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Abstract

Cellular signaling represents an evolution of biological systems to sense external stimuli and
communicate extracellular microenvironment to the intracellular compartments. The processes
underlying molecular signaling have been widely studied due to their important cellular functions.
There are numerous techniques available to quantitate the different molecules involved in cellular
processes. Among them, calcium is a ubiquitous signaling molecule involved in many biological
pathways. Over time the methods to measure intracellular calcium have advanced to better
understand its role as a second messenger. In this chapter, we introduce a method to study a single
cilium, a mechanosensor that elicits a calcium signaling cascade. To successfully observe the
calcium changes in this thin cylindrical-like projection from the cell surface, we utilize a
genetically encoded sensor with a high spatial and temporal resolution. In addition, the probe must
be localized to the ciliary compartment in order to observe the intraciliary calcium signaling
dynamics. To this end, a cilium targeting genetically encoded indicator is used to observe calcium
fluxes in both cytoplasm and cilioplasm.

1 Introduction

Calcium ions (Ca2*) are essential in biological systems. They play important roles as a
secondary messenger in regulating vascular tone (Falcone, Kuo, & Meininger, 1993; Johns
et al., 1987), neurotransmitter release (Kerr et al., 2000; Sabatini, Oertner, & Svoboda,
2002), muscle contraction (Ebashi & Endo, 1968; Forder, Scriabine, & Rasmussen, 1985;
Wier, Cannell, Berlin, Marban, & Lederer, 1987) and immune responses (Ebashi & Endo,
1968; Forder et al., 1985; Wier et al., 1987) among many others. Even the beginning of life
requires the spark of Ca2* during fertilization (Ebashi & Endo, 1968; Forder et al., 1985;
Wier et al., 1987). Ca?* signaling affects every aspect of a cell’s life and death. Just as Ca?*
signaling has been conserved throughout evolution, the primary cilium has also been
conserved from our primitive ancestors. Cilia are slender microtubule-based organelles that
protrude from the apical membrane in most adherent cells (Sorokin, 1962, 1968). However,
these non-motile cilia were once thought to be a vestigial cell appendage without any
apparent function. That was the consensus until studies looking into a possible
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mechanosensory function of the primary cilium proved it to be an essential cellular organelle
(Malone et al., 2007; Masyuk et al., 2006; Nauli et al., 2003, 2013, 2008; Praetorius &
Spring, 2001, 2003). Praetorius and Spring used a setup of differential interference contrast
(DIC) and fluorescent microscopy to observe MDCK (Madin-Darby Canine Kidney) cells
incubated with Fluo-4, a fluorescent calcium indicator. Then micropipette suction was
applied in order to bend the cilia and detect flow-induced Ca2* changes (Praetorius &
Spring, 2001, 2003).

The fluid flow-induced cilium bending initiates an intracellular CaZ* influx followed by
global Ca2* increase and sustained membrane hyperpolarization (Praetorius & Spring, 2001,
2003). Since then, other studies have found a mechanosensory complex of polycystins 1 & 2
(PC 1 and PC 2) in the ciliary membrane of the renal epithelia which mediate flow sensation
(Jin et al., 2014; Nauli et al., 2003, 2008). The bending of the primary cilium causes
conformational change in the PC 1 and the associated PC 2, a transient receptor potential
Ca?* channel, is then activated causing an influx of extracellular Ca?* (Delmas et al., 2002;
Hanaoka et al., 2000; Nauli et al., 2003; Nauli, Pala, & Kleene, 2016). The influx then
triggers the release of Ca2* from the intracellular stores through the stimulation of ryanodine
receptors (Nauli et al., 2003; Xu et al., 2006). Other studies have found that the cilia are
enriched with critical proteins in signaling pathways like Hedgehog, Wnt and Notch as well
as membranous GPCRs (Haycraft et al., 2005; Huang & Schier, 2009; Ishikawa, Thompson,
Yates, Marshall, & Marshall, 2012; Pazour, Agrin, Leszyk, & Witman, 2005; Schou,
Pedersen, & Christensen, 2015). All these proteins are synthesized in the cytosol and
eventually transported to the cilia by intraflagellar transport (IFT) apparatus (Liem et al.,
2012; Mukhopadhyay et al., 2010; Pazour, Dickert, & Witman, 1999).

