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Preface

Viability of cells is one of the most fundamental measurements made during studies in cell
biology. Whether the question is one of basic cell survival, or whether it is being used to
correlate cell number to some other factors such as matrix synthesis, an estimate of cell
viability is universally required. The specific method used will greatly influence the inter-
pretation of the data. While many viability methods have been used for decades, there
have been recent developments which offer increased sensitivity, throughput, and specific-
ity. The particular type of cell death, apoptotic or necrotic, is becoming increasingly
important. This requires multiplexing of methods, or methods that are able to distinguish
between the different cell states. This book aims to bring together a wide array of methods
in order to assist the reader to determine which is most suitable for them. Certain meth-
ods will provide information about the population as a whole, while others determine
viability on single cell level. In some cases, it may also be important to realize that the
method, while producing an answer, is not suitable for the application applied. It is hoped
that the pros and cons of each method will become clear. Many methods have been devised for
monolayer cell culture, and although they can often be translated into a three-dimensional
system, care must be taken to limit artifacts.

Multiplexing assays is one mechanism by which many sets of data can be obtained from
a small number of samples. Owing to the wide array of various viability assays, with the
option for both colorimetric and fluorescent measurements, the potential combinations
are endless and could not be covered within a book. While many chapters within this book
employ more than one assay, two chapters specifically dealing with 96-well multiplexing
are provided in order to illustrate practical examples. These can also form a basis which can
be modified and utilized with other assays. A number of kits are now commercially avail-
able for both single assays and multiplexing, and often the underlying technology of the
different kits used is comparable. It is for this reason a good understanding of the reagent
used, and how it functions, is crucial when accurately interpreting the data obtained.

This book describes methods from the most basic level, which can be performed in
any laboratory, to more complex methods which require specialist pieces of equipment.
Initially, the chapters are focused on methods for monolayer and suspension cells; later
chapters describe methods for determining viability within tissue sections and three-
dimensional culture systems. Finally, methods requiring highly specialized equipment are
described in order to explain what is possible. The last chapter aims to provide some guid-
ance as to how automated image analysis can reduce time and inconsistency of quantifying
large numbers of images of live or dead cells.

In preparing Mammalian Cell Viability: Methods and Protocols, the aim has been to
produce a self-contained laboratory manual which is useful for both experienced research-
ers and those new to the field. I hope that everyone can learn something from this book.
Finally, I wish to thank all the contributing authors, as well as John Walker and the staft at
Humana Press for seeing this project through.

Davos Platz, Switzevland Martin J. Stoddart
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Chapter 1

Cell Viabhility Assays: Introduction

Martin J. Stoddart

Abstract

The measurement of cell viability plays a fundamental role in all forms of cell culture. Sometimes it is the
main purpose of the experiment, such as in toxicity assays. Alternatively, cell viability can be used to
correlate cell behaviour to cell number, providing a more accurate picture of, for example, anabolic
activity. There are wide arrays of cell viability methods which range from the most routine trypan blue
dye exclusion assay to highly complex analysis of individual cells, such as using RAMAN microscopy.
The cost, speed, and complexity of equipment required will all play a role in determining the assay used.
This chapter aims to provide an overview of many of the assays available today.

Key words: Apoptosis, Viability, Multiplexing, 3D, 2D

Cell viability is often defined as the number of healthy cells in a
sample. Often the same assays used to determine viability are
used repeatedly over a period of time to investigate cell prolifera-
tion within a population. Cell viability methods loosely can be
categorised into those which analyse whole populations and those
which involve analysis of individual cells. Generally speaking, the
population analysis is more rapid, but gives a less detailed result
than those which involve viability measurements on the single cell
level. One of the earliest methods for assessing cell viability was
trypan blue dye exclusion assay, which is still widely used today. It
is based on the principle that viable cells have an intact cell mem-
brane which can therefore exclude the trypan blue dye. Dead cells
take up trypan blue, and appear blue as a consequence, as their
membrane is no longer able to control the passage of macromol-
ecules. The assay requires the cells to be in a single cell suspension
and they are then visualised and counted under a microscope
using a haemocytometer of a defined volume or using automated
counting devices which have recently become available. From
these counts, it is relatively simple to calculate the total number
of cells and the percent of viable cells within a population.

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_1, © Springer Science+Business Media, LLC 2011
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Over time the assays for viability have become more complex.
Increasingly, dyes which rely on the metabolic activity of cells are
gaining favour as they can be performed on adherent cells and
therefore lend themselves to high-throughput analysis. The final
measurement is also carried out using a plate reader which when
screening many treatment groups provides a major advantage.
When determining which assay to use, preliminary studies should
be carried out to determine which is the optimal assay and when
should it be applied (1).

The first, and probably best known, metabolic dye is
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) and the development of a 96-well assay format dramati-
cally increased the capacity (2). This assay relies on the conversion
of soluble tetrazolium into insoluble blue formazan crystals by
reduction. While it has generally been believed that this conver-
sion takes place in the mitochondria, there is increasing evidence
that this may not necessarily be the case (3). Other similar dyes
have become increasingly popular, such as XTT (sodium
3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium)-bis-(4-methoxy-
6-nitro) benzene sulphonic acid hydrate) (4), MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulphophenyl)-2H-tetrazolium), and WST derivatives. XTT
and MTS are used in the presence of phenazine methosulphate
(PMS) which increases their sensitivity (4, 5). These newer deriv-
atives are reportedly more sensitive but their major advantage is
that they have fewer steps as the converted product is released
into the medium, meaning no step is required to dissolve the
insoluble product (a required step when using MTT). However,
MTT is very robust and is metabolised by most cell types, whereas
some of the newer alternatives are not suitable for all cells.

Resazurin-based methods (Alamar Blue) are also routinely
used as they provide the advantage that it can be measured by
either colourimetry or fluorimetry. Greater sensitivity is achieved
using the fluorescent property where as few as 80 cells can give a
reproducible and sensitive signal (6). However, care must be
taken when measuring fluorescence at higher cell density to avoid
over-reduction of Alamar Blue into the colourless and non-fluorescent
hydroresorufin (6). All assays based on reduction must be tested
without any cells in the medium to determine any cross reactivity
with the compound to be tested.

Live/dead viability staining describes a number of potential
dyes where one specifically stains live cells (usually resulting in
green fluorescence) while the other dye stains dead cells (usually
with red fluorescence). An example would be calcein AM with
ethidium homodimer-1 but there are many combinations which
generally involve a membrane-permeable dye which is metabolised
within viable cells, mixed with a membrane-impermeable DNA
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binding molecule. The calcein AM is membrane permeable and is
cleaved by esterases in live cells to yield cytoplasmic green fluores-
cence. The membrane-impermeable ethidium homodimer-1 labels
nucleic acids of membrane-compromised cells (i.e. dead) with red
fluorescence. The ratio of live to dead then can easily be deter-
mined by simple counting. In assays such as live/dead staining,
there is also the possibility to include macro-based analysis within
the workflow. A carefully written macro in combination with image
analysis can provide rapid quantification of hundreds of images and
yet this method is currently underutilised by many laboratories.

Multiplexing assays is one mechanism by which many sets of
data can be obtained from a small number of samples. Due to the
wide array of various viability assays, with the option for both
colorimetric and fluorescent measurements the potential combi-
nations are endless and could not be covered within one book.
While a number of the chapters within this book employ more
than one assay, two chapters specifically dealing with 96-well mul-
tiplexing are provided in order to illustrate practical examples.
These can also form a basis which can be modified and utilised
with other assays.

A number of kits are now commercially available for both
single assays and multiplexing, and often the underlying technol-
ogy the different kits used are comparable. It is for this reason a
good understanding of the reagent used, and how it functions, is
crucial when accurately interpreting the data obtained.

While some earlier assays such as chromium release assay (7)
relied on the use of radioactive isotopes, safety and environmental
issues have led to a sharp decline in their use, for this reason they
are not covered within this book.

The mechanism of cell death is also increasingly being inves-
tigated with the need to determine whether death was as a result
of apoptosis or necrosis. The term apoptosis was first proposed in
1972 (8) and is a programmed sequence of events that is respon-
sible for removing unwanted cells during normal development.
Apoptosis also occurs in the adult where it is responsible for
removing cells at the end of their useful lifespan. Apoptosis can
also occur when a cell is damaged beyond repair, infected with a
virus, or undergoing a period of stress. Necrosis is an alternative
mechanism of cell death which is generally considered more trau-
matic. It occurs due to infection, toxins, or trauma. There are a
number of mechanisms to distinguish the type of cell death which
is occurring, both on single cells and on populations. Caspase
activity can be investigated in a number of ways and as such has a
chapter dedicated only to this method of investigating apoptosis.
During the apoptotic pathway, caspases are activated and cleave a
number of cell proteins as part of the programmed cell death
pathway (for review see ref. 9). This activity can be detected in a
number of ways in order to determine the level of apoptosis
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present within a sample. A number of companies have now also
developed ELISA-based methods for quantifying apoptosis.

