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CHAPTER 5

Neural activity imaging with genetically encoded
calcium indicators

Lin Tian*"', Jasper Akerboom, Eric R. Schreiter and Loren L. Looger’

Howard Hughes Medical Institute, Janelia Farm Research Campus, Ashburn, VA, USA

Abstract: Genetically encoded calcium indicators (GECIs), together with modern microscopy, allow
repeated activity measurement, in real time and with cellular resolution, of defined cellular populations.
Recent efforts in protein engineering have yielded several high-quality GECIs that facilitate new
applications in neuroscience. Here, we summarize recent progress in GECI design, optimization, and
characterization, and provide guidelines for selecting the appropriate GECI for a given biological
application. We focus on the unique challenges associated with imaging in behaving animals.
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Introduction

One of the primary challenges of neuroscience is to
link complex neural phenomena to the structure
and function of their composite neural circuits.
Addressing this problem requires a thorough under-
standing of patterns of neural activity and the ability
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to relate this to physiological processes, behavior,
and disease states. An essential step toward this goal
is the simultaneous recording of neural activity in
large, defined populations, ideally in intact circuitry.

Traditional electrophysiological approaches pro-
vide excellent sensitivity and temporal resolution
(Scanziani and Hausser, 2009) but are limited in the
number of cells that can be recorded simultaneously.
More importantly, assigning this activity to specific
cells is quite difficult (and impossible for more
than a few cells at a time), limiting the ability
to create high-resolution circuit maps. Modern
fluorescence imaging techniques (Svoboda and
Yasuda, 2006), combined with high-quality fluores-
cent indicators (both small molecules and proteins),
can potentially overcome these limitations. There is
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a rapidly growing toolkit of reagents that transduce
changes in neural state (e.g., membrane potential or
calcium ion flux, [Ca*"], following action potentials
(APs) or synaptic input), to fluorescence (or in some
instances, luminescence, etc.) observables (for
reviews, see Miyawaki, 2011; Palmer et al., 2011).
Protein sensors are genetically encoded and can thus
be used to label large populations of defined cell
types and/or subcellular compartments (Borghuis
et al., 2011; Dreosti et al., 2009; Mittmann et al.,
2011; Shigetomi et al., 2010a,b), unlike small mole-
cule dyes, whose delivery and targeting can be prob-
lematic (Hendel et al., 2008; Shigetomi et al., 2010a,
b). In principle, genetically encoded sensors allow
long-term measurements of activity in vivo, simulta-
neously across a neural population. Since the crea-
tion of the first generation of genetically encoded
calcium indicators (GEClIs), a decade ago (Miyawaki
et al., 1997; Romoser et al., 1997), their performance
has been iteratively optimized for applications in neu-
rophysiology (as well as in other excitable cells such
as cardiomyocytes (Tallini et al., 2006); recently,
GECIs have also been used to monitor Ca*"
transients in nonexcitable cell types, such as
astrocytes (Gourine et al., 2010; Shigetomi et al.,
2010a). The culmination of these efforts has led to
activity measurements of defined neuronal
populations in awake, behaving animals (Chiappe
et al., 2010; Dombeck et al., 2010; Liitcke et al.,
2010; Muto et al., 2011; O’Connor et al., 2010; Seelig
et al., 2010; Tian et al., 2009).

Inneurons, APs generate small calcium transients
that can occur over a wide range of frequencies. To
enable quantitative measurements of neural activ-
ity, one, in principle, desires a sensor with fast rise
and decay kinetics, broad dynamic range, and cal-
cium affinity appropriate for the cells in question
(Hires et al., 2008). In addition, the basal brightness
of the sensor should be high enough to permit iden-
tification of positive cells and improve the signal-to-
noise ratio (SNR) of baseline measurements.
Improved brightness also facilitates imaging
with lower excitation power, important for
minimizing indicator photobleaching and illumina-
tion phototoxicity.

In this chapter, we highlight recent progress
in GECI design, optimization, and testing
protocol standardization. We provide guidelines
for selecting the appropriate GECI for a given
biological application and discuss the remaining
hurdles to perfect chronic, robust neural activity
Imaging in vivo.

GECI development and neuroscience
applications

The general paradigm of GECI design is to fuse a
calcium-binding domain (e.g., Calmodulin, CaM,
or Troponin C, TnC) to one or two fluorescent
proteins (FPs). In single-FP GEClIs, the fluores-
cence intensity of a circularly permuted or split
FP is modulated by calcium binding-dependent
changes in the chromophore environment (Baird
et al., 1999; Nagai et al., 2001; Nakai et al., 2001).
In two-FP GECIs, calcium binding allosterically
modulates the relative donor—acceptor emission
spectra through distance- and orientation-depen-
dent changes in Forster resonance energy transfer
(FRET) (Miyawaki et al., 1997; Heim and
Griesbeck, 2004; Palmer et al., 2006). In many
cases, a conformational actuator, such as the
Ca”*/CaM-binding peptide of myosin light chain
kinase (the “M13” peptide), is included to enhance
the allosteric regulation of the chromophore envi-
ronment (for single-FP GECIs) or FRET (for
two-FP GECIs). The molecular architecture of
the major GECI classes is shown in Fig. 1.