With the function of collecting mechanical and chemical cues from the environmental
milieu, the importance and the wide functional coverage of the primary cilia becomes even
more apparent when the cilia are defective (Christensen, Clement, Satir, & Pedersen, 2012;
Singla & Reiter, 2006). The range of diseases affecting multiple systems in the body due to
dysfunctional cilia is called ciliopathies (Kathem et al., 2014; Nauli, Sherpa, Reese, & Nauli,
2016; Pala et al., 2018). As the flow-mediated CaZ* influx can be a functional readout of
physiologically relevant cilia function, technologies to study and measure Ca2* changes
within the cilia and the cytoplasm are needed.

The challenge of observing live Ca2* levels in the cilia arise due to the size of primary cilia.
With a diameter around 200nm and a perpendicular orientation in relation to the cell
monolayer, it requires specific setup to visualize the cilium together with the cytoplasm
since they are at different planes of view (Jin et al., 2014; Su et al., 2013). In addition to
these difficulties, traditional Ca2* indicators also fail to reach the cilioplasm requiring
modification of sensors to target the cilia. The exclusion of most cellular components and
exogenous compounds, unless specifically designated for the cilia, happens due to a
diffusion barrier at the base of the cilia (Breslow, Koslover, Seydel, Spakowitz, & Nachury,
2013; Hu et al., 2010; Satir, 2017). The presence of a barrier between the cytoplasm and
cilioplasm was first observed using freeze-fracture electron microscopy by Gilula and Satir
in the form of a “ciliary necklace” (Gilula & Satir, 1972). This detailed molecular
composition of this transition zone at the base of cilia remains to be established. Nonetheless

Methods Cell Biol. Author manuscript; available in PMC 2021 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sherpa et al.

Page 3

it is interesting to find that mutated proteins involved in ciliopathies localize to the ciliary
transition zone and might be necessary for shuttling biomolecules (Delous et al., 2007;
Fliegauf et al., 2006; Mollet et al., 2005; Otto et al., 2005, 2003; Valente et al., 2010;
Williams, Masyukova, & Yoder, 2010; Williams, Winkelbauer, Schafer, Michaud, & Yoder,
2008). The consensus is that while some small cytosolic proteins might freely diffuse into
the cilia larger molecules or complexes will require a favorable interaction with the
transition zone before entering the cilioplasm. To overcome this challenge, researchers have
added targeting modules intended to transport the attached cargo into the cilia. Relying on
the same strategy, we outline a method of single-cell imaging technique to distinctively
visualize Ca2* signaling in the intraciliary compartment and cytosol of a live cell.

2 Choosing Ca?* indicators

Detecting Ca2* fluxes in cells are best studied using Ca2* indicators. With the backing of
years of research, there are now a collection of indicators that can be used to examine Ca2*
dynamics. There are two main categories of Ca2* indicators: (1) small molecule and (2)
genetically encoded calcium indicators (GECIs) (Brini et al., 1994; Cobbold & Rink, 1987;
Mank et al., 2008; Miyawaki et al., 1997; Nagai, Sawano, Park, & Miyawaki, 2001; Nakai,
Ohkura, & Imoto, 2001; Palmer et al., 2006; Romoser, Hinkle, & Persechini, 1997). Small
molecule indicators have superior dynamic range, higher sensitivity and rapid response
kinetics (Pérez Koldenkova & Nagai, 2013; Rudolf, Mongillo, Rizzuto, & Pozzan, 2003).

Small molecule indicators like Fura-2 acetoxymethyl ester (Fura-2AM) are robust, allowing
ratiometric measurements that can be easily interpreted and less prone to experimental
artifacts (Williams, Fogarty, Tsien, & Fay, 1985). Another key point to consider is to ensure
that the affinity for Ca2* (Kg), which can vary among the indicators, is suitable to measure
the local Ca2* concentration in the region of interest. Nonetheless, all these depend on the
availability of a microscope with the proper setup of emission channels, acquisition features,
and motorized filter wheels if ratiometric indicators are used. Even with their advantages,
small molecule indicators cannot be used for applications that focus on delineating organelle
specific Ca2* changes. Cell-permeant indicators, like Fura-2AM, or ones that require more
invasive methods are assumed to be homogeneously distributed in the cytosol after loading.
But these indicators face the possibility of being either included or excluded from
membrane-enclosed structures in the cell. Since signaling depends on spatial origin and
compartmentalization, indicators that can segregate into target organelles are valuable to
appreciate the different spatial compartments of signaling.

