
Aikaterini Konstantoulaki and Maibritt Horning contributed equally to this work.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2026 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH.

www.adpr-journal.com

RESEARCH ARTICLE 

Effect of 40 Hz Light Stimulation on Calcium Dynamics 
of Astrocytes
Aikaterini Konstantoulaki1,2  |  Maibritt Horning3,4  |  Tjalfe Egholm Rude4,5 |  Roberta Fabbri1  |  Chiara Lazzarini1 | 
Giorgia Conte1  |  Andrea Candini1 |  Marco Caprini6,7 |  Marcus Schultz Carstensen4  |  Valentina Benfenati1 

1Institute for Organic Synthesis and Photoreactivity, National Research Council, Bologna, Italy |  2Department of Chemistry, University of Bologna, Bologna, 
Italy |  3Department of Clinical Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark |  4OptoCeutics ApS, 
Copenhagen, Denmark |  5Technical University of Denmark, Lyngby, Denmark |  6Department of Pharmacy and Biotechnology, University of Bologna, 
Bologna, Italy |  7IRCCS, Istituto delle Scienze Neurologiche di Bologna, Bologna, Italy

Correspondence: Marcus Schultz Carstensen (msc@optoceutics.com) |  Valentina Benfenati (valentina.benfenati@cnr.it)

Received: 18 August 2025 |  Revised: 28 January 2026 |  Accepted: 25 February 2026

Keywords: 40 Hz invisible spectral flicker (ISF) |  astrocyte calcium signaling |  LED visible photostimulation

ABSTRACT
Astrocytes are glial cells with intracellular calcium dynamics essential for brain homeostasis, synaptic modulation, and cognition 
and altered in neuropathology and neuroinflammation. Growing evidence indicates these calcium signals can be triggered by 
chemophysical stimuli. Photonic, label free optical stimulation could provide unique opportunities to study astrocytic calcium 
signaling in physiological and pathological conditions and responses to external cues. This study describes the effects of visible LED 
light technology, called 40 Hz invisible spectral flicker (ISF), on calcium dynamics in primary rat cortical astrocytes. We demonstrate 
that ISF and continuous visible light (CL, used as control) can efficiently trigger calcium dynamics in astrocyte, through recruiting 
distinct molecular pathways. Specifically, extracellular calcium influx is essential for the response to 40 Hz ISF stimulation to occur 
but not to CL. In addition,the channels TRPV4 and TRPA1, as well as IP3Rs and ryanodine receptors pathways, are differentially 
implicated in the observed effects in response to ISF and CL. These findings respond to the need for novel methods to trigger calcium 
signaling in astrocytes, showing that ISF visible, nonlaser light is an effective approach with potential modulation capability simply 
varying light stimulation frequency.

1 |  Introduction
Neurocentric research has long overlooked glial cells, but they 
are now recognized as key regulators of neuronal activity and 
vital contributors to synapse formation, neural repair, and 
brain function [1–3]. Astrocytes support brain homeostasis, 
mediate intercellular communication, and play essential roles 
in cognitive processes and cerebrovascular regulation [4, 5]. 
Emerging evidence underscores the active role of astrocytes in 
regulating neural oscillations through bidirectional communi‐
cation with neurons [6, 7]. Astrocytes respond to neurotrans‐
mitters with calcium signaling and release gliotransmitters, 

modulating both excitatory and inhibitory synaptic activity 
[8, 9].
Among the various dynamics that underpin the physiological 
roles of astrocytes, an intracellular rise in Ca2+ signals is 
observed in response to changes in extracellular and intracellular 
homeostatic cues, including mechanical, chemophysical, and 
biological alterations occurring within both physiological and 
pathological ranges [10]. [Ca2+] may derive from the extracellular 
space via channels that include Transient Receptor Potential 
Ankyrin 1 (TRPA1) and Transient Receptor Potential Vanilloid 
4 (TRPV4) [11–14] or from intracellular stores which include the 
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Endoplasmic Reticulum and the mitochondria [15]. Alterations 
in astrocytic calcium dynamics have been linked to neuroinflam‐
matory responses, impaired neuronal function, and broader 
network dysregulation [16, 17].
Given the importance of diverse astroglial calcium signaling 
in brain physiology and pathology, recent studies have begun 
to employ label-free biophotonic tools that provide fast, effi‐
cient, and precise methods for controlling calcium signaling 
in astrocytes [18, 19]. Studies have shown that astrocytes’ 
calcium signaling can be elicited by laser light at different 
frequencies and power density [20–23]. Calcium signaling 
through TRPV4, TRPA1, and IP3, as well as water transport, 
could be triggered by 1874 nm single-pulse laser light [21]. 
Notably, the use of 100 times less amount of laser light and 
UV frequency induces exclusively intracellular calcium release 
and not extracellular calcium influx [22, 23]. Although the 
use of laser light to excite, modulate, or inhibit astrocytic 
calcium signaling has been reported, and some mechanistic 
insights underlying these effects have been described, evidence 
regarding the impact of noncoherent visible light delivered by 
light-emitting diodes (LEDs) on astrocytes remains limited. 
However, a substantial body of literature indicates that, in 
addition to classical photoreceptors, cells possess various intra‐
cellular organelles, such as mitochondria, as well as molecular 
components, including reactive oxygen species, water, and 
membrane lipids, that are capable of absorbing light energy and 
initiating signaling cascades without requiring photochemical 
conversion or thermal effects [18, 24–27]. Here, we sought to 
address this gap in knowledge by investigating the effects of 
40 Hz visible light stimulation on astroglial calcium dynamics 
in vitro, using invisible spectral flicker (ISF) technology [28]. 
This approach enabled us to examine the impact of LED-based 
visible light on astrocytes while minimizing luminance flicker 
and its potential confounding effects on cellular responses. 
ISF alternates between two spectrally distinct color profiles of 
visible light, generating a flicker at a defined frequency (e.g., 
40 Hz). The two-color profiles are matched in color properties 
and luminance, creating a flicker that is nearly imperceptible
by the human eye, in contrast to conventional stroboscopic or 
luminance-based flicker [29].
In vivo evidence indicated that 40 Hz light stimulation is 
linked to changes in astroglial glymphatic function, a clearance 
homeostatic process that is regulated by intracellular calcium 
dynamics [30–33], yet the cellular mechanisms remain to be 
defined. In this regard, a recent study suggests that in vitro, 
astroglial purinergic signaling is involved in the glymphatic 
response of astrocytes to 40 Hz light stimulation. However, 
the effects of 40 Hz visible LED light on astroglial calcium 
dynamics have never been reported.
By combining ISF stimulation with Fluo-4-based calcium imag‐
ing and a comprehensive pharmacological characterization, 
we demonstrate that visible light delivered at different stim‐
ulation frequencies, while maintaining the same power den‐
sity, selectively induces distinct Ca2+ dynamics and engages 
downstream signaling pathways, including G-protein-coupled 
receptors (GPCRs). Collectively, our results show that ISF 
light is a valuable tool for studying and modulating astroglial 

calcium signaling and related intracellular pathways. The 
herein presented findings set the basis for future studies aiming 
to unveil cellular mechanisms beyond 40 Hz light stimulation 
on neural circuitry.

