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Abstract
Optogenetics has been widely expanded to enhance or suppress neuronal activity and it has

been recently applied to glial cells. Here, we have used a new approach based on selective

expression of melanopsin, a G-protein-coupled photopigment, in astrocytes to trigger Ca2+ sig-

naling. Using the genetically encoded Ca2+ indicator GCaMP6f and two-photon imaging, we

show that melanopsin is both competent to stimulate robust IP3-dependent Ca2+ signals in

astrocyte fine processes, and to evoke an ATP/Adenosine-dependent transient boost of hippo-

campal excitatory synaptic transmission. Additionally, under low-frequency light stimulation

conditions, melanopsin-transfected astrocytes can trigger long-term synaptic changes. In vivo,

melanopsin-astrocyte activation enhances episodic-like memory, suggesting melanopsin as an

optical tool that could recapitulate the wide range of regulatory actions of astrocytes on neuro-

nal networks in behaving animals. These results describe a novel approach using melanopsin as

a precise trigger for astrocytes that mimics their endogenous G-protein signaling pathways, and

present melanopsin as a valuable optical tool for neuron–glia studies.

Main points: Melanopsin, a mammalian G-protein-coupled photopigment, engages endogenous

the IP3 pathway and intracellular Ca2+ signaling in astrocytes.

By releasing ATP/Ado, melanopsin-astrocytes differently impact synaptic plasticity enhance

cognitive functions.
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1 | INTRODUCTION

The outbreak practice of optical tools to enhance or suppress neuro-

nal activity and to decipher the organization of brain circuits and their

behavioral outputs has transformed Neuroscience (Bernstein & Boy-

den, 2011). Some recent studies have applied these approaches to

glial cells, particularly to astrocytes, to unmask the consequences of

astrocyte signaling on particular brain functions. Photostimulation

with channelrhodopsin-2 (ChR2; Gourine et al., 2010; Masamoto

et al., 2015; Pelluru, Konadhode, Bhat, & Shiromani, 2016; Perea,

Yang, Boyden, & Sur, 2014; Sasaki et al., 2012; Yamashita et al.,

2014), a nonspecific cation channel, and Archaerhodopsin (Arch;

Letellier et al., 2016; Poskanzer & Yuste, 2016), a light-driven proton

pump, have being frequently used to manipulate intracellular Ca2+ sig-

nals in astrocytes and determine their role in specific brain functions.

However, whether the intracellular astrocyte Ca2+ signaling triggered

by these opsins recapitulates physiologically Ca2+ signaling, which is

mostly mediated by G-protein coupled receptor (GPCR) activation, is

under debate (Xie, Petravicz, & McCarthy, 2015). Alternatively, the

engineered G-protein coupled receptors activated by inert drug-like

small molecules (DREADDs) have been also applied for astrocyte-

neuron studies revealing the impact of astrocyte signaling in food

intake (Chen et al., 2016; Yang, Qi, & Yang, 2015), fear responses

(Martin-Fernandez et al., 2017), memory recall (Adamsky et al., 2018),Sara Mederos and Alicia Hernández-Vivanco contributed equally to this work.
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and autonomic nervous system responses (Agulhon et al., 2013) (for a

review see [Bang, Kim, & Lee, 2016]). However, those effects rely on

a sustained activation of DREADDs by its exogenous ligand, mispla-

cing the temporal features of astrocyte signaling engaged by neuronal

activity. Therefore, refined and reliable approaches involving endoge-

nous astrocyte Ca2+ signaling in a time-controlled manner are still

required.

In order to expand the available tools allowing a fast control of

astrocyte signaling, we focused on melanopsin, a G-protein-coupled

photopigment expressed by a small subset of mammalian retinal gan-

glion cells, with an absorption peak around 470–480 nm (Hatori &

Panda, 2010; Hattar, Liao, Takao, Berson, & Yau, 2002; Sexton, Buhr, &

Van Gelder, 2012). In contrast to the algae-derived opsins20, melanopsin

couples to Gαq-11 to activate PLCβ, leading to the IP3 signaling and the

elevation of intracellular Ca2+ levels (Panda et al., 2005). The similarities

of melanopsin with other Gαq-11-coupled GPCRs for neurotransmitters,

including α1-adrenergic, cholinergic M1 and mGluR group 1 receptors,

make it an appropriate optical tool for astrocytes. We designed a new

construct fusing gfap promoter with melanopsin (Opn4-human melanos-

pin) using viral strategy to target astrocytes and evaluate whether mela-

nopsin was competent to both stimulate Ca2+ activity in astrocytes,

measured by the expression of genetically encoded Ca2+ indicators

(GCaMP6f ), and to induce astrocyte-to-neuron signaling. Our results

reveal that blue light-evoked substantial Ca2+ responses at small regions

of astrocyte processes and short-term EPSCs changes in CA1 hippocam-

pal neurons. We found that melanopsin engaged endogenous G-protein

and IP3 signaling pathways in astrocytes and could stimulate the release

of ATP/Adenosine, which mediated the synaptic enhancement; and glu-

tamate, responsible of the NMDA-dependent slow inward currents in

CA1 neurons. In contrast to melanopsin, astrocyte Ca2+ signals induced

by ChR2 stimulation were noticed after longer light pulses, which

resulted in sustained synaptic modifications. Low-frequency stimulation

of melanopsin-expressing astrocytes triggered long-term synaptic plas-

ticity (LTP). Finally, to evaluate the impact of astrocyte signaling in cog-

nitive performance, in vivo activation of melanopsin-astrocytes was

performed. Our data indicated that melanopsin-transfected mice

showed an enhanced ability to discriminate object location, suggesting

an improved memory performance. These data show that astrocytes

could modulate their functional impact on neuronal networks depending

on different patterns of synaptic activity, which can be mimicked by

melanopsin stimulation. Overall, this study describes melanopsin as pre-

viously unidentified tool for optical activation of astrocytes, which is

revealed as a meaningful G-protein signaling mechanism and a valuable

approach for in vivo neuron–glia studies.

2 | MATERIALS AND METHODS

2.1 | Mice

All the procedures for handling and sacrificing animals followed the

European Commission guidelines for the welfare of experimental ani-

mals (2010/63/EU). Animals of both genders were used, and were

housed in standard laboratory cages with ad libitum access to food

and water, under a 12:12 hr dark–light cycle in temperature-

controlled rooms. C57BL/6 wild-type mice and Ip3r2−/− (RRID:

MGI:3640970) mice were used. Ip3r2−/− mice were generously

donated by Dr. J. Chen (University of California San Diego, CA; X. Li,

Zima, Sheikh, Blatter, & Chen, 2005).

2.2 | Viral injection

The following constructs were used: ChR2 (AAV2/5-

GFAP104-ChR2-mCherry; UNC Vector Core; viral titer 3.9 × 1012),

GCaMP6f (AAV2/5-Gfap-Lck-GCaMP6f; PENN Vector Core; viral

titer 6.4 × 1013), vector (AAV2/5-Gfap-mCherry; UNC Vector Core;

viral titer 3.9 × 1012). Melanopsin (Opn4-human melanopsin,

AAI13559.1) was fused to mCherry and cloned into AAV particles

(serotype 5; UNC Vector Core) using the GFAP promoter short ver-

sion GFAP104 (AAV2/5-GFAP104-melanopsin-mCherry; viral titer

2.8 × 1012). Neonatal wild-type and Ip3r2−/− mice (P5-8) were anes-

thetized with isoflurane 2% in oxygen and place in a custom adapted

stereotaxic apparatus. The target coordinates were displaced from

Bregma by 2 mm posterior, 1.4 mm lateral and 1.2–1.4 mm dorsoven-

tral. A volume of 0.3 μL of the virus at 30 nL/min was injected. After

injection, the pipette was held in place for 5 min prior to retraction to

prevent leakage and then removed and skin sutured. The animal was

allowed to recover from anesthesia with the help of heating pads and

was returned to the cage once it showed regular breathing and loco-

motion. The overall duration of this procedure was kept under 20 min

so as to maximize the survival rate of the pups. For a subset of experi-

ments cytoGCaMP6f (AAV2/5-Gfap-cyto-GCaMP6f; PENN Vector

Core; viral titer 6.13 × 1013) was transfected in hippocampal astro-

cytes. After 2 weeks of viral injection, specific astrocytes expression

of constructs was confirmed by immunostaining (Figure 1b and Sup-

porting Information Figures S1 and S2). In core regions of transfection,

GFAP staining and mCherry expression colocalized in astrocytes,

while no colocalization was observed in NeuN labeled neurons. For

Ca2+ imaging experiments, lck-GCaMP6f or cytoGCaMP6f was co-

injected with melanopsin, ChR2 or vector (1:1 ratio).

2.3 | Hippocampal slice preparation

Imaging and electrophysiological experiments were performed on hip-

pocampal slices from P20–P30 mice. The brain was rapidly removed

and placed in ice-cold artificial cerebrospinal fluid (ACSF). Slices

(350 μm) obtained with a vibratome (Leica Vibratome VT1200S,

Germany) were incubated during >1 hr at room temperature (22–24�C)

in ACSF containing [in mM]: NaCl 124, KCl 2.69, KH2PO4 1.25, MgSO4

2, NaHCO3 26, CaCl2 2, and glucose 10, and was gassed with 95%

O2/5% CO2 (pH = 7.3). Slices were then transferred to an immersion

recording chamber and perfused with gassed ACSF. Cells were visual-

ized with an Olympus BX50WI or Nikon Eclipse FN1 microscope

coupled with a 40× water immersion lens and infrared-DIC optics.

2.4 | Electrophysiology

Two weeks after viral injection, electrophysiological recordings from

CA1 pyramidal neurons and astrocytes were made using the whole-

cell configuration of the patch-clamp technique. Patch electrodes had
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FIGURE 1 Selective expression of melanopsin in astrocytes stimulates Ca2+ signaling. (a) Scheme of the experimental approach. Top, viral

transfection of AAV2/5-Gfap-Lck.GCaMP6f and AAV2/5-Gfap-melanopsin-mCherry in hippocampus. Bottom: hippocampal slice under two-
photon imaging after 2 weeks of transfection. (b) Top: Immunocytochemical localization of melanopsin-mCherry, GCaMP6f, and GFAP in
hippocampal slices; bottom: a detailed image of labeled astrocytes. Merge includes NeuN labeling (pink). Scale bar, 50 μm; inset, 10 μm. Right:
percentage of GFAP (98.72 � 0.88%), GCaMP6f (90.42 � 3.23%) and NeuN-positive cells (0%) out of mCherry positive cells (n = 138; 12 fields
of view; two mice), showing the selective expression of mCherry reporter for melanopsin in astrocytes. (c) Top: image of GCaMP6f-melanopsin
astrocyte (top) and selected microdomains identified by GECIquant on ImageJ mask generator (bottom). Bottom: representative intensity Ca2+

signals versus time evoked by melanopsin light stimulation (20 s; blue bar). Scale bar = 15 μm; 3 ΔF/F, 50 s. (d) Representative raster plot of ROIs
activity, color coded according to fluorescence change (top, n = 450), and average microdomain population activity versus time before and after
20 s light (bottom, n = 1,213). (e) Top: histogram of ROIs event frequency versus time for each condition (1 s, n = 714; 5 s, n = 757; 10 s,
n = 1,135; 20 s, n = 1,213; 41 slices from nine mice). Bottom, percentage of ROIs showing an event during the first 20 s after light stimulation
(Responding ROI) (1 s n = 313; 5 s n = 331; 10 s n = 697; 20 s n = 891). (f ) Left: analysis of somatic Ca2+ fluctuation properties, measured in Lck-
GCaMP6f, showing mean responses for event frequency, amplitude and width (1 s: n = 10; 5 s: n = 10; 10 s: n = 22; 20 s: n = 19; 41 slices from
nine mice). Resting versus light 10 s, p = 0.034; 20 s, p = 0.043; two-way ANOVA analysis, post hoc comparison with Tukey–Kramer test. Right:
analysis of microdomain Ca2+ event properties (1 s, n = 714 out of 877 (81.42%); 5 s, n = 757 out 939 (80.62%); 10 s, n = 1,135 out of 1,326
(85.60%); 20 s, n = 1,213 out of 1,333 (90.99%); 41 slices from nine mice). *p < 0.05, ** p < 0.01, ***, # p < 0.001; two-way ANOVA, post hoc
comparison with Tukey–Kramer test. (g) Normalized changes in frequency, amplitude and width of microdomain events to resting conditions.
Linear fitting between different stimuli conditions, R2 is shown for each graph. Data are shown as mean � SEM
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resistances of 3–5 MΩ when filled with the internal solution that con-

tained for neurons (in mM): KGluconate 135, KCl 10, HEPES 10, MgCl2

1, ATP-Na2 2, titrated with KOH to pH 7.3; and for astrocytes (in mM):

potassium methanesulfonate 100, KCl 50, HEPES-K 10, ATP-Na2

2 (pH = 7.3 adjusted with KOH; osmolality 280–290 mOsm/L).