The other class of indicators is GECI, which are constructed with a Ca2* binding module
and one or more fluorophores (Fig. 1). As a general mechanism, in most GECls Ca?*
interacts with the binding domain, conformational changes are transferred to the
fluorophores affecting the fluorescence intensity. GECIs require gene transfer, i.e., insertion
of the nucleic acid sequence coding for the sensor into the cell line of interest. There are a
variety of transduction/transfection methods that can be used for transformation. Once
expressed in the cells, the indicator is incorporated in the cellular milieu. This is an
advantage over small molecule indicators which require repetitive dye incubation for every
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experiment, suffer from dye leakage and prone to cellular toxicity during extended time-
lapse experiments.

To address the lack of cellular localization ability of small molecule indicators, an addition
of targeting sequence to the GECI can be done. There are GECIs that have been targeted to
organelles like mitochondria (Filippin et al., 2005; Palmer et al., 2006), golgi (Griesbeck,
Baird, Campbell, Zacharias, & Tsien, 2001), endoplasmic reticulum (Miyawaki et al., 1997;
Palmer, Jin, Reed, & Tsien, 2004) and nucleus (Miyawaki et al., 1997). Choosing indicators
is strictly determined by the needs of the researcher, and the key characteristics to consider
include the dynamic range, affinity (Kg) of the indicator for Ca2*, response kinetics and
targeting ability.

In our experiments, we are interested in the primary cilia, which is a cellular projection
arising from the cell and plays a sensory role in a variety of specialized cells (Malone et al.,
2007; Masyuk et al., 2006; Nauli et al., 2003, 2008). For our purpose, we utilize 5SHT6-
mCherry-G-GECO1.0 (Fig. 1C, Addgene, Cat. 47500) developed by Su et al. which contains
a cilium-targeting sequence (CTS) derived from 5HT6, a serotonin receptor (Berbari,
Johnson, Lewis, Askwith, & Mykytyn, 2008), a mCherry marker and the Ca%* sensor G-
GECOL1 (Zhao et al., 2011). G-GECO1 is a single fluorescent sensor based on G-CaMP3, an
iteration of the original G-CaMP. A few G-CaMP3 iterations and their cilia targeting fusions
are outlined in Table 1. Like the original G-CaMP, G-GECOL still retains the circularly
permuted enhanced green fluorescent protein (EGFP), calmodulin (CaM) in the C terminal,
and myosin light chain (M13 peptide sequence) (Nakai et al., 2001; Tian et al., 2009). When
Ca?* binds to the CaM domain, conformational changes due to the Ca*—-CaM-M13
interaction induces a subsequent conformational change in EGFP and a change in
fluorescent intensity (Akerboom et al., 2012, 2009; Nakai et al., 2001). This changes the
fluorescence intensity of EGFP which can be correlated to Ca2* levels. Like other Ca2*
indicators, G-CaMP3 by itself fails to penetrate into the cilioplasm and in order to overcome
this challenge a CTS derived from ciliary protein can be used. This strategy allows the
cellular transportation machinery to move the CTS-attached sensor to the cilia. Like 5HT®6,
the intracellular C-tail of fibrocystin (Pkhd1 C1-68) (Follit, Li, Vucica, & Pazour, 2010) and
the third cytoplasmic loop of SSTR3 (Berbari et al., 2008) are also CTSs among others used
to deliver sensors to the cilia (Follit et al., 2010; Jin et al., 2014). The Ca2* sensor, G-
GECOL1 has double the dynamic range of G-CaMP3, due to substitutions (K119, L173Q,
S404G, and E430V) in the original G-CaMP3. The increased dynamic range is advantageous
for observing ciliary Ca2* with a baseline Ca2* as high as 742 nM (DeCaen, Delling, Vien,
& Clapham, 2013). The other advantage of 5HT6-mCherry-G-GECO1.0 is the presence of
constant mCherry fluorescent marker independent of Ca?* flux. The mCherry aids in
visualization of ciliary movement, correction of artifacts and ratiometric analysis of the data.

3 Experimental setup

3.1 Expression of genetically encoded cilia targeting sensor

5HT6-mCherry-G-GECO1.0 plasmid construction has been outlined by Su et al. (2013).
Porcine kidney epithelial cells (LLC-PK1, ATCC CL-101) derived from proximal tubules is
grown at 37 °C in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
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(FBS) and 1% penicillin-streptomycin hence referred as growth media. After reaching a
confluence of 60-70%, the cells are transfected with the 5SHT6-mCherry-G-GECO1.0
construct using Jetprime transfection reagent (Polyplus Transfection, Ref. 114-15)
according to the manufacturer’s instructions and selected using G418 at a concentration of
500ug/mL.

