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v

 During the last three decades, we experienced two major method revolutions in biology—
the development of PCR and the introduction of the green fl uorescent protein. To my 
mind, we are now in the midst of another revolution, which is the use of optical approaches 
in biomedical research. This optical revolution, if you will, is an amalgam of amazingly 
superior new equipment, including multiphoton and super-resolution microscopes, and an 
ever-growing zoo of light-responsive molecules, many of whom are biologically active. In 
particular, researchers are keenly interested in being able to use light for controlling the 
activity of proteins, the central players in cellular metabolism. There are now several differ-
ent ways to manipulate proteins with light, including light-sensitive chemical modifi cation 
of proteins and the use of naturally light-sensitive proteins. Not surprisingly, major efforts 
are underway to identify novel proteins whose activity is genetically light dependent. In 
addition, one future goal of the fi eld is to devise a genetically encoded system that can ren-
der every protein of choice light-sensitive. If the heavy use of fl uorescent proteins and 
opsin-based channels is any indication, there is a huge market for additional molecular 
tools, and, presumably, there are many more light-responsive proteins with exciting proper-
ties existing in nature that we just have not discovered yet. 

 This issue of Methods in Molecular Biology on Photoswitching Proteins is timely in its 
attempt to provide a comprehensive, critical view of the currently available techniques to 
manipulate proteins with light. The focus, albeit not exclusively, has been on proven appli-
cations of photoswitching proteins rather than brand new tools that have not been tested 
in an experimental setting. Also, the selection of topics in this issue was made to emphasize 
applications of photoswitching proteins in neurobiology. Optical approaches have been 
mostly advanced by the neurosciences, where the fi eld was and is in dire need for new tools 
that allow fast, high-resolution characterization and manipulation of single cells in complex 
neuronal tissue. And in a “trickle-down effect,” many of these optical approaches are now 
embraced by other fi elds as well. Apparently, if a method works in neurobiology it works 
well in other areas too! 

 With all the available light-responsive molecular tools and fancy microscopes, it is easy 
to get excited about the possibilities that open up for research in the twenty-fi rst century. 
It is clear that the future of biomedical research is bright, and it will be fascinating to see 
where optical approaches can to take us in the upcoming years.  

    Heidelberg, Germany Sidney     Cambridge    

  Pref ace     
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Chapter 1

Photoinduced Damage Resulting from Fluorescence 
Imaging of Live Cells

Matthew K. Daddysman, Michael A. Tycon, and Christopher J. Fecko

Abstract

The widespread application of fluorescence microscopy to study live cells has led to a greater understanding 
of numerous biological processes. Many techniques have been developed to uniquely label structures and 
track metabolic pathways using fluorophores in live cells. However, the photochemistry of nonnative com-
pounds and the deposition of energy into the cell during imaging can result in unexpected and unwanted 
side effects. Herein, we examine potential live cell damage by first discussing common imaging consider-
ations and modalities in fluorescence microscopy. We then consider several mechanisms by which various 
photochemical and photophysical phenomena cause cellular damage and introduce techniques that have 
leveraged these phenomena to intentionally create damage inside cells. Reviewing conditions under which 
intentional damage occurs can allow one to better predict when unintentional damage may be important. 
Finally, we delineate ways of checking for and reducing photochemical and photophysical damage.

Key words Epifluorescence, Confocal microscopy, Multiphoton microscopy, Photodamage, Ablation, 
Reactive oxygen species, Radical

1 Introduction

The use of light to interrogate live cell processes has resulted in 
great mechanistic and structural insight. Fluorescence microscopy 
has become one of the most widely used light microscopy tech-
niques due to inherent advantages that include selective labeling 
and imaging of low concentrations of fluorophore [1, 2]. However, 
the introduction of exogenous fluorophores necessary for fluores-
cence microscopy inherently modifies the photochemistry of the 
cell, particularly in the vicinity of the tagged molecule. It is impor-
tant to be aware of the potential for unnatural cellular damage that 
can be attributed to these exogenous molecules, which presents as 
a confounding variable in live cell microscopy experiments. We 
note that the presence of the fluorophore may have adverse conse-
quences even in the absence of light (e.g., protein inactivation due 
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to the addition of a GFP tag [3, 4]), but this chapter only considers 
negative photoinduced effects due to imaging the sample.

Damage resulting from fluorescence microscopy can generally be 
divided into two broad categories, photochemical or photophysical. 
The likelihood that each type of damage will adversely affect the experi-
ment is determined by the choice of microscopy method and fluoro-
phore, which we refer to using the collective term imaging modality. We 
begin by reviewing such imaging considerations and then discuss the 
photochemical and photophysical damage mechanisms in more detail. 
Finally, we suggest potentials tests for damage and suggest best practices 
to avoid unwanted photodamage in live cell experiments.

2 Imaging Considerations

Before discussing potential pitfalls inherent in imaging live cells, 
we first wish to review important terminology for later reference. 
The terms energy, power, and intensity describe the strength of the 
light used to image samples. Although they are closely related 
quantities, each has a specific meaning that can be important for 
considering mechanisms of light-induced damage.

Optical microscopy takes advantage of light–matter interactions 
to gain spatial information about samples. Images result from the 
absorption, emission, or scattering of individual photons by mole-
cules within the sample. The energy per photon (E) is related to the 
frequency (ν) or the wavelength (λ) of light by Plank’s constant (h):

 
E hv E

hc
= =or

l  
In most fluorescence-based imaging experiments, the wave-

length must be selected so that the energy of incident photons 
matches the gap between the ground state and excited electronic 
state of the fluorophore. When a fluorophore molecule is excited, 
it usually relaxes by emitting a photon (fluorescence) but can also 
relax through other nonradiative pathways that can lead to cellular 
damage. The SI unit of energy is the Joule (1 kg m2/s2), though 
some optical experiments quote energy in terms of electron-Volts, 
where 1 eV = 1.6 × 10−19 J.

Power is the rate at which energy is transferred; the SI unit is 
the Watt (1 J/s). Most optical microscopy experiments utilize light 
sources whose power output is time independent, such as arc lamps 
or continuous wave lasers. However, pulsed lasers are used for 
some specialized types of optical imaging, such as multiphoton 
microscopy (MPM), because they deliver many photons in a 
shorter period of time. For example, Ti:sapphire lasers that are 
most typically used for MPM produce a train of pulses whose dura-
tion is ~100 fs separated by dark periods that last for ~10 ns. Other 
lasers may produce picosecond- or nanosecond-duration pulses. 
The power of a pulsed laser can be described as either the 

2.1 Illumination 
Parameters

Matthew K. Daddysman et al.
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time- averaged quantity or the peak power achieved during a single 
pulse. The time-averaged power is measured over numerous cycles, 
often using a power meter with a response time much longer than 
the repetition rate. However, since the “dark period” usually is 
much longer than the brief flash of light, the time-averaged power 
is often much lower than the peak power. The peak power, Ppeak, is 
approximately given by

 

P
P

t
T

peak
avg=

 

where Pavg is the time-averaged power, and t is the length of time 
that the laser is emitting light per complete cycle of length T. For a 
Ti:sapphire laser that has a 80 MHz pulse frequency and a 120-fs 
pulse duration, a time-averaged power of 10 mW (a common value 
for MPM imaging) corresponds to a peak power of 1,000 W. The 
peak power is five orders of magnitude larger than the time- averaged 
power. These large peak powers are leveraged to drive nonlinear 
transitions in molecules resulting in multiphoton photoexcitation, 
which can then lead to fluorescence or cellular damage.

Intensity is the measure of power per unit area, and its SI unit 
is Watts per square meter (often expressed as W/cm2). In micros-
copy literature, the intensity is sometimes specified at the focal plane 
of the objective lens. However, the intensity of a focused beam can 
be challenging to measure directly, so it is important to note that 
the quoted values are often estimated based on an expected (theo-
retical) illuminated area. The actual illuminated area can differ sub-
stantially from this calculated value. It is also important to note 
that the same incident power can result in different intensities when 
using different objective lenses or in different optical configura-
tions. A tighter focus will increase the intensity with the same inci-
dent power. For example, when using a laser scanning microscopy 
method all of the incident power is focused to a diffraction-limited 
spot at the focus of the objective lens. This results in a much higher 
intensity at each point compared to using widefield illumination, in 
which a much larger field is illuminated somewhat evenly. However, 
the high intensity used in laser scanning is counteracted by reducing 
the observation time for each point to a few microseconds, whereas 
in widefield illumination the entire field of view is illuminated dur-
ing the whole frame exposure time. Therefore, the total energy 
delivered to each point in a sample may be similar in widefield and 
laser scanning microscopies even though the peak intensity is much 
larger in laser scanning microscopy.

As will be described later, the illumination parameters are criti-
cally important in determining the potential photoreactions that 
occur in a system. Therefore, it is important that these parameters 
are included in publications. We have noticed that laser powers are 
sometimes not expressed as useful or reproducible quantities in the 

Photoinduced damage
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literature, e.g., including a percentage of the maximum laser power, 
a specific setting on the imaging software, or as the level of current 
used to operate the laser. Such specifications are not useful for 
most outside researchers. Even researchers that have the same 
microscope setup can experience differences in beam alignment 
and laser (or arc lamp) age that will result in different powers at the 
objective. Therefore, it is imperative that all powers should be 
measured with a power meter at the objective as part of the experi-
ment and reported along with the objective used so that the exper-
iments can be reproduced by others.

This chapter is primarily concerned with photoinduced damage 
(both intentional and unintentional) that can occur during optical 
imaging of biological samples, with a focus on fluorescence micros-
copy and related photoactivation/photoswitching techniques. 
Fluorescence microscopy offers the advantage of detecting specific 
subcellular or molecular components by targeted labeling, but it 
also offers advantages over other optical microscopy methods that 
are primarily due to the properties of fluorescence. Fluorescence 
emission is shifted to wavelengths longer than those required for 
excitation. This Stokes shift is due to a small amount of energy dis-
sipation that occurs on an ultrafast time scale in the electronically 
excited state of the fluorophore. The wavelength difference allows 
the excitation light to be filtered out to produce a background-free 
emission signal, which is ideal for imaging low concentrations of 
fluorophore. This is especially important if the molecule to be 
detected exists in a low copy number inside the cell. However, 
introducing and exciting an exogenous fluorophore in the cellular 
system result in potential artificial photochemical pathways that 
can disrupt cellular processes in nonnative ways. We discuss this 
possibility in both intentional and unintentional contexts.

The simplest florescence microscopy technique is widefield epi-
fluorescence. In this configuration, the excitation light from an 
incoherent source is used to illuminate a large area in the focal plane 
of the objective lens. A portion of the sample fluorescence, which is 
emitted in all directions, is collected by the same objective lens. The 
fluorescence is optically separated from the excitation light by a 
dichroic mirror and bandpass filter before being  refocused onto an 
image sensor. As mentioned above, this method uses relatively low 
intensity (typical time-averaged intensities are 10–102 W/cm2) but 
continuous excitation light (0.1–1-s illumination times). It is useful 
for basic imaging of thin specimens, but optically thick samples typi-
cally require a more specialized method to reduce out-of-focus con-
tributions to the signal. Widefield configurations do not easily allow 
for selective illumination of small sample regions, a feature desirable 
for experiments that employ photoswitchable labels. As extensions 
of conventional widefield techniques, the bourgeoning fields of 

2.2 Imaging Modality

Matthew K. Daddysman et al.
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 single-molecule microscopy and superresolution microscopy have 
provided a means to extract even more detailed information about 
biological processes in cells. Given the high signal-to-noise require-
ments of such experiments, many studies use much higher optical 
intensities than conventional widefield imaging.

Laser scanning confocal fluorescence microscopy offers 
increased optical resolution and the ability to target specific regions 
for photobleaching or photoswitching. It is most commonly 
applied in a laser scanning configuration in which excitation light 
from a laser is focused to a point in the sample by the objective 
lens. This point is raster scanned across the field of view by chang-
ing the angle at which the laser light enters the back aperture of the 
objective lens [5]. Fluorescence from the sample is again collected 
by the objective lens and separated from the excitation light by a 
dichroic mirror and bandpass filter. However, light emitted by flu-
orophores that lie outside the objective lens focal plane is rejected 
by passing the sample fluorescence through a pinhole before it is 
detected by a photomultiplier tube. Confocal laser scanning uses 
higher intensities (typically time-averaged intensities are 105–
106 W/cm2) but shorter pixel illumination times (typical pixel 
dwell times of 2–20 μs) than widefield epifluorescence. It is 
straightforward to illuminate small sample regions by limiting the 
point scanning area. Confocal detection can also be achieved in a 
parallel configuration termed Nipkow spinning disk microscopy by 
using a disk of pinholes, though this method limits the ability to 
excite small sample regions.

MPM is another laser scanning method that offers resolution 
similar to confocal microscopy [6]. It is based on multiphoton 
excitation of fluorophores, which is the process whereby molecules 
absorb two or more photons simultaneously, yielding an excited 
state whose energy is approximately the sum of the photon ener-
gies. Because the rate of multiphoton absorption depends nonlin-
early on the excitation light intensity, imaging conditions are 
typically chosen so that only fluorophores in the focal volume of 
the objective lens (the region of highest intensity) have an appre-
ciable excitation probability. The primary advantage of MPM over 
confocal microscopy is that enhanced axial resolution is achieved in 
the excitation pathway rather than the imaging pathway. By 
 localizing excitation to the focal point of the objective lens, out-of- 
plane photobleaching and photodamage are eliminated. However, 
the large peak intensities necessary for MPM can result in direct 
absorption by nontarget biomolecules in the cell, triggering col-
lateral cell damage and death (discussed in detail below) [7]. 
Another advantage of MPM is the use of near-infrared excitation 
light, which is absorbed and scattered less by biological samples 
than visible light and has almost no absorption by water. Most 
MPM systems use femtosecond lasers because they offer extremely 

Photoinduced damage
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high peak intensities (typically time-averaged intensities are 106–
107 W/cm2, corresponding to peak intensities of 1011–1012 W/
cm2) that are required to drive the nonlinear excitation. A smaller 
fraction of the incident light is absorbed in MPM as compared with 
confocal excitation, and the pixel illumination times are similar 
(typical pixel dwell times of 2–20 μs). Although often referred to 
in early MPM literature, use of picosecond lasers is less common 
for two-photon excitation but still prevalent for other forms of 
nonlinear microscopy.

In addition to the imaging modality, the choice of fluoro-
phore is an important consideration for preventing photodamage 
in live cell samples. One class of fluorescent dyes is molecular fluo-
rophores, composed of small organic molecules. These molecules 
are bright and relatively photostable; however, they must be 
introduced into the cell in some manner to be used in live cell 
studies. Additionally in studies where specific biomolecules are 
targeted, the fluorophore molecule must bind chemically to the 
target. Markers have been engineered that are specific for cellular 
substructures, targeting incorporation into lipophilic domains for 
membrane studies or that exhibit high binding affinities to DNA 
to mark nuclear locations or track genomic processes [8]. 
Furthermore, since the molecular fluorophore is attached directly 
to the structure, any production of photochemically reactive spe-
cies will directly affect the attached molecule. In some cases, tryp-
tophan or endogenous small molecules are used as fluorophores 
in cells; their use in fluorescence microscopy can cause photodam-
age similar to nonnative molecules.

Various protein fluorophores exist such as the green flores-
cence protein (GFP) (and various mutations) isolated from 
Aequorea jellyfish [9] and DsRed (and mutations) isolated from 
Discosoma striata coral [10]. These proteins have the key advan-
tage that they can be introduced into an organism’s genome 
through recombinant techniques to be expressed as transgenes, in 
its native form or fused to a protein of interest. Additionally, fluo-
rescent proteins are typically less phototoxic than molecular fluoro-
phores [11], presumably due to their structure in which the 
chromophore is buried inside a β-barrel, limiting the release of 
reactive photochemical by-products [12]. However, the protein 
must be either transiently or permanently transfected which may 
be difficult depending on the model organism.

The last class of fluorophore is the quantum dot, a semicon-
ductor fluorophore that is larger (2–20 nm) than an organic or a 
protein fluorophore. Quantum dots have high quantum efficien-
cies and are more resistant to photobleaching. However, the large 
size of the quantum dot limits their introduction into live cells. 
Thus their primary usage is in single-molecule, in vitro experi-
ments and we will not consider them further.
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3 Cellular Damage

Optical imaging of cells or tissue can introduce excess energy that 
may lead to biological damage of the sample. However, it is impor-
tant to note that simple exposure to light does not necessarily 
cause the deposition of optical energy into the sample. For exam-
ple, transmitted light microscopy is based on phenomena such as 
scattering and diffraction that typically deposit little or no energy 
into the sample. On the other hand, fluorescence microscopy and 
related techniques usually require photon absorption and are thus 
much more likely to cause photodamage. We note that our discus-
sion is restricted to biological samples that do not contain endog-
enous species that strongly absorb visible or near-infrared light, 
such as melanin or hemoglobin.

There are many mechanisms by which light–matter interac-
tions can damage biomolecules, but most fall into one of the two 
general categories. The first category includes photochemical 
mechanisms that produce damage via absorption-induced genera-
tion of highly reactive chemical species, such as free radicals and 
reactive oxygen species (ROS). The second category encompasses 
photophysical mechanisms in which photon absorption modifies 
the physical properties of the system, such as local heating due to 
nonradiative relaxation of excited molecules. Damage mechanisms 
in both categories are important for all forms of fluorescence 
microscopy techniques, but some imaging methods are more 
prone to a particular subset, as described below.

In some cases, optical techniques have been developed to 
intentionally induce specific types of damage in samples. For exam-
ple, it is sometimes desirable to damage a small portion of genomic 
DNA, to investigate mechanisms of DNA damage repair [13]. 
However, it is more often desirable to avoid perturbing samples 
during optical imaging, so it is important to consider how to avoid 
introducing unwanted damage and how to determine if photo-
damage is occurring.

We consider specific photochemical and photophysical mecha-
nisms in more detail below by first introducing several 
 microscopy- based techniques that are specifically intended to gen-
erate damage. We then discuss ways to detect and avoid unwanted 
damage during optical imaging experiments.

Paramount among the assumptions made in the use of fluorescent 
reporter molecules is that they do not perturb the system under 
observation. Unfortunately, this assumption is not always valid. 
One common source of photodamage arises from chemical reac-
tions of the fluorophore in its lowest energy electronic excited state, 
which we refer to as photochemical damage. The usual pathway for 
energy relaxation from this excited state is photon emission, but 

3.1 Mechanisms 
of Damage

3.1.1 Photochemical 
Mediated Damage

Photoinduced damage
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there often exist other possible excitation relaxation pathways, such 
as the chemical reactions discussed below. These reactions can also 
lead to fluorophore photobleaching, which is a permanent chemi-
cal rearrangement of the fluorophore such that fluorescence is 
no longer the primary relaxation pathway. Most fluorophores 
undergo 105–106 excitation cycles before photobleaching. As dis-
cussed below, photobleaching may indicate the production of ROS 
[14, 15]; however, the production of these damaging species may 
be cryptically occurring even without a visible loss of fluorescence 
from the sample. In either case, photochemical damage is typically 
cumulative as it relies upon the net number of excitation events 
(i.e., the net amount of energy deposited) only and not the rate 
at which the excitation events occur (i.e., the power or the 
intensity).

Excited fluorophores can occasionally interact with their sol-
vent environment creating short-lived, damaging radical species 
capable of destabilizing or destroying other biomolecules. The 
process begins when molecular fluorophores, excited by appropri-
ate wavelength visible light, are promoted to a singlet excited state. 
One mode for the energetic relaxation of these species is to emit a 
photon; however, the high cycling rate induced by high light 
intensities used in confocal or MPM increases the population of 
triplet state species (the triplet state quantum yield can be as high 
as 5 % for some molecular fluorophores). Molecular oxygen, which 
exists in a triplet ground state configuration, can readily interact 
with this excited state fluorophore. Energy transfer between these 
species results in the formation of singlet oxygen, while electron 
transfer results in the formation of superoxide and a fluorophore 
radical. All of these species are highly reactive and are generated by 
the favorable downhill energetics of electron transfer to ground- 
state oxygen, coupled with the rapid diffusion of molecular oxygen 
and therefore frequent interactions [15]. These highly unstable 
species are quickly quenched in aqueous environments leading to 
the formation of hydroxyl radicals. The short-lived hydroxyl radi-
cal is the prime damage-mediating species, resulting in radical- 
induced damage to proximal biomolecules [16].

The creation of singlet oxygen and radicals has a proximal 
effect on surrounding biomolecules. The most intuitive directed 
use of this phenomenon to create damage and inactivate proteins 
is chromophore-assisted light inactivation (CALI) which inacti-
vates proteins through photochemical damage. CALI has found 
widespread application in cell biology for selective inactivation of 
proteins or fragment chromosomes [17]. Original implementa-
tions of CALI used organic molecules conjugated to protein- 
specific antibodies. However, these methods are being replaced by 
the use of encoded protein markers such as GFP. The encoded 
protein markers have the advantage of being present in the cell 
without microinjection and are “background free,” avoiding 
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potential complications from unbound, excess antibody. However, 
GFP is not as effective a CALI agent as molecular fluorophores. 
The GFP chromophore is embedded in a β-barrel structure, isolat-
ing the chromophore center from the cellular milieu [12] and lim-
iting singlet oxygen production which is the primary cytotoxic 
mechanism generated by fluorescent proteins [18]. To counter this 
problem a more phototoxic GFP variant, KillerRed, was evolved to 
increase the phototoxicity of GFP by three orders of magnitude 
[19] [see Chapter 15 of this volume]. This protein is an excellent 
genetically encoded CALI agent. In general, GFP and the normal 
variants are very good fluorophores for imaging while reducing, 
but not eliminating, the potential for production of ROS that are 
common with molecular fluorophores.

ROS are also generated when imaging nucleic acids stained 
with intercalating dyes. This can lead to widespread genomic dam-
age, the effect of which must be carefully considered when using 
live cell DNA stains [20]. The formation of damaging hydroxyl 
radicals proximal to the site of fluorophore incorporation results in 
species that can attack DNA to produce various forms of oxidative 
radical photodamage [21], notably single-strand breaks [22, 23]. 
Single-damage events typically cleave only one strand of the DNA 
sugar-phosphate backbone [24, 25]; the accumulation of many 
single-strand breaks leads to double-strand cleavage [26]. Since 
many proteins involved in DNA replication and repair bind to 
single- stranded DNA [27–29], the presence of single-strand breaks 
induced by photoexcitation of intercalating dyes could strongly 
bias protein–DNA interactions. Additionally, widespread genomic 
damage can induce apoptotic pathways resulting in cell death. 
While favorable in emerging cancer treatments, this is likely to 
induce artifacts in experiments probing native cellular function.

Although the generation of damage-mediating radicals is 
 detrimental for most experiments, it can offer a degree of spatio-
temporal user control in instances when initiating cellular dam-
age is desirable [20, 23]. The common DNA intercalating dyes 
used for in vivo imaging application, such as Hoechst and DAPI, 
are all capable of selectively targeting DNA for fragmentation [30]. 
The incorporation of these intercalating dyes enables DNA 
 fragmentation to be initiated at particular wavelengths and in a 
dose- dependent manner. This is useful for studies of DNA dam-
age and repair mechanisms, where localized photochemical 
damage can be used to elucidate repair pathways. It has been 
shown that careful selection of the type of dye and DNA binding 
mode can be applied to tune the DNA backbone cleavage, biasing 
damage towards double- strand cleavage or single-strand breaks [31]. 
For clinical applications, the generation of singlet oxygen by fluo-
rophore sensitization has been leveraged to treat disease states 
using photodynamic therapy. Here, high-quantum efficiency fluo-
rophores are engineered to absorb at specific wavelengths and are 
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delivered to biological tissue that is targeted for destruction [32]. 
Using a myriad of light transducers, such as near-infrared sources 
with deep tissue penetration or fiber optics for the guidance of 
visible light, high-intensity light sources can be brought to bear 
on a limited tissue region. Through the mechanisms explained, 
apoptotic pathways are initiated following widespread genome 
and cell membrane disruption; therefore, the conditions men-
tioned in the above references should be avoided.

Finally, ROS can be generated from other sources in a sample, 
such as the cell medium. For example, N-2-hydroxyethylpiperazine- 
N′-2-ethanesulfonic acid (HEPES), a common buffer in cell cul-
ture medium, has the unfortunate side effect of producing hydrogen 
peroxide when used for fluorescence microscopy [33]. Even ambi-
ent light can be enough to induce H2O2 production and the onset 
of cell death due to the oxidative stress of the cell culture medium, 
which was a confounding source of error in cell culture experi-
ments until the mechanism was identified (thus always confirm 
your buffer system is compatible with your imaging conditions).

Photophysical damage mechanisms involve excited states that are 
more energetic than the lowest energy singlet state from which 
fluorescence typically arises. As examples, this category includes 
local solvent heating due to the dissipation of excess vibrational 
energy from the initial (Franck–Condon) fluorophore excited state 
and free electrons ejected by the fluorophore or solvent as a result 
of multiphoton ionization. In contrast with photochemical medi-
ated damage, photophysical damage mechanisms typically depend 
less on the total energy deposited into a sample and more on the 
intensity. For example, thermal photophysical effects such as local-
ized heating due to excited state vibrational relaxations in the fluo-
rophore can raise the temperature of solvent molecules in the 
vicinity of the fluorophore for short periods of time. Thermal 
energy dissipates from the ~femtoliter excitation volume on a 
nanosecond time scale. Thus, the use of a pulsed excitation laser 
that transiently raises the local temperature by a few degrees per 
pulse does not cause appreciable damage if the repetition rate is 
low enough to allow for thermal relaxation between pulses. 
However, higher repetition rates (higher powers) may induce 
severe thermal damage after an equivalent number of excitation 
pulses. Such thermal damage is more common in laser scanning 
experiments that use higher powers but can also occur in widefield 
imaging experiments [34].

Local thermal energy deposition can result in the proximal 
denaturing of proteins, but in a more extreme case, it can lead to 
the formation of microbubbles, referred to as cavitation. These 
microbubbles form from localized solvent expansion creating 
unstable low-pressure zones that rapidly implode, resulting in sub-
sequent cavitation damage [34]. Depending on the laser spot size 

3.1.2 Photophysical 
Mediated Damage
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and pixel dwell time, cavitation damage may be restricted to 
approximately the laser spot region resulting in mechanical dam-
age and bond breaking of proximal biomolecules. In the cases of 
long dwell times and larger spot sizes, the membrane can become 
permeable or cell ablation can result. In an imaging context, this 
damage can create significant artifacts, reduce cell viability, and 
alter cellular behavior.

Another important photophysical damage mechanism is the 
formation of highly reactive radical species due to multiphoton 
ionization of the fluorophore or the solvent (often referred to as 
solvated electrons). Due to the involvement of a multiphoton pro-
cess, this mechanism depends nonlinearly on the excitation inten-
sity and is thus typically a problem only for microscopy techniques 
that used pulsed lasers. In aqueous solution, solvated electrons 
attack biomolecules in the opposite manner of radical species, caus-
ing reductive as opposed to oxidative damage [35]. These chemical 
pathways have been shown to be equally destructive as, if not more 
destructive than, oxidative damage. Further, the reduced mass of 
solvated electrons compared to more typical free radical species 
confers a larger mean free path of diffusion and therefore larger 
damage radius. Lipid membranes are especially vulnerable to attack 
due to the unstable radical fatty acids formed. These  residues com-
promise the cell membrane [36]. If generated inside the cellular 
confines, nuclear material and mitochondria become vulnerable; 
damage to either species can initiate cell death.

In some cases, the high peak intensities cause photoionization 
of the aqueous solvent generating a large population of electrons 
that exist as plasma. These electrons are capable of absorbing addi-
tional light pulses sustaining the plasma and further propagating its 
production. In water, intensities generated by femtosecond pulsed 
lasers greater than 1 TW/cm2 for ultraviolet-B (280–315 nm) light 
and in the range of 4–10 TW/cm2 for green light [37] are required 
to initiate optical breakdown. These high intensities are unlikely to 
be encountered during most imaging experiments but can be 
achieved during certain single-molecule techniques (notably opti-
cal trapping). However, longer duration laser pulses can reduce 
this high-intensity threshold, as pico- and nanosecond green laser 
systems can lower the threshold intensity to sub-TW/cm2 [38]. 
Plasma generation has been harnessed for optical tissue microdis-
section such as creating cuts of DNA strands and microtubules 
inside of live cells [39–42]. The plasma-mediated ablation occurs 
only at the focal point of the objective due to the high-photon flux 
required for off-resonance ionization [34, 43]. In one study, the 
energy onset of plasma mediation ablation in chromatin and micro-
tubules was systematically confirmed using electron microscopy in 
addition to the observation of photobleaching with fluorescence 
microscopy. The onset of ablation occurred at pulse energies of just 
above 1 nJ at 790 nm and a 1.4 NA objective [41]. The onset of 
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severe photobleaching occurred at pulse energies slightly lower 
than 1 nJ; therefore, although photobleaching itself is not a defi-
nite indicator of ablation, it can be used to show the likelihood that 
photophysical damage is occurring.

Cellular components other than typical fluorophores can also 
be damaged by directly exciting electronic transitions in the bio-
molecules themselves. Both proteins and nucleic acids absorb in 
the ultraviolet-C (<280 nm) region of the spectrum. The DNA 
base thymine readily undergoes a photochemically induced dimer-
ization reaction when exposed to UV-C light. Although these 
wavelengths are much shorter than the excitations for fluorophores 
used in fluorescence microscopy, these transitions can be accessed 
by a higher order nonlinearity when using pulsed lasers in MPM. 
The nonlinear absorption of biomolecules is dependent on the 
peak intensity not the net energy, just like nonlinear absorption by 
fluorophores. The generation of both “UV-like” lesions and sin-
gle- and double-strand breaks on DNA has been demonstrated for 
both visible [44, 45] and infrared [46–48] pulsed laser light. In 
both studies, the required powers to achieve damage were often at 
least an order of magnitude larger than the powers required for 
typical MP imaging and therefore are not typically encountered in 
most MP and confocal microscopy applications. However, the 
potential for damage in experiments that require brief, intense 
flashes of light (examples include inducing desired phototransi-
tions in caged proteins, switching of photoactivatable fluorophores, 
or photobleaching in fluorescence recovery after photobleaching 
(FRAP)) cannot be ruled out.

In this section, we briefly consider several approaches to detect cel-
lular damage in live cell microscopy. Before doing so, we note that 
fluorescence-based imaging is likely to cause photodamage in nearly 
all biological samples, even if the damage is not readily apparent. In 
many cases, it is possible to detect only relatively large amounts of 
damage due to a low assay sensitivity or limited dynamic range. 
Thus, it is important to consider the impact low levels of photo-
damage could have on experimental results even if  undetectable. 
For example, it is commonplace to locate cell nuclei by imaging 
samples stained with Hoechst (or similar DNA-associating dyes), 
but this procedure undoubtedly causes DNA strand breakage as 
discussed above. Such damage is inconsequential in some types of 
experiments, but it may have a large impact on experiments 
intended to probe dynamics of DNA-associating proteins.

Perhaps the simplest method to detect damage is to observe 
the morphology of cellular structures in initial and final images 
within an experimental sequence to determine if ablation or cell 
death has occurred. For example, the use of high-power near- 
infrared pulses intended for three-photon absorption of DNA 
 creates cavitation bubbles in Drosophila salivary glands and destroys 
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cultured HeLa cells. However, the lower power visible light used 
to excite DNA via two-photon absorption does not produce such 
damage [45]. In many cases, light-induced ablation may be much 
less apparent or even undetectable after recording a single image 
but may become evident after several frames. Thus, it is advisable 
to perform control experiments in which a slightly higher excita-
tion power is used or additional images of the same sample are 
collected. If the final image in such control experiment does not 
contain unexpected morphological changes, it is generally safe to 
assume that the actual experimental conditions are acceptable.

Less severe photodamage can often be detected by observing 
the subsequent growth and division of cell populations that have 
been used in microscopy experiments. For example, unchecked cell 
growth without cell division can occur in Chinese hamster ovary 
(CHO) cells that were exposed to low-intensity NIR pulsed light 
resulting in oversized cells days after NIR pulsed light exposure 
[49]. Other qualitative indicators of damage include long-term 
(hours to days) measures of cell responses like delayed apoptosis 
[50] or reduction in cell reproductive viability [51, 52].

Although qualitative measures of cell damage are convenient, it 
is helpful to be aware of cryptic forms of damage that may occur, so 
various assays have been developed to test for such damage. A large 
number of cell viability kits are commercially available. One exam-
ple is the LIVE/DEAD Reduced Biohazard Cell Viability Kit 
(Molecular Probes) that stains live cells with a green florescent dye 
while dead or dying cells are stained with a red fluorescent dye. This 
simple test checks for membrane integrity as a sign of cell viability 
and can reveal membrane destruction that cannot be resolved using 
light microscopy. As an example of other damage- specific assays, 
dyes such as Ni-3,3-diaminobenzidine or Jenchrom px blue (JenLab 
GmbH) can be used to test for ROS [53]. DNA damage can be 
assayed using immunohistochemistry with antibodies specific to 
proteins that are markers for DNA damage, such as γ-H2A.X for 
single- and double-strand breaks. Antibodies also exist to assay spe-
cific types of UV-induced lesions, such as thymine cyclobutane and 
6–4 dimers or oxidative stress lesions such as 8-oxoguanine [47].

In live cell experiments it is desirable to avoid unintentional photo-
damage that could potentially bias the results. As stated previously, 
nearly all fluorescence imaging induces some amount of damage, 
so it is critical to consider what types and degree of damage are 
acceptable for a given experiment. It is always prudent to reduce 
potential damage artifacts by optimizing imaging conditions, as 
described below, because such changes can also improve the gen-
eral quality of the results (signal to noise, etc.). However, the addi-
tion of additives or other potentially perturbative measures should 
only be considered when photodamage is likely affecting the exper-
imental outcome. In this case, it is usually beneficial to consider the 
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type of photodamage or mechanism by which it is produced in 
order to determine the best approach to reduce its impact.

The best way to prevent unintentional photodamage is to max-
imize the efficiency of the microscope so that the minimal amount 
of incident power can be used to image the sample. Rather than 
resorting to “turning up the power” as a solution for low signal, 
using a more efficient fluorophore, filters, or better detection hard-
ware can improve signal without increasing the risk of unwanted 
photoeffects. At a minimum, it is important to ensure that the 
optical filters are optimal for the excitation and emission spectra of 
the fluorophore. Unless it is necessary, UV radiation should be well 
filtered from arc lamp excitation. In general, the longest practical 
wavelength excitation band should be used for any fluorophore, 
since it reduces excess energy delivered to the fluorophore (e.g., 
due to excitation to higher energy electronic states or highly 
excited vibrational states) and reduces the potential of exciting 
endogenous fluorophores. To maximize the number of photons 
collected, single-fluorophore experiments should utilize emission 
filters with a wide bandpass, while multicolor experiments should 
use the widest bandpass that still prevents cross talk.

The choice of fluorophore can also be important for prevent-
ing photodamage. Some fluorophores have a higher probability 
than others of producing radicals when excited; this probability can 
be correlated with the photobleaching rate since the same photo-
chemical mechanisms can cause both damage and bleaching. For 
example, Alexa 488 is less prone to bleaching and causing photo-
damage than fluorescein. In addition to photostability, the wave-
length range of a fluorophore can affect detection sensitivity and 
thus photodamage. Photomultiplier tubes used in laser scanning 
instruments are typically most sensitive in the blue or the green 
spectral regions, while charge-coupled devices used for widefield 
imaging experiments are often most sensitive in the red and near-
 IR spectral region. Choosing the most sensitive detectors and fluo-
rophores that are optimal for the detector wavelength sensitivity is 
a good way to reduce the amount of incident power and often the 
amount of photodamage.

Chemical methods can also be undertaken to reduce photo-
damage. Since one of the most common mediators in producing 
damage is singlet oxygen, reducing the overall oxygen concentra-
tion in the sample can reduce the presence of ROS in the sample. 
The simplest method is to use deoxygenated buffers and oxygen- 
impermeable materials, but oxygen depletion agents such as 
Oxyrase can also accomplish this purpose [54]. Adding antioxidants 
as radical scavengers is also common in single-molecule experi-
ments and can be used for live cell imaging. For example, com-
pounds such as ascorbate and Trolox can decrease oxidative damage 
in cells [55]. However, it has also been shown that ascorbate can 
also introduce DNA damage through other means [31], so it is best 
to introduce such chemicals only when absolutely necessary.
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4 Conclusion

Fluorescence microscopy is a useful tool for imaging and manipu-
lating live cells. High-resolution methods as well as dynamic per-
turbation [56] and fluctuation spectroscopy [57] have garnered 
unprecedented structural and mechanistic details, previously only 
accessible through electron microscopy or in vitro biochemistry. 
The ability to specifically target cellular substructures for imaging 
or to genetically encode fluorophores tagged to proteins of interest 
will continue to expand the applications and utility of fluorescence 
microscopy. Furthermore, the use of fluorescence microscopy to 
selectively manipulate live cell metabolism through photoswitch-
ing proteins or CALI offers many exciting opportunities for 
research. However, this growth must be accompanied by a respect 
for the ways in which the input of optical energy can alter or even 
destroy a biological system, since deposition of energy into live 
cells can have unintended consequences for damaging live cell tissue. 
This damage can cause experimental anomalies that can result in 
unreliable experimental data or worse, inducing result-altering 
artifacts leading to incorrect conclusions. Therefore, we recom-
mend caution and consistent reporting of experimental conditions 
when undertaking florescence microscopy experiments. A good 
understanding of the amount of energy being deposited is crucial 
along with an analysis of what the prime absorbers are in a system. 
This, coupled with limiting the application of ROS generating dye 
molecules, can significantly reduce the potential for tissue damage. 
However, it cannot be overemphasized that the best method to 
prevent damage is a well-configured and optimized microscopy 
experiment to limit the required optical power.
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    Chapter 2   

 Modifi cation of Purifi ed Proteins with Photochemical 
Protection Compounds for High-Resolution Photoactivation 
of Protein Function In Vitro and In Vivo 

           Sidney   Cambridge    

    Abstract 

   Specifi c and targeted photoactivation of protein function inside cells, tissues, or whole organisms can be 
achieved with reversible inhibition of proteins by conjugation with photolabile protection compounds 
(“caging”). In vitro caging of proteins is thought to cause sterical or functional hindrance of amino acid 
side chains that are important for protein activity. Following the modifi cation, the caged protein is intro-
duced into the biological system and high-resolution irradiation ensures specifi c release of protein function 
in the desired areas. Here, I describe the entire caging procedure and highlight a few of the caveats of 
photoactivation in living cells.  

  Key words     Photosensitive protection compounds  ,   Caged proteins  ,   High-resolution photoactivation  

1      Introduction 

 Photosensitive protecting, i.e., caging compounds, have been 
introduced to biological research more than three decades ago. 
Originally used in organic chemistry to protect and deprotect 
growing amino acid chains during peptide synthesis, uncaging of 
caged, and therefore inactive, molecules has also enjoyed consider-
able success in living samples. The underlying idea is always that 
through photoactivation, molecules with biological activity can be 
controlled with very high spatial and temporal resolution by appli-
cation of exogenous light. Caging was fi rst used to release ATP 
upon irradiation [ 1 ], and since then researchers managed to cage 
among others DNAs, RNAs, various small molecules such as neu-
rotransmitters, ions (calcium, protons, etc.), and proteins. For 
detailed information regarding the rapidly growing collections of 
caged versions of biologically active molecules, the reader is 
referred to these two excellent in-depths reviews [ 2 ,  3 ]. The modi-
fi cation of proteins with caging compounds [ 4 ] is potentially 
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complicated as the functionally important amino acids of a protein 
may not be known or may be diffi cult to target. To specifi cally tar-
get a single amino acid, researchers have genetically introduced 
unnatural amino acids which can then be modifi ed with caging 
compounds in vitro and in vivo. This elegant approach is not the 
topic of this chapter but is discussed in this volume by Karginov, 
Hahn, and Deiters. Caging of proteins can also be achieved by a 
“shotgun” approach where the protein is mixed in vitro with a 
reactive caging compound. “Shotgun” caging of proteins is the 
topic of this chapter. This approach relies on attaining a suffi ciently 
high number of randomly caged side chains for each individual 
protein molecule. The extent of caging among individual protein 
molecules may vary within the sample, and so the fi nal probe thus 
represents a mixture of differently caged proteins whose  collective  
activity is blocked through the caging. 

 Because caging compounds often react with lysines or glutamic/
aspartic acids (Fig.  1a ), maintaining water solubility becomes an 
issue as an ionic residue is replaced with a less polar moiety. 
However, many proteins seem to tolerate moderate levels of caging 
and their caged versions can even be stored at −20 °C for several 
months. One chief goal is to determine a concentration for the 
caging compound that leads to inhibition of protein function while 
not precipitating too many protein molecules. To optimize the 
caging parameters, the availability of a simple assay to quickly 
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determine protein activity after caging is therefore paramount. 
However, because monitoring the activity of a protein is often not 
accomplished easily, assaying its binding activity to known binding 
partners with an enzyme-linked immunosorbent assay (ELISA) is a 
quick and straightforward alternative. For some proteins such as 
transcription factors, also a gel-mobility assay to test binding to 
DNA might be suitable [ 5 ]. The author has used standard ELISA 
analyses to examine the binding of caged function blocking anti-
bodies against BDNF [ 6 ]. Since protein binding is a universal pre-
requisite for protein activity, loss of binding also refl ects loss of 
activity. Therefore, the binding activity of the caged protein can be 
monitored with an ELISA to assess the extent of its biological 
activity. To take this a step further, if caging reduces the affi nity to 
the cellular binding partners of the protein, very possibly its affi nity 
to an (commercial) antibody is also reduced. Consequently, one 
can potentially use antibodies against the protein of interest to 
follow—at least in a fi rst approximation—how increasing caging 
concentrations progressively reduce protein activity. So instead of 
assaying the protein activity after caging, one can coat an ELISA 
plate with the caged protein and characterize the binding activity 
of an antibody against this protein. Consequently, the entire pro-
cedure from caging the protein to evaluating its (in) activity can 
thus be executed by inexperienced researchers in a day.

   After chemical modifi cation of the caged protein, the sample 
needs to be introduced into the biological system. I have intro-
duced a caged transcription factor by injection into syncytial 
Drosophila embryos and a caged antibody against a secreted pro-
tein by simply washing it into extracellular milieu of living brain 
slices. Of course, other means of introducing caged proteins exist 
such as bead loading or cell-permeant peptide vectors [ 7 ,  8 ]. 
Following administration of the caged protein to the biological 
system, uncaging (Fig.  1b ) can be performed on any standard fl uo-
rescence microscope using DAPI fi lter sets. Of course, the absorp-
tion spectra of the photoremovable protection groups may not 
fully be excited by the DAPI excitation light, but for a fi rst test, this 
should be suffi cient. If necessary, optical bandpass fi lters tailored 
specifi cally to the uncaging spectrum can always be purchased. The 
key parameter is being able to deliver adequate levels of photoacti-
vation light without causing signifi cant toxicity. Most biological 
tissues however appear to tolerate several seconds of DAPI excita-
tion light suffi cient for uncaging without any signs of deleterious 
effects. Spatially resolved uncaging of protein activity at the single-
cell level can readily be accomplished with epifl uorescence micro-
scopes using high-magnifi cation objectives (40× or 63×) and 
restriction of the microscope aperture. Even subcellular resolution 
can be achieved this way or by using scanning one- photon or two-
photon microscope setups. 

Protein Caging
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 Shotgun caging of proteins and their photoactivation in 
 biological tissue is a comparatively simple approach at the interface 
of chemistry and biology to address scientifi c questions that require 
temporally or spatially resolved protein activity. With ample 
unmodifi ed protein available, an activity or a binding assay at hand, 
and an effi cient way to administer the caged protein, even inexpe-
rienced researchers should be able to advance within a week or two 
to the experimental stage where the caged protein can be tested 
with live cells. In light of this, photoswitching proteins after shot-
gun caging is an attractive and rapid alternative to all genetic 
experimental procedures.  

2    Materials 

 The caging reaction itself requires only the protein of choice 
(POC), the caging compound, and a suitable anhydrous organic 
solvent vehicle for dissolving of the caging compound. Several sol-
vents are listed below which allowed effi cient protein caging. The 
choice of solvent eventually depends on how well the POC toler-
ates the solvent during the caging reaction and if the biological 
system may be affected by trace amounts of solvent present in the 
unpurifi ed or the washed sample. For effi cient conjugation with a 
reactive caging molecule, the POC needs to be provided in a buffer 
devoid of molecules that could possibly be modifi ed with the pho-
tosensitive protection compounds. Any primary amine (-NH2) in 
millimolar concentrations will block the reaction which therefore 
excludes TRIS as a possible buffer. 

      1.    POC: Make sure that the POC is provided in a medium devoid 
of reactive groups such as free amines, azide, or thiols. If you 
have to resuspend lyophilized protein, a simple buffer contain-
ing 20 mM HEPES (pH 7.4)/0.15 M NaCl should be suffi -
cient unless the protein requires ions (Ca2+, Mg2+, etc.) or 
other molecules for full activity.   

   2.    A commercially available caging compound, NVOC-Cl 
(6-nitroveratryl chlorofomate; Sigma-Aldrich or FLUKA), is 
the best option assuming that lysines and arginines are neces-
sary for proper function of the POC. The author is not aware 
of any other commercially available caging compounds that 
have been used for protein caging although there is a kit for 
caging carboxyl groups (Molecular Probes).   

   3.    Anhydrous solvent ( see   Note 1 ): NVOC-Cl hydrolyses in aque-
ous solution and thus any organic solvent without primary 
amines or hydroxyl groups should theoretically be applicable. 
Of course, the eventual reaction will occur in at least 50 % 

2.1  Caging Reagents
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aqueous solution causing extensive hydrolysis, which is why the 
 caging compound is dissolved in an anhydrous solvent to limit 
hydrolysis before the actual reaction with the protein. Because 
alcohols contain hydroxyl groups they cannot be used, leaving 
1,4 dioxane, dimethylformamide (DMF), dimethylsulfoxide 
(DMSO), and perhaps tetrahydrofuran (THF) as the most 
common water-miscible solvents. The author has used dioxane 
extensively because it was tolerated very well when injected in 
large amounts into pre-gastrulation Drosophila embryos. 
Acetone and chloroform are biologically not suitable.   

   4.    The vessel for the reaction is ideally made of glass because the 
solvents (DMF!) potentially dissolve plastic tubes. Depending 
on the type of plastic container, this effect may be quite sub-
stantial although standard Eppendorf tubes usually are suffi -
ciently robust for short caging reactions with organic 
solvents.   

   5.    The caged POC is washed and concentrated with spin 
columns (e.g., from Centricon). Depending on the molecular 
size of the POC, the size exclusion of the membrane can be 
up to 30 kDa. The tolerance of the column when washing 
samples that contain organic solvents needs to be verifi ed 
before usage.      

      1.    Standard ELISA plates and standard ELISA plate reader (e.g., 
from ThermoScientifi c, Tecan, Promega). The plates should 
be nontransparent, preferably black to reduce light exposure 
during handling.   

   2.    Antibody against POC.   
   3.    Secondary antibody coupled to reporter enzyme for 

detection + substrate.   
   4.    Blocking and wash buffers as specifi ed by the manufacturer.   
   5.    Handheld UV lamp.      

      1.    Fluorescamine (Sigma-Aldrich).   
   2.    50 mM NaPO 4 , pH 8.5, containing 1 % SDS.   
   3.    Spectrophotometer (e.g., PerkinElmer).      

      1.    Standard epifl uorescence microscope with DAPI fi lter set.   
   2.    CMNB-caged fl uorescein (Molecular Probes) or other caged 

fl uorescent dye.      

  Cell death detection kit (Roche).   

2.2  Monitoring the 
Extent of Caging with 
ELISA

2.3  Fluorometric 
Quantifi cation of the 
Extent of Caging

2.4  Uncaging the 
Caged POC Within 
a Biological System

2.5  Assessing 
Postirradiation 
Cellular Fitness/
Apoptosis Assay

Protein Caging
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3    Methods 

 The caging reaction can be carried out at room temperature. 
To protect the caged protein, all subsequent steps should be 
 performed at 4 °C ( see   Note 2 ). Theoretically, the handling of 
samples at ambient room light should not cause any unspecifi c 
uncaging, but as a precaution, dimming the light and covering the 
samples with aluminum foil are recommended. 

 It is important that a robust assay to measure protein binding 
or activity has been established before going ahead with the cag-
ing. In vitro binding assays have the advantage that the organic 
solvents are often tolerated so that the entire sample of the caging 
reaction can be administered without further washing and purifi ca-
tion. The objective of testing protein activity/binding is of course 
to quickly identify suitable caging/uncaging conditions after vary-
ing the reaction time and the different concentrations of POC, 
caging compound, and solvent. 

  To identify a suitable concentration of NVOC-Cl, test three differ-
ent concentrations: 0.25, 0.5, and 1 mM NVOC-Cl. In previous 
experiments, 0.5 mM NVOC-Cl was found to inhibit protein 
function while not reducing protein solubility. However, other 
concentrations may be more adequate for different proteins. For 
the fi rst experiment, it is recommended that all three suggested 
concentrations in addition to a mock treatment without NVOC-Cl 
are used in parallel for caging and subsequent characterization of 
the caged proteins.

    1.    Resuspend ( see   Note 3 ) lyophilized POC in 20 mM HEPES 
(pH 7.4)/0.15 mM NaCl. If necessary wash the POC twice 
with copious amounts of buffer ( see   Note 4 ) using spin col-
umns to remove any small molecules in the solution that could 
possibly react with the caging compound. Follow the compa-
ny’s instructions for using the spin columns. Proteins should 
preferably be maintained in concentrated solutions (~1 mg/ml) 
to avoid noticeable degradation, so make sure that the washed 
sample is not too dilute after the preparation.   

   2.    The pH of the caging reaction is absolutely crucial because it 
affects with which amino acid side chains the NVOC-Cl pref-
erably reacts. At pH > 9, mostly lysines are targeted, but at 
physiological pH 7, also thiols and hydroxyl residues could 
possibly react ( see   Note 5 ). Prepare 0.1 M sodium carbonate 
buffer to which POC and caging compound will be added 
later. The pH of the carbonate buffer should be adjusted such 
that the fi nal pH of the caging reaction is pH 9.5 ( see   Note 6 ). 
If the POC can tolerate 50 % dioxane, then the reaction can be 
one volume POC, one volume carbonate buffer, and two vol-
umes caging compound in dioxane. Of course, the volume of 

3.1  The Caging 
Procedure
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dioxane in the fi nal reaction can be substantially reduced to 
10 % and less if necessary.   

   3.    The length of the caging reaction and the concentration of the 
caging compound correlate as higher concentrations require 
shorter reaction times. The author is not aware of any system-
atic analysis to describe the unspecifi c hydrolysis of NVOC-Cl 
in aqueous solutions, but there is probably no reactive mole-
cule left after a 30-min incubation. As a starting point, 0.5 mM 
NVOC-Cl as a fi nal concentration is recommended, but this 
will have to be investigated for the relevant POC and buffer 
conditions. Concentration ranges from 0.2 to 2 mM NVOC-Cl 
have been successfully used for caging various proteins.   

   4.    Although there may not be any reactive caging compound 
remaining after 30-min incubation at room temperature, the 
reaction is “stopped” by adding one volume of acidic 0.1 M 
Tris–HCl. The pH of the TRIS solution was adjusted such 
that the fi nal pH of the sample was pH 7.4.   

   5.    The sample is then washed with a buffer conducive with sub-
sequent experimental steps keeping in mind that the osmolar-
ity may be important ( see   Note 7 ). If there are no specifi c 
requirements, the standard wash buffer of 20 mM HEPES 
pH 7.4/0.15 mM NaCl can be used. The washed and concen-
trated caged POC is then aliquoted, snap-frozen with liquid 
nitrogen, and stored in a non-defrosting −20 °C freezer. 
A caged version of the transcription factor GAL4VP16 was 
stable for more than 1 year at −20 °C.      

  The caging reaction replaces charged residues on the surface of pro-
teins with less polar caging compounds. This can have a dramatic 
effect on the solubility of the caged protein, so monitoring protein 
solubility when testing different caging conditions is crucial. 

  A straightforward approach to testing solubility is to run the sam-
ples on a standard 1D SDS polyacrylamide gel. Proteins that retain 
water solubility after caging will appear as normal bands in the gel, 
while proteins that were modifi ed too heavily precipitate and can be 
pelleted. The staining intensity of the band can then be used to 
assess the amount of caged soluble protein vs. control mock- treated 
protein. If a protein is modifi ed on many side chains with the caging 
compound potentially there may be a shift towards higher molecu-
lar weight on the gel. Also, the standard Coomassie stain preferably 
binds to lysines residues, i.e., those residues to which the NVOC-Cl 
is conjugated to. Consequently, there may be a reduction in stain-
ing intensity compared to control samples although the amount of 
protein is the same. If the caging interferes with staining, as an 
alternative, the reader is referred to commercially available staining 
procedures using silver or zinc for example (e.g., Pierce).

3.2  Characterization 
of the Caged Protein

3.2.1  1D SDS 
Polyacrylamide Gel

Protein Caging
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    1.    After the caging reaction was stopped with acidic Tris buffer, 
pellet insoluble, caged protein by centrifugation with a table-
top centrifuge (10 min at maximum speed, 4 °C).   

   2.    Collect the supernatant. Assuming that the POC is pure, load 
about 1–2 μg of protein per well onto the gel. Usually, the gels 
tolerate the organic solvent so that the sample does not have 
to be washed beforehand.   

   3.    Stain gel with Coomassie stain keeping in mind that caging 
may reduce staining intensity.   

   4.    Qualitatively assess protein solubility after caging by compar-
ing the signal intensity of the bands.      

  A simple means to uncaging the caged POC in vitro is by irradia-
tion with a handheld UV lamp (4–8 W). These lamps are generally 
used to look at ethidium bromide-stained DNA agarose gels. 
Because of their low power output, irradiation times for uncaging 
need to be quite long, usually around 1–3 h. Irradiations should be 
performed at 4 °C with the open-lid tubes stuck to the lamp using 
clay or tape.  

  Binding of the caged POC to its protein substrate is most readily 
assessed with an ELISA assay. There are many commercially ELISA 
systems available that rely on a fl uorescence 96-well plate reader. The 
reader is referred to the company’s instructions for detailed informa-
tion about using their system. Thus, the experimental specifi cs 
(amount of protein, incubation times, blocking buffers, wash times, 
etc.) depend on the ELISA system being used, but the basic steps will 
be as follows: The adhesive surface of the plate is coated with the 
caged or the mock-treated protein, residual binding sites on the plate 
are blocked with a BSA blocking buffer or equivalent, and the anti-
POC antibody is allowed to bind to its substrate, followed by fl uores-
cence-based detection of the primary anti-POC antibodies using 
secondary antibodies coupled with an enzyme such as β-galactosidase 
and a corresponding fl uorogenic substrate such as OPC.  

  This procedure is based on the fl uorogenic reaction of fl uores-
camine with lysines of the POC. The resulting conjugate fl uoresces 
with a peak of about 485 nm, while the unreacted or the hydro-
lyzed fl uorescamine does not exhibit appreciable fl uorescence. The 
difference in fl uorescence between mock-treated POC and caged 
POC then highlights the extent of caging for the entire sample. Of 
course, this procedure does not reveal the potential variance in the 
extent of caging of all individual POC molecules but only the 
ensemble average. Around 40–60 % of caged lysines in a function-
ally inhibited POC appears to be a common value.
    1.    If suffi cient amounts of POC are available, cage 10 μg of POC 

with NVOC-Cl according to the protocol and in parallel per-
form a control reaction (mock-treat) of 10 μg POC without 

3.2.2  Uncaging In Vitro

3.2.3  ELISA

3.2.4  Quantifying the 
Average Number of Caged 
Lysines
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NVOC-Cl but with all buffers, organic solvents, etc. the same. 
Prepare a third sample with all caging reagents except the POC.   

   2.    After 30 min, do not “stop” caging/control reactions with 
acidic Tris buffer, but instead add 50 mM NaPO 4 , pH 8.5, con-
taining 1 % SDS to a fi nal volume of 1.5 ml and boil for 3 min.   

   3.    Allow the sample to cool to room temperature, and add 0.5 ml 
of 0.2 mg/ml fl uorescamine in dioxane and incubate for 
15 min at room temperature.   

   4.    Using a fl uorescence plate reader (390 nm excitation/485 nm 
emission), analyze the samples. Subtract the value of the sam-
ple without the POC as background from the values of the 
caging reaction and the mock reaction. The ratio of (caged−
background)/(mock−background) × 100 corresponds to the 
percentage of caged lysines of the caged POC.       

  Biological samples are too diverse to be able to describe a general 
procedure regarding the introduction of caged proteins into the 
system. The means by which unmodifi ed POC is administered to 
the sample should also be adequate for the caged POC. The reader 
is referred to published protocols describing microinjection and 
bead loading of proteins into cells [ 7 ,  8 ].  

   A somewhat underappreciated issue with epifl uorescence micro-
scope optics is the alignment of the lamp, for example after it has 
been changed. Most commonly, the adjustment screws at the lamp 
housing are turned until a uniformly illuminated fi eld, projected 
onto the ceiling, wall, or a piece of paper, has been achieved. This 
procedure is suffi cient for most applications but does not ensure 
parallel light beams in the path of the microscope optics. However, 
for patterned illumination of caged samples, such as a thin stripe, a 
circle, or more sophisticated patterns such as a letter or a smiley 
face, it is necessary that all light is aligned in parallel fashion. By 
introducing a thin metal inset with the shape of the pattern (“smi-
ley face” in Fig.  2 , red arrow) into the light path, the adjustment 
screws are tuned to project the pattern onto a macroscopic surface 
such as a piece of paper. Misalignment will fail to project the pattern 
of the inset unless all light beams are in a strictly parallel fashion.

     A key factor for a good experiment is knowing the amount of light 
needed for uncaging the POC. Often, the photo-release of active 
POC and its biological readout may be diffi cult to assess, and con-
sequently one may not be able to quickly discern if the uncaging 
procedure was successful or not. To circumvent this problem, 
one should establish the irradiation parameters with caged fl uores-
cein prior to uncaging POC. The emergence of fl uorescein fl uores-
cence upon light exposure is a very rapid and simple means to 
identify the appropriate light conditions for uncaging in the respec-
tive biological system. Living cells can be easily loaded with 

3.3  Introducing 
the Caged Sample 
into the System

3.4  Uncaging 
the Caged POC Within 
a Biological System

3.4.1  Aligning the 
Microscope optics

3.4.2  Identifying the 
Necessary Levels 
Uncaging Light

Protein Caging
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fl uorescein and its derivatives by simply adding it to the medium 
and allowing the dye to be taken up by the cells [ 9 ].

    1.    Load cells by adding caged fl uorescein to the medium at a fi nal 
concentration of 100 μM and incubate at 37 °C for 20–40 min. 
Alternatively, inject a 2 mM solution into the cell directly. 
Wash cells briefl y twice with medium.   

   2.    Using transmitted light, choose a region of the sample and 
limit the to be irradiated area with the microscope aperture.      

   3.    With the GFP/fl uorescein fi lter set, record an image prior to 
DAPI irradiation.   

   4.    Switch to the DAPI fi lter set, and either manually or via the 
software that controls the microscope open the shutter for 2 s 
and irradiate the sample at the desired area.   

   5.    Switch to the GFP/fl uorescein fi lter set, and assess the levels 
of fl uorescein fl uorescence.   

   6.    By adjusting the irradiation times at previously unirradiated 
areas, determine the minimum irradiation time necessary for 
full uncaging of fl uorescein fl uorescence. Use this irradiation 
time for the fi rst uncaging experiments with caged POC.    

  Fig. 2    The mechanical shutter and sliding fi lter holder of a microscope can be 
used to introduce a thin prefabricated metal plate (here: smiley face;  red arrow  ) 
for patterned illumination of the biological sample (Color fi gure online)       

 

Sidney Cambridge
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    There is a keen awareness that the UV light used for uncaging can 
be harmful to cells at longer exposure times. Monitoring cell via-
bility before and after irradiation is therefore absolutely necessary 
although cells seem to tolerate a few seconds of UV light very well. 
In fact, the neuronal membrane potential, which is very sensitive to 
perturbance, was not affected in hippocampal brain slices after irra-
diating for 10 s when 2 s was suffi cient for full uncaging [ 10 ]. 
While there are many different ways of assessing cell viability, short 
and long term, a robust assay would be to monitor apoptosis 
24–48 h after irradiation. The author has experience with one 
commercial kit that produces a green or a red fl uorescent signal 
that can be used in addition to standard antibody stains, but of 
course, other kits should be suitable as well.

    1.    Fixate and permeabilize irradiated and control, unirradiated 
samples for normal immunofl uorescence staining. Continue 
with standard procedure including administration of antibodies 
and washing steps.   

   2.    After the fi nal washing step, add TUNEL reaction mixture to 
end-label low-molecular-weight DNA fragments indicative of 
apoptotic cells ( see   Note 8 ). Incubate for 1 h at 37 °C.   

   3.    Wash sample twice and embed for fl uorescence microscopy 
analysis.    

4        Notes 

     1.    Anhydrous solvents may be stored over molecular sieves 
(3–4 Å) to keep the amount of water molecules in the solution 
to a minimum. Water causes unspecifi c hydrolysis of NVOC-Cl 
which should be avoided prior to the caging reaction. Freshly 
opened solvent bottles can be considered free of water, so 
make sure to close the (new) solvent container immediately 
after use.   

   2.    In case NVOC-Cl had been dissolved in DMSO, remember 
that the melting point of DMSO is at 18 °C which causes it to 
become solid on ice or in the fridge.   

   3.    To resuspend lyophilized proteins with aqueous solution avoid 
producing air bubbles or foam in your sample because this can 
cause aggregation, oxidation, etc. of proteins. In general, solu-
tions with biological samples should never be handled such 
that bubbles and foam develop.   

   4.    Use ten times the volume of your sample for washing.   
   5.    Thiol and hydroxyl residues may react with NVOC-Cl but are 

much more diffi cult to uncage.   
   6.    The pH adjustments can be done with volumes large enough 

that the pH can be measured with a standard pH meter.   

3.4.3  Assessing 
Postirradiation Cellular 
Fitness

Protein Caging
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   7.    The wash buffer (20 mM HEPES pH 7.4/0.15 mM NaCl) 
has an osmolarity of 320 mOsm which is near the osmolarity 
of most biological samples.   

   8.    As a negative control, use only the fl uorescently labeled nucle-
otides without the end-labeling transferase enzyme. For posi-
tive control, one can add DNAse I to the sample prior to 
staining to produce ample free DNA strand ends. Always han-
dle fl uorescently stained samples carefully making sure not to 
expose them to bright light.         
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    Chapter 3   

 Optochemical Activation of Kinase Function in Live Cells 

           Andrei     V.     Karginov    ,     Klaus     M.     Hahn    , and     Alexander     Deiters    

    Abstract 

   Manipulation of protein kinase activity is widely used to dissect signaling pathways controlling physiological 
and pathological processes. Common methods often cannot provide the desired spatial and temporal reso-
lution in control of kinase activity. Regulation of kinase activity by photocaged kinase inhibitors has been 
successfully used to achieve tight temporal and local control, but inhibitors are limited to inactivation of 
kinases and often do not provide the desired specifi city. Here we report detailed methods for light- mediated 
activation of kinases in living cells using engineered  rap amycin- r egulated kinases in conjunction with a 
photocaged analog of rapamycin.  

  Key words     Kinase  ,   Phosphorylation  ,   Rapamycin  ,   FKBP12  ,   Caging  ,   Light activation  

1      Introduction 

 Protein kinases play a central role in the regulation of signaling 
networks critical for cell function. The most common methods for 
the regulation of kinases include pharmacological inhibitors, over-
expression of mutants, and downregulation of protein expression 
by genetic manipulation or siRNA. These methods are valuable 
but suffer from numerous limitations. Pharmacological inhibitors 
are available only for a limited number of kinases and often cannot 
provide the desired specifi city. It is especially diffi cult to achieve 
high inhibitor selectivity for a kinase that has several homologs or 
isoforms. Downregulation or overexpression of kinases provides 
essentially no temporal resolution and affects function of the whole 
protein rather than “surgically” regulating catalytic activity alone. 
The time required for genetic modifi cation to result in altered pro-
tein allows the cell to compensate for (and adapt to) the perturba-
tion. More recently, a chemical-genetic approach has overcome 
some of these limitations by using specifi cally designed inhibitors 
for kinases with a drug-sensitizing mutation [ 1 ]. However, this 
method requires separate inhibition or downregulation of the 
endogenous, wild-type form of the modifi ed kinase, involving 
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elaborate optimization and potentially affecting activity of other 
endogenous kinases. Importantly, none of these methods enable 
specifi c activation of kinases with controlled timing. Several meth-
ods that do enable activation are limited to a small subset of kinases 
that either can be activated by dimerization [ 2 ] or can be modifi ed 
for regulation by high concentrations of imidazole (5 mM) [ 3 ]. 
We have recently developed a new broadly applicable method 
for engineered allosteric regulation of protein kinases in live cells 
[ 4 – 6 ]. Insertion of an engineered allosteric switch, the iFKBP 
domain, at a structurally conserved position within the catalytic 
domain renders the modifi ed kinase inactive. Treatment with 
rapamycin or its non-immunosuppresive analogs (iRap, AP21967; 
Clontech) triggers interaction with a small FKBP–rapamycin-binding 
(FRB) domain and restores the activity of the kinase (Fig.  1a ). The 
reagents used in this method are either genetically encoded or 
membrane permeable, enabling ready application in a wide range 
of systems. Based on the structural similarity of catalytic domains 
among the most known protein kinases, this method will likely be 
applicable to a wide variety of kinases. We have already developed 
 rap amycin- r egulated (RapR) analogs of different kinases, repre-
senting both Tyr and Ser/Thr families, namely, FAK, Src, and p38.

   To achieve light-mediated control of RapR kinases we gener-
ated a photo-activatable analog of rapamycin ( p hotocaged  rap amy-
cin (pRap)) [ 7 ]. Photo-activatable derivatives of small molecules 
are typically generated through conjugation of a light-removable 
protecting group, the so-called caging group, at a site crucial for 
biological activity of the small molecule [ 8 – 18 ]. Ideally, this ren-
ders the molecule completely inactive and unable to induce iFKBP/
FRB dimerization, until the caging group is removed through 
light irradiation, typically with nontoxic [ 19 – 21 ] UV light of 365–
405 nm. We constructed the pRap analog by protecting the 
hydroxyl group at the C-40 position of rapamycin with a sterically 
demanding, light-removable nitropiperonyloxycarbonyl (NPOC) 
group (Fig.  1b ). Treatment with pRap up to 20 μM does not trig-
ger interaction with FRB and activation of RapR kinase. However, 
irradiation with 360 nm light leads to rapid pRap uncaging and 
robust activation of RapR kinase upon interaction with FRB 
(Fig.  1c ) [ 7 ]. The experimental details of applying this methodol-
ogy to the optochemical activation of focal adhesion kinase (FAK) 
are described here. FAK localizes prominently to focal adhesions in 
living cells, and we use changes in cell behavior characteristic of 
this kinase to demonstrate effi cient light activation. Similar strate-
gies can also be applied for activation of other RapR kinases. In 
case a different RapR kinase is used, appropriate modifi cations to 
the protocol should be made to test the activity of the kinase. 
Beyond the activation of kinase function, pRap should be applica-
ble to induce iFKBP/FRB-mediated protein  dimerization and 
thus should provide a general light switch to control of various 
cellular processes.  

Andrei V. Karginov et al.
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2    Materials 

 Prepare all buffers and solutions with ultrapure water. Store all 
buffers at 4 °C unless specifi ed otherwise. 

      1.     N , N ′-disuccinimidyl carbonate.   
   2.    Dimethylaminopyridine (DMAP).   

2.1  pRap Synthesis
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  Fig. 1       Engineered control of RapR kinases. ( a ) Schematic of rapamycin- mediated 
control of kinases. ( b ) Structure of rapamycin (Rap) and synthesis of photocaged 
rapamycin (pRap) through selective acylation of the C-40 hydroxyl group with 
methyl-nitro-piperonyloxycarbonyl  N -hydroxysuccinimide carbonate (MeNPOC-
NHS). ( c ) Schematic of the light-induced activation of RapR kinases using pRap       
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   3.    Rapamycin, triethylamine (TEA).   
   4.    Acetonitrile (CH 3 CN).   
   5.    Dichloromethane (CH 2 Cl 2 ).   
   6.    Ethyl acetate.   
   7.    Hexanes.   
   8.    TEA.   
   9.    Diisopropylethylamine (DIPEA).   
   10.    Dichloromethane (CH 2 Cl 2 ).     

