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Abstract

Ratiometric fluorescent reporters have recently emerged a new technique to non-invasively
measure aspects of cell physiology such as redox status, calcium levels, energy production, and
NADH levels. These reporters consist of either a single or pair of fluorophores along with specific
modifications, such as the addition of a protein domain which binds to a metabolite of interest,
thereby producing gradual alterations in fluorescence in response to changes in the measured
parameter. Measurement of the changes in fluorescence produces a quantitative read-out of the
cellular environment. While these reporters were initially developed to easily visualize and track
changes in cultured cells, several groups have adapted these reporters to use in Caenorhabditis
elegans which opens a new avenue through which to explore cell physiology during development
or aging, in response to changes in external environment, or in response to genetic manipulation.
These reporters have the advantage of being easily targeted to any part of the worm, and because
C. elegans is transparent both the reporters and changes in their fluorescence can be clearly
observed in vivo. Here we discuss the application of ratiometric reporters to C. elegans, and
outline a method to quantitatively measure changes in intracellular peroxide levels using the
HyPer ratiometric reporter. However, these principles can be applied to alternate ratiometric
reporters which are designed to measure either other chemical species or other cellular parameters.
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1. Introduction

An area of long-standing interest in biochemistry and cell biology has been the connection
between changes in cell behavior and changes in cell physiology. The changes in cell status
produced processes such as hormone signaling, medications, stressors, and aging have been
thought to be linked to changes in metabolism and many other cellular parameters, however
the techniques available to examine these changes both in vivo and in real time have been
limited. For example, the use of in vitro biochemical assays to measure metabolites of
interest have been valuable, but these techniques are limited by the need to prepare cell
lysates which require both time and sufficient biomass to permit their detection. Further, the
biochemical data is drawn from a population of cells so the study of individual variation is
lost via this approach, and also the need to prepare cell lysates makes serial study of the
same cell population not possible.

The development of fluorescent proteins, such as green fluorescent protein (GFP), as
research tools has produced multiple benefits in the understanding in the areas of cell
biology, developmental biology, and gene expression, because these processes could now be
easily seen in a non-destructive manner through the use of fluorescence microscopy [1].
Further these fluorescent proteins could be modified using the tools of molecular biology to
create novel fusion proteins that can be targeted to specific locations, come in different
colors, or have other new properties. Among these fusion proteins are a significant number
of ratiometric reporters which demonstrate changes in fluorescence in response to changes
in a parameter of interest [2-12] (Table 1). These ratiometric reporters generally fall into
two categories with one category consisting of a single fluorescent protein inserted or
attached to a parameter responsive protein domain [2, 8, 9, 11, 13] and the second category
consisting of two fluorescent proteins, which exhibit fluorescence resonance energy transfer
(FRET) [14-17], flanking a parameter responsive protein domain. These domains are often
drawn from prokaryotic genes and the encoded protein often binds or produces other
conformational changes in response to interactions with a metabolite or other chemical.
Alternatively, the domain could be smaller and have functional groups which are responsive
to changes in a cellular parameter, such as pH or redox status, or the domain could have high
affinity phosphorylation sites for a specific protein kinase. The resulting conformational
changes serve to either alter the structure of the single fluorophore or to change the FRET
coupling between the pair of fluorophores (Figure 1). The net effect is that physiological
changes in the concentration of the relevant parameter result in reproducible and measurable
changes in the excitation and emission spectra of the reporter. These changes can be easily
measured via the use of fluorescent microscopy with changes in the observed fluorescence
between control and intervention cells providing a measure of changes in the parameter of
interest. The use of a transgene-encoded fluorescent protein carries certain advantages such
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as the ability to limit measurements to specific cell-types or to specific compartments within
the cell.

The quantitative analysis on the ratiometric reporters can be done in two major ways:
imaging based or microplate based. Microplate based measurement allows rapid, kinetic
measurement of intracellular fluorescence in a large population without taking individual
images, but requires a specific fluorometric imaging plate reader. In this paper, we will
focus on the imaging approach with along with a discussion on the choice of appropriate
fluorescence reporters, microscopes, filters, and cameras for imaging intracellular biological
changes in C. elegans.

2. Methods

2.1 Choice of ratiometric reporters

There are several reasons why fluorescence-based ratiometric reporters are an attractive and
reliable way to assess cellular physiology in vivo. First, these biosensors are protein-based
and encoded by a specific transgene. As a result, the reporter is relatively stable both over
time and between animals, and also does not involve the treatment of animals with
exogenous products. Second, through the use of transgene modifications, the reporter can be
targeted to specific cell types, developmental stages, or even subcellular compartments.
Finally, often extensive work has been conducted during the creation of individual reporters
to produce a biosensor that is both sensitive to physiological changes in the metabolite of
interest while at the same time being selective for this metabolite compared to even closely
related metabolites. For example, the HyPer ratiometric reporter is able to detect small
changes in cellular H,0, levels while at the same time, this reporter is insensitive to other
oxidants tested, such as superoxide, oxidized glutathione, and nitric oxide [8].