In 1997, the first GECIs were developed by the
groups of Romoser (1997) and Miyawaki (1997).
FIP-CBgy\ developed by Romoser et al., employed
an avian smooth muscle myosin light chain
kinase (smMLCK) M13 peptide (interestingly, a
conservative point mutation, glutamine to aspara-
gine, was inadvertently introduced), sandwiched
between blue- and red-shifted versions of GFP
(“BGFP” and “RGFP,” respectively), and relied
on endogenous CaM for modulating the FRET
between the two. Cameleon developed by
Miyawaki et al., included its own CaM as well as a
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cpEGFP

Troponin C

480nm

Fig. 1. Schematic representation of the three major GECI classes. GECIs are based either on florescence intensity changes of
circularly permuted single FPs (a) or changes in Forster resonance energy transfer (FRET) efficiency between two FPs (b, ). (a)
Schematic of the GCaMP-type sensing mechanism. Upon calcium binding, conformational changes in the CaM/M13 complex
induce fluorescence changes in the circularly permuted GFP. (b) The Cameleon family of FRET-based GECIs. A calcium-
dependent increase in FRET between a CFP and YFP FRET pair is coupled to the binding of calmodulin to the M13 peptide.
(c) Troponin C-based FRET GECIs. Binding of calcium to troponin C induces conformational changes and an increase in FRET
between CFP and YFP.
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mammalian skeletal/cardiac muscle myosin light
chain kinase (skMLCK) M13 peptide, came in
blue/green and cyan/yellow (“Yellow Cameleon”
or “YC”) combinations, and had improved
fluorescence response relative to FIP-CBgy
(Miyawaki et al., 1997). Intriguingly, all
Cameleon sequences appear to contain the inad-
vertent mutation Asp64Tyr, which is a Ca*"-che-
lating residue in the second EF hand. It is not
known what effect this has on their binding affin-
ity, kinetics, or specificity. Since their first publica-
tion, the Cameleon family of GECIs has been
incrementally improved in terms of FRET signal
change, calcium affinity, pH stability, and folding
efficiency (for a review, see Palmer et al., 2011).
Of note, rational and computational redesign of
the CaM/M13 interface diversified the family of
Cameleons (D1 (Palmer et al., 2004) was designed
by inspection from skMLCK/CaM; D2, D3, and
D4 (Palmer et al., 2006) were computationally
designed from avian smMLCK/CaM; the Gln-to-
Asn mutation in FIP-CBgyy was not included;
however, a different inadvertent conservative
mutation, arginine to lysine, was). These
diversified Cameleons exhibit a range of Ca®'-
binding affinities and FRET changes and show
decreased binding to CaM in vitro (Palmer et al.,
2006). Whether this translates into decreased
interference with CaM signaling pathways in situ
is not known. It is also impossible to deconvolve
the effects of the computational CaM/M13
bump/hole designs of D2, D3, and D4 from the
change from mammalian skMLCK to avian
smMLCK.

Several of these Cameleon variants have found
wide utility in neuroscience. The interface-
redesigned sensor D3cpVenus (D3cpV) has been
used to detect single APs in organotypic mouse
brain slice and in vivo in layer 2/3 somatosensory
cortical neurons (Wallace et al., 2008). Recently,
another Cameleon variant, YC3.60 (Nagai et al.,
2004), has been reported to allow in vivo detec-
tion of single APs with a sensitivity comparable
to D3cpV, but with faster kinetics and minimal
saturation up to 10 APs (Liitcke et al., 2010).

Recently, a very high-affinity variant of YC3.60
(YC-Nano) was shown to detect subtle Ca®"
transients associated with spontaneous motor
activity in zebrafish embryos (Horikawa et al.,
2010), as well as to differentiate resting [Ca®"]
levels in different cell types.

The other major two-FP GECI family utilizes
the skeletal/cardiac muscle Ca®"-binding protein
TnC, instead of CaM. CaM is a ubiquitous intra-
cellular signaling molecule, whereas TnC has his-
torically been considered specific to muscle cells.
The current variant, TN-XXL, has been used for
chronic in vivo activity imaging in mouse and fly
(Heim et al., 2007; Reiff et al., 2010). It is not
known to what extent TnC-based sensors are
truly “orthogonal” to endogenous neuronal
signaling mechanisms, since other studies
(Aubin-Horth et al., 2005; Fine et al.,, 1975;
Roisen et al., 1983) suggest that TnC may be
expressed at high levels in neurons, particularly
during development (Schevzov et al., 1997). In
mouse brain, overexpression produced a pheno-
type similar to GCaMP3 and D3cpV (Tian
et al., 2009).