 Solvents were distilled and stored over molecular sieves (4 Å) 
prior to use. TEA, DIPEA, and CH 3 CN were distilled from cal-
cium hydride. CH 2 Cl 2  was dried by an MB SPS Compact solvent 
purifi cation system.  

      1.    DNA constructs: pEGFP-FRB, pmyc-RapR-FAK plasmids 
(available at Addgene) dissolved in water or TE buffer (10 mM 
Tris–HCl, pH 8.0; 1 mM EDTA) at concentrations no less 
than 200 μg/ml. Store at −20 °C.   

   2.    Cell culture medium: Dulbecco’s modifi ed Eagle medium 
(DMEM, with 4.5 g/l glucose, 4 mM  L -glutamine, and 
110 mg/l sodium pyruvate) cell culture medium containing 
10 % (v/v) fetal bovine serum (FBS) ( see   Note 1 ). Store at 4 °C.   

   3.    Phosphate-buffered saline (PBS): 137 mM NaCl, 10 mM 
phosphate, 2.7 mM KCl, pH of 7.4. Weigh 8 g of NaCl, 0.2 g 
of KCl, 1.44 g of Na 2 HPO 4 , and 0.24 g of KH 2 PO 4 . Dissolve 
in 800 ml of water. Adjust pH to 7.4 using HCl. Adjust total 
volume to 1 l with water.   

   4.    FuGene6 transfection reagent (Promega) ( see   Note 2 ).   
   5.    6-well tissue culture plates.   
   6.    Cell scraper.   
   7.    Immunoprecipitation: Protein G-coupled agarose beads 

(Millipore or other manufacturers), 50 % slurry. Store at 4 °C.   
   8.    Antibodies: JL8 anti-GFP antibody (Clontech), Anti-phospho- 

Tyr31 paxillin antibody (Invitrogen), 4A6 anti-myc antibody 
(1 mg/ml, Millipore), peroxidase-conjugated secondary 
 antibody. Follow storage conditions recommended by the 
manufacturer.   

   9.    Reagents and equipment required for SDS-polyacrylamide gel 
electrophoresis of proteins.   

   10.    Reagents and equipment required for protein transfer onto 
PVDF membrane.   

   11.    Lysis buffer: 20 mM Hepes–KOH, pH 7.8, 50 mM KCl, 
1 mM EGTA, 1 % NP40 (IGEPAL), 1 mM NaF, 0.2 mM 
Na 3 VO 4 . Keep on ice ( see   Note 3 ).   

2.2  In Vitro 
Kinase Assay

Andrei V. Karginov et al.
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   12.    Wash buffer: 20 mM Hepes–KOH, 50 mM KCl, 100 mM 
NaCl, 1 mM EGTA, 1 % NP40 (IGEPAL, Sigma-Aldrich), 
pH 7.8. Keep on ice.   

   13.    Kinase reaction buffer: 25 mM HEPES pH7.5, 5 mM MgCl 2 , 
5 mM MnCl 2 , 0.5 mM EGTA, 0.005 % BRIJ-35 (nonionic 
detergent, Fisher BioReagents) ( see   Note 4 ). Keep on ice.   

   14.    Paxillin/ATP mix: 0.1 mM ATP and 0.05 mg/ml purifi ed 
GST-paxillin N-terminal fragment in kinase buffer ( see   Note 5 ). 
A protocol for purifi cation of the GST-tagged N-terminus of 
paxillin has been described elsewhere [ 22 ].   

   15.    Rapamycin and pRap: Dissolved in DMSO at 0.25 mM for 
rapamycin, 1, 5, and 20 mM stocks for pRap. Store at −20 °C.   

   16.    UV irradiation: UVP LMW-20 transilluminator (8 W) 
( see   Note 6 ).   

   17.    HEK293 cells (ATCC).   
   18.    1 mg/ml Bovine serum albumin (BSA) dissolved in lysis buf-

fer (without NaF and Na 3 VO 4 ). Store at −20 °C.      

      1.    HeLa cells (ATCC).   
   2.    DNA constructs: pGFP-RapR-FAK and pmCherry-FRB plas-

mids (Addgene), dissolved in water or TE buffer (10 mM 
Tris–HCl, pH 8.0, 1 mM EDTA) at concentration no less 
than 200 μg/ml. Store at −20 °C.   

   3.    FuGene6 transfection reagent (Promega) ( see   Note 1 ).   
   4.    Cell culture medium: DMEM (with 4.5 g/l glucose, 4 mM 

 L -glutamine, and 110 mg/l sodium pyruvate) containing 10 % 
(v/v) FBS.   

   5.    Live cell imaging medium: L15 Leibovitz Medium (Invitrogen) 
supplemented with 5 % FBS ( see   Note 7 ).   

   6.    Mineral oil, sterile fi ltered, suitable for mouse embryo cell 
culture (Sigma-Aldrich).   

   7.    25 mm round glass cover slips, 0.13–0.17 mm thick (Fisher 
Scientifi c). Store in 70 % ethanol solution.   

   8.    1 mg/ml Fibronectin stock solution dissolved in 0.5 M NaCl, 
0.05 M Tris, pH 7.5 ( see   Note 8 ).   

   9.    Attofl uor ®  cell chamber (Invitrogen) ( see   Note 9 ).   
   10.    35 mm tissue culture plates.   
   11.    Microscope equipped with an objective-based total internal 

refl ection fl uorescence (TIRF) system, a 60× TIRF objective, 
CCD camera, a high-pressure mercury arc light source, laser 
lines with excitation at 488 and 590 nm for TIRF imaging, 
and an open heated chamber ( see   Note 10 ).   

   12.    5 mM pRap dissolved in DMSO. Store at −20 °C.   
   13.    UV irradiation: UVP UVGL-25 handheld UV lamp (4 W) 

( see   Note 6 ).       

2.3  Components 
for Live Cell Imaging

Optochemical Activation of Kinase Function in Live Cells
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3    Methods 

 All centrifugation steps can be performed in a benchtop centrifuge 
at room temperature unless indicated otherwise. 

       1.    1-(3,4-(Methylenedioxy-6-nitrophenyl) ethanol was synthe-
sized as reported [ 23 ], and 200 mg (0.947 mmol) was dis-
solved in 5 ml of dry CH 3 CN ( see   Note 11 ).   

   2.    To the solution were added  N , N ′-disuccinimidyl carbonate 
(485 mg, 1.894 mmol) ( see   Note 12 ) and TEA (0.396 ml, 
2.840 mmol).   

   3.    The reaction was stirred at room temperature overnight.   
   4.    The solvent was removed under reduced pressure, and the 

product was directly purifi ed by column chromatography on 
silica gel (eluted with hexanes/ethyl acetate 5:1), delivering 
296 mg (89 % yield) of MeNPOC-NHS as a light yellow solid.   

   5.    Analytical data:  1 H NMR (300 MHz, CDCl 3 ) δ 7.49 (s, 1H), 
7.09 (s, 1H), 6.39 (q,  J  = 6.4 Hz, 1H), 6.14–6.12 (m, 2H), 
2.79 (s, 4H), 1.73 (d,  J  = 6.4 Hz);  13 C NMR (100 MHz, CDCl 3 ) 
δ 168.7, 153.0, 150.8, 148.0, 141.6, 133.2, 105.9, 105.6, 
103.5, 76.5, 25.6, 22.3( see   Note 25 ); high-resolution mass 
calculated C 14 H 12 N 2 NaO 9  375.04405, found 375.0430.      

      1.    Under argon, rapamycin (20.0 mg, 0.022 mmol) was dis-
solved in dry DCM (0.6 ml) ( see   Note 11 ).   

   2.    DMAP (5.4 mg, 0.044 mmol) ( see   Note 12 ) and MeNPOC- 
NHS (39.0 mg, 0.109 mmol) were added.   

   3.    The reaction mixture was stirred at room temperature 
for 24 h.   

   4.    The volatiles were evaporated under reduced pressure, and 
the product was purifi ed by column chromatography on 
silica gel (eluted with DCM/ethyl acetate 10:1, 5:1, 2:1, 
1:1), delivering 9.1 mg (36 % yield) of pRap as a light yellow 
solid. No attempts were made to separate the two generated 
diastereomers.   

   5.    Analytical data:  1 H NMR (400 MHz, CDCl 3 ) δ 7.48 (s, 1H), 
7.05 (s, 1H), 6.44–6.03 (m, 7H), 5.94–5.83 (m, 1H), 5.60–5.47 
(m, 1H), 5.43 (m, 1H), 5.38–5.31 (m, 1H), 5.20–5.08 (m, 1H), 
4.50–4.38 (m, 1H), 4.14–4.09 (m, 2H), 3.98–3.73 (m, 2H), 
3.67–3.55 (m, 2H), 3.35–3.31 (m, 7H), 3.13–3.03 (m, 5H), 
2.87–2.50 (m, 3H), 2.40–2.11 (m, 2H), 2.03–1.52 (m, 15H), 
1.47–1.32 (m, 6H), 1.24–0.86 (m, 24H) ( see   Note 13 ); high-
resolution mass calculated for [M + Na] +  C 61 H 86 N 2 NaO 19  
1173.5723, found 1173.5721.       

3.1  pRap Synthesis

3.1.1  Synthesis 
of α-Methyl-6- 
Nitropiperonylol 
Succinimidyl Carbonate 
(MeNPOC-NHS)

3.1.2  Synthesis 
of MeNPOC-Caged 
Rapamycin (pRap)
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      1.    Distribute 10 6  HEK293 cells per well into two 6-well plates 
(fi ve wells in one plate and three wells in another) in 2 ml 
DMEM media with 10 % FBS and grow in a 37 °C, 5 % CO 2  
incubator overnight. Cells should be 60–80 % confl uent for 
optimal transfection.   

   2.    Using 1:1 ratio co-transfect HEK293T cells with pEGFP-FRB 
and myc-RapR-FAK (all wells). Perform transfection using 
FuGene6 reagent according to the manufacturer’s recommen-
dations (2 μg of DNA/6 μl FuGene6 per well). Other equiva-
lent transfection methods can also be used ( see   Note 2 ). 
Incubate in a 37 °C, 5 % CO 2  incubator overnight.   

   3.    On the day of the experiment, prepare protein G-coupled aga-
rose beads for incubation with the 4A6 anti-myc antibody. 
Transfer 80 μl of bead suspension into a fresh 1.5 ml tube (10 μl 
of bead suspension is suffi cient for each immunoprecipitation 
(IP) sample, eight IP samples in this experiment) ( see   Note 14 ).   

   4.    Wash beads with 1 ml of lysis buffer ( see   Note 15 ). Resuspend 
beads in 400 μl of lysis buffer containing 1 mg/ml BSA and 
add 4 μl of 4A6 antibody (use 0.5 μl of antibody per IP).   

   5.    Incubate beads at 4 °C for 1–2 h. Wash beads two times with 
1 ml of lysis buffer ( see   Note 15 ) and resuspend in 400 μl of 
lysis buffer (50 μl of lysis buffer for each IP). Aliquot 50 μl of 
beads into fresh 1.5 ml tubes for incubation with cell lysates.   

   6.    Replace media on the transfected cells with 2 ml of fresh 
DMEM media containing 10 % FBS. For both plates treat cells 
with three different concentrations of pRap: 1, 5, and 20 μM 
(add 2 μl of the corresponding stock solution of pRap, one 
well for each plate, mix by gentle agitation) ( see   Note 16 ).   

   7.    Treat one well of transfected cells with 250 nM rapamycin 
(2 μl of 0.25 μM stock, positive control) and another well with 
2 μl of DMSO (solvent control). Both wells should be in the 
6-well dish with fi ve wells of plated and transfected cells. 
Incubate all cells in a 37 °C, 5 % CO 2  incubator for 10 min.   

   8.    Irradiate plate with fi ve wells of cells with 365 nm light 
by placing it on a UVP LMW-20 transilluminator for 1 min 
( see   Note 17 ). Keep the other plate in the incubator without 
irradiation; this will be your negative control to be compared 
to RapR-FAK induced by uncaged pRap.   

   9.    Incubate all cells in a 37 °C, 5 % CO 2  incubator for 1 h.   
   10.    Wash all cells with cold PBS on ice (~3–4 ml of PBS per well) 

( see   Note 18 ). Aspirate as much PBS as possible after the wash.   
   11.    Add 300 μl of lysis buffer to each well. Scrape cells from the 

plate, collect cell lysates into 1.5 ml tubes, and spin for 10 min 
at 1,000 ×  g  and 4 °C.   

3.2  Light-Mediated 
Activation of RapR-
FAK Kinase. 
Assessment of Activity 
Using an In Vitro 
Kinase Assay

Optochemical Activation of Kinase Function in Live Cells
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   12.    Collect 20 μl of supernatant for protein gel electrophoresis 
analysis ( see   Note 19 ). Transfer the remaining supernatant 
into the tubes containing 50 μl of beads prepared in the previ-
ous step.   

   13.    Incubate lysates with the beads at 4 °C for 1.5–2 h with 
 constant agitation.   

   14.    Wash beads two times with 0.5 ml of wash buffer and two 
times with 0.5 ml of kinase buffer ( see   Note 15 ). Remove all 
buffers from beads after last wash.   

   15.    Add 40 μl of kinase buffer per tube. Resuspend the beads and 
transfer 20 μl of each sample into a fresh 1.5 ml tube for the 
kinase reaction.   

   16.    Add 10 μl of paxillin/ATP mix, and incubate for 10 min at 
37 °C shaking ( see   Note 20 ).   

   17.    Stop the reaction by the addition of 40 μl 2× Laemmli protein 
sample buffer. Incubate at 95–100 °C for 5 min. Cool samples to 
room temperature. Run on a protein SDS-polyacrylamide gel.   

   18.    Perform western blot analysis using a 4A6 anti-myc antibody 
for detection of myc-FAK variants, anti-phospho-Tyr31 paxil-
lin antibody for assessment of substrate phosphorylation, and 
anti-GFP JL8 antibody for detection of GFP-FRB (Fig.  2 ).

             1.    Plate 200,000 HeLa cells in a 35 mm tissue culture dish and 
grow overnight in a 37 °C, 5 % CO 2  incubator. Cell confl uency 
should be 50–70 % the next morning.   

   2.    Co-transfect HeLa cells with 0.5 μg of GFP-FRB plasmid and 
1.5 μg of pEGFP-RapR-FAK plasmid using 4 μl of FuGene6 
according to the manufacturer’s recommendations ( see   Note 2 ). 
Incubate overnight at 37 °C, 5 % CO 2 .   

3.3  Light-Mediated 
Activation of RapR-
FAK Kinase: Live Cell 
Imaging

Myc-RapR-FAK

pY31 paxillin

GFP-FRB

Rap / µM

pRap / µM - - 1 5 20 1 5 20

UV light

- 0.25 - - - - - -

+ + - - - + + +

  Fig. 2    Light-induced activation of RapR-FAK. Representative results of an in vitro 
kinase assay. The level of paxillin phosphorylation on Tyr31 (probed with an 
 anti-phospho-Tyr31 paxillin antibody) indicated the kinase activity       
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   3.    Place a glass cover slip in 35 mm tissue culture plates or 6-well 
plates. Wash with 2–4 ml of PBS. Incubate the cover slip in 
2 ml of 5 mg/ml fi bronectin solution in PBS at 37 °C over-
night. Wash the cover slip with PBS, and add 2 ml of DMEM 
media with 10 % FBS.   

   4.    Plate transfected HeLa cells onto fi bronectin-coated cover 
slip. Incubate in DMEM/10 % FBS medium for 2 h at 37 °C, 
5 % CO 2  ( see   Note 21 ).   

   5.    Preincubate mineral oil and L15 media supplemented with 
5 % FBS in a tissue culture incubator (37 °C, 5 % CO 2 ) for at 
least 1 h before imaging.   

   6.    Wash the cover slip with PBS, and place it in an Attofl uor ®  cell 
chamber. Add 0.9 ml of L15 Leibovitz Media with 5 % FBS, and 
cover it with 1 ml of mineral oil ( see   Note 22 ). Place cell cham-
ber onto heated stage of the microscope, and select cells 
co-expressing GFP-RapR-FAK and mCherry-FRB ( see   Note 23 ).   

   7.    Image cells co-expressing GFP-RapR-FAK and mCherry-
FAK, taking images every minute for 120 min. Mix 1 μl of 
5 μM pRap solution with 100 μl of L15 Leibovitz Media. Add 
pRap solution to the cells (fi nal concentration of 5 μM) 30 min 
after imaging has begun ( see   Note 24 ). Decage pRap 30 min 
after its addition by placing a UVP UVGL-25 handheld UV 
lamp 2–3 cm above the cell chamber and irradiating with UV 
light for 1 min ( see   Note 17 ). Continue imaging for the 
remaining 60 min. DIC imaging can be used to monitor cell 
movement and overall changes in cell morphology (i.e., pro-
trusion formation and cell shape) (Fig.  3a ). Epifl uorescence 
can be used to monitor RapR-FAK, FRB, or any other fl uores-
cently labeled co-transfected protein. TIRF imaging will reveal 
translocation of Cherry-FRB to the focal adhesion sites dem-
onstrating interaction between Cherry-FRB and GFP-RapR-
FAK induced by uncaging of pRap (Fig.  3b ) ( see   Note 25 ).

4            Notes 

        1.    Cell media conditions are determined by the specifi c cell line 
used in the experiment. The medium described here is recom-
mended for the HEK293 and HeLa cells used in our 
experiments.   

   2.    Other transfection reagents can be used. If a different transfec-
tion protocol is used, it is recommended to test transfection 
effi ciency before setting up the described experiments. If 
transfection effi ciency is lower than 30 %, either larger quanti-
ties of cells should be used or an alternative transfection pro-
tocol should be tested.   
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   3.    Buffer containing 20 mM Hepes–KOH, pH 7.8, 50 mM KCl, 
1 mM EGTA, and 1 % NP40 should be prepared separately 
and stored at 4 °C. Sock solutions of 0.5 M NaF and 0.2 M 
Na 3 VO 4  in water should be stored at −20 °C. Complete lysis 
buffer should be prepared on the day of the experiment and 
should be stored on ice.   

   4.    Buffer containing 25 mM HEPES pH 7.5, 5 mM MgCl 2 , 
0.5 mM EGTA, and 0.005 % BRIJ-35 should be prepared 
separately and stored at 4 °C. Stock solutions of MnCl 2  (1 M) 
in water should be stored at −20 °C. If precipitation is observed 
in MnCl 2  solution, then new stock solutions should be pre-
pared. Complete kinase reaction buffer should be prepared on 
the day of the experiment and stored on ice.   

  Fig. 3    Effect of light-induced activation of RapR-FAK in live cells and its dimerization with FRB. ( a ) DIC images 
of HeLa cells expressing GFP-RapR-FAK and mCherry-FRB before and after uncaging of pRap.  Arrows  indicate 
the formation of large dorsal ruffl es stimulated by activated RapR-FAK. ( b ) Localization of mCherry-FRB before 
and after uncaging of pRap. Images were acquired using TIRF microscopy       
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   5.    Paxillin–ATP mix should be prepared right before the experi-
ment by mixing 100 mM ATP stock solution and stock solu-
tion of the purifi ed GST-paxillin N-terminal fragment in kinase 
buffer. The mixture should be kept on ice.   

   6.    An equivalent UV transilluminator can be used for this experi-
ment, but uncaging effi ciency should be determined by irradi-
ating cells for different periods of time.   

   7.    L15 medium (4 °C) and FBS should be stored separately 
(−20 °C). On the day of the experiment, prepare a fresh mix 
of L15 medium and FBS. A minimum of 1 ml will be needed 
per experiment.   

   8.    Fibronectin solution in PBS should be prepared freshly at the 
time of application.   

   9.    Other inverted epifl uorescence microscopes suitable for live 
cell imaging can be used. The instrument should allow for 
addition of reagents during cell imaging.   

   10.    We routinely use an Olympus IX-81 microscope equipped with 
an objective-based TIRF system and a PlanApo N 60× TIRFM 
objective (NA 1.45). All images are collected using a 
Photometrix CoolSnap ES2 CCD camera controlled by 
Metamorph software. The 488 nm line from an omnichrome 
series 43 Ar/Kr laser and the 594 nm line from a Cobolt 
Mambo continuous-wave diode-pumped solid-state laser are 
used for TIRF imaging. Illumination for epifl uorescence images 
was provided from a high-pressure mercury arc light source.   

   11.    All reactions were performed in fl ame-dried glassware under a 
nitrogen atmosphere and stirred magnetically unless indicated.   

   12.    All commercially available chemicals and reagents were used 
without further purifi cation unless indicated.   

   13.    NMR spectra were recorded using Varian Mercury (300 and 
400 MHz) instruments.   

   14.    Agarose beads need to be well resuspended before removing 
an aliquot. The tip of the pipetman tip can be cut in order to 
prevent it from being clogged by agarose clumps.   

   15.    To wash the agarose beads, add the buffer to the tube, resus-
pend by vortexing, centrifuge at 1,500 ×  g  for 1 min, and 
remove the supernatant.   

   16.    Adding reagents and mixing media need to be done very care-
fully, as HEK293 cells may detach if agitated too vigorously.   

   17.    Protect your eyes and skin from irradiation with UV light by 
wearing appropriate protective goggles, gloves, and lab coat.   

   18.    Add PBS slowly to the side of the well to avoid cell detachment.   
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   19.    Run lysate samples on a separate gel. Transfer onto PVDF 
membrane, and probe with anti-myc and anti-GFP antibody 
to check the expression of myc-RapR-FAK and GFP-FRB.   

   20.    We recommend to add paxillin/ATP mix to the side of each 
reaction tube, then spin all tubes briefl y at    4,000 ×  g  to add the 
mix to the beads in all reactions simultaneously, and incubate 
reactions in a thermomixer set to 37 °C.   

   21.    It takes 1–2 h for HeLa cells to attach to the cover slips and 
spread.   

   22.    Addition of oil on top of the media prevents evaporation but 
still allows for addition of reagents.   

   23.    A microscope equipped with a motorized stage enables con-
secutive imaging of several cells by selecting and logging the 
positions of cells expressing GFP-RapR-FAK and mCherry- 
FRB. The number of positions depends on the time to take all 
the images at one position and move to the next one.   

   24.    Mix pRap with the media right before adding it to the cells. 
Make sure that you penetrate the oil layer when adding pRap 
to the cells. Imaging the fi rst 30 min without pRap is required 
to establish a baseline in order to determine if the addition of 
pRap causes any changes in cell behavior or changes in protein 
localization.   

   25.    FAK localizes to focal adhesions at the side of the cell where it 
attaches to the dish. In the absence of active rapamycin, FRB 
will be diffusely localized throughout the cell.         
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    Chapter 4   

 Photoswitching of Cell Surface Receptors 
Using Tethered Ligands 

           Andreas     Reiner     and     Ehud     Y.     Isacoff    

    Abstract 

   Optical probing and manipulation of cellular signaling has revolutionized biological studies ranging from 
isolated cells to intact tissues in the live animal. A promising avenue of optical manipulation is Chemical 
Optogenetics (or Optogenetic Pharmacology), an approach for engineering specifi c proteins to be rapidly 
and reversibly switched  on  and  off  with light. The approach employs synthetic photoswitched ligands, 
which can be reversibly photo-isomerized to toggle back and forth between two conformations in response 
to two wavelengths of light. We focus here on the photoswitched tethered ligand (PTL) approach in which 
the PTL is covalently attached in a site-directed manner to a signaling protein. For this a ligand anchoring 
site is introduced at a location which allows the ligand to dock only in one of the light-controlled confor-
mations, thus enabling liganding to be rapidly switched. The ligand can be an agonist, antagonist or an 
active site (or pore) blocker. In principle, orthogonal chemistries of attachment would make PTL anchor-
ing completely unique. However, extremely high specifi city of remote control is also obtained by cys-
teine attachment because of the ligand specifi city and precise geometric requirements for liganding. We 
describe here the design of light-gated ionotropic and metabotropic glutamate receptors, the selection of a 
site for cysteine placement, the method for PTL attachment, and a detailed protocol of photoswitching 
experiments in cultured cells. These descriptions can guide applications of Chemical Optogenetics to other 
receptors and serve as a starting point for use in more complex preparations.  

  Key words     Optogenetics  ,   Light controlled proteins  ,   Ligand-gated ion channels  ,   LiGluR  , 
  Photoswitchable tethered ligands  ,   Azobenzene photoswitch  ,   Glutamate receptor  ,   GPCR  ,   mGluR  , 
  GluK2  ,   GluR6  

1      Introduction 

  Light-sensitive biomolecules make it possible to control cellular 
signaling processes in a noninvasive way with exquisite spatial and 
temporal resolution. Light-controlled proteins that can be 
expressed in specifi c cell types or developmental stages, allow to 
target cells even more precisely and are now used in an array of 
optogenetic techniques [ 1 – 3 ]. These tools are extremely powerful 
to control signaling, for instance to probe the role of individual 
neurons in neuronal circuits and behavior [ 4 ,  5 ]. 

1.1  Photoswitching 
Proteins with Tethered 
Ligands
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 In many cases it is desirable to have reversible photo- control, i.e., 
photoswitchable proteins, rather than proteins that are irreversibly acti-
vated or photo-uncaged by light. Several classes of light-sensitive pro-
teins with endogenous chromophores are found in nature, such as 
opsins containing retinal, phytochromes containing tetrapyrrole, and 
BLUF and LOV domains containing fl avin cofactors. Opsins that have 
naturally evolved to function as light-gated G protein- coupled receptors 
(rhodopsin) or as microbial ion channels (e.g., channelrhodopsin), as 
well as light-driven pumps (e.g., halorhodopsin and archaerhodopsin) 
have been successfully transferred to mammalian cells and are now 
widely used as optogenetic tools [ 1 ,  6 ,  7 ]. BLUF and LOV domains 
undergo signifi cant conformational changes upon illumination and can 
render enzymes light-sensitive [ 8 ,  9 ], while phytochromes have been 
used, for instance, to photo- control protein association [ 10 ]. 

 One of the dreams of optogenetics is to be able to develop a 
universal approach by which photo-control can be adapted to most 
native proteins across a wide set of organisms—to create a new optical 
manipulation layer to proteomics. To achieve this, it is necessary to get 
around a fundamental aspect of naturally light sensitive systems in 
which the ability of the protein to associate with the natural chromo-
phore depends on elaborate structural adaptation that cannot be read-
ily engineered into other proteins of interest. This lead to the 
development of small and robust photo-isomerizable chemicals that 
can be covalently attached to the accessible surface of a target protein 
with the idea that the light-driven conformational change in the chem-
ical compound would induce a functional change in the protein. 

 Several chemical groups can be utilized as photoswitches in 
this way [ 11 ], such as spiropyrans [ 12 ,  13 ], diarylethenes, hemi-
thioindigos [ 14 ], thioamids [ 15 ], and azobenzenes. Azobenzene 
derivatives remain by far the most popular photoswitches, since 
they have excellent photophysical properties and allow robust and 
effi cient switching,  see , e.g., [ 16 – 21 ]. 

 While photo-control can be achieved by attaching two points 
of an azobenzene to a protein so that photoswitching applies force 
and alters the secondary structure [ 22 ,  23 ], the broadest applica-
tions have been with photoswitched tethered ligands (PTLs), con-
sisting of a reactive group at one end that attaches selectively to an 
introduced amino acid, a photo-isomerizable azobenzene, and a 
ligand for the target protein at the other end. This approach 
enables a full length protein, with as little as a single amino acid 
substitution, to become light sensitive. The PTLs provide versatile 
control over signaling proteins, as they can be designed to function 
as orthosteric activators (agonists) or inhibitors (antagonists), as 
allosteric modulators or as active site/pore blockers [ 24 ]. The 
agonist version of this is illustrated in Fig.  1 .

   PTLs allow robust control of genetically engineered recep-
tors exclusively in the cells to which they were genetically targeted. 
This makes it possible to selectively probe the role of particular 

Andreas Reiner and Ehud Y. Isacoff



47

receptors in specifi c cells or specifi c subcellular regions. For exam-
ple, tethered potassium channel blockers can be used generally to 
control neuronal excitability [ 25 ,  26 ], but they also can be targeted 
to probe distinct channels, some of which have been implicated in 
synaptic processing and long-term plasticity in the nervous system. 
It will be possible to optically manipulate native receptors in their 

  Fig. 1    Optical control of cell surface receptor using photoswitchable tethered 
ligands. ( a ) Ligand-gated ion channel with tethered ligands that can be reversibly 
isomerized between an  off  state ( left  ) and an  on  state ( right  ) with light of specifi c 
wavelengths. The ligand can be an agonist (activator), antagonist (inhibitor), or 
allosteric modulator. ( b ) Structure of the L-MAG ligand family used for the activa-
tion of ionotropic glutamate receptors, such as LiGluR. The  m aleimide group 
allows covalent attachment to an engineered cysteine residue, the  a zobenzene 
serves as  cis / trans -photoswitch and  g lutamate acts as agonist [ 29 ]. Glycine 
units ( n  = 0, 1, and 2) can be added to increase the linker length (MAG0, MAG1, 
and MAG2). ( c ) Structure of the ligand binding domain of GluK2 with bound 
4- methylglutamate in blue (Protein Data Bank accession code 1SD3 [ 43 ]). Of 16 
positions tested for MAG attachment ( yellow ), 11 yielded functional receptors 
and 5 of those permitted photoswitching [ 41 ]. The labeling position L439C is 
shown in  red . Adapted from refs. [ 29 ,  41 ]       
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wild type patterns of expression in knock-in animals. Furthermore,  
it is possible to use subunit replacement strategies for endowing 
photo- control on the native protein without the need of a knock-in. 
This can be achieved by adding a PTL anchoring site to a partner 
protein that is rendered nonfunctional unless it co-assembles with a 
native, unmodifi ed target receptor. This Photoswitched Conditional 
Subunit (PCS) approach was used in conjunction with a PTL pore 
blocker in the TREK1 K2P channel, which lacks specifi c soluble 
blockers, to introduce reversible optical switching, and reveal a pre-
viously unknown role in inhibitory synaptic transmission [ 27 ,  28 ]. 

 Tethered agonists and antagonists have also been developed 
for ionotropic and metabotropic glutamate receptors, iGluRs and 
mGluRs, respectively. iGluRs, a family of ligand-gated ion chan-
nels, and mGluRs, a family of G protein-coupled receptors, are 
activated by glutamate, the major excitatory neurotransmitter in 
the mammalian central nervous system. Light-gated versions of 
the modulatory glutamate receptors that are involved in short- 
and long-term synaptic plasticity have been made, including 
kainate receptor GluK2 (iGluR6; LiGluR) and several mGluRs 
(the LimGluRs) [ 29 – 32 ]. Often the same receptor, or ones that 
are diffi cult to distinguish pharmacologically, are found at multiple 
locations within the same synapse (e.g., in the presynaptic nerve 
terminal, the postsynaptic dendritic spine, and a local astrocyte 
process: the three compartments of the tripartite synapse that 
appear to cross-talk extensively in ways that are not yet understood 
[ 33 ]), which makes it virtually impossible to defi ne their function 
with soluble compounds. The ability to selectively introduce the 
PTL anchoring subunit into one of these compartments using 
genetic targeting combined with the ability to aim light selectively 
in three dimensions (e.g., [ 34 ]) makes it possible to resolve this. 
This remote PTL-based control of the components of the excit-
atory synapse has been extended to one of the major classes of mod-
ulatory synapses by the production of PTL agonism and antagonism 
for acetylcholine receptors [ 17 ,  35 ].  

  In this section we briefl y summarize the design of light-gated 
glutamate receptors, such as LiGluR. 

  PTLs for glutamate receptors, termed MAGs, encompass three 
parts: a cysteine-reactive  m aleimide group, the central  a zobenzene 
photoswitch, and a  g lutamate headgroup that serves as agonist 
(Fig.  1b ). Maleimide reacts with cysteine to form a relatively stable 
succinimidyl thioether in a Michael-type addition of the thiolate to 
the maleimide double bond. At pH 6.5–7.5 the reaction remains 
rather specifi c for cysteines, while higher pH can facilitate reactions 
with other nucleophiles, such as amines [ 36 ]. Higher pH also 
accelerates the hydrolysis of both the free maleimide and the con-
jugated succinimide. 

1.2  Experimental 
Strategy

1.2.1  Design 
and Characteristics 
of the MAG Photoswitch
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 Azobenzene is a molecular photoswitch used in many chemical 
and technical applications. It has excellent photostability and allows 
 cis / trans -photoisomerization over hundreds of switching cycles 
[ 31 ]. The  p , p -diacylamido substituents in regular MAG lead to 
favorable optical properties. Near-UV light (370–390 nm) effec-
tively shifts the  trans /c is  equilibrium to >90 %  cis  confi guration in 
the photostationary state. Vice versa, 480–530 nm light is effective 
in populating the  trans  confi guration to >85 %. The  trans  form is 
thermodynamically favored, but at room temperature the thermal 
relaxation from  cis  to  trans  takes tens of minutes, rendering the 
switch practically bistable [ 37 ]. Other azobenzene substituents 
[ 38 ,  39 ] can shift the absorption to longer wavelengths and 
decrease the barrier for thermal relaxation, which can result in 
spontaneous  cis -to- trans  relaxation on experimental timescales. 

 The MAG ligand headgroup is based on 4-methylglutamate, a 
known high effi cacy agonist of iGluRs [ 40 ]. A  L -stereochemistry 
(4 R ) has been found to work with ionotropic glutamate receptors, 
while mGluRs can be controlled with D-MAGs (4 S ) [ 32 ]. The linker 
length between the azobenzene core and the agonist headgroup has 
been varied by adding glycine units (Fig.  1b ) [ 37 ,  41 ].  

  The targeted receptor should show robust expression in the desired 
cell types, e.g., in mammalian cell lines for screening and in neurons 
for optogenetic applications. Homomeric receptors are usually easier 
to handle, whereas engineering of subunits that require the formation 
of heteromers can allow to target native receptor populations [ 27 ]. 

 Structural data on the ligand binding region can give informa-
tion on which ligands might be sterically tolerated, and how the 
headgroup might be linked to the azobenzene core to not interfere 
with high affi nity binding and receptor activation. In the case of 
iGluRs, which have LBDs that undergo a pronounced clamshell clo-
sure upon agonist binding [ 42 ,  43 ], it was possible to identify an 
access tunnel for an alkyl linker attached with  L -stereochemistry to 
the 4-position of glutamate (Fig.  1c ). In addition, binding site stud-
ies, as well as structure–activity relationship studies on pharmaco-
logical scaffolds can provide valuable information. Soluble model 
compounds without a maleimide or azobenzene group can be used 
to test, whether the designed ligand binds [ 29 ], or might be 
employed as soluble photoswitches [ 44 ]. To identify optimal attach-
ment sites, a set of cysteine substitutions around the binding site 
should be made (Fig.  1c ), keeping the overall dimensions (MAGs 
~15–30 Å) and the conformational change upon  trans / cis  isomeri-
zation in mind. Ideal positions are those, which allow the ligand to 
reach the binding site in one form, e.g., in the  cis  confi guration, but 
fully prevent binding in the other. For photo-antagonism the struc-
tural requirements might be less strict than for agonism, since several 
ways can be envisaged how the photoswitch could prevent ligand 
binding or block conformational transitions that lead to activation.  

1.2.2  Choosing the 
Receptor and Photoswitch 
Attachment Sites

Photoswitching Receptors with Tethered Ligands
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  To test and compare the PTL performance at different attachment 
positions a robust and sensitive assay is necessary. Ca 2+ -imaging has 
the advantage that many cells can be screened [ 29 ,  37 ], while patch-
clamp recordings allow to measure ion channel activation and deacti-
vation in the most direct way [ 37 ,  41 ,  45 ]. Also G protein-coupled 
receptor (GPCR) activity may be robustly monitored in this way, 
using G protein-coupled inwardly rectifying potassium channels [ 32 ]. 
The receptor expression and effi ciency of photoswitching can be 
assessed by applying soluble agonists. It should be kept in mind, how-
ever, that mutations around the binding site can affect the affi nity for 
endogenous ligands. Different labeling positions and photoswitch 
derivatives typically result in a variety of phenotypes, such as full or 
partial  cis - and  trans -agonism or antagonism in different combina-
tions [ 32 ,  41 ]. The application of competitive antagonists is particu-
larly useful to identify  trans - agonism , as well as to estimate the effective 
local concentrations of the photoswitch at the binding site [ 37 ].   

  This chapter describes the experimental routine for expressing and 
photoswitching of LiGluR in HEK cells. The detailed procedure 
demonstrates the use of the technique with a focus on instrumenta-
tion, receptor labeling, and basic photoswitch characterization. 
The protocol is easy to implement and should serve as guide for 
adapting PTLs to other receptors or more complex preparations. 

 LiGluR is a light-gated ionotropic glutamate receptor that can 
be effi ciently switched with L-MAG photoswitches. It is based on 
the mammalian kainate receptor subunit GluK2 [ 46 ,  47 ], formerly 
iGluR6, which can form homotetrameric ion channels [ 48 ]. It can 
be robustly expressed in neuronal and non-neuronal cell types and 
forms a cation-selective ion channel, which under physiological 
ionic conditions allows a net infl ux of positive ions, mostly Na +  
[ 49 ]. The Ca 2+ - and Cl −  permeability of GluK2 is largely controlled 
by the Q/R editing site (621) located in the pore loop [ 50 ,  51 ]. 

 Several LiGluR versions have been designed and the MAG 
activation mechanism has been characterized in detail [ 29 ,  37 ,  41 , 
 45 ]. LiGluR can be used to depolarize cells and to induce neuronal 
fi ring [ 30 ], while an engineered, potassium selective version, 
Hylighter, can be used to hyperpolarize cells and silence neuronal 
fi ring [ 31 ]. A key property of regular MAG photoswitches is their 
bistability on experimental timescales [ 37 ]. This means, a brief 
light pulse of moderate intensity can be used to turn LiGluR on, 
which then will stay in the  on  state until a off light pulse is applied. 
The extent of LiGluR activation can be fi nely tuned by the wave-
length or the amount of light applied. Fast sub-millisecond switch-
ing with high light intensities allows to study the gating of iGluRs 
in real time [ 45 ]. With these favorable properties LiGluR was used 
for studies in a variety of neurobiological model systems, such as 
primary neurons [ 30 ,  31 ,  52 ], astrocytes [ 53 ], neuroendocrine 
cells [ 54 ], in the mouse retina [ 55 ], the fl y neuromuscular junction 
[ 56 ], and zebrafi sh [ 4 ,  30 ,  31 ]. Furthermore, viral delivery now 
allows optogenetic studies in acute brain slices and living animals. 

1.2.3  Screening 
and Validation
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 Here we describe the use of patch-clamp recordings, which 
give the most direct readout and enable detailed characterization. 
LiGluR and similar tools, however, have been combined in many 
other experimental settings, such as extracellular recordings [ 55 ], 
imaging techniques with chemical or genetically encoded voltage- 
or Ca 2+ -sensors [ 29 ,  53 ], as well as behavioral assays [ 4 ,  32 ,  55 ].   

2    Materials 

       1.    Expression construct for the receptor subunit with an engi-
neered cysteine for MAG attachment, i.e., LiGluR (rat GluK2 
L439C) in the pRK5 expression vector [ 29 ,  37 ]. The cyto-
megalovirus (CMV) promoter gives strong and robust expres-
sion in mammalian cell lines. The open reading frame should 
be preceded by a Kozak consensus sequence and has to include 
an intact signal peptide sequence ( see   Note 1 ).   

   2.    A wild type expression construct without the engineered cyste-
ine attachment to serve as negative control ( see   Note 2 ). 
Receptor constructs with different MAG attachment sites [ 41 ] 
can be directly obtained by site-directed mutagenesis [ 57 ].   

   3.    Expression construct for a fl uorescent marker used to identify 
transfected cells, e.g., pcDNA3-EGFP.   

   4.    Mini- or midi kit for plasmid purifi cation. Midi preparations often 
yield higher quality DNA and lower endotoxin levels ( see   Note 3 ).   

   5.    Spectrophotometer for determining the DNA concentration.      

      1.    MAG ligands with different linker lengths and stereochemistry 
have been developed [ 32 ,  41 ] (Fig.  1b ). L-MAG0 and 
L-MAG1 work well in combination with LiGluR and can be 
obtained from our lab. A red-shifted, spontaneously relaxing 
MAG ligand has been described as well [ 39 ].   

   2.    MAG photoswitches are usually shipped as small powder ali-
quots (~2 mg), suffi cient for ≥120 labeling reactions. The 
 compound should be stored at −20 or −80 °C in the dark 
and dry, preferably over desiccant (e.g., drierite,  see   Notes 4  
and  5 ). The synthesis of the MAG hydrochloride salts, 
which have good solubility, is described in refs. [ 29 ,  37 ,  41 ] 
along with analytical data.   

   3.    Anhydrous, ultrapure DMSO as solvent for stock solutions. 
Since DMSO is highly hygroscopic it has to be stored moisture 
free, best in small batches over desiccant ( see   Notes 4  and  5 ).   

   4.    Spectrophotometer for determining the MAG photoswitch 
concentration.      

      1.    Biosafety cabinet (laminar fl ow hood).   
   2.    Incubator with temperature and CO 2  control (37 °C, 5 % v/v CO 2 ).   

2.1  DNA Constructs

2.2  MAG 
Photoswitch 
and Chemicals

2.3  Cell Culture
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   3.    Water bath (37 °C).   
   4.    Inverted microscope for cell inspection.   
   5.    Table top centrifuge.   
   6.    Eukaryotic cell lines suitable for the expression of iGluRs and 

patch-clamp experiments, e.g., human embryonic kidney cells 
(HEK 293) ( see   Note 6 ). HEK cells are adherent, easy to main-
tain, allow effi cient transfection and have low amounts of endog-
enous channels interfering with the measurements [ 58 ]. 
  Warning :  Mammalian ,  particularly human cell lines ,  can har-
bor disease - causing viruses. Consequently ,  cells and materials 
have to be treated as biohazardous material and have to be han-
dled with proper approval ,  training ,  and care .   

   7.    Polystyrene cell culture fl asks, 25 cm 2 , with fi lter cap, sterile.   
   8.    Polystyrene fl at bottom 12-well plates, sterile (fi t 18 mm cover 

glasses).   
   9.    Dulbecco’s buffered saline (DPBS) without added Ca 2+ /Mg 2+  

salts.   
   10.    Dulbecco’s modifi ed essential medium (DMEM), high glucose, 

supplemented with 5 % fetal bovine serum (FBS). Filter- sterilize 
after serum addition and store at 4 °C ( see   Note 7 ).   

   11.    Trypsin solution (0.25 % with EDTA, e.g., Gibco 25200–114). 
Optionally, enzyme-free cell dissociation solution (e.g., Sigma, 
C5914).   

   12.    Transfection reagent with suitable medium supplement (e.g., 
Lipofectamine ®  2000 and Opti-MEM ® , Invitrogen).   

   13.    Round cover glasses, 18 mm, thickness ~0.1 mm.   
   14.    Forceps, which allow safe handling of cover glasses.   
   15.    Poly- L -lysine hydrobromide, MW 30,000–70,000 (e.g., Sigma 

P2636). Prepare a 10 mg/ml stock solution (20×),  fi lter- sterilize, 
and store 1 ml aliquots at −20 °C.   

   16.    Borate buffer. Prepare a 60 mM borate buffer, pH 8.5, by dis-
solving 1.5 g boric acid, 2.3 g sodium borate in 500 ml water. 
Filter-sterilize and store at 4 °C.   

   17.    Distilled water, sterile.   
   18.    Counting chamber (hemocytometer).      

      1.    Extracellular solution: 138 mM NaCl, 1.5 mM KCl, 1.2 mM 
MgCl 2 , 2.5 mM CaCl 2 , 10 mM HEPES, pH 7.3 (NaOH). 
Prepare a 10× stock solution, fi lter-sterilize, and store at 4 °C. 
Before the experiments, dilute to a 1× working solution and 
supplement with 10 mM glucose ( see   Note 8 ).   

   2.    Intracellular solution: 135 mM K-gluconate, 10 mM NaCl, 
2 mM MgCl 2 , 1 mM EGTA, 10 mM HEPES, pH 7.4 (KOH). 

2.4  Solutions 
for Labeling and HEK 
Cell Patching
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Prepare a 10× stock solution, fi lter-sterilize, and store at 4 °C 
( see   Note 9 ). Before the experiments, dilute to a 1× working 
solution, supplement with 2 mM Na 2 ATP and keep on ice.   

   3.    Concanavalin A (Con A), type IV (e.g., Sigma L7647,  see  
 Note 10 ). Prepare 20 ml stock solution with 0.3 mg/ml Con 
A in extracellular solution. The solution can be stored at 4 °C 
for several weeks.   

   4.     L -Glutamic acid (high purity, e.g., Sigma 49449). Prepare a 
100 mM stock in extracellular solution. Readjust to pH 7.3 
(NaOH), fi lter, and store aliquots at −20 °C.   

   5.    Optionally, stock solutions of reducing agents: 10 mM DTT 
(dithiothreitol) or 1 mM TCEP ( tris (2-carboxyethyl)phos-
phine) in extracellular solution [ 59 ]. Store aliquots at −20 °C.   

   6.    Optionally, DNQX (6,7-dinitroquinoxaline-2,3-dione) a com-
petitive GluK2 antagonist: 50 mM stock in extracellular solu-
tion. Store at −20 °C.      

       1.    Inverted microscope with a bright fi eld condenser and epi- 
fl uorescence light path ( see  Subheading  2.5 ,  item 6 ). For 
patch- clamp recordings the setup is placed on an air table to 
reduce vibrations.   

   2.    A Faraday cage should enclose the setup to bar electrical noise. 
It should be covered with black curtain to block ambient light, 
which could interfere with photoswitching.   

   3.    For patching on inverted microscopes, 20× or 40× air objec-
tives with long working distances are suitable. Photoswitching 
with wavelengths <400 nm requires that the objective and all 
other optical components, including the cover glasses, have 
signifi cant transmittance in the UV range ( see   Note 11 ).   

   4.    Filter set for imaging GFP or another fl uorescent expression marker 
( see  Subheading  2.1 ,  item 3 ), including a suitable excitation fi lter, 
dichroic mirror, and emission fi lter. For rapid exchange these fi lters 
are usually combined into cubes and mounted in a rotating turret.   

   5.    A standard CCD camera can be used for more sensitive fl uo-
rescence detection and easier imaging during patch.   

   6.    Light source for photoswitching with suffi cient intensity ( see  
 Notes 12  and  13 ) in the desired wavelength ranges (e.g., ~375–
395 nm for  trans -to- cis  and ~488–532 nm for  cis -to- trans  isom-
erization ;  see   Note 11 ). Furthermore, the system has to allow 
rapid switching between the two wavelength ranges, and, pref-
erably, a dark position ( see   Note 14 ). Usually Xe-arc lamps in 
combination with fi lter switching systems (e.g., DG-4 with 
band- pass fi lters, Sutter Instruments) or monochromators (e.g., 
Polychrome, Till Photonics) have been used. Solid-state light 
sources, LED systems, and diode or diode-pumped solid-state 

2.5  Imaging 
and Photoswitch 
Illumination
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lasers offer now a number of excellent and cost-effective alterna-
tives. Wavelength switching using fi lters within the microscope 
should be avoided, since it is often slow and associated with 
vibrations.   

   7.    The light should be coupled into the epi-fl uorescence light path 
of the microscope. For most light sources, light guides and con-
denser lenses are available that allow coupling to the back port 
of the microscope. The coupler should be carefully aligned to 
yield a centered and uniform illumination in the sample plane 
[ 60 ]. In case the output of the light source cannot be turned off 
completely, an electromechanical shutter (e.g., Uniblitz) should 
be added right before the microscope port ( see   Note 14 ). 
Besides epi-illumination, other illumination schemes can be 
considered for photoswitching ( see   Note 15 ).   

   8.    A fi lter cube or fi lter position should be designated for photo-
switching. No further excitation fi lter is necessary in this cube. 
The dichroic mirror has to direct both the  on  and  off  wave-
lengths to the objective, and an emission fi lter should be 
added to cut out the excitation light so that it cannot reach 
the eyepiece or camera ( see   Note 16 ). A fully refl ecting mirror 
(e.g., XF125, Omega Optical) can be installed instead of the 
dichroic mirror, which gives higher light intensity for photo-
switching, but does not allow simultaneous imaging.   

   9.    A plastic shield should be placed in front of the sample stage, as 
high light intensities can be damaging to the eye ( see   Note 16 ).   

   10.    Powermeter with sensor diode for the UV/VIS-range (e.g., 
PM100D with S130VC, Thorlabs).   

   11.    Optional: a set of neutral density fi lters for variation of the 
light intensity (e.g., XND6PC, Omega Optical).   

   12.    Optional: an amplifi ed photodiode (e.g., PDA25K Thorlabs) 
or an old photomultiplier tube to record the actual light stim-
uli ( see   Note 17 ).   

   13.    Optional: a handheld 365 nm UV lamp for affi nity labeling.      

      1.    Patch-clamp amplifi er with headstage, A/D converter, and 
recording software (e.g., Axopatch 200B, Digidata 1440A and 
pClamp software, Molecular Devices).   

   2.    Stable 3-axis micromanipulator with amplifi er headstage 
mount (e.g., MP285 from Sutter). The manipulator should be 
mounted on a rotating base, either on the microscope stage or 
on a separate stand.   

   3.    Glass micropipette puller (e.g., P-97, Sutter Instruments). 
A microforge for fi re-polishing pipettes is helpful (e.g., 
MF-830, Narishige), but not absolutely necessary.   

2.6  Setup for 
Patch-Clamp 
Recordings and 
Accessories
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   4.    Pipette glass, borosilicate, thin wall with fi lament (e.g., 
G150TF-3, Warner Instruments).   

   5.    Syringe tips for fi lling micropipettes (e.g., Microfi l 28 AWG, 
MF28G67-5, World Precision Instruments). Alternatively 
long, soft plastic pipette tips can be used (e.g., Microloader, 
Eppendorf). A fi lter (0.2 μM, PES, 13 mm) should be placed 
between the syringe and tip to remove any dust particles.   

   6.    Handheld pressure meter (e.g., HHP 4205, Omega Engineering) 
connected to the air tubing at the electrode holder.   

   7.    Ag/AgCl wires for the headstage and reference electrodes. 
The Ag electrodes can be chlorinated by placing them for 
25 min in bleach (sodium hypochlorite).   

   8.    U-shaped KCl salt bridges: glass capillaries are bent into a 
U-shape using a fl ame. The salt bridge solution, 3 M KCl in 1 % 
agarose (electrophoresis grade), is prepared and heated in the 
microwave. After cooling to ~50 °C a pipette tip is used to fi ll 
the glass capillary. After hardening of the agar, the salt- bridges 
are stored in 3 M KCl at 4 °C.   

   9.    Perfusion chamber for mounting cover glasses (e.g., RC-25 F/
PM3, Warner Instruments). Vacuum grease can be used for 
sealing.   

   10.    Perfusion system: a manual, gravity-driven perfusion system is 
suffi cient for slow perfusion experiments. For this, reservoirs 
(e.g., 50 ml disposable syringe tubes) are mounted ~30–60 cm 
above the stage, equipped with stopcocks and fl ow regulators. 
The tubings are combined via a manifold (e.g., MP4, Warner 
Instruments) into a single line, which is attached to the inlet of 
the perfusion chamber.   

   11.    Vacuum line: a collection bottle and overfl ow trap is connected 
to a vacuum line, and a stopcock is added to control the suc-
tion. The vacuum line is terminated with a bent syringe needle 
that is placed in the outlet reservoir of the perfusion chamber. 
Modeling clay can be used for mounting.       

3    Methods 

      1.    Prepare DNA from  E. coli  cultures using standard mini or 
midi plasmid preparation kits. Elute with sterile elution buffer 
( see   Note 3 ).   

   2.    Determine the concentration using a spectrophotometer and 
 ε  260  = 0.02 (μg/ml) −1  cm −1 . The DNA concentration should be 
≥0.4 μg/μl and the  A  260 / A  280  ratio should be between 1.75 
and 1.95.      

3.1  DNA Preparation

Photoswitching Receptors with Tethered Ligands



56

       1.    Thaw an aliquot of PLL stock solution and dilute it in 20 ml 
borate buffer (0.5 mg/ml). Fill a sterile 12-well plate with 
1.5 ml/well and keep it at 4 °C. This solution can be used for 
coating several batches of cover glass.   

   2.    Depending on the manufacturer, cover glasses might need 
washing with nitric acid, HCl, and 70 % ethanol [ 61 ].   

   3.    Place one clean cover glass in each PLL well and let them sit 
for ≥12 h to allow coating. Cover glasses can be stored in the 
PLL solution at 4 °C until use.   

   4.    Before seeding cells, transfer the cover glasses to a new 12-well 
plate and wash three times with distilled water (add 1 ml, then aspi-
rate). Soluble excess PLL can have deleterious effects on cell health.   

   5.    Completely remove water and let the cover glasses air dry for 
5 min before proceeding with Subheading  3.3 ,  step 11 .      

        1.    For basic cell culture techniques refer to specialized literature 
[ 62 ,  63 ].   

   2.    Check the quality of the HEK cell culture. Cells should be 
adherent, not confl uent (≤85 % density), have healthy morphol-
ogy and be free of contaminations. The phenol red indicator 
should indicate pH 7.2–7.4.   

   3.    Warm DPBS (Ca 2+ /Mg 2+ -free), trypsin solution, and DMEM 
(5 % FBS) to 37 °C in water bath.   

   4.    Gently aspirate the old medium from the cell culture fl ask.   
   5.    To wash cells, add 8 ml DPBS (per 25 cm 2  fl ask), let stand for 

20 s, and aspirate.   
   6.    Add 3 ml trypsin solution and incubate for 3 min at 37 °C.   
   7.    Cells should detach from the fl ask, which can be facilitated by 

tapping. Transfer the cell suspension into a conical 50 ml tube.   
   8.    Centrifuge at 500 ×  g  for 3 min. A white cell pellet should be 

visible.   
   9.    Aspirate the supernatant, add 5 ml DMEM and resuspend the 

cells by gently pipetting up and down.   
   10.    Count the cell density of the cell suspension.   
   11.    To maintain the HEK cell culture, fi ll a new 25 cm 2  fl ask with 

7 ml DMEM and add cell suspension (500 μl for splitting the 
culture 1:10; 1 ml for splitting 1:5).   

   12.    To seed cells, add 1 ml DMEM to the air-dried cover glasses 
( see  Subheading  3.2 ,  step 5 ).   

   13.    Add ~40,000 cells (typically 20–80 μl) per cover glass. 
Distribute the cell suspension by tilting the well plate.   

   14.    Incubate for 12–28 h before proceeding with the 
transfection.      

3.2  Coating Cover 
Glasses with 
Poly- L -Lysine

3.3  Splitting and 
Seeding HEK Cells
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       1.    This procedure describes transfection with Lipofectamine 
2000 (Invitrogen). See your supplier information for further 
details.   

   2.    Check cell health before transfection. Cells should be adherent, 
have healthy morphology and relatively low density ( see   Note 18 ).   

   3.    In case antibiotics or additional serum were added, the medium 
has to be replaced with DMEM (5 % FBS) ( see   Note 7 ).   

   4.    For each 18 mm cover glass to be transfected, add 2 μl 
Lipofectamine to 50 μl OPTI-MEM, mix gently, and let stand 
for 5–10 min.   

   5.    Dilute DNAs into another 50 μl OPTI-MEM for each 18 mm 
cover glass to be transfected. Typically we use 0.2–0.6 μg of 
LiGluR vector, and 0.03 μg DNA of the GFP transfection 
marker per cover glass ( see   Note 19 ).   

   6.    Combine the Lipofectamine and DNA solutions to obtain the 
transfection mix (i.e., 100 μl/well), mix gently.   

   7.    Let stand for 15–30 min ( see   Note 19 ).   
   8.    Add 100 μl transfection mix to each well and distribute 

carefully.   
   9.    Place cells in the 37 °C incubator.   
   10.    Replace medium after 6–8 h to remove Lipofectamine, which 

has cytotoxic effects.   
   11.    Monitor cell health and expression levels for 18–48 h ( see  

 Note 18 ).      

      1.    Establish a fl uorescence imaging light path to identify GFP- 
transfected, fl uorescent cells.   

   2.    Establish a photoswitching light path and choose fi lter or mono-
chromator settings for  on  light,  off  light, and dark conditions 
( see  Subheading  3.10 ,  step 2 ). Changes should be triggered 
electronically and not cause vibration of the patch setup.   

   3.    Check the light intensity (irradiance: power/area) for both the 
 on - and  off -wavelengths using a power meter ( see   Notes 12  
and  13 ). Set the power meter to the appropriate wavelength 
and place the sensor in the light beam exiting the objective. 
To measure all exiting light, the illuminated area has to be kept 
smaller than the sensor fi eld.   

   4.    To calculate the irradiance under experimental conditions, 
e.g., in mW/mm 2 , it is further necessary to determine the size 
of the spot in the focal plane. In case a proper epi-illumination 
has been established, the illuminated area can be calculated 
with the spot diameter  d  given by the objective’s fi eld number, 
 FN , and magnifi cation,  M :  d  =  FN / M . Photographic paper can 
be used to verify this estimate ( see   Note 15 ).      

3.4  HEK Cell 
Transfection

3.5  Setting Up 
Photoswitch 
Illumination
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       1.    Dissolve MAG powder aliquot in anhydrous DMSO ( see   Notes 4  
and  5 ): let the chemical warm to room temperature, add DMSO 
(~15 μl per mg) and close the vial to avoid water uptake. The 
compound readily dissolves into a dark orange solution. If nec-
essary, vortexing, ultrasound, or additional DMSO can be used 
to facilitate solubilization but not heating.   

   2.    Use a small aliquot to determine the concentration: a 1:2,000 
dilution into extracellular solution should allow to determine 
the stock concentration with a spectrophotometer, i.e., give an 
absorption in the linear measurement range of  A  360  = 0.1–1.0 
(1 cm path length). We work with an extinction coeffi cient of 
 ε  360  = 0.024 μM −1  cm −1  to keep the concentration constant 
across different stock solutions and synthesis batches.   

   3.    Prepare aliquots for use: pipette the volume that is suffi cient 
for one labeling reaction into 1.5 ml vials, e.g., ~0.3 μl of 
50 mM stock solution for 300 μl of 50 μM labeling solution. 
Less concentrated stock solutions can be handled with higher 
accuracy, the fi nal DMSO concentration in the labeling solu-
tion, however, should be kept ≤0.5 % ( see  Subheading  3.7 , 
 step 5 ). Store at −20 or −80 °C in the dark, preferably over 
desiccant. The number of freeze thaw cycles should be kept to 
a minimum (2–4 cycles) to avoid water uptake.      

        1.    Use a 6-well plate for washing and labeling of cover glasses. 
Label one cover glass at a time.   

   2.    Check health and density of cells.   
   3.    Wash step: transfer the cover glass with cells into a well fi lled 

with extracellular solution.   
   4.    Con A treatment: transfer the cover glass into a well fi lled with 

Con A in extracellular solution. Incubate for 3 min.   
   5.    In the meantime dilute a MAG aliquot with extracellular solution 

to yield a concentration of ~50 μM ( see   Note 5 ). For a 18 mm 
cover glass ≤ 300 μl solution will be suffi cient.   

   6.    Place the cover glass in an empty well and overlay it with the 
labeling solution.   

   7.    Incubate for 20–40 min in the dark, at room temperature or 
37 °C ( see   Note 20 ).   

   8.    Wash thoroughly by transferring the cover glass into a well 
with 1.5 ml extracellular solution and incubate for 2 min 
( see    Note 21 ). Repeat twice.   

   9.    Mount the cover glass in the perfusion chamber and add some 
extracellular solution.      

      1.    Pull patch pipettes [ 64 ]. For whole-cell HEK recordings the 
resistance should be 3–6 MΩ when fi lled with intracellular 
solution. A medium or short taper is preferable.   

3.6  Preparing a MAG 
Stock Solution
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   2.    Set up a pressure line to the electrode holder, with either a 
mouthpiece or a syringe connected to a stopcock.   

   3.    Place recording chamber with cover glass in the setup. Place 
the salt bridge between the reservoir and a Petri dish that holds 
the reference electrode in extracellular solution.   

   4.    Establish a steady perfusion with extracellular solution 
(~3 ml/min).   

   5.    Fill another perfusion reservoir with 5 mM glutamate in extra-
cellular solution.   

   6.    Neither the sample nor the pipette tip should show any vibra-
tion or drift in position.      

   We describe the basic procedure for voltage-clamping HEK cells in 
the whole-cell confi guration [ 64 – 66 ]:

    1.    Select a single transfected cell using the appropriate fl uorescence 
fi lter set (e.g., GFP). The cell should have healthy morphology 
and not start to detach from the cover glass by rounding up 
( see   Notes 19  and  22 ) [ 58 ].   

   2.    Fill the patch pipette with intracellular solution from the back, 
while avoiding the formation of air bubbles. Any bubbles 
should be removed by fl icking against the pipette. Dust particles 
will prevent seal formation.   

   3.    Place the pipette in the electrode holder so that the AgCl wire 
is in good contact with the solution. The pipette should not be 
fi lled to the very top, since solution in the electrode holder can 
cause electrical noise.   

   4.    Apply positive pressure (~1 psi) to the pipette.   
   5.    Insert the pipette in the bath. The pipette should have a resis-

tance between 3 and 6 MΩ.   
   6.    Using the micromanipulator, place the pipette tip directly 

above the cell, slightly off center.   
   7.    Adjust the pipette offset while voltage-clamping to 0 mV. Use a 

test pulse to monitor the resistance and capacitance. The pipette 
capacitance should be compensated.   

   8.    Change to the fi lter cube designated for photoswitching, since 
cell-attached and whole-cell confi gurations will be particularly 
sensitive to vibrations.   

   9.    Slowly lower the pipette using the fi ne coarse setting of the 
manipulator until the resistance starts to increase sharply, typi-
cally after an initial increase of ~0.2 MΩ. Release the pressure 
and expect seal formation, which can be facilitated by gentle 
long suction pulses (negative pressure applications). Usually, a 
seal in the 1–6 GΩ range should form within seconds. Negative 
holding potentials of −10 to −30 mV can help seal formation.   

3.9  Patch-Clamp 
Recordings
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   10.    Apply brief suction pulses of increasing strength to break into 
the cell, i.e., to make the transition from the cell-attached to 
whole-cell confi guration. The break in is accompanied by a 
sudden decrease of resistance and an increase in capacitance, 
visible in the test pulse. The leak current should be modest, 
i.e., the seal ≥100 MΩ. If the seal is lost, repeat the procedure 
with a new pipette on a new cell.   

   11.    Note the resting potential. Set the voltage-clamp to −75 mV 
and compensate the series resistance.   

   12.    Turn on the bath perfusion and wait ~2 min to equilibrate the 
cell interior with the pipette solution.    

           1.    Photoswitching: run a protocol switching between green light and 
UV light. This should result in a fully reversible inward current, 
which turns  on  upon UV illumination and  off  with green light 
(Fig.  2a ). Note the amount of current and timescale of switching. 
Typically several hundred pA are observed, depending on the 
expression and labeling effi ciency ( see   Notes 19 ,  22 , and  23 ).

       2.    Illumination time: add dark periods to the protocol, i.e., toggle 
between green-dark-UV-dark-green periods (Fig.  2b ). If the 
illumination periods are suffi ciently long, full activation and 
deactivation should be seen as above. Shorter UV illumination 
periods will result in partial activation (less photocurrent), 
shorter green light periods in partial deactivation.   

   3.    Bistability: Regular MAG photoswitches are bistable, as demon-
strated by the same protocol. Once the light is turned off, no 
further activation or deactivation should be seen in the dark 
(Fig.  2b ). If this is not the case, light might be leaking through 
the illumination system or room light is interfering. Thermal  cis -
to- trans  relaxation is not visible on the timescale of minutes [ 37 ].   

   4.    Wavelength: if the light source allows changing wavelengths, an 
action spectrum can be reconstructed, refl ecting the wavelength 
dependence of the MAG photostationary state (Fig.  2c ,  d ). The 
photostationary state will also determine the maximum switch-
ing effi cacy obtained with different laser lines ( see   Note 11 ).   

   5.    Light intensity: neutral density fi lters can be used to decrease 
the light intensity, which will decrease the switching speed. 
Optimizing the light path, using less narrow band-pass fi lters 
or using a higher magnifi cation objective might increase the 
irradiance (power/area) and will allow to complete switching 
in less time ( see   Notes 12  and  13 ).   

   6.    Expression and labeling effi ciency: perfuse cells with glutamate 
(Fig.  2a ). If GluK2 is present, and the cells were treated with 
Con A, this should yield a large inward current that returns to 
baseline when glutamate is washed out ( see   Note 19 ). Perfusion 
with glutamate also allows to compare the amount of photo-
switching to glutamate induced currents ( see   Note 23 ).   

3.10  Basic 
Experiments for 
Photoswitch 
Validation
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   7.    For controls ensuring that the light induced effects are specifi c 
to LiGluR photoswitching  see   Note 24 . Furthermore, com-
petitive antagonists, such as DNQX (6,7-dinitroquinoxaline- 
2,3-dione) can be used to suppress LiGluR induced currents, 
although high concentrations are necessary and may not be 
able to displace all  cis -MAG [ 37 ]. Light induced artifacts 
should be easy to identify, since they are likely to correlate 
with illumination ( see   Note 25 ), whereas MAG photoswitch-
ing is bistable (Fig.  2b ).   

   8.    Affi nity labeling: instead of using rather high ~50 μM MAG 
concentrations ( see  Subheading  3.6 ), the high affi nity of  cis - 
MAG  to the ligand binding site can be utilized to increase the 
effective local concentration for labeling [ 37 ]. For this, MAG 
is pre-irradiated with a handheld 365 nm UV lamp for 3 min 
directly prior to labeling.       

  Fig. 2    Photoswitching of LiGluR (GluK2 439C) with L-MAG0. ( a ) Reversible photoswitching and comparison to 
glutamate- induced currents. ( b ) Bistability of photoswitching as demonstrated by sustained activation in the dark. ( c , 
 d ) Wavelength dependence of MAG photoswitching measured with a Polychrome V light source (14 nm bandwidth), 
 see  [ 37 ]. All experiments were performed after incubation in Con A ( see   Note 10 ). Figure  2a  reprinted from Volgraf 
et al. [ 29 ]; Fig.  2b ,  d  reprinted from Gorostiza et al. ([ 37 ], Copyright (2008) National Academy of Sciences, USA)       
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4    Notes 

     1.    The complete coding regions of the constructs should be 
sequenced on a regular basis. Non-silent point mutations occur 
frequently and can dramatically affect receptor expression and 
function.   

   2.    The following control experiments should be considered to 
ensure that any light-induced effect is due to LiGluR photo-
switching: illumination protocols should not induce any cur-
rents or signal, (a) in the absence of MAG labeling, (b) in 
MAG labeled cells that do not express the receptor, and (c) in 
cells that express a receptor subunit without the cysteine 
attachment site, i.e., wild type GluK2.   

   3.    For good cell health, the DNA used in transfections should be 
sterile and free of contaminations, such as endotoxins, RNAses, 
and EtOH.   

   4.    To avoid water condensation on cold surfaces any vials that 
were stored at 4 °C or in the freezer should be equilibrated to 
room temperature before opening.   

   5.    Contamination of MAG powder, DMSO, or stock solutions 
with even traces of water has to be avoided, as water reacts with 
the maleimide to products that are no longer cysteine- reactive. 
Once the MAG stock solution has been diluted in aqueous 
buffer, it should be immediately used for labeling. Basic pH 
facilitates the hydrolysis of MAG.   

   6.    Regular HEK 293 cells give ample expression. For even stron-
ger expression, the HEK 293 T cell line, which harbors the 
SV40 large T-antigen, might be used.   

   7.    Cell cultures can be maintained without antibiotics, if good 
sterile working practices are used. Many transfection reagents, 
like Lipofectamine, are not compatible with antibiotics and the 
continued use of antibiotics facilitates resistant bacterial con-
taminations. We only use penicillin–streptomycin if necessary.   

   8.    The pH of the extracellular solution is important for cell health 
and optimal labeling. More basic pH can promote cysteine 
labeling, but can also increase unspecifi c labeling of amines 
[ 36 ], as well as hydrolysis ( see   Note 5 ).   

   9.    The osmolarity of the intracellular solution (~290 mOsm) is 
critical for stable patch-clamp confi gurations. Observe the cell 
shape during patching and, if necessary, add some drops of 
water, 10× intracellular solution, or sucrose. Swelling of cells 
can indicate high osmolarity, shrinking low osmolarity.   