Alternatively, using a combination of DNA binding com-
pounds such as SYTO probes (10) and propidium iodide it is
possible to determine the type of cell death by investigating the
cell staining pattern. During cell death changes occur in the integ-
rity of the cell membrane. Healthy and early apoptotic cells have
an intact cell membrane which is impermeable to DNA binding
dyes such as propidium iodide (PI) and 7-aminoactinomycin D
(7-AAD) (11). Staining cells with these dyes can give information
as to their membrane integrity. This can be done on a single cell
level by using a flow cytometer, and quantification of the indi-
vidual populations can be rapidly achieved. Changes in membrane
properties, which occur during apoptosis, can also be used as a
method to determine whether a particular cell is engaged in pro-
grammed cell death. Healthy cells have phosphatidylserines on
the inner leaflet of the plasma membrane. During early apoptosis,
the phosphatidylserines flip onto the outer leaflet of the plasma
membrane where they can be easily stained by labelled annexin V
(12). This feature, again in combination with DNA binding dyes
which are impenetrable to intact membranes, can be used to
determine the apoptotic state of a cell.

Increasingly, investigators would like to determine cell viabil-
ity within 3D tissues. This adds a greater level of complexity than
standard 2D culture. It is critical to ensure that the assay used is
able to penetrate the tissue and that rate-limiting mass transfer is
not an issue. The usual way to confirm this is a day 0 control
where the viability is known to be high. We have previously shown
that methods routinely used for monolayer culture are not always
suitable in 3D constructs (13). When investigating the viability of
osteocytes within whole cancellous bone cores, MTT and live/
dead staining led to a ring of viable cells with the central areas
appearing to be dead, even though the bone core had been freshly
prepared. This could be overcome by cooling the bone core and
staining solution to 4°C and allowing the reagent to penetrate for
1-2 h. Transferring the core to 37°C then led to the expected
viability staining (13) (see Fig. 1).

Alternatively, staining can be used on sections that enable
investigations into viability of tissues. The terminal transferase-
mediated dUTP nick end-labelling (TUNEL) assay is commonly
used to determine apoptosis in whole tissue sections (14). It is
based on the fact that apoptosis leads to a controlled digestion of
the nuclear DNA which results in the presence of nicks in the DNA.
These can be identified by terminal deoxynucleotidyl transferase,
an enzyme that catalyses the addition of dUTPs that are second-
arily labelled with a marker. The regulated degradation of DNA
also leads to the formation of a distinct banding pattern which can
be readily distinguished using agarose gel electrophoresis (15).
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37°C6h 4°C 3h + 37°C 3h

Fig. 1. The viability of whole cancellous bone cores was investigated using MTT. Freshly prepared cores were incubated for
either 6 h at 37°C or for 3 h at 4°C followed by 3 h at 37°C. As can be seen by the lack of substrate conversion at the centre
of the 6 h at 37°C cores, the reagent was not able to penetrate to the centre of the tissue under these conditions. This
indicates that under conditions of low diffusion rates, the cells at the outer regions of the tissue can metabolise the reagent
faster than the reagent can penetrate. This shows care must be taken when using metabolic labels in 3D samples.

Release of lactate dehydrogenase (LDH) into cell culture
medium is often used to assess cell death. As the cell membrane
integrity breaks down, the enzyme is released and can then
be quantified. However, the stability of LDH within cells can also be
used to determine cell viability in whole sections of fresh tissue (16).
As LDH is stable for 36—48 h after cell death (17), tissue sections
can be prepared and the cell viability analysed even though the
cell does not need to be viable at the time of assay.

In conclusion, the optimal viability assay depends on the cell
type, culture conditions applied, and the specific questions being
asked. When detailed information is required it may be more suit-
able to apply more than one method in order to confirm the
results of individual assays.
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Chapter 2

Cell Viabhility Analysis Using Trypan Blue: Manual
and Automated Methods

Kristine S. Louis and Andre C. Siegel

Abstract

One of the traditional methods of cell viability analysis is the use of trypan blue dye exclusion staining.
This technique has been the standard methodology used in academic research laboratories and industrial
biotechnology plants. Cells were routinely counted manually with a hemocytometer. In recent years,
modern automated instrumentation has been introduced to supplement this traditional technique with
the efficiency and reproducibility of computer control, advanced imaging, and automated sample

handling.

Key words: Cell viability, Cell counting, Trypan blue, Hemocytometer, Automation

1. Introduction

Dye exclusion methods are traditionally used to assess cell viabil-
ity, with trypan blue being one of the most common. Trypan blue
is a vital stain that leaves nonviable cells with a distinctive blue
color when observed under a microscope, while viable cells appear
unstained. Viable cells have intact cell membranes and hence do
not take in dye from the surrounding medium. On the other
hand, nonviable cells do not have an intact and functional mem-
brane and hence do take up dye from their surroundings. This
results in the ability to easily distinguish between viable and non-
viable cells, since the former are unstained, small, and round,
while the latter are stained and swollen. The method does not
differentiate between apoptotic and necrotic cells.

The traditional method of performing trypan blue cell viabil-
ity analysis involves manual staining and use of a hemocytometer
for counting (1). Recent advances in instrumentation have led to
a number of semi- or fully automated systems that can increase
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the throughput and accuracy of this technique. The Beckman
Coulter Vi-CELL™ XR Cell Viability Analyzer (2) will be
described here, but there are numerous other instruments avail-
able, including the Nexcelom Bioscience Cellometer Vision® (3),
the Invitrogen Countess™ Automated Cell Counter (4), and the
Roche Innovatis Cedex (5). In the case of the Vi-CELL™, cell
viability can be calculated and reported in percentage, concentra-
tion, and cell count, and additional parameters, such as cell diam-
eter and circularity, are also provided. This instrument has been
validated against manual cell counting and shown to be highly
effective (6).

2. Materials

2.1. Manual Method

2.2. Automated Method

1. Trypan blue solution: 0.4% prepared in 0.81% sodium chlo-
ride and 0.06% dibasic potassium phosphate (see Note 1).

2. Bright-line hemocytometer and cover slip (Hausser Scientific,
Horsham, PA) (see Note 2).

3. 70% (v/v) ethanol.

4. Microscope with 100x (10x eyepiece and 10x objective)
magnification.

5. Micropipette and tips for 15 pL samples.

1. Vi-CELL™ XR Cell Viability Analyzer (Beckman Coulter,
Inc., Fullerton, CA).

2. Vi-CELL™ XR Quad Pak Reagent Kit (Beckman Coulter,
Inc.; see Note 3).

3. Vi-CELL™ Sample Vials (Beckman Coulter, Inc.).

3. Methods

3.1. Manual Method
of Sample Preparation

The traditional cell counting method uses a hemocytometer
(originally used for counting blood cells), which is a thick, glass
microscope slide with an indented chamber of precise dimen-
sions. This allows a defined volume of cell suspension to be depos-
ited in the chamber, where the cells can be counted.

1. Prepare a suspension of approximately 1x10° cells/mL
(see Note 4). Ensure that the sample is thoroughly mixed.

2. Make a 1:1 mixture of the cell suspension and the 0.4% trypan
blue solution. The sample can be as small as 10 pL to several
mL in volume. Gently mix and let stand for 5 min at room
temperature.
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3. Prior to use, wash the hemocytometer with 70% (v/v) ethanol
and allow to dry.

4. Wash a coverslip with 70% (v/v) ethanol, allow to dry, and
place on top of the hemocytometer counting chamber.

5. Apply 15 pL of cell suspension to the edge of the chamber
between the cover slip and the V-shaped groove in the cham-
ber. Allow the cell suspension to be drawn into the chamber
by capillary action (see Note 5).

6. Let sit for 1-2 min and then count (see Note 6).

3.2. Manual Method The counting chamber of a hemocytometer is delineated by grid

of Gell Gounting

lines that identify the chamber areas to be used in cell counting.
It has a depth of 0.1 mm and the four corner regions are typically
used for cell counting. Each of these corner regionsis 1 mm x 1 mm
in dimension and is divided into 16 small squares in a four-by-
four array (see Fig. 1). The volume of each of these four corners
is thus 0.1 mm? or 1x10~* mL.

1. Focus on the grid using the 10x objective.
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Fig. 1. The rulings on a hemocytometer.
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3.3. Automated Method

. Count the number of cells — both viable (unstained) and

nonviable (stained) in each of the four corner quadrants
(A, B, C, D) (see Note 7). Take the average of these four
readings and multiply by 10* to obtain the number of cells
per mL in the sample applied to the hemocytometer.

