
Comparison of genetically encoded
calcium indicators for monitoring
action potentials in mammalian brain
by two-photon excitation fluorescence
microscopy

Borbala Podor
Yi-ling Hu
Masamichi Ohkura
Junichi Nakai
Roger Croll
Alan Fine



Comparison of genetically encoded calcium
indicators for monitoring action potentials in
mammalian brain by two-photon excitation
fluorescence microscopy

Borbala Podor,a Yi-ling Hu,a Masamichi Ohkura,b Junichi Nakai,b Roger Croll,a and Alan Finea,*
aDalhousie University, Department of Physiology and Biophysics, Halifax, Nova Scotia B3H 4R2, Canada
bSaitama University, Brain Science Institute, Saitama 338-8570, Japan

Abstract. Imaging calcium transients associated with neuronal activity has yielded important insights into neural
physiology. Genetically encoded calcium indicators (GECIs) offer conspicuous potential advantages for
this purpose, including exquisite targeting. While the catalogue of available GECIs is steadily growing, many
newly developed sensors that appear promising in vitro or in model cells appear to be less useful when
expressed in mammalian neurons. We have, therefore, evaluated the performance of GECIs from two of
the most promising families of sensors, G-CaMPs [Nat. Biotechnol. 19(2), 137–141 (2001)] and GECOs
[Science 333(6051), 1888–1891 (2011)], for monitoring action potentials in rat brain. Specifically, we used
two-photon excitation fluorescence microscopy to compare calcium transients detected by G-CaMP3;
GCaMP6f; G-CaMP7; Green-GECO1.0, 1.1 and 1.2; Blue-GECO; Red-GECO; Rex-GECO0.9; Rex-GECO1;
Carmine-GECO; Orange-GECO; and Yellow-GECO1s. After optimizing excitation wavelengths, we monitored
fluorescence signals associated with increasing numbers of action potentials evoked by current injection in
CA1 pyramidal neurons in rat organotypic hippocampal slices. Some GECIs, particularly Green-GECO1.2,
GCaMP6f, and G-CaMP7, were able to detect single action potentials with high reliability. By virtue of greatest
sensitivity and fast kinetics, G-CaMP7may be the best currently available GECI for monitoring calcium transients
in mammalian neurons. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.2.2.021014]
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1 Introduction
Monitoring changes of free intracellular calcium ion concentra-
tion in living neurons offers a valuable window on calcium-de-
pendent processes within the cell. It can also provide a surrogate
readout of electrical activity, as membrane depolarization by
action potentials or sufficiently large graded potentials opens
voltage-gated calcium channels, resulting in calcium influx.
During synaptic transmission, calcium ions can enter the post-
synaptic cell through calcium-permeable receptors such as N-
methyl-D-aspartate and alpha7 nicotinic receptors. In addition,
calcium-induced calcium release from intracellular stores can
substantially amplify calcium transients.1 Since the proportional
change of free cytosolic concentration during electrical activa-
tion is commonly larger for calcium than for other ions, calcium
sensors are particularly attractive for imaging neuronal activity.

Importantly, to monitor neuronal calcium signaling in a net-
work of cells or in subcellular compartments, GECIs have great
advantages compared with synthetic, extrinsic indicators. In par-
ticular, with GECIs, investigators can target specific populations
of neurons or subcellular organelles when sensors are expressed
under the control of cell type-specific promoters2 or as appro-
priate fusion proteins,3 respectively, and can control the specific

timing of expression while also eliminating the need for loading
cells with extrinsic indicators.

Since the development of the first GECIs, various strategies
have been used to generate more useful tools for optical imaging
of neuronal activity. GECIs described to date include aequorin-
based reporters,4,5 ratiometric fluorescence (Förster) resonance
energy transfer-based indicators6 and single fluorescent protein
(FP)-based calcium sensors.7

Single-wavelength GECIs typically consist of a calcium-
binding element (e.g., calmodulin or its fragments) inserted
into an FP such as green fluorescent protein (GFP) or its var-
iants. Currently, the growing G-CaMP family of GECIs is the
most widely used of the genetically encoded calcium probes
(e.g., Refs. 3, 8–12). Over the past decade, successive genera-
tions of these high affinity calcium indicators have yielded
progressively better signal-to-noise ratio, dynamic range, and
kinetics than their predecessors.13,14