Single-FP GEClIs include pericam (Nagai et al.,
2001), camgaroo (Baird et al., 1999), and
GCaMPs. The GCaMP scaffold consists of a circu-
larly permuted green fluorescent protein (cpGFP)
with CaM and the M13 peptide (the identical
smMLCK as in FIP-CBgy, including the inadver-
tent Gln-to-Asn mutation) linked to its C- and
N-termini, respectively (Nakai et al, 2001).
Pericam has a similar architecture to GCaMPs;
camgaroo consists of CaM inserted into a yellow
FP. Among single-FP GECIs, the GCaMP family
has been iteratively optimized and achieved the
broadest usage across multiple model organisms.
A summary of the historical development of the
GCaMP family is shown in Fig. 2.

The first major improvement made to the
GCaMP scaffold was the incorporation of GFP
thermal stability mutations, which led to
the development of GCaMP1.6 (Ohkura et al.,
2005). Subsequent random mutagenesis produced
the brighter variant GCaMP2 (Diez-Garcia
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Fig. 2. Summary of the historical development of the GCaMP family. GCaMP family has been iteratively optimized and achieved

the broadest usage across multiple model organisms.

et al., 2005; Tallini et al., 2006). GCaMP2 has been
used for in vivo imaging across multiple model
organisms (Chalasani et al., 2007; Diez-Garcia
et al., 2005; Hasan et al., 2004, 2008). GCaMP2
has been further optimized by at least three differ-
ent groups, resulting in GCaMP-HS (Muto et al.,
2011) and GCaMP4.1 (Shindo et al., 2010), Case12
and Casel6 (Souslova et al., 2007), and GCaMP3
(Tian et al., 2009). A direct comparison of these
GCaMPs in terms of their brightness and signal
change in neurons has not been performed.
GCaMP-HS includes a subset of the “superfolder
GFP” mutations (Pedelacq et al., 2006), apparently
resulting in increased stability and signal change in

zebrafish spinal motor neurons (Muto et al., 2011).
Imaging in Xenopus embryos has been reported
with “GCaMP4.1” (Shindo et al., 2010), although
the mutations and/or improvements have not been
published. Casel2 and Casel6 encode a mutation
Thr203Phe (near the chromophore); Casel6 has
an additional Thr145Ser mutation in the second
linker (connecting cpGFP to CaM). Both Case
sensors showed improvement in in vitro response
compared to GCaMP2. Casel2 has been used to
report calcium transients in astrocytes in vivo
(Gourine et al., 2010), although no in situ
responses of either Casel2 or Casel6 have been
reported in neurons.



84

We engineered GCaMP3 from GCaMP2 by a
combination of structure-guided design and
library screening (Tian et al., 2009). GCaMP3
has increased brightness, Ca®" affinity, and pro-
tein stability relative to GCaMP2, and robustly
detects single APs in acute mouse brain slice
(Tian et al., 2009). This translates into reliable
detection of ~3 APs in motor cortex (M1) of an
awake, behaving mouse (Tian et al., 2009). The
improved properties of GCaMP3 have allowed
new types of in vivo neural imaging applications
in multiple model organisms. In mice, GCaMP3
has been used to image hippocampal place fields
during virtual navigation (Dombeck et al., 2010),
whisker deflection-induced responses in somato-
sensory cortex (Mittmann et al., 2011; O’Connor
et al., 2010), and light responses of targeted
cell populations in retinal explant (Borghuis
et al, 2011). In Drosophila, GCaMP3 has
been used to follow mechanosensory neurons
during larval locomotion (Cheng et al., 2010),
quantify horizontal-system neural activation in
walking adults (Chiappe et al., 2010; Seelig
et al., 2010), and map the composition of a phero-
mone circuit (Ruta et al., 2010). In zebrafish lar-
vae, GCaMP3 facilitated the mapping of a tectal
circuit underlying visual discrimination of object
size (Del Bene et al., 2010).

Most important, GCaMP3 has made it possible
to repeatedly image large neuronal populations
over months in mouse M1 (Tian et al., 2009), which
has facilitated investigation of learning-mediated
changes in neural ensemble representations
(D. Huber and K. Svoboda, personal communica-
tion). Long-term expression has evinced no appar-
ent behavioral phenotype in model organisms,
unlike other GECIs in Caenorhabditis elegans
(Tian et al., 2009). Extremely high levels of sensor
(e.g., at the site of viral injection or in utero electro-
poration) can, however, give rise to an optical cor-
relate for the GCaMP3-induced “cytomorbid”
cellular phenotype, in which cells become brightly
fluorescent in both cytosol and nucleus, and less
excitable (Borghuis et al., 2011; Tian et al., 2009).
Similar results were observed with other GECls

such as D3cpV and TN-XXL (Tian et al., 2009).
The mechanistic details of this cytotoxicity are
not clear; further study will reveal to what extent
Ca”" buffering and CaM signaling pathway disrup-
tion are implicated, and whether next-generation
indicators may alleviate these concerns.

The current set of state-of-the-art GECIs
encompasses the single-wavelength indicator,
GCaMP3, and the FRET sensors, D3cpV, TN-
XXL, and YC3.60. We systematically compared
the first three of these in acute mouse brain slice
(Tian et al., 2009), with a number of parameters
summarized in Table 1. The exact selection of
GECI for a given application depends on a num-
ber of factors, regarding both indicator properties
and experimental constraints. In the next sections,
we discuss the factors that need to be taken into
consideration in both GECI engineering and
application.

