing changes in the microdomain CFP/YFP

ratio along each of the separate directions in DMEM+ and NB+

astrocytes, at rest and after NA stimulation, we observed three types

of subcellular heterogeneity in [cAMP]i (Figure 6). In resting

(Figure 6a) and NA-stimulated (Figure 6b) conditions, we recorded an

increase, a decrease, or no change in [cAMP]i along the perpendicular

direction from the nucleus to the periphery. Table S3 lists the slope

coefficients of lines representing gradients in [cAMP]i, and

corresponding statistical significances; a summary of the numbers of

cells analyzed, linear paths, and the number of ROIs analyzed is listed

in Table S4. When analyzing changes in the regional CFP/YFP ratio

over the distance in resting cells, we mostly did not observe signifi-

cant change in either DMEM+ (18/22 paths) or NB+ (13/20 paths)

F IGURE 4 Resting [cAMP]i is higher in NB+ astrocytes, whereas noradrenaline (NA) evokes a similar increase in [cAMP]i in astrocytes from
both cultures. (a,b) confocal micrographs display resting DMEM+ (a) and NB+ (b) astrocytes, expressing the cAMP nanosensor Epac1-camps
(merged CFP and YFP emissions visible as yellow-green fluorescence; note the apparent spatial inhomogeneity of the fluorescence intensity
signal). (c,d) inverted grayscale micrographs (images shown in (a) and (b)) display ratio images calculated by division of CFP with YFP fluorescence

intensity (CFP/YFP) with the lowest ratio value in white (0) and the highest value in black (1). Scale bars, 50 μm (a–d). Note that ratio images (c,d)
display a spatially homogeneous fluorescence ratio signal indicative of a homogeneous subcellular distribution of [cAMP]i in resting DMEM+ and
NB+ astrocytes. (e) Time-dependent changes of the Epac1-camps emission ratio (CFP/YFP, left) and [cAMP]i (μM, right) measured in DMEM+

(black trace) and NB+ (gray trace) astrocytes after stimulation with NA (100 μM). The monophasic increase in FRET signal (CFP/YFP) evoked by
NA (white rectangle) indicates an increase in [cAMP]i (ordinate on the right of the plots). Single-exponential increase to maximum function (red;
f = y0 + a � (1 � exp[�b � x]), where τ = 1/b; see Materials and methods) was fitted to the time-dependent changes in the normalized ratio
CFP/YFP. (f) The relative frequency distribution (in %) of normalized ratio values (CFP/YFP) obtained during a 120 s resting period (indicated by
box in e). These data were fitted with the Gaussian function f = a � exp(�0.5 � ([x � x0]/b)

2), where a = 33.49 ± 2.87, b = 0.01 ± 0.00–0.5,
x0 = 0.99 ± 0.00 (black frequency plot) in DMEM+ and a = 30.29 ± 2.25, b = 0.01 ± 0.00–0.5, x0 = 1.01 ± 0.00 (gray frequency plot) in NB+
astrocyte, respectively. The parameter x0 was used to calculate the baseline [cAMP]i (displayed in μM [Lasič et al., 2019]) in both astrocyte
cultures. Note the higher baseline [cAMP]i in NB+ astrocytes. (g) Averaged resting cytosolic level of cAMP (in μM, see material and methods for
calibration) is increased in NB+ astrocytes compared with DMEM+ astrocytes. **p < .01 (Mann–Whitney U-test). (h), (i) the maximum amplitude
of NA-evoked increase in normalized CFP/YFP (averaged over the last 20 s of stimulation indicated by the gray label in (e)) (h) and the time
constant (τ) of the increase (i) in DMEM+ and NB+ astrocytes. Numbers at the bottom of the bars indicate the number of nonstimulated (g) or
NA-stimulated (h,i) cells analyzed
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astrocytes. Representative paths are displayed in Figure 6aa and ad,

respectively. In addition, we found cases of either a statistically signifi-

cant positive trend (DMEM+, 3/22 paths; NB+, 3/20 paths) or a neg-

ative trend in subcellular [cAMP]i distribution (DMEM+, 1/22 paths;

