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Abstract
Fluorescent protein technology has evolved to include genetically-encoded biosensors that can
monitor levels of ions, metabolites, and enzyme activities as well as protein conformation and
even membrane voltage. They are well suited to live-cell microscopy and quantitative analysis,
and they can be used in multiple imaging modes, including one or two-photon fluorescence
intensity or lifetime microscopy. Although not nearly complete, there now exists a substantial set
of genetically-encoded reporters that can be used to monitor many aspects of neuronal and glial
biology, and these biosensors can be used to visualize synaptic transmission and activity-
dependent signaling in vitro and in vivo. In this review we present an overview of design
strategies for engineering biosensors, including sensor designs using circularly-permuted
fluorescent proteins and using fluorescence resonance energy transfer (FRET) between fluorescent
proteins. We also provide examples of indicators that sense small ions (e.g., pH, chloride, zinc),
metabolites (e.g., glutamate, glucose, ATP, cAMP, lipid metabolites), signaling pathways (e.g., G
protein coupled receptors, Rho GTPases), enzyme activities (e.g., protein kinase A, caspases), and
reactive species. We focus on examples where these genetically-encoded indicators have been
applied to brain-related studies and used with live-cell fluorescence microscopy.
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Introduction
Fluorescent proteins (FPs) have proven to be an incredibly versatile platform for engineering
sensors of enzyme activities, membrane voltage, ions, molecules, and proteins (Frommer et
al., 2009; Knopfel et al., 2010; Newman et al., 2011). Since the first Ca2+ sensors were
reported (Miyawaki et al., 1997; Romoser et al., 1997), the number and variety of FP-based
sensors have grown immensely, and many extensive reviews on their design and application
in cell biology have been written (Frommer et al., 2009; Chudakov et al., 2010; Newman et
al., 2011). In this chapter, we provide examples of FP-based sensors that have been applied
specifically to brain-related studies. Advances in fluorescent protein engineering, calcium
sensors, and voltage sensors are covered in other chapters of this volume, and therefore we
do not focus on these topics. We first discuss major strategies for engineering genetically-
targeted FP-based sensors, and then we provide several examples organized by sensor target.

CORRESPONDING AUTHOR: Gary Yellen, Ph.D., Professor of Neurobiology, gary_yellen@hms.harvard.edu, Tel: 617-432-0137,
Fax: 617-432-0121.

NIH Public Access
Author Manuscript
Prog Brain Res. Author manuscript; available in PMC 2013 January 01.

Published in final edited form as:
Prog Brain Res. 2012 ; 196: 235–263. doi:10.1016/B978-0-444-59426-6.00012-4.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Genetically-Encoded Indicators (GEIs)
Several design strategies have been used to engineer genetically-encoded sensors that
provide a fluorescence readout for the level of an analyte (small molecule or ion) or the
activity of a signaling system (Figure 1). We refer to this broad class of sensors as
genetically-encoded indicators (GEIs), borrowing terminology from genetically-encoded
calcium indicators (GECIs). A GEI has two functional units, the sensor domain and the
reporter domain. The reporter domain is a single FP or a pair of FPs that provides the
fluorescence readout. The sensing domain can be a peptide motif, a full protein, or a
combination of the two that senses the target of interest. In practice, the coupling between
the sensor and reporter domains influences most of the GEI characteristics, including
fluorescence spectra, type of response, and the dynamic range. We discuss different GEI
design and sensing parameters in this section.

Once a target of interest has been identified, the choice and design of the sensor domain is
the first consideration for GEI construction. In order to elicit a fluorescence response from
the GEI, ligand binding or enzymatic modification must cause a change in molecular
conformation. Although some artificial sensing scaffolds have been engineered, these often
lack specificity for the intended target (Vinkenborg et al., 2010). Rather, a highly successful
strategy relies on naturally-occurring sensor domains that can be adapted for GEI
construction. For example, the Cameleon family of Ca2+ sensors exploits Ca2+-dependent
binding of calmodulin (CaM) and the M13 peptide (Miyawaki et al., 1997; Romoser et al.,
1997). The physical change induced by Ca2+ is coupled to a perturbation of the reporting
domain, that is, the Ca2+·CaM-M13 binding energy is used to do work to alter the GEI
fluorescence.

The choice of the color and the number of FPs for the reporter domain is the next design
consideration. We consider reporter domains that consist of either one or two FPs. In single
FP GEIs, the physical change in the sensor domain causes a chemical or structural change in
the local environment of the FP chromophore, altering its intrinsic fluorescence
characteristics. The sensitivity to this structural change can be natural, engineered through
point mutations, or engineered by a circular permutation strategy. In dual FP GEIs, the
physical change in the sensor domain causes a change in resonance energy transfer between
the two FPs. We discuss each of these strategies in greater detail in later sections.

After choosing sensor and reporter domains, engineering the coupling between the domains
is the most critical process of GEI development, and coupling must be optimized to obtain
desirable GEI characteristics. Structure-guided design can significantly aid the rational
development of GEIs (Wang et al., 2008a; Akerboom et al., 2009), but empirical discovery
remains a substantial component of the process. For example, optimizing the length and
composition of the peptide linkers connecting the sensor and reporter domains is often a
critical process, but it is also a major hurdle that largely relies on random trial and error. The
process of optimizing the coupling between domains can entail screening many libraries of
mutants and iteratively improving the sensor’s characteristics. In this development stage
several parameters are considered, including the GEI’s affinity for the target, the sensing
range, the sensing kinetics, the type of fluorescence response, the dynamic range of the
fluorescence response, the specificity of the response, and the perturbations expression of
the sensor may cause.

The levels and dynamics of ions, metabolites, and enzymatic substrates are tightly regulated
in biological systems, and thus the GEI’s target affinity, sensing range, and sensing kinetics
must be well-tuned to respond to physiological changes. The GEI’s apparent affinity for its
target (Kapp) describes the point of half-maximal activation or saturation by a target ligand.
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The sensing range describes the range of target concentrations or activities over which
distinct signals can be detected. Both are described by the GEI’s dose-response curve
(Figure 2). The sensing range is dictated by the steepness of the dose-response. For example,
a sensor domain with multiple ligand binding sites may exhibit large positive cooperativity
and a steep response curve, resulting in a narrow sensing range. This type of sensing may be
useful for a binary readout or an “on-off” sensor, but it is not ideal for monitoring graded
responses. Related to the affinity, the sensing kinetics are determined by the on and off rates
of the target, the rate of the conformational change of the sensor domain, and the rate of
coupling between the sensor and reporter domains. Ideally, the Kapp and sensing range will
match the physiological midpoint and target level range, and the response time will be faster
than the kinetics of endogenous signaling.

When optically monitoring GEIs, the fluorescence response can be either a simple intensity
change or a ratiometric change that affects the relative intensity at different wavelengths.
Intensity-based measurements use a single excitation wavelength and monitor fluorescence
changes at a single emission wavelength. However, the fluorescence intensity also depends
on the concentration of the fluorophore, and comparison of absolute intensity changes is
usually not possible because of cell-to-cell and experiment-to-experiment variability in GEI
expression levels. Instead, intensity measurements generally are used to monitor relative
changes during an experimental manipulation. Ratiometric measurements eliminate the
dependence on fluorophore concentration, enabling direct comparisons between experiments
that facilitate quantitative analysis. Ratiometric measurements can either use two excitation
wavelengths and monitor a single emission (excitation ratiometric) or use a single excitation
and monitor two emission wavelengths (emission ratiometric). For example, an excitation
ratiometric GEI exhibits two peaks in its basal fluorescence excitation spectrum. When the
GEI senses its target, the excitation spectrum changes in a specific manner: one peak
increases, the other peak decreases, and there exists a wavelength that shows no intensity
change called the isosbestic point. The ratio of the peak intensities is the readout of the
ratiometric GEI.

Regardless of whether it is an intensity or ratiometric change, the dynamic range of the
fluorescence response must also be maximized to improve the signal-to-noise and detection
of changes. The fluorescence dynamic range describes the maximal detectable change in the
fluorescence response. Although the two are functionally related, the dynamic range of the
fluorescence response and the sensing range are distinct parameters (Figure 2). It is
important to note that the dynamic range of the fluorescence response may differ
substantially between purified protein in solution and protein expressed intracellularly
because of environmental factors.

In the process of optimizing the GEI’s characteristics, it is critical to verify the specificity of
the response to the target. The sensor domain may have substantial affinity for structurally
related analytes or closely-related enzyme activities, or there may be naturally occurring
allosteric modulators. Rational mutagenesis and screening in some cases can reduce off-
target interference, especially if structure-function studies of the endogenous sensor domain
are available to guide mutagenesis. At the very least, a reasonable effort should be made to
identify interfering factors so that the proper experimental controls can be conducted when
using the GEI. Interference can also result from environmental sensitivity of the FPs, for
example to pH, as will be discussed in a later section.

