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Abstract
The retina of vertebrates is responsible for capturing light through visual (cones and rods) and non-visual photoreceptors

(intrinsically photosensitive retinal ganglion cells and horizontal cells) triggering a number of essential activities associated

to image- and non-image forming functions (photic entrainment of daily rhythms, pupillary light reflexes, pineal melatonin inhi-

bition, among others). Although the retina contains diverse types of neuronal based-photoreceptors cells, originally classified

as ciliary- or rhabdomeric-like types, in recent years, it has been shown that the major glial cell type of the retina, the Müller

glial cells (MC), express blue photopigments as Opn3 (encephalopsin) and Opn5 (neuropsin) and display light responses asso-

ciated to intracellular Ca2+mobilization. These findings strongly propose MC as novel retinal photodetectors (Rios et al.,

2019). Herein, we further investigated the intrinsic light responses of primary cultures of MC from embryonic chicken retinas

specially focused on Ca2+mobilization by fluorescence imaging and the identity of the internal Ca2+ stores responsible for

blue light responses. Results clearly demonstrated that light responses were specific to blue light of long time exposure, and

that the main Ca2+ reservoir to trigger downstream responses came from intracellular stores localized in the endoplasmic

reticulum These observations bring more complexity to the intrinsic photosensitivity of retinal cells, particularly with regard

to the detection of light in the blue range of visible spectra, and add novel functions to glial cells cooperating with other pho-

toreceptors to detect and integrate ambient light in the retinal circuit and participate in cell to cell communication.

Summary statement:
Non-neuronal cells in the vertebrate retina, Muller glial cells, express non-canonical photopigments and sense blue light

causing calcium release from intracellular stores strongly suggesting a novel intrinsic photosensitivity and new regulatory

events mediating light-driven processes with yet unknown physiological implications.
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Introduction
The inner retina of vertebrates is a complex network of
neurons and glial cells, nevertheless it shows a layered ana-
tomic and functional arrangement, where the information
flows both vertically and laterally (Guido et al., 2020;
Meister & Tessier-Lavigne, 2013). Müller glial cells (MC)
exhibit a key positioning across the whole retina, contacting
all type of retinal neurons and together representing the small-
est functional unit of the retina (Bringmann et al., 2006).
Closely related to its location, numerous functions are attrib-
uted to MC spanning retinal development, metabolism, neuro-
transmission, injury response and regeneration (Barnett &
Pow D, 2000; Bringmann et al., 2006; Jorstad et al., 2020;
Newman, 2003; Pannicke et al., 2005; Pfeiffer-Guglielmi
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et al., 2005; Willbold et al., 2000). Notably, MC have engaged
diverse research field for many years as for comparative,
morphological and basic neuron-glia interaction studies of
great significance (Newman, 2005, 2015; Pannicke et al.,
2017).

Local circuits in the inner retina of vertebrates drive spe-
cific non-image forming functions (NIF) that include,
among others, the entrainment of circadian rhythms at cellu-
lar, molecular and metabolic levels. The information regard-
ing environmental lighting conditions along the day in the
blue-UV spectrum is processed by non-canonical photorecep-
tor cells and non-visual opsins (Opn3/encephalopsin, Opn4/
melanopsin and Opn5/neuropsin) (Berson et al., 2002; Buhr
et al., 2015; Chaurasia et al., 2005; Contin et al., 2006;
Hattar et al., 2003; Lucas et al., 2003; Morera et al., 2016;
Rios et al., 2019). Our group has substantially contributed
to the identification of new retinal photosensitive components
by initially describing the pupillary reflex action spectrum in
the blind chick strain named GUCY1* - which has complete
loss of rods and cones from the time of hatching- with an
absorbance peak at 484 nm (Valdez et al., 2009). Strikingly,
these blind birds suffering a severe retinal degeneration
retain their inner retina functional and still able to synchronize
their feeding rhythms to light (Valdez et al., 2009, 2013). In
particular, a subpopulation of intrinsically photosensitive
retinal ganglion cells in the chicken retina activates the phos-
phoinositide cycle as well as an increase in intracellular Ca2+
levels (Contin et al., 2006; Contín et al., 2010; Díaz et al.,
2017). Moreover, horizontal cells expressing Opn4x
(Xenopus isoform) were later characterized as new intrinsic
photoreceptors responding to light through a cascade involv-
ing Gq protein, phospholipase C (PLC) activation, depolariza-
tion and increased intracellular Ca2+ , with consequent
release of the inhibitory neurotransmitter GABA (Morera
et al., 2016). In both cases the photosensitive capacity of
these cells was attributed to the expression of the non-visual
photopigment Opn4 (Díaz et al., 2017; Morera et al., 2016).
Meanwhile, activation of Opn4x in chicken retinal ganglion
cells and the photoisomerase retinal G protein-coupled recep-
tor (RGR) in MCmodulate retinaldehyde levels in response to
light and maintain the balance of inner retinoid stores (Díaz
et al., 2017).

Our most recent studies are focused on light-driven
responses in MC, at first by the description of a gradual
increase, from early embryonic stages (E7/8) throughout
development and up to the time of hatching, in the transcription
and expression of Opn3. The staggering increase of the non-
visual opsin expression goes along with the elevation in tran-
scription and expression of classical glial markers, such as
glial fibrillary acidic protein (GFAP) and glutamine synthase
(GS) (Rios et al., 2019). In fact, MC in primary cultures
express the non-visual opsins Opn3 andOpn5, and particularly
for Opn3 we showed that its expression and location is
photic-regulated by blue light (BL) and dependent on protein
synthesis. Further, we identified a direct photic response by

MC to a BL pulse observed as an increase in intracellular
Ca2+ levels. This response is dependent on opsin activation,
as it is inhibited by the non-specific opsin antagonist hydroxyl-
amine, and identifies three subpopulations based on their BL
responses: cells responding with ≥20% of Ca2+ increase,
another group with 10–20% of Ca2+ increase, and those no
responding at all (Rios et al., 2019).

