
FUNCTIONAL ANALYSES OF 
MEMBRANE ION CHANNELS:

Ca2+ signals by means of 
fluorescent dyes



• These molecular probes specifically bind Ca2+, which causes
a change in either the intensity or wavelength of emission of
the probe.

• Changes in concentration of the ion can therefore be
monitored.

• There are indicators for most ions, but Ca2+ and pH are most
commonly used.

Synthetic Fluorescent Ca2+ probes



• From the chemical point of view, most of the probes are
derivatives of the Ca2+ chelators EGTA, and BAPTA





probe incorporation (loading) 
into the cell

Salt or dextran forms must be microinjected;
ester derivatives can be taken up by cells
where they are converted to impermeant form.
The carboxylate groups of indicators for Ca2+

and other cations and the phenolic hydroxyl
groups of pH indicators are derivatized as
acetoxymethyl or acetate esters,
respectively, rendering the indicator
permeant to membranes and insensitive to
ions. Once inside the cell, these derivatized
indicators are hydrolyzed by ubiquitous
intracellular esterases, releasing the ion-
sensitive polyanionic indicator.



Ca2+ Indicators: Fluo-3 has
single Ex and Em wavelengths

• A visible light excitable
dye (488 nm), so Argon
laser can be used.

• Emission at 525 nm.
• OK for qualitative

detection but not
quantitative.





The Kd has molar units and corresponds to the concentration of Ca2+ at
which half the indicator molecules are bound with Ca2+ at equilibrium.
When possible, indicators should be utilized to measure Ca2+
concentrations between 0.1 and 10 times their Kd. This is the range over
which Ca2+ dependent changes in fluorescence are the largest.



Fura-2

Ex at 380 nm

Ex at 340 nm and 380 nm

UV Ca2+ Indicators: Fura-2 is a 
fixed emission ratiometric dye

Fura-2 has very limited sensitivity
to Ca2+ concentrations above 1
μM. Furthermore, rapid Ca2+
transients monitored by fura-2
photometry are often damped due
to the slow rate of Ca2+
dissociation from the indicator.
For these reasons, Molecular
Probes offers several fura-2
derivatives with lower Ca2+
binding affinity (i.e., higher Kd
(Ca2+); Table 1).



Fura-2

• excitation at 340 and 380 nm. emission
at 510 nm

• Ratioing considerably reduces the
effects of uneven dye loading, leakage of
dye, and photobleaching, as well as
problems associated with measuring
Ca2+ in cells of unequal thickness.

• In addition, fura-2 and indo-1 are bright
enough to permit measurements at
intracellular concentrations of dye
unlikely to cause significant Ca2+
buffering or damping of Ca2+ transients.

Ex at 380 nm

Ex at 340 nm and 380 nm

UV Ca2+ Indicators: Fura-2 is a 
fixed emission ratiometric dye





Measurements and Calibration for 
Fura Indicators

� In contrast to single-wavelength indicators such as fluo-3,
the absorption (or fluorescence excitation) maximum of fura
indicators shifts from 363 nm for the Ca2+-free chelator to
about 335 nm for the Ca2+-bound. The wavelength of
maximum fluorescence emission is relatively independent of
Ca2+ concentration (Table 1). The largest dynamic range
for Ca2+- dependent fluorescence signals is obtained by
using ex citation at 340 nm and 380 nm and ratioing the
fluorescence intensities detected at ~510 nm. From this
ratio, the level of intracellular Ca2+ can be estimated, using
dissociation constants (Kd) that are derived from calibration
curves.



Measurements and Calibration for 
Fura Indicators

� By using the ratio of fluorescence intensities produced by
excitation at two wavelengths factors such as uneven dye
distribution and photobleaching are minimized because they
should affect both measurements to the same extent.



Measurements and Calibration for 
Fura Indicators

Once the indicator has been calibrated with solutions of
known Ca2+ concentrations, the following equation can
be used to relate the intensity ratios to Ca2+ levels:

R represents the fluorescence intensity ratio Fλ1/Fλ2, in which λ1 (~340 nm)
and λ2 (~380 nm) are the fluorescence detection wavelengths for the ion-
bound and ion-free indicator, respectively. Ratios corresponding to the titration
end points are denoted by the subscripts indicating the minimum and
maximum Ca2+ concentration.

Q is the ratio of Fmin to Fmax at λ2 (~380 nm).
Kd is the Ca2+ dissociation constant of the indicator. Calibrating fura

indicators requires making measurements for the completely ion-free and ion-
saturated indicator (to determine the values for Fmin, Fmax, Rmin, and
Rmax) and for the indicator in the presence of known Ca2+ concentrations (to
determine Kd).



Indo-1

Ex at 380 nm

Em at 400 nm and 480 nm

UV Ca2+ Indicators: Indo-1 is a 
fixed excitation ratiometric dye

Indo-1 shares most of the advantages of
fura indicators except that it is somewhat
more light-sensitive. In contrast to fura
indicators, which exhibit large changes in
absorption on Ca2+ binding, the emission of
indo-1 shifts from about 475 nm without
Ca2+ to about 400 nm with Ca2+ when
excited at about 350 nm.
Equation 1 above may be used for the
calibration of indo-1. For this indicator, the
value of λ1 is 405 nm while λ2 is 485 nm.
Indo-1 is especially useful for flow cytometry
where it is easier to change the emission
filters with a single excitation source (often
the ultraviolet lines of the argon-ion laser in
flow cytometers), and is particularly suited
for multicolor fluorescence applications.



Free Ca2+ Concentration in a Purkinje 
Neuron from Embryonic Mouse Cerebellum

• Neurons were loaded with fura-2.
• Neurons were stimulated with 

glutamate receptor agonist.
• The composite image represents 

the ratio of images obtained with 
excitation at 340 nm and 380 
nm.



Dual Blue Ca2+ Indicators:
Fluo-3 and Fura Red

• Use of two dyes solves the
problem, e.g. Fluo-3 (increase
at 525 with increasing [Ca2+])
and Fura Red (decrease at 650
upon increasing [Ca2+]).

• Both excited by 488 nm.
• [Ca2+ ] ~ Em of Fluo-3 / Em of

Fura Red, independent of [dye].



Genetically encoded Ca2+ 
indicators (GECI)
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INTRODUCTION
In all cells, the intracellular calcium concentration ([Ca2+]) is 
strictly controlled by complex interactions among different chan-
nels, pumps and transporters1,2. Finely tuned changes in [Ca2+] 
modulate a variety of intracellular functions, and disruption of 
Ca2+ handling leads to various pathological conditions3 –5 .

The medusa Aequorea victoria produces a 22-kDa protein 
named aequorin that has had a major role in the study of Ca2+ 
signaling6 . Upon binding of Ca2+ to three high-affinity sites, 
aequorin undergoes an irreversible reaction in which a photon 
is emitted. In its active form, the protein includes a prosthetic 
group (coelenterazine) that is oxidized and released in the Ca2+- 
triggered reaction7 ,8 . Thus, the expression of aequorin cDNA 
yields the polypeptide, to which the prosthetic group must be 
added. Coelenterazine is highly hydrophobic and, when added 
to the culture medium of aequorin-expressing cells, will freely 
permeate through the cell membrane. Once inside the cell, coe-
lenterazine spontaneously binds to aequorin, generating the active 
probe. This procedure is generally termed ‘reconstitution’ and will 
be described in detail below.

There is a relationship between the fractional rate of consumption 
(i.e., L/Lmax, where Lmax is the maximal rate of discharge at saturat-
ing Ca2+ concentrations) and [Ca2+] (ref. 9). Owing to cooperation 
between the three binding sites, light emission is proportional to 
the second to third power of [Ca2+]; this property on the one hand 
accounts for the excellent signal-to-noise ratio of aequorin and on 
the other hand may subtantially affect the measurements.

Given that the probe (differently from fluorescent indicators) is 
gradually consumed throughout the experiment, the signal tends 
to decrease, and the conversion into [Ca2+] concentration can be 
obtained only at the end of the experiment, when, after cell lysis, 
the total aequorin content is estimated and L/Lmax can be back 
calculated for each data point.

At present, several tools are available for intracellular [Ca2+] 
measurements (Table 1 ). Here we will discuss advantages and 

limitations of the aequorin-based approach to help researchers 
who choose aequorin from among other Ca2+ probes.

Subcellular calcium measurements in mammalian cells 
using jellyfish photoprotein aequorin-based probes
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The jellyfish Aequorea victoria produces a 22-kDa protein named aequorin that has had an important role in the study of calcium 
(Ca2+) signaling. Aequorin reacts with Ca2+ via oxidation of the prosthetic group, coelenterazine, which results in emission of light. 
This signal can be detected by using a special luminescence reader (called aequorinometer) or luminescence plate readers. Here 
we describe the main characteristics of aequorin as a Ca2+ probe and how to measure Ca2+ in different intracellular compartments 
of animal cells (cytosol, different mitochondrial districts, nucleus, endoplasmic reticulum (ER), Golgi apparatus, peroxisomes 
and subplasma-membrane cytosol), ranging from single-well analyses to high-throughput screening by transfecting animal cells 
using DNA vectors carrying recombinant aequorin chimeras. The use of aequorin mutants and modified versions of coelenterazione 
increases the range of calcium concentrations that can be recorded. Cell culture and transfection takes ~3 d. An experiment including 
signal calibration and the subsequent analyses will take ~1 d.

TABLE 1 | Summary of the most common techniques for 
intracellular Ca2+  detection.

Probe Origin Detection technique Ref.

Aequorin Genetically 
encoded

Luminometry 15

Berovin Genetically 
encoded

Luminometry 22

Obelin Genetically 
encoded

Luminometry 23

Cameleon Genetically 
encoded

FRET microscopy 24

Troponin C  
biosensor

Genetically 
encoded

FRET microscopy 25

Camgaroo Genetically 
encoded

Fluorescence microscopy 26

Ratiometric 
Pericam

Genetically 
encoded

Ratiometric fluorescence 
microscopy

27

GEM-GECO1 Genetically 
encoded

Ratiometric fluorescence 
microscopy

28

Calcium Green-1 Synthetic Fluorescence microscopy 29

Fluo-3, Fluo-4 Synthetic Fluorescence microscopy 29

Fura-2, Indo-1 Synthetic Ratiometric fluorescence 
microscopy

30

Bonora M. et al., 2013 Nature Proocols
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Genetically encoded Ca2+ 
indicators (GECI)



AEQUORIN

22-kDa protein has had a major role in the study of Ca2+
signaling. Upon binding of Ca2+ to three high-affinity sites,
aequorin undergoes an irreversible reaction in which a
photon is emitted. In its active form, the protein includes a
prosthetic group (coelenterazine) that is oxidized and
released in the Ca2+-triggered reaction.



AEQUORIN



AEQUORIN

Thus, the expression of aequorin cDNA yields the polypeptide, to which
the prosthetic group must be added. Coelenterazine is highly
hydrophobic and, when added to the culture medium of aequorin-
expressing cells, will freely permeate through the cell membrane. Once
inside the cell, coelenterazine spontaneously binds to aequorin,
generating the active probe. This procedure is generally termed
‘reconstitution’.



AEQUORIN
There is a relationship between the fractional rate of
consumption (i.e., L/Lmax, where Lmax is the maximal rate
of discharge at saturating Ca2+ concentrations) and [Ca2+].

Owing to cooperation between the three binding sites, light
emission is proportional to the second to third power of
[Ca2+]; this property on the one hand accounts for the
excellent signal-to-noise ratio of aequorin and on the
other hand may subtantially affect the measurements.
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Total aequorin consumption  
L TIMING ~2 min
3| Wait until there is no further 
change in the c.p.s. value for ~20–30 s.  
Pause perfusion, and change the  
medium to lysis solution. Resume  
the perfusion. A large increase in  
luminescence (c.p.s. value) will  
be observed.

4| To accurately determine the total 
aequorin content, wait until the c.p.s. 
value returns to the basal level  
recorded at the beginning of the  
experiment; it might take up to 2 min, depending on transfection efficiency and cell number. Stop the analysis system  
and the perfusion.
?�TROUBLESHOOTING

Signal calibration and data analysis L TIMING ~5–10 min
5| Export results in a spreadsheet-compatible format for offline signal calibration.

6| Open exported files using a spreadsheet software (i.e., Microsoft Office Excel, Lotus SmartSuite Lotus 123, LibreOffice 
Calc, etc.), and arrange each recording in a single column.

7| Subtract the background value noted at the beginning of the signal-recording phase from all the values recorded.

8| Transform the background-corrected values into [Ca2+] using the equation shown in Figure 3 and calibration constants 
listed in Table 6.

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 7.

TABLE 6 | Aequorin calibration values.

Aequorin and oelenterazine KR KTR N , Ref.