Due to these advantages, in the past ten years ratiometric reporters have been developed to
monitor a variety of parameters in cell physiology including cellular pH changes, Ca2*
fluxes, changes in intracellular signaling, and changes in cellular metabolism (Table 1).
These reporters consist either of a single fluorescent protein attached to a domain which
changes conformation in response to a change in a specific cellular parameter, or the
reporter consists of two FRET-coupled fluorophores with a responsive insert sandwiched
between the two fluorophores. In the former type of reporter, changes in the conformation of
the attached domain produce small changes in the three dimensional structure of the
fluorescent protein and hence alter the spectral properties of the fluorophore. Importantly,
many fluorescent proteins, such as yellow fluorescent protein (YFP), have more than one
excitation peak resulting in light emission at a single emission wavelength. The changes in
the fluorophore conformation typically result in reproducible changes in the ratio of these
excitation maxima [2, 8, 9, 11, 13]. In contrast, the reporters consisting of two FRET-
coupled fluorophores utilize non-radiative energy transfer between a donor fluorophore,
cyan fluorescent protein (CFP), and an acceptor fluorophore (YFP) [14-17]. This transfer of
energy depletes the excitation energy of the donor and produces a decrease in the
fluorescence emission from the donor, while the transferred energy excites the acceptor and
results in increased emission from this fluorophore (Figure 1). The changes in the
conformation of the insert change the geometry of the two fluorophores in the fusion protein
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and hence produce reproducible changes in the amount of FRET occurring between the
fluorophores. Both types of reporters can be successfully used to measure changes in cell
physiology though one needs to be aware of the types and properties of the fluorophores to
select the proper imaging equipment and conditions.

Important factors to consider in selecting a reporter for use include the sensitivity and
selectivity for a ratiometric reporter for a parameter of interest; the resistance of the reporter
to potential confounding variables such as pH; the availability of published worm strains
with the reporter; the availability of the reporter cDNA from a company, repository, or the
lab of origin; and whether targeting the reporter to a specific cellular compartment, tissue, or
developmental stage is important for experimental design. Information on the reporter and
its sensitivity and selectivity can usually be obtained from prior publications. These same
properties may not be seen in worms due to differences between worms and mammalian
cells grown in culture, such as the temperature used for growth [14]. Another important
consideration is that some fluorophores also show changes in fluorescence in response to
changes in pH so if changes in pH could be a factor in the experimental design, i.e.
examining changes in energy production, it will be important to determine if this factor has
been examined in prior publications [12, 18]. Most of the ratiometric reporters have not been
used in worms, but strains are reported for reporters measuring pH, oxidative stress, calcium
fluxes, and adenosine triphosphate (ATP) levels [2, 14, 19, 20]. As a result, most
applications will involve creating new transgenic animals for use, and hence the availability
of the reporter cDNA is an important consideration. Fortunately, a number of reporters are
available from either Addgene (Cambridge, MA) or Evrogen (Moscow, Russia) which can
streamline the process of requesting and receiving the desired reporter. If a new transgene
and transgenic animal will be constructed, this step will also permit the use of targeting
sequences or specific promoters to control when and where the reporter is expressed.

2.2 Construction of Transgenes

A few C. elegans strains expressing ratiometric reporters have been created, and a limited
number, such as worms expressing the calcium sensors D3cpv and GCaMP or the pH sensor
pHluorin, are available at the Caenorhabditis Genetics Center (CGC) [2, 14, 19-25].
Because of this limited availability, the most common way to utilize a ratiometric reporter is
by creating a transgene containing the reporter of interest and then using this transgene to
produce transgenic worms either via microinjection, mos1-mediated single copy transgene
insertion (mosSCl), or microparticle bombardment [26-30]. This approach, while somewhat
time-consuming, does carry the advantage of being able to create a transgene with features
that are optimized for a specific experiment. For example, sequences could be inserted to
localize the reporter to specific intracellular structures, such as the nucleus or mitochondria,
or one could use tissue- or stage-specific promoters to limit expression of the reporter to the
desired tissues or developmental stages.