The first G-CaMP, developed by Nakai et al.,15 was based on
circularly permuted enhanced GFP and displayed a fivefold
increase in fluorescence intensity upon calcium binding. This
sensor, however, was pH sensitive, required temperatures below
37°C for best folding and was suboptimal for measurements in
the micromolar calcium concentration range.15 It was followed
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by the development of successive variants: G-CaMP2,16

GCaMP3,17 “hyper-sensitive” GCaMP-HS,10 G-CaMP4,18

GCaMP5,19 two variants numbered “6” (GCaMP6 from Janelia
Farm,20 and G-CaMP6 from Saitama University21), G-CaMP8,
and G-CaMP7.11,21

G-CaMPs have been successfully expressed and used to
detect calcium transients in a wide variety of cells and tissues,
including HEK cells and mouse myotubes,15 chemosensory neu-
rons of worms, antennal lobe neurons of flies, mouse somato-
sensory cortex neurons17 and place cells,9 and zebrafish spinal
motor neurons.10

Directed evolution of the GCaMP3 sensor has yielded
improved green, blue, and red intensiometric and ratiometric
indicators referred to as genetically encoded calcium indicators
for optical imaging (GECOs22). The enhanced green probe
(G-GECO) was reported to display approximately twice the
calcium-dependent fluorescence change of GCaMP3.22 The
availability of G-GECO, blue-GECO (B-GECO), and red-
GECO (R-GECO) has enabled simultaneous multicolor calcium
imaging in three subcellular compartments of HeLa cells.22

While the catalog of available GECIs is steadily growing
(e.g., Ref. 23), many newly developed sensors that appear prom-
ising in vitro or in model cells have performed less well in ver-
tebrate neurons in organized brain tissue using two-photon
excitation for improved depth penetration. We, therefore, set
out to test and compare the two-photon performance of GECIs
from both G-CaMP and GECO families in rat organotypic
hippocampal slices. Action potentials were evoked in CA1
pyramidal neurons by direct current injection. Two-photon
excitation wavelengths were selected for each probe to obtain
maximum fractional changes in intensity in response to action
potentials. Subsequently, we monitored calcium transients in
proximal apical dendrites in response to increasing numbers of
action potentials via line-scans. Responses were recorded and
compared from neurons expressing either GCaMP3, GCaMP6f,
G-CaMP7, G-GECO1.0, 1.1, 1.2, B-GECO, R-GECO, Rex-
GECO0.9, Rex-GECO1, CAR-GECO, O-GECO, or yellow-
GECO1s (Y-GECO1s).

2 Materials and Methods

2.1 Preparation

Transverse organotypic hippocampal slices (350 μm) were
made from brains of Wistar rat pups aged 6 to 8 postnatal
days and cultured on Millicell CM membranes for 5 to 6
days prior to transfection as described previously.1,24

GECIs constructs were verified by DNA sequencing and
introduced into target cells by biolistic (“gene-gun”) trans-
fection.25 Briefly, complementary DNAs encoding all GECIs
were placed under cytomegalovirus (CMV) promoter, except
for Rex-GECO0.9, Rex-GECO1, and Y-GECO, which used
the human synapsin I promoter, as a CMV promoter yielded
inadequate expression with these sensors (Table 1).
Mammalian expression plasmids for all GECIs were con-
structed using pcDNA32 (Life Technologies). Most GECIs
were too dim at resting conditions for reliable identification
of expressing cells. To facilitate identification of transfected
cells, GCaMPs and GECOs with dim basal fluorescence (all
except GCaMP3 and GCaMP6f) were cotransfected with spec-
trally distinct cytoplasm-filling markers, i.e., blue fluorescent
protein (BFP) or GFP, as indicated in Table 2. GECI plasmid
DNA (50 μg), mixed with an equal amount of cytoplasmic
FP vector DNA (total of 100 μg DNA) as required, was coated
on 1.0 μm gold particles.25,26 GECI plasmid DNAs were
delivered to organotypic hippocampal slices after five to six
days in vitro by biolistics using a pressure of 120 psi with
a customized barrel at a distance of 4 cm above the slice
through a Millipore filter membrane (10 μm pore size) directly
above the target. Imaging was carried out 1 to 4 days post-
transfection.