. Multiply by two to take into account the 1:1 dilution of the

sample in the trypan blue.

. Multiply by any dilutions in the original sample preparation

of the cell suspension.

Number of cells (vmble or nonviablc)

(A+B+C+D)_ 4 o
=2 %10~ x 2 Xsample dilution

. The percentage of unstained cells represents the percentage

of viable cells in the suspension.

% Viable cells = Number of viable cells

Total number of cells

. Turn on the computer, instrument, and software program in

this order.

. Pipette 0.5-2.0 mL of cell suspension(s) into the sample vial(s)

(see Note 8). The Vi-CELL™ requires sample cell concentra-
tions between 5x 10* and 1x 107 cells/mL (see Note 9).

[Sreasmosn 5| O

&= _:
e

Fig. 2. The main window of the Vi-CELL XR 2.03 software program (Beckman Coulter) showing command icons, an image
of the cell counting field, and a report of measured parameters.
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. Place the sample vials into vacant positions on the 12-position

carousel.

4. Log in the sample on the software program.

. Start the analysis by clicking on the “Start queue” icon

(see Fig. 2).

. Results of cell viability will be displayed on the computer

screen (see Fig. 2).

4. Notes

. Commercial preparations of trypan blue are usually filtered to

remove debris. If the preparation is old or is made in the labo-
ratory, it should be filtered through a 0.2-um filter before use.

. There are a number of commercial sources of hemocytome-

ters. One of the most common ones in use is the improved
Neubauer type used in this protocol.

. The Vi-CELL™ XR Quad Reagent Pak kit consists of four

solutions that are automatically dispensed during analysis:
0.4% trypan blue, buffer, cleaning agent, and 70% isopropyl
alcohol disinfectant.

. Adherent cells must first be treated with trypsin to create a

cell suspension. A concentration of 1x10¢ cells/mL will
result in an average of 50 cells per corner grid of the hemocy-
tometer, which is a reasonable cell count for accuracy and
precision. A concentration of 1 x 10° cells/mL will be too low
to produce an accurate count. This sample should be concen-
trated by centrifugation before counting. A concentration of
1x107 cells/mL will be too high to count accurately and
should be diluted before counting.

. Some slight leakage out of the cover glass will ensure that the

space under the cover glass is completely filled with cell sus-
pension. Consistent application of the same (15 uL or other)
volume will also help to ensure consistent results.

. Do not leave cells in trypan blue for more than 15 min, in

order to prevent cell death due to trypan blue toxicity.

. If cells lie on the outside grid lines demarking the four corner

quadrants, a consistent counting strategy should be adopted.
It is common to include cells on the top and left lines and to
exclude cells lying on the bottom and right lines.

. The Vi-CELL™ has been used successfully to count mouse

lymphocytes, Chinese Hamster ovary cells, human peripheral
blood mononuclear cells, and mouse A9 fibroblast cells.
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9. One of the advantages of the Vi-CELL™ is its ability to handle
samples of varying concentration. A disadvantage is the
requirement for a minimum of 0.5 mL of sample.
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Chapter 3

Estimation of Cell Number Based on Metabolic Activity:
The MTT Reduction Assay

Laszlé Kupcsik

Abstract

The MTT reduction assay is used to determine the level of metabolic activity in eukaryotic cells, including
animal, plant, and fungal cells. If the metabolic rate is constant, the technique can be employed to count
living cells in a sample. Once it is set up, the method is very robust, and can be automatized to be applied
on a large number of samples.

Key words: Cell count, Oxidoreductases, Intracellular space, MTT formazan, Tetrazolium salts,
Energy metabolism

1. Introduction

Tetrazolium salts have been used to determine the reductive
capacity of tissue homogenates since the 1940s (2, 3). The deter-
mination is based on the color change of tetrazolium salts as they
undergo reduction. A type of tetrazolium, 3-(4,5-dimethylthiazo
1-2-yl)-2,5-diphenyltetrazolium bromide (MTT), was used by
Mosman to establish an automated cell counting system, in which
the cells are assayed in the cell culture medium, without the need
to wash or otherwise treat them (4). It has become a popular
screening method for toxicity of pharmaceuticals and anticancer
drugs. Interestingly, our understanding of the cellular mecha-
nisms involved in the assay has been rather poor for decades. This
was probably due to the extraordinary robustness of the method:
very few researchers bother to study something that works. Later,
however, it was necessary to thoroughly characterize the exact
mechanism of MTT reduction partly because of its widespread
use in standardized drug screening.

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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Fig. 1. Reduction of MTT.

1.1. Mechanism

—_—

The chemical basis of the assay is the reduction of the MTT
(Fig. 1). MTT is a slightly yellow substance, which forms a blue
formazan upon reduction.

The process primarily takes place in the cytoplasm, and to a
lesser extent in the mitochondria and cell membrane (5-7). The
reductase activity in the ER is highly dependent on the concentra-
tion of intracellular NADH and NADPH. The abundance of
these nucleotide cofactors is associated with the availability of
extracellular glucose. Hence, exhausted cell culture medium may
cause lower MTT absorbance readings due to its low glucose
concentration. The mitochondrial succinate dehydrogenase and
cytochrome ¢ take part in MTT reduction as well (8). Therefore,
any substance or treatment that interferes with these enzymes or
with glycolysis, changes the rate of MTT reduction, and conse-
quently alters the result of cell counting.

As a consequence of these metabolic processes, dark purple
needle-like formazan crystals appear, radiating from the cells in a
tew hours. Formazan crystals can be solubilized by mixing thor-
oughly in different organic solvents, mainly alcohols. First, etha-
nol was used for this purpose, but it caused precipitation of
proteins in the culture medium. Isopropanol was found to be an
equally good solvent and in most cases it lacks the adverse effects
of ethanol (4). Detergents (10% sodium-dodecyl-sulfate [SDS],
Triton X-100, Nonidet P-40) were also tested, and can be used
when isopropanol is incompatible with the application (9). These
latter compounds work without thorough mixing with the
medium, but at the cost of an overnight incubation as opposed to
tew hours. Dimethyl sulfoxide was also reported to dissolve for-
mazan effectively (10).

The absorption of the solubilized crystals can be measured
around a broad peak wavelength between 570 and 590 nm. The
use of a reference wavelength above 650 nm is recommended.
The absorptionis proportional to the cell numberin an exceptionally



1.2. Alternatives

1.3. Limitations
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wide linear range. As few as 200-1,000 cells are detectable in a
96-well plate, and the assay stays linear up to 50,000-100,000
cells per well (depending on cell type). The linear range of the
assay should be tested by measuring serial dilutions of each new
cell type used.

In certain cases, MTT may be replaced by other formazans, such
as MTS, XTT, or WST-1, which are discussed in more detail else-
where. They are generally more sensitive, less cytotoxic, and
require fewer experimental steps (6, 7). On the other hand, they
are affected by several factors (such as DTT, mercaptoethanol,
l-cysteine, l-ascorbic acid, cyanide, azide, changes in environmen-
tal oxygen), to which MTT remains insensitive (6). Furthermore,
MTT is metabolically reduced by a// viable cells of every cell type,
while others are not (1). MTT also shows a very good correlation
(difference below 5%) with radioactive cell counting methods,
which further justifies its credibility (9).

The main limitations of the MTT method are summarized in
Table 1.

Table 1

Interfering factors

Factor Type of interference Solution

Glucose Lack of glucose lowers MTT Do not use exhausted medium
production through decreased (change it few hours before
glycolysis assay)

Protein precipitation Organic solvents may cause Use different solvent

Phenol red

Incomplete solubilization

Confluency

Metabolic rate

precipitation of serum proteins,
which interferes with the reading

Phenol red interferes with reading, Use acidified solvent or medium
its absorbance is pH-dependent without phenol red

Formazan crystals do not dissolve, Increase shaking intensity and/or

and this lowers the sensitivity of extraction time
the assay

(Over)confluent cells may lower Use lower initial seeding density if
their metabolic rate, resulting in possible

underestimation of cell number

The metabolic rate of the cells is Use standard curve for each
changed by the treatment treatment, or find alternative cell
counting method
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2. Materials

. Cell culture incubator.
. ELISA plate reader.
. Orbital shaker.

. Cell culture medium with phenol red (e.g., DMEM with 10%
EBS).

5. Cell culture medium without phenol red (optional, see
Table 1: phenol red).

6. Isopropanol.

S IV S

7. If phenol red-free medium is not available: acidified isopropa-
nol (0.04 M HCl in isopropanol).

8. Cell culture treated polystyrene plates (compatible with the
ELISA reader).

9. PBS pH 7.4.

10. 5 mg/ml MTT in PBS, filtered to remove occasional
impurities.