Finally, care must be taken when using naturally-occurring sensing domains because they
can interact with and alter endogenous processes, especially if the sensing domain has a
natural enzymatic activity. To diminish interference by Cameleon, the CaM and M13 were
mutated in parallel to maintain recognition for one another but abrogate recognition by
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endogenous CaM (Palmer et al., 2006). Another approach is to choose a sensing domain
from a species different from that under study. For example, bacterial periplasmic proteins
have been exploited for sensing analytes in mammalian systems to reduce the possibility of
biological cross-talk (Okumoto et al., 2008). A related concern is that the GEI itself can
cause pathological buffering of the analyte, interfering with endogenous signaling by
changing the free concentration. FPs and GEIs may reach micromolar concentrations when
expressed in cells, and analytes whose intracellular concentration is near or less than this
may be affected. Some analytes occur at low free concentrations but have a much higher
total concentrations due to endogenous buffering, and these analytes may be less affected by
sensor expression. However, pathological buffering by the GEI can be a large problem for
analytes that occur at low total concentrations.

Clearly, engineering an optimal GEI with respect to all of these parameters is not trivial, but
many useful GEIs have been developed that have provided important insight into brain
function, despite deficiencies in one or more of their sensing properties. We next describe in
greater detail design strategies based on single FP environmental sensitivity, circular
permutation of a single FP, resonance energy transfer between two FPs, or translocation of
FPs.

GEIs Using Environment Sensitive Fluorescent Proteins
Although the FP β-barrel structure substantially shields the interior chromophore from the
environment, it is important to realize that FPs still can respond to external changes, and in
particular all FPs exhibit some degree of pH sensitivity (Day and Davidson, 2009;
Chudakov et al., 2010). Environmentally sensitive intrinsic fluorescence can be a result of
the acid-base chemistry of the chromophore (Bizzarri et al., 2009). Channels for solvent
access or proton relay networks can couple the interior environment near the chromophore
to changes in the external solution (Wachter et al., 1998; Jayaraman et al., 2000). It is well
known that pH often changes with neuronal activity, metabolism, and intracellular signaling
(Chesler and Kaila, 1992; Srivastava et al., 2007; Bizzarri et al., 2009; Casey et al., 2010).
This is a critical issue for GEIs because the fluorescence change due to a pH transient can be
of the same magnitude as the maximum fluorescence response to its target, and thus the GEI
fluorescence response can be aliased with pH transients. In this section we briefly describe
how chromophore acid-base chemistry affects the intrinsic fluorescence of FPs. We also
describe the related phenomenon of excited-state proton transfer. Finally, we discuss how
natural or engineered environmental sensitivity can be exploited in GEIs.

The wild type green fluorescent protein (GFP) chromophore can exist in different ionization
states, and the protonated neutral form has distinct photophysical properties from the
deprotonated anionic form (Tsien, 1998; Bizzarri et al., 2009). The GFP chromophore is a p-
hydroxybenzylidene-5-imidazolidinone (p-HBI), containing a phenol group derived from
Tyr66 that can be deprotonated to form an anionic chromophore (Figure 3). In solution, the
pKa of a phenol hydroxyl proton is ~10; however, the pKa of the p-HBI phenol is lowered
by the conjugated π-system of the chromophore and the protein environment, shifting the
pKa to a value of ~8 or less depending on the specific FP. In GFP, a bound water, Ser205,
and Glu222 form a proton relay network that can accept a proton from the chromophore, and
Thr203 can rotate to stabilize the phenolate anion. The protonated neutral state (“A” state)
and the deprotonated anionic state (“B” state) are important to consider because protonation
of the chromophore changes its absorbance and fluorescence properties. The A state of GFP
has an absorbance peak at 395 nm with a fluorescence emission peak at 508 nm, but the B
state has an absorbance peak at 475 nm with a fluorescence emission peak at 503 nm. Peak
absorbance of the B state occurs at a longer wavelength because deprotonation of the
chromophore decreases the transition energy between the ground and excited state. The
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internal conformation of wild type GFP favors the A state, and there is only a minor
population of the B state in neutral solution. In contrast, the S65T mutation of the enhanced
GFP (EGFP) mutant favors the B state, and as a result EGFP peak excitation and
fluorescence emission occur at 488 nm and 508 nm, respectively. Many engineered GFP
variants show significant coupling between the external pH and chromophore protonation,
with apparent pKa values of 5 to 6.5 (Chudakov et al., 2010). Therefore, the chromophore
may exist in an equilibrium of ionization states that is sensitive to changes in solution pH,
resulting in pH-dependent fluorescence.

The protonated neutral state of wild type GFP has a large Stokes shift (the difference
between the excitation and emission wavelengths) because of excited-state proton transfer
(ESPT) (Tsien, 1998; Bizzarri et al., 2009). Excitation at 395 nm generates an excited state
of the protonated neutral chromophore (A*), and in this excited state the p-HBI phenol is
more acidic. The phenol deprotonates through excited-state proton transfer to the
aforementioned proton relay network, creating an excited-state anion (I*). The transition
energy is decreased for relaxation from the I* anionic excited-state, and peak fluorescence
emission after ESPT is red-shifted to 508 nm. In the absence of ESPT, relaxation from the
A* protonated excited-state is a higher energy transition with peak fluorescence emission at
460 nm; however, ESPT is efficient and occurs on the time scale of ~10 ps in GFP, resulting
in effectively a single emission peak at 508 nm. Of note, the I* excited-state anion is distinct
from the B* excited-state anion. As previously mentioned, the B state is stabilized by
conformational rearrangements including rotation of Thr203, and the A and B states
represent not only distinct ionization states but also distinct internal protein conformations.
After ESPT from A* to create the I* excited-state anion, fluorescence emission occurs
before a conformational change can transpire. Thus, peak fluorescence emission from I* and
B* excited-states are very similar but not exactly equal in energy.

For yellow fluorescent proteins (YFPs), chloride and pH sensitivity are interrelated
(Jayaraman et al., 2000). In YFPs, Thr203 is mutated to an aromatic amino acid such as Tyr.
The aromatic residue can π-stack with the chromophore, decreasing the energy gap between
the anionic B and B* states. The mutation also creates an accessible halide binding site close
to the chromophore. When a halide such as Cl− binds, the additional negative charge
stabilizes the protonated A state of the chromophore. Thus, Cl− binding can shift the
apparent pKa of the YFP, making its fluorescence sensitive to changes in Cl− concentration
(Wachter et al., 2000; Griesbeck et al., 2001).

Sensitivity to pH and Cl− can clearly affect the intrinsic fluorescence of FPs, but this can be
exploited to create GEIs precisely for H+ and Cl−. This type of GEI uses only a single
environmentally-sensitive FP that acts as both the sensor and reporter domains (Figure 1A).
Mutagenesis can be used to tune its sensing characteristics, to alter the chromophore acid-
base chemistry, or to alter the ESPT reaction to create excitation or emission ratiometric
GEIs (Miesenbock et al., 1998; Hanson et al., 2002). Furthermore, mutagenesis can also
introduce additional, non-natural environmental sensitivity. For example, by introducing
cysteines in the exterior β-barrel near the chromophore, the roGFPs and rxYFPs were
engineered to be sensitive to reduction and oxidation (Ostergaard et al., 2001; Hanson et al.,
2004). We discuss specific examples of pH, Cl−, and reduction-oxidation sensitive FPs of
this type in the later sections. More commonly, the sensing domain is a distinct unit, and the
remaining designs coopt natural peptides or proteins for this purpose.

GEIs Using Circularly Permuted Fluorescent Proteins
Circular permutation of a single FP is one strategy used to couple a conformational change
in the sensor domain to a perturbation of the chromophore. The native FP termini are
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spatially distant from the chromophore, and typically movements of the termini do not alter
the chromophore or the intrinsic fluorescence. In a circularly-permuted FP (cpFP), the
original N-and C-termini are ligated by a short peptide linker, and new termini are created
(Baird et al., 1999). If the new termini are located spatially close to the chromophore,
physical movements of the termini may alter the local environment around the chromophore.
The altered cpFP conformation often increases solvent accessibility to the chromophore or
shifts the acid-base equilibrium, causing a change in the intrinsic fluorescence.

For example, in the calcium sensor GCaMP Ca2+-dependent binding between calmodulin
(CaM) and the M13 peptide alters the fluorescence intensity of cpEGFP (Nakai et al., 2001).
In this sensor EGFP is circularly permuted at residue 149, and the new termini are attached
to CaM and the M13 peptide (Figure 1B). In the absence of Ca2+, apo-GCaMP2 has a peak
absorbance at 399 nm characteristic of the GFP protonated A state; however, it has very low
fluorescence, suggesting that non-radiative decay is favorable. Bound to Ca2+, the peak
absorbance shifts to 488 nm, and a conformational change in the CaM-M13 binding pair
stabilizes a fluorescent deprotonated B state (Wang et al., 2008a; Akerboom et al., 2009).
Circular permutation was exploited here to couple a conformational change in the sensor
domain to a shift in the cpEGFP acid-base equilibrium, creating a GEI that responds with
simple fluorescence intensity changes.

Circular permutation also can be used to create GEIs that respond with a ratiometric
fluorescence change, and the cpEYFP-based Ca2+-sensor Pericam is one example (Nagai et
al., 2001). Ratiometric Pericam exhibits Ca2+-dependent changes in its absorbance spectrum
similar to GCaMP2, but excitation of the A state produces fluorescence emission.
Mutagenesis of cpEYFP at His148 and Thr203 created a variant in which non-radiative
decay after excitation of the A state is decreased and in which ESPT is efficient. Excitation
of both the protonated A (418 nm) and deprotonated B (494 nm) states produces a peak
fluorescence emission at 511 nm. Thus, binding of Ca2+ produces a shift in the fluorescence
excitation spectrum of Ratiometric Pericam.