2 |  Materials and Methods
2.1 |  Rat Cortical Astrocyte Culture Preparation, 
Maintenance, and Plating
Primary cultures of cortical astrocytes from newborn Sprague–
Dawley rats were prepared as previously described [34], fol‐
lowing the Italian regulations on the protection of laboratory 
animals, with the approval of bioethical committees of the 
University of Bologna and of the Ministry of Health (ID 1268, 
code number 2DBFE.N.HTT) and under the supervision of 
the veterinary commission for animal care and comfort at the 
University of Bologna. In brief, after removal of the meninges, 
the cerebral cortices of 1- to 2-day-old rats (P0–P2) were 
mechanically dissociated and placed in cell culture flasks con‐
taining DMEM–GlutaMAX medium supplemented with 15% 
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL strep‐
tomycin (all purchased from Gibco–Invitrogen). The culture 
flasks were maintained in a humidified incubator at 37°C and 
5% CO2 for 3 to 4 weeks. The culture medium was replaced 
every 2 days, and before medium change, flasks were gently 
shaken to detach microglial cells seeded on the astrocytic mon‐
olayer. After reaching confluence of ~80%, the cells were enzy‐
matically dispersed with 0.25% Trypsin/EDTA (Thermo Fisher 
Scientific) and then seeded on poly-D-lysine (PDL)-coated glass 
coverslips at a density of 16.000 cells/cm2. Cells were main‐
tained in culture medium containing 10% FBS. Experiments of 
calcium microfluorometry were performed after 5 days in vitro.

2.2 |  Light Stimulation of Primary Astrocytes
To investigate the effect of 40 Hz ISF on astrocytic cal‐
cium dynamics, a customized version of the OptoCeutics 
Light Therapy System (LTS; OptoCeutics ApS, Copenhagen, 
Denmark), fabricated specifically for in vitro experiments, was 
used. The system consists of a control board incorporating 
a printed circuit board (PCB) connected to an LED board 
comprising six LEDs. The device is controlled using a custom 
Python script via a UART data connection to an experimen‐
tal computer. The LED plate is encapsulated by a custom 
3D-printed adapter designed to couple the light source to a 
600-μm diameter optical fiber (Avantes). The adapter ensures 
minimal light loss and preserves the integrity of the light beam 
during transmission. At both ends of the fiber, collimating 
lenses (Avantes) were affixed to convert the light emitted from 
the LED source into a parallel (collimated) beam, ensuring 
uniform illumination of the cell culture.
Two light stimulation paradigms were employed: continuous light 
(CL) and ISF. CL is generated by simultaneous color mixing of 
4 LEDs (blue, cyan, red, and lime), producing a white light with 
a 100% duty cycle (Figure 1B). ISF is generated by alternating 
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FIGURE 1 | Light stimulation delivery system and light properties. (A) 40 Hz ISF was delivered by a customized version of OptoCeutic’s Light 
Therapy System (LTS; OptoCeutics ApS, Copenhagen, Denmark). (B) Color profile of ISF and CL light depicted in the CIE 1931 chromatic diagram. 
ISF and CL light settings are matched at the same intensity (1.3 mW/cm2) and color temperature (3,191 K; chromaticity coordinates (x, y) = (0.410, 
0.376), indicated by a white dot). (C) Wavelength spectra of both ISF and CL. (D) Spectral composition of ISF light showing set 1 and set 2 spectra. (E) 
Comparison of CL and ISF light cycles depicted for 1 s. CL utilizes all four colors when on; ISF alternates between two spectral sets at 40 Hz; as there are 
no dark intervals between sets, a 100% duty cycle is maintained, ensuring equivalent fluence delivery. Created with PowerPoint (Microsoft), BioRender, 
and Python.

between two sets of LEDs (set 1: red, cyan; set 2: blue, lime) at 
40 Hz, with each set comprising different spectral components 
(Figure 1E).
Because spectral alternation occurred without dark intervals, ISF 
maintains a 100% duty cycle, resulting in continuous light delivery 
rather than pulsed or stroboscopic illumination (Figure 1B). CL 
and ISF are matched in brightness (1.3 mW/cm2 at 2 cm distance) 
and color temperature (3,191 K, with chromaticity coordinates 
of (x, y)= (0.410, 0.376)) (Figure 1C), resulting in an equivalent 
time-averaged emission spectrum (Figure 1D). The total fluence 

delivered was identical for both ISF and CL conditions (0.0065 
J/cm2; calculated as 1.3 mW/cm2 × 5 s). Irradiance was measured 
using an optical power meter (Photodiode Power Sensor: S130C; 
Meter Console: PM400; Thorlabs). Importantly, ISF does not 
involve pulsed or stroboscopic light; rather, it utilizes continuous 
illumination with time-alternating spectral compositions at 40 Hz 
(Figure 1D,E). Two distinct LED sets (set 1 and set 2), each com­
prising different spectral components, alternate at 40 Hz while 
maintaining constant perceived brightness and color temperature
(Carstensen et al., 2020). This spectral switching produces a 100% 
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FIGURE 2 | Experimental setup for lightstimulation of astrocytes. 
Schematic representation of the calcium imaging and light stimulation 
apparatus. (A) A 600-μm diameter optical fiber (Avantes) with collimat‐
ing lenses was positioned at 2 cm from the PDL-coated glass coverslips 
and oriented at 45° relative to the plane of the astrocyte culture. (B,C) 
Light stimulation (either 40 Hz ISF or continuous light; 1.3 mW/cm2, 
3,191 K) was delivered for 5 s while calcium dynamics were monitored 
using Fluo-4 AM fluorescence microscopy. Created with BioRender.

duty cycle, meaning light is delivered continuously without dark 
intervals (Figure 1B).
During calcium imaging and light stimulation, the optical fiber 
was positioned at 2 cm above the coverslips containing the 
plated astrocytes and oriented at an angle of 45° relative to the 
plane of the PDL-treated coverslips (Figure 2). The experimen‐
tal design included three conditions: a no-stimulation baseline 
recording, a 40 Hz ISF condition, and a CL condition (Figure 2).