Wild type + native 7,230,000 120 2.99 1 15

Mutant Asp119Ala + native 22,770,000 22,008 1.43 1 13

Mutant Asp119Ala + n 84,700,000 165,600 1.2038 0.138 19
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Ca2+ (M) =
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KR = constant for calcium-bound state
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L
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L = light intensity at sampling time

� = rate constant for aequorin consumption at saturating [Ca2+]
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Lmax = total light emitted at sampling time
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n = number of Ca2+-binding site
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KTR

KTR = constant for calcium-unbound state

–1

Figure 3 | Aequorin calibration into [Ca2+] 
values. (a) Equation for typical Ca2+ calibration 
starting from luminescence signal. (b) Calibration 
curves of aequorin setup described in this 
protocol: native aequorin (Aeq wt) reconstituted 
with wild-type coelenterazine (coel. wt), mutated 
aequorin (Aeq mut) reconstituted with wild-type  
coelenterazine wt and mutated aequorin 
reconstituted with coelenterazine n  (coel. n ).  
(c) Representative luminescence and Ca2+ kinetics 
of erAEQ in HeLa cells, displaying the marked 
change in curve shape induced by calibration.



AEQUORIN
Given that the probe (differently from fluorescent indicators)
is gradually consumed throughout the experiment, the signal
tends to decrease, and the conversion into [Ca2+]
concentration can be obtained only at the end of the
experiment, when, after cell lysis, the total aequorin content
is estimated and L/Lmax can be back calculated for each
data point.



Selective intracellular distribution.

The main reason for the renewed interest in using aequorin is
that, being a protein, it can be engineered to induce its
specific localization to a cell region of interest. Although wild-
type aequorin is exclusively cytosolic (cytAEQ), the addition
of specific targeting sequences permits selective localization
of the photoprotein, resulting in recombinant aequorin
chimeras for different intracellular compartments: nucleus
(nuAEQ), mitochondria (mtAEQ and mimsAEQ), subplasma-
membrane cytosol (pmAEQ), endoplasmic/sarcoplasmic
reticulum (erAEQ/srAEQ), Golgi apparatus (goAEQ),
secretory vesicles (vampAEQ) and peroxisomes (peroxAEQ).

Major advantages of using aequorin
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Major advantages of using aequorin
Selective intracellular distribution. The main reason for the 
renewed interest in using aequorin is that, being a protein, it can 
be engineered to induce its specific localization to a cell region of 
interest10,11. Although wild-type aequorin is exclusively cytosolic 
(cytAEQ), the addition of specific targeting sequences permits 
selective localization of the photoprotein, resulting in recom-
binant aequorin chimeras for different intracellular compart-
ments: nucleus (nuAEQ), mitochondria (mtAEQ and mimsAEQ),  

•
subplasma-membrane cytosol (pmAEQ), endoplasmic/
sarcoplasmic reticulum (erAEQ/srAEQ), Golgi apparatus 
(goAEQ), secretory vesicles (vampAEQ) and peroxisomes (per-
oxAEQ). Details of the construction of the different chimeras are 
described in Table 2 . In all cases, the correct intracellular locali-
zation of the different probe has been verified through immuno-
fluorescence localization with antibodies against the aequorin 
protein or the epitope added to its sequence and using specific 
markers for the different intracellular compartments.

TABLE 2 | Description of the compartment-specific aequorin chimeras available.

Intracellular  
localization Acronym Targeting strategy

Cytosol CytAEQ No targeting sequence is added to aequorin; the sequence of aequorin was modified only by 
adding the epitope tag HA1 (ref. 15)

Nucleus NuAEQ A fragment of rat glucocorticoid receptor, lacking the hormone-binding domain and the 
nuclear localization signal are fused with the HA1-tagged aequorin31

MtAEQwt Mitochondrial pre-sequence of subunit VIII of cytocrome c oxidase (COX) is fused to the 
HA1-tagged aequorin, for measurements of [Ca2+] up to 10–15 MM (ref. 32)

Mitochondrial matrix mtAEQmut The mutated version of mtAEQwt. Because of the cooperativity between the three Ca2+-
binding sites of aequorin, the point mutation (Asp119Ala)13 that affects the second  
EF-hand domain, produces a mutated aequorin, which can be used to measure [Ca2+] in the 
range of 10–500 MM (ref. 33)

mtAEQmut28,119 Double-mutated form (Asp119Ala and Asn28Leu) of mtAEQwt, which can be used to  
measure [Ca2+] in the millimolar range for long periods of time, without problems derived 
from aequorin consumption14

Mitochondrial  
intermembrane space

MimsAEQ HA1-tagged aequorin is fused (sequence in frame) with glycerol phosphate  
dehydrogenase, an integral protein of the inner mitochondrial membrane, with a large  
C-terminal tail protruding on the outer side of the membrane, i.e., in the mitochondrial 
intermembrane space34

Plasma membrane pmAEQ The targeting of aequorin to the subplasmalemmal space was based on the construction  
of a fusion protein including the HA1-tagged aequorin and SNAP-25, a protein that is  
synthesized on free ribosomes and recruited to the inner surface of the plasma membrane 
after the palmitoylation of specific cysteine residues35

Endoplasmic reticulum erAEQmut The encoded polypeptide includes the leader sequence (L), the VDJ and CH1 domains  
of an Igg2b heavy chain (HC) and the HA1-tagged aequorin at the C-terminus. In this  
chimera, retention in the ER depends on the presence of the CH1 domain at the  
N terminus of aequorin. This domain is known to interact with the luminal ER protein BiP, 
thus causing the retention of the Igg2b HC in the lumen. In the absence of the  
immunoglobulin light chain, the polypeptide is retained in this compartment36

Sarcoplasmic reticulum srAEQmut Calsequestrin (CSQ), a resident protein of the sarcoplasmic reticulum, is fused to  
HA1-tagged aequorin. This chimera is used to measure [Ca2+] in the sarcoplasmic reticulum, 
the specialized muscle compartment involved in the regulation of Ca2+ homeostasis37

Golgi apparatus goAEQmut Fusion of the HA1-tagged aequorin and the transmembrane portion of sialyltransferase,  
a resident protein of the Golgi lumen18

Secretory vescicles vampAEQmut Mutated AEQ (AEQmut; Asp119Ala) is fused to the vesicle-associated membrane protein 
(vamp)2/synaptobrevin (a vesicle-specific SNARE with a single transmembrane-spanning 
region) allowing intravesicular [Ca2+] to be monitored38

Peroxisomes peroxAEQ HA1-tagged wild-type and Asp119Ala mutant aequorins were fused with a peroxisomal  
targeting sequence17

Bonora M. et al., 2013 Nature Protocols



Wide dynamic range.
Native aequorin and its mutants (Table 2), in association with
different prosthetic groups, are well suited for measuring [Ca2+]
from as low as 0.1 μM and up into the mM range.
Numerous chemical modifications of the prosthetic group have
been made, which modify, in different ways, the Ca-triggered
reaction of the photoprotein. Among these, particularly useful have
been those that result in lower light emission at high [Ca2+].
In parallel, single point mutations have been inserted in aequorin
cDNAs to reduce its affinity and to allow measurements at higher
Ca2+ concentrations. Combinations of mutant aequorins and
modified coelenterazine have been used to further increase the
dynamic range, allowing measurements in compartments with low
[Ca2+] (i.e., cytoplasm or mitochondria in certain cell types), high
[Ca2+] (i.e., peroxisomes or mitochondria of other cell) or very high
[Ca2+] (i.e., Golgi or ER).

Major advantages of using aequorin



High signal-to-noise ratio.

Mammalian cells are not endowed with chemiluminescent
proteins, and thus the background of aequorin measurement
is very low. Moreover, the steep relationship between the
increases in light emission and Ca2+ concentration accounts
for the very large luminescence peaks observed upon
stimulation of cells (>1,000–10,000-fold over background can
be detected with cytosolic and mitochondrial aequorin,
respectively). Because of the excellent signal-to-noise ratio,
reliable aequorin measurements can be obtained with
moderate levels of expression of the probe.

Major advantages of using aequorin



Low Ca2+-buffering effect.

Aequorin displays an extremely low buffering effect on
intracellular Ca2+, negligible if compared with that of
fluorescent Ca2+ indicators.
Thus, although in principle, all Ca2+ probes perturb Ca2+
homeostasis because they bind Ca2+ and thus act as Ca2+
buffers, this effect is much less relevant for aequorin than for
trappable fluorescent dyes.
As an example, Fura-2 measurements in the presence or
absence of aequorin display the same cytoplasmic Ca2+
levels; on the contrary, aequorin measurements show a
strong reduction in cytoplasmic [Ca2+] if Fura-2 is added
compared with vehicle.

Major advantages of using aequorin



Low light emission by the photoprotein.

In contrast to fluorescent dyes (where up to 104
photons can be emitted by a single molecule before
photobleaching occurs), only one photon can be
emitted by an aequorin molecule. This means that
only a small fraction of the total aequorin pool emits
its photon every second: out of the 104–105
molecules per cell of a typical aequorin transfection,
light emission will vary from 0 to 1,000 photons at
most.

Major disadvantages of using aequorin



Overestimation of the average rise in cells (or
compartments) with inhomogeneous behavior.

Because of the steep Ca2+ response curve of
aequorin, if the probe is distributed between a high-
Ca2+ and a low-Ca2+ domain, the former will
undergo a much larger discharge. The total signal
will be calibrated as ‘average’ [Ca2+] increase,
which will be severely biased by the region with high
Ca2+.

Major disadvantages of using aequorin



Cells must be amenable to transfection.

The obvious requirement of this approach is that the 
cell type being studied must be amenable to 
transfection.

Major disadvantages of using aequorin
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for [Ca2+] from 10 MM to 100 MM; and aequorin(Asp119Ala) 
with coelenterazine n for [Ca2+] from 100 MM to 1,000 MM. 
Once the proper combination has been chosen, the researcher 

has to set up its proper expression protocol. Several transfec-
tion methods have been successfully used to drive expression  
of aequorin.

The central event in the measurement 
protocol is the perturbation of Ca2+ rest-
ing conditions, with the generation of 
changes in intracellular [Ca2+]. The per-
turbing agent has to be chosen considering 
two different concepts: first, the source of 
Ca2+ (intracellular stores such as the ER or 
the extracellular medium); and second, the 
cell type, because receptors capable of acti-
vating Ca2+ waves could differ in type and 
expression, depending on the cell model. 
Examples of the most commonly used 
Ca2+-perturbing agents used for aequorin 
assays are listed in Table 3 .

To optimize the assay, several controls 
should be performed. A positive control 
for probe expression is provided by cell 
lysis, which is done as the final phase of 
each procedure. Light emission induced 
upon cell lysis is directly proportional to 
the whole amount of aequorin expression. 
A useful negative control is to perform the 
preferred reconstitution and recording 

 Box 2 | Cell preparation and transfection L TIMING 3 h
We have used a wide variety of cell types (e.g., HeLa, HEK 293T, CHO, COS-7, SH-SY5Y, A7r5, PC12, MEF as well as primary cultures of 
neurons and skeletal muscle myotubes), with good results in terms of aequorin expression using the appropriate transfection methods. 
It is not the purpose of this paper to describe all possible transfection procedures, the choice of which depends mainly on the cell type 
being studied. The Ca2+ phosphate procedure is by far the simplest and least expensive and has been used successfully to transfect a 
number of cell lines, including HeLa, HEK 293T, L929, L, COS-7, A7r5, PC12 cells and myotubes. Other transfection procedures have also 
been employed, such as liposomes, polyethylenimine and electroporation; viral constructs for some aequorins are also available40–42.
1. Cell growth. Seed cells onto circular glass coverslips (diameter, 13 mm) for single-sample luminescence measurements. For plate-
reader analysis, seed cells directly into the preferred multiwell type; avoid the use of coverslips. Allow cells to grow until ~50%  
confluence; optimize plating densities for each specific cell line.
J PAUSE POINT After seeding cells, wait at least 24 h.
2. Transfection. When the cells have reached 40–60% confluence, transfect them with 1–2 Mg of vector encoding aequorin per coverslip, 
depending on the desired transfection method (usually 1 Mg cm−2 for liposomes or polyethylenimine and 2 Mg cm−2 for Ca2+ phosphate).

Choose the appropriate transfection reagent and optimized protocol for the particular cell line being used. Alternatively, create a 
stable cell line using standard protocols15.
J PAUSE POINT After transfection, wait 36–48 h.
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Figure 1 | Setup of an aequorin experiment.  
(a) Diagram of principal events necessary to 
perform a Ca2+ signaling event with aequorin-
expressing cells. Forks indicate different actions 
to be performed, depending on the aequorin 
type. Steps of the protocol are indicated. 
Cytoplasmic [Ca2+] = [Ca2+]c; mitochondrial 
matrix [Ca2+] = [Ca2+]m; peroxisomal [Ca2+] = [Ca2+]p; 
mitochondrial intermembrane space [Ca2+] = 
[Ca2+]mims; subplasmalemmal [Ca2+] = [Ca2+]pm; 
endoplasmic reticulum luminal [Ca2+] = [Ca2+]er; 
Golgi lumen [Ca2+] = [Ca2+]Golgi; sarcoplasmic 
reticulum luminal [Ca2+] = [Ca2+]sr . (b) Schematic 
of the typical organization of a custom-made 
aequorin recording system for whole-cell 
population measurements.