Recordings were obtained with PC-ONE amplifier (Dagan Corpora-

tion, Minneapolis, MN). Series and input resistances were monitored

throughout the experiment using a −5 mV pulse. Mean input resis-

tance was 3.90 � 0.26 MΩ and mean amplitude of background noise

was 0.27 � 0.09 pA (peak to peak mean amplitude of 4.47 � 0.79 pA

from a representative sample of 15 recorded cells). Recordings were

rejected when the access resistance increased >20% during the exper-

iment. Signals were fed to a Pentium-based PC through a DigiData

1,440 interface board (Molecular Devices, San Jose, CA). The

pCLAMP 10.2 software (Molecular Devices) was used for data display,

acquisition, and storage. Experiments were performed at room tem-

perature (21–24�C). Cells were voltage-clamped at −70 mV. ACSF

included picrotoxin (50 μM) and CGP 55845 (5 μM) for EPSC record-

ings, and TTX (1 μM) for mEPSCs. Synaptic stimulation was achieved

using theta capillaries (2–5 μm tip diameter) filled with ACSF, and

placed in the stratum radiatum to stimulate Schaffer collateral fibers.

Paired pulses (250 μs duration; 75 ms interval) were delivered at

0.33 Hz by stimulator S-900 (Dagan Corporation). Baseline of synap-

tic activity was measured 3–5 min before astrocyte stimulation. Neu-

rons showing z-score > 2 standard deviation (SD) of baseline EPSC

amplitude (pA) during the first 5 min after stimulation were considered

responding to light (Figures 2a, 3e, 5c, and 7d). To estimate the EPSC

variance modifications after light stimuli, neurons that showed z-

score > 2 were selected for the analysis of the noise-free coefficient

of variation (CVNF) of synaptic responses for the case of melanopsin

or ChR2 transfected slices (1, 10, and 30 min after stimulus, as indi-

cated in the figures). CVNF = √(SD EPSC2 − SD noise2)/m; SD EPSC2

and SD noise2 are the variance of the peak EPSC and baseline, respec-

tively, and m is the mean EPSC peak amplitude. The ratio of CV was

obtained for each neuron in control and light conditions as CVNF after

light/CVNF control (Fernandez de Sevilla, Cabezas, de Prada, Sanchez-

Jimenez, & Buno, 2002). Plots comparing variation in Normalized

EPSC amplitude (mean peak amplitude after light stimulus/mean peak

amplitude in control conditions) against (CV−2) in each cell were repre-

sented. CVNF is commonly used to detect changes in presynaptic

transmitter release (Faber & Korn, 1991). For the case of vector-

transfected astrocytes, nontransfected astrocytes and Ip3r2−/− mice

CVNF was analyzed for all the recorded neurons. Changes in the hold-

ing current after light stimulation were monitored by analyzing the

Holding current index: [holding current (i) - holding current (baseline)]/

absolute value [holding current (i) + holding current (baseline)]. i =

holding current values at different time after light stimulus. Experi-

ments designed to optimize NMDAR activation and recording slow

inward currents (SIC) were done in a modified Mg2+-free ACSF (Mg2+

was equimolarly substituted by Ca2+) plus TTX (1 μM). Drugs were

bath applied (for indicated experiments drugs were applied for at least

15 min before recordings). Slow inward currents both spontaneous

and opsin-induced were discriminated from standard miniature EPSCs

(mEPSCs) based on their time courses, that is, rise and decay time

(Figure 6c; cf. [Perea & Araque, 2005; Shigetomi, Bowser, Sofroniew, &

Khakh, 2008]). One neuron per slice and 4–5 slices per mouse were

recorded. Control experiments were performed in hippocampal slices

transfected with viral vector (AAV2/5-GFAP-mCherry) or nontrans-

fected slices stimulated with light. For astrocyte network loading, the

holding potential was −70 mV. Intracellular solution containing

GDPβS (20 mM), Evans Blue (5 μM), BAPTA (40 mM) and biocytin

(0.1%) was used for astrocyte filling for 20–30 min ([in mM]: BAPTA-

K4 40, NaCl, 8, MgCl2 1, HEPES 10, GTP-tris salt 0.4, ATP-Na2 2;

pH = 7.3, with KOH). Slices were then fixed and biocytin was

revealed by Alexa488-Streptavidin (Figure 4a), showing the wide area

covered by the intracellular biocytin-loading, and confirming the broad

downregulation of Ca2+ signals by BAPTA intracellular filling astro-

cytes (cf. Navarrete et al., 2012; Serrano, Haddjeri, Lacaille, & Robi-

taille, 2006).

2.5 | Calcium imaging

Microinjection of AAV2/5 in vivo resulted in reliable, high, and mosaic

expression of membrane-tethered Lck-GCaMP6f within astrocytes

throughout the hippocampus (Figure 1(b), cf.[Shigetomi et al., 2013]).

Lck-GCaMP6f revealed the highly branched nature of astrocytes,

labeling fine processes, termed microdomains, but less efficacy for

proximal processes and cell soma, being revealed in a limited number

of cells (cf. Haustein et al., 2014; Poskanzer & Yuste, 2016). Hence, in

this study, the analysis of Ca2+ events in Lck-GCaMP6f astrocytes

was mainly focused at microdomain levels (identified as functional

microdomains; Agarwal et al., 2017; Mariotti et al., 2018; Srinivasan

et al., 2015), including proximal processes when applicable. Imaging of

Lck-GCaMP6f-astrocytes was performed with a two-photon laser

scanning microscope (AxioImager M, LSM510, Zeiss Oberkochen,

Germany) equipped with a pulsed red laser tuned at 900 nm (1.80 W,

1% of power; Spectra Physics Mai-Tai, Prairie Technologies, Sioux

Falls, SD) for excitation of Lck-GCaMP6f. mCherry signal was acquired

in a confocal laser scanning mode at 543 nm with a HeNe laser. Imag-

ing was performed through a water immersion lens 40×/1.0 W Plan-

Apochromat (Zeiss), with a field of view between 354 × 354 μm (for

colocalization image), and 295 × 295 μm for acquisition at 1 Hz frame

rate. Astrocyte imaging sessions consisted of 250–420 frames. Full-

field photostimulation consisted in 1, 5, 10, and 20 s light pulses and

low-frequency stimulation (LFS; 5 s @ 0.06 Hz, 1 min; λ = 473 nm)

delivered by an external laser. Minor drift in the XY plane of image

stacks was post hoc corrected using TurboReg (ImageJ plugin). In a

subset of experiments, cyto-GCaMP6f was used to monitor Ca2+ sig-

nals in proximal processes and soma of the astrocytes using the acqui-

sition parameters indicated above. ACFS was perfused with TTX

(1 μM) for calcium imaging. Astrocytes showing both mCherry and

GCaMP6f positive labeling were selected for analysis, and regions of

interest (ROI) were selected from the GCaMP6f image. Detection of

ROIs was performed with ImageJ in a semi-automated manner using

the GECIquant program (Srinivasan et al., 2015) coming as an open

source plugin. The mean ROI area was 11.06 � 0.024 μm2 (from 1 to

122 μm2; included proximal processes when applicable). We identify

ROIs corresponding to the soma (> 30 μm2), and to processes

(between 1 and 122 μm2). The resulting detection was visually

checked in every case. Custom-written software in MATLAB
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(MATLAB R2016; Mathworks, Natick, MA) was used for computation

of fluorescence (F) of each ROI. All pixels within each ROI were aver-

aged to give a single time course F[t]. To compare relative changes

in fluorescence between different ROIs, Ca2+ signal was analyzed as

ΔF/F0 = (F(t) − F0)/(F0), from now on termed ΔF/F. F0 represented

baseline fluorescence of each ROI and defined as the average mini-

mum fluorescence across prestimulus frames. ROIs with no Ca2+ sig-

nal changes during the entire recording (signals above five times SD of

baseline) were discarded (14.67% for melanopsin, 19.34% for ChR2,

and 21.15% for vector-transfected astrocytes; p = 0.701; one-way

ANOVA, post hoc comparison with Dunn’s test). For the case of

Ip3r2−/− melanopsin-astrocytes, 51.82% of ROIs did not show activity

and were discarded (wt-astrocytes vs. Ip3r2−/− astrocytes, p = 0.012;

one-way ANOVA, post hoc comparison with Dunn’s test; cf. Agarwal

et al., 2017; Srinivasan et al., 2015). A Ca2+ event was defined as a sig-

nal that showed maximum values above three times SD of mean

values of prestimulus frames, and for those superimposed events,

maximum values above two times SD of the previous steady signal.

Events with duration <2 frames were excluded. For each ROI, four

parameters were analyzed: the frequency of events, amplitude, width,

and onset. Onset was defined as the last point in the ΔF/F time

course below 1 SD before a significant peak occurred. Width value

was measured as the half prominence of each peak. Values were aver-

aged across all astrocytes. From the onset histogram of Ca2+ events

(Figure 1e), the “responding” ROIs were defined as those that showed

at least one Ca2+ event in the first 20 s after light stimulation. All the

Ca2+ traces were visually inspected to exclude the ROIs dominated by

noise. Given the heterogeneity found in the amplitude of Ca2+ events,

group segmentation was done using k-means MATLAB code. Hence,

amplitude values were clustered in three mutually exclusive clusters in

an unbiased mode based on feature similarity. ROIs showing at least

one event in the first 60 s after stimulus, termed “active” ROIs, were

analyzed (72.96% for melanopsin, and 58.22% for ChR2-transfected

astrocytes; Supporting Information Figures S3 and S9). Frames with

light artifacts were removed from the analysis.