2.3 |  Temperature Measurement and Calculation
The temperature of the saline solution contained in a petri 
dish was measured with a NiCr/NiAl K-type thermocouple 
(RS) for 10 min of ISF and CL stimulation and was found 
to be stable. Furthermore, several physical features of the 

setup indicate that localized microheating at the astrocyte 
monolayer is unlikely. The delivered optical power was very 
low (1.3 mW/cm2 for 5 s; fluence = 0.0065 J/cm2), and visible 
wavelengths (400–700 nm) are minimally absorbed by aqueous 
media, limiting photothermal conversion. The fiber-coupled 
LED delivery system, positioned at 2 cm and 45°, further dis‐
perses the beam and prevents conductive heat transfer from 
the light source. Even assuming complete absorption of the 
delivered fluence, the resulting temperature change would 
be below the resolution of microthermometry (<0.01°C) and 
far smaller than values known to influence astrocytic Ca2+ 

dynamics (typically >1°C–2°C). Calculations are reported in 
the Results section.

2.4 |  Calcium Microfluorometry
Changes in the concentration of free intracellular calcium 
[Ca2+]i were monitored by calcium microfluorometry using the 
single-wavelength fluorescent Ca2+ indicator Fluo-4 AM (Life 
Technologies), dissolved in control saline solution. Calcium 
imaging serves as a critical methodology for examining intra‐
cellular fluctuations of calcium ions. In this study, we employed 
the single-wavelength calcium indicator Fluo-4 AM to monitor 
these fluctuations in astrocytes in vitro. The measurements 
were conducted 5 days after the plating of 30,000 cells on 
15-mm glass coverslips coated with PDL. Before imaging, 
cells were incubated in Fluo-4 AM (1 µM) for 30 min at room 
temperature. Fluorescence was excited using SPECTRA III 
light engine (Lumencor) at 475/28 nm and collected using 
a FITC/GFP filter at 525 nm. Calcium imaging was conduc‐
ted using a fluorescence microscope (Olympus BX63) fitted 
with a 40× water objective. Time-lapse image acquisition 
and photostimulation were managed through Metamorph soft‐
ware (Molecular Devices). Camera exposure times were set to 
150 ms, with an image sampling rate of 2 Hz. The data were 
obtained from independent experiments conducted in tripli‐
cate or more. Regions of interest (ROI) were defined within the 
cell soma. Fluorescence time series were manually extracted 
using Metamorph software (Molecular Devices, Sunnyvale, 
CA, USA). Each cell’s raw fluorescence intensity was normal‐
ized to the mean raw intensity of the 20 frames preceding 
light stimulation, reported and analyzed as a fraction (ΔFt/
Ft0). A cell was classified as responding when a 10% increase 
in normalized fluorescence was detected following light or 
stimulus exposure. Note that a transient light artifact is visible 
in the fluorescence traces during the 5-s stimulation period 
(dashed line in Figures 3–7). Importantly, the same transient 
was also detected in background regions lacking cells (and 
thus lacking intracellular Fluo-4). This artifact results from 
scattered stimulation light reaching the camera sensor and does 
not represent Ca2+-dependent fluorescence.