Case study: Rational design and systematic
screening of GCaMP3

To develop GEClIs with properties optimized for
a particular application, the appropriate combina-
tion of intrinsic GECI parameters should be
matched to the extrinsic factors of the system
studied. Intrinsic GECI parameters include sen-
sor affinity, kinetics, dynamic range, brightness,
expression level, fluorescence properties, and
independence from endogenous interference (for
recent reviews, see Hires et al., 2008; Tian et al.,
2011). Extrinsic parameters include the size,
speed, time-course, and frequency of calcium
transients, and basal [Ca®"] of the target cell type.
Here, using GCaMP3 as an example, we discuss
the principles we followed and lessons we learned
in improving the GCaMP protein for in vivo neu-
rophysiology. We performed structure-guided
and library-based protein engineering of the par-
ent scaffold GCaMP2 to optimize each of the fol-
lowing parameters: basal fluorescence intensity,
protein stability, dynamic range, and calcium
affinity/kinetics.



Table 1. Properties of state-of-the-art GECIs in mouse
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In vitro (acute mouse brain slice)

ARIR, AFIF Kinetics” rise time Photostability
(%)* decay time (% fluorescence
after 30-min
Indicators 1 AP 40 AP (ms) (ms) imaging) In vivo References
D3cpV 543 40420  110£30 950043400 59 CFP, 84 YFP Single-spike Tian et al. (2009),
detection (5% Wallace et al. (2008)
AR/R)
TN-XXL 4+2 50+£10  80+20 1600600 36 CFP, 70 YFP N/A Tian et al. (2009)
GCaMP3 14+3 500+ 100+30 6504200 109 GFP 2-3 AP detection Tian et al. (2009)
200 (12-20% AFIF),
linear up to 20 APs
YC3.60 6+03  N/A N/A 800+60 Single-spike Liitcke et al. (2010)
detection (2%
AR/R), minimal
saturation to 10 AP
“Meants.d.

The crystal structures of GCaMP2 in both the
Ca’"-free and Ca’'-saturated states provide
insights into the molecular mechanism of calcium
sensing (Akerboom et al.,, 2009; Wang et al.,
2008) and form the basis for rational library
design. In the Ca®"-free (apo) structure, much of
CaM and the MI13 peptide are disordered,
suggesting a large amount of flexibility between
the M13, cpGFP, and CaM sensor components.
In the Ca”"-saturated state, GCaMP2 crystallizes
as both a monomer and a dimer, but size-exclu-
sion chromatography experiments suggest that
the monomeric form predominates at intracellular
concentrations of GCaMP (~10uM) (Akerboom
et al., 2009; Hires et al., 2008). The monomer
structure shows considerable domain movement
and conformational differences compared to the
apo-state of GCaMP; CaM is tightly wrapped
around M13 and packs against the GFP barrel
opening created by circular permutation
(Akerboom et al., 2009). This induces a reorgani-
zation of the GFP chromophore chemical envi-
ronment, resulting in a decrease in solvent
access and a downward shift of the tyrosyl
hydroxyl pK, that moves the equilibrium toward

the deprotonated, bright state at physiological
pH. Other factors such as alteration of dynamics
influencing excited state lifetime or extinction
coefficient are also possible but are not directly
addressed by the available biophysical data. An
important result of the crystal structures was to
delineate the interface between CaM and cpGFP
such that these positions could be targeted for
mutagenic screening. To increase the dynamic
range of GCaMP2, we selected a group of amino
acids in close proximity to the chromophore in
both the apo and the Ca>"-bound (sat) states for
mutagenesis. To increase protein stability at phys-
iological temperatures, we tuned the expression
and turnover of GCaMP2 by changing the N-ter-
minally encoded proteasomal degradation
sequence; we also mutated positions known to
regulate GFP thermodynamic stability. Finally,
we made libraries of the Ca®"-binding EF hands
and the CaM/M13 binding surface to screen for
mutants with higher Ca*" affinity.

Our initial screens were performed in
Escherichia coli lysates. However, we found that
correlation between sensor performance in bacte-
rial lysate or purified protein, and that in slice,
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was relatively low; the GCaMP2-LIA mutant is an
example of this (Tian et al., 2009). As each system
or cell type has a unique calcium signaling toolkit
and may handle GECIs and Ca*" differently, we
first sought to establish a standardized screening
paradigm balancing throughput with downstream
predictability. For developmental efficiency, such
an initial testing system should allow screening for
brightness, calcium sensitivity, dynamic range,
and kinetics with decent throughput. It should also
capture as many aspects of intact preparations
(e.g., calcium buffering and cytotoxicity) as possi-
ble, allowing better prediction of GECI perfor-
mance in more challenging environments. The
method we settled on uses agonized endogenous
G-protein-coupled receptors in cultured mamma-
lian cells to create synthetic Ca>" transients lasting
tens of seconds (Tian et al., 2009). The biggest dis-
advantage of this method is that the use of alterna-
tive cell types may obscure the dynamic aspects of
Ca®" signaling unique to neuronal morphology
and physiology. As an alternative, testing GECI
performance in dissociated neuronal cultures cou-
pled to field potential stimuli may provide a better
platform (Janelia Farm GECI Project, unpub-
lished data). Even cultured neurons, however,
may differ dramatically from an in vivo setting
(e.g., disrupted network connectivity), and more
intact preparations are invariably required to vali-
date candidate hits.

