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Calcium ion (Ca2+) is a universal intracellular messenger molecule that drives multiple signaling pathways, leading to diverse biological outputs.
The coordination of two Ca*" signal sources—“Ca’" influx” from outside the cell and “Ca”" release” from the intracellular Ca2+ store endoplasmic
reticulum (ER)—is considered to underlie the diverse spatio-temporal patterns of ca® signals that cause multiple biological functions in cells.
The purpose of this protocol is to describe a new ca*' imaging method that enables monitoring of the very moment of “Ca®" influx’ and “Ca*
release”. OER-GCaMP6f is a genetically encoded Ca*" indicator (GECI) comprising GCaMP6f, which is targeted to the ER outer membrane.
OER-GCaMP6f can monitor Ca®* release at a higher temporal resolution than conventional GCaMP6f. Combined with plasma membrane-
targeted GECls, the spatio-temporal ca® signal pattern can be described at a subcellular resolution. The subcellular-targeted Ca*" indicators
described here are, in principle, available for all cell types, even for the in vivo imaging of Caenorhabditis elegans neurons. In this protocol, we
introduce Ca®" imaging in cells from cell lines, neurons, and glial cells in dissociated primary cultures, and describe the preparation of frozen
stock of rat cortical neurons.

Video Link

The video component of this article can be found at https://www.jove.com/video/59246/

Introduction

ca* signals represent the elevation of the intracellular Ca*" concentration. Ca®" is the universal second messenger for eukaryotic cells. Using
Ca2+, cells function via diverse intracellular signaling pathways and induce various biological outputs. For example, in neurons, synaptic vesicle
release at the presynaptic terminal, gene expression in the nucleus, and induction of synaptic plasticity at the postsynapse are regulated by
distinct Ca®" signals that precisely activate the appropriate downstream enzymes at the right sites and with precise timing1.

Specific spatiotemporal patterns of ca? signals activate the specific downstream enzymes. ca® signals are generated by the coordination
between two different Ca®* sources: Ca®" influx from the extracellular space and Ca*" release from the endoplasmic reticulum (ER), which
serves as an intracellular Ca®" store. The meaningful spatiotemporal ca® signaling pattern to induce a specific cell function is also supported by
nanodomains of 10—-100 uM ca® generated in the vicinity of Ca?" channels on the plasma membrane or ER membrane®. Importantly, the source
of Ca?* signals is one of the most critical factors determining the downstream biological output. In neurons, Ca?" influx and Ca®* release have
opposite effects on the clustering of gamma-aminobutyric acid (GABA)A receptors (GABAAR) at the GABAergic synapses, which is responsible
for the inhibition of neuronal excitabilitye'. Ca? influx accompanied by massive neuronal excitation induces the dispersion of synaptic GABAAR
clusters, whereas persistent Ca?" release from the ER promotes the clustering of synaptic GABAARs. Other groups have also reported that the
tuning direction of growth cones is criticallx dependent on the source of the ca® signal: Ca?" influx induces repulsion, while Ca®' release guides
the attraction of the neuronal growth cone”. Therefore, to fully understand the ca® signaling pathways underlying specific cellular outputs, it is

+

important to identify the source of ca® signals by describing‘;Ca2 iignals at the su ceIIuJ?r re”solution.

ease make “A subscrigIEW(SGABAA)

In this protocol, we describe a ca® imaging method to report Ca”* signals at the subcellular resolution, which the estimation of the Ca®*
signal sources (Figure 1). Ca®" microdomains just beneath the plasma membrane are successfully monitored by genetically encoded ca®
indicators (GEClIs) targeted to the plasma membrane via the attachment of the plasma membrane-localization signal Lck within Src kinase to the
N-termini of GECIs®. To detect the Ca®* signal pattern in the vicinity of the ER at a better spatial and temporal resolution, we recently developed
OER-GCaMP6f, in which GCaMPsf® targets the ER outer membrane, using the ER transmembrane protein. OER-GCaMP6f can sensitively
report Ca?" release from the ER at a better spatiotemporal resolution than conventional nontargeted GCaMP6f in COS-7 cells” and HEK293
ceIIsB, by avoiding the diffusion of Ca?* and GECls. We also confirmed that the spontaneous Ca?" elevation in cultured hippocampal astrocytes
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reported by OER-GCaMP6f showed a different spatiotemporal pattern compared to that monitored by plasma membrane-targeted GCaMP6f
(Lck-GCaMPGf)7,9, indicating that ca* imaging with OER-GCaMP6f in combination with Lck-GCaMP6f contributes to the dissection of ca®
signals at the subcellular resolution to identify their sources.