The present work describes to a greater extent the Ca2+
response elicited by a BL pulse in enriched cultures of
avian MC. We show that MC activation involves Ca2+
release from intracellular stores; as their pharmacological
depletion decreased the percentage of MC effectively
responding to BL whereas the presence of an extracellular
Ca2+ chelator did not substantially affect BL responses.
Indeed, cytosolic Ca2+ increase in MC goes along with a
decrease in the levels of Ca2+ in the endoplasmic reticulum.
In this context, MC can be postulated as new intrinsically pho-
tosensitive components in the inner retina of vertebrates
potentially contributing to local circuits in the regulation of
various physiological processes by BL.

Materials and Methods

Materials
All reagentswere of analytical grade. Opn3PoliclonalAntibody,
Rabbit (NovusCat# NB110-74721, RRID:AB_2158340);
Vimentin monoclonal antibody, Mouse (Sigma-Aldrich
Cat# V5255, RRID:AB_477625); GFAP policlonal
antibody, Rabbit (Sigma-Aldrich Cat# G9269, RRID:
AB_477035); Glutamine Synthetase monoclonal antibody,
Mouse (Millipore Cat# MAB302, RRID:AB_2110656);
Glutamate/Aspartate transporter 1 (Santa Cruz Cat#sc-
515839); and Tubulin monoclonal antibody, Mouse
(Sigma-Aldrich Cat# T9026, RRID:AB_477593). The secon-
dary antibodies used for immunocytochemistry were
DylightTM 488-conjugated AffiniPure Donkey Anti- Mouse
or DylightTM 549-conjugated AffiniPure Donkey Anti-Rabbit
(dilution 1:1,000, Jackson Immuno Research Laboratories).
40,6-diamidino-2-phenylindole (DAPI), papain suspension in
0.05 M sodium acetate (P3125), trypsin, Thapsigargin and
EGTAwere from Sigma-Aldrich. The fluorescent Ca2+ indica-
torsCalciumOrange/AM,Mag-Fluo-4/AMorRhod-2/AMwere
from Invitrogen-Molecular Probes

Animal Handling
For the different studies performed, chicken embryos (Gallus
gallus domesticus) (Avico) at embryonic day 8 (E8) were
used as previously described (Díaz et al., 2017; Rios et al.,
2019). Eggs were incubated at 37°C with 60% of humid atmo-
sphere (model 80/AD, Yonar SRL, Buenos Aires, Argentina).
Chicken embryos were sacrificed by decapitation. All exper-
iments were performed in accordance with the Use of Animals
in Ophthalmic and Vision Research of ARVO, approved by
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CICUAL (Institutional Committee for the Care and Use of
Experimental Animals, School of Chemistry, National
University of Cordoba; RD-2021-717-E-UNC-DEC#FCQ).

Primary Cultures of Müller Glial Cells
Primary cultures of MC were purified from neural chick E8
retinas. Briefly, retinas were dissected in ice-cold
Ca+2-Mg+2 free Tyrode’s buffer (CMF) containing 25 mM
glucose as previously reported (Díaz et al., 2017) with modi-
fications (Rios et al., 2019). Briefly, cells were treated with
papain for 25 min at 37°C and trypsin for 5 min and rinsed
with Fetal Bovine Serum (FBS) 10% and Dulbecco’s modi-
fied Eagle’s medium (DMEM- Sigma). After dissociation,
the cells in suspension were seeded in Petri dishes and were
grown in DMEM supplemented with FBS 10% for two
weeks. After 7 days, cell cultures are trypsinized and re-plated
in petri dishes or multiwell depending on the experiment and
maintained for another week, when we obtain purified glial
cultures, virtually free of neurons. Cultures were incubated
at 37°C under constant 5% CO2-air flow in a humid atmo-
sphere (MCO 175, SANYO). Primary cell cultures were char-
acterized according to different glial cell markers such as
GFAP, glutamine synthetase (GS), and Glutamate-aspartate
Transporter (GLAST1, EAAT1) under basal conditions to
determine the glial identity of cells present in the cultures
(Suppl. Fig. 1). Results showed that most cells in the cultures
co-express GFAP together with GS or GLAST1, strongly
indicating that they are retinal MC.

Immunocytochemistry (ICC)
Cultured cells were fixed for 15 min in 4% paraformaldehyde
in phosphate-buffered saline (PBS) and washed in PBS,
treated with blocking buffer (3% bovine serum albumin,
0.1% Tween 20, 1% glycine, 0.02% sodium azide in PBS)
and incubated overnight with the primary antibodies fo:
Opn3 (1:500); Vimentin (1: 1,000); Glutamine Synthetase
(1: 1,000); GLAST (1:500); GFAP (1: 1,000). They were
then rinsed in PBS and incubated with the secondary antibod-
ies (1: 1,000) for 1 h at RT. Samples were incubated with
DAPI (3 µM). Coverslips were finally washed thoroughly
and visualized by confocal microscopy (FV1200; Olympus,
Tokyo, Japan) (Morera et al., 2012; Rios et al., 2019).

Calcium Imaging by Fluorescence Microscopy
Cells were grown in an 8-well Lab-Tek recording chamber
(NuncTM, NY-USA). On the day of the experiment, MCs
were incubated with 0.1% of pluronic acid F-127 and 5 µM
of the Ca2+ indicator dye, in a colorless DMEM for 1 h at
37°C, under darkness condition. The cells were washed
three times with CMF and then Ca2+was measured in
DMEM by exciting the indicator at 488 nm (Mag-Fluo-4/
AM) or 543 nm (Calcium Orange/AM and Rhod-2/AM) for

1 min. Cells were then stimulated with a BL pulse (20 s;
470–490 nm, peak at 480 nm LED of 85 µW/cm2), a red-light
pulse (20 s;630–650 nm, peak at 640 nm LED of 48 µW/cm2)
or Ionomicyn, 2 μM for positive control as previously
described (Rios et al., 2019), and imaged for another
5–8 min. In order to identify the source of Ca2+ in light-
driven response in MC, Thapsigargin (TG 2 μM) and
EGTA (100 μM) were added to the medium for at least
20 min before commencing the recordings. The fluorescence
imaging technique was performed by confocal microscopy
with an Olympus FluoView- 1,000 microscope. The emitted
fluorescence was captured every 2 s, using a PlanApo N 60
×Uplan SApo oil-immersion objective (NA: 1.42; Olympus).