NB+, 4/20 paths). If a significant positive or negative trend along a

particular direction was observed in the resting state, either in DMEM

+ or NB+ cells (Figure 6ab, ac, ae, af, respectively), it was also

observed after stimulation in the same cell (Figure 6 bb, bc, be, bf,

respectively). This indicates a putative interdependence between the

levels in [cAMP]i before and after stimulation with NA. Next, we

pooled the data for the normalized resting CFP/YFP ratio from many

ROIs and plotted them versus the data for the normalized stimulated

CFP/YFP ratio; separately for DMEM+ (no. of ROIs, 219) and NB+

cells (no. of ROIs, 250) (Figure 6c). In astrocytes from both cultures,

we found a significantly positive correlation (RDMEM+ = 0.66 and RNB

+ = 0.84). Slopes of linear regression lines fitted to data differed sig-

nificantly one from another (p < .001). These data indicate that micro-

domains with lower resting [cAMP]i will reach relatively lower

[cAMP]i levels upon stimulation with NA, and that subcellular micro-

domains with relatively higher resting [cAMP]i will attain relatively

higher [cAMP]i levels upon NA stimulation. In addition, we examined

whether the intensity of the regional response to NA stimulation

changes with respect to the distance from the nucleus. For this, we

pooled data from ROIs, separately for DMEM+ and NB+ cells, and

subtracted the resting CFP/YFP ratio from the stimulated CFP/YFP

ratio (a measure of the localized change in [cAMP]i). We plotted this

difference versus the distance from the nucleus and fitted the data

with the linear regression function of the form y = k � x + n, where y

represents the difference between the stimulated CFP/YFP ratio and

the resting CFP/YFP ratio; x is the distance from nucleus (μm); k

F IGURE 5 Subcellular heterogeneity (microdomain analysis) of time-dependent NA-evoked increase in [cAMP]i in the direction from the cell
nucleus toward the periphery. (a), (e) Merged CFP and YFP emission images of DMEM+ (a) and NB+ (e) astrocytes; white arrowheads point to
the cell nuclei. (b), (f) Inverted grayscale CFP/YFP ratio images of DMEM+ (b) and NB+ (f) astrocytes with the lowest ratio values in white (0) and
highest ratio values in black (1). Cell soma is outlined (red line). Black circles (diameter 2 μm) indicate regions of interest (ROIs) placed along a line
drawn in the perpendicular direction from the cell nucleus toward the periphery/processes. Black arrowheads point to a certain ROI in a given set
of analyzed ROIs. Scale bars (a), (b), (e), (f), 20 μm. (c), (g) Averaged, time-dependent increases in [cAMP]i in the whole cell (or soma, red line) and in
the ROI indicated by the arrowhead (see b and f; black line; ~18 μm from the cell nucleus) where the CFP/YFP ratio signal was normalized to 0–1
per cell encompassing all ROIs in that cell across all time points (1 denotes the highest CFP/YFP ratio value across all analyzed ROIs and time
points in each single cell, whereas 0 denotes the lowest CFP/YFP ratio value obtained; see Materials and methods for the formula used), evoked
by 100 μM NA (white rectangle) in DMEM+ (c) and NB+ (g) astrocytes. (d), (h) Time-resolved pseudocolored kymograph image of NA-evoked
increase in [cAMP]i (CFP/YFP ratio, normalized to 0–1 per cell) measured in all ROIs positioned in sequence along a single line drawn in the
perpendicular direction from the cell nucleus toward the periphery/processes (obtained from images (b,f); the region closest to the cell nucleus is
displayed at the bottom, and the most distant region is displayed at the top of the kymograph chart y-axis. Note that application of NA (white
rectangle, 100 μM) evoked a synchronous increase in the CFP/YFP ratio in all ROIs positioned along the given line in astrocytes. Notably, the
CFP/YFP ratio (indicated by warm colors) apparently increased in the direction from the cell nucleus toward the periphery. Circular ROIs
displayed in the images (b) and (f) are examples of directions along which the CFP/YFP ratio increased with the distance from the nucleus. The
increase in the CFP/YFP ratio is depicted on a pseudocolor scale ((d) and (h), right), normalized to 0–1 with dark blue representing the lowest and
red the highest ratio value
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represents the slope of the regression line (μm�1) and n is the y

intercept. Linear functions revealed a relatively small, but significant

trend for cAMP production in astrocytes from both cultures, which

also differed one from another (p < .01; Figure 6d). DMEM+ cells

exhibited a negative trend (p < .05), possibly suggesting slightly

diminished capacity for NA-evoked cAMP production in regions

closer to the cell periphery (Figure 6d, left). In contrast, NB+ cells

displayed a positive trend (p < .001), suggesting a slightly enhanced

cAMP production in response to NA stimulation in the cell processes

(Figure 6d, right).