Following an initial high-throughput screen, a
small number of high-quality sensors can be fur-
ther characterized in cortical pyramidal neurons
in acute slice with simultaneous two-photon imag-
ing and electrophysiology (Mao et al., 2008; Tian
et al., 2009). Imaging GECI responses to evoked
back-propagating APs is the most reliable way
to assess relevant sensor kinetics and signal
change, and captures many aspects of in vivo
functional imaging (e.g., possible long-term
expression and developmental effects), while
allowing a moderate throughput (together with
in utero electroporation). To optimize GCaMP
signal, the laser is typically tuned to 910nm,
although the interval 900-1000nm all works well

for excitation. The typical imaging configuration
is line-scan mode (500Hz) across the apical den-
drite, 20-50pum from the base of the neuron
(Tian et al., 2009). We triggered defined numbers
of APs at specific intervals with intermittent short
depolarizing pulses (Hendel et al., 2008). Alterna-
tively, neurons can be depolarized by continuous
current injection from a patch pipette (Pologruto
et al., 2004).

Finally, the performance of the best candidates
needs to be confirmed in an in vivo preparation,
with such complicating factors as sample access,
imaging depth, motion artifacts, and hemodynam-
ics. To do this, we expressed a few of the best
GCaMPs postnatally in neurons of M1 by adeno-
associated virus (AAV)-mediated gene transfer.
We observed uniform, bright labeling of layer 2/3
pyramidal cells, of cell bodies and neurites alike.
We performed simultaneous electrophysiological
recordings and two-photon imaging via a loose seal
cell-attached configuration. We observed robust
fluorescent transients following spontaneous, sen-
sory-related, or AP-evoked calcium transients
(Tian et al., 2009). Responses were imaged for sev-
eral months, with no apparent decline in sensor per-
formance or neuronal morphology. Of course, each
system will have unique considerations; compari-
son of new GECISs across a set of model organisms
(e.g., C. elegans, Drosophila, mouse, zebrafish) will
best give a sense of an indicator’s strengths and
weaknesses.

In addition to ensuring that a GECI faithfully
reports neural activity, it is equally important to
evaluate the potential endogenous interference
in cells caused by GECI expression. Every GECI
by definition will sequester Ca>". Expressing high
levels of indicator to achieve good SNR may mag-
nify such calcium buffering. GECIs composed of
endogenous Ca®'-binding proteins run the fur-
ther risk of activating cellular signal transduction
pathways. These two (at least) mechanisms of
endogenous interference may lead to per-
turbations in cell physiology, synaptic and circuit
activity, and ultimately behavior. A variety of bio-
chemical and physiological approaches, such as



immunohistochemistry and patch clamping, can be
used to evaluate neuronal morphology and
electrophysiological parameters (e.g., Ry, Cp,
E.,) in GEClI-positive and -negative cells. At the
network level, laser-scanning photostimulation cir-
cuit mapping (Petreanu et al., 2007, 2009) can test
for changes in synaptic properties and connectivity
patterns (Tian et al., 2009). In the end, a robust
behavioral paradigm is required to test for possible
perturbations to the system and to the model
organism as a whole.

Choosing the best GECI for a given application

For end users, choosing the most appropriate
GECIT at the start of a project is paramount, since
experimental optimization requires significant
investments in time and resources. GECI selection
will also influence many other choices, for exam-
ple, light source, filters, camera, image analysis
algorithms, etc. A good rule of thumb is to charac-
terize several GECIs in the context of a specific
application, as they each have different strengths
and weaknesses. Here, we discuss several practical
criteria that users may wish to consider.

Two- versus one-FP GECIs

In general, FRET-based two-FP sensors have
higher basal brightness (since they are typically
based on intact FPs) and are less sensitive to
motion artifacts or expression level differences
(due to ratioing of the donor and acceptor fluo-
rescence). In addition, FRET-based GECIs are
better suited for applications in which precise
quantification of [Ca*"] is desired. However, they
require simultaneous measurement of fluores-
cence in two channels, slowing down measure-
ment, compounding errors, and consuming large
spectral bandwidth. Differential photobleaching,
bleed-through between donor and acceptor FPs,
and other artifacts may confound measurement
and analysis (Piston and Kremers, 2007).
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Intensity-based single-FP GECIs usually have
superior dynamic range, kinetics, SNR, and photo-
stability when compared to FRET-based GECls
(Table 1) (Mao et al., 2008; Tian et al., 2009). The
smaller size of single-FP GECIs makes them more
suitable for protein fusions to target specific cellu-
lar compartments and for viral payloading. They
may also be used in conjunction with other labels
or probes for multicolor imaging, since the spectral
bandwidth is preserved. All FPs are intrinsically
pH-sensitive, and this will affect both one- and
two-FP GECIs. pH sensitivity may be exacerbated
for one-FP GECIs based on circularly permuted
FPs. A comparison between these two GECI clas-
ses is shown in Fig. 3.