While circular permutation is a versatile and important design strategy for engineering GEIs,
one major disadvantage of using cpFPs is that circular permutation can increase pH
sensitivity. Analyte binding to a cpFP-based GEI typically affects the protonation of the
chromophore, producing a shift in the A and B state populations. When measured at
constant pH, the fluorescence response reflects analyte concentration; but when measured as
a function of pH, the binding of analyte is seen simply to shift the pKa. This means that a
simple change in pH can mimic the effect of a change in analyte concentration when in fact
there is none. Artifacts due to pH changes can plague both intensity and ratiometric cpFP-
based GEIs (Nagai et al., 2001). Proper use of these sensors thus requires either very tight
control of pH or simultaneous measurement of pH using an additional sensor (see the
section below on pH sensors).

GEIs Using Förster Resonance Energy Transfer
Förster-type resonance energy transfer (FRET) between two FPs is another strategy used to
couple a conformational change in the sensor domain to a fluorescence response. Unlike the
circular permutation strategy, FRET-based sensing does not involve a structural or chemical
change in the chromophore of either FP. Instead, the efficiency of energy transfer between
the two chromophores is altered by a conformational change in the sensor domain. After
light absorption, an excited-state fluorophore typically relaxes back to the ground state by
fluorescence emission or by a non-radiative decay mechanism (such as collision with a
solvent molecule). When an excited-state donor fluorophore is in close proximity to an
acceptor chromophore, the donor can additionally relax by transferring energy to the
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acceptor via a dipole-dipole interaction, if the donor’s emission spectrum overlaps with the
acceptor’s absorbance spectrum. When the acceptor itself is a fluorophore, the FRET-
induced acceptor excited state can subsequently relax by acceptor fluorescence emission.
Note that the acceptor chromophore does not itself need to be fluorescent, and FRET sensors
with dark acceptors are useful for fluorescence lifetime applications (Murakoshi et al.,
2008). The efficiency of FRET is very sensitive to the distance and the relative orientation
between the donor and acceptor. GEIs can exploit FRET by attaching compatible FPs (a
FRET pair) to different sensor domains that interact (intermolecular FRET) or by attaching
the FRET pair to a single sensor domain (intramolecular FRET).

Intermolecular FRET has been used to detect protein-protein interactions because of its
strong distance dependence. A key parameter is the Förster radius, R0, which is the distance
between the acceptor and donor at which the FRET efficiency is 50%. For FP pairs, R0 is
approximately 4 – 5 nm (Patterson et al., 2000). When two proteins are tagged each with one
FP of a FRET pair, substantial FRET suggests close proximity and a potential interaction
between the proteins. It is generally assumed that a decrease in FRET indicates dissociation
of the proteins. Interpretation of a FRET decrease must be treated with care, however,
because FRET is so sensitive to the distance and relative orientation between the FRET pair.
That is, a conformational change could also decrease FRET efficiency without disrupting a
stable protein-protein interaction. For example, interpretation of FRET data has led to some
controversy over G protein coupled receptor signaling and is discussed in a later section
(Ciruela et al., 2010).

In GEIs that use intramolecular FRET, a conformational change in the sensor domain
changes the efficiency of energy transfer between an attached FRET pair. For example,
Cameleon is a FRET-based calcium sensor that exploits Ca2+-dependent CaM-M13 binding
(Miyawaki et al., 1997; Romoser et al., 1997). The sensor domain consists of CaM and the
M13 peptide expressed as a fusion that is flanked on its ends by the FRET pair of enhanced
blue FP (EBFP) and EGFP (Figure 1C). In the absence of Ca2+, the sensor domain is
extended, but when Ca2+ binds to Cameleon, Ca2+·CaM binds the M13 peptide. This
conformational change brings the EBFP and EGFP closer together, and the FRET efficiency
increases. For intramolecular FRET-based GEIs, the FRET efficiency can be measured by
exciting the donor and comparing the donor and acceptor fluorescence emission intensities.
Therefore, intramolecular FRET sensors are also ratiometric sensors.

Compared to cpFP-based GEIs, FRET sensors can show better pH insensitivity if the right
FRET pair is chosen. There are several FPs that have low pKa values and whose
fluorescence is pH insensitive in the physiological pH range (Chudakov et al., 2010).
However, it is still important to clearly test pH sensitivity of the final construct because the
sensor domain also can confer pH sensitivity to the GEI.

One disadvantage of intramolecular FRET-based GEIs is that there is a tendency for the
fluorescence response to change only subtly. For intramolecular FRET sensors, there can be
substantial basal FRET because the physical linkage of the FPs requires that they stay within
a certain proximity to one another. Additionally, the size of the FPs limits the maximum
absolute FRET efficiency. The FP β-barrel is ~4 nm in height and ~2.5 nm in diameter
(Tsien, 1998; Day and Davidson, 2009), and the Förster radius for FP pairs is typically 4 – 5
nm. Therefore, the axial diameter of the β-barrel limits the closest possible distance between
the acceptor and donor chromophores. It has been estimated that the maximum absolute
FRET efficiency for FP pairs is ~50% (Patterson et al., 2000). Interestingly, cpFPs have
been used to improve the dynamic range of the FRET response (Nagai et al., 2004). Here,
unlike cpFPs discussed previously, circular permutation is used to alter the apparent relative
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orientation of the FRET pair and not to induce an environmentally responsive chromophore
(Baird et al., 1999).

GEIs Using Translocation Responses
Changes in the spatial distribution of FP-labeled proteins also can be used as a readout of
analyte concentration or protein activity (Figure 1D). Translocation GEIs have been used
extensively to monitor activation of G-protein coupled receptors and downstream signaling
related lipid metabolism (Ciruela et al., 2010; Newman et al., 2011). For example, EGFP
can be fused to a pleckstrin homology (PH) domain that binds phosphatidylinositol-(4,5)-
bisphosphate (PIP2) in the plasma membrane and also binds inositol-(1,4,5)-trisphosphate
(IP3) in the cytosol. When membrane PIP2 concentration is high and cytosolic IP3
concentration is low, PH-EGFP enriches in the plasma membrane. When a phospholipase is
activated, PIP2 is hydrolyzed to IP3 and diacylglycerol, and PH-EGFP translocates to the
cytosol. Thus, changes in the spatial distribution of PH-EGFP indicates changes in PIP2 and
IP3 levels or activity of a phospholipase. The use of translocation GEIs requires microscopy
with sufficient spatial resolution.

In the next sections, we provide examples in which GEIs have been used in brain-related
studies. The sections are organized by the target analyte or protein activity being monitored.
When available, we focus on examples of live-cell imaging of GEIs.

pH
Although several pH-sensitive FPs have been developed (Bizzarri et al., 2009), the pHluorin
pH-sensors have been predominantly used to monitor synaptic transmission (Miesenbock et
al., 1998). The pHluorins are single GFPs that contain mutations conferring significant pH
sensitivity to their fluorescence, and they were engineered using structure-guided design
(Miesenbock et al., 1998). Ratiometric pHluorin exhibits two peaks in its fluorescence
excitation spectrum that respond ratiometrically to pH. Ecliptic pHluorin is an intensity-
based GEI that is dark at pH < 6 and becomes fluorescent upon alkalinization. Ecliptic
pHluorin was engineered to decrease background fluorescence, favoring a drastic intensity
change and sacrificing a ratiometric response. The folding and fluorescence properties of
ecliptic pHluorin were improved with two additional mutations, producing the now
extensively used variant, superecliptic pHluorin (SEP) (Sankaranarayanan et al., 2000). At
chemical synapses, neurotransmitters are loaded into acidic secretory vesicles. When a
vesicle fuses with the plasma membrane to release its cargo, the vesicle lumen equilibrates
with the extracellular environment causing a sharp alkalinization. When SEP is targeted to
the lumen of synaptic vesicles, its fluorescence reports this pH transition, and hence SEP can
be used to visualize synaptic vesicle cycling and synaptic transmission.

Superecliptic pHluorin has been targeted to the lumen of synaptic vesicles by fusing it to
vesicle proteins such as VAMP2 (named synaptopHluorin or spH) (Sankaranarayanan and
Ryan, 2001) or synaptophysin (named sypHy) (Granseth et al., 2006). New insights into the
recycling modes of distinct presynaptic vesicle pools have been gained using these GEIs, but
disputes over the kiss-and-run versus full-fusion mechanisms persist, often due to
controversy over the methodology (Gandhi and Stevens, 2003; Fernandez-Alfonso and
Ryan, 2004; Granseth et al., 2006; Zhang et al., 2009). Presynaptic vesicle cycling has been
visualized using FM styryl dyes, pHluorin, and recently quantum dots, each with advantages
and disadvantages. pHluorin overcame many problems associated the FM styryl dyes. The
FM dyes require complicated loading protocols, they can lack specificity, and they can result
in complicated response kinetics that confound interpretation (Ryan, 2001). Unlike FM
dyes, pHluorin can be used to discriminate between the kinetics of endocytosis and
exocytosis using an alkaline trapping method (Sankaranarayanan and Ryan, 2001). Quantum
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dots have improved signal over noise compared to both FM dyes and pHluorin; however,
quantum dots, like FM dyes, still require loading with stimulation protocols and are not
easily loaded deep into tissue. pHluorins on the other hand have the powerful advantage of
being amenable to genetic targeting and in vivo monitoring (Li et al., 2005).

