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1 | INTRODUCTION

The ability of the brain to receive and process information is
critically dependent on regulation operated by nonneuronal cells
called astrocytes.l‘2 Astrocytes sense variation of extracellular
milieu composition that occur in the extracellular environment
during and following neuronal activity. These variations trigger
selective activation of transmembrane receptors and channels
leading to ion, water, and Ca”" fluxes among others across the
cell membrane. The latter membrane dynamics can orchestrate
processes such as energetic delivery, vascular activity, and even
immune responses depending on the stimulus."**

Various receptors and channels have been implicated in
the mechanisms of astrocytes. Among others, plasma mem-
brane cation channels belonging to the transient receptor po-
tential (TRP) superfamily have been shown to play a critical
role in regulating homeostatic intracellular calcium ([Ca2+]i)
signaling in astroglia.””!" Water transport and distribution is
facilitated by the water channel aquaporin-4 (AQP4).!!-13
Together, TRP Vanilloid 4 (TRPV4) channels in conjunction
with AQP4 are critical in controlling ion and water dynamics,
thus, driving regulatory volume mechanisms as shown in pri-
mary astrocytes1 1% and the retina in situ.'>" Dysfunction in
this TRPV4-AQP4 cooperation causes brain swelling, most
notably in ischemia, epilepsy, and brain tumors, proving the
importance of astrocytes in the homeostatic mechanism for
normal brain physiology.6’12’16

The narrow set of tools currently available to modulate ion
fluxes, water dynamics, and numerous receptors and channels
expressed in astrocytes have limited our ability to effectively
study their importance in healthy and pathological brain func-
tion. Methods to study astrocytic processes have been for a long
time confined to conventional pharmacology, genetic manip-
ulation, fluorescence imaging of molecular sensors, and elec-
trophysiology.®>!'*171% More recently, we demonstrated that
it is possible to evoke chloride ion conductances,” astrocytic
Ca2+ responses mediated by TRPV4 and cell swelling by op-
tical or electrical stimulation operated by organic devices.”!
Optical tools can provide precise, fast, label-free control of ions,
and water dynamics to study the cellular and molecular mecha-
nisms of astrocytes function and to potentially treat dysfunction.

in shaping the dynamics of infrared pulse-evoked intracellular calcium signal. These
results demonstrate that astrocyte function can be modulated with infrared light. We
expect that targeted control over calcium dynamics and water transport will help to

study the crucial role of astrocytes in edema, ischemia, glioma progression, stroke,

AQP4, astrocytes, infrared stimulation, TRPV4, water dynamics

However, despite recent advances in optogenetics approaches
and optoelectronics device to study neurons,”>* there is a con-
tinued need for reliable methods for label-free control of ion
flux and water dynamics in alstrocytcss.19’21’22’24

Infrared stimulation is a label-free approach that can mod-
ulate neural activity in cells and tissues by transient delivery of
pulsed infrared laser light.zS'29 Mechanistically, infrared stim-
ulation has been shown to rely on a transient spatial and tem-
poral thermal gradient for neuronal depolarization and action
potential initiation in the peripheral and central nervous sys-
tem.*** Studies have also demonstrated the ability of infrared
stimulation to modulate processes in different cells. However,
the biophysical mechanisms, by which this method modulates
cells and tissues is not fully understood.>%*? Nonetheless, the
direct effect of pulsed infrared light on nonneuronal cells such
as astrocytes has not been previously reported.

The goal of this paper then is to study the effect of pulsed
infrared light on astrocytes and to understand the mecha-
nisms, by which astrocytes may be modulated. Results show
that infrared stimulation can drive Ca®* dynamics, trigger
water transport, and cell volume changes in rodent astrocytes.
Based on our observations of the activation of TRP channels,
inositol-3-phosphate receptor (IP;R) and AQP4, we propose
the molecular mechanisms, by which astrocytes are modu-
lated with infrared light. These findings suggest that infrared
stimulation offers a transformative approach to study astro-
cytic homeostatic regulation and to study glial involvement
in normal and diseased brain physiology as well as in the
clinical care of brain disease.

2 | MATERIALS AND METHODS
2.1 | Rat cortical astrocyte culture
preparation, maintenance, and plating

Primary astroglial cultures were prepared at the University
of Bologna (UNIBO) and at the University of Bari
(UNIBA), in concordance with the Italian and European
law of protection of laboratory animals, with the approval
of the local bioethical committee and under the supervision
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of the veterinary commission for animal care and com-
fort of UNIBO and UNIBA, with approved protocol from
Italian Ministry of Health (n° 360/2017-PR for UNIBO
and 710/2017-PR for UNIBA). Astrocytes primary culture
were prepared as described previously.>”!! Neonatal cere-
bral occipital cortices from newborns, at postnatal day 1-2,
of Rattus, Norvegicus, Wistar devoided of meninges were
gently triturated, filtered with a 70-Im cell strainer (Falcon,
BD Bioscience, Bedford, MA), and placed in cell culture
flasks containing Dulbecco's Modified Eagle-glutamax me-
dium with 15% of fetal bovine serum (FBS) and penicillin/
streptomycin (100 U/mL and 100 1g/mL, respectively) as
described previously.“ AQP4 KO (77) pups with a CD21
genetic background and aged-matched controls were used
for preparation of primary cortical astrocytes as described
previously.'