Presently, we detail the protocol for the ca® signal dissection in HeLa cells and neuron-astrocyte mixed cultures plated on glass coverslips. The
ca® imaging technique with GECls indicated here, Lck-GCaMP6f, plasma-membrane-targeted RCaMp2'° (Lck-RCaMP2), and OER-GCaMP6f
(Figure 1) are applicable to all cells in which these GECls can be expressed.

All the experiments described here were approved by the RIKEN safety committee and animal experiment committee, according to the guideline
issued by the Japanese Ministry of Education, Culture, Sports, Science, and Technology.

1. Preparation of cells

1. Preparation of poly(ethyleneimine)-coated coverslips
NOTE: Poly(ethyleneimine) (PEI) coating is recommended for the glass apparatus, as it allows neurons and astrocytes to attach tightly to the
coverslips without preventing their development. However, other coating methods (e.g., poly-ornithine, poly L-lysine, laminin coating) are also
available, if necessary, for glass-bottom dishes.

1. Place an 18 mm-diameter glass coverslip in each well of a 12-well plate. Prepare 0.04% PEI solution (12.5 mL/12-well plate) using
sterilized water.

2. Add 1 mL of 0.04% PEI solution to each well. Ensure that there are no bubbles underneath the coverslips.

3. Incubate the plates in a CO2 incubator overnight at 37 °C.

4. The next day, wash the coated coverslips 3x with 1 mL of sterilized water. Remove the PEI solution with an aspirator, add 1 mL of
sterilized water to each well, and shake the 12-well plate so that the PEI solution between the coverslip and the plate can be washed
out thoroughly. As the remaining PEl is toxic for cells, ensure that the water after the final wash is aspirated completely.

5. Dry and sterilize the coverslips inside the hood with ultraviolet (UV) light for at least 15 min. The PEl-coated dish can be stored at 4 °C
for up to 2 months. llluminate the dishes with UV light for 15 min just before use.

6. Add 5 mL of sterile distilled water in the space between the wells to prevent evaporation of the culture medium.

2. Plating cell lines
NOTE: This protocol provides just one example for transfection into cells from mammalian cell lines, such as HelLa cells and COS-7 cells.
Users can apply other transfection protocols that are optimized for their experiments. In this section, we will describe the HelLa cell culture
protocol, which is also applicable to COS-7 cells.
1. On the day before the transfection, culture the cells in a 10 cm culture dish until they attain 70%—90% confluence.
2. Prewarm the culture medium (see Table of Materials) to 37 °C.
3. Wash the cells 2x with phosphate-buffered saline without ca®* and Mg2+ (PBS []).
4. Aspirate the PBS(-), add 1 mL of 0.5% trypsin-ethylenediaminetetraacetic acid (EDTA) solution, and incubate the cells at 37 °C for 90 s
until they attain a round shape.
Add 9 mL of prewarmed culture medium to stop the trypsinization. Dilute the cells with culture medium at a ratio of 1:6.
Seed 1 mL of the diluted cells on PEI-coated coverslips in the 12-well plates.

oo

3. Preparation of hippocampal neuron-astrocyte mixed culture from rats or mice
NOTE: Sections 1.3 and 1.4 must first be reviewed and approved by an Institutional Animal Care and Use Committee and must follow
officially approved procedures for the care and use of laboratory animals. The flowchart of the neuronal culture protocol is shown in Figure 2.

1. Prepare all reagents under the laminar flow hood. Place Dulbecco’s modified Eagle’s medium (DMEM) into two 100 mm culture dishes
(approximately 20 mL/dish) that are in an icebox.

2. Prepare 50 mL of the dissection medium composed of DMEM and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(see Table of Materials) and dispense the medium into three 60 mm culture dishes (approximately 7 mL/dish) and eight 35 mm culture
dishes (approximately 2 mL/dish). Place the dishes in another icebox.

3. Prepare 50 mL of the incubation saline, composed of Hanks’ balanced salt solution supplemented with 20 mM HEPES (see Table of
Materials), and place 8 mL of the saline in a 15 mL conical tube on ice.

4. Prepare the plating medium with minimum essential medium (MEM) supplemented with B-27, glutamine, and penicillin-streptomycin
(see Table of Materials). Maintain this medium at room temperature (20-28 °C).

5. Sterilize the surgical instruments with 70% ethanol.

6. Place a paper towel in a glass jar with a lid and 1 mL of isoflurane. Let the isoflurane evaporate for 1 min.

7. Place a pregnant rat or a mouse in the jar prepared according to step 1.3.6 and keep the animal in the jar until it is deeply anesthetized
(approximately 30 s to 1 min).

8. Take the anesthetized animal out of the jar and disinfect the animal and the dissection equipment by spraying them with 70% ethanol.
Cut the ventral midline with standard dissecting scissors and tweezers and extract the uterus from the pregnant rat or mouse.