2.5 |  Chemicals and Solutions
The standard bath solution was composed of (mM) 140 NaCl, 
4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5 glucose; pH was 
adjusted to 7.4 with NaOH 1 M; and osmolarity was adjusted 
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FIGURE 3 | ISF and continuous light induce different calcium dynamics on astrocytes in vitro. (A) Astrocytes on PDL-coated glass coverslips 
incubated in Fluo-4 pre- and post-40 Hz ISF stimulation and (B) pre- and post-CL stimulation (in pseudo color). (C) Representative calcium signaling 
traces of experiments performed using standard extracellular solution, no stimulation (gray), and after ISF stimulation (red). (D) Representative calcium 
signaling traces of experiments performed using standard extracellular solution, no stimulation (gray), and after CL stimulation (blue). (E–H) Histogram 
plots of measurements performed on astrocytes in vitro. All the results are expressed as mean ± SEM and statistical p-values. (E) Maximal fluorescence 
variation, (F) percentage of responding cells, (G) time onset (first fluorescence variation above the cutoff of the baseline–0.1, and (H) time to first peak. 
Scale bar = 50 μm. Data values corresponding to no stimulation are colored in gray, to ISF in cherry red, and to CL in blue. Asterisks denote significant 
differences: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). One-way ANOVA with Bonferroni correction. N = number of cells analyzed, 
n = number of experiments; For ΔF/F:No stim N = 106, n = 7; ISF N = 101, n = 7; CL N = 129, n = 7. Sample sizes vary by metric; N (cells/ROIs) and n 
(experiments) for each panel are reported in Tables S1–S5, and p-values in Tables S6–S10.
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FIGURE 4 | Differential effects of calcium depletion and IP3 receptor blockade on astrocyte calcium signaling. (A,B) Representative traces of 
astrocyte calcium signaling using standard extracellular solution, extracellular solution depleted of Ca2+ (0[Ca2+]o), and extracellular solution with 
2-aminoethoxydiphenylborane (2-APB) at 100 μM after ISF (A) and continuous light stimulation (B). (C–F) Histogram plots of measurements performed 
on astrocytes in vitro. All the results are expressed as mean ± SEM and statistical p-values. (C) Maximal fluorescence variation, (D) percentage of 
responding cells, (E) time onset (first fluorescence variation above the cut-off of the baseline-0.1), and (F) time to the first peak. Data values correspond‐
ing to control are colored in gray, 0[Ca2+]o in red, and 2-APB in blue. Asterisks denote significant differences: * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
**** (p < 0.0001), one-way ANOVA with Bonferroni correction. For ΔF/F:ISF control N = 101, n = 7; ISF 0[Ca2+]o N = 55, n = 5; ISF 2-APB, N = 41, n = 4; 
CL control N = 129, n = 7; CL 0[Ca2+]o N = 75, n = 5; CL 2-APB N = 59, n = 4. N, number of analyzed cells (regions of interest); n, number of experiments. 
Sample sizes vary by metric; N (cells/ROIs) and n (experiments) for each panel are reported in Tables S1–S5, and p-values in Tables S6–S10.
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FIGURE 5 | TRPV4 and TRPA1 are involved in astrocytic calcium responses after ISF and CL stimulation. (A,B) Representative traces of astrocytes 
calcium signaling using TRPV4 inhibitor RN-1734 (10 μM) and (B) TRPA1 inhibitor HC-030031 (40 μM) after ISF (A) and continuous light stimulation 
(B). (C–F) Histogram plots of measurements performed on astrocytes in vitro corresponding to control are colored in gray, to RN-1734 (RN) in teal and 
HC-030031 (HC) in gold. All the results are expressed as mean ± SEM and statistical p-values. (C) Maximal fluorescence variation, (D) percentage of 
responding cells, (E) time onset (first fluorescence variation above the cutoff of the baseline-0.1), and (F) time to first peak. Asterisks denote significant 
difference: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). One-way ANOVA with Bonferroni correction. For ΔF/F (all cells, responding and 
not responding): ISF control N = 101, n = 7; ISF RN-1734 N = 80, n = 4; ISF HC-030031 N = 58, n = 3; CL control N = 129, n = 7; CL RN-1734 N = 66, n = 4; 
CL HC-030031 N = 76, n = 3. N, number of analyzed cells (regions of interest), n, number of experiments. Sample sizes vary by metric; N (cells/ROIs) and 
n (experiments) for each panel are reported in Tables S1–S5, and p-values in Tables S6–S10.
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FIGURE 6 | Involvement of Gq–PLC–IP3 and Gi/o in astrocytic responses after ISF and CL stimulation. (A,B) Representative traces of astrocyte 
calcium signaling using Gq–PLC–IP3 inhibitor U73122 (0.5 μM) and Gi/o inhibitor pertussis toxin (PTX) (500 ng ml−1) after ISF (A) and continuous light 
stimulation (B). (C–F) Histogram plots of measurements performed on astrocytes in vitro. Data values corresponding to control standard extracellular 
solution are colored in gray, to Gq–PLC–IP3 inhibitor U73122 in orange, and Gi/o inhibitor PTX in purple. All the results are expressed as mean ± SEM and 
statistical p-values. (C) Maximal fluorescence variation, (D) percentage of responding cells, (E) time onset (first fluorescence variation above the cutoff 
of the baseline-0.1), and (F) time to first peak. Asterisks denote significant difference: *(p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). One-way 
ANOVA with Bonferroni correction. For ΔF/F (all cells, responding and not responding): ISF control N = 101, n = 7; ISF U73122 N = 74, n = 3; ISF PTX 
N = 49, n = 3; CL control N = 129, n = 7; CL U73122 N = 36, n = 3; CL PTX N = 56, n = 3. N, number of analyzed cells (regions of interest); n, number of 
experiments. Sample sizes vary by metric; N (cells/ROIs) and n (experiments) for each panel are reported in Tables S1–S5, and p-values in Tables S6–S10.
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FIGURE 7 | Ryanodine receptor is involved in astrocytic responses after ISF and CL stimulation. (A,B) Representative traces of astrocyte calcium 
signaling using ryanodine receptor inhibitor ryanodine (RYR) (50 μM) after ISF (A) and continuous light stimulation (B). (C–F) Histogram plots of 
measurements performed on astrocytes in vitro. Data values corresponding to control standard extracellular solution are colored in gray and to RYAN 
in green. All the results are expressed as mean ± SEM and statistical p-values. (C) Maximal fluorescence variation, (D) percentage of responding cells, 
(E) time onset (first fluorescence variation above the cutoff of the baseline-0.1), and (F) time to first peak. Asterisks denote significant difference: * (p < 
0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001), one-way ANOVA with Bonferroni correction. For ΔF/F: ISF control N = 101, n = 7; ISF ryanodine 
N = 55, n = 3; CL control N = 129, n = 7; CL ryanodine N = 81, n = 3. N, number of analyzed cells (regions of interest); n, number of experiments. Sample 
sizes vary by metric; N (cells/ROIs) and n (experiments) for each panel are reported in Tables S1–S5, and p-values in Tables S6–S10.

to ˜318 mOsm with mannitol. Ca2+-free extracellular solution 
(0[Ca2+]o) was composed of (mM) 140 NaCl, 4 KCl, 4 MgCl2, 10 
HEPES, 0.5 EGTA, pH 7.4 with NaOH, and osmolarity adjusted 

to ~318 mOsm with mannitol. Stock solution of 2-aminoethoxy 
diphenyl borate (2-APB, 100 mM) was prepared by dissolution 
in methanol and stored at −20°C. Stock solutions of RN-1734 
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(10 mM), HC-030031 (40 mM), and ryanodine (1.25 mM) were 
prepared by dissolution in dimethyl sulfoxide (DMSO) and 
stored at −20°C. GsMTx4 was prepared by dissolution in water 
and stored at −20°C. Stock solutions of PTX (7.5 μg mL−1) 
were prepared by dissolving in distilled water and stored at 
4°C. U-73122 hydrate stock solution (1.9 mM) was prepared 
by dissolution in DMSO and stored at −20°C. In experiments 
where astrocytes were stimulated while inhibiting Gq–PLC–IP3 
signaling, U-73122 was added to the standard bath solution. 
To inhibit Gi/o signaling, cells were preincubated for 1 h in 
a standard solution containing the Gi/o inhibitor PTX before 
the experiments.

2.6 |  Data Analyses and Statistics
In calcium imaging experiments, the ratio of the fluorescence 
intensity at each time point and the initial fluorescence was 
continuously recorded during the experiment (Ft/Ft0).
To evaluate the temporal features of calcium dynamics, we extrac­
ted the average number of peaks by detecting the number of 
fluorescence oscillations recorded over time, from the beginning 
of electrical stimulation until the end of the experiment (Figure 
S1). When a slow variation occurred, we quantified one peak on 
average. To characterize the diverse [Ca2+]i temporal dynamics 
observed, we also estimated, for each cell, the average time to 
reach the maximal fluorescence increase after the voltage stimu­
lus (time to peak).
The percentage of responding cells relative to the total number of 
cells observed is expressed as the percentage of responding cells 
(number of responding cells/number of total cells ×100).
The onset was calculated at the time point where we could 
measure the minimal variation (0.1 ΔF/F) in ΔF/F after 
the photostimulation.
For in vitro experiments, somatic or process cellular fluores‐
cence time series were manually extracted in both MetaFluor 
(Molecular Devices) and a dynamic-data-exchange Excel file 
(Microsoft Office 365). Representative traces and statistical 
analyses of extracted data from in vitro calcium imaging were 
then performed using Microcal Origin 8.5. Bar–dot plots were 
generated using Prism GraphPad 8.0.2. Data were compared 
using one-way ANOVA with Bonferroni post-test. A statisti‐
cally significant difference was reported if p ≤ 0.05. All data 
are presented as mean ± s.e.m. Sample size (n) for each stat‐
istical analysis is reported in the figure caption referring to 
the specific result. The data were analyzed from at least four 
independent experiments.