Cells were maintained in incubation at 37°C and 5% of
CO2 and proper humidity levels for three weeks. During this
period, we replaced cell medium every three days and flasks
were gently shaken when necessary to remove undesired
cells. After three and four weeks after isolation cells were de-
tached using trypsin/EDTA 0.025% of solution for 5 minutes
at 37°C and 5% of CO,.

Primary confluent astrocytes were re-suspended by using
Trypsin-EDTA and re-plated on Glass coverslips coated
with Poly-D-lysine (PDL) or with hydrotalcite (HTIc) films,
prepared as described previously.33 Experiments were per-
formed 48-72h after re-plating. Astrocytes were plated at a
high density for calcium imaging and calcium quenching ex-
periments (2.5 X 10* cells/19 mm coverslips). For single-cell
patch-clamp experiments, cells were seeded at a low density
(10* cells/33 mm Petri dish).

2.2 | Pulsed infrared laser stimulation

To explore the effect of pulsed infrared light on astrocytes,
an inverted epifluorescence microscope was fitted with a
multimode fiber attached to a micromanipulator (Sutter Inc),
ensuring tight control of optical fiber positioning at close
proximity (230-250 um) to primary astrocytes plated on a
glass coverslip (Figure 1A,B). Laser light at 1875 nm from
a pulsed diode laser (Capella, Lockheed Martin Aculight,
Bothell, WA) was coupled to the fiber. The pulse duration
was set to 8 ms, which was calculated to be ~3 J/cm2 at
the sample plane and was delivered 30 seconds after the
beginning of the experiment. The infrared laser output was
estimated to be located ~240 um from the center of the op-
tical fiber face at a 45° angle to the cell-coverslip plane
(Figure 1B). For pharmacological characterization of astro-
cyte responses, an exposure to elicit a target activation prob-
ability of 0.8 was used as a baseline for comparison across
all experiments.

rI:ASE‘BJOURNALJ_3
2.3 | Transfection with siRNA

SiRNA transfection was performed using Lipofectamine
RNAIMAX and Opti-MEM according to manufacturer
instructions (Invitrogen) and to protocols previously de-
scribed.!! Briefly, Stealth RNAi siRNA select RNAi (ID
RSS330373, designated “number 9”) that in turn target nu-
cleotides 1201-1225, of rat TRPV4 (GenBank accession no.
NM_023970.1) were purchased from Invitrogen. Transfection
was performed on two-three weeks-old primary rat astrocytes
using Lipofectamine RNAIMAX and Opti-MEM 1 reduced
serum medium according to the manufacturer's instructions
(Invitrogen). The day before transfection, astrocytes were
cultured using DMEM with 10% of FBS without antibiot-
ics. The final concentrations were 50 nM for the selected
RNAI or scrambled control and 10 pL for Lipofectamine
RNAIMAX in a 60-mm culture vessel. After 24 hours the
medium was replaced with complete 10% of FBS DMEM
containing penicillin/streptomycin (100 U/mL and 100 pg/
mL, respectively) medium. Transfection efficiency was veri-
fied using a BLOCK-iT Alexa Fluor Red Fluorescent Oligo
that is not homologous to any known genes. Five days after
transfection, we performed calcium imaging experiments as
described above.

2.4 | Western blot analyses

After 5 days from transfection, Western blot analyses was
performed on cells transfected with scrambled siRNA
and TRPV4 siRNA, as described previously.'' Briefly,
samples containing 25 pg total protein were separated on
SDS-polyacrylamide gels and electrotransferred on to nitro-
cellulose membranes (Bio-Rad Laboratories), blocked in 5%
of BSA in PBS containing 0.05% of Tween-20 and probed
overnight at 4°C with primary antibodies against TRPV4
(1:500, Alomone Laboratories, Jerusalem, Israel), or Actin
(1:1000, Sigma-Aldrich). After washing with phosphate-
buffered saline plus Tween 0.05% v/v (PBST) membranes
were incubated with horseradish peroxidase-conjugated IgG
secondary antibodies (Sigma) and developed with ECL-Plus
(Bio-Rad). Blot imaging and densitometric analyses were
performed with Chemidoc software (Bio-Rad).

2.5 | Calcium imaging

Changes in intracellular Ca’" concentration ([Ca2+]i) were
monitored by calcium imaging using the single-wavelength
Ca’* indicator Fluo-4-AM (Life Technologies). Experiments
were performed 48 hours after cell plating. Astrocytes plated
in glass + PDL and HTlc samples were incubated at room
temperature for 45 minutes to 1 hour with Fluo-4-AM (1
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uM) dissolved in control saline solution. Measurements of
[Ca2+]i were performed by using an epifluorescence micro-
scope (Nikon Eclipse Ti-S) equipped with long-distance dry
objective (40x, 0.4NA) and standard filters for GFP fluores-
cence. The excitation wavelength was 470 nm, filtered from
a broadband LED light source. Light pulse durations were set
to 200 ms, while camera exposure times were set to 100 ms
with a sampling rate of 2 Hz. Data acquisition was controlled
by MetaFluor software (Molecular Devices, Sunnyvale, CA,
USA) or NIS Elements (Nikon Imaging Systems).