   10.    Concanavalin A (Con A) is used to suppress ligand-induced 
desensitization. Con A is a lectin isolated from jack-bean, 
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 Canavalia ensiformis , that binds  N -glycans present on cell 
 surface proteins and prevents (or reliefs the effects of) desensi-
tization in kainate receptors [ 67 ]. A short, minute long incu-
bation period will block desensitization irreversibly, as ConA 
binds with very high affi nity. Photoswitch currents are much 
larger in the presence of Con A and labeling appears to be 
more effi cient. In the absence of any Con A treatment photo-
switching currents will be much smaller, and GluK2 receptors 
will get fully desensitized, if residual glutamate is present at 
low concentrations [ 45 ].   

   11.    Photoswitching wavelength: to switch as many molecules as 
possible, wavelengths that populate photostationary states 
with maximal amounts of the  cis  and  trans  confi guration, 
respectively, should be chosen ( see  Fig.  2c ,  d ) [ 37 ]. For regular 
MAGs, 370–390 nm illumination yields >90 %  cis   confi guration. 
With these wavelengths we did not observe any detrimental 
effects on cell health. In case of technical limitations, 405 nm 
light (a popular laser line) can be used, which gives incomplete, 
but still reasonable activation. To effi ciently turn MAG to 
 trans , 480–530 nm light can be used (>85 %  trans ). Wavelengths 
>530 nm favor the  trans  confi guration as well, but the absorp-
tion of the MAG compounds becomes weak and photoswitch-
ing would require more and more light.   

   12.    The light intensity, more precisely the irradiance (power/area, 
e.g., in mW/mm 2 ), determines how fast the population of 
MAG labeled receptors can be isomerized at a given wave-
length. The higher the irradiance is, the faster the switching will 
be ( see  Subheading  3.10 ,  step 5 ). Depending on the wave-
length, reasonable fast photoswitching, on the order of 
 τ  switch  > 500 ms can be achieved with >0.5 mW/mm 2  
( τ  switch  ~ 50 ms with 5 mW/mm 2 ). High power illumination 
allows submillisecond photoswitching [ 45 ].   

   13.    The irradiance is determined by a number of factors: the power 
output of the light source, the bandwidth of monochromators 
or fi lters, losses in the light path and the size of the illuminated 
area (in epi-illumination determined by the objective). 
Decreasing the spot diameter by a factor of 2 can increase the 
irradiance by a factor of 4.   

   14.    The illumination system should allow to turn off the light 
within the illumination protocols (dark periods). If necessary, 
an electromechanical shutter can be installed. Alternatively, 
“soft shuttering” can be considered, e.g., using the fi lter 
changer or monochromator to step to a wavelength region 
that is either absorbed by a fi lter or optical components, or that 
is not absorbed by the MAG photoswitch (red/infrared light). 
The success of this approach can be tested as described in 
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Subheading  3.10 ,  step 3 . Diode lasers can often be turned off 
electronically.   

   15.    Next to whole-fi eld epi-illumination other options for light deliv-
ery exist. Light, e.g., from a diode or light guide, can be directly 
aimed at the sample, but in most cases the irradiance will be low 
(large illumination area). TIR (total internal refl ection) illumina-
tion allows effi cient activation [ 53 ], as well as patterned illumina-
tion with mirror devices [ 4 ] or holographic methods [ 34 ], as long 
as the transmittance for the near-UV wavelengths is suffi cient. 
Confocal and point scanning approaches can give very high inten-
sities, but one has to consider that larger areas have to be scanned. 
Special care has to be taken that the region scanned with the  off  
wavelength fully captures the region scanned with the  on  wave-
length, and that the intensity per area and time is suffi cient. The 
irradiance is often not as easy to estimate.   

   16.    High light intensities can cause eye damage. Light <430 nm is 
not well visible, but can nevertheless damage the retina or eye 
lens. The excitation light should never be directed to the eye-
piece, looking into the beam must be avoided and protective 
eyewear should be used, if necessary.   

   17.    The actual timing and duration of short light pulses (<50 ms) 
is often determined by the hardware, for instance by delays of 
signals, light source switching, or shutters. A suffi ciently fast, 
amplifi ed photodiode or a used photomultiplier tube can be 
used to record the light output directly. It can be installed at 
any place in the setup where it can capture some stray light.   

   18.    HEK cells are more healthy and easier to transfect at medium 
cell densities. However, whole-cell recordings should be per-
formed on single cells. Cell density and expression time might 
therefore require optimization. If necessary, cells can be 
reseeded onto new cover glasses after transfection, following 
Subheading  3.3 . Instead of trypsin solution, enzyme-free cell 
dissociation solution (e.g., Sigma C5914) should be used to 
avoid proteolysis of cell surface receptors.   

   19.    The transfection effi ciency can be assessed by the number of 
fl uorescent cells, the amount of fl uorescence or the size of glu-
tamate-induced currents. For optimization, the cell density 
( see   Note 18 ) or DNA concentration might be increased ( see  
 Note 3 ), or the incubation period adapted (Subheading  3.4 , 
 step 7 ). Antibiotics and serum concentrations >5 % are not 
compatible with Lipofectamine. If massive cell death occurs 
after transfection, the amount of Lipofectamine might have to 
be reduced. High iGluR expression levels can have detrimental 
effects, as well. In this case, the expression levels and expres-
sion time should be reduced, or inhibitors such as DNQX 
might be added.   
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   20.    If labeling affects cell health one should consider using less 
MAG and/or DMSO. The cells should be moved gently 
between different solutions to avoid shear forces. If activation 
through soluble MAG appears to be a problem, labeling can be 
performed with a solution mainly having a non-permeant cat-
ion such as NMDG ( N -methyl- D -glucamine) and low calcium 
ion concentration (145 mM NMDG-HCl, 3 mM KCl, 0.5 mM 
CaCl 2 , 5 mM MgCl 2 , 10 mM HEPES, 10 mM glucose 
(pH 7.3)), instead of extracellular solution.   

   21.    After labeling the cells should be washed thoroughly to remove 
any unreacted MAG photoswitch, as it might exert unspecifi c 
or secondary effects.   

   22.    Weakly fl uorescent cells can give large glutamate-induced cur-
rents. Strongly fl uorescent cells will often have less glutamate 
receptor expression.   

   23.    If the labeling effi ciency is low, more or fresh MAG should be 
used. The pH of the labeling solution should be controlled and 
cell health should be monitored ( see   Note 20 ). You might also 
consider affi nity labeling ( see  Subheading  3.10 ,  step 8 ). Cysteines 
can be oxidized and engage in disulfi de bridges. In this case a 
reduction step can be performed before labeling (after 
Subheading  3.7 ,  step 3 ): place the cover glass for 2 min in 1 mM 
DTT (or 100 μM TCEP) in extracellular solution. Wash exten-
sively, at least three times with extracellular solution (after DTT at 
least fi ve times), before you proceed with labeling. All DTT has to 
be removed since it reacts with the MAG maleimide group.   

   24.    MAG photoswitches potentially label many cysteines on cell 
surface proteins, including expressed glutamate receptors. 
However, photoswitching is specifi c to labeling of LiGluR at 
the designated site, as can be demonstrated by proper control 
experiments ( see   Note 2 ).   

   25.    It should be kept in mind that the amplifi er headstage itself might 
be light sensitive, as noted by the manufacturer of the Axopatch 
200B, although we never observed this artifact.         
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    Chapter 5   

 Photocontrol of AMPA Receptors 
with a Photochromic Ligand 

           Martin     Sumser      and     Philipp     Stawski    

    Abstract 

   Photochromic ligands (PCLs), recently introduced by our group as a tool for researchers in neuroscience, 
offer the ability to control native receptors with light in a reversible fashion without the need for any genetic 
manipulation. Here we describe the application of the PCL Azo-Tetrazole-AMPA-3 (ATA-3) to reversibly 
gate native AMPA-receptors with blue light and thereby control the activity of cortical neurons in brain slices.  

  Key words     Photochromic ligand (PCL)  ,   Photocontrol  ,   AMPA receptor  ,   ATA-3  ,   Azobenzene  

1      Introduction 

 The light-dependent control of cellular functions has become one 
of the most valuable tools for neurobiological research. In general, 
three categories for the optical control of neuronal activity can be 
defi ned: (1) caged neurotransmitters, (2) photosensitive proteins, 
and (3) small molecule photoswitches. While caged compounds 
are an established method in neuroscientifi c research, the other 
tools just emerged during the last decade. Here we focus on pho-
tochromic ligands (PCLs), which represent soluble photoswitches, 
while another chapter (Reiner and Isacoff; this volume) will cover 
a closely related approach of photosensitizing modifi ed receptors 
using photoswitchable tethered ligands (PTLs). PCLs represent a 
photopharmacological method and, as such, do not require any 
genetic manipulation. In general, these molecules are comprised of 
three parts: a pharmacophore, a linker, and the photoisomerizable 
switch which is usually an azobenzene (Fig.  1 ). While the pharma-
cophore is designed for the effective interaction with the target 
receptor, it is the photoisomerizable switch, which changes its 
confi guration upon illumination. This  trans  to  cis  conversion 
results in an increase/decrease of the affi nity of the PCL to its 
target receptor. For caged compounds the photolabile protecting 
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group is cleaved to release the pharmacologically active agent. 
The signaling provided by the photoactivated compound is even-
tually turned off by the diffusion or active transport away from the 
irradiated region. In contrast, PCLs are actively turned on and off 
by irradiation with light of different wavelengths in a reversible 
fashion. Here we describe the application of ATA-3, an AMPA-
specifi c PCL [ 1 ], which is active in the dark ( trans  confi guration) 
and can be turned off by blue light of 480 nm ( cis  confi guration). 
Recently, we introduced several PCLs targeting other glutamate 
receptors [ 2 ], GABA receptors [ 3 ], potassium channels [ 4 ], and 
sodium channels [ 5 ]. Each PCL exhibits a characteristic action 
spectrum (spectrum of biological activity) when switching from 
 trans  to  cis  and vice versa. Importantly, they can be active or inactive 
in their dark-adapted state (usually the  trans  confi guration). By 
minimal chemical modifi cation, PCLs can be tuned to cover most of 
the visible range [ 6 ]. In general, such red-shifted switches show an 
enhanced thermal relaxation (i.e.,  cis  to  trans ), meaning that they 
quickly revert to their dark-adapted state after the light has been 
turned off. This facilitates the experimental setup, so that a single 
wavelength is suffi cient to switch the PCL. The irradiation intensi-
ties required to control PCLs are comparable or even less than the 
ones used to activate channelrhodopsin [ 7 ]. Together with the 
absence of any genetic manipulation this suggests PCLs as excellent 
candidates for pharmacological restoration of vision [ 7 ]. Here how-
ever, we focus on the application of ATA-3 in HEK293T cells and 
brain slices to regulate AMPA receptor activity in vitro with light.

2       Materials 

      1.    Dulbecco’s phosphate-buffered saline w/o Ca 2+  and w/o Mg 2+ .   
   2.    1× Trypsin–EDTA.   
   3.    DMEM substituted with 10 % of fetal bovine serum (FBS).   
   4.    OptiMEM (Life Technologies).   

2.1  Cell Culture

  Fig. 1    Structure and photoswitching of ATA-3. Switching of ATA-3 from  trans  (active) to  cis  (inactive) requires 
light at 480 nm.  cis -ATA-3 thermally relaxes back to the  trans  confi guration without the application of light 
(k b T, thermal energy). (Reproduced with permission from Wiley VCH, ref. [ 1 ])       
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   5.    Optifect™ reagent (Life Technologies).   
   6.    Coverslips (VWR, 12 mm, No. 1).   
   7.    Poly- L -Lysine solution (0.1 mg/ml)   
   8.    Expression plasmids coding for GluA2 (L504Y, non- 

desensitizing mutation) and YFP.   
   9.    External buffer for electrophysiological recordings in HEK293T 

cells containing: 138 mM NaCl, 1.5 mM KCl, 1.2 mM MgCl 2 , 
2.5 mM CaCl 2 , 5 mM HEPES, and 10 mM  D -glucose, pH 7.4.   

   10.    ATA-3 stock solution: ATA-3 is not commercially available 
but can be obtained from our lab as part of a cooperation. For 
the synthesis please refer to [ 1 ]. The ATA-3 stock solution 
contained 200 mM ATA-3 in DMSO.   

   11.    ATA buffer: ATA-3 stock solution diluted in external buffer 
for electrophysiological recordings to a concentration of 
100 μM ( see   Notes 1 – 3 ).   

   12.    HEK293T cells were obtained from the DSMZ cell collection 
(  www.dsmz.de    , ACC-635).   

   13.    37 % HCl.   
   14.    65 % HNO 3 .   
   15.    80 % Ethanol.      

      1.    Sucrose buffer (brain slice cutting solution) containing: 87 mM 
NaCl, 75 mM Sucrose, 25 mM NaHCO 3 , 2.5 mM KCl, 1.25 mM 
NaH 2 PO 2 , 0.5 mM CaCl 2 , 7 mM MgCl 2 , 25 mM Glucose, bub-
bled with 95 % O 2  and 5 % CO 2  (Carbogen,  see   Note 4 ).   

   2.    Artifi cial cerebrospinal fl uid (ACSF) containing: 125 mM 
NaCl, 26 mM NaHCO 3 , 2.5 mM KCl, 2 mM CaCl 2 , 1.25 mM 
NaH 2 PO 4 , 1 mM MgCl 2 , 25 mM  D -Glucose, bubbled with 
95 % O 2  and 5 % CO 2  ( see   Note 6 ).   

   3.    Intracellular pipette solution containing: 175 mM 
K-Gluconate, 15 mM KCl, 12.5 mM HEPES, 5 mM NaCl, 
5 mM Mg-ATP, 0.5 mM Na 2 GTP, pH 7.3 ( see   Note 5 ).   

   4.    ATA buffer: ATA-3 stock solution diluted in ACSF to a con-
centration of 100 μM ( see   Notes 1 – 3 ).      

      1.    Vibratome (e.g., Leica VT1200S or Microm HM-650 V) for 
preparation of brain slices.   

   2.    Electrophysiology rig (brain slices): Amplifi er (HEKA, EPC10 
USB) controlled by patchmaster software (HEKA), upright 
microscope (Nikon, FN-1), perfusion pump (Ismatec), perfu-
sion chamber for slice recordings (Warner Instruments), 
vibration- isolated table (TMC), CCD-camera (QImaging), 
micromanipulator (Scientifi ca), glass capillary puller (Narishige), 
glass capillaries (Science Products).   

2.2  Buffers and 
Reagents for Brain 
Slices

2.3  Instrumentation 
and Equipment

Photocontrol of AMPA Receptors with a Photochromic Ligand
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   3.    Electrophysiology rig (HEK293T cells): Differs from the 
brain slice rig in following positions: Inverted microscope 
(Leica, DMIL), multi-channel perfusion system (Nanion), 
perfusion chamber for cover slips (Warner Instruments).   

   4.    Light stimulation ( see   Note 6 ): A monochromator (Till pho-
tonics, Polychrome V), equipped with a 150 W xenon arc 
lamp (Ushio), was coupled to the microscope via a glass fi ber 
(FiberTech, Leoni Fiber Optics). The light was applied through 
the objective of the microscope onto the cells ( see   Note 7 ). The 
light power measured as it exits the objective was between 9 and 
20 mW/mm 2  depending on the wavelength applied. We used 
fi eld-of-view illumination to switch the PCL.       

3    Methods 

 All experiments were carried out at room temperature. 

      1.    HEK293T cells are grown in DMEM containing 10 % FBS (at 
37 ºC and 10 % CO 2,   see   Notes 8  and  9 ).   

   2.    For passaging, wash the cells with DPBS and treat them with 
trypsin–EDTA for 1 min at 37 ºC. After addition of culturing 
media, dissociate the cells by mechanical shearing using a 10 ml 
serological pipette. Do not use cells beyond passage number 20.   

   3.    Wash coverslips with acid (12 h conc. HCl, rinse with water, 
12 h conc. HNO 3 ), then rinse with water until the pH is neu-
tral and store in 80 % EtOH. Before use, quickly fl ame the 
coverslips with a Bunsen burner to evaporate the ethanol and 
for sterilization, then place them into a 24-well plate. Coat the 
coverslips with 50 μl Poly- L -Lysine for 20 min and rinse with 
sterile DPBS (three times).   

   4.    Dissociate HEK293T cells at 70–80 % confl uency and seed 
them to a total number of 20,000–25,000/coverslip.   

   5.    Transfect adherent cells (typically 9 h after seeding) following 
the Optifect™ protocol with plasmids coding for GluA2 
(L504Y) and YFP as a transfection marker in a 20:1 ratio. The 
total amount of DNA per coverslip should be 800 ng.      

      1.    For best expression rates conduct the electrophysiological 
recordings 24 h post transfection.   

   2.    Under continuous illumination with blue light (480 nm) per-
fuse the HEK cells with external buffer containing 100 μM 
ATA-3 ( see   Notes 10 – 12 ).   

   3.    Pull patch electrodes from glass capillaries to a resistance of 
6–8 MΩ.   

   4.    Exclude cells with a series resistance of >20 MΩ from analysis.   

3.1  Preparation 
of GluA2 Expressing 
HEK293T Cells

3.2  Patch Clamp 
Recordings of HEK 
Cells Expressing GluA2
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   5.    Illicit AMPA receptor-specifi c currents by switching between blue 
light (480 nm) and darkness (Fig.  2 ,  see   Notes 6  and  13 ). The 
light-induced current can be graded by irradiation with light of 
different wavelengths (Fig.  2 ) or by changing the light intensities. 
To improve switching, bath perfusion may be stopped prior to 
switching illumination wavelengths to reduce diffusion of the PCL.

             1.    After cervical dislocation, remove the brain of wt mice 
(C57BL/6; P10–P16) and place in ice-cold sucrose buffer. 
Trim the brain with a sharp blade thereby creating a fl at sur-
face and glue it with that side to the cutting chamber. Cut 
300 μm thick coronal slices using a vibratome (similar to ref. 
[ 8 ], also  see   Note 14 ).   

   2.    Store the slices in ACSF for 1 h at 34 °C and then for up to 
8 h at RT.      

3.3  Preparation 
of Acute Brain Slices

  Fig. 2    Voltage clamp recordings of HEK293T cells expressing GluA2 to determine the action spectrum of ATA-3. 
( a ) ATA-3-induced currents were evoked by illumination at different wavelengths. Following each wavelength, 
the current was turned off with 480 nm light to induce the inactive  cis  confi guration of ATA-3. Darkness is most 
effective to induce AMPA-specifi c currents ( b ) Screening for the most effective wavelength to turn off ATA-3-
induced currents. Darkness was intermittently applied with light of increasing wavelengths (360–580 nm). 
ATA-3-induced currents are most effectively turned off by light in the blue range (420–480 nm). (Reproduced 
with permission from Wiley VCH, ref. [ 1 ])       
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  The patch clamp procedure was carried out similar to ref. [ 8 ].

    1.    Place a brain slice into the perfusion chamber. Perfuse the slice 
under continuous illumination of blue light (480 nm) with 
external buffer containing 100 μM ATA-3.   

   2.    Pull patch electrodes from glass capillaries to a resistance of 
6–8 MΩ.   

   3.    Exclude cells with a series resistance of >20 MΩ from analysis.   
   4.    AMPA receptor-mediated action potential fi ring (Fig.  3 ) can 

be controlled with a light protocol ( see   Note 6 ) switching 
between darkness (action potential fi ring) and 480 nm light 
(no activity).

4            Notes 

     1.    Having the external buffer warmed to 40 ºC for 5 min helps to 
dissolve the DMSO stock solution of the PCL. Keep the fi nal 
DMSO concentration below 1 %. Routinely, we use 0.1 %.   

   2.    If precipitates form do not fi lter the solution. We have the 
experience that most of the compound will be adsorbed by the 
fi lter material.   

   3.    The DMSO stock solution must be stored light-protected. 
We fi nd that storage at RT is best for the integrity of the PCL. 
The dried powder of the compound is stored at −80 ºC. 

3.4  Patch Clamp 
Recordings of Cortical 
Layer 2/3 Neurons

  Fig. 3    Current clamp recordings of ex vivo cortical layer 2/3 neurons. Photocontrol of action potential fi ring by 
ATA-3 using the most effective illumination as determined in the action spectrum (Fig.  2 ). (Reproduced with 
permission from Wiley VCH, ref. [ 1 ])       
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If possible we recommend to store it under protective atmo-
sphere (e.g., argon).   

   4.    Let the solutions for the brain slice experiments equilibrate 
with carbogen for at least 15 min.   

   5.    Prepare 10 ml of intracellular solution and store in aliquots 
at −20 ºC.   

   6.    A sophisticated illumination system is not necessarily needed. 
We could achieve photoswitching using a LED pocket lamp 
(e.g., Solarforce, Ultrafi re) with the appropriate wavelength. 
In this case the light beam was directly aimed at the perfu-
sion chamber and was not coupled to the microscope. There 
are remote switches available for which we custom-made a 
control device to be able to trigger the pocket lamp via a 
BNC- connector. In addition, standard mercury or metal 
halide illumination systems (available from all major micro-
scope suppliers) with the appropriate bandpass fi lters and a 
shutter can be used.   

   7.    We use the amplifi er software Patchmaster to control not only 
the patch parameters but also to trigger the light pulses.   

   8.    For best transfection results, it is advisable to always passage 
and seed the cells below a confl uency of 80 %.   

   9.    The amount of CO 2  in the incubator sets the pH of the cell 
culture medium and therefore may vary according to the 
NaHCO 3  content of the DMEM.   

   10.    To remove the PCL solution from your perfusion system, we 
fi nd that washing the line with 0.1 M HCl solution followed 
by ddH 2 O works best.   

   11.    To reduce the volume in your perfusion line, one should use 
tubing with a small diameter (inner diameter approx. 
0.5–1 mm). We recommend the use of Polyethylen (PE)-
tubing and Tygon tubing.   

   12.    To reduce the amount of precious compound needed for the 
experiment we recommend to recirculate the PCL buffer. In 
our hands 10 ml of the buffer is suffi cient for a whole day of 
experiments. In addition, it is possible to reuse the buffer for 
3 consecutive days, if stored at 4 ºC.   

   13.    In general keep the illumination period as short as possible. 
Any illumination will eventually lead to phototoxic effects due 
to the formation of reactive oxygen species (ROS).   

   14.    While the process of the brain slice preparation should be suf-
fi ciently fast, one should never become hectic and always make 
precise movements to avoid destroying tissue that you want to 
record from.      

Photocontrol of AMPA Receptors with a Photochromic Ligand
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    Chapter 6   

 Photoconversion of CFP to Study Neuronal Tissue 
with Electron Microscopy 

           Nina     Wittenmayer    

    Abstract 

   Being able to use versatile light microscopy on live or fi xed samples followed by electron microscopy imag-
ing for high resolution analyses is a challenging goal. The advantage is of course that tracing and localizing 
fl uorescently labeled molecules yields great information about dynamic cellular processes, while electron 
microscopy of the same sample provides exquisite information about subcellular structures. Here, I 
describe the straightforward combination of both methods by photoconversion of diaminobenzidine 
(DAB) through cyan fl uorescent protein (CFP) tagged proteins localized to the Golgi apparatus in pri-
mary hippocampal neurons.  

  Key words     CFP  ,   DAB  ,   Photoconversion  ,   Neuron  ,   Transmission electron microscopy  

1      Introduction 

 For many cell biological approaches such as localization of mole-
cules in a subcellular environment or visualization of cell dynamics 
of living cells, the great variety of fl uorescent proteins have become 
the most important tools [ 1 – 3 ]. Despite this success, numerous 
scientifi c questions require resolution beyond the light microscopy 
level. For these specifi c questions, a combination of light micros-
copy approaches with electron microscopy are desirable. This can 
be achieved by diaminobenzidine (DAB) photoconversion of fl uo-
rescent proteins such as GFP or CFP (XFP) [ 4 ]. As with any illumi-
nation of fl uorochromes occurs, free oxygen radicals form which in 
turn photo-oxidize DAB into an electron dense precipitate that can 
be visualized by classical electron microscopy (EM). In addition to 
XFPs, other fl uorescent probes as fl uorescein 5(6)-isothiocyanate 
(FITC) [ 5 ], styryl dyes to label endocytosis of vesicles [ 6 ,  7 ] or 
photosensitizing molecules [ 5 ] were successfully used to photo-
convert DAB. 

 Here, I describe the procedure for DAB photoconversion 
via pECFP-Golgi, a fusion protein which is targeted to the 
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 trans - medial     side of the Golgi apparatus in primary hippocampal 
neurons. The protocol of the procedure starts with a fi xed sample, 
but certainly, prior fl uorescence imaging of cellular dynamics 
would have been possible. After fi xation of neurons and selection 
of a cell of interest with the light microscope, the pECFP-Golgi 
transfected neuron was illuminated in the presence of DAB and 
further processed for EM. Because illumination generates oxygen 
radicals with a very short life-time, the photo-oxidized DAB pre-
cipitated and localized in close proximity to the former fl uorescent 
signal of the CFP fusion protein. EM on thin sections revealed the 
localization of the CFP-Golgi construct at subcompartments of 
the Golgi apparatus in primary neurons with high resolution. 

 Thus, DAB photoconversion of fl uorescently labeled molecules 
is a powerful tool to study the location of proteins or molecules 
with the resolution power of the electron microscope.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical grade reagents. Store all reagents at 4 °C unless indicated 
otherwise. 

      1.    Expression construct of your protein of interest as a fusion pro-
tein with cyan fl uorescent protein (CFP). Typically eukaryotic 
expression vectors such as pECFP from Clontech are used. 
Here, we transfected pECFP-Golgi, a fusion protein consisting 
of enhanced cyan fl uorescent protein (ECFP) and a sequence 
encoding the N-terminal 81 amino acids of human beta 
1,4-galactosyltransferase that contains the membrane- anchoring 
signal peptide which targets the fusion protein to the  trans - 
medial     region of the Golgi apparatus (Llopis1998).   

   2.    Maxi kit, preferentially an endotoxin free kit ( see   Note 1 ), for 
plasmid purifi cation.   

   3.    Spectrophotometer for DNA concentration measurements.      

      1.    Laminar fl ow hood.   
   2.    Water bath (37 °C).   
   3.    Incubator with 37 °C and 5 % v/v CO 2 .   
   4.    Inverse microscope with 4× or 10× objectives for analysis of 

cell health and morphology.   
   5.    Vortexer.   
   6.    Glass-bottom tissue culture dishes (Ibidi GmbH).   
   7.    1× Phosphate-buffered saline (PBS).   

2.1  DNA Constructs

2.2  Calcium 
Phosphate 
Transfection 
of Primary Neurons

Nina Wittenmayer
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   8.    Primary hippocampal or cortical neurons which were dissociated 
and plated 2–4 days before transfection.   

   9.    Opti-MEM ®  reduced serum medium (Invitrogen).   
   10.    Neurobasal medium.   
   11.    0.01 % poly- L -lysine (Sigma-Aldrich).   
   12.    2 M CaCl 2  solution: prepare with sterile, distilled water, ali-

quot and freeze at −20 °C.   
   13.    2× HBS buffer: 274 mM NaCl, 10 mM KCl, 1.4 mM 

Na 2 HPO 4 , 15 mM glucose, 42 mM HEPES, pH 7.02 
(NaOH). Prepare with sterile, distilled water and store 2 ml 
aliquots at −20 °C.   

   14.    Non-autoclaved 2 ml tubes ( see   Note 2 ).      

      1.    Inverted microscope with a bright fi eld condenser and epi- 
fl uorescence light path (e.g., Zeiss Axiovert 200 M). The 
microscope should be equipped with a standard CCD camera, 
40× or 63× oil objectives and a fi lter set for imaging CFP (exci-
tation 436 nm/emission 475 nm) fl uorescence.   

   2.    Rectangular diaphragma for light microscopes to confi ne the 
DAB photoconverted area of the sample.   

   3.    PIPES buffer: 0.2 M Na–PIPES pH 7.4, 10 mM CaCl 2 . Weigh 
6.05 g PIPES and transfer to a glass or plastic cylinder. Add 
water to a volume of 70 ml. Mix and adjust pH with 4 N 
NaOH ( see   Note 3 ). Fill up to 100 ml and store at 4 °C.   

   4.    Fixation buffer: 0.1 M PIPES pH 7.4, 5 mM CaCl 2 , 1 % glu-
taraldehyde. Prepare a 1:2 dilution of the 0.2 M PIPES buffer 
( step 1 ) with water for a small volume such as 10 ml. For a 
volume of 10 ml, add 0.4 ml of a 25 % glutaraldehyde solution 
just before fi xation of the samples.   

   5.    Washing buffer: 0.15 M PIPES pH 7.4, 7.5 mM CaCl 2 .   
   6.    Blocking buffer A: 0.1 M PIPES pH 7.4, 5 mM CaCl 2,  

100 mM potassium cyanide, 100 mM glycine ( see   Note 4 ).   
   7.    Blocking buffer B: 0.1 M PIPES pH 7.4, 5 mM CaCl 2,  

100 mM ammonium chloride ( see   Note 5 ).   
   8.    Blocking buffer C: 10 mg/ml sodium borohydrate in 0.1 M 

PIPES pH 7.4 with 5 mM CaCl 2  ( see   Note 5 ).   
   9.    DAB solution: 1.5 mg/ml DAB in 0.1 M PIPES pH 7.4, 

5 mM CaCl 2  ( see   Note 6 ).      

      1.    BEEM capsules, no 3 (PLANO GmbH), prepare the capsules 
by cutting of the lid and bottom.   

   2.    1 % Osmium tetroxide solution ( see   Note 7 ).   
   3.    85 and 95 % ethanol in water.   

2.3  DAB 
Photoconversion 
and Light Microscopy

2.4  Electron 
Microscopy

Photoconversion of CFP
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   4.    EPON for embedding of samples: For 50 ml EPON embedding 
medium mix in an appropriate container with continuous stir-
ring: 26.1 g Epon (Fluka), 12.3 g Epoxy embedding medium 
hardener DDSA (Fluka) with 16.3 g Epoxy embedding medium 
hardener MNA (Fluka). To protect the mixture from introduc-
tion of water, wipe the stirrer with acetone before use. When all 
components are mixed homogeneously, add 0.75 ml Epoxy 
embedding medium accelerator DMP 30 (Fluka), mix, and 
store aliquots at −20 °C for further use.   

   5.    Hydrofl uoric acid.   
   6.    1 M calcium hydroxide.   
   7.    Microtome.   
   8.    Razor blade.   
   9.    Eyelash on top a wooden stick.   
   10.    Copper grids with 200 mesh.   
   11.    Lead citrate for staining of ultrathin sections: solve 1.33 g lead 

citrate in 15 ml distilled water. Then add 1.76 g sodium citrate 
and 15 ml distilled water, shake 1 min and let stand for 30 min. 
Add 8 ml 1 N NaOH and fi ll up to a volume of 50 ml. Store 
the solution 2–3 weeks at 4 °C.   

   12.    Transmission electron microscope.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. Transfect primary hippocampal or cortical neurons using 
calcium phosphate [ 8 ], lipofectamine [ 9 ] or use any other method 
to introduce CFP fusion proteins into neurons at least 24 h before 
starting DAB photoconversion. 

      1.    Prepare DNA from  E. coli  cultures using an endotoxin free 
maxi plasmid preparation kit.   

   2.    Using a spectrophotometer to determine DNA concentration 
and purity by measuring absorbance at 260 nm ( A  260  of 
1.0 = 50 μg/ml pure dsDNA). Good-quality DNA will have 
an  A  260 / A  280  ratio of 1.7–2.0.      

      1.    Dissociated hippocampal cultures are prepared from E19 
Wistar rats or E16 mice according to Gosslin & Banker with 
slight modifi cations [ 8 ]. Neurons are cultured at a density of 
40,000 cells/cm 2  on poly- L -lysine-coated glass-bottom culture 
dishes. For poly- L -lysine-coating of glass-bottom culture 
dishes: add 1 ml 0.01 % poly- L -lysine on top of the cover slip 
and place the dish in the incubator at 37 ° C for 1–2 h. 

3.1  DNA Preparation

3.2  Calcium 
Phosphate 
Transfection of 
Primary Neurons
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Afterwards, wash the cover slip three times with sterile 1× PBS, 
leave a 1 ml drop of 1× PBS on the cover slip and place the dish 
in the incubator until seeding of cells.   

   2.    Transfect neurons on day 2–4 in vitro ( see   Note 8 ).   
   3.    Check neurons for healthy morphology under the microscope. 

Neurons should have branched dendrites and should make 
contacts with surrounding neurons.   

   4.    Warm Opti-MEM ®  medium to 37 °C in the water bath.   
   5.    The procedure is described for one cell culture dish. Remove 

the conditioned medium ( see   Note 9 ) of the dish and transfer 
it to a new, sterile cell culture dish. Immediately add 1.5 ml pre-
warmed Opti-MEM ®  medium to the culture dish with neu-
rons. Return the culture dish with neurons and the cell culture 
dish with conditioned medium back into the 37 °C incubator.   

   6.    Mix 5.6 μl 2 M CaCl 2  with 3 μg DNA and sterile, distilled water 
in a total volume of 45 μl in a non-autoclaved 2 ml tube. Place 
the tube on a vortexer and add drop wise 45 μl 2× HBS buffer 
while shaking. For precipitate formation, let stand for 20 min.   

   7.    Add 90 μl of transfection mixture to the cell culture dish with 
neurons.   

   8.    Place cells in the 37 °C incubator for 60 min.   
   9.    Meanwhile warm Neurobasal medium to 37 °C in the 

water bath.   
   10.    To remove the transfection mixture from the neurons ( see  

 Note 10 ), which causes massive cell death during long incu-
bation times, start washing cells with Neurobasal medium 
60 min after adding the transfection mixture.   

   11.    Aspirate the medium off and add 1.5 ml pre-warmed 
Neurobasal medium. If you transfect more than one dish, 
work dish per dish to avoid cell death.   

   12.    Remove 1.2 ml of the medium and add pre-warmed Neurobasal 
medium.   

   13.    Repeat  step 12 .   
   14.    Take the cell culture dish containing conditioned medium out 

of the 37 °C incubator.   
   15.    Aspirate the Neurobasal medium off, add 1.5 ml conditioned 

medium to the neurons and place cells in the 37 °C incubator.   
   16.    Verify cell health and CFP expression 18–24 h later.      

      1.    Remove cell culture medium and fi x transfected neurons with 
fi xation buffer for 20 min at room temperature. Keep cells in 
the dark to avoid bleaching of CFP fl uorescence.   

   2.    Wash cells three times 1 min each with washing buffer.   

3.3  DAB 
Photoconversion

Photoconversion of CFP
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   3.    Incubate the cells in blocking buffer A for 80 min in the dark. 
This step is blocking endogenous enzymes activities ( see   Note 11 ) 
in cells which cause nonspecifi c DAB precipitation.   

   4.    Wash neurons three times each for 1 min with washing buffer.   
   5.    Incubate the cells in blocking buffer B for 40 min in the dark 

to reduce aldehyde-induced autofl uorescence ( see   Note 12 ).   
   6.    Wash neurons three times each for 1 min with washing buffer.   
   7.    Incubate the cells in blocking buffer C for 40 min in the dark 

to reduce aldehyde-induced autofl uorescence ( see   Note 12 ).   
   8.    Wash neurons three times each for 1 min with washing buffer.   
   9.    Transfer cell culture dishes on ice and let cool down for 10 min 

( see   Note 13 ).   
   10.    Remove washing buffer from the cells and add 2 ml ice-cold 

DAB solution. Incubate for 3–5 min on ice ( see   Note 14 ). 
Then immediately transfer the cell culture dish onto the light 
microscope. Search and select a transfected cell which is suit-
able for DAB photoconversion and take a phase contrast and 
fl uorescence image ( see   Note 15 ). With a rectangular dia-
phragm, defi ne the area of the cell of interest and neighboring 
cells ( see   Note 16 ) as small as possible and illuminate this 
area 10–12 min with a CFP excitation fi lter set (peak: 436 nm) 
( see   Note 17 ).   

   11.    During 10–12 min illumination, fl uorescence fades away until it 
is completely erased and brownish background staining appears 
( see  Fig.   1 ). At this time point stop the photoconversion reac-
tion by exchanging the DAB solution to washing solution.

       12.    Wash neurons three times each for 1 min with washing buffer.      

      1.    Postfi x samples in 1 % osmium tetroxide for 30 min on ice. 
Wash once with distilled water.   

   2.    Dehydrate the samples in graded ethanol series: incubate sam-
ples three times for 5 min each time in 85 % ethanol, three 
times for 5 min each time in 95 % ethanol and three times for 
5 min each time in 100 % ethanol.   

   3.    Remove 100 % ethanol from the samples and add EPON only 
on the glass cover slip of the cell culture dish ( see  Fig.  2 ). 
Incubate at 37 °C overnight ( see   Note 18 ).

       4.    Next day place a BEEM capsule on the DAB-photoconverted 
area ( see  Fig.  2 ) which is covered by EPON and incubate 6 h 
at 60 °C ( see   Note 19 ).   

   5.    Fill up the BEEM capsule with EPON ( see  Fig.  2 ) and incu-
bate at 60 °C overnight ( see   Note 20 ).   

   6.    Take the glass cover slip surrounding plastic of the cell culture 
dish off with nippers.   

3.4  Preparation 
of Samples for EM
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  Fig. 1    Primary hippocampal neurons were transfected with pECFP-Golgi, a fusion protein which is targeted to 
the  trans -side of the Golgi apparatus at DIV7, photoconversion was carried out at DIV8 and followed by pro-
cessing for electron microscopy. ( a ) Shows an overview image of the photobleached area. During the DAB 
photoconversion process fl uorescence fades away and background staining appears. ( b ) DIC image of the 
 boxed area  in ( a ). ( c ) Transfected neuron with fl uorescence signals at the Golgi apparatus. ( d ) Overview image 
of the transfected and a neighboring neuron at the EM level. ( e ,  f ) Higher magnifi cations clearly reveal dark 
DAB deposits at the trans-Golgi lamella ( arrows  in ( e )). ( g ,  h ) Because of DAB photoconversion other dark 
structures such as mitochondria or autophagic-like vacuoles can appear ( arrows ).  nuc  nucleus, Bars, 15 μm 
( a – c ), 7.5 μm ( d ), 2.5 μm ( e ), 500 nm ( f ), 1 μm ( g ,  h )       
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   7.    Remove the glass of the cell culture dish by placing the BEEM 
capsule with the cover slip in a plastic container fi lled with 
hydrofl uoric acid for 20–30 min ( see   Note 21 ). Neutralize the 
sample in 1 M calcium hydroxide.   

   8.    Check with a loupe if all glass was removed. If not repeat  step 7 .   
   9.    Incubation of the sample results in softening of the EPON, 

therefore incubate the sample again at 60 °C overnight.   
   10.    Remove the plastic of the BEEM capsule with nippers.   
   11.    Trimming: Follow the instructions of the microtome to install 

the diamond knife and the sample block. Start to trim the 
EPON block with a razor blade. Trim the block pyramid-like 
with a trapezoid face. The DAB-photoconverted area appears 
as a dark spot; therefore keep this spot in the middle of your 
pyramid-shaped block. The edges of your block should be 
very straight and without irregularities to guarantee good 
ultrathin sectioning.   

   12.    Ultrathin sectioning ( see   Note 22 ): Since the monolayer of 
neurons is very thin compared to EPON-embedded tissue, 
you have to start immediately with ultrathin sectioning and 
cannot make semi-thin sections fi rst. Align the knife edge and 
the block face and fi ll the knife boat with either fi ltered  distilled 
water or 10 % ethanol so as to obtain a silvered refl ection off 
the surface of the liquid. Cut individual sections and adjust the 
section thickness settings until you obtain pale gold to silver 
sections ( see   Note 23 ). Floating sections are “guided” with an 
eyelash on top of a wooden stick away from the knife edge. 
Collect sections by putting the grid under the liquid in the 
knife boat and then coming up under the sections with the 
grid. Allow the grids to properly dry on the fi lter paper before 
staining with lead citrate.   

   13.    Lead citrate staining: spin the lead citrate solution for 5 min 
with    17,950 ×  g  at room temperature. Put a drop lead citrate 
solution on parafi lm and place the grids with sections upside 
down on the drop for 1–3 min. With forceps take the grid off 

  Fig. 2    ( a ) Glass-bottom cell culture dish. It was fi lled with EPON embedding medium at the central area which 
is confi ned by the glass cover slip ( arrow ). In ( b ) a BEEM capsule was placed on the cover slip ( arrow ) and fi lled 
up with EPON embedding medium ( c ) ( arrow )       
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the drop, rinse carefully with distilled water and dry the grid 
on fi lter paper (for instance Whatman no. 50). The incubation 
time on the lead citrate drop has to be tested for each experi-
ment individually. If contrast is low, you can repeat the lead 
citrate staining.       

4    Notes 

     1.    For good cell viability, the DNA should be free of endotoxins.   
   2.    During the autoclaving process, the tubes could be contami-

nated with endotoxins. Therefore, open a new package of 
tubes from your supplier under the laminar fl ow hood and use 
the tubes directly.   

   3.    Use 4 N NaOH to adjust a pH of 7.4. First adjust the pH to 
7.0 to achieve better solubility of PIPES. When PIPES is in 
solution, adjust the pH to 7.4.   

   4.    Since potassium cyanide is very toxic, prepare a 1 M potassium 
cyanide stock solution and store aliquots at −20 °C. Prepare a 
1 M glycine stock solution and store aliquots at −20 °C. Before 
use, thaw aliquots of 1 M glycine pH 7.4 and 1 M potassium 
cyanide and prepare blocking buffer A.   

   5.    It is best to prepare this fresh each time.   
   6.    It is best to prepare this fresh each time. Keep the solution at 

4 °C until use and in the dark.   
   7.    Osmium tetroxide is toxic, thus wear gloves and work with a 

fl ue while handling osmium tetroxide.   
   8.    This protocol for calcium phosphate transfection of neurons is 

optimized for transfection at day 2–4 in vitro (DIV2-4).   
   9.    The culture medium is enriched with different factors such as 

growth factors secreted by glia cells which are present in 
 primary neuronal cultures. The neurons do not tolerate a 
change of medium and need to be cultured in “their” condi-
tioned medium all the time. Therefore collect the conditioned 
medium in a new, sterile cell culture dish during the procedure 
of transfection. Place the dish with conditioned medium in the 
incubator to adjust the pH to 7.4.   

   10.    Calcium phosphate co-precipitates with DNA into an insolu-
ble precipitate which then is endocytosed by cells. Incubation 
of neurons for longer time periods than 1 h with the transfec-
tion precipitate can cause massive cell death, therefore the 
transfection precipitate should be washed off the cells timely.   

   11.    Punctuate background staining of peroxisomes and mitochon-
dria can occur during the process of DAB photoconversion. 
These organelles contain oxidative enzymes, e.g., peroxisomal 
catalase or cytochrome oxidase, which are activated by aldehyde 
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fi xation [ 10 ] and cause DAB precipitation. Incubation with 
potassium cyanide reduces their enzyme activity.   

   12.    The standard method of fi xation for light or electron micros-
copy is cross-linking by treatment of the sample with alde-
hydes. The fi xative penetrates the cells and cross-link proteins 
and nucleic acids by forming covalent bonds between adjacent 
amine-containing groups. Because glutaraldehyde has two 
reactive aldehyde groups, autofl uorescence caused by unre-
acted aldehyde groups appears. Blocking with amine- containing 
reagents (e.g., NH 4 Cl) or reducing reagents (e.g., NaBH 4 ) can 
reduce aldehyde-induced autofl uorescence.   

   13.    It is very important for the DAB photoconversion process that 
all solutions and the cell culture dishes are at 10 °C or below. 
More oxygen dissolves in solutions with higher temperatures 
and thus causes unspecifi c DAB precipitation.   

   14.    Pre-incubation of the sample for 3–5 min on ice in DAB solu-
tion was suffi cient in our experiments. Some groups pre- 
incubate up to 30 min [ 11 ] and/or with oxygen-enriched 
DAB solution. These are parameters which could be changed 
to improve the results.   

   15.    Taking a phase contrast image is of high importance. Since we 
usually do not achieve 100 % transfection effi ciency of neu-
rons, the tricky and time consuming part of this method is the 
identifi cation of the illuminated neuron at the electron micro-
scope. Therefore, a phase contrast image provides you an 
overview of the neuron selected for photoconversion and 
neighboring neurons. At the EM, you will fi nd the neuron 
selected for photoconversion only by its shape and the shape 
of the surrounding cells.   

   16.    Neighboring neurons without CFP fusion protein expression 
serve as control for DAB photoconversion of CFP. Control 
cells do not show any DAB precipitation compared to CFP 
fusion protein transfected cells.   

   17.    Illumination of CFP or GFP fusion proteins should be carried 
out with the appropriate fi lter settings. For CFP fusion pro-
teins use a CFP excitation fi lter BP436/20 nm and for GFP 
fusion proteins use a GFP excitation fi lter BP470/40 nm. The 
illumination time is variable, depending upon the illumination 
strength and also upon the DAB penetration into the prepara-
tion [ 4 ]. DAB photoconversion of CFP fusion proteins 
required 10–12 min illumination and the neuronal ultrastruc-
ture was well preserved at the EM level while illumination of 
GFP fusion proteins required 30–40 min illumination and 
ultrastructure of neurons was poor. Thus, we only use CFP 
fusion proteins for DAB photoconversion in primary hippo-
campal neurons.   
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   18.    Overnight incubation of EPON embedded samples at 37 °C 
leads to less hardening of the embedding medium which is 
necessary for the next step ( see   Note 18 ).   

   19.    The DAB photoconverted area appears upon osmium tetrox-
ide fi xation as a small black puncta. Place the BEEM capsule 
onto this puncta, so it is in the middle of the BEEM capsule. 
Incubation for 6 h at 60 °C leads to complete polymerization 
of the EPON and afterwards the BEEM capsule can be fi lled 
up with EPON.   

   20.    The EPON embedding medium polymerizes and hardens 
overnight at 60 °C.   

   21.    Check carefully under a microscope if all the glass was removed 
by the acid. If not it will destroy your diamond knife during 
ultrathin sectioning. If not incubate again for 20–30 min in 
acid to remove the remaining glass.   

   22.    If you are not experienced with ultrathin sectioning it is highly 
recommended to fi rst get help and training from experienced 
researchers.   

   23.    The interference color of sections serves as the index of its 
approximate thickness. Sections with a silver interference color 
have a thickness of 90 nm and gold-colored sections have a 
thickness of 150 nm. The estimation of section thickness based 
on these colors is reliable to within a range of 10–20 nm.         
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    Chapter 7   

 Light-Inducible Gene Regulation with Engineered 
Zinc Finger Proteins 

           Lauren     R.     Polstein     and     Charles     A.     Gersbach     

    Abstract 

   The coupling of light-inducible protein–protein interactions with gene regulation systems has enabled the 
control of gene expression with light. In particular, heterodimer protein pairs from plants can be used to 
engineer a gene regulation system in mammalian cells that is reversible, repeatable, tunable, controllable 
in a spatiotemporal manner, and targetable to any DNA sequence. This system, Light-Inducible 
Transcription using Engineered Zinc fi nger proteins (LITEZ), is based on the blue light-induced interac-
tion of GIGANTEA and the LOV domain of FKF1 that drives the localization of a transcriptional activator 
to the DNA-binding site of a highly customizable engineered zinc fi nger protein. This chapter provides 
methods for modifying LITEZ to target new DNA sequences, engineering a programmable LED array to 
illuminate cell cultures, and using the modifi ed LITEZ system to achieve spatiotemporal control of trans-
gene expression in mammalian cells.  

  Key words     Optogenetics  ,   Transcription  ,   Gene regulation  ,   Gene expression  ,   Zinc fi nger protein  , 
  Protein engineering  ,   Genetic engineering  ,   Synthetic biology  ,   Gene circuits  

1      Introduction 

 The growing complexity of scientifi c research requires the develop-
ment of advanced gene regulation systems. The ability to easily 
manipulate gene expression with spatial and temporal control in a 
tunable and reversible manner is critical to many potential applica-
tions in gene therapy, regenerative medicine, tissue engineering, 
metabolic engineering, synthetic biology, and basic research. The 
most common gene regulation systems are controlled by the pres-
ence of a small molecule such as an antibiotic or steroid analogue 
[ 1 – 9 ]; however, because small molecules quickly diffuse throughout 
tissues and cell culture, these systems cannot be used to achieve spa-
tial control over gene regulation. Furthermore, the small molecule 
must be removed from the system to reverse its effect, making it dif-
fi cult to dynamically control gene expression for some applications. 
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 Recently, the emerging fi eld of optogenetics has provided tools 
to engineer gene regulation systems that are controlled by light 
rather than small molecules, thus enabling precise spatiotemporal 
genetic control [ 10 ,  11 ]. Several of these systems have been 
reported to modulate transcription of an exogenous transgene by 
the presence of blue [ 12 – 17 ] or red [ 18 – 20 ] light. This makes 
gene activation and deactivation easier and faster compared to con-
ventional systems, and it also eliminates the possibility of pleiotro-
pic effects due to a chemical activator molecule. In general, most 
of these systems take advantage of plant proteins that form a homo- 
or heterodimer when illuminated by a specifi c wavelength of light 
(Fig.  1 ). Fusion of one of the plant dimerizing proteins to a DNA 
binding protein, such as the GAL4 DNA-Binding Domain, local-
izes that plant protein to the corresponding DNA target sequence. 

Light-Inducible 
Plant Protein 1

Light-Inducible
Plant Protein 2

Any Gene

+ illumination by 
activating wavelength

Light-Inducible
Plant Protein 1

DNA Binding
Domain

DNA Binding
Sequence

Any Gene

DNA Binding
Domain

DNA Binding
Sequence

Transcriptional
Activation Domain

Transcriptional 
Activation Domain

transcriptional activation

Light-Inducible
Plant Protein 2

  Fig. 1    Schematic of a general light-inducible gene regulation system. Many light-
inducible gene regulation systems take advantage of homo- or heterodimerization 
between two light-inducible plant proteins. The fi rst plant protein (“Light-Inducible 
Plant Protein 1”) is usually fused to a DNA-binding domain, such as the GAL4 
DNA-binding domain, which localizes the fusion protein to the DNA-binding 
domain’s target DNA sequence. This target DNA sequence is located upstream of 
a gene of interest. The second plant protein (“Light-Inducible Plant Protein 2”) is 
usually fused to a transcriptional activation domain, such as VP16. In the presence 
of an activating wavelength of light, the two light-inducible plant proteins interact, 
which translocates the transcriptional activation domain to the gene of interest 
and activates transcription       
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Fusion of the other plant protein to a transcriptional activation 
domain, such as the herpes simplex virus protein VP16 [ 21 ,  22 ], 
results in translocation of the activation domain to the DNA bind-
ing sequence upon illumination at the activating wavelength. This 
then activates transcription of a transgene located downstream of 
the DNA binding sequence.

   We engineered a system that can regulate any transgene under 
the control of any arbitrary promoter sequence using blue light 
[ 23 ]. This system, Light-Inducible Transcription using Engineered 
Zinc fi nger proteins (LITEZ), takes advantage of the interaction 
between GIGANTEA (GI) and the Light-Oxygen-Voltage (LOV) 
domain of FKF1 [ 24 ]. These two proteins exist in the  Arabidopsis 
thaliana  plant and form a heterodimer in the presence of blue light 
(450 nm). In the LITEZ system, GI is fused to the N-terminus of 
a synthetic zinc fi nger protein (GI-ZFP), which makes this system 
unique because the ZFP is highly programmable and can theoreti-
cally be engineered to bind any desired DNA sequence through a 
variety of different techniques [ 25 – 38 ]. The other protein domain, 
LOV, is fused to three tandem copies of the minimal VP16 activa-
tion domain (LOV-VP16) [ 21 ,  22 ,  24 ]. When expressed in cells, 
GI-ZFP localizes to the ZFP target DNA sequence upstream of 
the transgene. In the presence of blue light, LOV binds to GI, 
which translocates VP16 to the gene of interest and activates tran-
scription. Engineering of the ZFP provides the opportunity to tar-
get GI-ZFP to any DNA sequence. This fl exibility in design enables 
the regulation of novel synthetic promoters, the use of multiple 
orthogonal promoters in a single cell, and potentially the ability to 
control natural endogenous promoters using blue light. 

 The following protocol describes the steps for engineering and 
using any GI-ZFP for light-inducible activation of a transgene in a 
spatiotemporal, reversible, repeatable, and tunable manner. It is 
assumed that a functional ZFP has already been engineered and 
determined to be active in the cell type or species of interest as a 
direct fusion to an activation domain, repression domain, or endo-
nuclease. Many protocols have been published for designing, build-
ing, and testing novel ZFPs targeted to new sequences by a variety 
of methods [ 25 – 38 ], and online webservers have been created to 
facilitate this process [ 31 ,  33 ,  39 – 41 ]. Novel ZFPs are available 
commercially through Sigma-Aldrich, and many ZFPs are also 
available through the Addgene nonprofi t plasmid repository (  www.
addgene.org    ) [ 37 ,  38 ]. A complete volume of  Methods in Molecular 
Biology  has also been published dedicated to this subject [ 42 ].  

2    Materials 

        1.    Polymerase chain reaction (PCR) primers: The 3′ end of these 
primers must be designed to anneal to the cDNA encoding the 
particular ZFP that will be cloned downstream of GI. For the 

2.1  Construction 
of GI-ZFP Expression 
Plasmid

Light-Inducible Gene Regulation
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forward primer (NotI-ZFP fwd), replace the “N” sequence 
shown below with a sequence that has a melting temperature of 
55–60 °C (about 14–21 base pairs long) and is homologous to 
the leading strand of the target ZFP gene, starting with the 
ATG start codon. It also may be necessary to add one or two 
additional base pairs between the  Not I restriction endonuclease 
site and the homologous sequence to keep the ZFP in frame 
with the upstream GI gene once it is cloned into the fi nal vector 
( see   Note 1 ). For the reverse primer (XbaI-ZFP rev), replace the 
“N” sequence with a sequence that has a melting temperature 
of 55–60 °C and is homologous to the antisense strand of the 
target ZFP gene. Make sure to include the stop codon in this 
homologous sequence. If desired, an epitope tag, such as HA or 
FLAG for ensuring expression or localization by western blot or 
immunofl uorescence staining, can also be cloned between the 
GI and ZFP genes without affecting the activity of the fusion 
protein. To insert an epitope tag, insert the leading strand 
sequence of the epitope tag between the “ATG” and the next 
(fourth) base pair of the sequence that is homologous to the 
ZFP in the NotI–ZFP fwd primer. Ensure that the downstream 
ZFP gene remains in frame after adding the epitope tag.

    (a)    NotI-ZFP fwd: 5′-taagcggccgcaNNNNNNNNNNNN-3′ 
( see   Note 2 ).   

   (b)    XbaI-ZFP rev: 5′-ttctagaNNNNNNNNNNNN-3′ 
( see   Note 3 ).    

      2.    Expression plasmid pcDNA3-GI-ZFP2: This construct con-
tains a Cytomegalovirus (CMV) immediate early promoter 
driving expression of a gene encoding GI-ZFP2 [ 23 ]. This 
plasmid can be obtained from Addgene (Plasmid 42215).   

   3.    Restriction endonucleases and appropriate buffers:  Not I 
and  Xba I.   

   4.    Sequencing primers ( see   Note 5 ):

    (a)    CMV fwd: 5′-ATTGACGCAAATGGGCGGTAGGCG
TGT-3′.   

   (b)    GI fwd 1: 5′-GCTGTTGCTAATGGAGCTG-3′.   
   (c)    GI fwd 2: 5′-CCACTGCAACCTCCTATC-3′.   
   (d)    GI fwd 3: 5′-GGACTCCATGGAGTTACAGT-3′.   
   (e)    GI fwd 4: 5′-AGCCTTGGATCGCCAAAG-3′.   
   (f)    GI fwd 5: 5′-ACTGGGAAGCTCACAGCTT-3′.    

      5.    Standard equipment and reagents for agarose gel electrophoresis.   
   6.    Standard equipment and reagents for purifi cation of DNA 

from agarose gels following electrophoresis, such as the 
QIAquick Gel Extraction Kit (Qiagen).   
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   7.    Standard equipment and reagents for purifi cation of PCR 
products, such as the QIAquick PCR Purifi cation Kit (Qiagen).   

   8.    Calf intestinal alkaline phosphatase (CIP).   
   9.    T4 DNA Ligase and appropriate buffer.   
   10.    Chemically competent Stbl3  E. coli  (Invitrogen) ( see   Note 4 ).   
   11.    LB-Agar plates containing 100 μg/mL ampicillin for bacteria 

culture.   
   12.    LB media containing 100 μg/mL ampicillin.   
   13.    Standard equipment and reagents for purifi cation of bacterial 

plasmid DNA, such as the Qiagen Spin Miniprep Kit.      

      1.    Reporter plasmid pGL3-Basic-9xSeq2-Luc: This plasmid con-
tains nine copies of the DNA binding site for GI-ZFP2 
(5′-AAACTGCAAAAG-3′) upstream of a minimal CMV pro-
moter and luciferase gene [ 23 ]. This plasmid can be obtained 
from Addgene (Plasmid 42214).   

   2.    Oligonucleotides: The oligonucleotides below will be 
annealed and phosphorylated to create an insert containing 
three GI-ZFP DNA binding sites. Replace (N)  n   with the 
target binding sequence of the GI-ZFP and (N′)  n   with the 
sequence that is antiparallel to the target binding sequence 
of the GI-ZFP. The double-stranded DNA product that 
will result from annealing these oligonucleotides contains 
sticky overhangs at the 5′ and 3′ ends that are compatible 
with ligation to DNA cleaved by  Xho I and  Bgl II endonucle-
ases ( see   Note 6 ).
    (a)    GI-ZFP binding fwd: 5′-tcgag(N)  n  gtcgag(N)  n  gtcgag(N)  n  a-3′.   
   (b)    GI-ZFP binding rev: 5′-gatct(N′)  n  ctcgac(N′)  n  ctcgac(N′)  n  c-3′.    

      3.    Sequencing primer hCMV rev: 5′-GAGCTCTGCTTATATA
GACCTCCC-3′.   

   4.    Restriction endonucleases and appropriate buffers:  Xho I 
and  Bgl II .    

   5.    Reagents Subheading  2.1 ,  steps 5 – 13 .      

      1.    12 Blue LEDs centered on a wavelength of 450 nm ( see   Note 7 ).   
   2.    6 × 4 × 2″ project enclosure box (Radio Shack).   
   3.    Arduino™ Uno Microcontroller.   
   4.    BuckPuck AC Driver (700 mA).   
   5.    Male and female wire connectors (MOLEX).   
   6.    Soldering iron.   
   7.    Electrical wire.   
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   8.    Wire stripper.   
   9.    Wire cutters.   
   10.    Copper-terminal printed circuit board.   
   11.    Lexan™ plexiglass.   
   12.    12 VDC, 1.0 A power supply.   
   13.    USB cable.   
   14.    Silicone glue.      

      1.    Mammalian cell line that can be readily transfected, such as 
HeLa or HE293T cells.   

   2.    Lipofectamine 2000 Reagent (Invitrogen), or other suitable 
transfection reagent.   

   3.    OptiMEM ®  Reduced Serum Media (Life Technologies).   
   4.    DMEM supplemented with 10 % Fetal Bovine Serum (FBS).   
   5.    DMEM supplemented with 10 % FBS and 1 % penicillin/

streptomycin (P/S).   
   6.    0.25 % trypsin.   
   7.    2 × 24-well tissue culture treated plates.   
   8.    Transfection plasmids:

    (a)    pcDNA3-GI-ZFP.   
   (b)    pcDNA3-LOV-VP16 (can be obtained from Addgene 

(Plasmid 42499, [ 24 ])).   
   (c)    Reporter plasmid.   
   (d)    “Empty” expression plasmid (i.e., a plasmid containing a 

promoter but no expressed gene).       
   9.    Lamp containing red fl ood lights ( see   Note 8 ).   
   10.    Luciferase assay reagents, such as the Bright-Glo Luciferase 

Assay System (Promega).      

      1.     Green fl uorescent protein  (GFP) cDNA.   
   2.    Reporter construct engineered in Subheading  3.2  or 

pGL3-Basic-9xSeq2-Luc.   
   3.    Polymerase chain reaction (PCR) primers:

    (a)    GFP fwd: 5′-ACCATGGTGAGCAAGGGCGA-3′.   
   (b)    GFP rev: 5′-CCTCTAGATTACTTGTACAGCTCGTC C-3′.       

   4.    Sequencing primer hCMV fwd: 5′-TAGGCGTGTACGGT
GGG-3′.   

   5.    Restriction endonucleases and appropriate buffers:  Nco I 
and  Xba I.   

   6.    Reagents Subheading  2.1 ,  steps 5 – 13 .   
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   7.    Lipofectamine 2000 Reagent (Invitrogen), or other suitable 
transfection reagent.   

   8.    OptiMEM ®  Reduced Serum Media (Life Technologies).   
   9.    DMEM supplemented with 10 % FBS.   
   10.    DMEM supplemented with 10 % FBS and 1 % P/S.   
   11.    0.25 % trypsin (Life Technologies).   
   12.    35 mm glass-bottom tissue culture dish (MatTek Corporation, 

Ashland, MA).   
   13.    Transfection plasmids:

    (a)    pcDNA3-GI-ZFP.   
   (b)    pcDNA3-LOV-VP16.   
   (c)    Reporter plasmid.   
   (d)    An “empty” expression plasmid (i.e., a plasmid containing 

a promoter but no expressed gene).   
   (e)    A plasmid that constitutively expresses dsRed or another fl u-

orophore distinguishable from GFP (we used phUbC- dsRed, 
which is a plasmid containing the  dsRed  gene expressed 
under the human Ubiquitin C (hUbC) promoter).       

   14.    Lamp containing red fl ood lights ( see   Note 8 ).   
   15.    Photomask, such as one designed using computer software (i.e., 

AutoCAD ® ) and fabricated using a 3D printer ( see   Note 9 ).   
   16.    Black electrical tape.   
   17.    1× phosphate-buffered saline (PBS).   
   18.    4 % paraformaldehyde in PBS (PFA).   
   19.    Epifl uorescence inverted microscope, such as the Zeiss Axio 

Observer Z1 fl uorescence microscope.       

3    Methods 

        1.    Amplify the target ZFP gene via PCR using XbaI-ZFP fwd 
and NotI-ZFP rev primers.   

   2.    Isolate the PCR product by gel electrophoresis and subse-
quent column purifi cation using the QIAquick Gel Extraction 
Kit according to the manufacturer’s directions.   

   3.    Digest the purifi ed PCR product and pcDNA3-GI-ZFP2 with 
restriction endonucleases  Not I and  Xba I. Also add the appro-
priate amount of CIP to the digestion reaction containing 
pcDNA3-GI-ZFP2 (we use 1 μl in 50 μl total volume). Allow 
the digestion to proceed for 1–3 h.   

   4.    Isolate the 8,858 base-pair digestion product from pcDNA3-
GI- ZFP2 via gel electrophoresis and subsequent column 
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purifi cation using the QIAquick Gel Extraction kit. Purify the 
PCR digest reaction using the QIAquick PCR Purifi cation kit 
according to the manufacturer’s directions.   

   5.    Ligate the purifi ed PCR digestion product into the purifi ed 
pcDNA3-GI-ZFP digestion product using T4 DNA Ligase 
( see   Note 10 ). Incubate at room temperature for 1 h or 
overnight.   

   6.    Transform 50 μl of chemically competent Stbl3 cells with 4 μl 
of the ligation reaction. Spread cells on ampicillin-containing 
LB-agar plates and culture overnight at 37 °C.   

   7.    Inoculate 5 mL of LB media containing 100 μg/mL ampicil-
lin with one colony from the ampicillin-containing LB-agar 
plates, and culture 12–16 h with shaking at 37 °C.   

   8.    Purify plasmid DNA from the bacterial culture using a plasmid 
purifi cation kit, such as the Qiagen Spin Miniprep Kit.   

   9.    Verify the new construct by sequencing with CMV fwd, GI 
fwd 1, GI fwd 2, GI fwd 3, GI fwd 4, and GI fwd 5 primers.      

       1.    Anneal GI-ZFP binding fwd and GI-ZFP binding rev oligo-
nucleotides: Combine 500 ng of each oligonucleotide and 1× 
T4 DNA Ligase Buffer in water to a fi nal volume of 50 μl. 
Heat sample in a thermal cycler to 95 °C for 2 min, then cool 
to 25 °C over a period of 45 min. Add 1 μl of T4 PNK and 
incubate at 37 °C for 30 min. Sample can be stored overnight 
at 4 °C ( see   Note 11 ).   

   2.    Digest pGL3-Basic-9xSeq2-Luc with restriction endonucle-
ases  Xho I and  Bgl II. Also add the appropriate amount of CIP 
to this digestion reaction (we use 1 μl in 50 μl total volume). 
Allow the digestion to proceed for 1–3 h.   

   3.    Isolate the 4,863 base-pair digestion product via gel electro-
phoresis and subsequent column purifi cation using the 
QIAquick Gel Extraction kit. Purify the PCR digest reaction 
using the QIAquick PCR Purifi cation kit.   

   4.    Ligate the annealed DNA product from  step 1  into the puri-
fi ed pGL3-Basic-9xSeq2-Luc digestion product using T4 
DNA Ligase ( see   Note 10 ). Incubate at room temperature for 
1 h or overnight.   

   5.    Repeat Subheading  3.1 ,  steps 5 – 8 .   
   6.    Verify the new construct by sequencing with the hCMV rev 

primer.      

      1.    Cut the printed circuit board into a rectangle that fi ts inside 
the project enclosure box.   

   2.    Connect four blue LEDs in series onto the printed circuit board 
using the soldering iron and electrical wire. When soldering the 
LEDs to the circuit board, create a line running down one of 
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the long edges of the board. Solder a second series of four 
LEDs along the opposite long edge of the printed circuit board. 
Solder the third and fi nal series of four LEDs down the center 
of the circuit board. Space the LEDs to the dimensions of a 
12-well tissue culture plate such that each LED is positioned 
approximately where the center of each well would be located.   

   3.    Connect the three series of LEDs in parallel: solder the three 
wires at the anodic terminal of the circuit together (one from 
each LED series). Also solder the three wires at the cathodic 
terminal of the circuit together. Place the circuit board with 
attached LED array into the project box.   

   4.    Extend the anodic and cathodic terminals by soldering a long 
piece of wire to each terminal. Cut a hole in the side of the 
project box and pass the wires through the hole to the outside 
of the box. Connect the free ends of these wires to a male wire 
connector, keeping track of which wire is the cathode and 
which is the anode. The wire connector enables separation of 
the LED array from the BuckPuck AC Driver and Arudino™ 
UNO microcontroller, allowing easy installation into an incu-
bator while keeping the electrical control components outside 
of the humidity of the incubator environment.   

   5.    Cut two new wires and install them into the female wire 
connector.   

   6.    Fit the female wire connector into the male wire connector to 
determine which wire in the female connector connects to the 
anode and which connects to the cathode. Solder the cathodic 
wire from the female wire connector to the “LED (−)” pin 
and the anodic wire to the “LED (+)” pin of the BuckPuck 
AC Driver. An electrical diagram for this LED circuit can be 
seen in Fig.  2 .

       7.    Strip both ends of a new piece of wire. Solder one end onto 
the “Ctrl” pin of the BuckPuck AC Driver, and insert the 
other end into the “Pin 13” port of the Arduino™ UNO 
microcontroller. Wires can simply be stripped and inserted 
into the Arduino™ UNO microcontroller ports or soldered 
into the ports for a sturdier connection.   

   8.    Strip a new piece of wire on both ends, and solder one end 
onto the “Vin (+)” pin of the BuckPuck AC Driver. Insert the 
other end into the “Vin” port of the Arduino™ UNO 
microcontroller.   

   9.    Strip a new piece of wire on both ends, and solder one end 
onto the “Vin (−)” port of the BuckPuck AC Driver. Insert 
the other end into the “GND” port on the Arduino™ Uno 
microcontroller.   

   10.    Cut the Lexan™ plexiglass to the dimensions of the project 
enclosure box, and glue the Plexiglass to the top of the box 
using silicone glue.   
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   11.    To program the LED array, download the Arduino™ coding 
software (available free for download at   http://arduino.cc/
en/main/software    ). Design a computer code that will pulse 
the LED array as desired ( see   Note 12 ). Install the LED code 
onto the Arduino™ UNO Microcontroller by connecting the 
Arduino™ board to the computer via a USB cable and follow-
ing the manufacturer’s uploading instructions.   

   12.    To use the LED array, disconnect the Arduino™ UNO micro-
controller from the computer. Place the LED array inside the 
incubator and run the wires connected to the male wire connec-
tor out through the incubator’s port (usually located in the back 
wall of the incubator with a plug—ensure the plug is reinserted 
into the incubator port to maintain environmental conditions). 
Place the Arduino™ UNO microcontroller and BuckPuck AC 
Driver outside of the incubator. Insert the male wire connector 
into the female wire connector, and plug the 12 VDC, 1.0 A 
power supply into the Arduino™ UNO microcontroller power 
port. Plug the other end of the power supply into an electrical 
outlet. The programmed code should now run on the LED array.      