Bonora M. et al., 2013 Nature Protocols
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extracted from cells in the absence of Ca2+ and in the pres-
ence or absence of the compound to be tested. Finally, Ca2+ 
must be added, and the luminescence must be monitored. If 
the same amount of light is emitted in both conditions, then 

the compound should not affect aequorin activity and could be  
safely used.

For adherent cells, we provide several protocols for aequorin 
measurements through the use of perfusion chamber–based  

single-tube luminometers. Furthermore, 
we provide a protocol based on automated 
plate reader luminometers, which allows 
for measurements of suspended cells, also 
in high-throughput assays (Box 3  and  
Fig. 2 ). Given the choice to use plate read-
ers, a few concepts must be considered 
during the experimental setup. For plate 
reader–based assays, we recommend avoid-
ing the use of erAEQ, srAEQ and goAEQ 
because of the higher complexity of the 
measurement protocol. Conversely, cyto-
plasmic or mitochondrial aequorin displays 
a substantially less complexity, making 
them suitable for automation. In our expe-
rience, plate-reader luminometers display 
a reduced sensitivity when compared with 
single-tube photomultipliers, especially 
when 96-well plates are used. In this case, if 
the cell system chosen has a low-expression 
yield, we suggest the use of high-sensitivity 
coelenterazine derivatives (Box 1 ) rather 
than wild-type coelenterazine. It should 
be noted, however, that for most of these 
coelenterazine derivatives a calibration 
curve is still not available (Box 1 ).

 Box 3 | (continued)
1. Remove cells from incubator and rinse them twice with modified KRB.
2. After rinsing, place cells in 500 Ml of modified KRB per well (24-well plates) or 200 Ml of modified KRB per well (96-well plates).
3. Add 5 MM 100× native coelenterazine solution, and incubate the cells for 1.5–2 h.
M CRITICAL STEP Coelenterazine is very sensitive to light when not bound to aequorin. Avoid light exposure by handling it in a  
low-light environment and wrapping each aliquot in aluminum foil.
?  TROUBLESHOOTING
4. Remove cells from incubator, and rinse them twice with modified KRB. Place the plate in a luminescence-sensitive plate reader 
equipped with two different liquid injectors.
M CRITICAL STEP Wash the cells carefully in order to not detach the cells.
5. Start acquisition of Ca2 +  kinetics. Set up reading time not higher than 1,000 ms, and record signal for at least 5 s to measure baseline.
6. Add 3× CMS to activate Ca2 +  pathways. Set administration of 250 ml of 3× CMS for 24-well plates and 100 ml for 96-well plates. 
Record for at least 60 s.
?  TROUBLESHOOTING
7. Add 4× lysis solution. Set administration of 250 ml of 4× lysis solution for 24-well plates and 100 ml for 96-well plates.  
Record for at least 60 s.
?  TROUBLESHOOTING
8. Repeat from step 5 for each well (depending on the number of detectors of the plate reader).
9. Repeat from step 3 for each plate.
10. Export results in an Excel-compatible format for offline calibration of signal.
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Figure 2 | Setup of the aequorin plate-reader 
assay. (a) Diagram of principal events necessary 
to perform a Ca2 + -signaling event with aequorin-
expressing cells. Numerals refer to steps in the 
protocol. (b) Schematic of the typical organization 
of a plate reader for the aequorin assay.

Bonora M. et al., 2013 Nature Protocols

Possibility to perform the
experiment on
automated plate reader
luminometers, which
allows for measurements
of suspended cells, also
in high-throughput
assays.

Plate-reader
luminometers display a
reduced sensitivity when
compared with single-
tube photomultipliers,
especially when 96-well
plates are used



A positive control for probe expression is provided
by cell lysis, which is done as the final phase of each
procedure. Light emission induced upon cell lysis is
directly proportional to the whole amount of aequorin
expression.

A useful negative control is to perform the preferred
reconstitution and recording procedure in non
transfected cells

Appropriate controls
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INTRODUCTION
In all cells, the intracellular calcium concentration ([Ca2+]) is 
strictly controlled by complex interactions among different chan-
nels, pumps and transporters1,2. Finely tuned changes in [Ca2+] 
modulate a variety of intracellular functions, and disruption of 
Ca2+ handling leads to various pathological conditions3 –5 .

The medusa Aequorea victoria produces a 22-kDa protein 
named aequorin that has had a major role in the study of Ca2+ 
signaling6 . Upon binding of Ca2+ to three high-affinity sites, 
aequorin undergoes an irreversible reaction in which a photon 
is emitted. In its active form, the protein includes a prosthetic 
group (coelenterazine) that is oxidized and released in the Ca2+- 
triggered reaction7 ,8 . Thus, the expression of aequorin cDNA 
yields the polypeptide, to which the prosthetic group must be 
added. Coelenterazine is highly hydrophobic and, when added 
to the culture medium of aequorin-expressing cells, will freely 
permeate through the cell membrane. Once inside the cell, coe-
lenterazine spontaneously binds to aequorin, generating the active 
probe. This procedure is generally termed ‘reconstitution’ and will 
be described in detail below.

There is a relationship between the fractional rate of consumption 
(i.e., L/Lmax, where Lmax is the maximal rate of discharge at saturat-
ing Ca2+ concentrations) and [Ca2+] (ref. 9). Owing to cooperation 
between the three binding sites, light emission is proportional to 
the second to third power of [Ca2+]; this property on the one hand 
accounts for the excellent signal-to-noise ratio of aequorin and on 
the other hand may subtantially affect the measurements.

Given that the probe (differently from fluorescent indicators) is 
gradually consumed throughout the experiment, the signal tends 
to decrease, and the conversion into [Ca2+] concentration can be 
obtained only at the end of the experiment, when, after cell lysis, 
the total aequorin content is estimated and L/Lmax can be back 
calculated for each data point.

At present, several tools are available for intracellular [Ca2+] 
measurements (Table 1 ). Here we will discuss advantages and 

limitations of the aequorin-based approach to help researchers 
who choose aequorin from among other Ca2+ probes.

Subcellular calcium measurements in mammalian cells 
using jellyfish photoprotein aequorin-based probes
Massimo Bonora1,3, Carlotta Giorgi1,3, Angela Bononi1, Saverio Marchi1, Simone Patergnani1,  
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of Padua and Institute of Neuroscience, Consiglio Nazionale delle Recherche, Padua, Italy. 3 These authors contributed equally to this work. Correspondence should be 
addressed to P.P. (pnp@unife.it).
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The jellyfish Aequorea victoria produces a 22-kDa protein named aequorin that has had an important role in the study of calcium 
(Ca2+) signaling. Aequorin reacts with Ca2+ via oxidation of the prosthetic group, coelenterazine, which results in emission of light. 
This signal can be detected by using a special luminescence reader (called aequorinometer) or luminescence plate readers. Here 
we describe the main characteristics of aequorin as a Ca2+ probe and how to measure Ca2+ in different intracellular compartments 
of animal cells (cytosol, different mitochondrial districts, nucleus, endoplasmic reticulum (ER), Golgi apparatus, peroxisomes 
and subplasma-membrane cytosol), ranging from single-well analyses to high-throughput screening by transfecting animal cells 
using DNA vectors carrying recombinant aequorin chimeras. The use of aequorin mutants and modified versions of coelenterazione 
increases the range of calcium concentrations that can be recorded. Cell culture and transfection takes ~3 d. An experiment including 
signal calibration and the subsequent analyses will take ~1 d.

TABLE 1 | Summary of the most common techniques for 
intracellular Ca2+  detection.

Probe Origin Detection technique Ref.

Aequorin Genetically 
encoded

Luminometry 15

Berovin Genetically 
encoded

Luminometry 22

Obelin Genetically 
encoded

Luminometry 23

Cameleon Genetically 
encoded

FRET microscopy 24

Troponin C  
biosensor

Genetically 
encoded

FRET microscopy 25

Camgaroo Genetically 
encoded

Fluorescence microscopy 26

Ratiometric 
Pericam

Genetically 
encoded

Ratiometric fluorescence 
microscopy

27

GEM-GECO1 Genetically 
encoded

Ratiometric fluorescence 
microscopy

28

Calcium Green-1 Synthetic Fluorescence microscopy 29

Fluo-3, Fluo-4 Synthetic Fluorescence microscopy 29

Fura-2, Indo-1 Synthetic Ratiometric fluorescence 
microscopy

30

Bonora M. et al., 2013 Nature Proocols

FRET-tandem probes
modified to measure Ca2+

Genetically encoded Ca2+ 
indicators (GECI)
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Tandem GFP pairs used as sensors of
protein–protein interactions

Day used BFP and eGFP fusion proteins to mea-
sure static homodimerization of the Pit-1 transcrip-
tion factor in HeLa cells9. Although detection of 
homodimerization is inherently more difficult to 
attain than heterodimerization – at most 50% of
complexes will involve BFP–eGFP interaction – care-
ful microscopy and analysis detected BFP–eGFP
FRET.

Another system for examining protein–protein 
interactions was developed independently by
Romoser et al.10 and by Miyawaki et al.11 in which a
GFP FRET pair reported changes in intracellular Ca2!

concentration. Romoser linked BFP to eGFP with a
26-residue spacer containing the calmodulin-bind-
ing domain from smooth muscle myosin light chain
kinase (MLCK). A basal level of FRET occurred
within this tandem GFP fusion protein, probably 
because the flexible linker allowed the two GFP
molecules to dimerize. Addition of Ca2!–calmod-
ulin to this reporter protein disrupted FRET, as evi-
denced by a sixfold change in the emission ratio.
This is dramatic given that the GFPs remain physi-
cally connected after binding of the Ca2!–calmod-
ulin protein. Protein binding could alter the orien-
tation rather than the separation distance of the BFP
donor and eGFP acceptor and thus significantly af-
fect FRET efficiency1. This biochemical system was
reconstituted in HEK/293 cells by microinjection of
purified recombinant protein. The ratio change was
much more modest in cells, but the experiment
showed that BFP–eGFP FRET can be measured in 
living cells.

In the second case, Miyawaki et al. fused either
BFP or CFP to the N-terminus of calmodulin, and
eGFP or YFP to the C-terminus of M13, the calmod-
ulin-binding peptide of MLCK. This system of 
genetically encoded Ca2! sensors was dubbed
‘cameleons’ by the authors. Increased intracellular
Ca2! concentration caused binding of the M13 pep-
tide to calmodulin, which increased FRET. After
demonstrating the performance of the system in a
biochemical mode, they expressed the cameleon
proteins in transiently transfected HeLa cells; using
GFPs optimized for brightness and mammalian ex-
pression, the total fluorescence from these proteins
produced a signal sufficient to allow use of DNA-
mediated transfection rather than microinjection of
protein. The CFP!calmodulin–YFP!M13 peptide
pair was clearly superior in detecting Ca2!-induced
intracellular FRET. The maximal emission ratio
change was 1.3-fold when the two GFPs were linked,
as compared with a ratio change of nearly twofold
upon association of two separate GFP fusion pro-
teins. When GFP association occurs in trans, the
local concentration of the GFP fusion proteins in-
fluences FRET change, with expression of equimolar
amounts of each GFP fusion protein being ideal.
FRET imaging of individual cells stably expressing
the linked version of yellow cameleon protein is
shown in Fig. 3.

Because GFP fusions can be expressed in situ, they
can be targeted to subcellular organelles such as the

endoplasmic reticulum (ER), where there are Ca2!

stores. By adjusting the Ca2! affinities through mu-
tation of the calmodulin protein and establishing
that the emission ratio correlated with Ca2! con-
centration, the authors measured the free [Ca2!] in
both the cytoplasm and ER. They found that the free
[Ca2!] in the ER was 60–400 "M in unstimulated
cells, falling to 1–50 "M in cells treated with Ca2!

ionophores (e.g. ionomycin).
Recently, protein interactions within mitochon-

dria have been visualized by GFP–FRET. Mahajan
et al.12 constructed fusion proteins of eGFP–Bax and
BFP–Bcl-2 to demonstrate directly that Bax and Bcl-2
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FIGURE 3

(a) Schematic depiction of cameleon system for measuring
protein–protein interactions by fluorescence resonance energy
transfer (FRET). Increasing local [Ca2!] leads to association of the
intervening calmodulin protein and the M13 myosin light chain
kinase peptide, with accompanying increase in FRET between
CFP and YFP. (b) FRET response of individual HEK/293 stable
transfectant cells, expressing yellow cameleon-3 protein11, to
addition of a Ca2! ionophore (1 "M ionomycin) and additional
extracellular Ca2! (30 mM). Heterogeneity in the Ca2!-driven
FRET response within this pool of stable transfectants can be
overcome by isolation of clones by flow cytometry. Single-cell
clones expressing high levels of yellow cameleon-3 protein
(# 5 $ 105 molecules cell–1) provides a more homogeneous and
responsive (1.4-fold ratio change) cell population (J. Jones,
unpublished). Imaging was performed on a Zeiss
Axiovert 135 TV microscope.