For a particular set of experiments, astrocyte Ca2+ responses

were evaluated by local application of DHPG (1 mM, 5 s), an agonist

of group I metabotropic glutamate receptors, before and after intra-

cellular loading of with GDPβS (20 mM). Experiments were performed

in the presence of TTX (1 μM) and PPADS (30 μM), a nonselective P2

purinergic antagonist.

2.6 | Optogenetic stimulation

Full-field photostimulation was achieved through a diode-pumped

solid-state blue laser with analog intensity control (473 nm, MBL-III-

473, OptoEngine, LLC, Midvale, UT) coupled via SMA terminal to a

200 μm fiber (ThorLabs, Newton, NJ). In some experiments, photosti-

mulation through the light path of the microscope objective was per-

formed. Blue light pulses (7 mW/mm2) at 10 Hz (50 ms light pulses) or

continuous stimulation at variable durations (1, 5, 10, and 20 s) were

delivered for two-photon Ca2+ experiments. No differences were

found by light train or continuous stimulation and data were pooled

together. Synaptic responses were evaluated by continuous light stim-

ulation (1, 3, 5, 10, 20, and 60 s at 7 mW/mm2), and by 10 Hz (50 ms

light pulses) for 60 s. ChR2, melanopsin, and vector-transfected astro-

cytes were stimulated using the same light intensity (7 mW/mm2),

only for a subset of experiments showing in Figure 2g and Supporting

Information Figure S5d, light intensity was changed.

2.7 | Immunohistochemistry

C57BL/6 wild-type mice or Ip3r2−/− mice transfected with viral vec-

tors and C57BL/6 naïve mice were euthanized with sodium pentobar-

bital and transcardially perfused with PBS followed by ice-cold 4%

paraformaldehyde in PBS. Brains were removed and postfixed over-

night (o/n) at 4�C in the same fixative solution. Coronal brain slices of

50 μm were obtained in a VT1000S vibratome (Leica), collected as

floating sections, and blocked for 1.5 hr at room temperature (RT) in a

solution containing 0.3% Triton X-100 and 5% NGS in PBS. After

blocking, sections were incubated (o/n; 4�C) with the following pri-

mary antibodies in a solution containing 0.3% Triton X-100 and 1%

NGS in PBS: mouse anti-GFAP (1:500, Sigma, St. Louis, MO, RRID:

AB_477010); rabbit anti-NeuN (1:500, Millipore, RRID:AB_2571567);

mouse anti-NeuN (1:500, Millipore, Burlington, MA, RRID:

AB_2298772); rabbit anti-s100 (1:100, Abcam, Cambridge, UK;

RRID: AB_306716); rabbit anti-Iba1 (1:500, Wako, Huntley, IL, RRID:

AB_839504). After three washes of 15 min. Each in PBS containing

0.3% Triton X-100, the floating sections were incubated with the spe-

cific Alexa conjugated antibodies in a PBS solution containing 0.3%

Triton X-100 and 1% NGS for 2 hr at RT. The following antibodies

were used: Alexa Fluor 488 Goat anti-mouse (1:200, Bioss Inc.,

Woburn, MA, RRID:AB_10892893); Pacific Blue Goat anti-rabbit

(1:200, Thermo Fisher Scientific, Waltham, MA, RRID:AB_2539814);

Alexa Fluor 647 Goat anti-rabbit (1:200, Thermo Fisher Scientific,

RRID:AB_2535813); Alexa Fluor 488 Goat anti-rabbit (1:200, Thermo

Fisher Scientific, RRID:AB_143165) and Alexa Fluor 405 Goat anti-

rabbit (1:200, Thermo Fisher Scientific, RRID:AB_10680407). Before

incubation with DAPI (1.5 μg/mL, Sigma-Aldrich) for 10 min, sections

were washed (three times for 15 min each) in PBS containing 0.3%

Triton X-100. Finally, sections were washed once in PBS and mounted

in Vectashield antifading mounting medium (Vector Laboratories, Bur-

lingame, CA). In order to study the potential microgliosis due to light

stimulation in acute slices, 350 μm sections were illuminated during

20 s with the diode-pumped solid-state blue laser (473 nm) or kept in

the dark for an equivalent amount of time. Subsequently, sections

were fixed with ice-cold 4% paraformaldehyde in PBS (15 min) and

then blocked o/n at 4�C in a solution containing 0.5 Triton X-100

and 5% NGS. Afterward, sections were incubated (24 h; 4�C) with

rabbit anti-Iba1 (1:500, Wako, RRID:AB_839504). After four

washes of 15 min each in PBS containing 0.5% Triton X-100,

sections were incubated with the secondary antibody Alexa Fluor

488 Goat anti-rabbit (1:200, Thermo Fisher Scientific, RRID:

AB_143165). Sections were washed (three times of 15 min each),

incubated with DAPI (1.5 μg/mL, Sigma-Aldrich, St. Louis, MO) for

10 min, and mounted in Vectashield antifading mounting medium

(Vector Laboratories). Sections were then stored at 4�C, and images

were acquired on a Leica SP5 (Leica, Wetzlar, Germany) laser scan-

ning confocal microscope.
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2.8 | Immunohistochemistry measurements and
quantification

To study the colocalization of the mCherry reporter encoded in a viral

vector with astrocytic and neuronal markers, both quantitative and

qualitative measurements were carried out. Single optical sections

(0.8 μm) obtained through a 63× 1.40 NA oil immersion objective

were acquired, and the intensity correlation analysis (ICA) plugin of

ImageJ was used for the quantitative colocalization analysis. Rolling

ball background subtraction was applied before running the plugin,

and the Pearson's correlation coefficient yielded by the software was

considered for analysis. For qualitative colocalization analysis, z-stack

images (10 μm thickness) obtained through a 40× 1.25NA oil immer-

sion objective were collected for visual identification of mCherry

positive astrocytes. Furthermore, s100 and NeuN were used as astro-

cytic and neuronal markers, respectively, in order to quantify the num-

ber of double-positive cells. To investigate the potential microgliosis

elicited by light stimulation or viral transfection, Iba1 labeled sections

were imaged. Maximal projections of z-stacks (10 μm thickness)

obtained through a 40× 1.25NA oil immersion objective were made,

and single Iba1+ cells were unequivocally recognized by DAPI coun-

terstaining. In order to examine the distribution of mCherry fluores-

cence along the astrocytic processes, we used single optical sections

(0.8 μm) collected through a 63× 1.40 NA oil immersion objective.

Line plots were drawn from perisomatic regions (defined by the out-

line of DAPI labeling) to the distal end of astrocytic processes. To

quantify the fluorescence in somatic regions we employed the first

FIGURE 2 Light activation of melanopsin-transfected astrocytes induces enhancement of excitatory synaptic transmission in CA1 neurons.

(a) Top: schematic drawing of the experimental design for synaptic recordings. Bottom: percentage of neurons showing synaptic changes after
astrocyte light stimulation in blue. (b) Excitatory synaptic currents (EPSCs) before (i) and after (ii, iii), and a representative recording from CA1
neuron showing its EPSC amplitudes over time by 20 s of astrocyte light activation. Zero time indicates light pulse onset and astrocyte activation
(blue beam denotes light stimulation). (c) Top: average of relative EPSC amplitude over time before and after astrocyte stimulation at different
pulse durations. Zero time indicates light pulse (blue beam; 5 s, n = 16 neurons; 10 s, n = 13 neurons; 20 s, n = 15 neurons). Bottom: neuronal
holding current index over time by 20 s of astrocyte photostimulation (n = 15 neurons). (d) Average of relative EPSC amplitude by light
stimulation (1–20 s) at different time points of all recorded neurons. Values recorded at 10 min after 1 s (mean: 92.82%; SD: 36.36%; SEM:
13.74%; n = 7), 3 s (mean: 95.74%; SD: 26.26%; SEM: 8.75%; n = 9), 5 s (mean: 102.45%; SD: 31.83%; SEM: 7.96%; n = 16), 10 s (mean:
106.55%; SD: 23.79%; SEM: 6.59%; n = 13) and 20 s (mean: 118.52%; SD: 32.42%; SEM: 8.37%; n = 15); 5 s: 1 min (p = 0.013); 10 s: 1 min
(p = 0.021); 20 s: 1 min (p = 0.020), 10 min (p = 0.044); paired t test. (e) Relative changes of the coefficient of variation (CV) after 1 min (5 s,
n = 9; 10 s, n = 9; 20 s, n = 11) and 10 min of astrocyte stimulation (20 s, n = 11). (f ) Relative changes of EPSC amplitude evoked by 20 s and
longer pulses: continuous light stimulation for 60 s (n = 9; 10 min, p = 0.020), and 10 Hz for 60 s (n = 8; 10 min, p = 0.039). Note that longer
pulses did not induce long-term synaptic changes, and no differences were found between 20 s versus longer light pulses. p = 0.515; one-way
ANOVA, post hoc comparison with Dunn’s test. *p < 0.05. (g) Quantification of the EPSC amplitude changes induced by 20 s light pulses at
different intensities recorded at 10 and 20 min after stimuli (10 min: 2 mW/mm2, n = 8, p = 0.912; 7 mW/mm2, n = 15, p = 0.044; 20 mW/mm2,
n = 8, p = 0.035; 40 mW/mm2, n = 9, p = 0.020; paired t test). Note that no significant differences were found for synaptic potentiation evoked

from 7 mW/mm2 to 40 mW/mm2 (p = 0.354; one-way ANOVA, post hoc comparison with Dunn’s test). *p < 0.05. (h) Left: relative changes of
EPSC amplitude 10 min after light pulses induced by 20 s (n = 15), 30 s (n = 15), 60 s of light stimulation (n = 8) and nontransfected slices
(n = 8 neurons). Right: Relative changes of the coefficient of variation (CV) measured at 10 min after of astrocyte stimulation. p > 0.05, paired
t test. Data are shown as mean � SEM
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0.5 μm of each line plot. The region comprised between 10 and

20 μm was used to quantify the fluorescence in astrocytic processes.

To estimate the fluorescence in astrocytic endfeet, we traced line

plots along noticeable endfeet of astrocytic processes. For the analy-

sis of mCherry expression levels yielded by the different AAV vectors,

we used Maximal projections of z-stacks (8 μm thickness) obtained

with a 63× 1.40 NA oil immersion objective (digital zoom = 2×). After

thresholding the images, a binary mask was rendered. The mask was

superimposed over background subtracted images and the fluores-

cence values were collected as mean gray values for different astro-

cytes transfected with each viral vector. Comparisons among the

different treatments and conditions were made and the specific statis-

tical test is indicated in figure legends. To study the potential astro-

gliosis induced by viral injections, GFAP labeled sections were imaged

through a 40× 1.25NA oil immersion objective. Z-stack images (10 μm

thickness) were thresholded and the binary mask was applied over the

background subtracted images for quantifications.

2.9 | Behavioral experiments

Behavioral experiments were performed in the morning (before

3 p.m.). To evaluate cognitive performance without an intrinsic stress

Novel Object Location (NOL) test was used. The memory test consisted

of three phases: habituation, sample (acquisition), and test trials. Mice

(6–8 weeks) were first habituated individually to an empty open-field

box (L, W, H: 50 × 40 × 40 cm) for 30 min. Next day, a sample trial

(object exposure) was performed consisting on placing the mouse into

the box for 10 min. After a delay (retention period of 30 min), the

mouse was back in the box for the test trial. Light protocol (LFS: 5 s

light ON, 10 light OFF) was applied during 3 min during the sample

trial. The test trial consisted of switching the location of one of the

objects (novel location of the displaced object). A recognition index

was calculated by dividing the total time spent exploring the displaced

object by the total time exploring both objects during the test trial.