These transgenes are often produced through the use of standard cloning or alternate
approaches such as Gateway cloning (Life Technologies, Grand Island, NY) can be used
especially if multiple transgenes are being produced at one time. Most of the reporters have
been constructed for use in mammalian cell culture, so issues such as differences in codon
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usage between mammals and worm and the lack of internal introns, which can lead to
reduced transgene expression in worms, are possible difficulties involved in utilizing a
reporter cDNA directly to generate a transgene for use in C. elegans [30]. However, we have
found that replacing the GFP sequence in a Fire lab vector, such as pPD93.97, with the
reporter cDNA and placing a promoter of interest upstream is often sufficient to get
moderate to high level expression in C. elegans without modification (H. Wang and A.
Fisher, unpublished). The pPD93.97 vector is available from Addgene (Cambridge, MA),
and the vector has synthetic introns both upstream and downstream of the GFP sequence,
which may influence the expression of the cDNA. To replace the GFP sequence in the
vector, we generate a PCR fragment containing the reporter sequence flanked by the
sequence 5-GGTACCGGTAGAAAAAATG-3’ on the 5’ side and placing an EcoRl
restriction site (5’-GAATTC-3’) on the 3’ side of the cDNA. The 5 sequence represents the
immediate 5" UTR sequence from many Fire lab vectors and ends with the initiating ATG.
The use of these specific oligos for PCR allows the GFP sequence to be replaced with an
Acc65l - EcoRI fragment encoding the protein of interest. The PCR step can also be used to
add targeting sequences to cDNA, such as a nuclear localization signal, mitochondrial
targeting sequence, or myristoylation sequence, to localize the reporter to a specific cellular
compartment.

If desired, the resulting plasmid can be modified to carry the unc-119* gene via the use of
homologous recombination in E. coli [31, 32]. This modification allows the plasmid to be
used to generate transgenic animals with rescue of the unc-119 mutation being used as a
selectable marker. Alternately, selectable markers, such as the rol-6 marker or antibiotic
resistance, can be used to identify transgenic animals [29, 33, 34]. Fluorescent markers, such
as GFP or mCherry, are also an option as long as care is taken to express either a fluorescent
protein that will not conflict with the selected reporter or to express the marker in a tissue
distinct from those of experimental interest.

2.3 Generation of Transgenic Animals

Once the desired transgene has been created, several approaches, including microinjection,
microparticle bombardment, or mosSCI, can be used to generate transgenic animals [27-29].
Each approach has trade-offs with regards to the effort involved in getting a transgenic
animal and the type of transgene produced. We have favored the use of bombardment to
generate transgenic animals due to the ability to obtain a mix of animals with a range of
extrachromasomal arrays and integrated transgenes [27]. We feel this produces animals with
a range of transgene expression levels which might make identifying a transgenic line with
the optimal expression level of the transgene easier. However, the bombardment procedure
can damage the genomic DNA especially when integrated transgenes are produced. In
addition to bombardment, both microinjection and mosSCI can be successful approaches to
produce transgenic animals. The microinjection technique usually produces transgenic
animals with extrachromosomal arrays and requires some practice to become skilled at the
injection technique, but this approach can be carried out quickly to obtain the desired
animals. Recently, mosSCI has emerged as a powerful technique to obtain single copy
transgenes that are inserted in a defined genomic locus [28]. This approach gives the
investigator a great deal of control over the type of transgenic animal created, but this
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approach can be more time consuming and can produce transgenic animals with a more
limited range of transgene expression levels.

Microparticle bombardment utilizes a specialized apparatus to propel DNA-coated gold
microparticles driven by high-pressure helium into a large population of animals. A small
percentage of the animals will have the microparticle penetrate the gonad and transfer the
associated DNA into the germline to produce transgenic progeny with mainly
extrachromosomal arrays and a small number with integrated transgenes. Several detailed
protocols for the use of bombardment have been described including some from our lab [27,
35, 36].

Regardless of the procedure used to generate transgenic animals, the resulting strain will
need to be out-crossed to remove any genetic differences related to the starting strains
needed to select for transgenic animals or the transformation process. The transgene can also
be moved into other genetic backgrounds via the use of standard crosses.

2.4 Use of Control Experiments to Validate Reporter Function

An important first step in the use of a new ratiometric reporter is to determine whether
changes in the fluorescence of the reporter occur when the cellular parameter of interest is
changed. Seeing such an effect both validates the successful expression and activity of the
reporter, and also confirms that physiologically relevant changes in the metabolite or other
parameter can be detected by the reporter. These types of control experiments can be
performed by using an exogenous treatment that would be expected to change the parameter
of interest in a predictable manner, such as inhibiting mitochondrial function to change ATP
levels, NADH levels, or pH. Alternately, either a genetic mutant or RNAI treatment could be
an option to produce changes that can be visualized by the reporter.