3 |  Results
The goal of this study was to investigate the effect of ISF and 
CL light on astrocytic calcium dynamics. To this end, cortical 
primary astrocytes were plated on PDL-coated glass coverslips 
loaded with Fluo4-AM calcium fluorophore and imaged using 
an upright fluorescent microscope using an optical fiber posi‐
tioned close to the cells, as shown in Figure 2A. Fluorescent 
images, which were sampled every 500 ms, collected before 
and after the stimulation with ISF and CL light, are reported 
in Figure 3A,B. Traces representative of typical somatic cell 

fluorescence variation over time (Ft/Ft0) (Figure 3C,D), which 
correlates with changes in intracellular calcium concentration, 
show that both ISF and CL light elicit calcium responses in 
primary astrocytes (Figure 3).
The bar–dot plot in Figure 3E indicates that both ISF and CL 
stimulation produced a significant increase in maximal fluores‐
cence variation, which corresponds to an increase in intracellu‐
lar Ca2+ concentration compared to the basal (no-stimulation) 
condition. Notably, approximately 70% of the cells responded to 
ISF (68.48 ± 9.264), while nearly 60% (58.81 ± 11.36) activated 
calcium dynamics after CL (Figure 3F). The onset time of 
Ca2+ responses was comparable between ISF and CL stimula‐
tion (Figure 3G), whereas the time to the first fluorescence 
maximum (time to first peak) following ISF stimulation was 
significantly shorter (163 ± 9.553) than in the no-stimulation 
condition (202.4 ± 8.776) (Figure 3H). The dynamics were 
oscillatory both in response to ISF and CL, as shown by the 
analyses of number of peaks (Figure S1).
The possibility that the observed phenomena were attributable 
to a thermal effect of light stimulation was next evaluated. The 
temperature of the bath containing the cells was measured using 
a NiCr−/NiAl+ K-type thermocouple (RS) during ISF and CL 
stimulation for 10 min and was found to be stable (Table S11). 
Moreover, even under a conservative assumption of complete 
absorption of the delivered light, the expected temperature rise is 
negligible. The applied irradiance was 1.3 mW/cm2 for 5 s, corre‐
sponding to a fluence of 6.5 × 10−3 J/cm2. For a 35-mm-diameter 
Petri dish, area A = πr2 = π(1.75 cm)2 ≈ 9.62 cm2. The total 
delivered energy is therefore Q = (6.5 × 10−3 J/cm2)  × 9.62 cm2 

≈ 6.25 × 10−2 J. The corresponding upper-bound temperature 
increase is ΔT = Q/m c < 10−3 K, which for 2 mL of aqueous 
medium m ≈ 2g, and c = 4.186 J/(g K) specific heat yields ΔT ≈ 7.5 
× 10−3 K (≈7.5 mK), i.e., far below temperature changes known 
to influence astrocytic Ca2+ dynamics (typically >1°C–2°C). This 
estimate is conservative, as the fiber-coupled illumination geom‐
etry (2 cm distance, 45° incidence) disperses the beam and the 
effective illuminated area within the dish is likely smaller and/or 
nonuniform, reducing the actual absorbed energy.
The low excitation power also excludes the presence of local‐
ized heating sources (microheating). Under these conditions, 
the photon flux can be estimated as Φ ≈ I/Ephoton. Assuming 
a mean wavelength of 550 nm,  Ephoton = hc

λ ≈ 3 . 6 × 10−19   J, 
giving Φ ≈(1.3 × 10−3 Js−1cm−2)/(3.6 × 10−19 J) ≈3.6 × 10−15 

photons s−1 cm−2. In the absence of exogenous strong absorbers, 
light absorption is expected to be dominated by endogenous 
chromophores (e.g., in proteins, including at the cell mem‐
brane), with typical visible-light absorption cross-sections on 
the order of ˜10−16 cm2 [35]. This corresponds to an absorption 
rate per chromophore of Φσ ≈ 0 . 36s−1 (i.e., substantially less 
than one photon per second per chromophore). Given that 
excited-state relaxation occurs on subnanosecond timescales, 
absorbed energy would dissipate rapidly into the surrounding 
aqueous environment, arguing against the formation of physio‐
logically meaningful localized micro-heating “hot spots” under 
the present stimulation conditions.
Pharmacological methods were employed to identify the under‐
lying mechanisms of the observed Ca2+ rise after ISF and CL 
stimulation in control conditions. All results, presented as mean ± 
SEM along with statistical p-values, are detailed in the Supporting 
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Information. Substitution of standard saline solution (control) with 
external solution not containing Ca2+ (0[Ca2+]o) almost abolishes 
the Ca2+ response observed after stimulation with ISF (Figure 4). On 
the other hand, the response observed after CL was not significantly 
altered in its magnitude by removal of [Ca2+]o. Accordingly, the 
percentage of responding cells to ISF stimulation was almost nulled 
in the absence of external Ca2+, while stimulation with CL evokes a 
Ca2+ response in a comparable number of cells as the one observed 
in standard saline (Figure 4D).
Under extracellular Ca2+ depletion (0[Ca2+]o), the time to the 
first peak was significantly shortened following CL stimulation 
compared with control conditions (Figure 4F).
Next, we applied 2-aminoethoxydiphenylborane (2-APB), an 
antagonist of inositol-3-phosphate receptors (IP3R), at a concen­
tration of 100 μM. Treatment with 2-APB led to significantly lower 
amplitude in the Ca2+ response after both ISF and CL stimulation 
compared to stimulation delivered in standard saline (Figure 4C). 
This effect was also accompanied by a decreased percentage of 
responding cells following both types of stimulation (Figure 4D).
These data indicate that extracellular Ca2+ influx largely medi‐
ates the astrocytic response to ISF and is required for the onset 
of the response, whereas Ca2+ signaling evoked by CL is largely 
independent of the presence of calcium ions in the extracellu‐
lar solution. The results further indicate that IP3R-mediated 
pathways play a crucial role in the calcium dynamics observed 
following ISF and CL stimulation. Notably, under Ca2+-free 
conditions, the dynamics of CL evoked response still persist, 
but markedly change their shape, switching from a sustained 
profile to a more peaked response [36]. These data suggest 
that different stimulation frequencies, despite delivering the 
same total energy to the cells, may activate or recruit different 
calcium signaling pathways in astrocytes.
To get further insight on this hypothesis, we explored the 
effects of RN-1734 (10 μM), an antagonist of TRPV4 channels, 
and HC-030031 (40 μM), an antagonist of TRPA1 channels 
previously implicated in astrocytic responses to chemophysical 
stimuli [21, 36, 37]. RN-1734 significantly decreased the ampli‐
tude of the calcium signal evoked by ISF and CL (Figure 5C,D). 
In the case of the CL, the onset of the response and the time 
to the first peak were significantly shorter, and significantly 
more peaks in the low percentage of cells that responded 
(Figure 5E,F).
The addition of HC-030031 induced a significantly lower cal‐
cium response both after the stimulation with ISF and CL, 
accompanied by a slower onset of the responses compared to 
control conditions, as seen in Figure 5E. These data indicate 
that TRPV4 and TRPA1 contribute to the magnitude of the 
response observed after ISF and CL stimulation. However, 
while TRPV4 is essential for the onset of the response to ISF, it 
is not demanded for the activation of the calcium signaling in 
response to CL. On the other hand, TRPA1 is important for both 
ISF- and CL-induced effect to occur. The data is not surprising, 
as TRPA1 is known to regulate basal calcium signaling in 
astrocytes in vitro and ex vivo [14]. Thus, it is plausible that 
prolonged inhibition of TRPA1 hampers the possibility of the 
cell responding to the stimulation, as observed in previous 
studies [21]. TRPV4 can be activated by different types of 
stimuli, including agonists, changes in temperature, osmotic 
and volume imbalance, and mechanical stimulation [38, 39]. 