      1.    The day before transfection (Day 0), seed cells into wells of 
2 × 24-well plates such that confl uency will be ~80 % in 24 h. If 
using HeLa cells, seed 160,000 cells/well. Make sure to seed 
and incubate cells in medium that does not contain antibiotic; 
presence of antibiotic during transfection will decrease trans-
fection effi ciency and cell viability.   

3.4  Measurement 
of LITEZ Activity
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  Fig. 2    Circuit diagram for a custom 3 × 4 LED array controlled by an Arduino UNO ®  microcontroller       
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   2.    The next day (Day 1), transfect cells according to the transfec-
tion reagent manufacturer’s instructions. We transfected each 
well of HeLa cells using 2 μl of Lipofectamine 2000 reagent and 
800 ng total plasmid DNA in 100 μl OptiMEM Reduced Serum 
Medium. Conditions that should be included are as follows:

    (a)    Control 1: mock transfected cells (cells that receive no 
plasmid or an “empty” expression plasmid).   

   (b)    Control 2: reporter construct only ( see   Note 13 ).   
   (c)    Control 3: reporter construct + pcDNA3-LOV-VP16.   
   (d)    Control 4: reporter construct + pcDNA3-GI-ZFP ( see  

 Note 14 ).   
   (e)    Experimental sample: reporter construct + pcDNA3-

LOV- VP16 + pcDNA3-GI-ZFP ( see   Note 15 ).       

   3.    Wrap both plates in aluminum foil to shield cells from expo-
sure to light.   

   4.    Exchange the media containing transfection reagent with fresh 
media 4–6 h post-transfection (cells can now be incubated in 
media that contains antibiotic). While this media change is not 
necessary for some cell types, other cell types will die if left 
overnight in the transfection reagent-containing medium. 
Make sure to work with cells under a dim red safelight so as to 
avoid activating the LITEZ system during cell manipulation.   

   5.    Wrap one plate in foil and return to the incubator. Place the 
other plate on top of the upward-facing LED array (Fig.  3 ). 

  Fig. 3    Illumination of cells inside an incubator. A 24-well plate containing cells trans-
fected with the LITEZ system was placed atop an upward-facing LED array inside an 
incubator. The wire extension connected to the male wire connector was connected 
through the back of the incubator via the incubator port. The male wire connector 
was then plugged into the female wire connector outside of the incubator       
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We typically wait 12–24 h after transfection to achieve stable 
protein expression levels and then turn on the LED array to 
initiate blue light-induced activation of the luciferase reporter 
gene ( see   Note 16 ).

       6.    Measure luciferase activity at desired time points using a lucif-
erase assay kit, such as the Promega Bright-Glo Luciferase 
Assay System, according to the manufacturer’s instructions. 
Compare luciferase activity between cells that received illumi-
nation to cells that did not receive illumination, as well as 
between the different control and sample conditions.      

      1.    Amplify the cDNA of GFP using the GFP fwd and GFP rev 
primers ( see   Note 17 ).   

   2.    Isolate the PCR product via gel electrophoresis and subsequent 
column purifi cation using the QIAquick Gel Extraction kit.   

   3.    Digest the purifi ed PCR product and the reporter plasmid 
with restriction endonucleases  Nco I and  Xba I. Also add the 
appropriate amount of CIP to the digestion reaction contain-
ing the reporter plasmid (we use 1 μl in 50 μl total volume). 
Allow the digestion to proceed for 1–3 h.   

   4.    Isolate the 3,366 base-pair digestion product via gel electro-
phoresis and subsequent column purifi cation using the 
QIAquick Gel Extraction kit. Purify the PCR digest reaction 
using the QIAquick PCR Purifi cation kit.   

   5.    Ligate the purifi ed PCR digestion product into the purifi ed 
reporter construct digestion product using T4 DNA Ligase. 
Incubate at room temperature for 1 h or overnight.   

   6.    Repeat Subheading  3.1 ,  steps 5 – 8 .   
   7.    Verify the new construct by sequencing with the hCMV fwd 

primer.   
   8.    The day before transfection (Day 0), seed cells into glass- 

bottom 35 mm dishes such that confl uency will be ~80 % in 
24 h. If using HE293T cells, seed 1.8 × 10 6  cells/dish. Make 
sure to seed and incubate cells in media that does not contain 
antibiotic; presence of antibiotic during transfection will 
decrease transfection effi ciency and cell viability ( see   Note 18 ).   

   9.    The next day (Day 1), transfect cells according to the transfec-
tion reagent manufacturer’s instructions. We transfected each 
dish of HEK293T cells using 10 μl of Lipofectamine 2000 
reagent and 2 μg total plasmid DNA in 250 μl OptiMEM 
Reduced Serum Medium. We transfected cells with 200, 120, 
120, 120, and 1,440 ng of reporter plasmid, LOV-VP16, 
GI-ZFP, hUbC-dsRed, and empty plasmid, respectively.   

   10.    Wrap dish in aluminum foil to shield cells from exposure to 
light.   
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   11.    Exchange the media containing transfection reagent with fresh 
media 4–6 h post-transfection (cells can now be incubated in 
media that contains antibiotic). Make sure to work with cells 
under a dim red safelight so as to avoid activating the LITEZ 
system during cell manipulation.   

   12.    Cover the sides and top of the dish with black electrical tape to 
prevent light from illuminating cells through the sides and top 
of the dish (cells should only be able to be illuminated by light 
passing up through the photomask at the bottom of the dish). 
Place the dish on top of the photomask. The tape can also be 
used to secure the plate onto the photomask. Place the plate 
and photomask on top of the upward-facing LED array, and 
turn on the LED array 12–24 h after transfection to initiate 
blue light-induced activation of the GFP reporter gene.   

   13.    To image patterned GFP expression, remove dish at desired 
time point. Carefully rinse cells 2× with PBS, and then fi x cells 
in 4 % PFA for 10 min.   

   14.    Rinse cells 2× with PBS and image using a fl uorescence 
microscope. Compare dsRed and GFP expression levels; while 
all transfected cells should express dsRed, only the cells 
 illuminated through the photomask should express GFP 
(Fig.  4 ). We acquired images using the scan and stitch feature 
of the Zeiss Axio Observer Z1 fl uorescence microscope (5× 
magnifi cation). Images were analyzed using ImageJ software.

4            Notes 

     1.    One easy way to ensure this is to fi rst perform the cloning 
procedure in silico using software such as SerialCloner ® ; if the 
cloning process causes the ZFP to be out of frame, add one or 
two base pairs to correct the frame.   

   2.    The NotI-ZFP fwd primer contains three random base pairs 
followed by the  Not I restriction enzyme recognition site. The 
fi rst three base pairs enable the  Not I restriction enzyme to 
bind the DNA and cleave at the restriction site.   

   3.    The XbaI-ZFP rev primer contains one random base pair fol-
lowed by the  Xba I restriction site. Unlike  Not I,  Xba I only 
requires one extra base pair to achieve acceptable DNA cleav-
age effi ciency. Information on how many base pairs different 
restriction endonucleases require upstream of their target site 
for effi cient DNA cleavage can be found at:   https://www.neb.
com/tools-and-resources/usage-guidelines/cleavage-close-
to-the-end-of-dna-fragments    .   

   4.    Chemically competent Stbl3  E. coli  have been engineered for 
reduced recombination in the presence of direct repeat 
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sequences, such as those found in ZFPs or in promoter 
sequences containing multiple copies of a DNA-binding pro-
tein’s target site (i.e., pGL3-Basic-9xSeq2-Luc).   

   5.    While it is highly recommended that the entire GI-ZFP gene 
is sequenced for clone verifi cation, only the GI fwd 5 primer is 
necessary to verify the sequence of the inserted ZFP gene.   

  Fig. 4    Patterned green fl uorescent protein (GFP) expression using LITEZ. ( a ) HEK293T cells were illuminated 
with blue light through a photomask in the shape of a happy face or dot array pattern.  Top  two images show 
the AutoCAD ®  images used to design and fabricate the photomasks using a 3D printer.  Bottom  two images 
show resulting pattern of GFP-expressing cells when illuminated through the corresponding photomask. All 
cells were transfected with a plasmid that constitutively expressed dsRed. ( b ) HEK293T cells were illuminated 
through a photomask containing slits with widths of 2, 1, 0.5, and 0.3 mm. Features as small as 0.5 mm were 
readily achievable.  Inset  ( b ,  lower right  ) shows the sharp contrast of GFP-positive and -negative cells at the 
border of the 2 mm slit. ( c ) Photograph of a glass-bottom 35 mm dish on top of the photomask containing slits 
of various widths. The photomasks were painted black to decrease refl ectance. Reprinted with permission 
from ref.  23 . Copyright 2012 American Chemical Society       
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   6.    Greater number of ZFP binding sites in the reporter plasmid 
will increase the level of gene expression when the system is 
activated by blue light [ 23 ]. If it is desired to have more than 
three GI-ZFP binding sites in the reporter plasmid, perform a 
PCR reaction using the following primers:

   GI-ZFP binding fwd: 5′-gaggagctcgag(N)  n  gtcgag(N)  n  gtcgag
(N)  n  gtcgag(N)  n  a-3′.  

  GI-ZFP binding rev: 5′-ctcctcagatct(N′)  n  ctcgac(N′)  n  ctcgac
(N′)  n  ctcgac(N′)  n  ctc-3′.  

  GI-ZFP outside PCR fwd: 5′-gaggagctcgagN 1 N 2 N 3 N 4 N 5 -3′, 
where N  i   is the  i th base pair of the GI-ZFP forward bind-
ing sequence, starting from the 5′ end.  

  GI-ZFP outside PCR rev: 5′-ctcctcagatctN′ 1 N′ 2 N′ 3 N′ 4 N′ 5 -3′, 
where N′  i   is the  i th base pair of the sequence antiparallel to 
the GI-ZFP binding sequence, starting from the 3′ end.    

 Perform PCR using 0.1 μl of each of the four primers listed 
above. This PCR step will create double-stranded oligonucle-
otides of different lengths due to misannealing of the GI-ZFP 
binding fwd and GI-ZFP binding rev primers. Purify the PCR 
reaction using a PCR purifi cation kit. Digest the purifi ed PCR 
product with  Xho I and  Bgl II, purify the digestion product 
using a PCR purifi cation kit, and then ligate this product into 
the purifi ed pGL3-Basic-9xSeq2-Luc digestion product from 
 step 2 . Screen clones by sequencing until a clone containing 
the desired number of binding sites is found. This protocol 
should yield clones containing up to nine GI-ZFP binding 
sites (we found one clone containing nine binding sites and 
another clone containing seven binding sites by screening 
about 25 clones by colony PCR [ 43 ]). 

 Alternatively, commercial gene synthesis can be used to 
generate the desired insert of DNA-binding sites.   

   7.    We used Blue Rebel LEDs centered on a wavelength of 
470 nm that were pre-soldered to a Saber 10 mm square base 
(Luxeon ®  Star LEDs). LOV domains typically have a relatively 
broad absorbance spectrum around 450 nm [ 44 ,  45 ], so an 
LED of the exact 450 nm wavelength is not required. We have 
achieved similar levels of activation using LEDs centered at 
447.5 and 470 nm.   

   8.    Cells expressing the LITEZ constructs must be manipulated 
under a red “safelight.” Working with cells under white light 
may activate the system. Red and blue light are at opposite 
ends of the visible light spectrum, and so red light will not 
induce GI/LOV binding.   

   9.    The photomask can be made using a 3D printer (Fig.  4 ) or 
simply by cutting a pattern out of foil or other opaque material. 
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For precision and repeatability between experiments, a 3D 
printer or other method for automated photomask fabrication 
is preferred.   

   10.    When setting up the ligation reaction, add the PCR insert and 
pcDNA3-GI-ZFP backbone to the reaction in a 3:1 
(insert:backbone) molar ratio. If cloning fails, it is likely that 
the Ligase Buffer was not fresh; obtain fresh buffer and try the 
reaction again. If cloning still fails, increase the insert: back-
bone ratio to 5:1 or more.   

   11.    Alternatively, the annealing reaction can be placed in a heat 
block at 90–95 °C for 3–5 min. After heating, turn off the 
heat block and allow the sample to cool to room temperature 
in the heat block.   

   12.    For assistance writing a computer code, there are free sample 
codes on the Arduino™ website designed for controlling 
LEDs. Furthermore, the code used to control the LITEZ sys-
tem can be obtained from the authors upon request; in our 
published experiments we used a code that pulses the light for 
3 s every 3 min [ 23 ].   

   13.    This sample is important because it reveals the background 
expression of luciferase from the reporter construct alone. To 
facilitate comparison across all samples, make sure to keep the 
total amount of transfected DNA constant across all samples; 
thus, if samples that receive only reporter construct will be 
transfected with 80 ng of the reporter, make sure to also 
 transfect this “reporter only” sample with 720 ng of “empty” 
expression plasmid DNA.   

   14.    Controls three and four reveal activation of the reporter by the 
GI-ZFP or LOV-VP16 alone. There should not be any signifi -
cant activation of the reporter in these samples when com-
pared to cells that only received the reporter construct.   

   15.    It may be necessary to optimize the ratio of transfected reporter 
construct, pcDNA3-LOV-VP16, and pcDNA3-GI- ZFP for 
different cell lines. In HeLa cells, we found that a ratio of 1:1:3 
(reporter construct:pcDNA3-LOV- VP16:pcDNA3-GI-ZFP) 
was optimal.   

   16.    In the original LITEZ manuscript [ 23 ], the LED array was set 
to pulse “on” for 3 s every 3 min. This illumination regimen 
may require optimization for different cell types, GI-ZFPs, 
and applications.   

   17.    Genes other than GFP can be used to pattern gene expression 
as long as the gene product can be visually imaged by micros-
copy or immunofl uorescence staining. Other example reporter 
genes include  beta-galactosidase ,  alkaline phosphatase , and fl u-
orescent proteins other than GFP.   
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   18.    To increase resolution of activated and nonactivated cells at 
the borders of the pattern, perform the experiment using 
media that does not contain phenol red or other colorimetric 
pH indicator; light will diffract less in clear media.         
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    Chapter 8   

 Manipulation of Plasma Membrane Phosphoinositides 
Using Photoinduced Protein–Protein Interactions 

           Olof     Idevall-Hagren     and     Pietro     DeCamilli    

    Abstract 

   Phosphoinositides, the phosphorylated products of inositol phospholipids, play critical regulatory roles in 
cell physiology. The elucidation of their functions will greatly benefi t from the methodology to manipulate 
their local concentrations within membranes with high spatial and temporal precision. Recently developed 
genetically encoded and light-regulated dimerization modules, in combination with the use of fl uorescence- 
tagged lipid-binding domains and live-cell imaging, provide an attractive means to achieve this goal. 
Here we describe a protocol for blue light-dependent conversion of one phosphoinositide species into 
another based on the light-regulated dimerization between cryptochrome 2 (CRY2) and its ligand, CIB1. 
We describe the development of these tools using the dephosphorylation of plasma membrane phosphati-
dylinositol 4,5-bisphosphate (PI(4,5)P2) as an example and show how they can be used to rapidly and 
reversibly deplete the plasma membrane of this lipid. We also provide instructions for image analysis. The 
CRY2–CIB1 dimerization method has also already been adapted for the acute and spatially restricted gen-
eration of PI(3,4,5)P 3  in the plasma membrane. More generally, this methodology should be broadly 
applicable to studies of the spatiotemporal regulation of membrane lipid metabolism in many types of cells.  

  Key words     Optogenetics  ,   Cryptochrome  ,   Lipids  ,   Phosphatidylinositol  ,   Inositol 5-phosphatase  ,   
PI 3-kinase  ,   Total internal refl ection fl uorescence microscopy  ,   Confocal microscopy  ,   Rapamycin  

1      Introduction 

 Phosphoinositides (PIs) are the signalling membrane phospholipids 
that derive from the phosphorylation of phosphatidylinositol on 
the inositol group. Phosphatidylinositol is synthesized in the ER 
and is then distributed to all other membranes of the secretory and 
endocytic pathway and to the plasma membrane, where it under-
goes reversible phosphorylation on the 3, 4, and 5 positions to 
generate seven different PIs. The heterogeneous distribution and 
abundance of each of the PIs in various membranes, and in specifi c 
microdomains within membranes, help control organelle identity 
and function [ 1 – 4 ]. The generation, interconversion, and degrada-
tion of the different PI species are the result of the consorted action 
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of inositol kinases and phosphatases as well as phospholipases. 
These are cytosolic enzymes that translocate to cellular membranes 
or specifi c microdomains within membranes in response to specifi c 
cues. Such regulation may occur very rapidly and can result in ten-
fold concentration changes of a specifi c PI within seconds. For this 
reason, measurements and manipulations of these lipids aimed at 
elucidating their functions should ideally be achieved with high spa-
tial and temporal control. Biochemical detection techniques based 
on radiotracer labelling, chromatography, or mass spectrometry 
yield quantitative information and can be optimized to distinguish 
between all different PI isomers. However, these methods have 
important limitations: large numbers of cells are required to obtain 
a suffi cient signal and repeated measurements cannot be made from 
the same sample [ 5 ]. In addition no spatial resolution can be 
achieved. These shortcomings preclude the detection of compart-
mentalized signals, short-lasting transients, oscillations, and other 
complex time courses that characterize many signalling systems. 

 During the last decade, the development of genetically encoded 
fl uorescence biosensors for single-cell detection of PIs has greatly 
improved our understanding of PI lipid signalling. These sensors 
comprise fl uorescent proteins fused to protein modules with spe-
cifi c PI binding properties. Analysis of fl uorescent reporter protein 
localization and stimulus-induced translocation provides informa-
tion about the intracellular distribution and changes in relative lev-
els of a particular lipid [ 6 ]. However, in order to understand the 
role of specifi c PIs in the regulation of cell function, it is imperative 
to be able to manipulate their levels. To date, most studies on PI 
functions have relied on pharmacological or genetic perturbations 
of the enzymes responsible for PI synthesis or degradation. 
Although powerful, both these techniques have certain limitations. 
Small-molecule inhibitors only exist for a few of the PI-metabolizing 
enzymes, and off-target effects cannot be excluded. Genetic 
manipulations, such as knockout, knockdown, and overexpression, 
involve long-term changes that may result in adaptive changes in 
lipid levels that can complicate the interpretation of an experiment. 
More recently, methods that rely on chemicals to acutely induce 
protein dimerization have been developed. Fusing a PI-metabolizing 
enzyme module to FKBP and a membrane-targeting signal to FRB 
allows control of enzyme recruitment to a specifi c membrane upon 
addition of the drug rapamycin, which induces dimerization of 
FKBP and FRB [ 7 ,  8 ]. This approach, although very powerful, has 
some limitations, such as the requirement of a cofactor (rapamycin 
or rapalogues) and the irreversible nature of the dimerization. 
Moreover, this technique makes manipulations at the single-cell or 
subcellular level diffi cult, although still possible [ 9 ]. To address 
these shortcomings, dimerization systems controlled by light 
instead of chemicals have been developed and to date there exist at 
least four such systems: PhyB–PIF, GIGANTEA–FKF1, crypto-
chrome 2 (CRY2)–CIB1, and AsLOV2 ( see  Table  1 ) [ 10 – 14 ]. 
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Properties that vary amongst the different light-dependent dimer-
ization systems may be of importance for their successful applica-
tion. Such properties include dimerization module size and 
orientation, wavelength of activation light, absorption spectrum of 
the photochrome, and on/off kinetic characteristics of the dimer-
ization pair ( see  Table  1  for a non-exhausting list of dimerization 
pairs and their properties).

   We have used, and described here, the minimal interaction 
modules of the CRY2–CIB1 system, referred to henceforth as 
CRY2–CIBN, because of their relative small size and of their absorp-
tion spectrum that allows induction of dimerization by visible light 
(405–488 nm) using lasers typically found on most standard fl uo-
rescence microscopes [ 12 ,  15 ]. The dimerization is also spontane-
ously reversible upon interruption of blue light illumination, thus 
helping control the specifi city of the physiological effects observed. 
Additionally, reversibility allows multiple rounds of experiments 
from the same biological sample, e.g., recruitment in the absence or 
the presence of a drug. In particular, we focus here on the application 
of this technique to the acute recruitment of an inositol 5-phosphatase 
module to the plasma membrane to induce dephosphorylation of 
PI(4, 5)P 2  and PI(3,4,5)P 3 . As we have recently reported, the 
system allowed the validation of the critical role of these phos-
phoinositides in endocytosis, actin cytoskeleton dynamics, ion channel 
permeability, and endoplasmic reticulum–plasma membrane interactions 
[ 15 ]. We have also shown that the CRY2–CIBN dimerization sys-
tem can be used to recruit endogenous PI3 kinase by blue light 
illumination to the plasma membrane by fusing CRY2 to a PI3 
kinase catalytic subunit-interacting region [ 15 ] ( see  Fig.  2b ).  

2    Materials 

      1.    Cell culture facility equipped with laminar fl ow hood.   
   2.    Water bath set to 37 °C.   
   3.    Cell culture incubator (5 % CO 2 ).   
   4.    Hemocytometer (or similar equipment for cell counting).   
   5.    MatTek dishes (no. 1 or 1.5, MatTek Corp., Ashland, MA).   
   6.    Poly- D -lysine (MW 70,000–150,000): Prepare 2 mg/mL 

stock solution in sterile water and store at −70 °C. Prepare the 
working solution at 0.1 mg/mL in sterile water.   

   7.    Cell culture medium: DMEM (4.5 g/L  D -glucose), 10 % (vol/
vol) heat-inactivated fetal bovine serum, 2 mM  L - glutamine . 
Sterile fi lter the medium using 0.22 μm pore size (e.g., Stericup 
Millipore Express Plus 0.22 μm). Store at +4 °C.   

   8.    Sterile PBS.   
   9.    0.25 % Trypsin–EDTA solution (Life technologies).   
   10.    OptiMEM-I supplemented with 10 % FBS and sterile fi ltered.   

2.1  Cell Culture 
and Transfection

Olof Idevall-Hagren and Pietro DeCamilli



113

   11.    For transient transfection of HeLa or COS-7 cells, use 
Lipofectamine 2000 reagent and OptiMEM I (Life technologies) 
( see   Note 1 ). The Lipofectamine 2000 reagent should be mixed 
gently before use.   

   12.    Plasmid DNA encoding the optogenetic modules and PI 
biosensors ( see  Table  2 ).

       13.    Opaque box where to place the MatTek dishes with trans-
fected cells to avoid exposure to light.      

 –      Experimental buffer: 125 mM NaCl, 4.9 mM KCl, 1.3 mM MgCl 2 , 
1.2 mM CaCl 2 , 25 mM HEPES, 3 mM glucose, pH adjusted to 
7.40 with 2 M NaOH. Prepared fresh on the day of experiments.  

 –   Spinning disc confocal or total internal refl ection fl uorescence 
(TIRF) microscope located in a darkroom: A confocal micro-
scope allows z-direction sectioning and is required for analysis of 
PI lipids in intracellular organelles, whereas a TIRF microscope 
is better for imaging the plasma membrane, at least in fl at cells.

 ●    Spinning disc confocal microscope: Systems suitable for 
live-cell imaging are available from all major microscope 
manufacturers. We use the Improvision UltraVIEW VoX 
system from Perkin-Elmer, built around a Nikon Ti-E 
inverted microscope equipped with PlanApo objectives 
(60 × 1.45-NA and 100 × 1.45-NA) and a fl uorescence 

2.2  Fluorescence 
Microscopy

    Table 2  
  Commonly used phosphoinositide-binding protein domains   

 Phosphoinositide  Domain  Protein  Reference 

 PI3P  FYVE  Hrs  [ 17 ,  18 ] 
 FYVE  EEA1  [ 18 ,  19 ] 

 PI4P  PH  OSBP  [ 20 ] 
 PH  Fapp1  [ 21 ] 
 PH  OSH2  [ 22 ] 
 P4M  GOLPH3 

 DrrA/SidM 
 [ 23 – 25 ] 

 PI5P  PHD  ING2  [ 26 ] 

 PI(3,4)P 2   PH  Tapp1  [ 27 ] 
 PH  P47phox  [ 28 ] 
 PH  Akt/PKB  [ 29 ] 

 PI(4,5)P 2   PH  PLCδ1  [ 30 ] 
 PX  Tubby  [ 31 ] 

 PI(3,5)P 2   PROPPIN  Atg18p  [ 32 ] 

 PI(3,4,5)P 3   PH  GRP1  [ 33 ] 
 PH  Btk  [ 34 ] 
 PH  ARNO  [ 35 ] 
 PH  Akt/PKB  [ 29 ] 
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recovery after photobleaching (FRAP) module that allows 
focal illumination.  

 ●   TIRF microscope: These microscopes utilize objectives 
with high NA (>1.4) to generate evanescent wave excita-
tion that selectively illuminates fl uorophores close to the 
interface between cover slip and adherent cell (i.e., the 
plasma membrane), and they are available from most major 
microscope manufacturers. We use a setup built around a 
Nikon TiE microscope provided by Andor technology 
(Belfast, Northern Ireland).     

 –   Light sources, fi lters, and wavelength selection:

 ●    Diode-pumped solid-state lasers are common light sources 
for excitation of fl uorescent proteins (available from, e.g., 
Coherent, Spectraphysics, or Cobolt). CRY2–CIBN dimer-
ization can be induced using a blue light-emitting laser 
(405–488 nm). We typically use 488 nm. For excitation of 
fl uorophores compatible with CRY2–CIBN (i.e., fl uoro-
phores that can be visualized without inducing dimerization; 
 see  Table  1 ) we use 561 nm (for mRFP- and mCherry-tagged 
proteins) and 640 nm (for iRFP- tagged proteins) lasers.  

 ●   Appropriate excitation fi lters are the following: 
488 nm/10 nm half bandwidth (for induction of dimeriza-
tion), 560 nm/20 nm half bandwidth (for mRFP/mCherry 
excitation), and 630 nm/20 nm half bandwidth (for iRFP 
excitation). Alternatively, an acousto-optical tunable fi lter 
(AOTF) can be used for selection of excitation light. 
Appropriate emission fi lters are the following: 625 nm long 
pass for mRFP/mCherry and 690 nm long pass for iRFP. 
Filters and mirrors can be obtained from Chroma Technology 
(Rockingham, VT), Omega Optical (Brattleboro, VT), or 
Semrock (Rochester, NY). Multichannel recordings will 
require a fi lter changer, which can be obtained from, e.g., 
Sutter Instruments (Novato, CA).  

 ●   A sensitive, electron-multiplying charge-coupled device 
(EM-CCD) camera for spinning disc confocal or TIRF 
microscopes can be obtained from, e.g., Andor Technology, 
Hamamatsu, or Roper Scientifi c.  

 ●   Data acquisition and analysis software are usually included 
with commercial systems. We use the free ImageJ software 
(  http://rsb.info.nih.gov/ij    ) for off-line analysis (see below).        

  The protocol described here uses a fusion of the catalytic domain of 
the human inositol 5-phosphatase OCRL (amino acids 234–539) 
to the C-terminal side of the PHR domain of  Arabidopsis thaliana  
CRY2 (amino acids 1–498 in the full-length protein). The construct 
is also N-terminally tagged with mCherry for microscopic detection 
( see  Fig.  1a  for schematic drawing). The catalytic domain of OCRL, 

2.3  Choice of 
Dimerization Pairs
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  Fig. 1    ( a ) Schematic illustration mCherry-CRY2-OCRL and CIBN-GFP-CAAX 
showing restriction enzymes used for cloning and size and composition of linker 
regions between the modules in the fusion proteins. ( b ) Drawing illustrating the 
principle of blue light-induced dimerization between CRY2 and CIBN for the 
dephosphorylation of PI(4,5)P 2  at the plasma membrane. ( c ) Confocal micrographs 
of a COS-7 cell subregion expressing CIBN-GFP-CAAX (not shown), mCherry-
CRY2-OCRL ( top row ), and the PI(4,5)P 2  biosensor iRFP-PH-PLCδ1 ( bottom row ). 
Under basal conditions (no blue light illumination) mCherry-CRY2-OCRL is cyto-
plasmic and iRFP-PH-PLCδ1 is bound to PI(4,5)P2 at the plasma membrane ( left 
column ). Upon illumination by a single, 200 ms blue light pulse ( middle column ), 
mCherry-CRY2-OCRL is activated and binds to CIBN-GFP-CAAX at the plasma 
membrane where it dephosphorylates PI(4,5)P2 and causes dissociation of iRFP-
PH-PLCδ1. Upon interruption of blue light illumination, both reactions are 
reversed ( right column ). ( d ) Time course of the blue light-induced PI(4,5)P2 
dephosphorylation shown in ( b ). Notice the almost identical kinetics of mCherry-
CRY2- OCRL and iRFP-PH-PLCδ1 fl uorescence changes upon blue light illumina-
tion but the much slower reassociation of iRFP-PH-PLCδ1 with the plasma 
membrane upon interruption of the illumination       
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which dephosphorylates PI(4, 5)P 2  and PI(3,4,5)P 3  at the 5 
 position, can easily be replaced by other catalytic domains or pro-
teins of interest using standard molecular biology techniques. As 
plasma membrane bait for CRY2 we used the N-terminal region of 
 Arabidopsis thaliana  cryptochrome- interacting basic helix–loop–
helix protein 1 (CIBN) with a C-terminal GFP-tag containing the 
myristoylation motif from KRas ( see  Fig.  1a , b). Similar to the 
CRY2 fusion, the membrane- targeting motif can be replaced to 
target CIBN to any membrane of interest. In the dark, the CRY2 
fusion protein is cytosolic and the CIBN fusion protein is anchored 
to the plasma membrane. Upon blue light illumination, CRY2 
translocates to the plasma membrane ( see  Fig.  1b ). Initially, we 
explored the possibility of using CRY2 as the membrane bait and 
CIBN fused to the 5- phosphatase module, but this modality was 
not effi cient in PI(4, 5)P 2  dephosphorylation, possibly due to 
steric problems at the plasma membrane.

3        Methods 

      1.    Prepare a 1× (0.01 mg/mL) working solution of poly- D -lysine 
(PDL) by diluting the 20× stock solution in sterile H 2 O.   

   2.    Place a 200 μL drop of PDL in the center of the dish, and 
leave it for at least 30 min at room temperature.   

   3.    Remove the PDL, and rinse the dish twice with sterile water. 
It is important not to let the PDL dry on the dish.   

   4.    After the last washing step, remove as much water as possible 
and allow the dish to dry in a laminar fl ow bench with the lids 
of dishes open ( see   Note 2 ). This can be done either just before 
plating cells or at an earlier time point, as long as the coated 
dishes are stored at a sterile location.      

  We have performed most of our experiments so far in HeLa and 
COS-7 cells, but effi cient CRY2–CIBN dimerization has been fur-
ther confi rmed in hepatocytes (HepG2), adipocytes (NIH-3T3), 
chromaffi n cells (PC-12), neuroblastoma cells (SH-SY5Y and 
N2a), HEK293 cells, macrophages (RAW264.7), and mouse pri-
mary cortical neurons. All cell culture work is done in a laminar 
fl ow bench using appropriate sterile techniques.

    1.    Preheat complete cell culture medium, sterile PBS, and trypsin 
solution to 37 °C on a water bath or a bead bath.   

   2.    Remove the fl ask with cells from the incubator, and aspirate 
medium.   

   3.    Wash cells once with 10 mL sterile PBS solution and aspirate.   

3.1  Preparation of 
Poly- D -Lysine- Coated 
Dishes

3.2  Cell Culture and 
Choice of Cell Lines
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   4.    Add 3 mL trypsin solution to the cells and return to the incu-
bator for 3 min or until all cells have detached from the bottom 
of the cell culture fl ask.   

   5.    Add 7 mL of complete culture medium and pipet up and 
down with a serological pipette. Transfer the 10 mL to a ster-
ile 13 mL Falcon tube.   

   6.    Count the cells using a hemocytometer or a similar device.   
   7.    Prepare a new fl ask by adding 12 mL complete culture medium 

and 500 μL (1:20 split) of the cell suspension. Mix by pipet-
ting up and down, and place the fl ask in the incubator.   

   8.    Calculate the number of cells needed. We typically seed HeLa 
or COS-7 cells at a density of 50,000–100,000 cells per dish 
to use for transfection the next day ( see   Note 3 ).   

   9.    Pipette a volume corresponding to the number of cells needed 
for the experiments from the cell suspension and transfer to a 
new 15 mL Falcon tube.   

   10.    Spin the tube at 1,000 ×  g  for 5 min to pellet the cells. Aspirate 
the supernatant.   

   11.    Resuspend the pellet in cell culture medium (2 mL per dish) 
and add 2 mL to each of the previously coated MatTek dishes. 
Put the dishes in the cell culture incubator, and allow the cells 
to settle for 12–24 h before transfection.      

  Choice of transfection technique may vary depending on the cell 
type to be transfected. In this chapter we describe transfection of 
HeLa and COS-7 cells that typically yields 80–90 % transfected cells.

    1.    Warm OptiMEM-I supplemented with 10 % FBS to 37 °C 
using a water bath or a bead bath.   

   2.    For each MatTek dish to be transfected combine 125 μL 
OptiMEM with 3 μL Lipofectamine 2000 in an Eppendorf 
tube and gently tap the tube to mix. Let sit for 5 min at room 
temperature ( see   Note 1 ).   

   3.    For each MatTek dish to be transfected combine 125 μL 
OptiMEM with <3 μg high-quality plasmid DNA encod-
ing mCherry-CRY2-OCRL, CIBN-GFP-CAAX, and iRFP-
PH- PLC δ1    in an Eppendorf tube and tap the tube to mix 
( see   Notes 4  and  5 ).   

   4.    Combine the contents of the two tubes, tap gently to mix, and 
let sit for 20 min at room temperature.   

   5.    Remove the MatTek dishes with adherent cells from the incu-
bator, aspirate the culture medium, and replace it with 750 μL 
OptiMEM. Put the cells back in the incubator.   

3.3  Transient 
Transfection and 
Co-transfection
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   6.    After 20 min, add 250 μL DNA–liposome mixture to each 
MatTek dish, swirl the dish to mix, and incubate in the cell 
culture incubator for 3 h.   

   7.    Warm complete cell culture medium to 37 °C using a water or 
a bead bath.   

   8.    Terminate the transfection by aspirating the transfection reac-
tion medium, wash cells once with 1 mL complete culture 
medium, and add 2 mL complete culture medium.   

   9.    Allow 14–20 h for expression.      

      1.    Rinse the cells on the MatTek dish once with the experimental 
buffer, add 2 mL new buffer to the dish, and incubate for 
30–60 min in a 37 °C incubator to allow cells to adapt to basal 
conditions in the experimental buffer ( see   Note 6 ).   

   2.    From this point on, avoid exposing the cells to light since illu-
mination, even of low intensity, might promote the interaction 
between the light-sensitive dimerization pair and thus affect 
the levels of the PIs of interest. We keep cell dishes in an 
opaque plastic container.   

   3.    Mount the dish on the stage of a fl uorescence microscope. We 
use a custom-built temperature-controlled culture dish holder 
to maintain 37 °C throughout the experiment (similar setups 
are available from, e.g., Warner Instruments, Hamden, CT). 
The temperature control is not necessary for the light-induced 
dimerization, but lowering the temperature to, e.g., room 
temperature might affect processes controlled by the PIs being 
modulated.      

      1.    Use the eyepieces of the microscope to locate cells expressing 
the fl uorescence-tagged constructs. Avoid exposing cells to 
blue-green light (wavelengths <514 nm) since such light will 
induce dimerization of the light-regulated PI-metabolizing 
enzymes. Although the dimerization reaction is reversible 
within a few minutes after interruption of the illumination, it 
may take longer time for the cells to reverse any biological 
changes induced by the translocation of the PI-metabolizing 
enzymes. For this reason, it is recommended to co-transfect 
cells with fl uorescence-tagged CRY2 fusion construct and/or 
fl uorescence-tagged reporters for the PIs to be modulated and 
to use the fl uorescence from these fusion proteins to assess the 
functionality of the system (for example images  see  Figs.  1c  and 
 3c ). Once this has been determined, one can use CRY2 fusion 
proteins without fl uorescence tags which will allow simultane-
ous dual-color live-cell imaging using co-expressed red (e.g., 
mRFP or mCherry) and far-red (e.g., iRFP) fusion proteins to 
study biological questions of interest.   

3.4  Preparing Cells 
for Imaging

3.5  Imaging of Cells 
and Induction of 
Dimerization
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   2.    When selecting cells to image, choose cells that express low to 
intermediate levels of the fl uorescent proteins ( see   Note 7 ). If 
the CRY2 fusion protein carries a fl uorescent tag, make sure 
that its localization is cytoplasmic at the beginning of the exper-
iment and that there is little or no localization at the periphery 
(plasma membrane) of the cell since this indicates preexisting 
dimerization which might impact on the interpretation of the 
experiment ( see   Note 8  and Fig.  1c ). When setting up these 
experiments for the fi rst time, it is recommended to co-transfect 
a reporter of the lipids being studied ( see  Table  2  for a non- 
exhausting list of lipid-binding protein modules) ( see   Note 9 ).   

   3.    Project the image onto the EM-CCD camera.   
   4.    Adjust acquisition parameters, such as exposure time and sig-

nal gain, to appropriate levels ( see   Note 10 ). Do this for all 
excitation light sources to be used for imaging.   

   5.    Set parameters for the dimerization-inducing light source 
(405–488 nm). Avoid exposing the cells to this light since 
even very-low-intensity light is suffi cient to induce effi cient 
dimerization. For spinning disc confocal microscopy experi-
ments, we typically use 10 % laser output (controlled by an 
AOTF but can also be obtained by placing neutral density fi l-
ters in the laser light path) from a 50 mW diode-pumped 
solid-state laser projected through a 60× (1.45-NA) objective 
and 200-ms exposure time ( see   Note 10 ).   

   6.    Acquire pre-stimulatory images with the EM-CCD camera 
every 1–30 s (depending on the need for fast acquisition or 
long-term imaging) for 5–10 min using fl uorophores compat-
ible with CRY2–CIBN ( see  Table  1 ).   

   7.    Illuminate the sample with blue light to induce dimerization 
( see   Note 11 ).   

   8.    Reverse the reaction induced by blue light by interrupting the 
blue light illumination, and keep recording fl uorescence using 
non-blue light for 10–30 min ( see   Note 12 ).   

   9.    For certain experiments, global blue light illumination (as 
described above) can be replaced by focal illumination. This will 
allow plasma membrane recruitment of mCherry-CRY2- OCRL, 
and hence manipulation of PI lipids, with subcellular precision. 
We use a commercially available FRAP unit to target a subcel-
lular structure with 405-nm laser light ( see   Note 13  and Fig.  2a ).

             1.    Analyze changes in relative fl uorescence in individual cells 
using off-line software. Several different software suitable for 
such analysis are available (e.g., Volocity from Improvision, 
MetaMorph from Molecular Devices, or ImageJ by W.S. 
Rasband,   http://rsb.info.nih.gov/ij    ). Below we describe a 
simple way performing the analysis in ImageJ.   

3.6  Image Analysis

Light-Induced Manipulation of Phosphoinositides
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   2.    Open the image fi les. Make sure that each recorded wavelength 
is opened as a separate stack of images (mCherry-CRY2- OCRL 
and iRFP-PH-PLCδ1).   

   3.    Determine what parameters to measure from the images (analysis/
set measurements). Usually it is suffi cient to record mean grey 
values (the average fl uorescence within a defi ned region) as 
well as the minimum and maximum grey values. This will 
reveal if any pixels within the defi ned region are saturated.   
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  Fig. 2    ( a ) Confocal micrographs of a single COS-7 cell expressing CIBN-GFP- 
CAAX (not shown), mCherry-CRY2-OCRL (not shown), and iRFP-PH-PLCδ1 before 
blue light illumination, immediately after 500 ms focal blue light illumination 
( blue square ), and 30 s after subsequent global blue light illumination. Kymograph 
below is drawn along the  white line  and shows iRFP-PH-PLCδ1 in  red  and 
mCherry-CRY2- OCRL in  green . ( b ) Confocal micrograph of a PC-12 cell express-
ing CIBN-GFP- CAAX (not shown), CRY2-iSH2 (a PI3 kinase-binding module; not 
shown), and the PI(3,4,5)P 3  reporter mRFP-PH-Akt (shown) before and following 
15 min of blue light illumination. Notice the pronounced expansion of cellular 
membrane following PI3 kinase recruitment to the plasma membrane       
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   4.    Draw a region in a part of the mCherry-CRY2-OCRL image 
where there are no fl uorescent cells, and use this to defi ne 
background fl uorescence. Save the coordinates for this region 
in the region of interest (ROI) manager (analyze/tools/ROI 
manager) by pressing the “Add” button.   

   5.    To measure the background fl uorescence in the image stack, acti-
vate the region drawn above and plot the Z-axis profi le for that 
region (image/stacks/plot Z-axis profi le). Copy the data points 
in the displayed graph, and paste them into an Excel spreadsheet. 
These are the background values for that specifi c wavelength.   

   6.    Repeat the process for the other wavelength (iRFP-PH-PLCδ1).   
   7.    For confocal microscopy images, the simplest way to assess 

plasma membrane translocation of mCherry-CRY2-OCRL 
and dissociation of the lipid-binding biosensor (iRFP-PH- 
PLCδ1) is to quantify the changes in cytoplasmic fl uorescence 
by defi ning an ROI inside the cell expressing mCherry-CRY2- 
OCRL that excludes the nucleus and the plasma membrane. 
Alternatively, ROI can be defi ned over the plasma membrane 
either manually or with the help of a segmentation algorithm. 
This can be a diffi cult method because the profi le of the plasma 
membrane may change over the time course of an experiment, 
in particular after cell stimulation (e.g., ruffl es).   

   8.    In TIRF microscopy images, an ROI over the cell will always 
show fl uorescence in the plasma membrane and translocation 
or dissociation is simply recorded as changes of intensity ( see  
Fig.  3c ) ( see   Note 14 ).

       9.    Add the drawn region to the ROI manager.   
   10.    Measure the fl uorescence intensity change within the region 

by plotting the Z-axis profi le, as described above for the back-
ground. Copy the data points to the spreadsheet.   

   11.    Transfer the same region onto the iRFP-PH-PLCδ1 images by 
activating that window and clicking on the coordinates for the 
region in the ROI manager. Repeat as in  step 10 .   

   12.    Repeat  steps 7 – 10  for all cells in the image stack.   
   13.    In Excel, subtract the background fl uorescence for each wave-

length from the cellular fl uorescence point by point to obtain 
the actual fl uorescence ( F ) ( see   Note 15 ).   

   14.    Defi ne an initial fl uorescence value (typically an average of the 
fl uorescence from ten frames just prior to blue light illumina-
tion) for each wavelength and cell from the calculated  F -values, 
and defi ne this as  F  0 .   

   15.    To get the normalized fl uorescence for each wavelength and 
cell, divide the background-corrected fl uorescence ( F ) with 
the initial fl uorescence ( F  0 ) and plot this as a function of time 
( see  Fig.  3a , b for examples).       
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  Fig. 3    ( a ) TIRF microscopy recordings from a single COS-7 cell expressing CIBN-GFP-CAAX and mCherry-CRY2- 
OCRL. The cell was exposed to brief (200 ms) 488 nm light pulses (throughout the whole cell) with 8-min 
intervals, and mCherry-CRY2-OCRL fl uorescence was recorded every 2 s. The data are plotted as fl uorescence 
divided by initial fl uorescence after subtraction of background ( F / F  0 ) for mCherry-CRY2-OCRL, and the increase 
in fl uorescence represents translocation and binding of mCherry-CRY2-OCRL to CIBN-GFP-CAAX at the plasma 
membrane. Notice the reversibility and reproducibility of the dimerization reaction. ( b ) Dual-color TIRF micros-
copy recordings from a single COS-7 cell expressing CIBN-GFP-CAAX, mCherry-CRY2-OCRL, and iRFP-PH- 
PLCδ1 following illumination of cells with 488 nm laser light delivered through the evanescent fi eld. Notice that 
using this illumination regime, several subsequent blue light pulses are required to achieve maximal plasma 
membrane binding of mCherry-CRY2-OCRL and loss of plasma membrane iRFP-PH-PLCδ1. ( c ) Representative 
TIRF microscopy images from the plots in ( b ) showing plasma membrane translocation of mCherry-CRY2- OCRL 
(seen as an increase in fl uorescence within the evanescent fi eld) and corresponding loss of iRFP-PH- PLCδ1 
fl uorescence upon blue light illumination as well as the reversibility upon interruption of the illumination       
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4    Notes 

     1.    This protocol typically yields 80–90 % transfection effi ciency 
24 h after transfection. The best results are obtained if the cells 
are allowed to grow on coated dishes for 24 h prior to transfec-
tion. Obviously, other methods for transfection can be used. 
For example, electroporation (e.g., using Lonza Nucleofection) 
or virus-mediated gene transfer is highly effi cient in a large vari-
ety of cell types.   

   2.    As an alternative to PDL, cover slips can be coated with, e.g., 
collagen or fi bronectin. Many cell lines will adhere and spread 
on the MatTek dishes without coating, but we recommend 
coating especially for TIRF microscopy imaging, since this 
allows the cells to adhere more fi rmly to the substrate and thus 
give a more even “footprint” within the evanescent fi eld exci-
tation light.   

   3.    The number of cells to seed depends on the cell line being 
used. For optimal transfection using this protocol, the cell 
confl uence on the dish should be 40–50 % on the day of trans-
fection (lower confl uence may be OK). This will give roughly 
70 % confl uence on the day of imaging, which will allow the 
imaging of multiple cells at the same time while still being able 
to identify individual cells.   

   4.    All plasmids used for transfection must be of high quality. Our 
experience is that the quality of plasmid DNA correlates posi-
tively with the scale of production. We therefore recommend 
producing plasmid DNA from at least 200 mL bacterial cul-
tures (corresponding to a standard “maxi-prep” DNA purifi -
cation) using commercially available kits from, e.g., Qiagen or 
Macherey-Nagel.   

   5.    This protocol requires the transfection of multiple plasmids 
into cells. For transfection of the two dimerization compo-
nents (CIBN-GFP-CAAX and mCherry-CRY2-OCRL) we 
use roughly equimolar amounts of the two plasmids, which for 
a 1 mL transfection reaction is 1 μg CIBN-GFP-CAAX and 
1.5 μg mCherry-CRY2-OCRL. In addition, we include 0.5 μg 
iRFP-PH-PLCδ1 as a reporter of plasma membrane PI(4, 5)
P2, making the total amount of cDNA in the reaction 3 μg. If 
necessary, additional plasmids can be added to the transfection 
reaction. We have found that Lipofectamine 2000 is toxic to 
the cells at concentrations >3 μg/mL, even if just incubated 
together with the cells for 3 h, and we do not recommend 
increasing the concentration above this even if the total 
amount of plasmid DNA exceeds 3 μg.   
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   6.    For some cell types and applications longer preincubation time 
in serum-free culture medium may be required (up to several 
hours), since serum contains factors that may, e.g., stimulate 
PI3 kinase and formation of PI(3,4,5)P 3 .   

   7.    There will be a large variability between cells in the expression 
level of the fl uorescent proteins. High levels of PI-binding 
proteins can interfere with processes in the cells. Choose cells 
with relatively low expression levels but not so low that the 
signal-to-noise ratio is compromised. The fl uorescence col-
lected from the cells expressing the biosensor should be well 
above the autofl uorescence from non-transfected cells. Also 
avoid cells with large brightly fl uorescent patches, as this often 
refl ects abnormal aggregation of (possibly misfolded) pro-
teins. Note that in some cell types, the CRY2 fusion protein 
may form aggregates in the cell cytoplasm. Avoid imaging 
such cells if possible although, in our experience, effi cient 
CRY2–CIBN dimerization is still observed in such cells. In 
COS-7 and HeLa cells we typically observe successful dimer-
ization in >90 % of transfected cells.   

   8.    Even when kept in complete darkness, there may be some basal 
dimerization occurring. This can be observed with spinning 
disc confocal microscopy as an accumulation of mCherry-
CRY2- OCRL at the periphery of the cell (the plasma mem-
brane) where the bait CIBN-GFP-CAAX is localized even 
before illumination of the sample with blue light. By co- 
transfecting the cells with a marker for the substrate PI lipid (in 
this case PI(4, 5)P2) it is possible to observe if this basal dimer-
ization is associated with loss of the substrate lipid at the plasma 
membrane ( see  Fig.  1c ). Cells that show strong basal dimeriza-
tion and loss of substrate lipid should not be further imaged.   

   9.    It is important to keep in mind that certain PI-binding protein 
domains (sensors) often do not recognize all pools of the spe-
cifi c PI because of (1) competition with endogenous effectors 
or (2) the requirement of co-receptors (such as membrane 
proteins) whose subcellular distribution does not overlap with 
that of the specifi c PI. For example, the PH-PLCδ1 domain is 
a PI(4, 5)P 2  that labels very effi ciently and nearly selectively 
PI(4, 5)P 2  in the plasma membrane, although there is evi-
dence for the presence of this phospholipid also on intracel-
lular membranes.  See  ref. [ 16 ] for a more thorough discussion 
on these limitations.   

   10.    Select camera exposure time and gain settings so that no pixels 
in the image will be saturated. It is important to consider 
that the fl uorescence intensity might change severalfold dur-
ing an experiment when mCherry-CRY2-OCRL or PI biosen-
sor redistributes between different cellular compartments 
( see  Figs.  1d  and  3a , b). It is good to keep the exposure times as 
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short as possible without compromising the signal-to-noise 
ratio, since excessive exposure to excitation light may result in 
photobleaching and phototoxic effects. If the fl uorescence col-
lected from the cells is very low, it is possible with most EM-CCD 
cameras to combine charges in adjacent pixels to form 1 pixel in 
a process named binning. This will enhance the signal at the 
expense of optical resolution. On the contrary, if the signal is 
too bright, it indicates an excessive excitation light intensity. 
Reduce the laser power or attenuate the light with neutral den-
sity fi lters in the excitation beam path. The laser beam should be 
completely blocked with a shutter between image captures to 
avoid adverse effects of the light on the specimen.   

   11.    The free diffusion of mCherry-CRY2-OCRL in the cell cyto-
plasm is very high, and a brief blue light pulse (200 ms) deliv-
ered throughout the whole cell (as with a spinning disc confocal 
microscope) is suffi cient to induce saturated CRY2–CIBN inter-
actions within 5 s. This reaction is then spontaneously reversed 
within minutes upon interruption of blue light illumination, 
and repeated blue light illumination causes cycles of shuttling of 
mCherry-CRY2-OCRL between the cytoplasm and the plasma 
membrane ( see  Fig.  3a ). When imaging cells by TIRF micros-
copy, CRY2–CIBN dimerization can be induced either by 
whole-cell blue light illumination or evanescent wave blue light 
illumination. The latter will selectively activate mCherry-CRY2-
OCRL molecules in the volume of the cytosol close to the 
“footprint” of the cell and promote more effi cient and faster 
interaction with CIBN-GFP-CAAX molecules located in this 
cell region. This results in a preferential loss of PI(4, 5)P 2  in the 
region of the plasma membrane facing the substrate. We have 
found that approximately 20 light pulses (200 ms in duration 
and 4 s apart) must be delivered to induce maximal depletion of 
PI(4, 5)P 2  from the region of the plasma membrane visible in 
the TIRF plane, as at each pulse, non-activated mCherry-CRY2-
OCRL enters the fi eld of illumination ( see  Fig.  3b , c).   

   12.    Part of the usefulness of the CRY2–CIBN system for manipu-
lating cellular PI lipids is the reversible nature of the interac-
tion. A single 488, 200 ms blue light pulse delivered 
throughout the cells is generally suffi cient to induce effi cient 
plasma membrane recruitment of mCherry-CRY2-OCRL and 
nearly complete loss of plasma membrane PI(4, 5)P 2 . If no 
further pulses are given, mCherry-CRY2-OCRL starts to 
spontaneously dissociate from the plasma membrane within 
30 s and the reaction is completely reversed within minutes. If 
PI(4, 5)P 2  is monitored at the same time, the loss of the lipid 
follows very closely the plasma membrane association kinetics 
of mCherry-CRY2-OCRL, but the recovery of the lipid is sig-
nifi cantly slower, probably due to time required for resynthesis 
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from its precursor lipid PI4P ( see  Fig.  1d ). When required, 
depletion of PI(4, 5)P 2  levels at the plasma membrane can be 
maintained for extended periods of time by applying blue light 
pulses every 30 s ( see  Figs.  1d  and  3b ). Pulsatile illumination is 
preferred over continuous illumination to minimize photo-
bleaching and phototoxic effects. Temporal parameters may 
need to be adjusted when using different microscopic modali-
ties (e.g., spinning disc confocal versus TIRF) or when using 
dimerization pairs involving inositol phosphatases other than 
OCRL or involving inositol kinases. For example, when using 
the CRY2–CIBN system to recruit endogenous PI3 kinase to 
the plasma membrane [ 15 ], this reaction is much slower and 
requires extended periods of blue light illumination to ensure 
maximum synthesis of PI(3,4,5)P 3  at the plasma membrane.   

   13.    Focal recruitment of mCherry-CRY2-OCRL onto CIBN-
GFP- CAAX positive plasma membrane works best in fl at cells 
or in cell processes. In both cases, the locally activated cyto-
solic mCherry-CRY2-OCRL will fi rst bind nearby CIBN-
GFP- CAAX before being able to diffuse over longer distances. 
When using a FRAP unit for induction of local CRY2–CIBN 
interactions, very-low-intensity laser light should be used. We 
typically use 2 % output (controlled by the AOTF) from a 
50 mW 405-nm DPSS laser. In most cases, a single 200 ms 
blue light pulse will be suffi cient to locally recruit mCherry-
CRY2- OCRL and to observe local loss of plasma membrane 
PI(4, 5)P 2  ( see  Fig.  2a ). In fact, repeated illumination may 
cause activation of a too large fraction of mCherry-CRY2- 
OCRL molecules that will diffuse throughout the cell cyto-
plasm and change globally plasma membrane PI(4, 5)P 2  levels. 
Attempts to use membrane-targeted CRY2 as the bait together 
with a cytosolic CIBN-5-phosphatase domain have so far 
proven unsuccessful. Fine-tuning of the dimerization system 
may eventually allow to use this modality successfully.   

   14.    Some cell types exhibit profound membrane ruffl ing or other 
morphological changes, which can alter the area of membrane 
contact with the cover slip, especially after stimulation. In a 
TIRF microscope, such morphological changes can induce a 
fl uorescence change that might be misinterpreted as transloca-
tion of mCherry-CRY2-OCRL or lipid biosensors. It is there-
fore important to perform control experiments to ensure that 
an observed fl uorescence change is indeed due to biosensor 
translocation. This can be achieved by repeating the experiment 
and replacing the PI-binding biosensor with a nonspecifi c 
membrane-targeted fl uorescent protein or using a catalytically 
inactive 5′-phosphatase module. The translocation response can 
also be confi rmed with confocal microscopy. In the described 
protocol, the GFP fl uorescence from CIBN-GFP- CAAX can be 
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used as a reference signal during stimulation (blue light illumi-
nation). Its fl uorescence remains stable over the time course of 
the experiment (we have imaged cells for up to 6 h) since it is 
permanently anchored to the plasma membrane through a lipid 
anchor and loss of PI(4, 5)P 2  does not seem to affect this local-
ization, at least over the time ranges used.   

   15.    The expression levels of the fl uorescent proteins will vary 
greatly from cell to cell. To compare cells with each other in 
terms of kinetics and magnitude of responses it is therefore 
necessary to normalize the fl uorescence in each cell to its ini-
tial fl uorescence ( F / F  0 ).         
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    Chapter 9   

 A Roadmap to Applying Optogenetics in Neuroscience 

           Consuelo     Fois    ,     Pierre-Hugues     Prouvot    , and     Albrecht     Stroh     

    Abstract 

   Optogenetics allows for the specifi c manipulation of the activity of genetically defi ned cell populations in 
the CNS. Yet, it requires effective gene delivery, light stimulation, and readout strategies. Here, we provide 
a roadmap aimed at guiding the experimenter in the process of establishing an optogenetic approach 
 tailored to a given research hypothesis in the fi eld of neuroscience.  

  Key words     Optogenetics  ,   Viral gene transfer  ,   Neuroscience  ,   Light stimulation  ,   ChR2  

1      Introduction 

    Advancement of our understanding of neuronal network dynamics 
in health and disease requires the investigation of defi ned popula-
tions of neurons and their interactions in the intact central nervous 
system (CNS). Up to now, neuronal circuits have been mainly 
probed by electric stimulation, not allowing for selectivity towards 
genetically defi ned neuronal populations. Alternative strategies 
such as microinjection of neurotransmitters (e.g., GABA) are lim-
ited to spatially constrained applications in a controlled setting. 

 However, probing the specifi c contribution of genetically 
defi ned neuronal populations to network function is pivotal for 
furthering our knowledge of network dynamics and for the devel-
opment of effective therapy strategies. The discovery of a rapidly 
gated light-sensitive cation channel channelrhodopsin-2 (ChR2) 
suitable for noninvasive control of neuronal activity has made it 
possible to optically control membrane depolarization on the mil-
lisecond timescale in genetically defi ned neurons [ 7 ]. ChR2 is a 
transmembrane protein derived from the green alga  Chlamydomonas 
reinhardtii  [ 32 ]. It consists of an opsin with seven transmembrane 
helices and the covalently bound chromophore retinal. Upon 
absorption of a photon the retinal undergoes a  trans – cis -isomeriza-
tion, opening the channel pore and leading to an infl ux of 
cations. 
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 ChR2 is an entirely genetically encoded actuator, in contrast to 
optochemical approaches requiring exogenously added photosensi-
tive ligands. It incorporates strategies of genetic expression with opti-
cal stimulation into a single-component system, at least in mammalian 
cells. Recent advancements of the optogenetic toolbox also allow for 
the effective inhibition of genetically defi ned neuronal cell popula-
tions in vivo, by activation of the bacterial proton pump Arch or the 
chloride pump NpHR with green laser light [ 9 ,  15 ]. These methods 
have the potential for rebalancing disturbed neuronal circuitry by 
activation or inhibition of endogenous neuronal sub-circuits. 

 Yet, establishing a meaningful and effective optogenetic 
approach will only succeed given a comprehensive experimental 
design covering several levels of expertise, starting with the choice 
of opsin, gene delivery, and illumination methods. Here, we aim at 
providing a general roadmap to the design of an optogenetic 
experiment tailored to the scientifi c question the experimenter 
wants to address. Clearly, this roadmap cannot be exhaustive, but 
rather it should give a condensed overview of the most critical 
aspects. Moreover, we chose to focus on applications of optogenet-
ics in rodents, representing the majority of currently published 
studies. Nonetheless it should be noted that optogenetics signifi -
cantly contributed to neuroscience research in invertebrates [ 33 ] 
and non-human primates [ 10 ]. 

 We subdivided this “beginner’s optogenetics manual” in four 
levels highlighted in Fig.  1 : (1)  Modulation , (2)  Delivery , (3)  Light 
source , and (4)  Readouts . On each level, the experimenter needs to 
make critical choices, determining the success and validity of the 
optogenetic approach in addressing the specifi c research hypothe-
sis. We only included tried-and-tested methods on each level, and 
discuss the key aspects that need to be considered. Naturally, we 
cannot provide a detailed experimental manual on how to practi-
cally implement all those methods in the lab, but rather we would 
like to focus on three main aspects: virus injection, functional char-
acterization of opsins, and Readout strategies.

2       Experimental Design 

  Designing an optogenetic approach starts by choosing the type of 
opsin best suited for modulating activity of the respective neuronal 
or non-neuronal cell population. 

 There are three main classes of opsins: (1) depolarizing cation 
channels, (2) hyperpolarizing light-driven pumps, and (3) light- 
sensitive G-protein-coupled receptors (GPCRs) directly affecting 
intracellular signaling. 

 The main characteristics of key opsins are depicted in    Fig.  2 . 
Note, that this fi gure is not exhaustive, but includes those opsins 
that are best suited for getting started with optogenetics, as they 

2.1  Modulation
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display low cytotoxicity and high photocurrents. In addition, the 
respective stimulation paradigms are already well established.

   Choosing the appropriate opsin requires defi ning the cell type 
that should be optogenetically modulated. The choice of opsin 
depends on whether the experiment is, e.g., targeting fast spiking 

Modulation

Activation

Delivery

Virus In utero electroporationTransgenic animals

Light source

Two photon One photon

OPO
1100-1400

 Ti:Sapphire 
800-1100nm
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Optical Electrophysiology
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  Fig. 1    Roadmap of the design of an optogenetics experiment       
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interneurons versus sparse fi ring principle neurons. A key 
 determinant is the characteristic time constant,  τ , defi ned by the 
internal closure kinetics of the channel. For example, even a brief 
stimulation of 5 ms of the opsin C1V1 will result in a depolarization 
of the neuronal membrane substantially longer than the light pulse 
due to the  τ  of 156 ms. Consequently, this opsin would certainly 

OPSIN KEY FEATURES
PEAK

ACTIVATION l
Toff

(off kinetics)
REFS.

FAST EXCITATORY (BLUE/GREEN)

ChR2 • First version
• From Chlamydomonas reinhardtii 470 nm (blue) 10 ms

(Boyden et al.,
2005; Nagel et al.,

2003) 

ChR2 (H134R)*
• Slower channel closure kinetics
• Reduced desensitization
• Mammalian codon (higher expression)

470 nm (blue) 18 ms
(Gradinaru et al., 

2007; Nagel et al., 
2005) 

C
hE

T
A

s*

ChR2 (E123A)
• Faster channel closure kinetics
• Reduced photocurrent

470 nm (blue) 4 ms 
(Berndt et al., 2011;

Gunaydin et al.,

2010)

ChR2 (E123T) 500 nm (green) 4,4 ms

ChR2 (E123A/T159C) 500 nm (green) 8 ms

ChIEF * 450 nm (blue) ~ 10 ms (Lin et al., 2009) 

FAST EXCITATORY (YELLOW/RED)

BISTABLE MODULATION (SFOs STEP FUNCTION OPSINS)

BIOCHEMICAL SIGNALING, G-Protein Coupled Receptors

C1V1
• Slow channel closure kinetics
• Enhanced photocurrent
• Chimera (ChR1 and VChR1)

540 nm (green) 156 ms
(Fenno et al., 2011;

Yizhar et al., 2011)

C1V1ChETA
(E122T/E162T)

• Faster channel closure kinetics
• 2P excitable
• Enhanced photocurrent
• Chimera (ChR1+VChR1)

545 nm (green) 34-38 ms (Yizhar et al., 2011)

ChR2 (C128A)

• Minute time scale deactivation kinetics
• Yellow light terminates blue light triggered
photocurrent

470 nm activation
(blue)

590 nm deactivation
(yellow)

42 sec

(Berndt et al., 2009;

Yizhar et al., 2011)
ChR2 (D156A) 414 sec (6.9 min)

ChR2 (C128S/D156A) 1740 sec (29 min)

INHIBITORY (GREEN /YELLOW)

Arch/ArchT
• Proton pump
• From Halorubrum sodomense

566 nm (green) n/a (Chow et al., 2010)

INHIBITORY (YELLOW/RED)

eNpHR3.0

• Chloride pump
• Enhanced photocurrents (compared to eNpHR and
eNpHR2.0)
• ER export motif and neurite trafficking sequence
from Kir2.1 K

+
 channel

• From Natromonas pharaonis

590 nm (yellow) n/a

(Fenno et al., 2011;

Gradinaru et al.,

2010)

Rh-CT(5-HT1A)
• ↑ Gi/o- protein signaling
• ↑ cAMP
• Chimera (5-HT1A C-terminal + RO4)

485 nm (blue) n/a (Oh et al., 2010)

Opto-α1AR
• ↑ Gq-protein signaling
• ↑ IP3, DAG
• Chimera (bovine rhodopsin + adrenergic GPCR)

500 nm (green) n/a
(Airan et al., 2009;

Fenno et al., 2011)

Opto-β1AR
• ↑ Gs-protein signaling
• ↑ cAMP
• Chimera (bovine rhodopsin + adrenergic GPCR)

500 nm (green) n/a

*Compared to ChR2

• Higher photocurrent
• Reduced light sensitivity
• Chimera(ChR1+ChR2    ChEF +Ile170Val    ChIEF)

  Fig. 2    Spectral and kinetic properties of opsins       
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not be capable of inducing action potential trains of frequencies 
above 5 Hz. Therefore, the desired stimulation protocol needs to 
be determined fi rst, followed by the choice of opsin. In our view, if, 
e.g., cortical pyramidal neurons need to be stimulated with typical 
frequencies of 10 Hz or below, ChR2 (H134R) would be the most 
appropriate opsin, as it shows the best compromise between high 
photocurrent, suffi cient expression levels, and low cytotoxicity. 

 For reliable induction of action potentials at a high frequency, 
use fast variants. For bistable optogenetic modulation in the range 
of seconds to minutes, step function opsins (SFO) would be the 
choice. 

 Importantly, it has to be considered that expressing high 
numbers of exogenous membrane proteins, irrespective of the 
choice of opsin, will affect both membrane properties and neuro-
nal physiology, this is of particular relevance in long-term studies [ 31 ]. 
Pumps, on the other hand, are the only option when aiming at 
inhibition of neuronal activity, requiring an active light-driven 
transport of ions against their electrochemical gradient. Both 
pumps highlighted here, ArchT and eNpHR3.0, enable effi cient 
inhibition of neuronal activity in vivo [ 9 ,  15 ]. 

 For directly modulating intracellular signal transduction, light- 
sensitive GPCRs should be employed [ 2 ]. This approach is promis-
ing also for the activation of non-neuronal cell populations, such as 
astrocytes.  

  Clearly, the cell type specifi city represents the key advantage of 
optogenetics compared to electrical stimulation methods. 
Optogenetics achieves specifi city of manipulation by transferring 
the gene for the optogenetic actuator combined with a cell type 
specifi c promoter. Differential gene expression governed by pro-
moters represents the fundamental mechanism underlying the 
morphological and functional diversity of neuronal networks. 

 There are three main approaches to enable opsin expression in 
postmitotic neurons: viral gene transfer, transgenic animals, and in 
utero electroporation. Viral gene transfer and in utero electropora-
tion typically yield a spatially restricted expression of the opsin 
depending on the virus titer, injected volume, and the time point 
and location of electroporation. In transgenic animals, typically a 
brain-wide expression is achieved [ 53 ]. This might pose a problem 
of specifi city, as, e.g., in the Thy1-ChR2 transgenic mouse line [ 5 ] 
both cortical and subcortical structures are expressing ChR2, and 
a cortical optogenetic stimulation would inevitably also stimulate 
fi bers of passage. 

 Here, we will focus on viral methods of gene transfer, as those 
can be implemented easy in the lab, not requiring extensive train-
ing or additional instrumentation. Mainly lentiviral or adeno-
associated- viral (AAV) vectors have been used to deliver opsins in 
post mitotic neurons as well as non-neuronal cells such as embry-
onic stem cells [ 45 ]. 

2.2  Delivery
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 The third generation AAVs has key advantages, such as lower 
biosafety level, low immunogenicity, reliability, and also wide avail-
ability through academic and commercial vendors ( see  
Subheading  3.2 ). Therefore, for beginners in optogenetics, we do 
not recommend setting up virus production capabilities. 

 Besides the promoter, cell type specifi city is determined by the 
serotype of the virus. The serotypes yielding pan-neuronal expres-
sion and most commonly used are serotypes 2 and 5. 

 However, due to the low packaging capacity of the AAVs, only 
a limited number of promoters can be used to directly drive opsin 
expression,  see  Table  1 .

   In addition, many cell type specifi c promoters, especially those 
specifi c for interneurons, result in low expression rates, which may 
not suffi ce for effective optogenetic modulation, especially in vivo. 
This can be addressed by using the Cre/loxP system, where the opsin 
and a strong ubiquitous promoter are inverted and the construct is 
double fl oxed with two loxP sequences. In a second plasmid the 
enzyme Cre recombinase is under the control of the weak cell-specifi c 
promoter. Injecting both viruses (typical ratio 1 Cre:4 opsin) results 
in a recombination selectively in the target cell and the opsin is 
expressed under the control of the strong ubiquitous promoter [ 8 ]. 

 A successful virus injection depends on the type of injection 
method: automatic injection or manual injection. The automatic 
injection method employs an automatic injector such as Nanoliter 
2010 Injector from WPI (WPI World precision instruments, Inc. 
Sarasota, FL, USA). Manual injection is performed using a large 
volume syringe (50 ml is preferable) connected with a plastic tub-
ing to a glass graduated pipette with ring marks made of borosili-
cate glass (HIRSHMANN Louisville, KY, USA). 