2.6 | Electrophysiology

Current recordings were obtained with the whole-cell config-
uration of the patch-clamp technique as described previously.5
Patch pipettes were prepared from thin-walled borosilicate
glass capillaries to obtain a tip resistance of 2-4 MQ when
filled with the standard internal solution. Membrane currents
were amplified, filtered at 2 kHz, and acquired at a sample
rate of 5 kHz by Axopatch 200B amplifier in voltage-clamp
mode. Responses were amplified, low-pass filtered at 1 kHz,
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digitized at 20 kHz, stored, and analyzed with pCLAMP
10. Liquid junction potential (7 mV) was calculated and
corrected off-line; voltages indicated are those relative to
the real transmembrane potentials. Experiments were car-
ried out at room temperature (22-24°C). When necessary,
current values were plotted as current densities calculated
by dividing the current values measured at each membrane
potential by the cell capacitance obtained by the correction
of the capacitive transient of the recorded cells by means of
the digital circuit of the patch-clamp amplifier. To investi-
gate whether astrocytic TRPV4 conductance was altered by
INS, we performed whole-cell patch-clamp experiments, ac-
cording to protocols described previouslys’6 by holding the
membrane potential (Vh) at 7 mV and stimulating the cells
with a 400-ms-long step potential to —87 mV, followed by
a voltage ramp from —87 to 73 mV for 600 ms Potassium
(K™) in the intra- and extra-cellular saline were replaced by
cesium (Cs*) to isolate TRPV4 conductance from voltage-
gated K* currents expressed by astrocytes in vitro and in situ.
Moreover, intracellular C1~ was partially replaced by gluco-
nate to change reversal potential of CI™ and to distinguish
chloride currents from cationic ones. The outward rectifica-
tion profile, known to be dependent by [Ca2+]0, caused by
Ca’* blockage at membrane potentials negative to the rever-
sal potential (E.,) was prevented by using 2 mM [Ca2+]0.
infrared neural stimulation (INS) pulse was delivered when
current profiles reached the steady-state.

2.7 | Calcein self-quenching image
acquisition

Changes in cell volume were assessed using calcein fluores-
cence quenching as described previously.m’34 Experiments
were performed 48-72h after cell re-plating. Astrocytes
were loaded with Calcein-AM (10 uM) (Life Technologies,
USA) dissolved in standard bath solution and they were in-
cubated for 30 minutes at room temperature. Image acqui-
sition was controlled by the NIS Elements (Nikon Imaging
Systems) on a Nikon TI-Eclipse inverted epifluorescence
microscope (Nikon Instruments). The excitation wavelength
used was 470 nm filtered from a broadband source and fluo-
rescence from calcein was filtered through a standard GFP
filter cube (Nikon Instruments). Cells were imaged through
a 20X/0.7NA air objective (Nikon) with a sCMOS cam-
era (Hamamatsu Orca Flash 4.0). Camera exposure time of
10 ms and a sampling rate of 5 Hz was employed.

Image processing and analysis were done in FIJI*° and
Matlab (Natick, MA, USA). Time course fluorescence data
were analyzed with Prism (Graph Pad, San Diego, CA, USA)
software. For each experimental curve, the time constant
of cell swelling or shrinkage phase was obtained by fitting
the data with an exponential function and a time constant

s
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calculated.* Further details surrounding data analysis can be
found in Supporting Information.

2.8 | Solutions and chemicals
Calcium imaging and calcein self-quenching analyses the
control saline bath solution, named as control (CTRL) was
composed of (mM): 140 NaCl, 4 KCl, 2 MgCl,, 2 CaCl,,
10 HEPES, 5 glucose, pH 7.4 with NaOH and osmolarity
adjusted to ~318 mOsm with mannitol. Ca**-free extracel-
lular solution (0 [Ca2+]0ut) contained (mM) 140 NaCl, 4
KCl, 4MgCl,, 10 HEPES, 0.5 EGTA, pH 7.4 with NaOH
and osmolarity adjusted to ~318 mOsm with mannitol. For
electrophysiological experiments, the standard bath saline
was (mM) 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 Hepes,
5 glucose, pH 7.4 with NaOH and osmolarity adjusted to
315 mOsm with mannitol. In order to eliminate potassium
currents, K* was omitted by extracellular solution and pipette
solutions was replaced with cesium (Cs). The intracellular
(pipette) solution was composed of (mM): 100 Cs gluconate,
26 CsCl12, 2 MgClI2, 1 EGTA, 10 TES, pH 7.2 with CsOH
and osmolarity 300 mOsm with mannitol.

Salts and chemicals used to prepare physiological solu-
tions were the highest purity grade and obtained from Sigma
(Milan, Italy).

2.9 | Data analysis,
representation, and statistics

All data are expressed as mean of several cells (n) = SEM.
Statistical comparison of metrics is performed with a 2-sided
student's 7 test unless otherwise noted. A P-value < .05 was
considered statistically significant. All analyses were per-
formed in Matlab.

29.1 | Calcium imaging

On the basis of previous study,5 11 considering the consist-
ency of the results obtained in previous works using the same
culture preparation, we determinate that a minimum num-
ber of four recordings (n value) from three different animals
with two replicates (coverslips) can be considered significant
sample size to determine the response of astrocytes to INS
and for the pharmacological manipulation. Accordingly,
each cell culture preparation was prepared from one differ-
ent newborns animal and each calcium imaging recording
was considered as n (N). For each experimental condition, a
set of at least two different coverslips from each cell culture
preparation were tested. For patch-clamp experiments, a min-
imum of 10 cells recorded with the same ionic condition were
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considered significant sample size for testing the response to
INS, and 4 when pharmacology was used TRP pharmacol-
ogy.s’“’36 Somatic cellular fluorescence time series were
manually extracted in both Metafluor (Molecular Devices,
Sunnyvale, CA, USA) and with a custom-written FIJI script
to accelerate data extraction.” Extracted data were imported
into analysis in MATLAB (Mathworks, Natick, MA, USA),
where raw fluorescence traces are aligned relative to INS
pulse delivery, normalized, and processed to extract different
calcium response metrics. Alignment of traces relative to INS
pulse delivery were performed by locating the peak second
derivative for fluorescence intensity as a function of time for
each imaging experiment's average time series. Defocusing
due to the transient heating of the INS pulse delivery yields a
sharp transient decrease in observed intensity for each image,
which resulted in a relatively high peak in the fluorescence
time series second derivative. Time series data for each cell
was subsequently truncated to 5 seconds prior to INS expo-
sure for analysis purposes. Each cell's raw fluorescence in-
tensity was normalized with respect to the mean raw intensity
of the 10 frames prior to IR exposure, which are reported and
analyzed as fractions (dF/F).