Cameleons are chimeric proteins
consisting of a blue or cyan mutant of
green fluorescent protein (GFP),
calmodulin (CaM), a glycylglycine
linker, the CaM-binding domain of
myosin light chain kinase (M13), and a
green or yellow version of GFP.
Ca2+ binding to the CaM causes
intramolecular CaM binding to M13.
The resulting change from an extended
to a more compact conformation
increases the efficiency of
fluorescence resonance energy
transfer between the shorter to the
longer wavelength mutant GFP.



http://zeiss.magnet.fsu.edu/tutorials/spectr
alimaging/spectralfret/indexflash.html
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Because GFP fusions can be expressed in situ, they can
be targeted to subcellular organelles such as the
endoplasmic reticulum (ER), where there are Ca2+
stores. By adjusting the Ca2+ affinities through mutation
of the calmodulin protein and establishing that the
emission ratio correlated with Ca2+ concentration, the
authors measured the free [Ca2+] in both the cytoplasm
and ER. They found that the free [Ca2+] in the ER was
60–400 uM in unstimulated cells, falling to 1–50 uM in
cells treated with Ca2+ ionophores (e.g. ionomycin).



Genetically encoded Ca2+ 
indicators (GECI)

GCaMP



� GCaMP is a genetically encoded, high-
affinity Ca2+ sensor that exhibits large
fluorescent shifts in response to
physiological Ca2+ changes. The sensor
comprises a circularly permuted EGFP
(cqGFP) flanked by CaM and a CaM-
binding peptide (M13) from myosin light
chain kinase. Increases in Ca2+ promote
Ca2+-CaM-M13 interaction and a
conformational change within the sensor,
resulting in an increase in EGFP
fluorescence

Willoughby, D. et al. J Cell Sci 2010;123:107-117

GCaMP



None of these protein-based indicators have yet surpassed
the sensitivity and speed of commonly used synthetic
calcium indicators (for example, Oregon Green Bapta-1-
AM,OGB1-AM).

Therefore, depending on the experimental goals,
investigators choose between sensitive synthetic indicators
delivered by invasive chemical or physical methods, or less
sensitive protein sensors delivered by genetic methods.



This is of particular interest mainly in neurons.

Because neurons have unusually fast calcium dynamics
and low peak calcium accumulations, sensors designed to
probe neuronal function are best tested in neurons rather
than in non-neuronal systems, most of which show much
slower and larger calcium changes.

Make sense therefore to screen GCaMP variants produced
by mutagenesis in neurons, and subsequently validated
lead sensors in several in vivo systems.



ARTICLE
doi:10.1038/nature12354

Ultrasensitive fluorescent proteins for
imaging neuronal activity
Tsai-Wen Chen1, Trevor J. Wardill1{, Yi Sun1, Stefan R. Pulver1, Sabine L. Renninger2, Amy Baohan1,3, Eric R. Schreiter1,
Rex A. Kerr1, Michael B. Orger2, Vivek Jayaraman1, Loren L. Looger1, Karel Svoboda1 & Douglas S. Kim1

Fluorescent calcium sensors are widely used to image neural activity. Using structure-based mutagenesis and neuron-based
screening, we developed a family of ultrasensitive protein calcium sensors (GCaMP6) that outperformed other sensors in
cultured neurons and in zebrafish, flies and mice in vivo. In layer 2/3 pyramidal neurons of the mouse visual cortex, GCaMP6
reliably detected single action potentials in neuronal somata and orientation-tuned synaptic calcium transients in individual
dendritic spines. The orientation tuning of structurally persistent spines was largely stable over timescales of weeks.
Orientation tuning averaged across spine populations predicted the tuning of their parent cell. Although the somata of
GABAergic neurons showed little orientation tuning, their dendrites included highly tuned dendritic segments (5–40-mm
long). GCaMP6 sensors thus provide new windows into the organization and dynamics of neural circuits over multiple spatial
and temporal scales.

Neural activity causes rapid changes in intracellular free calcium1–4. Cal-
cium imaging experiments have relied on this principle to track the acti-
vity of neuronal populations5,6 and to probe excitation of small neurons
and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
low peak calcium accumulations4, sensors designed to probe neuronal

1Janelia Farm Research Campus, Howard Hughes Medical Institute, 19700 Helix Drive, Ashburn, Virginia 20147, USA. 2Champalimaud Neuroscience Programme, Champalimaud Centre for the Unknown,
Avenida Brası́lia, Doca de Pedrouços, 1400-038, Lisbon, Portugal. 3Department of Neurobiology, University of California Los Angeles, Los Angeles, California 90095, USA. {Present address: Marine
Biological Laboratory, Program in Sensory Physiology and Behavior, 7 MBL Street, Woods Hole, Massachusetts 02543, USA.
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Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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Fluorescent calcium sensors are widely used to image neural activity. Using structure-based mutagenesis and neuron-based
screening, we developed a family of ultrasensitive protein calcium sensors (GCaMP6) that outperformed other sensors in
cultured neurons and in zebrafish, flies and mice in vivo. In layer 2/3 pyramidal neurons of the mouse visual cortex, GCaMP6
reliably detected single action potentials in neuronal somata and orientation-tuned synaptic calcium transients in individual
dendritic spines. The orientation tuning of structurally persistent spines was largely stable over timescales of weeks.
Orientation tuning averaged across spine populations predicted the tuning of their parent cell. Although the somata of
GABAergic neurons showed little orientation tuning, their dendrites included highly tuned dendritic segments (5–40-mm
long). GCaMP6 sensors thus provide new windows into the organization and dynamics of neural circuits over multiple spatial
and temporal scales.

Neural activity causes rapid changes in intracellular free calcium1–4. Cal-
cium imaging experiments have relied on this principle to track the acti-
vity of neuronal populations5,6 and to probe excitation of small neurons
and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
low peak calcium accumulations4, sensors designed to probe neuronal
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Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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Despite extensive structure-guided optimization GCaMP
and other protein sensors still suffer from low sensitivity
and slow kinetics.
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vity of neuronal populations5,6 and to probe excitation of small neurons
and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
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Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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We produced numerous additional GCaMP variants and tested them in automated
neuronal assays (Fig. 1). With the aim of improving sensitivity, we focused
mutagenesis on the interface between cpGFP and CaM at 16 amino acid
positions, some mutagenized to near completion (Fig. 1a).
Mutations were made at 18 additional sites, notably at the M13–CaM interface
which can affect calcium affinity (A317) and in CaM (R392) (Fig. 1a).
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and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
low peak calcium accumulations4, sensors designed to probe neuronal

1Janelia Farm Research Campus, Howard Hughes Medical Institute, 19700 Helix Drive, Ashburn, Virginia 20147, USA. 2Champalimaud Neuroscience Programme, Champalimaud Centre for the Unknown,
Avenida Brası́lia, Doca de Pedrouços, 1400-038, Lisbon, Portugal. 3Department of Neurobiology, University of California Los Angeles, Los Angeles, California 90095, USA. {Present address: Marine
Biological Laboratory, Program in Sensory Physiology and Behavior, 7 MBL Street, Woods Hole, Massachusetts 02543, USA.

R392G

K78H

A317E

M378G
T381R S383T

K379S
M13
Linker 1
cpEGFP
Linker 2
CaM

0 1 2 3
0

5

a b

c

0

0.3
1 action 
potential

10 action
potentials

5G

OGB1

6f
6m
6s

GCaMP3

cpEGFP CaM
GCaMP5G K78 A317 M378 K379 T381 S383 R392
GCaMP6s K78H T381R S383T R392G
GCaMP6m M378G K379S T381R S383T R392G
GCaMP6f A317E T381R S383T R392G

ΔF
/F

0
ΔF

/F
0

1 10 1000.1

1

10

S
N

R
(fo

ld
 o

f G
C

aM
P

3)e

1 10 100
0

1

2

3

D
ec

ay
 ti

m
e,

 t 1/
2 

(s
)

f

1 10 100
0.1

1

10

d

(fo
ld

 o
f G

C
aM

P
3)

ΔF
/F

0

1 10 1000

0.2

0.4

0.6g

Number of action potentials

R
is

e 
tim

e,
 t pe

ak
 (s

)

Time (s)

Resting fluorescence F0

1 action potential ΔF/F0

1AP
10AP

160AP

5G
OGB1

5G

OGB1

5G
3

3

3

P-value

10–510–5
Less

NS
More Decay time, t1/2  (10 action potentials)

Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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Dissociated rat hippocampal neurons in 24-well plates were transduced
with GCaMP variants (one per well), together with nuclear mCherry,
using lentivirus-mediated gene transfer. Electrodes triggered trains of
action potentials in all neurons within each well.
Time-lapse images (35Hz) of 800 mm fields of view containing 10–100
neurons were acquired, while delivering a series of action potential
trains (Fig. 1b).
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sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
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1Janelia Farm Research Campus, Howard Hughes Medical Institute, 19700 Helix Drive, Ashburn, Virginia 20147, USA. 2Champalimaud Neuroscience Programme, Champalimaud Centre for the Unknown,
Avenida Brası́lia, Doca de Pedrouços, 1400-038, Lisbon, Portugal. 3Department of Neurobiology, University of California Los Angeles, Los Angeles, California 90095, USA. {Present address: Marine
Biological Laboratory, Program in Sensory Physiology and Behavior, 7 MBL Street, Woods Hole, Massachusetts 02543, USA.

R392G

K78H

A317E

M378G
T381R S383T

K379S
M13
Linker 1
cpEGFP
Linker 2
CaM

0 1 2 3
0

5

a b

c

0

0.3
1 action 
potential

10 action
potentials

5G

OGB1

6f
6m
6s

GCaMP3

cpEGFP CaM
GCaMP5G K78 A317 M378 K379 T381 S383 R392
GCaMP6s K78H T381R S383T R392G
GCaMP6m M378G K379S T381R S383T R392G
GCaMP6f A317E T381R S383T R392G

ΔF
/F

0
ΔF

/F
0

1 10 1000.1

1

10

S
N

R
(fo

ld
 o

f G
C

aM
P

3)e

1 10 100
0

1

2

3

D
ec

ay
 ti

m
e,

 t 1/
2 

(s
)

f

1 10 100
0.1

1

10

d

(fo
ld

 o
f G

C
aM

P
3)

ΔF
/F

0
1 10 1000

0.2

0.4

0.6g

Number of action potentials
R

is
e 

tim
e,

 t pe
ak

 (s
)

Time (s)

Resting fluorescence F0

1 action potential ΔF/F0

1AP
10AP

160AP

5G
OGB1

5G

OGB1

5G
3

3

3

P-value

10–510–5
Less

NS
More Decay time, t1/2  (10 action potentials)

Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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Fluorescence changes extracted
from single neurons were used to
compare the sensitivity, dynamic
range and kinetics of individual
GCaMP variants and OGB1-AM
(Fig. 1b–g). We monitored the
resting brightness of the sensor
by measuring green fluorescence
relative to red mCherry
fluorescence.

In total, we screened 447
GCaMP variants (Supplementary
Table 5).
Based on screening in cultured
neurons (Fig. 1), we chose three
ultrasensitive GCaMP6
sensors (GCaMP6s, 6m, 6f; for
slow, medium and fast
kinetics, respectively) for
characterization in vivo.
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and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
low peak calcium accumulations4, sensors designed to probe neuronal
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Compared to GCaMP5G, the
GCaMP6 sensors have similar
baseline brightness and a 1.1- to
1.6-fold increase in dynamic
range (DF/F0 at 160 action
potentials).
For small numbers of action
potentials the most sensitive
sensor, GCaMP6s, produced
sevenfold larger signals (10-fold
larger than GCaMP3, Fig. 1b–e).
The fastest sensor, GCaMP6f,
had two fold faster rise time and
1.7-fold faster decay time
thanGCaMP5G(Fig. 1f, g).
GCaMP6f is the fastest
genetically-encoded calcium
indicator for cytoplasmic free
calcium in neurons, with
sensitivity comparable to
OGB1-AM(Fig. 1d–g).



GCaMP6 performance in the mouse
visual cortex.

We next tested GCaMP6 in layer (L) 2/3 pyramidal neurons in the mouse visual
cortex V1 in vivo. V1 was infected with adeno-associated virus (AAV) expressing
GCaMP variants (AAV-hsyn1-GCaMP variant). Three weeks afterAAV infection, the
vast majority of L2/3 neurons showed fluorescence mainly in the neuronal
cytoplasm



GCaMP6 performance in the mouse
visual cortex.