3.2 Cell growth on microwire

After selecting cells that express SHT6-mCherry-G-GECO1.0, the transfected cells can now
be grown on a precision tungsten microwire. Tungsten microwire can be obtained through
Luma Metall AB, Sweden. We recommend a high purity wire (Wire quality #823),
straightened and electrolytically etched with a final diameter of less than 100um (Surface
finish #42) for the experiment. The preparation of the precision microwire requires coating
with type | collagen (50ug/mL in 0.02N acetic acid) to provide a conducive surface for cell
attachment and growth. The microwires are then UV sterilized for 30min and mounted on
the imaging chamber before seeding cells. Cell growth is monitored continuously for 1-2
days and when the confluency reached ~95-98% low serum media (2% FBS) was added to
promote ciliation of the cells. If needed the microwire can be gently rotated to observe the
confluency of the cells around the microwire.

4 Fluorescence microscopy

4.1 Overview

Microscopy has permitted an appreciation of molecular level activities in cells. Starting from
a simple setup of optical lenses used by pioneer scientists to view simple structures, the
microscope has evolved into sophisticated digital imaging systems with increased spatial and
temporal resolution for specialized procedures in scientific research. The concurrent
development of molecular techniques, innovative approaches and iterative progression of
fluorescent proteins have contributed to the breakthrough in our understanding of cellular
functions.

Fluorescence is the phenomenon of absorption of electromagnetic radiation and the
subsequent release of radiation by a fluorophore. A basic fluorescence microscope functions
to irradiate the specimen with a desired and specific band of wavelengths. An illumination
source produces a specific wavelength band and passes it through a selective excitation filter.
The excitation light then reflects off from a dichroic mirror to the sample. If the specimen
fluoresces, the illumination is then emitted back, albeit at a lower energy level in a
phenomenon called Stokes shift. The emission is gathered by the objective and passed back
through the dichroic mirror into the emission filter, which blocks the unwanted excitation
wavelengths. Building on these basic principles, innovative indicator design using molecular
approaches have significantly advanced the use of fluorescence microscopy to study cell
processes. So, in addition to a suitable fluorescent indicator for experimental needs, a basic
prerequisite is the microscope system which should have the capabilities to support required
specifications.
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4.2 Experimental setup

Our experimental setup consists of two main components.

i Flow equipment that includes imaging dishes which are standard 35mm plates
with a custom-made glass coverslip bottom. For the imaging dishes, a hole is cut
out from the bottom of the plate and using a silicone-based glue (Loctite® Clear
Silicone Waterproof Sealant; Item#908570) a glass coverslip is attached to the
plate. We also have a perfusion pump with variable flow settings and inlet/outlet
tubing to allow fluid flow over the microwire (Fig. 2A).

ii. Imaging equipment, which in our case is an inverted fluorescent microscope with
accessories for rapid imaging. We use a Nikon Ti-Eclipse outfitted with
excitation and emission filter wheels, controlled by a Lambda 10-3 filter
changer. In addition, the DG-5 Plus module high-speed wavelength switcher for
rapid imaging of two signals, EGFP and mCherry. The software package is NIS-
elements and used to interface with the microscope, filter changer and camera as
well as conduct data analysis. The setup can capture DIC and fluorescence
images. With the okoLab incubator module, the cells can be sustained in a
controlled environment of 37 °C, 5% CO, and appropriate humidity for long
periods if needed. The 5SHT6-mCherry-G-GECO1.0 has EGFP with excitation
and emission wavelengths of 495 and 515nm, respectively. The mCherry has
excitation and emission wavelengths of 587 and 610nm, respectively. The user
must adjust the excitation and emission setup to successfully view the signals.
Exposure will also need to be adjusted around 200-600ms for rapid imaging
while also maintaining satisfactory baseline signal of the EGFP and mCherry.

4.2.1 Flow equipment setup—In our experiment, we use an Instech P720 peristaltic
pump in a closed perfusion system with inlet and outlet to the perfusion chamber (Brown &
Larson, 2001; Jin et al., 2014; Nauli et al., 2013). The flow chamber from GlycoTech (Cat.
31-001) is arranged as follows from top to bottom (Fig. 2B)

1 base plate with an inlet and outlet port for perfusate flow.

2. silicone gasket that defines the geometry of the flow region to achieve non-
turbulence, laminar flow and seals the chamber from potential fluid leakage.

3. glass bottom plate on which the microwire is to be placed.