Calcium affinity, kinetics, and dynamic range

The fluorescence response of a GECI to calcium
transients is critically dependent on its affinity,
kinetics, and dynamic range (Hires et al., 2008).
To achieve optimal SNR, it is essential to match
these parameters with the calcium dynamics
of the system under study. In addition, a linear
relationship between fluorescence response and
target stimulus facilitates quantitative measure-
ment of calcium transients (Sasaki et al., 2008).
Cell-to-cell variability of GECI responses (e.g.,
see Fig. 7 in Borghuis et al., 2011; Fig. 6 in Tian
et al., 2009) may complicate quantitation of
responses across cell populations. For events
inducing small calcium transients, such as sparse
APs, a GECI with high affinity and fast on-
kinetics is preferred (Hires et al., 2008). A slow
decay rate (off-kinetics) may facilitate signaling
integration, leading to better detection of lower
or sparse APs (Wallace et al., 2008) but will
confound interpretation of spike trains with high
frequency. Indicator decay rates are not always
the limiting factor for observed kinetics. For
instance, dendritic GCaMP3 transients were
roughly twice as fast as somatic responses in the
same retinal ganglion cell (Borghuis et al., 2011).
For events with large calcium transients, such as
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Potentially less interference with endogenous proteins

Single-spike detection in layer 2/3 pyramidal neurons in acute slice

Detected spontaneous network activity in developing zebrafish

Potentially less interference with endogenous proteins

D3cpV | Single-spike detection invivo (~5% AR/R)
Slow kinetics  (~9500 ms decay)
Saturates at ~3 AP
Two-FP FRET GECls
1 i . Single-spike detection invivo (~2% AR/R)
High b.a.selme bng.htnes% YC36 gle-sp
Less sensitive to motion artifacts Faster kinetics (~600 ms decay)
Potential calibration of [Ca®*] Minimal saturation to ~10 AP
YC-Nano
Significantly higher affinity
TN-XXL
Used for chronic imaging in fly and mice

Single-FP GECls

Higher SNR and better photostability
GCaMP3

Single-spike detection in layer 2/3 pyramidal neurons in acute slice
Faster kinetics (~650 ms decay)
3AP reliable detection in vive (~8%AF/F at 1AP), linear up to ~20 AP

Small size more suitable for protein fusions
(sub cellular targeting)

Can be fused or co expressed with a reference FP
(for motion and concentration correction)

BCaMETIS Used for in vivo imaging in zebrafish

Preserves spectral bandwidth for multi color imaging
(functional imaging of multiple cell populations or
simultaneous functional and structural imaging)

GCaMPs

SyGCaMP2 Single-spike detection in cultured neuronal boutons (~20% AF/F)

sub cellularly targeted

Potentially superior SNR, kinetics, and photostability

Saturated at ~10 AP
Detected synaptic activity in zebrafish

Lck-GCaMP3 | Higher SNR, basal fluorescence and ability to detect microdomain

activity in astrocytes (4-6x better than Lck-GCaMP2)

Fig. 3. A comparison between two-FP- or single-FP-based GECI classes.

in fast-spiking neurons, a low-affinity sensor will
provide a greater effective dynamic range.

GECI expression level

The expression level of a GECI influences its per-
formance in cells and organisms, in a complex
manner. Very low GECI expression will preclude
even sensor visualization. As [GECI] increases,
the number of photons detected increases, but
the amount of buffered Ca>* will increase, which
decreases AF/F. These two opposing effects give
rise to an “inverted U”-shaped plot for SNR

as a function of [GECI], with a simulated opti-
mum of ~5-20uM for best SNR (Hires et al.,
2008). In addition, higher [GECI] will tend to
spread transients out (Helmchen et al., 1996),
confounding kinetic analysis. On the other hand,
it will facilitate imaging with lower laser power
and/or shorter exposure times; this favorably
impacts imaging speed and phototoxicity. In addi-
tion, GECI components (e.g., CaM, M13pep)
may be sequestered by endogenous proteins, thus
resulting in nonfunctional indicators that can
increase background fluorescence (Hasan et al.,
2004; Heim and Griesbeck, 2004; Tian et al.,
2009). Such endogenous interference may also



perturb cell-signaling pathways and lead to
behavioral phenotypes as discussed above (Tian
et al., 2009).

Balancing all these effects, we find that it is
usually best to shoot for the lowest GECI expres-
sion level that allows imaging with tolerably low
laser power. To accomplish this, users may wish
to explore multiple promoters, regulatory
sequences, and transduction methods (e.g., differ-
ent viral serotypes, electroporation techniques, or
transgenic lines). Following both in utero electro-
poration of a CAG promoter construct and AAV
infection with a synapsin-1 promoter, we found
[GCaMP3] levels to be on the order of ~10uM
(Hires et al., 2008; Tian et al., 2009, 2011). This
falls in the predicted range with high SNR with
low cyto- and phototoxicity.