Sensory stimuli consisted of moving gratings presented in eight directions to the
contralateral eye. Two-photon imaging revealed visual stimulus-evoked
fluorescence transients in subsets of neurons (Fig. 2a–c). Fluorescence transients
were faster with GCaMP6f compared to other sensors and faithfully tracked dynamic
sensory stimuli (Fig. 2d).



GCaMP6 performance in the mouse
visual cortex.

GCaMP6 performance was compared to other sensors in several ways.
The fraction of responding neurons detected with GCaMP6s was threefold higher
than for GCaMP5G (fivefold higher than GCaMP3) (Fig. 2e). Notably, the fractions
of active neurons detected with GCaMP6s and GCaMP6m were also significantly
higher than for OGB1-AM (Fig. 2e, f, P,0.01, Wilcoxon rank sum test). GCaMP6
sensors thus reveal neuronal dynamics that were previously undetectable
with protein sensors.



GCaMP6 performance in the mouse
visual cortex.

GCaMP6 sensors thus reveal neuronal dynamics that were
previously undetectable with protein sensors.



Combined imaging and
electrophysiology in the visual cortex.

We directly compared cellular fluorescence changes and spiking using loose-
seal, cell-attached recordings. GCaMP6s produced large fluorescence transients
even in response to single action potentials (.6 times larger than for GCaMP5K,
Fig. 3 and Supplementary Video 1), yielding high detection rates for single spikes.





Combined imaging and
electrophysiology in the visual cortex.

GCaMP6f and GCaMP6m showed slightly lower spike detection efficiencies, but
with faster kinetics (Fig. 3). Individual spikes within a burst resulted in stepwise
fluorescence increases (Fig. 3b), which were resolvable if they were separated by
an interval on the order of the rise time of the sensor or more (100–150ms,
GCaMP6s; 75–100 ms, GCaMP6m; 50–75ms, GCaMP6f).



GCaMP6 indicators cross important performance
thresholds. They have higher sensitivity than
commonly used synthetic calcium dyes (for example,
OGB1-AM) and detect individual action potentials
with high reliability at reasonable microscope
magnifications. These indicators can be used to
image large groups of neurons as well as tiny
synaptic compartments over multiple imaging
sessions separated by months. It is likely that these
sensors will find widespread applications for diverse
problems in brain research and calcium signalling.
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SUMMARY

The ability to chronically monitor neuronal activity in
the living brain is essential for understanding the
organization and function of the nervous system.
The genetically encoded green fluorescent protein-
based calcium sensor GCaMP provides a powerful
tool for detecting calcium transients in neuronal
somata, processes, and synapses that are triggered
by neuronal activities. Here we report the generation
and characterization of transgenic mice that express
improved GCaMPs in various neuronal subpopula-
tions under the control of the Thy1 promoter.
In vitro and in vivo studies show that calcium tran-
sients induced by spontaneous and stimulus-evoked
neuronal activities can be readily detected at the
level of individual cells and synapses in acute brain
slices, as well as chronically in awake, behaving
animals. These GCaMP transgenic mice allow inves-
tigation of activity patterns in defined neuronal pop-
ulations in the living brain and will greatly facilitate
dissecting complex structural and functional rela-
tionships of neural networks.

INTRODUCTION

Monitoring neuronal activity is critical for our understanding
of both normal brain function and pathological mechanisms
of brain disorders. Because neuronal activity is tightly coupled
to intracellular calcium dynamics, calcium imaging has proven
invaluable for probing the activities of neuronal somata, pro-
cesses, and synapses both in vitro and in vivo (Andermann

et al., 2011; Chen et al., 2011; Kerr and Denk, 2008; Yasuda
et al., 2004). Compared to multielectrode recording approaches,
calcium imaging has the advantages of detecting activity in
large or disperse populations of neurons simultaneously over
extended periods of time with little or nomechanical disturbance
to brain tissues.
Synthetic calcium dyes have been widely used to monitor

intracellular calcium dynamics in cultured neurons, brain slices,
as well as in the intact brain (Chen et al., 2011; Dombeck et al.,
2007; Kerr and Denk, 2008; Marshel et al., 2011; Rothschild
et al., 2010; Yasuda et al., 2004). However, loading calcium
dyes into specific neuronal populations is technically chal-
lenging. It is difficult, if not impossible, to image activities of
the same neuronal populations repeatedly over extended
periods of time. Genetically encoded calcium indicators (GECIs)
overcome these difficulties, permitting chronic imaging of
calcium dynamics within specific cell types. GECIs are com-
posed solely of translated amino acids and do not require the
addition of synthetic compounds or cofactors. They can be
targeted to specific cell types or subcellular compartments
when used in combination with cell type-specific promoters or
cellular targeting sequences. In addition, GECIs can be delivered
and expressed in brain tissues via viral vectors, in utero electro-
poration, or through transgenic techniques (Hasan et al., 2004;
Mao et al., 2008; Wallace et al., 2008; Yamada et al., 2011).
Importantly, recently developed GECIs are capable of detecting
calcium dynamics at the sensitivity level close to that of synthetic
calcium dyes (Hendel et al., 2008; Pologruto et al., 2004).
At least one class of green fluorescent protein (GFP)-based

GECIs, the GCaMP family, has been effective for detecting
calcium dynamics induced by neuronal activity in multiple model
organisms (Muto et al., 2011; Reiff et al., 2005; Tian et al., 2009;
Warp et al., 2012). Recently, a new generation of GCaMPs (e.g.,
GCaMP3) has been successfully used to monitor neuronal
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….In practice GCaMP reportedly causes unexpected and
unwanted “side-effects” in multiple aspects. The major
concern is about cell damages induced by GCaMP. For
instance cytotoxicity or death in neurons.
These side-effects seem to be closely associated with
abnormal accumulation of GCaMP filling in the nuclei,
often accompanied by attenuation and/or distortion of
Ca2+ dynamics as evidenced in neurons.
Another line of evidence, comes from functional studies
reporting the alterations of physiological Ca2+ and
intrinsic excitability, e.g., gain of function in firing rates
was observed from hippocampal neurons of GCaM5G
transgenic mice. And recently, multiple lines of GCaMP6
mice are reported to exhibit major abnormalities in their
brain activity.



CaM is ubiquitous signal protein in cells acting as either
apoCaM (Ca2+-free CaM) or calcified CaM (Ca2+/CaM).
Ca2+/CaM is widely involved in numerous Ca2+-signaling
cascades including gene transcription; and apoCaM also
regulates the functions of diverse proteins including ion
channels.

We suspect that the problems of GCaMP might be due to its
potential perturbations of signaling networks and normal
protein functions pertaining to CaM.

We newly developed GCaMP-X as our solution,
by engineering an additional apoCaM-binding
motif and an extra tag ensuring subcellular
localization into conventional GCaMP.
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Fig. 1 Side-effects of GCaMP on cortical neurons. a Abnormal nuclear accumulation of GCaMP. Cultured cortical neurons infected with GCaMP6 (AAV-
Syn-GCaMP6f) virus were examined with confocal live-cell imaging. b Analyses indexed with nuclear/cytosolic (N/C) fluorescence ratio indicate time-
dependent nuclear accumulation of GCaMP6, in contrast to stable GFP distribution. c GCaMP6 caused apoptosis. For cortical neurons infected with AAV-
Syn-EGFP and AAV-Syn-GCaMP6f (green), tracing images of dendritic morphology (black and white) and confocal fluorescence images of Annexin V-
kFluor594 (red) are shown. Arrows are to identify apoptotic neurons where both green and red fluorescence are present and the percentage of such
neurons (per view) are counted (right, number of views in parentheses). d Subcellular distributions of YFP, GCaMP3 or NLS-GCaMP3-NLS overexpressed
in cortical neurons. CFP fluorescence (NLS-CFP-NLS, upper) indicates the nucleus (blue) in cortical neurons. GFP images (lower row) of neurons
expressing GCaMP3 (2 days after cDNA transfection) could be categorized into two major subgroups of interest: nuclear-excluded (N/C ratio < 0.6) and
nuclear-filled (N/C ratio > 1.0), with the latter mimicked by neurons expressing NLS-GCaMP3-NLS. Such criteria (N/C ratio < 0.6 and >1) were applied
throughout this study (unless indicated otherwise). e Based on the above criteria neurons of nuclear-filled group and nuclear-excluded group accounted for
~10% and ~50% of the total number of GCaMP3-expressing neurons, respectively (5 experiments). f Representative images tracing neurite morphology for
cortical neurons from different subgroups. g Correlations between N/C ratio of GCaMP3 and neurite outgrowth. The grey line/area represents the total
neurite length per neuron (control group). The eclipse enclosing most neurons contains two major areas representing the subgroups of nuclear-filled
(cyan) and nuclear-excluded (pink). Nuclear GCaMP accumulation (N/C ratio) and neurite outgrowth (neurite length per neuron) are highly correlated
(the correlation coefficient is −0.7). h, i Additional experiments and analyses for neurite morphology. Neurite outgrowth was quantified for the four
subgroups by neurite length (h) and Sholl analysis (i), with the total number of cells in parentheses. Standard error of the mean (S.E.M.) and Student’s t-
test (two-tailed unpaired with criteria of significance: *p < 0.05; **p < 0.01, and p < 0.001) were calculated when applicable
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Cellular model: cortical neurons infected
with AAV-syn-GCaMP6f virus (Fig. 1a).
In contrast to stable EGFP control,
GCaMP6f exhibited a time-dependent trend
of accumulation in the nucleus, which
started with N/C (nuclear/cytosolic) ratio of
0.29 ± 0.02 (n = 16) in half a week, but
gradually reaching 0.99 ± 0.01 (n = 82) at
the timepoint of 3rd week (Fig. 1b).

Such aberrant nuclear accumulation of
GCaMP is reportedly problematic,
usually accompanied by various side-
effects.
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As demonstrated by the apoptosis
assay (Annexin V kit), at the time of
10th day (GCaMP N/C ratio of ~0.8)
robust signals of apoptosis were
detected from a large fraction (>60%)
of neurons infected with AAV-Syn-
GCaMP6f virus (Fig. 1c), whereas
much less for control neurons
infected with AAV-Syn-EGFP (~20%).



we examined and quantified the cytonuclear distribution of GCaMP in
relation to neurite out-growth.
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Fig. 1 Side-effects of GCaMP on cortical neurons. a Abnormal nuclear accumulation of GCaMP. Cultured cortical neurons infected with GCaMP6 (AAV-
Syn-GCaMP6f) virus were examined with confocal live-cell imaging. b Analyses indexed with nuclear/cytosolic (N/C) fluorescence ratio indicate time-
dependent nuclear accumulation of GCaMP6, in contrast to stable GFP distribution. c GCaMP6 caused apoptosis. For cortical neurons infected with AAV-
Syn-EGFP and AAV-Syn-GCaMP6f (green), tracing images of dendritic morphology (black and white) and confocal fluorescence images of Annexin V-
kFluor594 (red) are shown. Arrows are to identify apoptotic neurons where both green and red fluorescence are present and the percentage of such
neurons (per view) are counted (right, number of views in parentheses). d Subcellular distributions of YFP, GCaMP3 or NLS-GCaMP3-NLS overexpressed
in cortical neurons. CFP fluorescence (NLS-CFP-NLS, upper) indicates the nucleus (blue) in cortical neurons. GFP images (lower row) of neurons
expressing GCaMP3 (2 days after cDNA transfection) could be categorized into two major subgroups of interest: nuclear-excluded (N/C ratio < 0.6) and
nuclear-filled (N/C ratio > 1.0), with the latter mimicked by neurons expressing NLS-GCaMP3-NLS. Such criteria (N/C ratio < 0.6 and >1) were applied
throughout this study (unless indicated otherwise). e Based on the above criteria neurons of nuclear-filled group and nuclear-excluded group accounted for
~10% and ~50% of the total number of GCaMP3-expressing neurons, respectively (5 experiments). f Representative images tracing neurite morphology for
cortical neurons from different subgroups. g Correlations between N/C ratio of GCaMP3 and neurite outgrowth. The grey line/area represents the total
neurite length per neuron (control group). The eclipse enclosing most neurons contains two major areas representing the subgroups of nuclear-filled
(cyan) and nuclear-excluded (pink). Nuclear GCaMP accumulation (N/C ratio) and neurite outgrowth (neurite length per neuron) are highly correlated
(the correlation coefficient is −0.7). h, i Additional experiments and analyses for neurite morphology. Neurite outgrowth was quantified for the four
subgroups by neurite length (h) and Sholl analysis (i), with the total number of cells in parentheses. Standard error of the mean (S.E.M.) and Student’s t-
test (two-tailed unpaired with criteria of significance: *p < 0.05; **p < 0.01, and p < 0.001) were calculated when applicable
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GCaMP3 distributions can be
segregated into two extreme patterns
by the criteria of N/C ratio of
GCaMP3 fluorescence:
• nuclear-excluded (N/C ratio < 0.6,

~50% out of the total number of
neurons)

• nuclear-filled (N/C ratio > 1, ~10%
of neurons) (Fig. 1d, e).