4 | DISCUSSION

Previous studies on cultured astrocytes revealed that Ca2+ signaling is

phasic and fast, whereas cAMP signaling exhibits tonic and slower

F IGURE 6 Legend on next page.
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dynamics (Horvat et al., 2016), which was subsequently confirmed in

an in vivo system (Oe et al., 2020), validating the use of cultured cells

to study basic cell processes. Here, we compared the functional plas-

ticity and Ca2+ and cAMP signaling of astroglia grown in serum-free

media promoting process-bearing arborization (NB+) (Wolfes

et al., 2017; Wolfes & Dean, 2018), and in the presence of serum

(DMEM+), a condition similar for pathology-related reactive astro-

cytes with a compromised blood/brain barrier (Foo et al., 2011;

Zamanian et al., 2012). The main findings revealed functional changes

imposed by the two dissimilar culture conditions, each providing an

insight into the plasticity that astrocytes may encounter in vivo. The

NB+ astrocytes displayed attenuated vesicle traffic and altered vesi-

cle interaction with the plasma membrane. Emergence of process-

bearing phenotypes was associated with increased resting levels in

[cAMP]i, and enhanced subcellular heterogeneity in [Ca2+]i, but sub-

cellular heterogeneity in the NA-evoked increase in [cAMP]i was unaf-

fected by the culture environment promoting arborization.

4.1 | Fewer NB+ astrocytes express nestin
and GFAP

Nestin is expressed in proliferating progenitor cells (Bernal &

Arranz, 2018; Messam et al., 2000). Although the proportion of

nestin-positive cells was high in both cultures, confirming previous

report (Wolfes et al., 2017), we found that a significantly lower pro-

portion of NB+ astrocytes expressed nestin (Figure S1c,d), suggesting

that these cells exhibit a different status as DMEM+ astrocytes. In

addition to GFAP, a commonly used marker for astrocytes, we tested

the presence of MFGE8, a marker for telencephalon astrocytes (Zeisel

et al., 2018). We asked whether the expression of these proteins can

also be utilized to discriminate subtypes of astrocytes in both cultures.

Whereas MFGE8 was ubiquitously expressed, the proportion of

GFAP-expressing cells was lower in NB+ astrocytes versus DMEM+

astrocytes (Figure S2). As the GFAP expression may indicate increased

astrocyte reactivity (Sofroniew, 2009; Yang & Wang, 2015), NB+

astrocytes are potentially less reactive. An alternative explanation for

less abundant GFAP expression in NB+ astrocytes is tied to hbEGF,

which at concentrations >10 ng/ml, causes de-differentiation of astro-

cytes (Puschmann et al., 2014).

4.2 | Decreased vesicle mobility in NB+ astrocytes
is associated with increased resting [Ca2+]i

Our results revealed that spontaneous mobility of vesicles in NB+

astrocytes is reduced in comparison with DMEM+ astrocytes (Fig-

ure 1). Astroglial [Ca2+]i affects vesicle mobility (Potokar et al., 2013),

therefore it is likely that altered vesicle mobility is due to differences

in resting [Ca2+]i in NB+ versus DMEM+ astrocytes (Figure 3). In

addition, vesicle traffic is associated with the cytoskeleton (Potokar

et al., 2007), and differences in vesicle mobility may be due to differ-

ent cytoskeletal fabrics in DMEM+ astrocytes, which produce stress

fibers that contain bipolar arrays of actin and myosin type II (John

et al., 2004). NB+ astrocytes lack stress fibers and possess Arp2/3-

dependent actin networks (Murk et al., 2013). Moreover, RhoA

GTPase, involved in stress fiber formation, is inactive in NB+ astro-

cytes (O'Shea et al., 2015; Racchetti et al., 2012). As RhoA GTPase

activity is linked to a decreased expression of genes encoding molecu-

lar motors (O'Shea et al., 2015), this may additionally inhibit vesicle

mobility in NB+ astrocytes.