Despite the controversy surrounding synaptic vesicle cycling, pHluorin fusions have been
broadly used to monitor both pre- and postsynaptic function during synaptic transmission.
Vesicle-targeted pHluorins provide an optical assay for investigating regulators of synaptic
transmission, including small molecules (Thorsen et al., 2010) like isoflurane (Hemmings et
al., 2005) and specific proteins. For example, a VGLUT1-pHluorin fusion was used to
demonstrate that increased α-synuclein inhibits neurotransmitter release and decreases the
size of the presynaptic vesicle pool that recycles (Nemani et al., 2010). On the postsynaptic
side, a GluR1-pHluorin fusion was used to demonstrate that the AAA-ATPase Thorase is
important for AMPA receptor endocytosis following NMDA stimulation, and Thorase may
inhibit recycling of glutamate receptors by receptor disassembly (Zhang et al., 2011). In
these examples, visualization of pHluorin was used in conjunction with genetic models to
assess synaptic protein function with resolution of single neurons and synapses.

Populations of cells have also been imaged with pHluorin to study olfactory circuits and
plasticity in live transgenic Drosophila and mice (Yu et al., 2004; McGann et al., 2005;
Shang et al., 2007). When pHluorin was genetically-targeted to the olfactory bulbs in mice
or antennal lobes in flies, fluorescence changes correlated with population activity even
though single synapses could not be visualized. The fluorescence readout provided a non-
invasive optical method to investigate odorant coding. The use of pHluorin in this manner is
powerful because it provides a means to monitor the activity of an intact network in a live
animal.

In addition to synaptic transmission, many cellular processes involved with neuronal activity
cause or rely on pH changes (Chesler and Kaila, 1992; Casey et al., 2010). pHluorin has had
a significant impact in brain research, but its primary use has not been to measure pH,
perhaps overshadowing other GEIs of pH. Recently, the pH sensor mitoSypHer was used in
astrocytes, and a decrease in mitochondrial pH was observed upon glutamate stimulation
(Azarias et al., 2011). This GEI was engineered by modifying the hydrogen peroxide sensor
HyPer (see section on Reactive Oxygen Species). HyPer contains a pH-sensitive YFP, and
removing peroxide sensitivity created a ratiometric pH sensor (Poburko et al., 2011). Both
cytoplasmic pH and mitochondrial matrix pH could be simultaneously monitored using the
small molecule pH indicator SNARF-1 and mitoSypHer in the same cell.

Chloride
Chloride is a critical ion that influences membrane potential, cell volume, and pH. The
FRET-based GEI for Cl− called Clomeleon was first developed to measure intracellular
chloride in hippocampal neurons and monitor GABAergic signaling (Kuner and Augustine,
2000). It is a tandem construct consisting of a cyan FP (CFP) and a chloride-sensitive YFP
(Topaz), resulting in chloride-sensitive FRET. Clomeleon has several known performance
issues: it has a low affinity (Kapp ~ 90 mM) compared to the intracellular Cl− concentration
(~10 mM); Topaz is pH sensitive; and CFP and Topaz photobleach at different rates causing
the FRET signal to change during strong or repeated illumination.

Despite these problems, Clomeleon has been useful for visualizing Cl− in both cultured
neurons and in brain slices from transgenic mice. For example, developmental changes in
neuronal chloride concentration as well as transient GABA-evoked changes in intracellular
chloride have been imaged with Clomeleon (Berglund et al., 2006; Berglund et al., 2008). In
particular, Clomeleon was used to provide direct evidence for spatial Cl− gradients in retinal

Tantama et al. Page 9

Prog Brain Res. Author manuscript; available in PMC 2013 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



bipolar ON cells (Duebel et al., 2006). Perforated patch recordings had previously suggested
that a Cl− gradient existed, but the electrophysiology only provided indirect evidence. Using
two-photon imaging of retinal preparations, an increased Cl− concentration in dendrites
compared to the soma was observed. The spatial gradient imaged with Clomeleon correlated
with the functional consequence that GABA stimulation caused Cl− influx at the soma but
efflux at the dendrite.

Several studies using Clomeleon exemplify how GEIs and two-photon microscopy can be a
very effective combination for imaging thick samples or deep in tissues. Preparations of
brain slices or intact tissues are desirable because, compared to dissociated cultures, they
better maintain physiologically relevant cellular environments, network connections, and
anatomical relationships. Unfortunately, single-cell electrophysiology in thick preparations
can be technically challenging and limit the number of cells that can be interrogated.
Loading small-molecule indicators deep within tissues can also be inefficient. In contrast,
GEIs such as Clomeleon can be genetically targeted, overcoming loading issues, and two-
photon microscopy facilitates optically monitoring deep in tissues with the potential to
interrogate several cells simultaneously. For example, imaging cerebellar slices from
Clomeleon transgenic mice was used to visualize tonic inhibition of cerebellar granule cells
by glial GABA release (Lee et al., 2010). Whole hippocampi and hippocampal slices from
Clomeleon transgenic mice also have been used to observe pathological chloride
accumulation in response to ischemia and epileptiform activity (Pond et al., 2006; Glykys et
al., 2009; Dzhala et al., 2010).

Clomeleon has been used most often for Cl− visualization, but it is not the only GEI for Cl−.
An improved Clomeleon called Cl-sensor has been created using a similar FRET strategy. In
Cl-sensor, Topaz has been replaced by a mutated YFP that increases the chloride affinity
(Kapp ~ 30 mM) and decreases the pH sensitivity (Markova et al., 2008). Intracellular
chloride dynamics have been imaged in cultured neurons and retinal slices using Cl-sensor
(Waseem et al., 2010). Additionally, a fusion of Cl-Sensor with the glycine receptor GlyR
has been used to monitor chloride conduction and ion channel activity (Mukhtarov et al.,
2008). Finally, transgenic mice that express a chloride-sensitive EYFP under control of the
KV3.1 promoter have also been generated (Metzger et al., 2002). Glutamate-evoked
increases in Cl− were imaged using hippocampal neuron cultures from these transgenic mice
(Slemmer et al., 2004).

Zinc
Zn2+ is another biologically important ion that has been proposed to play a role in normal
and pathological brain processes such as synaptic plasticity and excitotoxicity. Zn2+ has
been found in glutamate containing synaptic vesicles in the cerebral cortex, it accumulates in
neurons after excitotoxic injury, and it is an allosteric modulator of glutamate and GABA
receptors (Frederickson et al., 2005). Chelation or exogenous application of Zn2+ can induce
seizures and activate cell death programs. Physiological Zn2+ concentrations are tightly
buffered, and free extracellular concentrations range from 1 to 10 nM while free intracellular
concentrations may be in the nanomolar to picomolar range. Because it is highly buffered,
Zn2+ is a challenging analyte to monitor (Vinkenborg et al., 2010).

A handful of both non-ratiometric intensity and ratiometric FRET GEIs of Zn2+ have been
engineered (Vinkenborg et al., 2010). Zinc finger motifs containing His4 and Cys2His2
binding sites have been used for sensor domains, but the GEIs using these binding motifs
have affinities of ~ 2 – 200 μM, quite low compared to the expected free Zn2+

concentrations (Dittmer et al., 2009). Despite the low affinity, imaging the Cys2His2 sensor
targeted to the mitochondrial matrix provided evidence that there is a high resting Zn2+
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concentration in the mitochondria of cultured hippocampal neurons. Furthermore,
simultaneous imaging of mitochondrial Cys2His2-based sensor and the small molecule Zn2+

indicator FluoZin3 revealed that the neuronal response to glutamate depends on extracellular
Zn2+. In the absence of extracellular Zn2+, glutamate stimulation causes mitochondrial Zn2+

release, but in the presence of extracellular Zn2+, glutamate stimulation causes uptake and
mitochondrial accumulation of Zn2+. Improved GEIs with sub-nanomolar affinity for Zn2+

have been engineered, and these sensors should prove useful for future imaging of Zn2+

neurobiology (Vinkenborg et al., 2010; Qin et al., 2011).

Glutamate
Glutamate is the major excitatory neurotransmitter, and the dynamics of glutamate release
and clearance affect synapse and network level signaling as well as neuron-glia metabolic
coupling. Two similar FRET-based GEIs, FLIPE (Deuschle et al., 2005) and SuperGluSnFr
(Hires et al., 2008), have been constructed using the same bacterial periplasmic binding
protein ybeJ/GltI. This bacterial protein undergoes a hinge-like motion when glutamate
binds to it. When ECFP and EYFP are fused to the termini of ybeJ/GltI so that they flank the
binding protein, the glutamate-induced conformational change results in a change in FRET
efficiency.