For example, we treated transgenic worms carrying a rpl-17p::HyPer transgene that widely
expresses the HyPer ratiometric reporter, which consists of circularly permuted YFP
inserted into the regulatory domain of the E. coli OxyR protein, with tert-butyl
hydroperoxide (tBHP) to generate peroxide [2, 8]. We chose to use tBHP due to its greater
stability and higher membrane permeability while retaining the ability to oxidize amino
acids including those in OxyR [37-40]. The HyPer reporter shows changes in the 420 nm
and 500 nm excitation maxima of YFP in response to changes in peroxide levels, with the
420 nm maxima decreasing and the 500 nm maxima increasing following exposure to
increasing peroxide levels [8]. To perform this experiment we used the following protocol:

1. Grow several 6-cm. plates of mixed stage transgenic worms.
2. Wash worms from plates with S-Basal and collect in a 15 ml centrifuge tube.

3. Pellet worms by centrifugation 30—-60 seconds at 3000 rpm and remove
supernatant.

4. Wash once with an equal volume of S-basal.
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5. Add 10 mL of fresh hypochlorite solution to worms (4ml bleach, 2.5ml 10M KOH,
and 43.5ml dH,0). Mix well by inversion and monitor for the disappearance of
adults and liberation of eggs using a dissecting microscope.

6. Collect the eggs by centrifugation at 3000 rpm for 30-60 seconds.

7. Add ~200 eggs to fresh 6-cm NGA plates and incubate at 20°C for three days to
generate a synchronized population of day 1 adult transgenic worms.

8. Add an aliquot of tBHP dissolved in water to the surface of a 6-cm OP50-spotted
NGA plate and allow the plate to dry for at least 1 hour. As a control, add a similar
amount of water to an additional plate and similarly allow the plate to dry.

9. Move adult transgenic worms to the tBHP or control spotted NGA plate by hand
and incubate the plates at 20°C for one hour.

2.5. Mounting of Worms for Imaging

To image the worms, we mount them on standard agarose pads [41]. However, an important
concern is the choice of anesthetic agent because the biochemical effects of some of the
agents may alter the parameter of interest. For example, the commonly used anesthetic
sodium azide impairs mitochondrial function and can produce both decreases in ATP levels
and oxidative stress [42, 43]. To circumvent the limitations of a specific anesthetic, it is
possible to switch anesthetics or to immobilize worms via another approach such as gluing
[44]. To image the animals with the rpl-17p::HyPer transgene, we chose to use the
alternative anesthetic levamisole, which acts as a acetylcholine receptor agonist in C.
elegans [45]. Beyond levamisole, other anesthetics and immobilization techniques are
available for use with imaging. The online resources Wormbook and Worm Breeder’s
Gazette can be useful resources for identifying alternate techniques. To prepare slides and
mount the worms with levamisole, we used the following protocol:

1. Using laboratory label tape, tape two flat microscope slides and lie them parallel to
each other on the laboratory bench.

Place a third blank slide between the two taped slides.
Boil 2% agarose in distilled water.

Using a plastic pipette, place 2—-3 drops of 2% agarose onto the middle slide.

o & W D>

Immediately lay a fourth slide perpendicular to the other three slides on top of the
agar.

6. Once the agar has set, carefully slide apart the taped slides, so that the agar pad is
left in the center of the middle slide.

7. Pipet 20 uL 10 mM levamisole in M9 or S-basal onto the agar pad.

8. Transfer worms to the agar pad using a pick or piece of nylon monofilament fishing
line.

9. Set the edge of a coverslip at the side of the agar pad opposite to the levamisole and
slowly drop it to avoid air bubbles.
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2.6 Selection of Microscope and Filters

Fluorescence emitted by the ratiometric reporter is visualized and measured by fluorescence
microscopy and digital imaging. In this section, we discuss some of the options for
microscopes and cameras along with important considerations for choosing microscopy
equipment.

Both confocal and widefield epifluorescence microscopes can be used for imaging the
reporters. Confocal microscopes capture images with high z-resolution by rejecting light
from outside of the imaging plane of interest. This approach is particularly attractive if the
reporter is expressed in multiple tissues in the worm as the microscope could be focused to
only visualize specific cells in the animal while excluding unwanted signal from other cells
or tissues above or below the region of interest. This is less of a concern if a tissue-specific
reporter transgene is constructed as the chosen promoter would serve to limit fluorescence
only to the cell types of interest. A trade off associated with the use of confocal is the need
to use either brighter transgenes or longer acquisition times during imaging because only the
fluorescence from a thin section is visualized. In contrast to confocal imaging, a widefield
epifluorescence microscope captures fluorescence from a thicker region of the animal which
could permit either dimmer reporters or shorter acquisition times to be used. Another
advantage for widefield microscope use is that they are often more common and therefore
more accessible on a university campus. This may be due to their lower cost to purchase or
the greater ease with reserving time to use the microscope in an imaging core. Also when
using a core facility instrument, the increased availability also lowers competition for time
with other users. Lastly, the widefield microscope is often familiar to researchers so there is
less of a learning curve compared to the use of confocal microscopy. Despite these
differences, both approaches can be successful.