3. Methods

3.1. CGell Culture

The protocol below is optimized for standard 24-well tissue
culture plates, the surface area of each well is 1.9 cm. Volumes are
given on a per well basis. The reagent amount should be adjusted
proportionally to wells of different sizes.

The source of cells to be assayed can be immortalized cell line or
primary cells extracted from a tissue. In general, cell lines should
be used at low passage numbers. Do not use cells directly after
thawing from cryopreservation, as these cells need a few days to
recover from freezing. After such time under appropriate cell cul-
ture conditions, they can be used for MTT experiments. Both
adherent and suspension cells can be used with this assay. Adherent
COS7 cells will be used as an example in the following protocol
description (for other cell types, see Note 1).

COS7 cells are cultured in high-glucose DMEM medium
with 10% FBS. Medium should be changed 2-3 times a week, to
ensure sufficient nutrient levels for the cells. Confluent cultures
are split 1:3 or 1:5 regularly, using trypsin—-EDTA to detach them.
Cells are seeded out at about 10° cells per 80 cm?. Healthy and
exponentially expanding cells can be plated for the assay after
trypsinization.



3.2, Cell Plating

3.3. Garry Out
the Assay
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. Seed cells homogeneously in 24-well tissue culture plates at a

density of 20,000 COS7 cells per well and let them attach
overnight (see Note 2).

. Change medium the next day, introduce factors or treatment

conditions of interest. For example, add a wide range of con-
centrations of a chemical substance to the medium to test its
toxicity.

. Culture cells for 48 h in the presence of the substance in a

humidified cell culture incubator at 37°C, 5% CO (see Note 3).

. In the phenol-red free version of the assay, wash cells with

0.5 ml PBS, and add 0.5 ml phenol-red free medium to the
cells. It should contain the tested factors, just like the phenol-
red containing one used before. When wusing phenol-red in the

assay medium, replace old medium with fresh one (optional,
see Note 4).

2. Add MTT stock solution to the cells (50 ul).

. Incubate in a humidified cell culture incubator at 37°C for

4 h (see Note 5).

. Dissolve formazan salt by the addition of 0.5 ml isopropanol.

If the assay medium contains phenol-red, 0.5 ml acidified iso-
propanol should be used instead. Cover with aluminum foil
and shake on an orbital shaker at room temperature, 150
cycles/min, for 1 h.

. Read absorbance at a wavelength between 570 and 590 nm on

an ELISA plate reader. Optionally, a wavelength above 650 nm
can be used as reference wavelength, to avoid inaccuracies caused
by changed path length, evaporation, fingerprints, etc.).

. Calculate results within the linear range of the assay, the

570-590

absorbance value A, or the absorbance ratio

570-590 ( ) is
proportional to the cell number, and can be used to deter-
mine relative cell numbers of samples by simply dividing the

value of each sample with the value of the reference sample.

4. Notes

. Various cells have different growth characteristics and growth

requirements. The cell culture conditions should be suited to
each cell type. For more information on ideal conditions,
please consult the cell distributor or the available literature.
Metabolic rates of various cells also differ, therefore the MTT
assay is unfeasible to make cell number comparisons between
cell types.
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. The appropriate cell density is determined by the cells’ growth

rate and the length of the culture period required by the
application. Generally, confluency should be avoided at the
end-point of the assay, due to reasons mentioned above (see
Table 1). Toxicity testing usually requires at least 2—-3 days’
exposure to the tested substance.

. Culture times may vary from a few hours to several weeks

depending on the application. It must be taken into account
at the cell plating that some cell types do not survive below a
threshold cell density. During extended culture periods, the
cells may reach confluency, which may alter the metabolic
rate. This should be avoided if possible.

. If cells are overgrown, or cultured for a long time without

media change, they may use up the glucose in the medium,
which will alter their MTT reduction ability. In extreme cases,
the pH drops and the phenol-red in the medium turns yellow
(which should be avoided). In all of these cases, it is recom-

mended to replace the old medium with fresh one a few hours
before adding the MTT to the cells.

. The ideal length of incubation should be determined for each

application. Too short times yield too little formazan prod-
uct, and thus, inaccurate results. The MTT is reduced at a
constant rate in the next phase of the assay. Ideally, the end
point should be in this range. For most applications 4 h are
adequate, but in certain conditions (e.g., lower temperature)
the incubation time may be prolonged. If the cells are incu-
bated too long, the reaction reaches a plateau due to crystal
formation and cell death or possibly the exhaustion of MTT.
The readings become unreliable in both cases.
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Chapter 4

WST-8 Analysis of Gell Viahility During Osteogenesis
of Human Mesenchymal Stem Cells

Martin J. Stoddart

Abstract

WST-8 is one of the newer generation formazan-based dyes, which release the converted product into
the medium in a soluble form. This allows for a non-destructive determination of viability enabling the
cells to be subject to further investigations. This is a major advantage in cases where cell phenotype is
being investigated and data such as matrix synthesis is correlated to cell number. This chapter describes
the use of WST-8 to normalise alkaline phosphatase activity.

Key words: Stem cells, Formazan, Matrix synthesis, Osteogenesis

1. Introduction

Formazan-based dyes have been routinely used to assess cell
viability for many years. The most commonly used was MTT
which was the mainstay of viability methods due to its ease of use
and standardised protocols (1). As MTT conversion results in an
insoluble precipitate which resides within the cells, the method
requires the cells to be broken open and the precipitate to be dis-
solved in order to quantify to viability. This not only increases the
number of steps required but as it is destructive it requires dedi-
cated wells at each time point. The next generation of dyes were
those that resulted in the release of a water-soluble formazan dye
upon reduction, such as XTT, MTS, WST-1, and WST-8.

WST-8 is cleaved to formazan by cellular dehydrogenases.
The amount of dye converted is directly proportional to the num-
ber of living cells and has been shown to correlate well with the
3H-thymidine incorporation assay commonly used for prolifera-
tion studies (2).
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WST-8 offers the advantage that it is stable and so is supplied
as a single, ready to use reagent. It also has no harvesting, washing,
or solubilisation steps. Finally, it has been reported to be more
sensitive than MTT, XTT, MTS, or WST-1 (2). The absorbance
is measured at 450 nm (with 650 nm as the reference) and as the
toxicity of the reagent is low multiple measurements can be car-
ried out on the same plate over time.

In cases where cell phenotype is being investigated, data such
as matrix synthesis are correlated to cell number. As WST-8 is a
non-destructive method, the same samples can be used for further
measurements, thus reducing the number of initial samples
required. In the case of osteogenic induction of stem cells, the
level of alkaline phosphatase (ALP) activity is commonly used as
an indicator of phenotype. The assay is based on the hydrolysis
of p-nitrophenyl phosphate in an alkaline buffer by ALP, yielding
p-nitrophenol and inorganic phosphate (3). Addition of NaOH
stops the reaction and converts p-nitrophenol to a yellow complex
readily measured at 400420 nm. The intensity of colour formed
is proportional to phosphatase activity over a linear range.

2. Materials

2.1. Cell Gulture

2.2. Quantitative
Alkaline Phosphatase
Activity Determination

1. Human bone marrow-derived mesenchymal stromal cells.

2. Complete tMEM: oMEM containing 10% FCS and 1x peni-
cillin/streptomycin.

3. Osteogenic medium: Complete aMEM containing 1:100
non-essential amino acids (from 100x stock), 107 dexame-
thasone, 10 mM B-glycerophosphate, and 50 pg,/ml ascorbic
acid.

4. WST-8 reagent.

5. 24-Well cell culture treated plates.

6. 1x Sterile phosphate-buffered saline (PBS).

1. 0.1% Triton-X in 10 mM Trizma base, adjusted to pH 7.4
with HCL

2. Phosphatase substrate: 4-Nitrophenyl phosphate disodium
salt hexahydrate (Sigma N2765, 20 mg tablets, stored at
-20°C).

3. Standard solution: p-Nitrophenol 10 mM (store at 4°C).

4. Alkaline buffer stock solution: 1048 M 2-Amino-2-
methylpropanol (store at 4°C).

5. Protease inhibitor cocktail (Sigma, P8340).

6. Diethanolamine working bufter: Prepare 1 M diethanolamine
in 0.5 mM MgCl,: add 424 ul of diethanolamine to 4 ml of
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0.553mM MgCl, (112.5mg/1),pH t09.8. Final concentration
will be 1 M diethanolamine and 0.5 mM MgCl,.

. Alkaline buffer: Dilute the stock (2-amino-2-methylpropanol)

to a final concentration of 1.5 M with H,O, and adjust to pH
10.3 at 25°C. Store at 4-8°C.

. Substrate solution: Dissolve five 4-nitrophenyl phosphate

disodium salt hexahydrate tablets (20 mg each) in 3.8 ml of
the diethanolamine working buffer to a final concentration of
25 mg/ml. The substrate solution can be stored at -20°C for
6 weeks in a light-shielded tube.