While vesicle mobility was altered in both types of astrocytes,

membrane capacitance measurements revealed similar exo�/endocy-

totic activity in DMEM+ and NB+ astrocytes (Figure 2), with the sole

F IGURE 6 Subcellular [cAMP]i heterogeneity in DMEM+ and NB+ astrocytes. (a), (b) Representative examples of distance-dependent resting
(a) and NA-evoked (stimulated) (b) changes in [cAMP]i (CFP/YFP ratio, normalized to 0–1, encompassing all ROIs per cell and averaged for 30 s at
the beginning and at the end of the signal recording to estimate resting and stimulated [cAMP]i; see Materials and methods) in DMEM+

astrocytes (aa), (ab), (ac), (Ba), (bb), (bc); black circles and regression lines) and NB+ astrocytes (ad), (ae), (af), (bd), (be), (bf); white circles, gray
regression lines) along selected directions from the cell nucleus toward the cell periphery/processes. All types of changes that were observed in
DMEM+ as well as NB+ cells are displayed: Directions along which [cAMP]i did not change with distance from cell nucleus (aa, ad, ba, bd),
directions along which [cAMP]i significantly increased with distance from the nucleus (ab, ae, bb, be) and directions along which [cAMP]i
significantly decreased with distance from the nucleus (ac, af, bc, bf). Typically, a significantly positive or negative trend observed in resting
conditions was also mirrored after cell stimulation (ab)-(bb), (ac)-(bc), (ae)-(be), (af)-(bf). (c) Graphs displaying normalized resting values plotted
versus normalized NA-stimulated values reveal a high degree of correlation, especially in NB+ cells (R = 0.84). This means that cells with higher
resting [cAMP]i will likely end up with a relatively higher [cAMP]i after NA stimulation. Both DMEM+ (black circles, black regression line) and NB
+ (white circles, gray regression line) slopes were significantly positive (p < .001, Student's t-test), and significantly different from each other
(p < .001, Student's t-test). (d) Relationship between the difference in normalized values of stimulated-resting CFP/YFP ratio and the distance
from the nucleus. DMEM+ cells (black circles, black regression line) display a statistically significant negative trend with a low negative slope
coefficient, meaning that capacity for NA-stimulated cAMP production weakens in the direction from the cell nucleus toward the periphery. In

contrast, NA-stimulated cAMP production in NB+ cells increases in the direction from the cell nucleus (white circles, gray regression line), and the
regression line displays a positive slope. (e) Simplified drawings of a DMEM+ (top) and NB+ astrocyte (bottom) in resting and stimulated states
with two circular regions symbolically depicting microdomains where cAMP concentration was measured (to obtain data represented in panel c).
Cold colors in the pseudo-color intensity scale indicate regions with lower, whereas warmer colors indicate regions with higher [cAMP],
respectively. (f) Simplified drawings of a DMEM+ (left) and NB+ astrocyte (right) depicting region-dependent difference (Δ) between stimulated
and resting [cAMP] microdomain data represented in panel d. Low difference between the stimulated and the resting [cAMP] is displayed by
violet, whereas high difference by an orange color on the pseudo-color intensity scale
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exception of a modulatory effect on the fusion pore properties in ves-