FLIPE and SuperGluSnFr have been used to visualize glutamate release in response to
electrical stimulation and potassium chloride depolarization. Extracellular glutamate was
monitored by expressing these GEIs on the surface of cultured hippocampal neurons
(Okumoto et al., 2005; Hires et al., 2008). The imaging data suggested that reuptake by glial
glutamate transporters mediates fast clearance following release, but at least in culture,
significant spillover of several hundred nanomolar glutamate can still persist. Previous
methods lacked the spatial and temporal resolution to perform this type of measurement.

These GEIs may prove valuable for evaluating glutamatergic synaptic transmission in vivo,
but as of yet no genetic model or transient expression model has been published. There are
published examples in which purified sensor was applied directly onto brain slices (Dulla et
al., 2008). Despite the low resolution of these experiments, fluorescence transients that were
imaged during stimulated activity correlated with electrical field potential recordings (Dulla
et al., 2008). This method was used with an acute epileptiform brain slice model to show
correlations among the inter-stimulus interval, the magnitude of the integrated field
potential, and the size of the area for which GEI fluorescence reported glutamate release
(Tani et al., 2010).

Glucose
Glucose is the primary energy source for the brain, and glucose-dependent metabolic rate is
the basis for technologies such as FDG-PET scanning. Glucose metabolism classically has
been observed through biochemical techniques that lack single-cell resolution such as
isotope tracing or microdialysis. An engineered glucose-sensitive GEI provides much
greater resolution of single-cell metabolism (Fehr et al., 2003). Like the GEIs for glutamate,
the glucose sensor is one of a series of other stereotyped sensors based on bacterial
periplasmic binding proteins used as the sensor domains (Okumoto et al., 2008). The
bacterial MglB protein is flanked by ECFP and the YFP Citrine, and a glucose-induced
conformational change alters the FRET efficiency. This glucose sensor has been
significantly optimized (Takanaga et al., 2008), and a recent version FLII12Pglu-600μδ6
(also called FLII12Pglu-700μδ6) has been used to measure glucose metabolism in many cell
types including cultured astrocytes and neurons (Bittner et al., 2010).
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Direct measurements of glucose transport and metabolism have begun to emerge using this
optimized glucose sensor. Independent measurements suggest that cultured astrocytes
maintain their intracellular glucose concentration at half of the extracellular concentration in
the steady-state. Upon inhibition of glucose transport, intracellular glucose rapidly
decreases, indicative of hexokinase activity (Bittner et al., 2010). Interestingly,
depolarization with potassium causes a rapid decline in intracellular glucose within seconds,
and there is a rapid reversal upon removal of excess potassium (Bittner et al., 2011). In
contrast, glutamate does not cause an acute decrease in intracellular glucose (Bittner et al.,
2011; Prebil et al., 2011a; Prebil et al., 2011b), but it does cause a slow increase in glucose
concentration and glycolytic rate after several minutes (Bittner et al., 2011). Noradrenaline
stimulation causes a rapid increase in intracellular glucose which can be partially attenuated
by inhibition of glycogen phosphorylase (Prebil et al., 2011b). Future imaging of
FLII12Pglu-600μδ6 in vivo should help clarify many details of energy metabolism in
neurons versus glia.

ATP
The dynamics of ATP production and hydrolysis in neurons and astrocytes is a critical
aspect of brain energy metabolism and signaling. Recently, GEIs have been developed to
visualize ATP. The sensor Perceval was engineered by inserting the circularly-permuted
YFP cpVenus into the bacterial protein GlnK (Berg et al., 2009). When Mg·ATP binds to
GlnK, there is protein loop movement at the binding site. By inserting the cpVenus into the
loop region, the conformational change induced by Mg·ATP binding is coupled to a
perturbation of the cpVenus chromophore. This perturbation causes a ratiometric shift in the
Perceval’s fluorescence excitation spectrum. The binding affinity for Mg·ATP is very high
(Kapp ~ 0.1 μM), and ADP can competitively bind to GlnK with lower affinity (Kapp ~ 0.2
μM); however, ADP binding does not induce a loop movement. Furthermore, intracellular
ADP and ATP concentrations are near 0.5 mM and 5 mM. As a result Perceval is always
bound by either ADP or Mg·ATP, but the two nucleotides have distinct effects on the
fluorescence. The combined result of these properties is that Perceval faithfully responds to
changes in the ATP/ADP ratio independent of the total nucleotide level. The ATP/ADP ratio
is indicative of the cellular energy status, and several ATP-dependent processes are sensitive
to the ATP/ADP ratio. Perceval has proven useful for imaging energy depletion during
metabolic inhibition of cultured cells.

Another GEI exploits the conformational change that occurs upon ATP binding to the ε
subunit of the F0F1-ATP synthase (Imamura et al., 2009). By attaching the CFP mseCFP
and cpVenus to the bacterial ε subunit, a series of GEIs called the ATeam sensors were
engineered with varying affinities for ATP. These GEIs are insensitive to ADP and report
absolute ATP concentrations. Similar to Perceval, ATeams were used to image ATP
depletion during metabolic inhibition of cultured cells. Perceval and the ATeams are
complementary GEIs, and in the future they should provide a great deal of information on
neuronal and glial energy metabolism, especially if they are applied in conjunction with
other GEIs such as the glucose sensor.

GPCR and Heterotrimeric G Protein Signaling
G protein coupled receptors (GPCRs) are critical components of the membrane-bound signal
transduction machinery that affect synaptic transmission and plasticity. Ligand binding to
the GPCR causes a conformational change to an active form. The activated GPCR acts as a
guanine nucleotide exchange factor, activating heterotrimeric G-proteins (Gαβγ) by
promoting the replacement of bound GDP with GTP in the Gα protein. The activated Gα can
subsequently activate downstream signaling before its intrinsic GTPase activity hydrolyzes
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the bound GTP, causing auto-inactivation. Two major downstream pathways involve
activation of phospholipase C (PLC) or activation/inhibition of adenylate cyclase. Activation
of GPCRs has been monitored with several imaging probes (Lohse et al., 2008), including
both intermolecular and intramolecular FRET-based GEIs. An important caveat of FP-based
GEIs is that the bulky FP can interfere with protein-protein interactions, and the expressed
GEI can interfere with endogenous signaling downstream of GPCR activation. Despite this
caveat, FRET-based GEIs have been instrumental in delineating previously inaccessible
GPCR and G-protein activation kinetics.

To monitor GPCR activation by intermolecular FRET, the separate components of the
signaling complex, including the GPCR itself and the Gαβγ proteins, are fused to FRET
compatible FPs such as CFP and YFP. GPCR activation causes a conformational change or
dissociation of the GPCR, Gα, and Gβγ proteins. When an appropriate pair of the signaling
components is fused to FPs of a FRET pair, activation causes a decrease in FRET
(Janetopoulos et al., 2001), but detailed interpretations of intermolecular FRET studies can
be complicated. There are controversies concerning whether G proteins dissociate from the
GPCR following activation and whether a GPCR/G protein complex preassembles
(Janetopoulos et al., 2001; Bunemann et al., 2003; Hein et al., 2005; Nobles et al., 2005).
This intermolecular FRET strategy can be extended to monitor GPCR interactions with
other important regulatory proteins such as β-arrestins, revealing differential kinetics and
timing between GPCR activation and inactivation (Vilardaga et al., 2003). It has also been
used to monitor downstream targets such as G protein gated inwardly rectifying potassium
channels (GIRKs), combining FRET imaging and electrophysiology to provide evidence for
a G protein-mediated GIRK dose response (Hommers et al., 2010).

Intermolecular FRET has been used extensively to monitor the activation dynamics of
metabotropic glutamate receptors (mGluRs) and GABAB receptors. These GPCRs have
large extracellular ligand binding domains and function as receptor dimers (Kunishima et
al., 2000). Ligand binding causes conformational changes in the extracellular domains that
are transduced to the intracellular domains. By inserting CFP and YFP into intracellular
loops of separate receptors of a receptor dimer, a ligand-induced conformational change can
cause a change in FRET efficiency. Hence, mGluR and GABAB receptor activation can be
optically monitored (Tateyama et al., 2004; Matsushita et al., 2010). Using this imaging
strategy, the activation kinetics of mGluR1β were measured. Despite the slow signaling
downstream from mGluR activation as compared to an ionotropic receptor, mGluR1β
activation itself is fast, suggesting that downstream events are rate limiting (Marcaggi et al.,
2009). Importantly, these kinetic parameters were used to build a model in order to evaluate
the contribution of transient mGluR activation to shaping synaptic transmission. FRET
imaging also showed that different ligands can induce distinct structural changes, resulting
in distinct downstream G protein signaling. mGluR1α activation by glutamate or the
exogenous ligand Gd3+ was imaged. Activation by the two ligands show different FRET
responses, and the downstream responses are different. Glutamate increases both
intracellular calcium and cAMP levels, but Gd3+ increases only the calcium levels. The
imaging data suggest that glutamate activates both Gαs and Gαq, but Gd3+ only activates
Gαq (Tateyama et al., 2004).