Quantitative metrics extracted from each cell's time se-
ries trace included maximum change in relative fluorescence,
elapsed time to peak fluorescence intensity, the full-width
half-maximum of each cells response, and the numerically
integrated area of each cell's response. A cell was deemed
“activated” if a 5% increase in normalized calcium fluores-
cence within 20 seconds of IR exposure. The fraction of ac-
tivated cells relative to the total number of cells observed is
reported as “activation fraction” or “fraction of responding
cells”. Statistical comparison of metrics is performed with
a 2-sided student's ¢ test unless otherwise noted. Error bars
reported are standard error of the mean (SEM) response be-
tween cells unless otherwise denoted. Plotting was performed
in MATLAB with the “superbar” package and native plotting
functions. FIJI scripts for data compression/extraction as well
as MATLAB processing scripts are available upon request.

2.9.2 | Analysis of calcein experiments

For analysis of calcein experiments, cells were selected, and
time series were extracted through a custom FIJI script. Time
series for each cell were imported into MATLAB for process-
ing and analysis. Low-frequency fluorescence background
subtraction from each time series was achieved by fitting a
6th-order polynomial function the time series points outside
of our region of interest. Our determined area of interest was
5 frames prior to INS stimulus and 350 after stimulus. The
initial 50 frames of data were excluded to avoid skewed fits
due to initial photobleaching artifacts. We found that the
6th-order polynomial best accounted for photobleaching

inconsistencies that arise from preparing each field of view
for observation (eg, fiber placement). Relative changes in
calcein fluorescence due to INS exposure were calculated
by dividing the difference of corrected fluorescence intensity
2 seconds'’ prior to and following INS exposure by the pres-
timulated fluorescence intensity (dF/F). Negative changes
in fluorescence indicate decreases in fluorescence intensity
after INS exposure. Mean time traces are reported for each
experimental condition as the central tendencies of observed
responses, unless otherwise noted.

2.9.3 | Electrophysiological data
Electrophysiological data are expressed as mean =+ standard
error mean (SEM) of several cells (n) in the various condi-
tions. The statistical analysis was performed with two-tailed
Student's ¢ test and a P-value .05 was taken as statistically
significant. Steady state current density in response to ramp
currents was calculated before and after the INS stimulation.
Maximal current increase (ApA/pF) is reported as the ratio of
the maximal current density observed after INS at —87 mV
and +73 mV, divided by the current density recorded at the
same voltages at the steady state before the stimulus.

3 | RESULTS AND DISCUSSION
3.1 | Infrared pulsed stimulation evokes
calcium signaling in primary astrocytes

To evaluate whether pulsed infrared light can modulate as-
trocytes, cortical primary rat astrocytes were plated on glass
coverslips coated with Poly-p-lysine (PDL) and placed under
an inverted fluorescence microscope while delivering 8 ms
pulsed infrared light (A = 1875 nm) using an optical fiber
placed close to the cell from above as shown in Figure 1 (See
Methods). The astrocytes were loaded with the calcium indica-
tor Fluo-4-AM (2 uM) and calcium imaging was used to study
the resulting cell dynamics. Changes in fluorescence intensity
(dF/F) were directly related to intracellular levels of free Ca*t
([Ca2+]i) in the cell soma. The observed responses were char-
acterized by a rapid increase in [Ca2+]i that reached its peak
intensity ~6.91 & 1.12 seconds (T,¢,) and had a duration (T,
reported as full-width half-maximum times) of 9.39 + 1.64 sec-
onds, followed by a recovery of fluorescence to near initial
baseline levels after 120 seconds (Figure 1C). The time course
of dF/F response of an individual cell were consistent across
the cells observed with an average maximum fluorescence of
1.28 + 0.02. The activation probability (P), or the fraction of
cells responding to infrared light, was found to be dependent on
radiant exposure (J/em?) with a 50% activation probability oc-
curring at 14.31 J/em? at the tip of the fiber (Figure 1D), which
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translates to approximately 3 J/em? at the cell surface. Radiant
exposures targeting an activation fraction of 0.8 was selected
for the rest of the experiments described. We have performed
experiments to verify astrocytic viability during IR stimulation
by assessing extracellular membrane integrity with propidium
iodide (PI) uptake. By exposing cells to IR in the presence of
PI-containing solution, positively stained cell nuclei would in-
dicate cell death induced by the IR pulse. Unstimulated (Figure
S1A) and threshold-stimulated cells (Figure S1B) showed neg-
ligible levels of PI fluorescence, within 5 minutes of IR stimu-
lation. On the contrary, exposure to IR at almost higher power
(Figure S4C) and to chemogenic permeabilization with a dilute
detergent solution, 0.1% Tween-20 (Sigma-Aldrich, St. Louis,
MO, USA) (Figure S1D) display strong PI fluorescent signal.
Collectively, these results suggest that, within 5 minutes of IR
stimulation, acute cellular damage is not a cause for concern at
threshold radiant exposures for astrocytic modulation.