 The advantage of the automatic method is that the experi-
menter can precisely control the injection speed and the pressure 

   Table 1  
  AAV promoters and their cell-type specifi city   

 Adeno-associated virus (AAV) 

 Promoter  Cell type-specifi city  Refs. 

 EF1-α  Ubiquitous  [ 19 ] 

 CMV  Ubiquitous  [ 11 ,  19 ] 

 OT  MCN (magnocellular neurons)  [ 23 ] 

 CaMKIIα  Excitatory neurons  [ 26 ,  47 ] 

 hSynI  Panneuronal  [ 10 ] 

 hThy1  Panneuronal  [ 10 ] 

 hGFAP  Astrocytes  [ 25 ,  26 ] 
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applied to the liquid containing the virus, provided that the pipettes 
are normalized and their resistance remains constant. However, 
the main drawback of this method is the inability to directly moni-
tor whether the liquid is actually injected, particularly as clogging 
of the pipette cannot be avoided at all times. 

 Manual injection can be more reliable as the injection proce-
dure can be directly observed, ensuring that the liquid is correctly 
injected, but it lacks precise control over the injection speed and 
pressure applied to the liquid.  

  The choice of light source is as crucial as the choice of the opsin in 
the design process of your experiment. It is also possibly the largest 
investment needed to implement optogenetics. Two main catego-
ries need to be considered: the light sources that allow selective 
single cell stimulation (mainly 2-photon-based approaches) and 
those that are capable of stimulating larger cellular ensembles 
(1-photon approaches). 

 We will start with single photon light sources. Those light 
sources are easy to implement and do not require advanced knowl-
edge in optics. 

 We would recommend visible light lasers (vendors include 
Coherent, Santa Clara USA; Qioptics, Fairport, USA; Newport, 
Irvine USA).

 Pros  Cons 

 • High and tunable power  • Expensive 
 • Collimated beam easy to focus in an 

optic fi ber or microscope 
 • Not suitable for direct head 

mounting 
 • Defi ned wavelength 

   A cheaper and also promising alternative to lasers are laser 
diodes, currently available in blue (473–488 nm) and green 
(532 nm)(OSRAM, Munich, Germany; Newport Irvine USA), 
but they do not provide a collimated beam. 

 LEDs (available at all the above-mentioned manufacturers) are 
the smallest devices among light sources for optogenetics. They 
have mostly been used for behavioral studies as they can be fi xed 
directly to the head of the animal, even including batteries [ 50 ] or 
can be connected to an external power source [ 27 ]. LEDs may 
pose problems with regards to bimodal optogenetic control due to 
the broad spectrum, e.g., when combining ChR2 and ArchT, 
expressed in different cell types but within one brain region.

 Pros  Cons 

 • Cheap  • Need to be collimated 
 • Small (awake behaving animal possible)  • Heating issues 

 • Broad wavelength 

2.3  Light Source
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   At the junction of one photon and two photon excitation are 
one photon holographic scanless excitation approaches, developed 
by the group of Valentina Emiliani [ 30 ] and commercialized by 
Intelligent Imaging Innovations (PHASOR, 3I Denver, USA). 
This approach enables the experimenter to choose multiple points 
of illumination in 3D and to focus the laser light with very high 
lateral (0.3 μm) and axial (1.2 μm) resolution, resulting in single 
cell but also subcellular excitation. This technique has not been 
established in vivo yet. 

 For two photon excitation there are currently three established 
approaches and all of them allow single cell stimulation in vivo and 
use a Ti:Sapphire mode locked laser for excitation. The fi rst method 
is to use spiral scanning to achieve suffi cient photon density. 
Scanning the cell body in a spiral manner results in a larger effec-
tive dwell time on the area of the cell compared to standard scan-
ning; thereby achieving the opening of a larger number of 
light-gated channels and increasing the likelihood to elicit action 
potentials [ 40 ]. Still, the evoked currents are signifi cantly smaller 
than those evoked by single photon excitation. Additionally, to 
elicit suffi cient photocurrents, the diameter of the beam can be 
increased by underfi lling the back aperture of the objective, e.g., 
by using a diaphragm in the light path ( see   Notes 7  and  8 ). 

 The second approach is to use a two photon excitable con-
struct such as the C1V1 variants or ChR1 [ 35 ]. These opsins are 
modifi ed for increased excitability at 1,100 nm with a Ti:Sapphire 
laser. Here, a conventional scanning pattern on the cell soma is suf-
fi cient to induce large amplitude photocurrents without increasing 
the size of the focal spot. 

 The third option is two photon holography [ 37 ,  48 ]. Here, a 
pattern of illumination in 3D is created (multiple zones on multi-
ple focal planes) with very high spatial resolution, by manipulating 
the focus and the phase of a two-photon laser beam. It is not yet 
commercially available.  

  The choice of readouts of optogenetic modulation serves two pur-
poses that need to be considered independently from each other: 
fi rst, the effect of light stimulation on neuronal activity needs to be 
defi ned and dose–effect curves established (Fig.  3 ). This is of cru-
cial importance in order to determine the optimal virus titer, injec-
tion method, promoter strength, and light source. In our view, a 
combination of high-resolution confocal imaging and single cell 
electrophysiology is most appropriate.

   Second, once optogenetic procedures have been established, the 
readout that is best suited to actually address the research question 
needs to be determined. Here, the experimenter needs to consider 
several limitations and pitfalls involved in implementing optogenet-
ics, e.g., the Becquerel effect at high light intensities (see below). 
Here, we will provide an overview of the most commonly used read-
out methods and their limitations from an optogenetics perspective. 

2.4  Readouts
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  Electrophysiology still represents the gold standard in assessing 
sub- and suprathreshold neuronal activity on cellular level [ 42 ]. 
Electrophysiological recordings can be performed either in a single 
neuron using the patch clamp approach or in neural assemblies by 
Local Field Potential (LFP) recording techniques. Combining 
electrophysiology using metal electrodes with optogenetics may 
result in the Becquerel effect [ 18 ]. The Becquerel effect or photo-
electric effect occurs if only a section of a metal electrode is strongly 
illuminated, thereby inducing a current [ 18 ]. 

 Patch clamp permits recording of neuronal electrical activity 
with high temporal resolution in the kHz range. Extracellular sin-
gle unit recordings using glass pipettes (cell attached or whole cell) 
can be easily combined with optogenetics without any interference 
resulting from light stimulation. 

 LFPs refl ect the population activity of neuronal circuitry. 
However, two common issues with LFP recordings are the lack of 
spatial specifi city [ 21 ] and the Becquerel effect when using metal 
electrodes ( see   Notes 11  and  12 ). 

 To easily combine electrophysiology and optogenetics, a 
hybrid device (“optrode”) has been developed that combines light 
delivery and electrical recordings [ 14 ]. 

 A further enhancement of this device consists of a tapered coaxial 
optical electrode and a 100 element microelectrode array (MEA) [ 49 ]. 

 Just recently, an improved design for simultaneous patch- 
clamp recordings and light stimulation has been proposed. This 
device, which is called “optopatcher” enables whole cell patch- 
clamp recordings simultaneously with direct illumination using a 
fi ber within the recording pipette. The optopatcher eliminates the 
need of an additional manipulator and, importantly, enables 
 spatially accurate, stable, and reproducible illumination [ 22 ].  

2.4.1  Electrophysiology
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  Fig. 3    ( a ) Typical dose–response curve for an excitatory opsin, adapted from ref. [ 39 ]. For the subsequent 
effective and low-impact optogenetic experiment, choose a light power density in the linear section of the 
dose–response curve. ( b ) Schematic light evoked inward currents in a ChR2 expressing cell in voltage clamp 
(light pulse indicated by  blue bar ) adapted from [ 45 ]. Note that this current is bimodal with a brief peak current 
followed by a steady state current. The peak current exhibits inactivation ( see   Note 13 ) (Color fi gure online)       
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  Imaging methods capable of directly monitoring neuronal activity 
include, among others, Ca 2+  imaging using fl uorescent Ca 2+  indi-
cators [ 43 ]. The intracellular Ca 2+  concentration is tightly regulated 
and is mainly controlled by the release and reuptake into intracel-
lular Ca 2+  stores such as the endoplasmatic reticulum and by 
in- and outfl ux through voltage-gated Ca 2+  channels in the 
neuronal membrane. Amplitudes of intracellular Ca 2+  transients 
in neurons are linearly correlated to the number of action poten-
tials [ 41 ]. In order to monitor Ca 2+  concentrations, fl uorescence 
indicators changing their fl uorescence emission upon binding 
with Ca 2+  are already well established. This includes both acutely 
injected synthetic indicators, such as Oregon Green BAPTA-1 
(Invitrogen, Life Technologies, UK), and genetically encoded 
indicators such as GCaMP5 [ 3 ]. By using 2-photon microscopy 
in vivo following bolus loading with Ca 2+  indicators, the activity 
of small neuronal populations—microcircuits—can be monitored 
with cellular resolution [ 16 ]. In the context of combining optical 
detection of neuronal population activity and optogenetics—all 
optical physiology—we recently showed that an optical fi ber-
based recording and stimulation system allows for optogenetic 
stimulation and simultaneous readout of network function of 
neurons in sensory cortices in vivo [ 44 ]. Using this approach, we 
probed the initiation of thalamocortical slow waves. 

 Recently, optogenetics has been combined with blood oxy-
genation level dependent (BOLD) fMRI giving rise to opto-
fMRI [ 26 ]. This allows for a global assessment of specifi c 
optogenetically induced activation and inhibition on global 
neuronal activity. It has to be noted, however, that BOLD fMRI 
is correlated to neuronal activity by the process of neurovascular 
coupling, and thus cannot be interpreted as a quantitative mea-
sure of neuronal activity [ 29 ].  

  Behavioral testing enables the assessment of high cognitive func-
tions. A certain behavior occurs as a result of the physiological 
interaction between the organism and the environment but is 
also be dependent on pathological conditions. Optogenetics in 
awake animals allows the investigation of the impact of geneti-
cally and spatially defi ned neuronal subpopulations on a specifi c 
behavior. By the use of small diameter optic fi bers, opsins 
expressed in any brain region of a freely moving animal can be 
stimulated. Optogenetics has been used to study narcolepsy and 
sleep-wake transitions [ 1 ], reward-related behavior [ 46 ,  51 ], 
memory [ 20 ], fear conditioning, anxiety [ 20 ,  47 ], and Parkinson's 
disease [ 13 ,  24 ].    

2.4.2  Optical/Magnetic 
Imaging

2.4.3  Behavioral
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3    Experimental Procedures 

 Here, we describe the key procedures that need to be implemented 
for a basic optogenetic experiment in neuroscience. We omit all 
steps that can be easily outsourced when using standard opsins and 
promoters, such as cloning and virus production. 

  The plasmids of all opsins listed in Fig.  2  are available directly 
from the researchers ( see  References). As stated above, for an 
experiment aiming at modulating excitatory neurons, we recom-
mend commencing with ChR2(H134R). Start by stimulating 
ChR2 expressing neurons with brief pulse trains, at pulse dura-
tions of 5 ms, and an interpulse interval of 8 s, to allow recovery 
of the peak current ( see  Fig.  3b ). Light power density for ChR2 
should range at 1–10 mW/mm 2 , but ideally a dose–response 
curve will be established, even more so for recently established 
opsins,  see  Fig.  3a  and Subheading  4 . Stimulate the opsins with 
light power densities in the linear section of the input–output 
correlation;  see  Subheading  3.3  for the calculation of the effective 
power density and Subheading  3.4  for measuring the light-
induced currents.  

   Several academic facilities, namely the vector core facility of the 
University of North Carolina (  http://genetherapy.unc.edu/
services.htm    ) or the University of Pennsylvania (  http://www.med.
upenn.edu/gtp/vectorcore/    ), provide both AAVs and Lentiviruses, 
encoding for various opsins, so a typical experiment does not require 
in-house virus production capabilities. However, even though these 
virus preparations have shown to be very reliable and of high quality, 
we strongly recommend to test each new batch. Inject at least three 
different virus titers and assess the functional expression by a combina-
tion of confocal imaging and electrophysiology ( see  Subheading  3.4 ). 

 Here, we provide a step-by-step procedure on manual virus 
injection in rodents. 

      1.    Sterilize all surgical equipment (Hot Bead Sterilizers, FST, 
Inc., North Vancouver, British Columbia, Canada).   

   2.    Anesthetize the mouse with 8–10 μl/g bodyweight Ketamin/
Xylaxin (50–20 mg/ml) intraperitoneally.   

   3.    Monitor the animal until refl exes are gone (tail pinch, eye lid).   
   4.    Continuously monitor the body temperature by a rectal probe 

(ATC-1000DC Temperature Controller, WPI). The body 
temperature should be kept at 37 °C by placing the animal on 
a heating plate and the respiration rates at 80–100 breaths per 
minute.   

3.1  Modulation

3.2  Delivery: Manual 
Virus Injection

3.2.1  Preparation
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   5.    Shave the head of the animal (Electric razor or Hydroxide- 
based hair removal topical cream).   

   6.    Position the animal in a stereotactic frame (e.g., from Stoelting 
Co, Wooddale, IL, USA; or Kopf Instruments, Tujunga, CA, 
USA). Fix the animal’s upper teeth on a bite bar, place the ear 
bars inside the ear canal, and make sure that the skull is fi rmly 
stabilized. All the procedures are performed with the aid of a dis-
secting microscope (e.g., Leica Microsystems, Olympus, Zeiss).   

   7.    Apply ointment (Bepanthen, Bayer AG, Leverkusen, Germany) 
to the eyes to avoid dehydration.   

   8.    Apply local anesthetics to the skin (Xylocaine gel 2 %, Astra 
Zeneka GmbH, Wedel, Germany).   

   9.    Perform a midline scalp incision of around 1 cm with a scalpel.   
   10.    Identify the cranial sutures (bregma and lambda) and center 

the stereotactic frame according to those reference points.   
   11.    Determine the position of the subsequent craniotomy based 

on stereotaxic coordinates of the targeted brain region (see 
stereotaxic brain atlas, e.g., [ 36 ].   

   12.    Perform a small craniotomy with a dental drill (Ultimate XL-F. 
NSK, Tochigi, Japan) using a 0.5 mm burr (Komet Dental, 
Lemgo, Germany). The craniotomy size has to be as small as 
possible to reduce tissue damage and infections, so aim for a 
craniotomy with a diameter not larger than the drilling burr 
itself.   

   13.    Thin the skull until the bone is moving when gently pressed 
with pointed forceps, avoid drilling too deep.   

   14.    With a thin injection needle (30 G) lift the remaining piece of 
bone while trying to avoid injuring the dura and damaging the 
brain parenchyma. Put a drop of physiological solution (ACSF, 
PBS, or physiological solution 0.9 %) on top of the cranial 
opening to avoid dehydration of the tissue. In case of bleeding 
it is useful to use a surgical sponge (Gelfoam, absorbable gela-
tin compressed sponge, Pfi zer, New York) to stop it and to 
remove the blood before coagulation from the brain surface 
without damaging the tissue.      

      1.    Pull a graduated pipette with a standard puller (e.g., Sutter 
Instruments, Novato, CA, USA) resulting in a long thin shaft 
and a tip of 45 μm outer and 15 μm inner diameter.   

   2.    Connect the glass pipette to the tubing and attach it to the 
cannula holder of the stereotactic frame.   

   3.    Transfer 1 μl of virus-containing liquid on a piece of parafi lm, 
from now on work as fast as possible to avoid virus evapora-
tion and degradation.   

3.2.2  Injection
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   4.    Insert the tip of the glass pipette into the virus drop and apply 
negative pressure with the syringe until 600–800 nl of the 
virus solution are taken up.   

   5.    When imaging needs to be performed in the targeted area, 
perform injections at a 45° angle, to avoid tissue damage by 
the injection canal directly dorsal of the injected region.   

   6.    Place the pipette near the cranial opening.   
   7.    Set the x-y-z controller to 0 before piercing the dura and insert 

the pipette to the desired depth.   
   8.    Start injecting the virus as slow as possible, typically 

1 min/100 nl. After injecting the desired amount of virus 
(200–400 nl) wait 2 min to allow the liquid to diffuse into the 
tissue.   

   9.    Slowly remove the pipette.   
   10.    Sew the skin incision.   
   11.    Move the animal onto a heating plate in a cage to keep the 

body temperature at 37 °C until it recovers from the anesthesia 
and monitor for 24 h, apply post surgery analgesics (Metacam 
0.5 mg/ml. Boheringer, Ingelheim, Germany).     

 The entire procedure can take from 40 to 90 min depending 
on the targeted brain regions.   

    The next step is to characterize the light density distribution in the 
illuminated brain area. First, the light power at the tip of the optic 
fi ber or at the focus of the objective needs to be determined, e.g., 
by a photodiode coupled to a power meter (Newport, Thorlabs, 
Newton, NJ, USA). Second, the penetration depth needs to be 
measured, e.g., when targeting layer V neurons in mouse cortex, 
this would be around 700 μm. Light absorption and scattering in 
the tissue can be modeled by the Kubelka-Munk equation to pro-
vide an order of magnitude estimation of the light density in the 
depth of the tissue [ 4 ]. Briefl y, the transmitted fraction through a 
scattering medium is  T  = 1/( S  ×  z  + 1), where  S  is the scattering 
coeffi cient (typically 11.2 mm −1  for mouse brain and 10.3 mm −1  for 
rat brain), T is the transmitted fraction, and  z  is the penetration 
depth in mm. At a given depth the effective light power is then 
 P  z  =  P  0  ×  T , where  P  0  is the initial power and  T  the transmitted frac-
tion calculated earlier. 

 Yet, the key parameter determining the effectiveness of opsin acti-
vation is the power density, in mW/mm 2  ( see   Notes 9  and  10 ). 

 The power density is defi ned as the light power divided by the 
surface of the illuminated area. Note, that in case of optic fi bers, 
the geometry of the light beam has to be taken into account, which 
is dependent on the numerical aperture of the fi ber. 

3.3  Light Source: 
Determining Light 
Power Density
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 The size of your illumination spot can be determined as 
follows:

    1.    Pipette a solution of a fl uorescent dye such as HPTS or fl uo-
rescein in a glass cuvette and place it under the microscope.   

   2.    Capture an image of the focus spot with a CCD camera 
mounted on the microscope. Measure the lateral and axial 
spread of the spot if using a focused light source. If using optic 
fi bers, insert the fi ber into the cuvette and measure the angle 
at which the light spreads.      

    Once the viral constructs have been injected or the transgenic mouse 
lines established, the specifi city of the optogenetic procedures has to 
be established. First, the expression profi le of the opsins needs to be 
evaluated. This is particularly important for the virus injected and in 
utero electroporated animals as variability can be high. It is less sig-
nifi cant in the case of transgenic mouse lines, as typical expression 
profi les have already been determined. Second, the functionality of 
the opsins needs to be assessed by electrophysiology. 

  High-resolution confocal imaging is the recommended method to 
assess opsin expression [ 44 ]:

    1.    Transcardially perfuse the animal with ice-cold 4 % parafor-
maldehyde (PFA) in phosphate-buffered saline (PBS).   

   2.    Extract the brain and incubate it in 4 % PFA overnight.   
   3.    Wash the brain in PBS twice before transferring it to 30 % 

sucrose solution (in PBS) at 4 °C.   
   4.    Slice the brain including the injected region.   
   5.    Stain the slices with a fl uorescent Nissl stain (e.g., Neuro 

Trace, Invitrogen) to stain the neuronal nuclei and enable the 
calculation of a ratio of opsin-expressing cells.   

   6.    Perform fl uorescent microscopy using a 10× or 4× objective to 
assess the area of expression (typically ranging at 0.3 and 
0.5 mm laterally in mouse brain depending on the serotype 
and the amount injected).   

   7.    Verify the membrane localization of the opsins using a 40× or 
63× objective. Certain fl uorescent proteins fused to the opsins 
have a tendency to aggregate and form clusters within the cell, 
this is not problematic as long as there is still strong membrane- 
bound expression ( see   Notes 5  and  6 ).    

    In order to design an effective stimulation paradigm, three aspects 
need to be considered: First, the light power density threshold for 
activation. For that, a dose–response curve needs to be determined 
(Fig.  3 ),  see  Subheading  3.3  for determining the light power density. 

3.4  Readouts: 
Verifying Expression 
and Functionality

3.4.1  Confocal

3.4.2  Electrophysiology
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To determine the light-induced currents, the opsin- expressing cell 
needs to be patched in whole cell voltage clamp mode and the light 
power modulated stepwise. 

 Second, the characteristic recovery time of your construct 
needs to be quantifi ed, if it is not already described in the literature 
( see   Note 13 ). Third, the dimension of the area of activation needs 
to be assessed:

    1.    Center the light source on the soma of a patched cell, optically 
stimulate and record the spikes in order to calculate the spik-
ing probability.   

   2.    Displace the light source stepwise laterally.   
   3.    Measure the effective distance from the cell until the spike 

probability returns to control levels. This is the effective diam-
eter of the stimulated area [ 37 ].   

   4.    Repeat this by moving the focus of the light in dorsoventral 
direction to measure the axial dimension, in case of using focal 
activation. For optic fi bers, vary the depth of implantation 
( see  ref. [ 44 ], Suppl. fi g. 5 for further details).    

4         Notes 

        1.    Membrane-bound expression can be improved by using trans-
location strategies that employ targeting of the opsin to the 
membrane [ 15 ].   

   2.    Using a 2PA construct (in which the opsin is separated from 
the XFP) allows for easier counting of the cells as the XFP 
becomes cytosolic [ 38 ], but the evaluation of the correct traf-
fi cking of the opsin can be problematic.   

   3.    The red fl uorophore mCherry has a tendency to aggregate 
intracellularly.   

   4.    If planning long-term experiments it might be important to 
additional check for abnormal development of neurons [ 31 ].   

   5.    If the opsins do not exhibit membrane-bound expression the 
problem might be due to the viral constructs. Check that the 
fl uorophor is fused to the opsin by sequencing the plasmid, if 
this is not the case, cytoplasmic staining can be expected. If it 
is fused and still low membrane-bound expression is detected, 
include a membrane targeting sequence.   

   6.    For an effective optogenetic modulation, the opsins have to be 
expressed in high numbers; however, the cellular physiology 
should be affected as little as possible. A fi rst indicator of the 
right level of expression is the absence of cells that died from 
overexpression. Those are recognizable by the bright small 
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fl uorescent spots in the vicinity of the shadow of the soma. 
If only these spots are to be seen and no intact cells expressing 
the construct, most likely the virus titer has been too high.   

   7.    Arc lamps provide suitable wavelengths and light powers for 
optogenetic stimulation if used with the correct set of fi lters. 
Yet, they are often subject to fl ickering, causing unwanted 
changes in the output power.   

   8.    Be wary that underfi lling the back aperture of the objective 
will increase the axial size of the focal spot much more than 
the lateral size. Importantly, increasing the diameter of the 
focal spot prevents imaging and stimulation with the same 
light path. One can use a diaphragm in the light path (which 
also decreases the power output as a part of the beam is 
blocked) to change the diameter of the parallel beam entering 
the objective.   

   9.    To experimentally determine the light attenuation in 
 z - direction , one can place tissue slices of different thicknesses 
between the light source and the power meter.   

   10.    Alternatively if using a two photon microscope a fl uorescent 
sample (either a plastic slide, fl uorescent agarose or an actual 
fl uorescent brain slice) can be bleached and subsequently 
imaged. Thereby the bleached area can be quantifi ed in all 
three dimensions.     

     11.    Control experiments:

    (a)    Perform recordings in wild type (WT) animals and apply 
light at the same wavelength and power density as used in 
opsin-expressing animals.   

   (b)    If conducting virus injection perform experiments in ani-
mals injected with a virus encoding only the fl uorophore; 
to control for unspecifi c effects of the expression of exog-
enous proteins to neuronal functionality.       

   12.    To ensure recording of neuronal activity rather than light- 
evoked artifacts there are several potential measures:

    (a)    Reduce the exposed metal surface by placing the metal 
electrode inside a glass electrode.   

   (b)    Use indium tin oxide (not affected by Becquerel effect) 
instead of tungsten microelectrodes.   

   (c)    Use silicon probes.   
   (d)    Reduce the light pulse width.   
   (e)    Change the illumination angle.       
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   13.    If not described in the literature characterize the kinetics of 
de- inactivation of the opsin [ 45 ]. This can be done in slice as 
the measurement is translatable to the in vivo situation:

    (a)    Patch an opsin expressing cell in voltage clamp mode.   
   (b)    Illuminate the cell for a relatively long time (0.5 s), result-

ing in a bimodal current with a peak and a steady state 
component (Fig.  3b ), followed by a second pulse after 1 s.   

   (c)    Increase the intervals between the light pulses from 1 to 
10 s, in 1 s increments.   

   (d)    The time required to restore the initial amplitude of the 
peak current is the de-inactivation time of the construct.    
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    Chapter 10   

 Salvaging Ruins: Reverting Blind Retinas 
into Functional Visual Sensors 

           Marion     Mutter    ,     Natalia     Swietek    , and     Thomas     A.     Münch    

    Abstract 

   Blindness is one of the most devastating conditions affecting the quality of life. Hereditary degenerative 
diseases, such as retinitis pigmentosa, are characterized by the progressive loss of photoreceptors, leading 
to complete blindness. No treatment is known, the current state-of-the-art of restoring vision are implanted 
electrode arrays. As a recently discovered alternative, optical neuromodulators, such as channelrhodopsin, 
allow new strategies for treating these diseases by imparting light-sensitivity onto the remaining retinal 
neurons after photoreceptor cell death. Retinal degeneration is a heterogeneous set of diseases with diverse 
secondary effects on the retinal circuitry. Successful treatment strategies have to take into account this 
diversity, as only the existing retinal hardware can serve as substrate for optogenetic intervention. The goal 
is to salvage the retinal ruins and to revert the leftover tissue into a functional visual sensor that operates as 
optimally as possible. Here, we discuss three different successful approaches that have been applied to 
degenerated mouse retina.  

  Key words     Visual restoration  ,   Optogenetics  

1      Retinal Restoration 

    Genetic mutations can have dramatic effects on the visual system. 
About 15 million people worldwide are affected by inherited reti-
nal degenerative diseases [ 1 ]. One prominent example is Retinitis 
pigmentosa (RP) with around 30,000 patients in Germany alone 
(  http://www.pro-retina.de/netzhauterkrankungen    ). The loss of 
vision is caused by a progressive degeneration of the rod photore-
ceptor and subsequently of the cone photoreceptors [ 2 ,  3 ] (Fig.  1 ). 
Characteristic symptoms are the loss of night vision in adolescence, 
loss of peripheral vision in young adulthood, and loss of central 
vision later in life [ 4 ]. Several approaches to treat this disease are 
being tested, ranging from virus-vector mediated gene therapy [ 5 ] 
to implantable electrical chips to stimulate surviving retinal neu-
rons [ 6 ,  7 ]. Gene therapy aims at inserting a functional copy of 
the affected gene sequence to restore proper cell functionality. 
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However, due to the diversity of underlying genetic mutations, 
with diverse secondary effects on the retinal circuitry [ 8 ], the com-
plexity of this strategy was highly underestimated [ 9 ]. More than 
50 genes and 3,000 mutations were identifi ed [ 3 ], demanding per-
sonalized gene analysis and virus production for each patient.

   Alternatively, a new promising approach is optogenetics. The 
general idea is to restore light sensitivity in degenerated retinas with 
the help of light sensitive proteins. The unifying property of these 
proteins is that they are able to directly transform light into an elec-
trical signal without the need of an additional signaling cascade 
(Fig.  2 ). One of the most widely used optogenetic proteins so far is 
channelrhodopsin-2 (ChR-2), originally found in the unicellular 
green algae  Chlamydomonas reinhardtii  [ 10 ]. These algae are able 
to detect light gradients in their surrounding and adjust their posi-
tion to optimize photosynthesis by using at least two channelrho-
dopsins: ChR-1 and ChR-2 [ 11 ]. Both are light- gated unselective 
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bipolar cells
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ganglion cells
optic nerve

‚off‘ cells
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a b

  Fig. 1    Schematic representation of retinal degeneration in the mammalian retina. ( a ) Overview of the retinal 
layout. Vision begins with light reception by specialized cells, the photoreceptors (rods and cones), who convert 
light into electrical signals. Rod photoreceptors provide for sensitivity in dim light, whereas cone photorecep-
tors are active in bright light [ 35 ]. Several types of bipolar cells transmit the signal from photoreceptors to 
ganglion cells, which sent the preprocessed visual information to cortical areas through the optic nerve. Bipolar 
cells can be grouped in two categories: ON bipolar cells depolarize in response to light, OFF bipolar cells 
hyperpolarize to light. Accordingly, there are ON, OFF, and ON–OFF ganglion cells depending on the input they 
get from bipolar cells. Inhibitory interneurons modulate synaptic transmission between photoreceptors and 
bipolar cells (horizontal cells) and between bipolar cells and ganglion cells (amacrine cells). Although there are 
only two synaptic processing steps inside the retina, the retina performs substantial information processing: 
more than a dozen different representations of the incoming images are transmitted in parallel along the optic 
nerve. ( b ) Progressive retinal degeneration. A high number of genetic mutations can lead to retinal degenera-
tion, often occurring in photoreceptors or the retinal pigment epithelium [ 1 ]. Often, rod photoreceptors are 
directly affected and degenerate fi rst. This results in impaired vision and night blindness. The loss of rod 
photoreceptors is followed by degenerating cone photoreceptors. Depending on the severity of the phenotype, 
this can lead to partial loss of vision or total blindness. In humans, this process can take up to decades. Even 
in total blindness, cone photoreceptors can sometimes survive, even if they are not light-sensitive anymore. 
Schematic representation of retina based on [ 32 ] doi:   10.1371/journal.pone.0081278.g001     (CC-BY license)       
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cation channels, with a broad conductance for H + , Na + , K + , and 
Ca 2+  ions [ 12 ]. The light-induced depolarization of the cells is max-
imal at the peak absorbance of 500 nm (ChR-1) and 470 nm (ChR-2) 
[ 13 ]. A different optogenetic tool with antagonistic action is halor-
hodopsin (eNpHR), a light-activated chloride pump that hyperpo-
larizes the target cell [ 14 ]. The peak wavelength sensitivity of 
eNpHR is at 580 nm [ 15 ]. Both ChR-2 and eNpHR have fast 
kinetic properties with deactivation time constants of about 10 ms 
and 4 ms, respectively [ 15 ]. Consequently, they can translate light 
information within the visible spectrum at suffi cient temporal reso-
lution and therefore are well suited for visual restoration.

   In the following we describe three successful approaches of 
optogenetic vision restoration in the degenerated retina. These 
three studies can be considered milestones in the fi eld. In general, 
research on optogenetic vision restoration always consists of two 
experimental steps:

    Step 1:    Expression of the optogene in the retina. 
 This includes the choice of optogene, the design of the 
delivery construct and method, and the choice of experi-
mental model (e.g., a particular mouse line).   
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  Fig. 2    Schematic drawing of the two optogenetic proteins channelrhodopsin- 2 and 
halorhodopsin. Optogenetic proteins transform light energy into electric signals. 
They differ in spectral sensitivity, ion selectivity, and kinetic properties. Here we 
show two examples that have successfully been used in retinal restoration 
approaches. Channelrhodpsin-2 depolarizes cells in response to blue light (peak 
sensitivity 480 nm). This light-activated cation channel was originally found in 
 Chlamydomonas reinhardtii  [ 11 ]. In contrast, halorhodopsin responds best to yel-
low light (580 nm) and hyperpolarizes the cell due to its chloride pump function [ 14 ]       
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   Step 2:    Evaluation of successful vision restoration. 
 The success of vision restoration is usually assessed at the 
level of histology (expression level), physiology (responses 
of expressing cells, the retina or the cortex to light) and 
behavior. In addition, some studies deal with biosafety 
aspects of expressing a foreign gene in the retina. 

 By using the three milestone studies as examples, we 
will highlight and describe these different methodological 
approaches used in the fi eld.      

     Bi and colleagues were the fi rst to successfully restore visual func-
tion by expressing ChR-2 in the retina [ 21 ]. They achieved ChR-2 
expression mainly in retinal ganglion cells, the output neurons of 
the retina which normally transmit the preprocessed visual infor-
mation to higher brain areas. The reasoning for treating cells in the 
inner retinal layer was that they survive for many years after the 
death of photoreceptors [ 22 ]. Bi et al. convincingly showed that 
formerly blind retinas become light sensitive again and that the 
visual signals are transferred to the visual cortex. 

      Step 1:    Expression 
 Bi et al. designed a construct containing the gene sequence 
for a GFP-tagged ChR-2. They combined it with an 
unspecifi c basal promotor for β-actin (CAG) and the 
expression enhancing element WPRE (woodchuck hepati-
tis post-transcriptional regulatory element). For transfec-
tion, Bi et al. used adeno- associated viruses (AAV). Viruses 
have the useful property that they insert genetic sequences 
into host cells. Recombinant AAV are the most popular 

1.1  Approach 1: 
Expressing ChR-2 in 
Ganglion Cells (Fig.  3a )

1.1.1  Methodological 
Concepts

 Info Box
Rhodopsin 

 Rhodopsin consists of a protein (opsin, a 7-transmembran protein) with a 
covalently bound chromophore (retinal) [ 16 ]. The retinal, which is a deri-
vate of vitamin A, undergoes a conformational change upon photon 
absorption. In vertebrate rhodopsins, the retinal isomerizes from 11-cis to 
the all-trans conformation, resulting in a conformational change of the 
opsin [ 16 ]. This activates a G-protein based phototransduction signaling 
cascade. After activation, the retinal detaches from the opsin, a process 
known as bleaching, and has to be replaced with a new 11-cis retinal [ 17 ]. 
In contrast to this, the retinal bound to microbial rhodopsins photo- 
isomerizes from the all-trans to the 13-cis conformation [ 18 ]. Again, the 
conformational change results in a cascade of structural changes of the 
opsin. Finally this leads to ion transport (halorhodopsin), channel opening 
(channelrhodopsin), or interaction with signaling transducers (“non-channel” 
rhodopsins) [ 19 ]. An important difference is that in microbial channelrho-
dopsins, the retinal remains covalently bound to the opsin and regenerates 
thermally [ 20 ]. 
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virus type for clinical studies. They have a very low oncogenic 
risk for the patients because all viral coding sequences have 
been removed [ 23 ]. Bi et al. demonstrated the expression 
and functionality of optogenetic proteins in retinas of wild 
type mice as well as in a mouse model for retinal 
 degeneration. There are several visually impaired mouse 
strains, some of them especially designed for a better 
understanding of the pathogenesis of retinitis pigmentosa 
in humans [ 24 ]. A commonly used model is the retinal 
degenerating mouse model (rd1) with a well-known 

CAG ChR2 GFP ChR2 EYFP mCAR EYFPeNpHRpSV40Gm6enha b c

OFF ganglion cells

ON ganglion cells

S

T

S

T

  Fig. 3    Different visual restoration strategies with optogenetic proteins. Overview of the transfection methods 
and applied constructs ( top ), target cells in the retina ( middle ), and resulting response characteristics of gan-
glion cells ( bottom ,  ticks  represent action potentials as they would be recorded during many repetitions of the 
same stimulus), as they were applied by Bi et al. [ 21 ] ( a ), Lagali et al. [ 27 ] ( b ) and Busskamp et al. [ 30 ] ( c ). 
( a ) ChR-2-GFP expressed in retinal ganglion cell after intravitreal injection of an adeno-associated virus. This 
strategy leads to sustained light responses in all expressing ganglion cells, independent of their natural 
response properties. ( b ) ChR-2-EYFP targeted to ON-bipolar cells by using a cell type specifi c enhancer. 
The construct was integrated into the retina by subretinal injection of the plasmid, followed by electroporation. 
This strategy faithfully restored many response characteristics of ON ganglion cells, including transient  T  and 
sustained  S  responses, but failed to elicit responses in OFF ganglion cells. ( c ) eNpHR-EYFP targeted to leftover 
cones by using a cell type specifi c promoter after subretinal injection of an adeno-associated virus. Expression 
was also achieved in postmortem human retina. This strategy faithfully restored most features of retinal pro-
cessing, including appropriate responses in ON and OFF ganglion cells. Schematic representation of retina 
based on [ 32 ] doi:   10.1371/journal.pone.0081278.g001     (CC-BY license)       
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genetic background. These mice have a fast and progres-
sive retinal degeneration starting around post- natal day 8 
(P8), leading to complete blindness around P30 [ 25 ]. The 
AAV containing the CAG-ChR2-WPRE construct was 
injected into the vitreous in the eye.   

   Step 2:    Evaluation 
 Three to four weeks after intravitreal virus injection, all 
treated eyes showed bright GFP fl uorescence. Even after 
12 months the signal was mainly detected in the plasma 
membrane of retinal ganglion cells, confi rming the 
successful expression of ChR-2-GFP. More importantly, 
the expressed ChR2 construct was functional: ChR-2-GFP 
expressing cells were responding to light stimuli, mostly at 
the peak sensitivity of 470 nm, both in wild type and rd1 
ganglion cells, as identifi ed through single-cell voltage 
clamp recordings. The currents evoked by ChR-2 were 
strong enough to depolarize the membrane and evoke 
action potentials. Consequently, Bi et al. were able to show 
activation of a large number of ganglion cells in transduced 
retinas with the help of microelectrode array (MEA) 
recordings. MEAs allow simultaneous extracellular 
recordings from a population of neurons. In the living 
animal, the light-evoked signal was transmitted to the 
brain, as demonstrated by the presence of visually evoked 
potentials in the visual cortex (V1). In summary, Bi et al. 
were the fi rst to restore light sensitivity in blind mice (rd1). 

 In the study of Bi et al., all ganglion cells expressing 
ChR-2 were activated at the onset of light, consistent with 
the depolarizing effect of ChR. However, this presumably 
also included OFF-type ganglion cells, which would nor-
mally not be activated at light onset but at light offset. In 
normal vision, the retina does not simply relay a 1-to-1 
image of the outside world to higher visual centers. 
Instead, many different features of the stimulus (contrast, 
movement, color, optic fl ow, etc.) are extracted, encoded, 
and sent in parallel over the optic nerve [ 26 ]. Simply mak-
ing ganglion cells light sensitive does not restore this reti-
nal preprocessing of visual information.       

  In a fi rst step to restore not only light sensitivity but also computa-
tional abilities of the retina, Lagali et al. targeted ON bipolar cells 
to express ChR-2 [ 27 ]. Bipolar cells are a class of retinal interneu-
rons that normally integrate the signals of photoreceptors and 
 forward them to retinal ganglion cells. Physiologically, they come 
in two fl avors, ON and OFF bipolar cells, which de- or hyperpolar-
ize in response to light. Targeting ON bipolar cells with ChR 
therefore maintains the natural response polarity of the cells. In 
addition, the natural antagonistic inhibition of ON visual channels 

1.2  Approach 2: 
Expressing ChR-2 
in ON Bipolar Cells 
(Fig.  3b )
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from OFF bipolar cell circuits can be avoided. Lagali et al. demon-
strated that these treated retinas not only were responsive to light 
but also that certain types of image processing (e.g., center–sur-
round antagonism, transient and sustained responses) were 
restored. In addition, they were able to show that the treated mice 
regained visual guided behavior. 

      Step 1:    Expression 
 Lagali et al. used a construct that put YFP-tagged ChR-2 
under the control of an ON bipolar cell specifi c enhancer 
sequence (metabotropic glutamate receptor mGluR6). 
Currently, there are no AAV serotypes that can effi ciently 
infect bipolar cells in the retina. Instead of viral transfection, 
Lagali et al. used in vivo electroporation of the vector into 
the retina. For this, the naked plasmid is injected 
subretinally, and then driven into cells by short electrical 
pulses that permeabilize the plasma membrane [ 28 ,  29 ]. 
Again, rd1 mice were used as a model system for retinal 
degeneration and restoration approaches. Like in the study 
of Bi et al., no detrimental effects could be observed when 
ChR-2 was expressed in wild type retinas.   

   Step 2:    Evaluation 
 In the electroporated areas, Lagali et al. found around 7 % 
of all ON bipolar cells expressing ChR-2, stable for at least 
6 months. Convincingly, they were able to measure with 
MEA recordings short latency spike activity as a response 
to light stimulation in treated rd1 mice but not in control 
animals. Lagali et al. could demonstrate that certain aspects 
of retinal processing were maintained in treated retinas. 
For example, even though ChR-2 itself and the expressing 
neurons are known to respond to light in a sustained 
fashion, i.e., they stay depolarized for as long as the light is 
on, ganglion cell responses in treated retina were both 
sustained and transient, as in healthy retina. Furthermore, 
center–surround antagonism could be demonstrated, 
which is one hallmark of retinal processing. This implies 
that inhibitory circuits are triggered and properly activated 
by the ChR-expressing bipolar cells. Indeed, whole cell 
patch clamp recordings from ganglion cells revealed not 
only light evoked excitatory inputs but also inhibitory 
inputs. In addition, the approach of Lagali et al. avoided 
improper activation of OFF ganglion cells at light onset, 
while at the same time it could not achieve their proper 
activation at light offset. 

 Lagali et al. were able to show visually evoked responses 
in the cortex of treated rd1 mice, and continued experiments 
to test whether ChR-2 vision could also induce behavioral 
responses in otherwise blind rd1 mice. In fact, ChR-2/rd1 

1.2.1  Methodological 
Concepts
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mice passed the dark/light box test measured by increasing 
activity in the light period. Additionally, these mice showed 
an enhanced performance in the optokinetic refl ex task in 
comparison to the control rd1 group. This behavioral 
experiment is based on the optokinetic refl ex which causes 
the subject to follow rotating stripe pattern with eye and 
head movements. To trigger this refl ex, the freely moving 
mouse is exposed to a rotating grating (Fig.  4 ). The 
behavioral tests indicated that optogenetically treated mice 
not only had light sensitivity but also a certain degree of 
vision leading to behavioral improvements.

          Many retinal degenerative diseases primarily affect rod photorecep-
tors. Cones, on the other hand, remain functional for a longer 
time. Even when they become nonfunctional later in the disease 
progression, often they remain as living—albeit light-insensitive—
neurons in the outer retina. There, they can serve as target for 
optogenetic intervention. Furthermore, targeting a neuron that 
early in the visual pathway raises the hope that visual processing in 
the retinal network can be maximally restored. This strategy was 
followed by Busskamp et al. in 2010 [ 30 ]. 

 In photoreceptors, photon absorption triggers a signaling cas-
cade ending in the hyperpolarization of the cells. Therefore the 
hyperpolarizing properties of halorhodopsin are in line with pho-
toreceptor light responses. 

1.3  Approach 3: 
Expressing NpHR 
in Cones (Fig.  3c )

  Fig. 4    Behavioral assessment with a virtual optokinetic drum [ 36 ]. The freely 
moving mouse is sitting on an elevated platform in the middle of the arena. The 
arena consists of four monitors, presenting a virtual cylinder with rotating  black  
and  white stripes . Mirrors on top and at the bottom elongate the stimulus. 
The mouse refl exively follows the rotating stripe pattern with head movements. 
The optokinetic refl ex is used as a direct behavioral test whether an animal can 
see the pattern and to determine visual acuity and contrast sensitivity of the 
subject       
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      Step 1:    Expression 
 Busskamp and his colleagues tried three different 
promoters to drive YFP-tagged NpHR expression in 
cones, of which the mouse cone arrestin-3 (mCar) 
promoter worked best. As models for retinal degeneration 
they chose two different mouse models, rd1 mice as in the 
previous studies, and a Cnga3-Rho double knockout 
mouse, which has nonfunctional cones (Cnga3 is a model 
for stationary night blindness); and nonfunctional 
degenerating rods [ 31 ]. Like Bi et al., they used AAV to 
insert the genetic construct into the target cells. Expression 
was stable for up to 8 months in the remaining 
photoreceptors, even though they were degenerating. 

 For the fi rst time, Busskamp et al. also demonstrated 
translational aspects of the optogenetic approach to treating 
blindness. For this they used postmortem human retina, 
obtained from the cornea bank in Amsterdam, Netherlands. 
To keep the retina alive for several days, tissue was kept in 
culture and supplied with enriched medium, especially adapted 
to the needs of neuronal cells. For a fast and strong expression, 
they used a different viral vector, lentiviruses, to transduce the 
mCar-eNpHR-EYFP-WPRE construct into the retina. 
Lentiviruses release double-stranded RNA sequences into the 
host cell, together with a reverse transcriptase to translate RNA 
in DNA. The gene sequence is then integrated into the host 
genome resulting in stable long-term expression but also in a 
higher oncogenic risk. The big advantage of lentiviruses is that 
they can also infect nondividing cells very effi ciently. After 
treating cultured postmortem human retina, they were able to 
detect high NpHR protein expression in photoreceptors after 
only 1–2 days incubation time.   

   Step 2:    Evaluation 
 Whole cell patch clamp recordings of cone photoreceptors in 
mice showed very strong responses while cone photoreceptors 
of the blind control group (untreated or only EGFP treated) 
did not respond to light stimulation. As expected for 
halorhodopsin, photoreceptors responded best around 
580 nm. One important prerequisite for the cone approach 
to work is that the synapses between inner and outer retina 
are still functional, despite the strongly altered cone 
morphology in these retinae. Busskamp et al. demonstrated 
this by successfully recording light-triggered activity from 
the ganglion cells. Amazingly, a large range of naturally 
occurring activity of ganglion cells could be demonstrated, 
ranging from the proper activation of ON and OFF ganglion 
cells, center–surround antagonism, and even complex image 
processing like direction-selective responses which requires 
nonlinear neural computations involving excitatory and 
inhibitory interneurons in the retina. 

1.3.1  Methodological 
Concepts
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 Behaviorally, the treated blind mice performed 
signifi cantly better in the dark/light box as well as in the 
optomotor refl ex test. However, this was only true for rd1 
mouse model, not for the Cnga3/Rho mouse model. 
Presumably this is owed to the fact that the latter mice 
have never had functional vision during development, 
since both photoreceptor classes are nonfunctional, while 
rd1 animals have functional vision for a brief period before 
the rapid retinal degeneration kicks in. 

 Electrophysiological recordings of cone photoreceptors 
in the cultured postmortem human retina showed that 
these cells were responding to light stimuli, while in con-
trol retinas, photoreceptors were not responding any more.        

2    Discussion/Future Possibilities 

 Optogenetic vision restoration is a highly promising approach for 
treating blindness. The studies described above have demonstrated 
that the idea is feasible. Furthermore, they illustrate the wide spec-
trum of methods that have to be applied for a complete study of 
optogenetic vision restoration, from molecular cloning, virus pro-
duction, virus injection, electroporation, electrophysiology (patch 
clamp—MEA—cortical recordings), behavioral testing and tissue 
culture. This review was meant to give an overview of this diversity 
of methods. Each of these methods has its own complexity and 
could easily fi ll its own method chapter. 

 Convincingly, all three studies were able to show the potential 
of restoring vision in retinal degeneration mouse models. On the 
electrophysiological level, the “blind” retina was reliably responding 
to light stimuli. Moreover, the treated mice were showing light 
evoked behavioral responses. But there is still a long way to go to 
adapt the system for human retina. Here, Busskamp et al. laid the 
foundation by resensitizing cultured human retinal tissue. He and 
his colleagues showed fi rst results on expression and function of 
optogenetic proteins in postmortem human retinal photoreceptors. 

 However, there are general differences between the native visual 
system and the optogenetically restored vision that have to be consid-
ered for future approaches. One striking difference is the lack of light 
adaptation. Because of adaptation, our own visual system can support 
vision over a range of about a dozen orders of intensity magnitude. In 
contrast, with optogenetics one can activate cells only over a relatively 
restricted range of light intensities, spanning between two and three 
orders of magnitude [ 27 ]. The behavioral experiments described 
above have shown that it is generally possible to elicit light-induced 
behavior in optogenetically treated mice, but high light intensities 
were necessary to do so. What distinguishes normal vision from opto-
genetic vision is  however not so much the biophysical response prop-
erties and sensitivity of the individual molecular light sensors 
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(rhodopsins in both cases), but rather the machinery with which their 
responses are translated into cellular activity [ 32 ]. Thus, improved 
constructs should be more light sensitive, to work also under dimmer 
daylight conditions. One promising candidate is the newly discovered 
channelrhodopsin variant CatCh, with a ~70-fold increased light sen-
sitivity compared to wild-type ChR2 due to increased Ca 2+  permeabil-
ity [ 33 ]. This is one of several examples for successful engineering of 
channelrhodopsins with enhanced properties. Another interesting 
candidate for future vision restoration approaches is the tandem pro-
tein vChR2–ChR1 with the benefi t of a combined wavelength sensi-
tivity, covering the full visible range of 400–600 nm [ 34 ]. 

 Importantly, there is still a lack of knowledge about the human 
retina on the functional level. Most of the fi ndings about the wir-
ing and the properties of the computational network were made in 
laboratory animals. To develop and improve directed treatment 
approaches, it will be important to study the human retina directly.     
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    Chapter 11   

 Photoactivated Adenylyl Cyclases as Optogenetic 
Modulators of Neuronal Activity 

           Wagner     Steuer Costa    ,     Jana     Liewald    , and     Alexander     Gottschalk    

    Abstract 

   In recent years, optogenetic methods became invaluable tools, particularly in neurobiological research. 
Most prominently, optogenetic methods utilize microbial rhodopsins to elicit neuronal de- or hyperpolar-
ization. However, other optogenetic tools have emerged that allow infl uencing neuronal function by 
 different approaches. In this chapter we describe the use of photoactivated adenylyl cyclases (PACs) as 
modulators of neuronal activity. Using  Caenorhabditis elegans  as a model organism, this chapter shows 
how to measure the effect of PAC photoactivation by behavioral and electrophysiological assays, as well as 
their signifi cance to neurobiology.  

  Key words     Photoactivated adenylyl cyclase  ,   PAC  ,    Caenorhabditis elegans   ,   Tracker  ,   Electrophysiology  

1      Introduction 

  Caenorhabditis elegans  is a ~1 mm long transparent nematode with 
known genomic sequence [ 1 ]. It is cultivated on  E. coli  OP50 bac-
teria and has a generation time of 3–4 days at 20 °C [ 2 ]. 
Neurobiology studies are further facilitated by the eutelic nature of 
the animal, the low cell count of 302 neurons (about 30 % of all 
cells), and the known connectivity pattern [ 3 ]. These properties 
allow a relatively easy adoption of optogenetic methods compared 
to the effort needed in other model organisms. 

 A collection of optogenetic methods has been developed for 
spatiotemporal control of neuronal fi ring with a minimum invasive 
approach in  C. elegans  [ 4 ,  5 ]. The majority of applications use 
microbial rhodopsins or their derivates. Widely known examples 
are Channelrhodopsin-2, a blue light-activated cation channel, and 
Halorhodopsin, a yellow light-activated chloride pump [ 6 – 9 ]. 
However, these proteins do not activate or inhibit neuronal activity 
in an entirely natural manner, but rather override any intrinsic 
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signal being processed by the neuron or population of neurons of 
interest, thus perturbing circuit function. They thus do not allow 
to simply accentuate intrinsic activities of a circuit. 

 Expression of photoactivated adenylyl cyclases (PACs), like the 
 Euglena  PACα (EuPACα) or  Beggioatoa  PAC (bPAC) [ 10 – 14 ] in 
the neurons of interest may overcome the defi cits of canonical 
optogenetic tools, because they do not evoke neurotransmitter 
release per se, like depolarization does. Rather, cAMP can affect 
neuronal fi ring through at least two different pathways: Via PKA- 
mediated phosphorylation [ 15 ] of downstream targets that affect 
synaptic vesicle docking and priming through presently ill-defi ned 
mechanisms, and via Epac, an exchange protein activated by cAMP 
[ 16 ]. Thus, intrinsic activity will lead to the release of more trans-
mitter than usual, and consequently circuit activity becomes accen-
tuated and behaviors are increased, in a coordinated fashion. 

 EuPACα and bPAC each contain two (in EuPACα) or one (in 
bPAC) “blue light sensor using FAD” (BLUF) domains [ 17 ], as 
well as two or one adenylyl-cyclase domains [ 12 ,  13 ], respectively. 
They form dimers, and upon BLUF domain activation by absorp-
tion of a photon, they generate cAMP from ATP. BLUF domain 
activation by light is reversible and does not lead to degradation of 
the PAC. Light sensitivity, kinetics, and enzymatic parameters, as 
well as dark activity levels differ for different PACs. Blue light thus 
will lead to a more or less rapid and robust increase in cAMP levels. 
Generally, EuPAC has a comparably high dark activity, rapid onset of 
light-induced cAMP production, and comparably low light sensitiv-
ity, while bPAC is highly light sensitive, produces more overall cAMP 
and has very low dark activity, but responds more slowly to light 
onset (bPAC: τoff = 12.3 s;  K  M  = 3.7 ± 0.4 μW/mm 2  in TRIS–
HEPES buffer [ 13 ]). Work by Yoshikawa et al. showed that, in vitro, 
EuPACα is only active as long as it is exposed to blue light [ 18 ]. 
Pulsed photoactivation of PACs results in lower cAMP production 
and this has to be taken into account when designing experiments, 
but is also a means to fi nely control the induced increase in cAMP 
concentration. The effects of cAMP may be long-lasting in vivo, 
with the duration of the signal depending on the activity of, among 
others, phosphodiesterases, Epacs, and protein kinase A. EuPAC 
expression levels need to be well-controlled to avoid any compensa-
tory mechanisms in response to constantly elevated cAMP levels due 
to its dark activity [ 10 ]. Working with bPAC is complicated by its 
high light sensitivity, as ambient light levels have to be kept very low 
to avoid unwanted (pre-) activation before the actual experiment 
(our unpublished observations). Furthermore, fusion constructs of 
PACs with fl uorescent proteins, for instance, have been reported, 
but addition of a fusion tag to the BLUF domain may lead to pro-
tein inactivation (our unpublished observations). 

 PACs have been successfully used to study different model  systems 
(not only in neurobiology), for instance:  Aplysia ,  Caenorhabditis 
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elegans ,  Drosophila melanogaster ,  Escherichia coli , cultured insect cells 
(Sf9, Spodoptera frugiperda),  Toxoplasma gondii , and  Xenopus  spinal 
neurons in culture [ 10 ,  11 ,  19 – 24 ]. 

 This chapter describes how to assess experimental readouts 
after PAC photo-stimulation in neurons and potentially whole 
neural networks, by example of the  C. elegans  cholinergic neurons. 
These neurons are critically regulating  C. elegans  locomotion, by 
providing excitatory signals to both muscles and GABAergic neu-
rons, the latter of which inhibit muscles on the opposite side of the 
body, thus evoking a body bend coordinately with the action of the 
cholinergic neurons [ 25 ]. Cholinergic motor neurons are essential 
for  C. elegans  crawling on solid substrate, as well as for it swimming 
in liquid. Here we assess electrophysiological and behavioral 
changes upon PAC activation, for example the swimming behavior 
of  C. elegans  with periodic swimming locomotion (thrashing) of a 
wavelength about twice the length of the animal. 

 Application of a specifi c PAC as an optogenetic tool depends 
on its kinetic properties compared to the expected outcome of the 
optogenetic experiment as well as its dark activity. Furthermore 
PACs may be used to investigate signaling cascades activated by 
cAMP itself, since cAMP has many modes of action and, by the 
time of writing, these are still not fully understood.  

2    Materials 

 Prepare all solutions using double-distilled water and analytical 
grade reagents. Prepare and store all reagents at room temperature 
unless indicated otherwise. 

      1.    “KPO 4 “- Buffer : 1 M KH 2 PO 4 , 1 M K 2 HPO 4 , pH 6.   
   2.     NGM : 0.3 % (w/v) NaCl, 1.7 % (w/v) Agar, 0.25 % (w/v) 

Trypton/Pepton, 1 mM CaCl 2 , 1 mM MgSO 4 , 25 mM 
“KPO 4 “-Buffer, 0.0005 % (w/v) Cholesterol (in ethanol), 
autoclaved.   

   3.    Aluminum foil.      

      1.     M9 Buffer : 20 mM KH 2 PO 4 , 40 mM Na 2 HPO 4 , 85 mM NaCl, 
1 mM MgSO 4 .   

   2.    96-well microtiter plate fi lled with 80 μl NGM and 80 μl M9 
for the assay ( see   Note 1 ).   

   3.    Regulatable blue light source (450–490 nm) with a maximum 
intensity output of about 1 mW/mm 2 , in the objective/micro-
scope focal plane, for photo-activation of PAC ( see   Note 2 ).   

   4.    Stereomicroscope: SMZ 645 (Nikon, Japan) equipped with a 
red optical cast plastic fi lter (2″ × 2″, #43-946, Edmund Optics, 
Germany) for red background light ( see   Note 3 ).   

2.1  Common 
Materials

2.2  Analyses 
of Behavior in Liquid
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   5.    Thumb counter.   
   6.    Video camera for recording of experiment (i.e., Canon G9 

with adapter for stereomicroscope).      

      1.    6.5 cm wide petri dish.   
   2.    Leica MZ 16 F with Excite light source and fi lters, or equiva-

lent, equipped with an 8 bit grayscale camera of at least 
640 × 480 pixel resolution.   

   3.    Computer with a running installment of “OptoTracker” software 
( see   Note 4 ) [ 26 ,  27 ]. Install OptoTracker from our web site 
[  http://www.biochem.uni-frankfurt.de/index.php?id=236    ]. 
The software runs on MatLab 2007 or higher including the 
Image Acquisition and the Image Processing Toolboxes. The 
computer needs a parallel port for transistor- transistor logic 
(TTL) communication with the shutter present at the light 
source.      

      1.     C. elegans  Ringer’s (CR): 150 mM NaCl, 5 mM KCl, 5 mM 
CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 15 mM HEPES 
(pH 7.35), ~340 mOsm, sterile fi ltered (fi lter pore size 
0.22 μm). Store at 4 °C.   

   2.     Collagenase solution : 0.5 mg/ml collagenase (C-5138, Sigma, 
Germany) diluted in CR. Store at −20 °C.   

   3.     Pipette solution : 120 mM KCl, 20 mM KOH, 4 mM MgCl 2 , 
5 mM TES pH 7.2, 0.25 mM CaCl 2 , 4 mM Na2ATP, 36 mM 
sucrose, 5 mM EGTA, ~315 mOsm. Store at −20 °C.   

   4.     Histoacryl blue glue : A cyanoacrylic tissue adhesive (B. Braun 
Aesculap, Germany).   

   5.     Dental wax square ropes : #50094491, Heraeus, USA.   
   6.     Sylgard coated cover glass : Combine the two components of 

Sylgard 184 (Dow Corning, USA)—silicone elastomer base 
(9 ml) and curing agent (1.5 ml)—and mix them very thor-
oughly. Position a 25 mm circular cover glass at the bottom of 
a small petri dish (for easier transport) and put it on a plane 
surface. Add ~400 μl of the Sylgard mixture in the middle of 
the cover glass. Wait for 10–30 min while the mixture is slowly 
spreading on the cover glass surface forming a thin coating 
(Fig.  1 ) ( see   Note 5 ). For curing the petri dish with the cover 
glass should be closed (to avoid dirt) and put into a drying 
cabinet at 60 °C for ~8 h. Prepare 30–50 Sylgard coated cover 
glasses at a time and store them at room temperature in a 
closed box to avoid them getting dusty.

       7.     Recording chamber : Various recording chambers are commer-
cially available but they are usually very expensive. Our 
 recording chamber was custom manufactured in the university 
machine shop. It was made of Plexiglas (10 × 5 × 0.5 cm) with 
a circular hole in the middle (∅ 25 mm; tapered at an angle of 

2.3  Analyses of 
Behavior on Solid 
Substrate

2.4  Electro-
physiology
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ca. 30° on one side) (Fig.  2 ). Close off the backside of the 
chamber with a 50 mm circular cover glass. Connect cover 
glass and Plexiglas by pipetting ~200 μl of liquid Paraffi n, 
melted at 80 °C, in between. To allow better spreading of the 
Paraffi n, the backside of the chamber can once again be put 
onto a hot plate (80 °C) for a few seconds. The Paraffi n will 
melt again quickly to completely and evenly fi ll the space 
between the chamber and the cover glass by capillary action. 
Use a Q-tip to remove any Paraffi n that leaked inside the cav-
ity of the recording chamber before it resolidifi es.

       8.     Borosilicate glass capillaries : Filament-containing glass capillar-
ies with an outer diameter of 1 mm (#1B100F-4, WPI, 
Germany) are used to produce gluing, dissection, extraction, 
and patch pipettes. Use a laser-based micropipette puller 
(P-2000, Sutter Instrument, USA) to fabricate pipettes with 
the required tip opening (see below). Always prepare several 
pipettes of each type (~8–20) to have extra ones in case of 
 problems. (a) Gluing pipette: tip ∅ ~4 μm. (b) Incision pipette: 
tip ∅ ~1–2 μm. (c) Extraction pipette: tip ∅ ~30 μm. (d) Patch 

  Fig. 1    Cover glass before ( left ) and after ( right ) coating with Sylgard. Sylgard 
eases the process to glue and dissect the animal       

  Fig. 2    Recording chamber and a Sylgard coated cover glass ( front left )       
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pipette: tip ∅ ~3 μm, resistance 4–7 MΩ. The patch pipettes 
should always be pulled anew on the day of the experiment 
and should then be fi re-polished (Micro Forge MF-830, 
Narishige, Japan). Type a–c pipettes are connected via poly-
ethylene tubing to a yellow pipette tip which is used to apply 
mouth-pressure (Fig.  3 ).

       9.     Stereomicroscope : Stemi 2000 (Zeiss, Germany) with a 5× 
zoom range and equipped with 20× oculars and an auxiliary 
objective (2×, #455028).   

   10.     Inverted microscope : Axioskop 2 FS plus (Zeiss, Germany) with 
2.5× air and 40× water-immersion objectives, respectively.   

   11.     Micromanipulator : Stereomicroscope - Mk1 (Singer Instruments, 
UK); Inverted microscope - PCS-5000 (Burleigh, USA).   

   12.     Patch-clamp amplifi er : EPC 10 (HEKA, Germany) controlled 
by data acquisition software Patchmaster which can be oper-
ated on a regular PC.   

   13.     LED lamp : KSL-70 (470 nm, 8 mW/mm 2 ), Rapp 
OptoElectronic (Germany).   

   14.     Electrophysiology rig  (Fig.  4 ):
     (a)    Anti-vibration isolating lab table.   
   (b)    Motorized platform (Gibraltar, Burleigh, USA).   
   (c)    Inverted microscope.   
   (d)    Micromanipulator.   
   (e)    Amplifi er.   
   (f)    PC.   
   (g)    Faraday cage.    

      15.     Mini Analysis software : Can be downloaded at   http://www.
synaptosoft.com/MiniAnalysis/     (Synaptosoft, USA; purchase 
charge applies).       

  Fig. 3    Glue applicator consists of a needle linked to a pipette tip by a polyethyl-
ene tube. Mouth air pressure is used to fi ll the needle with glue and to glue the 
dissected animal to the dish       
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3    Methods 

      1.    Transfer ten animals about 24 h after L4-stage to a well. Animals 
should be without or with only a minimum of OP50 bacteria.   

   2.    Wait 15 min to allow animals to adapt to the new environment.   
   3.    Acquire a video of the experiment ( see   Note 6 ). For PAC 

expressed in cholinergic neurons (strain ZX785:  lite - 1 ( ce314 ); 
 zxEx513 [ punc - 17 :: GFP :: PACa ;  pelt - 2 :: mCherry ]) [ 10 ] the 
protocol used is 20 s without blue light followed by 20 s pho-
toactivation and again 20 s without blue light.   

   4.    Play the video in slow motion while counting the amount of 
thrashes an animal does in a defi ned time bin (i.e., 10 s). PACs 
photoactivation enhances activity in cholinergic neurons, 
resulting in a behavioral change.   

   5.    Repeat  steps 1 – 4  for each strain and condition to be tested at 
least thrice ( see   Note 7 ).   

   6.    Calculate the thrashing frequency and statistical signifi cances in 
the statistics program of your choice (e.g., Origin, Prism, Excel).      

3.1  Analyses of 
Behavior in Liquid

  Fig. 4    Electrophysiology setup detailing the different components       

 

Optogenetics using Photoactivated Adenylyl Cyclases



168

      1.    Prepare assay plates 2 days before experiment. Pour 8.5 ml 
autoclaved NGM in a 6.5 cm wide petri dish ( see   Note 8 ).   

   2.    Transfer approximately 20 animals about 24 h after L4-stage 
to an assay plate ( see   Note 9 ).   

   3.    Wait 15 min ( see   Note 10 ), meanwhile prepare the tracker 
software.   

   4.    Start MatLab and run OptoTracker. During the fi rst run, add 
a user and create a new program in the main interface. Open 
the settings for the VideoCapture module and store the tim-
ing protocol as wanted. Here, we start recording 15 s prior to 
the 25 s illumination pulse followed by additional 15 s without 
illumination. We set in options “capture time” and “capture 
every” the value to 1 min. Set the “capture path” to the folder 
into which the video should be stored. Set a fi le name for the 
video to be acquired and save the changes. Open the settings 
for the Shutter module and set 15 s delay, “light for” to 25 s 
and “wait” to 15 s. The "repeat" option is set to one.   

   5.    Position the animals in the focus of the camera and open the 
VideoCapture module. Select preview video to see a live image. 
Ensure that animals are in focus and with good contrast to the 
background before starting recording ( see   Note 11 ).   

   6.    After recording all movies, start the WormTracker module set-
tings. Set the size of the animals as well as their maximal veloc-
ity, minimal track length, and size change. Choose auto 
thresholding to allow WormTrack to adjust the thresholding 
into black and white automatically. Save the options and exit 
the preferences ( see   Note 12 ).   

   7.    Start the WormTracker module and add the movies to the job 
list with their absolute system path, the fi le name is set without 
its end number. The numbers in start and end are set to the 
last numbers in the fi le name. For example, in the sequence of 
fi ve movies named N2_1 … N2_5, the fi le name will be 
“N2_,” start will be 1 and end 5. Start the tracking progress 
and visually monitor if the tracker did recognize the animals in 
the progress plot ( see   Note 13 ).   

   8.    Start the WormAnalyzer settings and select the output 
 properties to be analyzed and displayed. Set the camera sam-
pling ratio and pixel size in the fi rst run of these settings. 
Chose a smoothening sliding window size ( see   Note 14 ). Set 
the reversal and pirouette identifi cation thresholds as neces-
sary. Select whether data should be automatically exported to 
Excel tables, save the changes, and exit the settings menu.   

   9.    Start the WormAnalyzer module and load the track fi le created 
by WormTracker as well as the corresponding movie. Visually 
check the recognized tracks by scrolling through the upper 
slider and delete invalid tracks ( see   Note 15 ). Select the Tracks 

3.2  Analyses 
of Behavior on Solid 
Substrate
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menu and click “Analyze All Tracks” to score all available 
tracks. Save the fi le to append the analysis to the tracks fi le. 
Select in the Tracks menu “Export to excel” and there the 
export to “Excel table” (fi rst option). All data analyzed will be 
exported to an Excel fi le, one track per table.   

   10.    Use your program of choice for analysis of relevant data.      

  Whole cell patch clamp recordings are carried out on body wall 
muscle cells of dissected  C. elegans  expressing PAC in cholinergic 
neurons (strain ZX785:  lite - 1 ( ce314 );  zxEx513 [ punc - 17    :: GFP :: PACa ; 
 pelt - 2 :: mCherry ])[ 10 ] ( see   Notes 16  and  17 ).

    1.    Insert a Sylgard-coated cover glass in the cavity of the record-
ing chamber and fi x it inside the chamber with two small pieces 
of dental wax attached to the sides of the chamber. Fill the cav-
ity with ~2 ml CR. Using a stereomicroscope and a pick wire, 
position one adult nematode in the center of the cover glass.   

   2.    Apply Histoacryl Blue through a gluing pipette and glue the 
animal's tail down to the cover glass (Fig.  5 ). This keeps the 

3.3  Electro-
physiology

  Fig. 5    Scheme for the dissection procedure. ( a )  C. elegans  cross section with the 
ventral nerve cord (VNC) and body wall muscle (BWM) cells as well as the cut 
direction depicted. The aim is to measure the BWM cells nearest to the VNC. ( b ) 
The glue is applied from the tail to the head of the animal. ( c ,  d ) The posterior part 
of the animal is punctured with the dissection pipette (1) in order to reduce the 
hydrostatic pressure. A second (2) cut opens a cuticle fl ap, this is then glued to 
the ventral side of the animal. Patch the BWM cells as shown       
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nematode from swimming away. Try to glue it down at the 
center of the cover glass ( see   Note 18 ). Afterwards the nema-
tode can be glued along the dorsal cuticle ( see   Note 19 ).