Another major difference between standard widefield microscopes and confocal
microscopes is the illumination source. Most confocal systems use a laser light source with
only selected, monochromatic light wavelengths available on a specific system. Most
university-owned systems have been purchased with multiple lasers that provide light
sources compatible with standard fluorophores, such as fluorescent proteins or FRET-based
ratiometric reporters. However, it is important to investigate the system during the planning
phase of reporter use as a microscope system lacking the needed laser will be of little use
experimentally. Furthermore, adding a new laser to an existing system is expensive and not
always possible. Most widefield fluorescent microscope systems instead use a single broad-
spectrum light source which utilizes filters to generate light of the desired excitation
wavelength. While almost any light source can be used, often filters need to be purchased as
most of the ratiometric reporters need excitation wavelengths that do not match the standard
DAPI, FITC, or TRITC filters included in most standard microscope configurations. These
filters can be purchased from multiple suppliers and are reasonably inexpensive.

In addition to the light source, the emitted fluorescent light from the sample also needs to be
filtered to limit imaging to specific wavelengths of interest. Some confocal microscopes
utilize spectral emission pathways, which use a monochromator to separate out desired
wavelengths. This can provide great flexibility with regards to the emission wavelengths that
can be chosen. On filter-based confocal microscopes or widefield microscopes lacking a
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monochromator, an emission filter is instead used to remove light that is not of the desired
wavelength. The use of an emission filter allows most fluorescent microscopes to be used
for visualizing the ratiometric reporters but often these filters need to be specially purchased
for this purpose. Filters are typically quite easy to add to a widefield microscope, whereas
filter modification on a confocal microscope can be tricky.

Most fluorescent widefield microscopes install the excitation and emission filters together in
a cube with a dichroic mirror which permits the excitation and emission light to share the
same path through the microscope objective. The dichroic mirror is selected to reflect the
excitation wavelength and to transmit the emission wavelength. This allows the faint signal,
or emitted light, to be detected by removing it from the excitation light which is brighter but
of a lower wavelength. Filters are selected for a defined range of wavelengths, typically
considered as a range around a wavelength, instead of a single wavelength. The excitation
and emission filters are selected to approximate the excitation and emission maxima of the
reporter fluorophores. However, properly selected filters often do not correspond solely to
the single peak wavelength as the entire excitation and emission spectra and the interaction
with other signals, such as autofluorescence or other fluorophores, must be taken into
consideration. Often a narrow-band filter that has been carefully selected to optimize the
coverage of the excitation and emission peaks can be used to enhance imaging of the
reporters while minimizing autofluorescence or other unwanted signals. For example, to
image the HyPer and HyPer2 peroxide-sensing reporters, which have excitation maxima at
420 and 500 nm and an emission maxima at 516 nm, we use an excitation filter that is
centered at 414 nm with a bandwidth of 46 nm, a excitation filter centered at 494 nm with a
bandwidth of 20 nm, and a 529 nm emission filter with a bandwidth of 24 nm [8, 9]. With
these filters, each of the maxima fall within the bandwidth of one of the filters. Once
purchased the emission and excitation filters and dichroic mirror are assembled into a
microscope manufacturer specific cube for use and installed in the microscope. For example,
for HyPer and HyPer2, we paired the 414 nm excitation filter and 529 nm emission filter to
visualize the 420 nm maxima, and we paired the 494 nm excitation filter and a second 529
nm emission filter to visualize the 500 nm maxima. Both cubes contain a 506 nm long pass
dichroic mirror. Many filter manufacturers will both supply the cube housing and insert the
filters and mirror for an additional charge.

The microscope objective choice is another important factor to consider in setting up a
microscope for use with ratiometric reporters. Objectives with the appropriate magnification
should be chosen depending on whether large regions of the animal are being imaged, which
would favor a lower magnification, versus a limited focus on a small region of the animal,
such as a specific neuron, which would favor the use of higher magnification. Importantly,
an achromatic objective should be selected to limit the effects of chromatic aberration,
which could distort the image data especially at higher magnifications. Finally, objectives
with higher numerical aperture values tend to be more useful for imaging because the higher
numerical aperture produces a brighter image, which decreases the exposure time required,
and reduces potential for animal movement or photobleaching of reporter.
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2.7 Selection of the Microscope Camera

Another important part of the microscope set-up is the camera used for capturing the images.
Beyond simply representing a picture of the worm, the image also contains the intensity data
which is utilized to calculate the status of the reporter. The ideal camera should show low
read noise, high sensitivity, a high speed of acquisition and a wide dynamic range. Most
commercially available cameras do well at capturing images at a range of resolutions which
are suitable for use in analyzing reporters in C. elegans. To optimize the dynamic range, one
should consider the use of a monochrome camera so the brightness of the image is directly
related to the intensity of the light transmitted by the emission filter. Furthermore, these
cameras have higher quantum efficiencies, which allow for a brighter picture and shorter
exposure time.