Pharmacological methods were used to isolate the basis
of intracellular Ca®* rise observed with infrared stimu-
lation. All the results, expressed as mean + SEM and sta-
tistic P-values (Pval), are reported in Supporting Table
S1. Application of intracellular Ca®* chelator (N,N,N’",N’-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine, TPEN,
2mM)*’ (Supporting Table S1, Figure 2, and Figure S2)
results in a significant reduction in activation probability
and peak dF/F followed by alterations in response dynam-
ics. Application of 2-Aminoethoxydiphenylborane (2-APB,
100 uM), an antagonist of Inositol-3-Phosphate (IP;) recep-
tors results in a near loss of the calcium response and a dras-
tic reduction in activation probability. Substitution of control
saline solution (CTRL) with a Ca®*-free solution (0[Ca®*],,
Figure 2A,B) results in a statistically significant decrease in
dF/F and T, and a decrease in the activation probability as
well as < T, (Table S1, Figure 2, Figure S2) and shows
that extracellular Ca®* influx is needed for the amplification
and maintenance of infrared-mediated [Ca2+]i responses as
well as the onset of Ca®* response. We found that blocking
gap junctions (essential for propagation of [Ca2+]i through
the syncytium38’39 does not alter the magnitude of [Ca2+]i
responses when compared to control, as observed with bath
application of Carbenoxolone (CBX) although the activation
probability is significantly reduced. Collectively, our results
suggest that [Ca2+]i responses to pulsed infrared light are
initiated by IP;R-dependent Ca’" release from intracellular
stores, sustained by [Ca2+]0 influx, and propagated across as-
troglia cellular networks through gap junction.38

These observations align with the response to infrared
stimulation seen in neuroblastoma-glioma and hippocam-
pal neurons in vitro. 404! Pharmacology implicates IP;R as
a primary pathway for the release of [Caz+]i from intracel-
lular stores and is believed to be critical in numerous astro-
cytic functions.? Recent work suggested that Ca®" release
via IP;R activation is crucial for the release of signaling

rI:ASE‘BJOURNALJ_7
molecules from astrocytes that mediate astrocyte-neuro-
nal communication and influence long term potentiation in
situ.>*? Thus, our results with an approach that can trigger
IP;R pathways might offer the opportunity for probing com-
munication between neuronal and glial cells.

3.2 | TRPV4 and TRPA1 mediate influx of
calcium and whole-cell conductance changes
with infrared light

Using selective pharmacology and siRNA methodolo-
gies, the molecular basis for [Ca2+]0 influx was evaluated.
Thermally sensitive TRPV4 has been shown to be involved
in the response of spiral, vestibular, and dorsal root ganglion
neurons to pulsed infrared light.43'45 Considering TRPV4’s
role in astrocyte physiology,5 613 e postulated that TRPV4
is involved in the Ca®" dynamics of astrocytes during infra-
red stimulation. Results show that TRP superfamily member
channels are broadly involved in Ca’" influx. The magnitude
of dF/F and activation probability is significantly reduced
following the application of a broad-spectrum TRP channel
antagonist, Ruthenium Red (RR, 10 uM) (see Figure 2E,F).
Additionally, RR did not alter the dynamics of Ca’" re-
sponses, as Ty, and T;,, when using RR is comparable to
values in control saline (Figure S2C,D). In the presence of
selective TRPV4 antagonist RN1734 (RN, 10 uM),* dF/F,
and activation probability were reduced but not eliminated,
and it is not involved in shaping the response dynamics
(Figure S2C,D). These findings indicate that TRPV4 is im-
portant in the observed response but is not the sole intermedi-
ary to the process. With the addition of HC030031 - a TRP
Ankyrin-1 (TRPA1)-specific antagonist - the peak dF/F was
significantly attenuated, while T, and T, both increased
(Figure S2C,D). On the contrary, activation probability was
not significantly altered (Figure 2D,F). These results support
that TRPAT1 also plays a role in the magnitude and dynamics
of the Ca" responses.

Figure 3 shows the results obtained in astrocytes trans-
fected with scrambled siRNA and TRPV4 siRNA. Western
blot experiments and densitometric analysis, indicated that
the transfection with TRPV4 siRNA causes 73% (+£4%) of
reduction of the band at 110 kDa, which correspond to the
isoform that is expressed in the membrane of astrocytes5
(Figure S3A).

Reduced expression of TRPV4 alter Ca®* responses with
infrared stimulation (Figure 3A). Slight but significant dif-
ferences were observed in the Ty, (Figure S3B), while T,
was significantly higher in TRPV4 knock down cells (Figure
S3C). Both df/F and activation probability are significantly
lower in these cells (Figure 3B,C). Using a whole-cell patch-
clamp rig, electrophysiology was also performed in trans-
fected astrocytes as well as nontransfected cells (Figure 3D,E).



BORRACHERO-CONEJO ET AL.