       3.    Make a single puncture behind the vulva to release the hydro-
static pressure from the nematode's body (Fig.  5 ). This will 
force out some of the viscera which would otherwise hinder 
your view during the actual incision. Make a lateral longitudi-
nal incision in the dorsal cuticle with the help of a Mk1 micro-
manipulator and an incision pipette. Start in front of the vulva 
and stop just before the pharynx starts. Clear the viscera from 
the area of the incision using an extraction pipette. Finally glue 
the cuticle fl ap to the side to make the muscle cells easily acces-
sible ( see   Note 20 ).   

   4.    Enzymatically remove the basement membrane overlying the 
muscle cells by incubating the preparation with collagenase 
solution for 10 s and afterwards wash three times with CR. 
From now on the cells are only viable for ~10–15 min so you 
have to continue quickly and without interruption.   

   5.    Position the recording chamber on the motorized platform of 
the inverted microscope. Use the 2.5× objective to search for 
the dissected nematode and align it in a direction where the 
muscle cells can easily be accessed by the patch pipette. Fill the 
patch pipette with pipette solution, attach it to the chlorinated 
silver wire of the headstage and immerse its tip into the CR of 
the recording chamber. Position the bath electrode in the CR 
as well. Check the pipette's resistance on the Patchmaster soft-
ware—it should be between 4 and 7 MΩ. Switch to the 40× 
objective. Then carefully place the patch pipette onto one of the 
ventral medial body wall muscle cells using the micromanipula-
tor. As soon as the patch pipette gets in touch with the cell 
membrane the pipette's resistance will slightly increase. Apply 
suction to the patch pipette via the tubing at the headstage to 
achieve a tight connection between pipette and cell membrane. 
You can verify the quality of your seal by monitoring the pipette 
resistance which is displayed on the amplifi er software. As soon 
as a GigaΩ seal is achieved (500 MΩ–20 GΩ) a short but strong 
suction is applied to remove the patch of membrane inside the 
patch pipette and to achieve whole cell confi guration.   

   6.    Choose voltage clamp mode in the amplifi er software and clamp 
the body wall muscle cell to a holding potential of −60 mV. 
Exclude muscle cells which have leak currents larger than 
200 pA from recordings. Before the actual start of the record-
ing keep the preparation in complete darkness for ~4 min.   

   7.    Within your recording the pre-illumination period should be at 
least 30 s so you can analyze a reliable control value for ampli-
tude and frequency of miniature postsynaptic currents (mPSCs) 
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before PAC activation. The LED lamp is controlled via TTL by 
the amplifi er software.  n  value should be at least 7. Stimulate 
PAC in the cholinergic neurons by shining blue LED light 
(470 nm) onto the preparation, e.g., 45 s. The discrepancy to 
the tracker protocol is derived from the reliability of tracker 
experiments. Longer protocols for tracking are more suscepti-
ble to omega-turns (a specifi c locomotion motif, i.e., a reversal 
with sharp directional change, during the body resembles the 
Greek letter Ω) and such might corrupt later analysis. Such 
timing constraint also exists in electrophysiology: the time that 
the muscle cell is alive and responsive. Experimental protocols 
should be designed taking these information into account.   

   8.    Analysis of mPSC amplitudes and frequencies is done by 
MiniAnalysis software (Synaptosoft, USA). First of all, the raw 
data need to be transferred from the Patchmaster software to 
MiniAnalysis. Therefore, the Patchmaster data need to be con-
certed. Export each sweep in “Igor Binary” (.itx) format. 
With the ABF Utility software (included with MiniAnalysis), 
convert the Igor Binary fi le to an ABF fi le (.abf). This data 
format can then be loaded and analyzed by the MiniAnalysis 
software. Choose a threshold of ~10 pA. It is advisable to 
inspect the results of the automatic peak detection since some 
mPSCs might be omitted or there might be artifacts which are 
detected as real signals.    

4       Notes 

     1.    We use these volumes for easier pipetting. Be sure to coat the 
well with NGM, the animals will stick to the plastic without it. 
M9 volumes may be lower for video acquisition, restraining 
the movement in  Z -axis. Pay attention to evaporation of buffer 
at low volumes.   

   2.    The intensity of 1 mW/mm 2  is usually used for Channel-
rhodopsin 2 photoactivation. We successfully tried different 
blue light sources: fi ltered HBO 50 lamp light (Zeiss, 
Germany; 450–490 nm); fi ltered LCD projector light (450–
490 nm); DPSS laser illumination (Pusch OptoTech, Baden- 
Baden, Germany; 473 nm, 25.6 mW/mm 2 ), or a LED lamp 
(KSL-70, Rapp OptoElectronic, Hamburg, Germany; 
470 nm, 8 mW/mm 2 ). Depending on the PAC used, it may 
be necessary to use lower intensity during photoactivation.   

   3.    The red fi lter is positioned to allow only red light as back-
ground light during the measurement. Cover any possible, 
unfi ltered source of light with aluminum foil. This is crucial, as 
unfi ltered light might photoactivate PAC even before the actual 
start of your experiment. Work in a dark room protected from 
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sun light. Our dark room for PAC measurements has a blue 
light background intensity below 25 nW/mm 2 .   

   4.    There is a variety of worm tracker software available on-line. 
We use different trackers depending on the task. Here we 
show the usage of OptoTracker [ 26 ], an enhancement of the 
Parallel Worm Tracker [ 27 ] capable of photostimulation dur-
ing video acquisition at a low cost. For a review on the differ-
ent trackers  see  ref. [ 28 ]. A microscope-less alternative is the 
Multi Worm Tracker [ 29 ].   

   5.    If the amount of mixture is not enough to fi ll the entire sur-
face add a little more of the mixture. If there are any air bub-
bles in the Sylgard coating try to remove them with a pipette 
tip. The nematodes move more slowly on Sylgard than on 
glass which facilitates gluing. Furthermore, the Sylgard coat 
helps the glue to adhere to the cover glass and it provides a 
basis for cleansing clogged glue pipettes.   

   6.    The experimental protocol depends on the expected outcome. 
Video acquisition eases the process of thrashing quantifi ca-
tion. Without it, one should measure only one animal at a 
time. There are specialized automated acquisition and analysis 
software alternatives in the scientifi c community [ 30 ].   

   7.    Pay attention not to photostimulate neighboring wells, in case 
more than one group of animals is transferred at a time to the 
96-well plate. Use of a black-walled, clear-bottom 96-well 
plate and tight covering with aluminum foil of unutilized wells 
prevents unwanted photostimulation. A further option is to 
prepare different 96-well plates and only expose one group of 
animals at a time to the blue stimulation light.   

   8.    Assay plates should be made with care; air bubbles, variation in 
volume and surface irregularities on the NGM will decrease 
the quality of the tracked data. Fresh plates are kept for 1 day 
at room temperature to allow NGM solidifi cation and surface 
drying; they can be stored for up to 2 weeks at 4 °C. If OP50 
seeded plates are necessary, cover the whole plate with OP50 
and then remove as much liquid as possible with a pipette. Let 
the OP50 dry for about 2 h before use; this might take longer 
for freshly poured NGM plates.   

   9.    All transfers must be made without blue light illumination. Use 
a red optical cast plastic fi lter (2″ × 2″, #43-946, Edmund 
Optics, Germany) for red background light. Transfer the ani-
mals fi rst to an unseeded plate and allow them to crawl for 
some minutes before transferring them to the assay plate. This 
will minimize the amount of OP50 carried over to the assay 
plate. Bacteria in the assay plate can change the behavior of the 
animals and challenge the tracking software. Tracking experi-
ments on an OP50 seeded assay plate work best with a very thin 
bacterial lawn without humps or impurities on the surface.   
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   10.    Worm transfer does change the animal’s behavior for some 
minutes.  C. elegans  takes between 5 and 10 min to adapt to 
the new plate.   

   11.    The contrast of the animal relative to the background is an 
essential issue. The OptoTracker can track dark objects on 
bright background and vice versa. An even background illumi-
nation is necessary; otherwise the tracker will not recognize 
animals either at the center or periphery of the image.   

   12.    The size options defi ne which objects will be treated as ani-
mals. Impurities as dark colored grains of same relative size 
will be tracked as if they were immobile animals. We empha-
size the necessity to have clean, good quality assay plates with-
out air bubbles in the NGM, as well as good quality background 
light and even illumination. Furthermore, the maximum size 
allows the WormTracker software to ignore when two animals 
collide. The minimum track length allows WormTracker to 
ignore poor light conditions, animals that fl icker in the thres-
holded image, as well as animals that enter and exit the fi eld of 
view often.   

   13.    In case WormTracker does not recognize the animals cor-
rectly, stop the tracking procedure and start the WormTracker 
preferences anew. Adjust the allowed animal size for a broader 
range and change the correction factor of the auto threshold-
ing algorithm.   

   14.    Although the smoothening window fi lters the output graph, it 
may distort the results. For instance, time critical responses to 
light stimuli may be smoothed out during this procedure. We 
use a window size of 1 (no smoothing) in the fi rst run of the 
analysis software and compare it to bigger smoothing win-
dows. We only use the smoothed data where there is no fast 
change in behavior. For example, a change in behavior that 
takes 2 s will not be smoothed out with a window size of 
200 ms, a response in the fi rst 250 ms in contrast will.   

   15.    Although the tracker can fi lter the tracks automatically through 
the WormTracker settings, we do confi rm visually that only 
valid tracks are used for the statistics. There is an issue when 
deleting the last track: the slider bar will disappear. Save the 
tracks fi le and reload it, it will be updated and the slider will be 
functional.   

   16.    Following dissection, the body wall muscle cells stay viable 
only for a short time (~10–15 min). Therefore, you should 
prepare your experiments very well and have everything 
needed readily available.   

   17.    When working with PAC it is extremely important that all 
working steps are carried out using lowest necessary intensity 
of surrounding light to minimize pre-activation. Thus, ani-
mals should be kept in the dark and the petri dish they are 

Optogenetics using Photoactivated Adenylyl Cyclases



174

    1.    Errata (1998) Genome sequence of the nematode 
C. elegans: a platform for investigating biology. 
The C. elegans Sequencing Consortium [pub-
lished errata appear in Science 1;283(5398):35 
and 1999 Mar 26;283(5410):2103 and 1999 Sep 
3;285(5433):1493] (1998). Science 282(5396): 
2012–2018  

    2.    Brenner S (1974) The genetics of 
Caenorhabditis elegans. Genetics 77(1): 
71–94  

    3.    White JG, Southgate E, Thomson JN, Brenner 
S (1986) The structure of the nervous system 
of the nematode Caenorhabditis elegans. 
Philos Trans R Soc Lond B Biol Sci 314(1165): 
1–340  

    4.    Husson SJ, Gottschalk A, Leifer AM (2013) 
Optogenetic manipulation of neural activity in 
C. elegans: from synapse to circuits and behav-
iour. Biol Cell 105(6):235–250. doi:  10.1111/
boc.201200069      

    5.    Xu X, Kim SK (2011) The early bird catches 
the worm: new technologies for the 

Caenorhabditis elegans toolkit. Nat Rev Genet 
12(11):793–801. doi:  10.1038/nrg3050      

    6.    Nagel G, Brauner M, Liewald JF, Adeishvili N, 
Bamberg E, Gottschalk A (2005) Light activa-
tion of channelrhodopsin-2 in excitable cells of 
Caenorhabditis elegans triggers rapid behav-
ioral responses. Curr Biol 15(24):2279–2284  

   7.    Zhang F, Wang LP, Brauner M, Liewald JF, 
Kay K, Watzke N, Wood PG, Bamberg E, 
Nagel G, Gottschalk A, Deisseroth K (2007) 
Multimodal fast optical interrogation of neural 
circuitry. Nature 446(7136):633–639. 
doi:  10.1038/nature05744      

   8.    Liewald JF, Brauner M, Stephens GJ, Bouhours 
M, Schultheis C, Zhen M, Gottschalk A 
(2008) Optogenetic analysis of synaptic func-
tion. Nat Methods 5(10):895–902  

    9.    Liu Q, Hollopeter G, Jorgensen EM (2009) 
Graded synaptic transmission at the 
Caenorhabditis elegans neuromuscular junc-
tion. Proc Natl Acad Sci U S A 106(26): 
10823–10828  

cultivated on should be wrapped in aluminum foil. When 
 conducting the dissection and the actual experiments the 
room should be darkened (as much as possible). Use only red 
light lamps whenever you need a certain amount of light to 
conduct experiments. The intensity of standard bright fi eld 
illumination should be reduced to a level at which it is still 
possible to do all necessary experimental work. A red optical 
cast plastic fi lter (2″ × 2″, #43-946, Edmund Optics, Germany) 
in the optical path additionally prevents transmission of wave-
lengths below 550 nm and therefore reduces blue light illumi-
nation of PAC. The front opening of the Faraday cage should 
also be light shielded with a thick curtain—keeping in mind 
that other light sources such as PC monitors, will emit a cer-
tain amount of light.   

   18.    If the animal is glued near the border of the cavity it might be 
diffi cult or even impossible to access the nematode with the 
patch pipette at subsequent experimental steps. The glue 
polymerizes when it gets in contact with water. Thus, you have 
to maintain a continuous mouth-pressure as long as the gluing 
pipette is in the solution since otherwise the pipette tip will be 
plugged.   

   19.    It is important to apply the right amount of glue. If you use too 
little glue, the animal will detach when you do the incision. If 
you use too much glue you might later on have problems 
accessing the body-wall muscle cells with the patch pipette.   

   20.    Use as little glue as possible for this and try not to drag the 
cuticle.         
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    Chapter 12   

 Structural Basis of Photoswitching in Fluorescent Proteins 

           Chenxi     Duan    ,     Virgile     Adam    ,     Martin     Byrdin    , and     Dominique     Bourgeois    

    Abstract 

   Fluorescent proteins have revolutionized life sciences because they allow noninvasive and highly specifi c 
labeling of biological samples. The subset of “phototransformable” fl uorescent proteins recently attracted 
a widespread interest, as their fl uorescence state can be modifi ed upon excitation at defi ned wavelengths. 
The fl uorescence emission of Reversibly Switchable Fluorescent Proteins (RSFPs), in particular, can be 
repeatedly switched on and off. RSFPs enable many new exciting modalities in fl uorescence microscopy 
and biotechnology, including protein tracking, photochromic Förster Resonance Energy Transfer, super- 
resolution microscopy, optogenetics, and ultra-high-density optical data storage. Photoswitching in RSFPs 
typically results from chromophore  cis – trans  isomerization accompanied by a protonation change, but 
other switching schemes based on, e.g., chromophore hydration/dehydration have also been discovered. 
In this chapter, we review the main structural features at the basis of photoswitching in RSFPs.  

  Key words     Fluorescent proteins  ,   Photoswitching  ,   Dronpa  ,   RSFPs  ,   Protein dynamics  ,    cis – trans  
Isomerization  ,   Proton transfer  ,   Super-resolution microscopy  

  Abbreviations 

   GFP    Green fl uorescent protein   
  YFP    Yellow fl uorescent protein   
  FPs    Fluorescent proteins   
  PTFPs    Phototransformable fl uorescent proteins   
  RSFPs    Reversibly switchable fl uorescent proteins   
  PCFPs    Photoconvertible fl uorescent proteins   
  PAFPs    Photoactivatable fl uorescent proteins   
  ESPT    Excited state proton transfer   
  KIE    Kinetic isotope effect   
   p -HBI    4-( p -Hydroxybenzylidene)-5-imidazolinone   
  pcFRET    Photochromic Förster resonance energy transfer   
  QM/MM    Quantum mechanics/molecular mechanics   
  SMLM    Single molecule localization microscopy   
  PALM    Photoactivated localization microscopy   
  STORM    Stochastic optical reconstruction microscopy   
  STED    Stimulated emission depletion   
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  RESOLFT    Reversible saturable optical linear fl uorescence transitions   
  SSIM    Saturated structured illumination microscopy   
  (pc)SOFI    (Photochromic) stochastic optical fl uctuation imaging   
  IR    Infra-red   
  HSQC    Heteronuclear single quantum coherence   
  XFEL    X-Ray-free electron laser   

1        Introduction 

 Fluorescent proteins (FPs) have become indispensable tools to 
investigate the interrelations between cell structure, function, and 
dynamics [ 1 ]. Their three-dimensional structure is quite simple: 
the peptide chain forms an 11-stranded β-barrel resembling a 
“soda can,” which wraps around a three-residues-based endoge-
nous chromophore (Fig.  1 ). This 4-( p -hydroxybenzylidene)-5-
imidazolinone ( p -HBI) chromophore only requires oxygen as an 
external cofactor to become mature. A stunning palette of fl uores-
cent proteins displaying a wide range of emission colors (450–
650 nm) has been engineered, typically by rational or random 
mutagenesis of the chromophore itself or of its close environment 
[ 2 ]. The discovery of FPs from Anthozoan species (e.g., corals or 
anemones), which exhibit a high structural similarity but only a 
small sequence identity (<30 %) with the more classical Hydrozoan 
FPs (e.g., jellyfi shes), launched the development of red fl uorescent 
proteins [ 3 ], and considerably boosted FP research in recent years.

   In addition to suitable colors, useful FPs should exhibit a high 
expression level, fast maturation, and high fl uorescence brightness 
so that they can be imaged with suffi cient signal-to-noise ratio 
soon after cell transfection. Furthermore, they should be mono-
meric and should not induce cytotoxicity, to avoid cellular dysfunc-
tion. Importantly, they should be photostable and possible 
modifi cations of their fl uorescence properties as a function of light 
excitation or environmental parameters (e.g., pH, redox potential, 
oxygen level) should be understood. 

 The protonation state of the  p -hydroxybenzylidene moiety of 
the chromophore plays a key role in the fl uorescence properties of 
FPs. Two protonation states can generally be adopted, the propor-
tion of which is determined by the interactions with neighboring 
residues in the chromophore pocket and may (or not) vary with 
pH. The protonated (neutral) chromophore absorbs in the so- 
called “A-band,” whereas the deprotonated (anionic) chromo-
phore absorbs in the “B-band” (Fig.  1 ). For a green-emitting FP, 
those bands usually peak at ~400 nm and ~490 nm, respectively. In 
their anionic state, FPs are typically highly fl uorescent, whereas in 
their neutral state they are dimly or not fl uorescent. However, 
upon excitation of the neutral state, the FP chromophore becomes 
a strong acid with a p K a near zero. Ultrafast conversion to a 
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deprotonated excited state may thus occur, resulting in high yield 
and strongly Stokes-shifted fl uorescence. 

 The high fl uorescence quantum yield of FPs (generally > ~0.5) 
is commonly attributed to the idea that the chromophore is held 
rigidly within the protein matrix through a set of tight non- covalent 
interactions. This is a too simplistic view. In fact, FPs exhibit a 
highly dynamic behavior, in line with their observed complex pho-
tophysics. Upon light absorption, and especially when intersystem 
crossing to the long-lived triplet state takes place, the FP structural 
plasticity may allow a number of photophysical or photochemical 
transformations to occur. For example, like any fl uorophore, FPs 
undergo transient stochastic switching events to nonfl uorescent 
dark states (“blinking”), and eventual conversion to a permanent 
off state (“bleaching”). 

 In the subfamily of fl uorescent proteins termed 
Phototransformable FPs (PTFPs), specifi c phototransformations 
can be quantitatively induced by light, which is at the basis of a 
number of revolutionary developments in advanced fl uorescence 
microscopy. These PTFPs, mostly found in Anthozoan stony cor-
als, but also engineered from Hydrozoan FPs have become the 
focus of intense research since a few years [ 4 – 6 ]. Three types of 
phototransformations may be distinguished in PTFPs (Fig.  2 ): 
nonreversible activation from a nonfl uorescent to a fl uorescent 
state (referred to as “photoactivation,” fl uorescent proteins of this 

  Fig. 1    Enhanced green fl uorescent protein (EGFP). ( a ) The crystal structure (Protein Data Bank (PDB) ID 2Y0G) 
of a single chain is represented in  gray cartoons . The green-glowing chromophore is represented in  balls  and 
 sticks  and  stands  in the center of the barrel. ( b ) Absorption spectrum of EGFP. Two bands are attributed to the 
neutral form (A-band) and the anionic form (B-band) of the chromophore. Lewis structures of the correspond-
ing chromophore are represented as  insets        
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group are called Photoactivatable FPs (PAFPs)), nonreversible 
conversion between two fl uorescent states with different emission 
colors (“photoconversion,” fl uorescent proteins of this group are 
called Photoconvertible FPs (PCFPs)), and reversible switching 
between a fl uorescent on-state and a nonfl uorescent off-state 
(“photoswitching,” fl uorescent proteins of this group are called 
Reversibly Switchable FPs (RSFPs)). In this chapter we give a 
structural perspective on the fascinating photophysical properties 
of RSFPs.

2       Discovery and Classifi cation of RSFPs 

 A list of the currently developed RSFPs with their main photo-
physical properties is provided in Table  1 .

   The fi rst observation of reversible photoswitching of a fl uores-
cent protein at room temperature was made with yellow derivatives 
of  Aequora victoria  GFP at the single molecule [ 7 ] and at the 
ensemble levels [ 8 – 10 ]. However, photoswitching of these 
Hydrozoan FPs appeared limited, probably involving only minor 

  Fig. 2    Various possible reactions in phototransformable fl uorescent proteins with typical examples of irrevers-
ibly photoactivatable fl uorescent proteins (PAFP), irreversibly photoconvertible fl uorescent proteins (PCFP), and 
reversibly switchable fl uorescent proteins (RSFP). Photoinduced reactions occurring at the chromophore level 
are represented for each case. Figure reproduced from D. Bourgeois, A. Regis-Faro and V. Adam (2012), 
Biochemical Society Transactions, 40 531–538, © the Biochemical Society, with permission from Portland 
Press Limited       
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subpopulations of molecules. Effi cient photoswitching was initially 
reported of the weakly fl uorescent and tetrameric asFP595 from 
the Anthozoan sea anemone  Anemonia sulcata . The phenomena 
was described as reversible “kindling,” because the fl uorescence 
emission from asFP595 was enhanced by the fl uorescence excita-
tion light (568 nm) and quenched by blue light (450 nm) [ 11 ]. 
The fi rst RSFP of suffi cient quality to successfully conduct biologi-
cal experiments was obtained upon engineering a Pectiniidae coral 
FP, yielding the well-known Dronpa [ 12 ]. In contrast to asFP595, 
fl uorescence emission in Dronpa is quenched by the excitation 
light (490 nm) and recovered by illumination with violet light 
(405 nm). A large number of mechanistic investigations were then 
performed on these two proteins [ 13 – 28 ]. 

 In view of the growing interest of RSFPs for advanced fl uores-
cence microscopy applications, substantial efforts were made in the 
last years to develop variants with improved properties such as 
higher fl uorescence brightness (the product of fl uorescence quan-
tum yield and molar extinction coeffi cient), enhanced switching 
contrast (ratio of fl uorescence emission of the on and off states), 
tunable switching quantum yields, increased photoresistance, or 
red-shifted emission (Table  1 ). Several new Anthozoan RSFPs 
were thus introduced such as a number of Dronpa variants [ 20 ,  29 , 
 30 ], mTFP0.7 from  Clavuliara  sp. [ 31 ], rsTagRFP from  E. quadricolor  
[ 32 ,  33 ], mGeos from  L. hemprichii  [ 34 ], and others (Table  1 ). An 
interesting case was IrisFP (and later NijiFP), which combines on–
off photoswitching with green to red photo- conversion properties 
[ 35 ,  36 ], introducing the possibility to achieve dual color photo-
switching with a single protein. Recently, Hydrozoan GFP-based 
RSFPs were also developed, showing that high-performance pho-
toswitching is not restricted to Anthozoan FPs. Single-mutation of 
the strictly conserved Glu222 (GFP numbering) into Gln con-
ferred high-contrast switching properties to variants of YFP [ 37 ], 
while a combined rational and random mutagenesis approach 
yielded the photoresistant rsEGFP [ 38 ] and rsEGFP2 [ 39 ]. 

 All these RSFPs can be classifi ed as “negative” or “positive.” In 
negative RSFPs such as Dronpa, off-switching results from illumi-
nation at wavelengths absorbed by the protein in its on-state. In 
positive RSFPs such as asFP595, on-switching results from illumi-
nation at wavelengths absorbed by the protein in its on-state 
(Table  1 ). In all cases, switching is thought to primarily result from 
a light-induced  cis – trans  isomerization of the chromophore accom-
panied by a change of the  p -hydroxybenzylidene protonation state. 
A different acid–base environment of the chromophore in the two 
isomeric states modulates its p K a and is key to the photoswitching 
function. In the fl uorescent on-state, the chromophore is typically 
in an anionic  cis  confi guration, whereas in the nonfl uorescent off 
state it is found in a  trans  confi guration, either neutral or anionic. 
In negative RSFPs, the  cis  confi guration of the chromophore is the 
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thermodynamically stable form, so these proteins are typically 
highly fl uorescent in their native state. In positive RSFPs, the non-
fl uorescent  trans  confi gurations tends to be more thermodynami-
cally stable, although both states are sometimes observed at 
equilibrium, so these proteins are normally nonfl uorescent or 
weakly fl uorescent in their native state. 

 In 2011, Brakemann  et al . [ 40 ] engineered YFP-derivatives 
previously shown to be partially switchable [ 10 ,  41 ] to elaborate 
Dreiklang, an RSFP that exhibits an entirely new mechanism which 
does not rely on  cis – trans  isomerization of the chromophore, but 
rather involves reversible chemical modifi cations of the imidazoli-
none moiety. In Dreiklang, photoswitching is neither positive nor 
negative but is “decoupled,” meaning that fl uorescence excitation 
exerts no infl uence on photoswitching.  

3    Methodology for the Investigation of Photoswitching Mechanisms 

 Boosted by this rapidly evolving research fi eld, increased attention 
has been devoted to mechanistic investigations of RSFPs with a 
dual goal: gaining fundamental insight into this intriguing phe-
nomenon and rationally designing variants with enhanced photo-
physical properties. Several methods can be used that are briefl y 
described below. 

 Confocal or wide-fi eld fl uorescence microscopy approaches 
based on single-molecule detection allow monitoring the sto-
chastic nature of photoswitching. By recording many single-
molecule fl uorescence traces, histograms of on-times and 
off-times can be extracted from which key photophysical param-
eters such as switching quantum yields can be derived. Single-
molecule investigations provide the essential advantage that 
subpopulations of molecules behaving differently from the aver-
age can be identifi ed. The same illumination conditions as those 
used in cell microscopy experiments can be used and the infl u-
ence of environmental conditions such as redox potential, pH, 
or oxygen level can be monitored. However, to study single 
molecule behavior, the RSFPs are typically attached to a glass 
coverslip or immobilized in a polymer substrate, which might 
induce deviations relative to the  in cellulo  behavior. Ultimately, 
despite complications due to a lower signal-to- noise ratio and a 
higher molecular density, these methods will be applied directly 
in the biological sample so as to evaluate RSFPs switching in 
genuine experimental conditions. 

 To get a high-resolution structural view of photoswitching, 
ensemble level techniques must be used, such as X-ray crystallog-
raphy, NMR, UV–vis optical spectroscopy, or vibrational spectros-
copy. The most direct view of the structural signature of 
photoswitching is provided by crystallography. However, the 
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nonstandard concepts of “kinetic” protein crystallography need to 
be used [ 42 ], whereby photoswitching is induced  in crystallo . 
Indeed, the photoswitched chromophore is usually not stable for 
more than at most a few hours, a time much too short to achieve 
crystal growth. Thus, to generate the switched state, the crystalline 
sample is submitted to laser illumination, followed by fl ash cooling 
to prevent back switching and to minimize radiation damage 
effects during diffraction data collection. Fortunately, FPs are well-
suited samples for kinetic protein crystallography, as conforma-
tional changes induced by light illumination are small enough to 
be compatible with crystal packing interactions, so that samples are 
usually not seriously deteriorated upon illumination. However, it 
should always be kept in mind that the crystalline state may exert 
an infl uence on the observed switching scenario, for example by 
selecting out a subset of conformational states not strictly repre-
sentative of the in-solution behavior. This point has for example 
been a matter of debate concerning the structure of the off state of 
Dronpa [ 16 ]. 2D-NMR investigations (typically based on  1 H– 15 N 
or  1 H– 13 C HSQC experiments) have the advantage that no crystal 
constraints are present, so the observed conformational changes 
may be more genuine. However, the usually longer measuring 
times at room temperature make it trickier to maintain the photo-
switched state in the sample. For example, prolonged illumination 
might be required and result in unwanted photobleaching. In all 
cases, X-ray or NMR structural views should be complemented by 
steady-state optical spectroscopy measurements so as to quantify 
the extent of photoswitching in the investigated samples. Optical 
microspectrophotometry can be applied  in crystallo , in the absor-
bance, fl uorescence [ 43 ], or even Raman mode [ 44 ]. It should be 
noted that careful spectroscopic investigations using relatively basic 
instruments can provide a wealth of insightful mechanistic infor-
mation complementary to structural approaches [ 45 ,  46 ]. 

 To gain further mechanistic insight, putative intermediate 
states along the photoswitching reaction pathway should be char-
acterized in addition to the switching endpoints. Since photo-
switching is typically a very rapid (subnanosecond) process, ultrafast 
pump-probe UV–vis or IR spectroscopy are the tools of choice to 
be used. However, a major diffi culty is that photoswitching in 
RSFPs is a low yield process (10 −4 –10 −1 ) so that the fraction of 
molecules that can simultaneously follow the desired photoswitch-
ing pathway is small (although a larger fraction may engage into 
the pathway but quickly return to the starting state or deviate to 
other photophysical states). This explains why almost all ultrafast 
spectroscopic investigations of RSFPs photoswitching so far con-
centrated on the back-photoswitching reaction of Dronpa which 
has a particularly high yield (>0.1). 

 Yet, another approach to track intermediates consists in 
 performing temperature-controlled experiments. At suffi ciently 
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low temperature, the switching reaction may not be able to be 
completed if thermal energy barriers are present along the path-
way. In such a case, activated molecules may possibly get trapped 
and accumulate in an intermediate state that can then be probed 
structurally or spectroscopically. Such an approach was for example 
used to study the protein Padron [ 47 ]. Working at low tempera-
ture, however, always carries the danger that the protein conforma-
tional landscape may be altered. 

 Important insight into photoswitching mechanisms can also 
be obtained from theoretical investigations such as molecular 
dynamics simulations or reaction-path-fi nding techniques. In such 
studies, the RSFP is modeled with quantum mechanics/molecular 
mechanics (QM/MM) hybrid approaches: the chromophore and 
its nearby environment are described at the quantum level in the 
ground or excited state, whereas the rest of the protein is treated 
with classical force fi elds. Such investigations have provided a num-
ber of interesting details about fundamental properties of photo-
switching [ 21 ,  27 ]. However, they strongly rely on available 
high-resolution crystallographic input structures, and it should be 
kept in mind that they remain restricted by necessary simplifi ca-
tions and assumptions, due to limited computing power. For 
example, modeling proton transfer reactions involving the RSFPs 
chromophore is diffi cult, as the number of atoms in the QM region 
can typically not be changed along simulations. 

 Ultrafast time-resolved crystallography experiments on RSFPs 
based on synchrotron Laue diffraction have so far remained unsuc-
cessful. However, new XFEL sources offer exciting prospects to 
catch photoswitching in action. In the long term, the dream would 
be to watch single RSFPs in real time at atomic resolution, e.g., by 
combining femtosecond stimulated Raman scattering [ 48 ] with 
XFEL diffraction [ 49 ].  

4    Photoswitching Mechanisms 

 In this section, we describe in more detail the photoswitching 
mechanisms as observed in negative, positive, and decoupled 
RSFPs. Three important remarks should be made beforehand. 

 First, the  p -HBI chromophore in solution has been shown to 
undergo facile photoinduced  cis – trans  isomerization caused by 
twisting around the methylene bridge that links the two cyclic 
moieties (explaining the lack of fl uorescence of the isolated  p -HBI 
chromophore in solution) [ 50 ]. Thus, chromophore isomerization 
in RSFPs is primarily a manifestation of intrinsic excited state chro-
mophore dynamics. This process is in general hindered by the pro-
tein scaffold in FPs, but it can still occur with low yield in RSFPs. 
Chromophore isomerization in RSFPs is a single-photon  excitation 
process in both directions [ 13 ,  47 ]. However, back-switching is 
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also thermally driven and it should be kept in mind that some FPs 
are able to change the isomeric state of their chromophore in the 
ground state following pH changes [ 51 ,  52 ]. 

 Second, the isomeric state of the chromophore in general does 
not dictate per se the occurrence or the lack of fl uorescence. There 
exist FPs exhibiting strong fl uorescence in the  trans  state [ 52 ,  53 ]. 
However, in positive or negative RSFPs, the nonfl uorescent state 
has always been found to correspond to the  trans  confi guration of 
the chromophore. 

 Third, the proton affi nity of the chromophore hydroxybenzyli-
dene group strongly depends on the local protein environment 
and therefore it is isomer dependent, both in the ground and in the 
excited states. Widely different chromophore p K a are therefore 
expected—and observed—in the  trans  or  cis  confi gurations. As 
chromophore protonation has a strong infl uence on the ability to 
fl uoresce, this isomer-dependent p K a generally plays a key role in 
fl uorescence switching. 

  To describe the photoswitching mechanism in negative RSFPs, we 
take the example of IrisFP, which has been extensively character-
ized by us [ 35 ]. The X-ray structures and absorption/fl uorescence 
spectra of the protein in its on and off states are presented in Fig.  3 .

   In both states, it can be seen that the chromophore is main-
tained by a complex set of H-bonding interactions involving 
Arg66, Ser142, Glu144, Ser173, Tyr177, His194, and Glu212, as 
well as water molecules. These residues are essentially conserved in 
all negative RSFPs from Anthozoa species.  cis – trans  Isomerization 
is accompanied by a substantial structural change of the chromo-
phore pocket. The tightly H-bonded triad Glu144-His194- 
Glu212 in the  cis  confi guration is replaced by the 
Glu144-Arg66-Glu212 triad in the  trans  confi guration, with either 
His194 or Arg66 stabilizing the chromophore by π-stacking and 
π-cation interactions with the hydroxybenzylidene moiety, respec-
tively. In the  cis  confi guration, the chromophore phenolate inter-
acts with Ser142 whose hydroxy group is protonated, thus favoring 
a deprotonated state. This anionic state is further favored by the 
interaction of Arg66 with the carbonyl group of the imidazolinone 
moiety, which retains electron density on that ring. Hence, the 
p K a of the  cis  chromophore in IrisFP ensures a predominantly 
deprotonated chromophore at physiological pH (p K a = 5.7). The 
chromophore is also found in a highly planar confi guration. Thus, 
the conditions favoring a high fl uorescence yield are fulfi lled. In 
the  trans  confi guration, a very different scenario is found, where 
the phenolate group is interacting with the deprotonated Glu144, 
and the interaction of Arg66 with the imidazolinone being disen-
gaged. Consequently, there is a substantial change in the 
 chromophore electrostatic environment, and the latter is found 
completely protonated at physiological pH, with a p K a > 10. 

4.1  Negative 
Anthozoan RSFPs: 
On and Off States
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No ESPT (excited state proton transfer) is observed and the chro-
mophore is found to adopt a quite distorted geometry. Thus, the 
conditions favoring a high fl uorescence yield are not fulfi lled. The 
 trans -conformation is thermodynamically quite stable, taking a few 
hours to return to the  cis -conformation. This stems from the fact 
that the protein scaffold is able to accommodate the hydroxyben-
zylidene group of the  trans -chromophore with overall little defor-
mation, and by optimally rearranging the H-bond networks within 
the pocket. Some subtleties contribute to enhancing the stability of 
the  trans -state: for example, Ser142, which maintains a strong 

  Fig. 3    Crystallographic structures of the chromophore, its microenvironment, and the corresponding spectra 
for IrisFP. ( a ) In the more stable fl uorescent state (PDB ID 2VVH), the chromophore adopts a  cis  conformation 
and is deprotonated as observable by the major anionic absorption band peaking at 487 nm ( black spectrum ) 
that provides fl uorescence peaking at 516 nm ( green dotted spectrum ). ( b ) In the dark state (PDB ID 2VVI), the 
3D structure shows that the chromophore clearly adopts a  trans  conformation and is protonated as observable 
by the major neutral band peaking at 390 nm ( black spectrum ). The remaining fl uorescence signal ( green dot-
ted spectrum ) is due to a minor fraction of chromophores remaining in the  cis  conformation. Water molecules 
are represented as  red balls  and hydrogen bonds are represented as  black dotted lines        
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H-bond with the hydroxybenzylidene moiety in the  cis -state, 
engages with another H-bonding partner once the chromophore 
has been isomerized, as a compensation. Also, Glu212 directly 
interacts with the imidazolinone nitrogen in the  trans -state, pro-
viding further stabilization. 

 Similar schemes have been described for Dronpa [ 15 ] and 
mTFP0.7 [ 31 ], with some relatively minor variations. An impor-
tant peculiarity of Dronpa is that upon off-photoswitching, the 
seventh β-strand near the chromophore becomes disordered, as 
shown by NMR experiments [ 16 ]. As this strand forms part of the 
cross-dimer interface in the tetrameric parent of Dronpa, Dronpa 
photoswitching modulates its propensity to multimerize at high 
concentration. This property was ingenuously used to develop a 
new optogenetic approach [ 54 ]. Likewise, researchers took advan-
tage of the fl exibility-mediated photoswitching of Dronpa to 
develop a viscosity measurement assay [ 55 ].  

  Padron is a positive RSFP engineered from Dronpa [ 30 ,  56 ]. The 
two essential Met159Tyr and Val157Gly mutations were suffi cient 
to completely reverse the switching properties of Dronpa (hence 
the name “Padron”). The X-ray structures and absorption/fl uo-
rescence spectra of Padron in its on and off states are presented in 
Fig.  4 . In the on state, the confi gurations of the chromophore and 
of its immediate environment do not differ much from Dronpa or 
IrisFP. However, Ser142 adopts a different conformation than in 
Dronpa, which might be responsible for the substantial increase in 
the proton affi nity of the chromophore hydroxybenzylidene moi-
ety. Indeed, the chromophore exhibits a p K a of 6.0 (5.3 for 
Dronpa), meaning that at physiological pH a signifi cant fraction of 
the switched-on Padron molecules are protonated and nonfl uores-
cent. In the  trans  state, structural differences with negative RSFPs 
are striking: Tyr159 now establishes an H-bonding interaction 
with the chromophore phenolate, which maintains the latter in an 
anionic state, with a p K a of 4.5. His193, Arg66, and Glu211 
(equivalent to His194, Arg66, and Glu212 in IrisFP) do not 
change their conformation relative to the  cis  state, possibly because 
of the shifted location of Ser142, and this may in turn result in the 
severe torsion of the  trans  chromophore. Thus, the  trans  chromo-
phore is nonfl uorescent but exhibits an absorption spectrum simi-
lar to that of the fl uorescent on state (although somewhat broader 
presumably due to a larger conformational freedom).

     Photoswitching kinetics and pathways in RSFPs are controlled by 
the potential energy surfaces that connect the on and off states of 
the chromophore. The chromophore isomer conformation and 
protonation, in the ground and excited state, as well as the protein 
environment, are all involved. Therefore, modifying the chromo-
phore composition, or its environment, allows tuning properties 
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such as photoswitching rates, photon outputs, photostability, or 
pH-sensitivity. For example, Chang et al. [ 34 ] engineered the 
mGeos negative RSFPs by modifying the fi rst position of the chro-
mophore tripeptide and found that mGeos-M (with a methionine 
at this position) had the highest number of photons emitted per 
switching cycle amongst all green RSFPs. Likewise, Adam et al. 
[ 36 ] modifi ed the protein environment of the photo-convertible 
EosFP and Dendra2 PCFPs to engineer bi-photochromic variants 
with differing properties. 

  Fig. 4    Crystallographic structures of the chromophore, its microenvironment, and the corresponding spectra 
for Padron. ( a ) In the more stable dark state (PDB ID 3ZUF) the 3D structure shows that the chromophore 
adopts a trans conformation and is deprotonated as indicated by the major anionic absorption band peaking 
at 503 nm ( black spectrum ). ( b ) In the fl uorescent state (PDB ID 3ZUJ) the chromophore clearly adopts a  cis  
conformation. Absorption spectra reveal two bands, one peaking at 390 nm and corresponding to the neutral 
fraction and one peaking at 503 nm and corresponding to the anionic fl uorescent fraction peaking at 518 nm. 
Water molecules are represented as red balls and hydrogen bonds are represented as  black dotted lines        
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 In both positive and negative RSFPs, the exact order of events 
and the presence of intermediate states along the reaction pathway 
have been investigated. Because of its high quantum yield (~0.5), 
the back switching reaction in Dronpa could be experimentally 
interrogated by ultrafast spectroscopy. ESPT to an intermediate 
state I was proposed to occur, consistent with the observation of a 
signifi cant kinetic isotope effect (KIE) using deuterated samples 
[ 18 ]. In line with this view, theoretical calculations proposed that 
isomerization and deprotonation events during Dronpa off-on 
switching are concerted [ 21 ]. This view is also consistent with the 
elegant theoretical model of Olsen et al. [ 57 ], which suggests that 
to promote effi cient photoswitching, the protein environment 
should restrict torsion around the methylene phenoxy bond 
(P-bond) and promote torsion around the imidazolinone bond 
(I-bond) through suitable acid–base chemistry. However, these 
fi ndings were recently questioned by a Fourier Transform infrared 
study (FTIR) in which a  cis  protonated ground state intermediate 
was evidenced, strongly suggesting that deprotonation of the chro-
mophore rather occurs as a subsequent step to isomerization [ 23 ]. 
These contradictory observations show that the interpretation of 
ultrafast spectroscopic data is a delicate issue and corroborates the 
fact that many interrelated factors control photoswitching in RSFPs, 
the exact roles of which are diffi cult to disentangle. Moreover, hid-
den processes may take place and further complicate the matter: as 
an example, the recent study of Gayda et al. [ 45 ] on a mutant of 
IrisFP (called mIrisGFP) revealed that the neutral  cis  chromophore 
of mIrisGFP can isomerize to the neutral  trans  state much more 
effi ciently than the anionic  cis  chromophore (consistent with a bar-
rierless mechanism predicted by the Olsen model [ 57 ]). This phe-
nomenon however typically remains unnoticed, as back switching 
by the same illumination wavelength (405 nm) is even more effi -
cient, bringing back the neutral  trans  chromophore “immediately” 
to the  cis  confi guration. Several different switching processes may 
thus occur in parallel, even if at the ensemble level the spectroscopic 
footprint remains steady. Overall, the precise photoswitching mech-
anism of negative RSFPs still remains to be elucidated completely. 

 In positive RSFPs, work has been done on Padron and asFP595. 
A study of the asFP595-Ala143Ser mutant (displaying an enhanced 
fl uorescence quantum yield) by molecular dynamics suggested that 
on-switching was linked to chromophore  trans – cis  isomerization 
via a Hula-Twist mechanism, in which both I and P bonds change 
in a concerted manner to minimize the volume swept by the chro-
mophore during switching [ 14 ]. This view is however diffi cult to 
reconcile with the Olsen theory of isomerization through I-bond 
fl ip.  Ab initio  calculations and QC/MM molecular dynamics simu-
lations in asFP595 suggested that  trans – cis  isomerization occurs in 
the neutral state of the chromophore, followed by a dark state 
equilibration to a zwitterionic fl uorescent  cis  state [ 27 ]. In Padron, 
a different scenario was observed: two fl uorescent intermediates 
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along the on-switching pathway could be cryo-trapped [ 47 ]. The 
combined spectroscopic and crystallographic data suggested that 
 trans – cis  isomerization of the chromophore occurs entirely in the 
anionic state and precedes protonation. These experimental fi nd-
ings are in line with the latest results by FTIR in Dronpa [ 23 ]. 
They are also interesting in terms of structural protein dynamics. 
First, they reveal that full  trans – cis  isomerization of the Padron 
chromophore is possible at 100 K, a temperature at which protein 
dynamical breathing is essentially stalled. As heat dissipation upon 
photon absorption occurs on the picosecond timescale, a tran-
siently “hot” chromophore could account for this observation. 
Second, it was observed that protonation of the chromophore fol-
lowing isomerization only took place above the glass transition 
temperature (~200 K), suggesting that protonation involves 
exchange with the surrounding solvent. The fact that Padron can 
be effi ciently photoswitched at cryo- temperature opens interesting 
potential applications such as cryo- nanoscopy [ 47 ]. 

 Overall, as for negative RSFPs, the mechanisms governing fl u-
orescence switching in positive RSFPs are still not entirely under-
stood. The extent by which these mechanisms differ between 
members of each family also remains to be evaluated.  

  Surprisingly little structural information is available on RSFPs 
evolved from GFP derivatives. Amongst several pieces of indirect 
evidence, studies by vibrational spectroscopy [ 58 ] suggest that a 
chromophore  cis – trans  isomerization process similar to that found 
in Anthozoan RSFPs also takes place in these proteins. However 
structural evidence for a  trans  chromophore in Hydrozoan RSFPs 
is still lacking.  

  Positive and negative RSFPs are not optimal in that laser-light used 
for fl uorescence excitation also induces switching. The protein 
Dreiklang, evolved from the GFP variant Citrine, nicely overcomes 
this problem [ 40 ]. In Dreiklang, excitation at 514 nm does not 
induce signifi cant off-switching, whereas near UV-light at 365 and 
405 nm result in on and off switching, respectively. The existence 
of such decoupling had already been hinted at in previous experi-
ments with EYFP [ 10 ,  41 ]. In Dreiklang, this behavior was delib-
erately exacerbated by random mutagenesis, resulting in an 
unprecedented switching mechanism. Combined crystallographic 
and mass spectroscopy analyzes provided evidence that light- 
induced hydration-dehydration of the chromophore caused switch-
ing by disrupting the π-conjugated electron system (Fig.  5 ). 
Hydration of the C 65  atom of the imidazolinone moiety appeared 
to be facilitated by the proper positioning of a water molecule 
(Wat A ) held in place by hydrogen bonding between Tyr203 and 
Glu222 and putatively replaced in the switched-off state by another 
water molecule (Wat B ) garnered from the environment. However, 
the exact roles of the 4 mutations (Val61Leu, Phe64Ile, Tyr145His, 
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and Asn146Asp) relative to Citrine remain to be established. Also, 
the use of UV-light to induce on- and off-switching is prone to 
generate cytotoxicity. It is also not clear yet how the hydration/
dehydration processes can be light-activated in the protonated 
state of the chromophore.

5        Using RSFPs in Advanced Fluorescence Applications 

 Many exciting fi elds of science are nowadays explored by using 
photoswitchable fl uorescent proteins, including super-resolution 
fl uorescence microscopy ( see  Chapter   16     of this volume), 

  Fig. 5    Crystallographic structures of the chromophore, its microenvironment, and the corresponding spectra 
for Dreiklang. ( a ) In the more stable fl uorescent state (PDB ID 3ST4), the chromophore adopts a  cis  conforma-
tion and is deprotonated as observable by the major anionic absorption band peaking at 515 nm ( black spec-
trum ) that provides fl uorescence at 529 nm ( green dotted spectrum ). ( b ) In the dark state (PDB ID 3ST3) the 
water molecule Wat A  is found to hydrate the carbon C 65 , distorting the geometry of the imidazolinone ring. 
Absorption spectra reveal that both the neutral and the anionic forms have been converted to a blue-shifted 
absorption band peaking at 340 nm. Water molecules are represented as  red balls  and hydrogen bonds are 
represented as  black dotted lines        
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optogenetics, optical lock-in detection, frequency-domain imaging, 
sensor developments and biotechnological applications (Fig.  6 ). 
Some examples are described below.

    Single molecule localization microscopy (SMLM) was developed 
in 2006 with techniques such as photoactivated localization 
microscopy (PALM) [ 59 ,  60 ] and stochastic optical reconstruction 
microscopy (STORM) [ 61 ]. These super-resolution techniques 
are conceptually identical but use either phototransformable FPs 
(PALM) or blinking organic dyes (STORM) as highlighters. 
SMLM is nowadays very popular in that it does not require a com-
plex instrumental setup and provides the best spatial resolutions 
currently achievable. Irreversible photoconvertible FPs are gener-
ally preferred for PALM applications over RSFPs because they typi-
cally emit more photons per localized spot and are less prone to 
complications due to multiple localizations of a single molecule. 
Multicolor PALM, however, is diffi cult to achieve with PCFPs 
only, as currently available members do not display a large spectral 
separation. A solution to this problem has been found by achieving 
dual-labeling with a green-to-red PCFP such as EosFP and an 
RSFP such as Dronpa. The method relies on a sequential acquisi-
tion protocol: all EosFP molecules are fi rst photoconverted to 

5.1  Super-Resolution 
Fluorescence 
Microscopy by Single 
Molecule Localization

  Fig. 6    Panoply of possible applications using RSFPs in super-resolution imaging and biotechnology.  OLID  opti-
cal lock-in detection,  FDI  frequency domain imaging       
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their red-emitting state by 405-nm irradiation and detected by 
561-nm illumination with minimal effects on the Dronpa mole-
cules that are visualized subsequently with alternating 488 and 
405-nm illumination. This protocol succeeded in colocalizing a 
variety of proteins of interest [ 62 ,  63 ]. 

 Interestingly, the rich photophysics of RSFPs also allow acquir-
ing dual-labeling “false-multicolor” PALM data [ 30 ]. This can be 
accomplished by distinguishing RSFPs variants of similar colors 
based on properties such as positive vs. negative switching, or dif-
ferent photoswitching rates. 

 The capacity of RSFPs to produce intense fl uctuations of their 
emission signal recently permitted their application into a variant 
of SMLM called stochastic optical fl uctuation imaging (SOFI) ( see  
Chapter   17     of this volume). In its standard version, SOFI takes 
advantage of natural fl uorescence fl ickering to enhance image reso-
lution [ 64 ]. Photochromic SOFI (pcSOFI) [ 65 ] demonstrates 
improved signal-to-noise contrast and a two- to threefold enhance-
ment of the spatial resolution compared to diffraction-limited 
images, thanks to the possibility of precisely controlling the “fl ick-
ering” (switching) of RSFPs.  

  RSFPs can be advantageously used in nonlinear imaging because 
the saturation of their switching transitions leads to distinct min-
ima/maxima of fl uorescence depending on the illumination pat-
tern, even with low light intensities. 

 In confocal illumination mode, the concept of REversible 
Saturable Optical Linear Fluorescence Transitions (RESOLFT) 
[ 66 ] has been proposed as an alternative to the well-known 
STimulated Emission Depletion (STED) microscopy. In STED, a 
donut-shaped laser spot applied immediately after excitation by a 
diffraction-limited laser spot depletes emission of a standard fl uo-
rophore except for the central zero-intensity region of the donut 
beam. The diameter of the resulting effective point spread function 
decreases with increasing intensities of the donut-shaped beam, 
thus providing enhanced resolution. However, an enormous power 
density is required for this beam (typically MW/cm 2 ). Instead, 
when RESOLFT is used in combination with RSFPs [ 67 ,  68 ], the 
donut-shaped beam serves to switch off the label, a process which 
is not limited by the fl uorescence lifetime. Thus, albeit at the 
expense of a reduced time-resolution, this allows a huge decrease 
(up to six orders of magnitude) of the light intensity needed to 
break the diffraction barrier as compared to STED microscopy. 
This considerably reduces potential cytotoxic effects. 

 Increasing spatial resolution in RESOLFT implies achieving a 
higher number of switching cycles of the RSFP, while improving 
time resolution requires higher switching yields. The engineering 
of the well-known EGFP into rsEGFP [ 38 ] created an RSFP with 
much faster photoswitching rates than Dronpa and with a much 
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enhanced photoresistance, comparable to that of its parent EGFP. 
Recent modifi cations of this variant resulted in an even faster RSFP, 
named rsEGFP2, in which, as compared to rsEGFP, the mutations 
Val150Ala and Ser205Asn have been back-mutated and the fi rst 
amino acid of the chromophore was modifi ed (Thr65Ala) [ 39 ]. 
RsEGFP2 allows the application of RESOLFT microscopy with no 
more light than in conventional confocal microscopy and at 
unprecedented speed. 

 Similarly, very weak illumination intensities can be used when 
RSFPs are employed in combination with Saturated Structured 
Illumination Microscopy (SSIM), a nonlinear version of SIM [ 69 ]. 
In this wide-fi eld imaging technique, the sample is illuminated with 
a sine-shaped wavefront (structured illumination) that is modulated 
in phase and angle. From the interferences between the patterned 
illumination and the spatial response of the fl uorescent sample 
(Moiré fringes) a resolution increase by a factor of 2 can be achieved. 
To push the resolution further with standard fl uorophores, very 
intense illumination is required to saturate the singlet excited state 
S 1 , producing sharp fl uorescent fringes. The use of RSFPs such as 
Dronpa relies on saturating the long-lived off state instead of the 
short-lived S 1 , alleviating the need for high intensities [ 70 ].  

  Biphotochromic FPs combine the photophysical properties of 
both PCFPs and RSFPs into single PTFPs. IrisFP [ 35 ] was the fi rst 
member of this family: it can be irreversibly photoconverted from 
green to red and reversibly switched off in either the green or the 
red state. The monomeric variant mIrisFP was successfully used as 
a tool for two-color super-resolved pulse-chase imaging experi-
ments [ 71 ]. In this technique, a fraction of the molecules are fi rst 
photoconverted to their red-emitting state and let to diffuse within 
the cell. Using photochromic-based PALM, both the unphotocon-
verted (green) and photoconverted (red) molecules are then 
tracked at nanometric precision. Improved biphotochromic vari-
ants have been recently engineered [ 36 ]. In particular, NijiFP is a 
variant of the monomeric PCFP Dendra2 and demonstrated prom-
ising properties: low tendency to oligomerize, good spectral con-
trast between green and red states, and excellent photoswitching 
capability of the two forms. 

 PTFPs have been used to demonstrate the concept of biological 
data-storage, possibly in 3D [ 72 ]. Notably, rsEGFP has been shown 
to provide a remarkable support for rewritable ultrahigh density 
data storage [ 38 ]. Biphotochromic FPs open the route to quater-
nary data storage applications. Photoconverting to the red state half 
of a biphotochromic FP substrate spread on a surface, it becomes 
possible to achieve four optical combinations by switching off or on 
the green and red molecules. A base-4 encoding system is obtained: 
dark + dark = 0, dark + green = 1, dark + red = 2, red + green = 3, equiv-
alent in binary code to 00, 01, 10, and 11, respectively.  

5.3  Advanced 
Microscopy and 
Biotechnology with 
Bi-photochromic FPs
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  The use of RSFPs in optogenetics was recently introduced as an 
exquisite tool to control specifi c cellular activities through revers-
ible photoswitching [ 54 ]. Dronpa is a monomeric RSFP, but it was 
derived from a tetrameric parent. A single mutant of Dronpa 
(Lys145Asn), called PDM1-4 [ 73 ], was shown to exhibit a pro-
pensity to tetramerize in the switched-on state, whereas it remains 
monomeric in the off state. The crystallographic structure of 
PDM1-4 revealed a rigidifi ed tetramer interface, consistent with 
this fi nding [ 74 ]. A mixture of PDM1-4 and Dronpa was then 
shown to promote light-induced dimer-to-monomer conversion 
rather than tetramer-to-monomer conversion with PDM1-4 alone. 
The idea, then, consists in fusing a protein of interest (POI) at one 
end with PDM1-4 and at the other end with Dronpa. In the on- 
state, the two RSFP domains interact, “caging” the POI, while in 
their off state they split, restoring the POI activity. The method 
was applied to intersectin, a guanine nucleotide exchange factor 
that activates Cdc42. Upon 490-nm illumination, activation of 
Cdc42 by uncaged intersectin was monitored through the growth 
of fi lopodia, an obvious morphological change that was observed 
concomitantly with the disappearance of Dronpa fl uorescence due 
to switching. Using the same concept, it was possible to design a 
light inducible NS3-4A protease in the hepatitis C virus (HCV).  

  The interrelation between Dronpa photoswitching and β-barrel 
plasticity allowed yet another surprising application of this RSFP, 
this time as a sensor for solvent viscosity. Hydrodynamic changes 
exerted on Dronpa by an increasing viscosity were found to reduce 
the photoswitching rate of its chromophore [ 55 ]. Moreover, the 
authors demonstrated that fast-switching variants and more spe-
cifi cally Dronpa[Val157Ile/Met159Ala], named Dronpa-3 [ 29 ], 
are especially sensitive to viscosity changes: the photoswitching 
rate of Dronpa-3 slowed down by a factor of 4 when the glycerol 
concentration was increased from 0 to 90 %. This makes Dronpa-3 
an effi cient genetically-encoded reporter for microviscosity in vivo 
as demonstrated in the case of chromatin: a slightly more viscous 
environment was repeatedly measured when cells were in mitosis.  

  The synthesis of photochromic organic fl uorescent dyes allowed, a 
decade ago, the development of a novel approach for quantitative 
Förster resonance energy transfer (FRET) [ 75 ,  76 ]. In this photo-
chromic FRET (pcFRET) approach, modulations of fl uorescence 
emission by a donor molecule can be induced by reversible switch-
ing of a photochromic acceptor, allowing quantitative and repeat-
able determination of the FRET effi ciency between two molecules 
without the need to apply corrections based on reference images. 

 The recent engineering of the red-shifted RSFPs rsCherryRev 
[ 77 ] and rsTagRFP [ 78 ] allowed the conception of similar pcFRET 
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experiments using solely genetically encoded reporters. Coupled 
to EYFP as a donor, rsTagRFP revealed to be an excellent photo-
chromic acceptor [ 78 ] and allowed a precise quantifi cation of 
protein–protein interactions within living cells.   

6    Conclusion: Future Prospects for RSFPs 

 Reversibly switchable FPs are astonishing macromolecules that 
nowadays play a key role in state-of-the-art techniques based on 
light-induced protein manipulation. 

 In contrast to photoconvertible FPs that are found in nature, 
all RSFPs known so far are man-made, developed on the basis of 
FPs from both the Anthozoan and the Hydrozoan classes. Thus, 
there is probably little functional advantage to such switching capa-
bilities in marine organisms. On the contrary, an incredibly wide 
palette of applications has already been found by researchers, in the 
fi elds of advanced fl uorescence microscopy and biotechnology. 

 The mechanism underlying switching in RSFPs is generally 
based on  cis – trans  photoinduced isomerization of the chromo-
phore coupled with a protonation change. However, there are 
subtle differences between members, and despite signifi cant prog-
ress in the last years, reaction pathways and intermediate states pos-
sibly involved are still under debate. 

 An important aspect of future research in RSFPs photophysics 
will be to understand how blinking and bleaching, these phenom-
ena that are so characteristic in all FPs, interfere with photoswitch-
ing. Although hints have been provided already [ 79 ,  80 ], these 
stochastic events are diffi cult to capture and characterize. Yet, they 
are fundamental in the quest for future optimization of RSFPs, 
together with other properties, such as red-shifted fl uorescence or 
decoupled switching. 

 Our knowledge of fl uorescent proteins is constantly growing. 
However, experience has shown that the complex architecture of 
the β-barrel and its links to the chromophore is intricate to a degree 
that success in developing improved variants on the basis of ratio-
nal design alone has been so far the exception rather than the rule. 
It will be interesting to see if multi-residue rational design of a 
PTFP will eventually be successful, knowing that directed evolu-
tion approaches are currently bound to miss a large fraction of 
possible synergistic combinations of mutations. 

 Whatever the engineering approaches, surprising new proper-
ties will continue to emerge and, based on these, the palette of new 
RSFPs-based applications will continue to grow, so it is worth to 
stay tuned for amazing new developments.     
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    Chapter 13   

 Using Photoactivatable GFP to Track Axonal 
Transport Kinetics 

           Archan     Ganguly       and           Subhojit     Roy     

    Abstract 

   The advent of photoactivatable tools has revolutionized imaging of dynamic cellular processes. One such 
application is to visualize axonal transport—an intricate and dynamic process by which proteins and other 
macromolecules are conveyed from their sites of synthesis in the cell bodies to their destinations within 
axons and synapses. High-quality dynamic imaging of axonal transport using photoactivatable vectors can 
now be routinely performed using epifl uorescence microscopes and CCD cameras that are standard in 
most laboratories, yet this is largely underutilized. Here we describe detailed protocols for imaging cargoes 
moving in fast and slow axonal transport in axons of cultured hippocampal neurons.  

  Key words     Cytosolic proteins  ,   Soluble proteins  ,   Slow axonal transport  ,   Photoactivation  ,   PAGFP  , 
  Synapsin  ,   Neurofi laments  ,   APP  

1      Introduction 

 Typically, neurons have two distinct anatomical and functional 
domains—somato-dendritic and axonal. Axons usually extend for 
long distances, but the vast majority of proteins in a neuron are 
synthesized in the cell bodies. Therefore, neurons have intricate 
transport machineries that deliver proteins to distant sites within 
axons and synapses. Termed axonal transport, it is important to 
remember that this is not a developmental process, but is constitu-
tive, occurring throughout the life of the neuron. Classic pulse- 
chase radiolabeling studies defi ned the phenomenon of axonal 
transport. In these experiments, radiolabeled amino acids were 
injected into the vicinity of neuronal cell bodies in mice in vivo [ 1 ]. 
These amino acids were subsequently incorporated into newly syn-
thesized proteins in the perikarya and transported into axons by 
the cell’s innate transport machinery. By isolating axons and exam-
ining the radiolabeled profi les at various time points after injection, 
researchers identifi ed two overall “waves” of movement that they 
termed fast and slow axonal transport. The faster population 
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moved at overall rates of 50–200 mm/day and was composed of 
membranous proteins; and the slower population moved only at 
overall rates of 2–10 mm/day and was composed of cytoskeletal 
and cytosolic (or soluble) proteins [ 2 ]. 

 Even though radiolabeling studies characterized overall axonal 
transport, these methods could not visualize the movement, thus 
the identity of cargoes moving in slow and fast transport- 
components remained unclear. With advances in live imaging and 
development of fl uorescent-probes, many vesicular cargoes mov-
ing in fast axonal transport have been directly visualized [ 3 – 6 ]. 
However, cargoes moving in slow axonal transport have been dif-
fi cult to see. The main reason is that unlike vesicles that have dis-
crete, punctate profi les that can be easily tracked, slow transport 
cargoes such as cytoskeletal and cytosolic proteins are evenly dis-
tributed in axons, precluding visualization of individual moving 
elements. Moreover, the latter can have freely diffusible protein 
pools that make optical imaging challenging. To circumvent these 
issues, we and others have been using photoactivatable vectors to 
image such cargoes. The most commonly used photoactivatable 
vector is PAGFP (PhotoActivatable GFP). This is a modifi ed form 
of the GFP protein which has low basal fl uorescence in the native 
state, but upon activation by violet light (405 nm), there is a 100- 
fold increase in its fl uorescence. The basic idea is to photoactivate 
a small population of a given protein within an axon and to then 
track its dynamic behavior over time. These approaches can over-
come some of the caveats mentioned above with slow-transport 
imaging and have proven to be useful [ 7 – 13 ]. 

 Here we describe detailed protocols for axonal and somatic 
photoactivation of slow- and fast-component proteins tagged to 
PAGFP. The method uses a standard epifl uorescence microscope 
and cultured hippocampal neurons, but can be applied to other 
cultured cells as well.  

2    Materials 

       1.    Glass-bottomed dishes, uncoated (Mattek, Catalog# 
P35G-1.5-10-C).   

   2.    Poly- D -Lysine (Sigma–Aldrich).   
   3.    0.25 % Trypsin–EDTA (Invitrogen).   
   4.    HBSS (GIBCO).   
   5.     D -Glucose (Sigma–Aldrich).   
   6.    HEPES (Sigma–Aldrich).   
   7.    Pen-Strep (GIBCO).   
   8.    NaCl (Sigma–Aldrich).   
   9.    Boric acid (Sigma–Aldrich).   
   10.    Borax—Sodium Tetraborate anhydrous (Fluka).   

2.1  Neuronal Culture 
and Transfection 
Reagents

2.1.1  Reagents
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   11.    B27 (Invitrogen, Catalog# 17504-044).   
   12.    GlutaMAX (Sigma–Aldrich).   
   13.    Fetal bovine serum (FBS, Hyclone).   
   14.    10× PBS (Invitrogen).   
   15.    Opti-MEM (Invitrogen).   
   16.    Lipofectamine 2000 (Invitrogen).   
   17.    Laminar fl ow hood for sterile tissue culture conditions.   
   18.    5 % CO 2  incubator.   
   19.    Hemocytometer (for cell counting).   
   20.    1.5 in. coverslips.   
   21.    70 μm fi lter.   
   22.    Constructs for protein of interest tagged to PAGFP.

    (a)    PAGFP–synapsin—a gift from George Augustine, Duke 
University.   

   (b)    APP:PAGFP—a gift from Christoph Kaether, Jena, 
Germany.   

   (c)    PAGFP–Neurofi lament-M (PAGFP–NFM)—a gift from 
Anthony Brown, Ohio State University.       

   23.    Hibernate-E low fl uorescence medium (Brainbits, Catalog# 
HE-lf).      

      1.     Borax Buffer : 51.4 mM Boric acid, 23.6 mM Borax, ddH 2 O. 
Adjust pH to 8.5 and sterilize using a 0.22 μm syringe fi lter. 
Store at 4 °C for long-term use.   

   2.     HBSS  ( Dissection buffer ): HBSS, 4.44 mM  D -Glucose, 
6.98 mM HEPES. Adjust pH—7.3 and fi lter sterilize. Store at 
4 °C for long-term use.   

   3.     Poly - D - Lysine solution : Dissolve to obtain a fi nal concentration 
of 1 mg/mL in borax buffer.   

   4.     Neurobasal / B27  ( NB / B27 - neuronal culture media ): 
Neurobasal, 2 % B27, 1 % Glutamax and fi lter sterilized. 
Aliquots of NB/B27 are kept frozen at −20 °C for long-term 
use and at 4 °C for short-term use (up to a week).   

   5.     Blocking buffer : 30 % FBS, 70 % 1× PBS, fi lter sterilize using a 
0.22 μm syringe fi lter.   

   6.     Plating medium : 10 % FBS, 90 % Neurobasal/B27, fi lter 
 sterilize using a 0.22 μm syringe fi lter.   

   7.     Live imaging solution  ( HELF ): Hibernate-E medium, 2 mM 
GlutaMAX, 0.4 %  D -Glucose, 37.5 mM NaCl, 2 % B27. Ensure 
that the components are thoroughly mixed. Filter sterilize by 
using a 0.22 μm fi lter. Aliquot and store at −20 °C. Once 
thawed, each aliquot can be stored at 4 °C for up to 1 week.       

2.1.2  Buffers 
and Solutions

Imaging Axonal Transport by Photoactivatable Probes
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       1.    An inverted epifl uorescence microscope (Olympus) equipped 
with 40× and 100× oil-immersion objectives, a dual light 
source fl uorescence illuminator IX2-RFAW (Olympus), a 
CCD camera (CoolSnap HQ2 or similar), shutters IX2-SHA, 
a fi lter wheel and a pinhole.   

   2.    Mercury lamp (HBO 100 W).   
   3.    Violet excitation fi lter (D405/40, Chroma).   
   4.    Smart Shutter (Sutter Instruments).   
   5.    GFP cube set (Chroma, cat. no. U-N41001).   
   6.    Dichroic mirror (T495pxr, Chroma).   
   7.    Emission fi lter (HQ535/50).     

 The details of our microscope setup have been recently described 
in Roy et al. [ 8 ] and are not elaborated here. We use a custom-built 
device as described in Roy et al., but excellent photoactivation 
devices are also available commercially (Andor Technology, UK).  

      1.    Hibernate-E low fl uorescence medium (Brainbits, Catalog# 
HE-lf).   

   2.    Weather Station (Precision Control LLC) air stream incubator.   
   3.    Vibration-isolation table (TMC).   
   4.    Nitrogen tank.      

      1.    MetaMorph imaging software (acquisition module and offl ine 
module; MolecularDevices LLC, USA).   

   2.    MATLAB software, basic package (Math Works, USA).        

3    Methods 

 The overall goal is to obtain cultured neurons from hippocampi of 
mouse (or rat) brains, allow the neurons to grow to maturity, 
transfect the neurons with photoactivatable vectors tagged to the 
protein of interest, and then study the kinetics of the photoacti-
vated protein pools over time. 

      1.    Before dissection, add 100 μL of 1 mg/mL Poly- D -Lysine 
solution on to the inner well of each Mattek dish. Spread 
evenly and allow the coating to proceed for 2 h at room tem-
perature. After 2 h wash the dishes thrice with ddH 2 O. Dry 
the dishes thoroughly using an aspirator and let them sit in the 
hood until neurons are ready to be plated.   