Prior to imaging, slice preparations were transferred to the
recording chamber for at least 30 min, where they were super-
fused with oxygenated (95%O2∕5%CO2 gas mixture) artificial
cerebrospinal fluid (ACSF) at 30 to 32°C. The ACSF contained,
in mM: 120 NaCl, 3 KCl, 2MgSO4, 4 CaCl2, 1.2 NaH2PO4, 23
NaHCO3, 11 glucose.

Table 1 Measured fluorescence on- and reported off-kinetics, reported K d for Ca2þ, promoters used for each GECI, and references.

τon τoff K d (nM) Promoter Reference

G-CaMP3 95 ms 610 ms 542 Cytomegalovirus 22

GCaMP6f 74 ms 400 ms 375 Cytomegalovirus 20

G-CaMP7 79 ms ∼470 ms 243 Cytomegalovirus 21

G-GECO 1.2 114 ms 700 ms 1150 Cytomegalovirus 22

B-GECO 156 ms 490 ms 260 Cytomegalovirus 22

R-GECO 200 ms 660 ms 482 Cytomegalovirus 22

Rex-GECO0.9 102 ms 320 ms 240 Human synapsin I 27

Rex-GECO1 104 ms 590 ms 680 Human synapsin I 27

O-GECO 102 ms 350 ms 1500 Cytomegalovirus 23

CAR-GECO 137 ms 600 ms 490 Cytomegalovirus 23

Y-GECO1s 127 ms 700 ms 190 Human synapsin I 28
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2.2 Imaging and Electrophysiology

Slices were viewed on an upright focusing-nosepiece epifluor-
escence microscope (Olympus, BX51WI) using a 60× NA 1.0
IR water immersion objective (Olympus) and an MRC1024MP
laser scanner (Bio-Rad Microscience, Hemel Hempstead,
United Kingdom) with nondescanned photomultiplier tube
detectors. Available two-photon excitation wavelengths ranged
between 710 to 970 nm (coherent MIRA or Spectra-Physics
MaiTai titanium:sapphire laser). Average energy levels mea-
sured at the specimen plane were 17 mW at 710 nm, 33 mW
at 800 nm, and 10.5 mW at 970 nm. Specific excitation wave-
lengths used for each sensor are listed in Table 2.

Pyramidal cells expressing GECIs in the CA1 region were
identified by single-photon widefield epifluorescence and
impaled under visual control with sharp microelectrodes (60 to
80 MΩ) filled with 3 M KCl in 20 mM 2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid. Electrophysiological data were
acquired and analyzed using AxoGraph software (AxoGraph
Scientific, Sydney, Australia), and images were collected and
analyzed using LaserSharp (Bio-rad Microscience) and ImageJ29

software. In brief, one or more action potentials were evoked by
8 ms, 600 to 1200 pA current injections at 100 Hz via the intra-
cellular electrode. Ten line scan images (each extending over 400
to 500 ms) were collected for each stimulus condition (one to
eight action potentials) from two to five cells. Calcium transients
were measured by collecting line scans across the proximal apical
dendrite and expressed as a percent fractional change in fluores-
cence: %ΔF∕F¼100 ðFtransient − FinitialÞ∕ðFinitial − FbackgroundÞ,
where Finitial is the mean fluorescence intensity of the imaged
cell over a 70 ms period prior to stimulation, and Ftransient was
measured over 330 ms for one to four action potentials and
430 ms for eight action potentials (Fig. 1).