9. Extract E18-19 embryos from the uterus of an anesthetized female rat or mouse, using delicate dissecting scissors, and place the
extracted embryos with a ring forceps into ice-cold DMEM in a 10 cm dish for cold anesthesia.

10. Decapitate the embryo with fine dissection scissors and place the head in ice-cold DMEM in a 10 cm dish.

11. Extract the brain from each embryo with a 13 cm curved Semken forceps and forceps with fine tips. Keep the brain in the ice-cold
dissection medium in a 60 mm dish.

12. Remove the hippocampi, using two forceps with fine tips, in the ice-cold dissection medium in 35 mm dishes and maintain the isolated
tissue in the incubation saline placed in a 15 mL conical tube on ice.
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14,

15

16.

17.
18.

Wash the hippocampi with incubation saline and incubate with trypsin (1.25 mg/mL) and DNase | (0.25 mg/mL) in the incubation saline
for 5 min at 37 °C. The recommended incubation volume is 2.7 mL of the incubation saline, 150 pL of 20x stock trypsin, and 150 pL of
20x stock DNase (see Table of Materials).

Wash the hippocampi 3x with ice-cold incubation saline.

. Aspirate the incubation saline and add 1 mL of the plating medium containing DNase | (10 pL of stock solution; see Table of

Materials). Suspend the tissue by pipetting no more than 20x and measure the density of viable cells, using a cell counter and Trypan
blue assay.

Dilute the hippocampal cells to a density of 1.4 x 10° viable cells/mL for rats and 2.5 x 10° viable cells/mL for mice. Seed 1 mL of the
diluted cell suspensions onto the PEI-coated coverslips in 12-well culture plates.

Maintain the cells at 37 °C in a CO2 incubator for 2—3 days.

Remove the plating medium. Do not let the cells dry out. Gently and quickly add the prewarmed maintenance medium (see Table of
Materials).

4. Preparation of rat cortical neuron-astrocyte mixed culture and frozen cells, and the revival of frozen cultures
NOTE: A cryopreservation method for cortical cells was described previously11. Here, a modified protocol in which cortical cells can be
stored at -80 °C for at least 3 months is provided. The flowchart for this protocol is shown in Figure 2.

1.

2.

3.

11

14.
15.

16.
17.
. Suspend the pellet in 1 mL of wash medium and measure the viable cell density.
19.

Prepare DMEM, dissection medium, incubation saline, and plating medium as indicated in steps 1.3.1-1.3.4, and the Table of
Materials.

Prepare the wash medium constituted of DMEM, heat-inactivated fetal bovine serum, and penicillin-streptomycin (see Table of
Materials), if necessary.

Extract E18—19 embryos from the uterus of an anesthetized female rat or mouse, using delicate dissection scissors, and use ring
forceps to place each extracted embryo into ice-cold DMEM for cold anesthesia.

Remove the brains from the embryos and keep them in ice-cold dissection medium. Remove the cortexes and maintain them in the
incubation saline placed in a 15 mL conical tube on ice.

Wash the cortexes with incubation saline and incubate the cortexes with trypsin (1.25 mg/mL) and DNase | (0.25 mg/mL) in incubation
saline for 5 min at 37 °C. The recommended incubation volume for 12 cortexes is 5.4 mL of incubation saline, 300 L of 20x stock
trypsin, and 300 pL of 20x stock DNase I.

Wash the cortexes 3x with ice-cold incubation saline.

Remove the supernatant and add 2 mL of plating medium supplemented with 150 pL of DNase | stock. Dissociate the cells by pipetting
less than 20 strokes, and filter the cells using a cell strainer with a pore size of 70 ym.

Wash the cell strainer with 20 mL of the plating medium for plating. For the preparation of frozen cell stock, wash the cells with 20 mL
of the wash medium (see Table of Materials)

Measure the density of the viable cells, using a cell counter and the Trypan blue method.

. Dilute the cortical cells to a density of 1.4 x 10° viable cells/mL with the plating medium and add 1 mL of the diluted cell suspension to

PEl-coated coverslips in the 12-well culture plates.

. Maintain the cells at 37 °C in a CO2 incubator for 2-3 days and change the culture medium to the maintenance medium.
. After step 1.4.9, prepare the frozen cortical cell stock by centrifuging the cells at 187 x g for 3 min, using a swing rotor.
13.

Aspirate the supernatant and add the cryopreservation medium (see Table of Materials) kept at 4 °C, to obtain a cell density of 1 x 10"
cells/mL. Aliquot 1 mL of the cell suspension into cryogenic tubes.

Place the tubes in a cell freezing container with a freezing rate of -1 °C/min, until a temperature of -80 °C is reached, and transfer the
freezing container to a -80 °C freezer. The cells can be stored for at least 3 months at -80 °C.