Image Processing
The 12 bit 4× 4 binned fluorescence images for each photo
were used to quantify fluorescence levels in the cells using
ImageJ software. The Ca2+ fluorescence intensity ratio
(F/F0) was plotted as a function of time in figures.
Approximately 150 cells were analyzed from at least two
independent experiments; the mean from all experiment is
plotted in Figures 2, 4 and 5. At each time point, changes in
fluorescence levels in selected regions of interest were quan-
tified as the ratio between the relative intensity level measured
after a BL pulse and the mean of intensities of serial pictures
before stimulation (Fo) (Morera et al., 2016; Rios et al.,
2019). Fluorescence intensities during light stimulation were
not considered for the analyzes and are shown as arbitrary
values of F/Fo= 1. Moreover, total average changes in fluo-
rescence intensities along the whole experiment after the stim-
ulus are expressed as ΔF and compared between experimental
groups or against a theoretical mean of no change (ΔF= 1)
when indicated. Values of F/Fo are not linearly related to
changes in [Ca+ 2]i but are intended to provide a qualitative
indication of variations in [Ca+ 2]i. No significant vehicle
effects or changes in focus were detected. Responses were
considered significant when the ratio at the peak differed
from the baseline levels by at least 10%.

Prolonged Light Treatment
To test possible deleterious effect of BL stimulus over
primary cultures of MC prolonged light exposure was con-
ducted by pre-incubating MC for 1 h in DMEM, then cell cul-
tures were then divided into three groups: darkness control
(dark), BL stimulation for 1 h (BL, 480 nm) for 1 h (BL
1 h, LED of 85 µW/cm2), and darkness condition for 1 h
after the BL stimulation (1 h post).

RNA Isolation and Polymerase Chain Reaction
Total RNA from MC cultures was extracted using the
TRIzolTM kit for RNA isolation (Invitrogen). RNA integrity
was checked and quantified by UV spectrophotometry (Epoch
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Microplate Spectrophotometer, Biotek). Finally, 2 mg of total
RNA was treated with DNAse (Promega) to eliminate contami-
nating genomic DNA. cDNA was synthesized with M-MLV
(Promega) using Random Primers (Promega) as previously
described in Rios et al. (2019). The oligonucleotide sequences
used for PCR from the G. gallus sequences were as follows:

Opn3:
Forward GCCTCTTCGGGATCGTTTCA
Reverse ATGTGATAGCCCGCCAAGAC
TATA-binding protein (TBP):
Forward TGGCACACGAGTAACAAGAG
Reverse CCTTGAGCGTCAGGGAAATAG
For Polymerase Chain Reaction initial denaturation step was
set for 1 min at 94°C, 35 cycles of 60 s at 94°C, 50 s at 60–
65°C, 90 s at 72°C, and a final 5 min elongation step at 72°
C. Amplification products were separated by 2% agarose
gel electrophoresis and visualized by ethidium bromide or
sybersafe (InvitrogenTM) staining.

Western Blot
Homogenates of primary MC cultures were resuspended in
RIPA buffer [50 mM Tris–HCl,pH 8.0, with 150 mM
sodium chloride, 1.0% Igepal (NP-40), 0.5% sodium-
deoxycholate, and 0.1% sodium dodecylsulfate] containing
protease inhibitors (Sigma–Aldrich) and processed for
western blot (WB) according to Rios et al. (2019).
Homogenates were resuspended in sample buffer and sepa-
rated by SDS-gel electrophoresis on 12% polyacrylamide
gels (50 mg total protein/lane), transferred onto
Polyvinylidenefluoride (PVDF) membranes, blocked for 1 h
at RT with 5% BSA in PBS, and then incubated overnight
at 4_C with specific antibodies against GFAP (1: 1,000) and
tubulin (1: 2,000) in the incubation buffer (3% BSA, 0.1%
Tween 20, 1% glycine, 0.02% sodium azide in PBS).
Membranes were washed three times for 15 min each in
washing buffer (0.1% Tween 20 in PBS) and incubated
with the corresponding secondary antibody in the incubation
buffer during 1 h at RT followed by three washes with
washing buffer for 15 min each. Membranes were scanned
using an Odyssey IR Imager (LI-COR Biosciences).

Cell Viability by MTT Assay
MC enriched cultures were replicated in 96-well plates and
grown for 4 days at 37°C. Cells were divided into three
groups: dark (control), BL for 1 h and sodium arsenite
(ARS, 500 µM for 1 h as positive control). After treatment,
the medium was removed and replaced by 10% FBS in
DMEM and cells were kept in darkness for 24 h at 37°C.
Then, as described by Wagner et al. (2019) and Rios et al.
(2019), MTT reagent (5 mg/mL; Sigma) was added to each
well, plates were further incubated for 2 h at 37°C; followed
by addition of 100 mL of DMSO:isopropanol (1:1, v/v) and

incubation for a few minutes at room temperature, protected
from light. Samples were analyzed at a wavelength of
570 nm with a reference at 650 nm in an Epoch Microplate
Spectrophotometer. Cell viability was analyzed by consider-
ing average value in darkness conditions as 100% of viability