We then examined the potential neural damages due to nuclear accumulation of
GCaMP, by tracing the neurite morphology indicated by green fluorescence in each
neuron with the aid of wide-field confocal microscopy when necessary (Fig. 1d, f).



N/C ratio of GCaMP3 and the total length of neurites were calculated and correlated
for individual neurons (Fig. 1g).
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Fig. 1 Side-effects of GCaMP on cortical neurons. a Abnormal nuclear accumulation of GCaMP. Cultured cortical neurons infected with GCaMP6 (AAV-
Syn-GCaMP6f) virus were examined with confocal live-cell imaging. b Analyses indexed with nuclear/cytosolic (N/C) fluorescence ratio indicate time-
dependent nuclear accumulation of GCaMP6, in contrast to stable GFP distribution. c GCaMP6 caused apoptosis. For cortical neurons infected with AAV-
Syn-EGFP and AAV-Syn-GCaMP6f (green), tracing images of dendritic morphology (black and white) and confocal fluorescence images of Annexin V-
kFluor594 (red) are shown. Arrows are to identify apoptotic neurons where both green and red fluorescence are present and the percentage of such
neurons (per view) are counted (right, number of views in parentheses). d Subcellular distributions of YFP, GCaMP3 or NLS-GCaMP3-NLS overexpressed
in cortical neurons. CFP fluorescence (NLS-CFP-NLS, upper) indicates the nucleus (blue) in cortical neurons. GFP images (lower row) of neurons
expressing GCaMP3 (2 days after cDNA transfection) could be categorized into two major subgroups of interest: nuclear-excluded (N/C ratio < 0.6) and
nuclear-filled (N/C ratio > 1.0), with the latter mimicked by neurons expressing NLS-GCaMP3-NLS. Such criteria (N/C ratio < 0.6 and >1) were applied
throughout this study (unless indicated otherwise). e Based on the above criteria neurons of nuclear-filled group and nuclear-excluded group accounted for
~10% and ~50% of the total number of GCaMP3-expressing neurons, respectively (5 experiments). f Representative images tracing neurite morphology for
cortical neurons from different subgroups. g Correlations between N/C ratio of GCaMP3 and neurite outgrowth. The grey line/area represents the total
neurite length per neuron (control group). The eclipse enclosing most neurons contains two major areas representing the subgroups of nuclear-filled
(cyan) and nuclear-excluded (pink). Nuclear GCaMP accumulation (N/C ratio) and neurite outgrowth (neurite length per neuron) are highly correlated
(the correlation coefficient is −0.7). h, i Additional experiments and analyses for neurite morphology. Neurite outgrowth was quantified for the four
subgroups by neurite length (h) and Sholl analysis (i), with the total number of cells in parentheses. Standard error of the mean (S.E.M.) and Student’s t-
test (two-tailed unpaired with criteria of significance: *p < 0.05; **p < 0.01, and p < 0.001) were calculated when applicable
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Nuclear-filled neurons were subject to significant reduction in neurite length
compared to control neurons (Fig. 1g, horizontal line in grey), indicative of neural
damages.

Thus, a strong (negative) correlation was
clearly formed between N/C ratio of GCaMP
and the total neurite length per neuron (Fig.
1g).



GCaMP perturbs CaV1.3 gating.

Prior studies suspect that CaM contained in all versions of GCaMP might
be one factor responsible for various side-effects.
However, it has been mostly attributed to trivial reasons, such as
buffering effects of Ca2+-binding CaM one general concern common
to any kind of Ca2+ (binding).
In litterature there are few evidences that GCaMP might perturb CaM in
CaV1 gating, and thus CaV1-dependent signaling (e.g., excitation–
transcription coupling).
CaV1.3 is one major subtype of CaV1 channels expressed in neurons
and tightly coupled to transcriptional signaling in the nucleus.
Also, CaV1-mediated E–T coupling could control neurite outgrowth.
CaV1.3 is subject to apoCaM tuning.



GCaMP perturbs CaV1.3 gating.

We directly compared native ICa of cortical neurons (mostly
mediated by CaV1.3 in our protocol) between the control group
and GCaMP6f group by whole-cell patch-clamp recording (Fig.
2b).
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ICa recorded from GCaMP6f-overexpressing neurons was
significantly different from the control, in that both CDI (SCa) and VGA
(JCa) were augmented as shown by larger and “sharper” ICa traces at
−10 mV, raising serious concerns that GCaMP would perturb native
CaV1 in neurons.



GCaMP perturbs CaV1.3 gating.

In summary, GCaMP acts like CaM but with
aberrant apoCaM and Ca2+/CaM functionalities,
suggested by GCaMP perturbations on CaV1.3
gating.



GCaMP intervenes with excitation–
transcription coupling. 

The excitation–transcription coupling is highly
specific to CaV1 in complex with CaM, which starts
from CaV1 activities, followed by Ca2+ binding to
CaM proteins including the pre-associated CaM on
the carboxyl terminus, Ca2+/CaM signaling back to
the channel (such as CDI), Ca2+/CaM activation of
CaMKII (CaM-dependent kinase II), CaM and
CaMKII translocation to the nucleus, activation of
nuclear CaM-dependent kinases and
phosphorylation of CREB, eventually to gene
transcription



GCaMP intervenes with excitation–
transcription coupling. 

GCaMP perturbs the gating of CaV1/CaM complex (Fig. 2),
and may also affect the downstream signals along the E–T
pathway.

signals of each neuron were normalized by the mean intensity of
pCREB fluorescence obtained from the control group. Normal-
ized pCREB of GCaMP3-expressing neurons exhibited strong
(negative) correlations with the N/C ratio (Fig. 3b) or expression
level (Supplementary Fig. 5a) of GCaMP, resembling the high
correlations previously obtained from neurite outgrowth (Fig. 1g
and Supplementary Fig. 3). Grouped data from nuclear-excluded

(N/C ratio < 0.6) and nuclear-filled (N/C ratio > 1 or NLS-tagged)
neurons revealed that pCREB signals under normal physiological
conditions (control group) were significantly decreased by
nuclear GCaMP3 but aberrantly enhanced by cytosolic GCaMP3
(Fig. 3c), while the total CREB levels remained the same for all
neurons (Supplementary Fig. 5b). Such pCREB changes in dual
directions were mostly attributed to GCaMP effects on native ICa
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We examined the level of phosphorylated
CREB (pCREB) in cultured cortical
neurons expressing GCaMP3 of different
distributions

Normalized pCREB of GCaMP3-
expressing neurons exhibited strong
(negative) correlations with the N/C ratio
(Fig. 3b) of GCaMP.
pCREB signals under normal physiological
conditions (control group) were significantly
decreased by nuclear GCaMP3 but
aberrantly enhanced by cytosolic GCaMP3
(Fig. 3c),



GCaMP intervenes with excitation–
transcription coupling. 

…Particularly, GCaMP present in the nucleus could severely
impair pCREB signaling by dominant negative effects of
aberrant CaM-like activities, considering that CaM and CaM-
interacting proteins plays important roles in nuclear signaling,
many of which still await to uncover.



Principles and implementations of 
GCaMP-X design

The apoCaM binding onto CaV1 channels appeared to be the first and
probably also the central problem. As the potential solution, after a trial-
and-error process, we came up with the design of GCaMP-X by
introducing an extra motif of apoCaM protection, originated from the IQ
domain (dynamic CaM-binding domain) of neuromodulin (GAP-43).
The protection motif was optimized to constitutively bind apoCaM with
high affinity (Kd ≈ 2 μM), but bind Ca2+/CaM with much lower affinity (Kd
= 2 − 40 μM) than M13 and other Ca2+/CaM targets.
Such apoCaM binding motif (CBM) was fused onto the N-terminus of
conventional GCaMP.

conventional GCaMP resulted into aberrantly higher Ca2+

signals than GCaMP6m-XC (Fig. 4f). We assume that both
GCaMP and GCaMP-X of similar expression levels (tens of
μM) would also produce “buffering effects” about equally in
average. So for the neurons loaded with 5 μM Fura-2, adding
GCaMP or GCaMP-X would further attenuate the signals to the

same extent. And importantly, in the context of such fair
comparison between GCaMP and GCaMP-X, the larger Ca2+

signal should be attributed to abnormal GCaMP enhancement
of Ca2+ currents mediated by CaV1 channels. Consistent with
electrophysiological recordings, Ca2+ fluorescence imaging
with GCaMP itself or organic dye Fura-2 demonstrated that
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Principles and implementations of 
GCaMP-X design

At rest, CBM/apoCaM would form the complex thus eliminating the
interferences with gating and signaling of CaV1/CaM complex.
When Ca2+ rises, high-affinity M13, but not CBM, would bind
Ca2+/CaM, relieving the concern that Ca2+ sensing performance
would be impaired by adding CBM.
In addition to GCaMP-XO without any tag of localization signals,
considering the particular importance of GCaMP distribution, we
appended short tags onto the terminus of conventional GCaMP
explicitly targeting different subcellular compartments (cytosol,
membrane, and nucleus)

conventional GCaMP resulted into aberrantly higher Ca2+

signals than GCaMP6m-XC (Fig. 4f). We assume that both
GCaMP and GCaMP-X of similar expression levels (tens of
μM) would also produce “buffering effects” about equally in
average. So for the neurons loaded with 5 μM Fura-2, adding
GCaMP or GCaMP-X would further attenuate the signals to the

same extent. And importantly, in the context of such fair
comparison between GCaMP and GCaMP-X, the larger Ca2+

signal should be attributed to abnormal GCaMP enhancement
of Ca2+ currents mediated by CaV1 channels. Consistent with
electrophysiological recordings, Ca2+ fluorescence imaging
with GCaMP itself or organic dye Fura-2 demonstrated that
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Principles and implementations of 
GCaMP-X design

To validate such design, the prototypes of new sensors were
coexpressed with CaV1.3, in hope to alleviate the
interference with its gating (4b, 4c).

conventional GCaMP resulted into aberrantly higher Ca2+

signals than GCaMP6m-XC (Fig. 4f). We assume that both
GCaMP and GCaMP-X of similar expression levels (tens of
μM) would also produce “buffering effects” about equally in
average. So for the neurons loaded with 5 μM Fura-2, adding
GCaMP or GCaMP-X would further attenuate the signals to the

same extent. And importantly, in the context of such fair
comparison between GCaMP and GCaMP-X, the larger Ca2+

signal should be attributed to abnormal GCaMP enhancement
of Ca2+ currents mediated by CaV1 channels. Consistent with
electrophysiological recordings, Ca2+ fluorescence imaging
with GCaMP itself or organic dye Fura-2 demonstrated that
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With GCaMP3-XO or GCaMP3-XC
being present, α1DL or α1DS
channels behaved
indistinguishably from the control
(no coexpression of sensors).
Their comparable values of SCa
(CDI) and JCa (VGA) indices
confirmed successful isolation of
the sensors from CaV1.