. Plate reader with filter at 405, 450, and 650 nm.

3. Methods

3.1. Cell Gulture

3.2. WST-8 Assay

3.3. Quantitative
Alkaline Phosphatase
Activity Determination

. Plate human bone marrow-derived stem cells at 16,000 cells/

cm? in 24-well plates in 1 ml complete aMEM (see Note 1).
Allow to adhere overnight at 37°C and 5% CO.,,.

. Following day, remove medium and replace with 1 ml osteo-

genic medium. Culture at 37°C and 5% CO.,,.

. Re-feed cells every 2 days with fresh osteogenic medium.

4. After 14 days of culture measure cell viability using WST-8.

. Add 100 pl of WST-8 reagent to each well and incubate for

1-4 h (see Note 2). Alternatively, prepare fresh osteogenic
medium containing 10% WST-8 reagent, pre-warm to 37°C,
and add 1 ml to cells, followed by a 1-4-h incubation.

. Measure the absorbance at 450 nm in a microplate reader.

This measurement can be repeated later if required.

. Prior to carrying out ALP activity wash each well 3x 5 min

with PBS.

. To each well add 300 pl of 0.1% Triton-X in 10 mM Tris—

HCI, pH 7.4 and protease inhibitor cocktail (1:1,000). Store
at 4°C under agitation for 1-3 h (depending on the activity
of the sample).

. Harvest sample into a 1.5-ml Eppendorf tube.

4. Samples are centrifuged 1,000 x4 for 10 min and supernatant

is transferred into a fresh tube, the pellet can be discarded
(see Note 3).

. Prepare a standard curve by diluting the p-nitrophenol stan-

dard (10 mM) 1:10 with 0.1 % Triton-X in 10 mM Trizma
base to a final concentration of 1 mM (see Note 4). From the
diluted standard solution 0, 10, 20, 30, 40, 50, 60, and 70 ul
is added to Eppendorf tubes and made up to 100 pl with 0.1 %
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10.

11.

12.

13.

Triton-X in 10 mM Trizma base. The standards are then
treated as the samples.

. Cell lysate samples are thawed on ice and 200 pl (if high val-

ues expected, only 100 pl used+ 100 pl deionised water) per
sample and only 100 pl standards (+100 ul deionised water)
are added to Eppendorf tubes.

. Add 250 pl of alkaline buffer and 50 ul substrate. During this

addition the reaction mix is kept on ice.

. Start the reaction simultaneously for all samples by incubat-

ing at 37°C. (see Note 5).

. Incubate the samples and standards for exactly 15 min. Weak

samples can be incubated up to 45 min and activity expressed
as activity per minute (see Note 6).

Inactivate the enzyme by the addition of 500 ul 0.1 M
NaOH.

Measure each sample and standard in duplicate (250 pl each)
at 405 nm absorbance using a 96-well plate reader.

Add 50 pl of concentrated HCI to each well, and measure
again. Subtract the second measurement from the first, to
remove interference.

Divide the measure ALP activity by the measured WST-8 absor-
bance to determine ALP activity as a factor of cellular activity.

4. Notes

. Various initial cell seeding densities have been reported for

osteogenic induction protocols. Due to the nature of the
WST-8 it is critical that the amount of reagent added is suffi-
cient for the number of viable cells within the well. Preliminary
experiments should be carried out to confirm that the samples
are in the linear range of the assay.

. Too long incubation times can lead to the depletion of the

reagent and the assay would no longer be in the linear range.
Ensure that the WST-8 reagent is in excess at all times.

. Samples can be stored frozen at —20°C until analysis.
. Due to the light sensitivity of the NBT substrate all further

steps are performed by avoiding direct light exposure.

. During the incubation the reactions will develop a yellow

colour which correlates with the activity of the sample ALP.

. All samples that are compared to each other should be incu-

bated for the same amount of time for consistency.
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Chapter 5

Assessment of Gell Proliferation with Resazurin-Based

Fluorescent Dye

Ewa M. Czekanska

Abstract

The Alamar Blue assay is based on enzymatic reduction of indicator dye by viable cells and serves as an
effective tool for assessing cell proliferation and as a screening technique. It can be applied in studies
concentrating on animal, plant, yeast, and bacteria cells. Among the various methods for cell viability and
cytotoxicity, it utilises all features of ideal and reliable test; it is one-step, sensitive, safe, non-toxic for cells,

and cost-effective.

Key words: Cell proliferation, Resazurin, Alamar Blue, Metabolic activity, Oxidoreductases

1. Introduction

The resazurin-based assay was first introduced in the late 1920s
to investigate the sanitary condition of milk (1-3). Later, it was
applied to plant metabolism studies (4), for assessing semen qual-
ity (5) and antifungal susceptibility testing (6). Due to many
advantages of resazurin-based assay, it has also become a useful
tool for investigations of toxicants (7-9). Moreover, the simplic-
ity, safety, homogenous nature, and sensitivity give this assay a
predominant position over the other classic tests used for estimat-
ing cell viability and proliferation (10, 11).

There are many assays available in the market that are com-
posed of resazurin sodium salt dye to monitor in vitro mamma-
lian cell proliferation, such as Alamar Blue (Alamar Biosystems;
Invitrogen; AbD Serotec; Arcus), CellTiter Blue (Promega) and
Cell toxicity Colorimetric/Fluorometric Assay (Sigma—Aldrich).
The resazurin is a blue weakly fluorescent indicator dye that
changes into highly fluorescent pink resorufin in response to
irreversible chemical reduction (Fig. 1).
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Fig. 1. Mechanism of reduction of resazurin to resorufin.

Inside the cell, Alamar Blue undergoes enzymatic reduction
in mitochondria due to the activity of enzymes such as: flavin
mononucleotide dehydrogenase, flavin adenine dinucleotide
dehydrogenase, nicotinamide adenine dehydrogenase, and cyto-
chromes (12). It was also noted that cytosolic and microsomal
enzymes have abilities to reduce resazurin. Moreover, the extent
of mitochondrial reduction is similar to cytosolic reduction driven
by NADPH:quinine oxidoreductase, flavin reductase, and cyto-
chromes (13). The red resorufin is excreted outside the cells to
the medium which results in visible colour change from blue to
pink. Hence, the rate of reduction based on colour change, which
can be quantified colorimetrically or fluorometrically, reflects the
number of viable cells. Alamar Blue is very sensitive and, depend-
ing on cell type and incubation time, is linear in the range of
50-50,000 cells in 96-well plate.

The maximum absorbance for resazurin/resorufin is
605 /573 nm, whereas the maximum peak of excitation /emission
spectra for resorufin is 579 /584 nm. It is reccommended to carry
out the measurements using fluorescence as it requires fewer cal-
culations and is more sensitive due to considerable overlap of the
absorbance spectra for oxidised and reduced forms of dye. To
monitor the reduction process of Alamar Blue dye by cells wide
range of fluorescence filters can be used: 530-570 nm for excita-
tion and 580-620 nm for emission.

2. Materials

1. Cell culture incubator.

2. Fluorescence plate reader with excitation 530-570 nm
and emission 580-620 nm filter pair.

3. Osteoblastic cell line MC3T3-E1 cells.

4. Cell culture medium (DMEM with 10% FBS and 1%
antibiotics).

5. Cell culture treated polystyrene 24-well plates.
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6. 96-Well opaque-walled white plate.
7. 0.1 M phosphate-buffered saline (PBS) solution, pH 7.4.
8. Alamar Blue.

9. Light-shield tubes or 15-ml centrifuge tubes wrapped in alu-
minium foil.

3. Methods

3.1. Gell Plating
for Standard Curve

The following protocol is optimised for 24-well tissue culture
plates with 1.9 cm? surface area. Volumes of reagents are given
per well and they should be adjusted accordingly if other sizes are
used. The Alamar Blue assay can be optimised and applied to vari-
ous cell types (see Note 1), including primary cells obtained after
extraction from tissue and immortalised cell line. For the assay,
exponentially expanded cells should be plated after trypsinisation.
It is not recommended to use cells directly after thawing from
cryopreservation. As an example in this protocol MC3T3-E1 cells
cultured in DMEM with 10% FCS and 1% antibiotics will be used
(see Note 2).

1. Seed cells in 24-well tissue culture plates with 500 ul of
medium at the following densities: 1,000; 2,000; 5,000;
10,0005 20,000; 40,000; 80,000; 100,000. Include four
samples for each density.

2. Transfer plates to the incubator (37°C with an atmosphere of
5% CO, and 95% humidity) and let them attach for 5 h. After
that time check if all cells are attached to the surface of the
well; if not incubate longer till all cells are attached.