The animals' behavior was scored by an observer blind to the treat-

ment conditions.

2.10 | In vivo light protocol

To optogenetically activate astrocytes, blue light (473 nm) was bilater-

ally delivered through two 100 μm thick optic fibers ending in a

ceramic ferrule (Thorlabs) that were implanted and attached to the

patch cords. Light was delivered for 3 min (5 s light ON; 10 s light

OFF cycles).

2.11 | Drugs and chemicals

D-(−)-2-Amino-5-phosphonopentanoic acid (D-AP5), (S)-(+)-α-Amino-

4-carboxy-2-methylbenzeneacetic acid (LY367385), MRS2179 tetra-

sodium salt (0900), Evans Blue tetrasodium salt (0845), SCH58261

(227010), (S)-3,5-dihydroxyphenylglycine (DHPG), and pyridoxal

phosphate-6-azophenyl-20 ,40-disulfonic acid tetrasodium salt (PPADS;

0625) were purchased from Tocris Bioscience. Tetrodotoxin (TTX)

was purchased from Alomone Labs (Jerusalem, Israel). GAP-26 was

purchased from Apexbio (A1044). Light chain Tetanus toxin (TeTXLc)

was purchased from List Biological Laboratories, Inc. (Campbell, CA).

All other drugs, including Guanosine 50-[β-thio]diphosphate (GDPβS

trilithium salt; G7637), were purchased from Sigma-Aldrich.

2.12 | Statistical analysis

Data are expressed as the mean � standard error of the mean (SEM).

For Figures 2d, 3g, and 5h standard deviation (SD) was provided. Sta-

tistical analyses were performed using Sigmaplot 13.0 and MATLAB.

Normality test was performed before applying statistical comparisons

which were made using nonparametric Rank-sum test and parametric

Student's t tests, one-way ANOVA or two-way ANOVA when appropriate,

and followed by post hoc comparison with Tukey–Kramer or Dunn’s

tests as deemed appropriate. Two-tailed, unpaired or paired test was

used for comparisons unless indicated. p value and test employed are

reported in the text and/or figures legends. Statistical differences

were established with p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***; #).

Randomization was not employed. Sample size for whole-cell recording

experiments was based on values previously found sufficient to detect

significant changes in hippocampal synaptic strength in the past studies

from the lab.

All relevant data or codes are available from the authors.

3 | RESULTS

3.1 | Melanopsin: A new optical tool to control
astrocyte Ca2+ signaling

In order to investigate the ability of melanopsin to modulate astrocyte

Ca2+ signaling, the gene for the opsin (Opn4-human melanopsin) was

fused to the glial fibrillary acidic protein (Gfap) promoter and

expressed in astrocytes following an adeno-associated virus (AAV)-

based strategy (AAV2/5-Gfap-melanopsin-mCherry; Figure 1a and b).

To monitor Ca2+ signals, the membrane-targeted genetically encoded

Ca2+ indicator (GECI) Lck-GCaMP6f was selectively co-expressed with

melanopsin in hippocampal astrocytes (Figure 1a–c; see Methods).

Lck-GCaMP6f revealed the highly branched nature of astrocytes,

labeling fine processes (Shigetomi et al., 2013), where the analysis of

Ca2+ events was focused. Some key features of melanopsin transfec-

tion were analyzed (Supporting Information Figures S1 and S2), show-

ing the specifically targeted expression in astrocytes, and the absence

of measurable astrocyte reactivity caused by either viral transfection

(Shigetomi et al., 2013) or melanopsin expression (Supporting Infor-

mation Figure S1a,b). For Ca2+ imaging experiments, only astrocytes

showing both mCherry-melanopsin and GCaMP6f labeling were con-

sidered for the analysis. After blue light (473 nm) stimulation, hippo-

campal astrocytes showed robust Ca2+ increases in fine processes and

soma (Figure 1c–g). The analysis of Ca2+ signals indicated that light

pulses of different durations (1, 5, 10, and 20 s) increased the fre-

quency of Ca2+ events per region of interest (ROI) at the soma

(Figure 1f ) and microdomains (Figure 1c–e, g), without changing the

amplitude of Ca2+ events in each ROI (Figure 1f–g). Additionally, the

duration of Ca2+ events at microdomains was reduced after longer

light stimuli (1 s: 4.76 � 0.2 s; 20 s: 4.34 � 0.12; p < 0.001;
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Figure 1f ). Considering the limited number of cells showing Lck-

GCaMP6f expression at the soma (Haustein et al., 2014; Poskanzer &

Yuste, 2016; Shigetomi et al., 2013), we focused on Ca2+ events at

astrocytic branches. Although different light pulses evoked similar

maximum response onset delay (~3 s after the end of stimulus;

Figure 1e), we found that longer light stimuli increased the number of

ROIs showing Ca2+ events (Figure 1e). In order to investigate the par-

ticular features of melanopsin-driven Ca2+ responses, we analyzed

Ca2+ events occurring up to 60 s after light stimulus, based on the

prestimulus amplitude values were classified in three groups (active

ROIs, see Methods; Supporting Information Figure S3). ROIs with

small Ca2+ event amplitude only showed further Ca2+ increases fol-

lowing 20 s light pulses, but they significantly increased their oscilla-

tion frequency at all tested light pulses. Additionally, a reduced Ca2+

event duration was observed by 10 and 20 s light pulses. Interestingly,

ROIs with higher Ca2+ signals in resting conditions were insensitive to

further increase in amplitude, and only longer light pulses evoked an

increase in the event frequency related with a reduced duration of the

events (Supporting Information Figure S3b). To confirm whether mela-

nopsin could also stimulate Ca2+ signals at the soma levels, a subset of

experiments was performed using cyto-GCaMP6f (AAV2/5-Gfap-cyto-

GCaMP6f ) that were co-transfected with melanopsin into astrocytes. A

20 s light stimulation evoked an increase in the frequency of somatic

Ca2+ peaks, but no significant changes in the amplitude or duration of

the Ca2+ events were found, similar to data found with Lck-GCaMP6f

(Supporting Information Figure S3c).

Melanopsin activation was also monitored by whole-cell record-

ings from mCherry-expressing astrocytes showing weak outward cur-

rents in response to blue light (Supporting Information Figure S4a, b).

It has been recently reported that melanopsin activates Ca2+-

dependent K+ channels in cortical neurons (McGregor, Becamel,

Marin, & Andrade, 2016). Consistent with these data, we found that

light-induced astrocytic outward currents were reduced in presence

of apamin (100 nM), a selective blocker of Ca2+-dependent K+ chan-

nels (Supporting Information Figure S4c). Altogether, these data show

that the ectopic expression of melanopsin in hippocampal astrocytes

was competent to trigger intracellular Ca2+ signals.

3.2 | Light activation of melanopsin-transfected
astrocytes induces short-term potentiation of synaptic
plasticity

Astrocyte activity has been found to influence synaptic physiology,

including regulation of synaptic transmission and plasticity (Araque

et al., 2014). Hence, we next investigated whether melanopsin-driven

astrocyte Ca2+ signals had an impact on neuronal activity by recording

excitatory postsynaptic currents (EPSCs) from pyramidal CA1 neurons

(Figure 2a and b). Astrocyte Ca2+ signals were successfully induced at

1 s light stimulation (Figure 1g and Supporting Information Figure S3);

however, no changes in synaptic transmission were found by short

light pulses, that is, 1 and 3 s (Figure 2d). Only after ≥5 s light stimula-

tion, a transient increase of synaptic strength was observed (Figure 2c

and d). We found that longer light pulses (20 s) evoked transient EPSC

potentiation that last over 10 min after astrocyte stimulation

(118.52 � 8.37% from baseline at 10 min after 20 s light stim; n = 15;

p = 0.044; Figure 2b–d), without modifying the holding current

(Figure 2c), discarding a depolarization of postsynaptic neuron. We

further analyzed the synaptic locus of the short-term synaptic changes

calculating the coefficient of variation (CV) of EPSCs, which measures

the trial-to-trial variability of the synaptic responses (see Methods),

and indicated presynaptic mechanisms underlying the melanopsin-

driven short-term plasticity (Figure 2e). Accordingly, the miniature

synaptic responses (mEPSCs) showed a transient increase in fre-

quency, but no changes in mEPSC amplitude (Supporting Information

Figure S5a and b). In addition, whole cell recordings in astrocytes were

performed and the astrocytic glutamate transporter-dependent cur-

rents monitored (Devaraju, Sun, Myers, Lauderdale, & Fiacco, 2013),

showing an increase in the amplitude of peak current after light stimu-

lation (Supporting Information Figure S5c). Although a partial contri-

bution of postsynaptic activity cannot be totally excluded given the

reported actions of astrocyte signaling that increase the trafficking of

AMPA receptors to the synapses (Boue-Grabot & Pankratov, 2017;

Gordon et al., 2005; Lalo et al., 2014), our data suggest that glutama-

tergic synaptic transmission was mainly enhanced via presynaptic

mechanisms after melanopsin-astrocyte stimulation.

To evaluate whether even longer light stimuli could further

extend synaptic modulation, 60 s continuous light pulses and 10 Hz

(50 ms light pulses) during 60 s were delivered to melanopsin-astro-

cytes. After those light protocols both the amplitude and duration of

synaptic modulation were not further enhanced (Figure 2f ). We next

analyzed whether synaptic potentiation was tuned by different light

intensities (range from 0.15 to 40 mW/mm2). While the area of astro-

cytic melanopsin-evoked membrane currents displayed a linear

increase with light intensity Supporting Information Figure S5d), the

melanopsin-induced synaptic modulation was observed for intensities

≥7 mW/mm2 (note that 7 mW/mm2 were the reference intensity

used in this study) (Figure 2g). Remarkably, no additional enhance-

ment of EPSC potentiation was observed at higher intensities

(7 mW/mm2 vs. 40 mW/mm2; p = 0.354; Figure 2g).

A reporter vector (AAV2/5-GFAP-mCherry) was expressed into

astrocytes and analyzed. Light stimulation failed to induce both astro-

cyte Ca2+ transients and synaptic modulation in the reporter trans-

fected animals (97.31 � 11.64% from baseline after 20 s light

stimulation; n = 15; p = 0.169), which excluded that viral transfection

or blue light might per se contribute to the observed changes

(Figure 2h, and Supporting Information Figure S6).

Nowadays ChR2 is the opsin commonly used for astrocyte activa-

tion (Gourine et al., 2010; Pelluru et al., 2016; Perea et al., 2014;

Sasaki et al., 2012; Shen, Nikolic, Meunier, Pfrieger, & Audinat, 2017).

Therefore, we analyzed the features and consequences of using ChR2

for astrocyte activation under similar light conditions applied to mela-

nopsin. Analogous viral strategy was followed (AAV2/5-GFAP-

ChR2-mCherry), and Ca2+ signals were monitored by selective expres-

sion of Lck-GCamp6f (Figure 3a). We found that light stimulation had

a modest activation of Ca2+ signals at astrocytic processes (Figure 3b–d).