An alternative FRET imaging strategy exploits a relative movement between the third
intracellular loop and C-terminus of GPCRs (Lohse et al., 2007). With CFP inserted into
Loop III and a YFP into the C-terminus, activation of the GPCR causes a decrease in FRET
efficiency (Vilardaga et al., 2003; Rochais et al., 2007). This strategy no longer makes
assumptions about the preassembly of the signaling complex, a controversial issue. Both
intermolecular and intramolecular FRET strategies have been used in conjunction with
electrophysiology to conduct a comprehensive study of the kinetic steps in M1 muscarinic
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acetylcholine receptor (M1 mAChR) activation, downstream PLC activation, and
subsequent inhibition of Kv7.2/7.3 M currents (Jensen et al., 2009). By systematically
tagging different components of the M1 mAChR-Gαβγ-PLC pathway, imaging data suggest
that PIP2 hydrolysis is rate-limiting due to the expression levels of PLC rather than the
intrinsic kinetics of PLC. Furthermore, kinetic parameters measured in the imaging
experiments were used to build a kinetic model, facilitating a quantitative comparison of the
empirical observations (Jensen et al., 2009; Falkenburger et al., 2010).

Lipid Metabolism Linked Signaling: PIPs, IPs, DAG
Downstream from GPCR activation, metabolism of phosphoinositide lipids is intimately
linked to intracellular signaling. Phosphoinositides can be hydrolyzed to inositol phosphates
and diacylglycerol (DAG) in a receptor-mediated manner, and these phospholipid
metabolites can subsequently modulate ion channel activity, synaptic transmission, and
plasticity. To better dissect this GPCR-related signaling branch, several translocation GEIs
have been developed.

Pleckstrin homology (PH) domains have been extensively used as sensing motifs to
construct translocation GEIs of PIP2 (Varnai and Balla, 2006). For example, the PH domain
from phospholipase C δ1 has been fused to EGFP (PHPLCδ1-EGFP) to create a translocation
probe. PHPLCδ1-EGFP binds PIP2 in the membrane, but upon PIP2 hydrolysis to DAG and
inositol-(1,4,5)-trisphosphate (IP3), PHPLCδ1-EGFP translocates to the cytoplasm (Stauffer
et al., 1998; Varnai and Balla, 1998). The PHPLCδ1-EGFP construct has been used in
neuroblastoma cells and cultured hippocampal, striatal, and cerebellar granule neurons to
study PLC regulation of muscarinic receptors and mGluRs (van der Wal et al., 2001; Xu et
al., 2003; Billups et al., 2006; Willets et al., 2007; Kumar et al., 2008; Butcher et al., 2009).
It has also recently been applied in organotypic brain slice to verify that carbachol can
induce PIP2 hydrolysis in cortical pyramidal neurons (Yan et al., 2009). In an early study,
activity-dependent PIP2 metabolism was visualized at presynaptic terminals in cultured
hippocampal neurons (Micheva et al., 2001). A combination of PHPLCδ1-EGFP and FM4-64
live-cell imaging with post-hoc immunochemistry suggested that postsynaptic NMDAR
activation is involved in activity-dependent PIP2 metabolism at the presynaptic terminal.

It has been observed, however, that PHPLCδ1-EGFP has a 20-fold higher selectivity for IP3,
and therefore translocation following PIP2 hydrolysis is primarily due to increased cytosolic
IP3 (Hirose et al., 1999). Taken into account, this GEI can then be used to monitor IP3
metabolism (Okubo et al., 2001), or an alternative sensing domain can be sought. To this
end, the Tubby domain, a PIP2-binding motif of a mammalian transcription factor, was
found to be selective for PIP2 and insensitive to IP3 (Santagata et al., 2001; Quinn et al.,
2008; Szentpetery et al., 2009). The Tubby-EGFP probe translocates to the cytoplasm due to
PIP2 hydrolysis and not to increased cytosolic IP3.

FRET-based GEIs selective for IP3 have also been developed using the ligand binding
domains of IP3 receptors in order to overcome the sensitivity of PH domains to both PIP2
and IP3 (Tanimura et al., 2004; Sato et al., 2005; Matsu-ura et al., 2006; Remus et al., 2006).
These probes have been useful for specifically investigating the kinetics of IP3 production at
the plasma membrane, in the cytosol, and even in the dendrites of cultured hippocampal
neurons following mAChR or mGluR activation (Tanimura et al., 2004; Sato et al., 2005).

Finally, translocation and FRET-based DAG selective GEIs have been engineered. These
GEIs exploit the DAG-dependent membrane association of the C1 domains of protein kinase
C (PKC) γ and β (Oancea et al., 1998; Violin et al., 2003; Nishioka et al., 2008). The
DAGR sensor combines both DAG-dependent translocation and environmentally sensitive
FRET for a quantitative fluorescence response. DAGR is a intramolecular FRET construct
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in which the C1 domains of PKCβII are sandwiched between CFP and Citrine. In contrast to
the PH and Tubby probes, increased DAG in the membrane causes translocation of DAGR
from the cytosol to the membrane. The membrane environment adds additional
conformational constraints on the relative orientation and distance between the FPs, causing
an increase in FRET associated with translocation (Violin et al., 2003). DAGR has been
used in single astrocytes, for example, to demonstrate that PLCε is necessary for thrombin-
induced DAG production and that carbachol-induced DAG production occurs independently
because separate PLCs are activated (Citro et al., 2007).

These GEIs form a useful family of sensors that can be used to monitor the timing of GPCR
modulation of synaptic activity. For example, the entire set of PHPLCδ1-EGFP, Tubby-
EGFP, and C1PKCγ-EGFP GEIs was used to dissect the kinetics of Ca2+-dependent changes
in PIP2/IP3, PIP2, and DAG concentrations in SH-SY5Y neuroblastoma cells and cultured
hippocampal neurons after stimulation of mAChRs (Nelson et al., 2008). By combining
imaging and electrophysiology, these GEIs have also been extensively used to study GPCR-
mediated PLC modulation of Kv7.2/7.3 M-currents, KATP currents, and TRPV2 currents
(Suh et al., 2004; Quinn et al., 2008; Jensen et al., 2009; Mercado et al., 2010). In one
comprehensive study of PLC regulation of M-currents, PIP2/IP3/DAG metabolism was
imaged with PHPLCδ1-EGFP and C1APKC-EGFP, Ca2+ was also imaged, and
electrophysiology was conducted in a series of parallel experiments. The combined data
demonstrated that Ca2+ is required and that there is a feedback loop for PLC regulation of
Kv7.2/7.3 currents (Horowitz et al., 2005).

Cyclic Nucleotides and Downstream Kinases
Cyclic nucleotides such as cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) are well-known second messengers in intracellular signaling
cascades. Their temporal and spatial dynamics are highly regulated to ensure normal
physiology, and many GEIs have been engineered for live-cell imaging of cAMP, cGMP,
and their downstream signaling cascades (Vincent et al., 2008; Willoughby and Cooper,
2008). Most of these GEIs are FRET-based. Initial sensors used intermolecular FRET
strategies (Zaccolo et al., 2000), but recent sensors have used an intramolecular FRET
strategy to provide a more quantitative and robust fluorescence readout.

There are several intramolecular FRET-based GEIs for imaging cAMP. For instance, a
cAMP-binding protein Epac has been used as the scaffold between a FRET pair, and
changes in the FRET response report changes in cAMP levels (DiPilato et al., 2004;
Nikolaev et al., 2004). Furthermore, transgenic animals have been made for in vivo imaging
of cAMP dynamics in intact networks. For example, Epac1-camps has been stably expressed
in Drosophila neurons to study how neuropeptides modulate the clock network via cAMP-
dependent signaling (Shafer et al., 2008)

Protein kinase activities downstream from cAMP can also be monitored with GEIs. To
report the activity of the downstream cAMP-dependent protein kinase A (PKA), a cognate
peptide substrate and a binding domain have been used as the scaffold between a FRET pair.
Upon PKA phosphorylation of the cognate peptide, its subsequent interaction with the
adjacent binding domain changes the FRET response (Nagai et al., 2000; Zhang et al.,
2001). Imaging two GEIs, ICUE2 for cAMP and AKAR2 for PKA activity, has been used to
study oscillations in second-messenger signaling cascades in dissociated cultures of retinal
neurons (Dunn et al., 2006). Furthermore, using viral delivery of the AKAR2 reporter,
nuclear and cytosolic PKA dynamics have been studied in individual neurons in mouse brain
slice preparations (Gervasi et al., 2007). Similar to GEIs for PKA, by choosing different
cognate peptide and binding domains, sensors of other protein kinases, such as Akt/protein
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kinase B, protein kinase C, and AMP-dependent protein kinase, have been generated (Sasaki
et al., 2003; Violin et al., 2003; Tsou et al., 2011). Their signals often reflect a balance
between the phosphorylation reaction by the kinase and the dephosphorylation reaction by
cellular phosphatases. When using these GEIs, it is important to validate their sensitivity and
specificity (Vincent et al., 2008), and a GEI variant with spoiled phosphorylation site is
often a useful negative control.

To report cellular cGMP dynamics, FRET-based and cpFP-based GEIs have been designed
(Honda et al., 2001; Nausch et al., 2008). Furthermore, to detect the upstream signaling
molecule nitric oxide (NO), a FRET-based cGMP reporter can be used in combination with
soluble guanylate cyclase, a nitric oxide (NO)-dependent enzyme; exposure to minute NO
leads to formation of several cGMP molecules and thus amplifies the fluorescent signal.
This amplification scheme has been used to detect picomolar NO released from cultured
hippocampal neurons (Sato et al., 2006).