An additional concern is the number of bits used by the camera. Many color cameras are 8
bit so only 28 or 256 shades are captured by the camera. Higher quality monochrome
cameras can provide high resolution, similar to that of color scientific cameras, as well as 12
bit depth which captures 212 or 4096 shades. The advantage of the 12 bit camera is greater
sensitivity, a wider dynamic range, and greater sensitivity to small differences in
fluorescence. Some cameras are available that even function at 16 bits or 216 or 65,536
shades.

2.8 Imaging of Nematodes

Once the ratiometric reporter expressing worms are mounted on a slide and positioned in a
suitable microscope for imaging, digital images at each of the relevant excitation and
emission wavelength pairs need to be captured for subsequent use. In preparing to acquire
the images, three issues need to be kept in mind to obtain images suitable for the
downstream ratiometric analysis. First, the animals should be absolutely paralyzed because
the slightest movement of the animal between capturing each of the two images may result
in large deviations in the ratiometric image, especially at high magnifications. Second, the
selected acquisition time for the digital camera must result in pixel fluorescence intensities
that lie within the dynamic range of the camera and specifically avoids saturated pixels.
Saturated pixels have a fluorescence level which lies outside of the range that can be
measured by the camera (Figure 2). Using images with saturated pixels in the subsequent
analysis will produce erroneous results as these pixels are assigned the maximum value
measured by the camera while the true intensity of the pixel could be much higher (see
below for further discussion). This underestimates the differences between the compared
images. Third, the camera acquisition times for each of the excitation and emission
wavelength pairs, which correspond to the excitation maxima, do not need to be the same,
but these times do need to be same between experimental groups. Ratiometric reporters are
typically used to compare the effects of an intervention or genetic mutation on a parameter
of interest, so a typical experiment will consist of a control group and one or more treatment
or mutant groups which are then compared. To facilitate this comparison, distinct camera
acquisition settings can be used for each of the individual excitation and emission pairs
imaged, but these settings cannot vary between experimental groups. Also, the images will
ideally be captured at the same time, such as by arranging the worms on the slide so that
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both the experimental and control animals are seen in the same field. In this section, we will
discuss the concerns about acquisition time in more detail.

To avoid using an acquisition time which produces saturated pixels, several approaches can
be used. Many of the imaging software packages, such as the NIS Elements software from
Nikon, have indicators which will highlight saturated pixels in a live image, often through
the use of a distinctive color, to provide real-time feedback to the user. If saturated pixels are
observed, the acquisition time can be reduced so that the highlighted pixels disappear. An
alternate approach is to use a histogram function, if available, which shows the range of
pixel intensities as well as the relative abundance of each pixel intensity (Figure 2). The
advantage of the histogram function is that the acquisition time can be adjusted based on
feedback from the histogram to both avoid saturated pixels and to shift the bulk of the non-
background pixels into the middle of the histogram and avoid an under-exposed image
(Figure 2). By favoring the middle of the range, the capability of the camera to identify
increases or decreases in the fluorescence of the reporter is greater (Figure 3).

Obtaining images without saturated pixels is fairly straightforward when capturing a single
or small number of images in a single experimental group, however to be useful the reporter
will need to be imaged in multiple treatment groups or genetic mutants where the spectral
properties of the reporter are expected to be different due to changes in the parameter being
measured. As a result, imaging conditions that would work well with the control animals,
may result in either excessively dim or saturated images in another group. To avoid these
concerns, we use an initial group of control and experimental animals to establish constant
imaging conditions for each of the relevant excitation and emission pairs that provide pixel
intensities that are clearly above background and not saturated in each group of animals.
Investing this effort initially is important as obtaining suboptimal images from any of the
experimental groups can jeopardize an entire experiment.

Once the camera settings and acquisition times are optimized, imaging the animals in each
of the groups is fairly straightforward. We have found that imaging as few as 10 animals in
each group can demonstrate a clear change in the reporter measures. More animals are likely
needed if the magnitude of the expected change in cellular physiology is smaller or if there
is greater animal-to-animal variability in either the reporter measure or the physiological
change. Often a pilot experiment can be very informative for determining the numbers of
animals needed to obtain a robust dataset.