To revive frozen cells, prewarm the wash medium (approximately 13 mL for each cryogenic tube) and maintenance medium for frozen
cortical cells (see Table of Materials).

Thaw the frozen cells rapidly at 37 °C in a water bath.

Dilute the thawed cells gently with prewarmed wash medium. Centrifuge the cells at 187 x g for 3 min, using a swing rotor.

Dilute the cells with the maintenance medium for frozen cortical cells to yield a cell density of 3.0 x 10° viable cells/mL, and seed 1 mL
of the cell suspension in the PEI-coated 12-well plates.

2. Expression of membrane-targeted GECls

1. Transfection of cells

1.
2.

3.
4.
5

Add 250 ng of the GECI plasmid (i.e., Lck-GCaMP¥6f, Lck-RCaMP2, or OER-GCaMP6f with CMV promoter)7—9 to 100 uL of the
reduced serum medium (see Table of Materials) per well. For the cotransfection of Lck-RCaMP2 and OER-GCaMP6f, use 250 ng of
each plasmid in 100 pL of reduced serum medium in each well.

Add 0.5 pL of transfection reagent (see Table of Materials) per well into the plasmid-reduced serum medium mixture. For the
cotransfection of Lck-RCaMP2 and OER-GCaMP6f, add 0.5 pL of transfection reagent per well.

Incubate the mixture for 30 min at room temperature (20-28 °C).

Add 100 pL of the mixture to each coverslip in a drop-wise manner.

Incubate the cells for 48-72 h in a CO2 incubator at 37 °C to allow the expression of the GECls.

2. Transfection and adeno-associated virus infection of hippocampal or cortical neurons
NOTE: Transfection for 3-5 days in vitro (DIV) results in a higher transfection rate for neurons. Transfection at 6-8 DIV is preferred for the
optimal expression of GECls in astrocytes. For the expression of GECIs in dissociated culture neurons after 9 DIV, the infection of the adeno-
associated virus (AAV) vectors provides a better expression efficacy. AAV vectors for the expression of Lck-GCaMP6f, Lck-RCaMP2, and
OER-GCaMP6f under the EF1a promoters were prepared as described previously, using HEK293 cells' (see Table of Materials).

1.
2.

For transfection 3-8 days after plating, label two tubes, one for plasmid DNA and the other for transfection reagent.
Add 50 pL of reduced serum medium (see Table of Materials) per well to each tube.
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3. Add 0.5 pg of plasmid DNA per coverslip and 1 pL of supplement accompanied by transfection reagent for neurons (see Table of
Materials) per well to the plasmid DNA tube. For the cotransfection of Lck-RCaMP2 and OER-GCaMP6f, 0.5 ug of each plasmid and 1
WL of supplement are mixed in 50 pL of reduced serum medium per well.

4. Add 1 pL of transfection reagent (see Table of Materials) per well in the transfection reagent tube. The same amount of transfection
reagent is used for cotransfection.

5. Vortex both tubes for 1-2 s.

6. Add the transfection reagent mixture (from step 2.2.4) to the DNA mixture (from step 2.2.3). Mix by pipetting gently and incubate the

mixture (100 L per coverslip) for 5 min at room temperature.

Load this mixture onto the cells in a drop-wise manner.

Incubate the cells in a CO2 incubator for 2-3 days until the marker proteins are expressed.

For AAV infection, add 3 pL of AAV per well to the mixed neuron-astrocyte culture. Mix gently by rocking the dish. For the double

infection of Lck-RCaMP2 and OER-GCaMP6f, 3 pL of each AAV is introduced per well. In case the numbers of cells expressing GECls

are insufficient, the optimal AAV amount for infection should be determined.

10. Maintain the culture for 1-2 weeks until the GECls are expressed.

©o®N

3. Ca** imaging

1. Simultaneous imaging of cells expressing Lck-RCaMP2 and OER-GCaMP6f
NOTE: To simultaneously record the Lck-RCaMP2 and OER-GCaMP6f signals, image-splitting optics are required. The optics enable the
separation of RCaMP2 and GCaMP#6f and their projection onto the same photographic frame of the camera (Figure 3A). Simultaneous
imaging also requires (1) light sources that can simultaneously emit excitation light in the blue (450-490 nm) and green (500-560 nm)
spectra, (2) double-band filter and dichroic mirror sets in the microscope, and (3) emission filters for RCaMP2 and GCaMP6f. For details,
refer to the Table of Materials.

1. Turn on the imaging devices and computers at least 30 min before the recording. Prewarm the microscope heating chamber to 37 °C.
Set up the image-splitting device, filters, and light source. Align the image-splitting optics so that the same field of view appears on the
camera. Choose the appropriate objective lens (see Table of Materials).