Previous studies indicated that infrared-light stimulation indu‐
ces a thermo-mechanical effect, and osmotic effects that lead to 
Ca2+ signaling in astrocytes [21].
Given that we ruled out the possibility of a thermal effect, we 
hypothesized that a photomechanical response could be activa‐
ted and that it could engage other mechanosensitive channels. 
To test this hypothesis, we explored the role of mechanosen‐
sitive ion channel Piezo-1 by applying GsMTx4, a peptide 
inhibitor of stretch-activated cationic mechanosensitive cur‐
rents [40]. However, the addition of Piezo-1 inhibitor did not 
induce significant changes in response amplitude, percentage 
of responding cells, or kinetic parameters, for either ISF or 
CL stimulation. These data suggested that GsMTx4-sensitive 
mechanosensitive Ca2+-influx did not make a major contribu‐
tion to the observed Ca2+ effects, as seen in the Figure S1.
A recent study indicates that 40 HZ stimulation in vivo might 
impact on astrocytes’ glymphatic system mediated by astrocytes, 
and suggested a mechanism that involves adenosine receptor 
activation, in primary astrocytes in vitro [32].
Adenosine receptors are a family of G-protein-coupled receptors 
(GPCR) that are known to mediate calcium signaling and neuro­
glial cell communication [41]. In addition, diverse GPCRs are 
differently engaged by astrocytes to respond to chemo-physical 
stimuli like electrical stimulation, ultrasound stimulation, and 
infrared light stimulation [36, 37].
To further investigate the underlying signaling mechanisms and 
the potential involvement of GPCRs in the observed behaviors, 
the effects of U73122 and pertussis toxin (PTX) were investigated. 
U73122, a phospholipase C (PLC) inhibitor, was used to assess 
the contribution of Gq–PLC-mediated IP3 pathway. PLC inhibition 
with U73122 resulted in an increase in calcium signal amplitude 
after ISF stimulation (Figure 6C), while it had no significant 
effect on the magnitude of the response to CL. Interestingly, 
the time onset and time to first peak are faster with respect to 
those observed in the control saline solution (Figure 6E–F) after 
both ISF and CL stimulation. To block Gi/o signaling, cells were 
incubated in a standard solution containing the Gi/o inhibitor 
PTX at a concentration of 500 ng ml−1, for 1 h before conducting 
experiments. PTX treatment significantly increased the variation 
of fluorescence after CL stimulation but had no effect on ISF. 
Additionally, it significantly reduced both the onset time and the 
time to first peak exclusively following CL stimulation.
Several lines of evidence indicate that Gq and Gs have reciprocal 
effects in astrocytes [42–45]. The increase in signal amplitude 
observed in response to Gq inhibition, only after the stimula­
tion with ISF, suggests that Gs signaling might become predom­
inant and possibly mediate the response of astrocytes to ISF. 
Interestingly, Gq inhibition has no effect on CL magnitude, despite 
accelerating its onset. On the contrary, Gi/o inhibition showed 
no effects on ISF stimulation, while severely altering the Ca2+ 

response to CL both in terms of magnitude and dynamics. All 
these data indicate that ISF and CL photostimulations engage 
different signaling pathways in astrocytes, possibly involving 
different GPCR metabotropic receptors.
As an additional intracellular signaling pathway, we explored 
the role of ryanodine receptors (RyRs) in the photostimulation-
evoked responses to ISF and CL. In vitro studies have indica­
ted that, in addition to IP3Rs pathway, the release of Ca2+ 

from the endoplasmic reticulum can be triggered and amplified 
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by calcium-induced calcium release (CICR) mediated by Ca2+-
sensitive RyRs [46]. Accordingly, RyR-dependent CICR release 
was probed by applying ryanodine (50 µM) to functionally inter­
fere with RyR-mediated ER Ca2+ release.
In the presence of RYR (50 μm), the amplitude (ΔF/F) of the 
response to ISF was significantly reduced (Figure 7C) and the 
percentage of responding cells was significantly decreased (Figure 
7D), whereas no significant differences were observed in time 
onset or time to first peak (Figure 7E,F, respectively). In the 
case of CL, the response amplitude (ΔF/F) was also significantly 
reduced (Figure 7C), while the percentage of responding cells 
was not significantly changed; however, response kinetics were 
significantly faster, with a reduction in time onset (Figure 7E) and 
a shorter time to first peak (Figure 7F).
Notably, while inhibition of RyRs abolished the response to 
ISF in almost all the cells (Figure 7D), the same percentage 
of cells stimulated with CL still maintained a response that 
displayed an oscillatory behavior (Figure 7B). Indeed, ryano‐
dine treatment was associated with significant changes in 
oscillatory structure, as reflected by the number of Ca2+ peaks, 
with a significant difference observed for ISF and a significant 
increase observed for continuous light (Table S10).