Cell Viability by Flow Citometry
Cell viability was analyzed in MC cultures maintained in the
dark and incubated with EGTA (100 μM) or TG (2 μM) for
1 h. Then, the culture medium was removed and cells were
washed with PBS 1X and harvested by trypsinization. After
centrifugation at 3,000 rpm for 3 min, trypsin was removed
and cells were incubated in 200 µL of PBS 1X with Calcein
Red-Orange 3 µM (Invitrogen) and DAPI (Sigma) at 2 µM
final concentration for 15min at room temperature. The fluo-
rescence intensity was measured by flow cytometry, using BD
LSRFortessa, at 583 nm when the sample was excited at 485
nm for Calcein dye (to identify live-cells population) and 421/
405 nm for DAPI (for dead-cells population). Cells without
the fluorescents indicators were used as negative control.
FlowJo software was used to analyze the live and death pop-
ulation. Cytotoxic effects of drug treatment alone over MC
cultures were discarded after assessing cell viability after
1 h of incubation with EGTA or TG (Suppl. Figure 3).

Statistics
Statistical analyzes involved a t-test or one-way analysis of
variance (ANOVA) followed by Bonferroni post-hoc compar-
ison when appropriate. Otherwise, Mann-Withney (M-W) or
Kruskal-Wallis (K-W) tests were used when normal distribu-
tion or homogeneity of residuals was infringed with pairwise
comparisons performed by the Dunn’s test when appropriate.
Analyzes for frequency distribution and Gaussian model were
performed by non-linear fit regression. In all cases signifi-
cance was considered at p < 0.05.

Results
We further characterized BL responses in MC expressing the
BL- sensitive opsin Opn3 by looking at the main sources of
Ca2+ in these cells and differentially affecting intracellular
and extracellular Ca2+ availability; further describing the
intracellular Ca2+mobilization by specific compartment
Ca2+ indicators.

Müller Glial Cells Expressing Opn3 Display
Calcium Increase Specifically Triggered by a
Blue Light Pulse
Primary cultures of avian retina prepared at E8 and main-
tained for 2 weeks were highly enriched in MC exhibiting
the typical glial morphology and showing positive
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immunoreactivity for the glial markers Vimentin (Figure 1A),
GS, GFAP and GLAST1 (Suppl. Fig. 1) whereas the expres-
sion of the non-visual opsin Opn3 was also detected at the
levels of mRNA and protein (Figure 1A, Suppl. Figure1).

A well-known feature of cells displaying intrinsic photo-
sensitivity is related to significant changes in intracellular
Ca2+ levels (Contín et al., 2010; Díaz et al., 2017; Morera
et al., 2016; Nieto et al., 2011; Rios et al., 2019). Thus, we
initially assessed changes in intracellular Ca2+ levels by fluo-
rescent imaging with Calcium orange in cell cultures after
photic stimulation with blue/red wavelengths (Figure 1B
and C). In this sense, we identified a direct and specific
photic response to a BL pulse (85 μWatt/cm2 for 20 s)
observed as an increase in relative intracellular Ca2+ levels
in individual MC (mean values across time up to more than
20%, and significantly different to a theoretical mean= 1; p
< 0.01 by t test); whereas red light stimulation (48 μWatt,
20 s) did not evoke significant Ca2+ responses (N.S., p >
0.05 by t test); in fact, the overall Ca2+ levels in MC
after BL stimulation differed from those after a red light
pulse (p< 0.001 by t test) (Figure 1B and C).

Gliosis was evaluated under different conditions to discard
any possibility of bias in the results due to the characteristic
glial response under pathological conditions. First we deter-
mined whether MC in culture differentially expressed
GFAP (Suppl. Fig. 1). Under basal conditions, most cells in
the culture expressed detectable, normally distributed levels
of GFAP, therefore indicating that different subpopulations
of GFAP-expressing MC are implausible. Moreover, these
GFAP (+) cells co-localized with GS and GLAST1.
Moreover no differences were observed in GFAP levels
after 1 h of continuous BL stimulation (85 µWatt/cm2), or
1 h in darkness after the BL stimulus (1 h post BL) as com-
pared with basal controls in the dark; nor were there any dif-
ferences in the level of cell viability, with no significant
differences between dark and prolonged BL stimulation
(Suppl. Figure 2). Taken together these results strongly indi-
cate that neither gliosis nor any other deleterious effect
occurred under the experimental conditions tested. In addi-
tion, no significant deleterious effect of BL stimulation has
been observed in primary cultures of retinal neurons (Rios
et al., unpublished data), which is consistent with results

Figure 1. Müller glial cells express blue light-sensitive opsins and display calcium increase specifically in response to blue light stimulation.

(A) Primary cultures highly enriched in Müller glial cells as defined by morphological cell identification (non-neuron like morphology) and the

glial marker Vimentin expression (green) were labeled for Opn3 (red) and visualized by confocal microscopy. Müller cells showed ubiquitous

and generalized localization of Opn3. Scale bar= 20 µm. (B) Graphical representation showing the mean F/Fo ratio for Ca2+ responses in

Müller cells when exposed to a single brief light pulse for 20 s (yellow mark) within the blue or red wavelengths (Blue and red lines

respectively- light red lines show individual recording with red light stimulus). (C) Graphical representation of relative fluorescent Ca2+
levels (ΔF) in Müller cells when exposed to a single brief blue or red light pulse. The graph shows individual values with the media± SEM. A t

test revealed a significant effect in overall Ca2+ levels with blue light stimulation as compared to a theoretical mean of no change (ΔF= 1; t(7)
= 3.90, **p< 0.01) and red light stimulation (t(18)= 4.16, #p< 0.001) (20 cells from 2 independent experiments).
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obtained by other groups using similar photic conditions
(Mansoor et al., 2015).