3 Results

3.1 Expression and Basal Fluorescence of GECIs

Of the sensors tested here, GCaMP3 had the brightest fluores-
cence at resting calcium levels, which allowed for reliable
detection of expressing cells. GCaMP6f also displayed adequate
basal fluorescence for identification of transfected cells.
Cotransfection with bright spectrally distinct cytoplasmic mark-
ers, such as BFP and GFP, was required for all other sensors
tested (Table 2) in order to identify transfected cells. Expressing
R-GECO in CA1 pyramidal cells often resulted in bright
punctate, rather than diffuse, fluorescence throughout the cell;
although unique to R-GECO among the sensors tested here,
this pattern is a common phenomenon with red FPs.30,31

Our reported comparison for each indicator is based on the
values of fractional change in fluorescence and is, therefore,
independent of the different excitation energies available at
different optimized wavelengths. We found that the optimal
wavelengths (over the range available with our laser) for
maximal fractional change in intensity in response to action
potentials for various GECIs were as follows: 910 nm for
GCaMP3, G-CaMP7, and G-GECO 1.0, 1.1 and 1.2; 930 nm
for GCaMP6f; 800 nm for B-GECO; 888 nm for
R-GECO, Rex-GECO0.9, and Rex-GECO1; 970 nm for CAR-
GECO and O-GECO; and 810 nm for Y-GECO1s (Table 2).
(When imaging Y-GECO1s with 520 nm single-photon excita-
tion or with 990 nm two-photon excitation, the fluorescence of
resting cells is bright but decreases as ambient calcium ion con-
centration increases.28 Conversely, with 410 nm single-photon
excitation or with two-photon excitation below 850 nm, the rest-
ing fluorescence is dimmer but increases in proportion to the
calcium ion concentration.28)

Table 2 Optimal two-photon excitation wavelengths, specifications and references for each genetically encoded calcium indicator (GECI).

Two-photon excitation Co transfection Other information References

G-CaMP3 910 nm Not needed Brightest basal fluorescence 17

GCaMP6f 930 nm Not needed 20

G-CaMP7 910 nm BFP Highest ΔF∕F values 21

GECO1.0 910 nm BFP 22

GECO1.1 910 nm BFP 22

GECO1.2 910 nm BFP Linear response to 1–8 action
potentials (APs) @ 100 Hz

22

B-GECO 800 nm GFP 22

R-GECO 888 nm GFP Often punctate expression 22

Rex-GECO0.9 888 nm GFP Linear response to 1–8 APs @ 100 Hz 27

Rex-GECO1 888 nm GFP 27

O-GECO 970 nm GFP 23

CAR-

GECO

970 nm GFP 23

Y-GECOls 810 nm BFP Fluorescence proportional to [Ca2þ] if
exc <850 nm, inversely proportional if >850 nm

28
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Fig. 1 Simultaneous calcium imaging and electrophysiological recordings. (a) G-CaMP7 expressing
CA1 pyramidal neuron; location of line scan is indicated by the white line across the proximal apical
dendrite. Increasing fluorescence intensity in this and the following line scan images is represented
by colors from black through red and yellow to green, blue and purple. (b) Representative line scans
during one action potential and (c) eight action potentials with GECO1.2. The vertical white lines in
(b) and (c) and corresponding deflections in (d) and (e) are time stamps, the first indicating the start
of current injection, and the second, 50 ms later, serving as an internal time marker. Traces above
the line scans show the simultaneously recorded action potentials on the same time scale; these are
visible in more detail in panels (f) and (g). (d) and (e) Quantifications of line scans: (d) one action potential
and (e) eight action potentials. X axis shows time, Y axis shows ΔF∕F values. Traces are representa-
tions of single line scans. (f) and (g) Simultaneously recorded membrane potentials showing one or eight
action potentials.
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3.2 Comparison of the two-photon performances of
selected G-CaMPs and GECOs as
demonstrated by their ability to report apical
dendritic calcium transients associated with
action potentials

After optimizing the excitation wavelength for each GECI, fluo-
rescence responses to one, two, three, four, and eight action

potentials were determined. In general, G-CaMPs detected low
numbers of action potentials (one to four) more reliably than
GECOs. Of the sensors tested here, G-CaMP7, GCaMP6f, and
G-GECO1.2 were able to detect single action potentials with
high reliability (Fig. 2).