The frequency of Ca2+ events per ROI was increased after 10 and 20 s

light stimulation (Figure 3c; Supporting Information Figure S7a), but

unchanged after short light pulses (1 and 5 s; Figure 3c). Additionally, no

significant changes were found in the amplitude or width of the Ca2+

events at microdomains level (Supporting Information Figure S7b). In a
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subset of experiments, somatic Ca2+ events were recorded by expression

cyto-GCaMP6f in astrocytes, which showed a clear increase in their fre-

quency, but no changes were found in the Ca2+ event amplitude

(Supporting Information Figure S7c). Patch-clamp recordings showed

that light stimulation evoked robust inward currents in transfected-astro-

cytes, confirming the functional expression of ChR2 (Lin, 2011; Support-

ing Information Figure S7d). Additionally, ChR2-astrocyte stimulation

was competent to modulate synaptic transmission in CA1 neurons

(Figure 3e, g). A brief transient synaptic boost was observed after 5 s

light; however, higher and sustained synaptic modulation (at least

20 min post stim) was found by longer astrocyte stimuli

(154.05 � 12.99% from baseline for 20 s light pulse; n = 13; p = 0.008;

Figure 3f, g), which showed presynaptic mechanisms of action

(Supporting Information Figure S7f ). The different sensitivity showed by

melanopsin and ChR2 for Ca2+ signals were not due at least to diverse

intensity patterns of reporter expression (Supporting Information

Figure S7g, h), but it might be related to the capability of these opsins to

engage intracellular Ca2+ signals. Indeed, melanopsin had a higher effi-

cacy than ChR2 to stimulate Ca2+ signals both at the soma and microdo-

mains, even at short pulses (Figure 3h, i). However, the impact on

synaptic transmission by ChR2-astrocyte stimulation was present for lon-

ger periods (Figure 3j). Considering the weaker Ca2+ responses and the

sustained synaptic changes evoked by ChR2-astrocytes, these data sug-

gest a narrow window of ChR2 to precisely control astrocyte-to-neuron

signaling.

3.3 | Melanopsin recruits astrocyte G-protein and
Ca2+-dependent pathways

Astrocyte neuromodulation by means of different substrates is based

on Ca2+-dependent and independent mechanisms (Bazargani & Att-

well, 2016). In order to confirm the causal relationship between syn-

aptic potentiation and melanopsin-induced astrocytic Ca2+, the

downregulation of Ca2+ signals was pursued. Based on the reported

melanopsin G-protein activity (Panda et al., 2005), a competitive

blocker of G-proteins GDPβS (20 mM) was intracellularly loaded into

melanopsin-expressing astrocytes by the recording pipette and dia-

lyzed into astrocyte network (Figure 4a). The efficacy of GDPβS action

was confirmed by the absence of astrocyte Ca2+ responses to DHPG

(1 mM), a selective agonist of group I metabotropic glutamate recep-

tors (mGluRs; Supporting Information Figure S8). After 20–30 min of

GDPβS-loading, light stimulation failed to induce synaptic enhance-

ment (98.58 � 9.20% from baseline; n = 6; p = 0.820; Figure 4b).

Additionally, astrocyte Ca2+ was blocked by intracellular loading of

the Ca2+ chelator BAPTA (40 mM) into the astrocyte syncytium.

Under these conditions, astrocyte stimulation failed to evoke changes

in EPSC strength (97.59 � 9.99% from baseline; n = 5; p = 0.885;

Figure 4b), confirming the contribution of the astrocyte G-protein and

Ca2+-dependent pathways to the observed synaptic potentiation.

To overcome limitations associated with pharmacological manipu-

lations and considering that melanopsin activation induces Ca2+

release from IP3-sensitive intracellular stores in ganglion cells

(Peinado, Osorno, Gomez Mdel, & Nasi, 2015), we evaluated melanop-

sin actions in the Ip3r2−/− mice (X. Li et al., 2005), which show a weak-

ened Ca2+ signaling in astrocytes (Agarwal et al., 2017; Navarrete

et al., 2012; Sherwood et al., 2017; Srinivasan et al., 2015). Ip3r2−/−

mice were transfected with viral vectors containing melanopsin and

Lck-GCaMP6f, and the spontaneous and light-evoked Ca2+ transients

were evaluated (Figure 5a). In line with previous results (Agarwal et al.,

2017; Haustein et al., 2014; Srinivasan et al., 2015), a downregulated

Ca2+ signaling in resting conditions was observed in melanopsin-

Ip3r2−/− astrocytes (Figure 5b–e). After light stimulation, melanopsin

was unable to modify the Ca2+ event properties in the astrocyte pro-

cesses at any light pulse tested (Figure 5c and d). To evaluate whether

melanopsin could stimulate Ca2+ signals at the astrocyte soma, where

IP3-sensitive stores play a major role, cyto-GCaMP6f was expressed

in Ip3r2−/− astrocytes. However, light stimulation failed to evoke Ca2+

signals at the soma (Figure 5e), suggesting the specific IP3 signaling

pathway engaged by melanopsin. Likewise, no EPSC changes were

found after astrocyte stimulation (Figure 5f–i). Therefore, these data

confirm that melanopsin-mediated synaptic enhancement was driven

by the astrocytic boosting of intracellular IP3-dependent Ca2+

pathways.

3.4 | Melanopsin-evoked purinergic signaling
triggers synaptic plasticity

We next evaluated the gliotransmitters and receptors involved in the

synaptic responses evoked by melanopsin-astrocyte signaling. EPSC

potentiation was present in the presence of LY367385 (100 μM), a

selective blocker of mGluR1a subtype (Figure 6a and b; n = 8 neurons;

p = 0.046), which has been related with astrocyte-evoked synaptic

modulation in the hippocampus (Gomez-Gonzalo et al., 2015; Perea &

Araque, 2007) and other brain areas (Martin, Bajo-Graneras, Mora-

talla, Perea, & Araque, 2015; Perea et al., 2014; Sasaki et al., 2012).

Conversely, synaptic modulation was sensitive to purinergic signaling

(Di Castro et al., 2011; Gourine et al., 2010; Lalo, Palygin, Verkhratsky,

Grant, & Pankratov, 2016; Panatier et al., 2011; Pougnet et al., 2014;

Tan et al., 2017), and was abolished by MRS2179 (10 μM;

96.40 � 6.16% from baseline; n = 12 neurons; p = 0.571), the puri-

nergic P2Y1 receptor antagonist, SCH58261 (Figure 6a and b; 10 μM;

100.86 � 10.51% from baseline; n = 10 neurons; p = 0.695), the

adenosine A2A receptor antagonist, previously found to stimulate syn-

aptic transmission; but synaptic enhancement was still present after

blockage of P2X receptors with PPADS (Figure 6b; 10 μM;

143.57 � 18.75% from baseline; n = 10 neurons; p = 0.045). There-

fore, these data suggested that ATP/Adenosine (Ado) released by

melanopsin-astrocytes were involved in the synaptic boost. On the

other hand, the EPSC modulation evoked by ChR2-transfected astro-

cytes was abolished by LY 367385 (n = 11 neurons; p = 0.899) and

MRS 2179 (n = 8 neurons; p = 0.491), but insensitive to the puriner-

gic adenosine A2A receptor antagonist (Figure 6b; n = 8 neurons;

p = 0.013). These results indicated that while melanopsin triggered a

purinergic-mediated synaptic modulation, the ChR2-induced potentia-

tion required the action of both glutamatergic and purinergic signaling.

In order to confirm whether melanopsin might stimulate glutamate

release, we analyzed the NMDA-dependent slow inward currents

(SIC), which has been related to glutamate released from astrocytes

(Perea & Araque, 2005; Shigetomi et al., 2008). Following melanopsin-

astrocyte activation, CA1 neurons displayed a significant increase in
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FIGURE 3 Selective ChR2 activation of hippocampal astrocytes stimulates Ca2+ signaling and synaptic changes. (a) Top: viral transfection of

AAV2/5-Gfap-Lck.GCaMP6f and AAV2/5-Gfap-ChR2-mCherry in hippocampus. Bottom: immunocytochemical localization of ChR2-mCherry
(red), GFAP (green), and DAPI nuclei (blue) in hippocampal slices. Inset of high magnification of representative astrocyte. Scale bar = 50 and
20 μm, respectively. (b) Left: representative raster plot of microdomain activity, color coded according to fluorescence change (top, n = 500), and
average microdomain population activity versus time (bottom, n = 784). Right: representative intensity of Ca2+ signals versus time evoked by
ChR2 light stimulation (20 s; blue bar). Scale bar = 1.5 ΔF/F, 25 s. (c) Analysis of microdomain Ca2+ fluctuation properties showing mean
responses for event frequency (1 s, n = 162 out of 237 (62.35%); 5 s, n = 327 out of 451 (72.50%); 10 s, n = 734 out of 851 (86.25%); 20 s,
n = 784 out of 821 (95.49%); 25 slices from five mice). Resting versus light 10 s, p = 0.025; 20 s, p < 0.001. Two-way ANOVA analysis, post hoc
comparison with Tukey–Kramer test; * p < 0.05; *** p < 0.001. (d) Normalized changes in frequency of microdomain events to resting conditions
and linear fitting between different stimuli conditions. (e) Schematic drawing of experimental design for synaptic recordings and percentage of
neurons showing synaptic changes after ChR2-astrocyte stimulation. (f ) Average of relative changes of EPSC amplitude over time after astrocyte
stimulation by different light conditions (1 s, n = 7; 5 s, n = 10; 10 s, n = 11; 20 s, n = 13). Zero time indicates light pulse (blue beam). (g) Relative
changes of EPSC amplitude by ChR2 stimulation at different time points. Values recorded at 10 min after ChR2-light stim of 1 s (mean: 96.72%;
SD: 24.21%; SEM: 9.15%; n = 7), 5 s (mean: 105.62%; SD: 24.53%; SEM: 7.76%; n = 10), 10 s (mean: 123.97%; SD: 28.09%; SEM: 8.47%; n = 11)
and 20 s (mean: 151.95%; SD: 43.74%; SEM: 12.13%; n = 13). 5 s: 1 min (p = 0.039); 10 s: 10 min (p = 0.018), 20 min (p = 0.001); 20 s: 1 min
(p = 0.012), 10 min (p = 0.001), 20 min (p = 0.008). *p < 0.05, **p < 0.01; paired t-test. (h) Analysis of Ca2+ fluctuation properties induced by
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the SIC frequency (Figure 6c–e; 2.46 � 0.77; n = 12; p = 0.007), indi-

cating the ability of melanopsin to trigger the release of both transmit-

ters glutamate and ATP/Adenosine.

Gliotransmission can be achieved by vesicular-dependent and inde-

pendent mechanisms (Bazargani & Attwell, 2016), involving regulated

exocytosis (Araque et al., 2014), and connexin/pannexin hemichannels

(Bennett et al., 2012). Following the intracellular loading of astrocytes

with Evans blue (5 μM), which blocks both the vesicular glutamate

transporter (VGLUT) function (Eriksen et al., 2016; Goh et al., 2011;

Sanchez-Mendoza et al., 2017), and the nucleotide transporters

(VNUTs) that actively accumulate ATP into vesicles (Geisler et al., 2013;

Oya et al., 2013; Sakamoto et al., 2014), light stimulation failed to

induce astrocyte-mediated increase of SIC frequency (Figure 6e;

0.68 � 0.31; n = 8; p = 0.677), as well as blocked the transient synap-

tic potentiation (Figure 6f, 99.96 � 7.24%; n = 8 neurons; p = 0.996).