Principles and implementations of 
GCaMP-X design

In addition, ratiometric Ca2+ fluorescence imaging with Fura-2 (5 μM)
was performed, where F340/F380 ratio (F340 and F380, the fluorescence
intensities of Fura-2 at excitation wavelength of 340 nm or 380 nm) was
quantified as the index of (relative) Ca2+ concentration.

conventional GCaMP resulted into aberrantly higher Ca2+

signals than GCaMP6m-XC (Fig. 4f). We assume that both
GCaMP and GCaMP-X of similar expression levels (tens of
μM) would also produce “buffering effects” about equally in
average. So for the neurons loaded with 5 μM Fura-2, adding
GCaMP or GCaMP-X would further attenuate the signals to the

same extent. And importantly, in the context of such fair
comparison between GCaMP and GCaMP-X, the larger Ca2+

signal should be attributed to abnormal GCaMP enhancement
of Ca2+ currents mediated by CaV1 channels. Consistent with
electrophysiological recordings, Ca2+ fluorescence imaging
with GCaMP itself or organic dye Fura-2 demonstrated that
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Principles and implementations of 
GCaMP-X design

Upon 40 mM [K+]o applied to neurons, conventional GCaMP
resulted into aberrantly higher Ca2+ signals than GCaMP6m-
XC (Fig. 4f).

conventional GCaMP resulted into aberrantly higher Ca2+

signals than GCaMP6m-XC (Fig. 4f). We assume that both
GCaMP and GCaMP-X of similar expression levels (tens of
μM) would also produce “buffering effects” about equally in
average. So for the neurons loaded with 5 μM Fura-2, adding
GCaMP or GCaMP-X would further attenuate the signals to the

same extent. And importantly, in the context of such fair
comparison between GCaMP and GCaMP-X, the larger Ca2+

signal should be attributed to abnormal GCaMP enhancement
of Ca2+ currents mediated by CaV1 channels. Consistent with
electrophysiological recordings, Ca2+ fluorescence imaging
with GCaMP itself or organic dye Fura-2 demonstrated that
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GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

Subsequent to validation of GCaMP-X in the aspects of CaV1
gating, we examined the side-effects of conventional GCaMP
on other processes of E–T coupling in cortical neurons.

acetylcholine (Ach)5 were used as the cellular context to fairly
compare basic sensor characteristics such as Ca2+ sensitivities,
which turned out to be indistinguishable between GCaMP and
GCaMP-XC (Supplementary Fig. 11a). To closely examine the
kinetics, the approach we employed was to induce Ca2+ dynamics
mimicking that of one single action potential (AP), by fast break-
in with brief ZAP stimulus, aided with strong Ca2+ chelators of

10 mM BAPTA in patch-recording pipettes. This way, a Ca2+

transient was created with fast onset and offset. GCaMP6m and
GCaMP6m-XC resulted into indistinguishable characteristics of
peak ΔF/F0, SNR, rise time tr and decay time td (Fig. 6b). Their tr
values were about the same (~0.1 s), further confirmed by an
alternative approach to induce faster (tr < 0.1 s) Ca2+ influx via
voltage-gated CaV2.2 channels (Supplementary Fig. 12), which
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Distribution analysis indexed with N/C ratio for GCaMP3,
GCaMP3-XO, and GCaMP3-XC indicated that GCaMP3-
XO or GCaMP3-XC no longer accumulated in the
nucleus in contrast to GCaMP3 (Fig. 5a)



GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

Consistent with the profiles of N/C ratios, no more perturbation on pCREB signals
(Fig. 5b) and neurite outgrowth (Fig. 5c) could be observed when GCaMP-XO or
GCaMP-XC were overexpressed in cortical neurons.

acetylcholine (Ach)5 were used as the cellular context to fairly
compare basic sensor characteristics such as Ca2+ sensitivities,
which turned out to be indistinguishable between GCaMP and
GCaMP-XC (Supplementary Fig. 11a). To closely examine the
kinetics, the approach we employed was to induce Ca2+ dynamics
mimicking that of one single action potential (AP), by fast break-
in with brief ZAP stimulus, aided with strong Ca2+ chelators of

10 mM BAPTA in patch-recording pipettes. This way, a Ca2+

transient was created with fast onset and offset. GCaMP6m and
GCaMP6m-XC resulted into indistinguishable characteristics of
peak ΔF/F0, SNR, rise time tr and decay time td (Fig. 6b). Their tr
values were about the same (~0.1 s), further confirmed by an
alternative approach to induce faster (tr < 0.1 s) Ca2+ influx via
voltage-gated CaV2.2 channels (Supplementary Fig. 12), which

A
po

pt
os

is
 p

er
ce

nt
ag

e 
(%

)

0

20

40

60

80

GCaMP6

GCaMP6-X C

(25) (29)

***

(10)

EGFP

100

Control

GCaMP3-XC

5

4

2

1

0

3

0 40 80 120 160
Distance from soma center (µm)

N
um

be
r 

of
 in

te
rs

ec
tio

ns

Control

GCaMP3-XO

GCaMP3-XC

GCaM
P3-

X O

Con
tro

l
0

100

200

300

400

500

600

T
ot

al
 le

ng
th

 (
µm

)

GCaM
P3-

X C

(30) (26) (31)

n.s.c

700

800

Con
tro

l

GCaM
P3-

X O

GCaM
P3-

X C

(45) (22) (31)

pC
R

E
B

1.0

0.8

0.6

0.2

0

0.4

1.2

1.4

1.6

GCaMP6
GCaMP6-XC

N
/C

 r
at

io

0

0.4

0.8

0 0.5 1 1.5 2
Time (week)

2.5 3

1.2

20 µm

GCaMP6-XC

G
F

P

1st week 2nd week 3rd week

DIV 0

Virus infection

A
nn

ex
in

 V
-k

F
lu

or
59

4

GCaMP6-XC

G
F

P

10th day

DIV 0

Virus infectiond e

0

0.5

1.0

1.5

N
/C

 r
at

io

GCaM
P3

(5
6)

GCaM
P3-

X O

(3
1)

GCaM
P3-

X C

(3
2)

n.s.

Control GCaMP3-XO GCaMP3-XC

5 µm

G
F

P
pC

R
E

B

a b

GCaMP3-XO

50 µm

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03719-6

10 NATURE COMMUNICATIONS | �(2018)�9:1504� | DOI: 10.1038/s41467-018-03719-6 | www.nature.com/naturecommunications



GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

Furthermore, we examined the neurons infected with AAV- Syn-GCaMP6m-XC vs.
conventional GCaMP. Different from AAV-Syn-GCaMP6f, long-term infection of
AAV-Syn-GCaMP6m-XC no longer caused the time-dependent nuclear
accumulation in neurons; instead, rather stable cytosolic distributions were
maintained: N/C ratio was 0.36± 0.01 (n = 69) even after three weeks (Fig. 5d).

acetylcholine (Ach)5 were used as the cellular context to fairly
compare basic sensor characteristics such as Ca2+ sensitivities,
which turned out to be indistinguishable between GCaMP and
GCaMP-XC (Supplementary Fig. 11a). To closely examine the
kinetics, the approach we employed was to induce Ca2+ dynamics
mimicking that of one single action potential (AP), by fast break-
in with brief ZAP stimulus, aided with strong Ca2+ chelators of

10 mM BAPTA in patch-recording pipettes. This way, a Ca2+

transient was created with fast onset and offset. GCaMP6m and
GCaMP6m-XC resulted into indistinguishable characteristics of
peak ΔF/F0, SNR, rise time tr and decay time td (Fig. 6b). Their tr
values were about the same (~0.1 s), further confirmed by an
alternative approach to induce faster (tr < 0.1 s) Ca2+ influx via
voltage-gated CaV2.2 channels (Supplementary Fig. 12), which
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GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

And for apoptosis associated with GCaMP, neurons of 10 days after virus infection
of AAV- Syn-GCaMP6m-XC exhibited much weaker apoptotic signals of
fluorescent Annexin V (<20% neurons), almost back to the level of control neurons
(Fig. 5e)

acetylcholine (Ach)5 were used as the cellular context to fairly
compare basic sensor characteristics such as Ca2+ sensitivities,
which turned out to be indistinguishable between GCaMP and
GCaMP-XC (Supplementary Fig. 11a). To closely examine the
kinetics, the approach we employed was to induce Ca2+ dynamics
mimicking that of one single action potential (AP), by fast break-
in with brief ZAP stimulus, aided with strong Ca2+ chelators of

10 mM BAPTA in patch-recording pipettes. This way, a Ca2+

transient was created with fast onset and offset. GCaMP6m and
GCaMP6m-XC resulted into indistinguishable characteristics of
peak ΔF/F0, SNR, rise time tr and decay time td (Fig. 6b). Their tr
values were about the same (~0.1 s), further confirmed by an
alternative approach to induce faster (tr < 0.1 s) Ca2+ influx via
voltage-gated CaV2.2 channels (Supplementary Fig. 12), which
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GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

To this end, all the known side-effects related to CaV1-
dependent transcriptional signaling were all eliminated or
strongly attenuated by our newly designed GCaMP-X.



GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

As summarized in the scheme (Fig. 6a), GCaMP defects and
mechanisms are clarified by this work, as the basis for the
new design of GCaMP-X.

CaM has been encoded into various CaM-based GECIs, with
GCaMP as the representative. Vast efforts were put into updating
GCaMP generation by generation through screening thousands of
structure-based or random mutagenesis to improve baseline
fluorescence, photostability, dynamic range, and Ca2+

affinity5–7,43. However, until this work the major drawback of
GCaMP has not yet been specifically addressed and resolved, such

as the well-known nuclear accumulation and related cell damages.
We went beyond simply attributing these side-effects to over-
buffering which supposedly could happen to almost any probes of
excessive amount15,16, unveiling that the true mechanisms
underlying GCaMP effects are due to its CaM motif, which
interferes with CaV1-dependent E–T coupling thus damaging
neurons (Figs. 1–3 and Fig. 6a).
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GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

In neurons, GCaMP sensors behave as CaM-like proteins. In consequence, CaV1
gating is perturbed through apoCaM and subsequent Ca2+/CaM modulation, causing
unexpected increase of Ca2+ influx and distorted channel kinetics, accumulated
nuclear GCaMP, impaired cytonuclear CaM translocation, aberrant gene transcription,
and dysregulated growth of neurites.

CaM has been encoded into various CaM-based GECIs, with
GCaMP as the representative. Vast efforts were put into updating
GCaMP generation by generation through screening thousands of
structure-based or random mutagenesis to improve baseline
fluorescence, photostability, dynamic range, and Ca2+

affinity5–7,43. However, until this work the major drawback of
GCaMP has not yet been specifically addressed and resolved, such

as the well-known nuclear accumulation and related cell damages.
We went beyond simply attributing these side-effects to over-
buffering which supposedly could happen to almost any probes of
excessive amount15,16, unveiling that the true mechanisms
underlying GCaMP effects are due to its CaM motif, which
interferes with CaV1-dependent E–T coupling thus damaging
neurons (Figs. 1–3 and Fig. 6a).
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The general health of neurons is
impaired and overall Ca2+
dynamics is altered, both of which
would affect sensor readouts.



GCaMP-X no longer perturbs CaV1 
signaling in neurons. 

CaM has been encoded into various CaM-based GECIs, with
GCaMP as the representative. Vast efforts were put into updating
GCaMP generation by generation through screening thousands of
structure-based or random mutagenesis to improve baseline
fluorescence, photostability, dynamic range, and Ca2+

affinity5–7,43. However, until this work the major drawback of
GCaMP has not yet been specifically addressed and resolved, such

as the well-known nuclear accumulation and related cell damages.
We went beyond simply attributing these side-effects to over-
buffering which supposedly could happen to almost any probes of
excessive amount15,16, unveiling that the true mechanisms
underlying GCaMP effects are due to its CaM motif, which
interferes with CaV1-dependent E–T coupling thus damaging
neurons (Figs. 1–3 and Fig. 6a).
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In contrast, the GCaMP-X sensors
containing extra protective motif of
apoCaM-binding CBM successfully
avoid all the above problematic
effects on CaV1-dependent E–T
coupling..



Sensor performance of GCaMP-XC is
comparable to GCaMP. 

GCaMP-X does not introduce any de novo mutations on the
part of GCaMP and CBM would not interfere with Ca2+/CaM
binding of M13 within GCaMP, thus unlikely to affect its
performance as Ca2+ sensors.

HEK293 cells in response to 10 μM acetylcholine (Ach) were
used as the cellular context to fairly compare basic sensor
characteristics such as Ca2+ sensitivities, which turned out to
be indistinguishable between GCaMP and GCaMP-XC



Sensor performance of GCaMP-XC is
comparable to GCaMP. 

GCaMP6m and GCaMP6m-XC resulted into indistinguishable
characteristics of peak ΔF/F0, SNR, rise time tr and decay
time td (Fig. 6b).

CaM has been encoded into various CaM-based GECIs, with
GCaMP as the representative. Vast efforts were put into updating
GCaMP generation by generation through screening thousands of
structure-based or random mutagenesis to improve baseline
fluorescence, photostability, dynamic range, and Ca2+

affinity5–7,43. However, until this work the major drawback of
GCaMP has not yet been specifically addressed and resolved, such

as the well-known nuclear accumulation and related cell damages.
We went beyond simply attributing these side-effects to over-
buffering which supposedly could happen to almost any probes of
excessive amount15,16, unveiling that the true mechanisms
underlying GCaMP effects are due to its CaM motif, which
interferes with CaV1-dependent E–T coupling thus damaging
neurons (Figs. 1–3 and Fig. 6a).
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GCaMP-X as a novel type of nuclear
Ca2+ sensors. 

In neurons, nuclear Ca2+ could act as the controlling factor
over transcription signaling and gene expression.
Organic fluorescent dyes such as Fura-2 may help explore
Ca2+ dynamics in the nuclear.



GCaMP-X as a novel type of nuclear
Ca2+ sensors. 