Fluorescence changes from G-CaMPs in response to a single
action potential were 26� 7% (all values� standard error of the

(a)

(b)

(c)

Fig. 2 (a) Summary of changes in fluorescence intensity corresponding to one to eight action potentials at
100Hz for all GCaMPsandGECOs tested. (b) Summaryof changes in fluorescence intensity corresponding
to one to eight action potentials at 100 Hz for all genetically encoded calcium indicators tested, excluding
GCaMP6f and G-CaMP7. (c) Summary of changes in fluorescence intensity corresponding to one to
eight action potentials at 100 Hz for blue-, orange-, carmine-, red-, and yellow-GECOs. Each data point cor-
responds to n ¼ 10measurements frommultiple neurons. Error bars represent standard error of the mean.
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mean) with GCaMP3, 120� 58% with GCaMP6f, and
302� 39% with G-CaMP7 [Fig. 2(a)]. Among the GECOs,
G-GECO1.2 performed best in reporting low numbers of action
potentials. The performance of G-GECO1.2 was superior to that
of GCaMP3 both in the ΔF∕F values and in the linearity of
responses to increasing numbers of action potentials [Figs. 2(a)
and 2(b)]. G-GECO 1.2 showed a 51� 7% ΔF∕F for a single
action potential, and 384.5� 26%ΔF∕F for eight action poten-
tials, whereas these values were 26� 7.7% and 329� 33% for
GCaMP3 [Fig. 2(b)]. G-GECO 1.0 and 1.1 displayed smaller
fluorescence transients (22.5� 18% and 16.5� 9%, respec-
tively) than G-GECO 1.2 in response to single action potentials
[Fig. 2(b)]. B-GECO demonstrated a 35� 11% fluorescent
change upon a single action potential, but the signals saturated
beyond three action potentials and the maximal ΔF∕F values
only reached 52� 10% with eight action potentials [Fig. 2(c)].

Performance of the longer-wavelength GECOs was modest.
O-GECO and CAR-GECO performed similarly, with CAR-
GECO displaying slightly higher ΔF∕F values. The fluores-
cence transients ranged from 9.5� 4.5% to 22� 11% for
CAR-GECO in response to one to eight evoked action poten-
tials, respectively, versus from 7.5� 10% to 18.7� 15% for
O-GECO [Fig. 2(c)]. R-GECO responded with a slight increase
in fluorescence of 6.5%� 7 and 12.5%� 15 to a single or
eight action potentials, respectively [Fig. 2(c)]. Two other red
indicators, Rex-GECO0.9 and Rex-GECO1, displayed greater
fluorescence changes than R-GECO. The maximum ΔF∕F val-
ues in response to eight action potentials were 65� 56% with
Rex-GECO0.9 and 47� 28% with Rex-GECO1. Moreover,
Rex-GECO0.9 showed a linear increase in ΔF∕F values over
one to eight action potentials at 100 Hz. On the other hand,
Rex-GECO1 fluorescence shows a larger fluorescence increase
in response to one to three action potentials.

The performance of the yellow sensor, Y-GECO1s, was com-
parable to that of Rex-GECO0.9 when imaged at 810 nm. Both
indicators have similar ΔF∕F values as well as linear responses
over the range of one to eight action potentials, though Rex-
GECO0.9 offers a slightly higher fluorescent response than
Y-GECO1s to eight action potentials but is considerably more
variable (65� 56% versus 53� 11%, respectively).

The most robust calcium transients by far were obtained with
G-CaMP7, which showed an immense 302� 39% ΔF∕F in
response to individual action potentials [Fig 2(a)], sufficient
to render spontaneous electrical activity clearly visible by
eye. Beyond four action potentials at 100 Hz, however, this
sensor began to deviate from linearity, and it displayed a
1351� 147% change with eight action potentials [Fig. 2(a)].
The G-CaMP7 ΔF∕F was significantly larger than those of
GCaMP6f over the entire one to eight action potential range
(p < 0.0001, analysis of variance), but GCaMP6f provided a
more linear response over this range with 120� 58% ΔF∕F in
response to single action potentials and 876� 145% ΔF∕F in
response to eight action potentials.