   2.    Dissect out the hippocampus from the P0–P1 mice pups after 
rapid decapitation using a standard dissection protocol [ 14 ]. 
A good tutorial video demonstrating the procedure for 
 hippocampal neuronal culture is available on the following 

2.2  Live Imaging 
Equipment and 
Reagents

2.2.1  Microscope Setup

2.2.2  Live Imaging Setup 
and Solutions

2.2.3  Image Acquisition 
and Analysis Tools

3.1  Hippocampal 
Neuronal Culture

Archan Ganguly and Subhojit Roy



207

website:   http://www.ejnblog.org/2011/11/04/preparation-
of-neuronal- cell-cultures/    . Place the dissected hippocampi in 
ice- cold HBSS buffer before enzymatic treatment ( see   Notes 1  
and  2 ). Two hippocampi from each brain yield approximately 
60,000 cells after dissociation. Around 25,000 cells are plated 
per dish, so the number of hippocampi to be dissected needs 
to be calculated according to the number of dishes being 
plated. All dissections are carried out in ice-cold HBSS buffer. 
  Caution : Follow all relevant governmental and institutional 
ethics guidelines on the use of animals in research.   

   3.    Once the desired number of hippocampi have been collected in 
ice-cold HBSS transfer them to 10 mL of pre-warmed 0.25 % 
Trypsin–EDTA at 37 °C. Incubate the hippocampi for 15 min 
at 37 °C in a water bath. After 15 min, stop enzymatic diges-
tion by transferring the hippocampi to 10 mL blocking buffer.   

   4.    Transfer the hippocampi from the blocking solution to 5 mL 
of 1× PBS. Carry out two more washes in 5 mL 1× PBS. 
Transfer the hippocampi to a vial containing 1 mL of plating 
media for dissociation ( see   Note 3 ).   

   5.    Dissociate hippocampi in 1 mL plating media by triturating 
5–8 times with an unused P1000 pipette tip. The plating 
media should turn slightly turbid during the dissociation pro-
cess. Once this is achieved and no large chunks of tissue are 
seen fl oating in the media, the cell suspension is passed through 
a 70 μm fi lter. 10 μL of the sterile cell suspension is then used 
to count cells on a standard hemocytometer. 
  Caution :  steps 1 – 4  are strictly carried out in a laminar fl ow 
fume hood to maintain sterile cultures.   

   6.    After counting, about 25,000 cells/100 μL of the cell suspen-
sion are plated on to the center well of each poly- D -lysine coated 
dish. Adjust the cell dilution close to this value before plating.   

   7.    After plating, allow the cells to recover for 1 h in an incubator 
(5 % CO 2 , 37 °C). Then add 1.5 mL of neurobasal/B27 (NB/
B27) media to the culture dish and place the dish back in the 
CO 2  incubator. The health of the neurons is monitored for the 
next 7–8 days (days in vitro; DIV7–DIV8) and 0.5 mL of 
fresh NB/B27 is added to each dish every 48 h up to DIV7 
( see   Note 4 ). We usually study neurons that are at least DIV7–8, 
with well-defi ned axons and dendrites.      

      1.    A day before imaging, transfect the neurons with the desired 
PAGFP construct (PAGFP–synapsin, APP:PAGFP, or PAGFP–
NFM) and a soluble, cytoplasmic red fl uorescent protein to 
visualize the axons. Since the PAGFP constructs have minimal 
fl uorescence before photoactivation, co-transfection with fl u-
orescent markers such as monomeric red fl uorescent protein 
(mRFP) or mCherry is essential to identify axons suitable for 
photoactivation.   

3.2  Transfection 
and Live-Cell Imaging

Imaging Axonal Transport by Photoactivatable Probes
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   2.    To transfect fi ve dishes, aliquot 125 μL of OPTI-MEM into 
two 1.5 mL Eppendorf tubes. To the fi rst tube add 7.5 μL of 
Lipofectamine 2000 and mix well by pipetting. To the second 
tube add a total of 1.2 μg DNA of the desired PAGFP and 
soluble mRFP construct (in a ratio of 1:1) and mix well. Mix 
the contents of the two tubes and let them sit at room tem-
perature for 15 min.   

   3.    Meanwhile, warm NB/B27 in the water bath to 37 °C. After 
15 min add 5 mL of warmed NB/B27 to the OPTI-MEM 
mixture. Once this is done, collect and save the conditioned 
medium from each culture dish so that it can be added back to 
the cultures after the completion of transfection. Add 1 mL of 
the NB/B27 OPTI-MEM mix to each culture dish to be 
transfected. Incubate the dishes at 37 °C, 5 % CO 2  in the incu-
bator for 3 h with the transfection mix.   

   4.    After 3 h, remove the transfection media from each dish and 
wash the cells with 1 mL fresh pre-warmed NB/B27. Remove 
the NB/B27 and replace with the conditioned media collected 
from each dish before transfection. Allow at least 4–6 h post- 
transfection before imaging the cells; for most experiments, we 
image neurons 16–24 h post-transfection ( see   Notes 5 – 7 ).   

   5.    On the morning of imaging, turn on the stage incubator 
(Weatherstation) and let it equilibrate to 37 °C (this may take 
up to 1 h). Warm up the HELF (live imaging buffer) to 37 °C 
in a water bath. Now remove the NB/B27 in each transfected 
dish and rinse three times with 1 mL of pre-warmed HELF 
buffer. After the fourth rinse move the dishes to the 
Weatherstation and begin imaging ( see   Notes 8  and  9 ).   

   6.    Identify transfected neurons by looking at the soluble mRFP 
signal, using the 40× oil immersion objective. DIV8 neurons 
should have several dendrites and one single axon emanating 
from the soma. Avoid neurons which have an overtly complex 
morphology, especially those in which the morphological dis-
tinction between axons and dendrites is not clear. Usually, a long 
straight axon with minimal morphological variations is selected 
as indicated in Fig.  1a . Axons are identifi ed based on their mor-
phology alone, and this requires some practice ( see   Note 10 ).

       7.    Once an axon is selected, switch to the 100× oil-immersion 
objective and fi rst determine the axonal region of interest (ROI) 
to be photoactivated. This is done by using the soluble mRFP 
signal of the selected axon ( see   Notes 11  and  12 ), and an image 
is taken in the red channel (Fig.  1a , upper panel). The exact 
photoactivated ROI will depend on the instrument used. In our 
system (described in ref. [ 7 ]), the photoactivated area is a fi xed 
circular ROI, determined by a pinhole situated in the optical 
path. In other commercial instruments (Andor Instruments), 
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  Fig. 1    Photoactivation strategy to visualize synapsin transport in axons. ( a ) Representative images of an axon 
co-transfected with soluble mRFP and PAGFP–synapsin showing the photoactivated GFP ROI immediately after 
photoactivation.  Arrowheads  denote the boundaries of the photoactivated zone. ( b ) Kymographs of photoacti-
vated PAGFP:synapsin. Note that the synapsin fl uorescence disperses bidirectionally, but has an anterograde 
(distal) bias. The anterogradely biased plume of fl uorescence is better seen in the pseudocolor image of the 
kymograph above, where intensity ranges are represented by colors ( red : lowest intensity bin,  pink : highest 
intensity bin above background). Elapsed time in seconds shown on  left , scale bar is 5 μm. ( c ) Unlike the slow, 
anterogradely biased fl ow of synapsin, the free diffusion of untagged PAGFP is very rapid and unbiased. Elapsed 
time in seconds is shown on  left , scale bar is 5 μm. ( d ) Principle of the intensity center shift assay used to ana-
lyze axonal transport of soluble (SCb) proteins. PAGFP:synapsin kymographs ( above ), and its quantifi cation 
( below ). The  curves  below are overlays of selected line-scan intensities from successive frames in the 
PAGFP:synapsin movie that was used to generate the kymograph above. The  dashed vertical lines  mark the 
center of mass (centroid or “intensity-center”) of the line scan fl uorescence. Note the anterograde shift in the 
intensity- center over time. Gaussian curves are shown for clarity, but raw data are used for actual calculations. 
 AFU  arbitrary fl uorescence units. ( e ) The “intensity-center shift” curve for the example shown in ( d ). The numeri-
cal intensity-center value in each frame of the movie is plotted over elapsed time; note the anterograde bias of 
the fl uorescent population. Images adapted with permission from Scott et al. [ 9 ]       
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almost any desired region or shape can be photoactivated. Once 
this is done, the ROI in the axon is ready for photoactivation.   

   8.    For PAGFP, photoactivation is carried out by violet (405 nm 
excitation wavelength) light. The goal here is to photoactivate 
a subpopulation of molecules, so that they can be visualized 
reliably. The time of photoactivation for the sample is impor-
tant, as less than optimal activation would produce a poor sig-
nal, whereas excessive exposure of the sample to incident light 
may cause bleaching, or even toxicity. Accordingly, the exact 
time for which a sample needs to be activated has to be empiri-
cally determined by the user ( see   Note 13 ). In our setup (using 
a 100 W mercury lamp), we typically use 1 s of photoactiva-
tion to obtain a 10-bit GFP image for PAGFP–synapsin 
(Fig.  1a , lower panel). Following this, we acquire a movie 
which captures the movement of the activated protein over 
time. To track PAGFP–synapsin movement, we typically col-
lect ~30–65 s movies of 60–130 frames, at an interval of 
500 ms using 2 × 2 camera binning ( see   Note 14 ). The movies 
are then used to generate a line scan kymograph with a built-in 
function in MetaMorph. A line scan kymograph is a tool to 
depict motion of molecules in a linear structure (axon in this 
case). In our kymographs, time is depicted on the  Y -axis and 
distance on the  X -axis. A greyscale kymograph of the photo-
activated PAGFP–synapsin subpopulation and its correspond-
ing pseudocolor heat map are shown in Fig.  1b . Note the 
anterograde bias in the PAGFP–synapsin fl uorescence over 
time. In contrast, soluble PAGFP disperses bi-directionally, 
without any bias (Fig.  1c ). An intensity center shift assay was 
developed to calculate the rate of movement of the photoacti-
vated protein along the axon (Fig.  1d ,  see  Subheading  3.3  for 
details of this analysis). The overall rate of movement for syn-
apsin (0.1–0.3 μm/s) population (Fig.  1e ) is strikingly similar 
to rates seen with radiolabeling experiments [ 9 ].   

   9.    In addition to axons, neuronal cell bodies can also be photo-
activated using similar protocols. Figure  2  shows experiments 
where neurons were transfected with either PAGFP-tagged 
neurofi lament M or APP:PAGFP and the perikarya were 
 selectively photoactivated. Thereafter, the egress of photoacti-
vated neurofi laments (Fig.  2a ) was visualized in the dendrites. 
Kinetics of photoactivated APP:GFP vesicles in soma and 
axons can also be seen by these methods (Fig.  2b, c ). The 
movement of individual GFP-tagged APP particles can be 
tracked along the axon by live imaging as indicated by the 
colored arrows on the line scan kymograph (Fig.  2c ).

              1.    For photoactivated proteins where individual GFP-tagged par-
ticles are seen post photoactivation (APP-GFP) a simple line 
scan kymograph is generated using the built-in function in 

3.3  Image Analysis
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  Fig. 2    Visualizing neurofi lament and APP movement after somatic photoactivation. ( a )  Top left panels : Neurons 
were transfected with soluble mRFP and PAGFP–neurofi lament-M (NFM), and the neuronal cell body was 
specifi cally photoactivated ( dashed circle  in mRFP image represents photoactivated ROI at 40× magnifi cation). 
Note the expected fi lamentous appearance of GFP:NFM in the image immediately after activation. The  boxed  
region was selected for dynamic imaging, and the  bottom panels  show selected frames from the correspond-
ing time-lapse movie (the scaled mRFP image on  upper right  shows the emerging dendrites from this cell that 
were imaged).  Bottom panels : Sequence of images from a time-lapse movie of the dendrites within the boxed 
ROI above; elapsed time after photoactivation is shown on the  bottom left. Arrowheads  mark several neurofi la-
ments entering into the dendrites from the cell body.  Single arrowheads  mark a fi lament that entered into the 
top dendrite and paused for several minutes (note the elastic “curling” of the lagging end during the pause). 
The  double-arrowheads  mark other neurofi laments that moved during this time-lapse movie. Note the infre-
quent and intermittent nature of this transport in dendrites, as described by Brown and colleagues in the axon 
[ 11 ]. ( b ) Somatic photoactivation of PAGFP:APP ( dashed yellow circles  represent photoactivated ROI before and 
after photoactivation at 100× magnifi cation). Note the egress of APP vesicles into dendrites. ( c ) Axonal photo-
activation of PAGFP:APP,  vertical yellow lines  mark photoactivated ROI at 100× magnifi cation ( upper panel  ). 
Several discrete vesicles are photoactivated, some marked by  arrowheads . In the kymograph below, note the 
vectorial movement of discrete vesicles (elapsed time in seconds shown on  left  ). Scale bars, 5 μm       
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Metamorph (Fig.  2c , lower panel). Such kymographs provide 
suffi cient information about the movement of labeled particles 
along the axons/dendrites—for instance the slope of the moving 
particles represents their velocities, where steeper slopes indicate 
higher velocities. For example,  see  the analyses in Tang et al. [ 6 ].   

   2.    For soluble proteins like synapsin where fl uorescent molecules 
disperse as a plume of fl uorescence, a combination of imaging 
functions in Metamorph and custom written code in Matlab 
are used to determine the overall bias along an axon. The main 
goal here is to measure the position of the fl uorescence 
intensity- peak (centroid) along the axon, for every frame of a 
given movie. If there is a bulk movement of fl uorescence, then 
there would also be a corresponding shift in the centroid ( see  
Fig.  1d  and ref. [ 7 ] for more details). To measure the centroid, 
fi rst, determine the boundaries of the photoactivated zone by 
thresholding the fi rst frame of the time-lapse image series. Use 
a standard drop-down function in Metamorph to generate 
average intensity kymographs. This kymograph has informa-
tion about each successive  X -axis and  Y -axis coordinates which 
carry information about the time points of imaging and suc-
cessive distance from the proximal region of the axon. This 
generates a time distance plot which compresses the movie 
into a series of 2D images, facilitating further quantifi cation.   

   3.    Using a custom written code in Matlab basic package, the 
change in the center of fl uorescence mass is calculated for each 
time point in the movie. Briefl y, the center of mass for each 
individual horizontal line scan of a kymograph is calculated. 
Then the center of mass of the photoactivated region (fi rst 
frame) is subtracted from the center of mass for each subse-
quent frame. A shift in the center of mass with each subse-
quent frame in either direction represents a directional bias 
(Fig.  1d ). When line scans are drawn from the proximal to 
the distal direction a net anterograde bias is seen for a sam-
ple PAGFP–synapsin kymograph (Fig.  1e ). For a detailed 
description of the analysis and videos refer to refs. [ 7 ,  9 ]. We 
can provide Matlab codes upon request.       

4    Notes 

     1.    To obtain consistent hippocampal neurons with good cell via-
bility and transfection effi ciency, we prefer using early P0-early 
P1 mice pups. Older pups result in higher cell death and poor 
viability. An alternative is to use neurons from embryonic 
(E18) pups.   

   2.    During the hippocampi dissection, care should be taken to 
remove the fi mbriae attached to the hippocampi. If not 
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removed properly, this results in hippocampi aggregating dur-
ing dissociation, which leads to a lower cell yield.   

   3.    We recommend dissociating not more than ten hippocampi 
from fi ve brains in 1 mL of plating media for best cell yields. If 
more hippocampi are dissected, the dissociation should be car-
ried out in incremental amounts of plating media.   

   4.    Neuronal cultures are fed with 0.5 mL of fresh NB/B27 per 
dish every 2–3 days without removing any of the old medium 
for the fi rst week (DIV7). This is essential to maintain neurons 
in optimal health. Letting the neurons stay in the incubator 
for a long time without adding fresh media leads to evapora-
tion and change in the pH of the media.   

   5.    The amount of DNA to be transfected needs to be optimized 
for each PAGFP-tagged protein and soluble marker. Too much 
PAGFP-tagged protein leads to high basal levels of GFP fl uo-
rescence prior to photoactivation in the axons, which may cause 
inconsistent results after the intensity center shift analysis.   

   6.    Imaging should be performed between 16 and 24 h post 
transfection for consistent results.   

   7.    As a negative control for imaging soluble proteins by photoac-
tivation, one can co-transfect neurons with the empty PAGFP 
and soluble mRFP constructs using the transfection protocol 
described earlier.   

   8.    The Weatherstation (on-stage incubator) should be 
 equilibrated to 37 °C before performing experiments and sud-
den changes in the temperature of the station should be 
avoided during the imaging session to prevent focal drift.   

   9.    The HELF medium maintains a pH similar to NB/B27 at 
atmospheric CO 2  levels, eliminating the need for a CO 2  deliv-
ery system during live imaging for several hours. Neurons in 
HELF survive and axons continue to grow for at least 24–48 h 
[ 11 ,  15 ].   

   10.    Rigorous selection criteria should be implemented before axons 
are selected for photoactivation, especially for imaging cytosolic 
proteins which also invariably have a diffusible fraction. Since 
the axon selection is carried out based on the soluble mRFP 
signal it is important to select axons showing an optimal amount 
of RFP fl uorescence. It is important to exclude neurons express-
ing very high or very low levels of RFP, and this needs to be 
empirically determined by the user. In our case, we routinely 
determine the entire range of RFP signals from the transfected 
neurons in each dish and select axons with moderate fl uores-
cence in the RFP channel.   

   11.    We recommend selecting a region of the axon at least 200–
600 μm away from the soma of the neuron.   

Imaging Axonal Transport by Photoactivatable Probes
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    Chapter 14   

 In Vivo Cell Tracking Using PhOTO Zebrafi sh 

           William     P.     Dempsey    ,     Hanyu     Qin    , and     Periklis     Pantazis    

    Abstract 

   By combining the strength of previously described in vivo cell tracking methodologies, we have recently 
generated a set of transgenic zebrafi sh lines, called “PhOTO ( ph otoconvertible  o ptical  t racking  o f…)” 
zebrafi sh. PhOTO zebrafi sh lines are suitable for cell tracking during highly dynamic events, including 
gastrulation, tissue regeneration, tumorigenesis, and cancer/disease progression. Global monitoring of cell 
shape, cell interactions, e.g., cell intercalations, coordinated division, and cell dynamics are accomplished 
by using fl uorescence imaging of nuclear and plasma membrane fl uorescent protein labeling. The irrevers-
ible green-to-red photoconversion property of Dendra2 fusions enables noninvasive, specifi c and high-
contrast selection of targeted cells of interest, which greatly simplifi es cell tracking and segmentation in 
time and space. Here we demonstrate photoconversion and in vivo cell tracking using PhOTO zebrafi sh.  

  Key words     Photoconversion  ,   Dendra2  ,   Cerulean  ,   Lineage tracing  ,   Segmentation  

1      Introduction 

 The understanding of vertebrate development and disease has 
advanced considerably in recent years primarily due to two key 
advantages the zebrafi sh possesses as a model organism: The short 
life-cycle (i.e., the embryo develops to an adult fi sh in approxi-
mately 12 weeks) [ 1 ] and the ease to carry out classical forward 
genetic analysis has rendered the zebrafi sh a powerful vertebrate 
model organism to study human disease mechanisms in large-scale 
genetic screens [ 2 ]. In addition, the transparency of the developing 
embryo allows observing the fate and movement of single cells 
during development [ 3 ], providing insight into the formation of 
individual tissues, organs, and neural networks [ 4 – 7 ]. 

 To elucidate the complex cell dynamics (i.e., divisions, move-
ment, morphological changes) underlying zebrafi sh embryonic 
development, different experimental approaches have been devised 
to track cells with high fi delity in space and time. These methods 
can be classifi ed into two main categories: sparse/partial and global 
labeling and tracking. Partial labeling techniques have been 
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accomplished either by expressing fl uorescent proteins in certain 
cell types or tissue structures by genetic means (e.g., tissue specifi c 
promoter [ 8 – 10 ], random gene insertion [ 11 ,  12 ]) or by precise 
cell/tissue/organ injection of dyes or chemicals [ 13 – 15 ]. Global 
labeling takes advantage of ubiquitously expressing fl uorescent 
proteins under the control of a constitutive promoter [ 16 ,  17 ]. 
Whereas partial labeling introduces a high signal-to-noise ratio by 
tagging exclusively cells/tissue of interest, the acquired image 
sequences do not provide information about the context of the sur-
rounding tissue microenvironment. Global labeling provides 
opportunities to study the whole cell population, yet requires the 
use of sophisticated volumetric imaging setups and demands con-
siderable computational efforts for cell segmentation and tracking. 

 To combine the strengths of both partial and global labeling, 
we have recently generated transgenic zebrafi sh lines, collectively 
called the PhOTO [ 18 ] lines, that permit photoconvertible optical 
tracking of cell dynamics in vivo. PhOTO zebrafi sh ubiquitously 
express targeted blue fl uorescent protein Cerulean [ 19 ] and green-
to- red photoconvertible Dendra2 fusions [ 20 ]. By photoconvert-
ing Dendra2 noninvasive, nonrandom mosaic labeling of any 
subset of cells could be achieved at any time during development. 
Simultaneous monitoring of global cell behavior and morphology 
is achieved by visualizing spectrally distinct unconverted Dendra2 
and Cerulean fusion proteins, thereby improving accuracy for seg-
mentation and tracking of cells in vivo. We introduced two stable 
transgenic lines: PhOTO-N zebrafi sh ( Tg ( βactin2 : memb -Cerulean - 
2A    - H2B - Dendra2 )  zh21  ) constitutively expressing H2B-Dendra2 to 
label all nuclei and memb-Cerulean to label all membranes, and 
the complementary PhOTO-M zebrafi sh ( Tg ( βactin2 : memb -
Dendra2    - 2A    - H2B - Cerulean )  zh22  ) expressing H2B-Cerulean and 
memb-Dendra2 [ 21 ,  22 ]. Given that their expression persists 
throughout the lifecycle of the PhOTO zebrafi sh, lineage-tracing 
experiments can be performed during any stage in the lifetime of 
the zebrafi sh. 

 In this chapter, we describe a protocol to identify the optimal 
photoconversion conditions for Dendra2 exemplifi ed in mosaic 
PhOTO-N Casper zebrafi sh [ 23 ]. Casper ( mitfa   w2 / w2  ; roy   a9 / a9  ) 
zebrafi sh provide a unique transparent optical basis for deep tissue 
imaging throughout all developmental stages. The photoconver-
sion is rapid and nontoxic, circumventing experimental shortcom-
ings such as long incubation time or potential cytotoxicity seen 
with heat shock or drug inducible promoters for mosaic labeling. 
Photoconversion allows in vivo cell tracking during early stages of 
embryo gastrulation using PhOTO-N embryos. We anticipate that 
using PhOTO zebrafi sh for lineage tracing at the systems-level in 
the early embryo as well as in the adult fi sh will greatly facilitate 
research efforts to understand development, traumatic injury and 
regeneration, cancer progression, and stem cell behavior [ 24 – 28 ].  
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2    Materials 

 Standard materials commonly available in a zebrafi sh lab can be 
used for the following protocol. In addition, a laser scanning con-
focal microscope with an image processing workstation is required 
to perform cell-specifi c photoconversion of the fl uorescent protein 
H2B-Dendra2 in the living PhOTO-N zebrafi sh embryo and fur-
ther tracking of photoconverted proteins at later developmental 
stages. Alternatives of materials and equipment can be utilized 
according to experimenter’s purpose: 

      1.    Egg water: 20 mM NaCl; 2.2 mM CaSO 4  ⋅ 2H 2 O; 265 μL 
Methylene Blue solution 5 L deionized water.   

   2.    1 M 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES) buffer, pH 7.5.   

   3.    30× Danieau’s solution: 1,740 mM NaCl; 21 mM KCl; 12 mM 
MgSO 4  ⋅ 7H 2 O; 18 mM Ca(NO 3 ) 2 ; 150 mM 1 M HEPES buf-
fer; add deionized water to 1 L and adjust to pH 7.6.   

   4.    1 % Low melting temperature agarose in 30× Danieau’s solu-
tion: 5 g Low melting point agarose (SeaPlaque ®  Agarose, 
Cat.# 50100, Lonza); 500 mL 30× Danieau’s solution; 
Storage temperature 45 °C.   

   5.    0.5 % 25× Tricaine storage solution: Tricaine methanesulfo-
nate (Finquel ® /MS-222, AGENT Chemical Laboratories).   

   6.    25× PTU solution: 0.075 % (W/V) 1-phenyl-2-thiourea in 
egg water without Methylene Blue ( see   Note 1 ).   

   7.    Embryo tested mineral oil.   
   8.    0.5 % Phenol red solution in Dulbecco’s Phosphate-Buffered 

Saline (DPBS) (Cat.# P0290, Sigma Life Science).   
   9.    Nuclease-free water.      

      1.    WT:AB zebrafi sh.   
   2.    PhOTO-N(  Tg  (  βac t in2  :  memb  -  Cer u l ean  -  2A  -  H2B  -

 Dendra2 )  zh21  ) transgenic zebrafi sh line.   
   3.    Casper ( mitfa   w2 / w2  ; roy   a9 / a9  ) mutant zebrafi sh line.   
   4.    1.0 L clear polycarbonate breeding tank sets with lid and insert 

(AQUANEERING, Part No.# ZHCT100).   
   5.    Plastic plants and nets.   
   6.    7 mL, non-sterile, graduated Pasteur pipettes.      

      1.    PhOTO-N vector.   
   2.     Tol2  Transposase vector.   
   3.    mMESSAGE mMACHINE ®  High Yield Capped RNA 

Transcription SP6 Kit (Life Technologies™ Ambion ® , Cat.#1340).   

2.1  Solutions 
and Reagents

2.2  Fish Breeding 
Materials

2.3  Microinjection 
Equipment and 
Materials

In Vivo Cell Tracking Using PhOTO Zebrafi sh



220

   4.    Nanoinject II Auto-Nanoliter injector (Drummond Scientifi c 
Company).   

   5.    3.5″ Drummond#3-000-203-G/X replacement tubes 
(Drummond Scientifi c Company).   

   6.    P-1000 Flaming/Brown Micropipette Puller (Stutter 
Instrument).   

   7.    Embryo injection mold (TU-1, AdaptiveScienceTools).      

      1.    Two-well glass chambers (Lab-TEK Chambered #1.0 
Borosilicate Coverglass System, Cat.#155380, Thermo Fisher 
Scientifi c) ( see  Fig.  1b ).

       2.    150 mm disposable glass Pasteur pipettes ( see   Note 2  and 
 Note 3  ).   

   3.    Pipetting pump.   
   4.    Hair loop ( see  Fig.  1b, c ).   
   5.    Immersol™ W immersion fl uid (Carl Zeiss AG).   
   6.    Laser scanning microscope Zeiss LSM 780 with a 405 nm 

Diode laser, a 561 nm DPSS laser, and a 458 nm, 488 nm, 
514 nm argon laser (Carl Zeiss AG).   

   7.    Zeiss LSM 710 confocal microscope (Carl Zeiss AG).   
   8.    Olympus MVX10 Fluorescence MacroZoom stereomicro-

scope (Olympus Inc.) with X-Cite Series 120Q excitation light 
source (Lumen Dynamics).   

   9.    LD LCI PlanApo 25×/0.8 W objective (Carl Zeiss AG).   
   10.    20×/0.8NA Plan-Apochromat air objective (Carl Zeiss AG).   
   11.    ZEN 2011 software (Carl Zeiss AG).   
   12.    Imaris software (Bitplane AG).   
   13.    Photoshop CS6 (Adobe).       

2.4  Imaging 
Equipment and 
Materials

  Fig. 1    Embedding mosaic PhOTO-N Casper larvae. Lab-TEEK Chambered #1.0 Borosilicate Coverglass System 
(coverglass and chamber) ( b ) with embedded 2 dpf PhOTO-N Casper larvae (magnifi ed view shown in  a ). Hair 
loop ( b ,  right ) was made of a 200 μL tip ( yellow ) and human hair (magnifi ed end of the hair loop is shown in  c , 
hair loop diameter: 1.5 mm). Scale bar ( a ): 500 μm (Color fi gure online)       

 

William P. Dempsey et al.



221

3    Methods 

 All animal procedures detailed below were performed in accor-
dance with offi cial animal care guidelines and were approved by the 
Veterinary Department of the Canton of Basel-Stadt (Switzerland). 

      1.    Maintain fi sh at 14-h on/10-h off light cycle at 28 °C and pH 
~7.4, with salinity-controlled water conditions. Use adult fi sh 
(≥3 months old) for breeding.   

   2.    Static-tank spawning: Add one male and one female Casper 
zebrafi sh in each mating tank and separate the male from the 
female with a transparent plastic divider. Keep the zebrafi sh 
together for at least 12 h (i.e., overnight) prior to mating. Add 
plastic plants in the breeding tank to enrich the mating environ-
ment. Remove the divider when the light turns on ( see   Note 4 ).   

   3.    Preparation of injection mixture: Produce  Tol2  Transposase 
mRNA from  Tol2  Transposase vector by using the mMES-
SAGE mMACHINE ®  SP6 Kit. A 5 μL injection mixture con-
sists of 1 μL PhOTO-N plasmid DNA (100 ng/μL), 1 μL  Tol2  
Transposase mRNA (400 ng/μL), 1 μL Phenol Red (0.1 %, in 
DPBS), and 2 μL nuclease-free water. Keep the injection mix-
ture on ice before loading the solution into the injection nee-
dle. Prefi ll the injection needle with mineral oil. Unload a 
certain volume (~3 μL) of mineral oil and then load the pre-
pared injection mixture into the injection needle.   

   4.    Microinjection to generate mosaic PhOTO-N Casper zebraf-
ish: Harvest fertilized embryos within 15 min after the removal 
of the divider. Align fertilized embryos in the embryo holder 
fi lled with egg water. Find an appropriate position for the 
injection needle and perform microinjection at the zygote 
stage. Tol2 transposase proteins, translated during the early 
zebrafi sh development, recognize the  Tol2  elements fl anking 
the coding region of PhOTO-N. When the plasmid is present 
within a cell expressing these transposase proteins, the coding 
region of the PhOTO-N plasmid can be inserted randomly 
into the genome.   

   5.    Positive embryo screening: Screen embryos using a fl uores-
cence stereomicroscope approximately 4–6 h after injection for 
early gastrulation experiments or 24 h for other embryonic 
and larval stage experiments. Select brightly expressing mosaic 
embryos (positive embryos can make up to 30–50 % of the 
screened population depending on the experimenter’s injec-
tion skill and embryo quality) from the injected population 
and raise them in egg water at 28 °C until imaging at 2–5.5 
day post fertilization (dpf) ( see   Note 5 ).   

   6.    Embedding larvae: Anesthetize larvae in 0.015–0.03 % (w/v) 
Tricaine. Embed the larvae in 1 % (w/v) low melting temperature 

3.1  Preparation 
of PhOTO-N Casper 
Zebrafi sh Larvae for 
Photoconversion
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agarose with 30× Danieau’s solution containing 0.02 % Tricaine 
and place them laterally in the Lab-TEK Chambered #1.0 
Borosilicate Coverglass System using the hair loop [ 29 ] ( see  Fig.  1 ).      

       1.    Image acquisition of Dendra2 before photoconversion: 
Choose an appropriate objective for H2B-Dendra2 photocon-
version (e.g., LD LCI PlanApo 25×/0.8 W objective [Carl 
Zeiss AG]). For water objectives, apply one drop of water or 
one drop of immersion oil having the same refractive index of 
water (e.g., Immersol™ W immersion fl uid for the water 
objective (Carl Zeiss AG)) onto the objective. The following 
parameters were used in the in-house Zeiss 780 microscope 
system for image acquisition: 1 % of 488 nm laser power 
(~0.01 mW) and 20 % of 561 nm laser power (~0.4 mW) 
(power before the objective). Add a bright-fi eld channel if 
the overview of the gross anatomical structure is desired 
( see   Notes 6 – 8 ).   

   2.    Defi ne one or more regions of interest (ROI) for photocon-
version using the Zen 2011 software ( see   Notes 9  and  10 ).   

   3.    Photoconversion of Dendra2: Determine the power of the laser 
and the number of iterations empirically for each experimental 

3.2  Dendra2 
Photoconversion in 
PhOTO-N Casper 
Zebrafi sh Larvae

  Fig. 2    Photoconversion of nuclear Dendra2 in mosaic PhOTO-N Casper zebrafi sh using different combinations of 
laser power and iterations. Photoconversion effi ciencies were tested using different laser powers and iterations. 
 Green  and  red  H2B-Dendra2 fl uorescence was acquired post conversion. The  green  fl uorescence shows remain-
ing unconverted Dendra2 and the  red  fl uorescence indicates converted Dendra2. Five percentage laser excita-
tion in the software shows effi cient photoconversion around 250–1,000 iterations. Iterations between 50 and 
250 result in effi cient photoconversion using 20 % laser excitation. In contrast to low and medium laser excita-
tion power levels, high software power levels (40 and 80 % in our experimental setup) show poor photoconver-
sion effi ciencies. We defi ned the photoconversion effi ciency as the intensity of vanishing  green  and increasing 
 red  fl uorescence. Fluorescence intensity acquisition was taken within in the linear range of the detector (i.e., no 
pixels are saturated). Size of ROI for photoconversion: 75 × 75 pixel. Pixel dwell time: 3.15 μs. Scale bar: 50 μm       
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imaging setting ( see  Fig.  2 ). Based on our results, complete pho-
toconversion from green to red fl uorescence of H2B- Dendra2 
of the PhOTO-N  Casper  zebrafi sh larva within an ROI is 
achieved with low to medium excitation power settings com-
bined with medium to low scan iterations, respectively 
( see  Fig.  2 ). Under these photoconversion conditions, no pho-
totoxic effects were observed. In contrast, high-energy excitation 
power settings (e.g., 40 or 80 %) usually provided ineffi cient 
photoconversion with considerable phototoxicity (i.e., a notice-
able developmental delay) ( see   Notes 11  and  12 ). This observa-
tion is in contrast to experiments performing photoactivation of 
photoactivatable GFP (paGFP) in tissue [ 30 ,  31 ].

       4.    Perform image acquisition of Dendra2 after photoconversion 
with the imaging parameters provided under Subheading  3.2 , 
 step 1 .     

 Here, we demonstrate the feasibility of using PhOTO zebraf-
ish to track individual cells in vivo by photoconverting nuclear 
H2B-Dendra2 in PhOTO-N zebrafi sh at early gastrula stage.  

      1.    Preparation of PhOTO-N F1 embryos for time-lapse imaging: 
Obtain PhOTO-N F1 embryos from crossing PhOTO-N 
founders with WT zebrafi sh.   

   2.    Raise embryos in egg water at 28 °C.   
   3.    Screen and identify embryos positive for green fl uorescence 

(488 nm channel) with a fl uorescence stereomicroscope before 
the imaging experiment.   

   4.    Embed dechorionated positive embryos in 1 % (w/v) low 
melting temperature agarose with 30× Danieau’s solution 
(see Note 2 and Note 3).   

   5.    In vivo cell tracking during embryo gastrulation: Keep 
embryos between 26 and 32 °C throughout time-lapse experi-
ments, if possible using a heated chamber around the imaging 
stage. Note that for long-term time-lapse experiments, lower 
temperatures in this range are more optimal to reduce the 
metabolism of the embryo during imaging ( see   Note 13 ).   

   6.    Figure  3  is an example of successful photoconversion [ 18 ]. To 
generate this time-lapse, we used a 20×/0.8NA Plan- Apochromat 
air objective on a Zeiss LSM 710 (Carl Zeiss AG) confocal 
microscope ( see  Fig.  3a, b ). The photoconversion of Dendra2 
seen in Fig.  3  was carried out by 405 nm laser illumination of a 
set of nucleus-sized, circular regions of interest by defi ning an 
ROI within the zebrafi sh sample at the late gastrulation period 
on a Leica True Confocal Scanner SP5 Spectral High-Speed 
Confocal System with an acousto-optical beam splitter (AOBS) 
(Leica Microsystems, Inc., Deerfi eld, IL) ( see   Note 14 ).

3.3  In Vivo Cell 
Tracking During Early 
Gastrula Stage in 
Transgenic PhOTO-N 
Zebrafi sh
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       7.    Depending on the depth of the cells and the dynamic nature 
of the process in the  z -direction, differing  z -extents for optical 
stacks will be necessary. In this case, since there are few cell 
layers throughout much of the gastrulating embryo, we only 
required a  z -extent of ~10 μm. This enabled us to perform 
multicolor imaging to see all three fl uorescence channels, as 
well (see Fig.  3a ) ( see   Note 15 ).   

   8.    Image processing and analysis: Process images and time-lapse 
data of embryo gastrulation using Imaris (Bitplane AG) or a 
comparable image processing software that can handle four 
dimensional ( x ,  y ,  z , and  t ) images. Cell segmentation and 
tracking in Fig.  3c  was achieved in a semi-automated manner 
using the spot-tracking tool (for PhOTO-N nuclei) within 
Imaris (Bitplane AG). Similar tracking tools can be utilized for 
the membranes in PhOTO-M photoconverted cells, such as 
with the recently published automated cell morphology extrac-
tor (ACME) software [ 32 ] ( see   Note 16 ).       

  Fig. 3    Achieving high-contrast photoconversion of individual nuclei containing nuclear targeted mDendra2 within 
a live, multi-color labeled embryo. This is a cropped view of the animal pole region of an ~6 h time-lapse movie 
of cells within a transgenic PhOTO-N zebrafi sh embryo at the late gastrula period. Each image is a maximum 
intensity projection of 10.5 μm in depth, and four frames from the video are shown. ( a ) In the merged image of 
each color channel gives context to the photoconverted cells of the embryo. Membranes ( cyan ) outline each cell 
within the embryo, and both photoconverted ( red ) and non-photoconverted ( green ) nuclei can be seen through-
out the projected images. ( b ) In the segmented photoconverted ( red ) channel alone, one can easily make out the 
three individually photoconverted nuclei with high contrast within the embryo. ( c ) Each nucleus can be given a 
distinct identity (in this case  red ,  white , and  yellow  coloring) so that the cell divisions that occur between the fi rst 
and second panel are easily distinguished. Note that one cell and its daughter migrate below the fi eld of view 
between the third and fourth panels. Scale bar: 50 μm. This fi gure has been modifi ed from Dempsey et al. [ 1 ]       
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4    Notes 

        1.    25× is an appropriate concentration for the PTU stock solu-
tion, since it has a high solubility at this concentration. 25× 
PTU can be kept at 4 °C.   

   2.    Avoid exposing dechorionated embryos to air (especially at 
the air–water interface, where there is high surface tension) or 
plastic surfaces, since the embryos can easily break when 
exposed to mechanical stress.   

   3.    Plastic Pasteur pipettes are suitable for transferring embryos 
that have not been dechorionated. Once dechorionated, they 
tend to stick to plastic, so always use glass Pasteur pipettes 
(preferably with slightly fi re-polished ends in order to avoid 
damaging the fi sh).   

   4.    Tilt the breeding tank insert to create a shallow water area to 
promote females laying eggs during fi sh mating.   

   5.    Imaging in the absence of pigmentation can be achieved by 
using the transparent Casper zebrafi sh. Alternatively, inhibi-
tion of pigmentation can be achieved by incubating the zebra-
fi sh in 1× PTU in egg water starting at 24 hpf, changing the 
solution once daily [ 33 ].   

   6.    We recommend using 20–63× objectives for effi cient photo-
conversion. Please note that water immersion objectives are 
expected to yield a more effi cient photoconversion with 
the same imaging conditions than air objectives because of the 
reduction in refractive index mismatch between the sample 
medium and the objective.   

   7.    Perform a red fl uorescence pre-scan prior to the experiment to 
(1) ascertain whether there is any unexpected previously pho-
toconverted Dendra2 in the sample and (2) establish a 
 background level of red for comparison after the sample is 
photoconverted.   

   8.    For quantitative imaging, it is necessary to maintain the fl uo-
rescence intensity of especially the photoconverted species 
within the linear range of the detector. Calibration of the lin-
ear range of the detector using recombinant fl uorescent pro-
teins can enable accurate quantitative imaging of expressed 
protein species, if desired [ 31 ].   

   9.    We noticed that photoconversion is not precisely confi ned and 
often leads to signifi cant bleaching at the focus within the cho-
sen ROI when using an objective with NA > 0.8. Since the 
double-cone of excitation is much larger for high NA objec-
tives and the focal spot is tighter, there is a larger area of pho-
toconversion outside of the focus and higher nonlinear effects 
within the focus itself. Consequently, when using high NA 

In Vivo Cell Tracking Using PhOTO Zebrafi sh
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objectives, defi ne a smaller region of interest than you would 
for a lower NA objective (e.g., a circle defi ning 80–90 % of a 
nucleus instead of the entire nucleus itself) to reduce this 
excess off-target photoconversion and to reduce bleaching at 
the focus. Also, adjust the number of scan iterations and the 
laser power accordingly—usually, the reduction of both 
parameters is necessary.   

   10.    We noticed that the shape of the ROI affects the photoconver-
sion because of the directionality of laser scanning. In most 
commercial systems, scanning proceeds from left to right 
along the  x -axis before moving down the  y -axis, similar to 
your reading of this protocol now. Thus, the movement in the 
 y -direction proceeds much more slower than in the  x - direction . 
Consequently, shapes that have a high aspect ratio should be 
designed to have the longer side in the  x -direction. For exam-
ple, when designing a long rectangular region of interest, try 
to make sure that the long side of the rectangle is in the 
 x -direction, while the short end is in the  y -direction to allow 
faster scanning and more effi cient photoconversion.   

   11.    Photoconversion of Dendra2 can be accomplished by either 
405 nm laser power or high intensity 488 nm laser power. 
However, in our experience, pronounced photobleaching is 
favored over effi cient photoconversion at high power or long- 
term exposure at 488 nm. We suggest using 405 nm laser 
power to achieve an effi cient photoconversion. When taking 
the pre-photoconversion images, use low 488 nm laser power 
to avoid unexpected increases in photoconverted species dur-
ing long-term time-lapse imaging.   

   12.    To photoconvert molecules or cells that are highly dynamic, 
the use of medium excitation laser energy combined with min-
imal scan iterations (i.e., 4–8) is recommended. For relatively 
slow dynamic events (e.g., long-term regeneration), the use of 
low excitation laser energy with prolonged illumination is 
more suitable.   

   13.    Add embryo tested mineral oil onto the surface of fully solidi-
fi ed low melting temperature agarose for long-term imag-
ing to reduce evaporation while still allowing gas diffusion 
(e.g., O 2 ) to the sample.   

   14.    Because of the single-photon nature of the photoconversion 
process at 405 and 488 nm, it is often desirable to target small 
populations of nuclei that are sparsely localized in the 
 z - direction  (e.g., on the lateral or ventral sides of the embryo 
during epiboly) to limit unwanted photoconversion of cells 
above or below a given desirable focal plane.   

   15.    For long-term time-lapse imaging of dynamic processes on a 
commercial laser scanning microscope system, we recommend 
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focusing on as small of a  z  extent as possible (up to around 
50 μm in the  z -direction) to allow reasonable time resolution 
between frames to enable accurate segmentation even after 
cell division. Slower dynamic processes could require many 
fewer frames, and greater depths within the embryo can 
be visualized.   

   16.    Use a cell-tracking software such as Imaris or plugins for FIJI/
ImageJ to segment and keep track of photoconverted nuclei 
and the progeny of photoconverted cells from the PhOTO-N 
zebrafi sh lines.         
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    Chapter 15   

 In Vivo Optogenetics for Light-Induced Oxidative Stress 
in Transgenic Zebrafi sh Expressing the KillerRed 
Photosensitizer Protein 

           Cathleen     Teh     and     Vladimir     Korzh    

    Abstract 

   Optogenetic methods are gaining broad recognition. The zebrafi sh is particularly useful for these applications 
as a model vertebrate due to a unique combination of translucent embryos/larvae and effi cient transgenesis. 
Here, we describe a zebrafi sh model of light-induced cardiac defi ciency. Upon illumination with intense green 
light, the membrane-tethered photosensitizer protein KillerRed acts as a photoinducer of reactive oxygen 
species which in turn cause changes in heart rate and contractility in hearts that express this transgene.  

  Key words     Membrane-tethered photosensitizer  ,   ROS  ,   Heart rate and contractility  

1      Introduction 

 Zebrafi sh,  Danio rerio , is a popular vertebrate model animal with 
well-established tools for transgenesis [ 1 – 3 ]. It is compatible with 
in vivo imaging as the optically translucent larvae develop exter-
nally. The 5 days old and 4 mm long free swimming larvae are 
amenable to whole body imaging using standard microscopy tech-
niques. Optical translucence of embryos and larvae allows the non- 
invasive photo-induction of oxidative stress in transgenic larvae 
expressing the genetically encoded photosensitizer, KillerRed [ 4 ]. 
Here, reactive oxygen species (ROS) are produced upon KillerRed 
illumination with intense green light [ 5 ]. ROS production occurs 
near the chromophore of KillerRed [ 6 ]. Overt ROS production 
ultimately destroys the chromophore and results in photobleach-
ing of KillerRed, a useful readout of oxidative stress. Hence, a typi-
cal illumination experiment requires a transgenic larvae expressing 
at least two fl uorescent proteins, the fi rst being KillerRed, and a 
second—a photostable fl uorescent reporter protein that tolerates 
prolonged green light illumination, such as enhanced green fl uo-
rescent protein (EGFP) [ 5 ,  7 ]. The second reporter is necessary for 
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morphological and physiological analysis of illuminated tissue after 
KillerRed bleaching. Some outcomes of oxidative stress induced by 
KillerRed illumination include, but are not limited to, morphologi-
cal changes, cell death, abnormal heart beat [ 4 ,  8 ], behavioral 
changes [ 9 ,  10 ], etc. In this chapter the induction and analysis of 
heart failure are discussed in detail. The key characteristic of light-
induced ROS production in the KillerRed transgenic zebrafi sh is 
the rapid and noninvasive nature of experiment. This allows fol-
lowing the recovery response of illuminated tissue for days and the 
reiterative induction of oxidative stress in the same tissue after 
recovery of KillerRed fl uorescence. Of course, a prerequisite is that 
all experimental transgenic animals must be healthy so that photo-
induction of oxidative stress can truly model the transition to a 
diseased state. Here, we describe in detail the procedure of gener-
ating and growing transgenics, conducting a tissue- targeted illumi-
nation that elicits light-induced ROS production in the KillerRed 
transgenics, and optimizing larval survival despite repeated mount-
ing and immobilization in low melting point agarose.  

2    Materials 

      1.    Crossing tank consists of two compatible containers with the 
smaller mesh-bottom container placed on top of the holding 
one. The mesh separates the adults from the embryos until 
their collection.   

   2.    Plastic and glass petri dishes 90 × 15 mm for embryo culture.   
   3.    Incubator to culture zebrafi sh embryos at 28.5 °C.   
   4.    Transfer pipettes to pick up unfertilized/dead embryos.   
   5.    Egg water for growing zebrafi sh embryos: 0.6 g of aquarium salt 

(Red Sea Fish Pharm, Israel) per 1,000 ml of deionized water.   
   6.    Egg water with 1-Phenyl-2-thiourea, PTU (Sigma-Aldrich, 

USA). 50× stock is made by dissolving 0.15 g PTU in 50 ml 
of deionized water. 1× egg water with PTU is prepared by 
adding 1 ml of PTU stock solution to 50 ml of egg water.   

   7.    Zebrafi sh were maintained according to established protocols 
in agreement with Institutional Animal Care and Use 
Committee regulations (Biological Resource Center of 
Biopolis, license no. 050096) and rules of the Institute of 
Molecular and Cell Biology zebrafi sh facility.      

      1.    We recommend the use of KillerRed and EGFP transgenic lines 
with well characterized spatial temporal expression patterns. In 
this study, we describe two transgenic lines: fi rst, SqKR15 
(  http://plover.imcb.a-star.edu.sg/webpages/memKR15.
html    ), which expresses the membrane-tethered KillerRed in 

2.1  Setting Up 
Zebrafi sh Crosses and 
Growing Embryos

2.2  Screening 
Transgenic Larvae

Cathleen Teh and Vladimir Korzh
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the heart and retina, lens, pigmented epithelium, olfactory 
placode, telencephalon (olfactory bulb), hindbrain (cerebel-
lum, r3, r5-6, radial cells), jaws, enveloping layer, and noto-
chord [ 5 ]; second, SqET33-mi3a with strong EGFP expression 
in the heart ventricle [ 11 ].   

   2.    Fluorescence stereo dissecting microscope equipped with fl u-
orescence fi lter sets for detection of green and red fl uorescent 
proteins (MVX10 ®  MacroView, Olympus, Japan).   

   3.    Petri dishes (90 mm) for larvae collection.   
   4.    3 ml Transfer pipettes to pick up larvae.   
   5.    Egg water with PTU (to block melanin formation).      

      1.    1 % UltraPure™ low melting point agarose in water.   
   2.    250 ml Duran ®  screw cap laboratory glass bottle.   
   3.    Uncoated glass bottom culture dishes (35 mm; MatTek 

Corporation, USA) for microscopic imaging.   
   4.    150 mm glass transfer pipette.   
   5.    Rubber bulbs for glass transfer pipettes.   
   6.    3 ml and 1 ml transfer pipettes.   
   7.    1 ml syringe with detachable 30G × 1/2 in. needle.      

      1.    Upright compound microscope (Zeiss Axioplan 2) with Zeiss 
fi lter sets [38HE (EGFP/FITC/ALEXA488; ex470/40, 
em525/50) and 43HE (Cy3/DsRed/Rhodamine; ex550/25, 
em605/70); Zeiss, Germany].   

   2.    A 5×/0.12 objective of the upright compound microscope 
(Zeiss, Germany).   

   3.    AxioVision image acquisition software (Zeiss, Germany).   
   4.    Illuminator power supply (ebq100 dc).   
   5.    Illuminator with mercury short arc lamp with refl ector 

(HBO103W/2; OSRAM, Germany).   
   6.    Microscope glass slide (clear glass with ground edges).   
   7.    Glass-bottom petri dishes with agarose-mounted transgenic 

larvae.   
   8.    1 ml syringe with detachable 30G × 1/2 in. needle.      

      1.    Zeiss Axiovert 200 M Cell Imaging System microscope.   
   2.    AxioCam HSm (high-speed camera; Zeiss, Germany).   
   3.    Colibri LED illumination setup (470 nm to visualize GFP; 

Zeiss, Germany).   
   4.    AxioVision image acquisition software.   
   5.    LSM 5 LIVE high speed confocal laser scanning microscopy 

(Zeiss, Germany) with 488 nm and 532 nm laser lines.   

2.3  Mounting 
Transgenic Larvae 
for Tissue Targeted 
Illumination

2.4  Tissue-Specifi c 
Illumination to Induce 
Oxidative Stress

2.5  Image 
Acquisition and Data 
Analysis of Larvae 
Heartbeat

Transgenic Zebrafi sh for In Vivo Study of Oxidative Stress 
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   6.    20×/0.5 objective for embryo imaging.   
   7.    Zeiss LSM software for image acquisition using LSM5 LIVE 

(Zeiss, Germany).   
   8.    Zeiss LSM software (Zeiss, Germany) or Image J (NIH, USA) 

to retrieve and process images in database.       

3    Methods 

      1.    Crosses are set up in the evening after adult fi sh completed 
daily meals. Transfer system water into the crossing tank such 
that the mesh-bottom container is immersed in approximately 
3–4 cm of system water before transferring transgenic males 
and females into the crossing tank using a fi sh net. Clearly 
label the crossing tank stating the identity of male and female 
transgenic parents used for the cross so that the adults can be 
correctly transferred back to the system tank after breeding.   

   2.    Transfer embryos from the bottom of crossing tank into a 
sieve. Wash embryos with tap water before transfer into 90 mm 
plastic/glass petri dishes (50–100 of embryos per dish) con-
taining 20 ml of 1× egg water (buffer) to ensure normal devel-
opment ( see   Note 1 ). Culture embryos in a 28.5 °C incubator 
( see   Note 2 ). Unfertillized eggs and dead embryos can be 
identifi ed using a stereomicroscope and should be removed 
with a transfer pipette to ensure healthy growth of larvae.   

   3.    Melanin interferes with photo-induction of oxidative stress 
and optical imaging. To inhibit melanin formation, change 
water to egg water containing 1× PTU ( see   Note 3 ) after 
embryos reach 22 h post fertilization stage.      

      1.    Use a fl uorescent stereomicroscope equipped to visualize 
KillerRed and EGFP. A clutch of transgenic embryos must be 
screened to identify and isolate those with dual expression of 
KillerRed and EGFP. First transfer all KillerRed-positive trans-
genic larvae into a separate 90 mm petri dish containing egg 
water with 1×PTU using a 3 ml transfer pipette. Screen these 
for EGFP expression. Transfer the double transgenics into a 
separate petri dish containing egg water with PTU using a 
3 ml transfer pipette ( see   Note 4 ).   

   2.    Transfer the siblings expressing only EGFP into a separate 
petri dish containing egg water with 1×PTU. These larvae will 
be used as the illuminated control ( see   Note 5 ).   

   3.    Unless larvae hatched on their own, remove chorions manu-
ally with sharp forceps or needles (in a non-sticky glass petri 
dish) for subsequent mounting of larvae in the low melting 
point agarose.      

3.1  Growing 
Transgenic Larvae

3.2  Screening 
of Transgenic Larvae

Cathleen Teh and Vladimir Korzh
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      1.    Add 100 ml of deionized water to 1 g of low melting point 
agarose granules in a 250 ml screw-capped laboratory glass 
bottle. Microwave the agarose mix until the agarose granules 
completely dissolve. Swirl the agarose granules and reheat the 
agarose mix until it bubbles. This process is repeated twice. 
Transfer 1.5 ml aliquots of liquid agarose into Eppendorf 
tubes and store at 37 °C ( see   Note 6 ). Aliquots for mounting 
transgenic larvae should be kept at 30 °C at least 30 min 
before mounting to make agarose more viscous. Although 
embryos tolerate limited exposure to temperature up to 40 °C, 
this causes heat shock (also  see   Note 2 ).   

   2.    An upright microscope is used to conduct the illumination 
experiment and the larvae must be positioned and mounted 
before illumination in such a way that the target tissue is posi-
tioned as close to the agarose surface as possible. Transfer 4–5 
transgenic larvae into a glass-bottom culture dish and remove 
as much egg water as possible using a glass transfer pipette 
attached to a rubber bulb ( see   Note 7 ). Use a 1 ml transfer 
pipette to dispense a drop of the viscous low melting point 
agarose into the glass-bottom culture dish holding the larvae. 
Use the 1 ml transfer pipette to position the larvae near the 
agarose surface. Use the 1 ml syringe with needle to position 
and align the larvae as close to each other as possible and the 
tissue targeted for illumination, in this case the heart, should 
be as close to agarose surface as possible. To prevent mounted 
larvae from drying, add 1 ml of water to the dish of mounted 
larvae after the agarose has completely set, usually 10 min after 
immobilization of larvae in agarose.      

      1.    Turn on the mercury lamp illuminator power supply 15 min 
before conducting the illumination experiment to achieve a 
stable light output.   

   2.    Move the stage away from the 5× objective and place the petri 
dish with closely aligned, mounted larvae on the microscopic 
stage ( see   Note 8 ). Adjust the light path to direct 100 % light 
to the eyepiece, turn a condensor into the “bright fi eld” posi-
tion, and place the cluster of mounted larvae in the beam of 
light. Position a block under the 5× objective so all mounted 
zebrafi sh larvae will be seen. Use the AxioVision image acquisi-
tion software to capture a fl uorescent image of the mounted 
embryos in both channels before prolonged exposure to green 
light to trigger oxidative stress (ex550/25 nm). Turn on the 
Rhodamine fi lter and focus on the target KillerRed-positive tis-
sue (heart). Illuminate larvae with intense green light of the 
mercury lamp until obvious photobleaching of KillerRed starts. 
Acquire an image of larvae after KillerRed bleaching (Fig.  1 ). 
Under these conditions with several larvae simultaneously 

3.3  Mounting 
Transgenic Larvae 
for Tissue-Specifi c 
Illumination

3.4  Tissue-Specifi c 
Illumination to Induce 
Oxidative Stress

Transgenic Zebrafi sh for In Vivo Study of Oxidative Stress 
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exposed to intense green light, the duration of illumination 
varies from 30 min to an hour. Some level of photobleaching 
must be observed to indicate that suffi cient ROS have been 
produced to degrade KillerRed chromophore. The length of 
illumination will depend upon the intensity of light generated 
by the mercury lamp. Hence, a decrease in KillerRed intensity 
after exposure to green light must be noted to standardize 
treatment ( see   Notes 9  and  10 ).

       3.    High-speed image acquisition is required to accurately follow 
cardiac contraction and dilation. Illuminated larvae have to be 
remounted if the high-speed camera is attached to the inverted 
microscope as image acquisition requires mounted zebrafi sh 
larva to be positioned as close to the bottom of the glass- 
bottom dish as possible. First add 2 ml of water into each dish 
of mounted larvae. Then use a 1 ml syringe attached to a 
30G × 1/2 in. needle to dislodge agarose surrounding the 
 larvae cluster. Transfer freed larvae into another glass-bottom 
petri dish. Remove as much water as possible before adding a 
viscous drop of low melting point agarose ( see   Note 11 ). Use 
the needle to position each embryo as close to the bottom of 
the dish as possible until agarose has set. Cover the agarose 
drop with water 10 min after agarose has set.      

      1.    For image acquisition of the beating heart, the Axiocam HSm 
camera (18 frames/s) attached to an inverted Zeiss Axiovert 
200 M microscope or LSM5 LIVE high-speed laser-scanning 
microscope (60 frames/s) has been used. Time-lapse movies 
of the EGFP-positive heart are recorded for both control 
and experimental larvae ( see   Note 12 ). EGFP illumination is 
powered by a 470 nm LED from the Colibri LED illumination 

3.5  Image 
Acquisition and Data 
Analysis of Larvae 
Heartbeat

  Fig. 1    Illumination of KillerRed transgenic larvae by intense green light bleaches KillerRed. Images of transgenic 
larvae (KR15) before illumination ( a ) and 40 min after illumination ( b ). Images are acquired under identical 
 settings to illustrate a similar decrease in fl uorescence intensity in all larvae. A ×5 objective was used for 
 illumination with intense green light       
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setup attached to the Zeiss Axiovert 200 M microscope or the 
489 nm laser line in LSM5 LIVE. Continuous image acquisi-
tion over 30 s is recorded and saved as a .zvi fi le or .lsm fi les.   

   2.    Open the .zvi or .lsm fi le using Image J software and select the 
rectangle area selection tool to demarcate the region of inter-
est, where contraction and dilation of the heart ventricle are at 
their maximum. To plot dynamic changes in pixel intensity over 
time, select Image > Stacks > Plot  z -axis profi le. This generates a 
graph documenting a variation of mean pixel intensity over a 
30 s interval (Fig.  2 ). The graph fi le is accompanied by the text 
fi le, which contains mean intensity values in the rectangular 
area of all analyzed frames. This allows identifi cation of frames 
illustrating contraction (maximal mean intensity) and dilation 
(minimal mean intensity) of the ventricle.

  Fig. 2    Illumination of KillerRed transgenic larvae by intense green light causes cardiac defi ciency. Changes in 
dynamic mean intensity illustrated by graphs generated using Image J. Changes in frequency of peak intensity 
and range of mean intensity in unilluminated transgenic control larvae ( a ) and after induction of heart failure 
in KR15 larvae ( b ). Note the decrease in the frequency of the peak mean intensity, an indicator of reduced 
heartbeat, after illuminating KR15 transgenic line. The ventricle also cannot contract or dilate as much when 
compared to unilluminated transgenic control larvae resulting in a small ventricle ( b ). A bar chart summarizing 
a decrease in heart rate ( c ) and contractility ( d ) observed in fi ve illuminated larvae after photo- induction 
of oxidative stress in heart expressing the KillerRed photosensitizer. Values are presented as mean ± SEM. 
 P  values are derived from unpaired  t  tests and signifi cant decrease in heart rate ( P  = 0.0025) was observed 
after illumination. The decrease in contractility is not signifi cant ( P  = 0.37) due to phenotype variation       
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       3.    To export all image sequences as Tiff fi les, fi rst select 
Image > Type to set the image format to 8 bit. Then select 
File > Save as > Image sequence > Start at 1 to export all the 
images into a folder for follow-up heartbeat and contractility 
analysis. The frame number in each image should now be 
related to a mean intensity reading recorded in the raw data 
text fi le. In the raw data text fi le, note down 5 consecutive 
frame numbers with maximal (ventricle contraction; systole) 
and minimal (ventricle dilation; diastole) mean intensity val-
ues, where the maximal and minimal values are represented by 
peaks and dips in the graph. Take note of the number of frames 
required to complete one heartbeat, which is defi ned by the 
completion of one systole- diastole cycle. Now heartbeat per 
minute = total number of frames per minute/number of frames 
per heartbeat. Contractility of the heart ventricle can be calcu-
lated based on the image sequence, where images with the 
maximal (systole) and minimal values (diastole) in one heart-
beat are opened using Image J software. Mark the ventricle 
diameter with the line selection tool then select 
Analyze > Measure to record the  diastolic and systolic diame-
ters of 5 consecutive heartbeats. Measurements recorded in 
the raw data text fi le are required for calculation of heart con-
tractility using the % of fractional shortening (%FS) for-
mula = [(diastolic diameter − systolic diameter)/diastolic 
diameter] × 100. Mean values for heartbeat and contractility 
(%FS) based on 5 consecutive heart contractions can then be 
compared between different experimental groups (Fig.  2 ).       

4    Notes 

     1.    Do not add too much water into a petri dish for zebrafi sh cul-
tivation; the volume of egg water should not exceed half petri 
dish volume. Periodically remove dead embryos and unfertil-
ized eggs and replace water. Follow these rules to ensure opti-
mal aeration and facilitate healthy embryo growth.   

   2.    Zebrafi sh larvae can be cultured at a range of temperature 
(22–30 °C) without compromising their survival.   

   3.    Preparation of 50×PTU stock solution (0.15 g per 100 ml 
water) requires long stirring. This stock solution can be stored 
at room temperature. Effective inhibition of melanin formation 
requires egg water with 1×PTU to be added to larvae starting 
from 22 h post fertilization (hpf). When starting suppression of 
melanin formation in older embryos (before 32 hpf), increase 
PTU concentration 2×. This delay will result in incomplete 
inhibition of melanin formation.   
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   4.    Study the spatial temporal expression pattern of each trans-
gene in advance. For example, if the eye is the fi rst tissue that 
expresses KillerRed followed by that in the heart, the trans-
genic could be fi rst identifi ed by eye expression before the 
heart expression becomes obvious during later development. 
The early identifi ed transgenics will express KillerRed in the 
heart later on. It is more diffi cult to screen older larvae under 
a fl uorescent stereomicroscope after they hatch and swim 
freely in the dish. Immobilization of larvae with MS222 (tric-
aine, 3-amino-benzoic acidethylester) during screening for 
transgene expression is not recommended, since this drug may 
affect results of illumination.   

   5.    Transgenic larvae expressing only EGFP are used as illumina-
tion control.   

   6.    Dissolve low melting point agarose in deionized water. A fresh 
batch of 1 % low melting point agarose must be prepared by 
reheating when it takes a longer time to position the mounted 
larvae in agarose. Remove residual water from the culture dish 
after larvae transfer since it will dilute the agarose and slow 
down its polymerization.   

   7.    If an upright compound microscope is used to induce ROS 
production in transgenic zebrafi sh larvae expressing KillerRed, 
the larvae must be aligned close to each other and mounted at 
the same height within the agarose block so the light beam will 
illuminate all of them with the same intensity. For best aeration 
and illumination larvae are placed as close to the top of agarose 
block as possible. Hence, a beginner may start with mounting 
a single embryo and increase larval number as skills mature.   

   8.    To mount the glass-bottom culture dish onto a microscope 
use the specimen holder. In its absence a microscopic glass 
slide can be placed underneath the glass-bottom dish.   

   9.    Light intensity can be measured with a fi ber optic power meter 
(Thorlabs, USA). The mercury short arc lamp must be 
changed once its life-span ends or when KillerRed photo-
bleaching becomes ineffi cient.   

   10.    The illumination experiment requires standard illumination reg-
imen for transgenic larvae expressing the GFP reporter in the 
target tissue (negative illumination control), double (KillerRed-
EGFP) transgenic larvae with both transgenes expressed in the 
same target tissue (experimental sample) and non-illuminated 
KillerRed/EGFP transgenic larvae (negative control).   

   11.    Do not add more than 50 μl of agarose when larvae are 
mounted for imaging using the inverted microscope as older 
larvae do not survive well upon prolonged incubation. Only 
add enough agarose to immobilize the larvae.   

Transgenic Zebrafi sh for In Vivo Study of Oxidative Stress 
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    Chapter 16   

 Photoactivatable Fluorescent Proteins 
for Super-resolution Microscopy 

           Yuji     Ishitsuka    ,     Karin     Nienhaus    , and     G.     Ulrich     Nienhaus    

    Abstract 

   Super-resolution fl uorescence microscopy techniques such as simulated emission depletion (STED) 
microscopy and photoactivated localization microscopy (PALM) allow substructures, organelles or even 
proteins within a cell to be imaged with a resolution far below the diffraction limit of ~200 nm. The develop-
ment of advanced fl uorescent proteins, especially photoactivatable fl uorescent proteins of the GFP family, 
has greatly contributed to the successful application of these techniques to live-cell imaging. Here, we will 
illustrate how two fl uorescent proteins with different photoactivation mechanisms can be utilized in high 
resolution dual color PALM imaging to obtain insights into a cellular process that otherwise would not be 
accessible. We will explain how to set up and perform the experiment and how to use our latest software 
“a-livePALM” for fast and effi cient data analysis.  

  Key words     Photoactivatable fl uorescent protein  ,   Photoswitching  ,   Photoconversion  ,   Super-resolution 
microscopy  ,   PALM  ,   RESOLFT  ,   STED  ,   a-livePALM  

1       Introduction 

 Optical microscopy is arguably the method of choice for visualizing 
biological structures and processes inside living organisms. The 
method is minimally invasive and fast enough to monitor many 
biological processes in real time. Optical microscopy using fl uores-
cence detection has proven to be particularly powerful for cellular 
imaging. It relies on the reemission of light by fl uorophores that 
are specifi cally attached to structures of interest to make them 
visible. However, the resolution of optical microscopy is restricted 
to about half the wavelength of visible light (~200 nm) due to fun-
damental physical laws governing wave optics [ 1 ], which obviously 
presents a major obstacle because many subcellular structures have 
dimensions below 100 nm. 

 During the past decade, a variety of innovative super- resolution 
fl uorescence microscopy techniques have been developed that 
circumvent the diffraction barrier [ 2 ,  3 ]. They provide the capability 
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to visualize the distribution, dynamics, and interactions of individual 
molecules in cells under physiological conditions with a spatial 
resolution down to ~10 nm. All these novel techniques rely on 
switching fl uorophores between an “on” and an “off” state, so that 
the emission from fl uorophores that are closer in distance than 
~200 nm is not detected simultaneously but sequentially. Three 
principal strategies can be distinguished: In the targeted approach, 
applied in stimulated emission depletion (STED [ 4 ]) or, more 
generally, in reversible saturable optical fl uorescence transitions 
(RESOLFT [ 5 ,  6 ]) microscopy, a spatial light intensity distribution 
with areas of zero intensity in space switches the fl uorescent markers 
such that only a minor fraction, located in a region of sub- diffraction 
extension, is either in the on or off state. In the localization approach, 
utilized in photoactivation localization microscopy (PALM [ 7 ]), 
fl uorescence photoactivation localization microscopy (FPALM 
[ 8 ]), and stochastic optical reconstruction microscopy (STORM 
[ 9 ]), individual molecules are photoactivated, for instance, 
switched to the fl uorescent state (on), randomly in space, while the 
surrounding molecules remain in the dark (off) state, so that the 
positions of the individual emitters can be determined with high 
precision. The fl uctuation approach, utilized in super-resolution 
optical fl uctuation imaging (SOFI [ 10 ]), relies on the statistical 
analysis of spatiotemporal fl uctuations, i.e., the blinking of fl uoro-
phores, to obtain subdiffraction optical resolution in all three 
dimensions ( see  Chapter   17     for details). 