Small GTPases
Small GTPases regulate cytoskeletal dynamics at the neurite growth cone (Dickson, 2001).
Small GTPases are G proteins that function similar to the α-subunits of heterotrimeric G-
proteins. Small GTPases can be activated by exchange of GTP for GDP, promoted by
guanine nucleotide exchange factors, and they are inactivated when GTP is hydrolyzed to
GDP, promoted by GTPase activating proteins. To image the activated conformation of a
small GTPase, one successful strategy uses the target GTPase and a binding partner labeled
with the respective partners of a FRET pair. The binding partner selectively recognizes the
GTP-bound, activated conformation of the GTPase, leading to a dynamic FRET signal that
provides a readout for activation (Kraynov et al., 2000). This strategy has been adapted to
engineer GEIs based on intramolecular FRET, and sensors have been developed to detect
the activation of Ras and Rho family members – Ras, Rap1, RhoA, Rac, Cdc42 – as well as
for other small GTPases (Mochizuki et al., 2001; Itoh et al., 2002; Yoshizaki et al., 2003;
Pertz et al., 2006; Aoki et al., 2008; Sabouri-Ghomi et al., 2008).

Neurite outgrowth in the PC12 cell line has been examined extensively using GEIs for Ras
and Rho small GTPases (Nakamura et al., 2008). The Raichu series of GEIs allow neurite
outgrowth to be monitored in parallel with G protein activity, revealing signaling
requirements for the successful action of outgrowth signals such as nerve growth factor or
dibutyryl-cAMP (Goto et al., 2011). Quantitative live-cell imaging has also provided spatial
and temporal parameters characterizing the Rac1 and cdc42 signaling pathway for neurite
outgrowth (Aoki et al., 2004; Aoki et al., 2005; Aoki et al., 2007). These parameters were
used to create a signaling model, predicting that a PI-5phophatase negatively regulates
outgrowth (Aoki et al., 2007). Experimental verification of this prediction shows that this
type of quantitative analysis and modeling may provide valuable insights into the
convergence and divergence of signaling pathways governing neurite outgrowth and
guidance.

These GEIs have also been used to show that Rac and RhoA regulate dendritic spine
morphogenesis in cultured hippocampal neurons. Both overexpression of a constitutively
active RhoA mutant and knockdown of the polarity protein PAR-6 inhibit dendritic spine
formation. Imaging the Raichu GEI for RhoA demonstrated that PAR-6 knockdown caused
increased RhoA activity, suggesting that PAR-6 promotes spine morphogenesis by negative
upstream regulation of RhoA (Zhang and Macara, 2008). Similarly, imaging Rac activity
suggested a delineation of several steps of NMDAR regulation of spine morphogenesis. The
guanine nucleotide exchange factor PIX activates Rac, and PIX interaction with Rac is
promoted by CaMKK/CaMKI. Ras imaging showed that Ras activity in dendritic spines can
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be increased by depolarization in a CaMK dependent manner, and overexpression of a
phosphorylation deficient PIX dominant negative can attenuate activation (Saneyoshi et al.,
2008). These imaging data may suggest that NMDAR activation causes calcium influx and
CaMK activation, and these signaling events could lead to local phosphorylation of PIX and
subsequently local activation of Rac to promote spine morphogenesis.

Imaging RhoA activity in cultured cortical neurons and in brain slices has also shown that
the subcellular localization of RhoA activation is important for the regulation of cortical
neuron migration during development (Pacary et al., 2011). The regulatory proteins Rnd2
and Rnd3 promote neuronal migration by inhibiting RhoA activity, but knockdown has
different pathological phenotypes. In this study, Raichu was genetically targeted to different
subcellular compartments, and imaging RhoA activity demonstrated that only Rnd3
knockdown increases RhoA activity at the plasma membrane. The spatial resolution
resulting from this strategy was instrumental for showing that spatial organization of RhoA
activity existed and that compartmentation of signaling components may be a key regulatory
feature in neuronal migration.

Proteases
Protease activity regulates numerous signaling events including neuronal cell death, and
FRET-based GEIs have long been used to monitor proteolytic cleavage of substrates.
Sensors of proteolysis can be created by fusing a FRET pair using a peptide linker that
contains recognition and cleavage sites. For example, FRET-based GEIs containing the Asp-
Glu-Val-Asp (DEVD) caspase cleavage sequence have been used to monitor apoptosis (Xu
et al., 1998). In the absence of caspase activity, the FPs remain covalently attached, and their
close proximity results in a high FRET state. Upon proteolytic cleavage, the FPs can diffuse
away from one another resulting in a loss of FRET, indicating caspase activation and
apoptosis.

These FRET-based GEIs of protease activities have greatly complemented biochemical and
genetic techniques in the study of neuronal cell death. GEIs containing the DEVD cleavage
site have been used to investigate the role of the Puma, a BH3-only proapoptotic protein, in
caspase dependent and independent neuronal cell death (Tuffy et al., 2010). The DEVD
cleavage site can also be replaced by other cleavage motifs, and the cleavage domain can
even be an entire protein such as the full-length BID protein, another BH3-only proapoptotic
protein (Ward et al., 2006). Glutamate excitotoxicity can induce caspase cleavage of full-
length BID, and the truncated BID product can activate mitochondrial apoptosis pathways.
Imaging a CFP-BID-YFP construct revealed the kinetics of caspase proteolysis of BID as
well as the translocation of both full-length and truncated BID to mitochondria in cerebellar
granule neurons (Ward et al., 2006).

Glutamate receptor activation can also lead to activation of other proteases such as calpains.
Calpains are Ca2+-dependent proteases, and two types have been identified that have
micromolar (μ-calpain) and millimolar (m-calpain) affinity for Ca2+. Calcium influx
following synaptic activity has been proposed to activate calpains, causing proteolytic
cleavage of cytoskeletal, receptor, and cytosolic substrates. The identity of these substrates
suggests that calpain activity may modulate morphology, synaptic plasticity, and cell death
(Zadran et al., 2010). A GEI of calpain activity was designed using a fusion between ECFP
and EYFP linked by the calpain recognition site from α-spectrin (Vanderklish et al., 2000).
The sensor was also targeted to postsynaptic dendritic spines using the Shaker PDZ domain.
Imaging this sensor in cultured hippocampal neurons and organotypic hippocampal slices
revealed that activation of glutamate receptors decreases FRET within minutes,
demonstrating activity-dependent calpain activation (Vanderklish et al., 2000). Imaging
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experiments also showed that chronic glutamate exposure causes a large sustained increase
in cytosolic Ca2+ that precedes calpain activation. These imaging data suggest that calpain
cleavage of the sodium-calcium exchanger is not responsible for the loss of calcium
homeostasis and eventually cell death, as had been previously hypothesized (Gerencser et
al., 2009).

Reactive Oxygen Species and Redox Potential
Reactive oxygen species (ROS) and free radicals are generated in diverse metabolic
processes, and they can often act as messengers in signal transduction by altering the
reduction-oxidation (redox) status of various signaling proteins (Winterbourn, 2008).
Considering the importance of ROS and redox signaling in cellular physiology, numerous
chemical-based probes (Wardman, 2007) and genetically encoded GFP-based biosensors
(Meyer and Dick, 2010) have been devised. These reporters can assess either the cellular
redox status in general, or a particular ROS or redox metabolite.

As reporters of general cellular redox status, redox-sensitive yellow FPs (rxYFPs)
(Ostergaard et al., 2001) and redox-sensitive green FPs (roGFPs) (Hanson et al., 2004) have
been created by engineering two surface-exposed cysteine residues near the chromophore.
The thiol oxidation status of these cysteines is influenced by cellular oxidants and
antioxidants, and redox status affects the FP conformation and the fluorescence response.
Compared with the rxYFP reporter, roGFP is more commonly used for two reasons: first,
unlike rxYFP, roGFP is ratiometric and thus provides a more quantitative measurement;
second, some roGFP variants are notably pH resistant (Meyer and Dick, 2010), while rxYFP
is pH sensitive in the physiological pH range (Ostergaard et al., 2001). By using targeting
sequences to various cellular compartments, these redox-sensitive reporters can report the
general redox states of mitochondria, nuclei, and endoplasmic reticulum (Dooley et al.,
2004; Merksamer et al., 2008), and the GEIs have been expressed in dissociated neuronal
cultures for bioenergetics studies (Vesce et al., 2005). In addition, transgenic mice have been
generated to express the mito-roGFP biosensor under the control of the tyrosine hydroxylase
promoter. By imaging acute brain slices with two-photon microscopy, mitochondrial oxidant
stress levels were monitored in substantia nigra dopaminergic neurons during activity
(Guzman et al., 2010).