3. Prepare 10% solution of Alamar Blue in culture medium in a
light-shield tube (see Notes 3 and 4). Calculate the amount
needed by multiplying the amount of samples by the volume
of solution per well (300 ul). In calculations include three
no-cell controls.

4. Carefully aspirate medium from each well and add 300 pl of
fresh medium containing a 10% solution of Alamar Blue to
the wells.

5. Wrap culture plates in aluminium foil and incubate for 4 h in
cell culture incubator at 37°C with an atmosphere of 5% CO,
and 95% humidity.

6. Transfer a 150-pul aliquot of each sample and media with dye
alone to a 96-well plate in duplicates.

7. Read fluorescence at excitation 530-570 nm and emission
580-620 nm wavelength on plate reader (see Note 5).
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3.2. Cell Plating
for Estimating
Proliferation

. Calculate the results by averaging the values obtained for each

density and subtracting the average value of no-cell control.
Plot the results of fluorescence/cell number and define the
equation. For MC3T3-E1 cells the following equation was
obtained: f(x)=0.0587x+138.14.

. Seed 10,000 cells per well in 24-well tissue culture plates with

500 pl of medium (four samples for each time point; see Note 6).

. At each time point, aspirate the media from four wells and wash

samples with 500 pl of 0.1 M PBS solution (see Note 7).

. Add 300 pl of fresh medium containing a 10% solution of Alamar

Blue to the wells (see Note 8). Include three no-cell controls.

. Proceed according to steps 5—7 in previous section.

. Calculate the results by averaging fluorescent values of the

samples and subtracting average value of samples without
cells.

. Calculate cell number at each time point using the equation

defined by standard curve.

4. Notes

. Before performing the assay for the first time, optimise exper-

imental parameters, such as the incubation time, amount of
cells, and amount of Alamar Blue used. This is very important
as various cell types have unique metabolic capacity to reduce
resazurin to resorufin. Here, predetermined 4-h incubation
time and 10% solution of the dye were used for densities
1,000-100,000 cells/well. However, these conditions may
not be optimal for other cell types. Hence, perform the
screening assays with various cell densities, at least three con-
centrations of Alamar Blue and incubation times. Incubating
cells for too long with resazurin solution results in a second-
ary reduction of pink fluorescent resorufin into non-
fluorescent colourless hydroresorufin which further leads to
aberrant and inaccurate results. Table 1 illustrates the empiri-
cally determined requirements for various cell lines (14).

. Resazurin can be reduced by commonly known antioxidants,

such as ascorbic acid, cysteine, dithionite, and dithiothreitol
(15). When using culture medium supplemented with ascorbic
acid the optimal incubation time may vary from culture in the
same type of medium without the ascorbic supplementation.

. Depending on manufacturer Alamar Blue can be stored at —-20°C,

4°C, or at room temperature. Generally, lower temperatures
increase the product stability. If —-20°C storage conditions
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Table 1

The recommended conditions for the Alamar Blue assay

in 96-well plate for normal and cancer cell lines. Reprinted
from (14) with permission from Elsevier

Optimal
Linear range (cell Optimal AB incubation

Cell line number x 10%) concentration (%) time (h)
Normal cell lines
BALB/3T3 0.05-2 4 3
CHO-K1 0.05-3 10 3
NJTIDF 4054 0.05-2 4 3
Ovarian cancer cell lines
2008 0.05-3 4 1
IGROV-1 0.05-3 10 1
OVCAR-3 0.05-3 4 3
SK-OV-3 0.05-3 4 3
Leukaemia cell lines
HL-60 0.5-5 10 6
K-562 0.5-5 10 6
MOLT-4 0.5-5 10 6

are used, reduce the freeze—thaw cycles by 10. For this, the
best is to aliquot the stock solution.

4. Resazurin and resorufin are light-sensitive and need to be
protected from light otherwise it results in decreased
sensitivity.

5. Itis recommended to read the plate on the day an experiment
is performed. If it is not possible, 96-well plate with sample
aliquots can be stored at 4°C wrapped in foil and measurement
can be taken within 1-3 days without affecting fluorescence
or absorbance. However, when measuring fluorescence, it has
to be kept in mind that temperature affects the fluorescence
values. Thus, to keep the conditions of fluorescence readings
constant wait till refrigerated plate is warmed up to the ambi-
ent temperature before reading.

6. Optionally, the reaction can be stopped and stabilised after
the incubation by adding 50 ul of 3% SDS in PBS (pH 7.4)
per 100 pl of original culture volume. Plates can be stored at
ambient temperature wrapped in foil up to 24 h.

7. Although Alamar Blue is known as a non-toxic in vitro assay
in short-time exposure, the prolonged contact of cells with
resazurin may affect the reduction rate and cell viability (16).
Thus, it is possible to perform more than one type of assay
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on the same sample, but for proliferation assessment it is
better to use Alamar Blue as end point assay.

8. Alamar Blue should not be added directly to cultured cells in
long-time experiments as protein concentration may affect
the results by quenching the fluorescence signal (17). The
Alamar Blue solution at determined concentration should be
prepared freshly each time and before applying, samples
should be washed with PBS to reduce the risk of different
protein concentrations generated during the culturing time.
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Chapter 6

The xCELLigence System for Real-Time and Label-Free
Monitoring of Cell Viability

Ning Ke, Xiaobo Wang, Xiao Xu, and Yama A. Abassi

Abstract

We describe here the use of the xCELLigence system for label-free and real-time monitoring of cell
viability. The xCELLigence system uses specially designed microtiter plates containing interdigitated
gold microelectrodes to noninvasively monitor the viability of cultured cells using electrical impedance as
the readout. The continuous monitoring of cell viability by the xCELLigence system makes it possible to
distinguish between different perturbations of cell viability, such as senescence, cell toxicity (cell death),
and reduced proliferation (cell cycle arrest). In addition, the time resolution of the xCELLigence system
allows for the determination of optimal time points to perform standard cell viability assays as well as
other end-point assays to understand the mode of action. We have used the WST-1 assay (end-point
viability readout), the cell index determination (continuous monitoring of viability by xCELLigence),
and the DNA fragmentation assay (end-point apoptosis assay) to systematically examine cytotoxic effects
triggered by two cytotoxic compounds with different cell-killing kinetics. Good correlation was observed
for viability readouts between WST-1 and cell index. The significance of time resolution by xCELLigence
readout is exemplified by its ability to pinpoint the optimal time points for conducting end point viability
and apoptosis assays.

Key words: Impedance, Cell viability, Cell index, Apoptosis, MG-132, 5-FU

1. Introduction

Monitoring of cell viability is critical to many areas of basic and
biomedical research both from a mechanistic perspective to
understand the molecular and biochemical pathways regulating
cell viability and from a therapeutic angle to develop agents which
modulate cell viability. Because cell viability is critical for overall
function and physiology of the cell, tissue, and organ, it is subject
to regulation by variety of cellular pathways mediated by extrinsic
and intrinsic factors. Viability assays are routinely used to study
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how perturbation of these pathways elicits their effect on overall
cell viability.

Traditional viability assays include the Trypan Blue dye exclu-
sion assay to test cell membrane integrity and colony formation
assays to test continuous growth of cells (1). The exclusion of
Trypan Blue or propidium iodide dyes is often used as an indica-
tion of membrane integrity of living cells, as the dyes can cross the
compromised cell membrane and stain cellular targets or struc-
tures in dead cells. The colony formation assay can document any
effects on cell proliferation, even longer-term cell cycle arrest, or
antiproliferative effects. More recently, homogeneous assays for
cell viability have been developed which are amenable to automa-
tion for high-throughput screening (HTS). Viability markers,
usually a biochemical event that occurs only in living cells, are
often used for HTS assays. Tetrazolium salts, such as MTT, XTT,
and WST-1, are converted to a formazan product by active mito-
chondria, which can then be measured as a colorimetric readout
(2—4). Similarly, nonfluorescent resazurin, e.g., alamarBlue, can
be converted to fluorescent resorufin by active mitochondria,
which can then be measured by fluorescence (5-7). Cellular ATP
content is also used as a cellular marker for viability (8-11). These
assays are conducted at the end of the study to determine the dif-
ference in cellular viability between control and toxin-treated
samples.