2. Mount the coverslip containing the cells transfected with Lck-RCaMP2 and OER-GCaMP6f in the recording chamber, add the
appropriate imaging medium or buffer (400 uL for 18 mm coverslips) in the chamber, and place it on the microscope stage. Place a lid
on the recording chamber to avoid the evaporation of the medium.

3. Locate the cells expressing both Lck-RCaMP2 and OER-GCaMP6f by fluorescent imaging. Minimize the excitation light intensity to
prevent photobleaching and phototoxicity.

4. Remove the lid and start a time-lapse recording at 10 Hz. During this recording, add the agonist to the chamber to evoke ca*
responses (e.g., histamine for HeLa cells, ATP for COS-7 cells).

5. Save the time-lapse data in the hard disk drive (HDD).

6. Analyze the data using image analysis software.

2. Recording spontaneous activities of astrocytes expressing Lck-RCaMP2 and OER-GCaMP6f
NOTE: Without image-splitting optics, the ca* signals at the plasma membrane and those around the ER can be monitored in the same cell.
Here, the sequential recording of Lck-RCaMP2 and OER-GCaMP6f in the same astrocytes is described. An oil-immersion objective with a
numerical aperture larger than 1.3 is highly recommended for spontaneous ca* activity.
1. Turn on the microscope, camera, light source, and the microscope heating chamber at least 30 min before recording.
2. Mount the coverslip containing the cells transfected with Lck-RCaMP2 and OER-GCaMP6f in the recording chamber and add 400 pL of
the imaging medium. Place a lid on top of the chamber.
3. Choose the filter set for GCaMP6f and the light source (blue excitation light, e.g. 470— 490 nm; see Table of Materials). Locate the
astrocytes expressing OER-GCaMP6f.
4. Choose a filter set and the light source for RCaMP2 (green excitation light, e.g., 510-560 nm; see Table of Materials) and confirm

R _/whem-tck—RGaMELis.%%[(;ii;eg in the same astrocytes. Avoid long exposure to the light source to prevent photobleaching.
5. Record time-lapse images o CaMP2 at 2 Hz for 2 min. Save the imaging data on the HDD.
6. Change the filter set to that for GCaMP6f. Record time-lapse images of OER-GCaMP6f in the same field of view, at 2 Hz for 2 min.

Save the data on the HDD.
7. Analyze the data using the image analysis software.

3. Recording spontaneous neuronal activity and induced Ca®* elevation in neurons
NOTE: The microscope setup for neuronal imaging is the same as that described in section 3.2. Here, the imaging of spontaneous ca®
elevation due to Lck-GCaMP6f and Ca?" elevation induced by mGIuR activation due to OER-GCaMP6f is described.
1. To record spontaneous neuronal activity, mount the coverslip containing the cells expressing Lck-GCaMP6f in the recording chamber
and add 400 pL of imaging medium. Place a lid on top of the chamber.
2. Set the filter and the light source (blue excitation, e.g. 470-790 nm; see Table of Materials) to those for GCaMP6f. Find the neurons
expressing Lck-GCaMP6f and showing spontaneous activity.
3. Acquire images at 2 Hz or faster. Save the data on the HDD.
4. Analyze the data using the image analysis software.
5. To record induced Ca“" elevation, mount the coverslips containing the cells expressing OER-GCaMP6f with 400 uL imaging medium.
Place a lid on top of the chamber.
6. Using the filter set for GCaMP6f, find the neurons expressing OER-GCaMP6f.
7. Remove the lid. Start the time-lapse recording at 2 Hz or faster. During the recording, add the agonists for a Gg-protein-coupled
receptor (e.g., mGIuR5 agonist [RS]-3,5-dihydroxyphenylglycine [DHPG]) to evoke a Ca?" release from the ER.
8. Save the time-lapse images on the HDD and analyze the data.
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Representative Results

Lck-RCaMP2 and OER-GCaMP6f were expressed in HelLa cells, and both signals were recorded simultaneously using image-splitting optics,
24 h after transfection (Figure 3A and Video 1). The images were acquired at 10 Hz. Histamine (His, 1 uM), which induces Ca?" release from
the ER, was added during the recording. Upon the application of His, the signal intensity of Lck-RCaMP2 and OER-GCaMP6f increased, as
shown by the pseudocolor display of AF/FO, which represents the change from the initial fluorescence intensity (Figure 3B). The time courses
of Ca?* elevation (AF/FO) reported by Lck-RCaMP2 and OER-GCaMP6f were compared in the same region of interest (ROI) (Figure 3C). The
AF/FO values were normalized to their peak values to enable the time course comparison between the two different GECls, which have different
expression levels and distributions. Both sensors reported an oscillation-like Ca®" elevation. Lck-RCaMP2 and OER-GCaMP6f showed the same
time course for Ca®* elevation in two cells among the five cell types examined (Figure 3C, ROl 1 and 3). However, Ca?" elevations shown by
Lck-RCaMP2 remained at a higher level compared to that shown by OER-GCaMP6f (Figure 3C, ROI 2, 4, and 5). The results indicate that the
Ca?" elevation is prolonged in the vicinity of the plasma membrane, while it is terminated earlier around the ER, which is the source of this ca®
signal induced by His stimulation.