* L FASEB.nu

(A) (D)
1.3
— CTRL
RR
RN
1.2r HC-030031
[T 1
5 =
© ©1af
1 ==y
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (s) Time (s)
(B) (E)
161 160
15F exn . 15F
[T
T 141 =4l *% % - ok
o °
€ | c |
513 Tk 513 ’
= ]
[ L
< 1.2 g 12+
1.1 11k
1 1
CTRIoca?) STRL TREN 'GTRL. 2:AR8 CTRL. €BX CTRL RR CTRL RN  CTRL HC-030031
(C) (F)
12r 12
2 °
© - %k %k ok S L
§_ 1 * * sk ok * Kk 5 ! *ok *
7] [ Q
0.8 $o08r
8 8 ' ) o .
206l 206
o Y- = 06+
O 8
B 041 5 04t
S 5
§ 0.2 ‘g 02F
IC -
0

CTRlg[ca2") CTRL TPEN CTRL 2-APB CTRL CBX

CTRL RR CTRL RN CTRL HC-030031
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orange trace), 2-APB (100 uM, blue trace) or CBX (50 uM, violet trace) to the CTRL saline. B and C, Histogram plots depicting the averaged
maximal dF/F (B) and activation probability (C) calculated for CTRL saline and O[Ca2+]0 solution (green columns), CTRL and CTRL + TPEN

(orange columns), CTRL and CTRL + 2-APB (blue columns), CTRL and CTRL + CBX (purple columns). D, Representative traces of experiments
performed in CTRL saline (black), and CTRL + Ruthenium Red (RR, 10 uM, red trace), CTRL + RN-1734 (10 uM, dark blue trace), CTRL + HC-
030031 (40 uM, yellow trace). E and F, Histogram plots depicting the averaged maximal dF/F (E) and activation probability (F) calculated using
CTRL saline and CTRL + RR (10 uM, red columns), CTRL and CTRL + RN-1734 (10 uM, dark blue columns), CTRL and CTRL + HC-030031
(40 uM, yellow columns). Data are reported as mean and SEM. Student's ¢ test, *P < .05; **P < .01; ***P < .001). Red lines in A and D represent

the time point at which the pulsed infrared light was delivered. All experiment in the present figure were performed using primary rat cortical

astrocytes

The electrophysiological data further implicate the role of
TRPV4, demonstrating that infrared-induced cationic current
increases are attenuated upon knocking down the expression
of TRPV4. Cationic currents are further abolished by addi-
tional blocking the function of TRPA1 (Figure 3E). Using
saline solution and stimulation protocols described previ-
ously,5,6 we recorded ramp baseline currents (see Methods
for details) that changed polarity at positive potentials,

consistently with a cation conductance (E., 22 + 7mV,
n = 11). Exposure to pulsed infrared light induced a fast in-
crease in ramp currents that reaches its peak after 10 seconds
(Tpeak = 9.8 + 2 5). An increase in current density was de-
tected at both positive and negative potentials (Figure 3E, red
columns) and reversed at voltages comparable with respect
to controls (21 + 10 mV). Astrocytes transfected with scram-
bled siRNA showed current responses similar in magnitude
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(Figure 3E grey columns) and dynamics (Tpe = 9.7 + 3 5)
to those observed in nontransfected cells. Infrared-evoked
current responses were negligible for both inward and out-
ward currents in TRPV4 siRNA astrocytes (Figure 3E, blue
columns). The onset of the infrared-evoked current was de-
layed in TRPV4 siRNA (T, = 3443 s). Interestingly, the
addition of HC-030031 (blocking TRPA1) decreased both in-
ward and outward current density changes elicited by infrared
stimulation in scrambled siRNA (Figure 3E, green columns)
and nulled the residual responses in TRPV4 siRNA treated
cells (Figure 3E, white columns). Collectively, these results
suggest that TRPV4 and TRPAI are both involved in me-
diating astrocytic extracellular Ca®" influx and conductance
increases in response to pulsed infrared light. The notion that
TRPAL is critical for regulation of basal [Ca2+]i in astrocytes
in vitro and in situ®® may account for its involvement in the

onset of the [Ca2+]i responses and the relative decrease in
dF/F magnitude when it is inhibited (Supporting Table S1,
Figure 2E).

3.3 | Water transport is triggered by
infrared stimulation

Given the partnership of TRP channels with AQP4 in astro-
cytes,” we hypothesized that the activation of TRPV4 and
TRPA1 may be related to AQP4 and related astrocytic cell
volume changes. To validate this hypothesis, astrocytes from
wild-type (WT) mice and AQP4 knockout (KO) mice were
modulated with pulsed infrared light and compared. Calcium
imaging results show that AQP4 expression is critical to the
magnitude and dynamics of the response of astrocytes to
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infrared stimulation. When compared with WT, AQP4(_/_)
astrocytes showed a decrease in both peak dF/F (Figure 4A,B)
and activation probability (Figure S4C). Deletion of AQP4
caused a significantly delayed onset, with a nearly 50% in-
crease in Ty, (Figure 4C) and a prolonged T, compared
to WT astrocytes (Figure S4D). Accordingly, in differenti-
ated astrocytes plated on nanostructured hydrotalcite (HTIc)
films, where AQP4 expression and water permeability are
increased,®® the peak dF/F, and activation probability were
increased with increased time to peak using infrared stimula-
tion (Table S1, Figure 4, and Figure S4).