Modulation of cell viability can occur by a multitude of mech-
anisms and pathways. Cell death can occur through a spectrum of
distinct morphological and biochemical pathways culminating in
apoptosis, necrosis, or autophagy (12). Apoptosis is characterized
by shrinking of the cytoplasm, nuclear condensation, and forma-
tion of apoptotic bodies, while necrosis involves cell swelling,
break-down of the plasma membrane, and ultimately cell lysis.
Antiproliferative drugs exert their functions by inhibiting cell
division and reducing cellular proliferation. It is important to
understand the mechanism(s) of cell death or reduced prolifera-
tion induced by drug treatment, in order to understand the
mechanism of drug action and predict its possible side effects.
However, the effect of a compound on viability is often transient
and therefore very difficult to detect if not assayed at the optimal
time points. For example, apoptosis occurs only during a short
period of time, often within hours, and is frequently followed by
secondary necrosis events. In some cases, induced cell cycle arrest
may be temporary, while in other cases a prolonged arrest may
occur which often results in cell demise. Considering that differ-
ent toxins exert their maximal effects at different time points after
treatment, it is useful to monitor viability continuously to pin-
point the optimal time points at which endpoint assays should be
employed to decipher the mechanism of action of cytotoxicity or
reduced proliferation.
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Additional complicating factors include toxin concentration
and cell lines tested, as the kinetics of cytotoxicity is often difter-
ent between treatment conditions. For instance, higher toxin
concentrations may exert cytotoxic effects with a faster kinetics,
while lower concentration may have a slower antiproliferative
effect or even promote proliferation, as in the case with digitalis
(13). Furthermore, depending on the genetic backgrounds of the
tested cell lines, same toxin may have very different effects, as in
the cases with many target-directed therapeutics that showed
much more robust effects in the so-called oncogene-addicted cell
lines (14). Therefore, for each toxin, each individual concentra-
tion, and each cell line tested, it is important to optimize the assay
time point(s) required to obtain the most meaningful results,
which can be very labor-intensive.

The xCELLigence system allows for label-free and dynamic
monitoring of cellular phenotypic changes in real time using
impedance as readout. The system measures electrical impedance
across interdigitated micro-electrodes integrated on the bottom
of tissue culture E-Plates (Fig. 1a). The impedance measurement,
which is displayed as cell index (CI) value, provides quantitative
information about the biological status of the cells, including cell
number, viability, and morphology. Impedance-based monitoring
of cell proliferation /viability correlates very well with cell number
and WST-1 readout (Figs. 1 and 2). In addition, continuous
monitoring of cellular responses to biologically active small mol-
ecule compounds produces time-dependent cellular response
profiles (TCRPs), that can be predictive of mechanism of action
(15). For example, Hela cells that were treated with a DNA-
damaging agent (5-FU) and a proteasome inhibitor (MG-132)
produced very specific TCRPs that are modulated as a function of
time (Fig. 2). The kinetic cell viability measurement provides the
temporal information as to when a drug of interest induces its
cytotoxic effect, and can thus allow one to pinpoint the optimal
time points (e.g., when the cytotoxicity reaches maximal effect,
lowest cell index) for more specific cell fate assays, the effect of
which can often be transient and difficult to capture. In the spe-
cific examples we have shown in this work, it is clear that 5-FU
and MG-132 induce cytotoxicity with different kinetics, even
though the ultimate fate of cells in response to both treatments is
apoptosis (Figs. 2 and 3). For MG-132, apoptosis is observed at
16 h post compound addition (after cell index reached lowest
level), but not at 64 h, confirming the transient nature of apop-
totic process (Figs. 2a and 3a). In contrast, apoptotic induction
by 5-FU is only observed at 64 h post treatment (after cell index
reached lowest level), but not at 16 h (no cell index changes
observed) (Figs. 2e and 3b). This example clearly demonstrates
the importance of considering the time factor when performing
viability or apoptosis assays.
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Fig. 1. xCELLigence in real-time monitoring of cell proliferation. (@) RTCA-SP instrument is shown, consisting of
control unit, station, E-Plate, and display unit. Interdigitated gold electrodes at the bottom of the E-Plate are shown
with or without cells. Background impedance is determined for medium alone (Z), then after the cells attach and
proliferate on the electrodes (Z,,). (b—e) Different numbers of HeLa (b) and A549 (d) cells were seeded in the E-Plate
and the cell index was continuously monitored for 45 h. At the end of study, WST-1 was added to the medium and
absorbance determined (¢ and e). Both cell index and WST-1 readings at the end of study were normalized against
the value obtained at the highest seeding density. The average of triplicate samples is plotted with error bars indicat-
ing standard deviation. The Pearson correlation coefficient between WST-1 and cell index readings is also

indicated.
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Fig. 3. Cell index changes and apoptosis. HeLa cells were treated with various concentrations of the proteasome inhibitor
MG-132 (a) and the DNA-damaging agent 5-FU (b) and the cell index was monitored continuously for 64 h as in Fig. 2.
A parallel experiment was set up in an E-plate and samples were harvested at 16 (solid line) and 64 h (dotted line) post
compound addition for apoptosis assays (a and b). Apoptosis was determined using Cell Death Detection Elisa-Plus kit,
and was expressed as the ratio of DNA fragmentation signal to that of the untreated samples. While the proteasome
inhibitor MG-132 exerts its effect on cell index as early as 4 h post treatment, with maximal effect at 10 h post treatment,
5-FU effect is much slower, with onset at ~16 h post treatment, and the maximal effect observed after 48 h.
Correspondingly, apoptosis induction is observed at 16 h for MG-132, and at 64 h for 5-FU. Importantly, no apoptosis
induction is observed for MG-132 at 64 h, confirming the transient nature of apoptosis and indicating the importance of
continuous monitoring of cell viability in selecting optimal time points for end-point assays.

2. Materials

2.1. Cell Culture and 1. HyClone Dulbecco’s Modified Eagle’s Medium (DMEM)
Compound Treatment high Glucose is supplemented with 10% fetal bovine serum.

. 0.05% Trypsin—EDTA.

. Penicillin-streptomycin solution.

. Hyclone DPBS/modified.

. T25 and T75 cell culture flasks.

. E-Plate 96 (Roche Applied Sciences, Indianapolis, IN).
. CoStar 96-well cell culture plate.

. MG-132 (Tocris, Ellisville, MO) is dissolved at 10 mM in
DMSO, stored in -20°C, and then added to tissue culture as
needed.

9. 5-Fluorouracil (5-FU, Sigma) is dissolved at 100 mM in DMSO,
stored in —20°C, and then added to tissue culture as needed.

O NN O\ Ul W

2.2. Cell Index 1. xCELLigence and E-Plate 96 (Roche Applied Sciences,
Determination Indianapolis, IN).
2.3. WST-1 Assay 1. WST-1 reagent (Roche Applied Sciences, Indianapolis, IN).

It is stored at —20°C until use.
2. DTX 800 plate reader (Beckman Coulter, Brea, CA).
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2.4. Apoptosis
Determination

1. Cell death Detection Elisa-Plus 96-tests kit (Roche Applied
Sciences, Indianapolis, IN).

2. DTX 800 plate reader (Beckman Coulter, Brea, CA).

3. Methods

3.1. Cell Guiture
and Compounds

3.2. Gell Index
Determination

xCELLigence allows cell viability to be measured continuously in
real time via impedance readout. Using two compounds with dif-
ferent cytotoxic kinetics (proteasome inhibitor MG-132 which
takes ~12 h to observe the maximal cytotoxic effect (16), and the
DNA damaging agent 5-FU which takes ~40 h) (17, 18), we
have systematically documented the correlation of viability
readouts between WST-1 and xCELLigence at several time points.
The continuous monitoring of cell viability provides a time reso-
lution of drug-mediated cytotoxicity and demonstrated the dif-
ference oftime-dependent cellular response for the two compounds
(Fig. 2). The continuous monitoring of cytotoxicity by xCELLi-
gence system can be used to select the optimal time points (e.g.,
when the cell index is at the lowest level) to conduct more specific
end-point assays (e.g., apoptosis assays) that are crucial to under-
stand modes of cell death (Figs. 2 and 3).

1. HeLa cells were cultured in DMEM medium supplemented
with 10% FBS and 1% penicillin—streptomycin (PS) in 37°C
incubator with 5% CO,,. Cells were passaged when approaching
confluence with 0.05% trypsin—EDTA and split at a ratio
between 1:20 and 1:6.

2. Cells at 80-90% confluence were split into a T75 flask at 1:3
ratio the day before use.

3. On the day of seeding, the medium was removed, and cells
were washed gently with 7 ml of PBS. 1 ml of trypsin was
added, and the cells were incubated at 37°C for 1-10 min
until cells lifted off the flask (see Note 1).

4. Add 9 ml of DMEM/10% FBS/1% PS to cell suspension.
Pipette up and down to mix cells well, and transfer the cell
suspension to a 50-ml conical tube.

5. Remove 10 pl of cell culture and count the cell number using
a hemocytometer. In general, ~5 x 10° cells/ml is obtained.