icles undergoing reversible exocytosis (Figure S4), a finding consistent

with the increased resting level of cAMP in NB+ astrocytes (Figure 4,

see also [Lasič et al., 2019]). This may reflect differential expression of

vesicle-associated proteins involved in exo�/endocytosis in NB+ ver-

sus DMEM+ astrocytes (Wolfes et al., 2017). The exo�/endocytotic

response to ATP-evoked increase in [Ca2+]i was less pronounced in

NB+ astrocytes (Figure S5). In NB+ astrocytes, the reduced vesicle

ability to enter into Ca2+-evoked exocytosis (Figure 2) could be

explained by higher basal [Ca2+]i (Figure 3), shown previously to

attenuate secretory vesicles delivery to the plasma membrane

(Stenovec et al., 2016). Moreover, this may be due to a combination

of altered dynamics of ATP-evoked [Ca2+]i responses (Figure S7),

preferential segregation of VAMP2 vesicles to thin processes of

arborized astrocytes (Wolfes et al., 2017) and/or differential expres-

sion of vesicle-associated proteins regulating Ca2+-dependent exo�/

endocytosis (Vardjan & Zorec, 2015). In astrocyte cultures several

isoforms (Syt; Syt4, 7, 11 & 17) of synaptotagmins putatively involved

in modulating Ca2+-regulated exocytosis (Sudhof, 2012; Zhang et al.,

2009) were identified (Wolfes et al., 2017)). None of the Syt isoforms

co-localized with VAMP2 vesicles in NB+ astrocytes (Wolfes

et al., 2017). This finding contrasts an earlier report, in which Syt4

was found on immunoisolated VAMP2 vesicles from cultured hippo-

campal DMEM+ astrocytes (Crippa et al., 2006). Syt4 also co-local-

ized with secretory peptidergic vesicles (Stenovec et al., 2016) and

recycling vesicles in cultured cortical DMEM+ astrocytes (Lasic

et al., 2017; Potokar et al., 2008). These disparities are noteworthy,

since Syt4 was proposed to regulate astroglial exocytosis (Zhang

et al., 2004). The discrepancy in Syt4 co-localization with VAMP2 ves-

icles in astrocytes from both cultures could partially explain dimin-

ished ATP-evoked exocytosis and modulation of narrow fusion pore

properties during reversible exocytosis in NB+ astrocytes. Moreover,

the expression of various Syt isoforms in astrocytes can be further

modulated by second messengers, including cAMP (Paco et al., 2016),

the resting level of which was found increased in NB+ astrocytes

(Figure 4).

4.3 | NB+ astrocytes exhibit different [Ca2+]i
dynamics than DMEM+ astrocytes

Our results revealed increased resting [Ca2+]i in NB+ astrocytes com-

pared with DMEM+ astrocytes (68 nM versus 33 nM; Figure 3) and

identified three basic types of ATP-evoked [Ca2+]i responses: tran-

sient, sustained, and oscillatory (Yoshida et al., 2005). The predomi-

nant type of Ca2+ response (Table S2, see also Figure S7) was

sustained in NB+ astrocytes and oscillatory in DMEM+ astrocytes.