Subcellular targeting

One of the advantages of GECIs over
small molecules is the ability to target them to
specific subcellular locations. GEClIs can fill some
cellular compartments, such as dendrites and
axons, without fusion to targeting peptides or
proteins. For instance, expressing GCaMP3 in
cortical layer 5 neurons (via stereotactic viral
injection) allowed for apical dendritic imaging
far away (~600-800pum) from their somas of
origin (Mittmann et al., 2011). Alternatively,
GECIs can be targeted to specific subcellular
compartments via protein fusions or signaling
peptides. Different subcellular compartments
experience unique Ca®" fluxes; thus matching
GECI properties to the calcium dynamics in the
target environment is essential. For example, a
low-affinity GECI may be less useful for probing
small calcium transients in the cytosol, but highly
effective at measuring large calcium transients in
the endoplasmic reticulum and mitochondria
(Miyawaki et al., 1997). Targeting a GECI to sub-
cellular locations where calcium transients tend to
be larger, such as synaptic terminals (Dreosti
et al, 2009) or near the plasma membrane
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(Shigetomi et al., 2010a,b), can improve SNR
without altering the sensor itself. Subcellular
targeting may, however, negatively impact photo-
stability of the sensor under laser-scanning illumi-
nation due to decreased protein mobility
(L. Petreanu and K. Svoboda, personal communi-
cation). Fusion to essential proteins may also
interfere with their evolved functions (T. Ryan,
personal communication). Therefore, it is impor-
tant to consider the impact of such manipulations
on both the sensor and its environment before
settling on a final targeting strategy.

Imaging neural activity with GECIs in vivo

Through iterative cycles of optimization, GECls
have been improved to the point that they are
useful for in vivo neuronal imaging. State-of-the-
art GEClIs, such as D3cpV, YC3.60, YC-Nano,
GCaMP-HS, and GCaMP3, have been widely
used to report neural activity in living zebrafish
(Muto et al., 2011), worms (Tian et al., 2009), flies
(Cheng et al., 2010; Chiappe et al., 2010; Heim
et al., 2007; Seelig et al., 2010; Tian et al., 2009),
and mice (Dombeck et al., 2010; Liitcke et al.,
2010; Mittmann et al.,, 2011; O’Connor et al.,
2010; Tian et al., 2009; Wallace et al., 2008).

To make imaging data meaningful for quantita-
tive neural activity measurements, calibration of
GECI responses to ground truth measurements
of spike trains in a representative set of neurons
is necessary. In the mammalian brain, such cali-
bration can be performed via cell-attached
recording of spontaneous or sensory-evoked
APs (Tian et al., 2009). Sensor response may vary
from cell to cell, presumably due to variations in
expression level, which can complicate interpreta-
tion. Such cell-to-cell variability is most apparent
using in utero electroporation and to a lesser
extent viral transduction. Transgenics, especially
knock-ins, may alleviate this variability to some
degree. Image processing is a necessary but
tedious step, as signals must be assigned (seg-
mented) to specific cells. This is inherently
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difficult and is further complicated by low probe
SNR, dense labeling, motion artifacts, neuropil
signal, probe photobleaching, tissue auto-
fluorescence, hemodynamics, light scattering,
artifacts from probe cytotoxicity, illumination
phototoxicity, etc. A number of algorithmic
improvements have been recently published
(Greenberg and Kerr, 2009; Mukamel et al.,
2009; Valmianski et al., 2010). Following segmen-
tation, firing rate changes can be extracted from
imaging traces via deconvolution (Yaksi and
Friedrich, 2006), machine learning (Sasaki et al.,
2008; D. Huber, D. Gutnisky, and K. Svoboda,
personal communication), or Monte Carlo simu-
lation (Vogelstein et al., 2009), among others.

The noise level in vivo greatly challenges the SNR
of the sensor, which depends on the imaging config-
uration, surgical procedures (e.g., cranial window
implantation or skull thinning (Yang et al., 2010),
probe brightness, expression level, and imaging
depth, among many other parameters. For reliably
detecting sparse AP firing in vivo, especially single
APs, further GECI engineering will be necessary.
The kinetics of currently available GEClIs is too
slow to reconstruct high-frequency firing events.
Potential cytotoxicity caused by long-term, high-
level GECI expression can also make chronic
in vivo imaging difficult. On the other hand, low-
level GECI expression not only compromises SNR
but also requires longer exposure times or higher
excitation intensity, which can lead to sensor
bleaching or tissue damage. To balance high SNR
with minimal cytotoxicity, expression cassettes that
are inducible and reversible or that hold [GECI]
steady for long periods of time would facilitate sig-
nal calibration and further reduce toxicity concerns
in chronic imaging. Finally, development of optics
allowing faster, deeper, and higher-resolution imag-
ing will greatly increase GECI utility. Recently, the
applications of adaptive optics to two-photon
microscopy to correct aberrations (Ji et al., 2010)
and regenerative amplification to increase light
penetration (Mittmann et al., 2011) have signifi-
cantly increased the depth at which imaging may
be reliably performed.