2.9 Image Analysis

Ratiometric reporter images are often analyzed at a time after being captured, but some
imaging software packages allow the images to be processed in real-time. This live-analysis
allows the researcher to identify the regions of interest while performing the imaging to
make changes to the imaging protocol or to verify whether changes in reporter fluorescence
seen in an animal are then reliably found in other animals. The ability to perform live-
analysis can be performed, for example, using the newer versions of the Nikon imaging
software. This software also offers a feature where the ratio image is normalized for the
intensity of the underlying pixels, which results in dim regions of the images being
effectively excluded from the analysis without a region of interest being selected. The post-
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analysis approach is more commonly used because it requires less sophisticated imaging
software, and also minimizes the amount of user time spent on a microscope, which can be
important for heavily used instruments. Here we will focus on the post-analysis using the
free ImageJ software [46].

To extract the ratiometric data from the images, the investigator is essentially dividing the
pixel intensities in an image captured for one excitation-emission pair by the pixel intensities
in an image captured using the same animal with another excitation-emission pair. This
resulting ratio provides a measure of the parameter measured by the reporter and differences
in the ratio between experimental groups indicates a change in the underlying parameter. In
this section we will discuss how this ratio can be calculated from the obtained images.
Fortunately, a number of software packages, such as software provided by a microscope
manufacturer or the freely available ImageJ, can be used to facilitate this analysis [46].

The initial step in analyzing the image involves determining the background- subtracted
pixel intensities for the images corresponding to each relevant excitation-emission pair for a
given animal. This involves using software to calculate the level of background fluorescence
for the entire image, and the subtracting this value from all of the pixel intensities in the
image. Failing to remove these background values can decrease the differences observed by
artificially inflating the values from the dimmer image. Within ImageJ, this function can be
carried out by using the “subtract background” option within the “process” menu. Most
other software packages are also able to perform this operation.

After background subtraction is performed for the pair of images, the pixel intensities for the
pair of images are then mathematically divided to obtain a new “image” consisting of the
resulting ratio. Ideally the calculation is performed using pixel-by-pixel data so that the
effects of noisy pixels are minimized. Within ImageJ the “image calculator” option within
the “process” menu is used for this purpose. Often in C. elegans experiments the reporter is
expressed in only a subset of the image so regions of interest, often based on the reporter
expression pattern, can then be identified to measure the ratio of the two images only in
these areas. Within ImageJ, the selection tool buttons can be used to define the region of
interest, and then the “measure” option within the “analyze” menu can be used to obtain the
desired ratio data. With many of the software packages, the regions of interest can be
specified either manually or by using the software, and many of the steps can be automated
to reduce the hands-on manipulation time involved.

After performing these steps for each animal imaged within each group, the resulting ratio
data can then be plotted and compared using scientific graphing software such as Prism
(Graphpad Software). We are typically comparing two groups so calculating a mean and
comparing the groups through the use of the t-test is adequate to determine if differences
between the groups exist. More complicated experimental designs would require the use of
different statistical approaches.

3. Results and Discussion

To illustrate the ratiometric behavior of the HyPer ratiometric reporter which detects
hydrogen peroxide, we treated worms expressing HyPer in most tissues by transferring 10
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rpl-17p::HyPer transgenic worms to a plate containing tert-butyl hydroperoxide (tBHP) for
1 hour [2, 8]. Because of its high membrane permeability, tBHP has been used as an
alternative to H,O, and similarly to H,O,, it can oxidize and activate OxyR [38-40]. We
then mounted the worms using levamisole as an anesthetic to avoid exposure to sodium
azide which could independently produce oxidative stress in the animals. HyPer has two
excitation peaks with maxima at 420 nm and 500 nm, and one emission peak with maximum
at 516 nm which we measured via digital fluorescent imaging. First we imaged these
animals using a filter cube consisting of an excitation filter centered at 414 nm paired with a
529 nm emission filter to measure fluorescence related to the 420 nm excitation maxima
(Figure 3). Immediately after acquiring the first image, we then imaged the same animal
using a second filter cube consisting of a 494 nm excitation filter paired with an identical
529 nm emission filter to measure fluorescence related to the 500 nm excitation maxima
(Figure 3).

Upon exposure to H,O», the excitation peak of HyPer at 420 nm decreases proportionally to
the increase in the peak at 500 nm [2, 8]. Consistently, we observe an increase in the
fluorescence in the images measuring this 500 nm peak, while we see less fluorescence in
the images measuring the 420 nm peak (Figure 3A). As a result, this HyPer transgenic line is
showing the expected ratiometric reporter properties in this control experiment. The next
step in this experiment is to image additional animals and to then analyze the resulting
images as described above. We find that imaging additional worms shows a clear difference
between control and tBHP treated worms when the images are analyzed and the resulting
ratio data are plotted (Figure 3B). To demonstrate the pitfalls of under- and over-exposed
images, we imaged the same animals with acquisition times that are either too short or too
long (Figure 3A). Analysis of these images fails to show the same difference in HyPer
fluorescence as seen in the optimally exposed animals (Figure 3B).