Besides ATP, histamine, glutamate, and noradrenaline (Morita

et al., 2003; Morita et al. 2015a; Pasti et al., 1995) trigger [Ca2+]i oscil-

lations in astrocytes and other cells (Morita et al., 2003; Morita,

Nakane, Fujii, et al., 2015; Piazza et al., 2007). The majority (77%) of

oscillatory responses in DMEM+ astrocytes had a characteristic oscil-

lation period of 11–20 s, which is in agreement with the oscillation

period reported for responses evoked by NA or glutamate (Horvat

et al., 2016; Morita et al., 2003; Pasti et al., 1995). At its core, the

oscillatory pattern is governed by the rate of Ca2+ influx mediated by

Ca2+-induced Ca2+ release through InsP3 receptors (De Pitta

et al., 2009). Notably, the majority of NB+ astrocytes responded with

a sustained increase in [Ca2+]i (Table S2), possibly due to Ca2+ influx

through P2X7 purinoceptors (P2X7R) (Nobile et al., 2003). Predomi-

nantly sustained (in NB+ astrocytes) or oscillatory (in DMEM+ astro-

cytes) responses may arise from different ratios of surface P2YRs and

P2XRs due to different gene expression in both cultures (Wolfes

et al., 2017). DMEM+ astrocytes potentially express more P2YRs,

whereas NB+ astrocytes express more P2XRs. Alternatively, different

responses may arise from the adenosine receptors that affect [cAMP]i

(Alloisio et al., 2004). Calcium oscillations were linked to the activity

of protein kinase C (Nash et al., 2002) and its modulatory effect (Bart-

lett et al., 2015; Morita et al. 2015b) via increased SERCA expression

that upregulated Ca2+ oscillations (Morita & Kudo, 2010). A recent

article (Mikolajewicz et al., 2021) also describes a complex interplay

between receptors in cells exposed to increasing ATP concentration,

resulting in shift between transient and oscillatory type of [Ca2+]i

responses. At 100 μM ATP appears to elicit oscillatory, transient and

sustained responses (Figure S7). Among many factors, including inter-

actions between Ca2+ and cAMP signaling, these responses may be

determined by relative expression levels (active number) of either

metabotropic or ionotropic receptors; the most likely explanation

regarding why NB+ astrocytes exhibit more sustained Ca2+ responses

and less oscillatory. HB-EGF application was shown to increases the

number of oscillations in astrocytes stimulated by

aminocyclopentane-1,3-dicarboxylic acid (ACPD) or glutamate (Morita

et al., 2003; Morita et al., 2005; Nakahara et al., 1997). However, glu-

tamate and ACPD mainly target the metabotropic glutamatergic

receptor mGluR5 on astrocytes. In contrast, ATP is capable of activat-

ing both metabotropic (P2Y) and ionotropic (P2X) purinergic recep-

tors, which may lead to a more complex dynamic of Ca2+ signaling.

Astrocytes from both cultures also exhibited spontaneous [Ca2+]i

microdomains not associated with Ca2+ events in cell bodies and

unlikely to be derived from the endoplasmic reticulum. The appear-

ance of such [Ca2+]i microdomains are consistent with recordings in

brain tissue slices and in vivo studies, where spontaneous Ca2+ events

localize only to astrocyte processes (Di Castro et al., 2011; Rungta

et al., 2016; Shigetomi et al., 2013).

4.4 | Resting [cAMP]i level is higher in NB+
astrocytes, whereas the subcellular distribution of
[cAMP]i is unchanged

Epac1-camps measurements revealed increased resting [cAMP]i in NB

+ astrocytes (Figure 4), consistent with previous reports showing that

increased [cAMP]i modulates arborization in astrocytes (Koyama

et al., 1993; Schiweck et al., 2018; Vardjan et al., 2014; Won &

Oh, 2000). Recent studies of subcellular heterogeneity in [cAMP]i

consider that the activity of phosphodiesterase and protein kinase A
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are the organizers of subcellular microdomains in [cAMP]i (Bock

et al., 2020; Zhang et al., 2020). In our FRET-based studies of subcellular

heterogeneity of [cAMP]i, we first ruled out technical artifacts by demon-

strating that the ratio of the fluorescence signal is independent from the

subcellular amount of the fluorescent cAMP nanosensor (Figure S10). The

results revealed that subcellular heterogeneity in [cAMP]i at rest and after

NA stimulation was similar in both types of cultured astrocytes. Analysis

of subcellular microdomains positioned in series along a line drawn from

the nucleus toward the periphery revealed spatial inhomogeneity in

[cAMP]i in 18% DMEM+ and in 35% NB+ resting astrocytes. After NA

stimulation, the spatial inhomogeneity in [cAMP]i was measured in 27%

DMEM+ and in 45% NB+ astrocytes (Figures 5 and 6; Table S3). How-

ever, the subcellular capacity for NA-evoked cAMP production (measured

by the difference between the increased and resting cAMP levels in micro-

domains from the cell body toward the periphery/processes) increased in

NB+, whereas it decreased in DMEM+ astrocytes (Figure 6d). The nature

of this subcellular heterogeneity is unknown and awaits further studies.

However, differences in the surface-to-volume ratio may lead to the for-

mation of gradients in [cAMP]i between different parts of a cell, with

higher [cAMP]i concentrations in finer structures (Neves et al., 2008) and

spatial differences in the amount of molecular organizers of cAMP signal-

ing (Bock et al., 2020; Zhang et al., 2020).

In summary, we have revealed that processes bearing arborized

astrocytes associate with altered vesicle dynamics and increased sub-

cellular heterogeneity in Ca2+ signaling but not in cAMP signaling. We

conclude that cAMP signaling in astrocytes is less plastic than Ca2+

signaling, which merits further in vivo studies.

ACKNOWLEDGMENTS

The authors acknowledge financial support from the Slovenian

Research Agency (SRA) research core funding #P3-0310, SRA projects

#J3-2523, #J3-9266, #J3-7605, COST action CA18133 (ERNEST) and

CipKeBip. The authors thank Prof. R. Jerala and Prof. M. Benčina from
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