Greatly encouraged by GCaMP-X prototypes which success-
fully eliminate deleterious side-effects, we proceeded to
design a new type of GCaMP-XN targeting genuine and intact
nuclear Ca2+ without aforementioned perturbations
GCaMP- XN is based on GCaMP-X but with NLS (nuclear
localization signal) motif fused onto the C-terminus.

design assure the exclusion of the above possible perturbations?
According to this study, apoCaM interference is eliminated by
CBM central to GCaMP-X design, indicative of an effective
approach to avoid unwanted binding with apoCaM targets as well
as their subsequent Ca2+/CaM binding/signaling. Other
apoCaM-associated signaling events, e.g., of enzymes and cytos-
keletal proteins, should also be effectively protected by our
strategy9 . Native protein targets of Ca2+/CaM binding should not
be affected by either GCaMP or GCaMP-X, considering that the
Ca2+/CaM motif preferentially binds onto the M13 motif within
the same sensor because of their intramolecular closeness11 and
high affinity (Kd ≈ 4 nM for Ca2+/CaM)37 . Therefore, in combi-
nation of CBM and M13, spatial restrictions are applied onto the
CaM motif under all Ca2+ conditions, thus effectively reducing its

overall mobility and concentration. Both apo and Ca2+ forms of
CaM or GCaMP-X are protected, greatly enhancing its resistance
against any potential intermolecular binding with endogenous
signaling proteins.

Due to compartmentalized nature of cellular calcium, a variety
of organelle-targeted GECIs are developed, e.g., to address the
questions specifically for nuclear calcium34. Nuclear presence of
GCaMP has been considered as a sign of cell damages5 ,7 , also
confirmed in this study by nucleus-accumulated GCaMP or by
NLS-GCaMP-NLS. However, the reasons for such damages
remain unclear. Instead of any direct interference with
Ca2+/CaM-binding proteins, it is more likely that GCaMP struck
in the nucleus impairs certain critical apoCaM-related nuclear
signaling thus eventually causing neural damages. Meanwhile, the
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Fig. 7 Characterizations and validations of GCaMP-XN targeting nuclear Ca2+. a Design of GCaMP-XN. Based on the design principle of GCaMP-X, similar
to GCaMP-XC, CBM was fused into N-terminus of GCaMP; and a nuclear localization signal (NLS) was tagged onto C-terminus of GCaMP. b, c Basic
validations of GCaMP3-XN with pCREB signals and neurite outgrowth. Representative images of pCREB immunostaining (b, left), statistical summary of
pCREB intensities (b, right), tracing of neurite morphology (c, upper), Sholl analysis and statistical summary of neurite length (c, lower) were compared
among neurons transfected with YFP, NLS-GCaMP3-NLS or GCaMP3-XN. d Different Ca2+ dynamics resulted from neurons expressing NLS-GCaMP3-NLS
or GCaMP3-XN. Confocal images representing Ca2+ fluorescence at three phases: before, during and at the end of extracellular stimuli of 40mM [K+]o
(upper). Ca2+ response (ΔF/F0) (lower left) and its rising speed (ΔF/F0·s−1, normalized change of fluorescence per second, lower right) were averaged
from multiple neurons (number indicated within parentheses), to compare NLS-GCaMP3-NLS with GCaMP3-XN. e, f Simultaneous monitoring of cytosolic
and nuclear Ca2+ dynamics. Representative confocal images indicative of Ca2+ fluorescence (upper in green) and time-dependent responses (ΔF/F0,
lower) are to compare Ca2+ dynamics in the cytosol vs. the nucleus of the same neuron upon 40mM [K+]o stimuli. Cytosolic Ca2+ was monitored by
GCaMP3-XC for both cases, whereas nuclear Ca2+ was either by GCaMP3-XN (e) or by NLS-GCaMP3-NLS (f). Neurons were loaded with Hoechst 33342
to label the nuclei of neurons (upper, blue). Standard error of the mean (S.E.M.) and Student’s t-test (two-tailed unpaired with criteria of significance:
*p < 0.05; **p < 0.01, and ***p < 0.001) were calculated when applicable, and n.s. denotes “not significant”
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GCaMP-X as a novel type of nuclear
Ca2+ sensors. 

We validated GCaMP-XN by examining
and comparing pCREB signals and
neurite outgrowth in cortical neurons
transfected with NLS-GCaMP3-NLS vs.
GCaMP3-XN. Neurons expressing
GCaMP3-XN exhibited similar levels of
pCREB and neurite outgrowth as the
control neurons, whereas NLS-GCaMP3-
NLS exhibited strong pCREB inhibition
and caused neurite damages (Fig. 7b, c),
demonstrating the advantages of
GCaMP-XN over conven- tional GCaMP
as sensors of nuclear Ca2+.

design assure the exclusion of the above possible perturbations?
According to this study, apoCaM interference is eliminated by
CBM central to GCaMP-X design, indicative of an effective
approach to avoid unwanted binding with apoCaM targets as well
as their subsequent Ca2+/CaM binding/signaling. Other
apoCaM-associated signaling events, e.g., of enzymes and cytos-
keletal proteins, should also be effectively protected by our
strategy9 . Native protein targets of Ca2+/CaM binding should not
be affected by either GCaMP or GCaMP-X, considering that the
Ca2+/CaM motif preferentially binds onto the M13 motif within
the same sensor because of their intramolecular closeness11 and
high affinity (Kd ≈ 4 nM for Ca2+/CaM)37 . Therefore, in combi-
nation of CBM and M13, spatial restrictions are applied onto the
CaM motif under all Ca2+ conditions, thus effectively reducing its

overall mobility and concentration. Both apo and Ca2+ forms of
CaM or GCaMP-X are protected, greatly enhancing its resistance
against any potential intermolecular binding with endogenous
signaling proteins.

Due to compartmentalized nature of cellular calcium, a variety
of organelle-targeted GECIs are developed, e.g., to address the
questions specifically for nuclear calcium34. Nuclear presence of
GCaMP has been considered as a sign of cell damages5 ,7 , also
confirmed in this study by nucleus-accumulated GCaMP or by
NLS-GCaMP-NLS. However, the reasons for such damages
remain unclear. Instead of any direct interference with
Ca2+/CaM-binding proteins, it is more likely that GCaMP struck
in the nucleus impairs certain critical apoCaM-related nuclear
signaling thus eventually causing neural damages. Meanwhile, the
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Fig. 7 Characterizations and validations of GCaMP-XN targeting nuclear Ca2+. a Design of GCaMP-XN. Based on the design principle of GCaMP-X, similar
to GCaMP-XC, CBM was fused into N-terminus of GCaMP; and a nuclear localization signal (NLS) was tagged onto C-terminus of GCaMP. b, c Basic
validations of GCaMP3-XN with pCREB signals and neurite outgrowth. Representative images of pCREB immunostaining (b, left), statistical summary of
pCREB intensities (b, right), tracing of neurite morphology (c, upper), Sholl analysis and statistical summary of neurite length (c, lower) were compared
among neurons transfected with YFP, NLS-GCaMP3-NLS or GCaMP3-XN. d Different Ca2+ dynamics resulted from neurons expressing NLS-GCaMP3-NLS
or GCaMP3-XN. Confocal images representing Ca2+ fluorescence at three phases: before, during and at the end of extracellular stimuli of 40mM [K+]o
(upper). Ca2+ response (ΔF/F0) (lower left) and its rising speed (ΔF/F0·s−1, normalized change of fluorescence per second, lower right) were averaged
from multiple neurons (number indicated within parentheses), to compare NLS-GCaMP3-NLS with GCaMP3-XN. e, f Simultaneous monitoring of cytosolic
and nuclear Ca2+ dynamics. Representative confocal images indicative of Ca2+ fluorescence (upper in green) and time-dependent responses (ΔF/F0,
lower) are to compare Ca2+ dynamics in the cytosol vs. the nucleus of the same neuron upon 40mM [K+]o stimuli. Cytosolic Ca2+ was monitored by
GCaMP3-XC for both cases, whereas nuclear Ca2+ was either by GCaMP3-XN (e) or by NLS-GCaMP3-NLS (f). Neurons were loaded with Hoechst 33342
to label the nuclei of neurons (upper, blue). Standard error of the mean (S.E.M.) and Student’s t-test (two-tailed unpaired with criteria of significance:
*p < 0.05; **p < 0.01, and ***p < 0.001) were calculated when applicable, and n.s. denotes “not significant”
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GCaMP-X as a novel type of nuclear
Ca2+ sensors. 

In cortical neurons stimulated by
40mM [K+]o, GCaMP3-XN with
confocal fluorescence imaging
resulted into more pronounced
(larger peak of ΔF/F0) and faster
(8-fold rising speed in ΔF/F0 ·
s−1) Ca2+ dynamics than NLS-
GCaMP3-NLS (Fig. 7d).

design assure the exclusion of the above possible perturbations?
According to this study, apoCaM interference is eliminated by
CBM central to GCaMP-X design, indicative of an effective
approach to avoid unwanted binding with apoCaM targets as well
as their subsequent Ca2+/CaM binding/signaling. Other
apoCaM-associated signaling events, e.g., of enzymes and cytos-
keletal proteins, should also be effectively protected by our
strategy9 . Native protein targets of Ca2+/CaM binding should not
be affected by either GCaMP or GCaMP-X, considering that the
Ca2+/CaM motif preferentially binds onto the M13 motif within
the same sensor because of their intramolecular closeness11 and
high affinity (Kd ≈ 4 nM for Ca2+/CaM)37 . Therefore, in combi-
nation of CBM and M13, spatial restrictions are applied onto the
CaM motif under all Ca2+ conditions, thus effectively reducing its

overall mobility and concentration. Both apo and Ca2+ forms of
CaM or GCaMP-X are protected, greatly enhancing its resistance
against any potential intermolecular binding with endogenous
signaling proteins.

Due to compartmentalized nature of cellular calcium, a variety
of organelle-targeted GECIs are developed, e.g., to address the
questions specifically for nuclear calcium34. Nuclear presence of
GCaMP has been considered as a sign of cell damages5 ,7 , also
confirmed in this study by nucleus-accumulated GCaMP or by
NLS-GCaMP-NLS. However, the reasons for such damages
remain unclear. Instead of any direct interference with
Ca2+/CaM-binding proteins, it is more likely that GCaMP struck
in the nucleus impairs certain critical apoCaM-related nuclear
signaling thus eventually causing neural damages. Meanwhile, the
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Fig. 7 Characterizations and validations of GCaMP-XN targeting nuclear Ca2+. a Design of GCaMP-XN. Based on the design principle of GCaMP-X, similar
to GCaMP-XC, CBM was fused into N-terminus of GCaMP; and a nuclear localization signal (NLS) was tagged onto C-terminus of GCaMP. b, c Basic
validations of GCaMP3-XN with pCREB signals and neurite outgrowth. Representative images of pCREB immunostaining (b, left), statistical summary of
pCREB intensities (b, right), tracing of neurite morphology (c, upper), Sholl analysis and statistical summary of neurite length (c, lower) were compared
among neurons transfected with YFP, NLS-GCaMP3-NLS or GCaMP3-XN. d Different Ca2+ dynamics resulted from neurons expressing NLS-GCaMP3-NLS
or GCaMP3-XN. Confocal images representing Ca2+ fluorescence at three phases: before, during and at the end of extracellular stimuli of 40mM [K+]o
(upper). Ca2+ response (ΔF/F0) (lower left) and its rising speed (ΔF/F0·s−1, normalized change of fluorescence per second, lower right) were averaged
from multiple neurons (number indicated within parentheses), to compare NLS-GCaMP3-NLS with GCaMP3-XN. e, f Simultaneous monitoring of cytosolic
and nuclear Ca2+ dynamics. Representative confocal images indicative of Ca2+ fluorescence (upper in green) and time-dependent responses (ΔF/F0,
lower) are to compare Ca2+ dynamics in the cytosol vs. the nucleus of the same neuron upon 40mM [K+]o stimuli. Cytosolic Ca2+ was monitored by
GCaMP3-XC for both cases, whereas nuclear Ca2+ was either by GCaMP3-XN (e) or by NLS-GCaMP3-NLS (f). Neurons were loaded with Hoechst 33342
to label the nuclei of neurons (upper, blue). Standard error of the mean (S.E.M.) and Student’s t-test (two-tailed unpaired with criteria of significance:
*p < 0.05; **p < 0.01, and ***p < 0.001) were calculated when applicable, and n.s. denotes “not significant”
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Conclusions
In this work, we conducted in-depth analyses on the mechanisms
of the “side-effects” existing to widely-applied GCaMP sensors in
Ca2+ fluorescence imaging.
Data unveiled that GCaMP interferes with CaV1/CaM-mediated
excitation–transcription coupling in neurons.
With these novel insights, we then developed new GCaMP-X
sensors immune to side-effects for faithful monitoring of Ca2+
dynamics in cells including specific subcellular compartments, e.g.,
cytosol (GCaMP-XC) or nucleus (GCaMP-XN) or plasma
membrane (GCaMP-XM).
The key is to supply GCaMP with an extra motif of high-affinity
apoCaM-binding, which eliminates GCaMP perturbations on
apoCaM and its subsequent Ca2+/CaM signaling endogenous to
the native cell or particularly its CaV1 channels.
This way, GCaMP-X sensors resolved all the problems of GCaMP,
while still inheriting its excellent sensing capabilities in monitoring
Ca2+ dynamics.