To target GECIs to genetically defined neuronal
populations, a variety of genetic methods can be
used. For example, transgenic lines expressing
“drivers” (e.g., Cre recombinase or the Gal4 tran-
scriptional activator) in specific cell types (with tis-
sue-specific promoters) can be combined with
“reporter” strains or viruses containing Cre- or
Gal4/UAS-dependent GEClIs (for review of such
two-component systems, see Luo et al, 2008;
Simpson, 2009). Large numbers of Drosophila
Gal4 lines and Cre mice are currently available.
Alternatively, a small but growing number of cis-
regulatory elements (e.g., synapsin-1, CaMKIIx)
can target transgenes delivered by viral infection
or electroporation, even in non-genetic-model
organisms. Through the combination of promoter
selection and inherent viral serotype tropism,
AAYV vectors enable regional expression via local
viral injection and have been broadly used to
deliver sensors or other molecular tools to cell
types of interest for mapping, monitoring, and
manipulating neural circuitry (Betley and
Sternson, 2011; Borghuis et al., 2011).

Expression of genetically encoded sensors may
potentially perturb the physiology of the system
studied, which is one of the major challenges for
in vivo imaging, especially for applications where
chronic imaging is required, for example, learning
or disease progression. To facilitate signal calibra-
tion, protein sensors should be expressed at
steady-state levels in individual neurons for long
periods of time without altering physiology. At
the same time, sensor performance should be con-
stant to enable quantitative analysis. Optimizing
sensors for in vivo application is difficult, although
progress has been made (Tian et al, 2009).
For each application, the timing and magnitude
of sensor expression should be optimized to bal-
ance signal and cytotoxicity, by testing multiple
promoters, regulatory sequences, and transduction
methods (e.g., screening different viral serotypes,
integration methods, copy number, etc.). Careful
experiments are required to determine the effects
of long-term GECI expression on both single-cell
physiology and circuit function.



Outlook

The primary focus of current GECI engineering
efforts is to further increase the SNR for robust
detection of low firing rates (ideally single APs)
in a variety of systems in vivo. Engineering high-
affinity sensors for probing small stimuli while
preserving fast kinetics is challenging (Mank
et al., 2006). Further optimization of the GCaMP,
Cameleon, and TnC sensor formats will undoubt-
edly improve signals in the short term. Alterna-
tively, novel GECI scaffolds, with different
(perhaps faster) calcium-binding proteins, may
be employed to overcome this limitation.
Additionally, expanding the color spectrum of
GEUCIs, particularly into the red and near-infrared,
will open up many new applications in neuroscience,
due to deeper tissue penetration, decreased auto-
fluorescence, and less phototoxicity (Shcherbo
et al., 2010). Also, many transgenic mouse lines
already contain GFP (or equivalent), which pre-
cludes easy use of current GEClIs for functional
imaging. Red-shifted single-FP GECIs would not
only facilitate deep imaging but also enable func-
tional imaging from multiple cell populations and/or
subcellular compartments, and make it easier to use
with light-gated proteins such as channelrhodopsin-2
(Zhao et al., 2011). With the constant improve-
ment of red and far-red FPs (Lin et al., 2009;
Shcherbo et al., 2009, 2010; Shu et al., 2009),
viable red-shifted GECIs should be possible.
The next generation of neural activity probes
will be faster and more sensitive than the current
one. It will also feature different colors of GEClIs
that can be used in concert. Mechanisms of GECI
cytotoxicity must be elucidated; more “bio-orthog-
onal” sensor elements may help with this. Con-
comitant with this, improving indicator SNR will
enable expression at lower levels, which reduces
concerns. Other indicator improvements will
include photoactivatable versions that can be
turned on in selected populations and those that
integrate [Ca’"] over time. A defined toolkit of
expression systems, such as transgenic mice and a
library of viral serotype—promoter combinations,
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will further facilitate technology uptake. These
advancements, together with improvement in the
areas of lasers, cameras, imaging processing and
deconvolution algorithms, and computation, will
make long-term, high-resolution in vivo functional
imaging in large, defined cell populations a reality.

Reagent availability

GCaMP3 plasmid DNA (CMV promoter for
expression in mammalian cells) is available from
Addgene (addgene.org): #22692. A membrane-
fused version (Lck) is also available: #26974. Live
AAV virus and pAAV constructs for both
GCaMP3 and a Cre-dependent FLEX-GCaMP3
are available from the U Penn Vector Core,
driven by a synapsin-1 promoter (http://www.
med.upenn.edu/gtp/vectorcore/Catalogue.shtml).
Drosophila strains expressing GCaMP3 under
UAS control are available from the Bloomington
Stock Collection (#32116, #32234-32237; inserts
are available on the X, 2L, and 3L chromosomes).
A Cre-dependent GCaMP3 reporter mouse
(ROSA26 locus; CAG promoter) has been depos-
ited at Jackson Labs (#014538). The Janelia Farm
GECI Project continues to develop the GCaMP
scaffold, as well as other GEClIs. Information on
the Project can be found at http://www.janelia.
org/team-project/geci-project.

Note added in proof

Recently, blue- and red- shifted single-FP GECls
have been demonstrated (Zhao et al., 2011).
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