The components are set up to minimize the use of excessive long tubing; the volume of
perfusate is determined empirically; the pump is primed with perfusate before each
experiment. Once the transfected cells expressing SHT6-mCherry-G-GECO1.0 are fully
confluent on the microwire, they are placed on the imaging dish. The assembly is then put
together as mentioned above providing an inlet and outlet of fluid (Fig. 2). A range of shear-
stress from 0.1 to 50 dyne/cm? can be used to induce bending of cilia. Assuming the
GlycoTech perfusion chamber to be shaped as a cuboid based on the dimensions of the
gasket, the flow rate can be adjusted to obtain the desired shear stress using the following
formula.
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where:
1,y = Wall shear stress (dyne/cm?)
@ = Volumetric flow rate in (mL/s)
n = Apparent fluid viscosity in (dyne s/cm?)
a= Chamber height/gasket thickness (cm)
b= Chamber/gasket width (cm)

As a note, at 33—39°C, Dulbecco’s Modified Eagle Medium or HEPES has a calculated
viscosity of ~0.0076 dyne s/cm? (Nauli et al., 2013).

4.2.2 Monitoring experiment—After assembling flow chamber with the microwire
inside, place the plate onto the stage. Join the fluid channels to the pump. Eliminate air
bubbles and equilibrate the cells for 15-20min. Use brightfield illumination to focus on the
edge to the precision microwire at a lower magnification. Switch to a 100x objective to find
a cell with cilia. At a 100% objective and correct positioning, side-view imaging should show
both the cilium and the cell body at the same time (Fig. 3A). One can switch directly to the
fluorescence illumination, using the mCherry signal to find cilia that should possess the
5HT6-mCherry-G-GECO1.0 sensor. As a note, even the cell body will fluoresce because the
sensor is produced in the cytosol before being trafficked into the cilioplasm. Due to the
random probability of orientation and mostly due to the ~200nm size of the cilium, finding
one may remain elusive and might take a while to find a field that captures both the
cilioplasm in its full length and the cytoplasm in focus.

After confirming the fluorescence localization and checking to see proper cell morphology,
we can start the experiment. To measure the resting Ca?*, start the data acquisition and
collect images every ~1-10s for 5min. The pump can be turned on after collecting baseline
data. At this time, data can be collected continuously; i.e., no delay data acquisition to view
rapid fluxes in Ca2*. The introduction of flow might lead to small movement initially, but
that can be resolved with a focal or stage adjustment to ensure the cilium remains visible and
in-focus. After the fluid flow data capture, buffer can be exchanged using stopcock valves to
introduce new perfusate and simultaneously eliminate the initial circulating buffer (Fig. 3B).
To obtain the minimum fluorescence the buffer is replaced with CaZ*-free solution
containing 2mM EGTA and 10uM ionomycin. Using tubing with an inner diameter of 0.02
in. (0.5mm) and length of 8 in. (20cm), we get a dead volume of 39mm3 or 39uL. Complete
media exchange in the flow chamber takes about a minute and the same applies to the time
for diverting the Ca2* solution to the waste container. After the minimum signal is
determined, the cell is challenged with Ca2* (10mM) to obtain a maximum signal. This is to
ensure that (1) the system is responding accordingly to the ambient Ca2* concentration and
(2) the dynamic range (or Kg) of the Ca2* indicator is within the expected target.
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4.2.3 Data analysis—~For analysis, a region of interest (ROI) is generated around the
cilium using the ROI tool, and a duplicate ROI is placed adjacent to the cilium for
background measurement. A separate ROI is created for the cell body as well. The ROI can
be adjusted at various time points after fluid flow to account for the cilium bending. The
fluorescence signal intensity data from the ROI can be subtracted from the background
fluorescence and two steps of normalization (i) against the mCherry and (ii) basal signal
intensities applied to the data. EGFP/mCherry images can be generated by taking the ratio of
EGFP and mCherry signal intensities and pseudocolored for viewing (Fig. 4).

For quantification, this process is done for all time points in the time series file and exported
to a suitable format for statistical analysis. Multiple experiments will confirm the response
seen during stimulation with fluid flow. There might be cases with movement artifacts or
fluorescent aggregates, appearing in the field of view after flow initiation. These might
introduce significant deviations, but with the help of mCherry, we can evaluate the Ca?*-
independent signal deviations and determine the viability of the data.