Remarkably, by performing a calcein fluorescence
self-quenching assay,34 we found that pulsed infrared light
consistently induced water transport resulting in swelling and
shrinkage of primary rat cortical astrocytes. Changes in cell
volume appear in spatially distinct domains surrounding the
site of stimulation. Nearly 50% of calcein-loaded astrocytes
(505 responding, 526 nonresponding, n = 1031 cells) showed
changes in levels of fluorescence immediately after the laser
light was delivered (Figure 5A). About half of responding
cells (n = 255) responded with decrease in fluorescence
(shrinking), while the remaining responded with fluores-
cence increase (swelling). Interestingly, the magnitude of
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swelling as demonstrated by the increase in fluorescence
(0.57 + 0.38%) was different from that of shrinkage, that
is, the decrease in fluorescence (—1.39 + 1.01%). The time
constant of cell swelling was faster (0.44 + 0.04) than that
observed for cell shrinkage (0.01 + 0.02).

The spatial map of change in fluorescence following in-
frared stimulation as shown in Figure 5B, indicates that the
cells directly under the fiber delivering infrared light shrunk
in volume, while those located radially distal from the fiber
illumination showed swelling. These results show that in-
frared stimulation induces both swelling and shrinkage in
primary rat cortical astrocytes in spatially distinct domains
surrounding the site of stimulation. These changes suggest
that homeostatic osmotic responses may be triggered by this
method.

3.4 | Proposed mechanisms

Various hypothesis can be proposed to explain the mecha-
nisms underlying the effect of pulsed infrared light on astro-
cytes based on the experimental results described (Figure 6).
Previous studies suggest that in electrically excitable and
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FIGURE 4 AQP4 expression is determinant for the dynamic of infrared-evoked calcium response. A, Representative traces of calcium
fluorescence recorded in primary astrocytes from WT (light grey trace) and AQP4-KO (*"7) mice (dark blue trace). B and C, Histogram plots
showing averaged maximal dF/F (B) and time to peak (C) in astrocytes from WT (light grey columns) and AQP4-KO (_/_) astrocytes (dark blue
columns). D, Representative traces of calcium imaging experiments reporting dF/F dynamics performed on rat astrocytes grown on PDL (black

trace) and on HTlc films (light blue trace). E and F, Histogram plots showing averaged maximal dF/F (E) and time to peak (F) in rat primary

astrocytes grown on PDL (grey columns) and HTIc films (light blue columns). All histogram plots represent mean and error bars represent SEM.
Student's ¢ test, *P < .05; *P < .01; ***P < .001). Red dashed line in A and D represents the timepoint, where pulsed infrared light was delivered
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FIGURE 5 Water permeability is triggered by infrared pulses in rat astrocytes. A, Representative traces of calcein fluorescence recorded

in rat astrocytes representing fluorescence somatic response to an infrared pulse. Red dashed line represents the time point at which the pulse INS

was delivered. B, left panel: image of dF/F recorded one second before the laser pulse, center panel: spatial map of fluorescence changes following

infrared laser pulse exposure, merge of the images is indicative of the spatial distribution of the response. Scale bars are 50 uM

non-excitable cell models, infrared stimulation initiates a
mechano-electrical effect at the cell plasma membrane, tran-
siently modulating its thickness, capacitance, and its lipid
bilayer structure.’**? If direct gating of AQP4 by tempera-
ture rise is unlikely, the transient thermal gradient generated
by infrared stimulation may spatially alter the kinetic energy
of the water molecules around and within the cell,*’ driving
water transport through the cells. It is also possible that the
laser light modulates the lipid bilayer composition or fluid-
ity in the extracellular membrane,48 thus, initiating water
transport and swelling/shrinkage through AQP4-independent
pathways. As a result, AQP4 may accelerate or add to an al-
ready infrared-initiated event that increases swelling/shrink-
age rate.

Previous studies report the activation of TRPV4 by infra-
red stimulation in spiral and vestibular ganglion neuron.*>**
However, our data suggest that TRPV4 is not directly acti-
vated by pulsed infrared light in astrocytes, but rather as a
secondary response to some additional effector. Function of
TRPV4 is known to be dependent on osmotic stlress,5’“’13’49
basal [Ca2+]i,5 3% that in the present case may be controlled in
part by TRPA1 or IP5R.

Given the known affinity and interaction between IP; and
TRPV4,% it is possible that the activation of TRPV4 that we
observed is dependent by the production of IP; induced by

osmotic stress or by the increase in [Ca2+]i.50 Accordingly,
pulses of infrared light activated phospholipase-C mediated
rises in [Ca2+]i HT?22 mouse hippocampal neurons and U87
human glioblastoma cells, suggesting the formation of IP3.40
However, our results do not provide evidence for IP; produc-
tion by IR light in astrocytes, but only of activation of IP;R
by pulsed IR light.

Direct thermal activation of TRPAI is unlikely, as its
debated thermal activation is prominently for cold stimuli
rather than warm.”*° A recent work suggested a direct ac-
tivation of TRPA1 by transient heat induced by ultrafast
infrared laser pulse,51 but the temperature-time dynamics
explored were quite different from those explored in this
study. Interestingly, a recent study reported the implication
of TRPA1 in osmotic-induced Ca®" influx.’* While its ac-
tivity and expression patterns is modulated by membrane
lipid surrounding environment,” which might explain the
role of TRPA1 during infrared stimulation. In summary,
we hypothesize that infrared stimulation induces trans-
membrane water transport or alteration in lipid membrane
composition, which in turn activates TRPA1. This activa-
tion initiates Ca”* entry, promoting Ca®* release via IP;R,
increased in [Ca2+]i might bind to TRPV4 and sensitizes
it to the cell volume changes triggered by pulsed infrared
light (Figure 6).
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FIGURE 6 Possible mechanism underpinning the effects of infrared stimulation in astrocytes. Infrared pulse effects a thermal increase that