Spontaneous ca® signals from astrocytes in the neuron-astrocyte mixed culture from rat hippocampi (Figure 4A) and cortexes (Figure 4B)
were shown by Lck-RCaMP2 and OER-GCaMP6f (Figure 4, Video 2, Video 3, Video 4, and Video 5). Cortical cultures were revived from

the frozen stock that was prepared as described in this protocol. Lck-RCaMP2 and OER-GCaMP6f signals were sequentially recorded at 2

Hz from the same cells. Three ROIs were selected in the area that showed Ca?* elevation by each GECI, and the time course of AF/Fpase

(i.e., the fluorescence intensit& changed from the average fluorescence intensity during the entire recordinzq period (Fpase)- When the baseline
fluorescence is stable and Ca“" elevations are less frequent, F,,sc becomes a useful baseline to detect Ca” elevation events. Spontaneous
Ca?" elevations were visible only at the astrocytic process, not at the cell body. This result is consistent with the previous reports on astrocytic
spontaneous ca® signals by other GECls visualized in vitro™ and in vivo™. In both hippocampal and cortical astrocytes, Ca?* elevations shown
by Lck-RCaMP2 (top) were more frequent than those shown by OER-GCaMP6f. This result is consistent with our previous demonstration that
Ca?* elevations in astrocytes due to Lck-GCaMP6f were more frequently detected than those due to OER-GCaMP6f” and suggests that this

notion is also applicable at the single-cell level.

Spontaneous Ca”" elevations by Lck-GCaMP6f in immature rat hippocampal neurons (10 DIV) were seen at 2 Hz (Figure 5A and Video 6). The
time courses of AF/FO0 in five different ROls suggest that these Ca?" elevations are locally confined to the subcellular domains. Figure 5B (Video
7) shows the ca® responses in mature mouse hippocampal neurons (30 DIV) infected with OER-GCaMP6f-expression AAV vectors. Neurons
were stimulated with 100 yM DHPG, which is the agonist for metabotropic glutamate receptors, inducing Ca?" release. DHPG-induced Ca**
release due to OER-GCaMP6f was detected.

Caz+

' _ ' . l1 r Plasma membrane targeted

¥ Lck-GCaMP6f

l l * Lck-RCaMP2
1 r ER targeted

Caz+ ER * OER-GCaMP6f

Cell
Figure 1: Diagram showing membrane-targeted GECIs. Schematic diagram of plasma membrane-targeted GECls (Lck-GCaMP6f and Lck-
RCaMP2) and outer ER membrane-targeted GCaMP6f (OER-GCaMP6f). Please click here to view a larger version of this figure.
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1.1 Preparation of coverslips

Day 0 * Place coverslips in 12-well culture dishes |
* Put 0.04% PEI to the well |

------------ ‘Overnight incubation
Day 1 *+ Wash coverslips with sterile water, 20 min |

v

1.3, 1.4 Culture preparation

* |solate mouse/rat embryo, 10 min

+ Dissect hippocampi or cortex, 20-60 min

2

* Incubate with trypsin and DNase, 5 min

; x 3 wash (3x30s)

» Dissociate tissues, 3 min

¥

* Spin down cells, 3 min

» Suspend cells in,
3 min

3

+ Dispense cell suspension into
cryogenic storage vials, 5 min

+ Store cells at - 80°C, »Overnight

v

1.4.15-19 Reviving frozen cortical cells

* Spin down cells, 3 min

* Measure cell density, 3 min

2

* Plate cells, 3 min

............ v

Day 1.3.18, 1.4.11 Medium change 5 min

¥

* Suspend cells in plating medium, 3 min

¥

« Measure cell density, 3 min

* Plate cells, 3 min

Day 2.2.1-8 Transfection 20 min

3-8 *Mix DNA, supplement, and medium (A)

*Mix transfection reagent and medium (B)

* Mix Aand B

' 5 min incubation

* Add mixture to the cells

cortical cells (6 DIV)
Directly plated

Frozen and revived

2Day9 2.2.9-10 AAV infection 5 min

a 1.4.12-14 Preparation of frozen
stock of rat cortical cells

Figure 2: Flowchart for hippocampal and cortical cell preparation, plasmid transfection, and AAV infection. The microscopic images are
representative, freshly plated DIV-6 cortical cells (left) and revived cells from the frozen stock (right). The scale bar = 100 pm. Please click here

to view a larger version of this figure.
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A sample