5 Conclusion

A typical experimental result will provide EGFP and mCherry intensities for the cilioplasm
and cytoplasm in response to fluid flow over time which can be presented as a time series
plot or a comparative bar graph showing Ca?* levels. A plot of the EGFP as a function of
time will show an expected increase in signal intensity upon addition of fluid flow. Upon
cessation of fluid flow, the increase in EGFP returns to baseline. The treatment with
ionomycin/EGTA causes a transient increase due to the extracellular Ca2* entry from the
ionomycin-induced pore formation followed by a slow decline in CaZ* signal due to the
Ca?* chelator EGTA. Subsequent treatment with higher Ca2* should increase the signal
intensity to a level higher than that observed with fluid flow. The presence of mCherry
provides the opportunity to apply ratiometric analysis and elimination of Ca2* related
artifacts. Moreover, the time-lapse images can be compiled into a movie to observe Ca2*
increases in the cilioplasm and cytoplasm.
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FIG. 1.
Schematic representation of GECI construct. (A) G-CaMP3 is a single fluorescent Ca2*

sensor and after fusion with CTS such as the cytoplasmic tail of PKHD1 in (B) CTS-G-
CaMP3, the sensor localizes to the cilioplasm. (C) In 5SHT6-mCherry-G-GECO1.0 the Ca2*
sensor, G-GECO1.0 is attached to a CTS derived from 5HT6 and mCherry, a stable
fluorescence marker to track ciliary movement. (D) ALC is another GECI based on FRET
for Ca2* quantification, fused with the CTS Arl13b for cilia localization.
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A

Silicone gasket

Imaging plate

FIG. 2.
Flow equipment setup for live cell and cilia imaging. (A) The flow setup uses a peristaltic

pump in a closed loop system. The perfusion chamber consists of a top base plate with inlet
and outlet connected to the pump. Then we have a silicone gasket to form a channel for
laminar flow and finally, a glass bottom imaging plate. (B) Top view of each perfusion
chamber component.
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FIG. 3.
Microwire with cells in a perfusion chamber. (A) In the diagram, the gasket is placed on the

imaging dish in a manner to orient the microwire parallel to laminar flow. Using lower
magnifications, we can observe cells growing on the wire edge. At a higher magnification,
the cilium protruding outward should become even clearer. We will focus on a single cell
and capture Ca2* data in response to fluid flow. (B) Schematic of the experimental setup
with stopcock valves to load and unload buffers into circulation.
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FIG. 4.

Single-live cell and cilia imaging with 5HT6-mCherry-G-GECO1.0. The images show (from
left to right column) DIC used for tracking a cilium, mCherry fluorescent ciliary marker, the
Ca?* sensitive GECO1.0 and an EGFP/mCherry ratio pseudocolored to show CaZ* levels.
When fluid flow is applied (time series from top to bottom), the cilium bends inducing a
Ca?* increase in both the cytoplasm and cilioplasm.

Adapted with permission from Pala, R., Mohieldin, A. M., Shamloo, K., Sherpa, R. T.,
Kathem, S. H., Zhou, J., et al. Personalized nanotherapy by specifically targeting cell
organelles to improve vascular hypertension. Nano Letters, 19, 904-914. Copyright 2018
American Chemical Society.
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Properties of some G-CAMP based sensors and their cilia targeting derivatives.

Name

General cytosolic GEC/

G-CaMP

G-CaMP3

G-GECO1.0
G-GECO1.2
G-CaMP6s

Cilia targeting GEC/
Arl13b-G-CaMP6

ALC (Arl13b fused
to YC3.6)

Arl13b-mCherry-
GECO1.2

CTS-G-CaMP3

5HT6-mCherry-G-
GECO1.0

DR?

4.3 x

12 x

25 x
23 x
23 x

23 x

5.6 x

12 x

25 x

Kg (Ca?")
(nM)

235
540

750
1150
144

144

250

450

542

750

Table 1

Comments

Weak fluorescence at physiological temperatures
compared to EGFP

1.3 x higher affinity to Ca?* and 3 x more dynamic
range compared to G-CaMP

2 x higher dynamic range compared to G-CaMP3
Sensitive to a range of 1-10 uM Ca2*

10 x higher sensitivity and increased dynamic
range than G-CaMP3

Arl13b is used to localize G-CaMP®6 to the
cilioplasm

FRET-based sensor with ECFP & cpVenus (donor-
acceptor)

Reaches saturation at 800 nM CaZ*

Contains the intracellular C-tail of fibrocystin,
Pkhd1 (C1-68) for ciliary localization of the
sensor

mCherry allows constant cilia fluorescence and
ratiometric analysis
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