Conversely, the blockage of connexin-hemichannels and gap junctions

by bath application of the connexin 43 mimetic peptide Gap26

(100 μM; Karpuk, Burkovetskaya, Fritz, Angle, & Kielian, 2011;

Roux et al., 2015) did not prevent both the increase of SIC

frequency (Figure 6(e), 1.95 � 0.52; n = 8; p = 0.016), and synaptic

potentiation evoked by melanopsin-astrocyte stimulation (Figure 6f,

126.33 � 14.73%; n = 8; p = 0.010). Additionally, the light chain of tet-

anus toxin (TeTxLC) that cleaves the vesicle-associated synaptobrevin-

2 required for exocytosis was included into the astrocytic recording

pipette, and synaptic responses were analyzed before and after light

stimulation. The presence of TeTxLC (1 μM) into astrocytes blocked the

melanopsin-induced synaptic potentiation in neighboring neurons

(Figure 5f, 107.39 � 30.09%; n = 8; p = 0.547). Altogether, these data

support the contribution of vesicular-dependent pathways of gliotrans-

mitter release (Henneberger, Papouin, Oliet, & Rusakov, 2010; Jourdain

et al., 2007; Min & Nevian, 2012; Perea & Araque, 2007; Schwarz,

Zhao, Kirchhoff, & Bruns, 2017) to the neuronal modulation triggered

by melanopsin activation.

3.5 | Low-frequency light activation of melanopsin-
astrocytes triggers hippocampal long-term plasticity
and enhances memory performance in vivo

Astrocytes displayed low frequency spontaneous oscillatory activity

that could be enhanced after melanopsin light activation (from

1.13 � 0.024 in basal conditions to 1.78 � 0.048 min−1 after 5 s light

pulse; ~0.03 Hz; p < 0.001; Figure 1g). We then tested whether tun-

ing astrocyte activity within this low-frequency range might engage

different forms of Ca2+ signaling and synaptic plasticity. Astrocytes

stimulated at low frequency (low-frequency stimulation protocol, LFS;

5 s light pulse @ 0.06 Hz, 1 min; Supporting Information Figure S9a

and b) showed a robust enhancement of the Ca2+ signals located at

the astrocytic microdomains (Figure 7a and b). Based on the prestimu-

lus amplitude value of Ca2+ events (see Methods; Supporting Informa-

tion Figure S9c), ROIs showed a systematic increase in the frequency

melanopsin (purple) and ChR2 (orange) in microdomains at 1 and 20 s light stimulation showing mean responses for event frequency, amplitude
and width. Note that light stimulation of melanopsin at 1 s boosted the Ca2+ event frequency, while ChR2 failed to evoke changes; 20 s light
pulse evoked higher mean frequency in melanopsin- than ChR2-transfected astrocytes (p = 0.021). Additionally, after 20 s light pulse melanopsin,
but not ChR2, induced shorter Ca2+ events (p = 0.045). Two-way ANOVA, post hoc comparison with Tukey–Kramer test. (i) Somatic Ca2+

fluctuation properties of cyto-GCaMP6f-melanopsin (purple) and cyto-GCaMP6f-ChR2 (orange) expressing astrocytes induced by 20 s light pulse.
Changes in event frequency were higher for melanopsin (p < 0.001) than ChR2-transfected (p = 0.01) astrocytes, while amplitude and width of
Ca2+ events did not show differences (p = 0.711 and p = 1.00; respectively). Two-way ANOVA, post hoc comparison with Tukey–Kramer test.
(j) Top: relative changes of EPSC amplitude over time by 1 and 20 s light stimulation of melanopsin-astrocytes and ChR2-astrocytes. Zero time
indicates light pulse (blue beam). Bottom: mean values of EPSC amplitude at 10 min after light stimulation of melanopsin- and ChR2-astrocytes.
Differences were found between 20 s light pulses. p = 0.014; unpaired t test. *p < 0.05; ***, #p < 0.001. Data are shown as mean � SEM

FIGURE 4 Melanopsin triggers G-protein-dependent Ca2+ signaling in astrocytes. (a) Top, schematic drawing of intracellular loading of astrocyte

network with BAPTA or GDPβS by the recording pipette. Bottom, maximal projection confocal image of the astrocytic syncytium revealed by
biocytin-loading via whole-cell astrocyte recording in the stratum radiatum, and high magnification of representative loaded astrocytes. Scale bar
= 50 μm and 25 μm, respectively. (b) Representative EPSCs responses before and after 20 s of melanopsin-astrocyte stimulation in control and
after astrocyte BAPTA or GDPβS-loading. Average of relative changes of EPSC amplitude over time (blue beam denotes 20 s light stimulation);
and histograms of relative changes of EPSC amplitude recorded 10 min after astrocyte stimulation (BAPTA, 98.58 � 9.20%; n = 5; p = 0.410;
GDPβS, 97.59 � 10.00%; n = 6; p = 0.443). p > 0.05; paired t-test. Data are shown as mean � SEM
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FIGURE 5 Melanopsin triggers IP3-dependent Ca2+ signals in astrocytes. (a) Image of an astrocyte from Gfap.Lck-GCaMP6f Ip3r2−/− mouse,

and the same astrocyte showing the selected microdomains identified by GECIquant on ImageJ mask generator. Right: representative
intensity Ca2+ signals versus time evoked by melanopsin light stimulation (20 s; blue bar) in Ip3r2−/− astrocytes. Scale bar, 10 μm; 3 ΔF/F, 25 s.
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FIGURE 6 Melanopsin-driven purinergic and glutamatergic transmission triggers astrocyte-neuron signaling. (a) Schematic drawing of

experimental design. Changes in relative EPSC amplitude over time before and after 20 s of melanopsin-astrocyte stimulation in presence of LY
367385 (100 μM), SCH 58261 (10 μM), and MRS 2179 (10 μM). Zero time indicates light pulse (blue beam). (b) Top: representative EPSC
recordings before and after (10 min) astrocyte stimulation in presence of LY 367385 (in black/gray) and SCH 58261 (in green). Bottom left:
average of relative changes of EPSC amplitude induced by melanopsin-astrocyte stimulation (20 s light) in the presence of LY 367385 (n = 8;
p = 0.046), SCH 58261 (n = 10), MRS 2179 (n = 12), and PPADS (n = 10); *p < 0.05; paired t test. Bottom right: changes of EPSC amplitude
evoked by ChR2-astrocyte stimulation (20 s light) in the presence of LY 367385 (n = 11), SCH 58261(n = 8; p = 0.013), MRS 2179 (n = 8), and
after intracellular astrocyte loading with BAPTA (n = 8). *p < 0.05; paired t test. (c) Representative recordings showing the increase of SICs
frequency (red triangles) after 20 s melanopsin-astrocyte activation. (d) Mean SIC frequency over time after melanopsin-stimulation in control
conditions (n = 12), or after loading astrocytes with of Evans Blue (n = 8) or with perfusion of D-AP5 (50 μM, n = 6). (e) Relative changes of the
SIC frequency in control (n = 12; p = 0.007), in presence of Evans Blue (5 μM, n = 8), and Gap 26 (100 μM, n = 9, p = 0.016; *p < 0.05;
**p < 0.01; paired t test). (f ) Average of relative changes of EPSC amplitude by melanopsin-stimulation after intracellular astrocyte loading with
Evans Blue (n = 8), Gap 26 (n = 8; p = 0.010) and LcTeTx (1 μM, n = 8). *p < 0.05; paired t test. Data are shown as mean � SEM

(b) Top: representative raster plot of microdomain activity in Ip3r2−/− mice (n = 500), color coded according to fluorescence change, and average
microdomain population activity versus time after 20 s of light stimulation (bottom, n = 589). (c) Top: histogram of ROIs event frequency versus
time (20 s, n = 589). Bottom: percentage of ROIs showing an event during the first 20 s after light stimulation (1 s, n = 75; 5 s, n = 28; 10 s,
n = 103, 20 s, n = 86; 19 slices from 4 mice). (d) Analysis of microdomain Ca2+ fluctuation properties showing mean responses for event
frequency, amplitude and width (1 s, n = 238 out of 531 (44.82%); 5 s, n = 105 out of 405 (25.93%); 10 s, n = 359 out of 759 (47.30%); 20 s,
n = 589 out of 789 (74.65%); 19 slices; from four mice). p > 0.05; one-way ANOVA, post hoc comparison with Tukey–Kramer test. Somatic Ca2+

signals were monitored with cyto-GCaMP6f at 20 s light pulses (n = 39 astrocytes, 10 slices from three mice). p > 0.05; one-way ANOVA, post hoc
comparison with Tukey–Kramer test. Note the absence of light effects on Ca2+ signals. (e) Analysis of resting microdomains Ca2+ fluctuation
properties from Lck-GCaMP6f wild-type melanopsin-astrocytes (black; n = 3,816) and Ip3r2−/− melanopsin-astrocytes (white; n = 1,291).
Analysis of resting soma Ca2+ fluctuation properties from cyto-GCaMP6f wild-type melanopsin-astrocytes (black; n = 44) and Ip3r2−/−

melanopsin-astrocytes (white; n = 39). ** p = 0.001; *** p < 0.001, one-way ANOVA, post hoc comparison with Tukey–Kramer test. (f ) Schematic
drawing of an experimental design for synaptic recordings, and percentage of neurons from Ip3r2−/− mice showing synaptic changes after
astrocyte light stimulation. (g) Top: representative EPSC recordings before and after 20 s of astrocyte optical activation in Ip3r2−/− mice. Bottom:
average of relative EPSC amplitude over time after astrocyte stimulation. Zero time indicates light pulse (blue beam). (h) Relative changes of EPSC
amplitude in Ip3r2−/− mice by light pulses at different time points (1 s, n = 12; 5 s, n = 11; 10 s, n = 11; 20 s, n = 15). Values recorded at 10 min
after light activation of Ip3r2−/−-astrocytes with 1 s (mean: 105.55%; SD: 22.04%; SEM: 6.36%; n = 12), 5 s (mean: 100.88%; SD: 27.22%; SEM:
8.21%; n = 11), 10 s (mean: 97.41%; SD: 23.27%; SEM: 7.02%; n = 11) and 20 s (mean: 91.57%; SD: 14.82%; SEM: 3.83%; n = 15). p > 0.05;
paired t-test. (i) Comparative analysis of EPSC changes evoked after wild-type and Ip3r2−/−-melanopsin-astrocyte light stimulation with 20 s light
pulses (10 min after stim). Note that Ip3r2−/−-melanopsin astrocytes did not evoke EPSC changes compared with control-melanopsin astrocytes
(p = 0.003; one-way ANOVA, post hoc comparison with Tukey–Kramer test). ** p < 0.01. Data are shown as mean � SEM
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FIGURE 7 Low-frequency astrocyte activation drives hippocampal long-term synaptic plasticity and boosts memory performance. (a) Left:

representative raster plot of microdomain activity, color coded according to fluorescence change (top, n = 500), and average microdomain
population activity versus time (bottom, n = 1,008). Right: representative intensity of Ca2+ signals versus time evoked by melanopsin low-
frequency stimulation (LFS; 5 s @ 0.06 Hz, 1 min; blue bars). Scale bar, 20 ΔF/F, 35 s. (b) Blue bars, analysis of microdomain Ca2+ fluctuation
properties showing mean responses for event amplitude, frequency (p < 0.001), and width (1,008 out of 1,182 events; 85.30%). p = 0.005 (**);
p < 0.001 (***). Green bars, analysis of somatic Ca2+ fluctuation from cyto-GCaMPf6 viral expression showing mean responses for event
amplitude (p = 0.003), frequency (p < 0.001), and width (p = 0.001; 18 slices from 3 mice). One-way ANOVA, post hoc comparison with Tukey–
Kramer test. (c) Left: changes in the mean amplitude of Ca2+ event per active ROIs normalized to baseline over time, before and after 20 s light
(n = 951) and LFS (n = 809; p < 0.001; one-way ANOVA, post hoc comparison with Dunns’s test). Right: Ca2+ event area before and after 20 s light
(p = 0.016) and LFS in astrocyte processes (gray and blue bars) and somas (green bars; p < 0.001; 20 s vs. LFS, p < 0.001). *p < 0.05;
***p < 0.001; two-way ANOVA, post hoc comparison with Dunn's test. (d) Left: schematic drawing of experimental design for synaptic recordings,
and percentage of neurons showing synaptic changes after melanopsin LFS. Right: EPSC traces recorded before (i) and after (ii) astrocytic LFS, and
EPSC amplitude over time from representative pyramidal cell. (e) Left: average of relative changes of EPSC amplitude over time after astrocyte
LFS in control and in presence of LY 367385, astrocyte network-loading with GDPβS (iA-GDPβS), and SCH 58261. Zero time denotes light
stimulation (blue beam). Right: relative mean values of EPSC amplitude after astrocyte LFS (mean value measured at 29–31 min) in control
(n = 10, p < 0.001), and in the presence of LY 367385 (n = 10, p = 0.006), SCH 58261 (n = 11), MRS 2179 (n = 7), iA-GDPβS (n = 7), Ip3r2−/−-
melanopsin astrocytes (n = 7), D-AP5 (n = 13, p = 0.006), and intracellular BAPTA in neurons (n-BAPTA, n = 8). ** p < 0.01, *** p < 0.001,
paired t test. Data are shown as mean � SEM. (f ) Scheme showing the ability of melanopsin-transfected astrocytes to decode duration and
frequency of light protocols that originates modulatory synaptic responses with diverse temporal scales. (g) Left: Scheme of novel object location

(NOL) test, indicating the timing of light protocol during the acquisition trial for both control (fiber-implanted nontransfected mice) and

14 MEDEROS ET AL.



of Ca2+ signals, but only events showing small Ca2+ amplitudes in rest-

ing conditions showed significant changes (Supporting Information

Figure S9c). Using cyto-GCaMP6f, somatic Ca2+ events were also

recorded and showed a robust increase after LFS stimulation

(Figure 7b). Afterward, the efficacy to engage astrocyte Ca2+ signaling

by 20 s light pulses and LFS was evaluated. The mean area of Ca2+

event amplitude was higher in both microdomains and soma after LFS

(Figure 7c) indicating that melanopsin-activated astrocytes could dis-

criminate light activity patterns driving different Ca2+ responses. In

these conditions, recorded neurons displayed a robust EPSC potentia-

tion after LFS that persisted after 30 min of recording (long-term

potentiation, LTP) (80% of tested cells; 217.65 � 37.51% from base-

line; n = 10; p < 0.001; Figure 7d and e). The CV analysis indicated a

presynaptic mechanism of action underlying LTP (Supporting Informa-

tion Figure S9d). The astrocyte-mediated LTP was sensitive to the

purinergic antagonist's SCH 58261 (91.39 � 13.58% from baseline;

n = 11; p = 0.281) and MRS 2179 (92.28 � 12.54% from control;

n = 7; p = 0.396; Figure 7e). The presence of mGluR1a antagonist LY

367385 failed to prevent synaptic potentiation (144.89 � 15.36%

from baseline; n = 10; p = 0.006; Figure 7e), although it was slightly

reduced from control conditions (p = 0.004). The blockage of

connexin-hemichannels and gap junctions with Gap26 (100 μM) did

not prevent astrocyte-induced LTP (176.30 � 22.79% from baseline;

n = 5; p < 0.001; Supporting Information Figure S9e). However, LTP

was abolished by intracellular loading of Evans blue (5 μM) into astro-

cyte network (91.08 � 6.75% from baseline; n = 7; p = 0.126; Sup-

porting Information Figure S9e). These data suggest a role for

astrocytic ATP/Ado released by vesicular-dependent mechanisms in

the melanopsin-induced synaptic plasticity. To establish the causal

relationship between melanopsin-astrocyte Ca2+ signals and LTP,

GDPβS was intracellularly loaded into the astrocytic network to

downregulate G-protein signaling. After astrocyte GDPβS-loading,

LFS failed to evoke LTP (100.12 � 4.18% from baseline; n = 6;

p = 0.977; Figure 7e). Likewise, stimulation of Ip3r2−/− melanopsin-

transfected astrocytes (Supporting Information Figure S9b) failed to

induce synaptic changes (91.76 � 7.42% from baseline; n = 7;

p = 0.281; Figure 7e); suggesting that astrocytic intracellular G-

protein and IP3-dependent signaling were necessary and sufficient to

induce LTP at hippocampal synapses.

NMDA receptors are broadly involved in LTP processes

(Volianskis et al., 2015), and they have been related to particular forms

of astrocyte-mediated synaptic plasticity (Adamsky et al., 2018; Hen-

neberger et al., 2010; Min & Nevian, 2012). We found that in the

presence of the NMDAR antagonist AP5 (50 μM), melanopsin-

astrocyte stimulation still induced synaptic potentiation

(118.68 � 5.62% from baseline; n = 13; p = 0.006; Figure 7e and

Supporting Information Figure S9d), but lesser extent than in control

conditions (p < 0.001). Additionally, the contribution of postsynaptic

activity was evaluated by intracellular loading of BAPTA into the

recording neurons (nBAPTA; 20 mM). After nBAPTA-loading,

astrocyte stimulation did not induce plasticity (108.60 � 4.03% from

baseline; n = 8; p = 0.081; Figure 7e and Supporting Information

Figure S9d), suggesting that along with the presynaptic actions

derived from optical astrocyte stimulation the postsynaptic neurons

also contributed to the astrocyte-induced LTP. Interestingly, the anal-

ysis of former responses revealed a transient enhancement achieved

during the first minutes after astrocytic LFS, similar to the short-term

synaptic potentiation observed by acute melanopsin-astrocyte stimu-

lation (Figure 2c). However, the activation of NMDARs and postsyn-

aptic Ca2+ signaling were required for a sustained boost and LTP

expression at hippocampal synapses (Volianskis et al., 2015; Support-

ing Information Figure S9d). Therefore, these data reveal the compe-

tence of astrocytes to directly trigger long-term plasticity in response

to different patterns of activity (Figure 7f ).

Because astrocyte activity has been related to cognitive perfor-

mance (Florian, Vecsey, Halassa, Haydon, & Abel, 2011; Lee et al.,

2014; Y. K. Li et al., 2012; Matos et al., 2015; Oliveira, Sardinha,

Guerra-Gomes, Araque, & Sousa, 2015; Perea et al., 2014), we next

investigated whether the synaptic changes induced by melanopsin-

astrocytic activation might have an impact on animal behavior. Mice

were injected bilaterally with AAV2/5-Gfap-melanopsin-mCherry to

target hippocampal astrocytes. 3 weeks after surgery, memory perfor-

mance was evaluated by testing Novel Object Location (NOL), in

which mice were exposed to two objects for 10 min (acquisition trial),

and 30 min later were re-introduced to the cage with one of the

objects in a different location, during 5 min for exploration (Figure 7g).

LFS light protocol was applied for 3 min during the acquisition trial.

We have found that astrocyte activation resulted in a significant boost

for the displaced object preference compared to control mice; that is,

melanopsin-astrocyte activation enhanced discrimination index

(0.57 � 0.030 in control mice, fiber implanted, vs. 0.56 � 0.041 in

vector-transfected mice, p = 0.868; and 0.70 � 0.037 in melanopsin-

transfected mice, p = 0.041; n = 5, n = 6, and n = 11; respectively;

Figure 7g). These data reveal the competence of astrocytes to

improve memory performance (Adamsky et al., 2018), and the effi-

ciency of melanopsin as an astrocytic optical tool for cognitive

studies.

4 | DISCUSSION

Astrocytes have been shown to modulate neuronal activity by means

of different mechanisms. Although its outcome is controversial

(Bazargani & Attwell, 2016), the mechanisms related to intracellular

Ca2+ signaling have received particular attention (Agulhon et al., 2013;

Araque et al., 2014; Bindocci et al., 2017). Optogenetics appears as an

ideal tool for accomplishing noninvasive, time-controlled, and cell-

type specific perturbation in the brain. Thus, the specific manipulation

of astrocytes by light could aid to uncover the astrocytic roles in brain

function (Xie et al., 2015). Here, we have applied for the first time

melanopsin-transfected mice. Test trial was performed in the absence of light. Right: Whisker plot quantification of discrimination index of control
(0.569 � 0.030; n = 5, black), vector-transfected mice (0.560 � 0.041; n = 6, gray; p = 0.868), and melanopsin-transfected mice (0.699 � 0.037;
n = 11, blue; p = 0.041, control vs. melanopsin) showing the enhancement of recognition index induced by astrocyte activation. *p < 0.05, one-
way ANOVA, post hoc comparison with Tukey–Kramer test
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melanopsin to astrocytes, a retinal G-protein-coupled photopigment,

as an optical approach to precisely stimulate Ca2+ signals. A slow

kinetics of melanopsin-driven light responses in retinal ganglion cells

has been already described (Do et al., 2009; Mure et al., 2016), regu-

lating cell excitability for several tens of seconds even after the light

has been switched off, that allows an extended temporal integration

frame in these neurons (Sexton et al., 2012). In this context, melanop-

sin features (high photosensitivity, regulation of intracellular Ca2+

dynamics, and slow kinetics) seem the ideal candidate to manipulate

astrocyte physiology with optical tools. Our study reveals that light

activation of melanopsin evoked reliable Ca2+ elevations at microdo-

main levels and membrane photocurrents related with Ca2+-activated

K+ channels at a different range of light pulses. A correlation was

found between Ca2+ event frequency and light pulse duration that

might suggest the ability of astrocytes to adjust their excitability to

different synaptic weights. Additionally, we found that Ca2+ events in

astrocytic microdomains from Ip3r2−/− mice (Srinivasan et al., 2015)

did not show further changes after light stimulation, confirming the

ability of melanopsin to engage intracellular IP3 signaling in astro-

cytes. A new source of Ca2+ signaling in astrocytic microdomains has

been recently described (Agarwal et al., 2017), where discrete Ca2+

events are mediated by transient openings of the mitochondrial transi-

tion pore, which can be also detected in the Ip3r2−/− mice (Agarwal

et al., 2017). Whether this new mechanism can be recruited by

melanopsin is still unresolved and would need further investigation.