Internal Stores are the Main Source for
Calcium Increase in Müller Glial Cells by
Blue Light Stimulation
In order to identify the main source of Ca2+ in MC light-
driven activation, we evaluated Ca2+ responses elicited by
a BL pulse (68 µW/cm2 for 20 s) in the presence of an extra-
cellular Ca2+ chelator (EGTA 100 µM, 30 min) or after
depletion of Ca2+ internal stores with TG (2 µM, 40 min)
(Figure 2 and 3).

In line with our previous results (Rios et al., 2019),
we identified a not responding subpopulation of MC to
BL with no Ca2+ increase (32%; Figure 2A, gray lines
-non-responders-); whereas 68% of the registered MC actu-
ally did respond to the BL stimulus with an increase in intra-
cellular Ca2+ levels according to the following distribution:
9% of cells showed a 10–20% increase in Ca2+ fluorescence

levels over the basal threshold (Figure 2A, green lines -low
responders-), while another subpopulation of cells (59%)
responded with a higher than 20% increase in Ca2+ levels
(Figure 2A, blue lines -high responders-). Similar results
were obtained in presence of EGTA where 72% of MC
responded to BL stimulation while 28% did not exhibit detect-
able responses (Figure 2B). Under this condition, the percent-
age of cells responding over the basal threshold (low and high
responders) was ∼36% in both cases (Figure 2B).
Interestingly, pre-incubation with TG increased the percent-
age of non-responders MC up to 65% (Figure 2C) and the
remaining percentage of cells showed low Ca2+ responses
(24%) and only 11% of MC reached more than 20% increase
over the basal threshold (high responders, Figure 2C). For all
experimental groups, relative fluorescent Ca2+ levels (ΔF)
analysis indicated a significant increase in the MC responding
subpopulation (shown as responders in the graph and includ-
ing high and low responders) as compared with fluorescence
values in non-responder MC (p < 0.0001 by Kruskal-Wallis
test) (Figure 2D).

Figure 2. Internal stores are the main source for calcium increase in müller glial cells in response to blue light stimulation. Graphical

representation showing the mean F/Fo ratio for Ca2+ responses in Müller cells when exposed to a blue light pulse (20 s- yellow mark)

under control conditions (A), in presence of the extracellular Ca2+ chelator EGTA (100 µM) (B), and treated with the SERCA inhibitor

TG (2 µM) (C). In all cases, the graphs show the mean values of the F/Fo ratio for three different Ca2+ responses: High responders (blue

lines); low responders (green lines) and non-responders (gray lines). Lines thicknesses are representative of cell percentage for each type of

response in the different conditions tested. The insets in the three experimental conditions (A), (B) and (C) show the percentage of the

different Ca2+ responses in Müller glial cells after a blue light pulse: high- (blue); low- (green) and non-responders (gray). (D) Graphical
representation of the overall relative fluorescent Ca2+ levels (ΔF) elicited by a blue light pulse in Müller glial cells under the different

experimental conditions (control, EGTA 100 µM and TG 2 µM). For each treatment, the graph shows individual values with the median with

range for non-responders (black) and responders cells (High and Low responders- Blue). A Kruskal Wallis test revealed significant different

Ca2+ levels (H(5)= 76.74; p< 0.0001) and the Dunn’s multiple comparison indicated that for each experimental condition cells responding

with an increase in Ca2+ levels show significant higher values as compared with non-responders in the same condition (*p< 0.05; **p<
0.01; ****p< 0.0001). Dunn’s test also indicates that the overall Ca2+ levels in TG increase group are lower than those observed with light

stimulation under control conditions (# p< 0.05) (96 cells from 3/4 independent experiments).
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Since there is a MC subpopulation that does not respond to
BL stimulation in basal conditions (control group) (Figure 2A,
(Rios et al., 2019)), further analyzes were performed excluding
this percentage of cells in each experimental group
(Figure 3A). In this case, under control conditions 87% of
the cells effectively responding to BL stimulation are high res-
ponders. This percentage wasmodified to 50% by EGTA treat-
ment (Figure 3A); however the remaining 50% still showed
low Ca2+ responses (Figure 3A) and the overall Ca2+
responses (ΔF for responders) did not differ from those in
control groups (non-responders; N.S., p > 0.05 byDunns’mul-
tiple comparison test) (Figure 2D). For the TG conditions we
observed that among MC that are expected to respond, only
15% of them were high responders to BL stimulation
(Figure 5A); otherwise, TG effectively suppressed Ca2+
responses in 50% of this MC subpopulation (Figure 3A) and
significantly decreased the overall Ca2+ response (ΔF in res-
ponders groups) of MC that still showed Ca2+ increased
levels when compared to control groups (non-responders; p <
0.05 by Kruskal-Wallis test) (Figure 2D).

TG is a well-established pharmacological tool that modi-
fies Ca2+ availability from internal stores in a time dependent
manner (Carpio et al., 2021; Morera et al., 2016). Short
periods of time promote Ca2+ release from the endoplasmic
reticulum to the cytosol as well as Ca2+ transfer from the
endoplasmic reticulum to the mitochondria (Carpio et al.,
2021); meanwhile long time periods effectively deplete Ca2
+ internal stores (Morera et al., 2016). These conditions
were evaluated and corroborated in our present model
(Suppl. Fig. 4) as 20 min TG incubation did not affect the
BL response of MC compared to control and a theoretical
mean of ΔF= 1 (p< 0.05 by Wilcoxon and Kruskal-Wallis
test, Suppl. Fig. 4B); whereas incubation for 40 min effec-
tively suppressed Ca2+ responses to BL (p> 0.05 by
Wilcoxon and Dunns’ multiple comparison test, Suppl. Fig.
4B). In addition, the Ca2+ ionophore ionomycin (2 µM)
was used as a positive control as previously described (Rios
et al., 2019). Even though Ca2+ availability is modified in
both conditions (EGTA and TG treatments), an increase

in Ca2+ levels promoted by ionomycin was still detectable
in MC by the Ca2+ indicator dye Calcium Orange AM (p<
0.05 and p < 0.01, respectively, compared to theoretical
mean= 1 by Wilcoxon test, Suppl. Fig. 5). Taken together,
results obtained demonstrate that intracellular stores consti-
tute the main Ca2+ reservoir to trigger significant BL
responses in MC assessed by Ca2+mobilization.