Lek OER-
. o RCaMP2 GCaMP&f
image splitting
objective optics
Ex1 . om ) ) camera
DM CL
Em long —""|I
Em short
M F
B + 1 pM Histamine (His)

Lck-RCaMP2

OER-GCaMP6f

Lck-RCaMP2

OER-GCaMP&f

Lek-RCaMP2 OER-GCaMP&f

Figure 3: Example of the simultaneous imaging of Lck-RCaMP2 and OER-GCaMP6f in HeLa cells. (A) Schematic representation of
signal separation with image-splitting optics. The same field of view for Lck-RCaMP2 and OER-GCaMP6f is simultaneously projected on the
camera. A representative recording acquired at 10 Hz by a CMOS camera is provided in Video 1, and one frame of this recording is shown in
panel A (right). (B) Pseudo-color images of AF/FO for Lck-GCaMP2 (top) and OER-GCaMP6f (bottom). Histamine (His, 1 uM) was added at
0 s. (C) Representative normalized AF/FO time course of Lck-GCaMP2 (magenta) and OER-GCaMP6f (green). Data were normalized to the
maximum AF/FO value for each plot. The gray bars indicate the timing of His application. Data were analyzed with a custom-made software Tl
Workbench'®. The scale bar in the microscopic image = 50 um. Please click here to view a larger version of this figure.
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Lck-RCaMP2

l'f—\‘FJ'(thf\r
0.05 |

20s

OER-GCaMP6f

Lck-RCaMP2

OER-GCaMP6f

Figure 4: Spontaneous ca®" elevation in astrocytes monitored for Lck-RCaMP2 and OER-GCaMP6f expression. (A) Representative
hippocampal and (B) cortical astrocytes transfected with Lck-RCaMP2 (top) and OER-GCaMP6f (bottom). Cortical cells were revived from
frozen stock cultures. Lck-RCaMP2 and OER-GCaMP6f images were sequentially acquired in the same cell, at 2 Hz, with an EM-CCD camera.
The plots on the left show the time courses of AF/Fbase measured in the ROIs indicated in the microscopic image. Data were analyzed with

Tl Workbench. Actual movies are provided in Video 2, Video 3, Video 4, and Video 5. The scale bar in the microscopic image = 20 um. The
baseline drift suggests the changes in the global Ca?" level in the cell. Please click here to view a larger version of this figure.
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+ 100 pM DHPG

Figure 5: Examples of ca® imaging in neurons with Lck-GCaMP6f and OER-GCaMP6f. (A) Representative rat hippocampal neurons
expressing Lck-GCaMP6f at DIV 10 (left) and plots showing the time courses of AF/FO measured in the ROls (yellow circles) have been
indicated in the image (right). The numbers in the time course correspond to the ROl numbers in the image. Note that the temporal pattern of
Ca?* elevation is different among the various regions of interest. The baseline drift suggests the increase in the global Ca?" level in this neuron.
(B) An example of mature mouse hippocampal neurons (DIV 30) infected with OER-GCaMP6f expression AAV vectors (left). The time course
plot of AF/FO measured shows the ca® response to 100 uM (RS)-3,5-dihydroxyphenylglycine (DHPG) applied at the timing shown by the gray
bar. Yellow circles show the position of ROIs where the time course was obtained. The images were acquired at 2 Hz with a cooled-CCD camera
(panel A) or an EM-CCD camera (panel B) and analyzed with TI Workbench. The scale bar in the microscopic image = 20 um. Please click here
to view a larger version of this figure.

Lck-RCaMP2  OER-GCaMP6f

Video 1: Example of simultaneous imaging of Lck-RCaMP2 and OER-GCaMP6f in HeLa cells. Representative recording acquired at 10 Hz
and presented in Figure 3. The scale bar = 50 um. Please click here to download this video.
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Hippo, Lck-RCaMP2

Video 2: Spontaneous Ca”" transient observed in Lck-RCaMP2 in hippocampal astrocyte. Representative recording acquired at 2 Hz
(Figure 4A), recorded in the same field of view as Video 3. The scale bar = 20 ym. Please click here to download this video.

Hippo, OER-GCaMP6f

Video 3: Spontaneous Ca”" transient observed in OER-GCaMP6f in a hippocampal astrocyte. Representative recording acquired at 2 Hz
(Figure 4A), in the same field of view as Video 2. The scale bar = 20 ym. Please click here to download this video.
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0'4"285

Cortex, Lck-RCaMP2

Video 4: Spontaneous Ca”" transient observed in Lck-RCaMP2 in a cortical astrocyte Representative recording acquired at 2 Hz (Figure
4B), recorded in the same field of view as Video 5. The scale bar = 20 ym. Please click here to download this video.