 All super-resolution techniques have greatly benefi ted from the 
rapid development of novel photoactivatable fl uorescence markers, 
where the emission properties can be controlled by light irradiation. 
Among the different labels presently available, photoactivatable 
fl uorescent proteins (PA-FPs) of the GFP family have the key advan-
tage of being genetically encodable. Fused to their target in a 1:1 
relation, these proteins enable unprecedented insights into the living 
cell. Photoactivation of PA-FPs can either be irreversible or revers-
ible. Irreversible photoactivation, also known as photoconversion, 
involves a permanent photochemical modifi cation of the FP. As a 
consequence, a nonfl uorescent (dark) state may get permanently 
activated to a fl uorescent (bright) state, or one bright state may be 
turned into another bright state with a different emission wave-
length (Fig.  1 ). Reversible photoactivation, also known as photo-
switching, typically arises from chromophore isomerization between 
two conformations only one of which emits fl uorescence with high 
quantum yield (Fig.  1 ). In the so-called positive photoswitchers, irra-
diation with light within the fl uorescence excitation band increases 
the fraction of molecules in the on-state; in negative switchers, this 
fraction is reduced by irradiation with light within the excitation 
wavelengths [ 11 ]. The body of acquired knowledge on photoactiva-
tion of FPs has been summarized in several excellent reviews [ 12 – 17 ] 
including Chapter   12     of this volume.
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   Independent of the activation mode, any FP used in fl uorescence 
microscopy applications should feature a large extinction coeffi -
cient and fl uorescence quantum yield to produce strong signals 
above background. Moreover, it should mature quickly and effi -
ciently at 37 °C to be applicable in live-cell experiments. For fusion 
constructs, monomeric variants are preferred to avoid adverse 
effects, such as oligomerization and aggregation. One should also 
consider that the cell provides a rather complex and heterogeneous 
environment, which may infl uence the properties of the FP under 
study. In the next sections, we focus on those marker properties 
that are essential for successful RESOLFT and PALM applications. 
For a more detailed discussion, we refer the reader to recent review 
papers and the references therein [ 16 ,  18 ,  19 ]. 

  Targeted illumination-based super-resolution microscopy utilizes 
the nonlinear (switching) response of fl uorophores to light irradia-
tion. STED microscopy was the fi rst actual demonstration of this 
principle. In a STED microscope, the focused laser spot that excites 
the fl uorophores is spatially overlayed with a depletion beam that 
has a doughnut-like cross-section in the focal plane, with zero 
intensity in the center. Fluorophores in the periphery of the 

1.1  Photoactivatable 
FPs in RESOLFT

  Fig. 1    Photoactivation mechanisms, explained using mIrisFP as an example. Reversible photoswitching occurs 
between the anionic, fl uorescent  cis , and the neutral, nonfl uorescent  trans  chromophores ( dark gray boxes ). 
Irreversible photoconversion from the green-emitting to the red-emitting state ( light gray box ) extends the 
conjugated π-electron system of the chromophore.  Straight arrows : protonation reaction.  Jagged arrows : 
Light- activated transition.  Colors  and  lengths  indicate the wavelength of the activation light:  violet / short : 
405 nm,  blue / medium : 473 (488) nm,  red / long : 561 (532) nm       
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excitation spot are effi ciently deexcited by stimulated emission. 
Only fl uorophores close to the center escape depletion and can 
thus spontaneously emit fl uorescence photons. Therefore, the 
effective size of the excitation point spread function (PSF), i.e., the 
image of a point-like object, is smaller than the diffraction-limited 
PSF. Due to the short lifetime of the excited electronic state, STED 
beam laser powers of several MW/cm 2  are required to achieve 
suffi cient deexcitation, which may pose a problem when FPs are to 
be used because they have a lower photostability than organic fl uo-
rophores. The high powers may also cause photodamage in the 
biological samples. 

 Instead of depleting the active state of the fl uorescent markers 
by stimulated emission, one can also rely on pumping of a triplet 
state [ 20 ] or exploit a photoswitching mechanism, e.g.,  cis-trans  
isomerization of fl uorophores between bright and dark states [ 21 ]. 
This generalization has been termed RESOLFT [ 5 ,  6 ]. The isomeric 
states of reversibly photoswitchable FPs (PS-FPs) are long- lived, so 
that depletion of the fl uorescent state by off-switching is possible 
with beam intensities of only a few kW/cm 2 . 

 The RESOLFT image is acquired by raster scanning the excita-
tion and depletion beams across the sample, with a step size of, at 
most, half the desired spatial resolution. Therefore, the FPs have to 
undergo many light-activated transitions between the fl uorescent 
and nonfl uorescent states to contribute appreciably to the image. 
Reversible photoswitching is mandatory. In addition, spontaneous 
interconversion between active and inactive forms must be slow 
compared with photoactivation. Photoconvertible FPs cannot be 
used at all because they can perform only a single, irreversible 
switching act. 

 In the experiment, all FPs within a diffraction-limited spot are 
fi rst reset by a pulse of activating light to establish a uniform chro-
mophore state (Fig.  1 , reset). Subsequently, the doughnut- shaped, 
red-shifted depletion beam is applied to deactivate molecules in the 
periphery (Fig.  1 , dump). Finally, the molecules in the center are 
probed by a short pulse of excitation light (Fig.  1 , probe), again 
with a diffraction-limited spot size. As there are several fl uoro-
phores in the excitation spot that contribute to the signal the 
brightness of the individual molecule is less important than a high 
resistance to switching fatigue. 

 The repetition rate of the illumination sequence and, there-
fore, the scanning speed of the method, is limited by the transition 
rates between the activated and the deactivated states. For imaging 
negative photoswitchers, dump and probe require the same laser 
wavelength, but different beam profi les. In contrast, reset and 
probe are achieved with the same diffraction-limited laser, when 
positive photoswitchers are used ( see  Fig.  1 ). This concurrent 
activation and photoexcitation is especially favorable as it reduces 
the image acquisition time.  
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  In conventional fl uorescence microscopy, many fl uorophores are 
excited simultaneously and, consequently, their PSFs overlap in the 
resulting image. The image appears blurred. If, however, the fl uo-
rophores can be externally controlled, for example by light, so that 
only a small subset of markers is fl uorescent at any given point in 
time, the individual loci can be determined with a precision well 
above the resolution limit. This is the basic principle applied in 
PALM imaging: A subpopulation of marker molecules is stochasti-
cally switched on for sequential single-molecule readout. 

 In a typical experiment, all markers are initially switched to 
their inactive (off) state. Subsequently, they are sparsely activated 
by properly adjusting the intensity of the photoactivating light, 
so that only a few fl uorophores appear in each image frame in a 
wide- fi eld microscope. They can easily and precisely be localized. 
By repeated image acquisition (10–100 frames/s), a large number 
of frames (10 2 –10 4 ) are collected and analyzed individually. The 
fi nal image is, in fact, a density map depicting all molecule posi-
tions. To generate these high-resolution density maps, a careful 
analysis of all individual frames is required. These calculations are 
computationally demanding, and, until recently, image reconstruc-
tion took much longer than data acquisition. Over the past few 
years, however, the data processing time has been reduced by 
orders of magnitude, so that localization can keep up with data 
acquisition [ 22 ,  23 ]. 

 The localization precision of each molecule is roughly propor-
tional to the inverse square root of the acquired photon count. 
Therefore, a high photon yield in the activated state is essential to 
achieve a good resolution. In addition, the dynamic range, i.e., the 
contrast ratio between the fl uorescence of the activated (on) and 
deactivated (off) states, has to be high for precise localization, 
especially in densely marked samples, to be able to distinguish the 
single activated fl uorophore from the background. These criteria 
are best met by photoconvertible FPs. Before activation, they are 
nonfl uorescent at the probe wavelength. After activation and upon 
excitation, they emit photons until they are irreversibly bleached. 
In fact, irreversible photobleaching is the rate-limiting step because 
each activated fl uorophore has to be bleached before the next fl uo-
rophore within the same diffraction-limited spot can be activated—
otherwise their PSFs would overlap. Note that, in principle, these 
FPs should enable an exact molecule counting. In practice, however, 
blinking of FPs in their photoactivated state has been a major 
obstacle to the use of PALM for accurate counting [ 7 ,  24 – 26 ]. 

 PS-FPs are not only excited but also photoswitched by the 
excitation light. Positive photoswitchers are activated, imaged and 
bleached by the excitation light. Therefore, they can be considered 
“photoconvertible.” Negative photoswitchers are deactivated by 
the excitation light. The number of photons detected in each 
switching cycle is limited by the off-switching rate: the slower the 

1.2  Photoactivatable 
FPs in PALM
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isomerization kinetics, the higher the photon counts per cycle and 
the lower the overall number of cycles, but the better the localiza-
tion precision. Therefore, these PS-FPs can undergo multiple 
switching cycles, e.g., appear in multiple frames, before falling 
victim to photodestruction.  

  In the following protocol, we shall illustrate how two FPs with 
different photoactivation mechanisms can be utilized in high- 
resolution dual-color PALM imaging to obtain insights into a cellular 
substructure that otherwise would not be accessible. 

 The green-to-red photoconvertible mEosFP thermo  (Table  1 ) 
and the reversibly photoswitchable green fl uorescent mIrisGFP 
(Table  1 ) are variants of EosFP [ 27 ,  28 ] and IrisFP [ 29 ,  30 ], 
respectively. They were fused to mutant and wild-type desmin pro-
teins, respectively. Desmin forms intermediate fi laments in cardiac, 
skeletal, and smooth muscle cells. Certain point mutations in the 
desmin gene cause desmin aggresomes to form. Individuals who 
carry these mutations suffer from arrhythmogenic right ventricular 
cardiomyopathy. To understand the pathogenesis of this disease, it is 
essential to analyze desmin fi lament structures under conditions in 
which both healthy (wild-type) and mutant desmin are present in a 
cell. Therefore, desmin mutant N116S and wild-type desmin were 
co-expressed in living SW-13 cells, which lack endogenous desmin, 
to investigate their mutual effects on fi lament assembly [ 31 ].

   Dual-color PALM is a serial approach. The experiment is 
started by imaging mEosFP thermo . The initially green-fl uorescent 
mEosFP thermo  molecules are activated, i.e., turned red- fl uorescent, 
localized based on their red emission and bleached by continuous 
exposure to activation (405 nm) and excitation light (561 nm). 
Eventually, over the course of thousands of frames, the supply of 
mEosFP thermo  molecules is exhausted. Subsequently, the mIrisGFP 
molecules are imaged. After switching all molecules off, activation 
(405 nm) and excitation (473 nm) light are applied until all 

1.3  Photoactivatable 
FPs in Dual-Color PALM

    Table 1  
  Optical properties of mEosFP thermo  and mIrisGFP   

 Fluorescent protein 

 Exc. 
max 
(nm) 

 Em. 
max 
(nm) 

 On 
switch 
(nm) 

 Off 
switch 
(nm) 

 Exc. 
max 
(nm) 

 Em. 
max 
(nm) 

  ε  (M ‒1  
cm ‒1 )  QY  References 

 Inactivated  Activated 

 mEosFP thermo  (G)  506  516  405  –  –  –  72,000  0.70  [ 47 ,  48 ] 

 mEosFP thermo  (R)  569  581  41,000  0.55  [ 47 ,  48 ] 

 mIrisGFP (G)  –  –  405  473  488  516  47,000  0.63  [ 49 ] 

   G  green,  R  red  
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mIrisGFP molecules have been activated, e.g., photoswitched to 
the on state, localized based on their green emission, and bleached. 
Finally, the localization maps obtained for the two FPs are superim-
posed to yield the dual-color PALM image of the relative distribu-
tions of the two target proteins, desmin-N116S and wild-type 
desmin, within the fi laments. Note that the sequence of measure-
ments is important because otherwise the large pool of pre- activated 
green mEosFP thermo  molecules may form a bright background that 
impedes the localization of single activated mIrisGFP molecules 
based on their green fl uorescence.   

2     Materials 

      1.    SW-13 cells (LGC Standards, Middlesex, UK).   
   2.    Cell culture medium without phenol red, such as Dulbecco’s 

Modifi ed Eagle Medium (DMEM) supplemented with 10 % 
fetal bovine serum (FBS).   

   3.    Penicillin–Streptomycin.   
   4.    Dulbecco’s Phosphate-Buffered Saline (DPBS).   
   5.    Transfection reagent, such as Lipofectamine 2000 (Invitrogen, 

Life Technologies GmbH).   
   6.    Plasmids (pmEosFP thermo -Desmin-N116S and pmIrisGFP- 

Desmin [ 31 ]).   
   7.    LabTek chambered cover glasses (#1, Nunc, 155383 or 

155411, Thermo Scientifi c, Dreieich, Germany).   
   8.    4 % (w/v) paraformaldehyde (PFA) in DPBS ( see   Note 1 ).   
   9.    100-nm fl uorescent microspheres as fi ducial markers (TetraSpeck, 

T7279, Invitrogen).      

  In principle, PALM images of thin biological samples may be 
obtained with any inverted epifl uorescence/TIRF (Total internal 
refl ection fl uorescence) microscope setup. Some companies offer 
microscope systems specifi cally designed for localization based 
super-resolution imaging. In this section, we provide some general 
guidelines for choosing key components and present a list of com-
ponents of the microscope that we use in our laboratory (Table  2 ). 
A schematic depiction is provided in Fig.  2 .

     Any commercial inverted microscope frame that is compatible with 
epifl uorescence/TIRF measurements may be used. Multiple ports 
(side, back, bottom) may be useful to perform experiments that 
require different optical detection pathways, such as multicolor or 
3D PALM measurements. An automated axial drift correction 
device will help to maintain the focus throughout the experiment. 
For 3D PALM measurements, which are not addressed in this 

2.1   Reagents

2.2   Instrumentation

2.2.1   Microscope Body
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protocol, a high precision objective scanner will be necessary in 
addition. For localization-based super-resolution microscopy 
measurements on thick samples, one can alternatively use selective 
plane illumination microscopy (SPIM) [ 32 ,  33 ].  

   Table 2  
  Components of our current PALM setup   

 Microscope 
 Microscope body  Axiovert 200  Zeiss, Jena, Germany 
 Axial drift 

correction 
 Defi nite Focus  Zeiss 

 Objective 
scanner 

 Fast PIFOC ®  Piezo Nanofocusing Z-Drive, 
PD72Z1 

 Physik Instrumente, Karlsruhe, 
Germany 

 Dichroic fi lter  zt405/488/561/640rpc TIRF  Chroma (via AHF), Tübingen, 
Germany 

 Objective 
 Alpha Plan-Apochromat 63×, NA 1.46 Oil  Zeiss 

 Illumination 
 Lasers  405 nm, CLASII 405-50  Blue Sky Research, Milpitas, CA, 

USA 
 473 nm, LSR473-200-T00  Laserlight, Berlin, Germany 
 561 nm, GCL-150-561  CrystaLaser, Reno, NV, USA 
 642 nm, LBX-642  Oxxius, Lannion, France 

 Laser intensity 
control 

 Acousto optic tunable fi lter 
AOTFnC-400.650, A-A 

 Opto-Electronic, Orsay Cedex, 
France 

 Dichroic fi lters  R405, R473, R561  Semrock (via AHF) 

 Detection 
 Optosplit II  Cairn Research, UK 

 Filter  535/70 bandpass (HQ 535/70)  Chroma (via AHF) 
 610/75 bandpass (HQ 610/75)  Chroma (via AHF) 

 Beam splitter  Zeiss FT 580 (dichroic)  Zeiss 
 Camera  EMCCD iXon EM  + DU-860 (128 × 128 pixel 

chip) 
 EMCCD DV887ECS-BV (512 × 512 pixel chip) 

 Andor Technology, Belfast, 
Northern Ireland 

 Computer hardware 
 Instrument 

control 
 Intel(R) Core(TM)2 Quad CPU Q9650 

(3.00 GHz), 4.0 GB memory 
 Data analysis  Intel(R) Core(TM) i7-2600 processor 

(3.40 GHz), 8.0 GB memory 

 Software 
 Andor Solis  Andor Technology 
 LabView  National Instruments, Munich, 

Germany 
 Matlab with DIP image   The MathWorks, Natick, MA, USA 

 Delft University of Technology, 
Delft, Netherlands 

 ImageJ  National Institutes of Health, MD, 
USA 
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  The NA of the objective lens must be greater than the refractive 
index,  n , of the sample to be able to achieve TIRF (for cellular 
components,  n  ≈ 1.38). Therefore, oil immersion objective lenses 
with NA 1.45, 1.49, or 1.65 are required ( see   Note 2 ). The higher 
the NA, the better is the photon collection effi ciency of the objec-
tive and, consequently, the signal-to-noise ratio (SNR) and the 
localization precision.  

  Common diode-pumped solid-state lasers used for conventional 
fl uorescence microscopy may also be used for PALM experiments. 
Laser sources with powers >100 mW are recommended so that the 
setup is fl exible enough to accommodate a wide variety of fl uoro-
phores. Most PA-FPs are activated with 405-nm light. Therefore, 
a laser with this wavelength is mandatory. Green and red-orange 
FPs are typically excited with 473-nm (or 488-nm) and 561-nm 
(532-nm) light, respectively. The same set of lasers is also necessary 
for activation and deactivation of green and red PS-FPs. 

 Preferentially, all laser sources should be coupled into an 
acousto-optical tunable fi lter (AOTF) for convenient wavelength 
selection and fast adjustment of their intensities. The device also 
enables fast switching between lasers. In addition, the AOTF 
allows illumination of the sample according to pre-programmed 

2.2.2   Objective Lens

2.2.3  Illumination 
Sources

  Fig. 2    An instrumentation schematic for 2D PALM imaging experiments.  M  mirror,  DM , dichroic mirror,  L  lens, 
 AOTF  acousto-optical tunable fi lter       
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illumination schemes, e.g., alternating excitation with two lasers. 
The AOTF may also be synchronized with the data acquisition 
cycle of the camera to minimize photobleaching during camera 
read-out.  

  State of the art back-illuminated EMCCD cameras provide near 
100 % quantum effi ciency and very low background noise. They 
have been the standard in single molecule measurements. They are 
equipped with chips of 128 × 128 pixels up to 1024 × 1024 pixels, 
with a typical pixel size of 16 × 16 μm 2 . Smaller chips have reduced 
acquisition times (128 × 128 pixel: ~500 frames/s, 512 × 512 pixel: 
~30 frames/s) and data fi le sizes. It is also possible to use only a 
small region of a large chip. The performances of sCMOS cameras 
have been continually improving in recent years. They may also be 
used for PALM experiments [ 34 ,  35 ].  

  It is advisable to have two desktop computers, one for the instrument 
control and the second one for the “online” data analysis. In our 
setup, the instrument computer runs Andor Solis (Andor 
Technologies) for controlling the camera and LabView for con-
trolling the lasers. As the cameras typically come with their own 
computer card, one has to make sure that the computer has an 
appropriate empty slot. The raw data recorded by the camera are 
transferred immediately from the instrument computer to the data 
analysis computer via a 1-Gbit ethernet cable to permit PALM data 
analysis during data acquisition without increasing the processing 
load on the instrument computer. Because we use graphics pro-
cessing units (GPUs) to run some routines of our data analysis 
software, it is crucial for the data analysis computer to be equipped 
with a CUDA enabled graphics card, such as the NVIDIA GeForce 
GTX 560Ti and GTS 450. For an image of 128 × 128 (512 × 512) 
pixels acquired by the camera, the processing time is 2–5 (15–30) 
ms, depending on its complexity. The speed is comparable to the 
maximum frame rate of current EMCCD cameras and, therefore, 
allows real-time data processing.    

3     Methods 

      1.    Culture SW-13 cells to an optimal density (20–30 % surface 
coverage to avoid multiple cell layers) in a chambered cover 
glass system in DMEM supplemented with 10 % FBS and 
penicillin/streptomycin according to standard cell culturing 
procedures ( see   Note 3 ).   

   2.    Transfect the cells with 800 ng of plasmid DNA for a single 
transfection and 400 ng of each plasmid for co-transfections, 
using Lipofectamine 2000 according to the manufacturer’s 
protocol. Prepare cells without transfection (negative control), 

2.2.4  Fluorescence 
Detection

2.2.5   Computer

3.1  Sample 
Preparation
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with pmEosFP thermo –Desmin-N116S only (mEosFP thermo  
control), with pmIrisGFP–Desmin only (mIrisGFP control) 
and with both pmEosFPthermo–Desmin-N116S/pmIris-
GFP–Desmin. Replace the medium 8 h after transfection.   

   3.    For sample stabilization, fi x the cells by incubating them in 4 % 
PFA for 30 min ( see   Note 4 ). Then wash thoroughly with DPBS. 
Omit the fi xation step for live-cell imaging experiments.   

   4.    Suspend fl uorescent microspheres in DPBS ( see   Note 5 ). 
Exchange the DPBS covering the fi xed cells with microsphere- 
containing buffer, incubate for 10 min and wash with DPBS. 
Adding fi ducials is especially important for long acquisition 
times. For dual-color experiments, it is essential that the fi du-
cials show up in both color channels.      

      1.    Instrument warm up. Turn on the microscope system and the 
lasers at least 1 h prior to beginning the experiment ( see   Note 6 ).   

   2.    For live cells, record a bright-fi eld image before and after 
PALM data collection to control cell viability.   

   3.    Sample validation. With low 473-nm illumination, identify a 
cell that expresses a high level of fl uorophores. Be aware that, 
at this point, mEosFP thermo  and mIrisGFP cannot be distin-
guished based on their emission. Collect 50 image frames with 
100 ms exposure time each. Sum these images and check for 
the proper protein expression level and the phenotype of the 
target protein ( see   Note 7 ).   

   4.    Laser intensity adjustment to image mEosFP thermo  ( see   Note 8 ). 
Focus onto a cell that is transfected with mEosFP thermo  only 
(mEosFP thermo  control chamber). Initially, illuminate the 
sample with the 561-nm laser to bleach the small population of 
mEosFP thermo  that is already activated, e.g., emits red 
 fl uorescence. Then add the 405-nm laser for photoconversion 
of additional molecules and adjust the 405- and 561-nm illu-
mination powers such that signals from individual red fl uores-
cent mEosFP thermo  molecules are detectable by the analysis 
software ( see   Note 9 ). With our instrumental setup and an 
integration time of 3 ms per frame, suffi cient green-to-red 
photoconversion is achieved with 405-nm light at 0–0.2 kW/cm 2 . 
The red form of mEosFP thermo  is imaged with 561 nm at 
2.5–4.5 kW/cm 2 . As the pool of inactivated mEosFP thermo  is 
more and more depleted, it is advisable to increase the power 
of the activation laser to keep the number of activated fl uoro-
phores per frame constant.   

   5.    Laser intensity adjustment to image mIrisGFP ( see   Note 10 ). 
Focus onto a cell that is transfected with mIrisGFP only (mIris 
GFP control chamber). Initially, most mIrisGFP molecules will 
be in the activated form and contribute to a bright green background 
signal. Illuminate the sample with 473-nm light to reduce the 

3.2   Data Acquisition
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number of activated mIrisGFP molecules. Then adjust the 
405-nm and 473-nm illumination powers such that single 
mIrisGFP signals are detectable by the analysis software. With 
our instrument, on switching requires 0–0.2 kW/cm 2  of 405-
nm light (for an exposure time of 3 ms/frame). Imaging and 
off-switching of mIrisGFP is performed at epifl uorescence 
excitation of 2.8–3.6 kW/cm 2  at 473 nm.   

   6.    Turn on the drift control device.   
   7.    Cross-talk control—part I. By focusing on a new cell in the 

mEosFP thermo  control chamber, collect 5,000–20,000 image 
frames (depending on the protein expression level) until no fur-
ther molecules are observable in the red channel using the 
selected laser intensities. To confi rm that all mEosFP thermo - 
molecules are indeed converted to their red-emitting forms, 
turn off the 561-nm laser and turn on the 473-nm laser. Make sure 
that there is no residual signal in the green channel (Fig.  3a , b). 
This step guarantees that no EosFP thermo  molecules are incor-
rectly identifi ed as mIrisGFP molecules ( see   Note 11 ).

       8.    Cross-talk control—part II. To make sure that mIrisGFP is not 
converted to a red emitting form, image cells transfected only 
with mIrisGFP with the appropriate illumination protocol 
(as determined in  step 5 ). Upon completion of the illumination 
series, use the 561-nm laser to ensure that there is no signal 
detectable in the red channel (Fig.  3c , d).   

   9.    Dual-color PALM data acquisition. On a co-transfected cell 
in the mEosFP thermo –Desmin-N116S/mIrisGFP–Desmin 
chamber, collect 5,000–20,000 frames (depending on the 
protein expression level) using the laser intensity settings for 

  Fig. 3    Cross talk control. ( a ) PALM image of activated mEosFP thermo  fused to 
desmin mutant N116S in the red channel. ( b ) The control image in the green 
channel reveals that mEosFP thermo  has been fully activated. No residual green 
signal is detectable. ( d ) PALM image of mIrisGFP fused to (wild-type) desmin in 
the green channel. ( c ) The control image of mIrisGFP in the red channel verifi es 
that photoconversion to the red-emitting form is absent. Scale bar: 2 μm       
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 mEosFP thermo    ( see   step 4 ). If no more molecules are detectable 
in the red channel with photoconverting 405-nm irradiation, 
obtain 5,000–20,000 frames using the illumination settings 
determined for mIrisGFP ( step 5 ,  see   Note 12 ).      

  The raw data of a single PALM measurement consist of a stack of 
several thousand diffraction-limited images. The information 
stored in each frame has to be extracted and subsequently combined 
to yield the reconstructed image, e.g., the map of all molecule 
locations. In a fi rst step, regions where single molecules are present 
have to be fi ltered out of the background within each individual 
frame. Typically, the molecule detection algorithm in the analysis 
software package utilizes a certain set of initial parameters to defi ne a 
threshold. Each signal above this threshold is considered a molecule. 
However, setting the proper threshold turns out to be a major 
challenge when working with biological samples because both the 
SNR and the signal-to-background ratio (SBR) are often hetero-
geneous, even within the same imaging area, and, in addition, 
may fl uctuate over time, for example due to photobleaching of the 
fl uorophores or fl uctuations in the laser intensity. Improper thresh-
olding, however, will result either in missing valid molecules or in 
mistaking noise for real molecules ( see   Note 13 ). 

 We have recently developed a GPU-based software called 
“a-livePALM” with signifi cant improvements in the molecule 
detection effi ciency while maintaining high precision and fast pro-
cessing speed (Fig.  4 ) [ 36 ]. Briefl y, the algorithm subdivides the 
raw image into many subregions to characterize the local back-
ground level (the standard deviation and the mean). Using this 
information, the probability of each pixel to be part of the 
 surrounding background is computed in the form of a  P  value 
( P  = 1 − normal cumulative distribution function, Fig.  5 ). This 
approach is insensitive to changes in the SNR and the SBR (either 
between frames or even within a single image) and, therefore, sig-
nifi cantly enhances the signal contrast without distorting the 
image. Local maxima with a  P  value below a certain threshold are 
considered to be molecule candidates ( see   Note 14 , Fig.  5 ). 
Conventional molecule detection algorithms require a homoge-
neous background, both within the image and over the course of 
the experiment, or a continuous manual adjustment of the thresh-
old values in order to achieve a similar performance.

    In the following, we will guide the reader through the basic 
steps of the a-livePALM software (which is available upon request). 
Additional details regarding parameter selection and software 
installation may be found in the associated software manual.

    1.    Data loading. In the “a-live PALM Analyzer” panel (see 
screenshot of the user interface in Fig.  6 ), load the image fi le 
(stacked tif fi le format), select the output directory and enter 
the output fi le name ( see   Note 15 ).

3.3   Data Analysis
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  Fig. 4    Molecule detection by a-livePALM. For noise reduction, the raw image ( a ) is smoothed with a Gaussian 
kernel ( b ). In addition, each image is subdivided into small local areas, and the background within these areas 
is quantifi ed by the mean value ( c ) and the standard deviation ( d ). ( e ) The  P  value, which represents the 
probability of a pixel to be part of the surrounding background, is calculated for each pixel in the smoothed 
image ( d ), using the obtained background information ( c  and  d ). ( f ) Local maxima with a  P  value below a 
threshold (compare Fig.  6 ) are assigned to molecule candidates. ( g )  Circles  mark the fi nal molecule locations 
obtained from the analysis. ( h ) The preview image allows controlling the molecule candidate selection step. 
 Green (light gray) arrows : CPU-based computation.  Red (dark gray) arrows : GPU-based computation       

  Fig. 5    Visualization of the  P  value. The  P  value is given by  P  = 1 − CDF. It describes the probability that a certain 
pixel intensity is part of the surrounding background.  Inset : Probability density distribution of the measured pixel 
intensities. The population with a  P  value below the assigned threshold (here:  P  = 0.08) is shaded in  gray        
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       2.    Basic analysis parameters. Enter basic experimental parameters 
(camera pixel size, counts/photon conversion factor, detection 
wavelength, numerical aperture of the objective lens, and the 
camera exposure time,  see   Note 16 ).   

   3.    Thresholding. Enter a  P  value of 0.08 as a start, select fi ve to 
ten representative frames via the “Frame range” option, and 
checkmark the “Show Preview” option. Press “Get Positions” 
to analyze the selected frames. As a result, the preview image 
will be displayed, with the detected molecule regions marked 
by a square. Make sure that all molecules are properly selected. 
Enter a different  P  value if necessary. Repeat these steps until a 
proper  P  value is selected ( see   Note 17 ).   

   4.    Data Processing. Uncheck the “Frame range” and the “Show 
Preview” options, check the “Save” option and press “Get 
Positions” to analyze the entire image stack. The output fi le, 
which is essentially a list of molecule coordinates, photon 
counts, localization precisions, sigma widths, and photon 
appearance times, will be saved in the selected directory.   

   5.    Image visualization. The output fi le may easily be visualized 
using the right hand panel of the software user interface. Load 
the output fi le, check the desired display options and press “Plot 
Positions” to view the reconstructed image ( see   Note 18 ). 
Different threshold parameters (photon threshold, localization 
precision, and sigma width) may be applied.   

   6.    Image overlay. In the fi nal step, the PALM images obtained in 
the green and red channels have to be superimposed (Fig.  7 ). 
Therefore, three fi ducials visible in both channels are selected. 
Their positions are used to calculate an affi ne transform matrix 
which is then applied to one of the output fi les to map it onto 

  Fig. 6    User interface of the a-livePALM analysis software. The  left  and  right panels  are used for data analysis 
and image visualization, respectively       
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the other output fi le. Coordinate-corrected images may be 
overlaid using ImageJ.

       7.    Extended PALM data analysis. Apart from plotting the data 
stored in the output fi le as a super-resolution image, this infor-
mation may also be used to plot trajectories of individual mole-
cules [ 37 ] or to quantify the local concentration of molecules 
[ 38 – 40 ] ( see   Note 19 ). The dual-color PALM data may also be 
used to obtain super-resolution co-localization data by applying 
a conventional analysis to the high resolution data.       

4     Notes 

     1.    This chemical is poisonous. Make sure that you wear appropriate 
protective equipment to avoid direct skin or eye contact.   

   2.    Make sure to use the correct immersion oil and coverslips of 
suitable thickness to minimize image abberations.   

  Fig. 7    Dual color PALM images of SW-13 cells co-expressing wild-type desmin fused to mIrisGFP and desmin 
mutant N116S labeled with mEosFP thermo . ( a ,  b ) Wide-fi eld images, ( c ,  d ) individual PALM images, ( e ) dual-
color PALM image. Scale bar: 1 μm. Wild-type desmin typically assembles into fi lamentous networks in SW-13 
cells, whereas desmin mutant N116S in SW-13 cells forms cytoplasmic aggregates upon homozygous tran-
sient expression [ 31 ]. Co-expression of desmin mutant N116S and wild-type desmin, as shown here, leads to 
both fi lament and aggregate formation within the same cell, and all structural features seen in the image 
contain both desmin types; no segregation occurs. Compared with conventional microscopy, PALM imaging 
provides a higher confi dence level of colocalization and more accurate structural information. In fact, closely 
spaced punctate aggregates arranged along a line could be mistaken as fi laments when using conventional 
microscopy techniques. Slight displacements of the mutant and wild-type desmin signals likely arise from cell 
movement while the images in the green and red channels were acquired in sequence       
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   3.    Thin, adherent mammalian cell types, such as HeLa, HEK293 
and COS7 cells, are ideal for PALM imaging. To enhance 
surface adhesion of the cells, the coverslip may be coated with 
poly- L -lysine or fi bronectin. Make sure that there are no fl uo-
rescent contaminants in these reagents by imaging the 
 surface- coated coverslip before adding the cells.   

   4.    Image the fi xed cells as soon as possible because some FPs will 
degrade after fi xation.   

   5.    Typically, the stock solution is diluted 1:1,000 to have only a 
few fi ducials (two to fi ve) appear in the fi eld of view. Depending 
on the batch and the surface condition, this ratio may have to 
be adjusted.   

   6.    This step will minimize the instrument drift.   
   7.    It is important to see a cellular feature typically obtained by 

epifl uorescence/TIRF microscopy at this point. Otherwise, it 
is highly unlikely to obtain a super-resolution image. Summing 
up frames may easily be accomplished by an image processing 
software such as ImageJ.   

   8.    Essentially the same procedure can be followed to record 
single- color PALM images. Instead of mEosFP thermo , other 
photoconvertible FPs may be used. However, the laser 
 wavelengths and the laser powers have to be adjusted with 
respect to the chosen FP and the experimental boundary con-
ditions. If time resolution is not important, the exposure times 
may be increased to 50 ms/frame. Concomitantly, lower laser 
powers are suffi cient (e.g., for mEosFP thermo : 405 nm: 
0–0.02 kW/cm 2 , 561 nm: 0.3–0.5 kW/cm 2 ).   

   9.    The density of activated molecules should be <0.5 molecules/
μm 2  to attain >90 % detection effi ciency using our software. 
With the 128 × 128 pixel camera (pixel size 14.72 × 14.72 μm 2 ), 
this is equivalent to ~100 molecules per fi eld of view. For imag-
ing a dense fi lament-like structure, the local fl uorophore den-
sity should be used for the estimation rather than the overall 
density. The preview feature of the software is a useful tool to 
visually check how well molecules are being detected.   

   10.    Essentially the same procedure can be used to obtain single- 
color PALM images using other negatively photoswitching 
green FPs. Again, laser wavelength and power have to be 
adjusted for the individual experiment. For a positive photo-
switcher, photoactivation, fl uorescence excitation, and photo-
bleaching are achieved with light of the same wavelength. 
Therefore, it may be possible to adjust the laser power such 
that the equilibrium between photobleaching of the fl uores-
cent molecules and photoactivation of the nonfl uorescent mol-
ecules keeps the number of molecules in the on-state constant, 
in a perfect range for PALM experiments so that a second, 
deactivating laser becomes obsolete.   
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   11.    Only green-to-red photoconvertible FPs that can be fully 
converted to the red state should be used.   

   12.    The OptoSplit II device is part of our setup, but it is not 
required for serial dual-color PALM data collection. It allows 
recording the fl uorescence emission in two separate channels 
simultaneously on the same camera. Care must be taken to 
ensure that the focal planes of the two channels are well aligned 
to each other. Problems may arise when dichroic mirrors with 
hard coatings are used. While these mirrors often perform better 
in terms of transmission/refl ection and sharpness of the cutoff, 
the coating may introduce a slight curvature to the mirror and, 
thus, change the focal length of the transmitted light to create a 
mismatch between the channels.   

   13.    The performance of a search algorithm is evaluated by two 
parameters, “recall” and “precision.” Recall is defi ned as the 
ratio of the number of true positive molecules to the total num-
ber of molecules. Precision is defi ned as the ratio of the number 
of true positive molecules to the number of all detected mole-
cules (i.e., true + false). It is obvious that a high precision is easily 
achieved by setting the threshold to a high value. The trade-off 
is a low recall. And vice versa, a low threshold results in a high 
recall and a low precision. To judge and compare the overall 
performance of different algorithms, the so-called  F -measure or 
 F -score is calculated, with  F  = 2 × precision × recall/(preci-
sion + recall). It can be interpreted as a weighted average of the 
precision and the recall, with  F  = 1 for the best performance. In 
the past few years, many different software packages for PALM 
data analysis have been presented. Most of them, including our 
older algorithm, utilize variations of the so-called DAOFIND 
algorithm for molecule detection [ 7 ,  9 ,  23 ,  41 – 44 ]. We found 
that all left room for improvement in either processing speed or 
molecule recall.   

   14.    As image reconstruction requires processing thousands of image 
frames, it is desirable that the analysis algorithm can run at high 
speed to keep up with the image acquisition to allow for intuitive 
and interactive data acquisition. However, the added data pro-
cessing steps (as implemented in our new algorithm) obviously 
increase the computational load. By parallelizing molecule 
localization using GPUs instead of the conventional central pro-
cessing units (CPUs), our data analysis software runs at similar 
speeds as any other freely available fast software.   

   15.    At this point, a region of interest (ROI) may be selected by 
using the “Select ROI” feature. Limiting the size of the image 
reduces the data processing time.   

   16.    It is especially important to correctly enter the camera pixel size 
and counts/photon conversion factor to determine the scale of 
the fi nal image and the localization accuracy. The camera pixel 
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size may be measured using a standard microscope calibration 
grid, and the conversion factor may be obtained by following 
the camera manufacturer’s protocol. For analyzing the data 
using a fi xed sigma, detection wavelength and the NA of the 
objective lens are necessary to compute the sigma value of a 
theoretical PSF. Alternatively, one can manually specify the 
sigma value of the PSF after tickmarking “Specifi ed PSF Sigma.”   

   17.    Based on previous analyses of experimental and simulated 
images, a  P  value in the range 0.01–0.08 is appropriate for a 
typical PALM data analysis. With a properly selected  P  value, 
all molecules displayed in the preview panel should be selected 
(indicated by the red boxes,  see  Fig.  4f ), and a minimal number 
of empty boxes should be present.   

   18.    If necessary, the drift correction may be performed at this 
point. During long acquisition times, mechanical drifts on the 
order of >100 nm occur rather frequently. An uncorrected 
drift will lead to blurring of the fi nal PALM picture. In the 
menu bar, select “Drift Correction > Select a Bead” to open a 
single raw image out of the stack of raw images that was just 
analyzed. Press “Select” in the menu bar and manually select 
the center of a fi ducial marker in the image. Press “Confi rm” 
to compute its lateral drift in each frame (relative to the initial 
position) and to automatically correct the molecule positions 
recorded in the output fi le for this drift.   

   19.    Recently, it was reported that even photoconvertible FPs can 
be activated more than once because, instead of being perma-
nently bleached by the excitation light, they may enter a long- 
lived dark state [ 45 ,  46 ]. In a molecule counting experiment, 
the actual number of fl uorophores may, therefore, be overesti-
mated unless the transient dark state is taken into account.         
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    Chapter 17   

 pcSOFI as a Smart Label-Based Superresolution 
Microscopy Technique 

           Benjamien     Moeyaert     and     Peter     Dedecker    

    Abstract 

   Stochastic optical fl uctuation imaging (SOFI) is a superresolution imaging technique that uses the fl ickering 
of fl uorescent labels to generate a microscopic image with a resolution better than what the diffraction 
limit allows. Its adaptation towards fl uorescent protein-labeled samples (called photoconversion SOFI or 
pcSOFI) allows for a straightforward and easily accessible way of generating superresolution images. In 
this protocol, we will discuss how so-called “smart labels,” and specifi cally the reversibly switchable fl uo-
rescent proteins, have opened doors towards superresolution imaging in general and we provide a protocol 
on how to perform pcSOFI on HeLa cells expressing human β-actin labeled with the reversibly photo-
switchable fl uorescent protein Dronpa.  

  Key words     Diffraction limit  ,   Superresolution microscopy  ,   Imaging  ,   Smart labels  ,   Fluorescent 
 proteins  ,   Reversible photoswitching  ,   pcSOFI  

1      Introduction 

  Nature is intrinsically complex on many scales. While macroscopic 
phenomena are readily observed by the naked eye, the microscope 
has provided great insights into nature at a much smaller and 
somehow more fundamental level. For decades, fl uorescence 
microscopy has been the technique of choice for studying biologi-
cal phenomena at the micrometer and sub-micrometer scale. 
However, the spatial resolution of light-based microscopy is 
restricted by what is called the diffraction limit. 

 Visible light is an electromagnetic wave with wavelengths in 
the 400–700 nm range. As a result of this wave-like nature, light 
emitted by a point source will be detected as a spatial intensity 
distribution rather than a single point (Fig.  1a ). This distribution is 
a direct consequence of diffraction. In the second half of the 
nineteenth century, Ernst Abbe found that the lateral dimensions 
of this distribution can be approximated as a spot with radius 
 λ /(2 NA). In this equation, NA is the numerical aperture of the 

1.1  Breaking an 
Unbreakable Barrier
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objective, a measure for the size of the cone of light that can be 
collected by the objective, with a value that is usually less than 1.5. 
This diffraction-limited spot is often referred to as the “point 
spread function”.

   As a result of point spreading, two emitters that are suffi ciently 
close to each other project overlapping intensity profi les (Fig.  1b ). 
When two such emitters are close enough, the individual projec-
tions can no longer be discriminated and the individual emitters 
cannot be resolved. This so-called diffraction limit is wavelength- 
and NA-dependent; a typical value is about 200–250 nm. As a 
consequence, at large magnifi cations, the image is inevitably 
blurred. Given that the scale of many biological structures and 
processes is smaller than this diffraction limit, the implications for 
biological fl uorescence microscopy applications are obvious. 

 Point spreading is an unavoidable barrier in far-fi eld fl uores-
cence microscopy. However, recent scientifi c developments offered 
ways to reduce this problem. One solution is to reduce or prevent 
fl uorescence emission from emitters that would otherwise overlap. 
This is an interesting paradox. High label densities are needed to 
image fi ne structures, but detecting labels at lower densities seems 
to open doors for higher resolution imaging. The solution to this 
apparent contradiction is to  temporarily  reduce the detected label 
density. In other words, classical labels, following a fi xed and well 
defi ned chain of events (they are irradiated, get excited, and emit 
fl uorescence) are insuffi cient. Their direct linear coupling between 
irradiated light and fl uorescence emission leaves no room to avoid 
the consequences of diffraction. 

 Increasingly however, new fl uorescent labels are being discovered 
that display a nonlinear relationship between the intensity of excita-
tion light they receive and the intensity of the emitted fl uorescence. 
In other words, these labels do not inevitably process an incoming 
photon into an emitted photon, but can use the energy of the 

  Fig. 1    Diffraction and resolution. ( a ) The wave-like nature of light leads to diffraction. As a result, the emission of 
an infi nitesimally small emitter describes a point spread function of typically 200 nm in diameter. ( b ) Point sources 
closer than the diffraction limit (e.g., 50 nm) cannot be resolved due to overlapping point spread functions       
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incoming photon to access a range of different states with different 
emissive properties. Because their emissive properties can be altered 
effectively at will, they have been referred to as “smart labels” [ 1 ]. 

 Using these smart labels, it is possible to come up with tech-
niques that temporarily reduce the local density of emissive labels 
and perform repeated measurements to build up a superresolution 
image. There are roughly two ways of doing this. The fi rst idea is 
to use patterned illumination to locally and temporarily alter the 
emissive properties of a subset of labels. The labels respond differ-
ently depending on their position relative to the pattern, which 
provides a means of sharpening the resulting excitation or emission 
distributions. The second idea is to apply a uniform illumination to 
the sample and use the stochastical nature of the photophysical 
processes in the smart labels to create evolving fl uorescence distri-
butions in which different combinations of emitters are active at 
any given instant. However, at the core of every superresolution 
technique is the use of “smart labels” not just as passive photon 
sources, but as active partners in the measurement. 

 Rather than giving a complete overview of superresolution 
imaging techniques, which has already been presented in several 
review papers [ 2 – 5 ], we will, guided by a few examples, demon-
strate how these techniques crucially depend on smart labels, with 
a particular emphasis on smart fl uorescent protein labels.  

  Fluorescent proteins (FPs) are genetically encoded labels that have 
been successfully used in numerous life science research settings 
[ 6 ]. Interestingly, some of these FPs were found to display so- called 
photoactivation properties, meaning that their fl uorescence emis-
sion can be altered by irradiating them with light of specifi c wave-
lengths (Fig.  2 ) [ 7 ]. Not only are these smart fl uorescent proteins 
interesting from a biophysical and photophysical point of view, they 
above all are pivotal in superresolution imaging of living systems.

   The fi rst example of superresolution imaging with smart fl uo-
rescent protein labels is based on reversibly switchable fl uorescent 
proteins (RSFPs), which can be reversibly switched between a bright 
fl uorescent and a dim, nonfl uorescent state (Fig.  2a ). This behavior 
is used in reversible saturable optical fl uorescence transitions 
(RESOLFT) microscopy (Fig.  3 ) [ 8 ]. In this technique, a light pat-
tern is applied onto the sample in order to bring a subset of emitters 
to a non-emissive state. For example, quenching light can be focused 
into a special intensity distribution that irradiates only molecules 
towards the edges of the focal volume of a confocal microscope. 
As a result, only those labels are switched off, and fl uorescence from 
the labels residing in a center area arbitrarily smaller than the dif-
fraction limit can be excited and detected, while the off-center mol-
ecules do not contribute. The sample is point scanned and although 
the excitation beam used to read out the fl uorescence is diffraction 
limited, the detected point spread function is effectively reduced 

1.2  Smart 
Fluorescent Proteins
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thanks to the fl uorescence depletion. A similar technique is STED 
[ 9 ], which makes use of stimulated emission depletion instead of 
photoswitching. As a result, this technique is somewhat less fl exible 
when used with fl uorescent proteins. Patterned illumination is also 
the basis for some diffraction- unlimited wide-fi eld applications such 
as nonlinear structured illumination microscopy (NSIM) [ 10 ] or 
wide-fi eld applications of RESOLFT [ 11 ].

   Two other interesting classes of smart fl uorescent proteins are 
the irreversibly photoconvertible fl uorescent proteins (PCFPs) 
(Fig.  2b ) and the irreversibly photoactivatable fl uorescent proteins 
(PAFPs) (Fig.  2c ). The former class consists of initially green fl uo-
rescent proteins that upon irradiation with 405-nm light convert 

  Fig. 2    ( a ) Reversibly photoswitchable fl uorescent proteins (RSFPs) can be 
switched off from a bright, green-emissive state to a dark, non-emissive state 
with high intensity 488 nm light. The dark state is effi ciently returned to the 
bright state with low-intensity 405 nm light. ( b ) Green-to-red photoconvertible 
fl uorescent proteins (PCFPs) exist as green-emissive species that can irrevers-
ibly be converted to a red-emissive state by applying 405 nm light. ( c ) 
Photoactivatable fl uorescent proteins (PAFPs) are initially in a nonfl uorescent 
state. Upon activation with 405 nm light, they irreversibly become fl uorescent       
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to a red fl uorescent state, while the latter class consists of initially 
nonfl uorescent proteins that become fl uorescent upon activation 
with 405-nm light. These two classes open doors for a different 
kind of superresolution imaging approach. Since they can both be 
turned on from a non-detected to a detected state, it is possible to 
image only a subset of labels by tuning the activation light. When 
in every frame no two emitters overlap, every molecule can be 
detected individually. Furthermore, since the shape of the point-
spread function is known, the physical position of an emitter can be 
perfectly determined if its emission spot is directly recorded. By 
tuning the photoactivation such that the emitters are slowly acti-
vated over the course of many acquired fl uorescence images, the 
emission spot of each emitter can be clearly resolved. These images 
can then be subjected to an automated analysis, where a computer 
program automatically analyzes the resulting fl uorescence images 
and determines the precise position of every fl uorophore. These 
positions are then used to create synthetic superresolution images. 
A number of different techniques, collectively known as “localiza-
tion microscopy” [ 12 ], exploit this principle, though in the con-
text of fl uorescent proteins this concept is typically known as 
photoactivated localization microscopy (PALM) (Fig.  4 ) [ 13 ]. It is 
seen here that reversibility of the activation is not strictly required. 
However, RSFPs can be useful for PALM, for instance for repeated 
imaging of the same sample.

   Localization microscopy requires that the observed label density 
is as low as possible, so that the emission of the individual molecules 
does not overlap. In fact, localization microscopy is simply an 
example of the more fundamental underlying concept: taking advan-
tage of the fl uorescence dynamics of the fl uorophores to record 
multiple, complementary views of the same (stationary) sample. 
Superresolution information can be extracted by comparing the 

  Fig. 3    The RESOLFT technique. In the diffraction-limited focal spot, all molecules 
are switched on with 405 nm light. Next, a donut-shaped beam of 488 nm light 
is applied, bringing off-center molecules to a non-emissive state. In the  last step , 
the emission of the center molecules, located in an area smaller than the diffrac-
tion limit, is collected. This process is repeated for every pixel until the entire 
region of interest is imaged       
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resulting images with one another. PALM is a powerful example, 
but there is a wide range of conditions under which individually 
resolvable emitters cannot be prepared, though overlapping and 
apparently highly complex fl uctuations in emitter emission can be 
observed. One way of creating such images would be to irradiate 
an RSFP-labeled sample with both off- and on-switching light. The 
resulting “fl ickering” images can be used to obtain a superresolu-
tion image using a technique called stochastic optical fl uctuation 
imaging or SOFI [ 14 ,  15 ], even when the emission of individual 
molecules is not resolvable at all. When using RSFPs, SOFI micros-
copy is typically known as pcSOFI [ 16 ]. 

 The principle behind pcSOFI is conceptually straightforward 
(Fig.  5 ). When excitation light is applied onto an RSFP-labeled 
sample, the labels continuously cycle between the fl uorescent and 
nonfl uorescent state (Fig.  2a ), determined by the off-switching 
induced by the excitation light and the thermal or light-induced 
recovery of the fl uorescent state. If the rates of off- and on- 
switching are well tuned, then a sustained fl ickering of the RSFP 
labels can be seen. In every pixel, the measured intensity is 
the sum of the intensities of several neighboring molecules. 
Since the fl uctuations of every emitter are independent from all 

  Fig. 4    The technique of PALM. All molecules in the fi eld of view are brought to a non-emissive state or are already 
nonfl uorescent. By applying very low doses of activation light, some molecules are stochastically brought to a 
detectable state. The sample is visualized and the cycle repeats until all emitters have been visualized. 
Afterwards, in every recorded image the single molecule emitters are identifi ed, fi tted to a 2D-Gaussian function 
and their center position is stored. A diffraction-unlimited image is reconstructed from these center positions       
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the other emitters, their contributions can be more selectively 
extracted using a cumulant analysis, which is analogous to a cor-
relation analysis (see Box: Cumulants? Orders?: How SOFI Works). 
Plotting the cumulant instead of the intensity results in an image that 
displays a reduced background, a better contrast, and a higher 
spatial resolution.

   The most attractive aspects of pcSOFI are its ability to provide 
repeated imaging (including 3D imaging) with comparatively fast 
temporal resolution (compared to PALM) under a wide range of 
conditions. The imaging can be performed using a range of RSFPs 
and is very well accessible for nonexpert users. Because of its wide 
range of applications in biological superresolution imaging, we will 
discuss pcSOFI with some of its practicalities and end this chapter 
with a hands-on protocol for pcSOFI imaging of RSFP-labeled 
human β-actin in cultured HeLa cells.  

  In this second part, we discuss what can be expected from and 
what is needed for pcSOFI. We discuss the spatial and temporal 
resolution, which labels are suitable for pcSOFI, what equipment 
is needed, and lastly we provide some information concerning the 
data analysis.  

  Theoretically the resolution of pcSOFI is unlimited, but in prac-
tice, a threefold resolution increase, up to 70 nm, is what is readily 
achievable with the current FPs. This is less than can be achieved 
with PALM (for which a typical resolution is around 20 nm), which 
is probably the closest relative to pcSOFI in terms of experimental 
hardware and imaging strategy. As we have outlined above, this 
discrepancy is due to the much lower requirements that pcSOFI 
imposes on the imaging: instead of requiring individually resolv-
able emitters, only observable fl uctuations in fl uorescence are 
needed, and the imaging can therefore be performed under condi-
tions where PALM imaging would fail. This also means that the 
imaging can be performed with many more labels active in any 

1.3  Requirements 
and Deliverables 
for pcSOFI

1.4  Spatial and 
Temporal Resolution

  Fig. 5    The SOFI technique. ( a ) A stack of images showing fl ickering fl uorescent labels is recorded. ( b ) For every 
pixel, an intensity trace is generated and ( c ) the cumulant is calculated. The magnitude of this cumulant is then 
used to reconstruct ( d ) a diffraction-unlimited image       
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given image, and as a consequence, a small image sequence con-
taining 500 frames is enough to generate superresolution data. 
With as little as 100 frames, a signifi cant resolution enhancement 
can already be obtained. This allows for the diffraction-unlimited 
visualization of dynamic processes in living systems with temporal 
resolutions of a few seconds or less.  

  Sample preparation and labeling have to be well adapted to both 
the sample and the imaging technique in question. In addition to 
fl uorescent proteins, SOFI imaging has been performed using syn-
thetic dyes [ 17 ] and quantum dots [ 14 ]. In combination with anti-
bodies or other targeting strategies, they can be specifi cally and 
effi ciently targeted to any structure of choice, and can allow excel-
lent imaging. However, some of these labeling strategies have low 
biocompatibility for example because of potential toxicity when 
brought into the cell. 

 For live cell experiments, fl uorescent proteins are the typical 
labels of choice. For pcSOFI, the repertoire of labels that can be 
used is broad. While originally only the RSFPs Dronpa [ 18 ] and 
rsTagRFP [ 19 ] (green- and red-emitting, respectively) were 
reported, we have found that a broad range of RSFPs and even 
non-switchable FPs (for instance Emerald [ 20 ]) display the kind of 
fl ickering that can be processed via pcSOFI into high resolution 
data (unpublished fi ndings).  

  pcSOFI has only modest technical requirements, and can often be 
performed on hardware that is readily available. For optimal imag-
ing, excitation light should be provided by lasers, coupled into an 
inverted fl uorescence microscope equipped with a high-NA objec-
tive and appropriate fi lters. A 488 nm laser line can be used for 
Dronpa and other GFPs, while a 561 nm laser line can be used for 
rsTagRFP or other RFPs. An EMCCD camera is the detector of 
choice, because of the good signal-to-noise ratio that can be 
obtained, coupled with the high speed of acquisition. If the sample 
can be analyzed by TIRF imaging then a TIRF illumination system 
can be advantageous, though it is not required. 

 We have used a variety of setups to acquire pcSOFI data. Good 
quality data could be obtained with home-built setups with differ-
ent brands of optics, microscope bodies, lasers, and cameras. Also, 
we used two commercial wide-fi eld fl uorescence microscopes 
(Nikon Eclipse and Olympus cell^tirf) and found them to be very 
well suited for pcSOFI microscopy. Overall, any suffi ciently sensi-
tive microscope with the ability to acquire images at fairly high 
rates should be suitable.  

  As a statistical technique, SOFI is based on computational process-
ing of the acquired data. In a nutshell, SOFI software calculates for 
any given pixel the intensity fl uctuation in time upon which an 

1.5  Available Labels

1.6  Required 
Equipment

1.7  Data Analysis
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auto- or cross-correlation analysis is performed. From the correla-
tion function then, the cumulant (a parameter that has the same 
value as the correlation for second and third order correlation anal-
ysis) is extracted and used as intensity value for that specifi c pixel 
(Fig.  5 ). In order to get the most out of the analysis, an extra cal-
culation, such as a so-called Richardson-Lucy deconvolution, has 
to be performed. More information can be found in the Box and 
in references [ 14 ,  15 ,  17 ]. 

 The actual cumulant analysis requires only a very limited num-
ber of parameters and settings, such as the order of the calculation, 
and can therefore be performed even with comparatively little 
experience. Higher order calculations allow a higher resolution 
improvement to be realized, though at the cost of increased sensi-
tivity to noise, requiring the acquisition of more fl uorescence 
images during the experiment. With the current FPs, second- and 
third-order SOFI calculations are possible. 

 By virtue of the underlying concepts, SOFI calculations are 
unlikely to induce artifi cial structuring or biasing into the resulting 
output images. In other words, SOFI should not introduce spuri-
ous structural features or details into the superresolution image. 
Furthermore, if the sample is uniformly illuminated and the fl uo-
rophores display similar fl uctuations and brightnesses then the 
observed signal is proportional to the local concentration of the 
fl uorophore. However, if these assumptions are not true then these 
differences can be amplifi ed in the output SOFI image. 

 The actual calculations used in SOFI imaging are not particu-
larly diffi cult to implement. However, we have created a freely 
available and open-source implementation of the SOFI analysis, 
which is described in further detail below.   

 Cumulants? Orders?: How SOFI Works 

 The key requirement for SOFI microscopy is the stochastical    fl uctuation of 
the individual fl uorescent emitters. Because of the stochasticity and revers-
ibility of the process underlying fl uorescence blinking, one can record 
many images, every one of them representing the same structure but with 
a different subset of emitting molecules. 

 So what happens in the “black box” of a SOFI calculation? Say that we 
acquired a fl uorescence movie consisting of 100 images using a camera that 
has 512 × 512 pixels (262,144 pixels in total). That means that for every 
one of those 262,144 pixels, we recorded 100 intensity values. We can now 
characterize each of those 262,144 series of 100 intensity values using a 
statistical approach known as  cumulants . Cumulants are simply numbers 
that tell us something about what a particular distribution looks like. In 
fact, there is a whole family of cumulants, known as different  orders . The 
second-order cumulant is the most simple, followed by the third order 
cumulant, up to a cumulant of any order  n . This concept of orders is no 
different from what you may have encountered in everyday statistics: the 
mean of a distribution is also known as its fi rst moment, while its variance is 

(continued)
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known as the second moment, the skewness as the third moment, and so on 
for a theoretically unlimited number of moments. 

 So what do these cumulants look like in practice? They are somewhat 
diffi cult to write down straightforwardly, so instead we usually compute 
them by calculating correlation functions. Here is the expression for the 
second order cumulant  C  2 ( τ ), which is the most simple one that we use in 
SOFI:

  
C F t F t2 τ δ δ τ( ) = ( ) ⋅ +( )

  
 ( 1 ) 

   

  In this expression  F ( t ) is simply the fl uorescence intensity (the pixel 
value) in the image acquired at time  t. δ  means “fl uctuation of”, so  δF ( t ) can 
be read as “the fl uctuation of the fl uorescence at time  t ”. In other words, we 
simply take the pixel value at time  t  and subtract the average of all values that 
we recorded for that pixel, which then gives us the fl uctuation. The notation 
〈 ⋯ 〉 means that we average whatever is between the angle brackets over all 
the acquired images. Lastly, the  τ  parameter is known as the time lag. It 
means that we can multiply a fl uctuation at time  t  with a fl uctuation at time 
 t  +  τ  if we choose to do so. However, we usually set  τ   equal to zero, so we 
obtain:

    
C F t2

2= ( )δ .
 

  ( 2 )
    

  It may not seem like it yet, but this formula gives us a very simple 
recipe to calculate SOFI images! Basically, here is what it says: for every one 
of those 262,144 pixels, convert the 100 intensity values to fl uctuations 
(deviations from the average) by subtracting the average value for that 
pixel. Next take the square of each of those fl uctuations, and calculate the 
average. The resulting number is the value of that pixel in the SOFI image. 
Seems familiar? Could be, because this is simply the calculation of the vari-
ance of the pixel values! The superresolution information comes from the 
fact that we square the fl uctuations in Eq.  2 , which results in an image of 
which the effective point spread function is narrower. While taking the 
square of all the values in an image will lead to peaks becoming sharper, it 
will not cause them to become more resolved, and that is why we need to 
include multiple image acquisitions. 

 Now we take a look at what the third order cumulant in the simplest 
case looks like also compare it with Eq.  2 :

  C F t3
3= ( )δ .   

 
( 3 )

 
   

  In this case we are working with the cube of the fl uctuations, so we 
end up with more resolution improvement. However, as also the noise is 
cubed, the third order cumulant is more susceptible to this noise. In gen-
eral, higher cumulant orders produce a more substantial resolution 
improvement, but either requires higher-quality input data or the acquisi-
tion of more images to counteract this increased susceptibility to noise in 
the measurement. This concept generalizes to the higher cumulant orders, 
though orders of four and above the mathematical expressions are no lon-
ger as simple as they are for second and third orders. For order  n , we can 
expect a factor  n    improvement in resolution. Using deconvolution or 
Fourier reweighing, this can be extended to a factor  n  improvement. In 
practical experiments we will also typically use  crosscumulants  to create addi-
tional, “virtual”, pixels that provide additional information but require a 
somewhat more complex calculation. 
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  Here, we will describe a short protocol on how to image the β-actin 
fi ber network in HeLa cells using pcSOFI. We used vector Dronpa-
β-actin/pMC1 [ 21 ], containing the green RSFP Dronpa 
N-terminally linked to human β-actin. For dual-color imaging, we 
fi nd rsTagRFP to be a suitable red RSFP.    

2    Materials 

      1.    HeLa cells.   
   2.    Growth medium: Dulbecco’s modifi ed Eagle’s medium 

(DMEM) supplemented with 10 % fetal bovine serum (FBS), 
1 % GlutaMAX, and 0.1 % gentamycin.   

   3.    Hank’s buffered salt solution (HBSS).   
   4.    Phosphate buffered saline (PBS).   
   5.    Fixation buffer: freshly prepared 4 % paraformaldehyde in PBS.   
   6.    Plasmid DNA: Dronpa-β-actin/pMC1. This vector is based on 

the phKikGR-I-MCI vector (Amalgaam, Tokyo, Japan) in which 
the gene coding for human β-actin was introduced between the 
BamHI and the NotI site and in which the gene coding for 
KikGR was replaced by the gene coding for Dronpa [ 21 ].   

   7.    35 mm glass bottom culture dishes (MatTek Corporation, 
Ashland, MA, USA). 

 As for any superresolution imaging technique, pcSOFI bene-
fi ts from careful and clean sample preparation. However, there are 
different degrees of “cleanliness”. Single molecule clean sample 
preparation is rather diffi cult to achieve when working with bio-
logical samples. Growth media, transfection agents, and most 
importantly the cells themselves can generate background fl uores-
cence. We therefore advise to work as clean as possible without 
overdoing it. A good way to confi rm the cleanliness of the sample 
is to image non-transfected cells. These should give a low or negli-
gible SOFI signal compared to transfected cells.      

  Although many different setups can be used for pcSOFI, we describe 
a home-built wide-fi eld setup routinely used for pcSOFI with Dronpa 
and/or rsTagRFP as well as for PALM-type experiments using RSFPs 
or PCFPs. We describe the setup as we follow the light path.

    1.    A 404-nm (100 mW, CUBE, Coherent, Santa Clara, CA, 
USA), 488-nm (100 mW, Sapphire, Coherent) and 561-nm 
laser (200 mW, Sapphire, Coherent) are combined using 
appropriate dichroic mirrors (e.g., a 455 long pass and 550 
long pass (all fi lters and dichroics from Chroma, Bellows Falls, 
VT, USA)) ( see   Note 1 ). The power of the 404-nm laser is 
reduced using ND (neutral density) fi lters.   

   2.    The linearly polarized laser light is circularized using a half-wave 
and a quarter-wave plate (both Newport, Irvine, CA, USA) 

1.8  A Basic Protocol 
for SOFI Imaging

2.1  Cell Culture

2.2  Microscope 
Setup
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( see   Note 2 ) before passing two diaphragms spaced approximately 
20 cm apart. These two diaphragms help in aligning the laser 
lines perfectly on top of each other.   

   3.    A 5× beam expander and two 2-in. mirrors guide the light to 
the backport of an inverted microscope (IX83, Olympus, 
Hamburg, Germany) equipped with appropriate dichroics, a 
high-NA objective, typically a 60× NA 1.35 objective 
(UPLSAPO 60XO, Olympus) for measurements in epifl uores-
cence mode or a 60× NA 1.49 TIRF objective (APON 
60XOTIRF, Olympus) and emission fi lters.   

   4.    The light leaving the microscope is magnifi ed another 2.5× 
before being projected onto an EMCCD camera (ImagEM, 
Hamamatsu, Japan).      

  We will describe the analysis using the Localizer software [ 22 ], 
which comes in a number of different fl avors. We will use the 
 plug- in for Igor Pro (Wavemetrics, Portland, OR, USA), a powerful 
visualization and analysis program. While Igor Pro is a commercial 
program, a free 30-day trial version is available, and should allow 
plenty of time to get a feel for SOFI imaging.

    1.    Igor Pro, available from   http://www.wavemetrics.com    .   
   2.    The Localizer plug-in can be downloaded from   https://bitbucket.

org/pdedecker/localizer    , where installation instructions are also 
provided.    

3       Methods 

      1.    Grow HeLa cells at 37 °C with 5 % CO 2  in growth medium 
( see   Note 3 ).   

   2.    When the cells reach 80–90 % confl uency, transfer 300,000 
cells to a glass bottom dish.   

   3.    Transfect the cells with the method of choice immediately after 
the cells have been plated. Our preferred method is the cal-
cium phosphate method [ 23 ] with up to 5 μg of DNA for 
100,000 cells.   

   4.    Incubate the cells for 16–24 h, after which time the cells are 
nicely fl uorescent.   

   5.    Wash the imaging dish containing the transfected cells three 
times with HBSS preheated to 37 °C ( see   Note 4 ).     

 At this time, there are two options.

    6.    The live cells are imaged right away.   
   7.    The cells are fi xed. Add 2 ml of fi xation buffer to the cells and 

incubate at 37 °C for 30 min. Wash the sample three times 
with PBS of 4 °C. The cells can now be stored in the fridge for 
later use ( see   Note 5 ).      

2.3  Software

3.1  Cell Culture
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  Acquisition parameters should always be optimized depending on 
the setup and label used as described below.

    1.    Confi gure the camera to maximum acquisition speed, typically 
30 ms. While electron multiplication is not necessarily required 
for pcSOFI, it can help in improving the signal-to-noise ratio, 
facilitating data analysis and interpretation.   

   2.    Find a representative cell using the lowest possible light inten-
sity ( see   Note 6 ).   

   3.    Starting from the lowest light intensity, gradually increase the 
laser power until you see a uniform blinking. The image should 
resemble the snowy noise as seen on an analog television 
( see   Note 7 ). This blinking should be consistent for more than 
500 frames. Find a good balance between fl uorescence inten-
sity and bleaching rate ( see   Note 8 ).   

   4.    Having found the optimal imaging conditions, fi nd a represen-
tative region of interest and focus using as little light as 
possible.   

   5.    Start the camera and the laser illumination simultaneously. 
Acquire between 200 and 2,000 frames. At fi rst, we recom-
mend to try recording 1,000 frames, which is more than is 
usually required.      

      1.    Download and install Igor Pro, available from   http://www.
wavemetrics.com    . The Localizer plug-in can be downloaded 
from   https://bitbucket.org/pdedecker/localizer    , where 
installation instructions are also provided.   

   2.    Load the data into the Localizer plug-in. This can take a few 
seconds depending on the number of images.   

   3.    In the SOFI tab, several options are available. Start with a 
second- order cross-correlation analysis with 500–1,000 
images. The software provides other options such as the time 
lag, the type of analysis (auto- or cross-correlation) and the 
order of the correlation analysis, whose parameters can be 
modifi ed in order to identify the analysis settings that give the 
best obtainable image.   

   4.    We recommend generating an average image using the “Also 
average image” option. In this case the software returns two 
images. One is the average image which is diffraction limited, 
the other is the high-resolution pcSOFI image. Comparing the 
average image with the pcSOFI image provides a qualitative 
idea of the resolution enhancement.   

   5.    Perform a Richardson-Lucy deconvolution in order to utilize 
the full potential of the SOFI analysis.   

   6.    Use the functionalities of Igor Pro as a data analysis program 
to create an image that suits your likes and needs.      

3.2  Image 
Acquisition

3.3  Data Analysis
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  A typical pcSOFI image of Dronpa-labeled human β-actin fi bers in 
cultured HeLa cells can be found in Fig.  6 . Both the average image 
and the pcSOFI image are displayed.

4        Notes 

     1.    To combine one laser line with another using a dichroic mirror, 
it is instrumental to do so using at least two rotatable mirrors per 
laser. This will greatly facilitate the alignment process, as one can 
now rotate and move the laser line with great precision.   

   2.    In an ideal case, one quarter-wave plate is added in front of 
each laser.   

   3.    Do not add phenol red, as this is a source of background fl uo-
rescence that can heavily interfere with the imaging.   

   4.    Changing the growth medium for HBSS ensures that the cells 
are in viable in atmospheric conditions. In case 5 % CO 2  incu-
bation is applied at the microscope, cells in HBSS will die; use 
for example DMEM instead.   

   5.    Fixed cells provide some temporal fl exibility for example when 
setups are heavily booked and measurement days are limited.
However, make sure not to use cells fi xed more than 2 weeks ago.   

   6.    If your microscope is equipped with an additional fl uorescence 
lamp, use this. It will provide a bigger fi eld of view and less 
intense light.   

   7.    For examples of such fl ickering, see the movies in the 
Supplementary Information of reference [ 16 ].   

   8.    If the fl uorescence intensity decreases very fast due to fast off- 
switching, applying very low doses of 405-nm light can be a 
good idea.         

3.4  A Typical Result

  Fig. 6    Typical pcSOFI image of Dronpa-labeled human β-actin fi bers in cultured HeLa cells. ( a ) Average image 
of 1,000 wide-fi eld images. ( b ) Second order cross-correlation SOFI-analyzed image. ( c )–( f )  Insets  highlight 
background reduction, contrast increase, and resolution enhancement due to the SOFI analysis       
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