Calcium is Released from the Endoplasmic
Reticulum in Response to Blue Light
Stimulation in Müller Glial Cells
Methods that employ chemical indicators with a fluorescent
response upon Ca2+ binding are particularly powerful and
can be used to differentially study Ca2+ from diverse and
particular sources (Carpio et al., 2021; Carpio & Katz,
2019). Bearing this in mind, we next focused on BL-driven
Ca2+ responses in different cellular compartments of MC,
by combining cytosolic and endoplasmic reticulum Ca2+
dyes (Calcium Orange/AM and Mag-Fluo-4/AM respec-
tively); whereas mitochondrial Ca2+ levels were analyzed
with Rhod-2/AM in a different subset of MC (Figure 4A).
Once again we identified three subpopulations of MC with
similar percentages as described in previous section: non-
responders (29%, Figure 4B, gray lines); low responders
(24%, Figure 4B, green lines); and high responders (47%,
Figure 4B, blue lines). On the other hand, when Ca2+
signals from the endoplasmic reticulum were analyzed we
identified that 50% of MC did not show any Ca2+ increase
(Figure 4C), whereas the remaining population did so by
increasing Ca2+ levels between 10–20% (18%, Figure 4C)
or more than 20% (32%, Figure 4C) over the basal threshold.
For both Ca2+ indicators the overall Ca2+ response (ΔF) in
MC responding to the blue light pulse (high and low respond-
ers) was significantly different from those not responding with
Ca2+ variations (p< 0.0001 by Kruskal-Wallis test,
Figure 4E). Regarding mitochondrial Ca2+ levels, 67% of
analyzed MC did not show any increase in Ca2+ content
while the 33% left reached low Ca2+ responses
(Figure 4D); however the overall Ca2+ response (ΔF) in
mitochondria did not differ among responders and non-
responders groups (N.S. p > 0.05 Dunns’multiple comparison
test, Figure 4E).

Taking advantage of the combined use of Ca2+ indicator
dyes we evaluated Ca2+ signals from cytoplasm and endo-
plasmic reticulum by considering two groups: MC responding
with cytosolic Ca2+ increase and MC with no increase in
cytosolic Ca2+ after BL stimulation (cytosolic increase and
no increase groups respectively, Figure 5 and 6).
Interestingly, the time line for the cytosolic Ca2+ increase
in MC fitted with a decrease over time in Ca2+ levels in
the endoplasmic reticulum (Figure 5A). Indeed, the relative
fluorescent Ca2+ levels (ΔF) analysis indicated significant
higher and lower values for cytosolic (p < 0.0001 by t test;

Figure 3. Calcium increase in müller glial cells by blue light is

affected by depletion of internal stores. Graphical representation for

the percentage of Ca2+ responses within Müller glial cells that

effectively respond or are expected to respond to a blue-light pulse.

The Ca2+ increase triggered by the brief BL pulse is suppressed in

50% of Müller glial cells with TG incubation, suggesting an internal

store-operated Ca2+ response.
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t(24)= 6.67) and endoplasmic Ca2+ (p < 0.01 by t test, t(24)=
2.84) respectively, as compared with a theoretical mean of no
change= 1 (Figure 6). On the contrary, MC with no cytosolic
Ca2+ increase showed correspondence with the endoplasmic
Ca2+ recordings indicating increased levels along time
(Figure 5B). In this case, the overall Ca2+ levels (ΔF) were
significantly lower for cytosolic (p < 0.05 by t test, t(12)=
2.92) and higher for endoplasmic Ca2+ levels (p < 0.05 by t
test, t(12)= 2.78) respectively as compared with a theoretical
mean of no change= 1. Mitochondrial Ca2+ levels are
shown as control group with no significant changes in Ca2
+ fluorescence levels (p > 0.05 by t test, t(13)= 0.72)
(Figure 6). As a positive control, a series of experiments
were performed in the presence of 2 µM ionomycin (Suppl.
Fig. 6A), known to promote the intracellular mobilization of
Ca2+ , in which significant increases in Ca2+ fluorescence
were detected for all Ca2+ dyes tested as compared with a
theoretical mean of no change= 1 (p < 0.001 by t test,
Suppl. Fig. 6B).

Discussion
In order to drive NIF activities, the inner retina of vertebrates
has developed along the evolution the capacity to detect the
quality of light irradiance across the day. Bearing in mind
that the amount, spectral composition and source of light
changes systematically as the day goes by, it is not surprising
the great diversity of non-visual opsins described up to date
(Guido et al., 2020; Peirson et al., 2009). The photoreception
capacity of these pigments is mainly concentrated in the blue
region of the spectrum (around 480 nm, with higher energy),
which represents a conserved feature across species possibly
related to the penetrance of this particular wavelength and
to the spectral composition of light at twilight (Davies et al.,
2010; Guido et al., 2020; Peirson et al., 2009). MC have
been identified among the cells expressing these non-visual
photopigments and, particularly in the avian retina, MC
have been shown to express Opn3, Opn5 and RGR
(Figure 1A, (Díaz et al., 2017; Rios et al., 2019)). Our