4 |  Discussion
The key finding of this work is that ISF and continuous light 
stimulation (CL) elicit Ca2+ signaling responses in astrocytes. 
Interestingly, the pathways triggered by ISF and CL are dis‐
tinct. Specifically, ISF stimulation needs both intracellular 
and extracellular Ca2+ sources to occur, whereas continuous 
light stimulation relies predominantly on intracellular Ca2+ 

mobilization to occur (Figures 3 and 4).
Notably, the sensitivity of astrocytes to photonic stimula‐
tion has previously been demonstrated using laser-based 
approaches [20–22]. The etiology of the observed phenom‐
ena is very unlikely to be attributable to thermal effects, as 
the delivered fluence was low (0.0065 J/cm2) and no measur‐
able temperature increase in the culture medium was detec‐
ted. Importantly, irradiance and total fluence were matched 
between ISF and continuous light conditions; thus, the sole 
distinguishing feature of ISF relative to continuous stimulation 
was the presence of a 40 Hz invisible spectral alternation.
Under low-fluence visible light in the absence of classical pho‐
toreceptors, photon absorption is plausibly mediated by endog‐
enous chromophores—most prominently mitochondrial redox 
components such as cytochrome c oxidase and flavoproteins, 
leading to downstream changes in mitochondrial redox/ROS 
and cellular signaling that can couple to Ca2+ dynamics [24, 
47–49].
The differing effects of RN-1734 and HC-030031 on response 
magnitude and kinetics indicate that TRPV4 and TRPA1 con‐
tribute to light-evoked Ca2+ responses under both ISF and 
continuous stimulation. In a previous study, IP3 signaling and 
TRPV4/TRPA1 involvement were reported in the mechanisms 
underlying water and Ca2+ dynamics in astrocytes stimulated 
with pulsed infrared light [21]. The engagement of these 
channels by visible LED light is of interest, as the present 

stimulation did not measurably increase temperature, did not 
require laser illumination, and avoids certain pitfalls of other 
stimulation modalities. In the present framework, TRPA1/
TRPV4-dependent Ca2+ entry is proposed to provide an initiat‐
ing and/or permissive Ca2+ signal coupling membrane-level 
events to ER Ca2+ mobilization via IP3R and RyR-dependent 
amplification [21, 50].
Since recruitment of IP3R-dependent ER release is frequently 
driven by GPCR signaling, the involvement of GPCR-mediated 
pathways was investigated. The results indicated that astro‐
cytes recruit distinct downstream signaling components in 
response to ISF versus CL stimulation, as supported by differ‐
ential sensitivity to U73122 and PTX, consistent with regulation 
by G-protein signaling. It is worth noting that Gi/o inhibition 
affects CL but not ISF.
Recent in vivo work [32] has identified adenosine signaling as a 
key mediator of 40 Hz light flicker effects on glymphatic func‐
tion, based on increased cerebrospinal adenosine levels and the 
abolishment of the flicker-induced glymphatic enhancement 
following genetic or pharmacological inactivation of ENT2 or 
A2A receptors (A2ARs), together with evidence for physical 
and functional A2AR–AQP4 interaction in astrocytes in vitro 
[32]. Previous studies support the functional and molecular 
interaction of AQP4 with the intracellular calcium signaling 
of astrocytes, also mediated by TRPV4 [11, 51, 52]. Thus, 
we might envisage that, given the observed role of TRPV4 
in the calcium signaling elicited by both ISF and CL, AQP4 
and or water permeability might be influenced by LED light 
stimulation. Future studies will clarify this aspect. The strong 
dependence of light-evoked Ca2+ signals on ER release mecha‐
nisms (2-APB sensitivity) and modulation by GPCR pathway 
inhibitors, together with stimulation-dependent regulation by 
RyR-dependent CICR, is compatible with the possibility that 
purinergic/adenosinergic signaling acts as a modulatory layer 
that shapes astrocytic Ca2+ gain and downstream outputs.
Overall, the present results demonstrate that astrocytes can 
discriminate between distinct forms of noncoherent visible 
photonic stimulation and engage different Ca2+ signaling path‐
ways in response. This provides a foundation for manipulating 
astrocytic Ca2+ dynamics using a simple, label-free optical 
approach, without reliance on opto- or chemogenetic tools. The 
present work specifically establishes an experimental platform 
for investigating the effects of 40 Hz invisible spectral flicker 
light on Ca2+ dynamics in primary astrocytes in vitro.
ISF has been investigated as a noninvasive approach to elicit 
gamma oscillations in healthy controls [29, 53], as well as a 
therapeutic approach in Alzheimer’s disease [54, 55] and major 
depressive disorder [56]. While the underlying mechanisms of 
potential therapeutic effects remain incompletely understood, 
preclinical and early clinical work has suggested protective 
effects of gamma entrainment on neurons and glial cells, 
including microglia [57–60].
It is emphasized that the present study does not aim to provide 
a mechanistic explanation of the in vivo effects of ISF, as 
brain-level effects are indirect, and the pathways involved are 
not necessarily equivalent across cell types or experimental 
contexts. However, the identification of light-responsive Ca2+ 

12 of 15 Advanced Photonics Research, 2026

 26999293, 2026, 3, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adpr.202500234 by A