Although roGFP variants have undefined redox specificity, other fluorescent sensors have
been engineered to address this issue by linking GFP variants to specific ROS binding
protein domains. For instance, a fluorescent reporter of hydrogen peroxide, named HyPer,
has been created by linking a cpYFP to a bacterial H2O2 binding domain OxyR (Belousov et
al., 2006). Unfortunately, HyPer is very pH sensitive like many cpFP-based GEIs, and a pH
fluctuation of 0.3 units can mimic the entire excursion of the sensor response. It is thus
important to monitor pH to correct for artifacts in the sensor measurements. Fortuitously, it
has been found that cpYFP by itself, even with no linkage to any ligand binding domains,
could report superoxide. While cpYFP has been exploited to monitor superoxide burst in
single mitochondria (Wang et al., 2008b), it is unclear how superoxide interacts with the
cpYFP chromophore, and whether this interaction is specific for superoxide.

In addition to ligand binding domains, redox enzymes can be linked to GFP variants to
create fluorescent reporters with defined redox specificity. For instance, while roGFP2 by
itself reports the general cellular redox status, by linking roGFP2 to a human thioltransferase
Grx1, a fluorescent reporter specific for glutathione redox has been created (Gutscher et al.,
2008). Not only is Grx1-roGFP2 pH resistant, but it is also fast in its response to changes in
glutathione redox. Using a similar strategy, fluorescent sensors of other redox equilibria can
be created as well (Gutscher et al., 2009).
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Challenges for Using GEIs
We believe that GEIs provide a unique and powerful method for monitoring neuronal and
glial activity in live cells, but there are many important challenges for using GEIs that
should be reiterated, including specificity and expression induced pathophysiology.

Engineering and validating the specificity of a GEI is both a critical and non-trivial task in
sensor development. As mentioned throughout this review, pH sensitivity is a pervasive
problem for GEI specificity. Many GEIs are significantly pH sensitive and require
correction in order to discriminate real changes of interest from signal artifacts caused by pH
changes (Berg et al., 2009). pH is not the only culprit, however, and many other
environmental factors can cause signal artifacts or changes in a GEI’s sensing characteristics
(Willemse et al., 2007; Takanaga et al., 2008). For example, interpretation of cpYFP
responses in mitochondria as an indication of superoxide flashes (Wang et al., 2008b) has
been questioned because of alternative interpretations of pharmacological data (Muller,
2009) and the inherent pH sensitivity of the probe (Schwarzlander et al., 2011). This case
illustrates how, even with significant sensor characterization (Wang et al., 2008b), questions
of specificity can arise as the GEI is used, and equivocal sensing behavior may merit deeper
investigation. Therefore, due diligence in the characterization of interferences in vitro and in
the validation of specificity in vivo is required in order to establish GEIs as reliable tools in
neurobiology, otherwise uncertainty over the specificity of a GEI can cause confusion and
controversy over the interpretation of data.

Pathophysiology induced by expression of GEIs is also an undesired outcome that should be
considered. As previously mentioned, alteration or interaction with endogenous signaling
pathways by expressed GEIs can seriously compromise the utility of a reporter (e.g. GEIs
that buffer low level analytes or bind signaling proteins with greater occupancy than
endogenous binding partners). It is always possible that the expression of a foreign protein
can have unexpected and unwanted effects on the anatomy and physiology of the system.
While GFPs have generally been shown and assumed to be inert reporters in vitro and in
vivo (Feng et al., 2000; Zuo et al., 2004), there are several examples in the literature
demonstrating that the innocuousness of GFP or GEI expression should be explicitly tested.
Early reports indicated that overexpression of GFP in cell lines can be cytotoxic with
increased apoptosis (Hanazono et al., 1997; Liu et al., 1999). Targeted expression of GFP
can cause fatal cardiomyopathy in mice (Huang et al., 2000), and GFP has been shown to
interfere with excitation-contraction coupling by interacting with myosin (Agbulut et al.,
2006). It has also been reported that GFP can unexpectedly attenuate NFκB signaling and
polyubiquitination (Baens et al., 2006). Importantly, GFP expression in the brain can
increase the expression of stress response associated genes (Comley et al., 2011) and may be
neurotoxic causing significant neuronal death (Krestel et al., 2004; Klein et al., 2006). These
examples serve as a reminder that all observation methods, including optical monitoring of
GEIs, perturb the system to some extent. While the literature suggests that GFP and GEIs
can be used with minimal perturbation of cellular function, explicit experimental validation
of this supposition should not be neglected.

Finally, and most trivially, low fluorescence or small fluorescence changes can be a practical
limitation on the use of many GEIs in cells: the real-world signal-to-noise in the presence of
instrumentation noise and background fluorescence may just be too small for detecting
subtle changes in the physiological targets of the indicators.

Future Directions
Many GEIs have been engineered for monitoring metabolic and signaling dynamics in the
brain. While these provide a significant tool set, it is far from complete. Obviously,
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continued engineering of new GEIs for different targets is a major challenge. Compared to
the tens of thousands of unique metabolites and proteins, currently only a tiny fraction can
be directly imaged with GEIs. While some general design principles have emerged,
numerous challenges remain in the engineering and application of GEIs. These challenges
extend to all levels of the methodology from basic FP chemistry up to systems level
modeling.

There is no doubt that GEI development will benefit from an increased understanding of FP
chemistry and photophysics. Biological factors such as changing pH and ROS levels are
unavoidable, and a mechanistic understanding of how these factors affect FP fluorescence
will aid the optimization of GEIs. Likewise, a mechanistic understanding of photophysical
properties such as photoconversion, photobleaching, and photoisomerization will hopefully
lead to the continued engineering of new FPs with improved characteristics. The
development of new FP color variants will also greatly facilitate the diversification of GEI
color schemes, a key requirement for multiplex imaging of several GEIs simultaneously.

It will also be important to promote the development of multiphoton microscopy techniques
for imaging of GEIs in thick samples and in vivo. Combining GEIs with multiphoton
imaging can be a powerful, non-invasive method for visualizing signaling dynamics in intact
networks (Svoboda and Yasuda, 2006). Alternative methods such as two-photon
fluorescence lifetime microscopy also show promise for quantitative imaging of FPs and
GEIs in vivo (Drobizhev et al., 2011). Hopefully, the techniques and instrumentation will
become more accessible so that imaging experiments can be carried out more routinely in
live animals, providing better physiological parameters.

Finally, quantitative analysis of data from parallel imaging studies will be important for
building systems level models. Models can provide a great deal of insight into the control
and behavior of intricate metabolic and signaling networks, but models are limited by the
empirical parameters they are built from. Imaging GEIs in vivo will be a critical step in
building physiologically relevant models of brain function.

Conclusion
Fluorescent protein based sensors provide a powerful tool for quantitative live-cell imaging,
and consequently the field of protein engineering and genetically-encoded indicators has
grown immensely. Here, we have outlined several design strategies for the development of
genetically-encoded indicators, and we have provided several examples of their use in brain-
related studies. These sensors provide a high level of spatial and temporal resolution, and the
ability to monitor signaling dynamics on either the single-cell or population level has
revealed many new details about biological networks. While the development and
optimization of new sensors can require several years of engineering work, we believe the
payoff is well worth the effort.
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Figure 1.
Design strategies for engineering genetically-encoded indicators. Fluorescent proteins are
shown as cylinders. Sensor domains are boxes or spheres in orange or purple. Target ligands
are shown in red. Examples are shown for indicators of small molecule analytes, but the
designs can also be applied to engineer indicators of enzyme activity or protein activation.
(A) A single environmentally-sensitive fluorescent protein acts as the sensor and reporter.
(B) Circular-permutation of a fluorescent protein renders its fluorescence sensitive to a
conformational change in a sensor domain. The sensor domain may consist of two proteins
or peptides attached to the new termini of the circularly-permuted fluorescent protein (top).
Alternatively, the circularly-permuted fluorescent protein may be inserted into a sensor
protein in a region that experiences a conformation change (bottom). (C) Fluorescent
proteins are attached to two parts of a sensor domain that experience a relative motion, and
the conformational change can alter the distance or orientation between the fluorescent
proteins, changing the FRET efficiency. (D) A fluorescent protein is attached to a sensor
domain that localizes differently depending on ligand binding or activation. In the example
shown, the indicator localizes to the plasma membrane or cytosol depending on the ligand
status.
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Figure 2.
A hypothetical GEI dose-response curve. The physiologically relevant dynamic range
(FHigh/FLow) is usually smaller than the GEI’s maximum fluorescence dynamic range
(FCeiling/FFloor) because only a portion of the total sensing range is sampled in the
physiological scenario.
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Figure 3.
Protonation of the fluorescent protein chromophore and its effects on the absorbance and
fluorescence spectra. The example is theoretical but based on the wild type green fluorescent
protein chromophore and spectra. In the physiological pH range, the chromophore can be
protonated in a neutral “A” state or ionized in an anionic “B” state (top). Two peaks in the
absorbance spectrum (solid blue curve) reflect the two states. A single peak is observed in
the fluorescence emission spectrum (dotted green curve) when exciting the B state, and a
similar emission spectrum is observed when exciting the A state because excited-state
proton transfer occurs, creating an anionic excited state I* very similar to the B* anionic
excited state. Simplified Jablonski diagrams are superimposed to represent energy
transitions following absorption (blue arrow) and resulting in fluorescence emission (green
arrow). The B and B* energy levels are shown lower in the diagram for visual clarity and
are not indicative of actual energy differences with the A or I states.
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