Figure 4. Calcium responses to blue light in müller glial cells differ among cellular compartments. Representative Müller cells kept in

culture for two weeks loaded with Calcium Orange/AM and Mag-Fluo-4/A (A), or Rhod-2/AM (D). Scale bar= 20 µm. The right panels

show the individual trace for each ROI record with the different Ca2+ indicators after a blue light pulse (BL) of 20 s Scale bars: vertical=
20% increase; horizontal= 20 s Graphical representation showing the mean F/Fo ratio for Ca2+ responses in Müller cells when exposed to

a blue light pulse (20 s- yellow mark) for the different Ca2+ indicators: Calcium Orange/AM for cytosolic Ca2+ (B), Mag-Fluo-4/A for

measuring Ca2+ in endoplasmic reticulum (C), and Rhod-2/AM for mitochondrial Ca2+ levels (E). In all cases, the graphs show the mean

values of the F/Fo ratio for three different Ca2+ responses: High responders (blue lines); low responders (green lines) and non-responders

(gray lines). Lines thicknesses are representative of cell percentage for each type of response with the different dyes. The insets in B, C and

E show the percentage of the different Ca2+ responses in Müller glial cells after a blue light pulse: high- (blue); low- (green) and

non-responders (gray). (F) Graphical representation of the overall relative fluorescent Ca2+ levels (ΔF) elicited by a blue light pulse in

Müller glial cells; within each compartment (Cytoplasm, endoplasmic reticulum and mitochondria) values are shown for non-responder

(Black) and responder MC (High and Low responders- Blue). The graph shows individual values with the median with range. A Kruskal

Wallis test revealed significant different Ca2+ levels (H(5)= 48.90; p< 0.0001) and the Dunn’s multiple comparison indicated that cells

responding with an increase in Ca2+ levels show significant higher values as compared with non-responders for cytosolic and endoplasmic

reticulum Ca2+ indicator dyes (*p< 0.05; ****p<0.0001).
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present results reinforce the intrinsic light sensitivity of MC as
shown by the Ca2+ increase specifically elicited by a BL
pulse and totally absent after red light stimulation
(Figure 1B and C). Moreover, we have previously reported
that blue light has a significant effect on Opn3 levels and
intracellular localization in primary MC cultures, through a
mechanism of light induction dependent at least in part on
de novo synthesis of protein (Rios et al., 2019).
Interestingly, levels of Opn3 protein are tightly regulated by
light stimulation in MC (Rios et al., 2019), neurons (unpub-
lished data) and dermal fibroblasts (Lan et al., 2020).

Ca2+ signalling in glial cells represents an integral part of
its physiology and, particularly in astrocytes, Ca2+ signals
have been observed as spontaneous activity and G-coupled
receptors-driven responses (McNeill et al., 2021).
Ultimately the activation of these receptors leads to the pro-
duction of inositol 1,4,5-trisphosphate (IP3) which binds to
and activates IP3 receptors on the endoplasmic reticulum
membrane, thereby releasing Ca2+ from intracellular stores
(Holtzclaw et al., 2002; McNeill et al., 2021). Opsins are pho-
topigments consisting of a G protein-coupled receptor (the
apoprotein), and a retinaldehyde derived from vitamin A
(the chromophore). Even though they are a monophyletic
branch within the G protein-coupled receptor (GPCR) super-
family, the type of G protein to which the receptor is coupled
varies, depending on the cell type, the tissue in which they are
expressed or the species (Guido et al., 2020; Porter et al.,
2011). Significant changes in somatic Ca2+ levels upon
light stimulation have long been reported as intrinsic photic
responses in diverse retinal cells such as visual photoreceptor
cells, intrinsically photosensitive retinal ganglion cells and
Opn4x-expressing horizontal cells (Contín et al., 2010; Díaz
et al., 2017; Meister & Tessier-Lavigne, 2013; Morera
et al., 2016; Nieto et al., 2011; Qiu et al., 2005), denoting a

typical characteristic of vertebrate photosensitivity. Our
present results indicate that BL stimulation increases intracel-
lular Ca2+ levels in MC by Ca2+mobilization from internal
stores (Figure 2A), as light-evoked responses were suppressed
up to 50% after depletion of intracellular Ca2+ stores with
TG (Figure 2C and 5), whereas no significant effects were
observed when extracellular Ca2+ availability was modified
by EGTA treatment (Figure 2B and 3). Indeed, we show a
time correspondence between Ca2+ increase in the cytosol
and Ca2+ decrease in the endoplasmic reticulum
(Figure 5A), with significant overall Ca2+ changes along
time for both compartments (Figure 6). Meanwhile, mito-
chondrial Ca2+was not affected by BL stimulation
(Figure 4D and E, Figure 6) suggesting that the light induction
of Ca2+ increase in MC can be clearly restricted to a signal-
ing cascade that mobilizes Ca2+ from endoplasmic
reticulum.

Although most MC in the cultures expressed Opn3
(Figure 1 and Suppl. Figure 1), more than half of them exhib-
ited significant light responses involving Ca+ 2 increase. The
remaining non-responding cells could exhibit different active
states for the opsin or different signaling cascades not neces-
sarily involving calcium increase (i.e. cyclic nucleotides as
described for heterologous expression of Opn3 chimeras by
Sugihara et al., 2016). Moreover, these cells may need
longer exposure times or brighter BL stimulation; since we
applied the minimum stimulus required to identify calcium
responses in MC, the presence of different MC populations
could rely on stimulus characteristics including duration and
intensity. Nevertheless, mixed populations of MC respond-
ing/non-responding to non-photic cues with calcium increase
are in agreement with previous results by other authors
(Newman, 2004; Rosa et al., 2015; Uckermann et al.,
2002). Opn3 is phylogenetically included in vertebrate

Figure 5. Blue light-triggered cytosolic calcium increase in müller glial cells mirrors the calcium decrease in endoplasmic reticulum.