Cortex, OER-GCaMPof

Video 5: Spontaneous Ca”" transient observed in OER-GCaMP6f in a cortical astrocyte. Representative recording acquired at 2 Hz (Figure
4B), in the same field of view as Video 4. The scale bar = 20 ym. Please click here to download this video.
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0'7"532

0 ym
Video 6: Example of Ca”* imaging in a rat hippocampal neuron (DIV 10) by Lck-GCaMP6f. Example of neuronal ca® signals recorded at 2
Hz (Figure 5A). The scale bar = 20 ym. Please click here to download this video.

Video 7: Ca”" release in a mouse hippocampal neuron (DIV 30) expressing OER-GCaMP6f. Example of neuronal ca® signals recorded
in a mouse hippocampal neuron infected with OER-GCaMP6f expression AAV vectors (Figure 5B). The neuron was stimulated with 100 pM
dihydroxyphenylglycine (DHPG) applied at 30 s to evoke Ca*" release from the ER. The scale bar = 20 pum. Please click here to download this
video.

Diverse biological outputs are initiated by ca® signals. Ca? is a versatile intracellular signaling messenger. Decoding ca? signals to evoke
specific outputs has been a fundamental biological question, and ca® imaging techniques to describe the diversity of ca® signals are required.
The presently detailed protocol enables the detection of distinct ca® signals at the plasma membrane and ER (Figure 3 and Figure 4) and local
Ca*" microdomains inside a cell (Figure 4 and Figure 5). This contributes to describing the diversity of intracellular ca® signals. The temporal
resolution of Ca®" signals was also improved by targeting GECls in the plasma membrane and ER because it can avoid the effect of a three-
dimensional diffusion of the Ca®* and GECls themselves, and it has the potential to detect the very moment of Ca? influx or Ca®* release, which
occurs on the membrane.

The protocol has some limitations. Users should keep in mind that the detected signals are the summation of “the moment of ca®" influx

or release” and “Ca?" diffused out from the original Ca? source”, especially for large ca® signals. For example, although His stimulation

in HeLa cells evokes Ca®" release from the ER, its resultant Ca?* signals are detected not only by ER-targeted OER-GCaMP6f but also by
plasma-membrane-targeted Lck-RCaMP2 (Figure 3). Another limitation is that the spatiotemporal pattern of ca* signals may not be the only
determinant of the output of ca®" signals. The distribution of downstream effector proteins (such as Ca2+-dependent kinases and phosphatases)
may also be a determining factor®. To completely decode the intracellular ca® signals, analysis of downstream enzyme behavior, which is not
covered in this protocol, is absolutely necessary.

One of the most critical aspects for successful ca® imaging is the imaging setup and image acquisition conditions, as well as for other live-
imaging studies. We previously showed that ca® responses in the cell are highl¥ dependent on the duration and intensity of excitation and on
image acquisition conditions, including exposure time and acquisition frequency ®. Excitation illumination power is the most critical factor, as it
can cause light toxicity and photobleaching of GECls. The recording conditions of exposure time, recording frequency, excitation light intensity,
and duration of recording should be optimized according to the purpose of the experiment. We recommend reducing the exposure time and the
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excitation light intensity as much as possible to av0|d photobleaching and phototoxicity to the cell. The recording frequency and the duration

of recording should be sufficient to cover the Ca®" elevation events of interest but should be kept as low as possible to avoid photobleaching
and phototoxicity also. We recommend determining the recording frequency and the duration first and optimizing the light intensity and the
exposure tlme so that the photobleaching of the GECls is minimized. Another important factor is the expression level of the GECls. GECIs
have a Ca® *_buffering effect as they are Ca? *_binding proteins. Therefore, the overexpression of GECIs results in the buffering of Ca?*, which is
physiologically necessary for the cells. The amount of GECI expression should be minimized to avoid imaging cells expressing high amounts of
GECls.

In conclusion, the dissection of Ca?* signals at a subcellular resolution is one of the most important steps for decodlng intracellular Ca®* signals
that determine the output biological phenomenon. This protocol provides a new method for the dissection of ca®" signals to describe the diversity
among these S|gnals Presently, this technique is limited for in vitro experlments However, Lck-GCaMP6f is already being used for in vivo

ca® imaging in mice'’, and OER-GCaMP6f was confirmed to monitor Ca** signals in vivo in the VD motor neurons in C. elegans7 Therefore
targeting GECls in the subcellular compartment has the potential to be expanded to in vivo imaging in the future, thus enabling Ca?" dissection in
vivo.
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