However, although light-evoked currents were still present in Ip3r2−/−

astrocytes, which suggests that melanopsin might activate additional

IP3R2-independent signals, no significant Ca2+ changes were found in

both astrocytic microdomains and soma, and no synaptic changes

were detected in neighboring neurons. Hence, these data support that

the G-protein and IP3R2 signaling are the main intracellular pathways

(Sherwood et al., 2017) involved in the melanopsin-driven astrocytic

Ca2+ and synaptic responses. Considering that astrocytes express a

wide repertory of G-protein-coupled receptors that are activated

by synaptically released neurotransmitters, the use of melanopsin as

optical tool represents a reliable approach to stimulate endogenous

G-protein signaling pathways. Accordingly, synaptic plasticity was

abolished by the presence of GDPβS and BAPTA into astrocyte net-

work, confirming its dependence on intracellular G-protein and Ca2+

signaling.

Although light activation of OptoXRs, engineered chimeric recep-

tors comprising the intracellular loops of adrenergic receptors fused

to light-sensitive opsins (Airan, Thompson, Fenno, Bernstein, & Deis-

seroth, 2009), has been applied to astrocytes in culture and in situ

(Figueiredo et al., 2014; Tang et al., 2014), and a recent paper comes

out during the submission of this study showing their impact for hip-

pocampal memory performance (Adamsky et al., 2018); the molecular

pathways and subcellular features of the activation of light-sensitive

G-protein have not been explored. Here, we provide a thorough char-

acterization of the mechanisms of action of melanopsin on astrocyte

Ca2+ physiology and synaptic transmission. While further studies will

disclose the benefits and suitability of using OptoXRs or melanopsin,

these data extend the existing optogenetic toolkit for astrocyte

manipulation and neuron–glia studies both in situ and in vivo.

We reported that while glutamate-evoked NMDAR-dependent

inward currents in CA1 neurons, ATP/Ado induced the synaptic

enhancement by activation of A2ARs and P2Y1Rs. The autocrine

action of ATP has been previously shown in response to optoXRs

(Figueiredo et al., 2014) and ChR2 stimulation (Shen et al., 2017)

which might reconcile the responses driven by different receptors

after melanopsin stimulation. As a result, optical astrocyte activation

might stimulate ATP release that engaged surrounding astrocytes via

P2Y1Rs stimulation, concluding with an excitatory synaptic enhance-

ment driven by adenosine A2ARs. Nevertheless, not all the

melanopsin-induced Ca2+ signals were competent for gliotransmitter

release and modulation of synaptic transmission, and EPSC potentia-

tion was only observed after astrocyte activation above 5 s, suggest-

ing the existence of a threshold for astrocyte neuromodulation.

Based on the present data light activation of melanopsin derived

in glutamate and ATP/Ado release from astrocytes by Ca2+ and

vesicular-dependent mechanisms (Henneberger et al., 2010; Jourdain

et al., 2007; Min & Nevian, 2012; Perea & Araque, 2007; Schwarz

et al., 2017); however, alternative and/or coexisting mechanisms

could occur (Hamilton & Attwell, 2010). Potentially, additional effects

induced by ATP signaling could take place simultaneously to the acti-

vation of P2Y1 and adenosine A2A receptors. That is, the purinergic

signaling triggered by astrocytic P2Y1 would evoke glutamate release

via TREK1 and Best1 channels activation, which are preferentially

expressed at microdomains adjacent to glutamatergic synapses and

engaged upon GPCR stimulation inducing NMDA-dependent to slow

inward currents (Woo et al., 2012). Hence, a cooperative action

between ATP and glutamatergic signaling would result in the recorded

increase of SICs after melanopsin stimulation (Figure 6d and e). Addi-

tionally, ATP-derived excitatory currents via P2XRs could be consid-

ered as slow inward currents (SICs) (Lalo et al., 2014, 2016). D-serine

release, along with glutamate, would be affected after blockage of

vesicular-dependent pathways, which might derive in a reduction of

the frequency of NMDA-dependent currents (Papouin, Henneberger,

Rusakov, & Oliet, 2017; Rasooli-Nejad, Palygin, Lalo, & Pankra-

tov, 2014).

Previous studies in hippocampal slices have shown that ATP

released from astrocytes downregulates AMPA receptors at postsyn-

aptic membranes via P2X receptor activation (Pougnet et al., 2014,

2016); however, the potentiation of EPSC amplitude observed in our

study does not agree with the reported contribution of P2XR to hip-

pocampal synaptic depression (Pougnet et al., 2014); and additionally,

the synaptic enhancement was not abolished by PPADS, an antago-

nist of P2XR. Alternatively, ATP released by astrocytes can stimulate

postsynaptic P2XRs activation and evoke purinergic synaptic currents

that contribute to excitatory transmission (Lalo et al., 2016). Given the

difficulties to monitor the purinergic component of fast EPSCs, low

probability, and low amplitude events (Pankratov, Lalo, Verkhratsky, &

North, 2007), we cannot totally exclude the contribution of P2XRs in

the melanopsin-reported effects (Boue-Grabot & Pankratov, 2017);

however, the magnitude of synaptic modulation observed under

P2XRs blockage was similar to control conditions (p = 0.190; unpaired

t test), which suggest that ATP released by astrocytes largely stimu-

lates excitatory synaptic transmission via purinergic activation of

P2Y1 and A2A receptors.
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Optogenetic manipulation of astrocytes with ChR2 has been

shown to modulate both intracellular Ca2+ signals and neuronal activ-

ity regulating neuronal firing rate (Gourine et al., 2010; Perea et al.,

2014; Tan et al., 2017), as well as excitatory and inhibitory synaptic

transmission (Perea et al., 2014; Sasaki et al., 2012) under robust light

stimulation conditions; however, the consequences of shorter pulses

have been less explored. In agreement with previous studies, we

found that ChR2-evoked Ca2+ signals were triggered by long light

pulses confirming the ability of ChR2 to stimulate astrocytes; but

shorter stimuli showed a remarkably reduced control power on astro-

cyte Ca2+ signals. However, while different light stimuli of

melanopsin-astrocytes triggered transient EPSC modulation (Figure 2),

the impact of ChR2-astrocyte stimulation on synaptic transmission

lasted longer (Figure 3), suggesting that, besides Ca2+ signaling, ChR2

activation might trigger additional mechanisms that restrict its ability

to fine-tune synaptic transmission (Beppu et al., 2014). Therefore, this

study shows that melanopsin and ChR2 display different capability to

trigger astrocyte Ca2+ signals and to impact neuronal activity by

releasing glutamate or ATP. Our data suggest that melanopsin and

ChR2 modulate synaptic activity by different temporal scales, consid-

ering that compared with melanopsin, ChR2 significantly enhanced

synaptic transmission, but displayed a limited capability to transiently

perturb neuronal networks. Hence, to increase the available options

for optical astrocytic stimulation, melanopsin offers wider conditions

to induce either short or long-lasting synaptic changes. Furthermore,

our data might indicate that the differences observed by using ChR2

and melanopsin, that is, magnitude and time course of synaptic

changes, are evoked by different modes of gliotransmitter release,

that is, diffuse or bulk gliotransmission triggered by ChR2 versus spot-

like signaling between astrocytic processes and synapses triggered by

melanopsin. Additionally, melanopsin-induced synaptic modulation

shows similar temporal profile to the synaptic changes mediated by

endocannabinoid and GABAergic endogenous activation of astrocytes

(Martin et al., 2015; Perea et al., 2016), which suggests that melanop-

sin stimulation might recapitulate the astrocyte activation under phys-

iological conditions.

The role of Ca2+ signals as the molecular code for astrocyte sig-

naling is under debate (Araque et al., 2014; Bazargani & Attwell, 2016;

Rusakov, 2015). While some studies based on the exogenous expres-

sion of Mas-related G-protein-coupled receptor A1 (MrgprA1) selec-

tively in astrocytes (Agulhon, Fiacco, & McCarthy, 2010) have

reported that MrgprA1 stimulation mobilized intracellular Ca2+ but

failed to affect hippocampal synaptic transmission, recent studies

have shown positive effects of specific MrgprA1 activation of astro-

cytes on glutamate transporter currents (Devaraju et al., 2013) and

ATP-related animal behavior (Cao et al., 2013). Despite the contro-

versy, our data suggest a key role of G-protein signaling and Ca2

+-dependent mechanisms for melanopsin-driven astrocyte-mediated

synaptic modulation in synaptic transmission and animal behavior.

Yet more, considering that image acquisition used in this study is

1 Hz, it seems feasible that the frequency of Ca2+ events shown might

be underestimated. Future studies using faster scanning or 3D record-

ings (Bindocci et al., 2017; Stobart et al., 2018) would monitor with

better precision the melanopsin-induced Ca2+ dynamics in astrocytes.

Whether Ca2+ signaling can be regulated by local signals and neu-

ronal demands is being comprehensively examined (Rusakov, 2015).

In this study, using melanopsin as a trigger we first evaluated whether

changes in astrocyte Ca2+ dynamics had an impact on the local neuro-

nal network. We found that low-frequency stimulation (LFS; 0.06 Hz)

of melanopsin evoked significant Ca2+ responses in astrocytic pro-

cesses and soma, and unexpectedly, long-lasting changes in excitatory

synaptic transmission (LTP). These results indicate that changes in

duration (Figure 1f and g), and frequency (Figure 7) of light protocols

used to stimulate melanopsin-astrocytes can modulate intracellular

Ca2+ signals with different consequences on synaptic plasticity, from

transient to long-lasting effects. Indeed, while a single 5 s pulse did

induce transient EPSC potentiation, LFS evoked LTP. Hence, our data

show that tuning their Ca2+ signals astrocytes can participate in differ-

ent forms of synaptic plasticity, which could denote the contribution

of astrocytes to particular brain states. Recently, it has been shown

the role of astrocyte signaling in short- and long-lasting EPSCs poten-

tiation triggered by different patterns of postsynaptic neuronal activ-

ity (Gomez-Gonzalo et al., 2015; Martin et al., 2015; Perea et al.,

2016), as well as the astrocytic contribution to low-frequency states

of cortical circuits, which may play a causal role in the control of corti-

cal synchronizations (Poskanzer & Yuste, 2016). Our results showed

that periods of low-frequency activity in astrocytes can engage long-

term hippocampal synaptic plasticity. We next investigated whether

those changes induced by melanopsin-astrocyte activation would

impact animal performance in vivo. Remarkably, activation of astro-

cytes in vivo induced an enhancement of hippocampal-dependent

memory tasks (NOL), which supports the role of astrocytes in cogni-

tive processes (Adamsky et al., 2018), and their potential as cognitive

enhancers.

Altogether, these results show melanopsin as a light-control trig-

ger to manipulate astrocytic Ca2+ signaling, which can mimic the

endogenous signaling pathways based on G-protein/IP3 activation

triggered by neurotransmitter receptor stimulation. Additionally, pre-

sent data show that fine-tuning of astrocyte signaling impacts synap-

tic transmission at different temporal scales, suggesting the ability of

astrocytes to sense diverse patterns of neuronal activity. Such range

of astrocyte activation might contribute to different forms synaptic

plasticity and animal behavior. Future studies will reveal whether mel-

anopsin may replicate endogenous astrocyte activity patterns, that

will uncover the weight of astrocytes in particular brain functions, and

alternatively, whether melanopsin can be applied to restore dysfunc-

tional astrocyte-to-neuron signaling in animal models of human dis-

eases. Overall, present data reveal melanopsin as a valuable

optogenetic tool for neuron–glia studies.
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