Graphical representation showing the mean F/Fo ratio considering the two main type of cytosolic Ca+ 2 responses in Müller cells: Ca2+
increase (A)/ No Ca2+ increase (B), when exposed to a blue light pulse (20 s- yellow mark). The graphs show the mean values of the F/Fo

ratio for three different Ca2+ responses: Ca2+Orange/AM (red lines- cytosolic Ca2+ ) and Mag-Fluo-4/A (green lines, endoplasmic Ca2+
) (C) Graphical representation of the overall relative fluorescent Ca2+ levels (ΔF) elicited by a blue light pulse in Müller glial cells; for each

type of cytosolic Ca2+ response (Cytosolic increase/No increase) values are shown for cytosolic and endoplasmic reticulum indicator dyes

(red and green, respectively). Additionally, the relative fluorescent Ca2+ levels (ΔF) obtained from mitochondria are shown in black. The

graph shows individual values with the media± SEM. The t tests performed on the Ca2+ indicators in each group as compared to a

theoretical mean of no change (ΔF= 1) revealed significant higher (** p< 0.01; * p< 0.05) and lower (## p< 0.01; # p< 0.05) Ca2+ levels

after blue light stimulation (50 cells from 2–4 independent experiments).
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visual opsins group and closely related to teleost multiple
tissue opsin (TMT) which is expressed in teleosts and
shows sensitivity to BL by activating the Gi protein
cascade, thus decreasing cyclic adenosine monophosphate
(cAMP) values (Kato et al., 2016). In line with this result
the expression of chimeric proteins for Opn3 suggests that
this opsin could directly modify cAMP concentration
(Sugihara et al., 2016); however Opn3 stimulation in melano-
cytes and human fibroblasts implies the activation of PLC
with a consequent increase in intracellular Ca2+ levels and
downstream activation of CAMKII, JUNK, p38, ERK and
CREB (Lan et al., 2020; Regazzetti et al., 2018). In the
same direction, light-promoted regulation of cellular metabo-
lism in brown adipocytes implies Opn3 activation and a
GPCR mediated signaling pathway (Sato et al., 2020).
Nevertheless, Ca2+ increase in glial cells has been related
to Gi signaling as well, as for the registered responses after
GABA stimulation in astrocytes (Durkee et al., 2019). So
far, our previous (Rios et al., 2019) and present results
strongly suggest that light-driven intrinsic Ca2+ responses
in MC involves a BL sensitive opsin activation that signals
for Ca2+ release from the endoplasmic reticulum, though
more experiments should be carried out in order to properly
identify the signaling cascade for the non-visual opsin medi-
ating blue light responses in MC in cultures.

Initially described as passive cells in-between neurons,
glial cells are presently consider a complex and dynamic
cell type, which cannot generate an action potential, though
they are able to respond biochemically to stimuli within
their environment (McNeill et al., 2021). The development
of advanced optical imaging techniques for the visualization
of intracellular Ca2+ concentrations, revealed a complex
system, underpinning this electrically non-excitable cell
type, where ion-mediated signals are highly regulated in
space and time (Semyanov et al., 2020). Ca2+ increases in
glial cells are observed as spontaneous transients,
GPCR-mediated and glia-glia direct communication through
gap junctions. When considering MC physiology, light is an
environmental stimulus that has been previously addressed
(Newman, 2003, 2005; Rillich et al., 2009) and described as
a secondary response by MC to retinal ganglion cell light-
stimulation. In this sense, repeated flash light stimulation to
the rat retina increases Ca2+ transients frequency, with low
and fast responses probably mediated by ganglion cells acti-
vation and ATP release (Newman, 2005). In the guinea pig
retina MC cytosolic Ca2+ rises in response to repetitive
light stimulation (over 10 min) consisting of two components:
a slowly developing immediate response, evoked by
neuron-to-glia signaling, and a delayed fast response evoked
by a release of Ca2+ from intracellular stores (Rillich et al.,
2009). Our results indicate a direct photo-activation of 70%
of the analyzed MC, evidenced by a long-lasting increase
cytosolic Ca2+ (up to 4 min after the stimulus, Figure 2A)
as a result of Ca2+ release from the endoplasmic reticulum
(Figure 5A), after BL stimulation for at least 20 s (no

responses were registered with shorter times of BL stimula-
tion, unpublished data). These characteristics resemble some
aspects of the described responses for melanopsin light activa-
tion in retinal neurons (Kumbalasiri et al., 2007; Morera et al.,
2016). Regarding glial cells, similar results have been previ-
ously described for the human MC line MIO-M1 that
express a number of different opsins and respond with Ca2
+ increases over several minutes to repetitive stimulation
with 480 nm light (Hollborn et al., 2011). Blue light activation
of viral transfected Opn4 in astrocytes elicits similar
responses as they are observed in 75% of selected ROIs
after at least 20 s of irradiance and lasting for several
minutes (Mederos et al., 2019). These authors proposea new
optogenetic approach to study Ca2+ dynamics in astrocytes
resembling the physiological characteristics of Ca2+mobili-
zation by GPCR in this cell type. Understanding the intrinsic
photosensitivity of MC might open a whole new chapter of
light-driven responses in retinal physiology. Indeed, recent
evidence indicates that MC modify the 11-cis-retinol pool
via RGR-light detection and therefore, via their intrinsic pho-
tosensitivity, controlling cone’s photosenstivity by regulating
pigment regeneration independently of the already known
metabolic pathways (Morshedian et al., 2019). In addition,
considering that Ca2+ increase in mitochondria are related
to oxidative stress events and apoptotic signaling (Agarwal
et al., 2017; Carpio et al., 2021), our present results
showing no changes in mitochondrial Ca2+ levels after BL
stimulation (Figure 4C) further support a physiological role
for MC intrinsic photo-detection. In fact, mitochondria-driven
Ca2+microdomains in astrocytes are elicited by light stimu-
lation at 488 nm and mediated by reactive oxygen species
production rather than constituting a photic response
(Agarwal et al., 2017).

Overall, our findings shed light on a more complex level
of light detection and intrinsic photosensitivity in
different retinal cells including MC, showing them to be
capable of greater involvement in the functioning of retinal
circuits, cooperating with other photoreceptors to detect and
integrate ambient light and participate in cell to cell
communication.
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