rea Sistem
i D

ipart &
 D

oc, W
iley O

nline L
ibrary on [06/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



pathways in astrocytes calls for further investigation of astro‐
cytic contributions to stimulation paradigms used to drive 
gamma-range activity.
In this context, it is worth noting the molecular and functional 
similarity between astrocytes and other glial cell types closely 
associated with light-sensitive tissues, such as Müller glia in 
the retina. Müller glia and retinal ganglion neurons express key 
components of Ca2+ signaling, including TRPV4, TRPA1, and 
IP3 receptors, suggesting the possibility that shared channel 
and store-release architectures may support light-responsive 
Ca2+ dynamics across glial systems [61].
In the broader context, gamma light stimulation has emerged 
as a promising modulator of glymphatic clearance, a process 
implicated in neurodegenerative diseases [33]. Given evidence 
that neuro and gliotransmitters such as adenosine can enhance 
glymphatic transport via AQP4-dependent mechanisms, targe‐
ted optical stimulation may offer a strategy to modulate brain 
waste clearance in a controlled manner [32]. Considering the 
partnership of AQP4 with calcium channels and signaling ex 
vivo in astrocytes [11, 62], but also in Müller glia [63, 64], an 
impact of 40 Hz light on calcium signaling in cells of visual sen‐
sory organs would be plausible. However, whether a calcium 
signaling component can be activated in optical sensory cells by 
40 Hz light remains to be elucidated.
In summary, the present study contributes to a growing field 
of gliophotonics [19] by demonstrating that visible LED light 
delivered with matched fluence but distinct temporal-spectral 
structure can engage distinct astrocytic Ca2+ pathways. While 
further work is required to resolve upstream transduction 
mechanisms and to establish how astrocytic responses inter‐
face with neuronal circuitry and in vivo physiology, these 
findings provide a basis for developing new tools to probe 
astrocyte function in health and disease.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Supporting Fig. S1: Histograms of the number 
of Ca2+ transient peaks per cell measured by calcium imaging in 
in-vitro astrocytes following ISF or continuous-light stimulation. 
Distributions are shown for each condition; summary values are 
reported as mean ± SEM. A) Data values corresponding to ISF in 
control conditions and CL in control conditions are colored in magenta 
and dark blue respectively. Asterisks denote significant difference: * 
(p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001), One-way ANOVA 
with Bonferroni Correction. ISF N=82, n=7; CL N=88, n=7 B) Data 
values corresponding to control are colored in gray, 0[Ca2+]

o in red, and 
2-APB in blue. ISF control N=82, n=7; ISF 0[Ca2+]o N=23, n=5; ISF 
2-APB N=3, n=4; CL control N=88, n=7; CL 0[Ca2+]o N=48, n=5; CL 
2-APB N=11, n=4 C) Data values corresponding to control are colored in 

gray, to RN-1734 (RN) in teal and HC-030031 (HC) in gold. ISF control 
N=82, n=7; ISF RN-1734 N=18, n=4; ISF HC-030031 N=10, n=3; CL 
control N=88, n=7; CL RN-1734 N=8, n=4; CL HC-030031 N=8, n=3. 
D) Data values corresponding to control standard extracellular solution 
are colored in gray, to Gq–PLC–IP3 inhibitor U73122 in orange, and Gi/o 
inhibitor PTX in purple. E) Data values corresponding to the control 
standard extracellular solution are colored in gray, and to RYAN in green. 
ISF control N=82, n=7; ISF ryanodine N=14, n=3; CL control N=88, n=7; 
CL ryanodine N=42, n=3. F) Data values corresponding to the control 
standard extracellular solution are colored in gray, and those for MSCs 
inhibitor GsMTx4 (1 μM) are colored in pink. ISF control N=82, n=7; 
ISF GsMTx4 N=56, n=3; CL control N=88, n=7; CL GsMTx4 N=50, n=3. 
N, number of peaks per cell/ROI, and n, number of experiments for 
each panel, are reported in Tables S1–S5, and p-values in Tables S6–S10. 
Supporting Fig. S2: Involvement of cationic mechanosensitive ion 
channels (MSCs) in astrocytic responses after ISF and Continuous 
Light stimulation. A-D) Histogram plots of measurements performed 
on astrocytes in vitro after ISF and continuous light stimulation. Data 
values corresponding to the control standard extracellular solution are 
colored in gray, and those for MSCs inhibitor GsMTx4 (1 μM) are colored 
in pink. All the results are expressed as mean ± SEM and statistical 
p-values. A) Maximal fluorescence variation, B) percentage of responding 
cells, C) Time onset (first fluorescence variation above the cut-off of the 
baseline-0.1), D) Time to first peak. For ΔF/F (all cells, responding and 
not responding): ISF control N=101, n=7; ISF GsMTx4 N=78, n=3; CL 
control N=129, n=7; CL GsMTx4 N=81, n=3. N, number of analyzed cells 
(regions of interest), n, number of experiments. Sample sizes vary by 
metric; N (cells/ROIs) and n (experiments) for each panel are reported in 
Tables S1–S5, and p-values in Tables S6–S10. Supporting Table S1: Data 
values of means of maximal fluorescence variation (ΔF/F), ± Standard 
Error of the Mean (SEM), N=number of cells, n=number of experiments 
reported in Figures 3-7 and Figure S 1. Supporting Table S2: Data values 
of means of percentage of responding cells (% Resp Cells) ± Standard 
Error of the Mean (SEM), N=number of cells, n=number of experiments 
reported in Figures 3–7 and Figure S 1. Supporting Table S3: Data values 
of means of Time Onset (ms) ± Standard Error of the Mean (SEM), 
N=number of cells, n=number of experiments reported in Figures 3–7 
and Figure S 1.Supporting Table S4: Data values of means of Time 
to first Peak (ms) ± Standard Error of the Mean (SEM), N=number of 
cells, n=number of experiments reported in Figures 3–7 and Figure S 
1. Supporting Table S5: Data values of means of Number of Peaks 
± Standard Error of the Mean (SEM), N=number of cells, n=number 
of experiments reported in Figures 3–7 and Figure S 1. Supporting 
Table S6: Data values referred to the histogram plots in Figures 3–7 and 
Figure S 1, regarding maximal fluorescence variation (ΔF/F). Here are 
reported the means difference between different conditions, the statistical 
significance and the p–values. One–way ANOVA was performed with 
Bonferroni’s test for means comparisons. Supporting Table S7: Data 
values referred to the histogram plots in Figures 3–7 and Figure S 1, 
regarding the percentage of responding cells. Here are reported the means 
difference between different conditions, the statistical significance and 
the p–values. One–way ANOVA was performed with Bonferroni’s test for 
means comparisons. Supporting Table S8: Data values referred to the 
histogram plots in Figures 3–7 and Figure S 1, regarding the time onset. 
Here are reported the means difference between different conditions, the 
statistical significance and the p–values. One–way ANOVA was performed 
with Bonferroni’s test for means comparisons. Supporting Table S9: 
Data values referred to the histogram plots in Figures 3–7 and Figure 
S 1, regarding the time to the first peak. Here are reported the means 
difference between different conditions, the statistical significance and 
the p–values. One–way ANOVA was performed with Bonferroni’s test for 
means comparisons. Supporting Table S10: Data values referred to the 
histogram plots in Figures 3–7 and Figure S 1, regarding the number of 
peaks. Here are reported the means difference between different condi­
tions, the statistical significance and the p–values. One–way ANOVA was 
performed with Bonferroni’s test for means comparisons. Supporting 
Table S11: Temperature measurements of the cell bath contained in 
a petri dish measured with a NiCr-/NiAl+ K–type thermocouple (RS) for 
10 min of ISF, and CL stimulation.
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