can alter astroglial plasma membrane structure (thickness, fluidity, permeability) or osmotic gradient, (1). The alteration can allow water fluxes

through the plasma membrane (2a) and through AQP4 (2b). Cell volume changes and/or mechanical membrane stress or incidental lipid release
induced by infrared stimulation might activate TRPA1 (2a). Ca®* influx through TRPA1 can elicit Ca** induced Ca’" release via IP;R (3). We
hypothesize that [Ca2+]i released via IP;R path can bind TRPV4 and sensitize it to cell volume changes to initiate RVD or RVI (4). Lastly, the
Ca’" signal can travel through gap junctions to spread to neighboring cells (5). Given that osmotic stress via the arachidonic acid path to induce the

production of IP3,49 we cannot rule out that the increase of IP; is involved in the effect (?) or on its propagation from cell to cell

4 | LIMITATIONS

In this study, our experiments only addressed a narrow range
of possible physiological responses that infrared stimulation
may be driving in astrocytes. As a cell that is integral to so
many dynamic processes in the brain, we cannot conclusively
state that water transport and intracellular calcium dynam-
ics are the only driving responses triggered in astrocytes.
Further, our study only sought to understand acute astrocytic
responses to IR exposure. Chronic effects of IR exposure on
astrocytes are actively being studied. Nonetheless, our work
provides a basis for how pulsed infrared light affects acute
astrocyte physiology.

Activation of cortical astrocytes in conjunction with
neuronal cells when using infrared stimulation has been
previously demonstrated in vivo.”? However, questions re-
mained on whether this response is a direct effect of this
light on astrocytes or neurons with the other being affected
indirectly. Here, we show that astrocytes respond to pulsed
infrared light, suggesting that we must consider how astro-
cytes might be affecting neuronal activity during infrared
stimulation of the brain. On the contrary, previous stud-
ies have shown that neurons also respond to infrared light.
Thus, future studies using co-cultures and controlled mul-
ticellular preparations must be conducted to evaluate the

selectivity (or lack thereof) of this approach in different
cell types and their interplay.

The specificity of laser parameters needed to modulate
specific cell types remains to be determined. Moreover, our
study only probed short, 8 ms pulses of infrared light and
delivered to a group of cells primarily targeting the cell body.
However, pulsed infrared light has been demonstrated using
a wide range of laser pammeters.53 The spatial and tempo-
ral scale of calcium dynamics in astrocytes appears to vary
depending on the initiation of Ca’* signals in the cell body,
processes, or endfeet.”*> By modifying the illumination ge-
ometry of the fiber as well as varying laser parameters, spa-
tially, and temporally, we may be able to trigger cellular or
subcellular responses for tightly controlled multiscale prob-
ing and analyses of astrocytic [Ca2+]i to study their function
and dysfunction in various models.

5 | IMPLICATIONS

We have recently demonstrated that it is possible to evoke as-
trocytic Ca2+ responses mediated by TRPV4, TRPAL1 as well
as cell swelling with electrical stimulation®! by organic cell
stimulating and sensing device. Previous attempts from other
groups to evoke astrocytic Ca** responses with light in cell
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cultures were only successful when used with cell-conjugated
NIR-optimized plasmonic nanostructures or label-free with
high-intensity ultrafast NIR laser pulses.56'58 Practically, our
method of stimulation offers a label free, touchless strategy
of glial and neural modulation - without exogenous effectors
or genetic modification. A recent study indicates that com-
monly used visible light illumination protocols increase the
temperature by 0.2-2°C and suppress spiking in multiple brain
regions.59 Now, this work raises questions on the assumption
that astrocyte functions are not altered by thermal or optical
modulation such as that used during two-photon imaging of
calcium dynamics imaging in situ and in vivo. This calls for
detailed investigation of the impact of light on neural cell func-
tion. Regardless, infrared stimulation may be a useful tool for
studying astrocytic water and ionic dynamics and the effect of
homeostasis, neuro-vascular coupling, and osmotic stress in
healthy and pathological brain function.

6 | CONCLUSION

In conclusion, we have demonstrated for the first time that
astrocytes can directly and dynamically respond to pulsed
infrared light. We provide clear and consistent evidence of
the molecular mechanisms initiating the response, as well as
downstream effects that have a direct impact on physiologi-
cally relevant astrocyte function. Specifically, we have (a)
characterized the initiation of Ca®" responses in astrocytes
from a label-free single 8 ms pulse of infrared light in terms of
[Ca2+]i dynamics, whole-cell cationic conductance, and water
permeability, (b) identified specific molecular players that
underpin the effect of infrared stimulation on astroglial cells,
highlighting that activation of IP;R path for [Ca2+],~, TRPAL,
TRPV4, and AQP4 are all involved in shaping the dynamics
of infrared-evoked [Ca2+]i activity, (c) demonstrated that in-
frared stimulation is a valuable tool to study Ca*" and water
dynamics as well as regulatory volume responses in cultured
astrocytes, which may be useful in studying these processes
during homeostatic dysregulation or exploring the effects of
astrocyte activity on neuronal signaling. Such tools can probe
the ionic and osmotic dynamics of the brain on a cellular and
whole-organ scale and modulate homeostatic function in as-
trocytes at high spatial and temporal precision that would en-
able the study of healthy and diseased brain function.
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