In summary, ratiometric reporters have emerged as a powerful new tool to non-invasively
monitor cell physiology. The transparent nature of C. elegans has allowed these reporters to
be applied to measuring a wide-range of cellular parameters (Table 1) inside of intact, living
animals. The coming years will likely see growing use of these reporters for real-time
monitoring of an increasing number of metabolites, signaling pathways, and chemical
conditions through development, aging, and environmental changes and to determine how
genetic pathways can alter these parameters. These reporters offer a compelling blend of
sensitivity, high spatial and temporal resolution, and non-invasive measurements using
readily available lab equipment. As a result, the ratiometric reporter approach may greatly
expand our understanding of the cellular biology of living animals.
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Figure 1.
Cartoon comparing the structure of the two types of ratiometric reporters. (a) The single

fluorescent protein reporters consist of a single fluorophore with two excitation maxima,
shown in purple and teal, linked to a protein domain, shown in orange, which is sensitive to
changes in a particular metabolite which is the ligand (L) for the domain. Changes in the
metabolite concentration thereby produces changes in the confirmation of this domain (right
panel). This often results in changes in the spectral properties of the fluorescent protein,
such as a change in the relative strength of two excitation maxima in the liganded and
unliganded forms of the fusion protein, which in this example is indicated by changes in the
purple and teal colors that represent each of the maxima. The change in the ratio of the
fluorescence produced by each maxima is also shown in the graph below each form. The

Methods. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 17

reproducible change in the excitation maxima can be measured via fluorescent imaging and
then used to provide a quantitative readout of the cellular environment. (b) The FRET-
coupled fluorescence reporters contain two fluorescent proteins, which exhibit fluorescence
resonance energy transfer between the fluorophores. These fluorescent proteins flank a
protein domain which is sensitive to changes in a metabolite of interest. Conformational
changes in this protein domain then change the spatial arrangement of the fluorophores and
alter the FRET efficiency between them, which is shown in this example by changes in CFP,
shown in blue, and YFP, shown in yellow. The reproducible change in FRET efficiency can
be measured via fluorescent imaging and similarly be used to provide a readout of the
cellular environment as shown in the graphs below the liganded and unliganded forms of the
fusion protein.
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Figure 2.
Sample images from HyPer expressing transgenic C. elegans showing optimal versus over-

and under-exposure. The panels on the left show digital images of rpl-17p::HyPer
transgenic worms were the indicator function in the microscope software has been used to
highlight saturated pixels in red. Note the changes saturated pixels between images captured
using (a) optimal acquisition settings, (b) over-exposed settings, and (c) under-exposed
settings. The right panels show the corresponding histogram for each image which shows
the image pixel distribution with each acquisition setting. In each histogram, the X-axis
indicates intensity and the Y-axis indicates frequency of this intensity value. Note the wide
distribution of the pixels along the X-axis with no pixels exceeding the 4095 maxima of the
12-bit camera for the (a) optimal acquisition setting. In contrast, the over-exposed image
shows a sharp spike of saturated pixels at this 4095 maxima at the right side of the histogram
(b) whereas the under-exposed image (c) shows clustering of the pixels along the left side of
the histogram where the intensities are under 1000. In each graph, the large peak at the left
edge represents the background signal from the black background of the image.
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Figure 3.

Response of HyPer to exogenous H,0, treatment. We transferred rpl-17p::HyPer transgenic
worms either to tert-butyl hydroperoxide (tBHP) containing plates for 1 hour or to a control
plate without tBHP. The worms were then mounted and imaged using two filter cubes. The
first consisted of an excitation filter centered at 414 nm paired with a 529 nm emission filter
(Filter 420), and the second consisting 494 nm excitation filter paired with an identical 529
nm emission filter (Filter 500). (2) Representative epifluorescence images of HyPer
transgenic C. elegans exposed to 12mM tBHP or control plates using the optimal, over- and
under-exposed camera acquisition times. The top row shows a brightfield image of the same
worm for reference (b) Graph showing the ratio of the fluorescence resulting from excitation
at 500nm divided by the fluorescence resulting from excitation at 420nm (F500/F420) for
the same group of 10 animals from each treatment group imaged with each setting. The one-
hour exposure to tBHP caused a significant increase in F500/F420 ratio consistent with the
increase in intracellular peroxide levels, but the difference was largest and only statistically
significant in the images acquired using the optimal exposure time. * P<0.05.
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