On- and off-kinetics of all these sensors were too slow to fol-
low individual action potentials reliably at frequencies above
approximately 20 Hz, as the fluorescence in general rose with
a time constant around 100 ms and decayed with a time constant
around 400 to 700 ms, with the exception of Rex-GECO0.9 with
∼320 ms and O-GECO with ∼350 ms tau-off values (Table 1).
Our data acquisition epoch was too short for reliable determina-
tion of tau-off values, but our observation that G-CaMP7 fluores-
cence transients evoked by single action potentials decayed at a

rate intermediate between that of GCaMP3 and Rex-GECO0.9
allowed us to estimate that its decay time constant was
∼470 ms. Our data did permit determination of tau-on values
for all sensors, and these are reported in Table 1.

4 Discussion
G-CaMP7 stands out among the GECIs evaluated here. Using
G-CaMP7, Muto et al.11 recently identified direction-selective
neurons in the optic tectum of zebrafish, correlating visually
evoked neuronal activity with behavior in real time. In the
present study, G-CaMP7 was distinctly superior to the other
tested indicators in terms of its ability to report action poten-
tial-evoked calcium transients [Fig. 2(a)]. The second-most sen-
sitive indicator we tested, GCaMP6f, displayed ΔF∕F values
only a third as great as G-CaMP7 over the one to four action
potential range [Fig. 2(a)]. At eight action potentials, G-CaMP7
ΔF∕F values were not quite twice the GCaMP6f values, as G-
CaMP7 begins to be saturated in response to more than four
action potentials at 100 Hz [Fig. 2(a)]. Of note, the measured and
estimated time constants for G-CaMP7 (tau-on, 79 ms; tau-off,
∼470 ms, respectively) are only slightly longer than those of
GCaMP6f (tau-on, 74 ms; tau-off, 400 ms), which has been con-
sidered the fastest GECI for cytoplasmic free calcium in neu-
rons.20 G-CaMP7 would also appear to be superior to the
slower GCaMP6 variants GCaMP6s and GCaMP6m, which dis-
play ΔF∕F values not more than twice as great as GCaMP6f in
response to single action potentials.20 Thus, G-CaMP7 may be
the GECI of choice at this time for monitoring Ca2þ signals, at
least for low rates of action potentials in mammalian neurons.

Because signal amplitudes with some GECIs—particularly
GCaMP6f, GECO1.2, Rex-GECO0.9, and Y-GECO1s—were
more linearly related to the number of spikes at 100 Hz over
the tested range [Fig. 2(b)], those sensors may be advantageous
for analysis of bursts of firing. An earlier study31 found that nei-
ther the G-GECOs nor R-GECO are significantly superior to
GCaMP3. We have confirmed this while extending the compari-
son to blue, orange, carmine, yellow, and two new red GECOs.
We find that cells expressing GECOs are, in general, dimmer
than cells expressing G-CaMPs under the same promoter, in
both the calcium-free and calcium-bound states. It should be
noted that the useful wavelength range of the lasers used in
this work extended only to 970 nm. It is possible that a laser
source with useful output power at higher wavelength may
improve the performance of Y-GECO1s, Rex-GECO1, and
their derivatives. Nevertheless, these multicolor GECOs can
facilitate simultaneous calcium imaging in multiple cellular or
subcellular compartments.22

Recent years have witnessed extraordinary advances in genet-
ically encoded fluorescent calcium sensors. Notwithstanding this
progress, further improvements are desirable. First, the changes in
GECI fluorescence are substantially slower than the actual
changes in calcium concentration, which are, in turn, much
slower than membrane potential changes during action potentials.
This deficiency compromises the ability of these GECIs to
resolve individual action potentials at high frequencies. Second,
GECIs are not capable of reporting inhibitory synaptic activity or
other events that are not associated with a calcium transient.
Third, GECIs act as calcium buffers and thus may affect cell func-
tions by interfering with intracellular calcium signaling, particu-
larly after prolonged expression which was accompanied by
bright nuclear fluorescence.17 We note, however, that during
the course of our experiments, we detected no nuclear
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accumulation of GECIs. Finally, as most indicators are tested in
vitro in model cells or in a variety of model organisms, there is a
need for a uniform, standardized basis for comparison among the
increasing variety of sensors to help investigators choose the most
suitable GECI for their specific requirements. The present study
represents a step in that direction.
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