6. Make 2.5x10* cells/ml working stock. 100 pl (2,500 cells)
will be needed for each well.

These instructions assume the use of Real-Time Cell Analyzer
(RTCA) Single Plate (SP) instrument, although they are easily adapt-
able to RTCA-MP (Multiple Plate) or RTCA-DP (Dual Plate) instru-
ments. Cell Index (CI) is an arbitrary unit reflecting the electronic
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3.3. WST-1 Assay

cell-sensor impedance. It is defined as (Rn-Rb)/15 where Rn is the
cell—electrode impedance of the well with the cells and Rb is the
background impedance of the well with the medium alone. The cell
index value directly correlates with the number of viable cells.

1. Start the RTCA software. It will automatically detect the
RTCA instrument connected to RTCA control unit, and
launch the appropriate user interface.

2. Fill out the experiment setup pages, including Experiment-
note, Layout, and Schedule pages. In general, the schedule
will include three steps: background measurement step; cell
monitoring step; and compound activity monitoring step. In
general, triplicate wells are used for each treatment for statis-
tical analysis.

3. Add 50 pl of medium to each well of the E-Plate. Transfer the
E-Plate to the desired SP instrument and start the experiment
by measuring background (first step).

4. When background measurement is done, take out the E-Plate
and put it inside the tissue culture hood. Add 100 ul of the
cell suspension (2.5 x10* cells/ml) to each well of the plate.
Optimal cell number should be empirically determined for
each cell type. Tap the plate gently ten times from each direc-
tion to mix well the cells. Leave the plate in the tissue culture
hood at room temperature for 30 min.

5. Put the E-Plate in the instrument, and start the cell monitor-
ing step (second step) (see Note 2).

6. 24 h later, thaw the compounds at room temperature. Dilute
the compounds in DMEM medium so that the compound is
10x of the final concentration. DMSO is added as untreated
control.

7. Stop the second step of the experiment and take out the plate.
Add 16.7 pl of the 10x compound dilution to desired wells.

8. Put the E-Plate back to the instrument and start the com-
pound activity monitoring step (third step). The length of
monitoring will depend on the compounds and cell lines
used. 48-72 h are generally used to document cytotoxic
effects (see Note 3).

For cell viability assay using WST-1, the seeding and treatment
procedure are the same as described in the previous section
(Subheading 3.2). At desired time points, the medium was
removed from E-Plate, and replaced with appropriate medium
containing 10% WST-1. Plates were incubated in a 37°C incuba-
tor with 5% CO, for 0.5-4 h, during which viable cells convert
WST-1 to a water-soluble formazan dye that can be quantified by
absorbance reading using a plate reader. The absorbance directly
correlates with viable cell number.
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3.4. Apoptosis Assay

1.

2.

At desired time points, remove the E-Plate from instrument
in the incubator (see Note 4).

Remove the culture medium from wells of the E-Plate in the
tissue culture hood.

. Dilute WST-1 reagents 1:10 into culture growth medium.

Add 120 pl to each well of the E-Plate, and place the Plate
back into 37°C incubator with 5% CO,,.

. 0.54 h later, remove the E-Plate from CO, incubator.

Transfer 100 pl of medium/WST-1 from each well into a new
96-well tissue culture plate (see Note 5).

. Measure absorbance at 450 nm using a plate reader. For this

study, a Beckman DTX 800 Multi-Mode Detector is used.

For apoptosis, the Cell Death Detection Elisa-Plus kit is used.
This is an Elisa-based kit that detects histone-complexed DNA
fragments, which are indicative of apoptotic cells. The experi-
mental setup is similar as described in Subheading 3.2. Cells were
harvested at desired time points and assay conducted.

1.

On the day of assay, prepare all the working solutions follow-
ing manufacturer’s instructions.

. At the time of assay, remove the E-Plate from the instrument.

Centrifuge the E-Plate at 200 x g for 10 min to harvest both
the floating and adherent cells.

. Remove the culture medium completely. Add 200 ul lysis

buffer to each well. Gently tap the E-Plate several times and
incubate the plate at room temperature for 30 min.

. Centrifuge the lysates at 1,100 rpm for 10 min. Transfer 20 pl

of the supernatant into the streptavidin-coated plate (see
Note 6). Please remember to include the positive control that
comes with the assay kit in the assay.

. Add 80 pl of the immunoreagent to each well containing

samples.

. Cover the microplate with an adhesive cover foil. Incubate on

a shaker (300 rpm) for 2 h at room temperature.

. Remove the solution completely, wash with 250 ul incuba-

tion buffer three times. Remove solution completely.

. Add 100 pl ABTS solution. Incubate on a shaker (250 rpm)

until the color development is sufficient for a photometric
analysis (10-30 min) (see Note 7).

. Add 100 pl ABTS stop solution.
10.

Measure absorbance at 405 nm using a plate reader. Use
ABTS + ABTS stop solution as blank. For the measurement,
the Beckman DTX 800 Multi-Mode Detectors is used
(see Note 8).
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11.

For calculation, the absorbance of samples is corrected for
background. Fold increase of DNA fragmentation is calcu-
lated by dividing the absorbance of treated samples by the
absorbance of nontreated sample.

4. Notes
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Chapter 7

Analysis of Tumor and Endothelial Cell Viahility and Survival
Using Sulforhodamine B and Clonogenic Assays

Caroline Woolston and Stewart Martin

Abstract

A variety of assays, and rationales for their use, exist to monitor viability and /or survival following cellular
exposure to insult. Two commonly used in vitro assays are the sulforhodamine B assay and the clonogenic
survival assay which can be used to monitor the efficacy of anticancer agents, either via direct tumor cell
cytotoxicity or antiangiogenic mechanisms. The techniques described are suitable for studying survival in
a number of different cell types; however, this chapter describes how they may be used in the assessment
of chemo- /radiosensitivity. The methods are uncomplicated and robust as long as attention is paid to key
optimization steps. Except for a multiwell plate reader they do not require any specialized equipment
other than that found in a typical tissue-culture laboratory.

Key words: Clonogenic assay, Sulforhodamine B, Cell survival, Tumor cell, Endothelial cell

1. Introduction

Measuring cell viability and survival after a toxic insult is a key
process and one that is often misreported in the literature. There
are numerous assays available that are used to assess cell killing/
survival but without a combined understanding of the cell type
being studied, or the treatment effects, these have the potential to
severely under or over estimate the level of killing achieved
(reviewed in (1, 2)). In certain cell types, such as leukemias, many
lymphomas, and some solid tumors, apoptosis is the primary
mode of cell death. After treatment, cells rapidly undergo apop-
tosis and show distinct morphological features such as altered
membrane permeability, chromatin condensation /fragmentation,
and exposure of phosphatidyl serine to the outer membrane.
These changes can be measured using simple short-term assays
such as trypan blue/propidium iodide exclusion or annexin V

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_7, © Springer Science+Business Media, LLC 2011

45



46

Woolston and Martin

staining. For other solid tumors, particularly carcinomas, cells do
not immediately die after treatment, and apoptosis may not be
the main mediator of cell killing. Therefore, short-term assays
measuring early functional changes would provide no informa-
tion on overall toxicity of treatment. It is important, therefore, to
conduct assays that measure viability /survival in both the short-
and long-term.

A true cell survival assay measures the end result of treatment
which can either be cell death or recovery. The clonogenic assay
has become the “gold standard” for assessing cellular sensitivity
to cytotoxic treatments as it tests the fundamental aspect of
survival, a cells ability to undergo sufficient proliferation so as to
form a colony (2, 3). It is widely used for the assessment of
radiosensitivity as it can accurately assess the long-term survival
effects of irradiation. It is also used to assess the efficacy of novel
anticancer drugs; however, the high-throughput nature of sulfor-
hodamine B (SRB) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide [ MTT] assay makes them more amenable
for drug discovery work. Each assay has inherent limitations
(reviewed below) and caution should be used, as mentioned
above, with interpretation of data if the cell type is less prone to
carly as opposed to late lethality, in which case the clonogenic
assay should be utilized. The clonogenic assay is applicable for use
with any type of cell that can be grown in culture, whether it is an
animal, plant, yeast, or bacterial cell (4). Due to its very large
dynamic range, it is good at very low and high survival extremes
that limit other colorimetric and dye-exclusion-based assays.

When comparing SRB and clonogenic assays, the latter is
more laborious and time-consuming (both in terms of conduct-
ing the assay and in generation of results, i.e., plates have to be
incubated for 2—4 weeks), and problems can ensue with cell lines
that do not readily dissociate into single cell suspension. Another
inconvenience, for certain labs, may be that a separate incubator
is reccommended for incubating plates to allow colony formation.
Caution should be used in interpretation of data from cell types
that have a low colony-forming ability (plating efficiency) as
results may not be representative of the population as a whole.
The conventional (2D) clonogenic assay does not take into
account the influence of intercellular communications that, in
certain circumstances, play a key role in the cellular response to
particular agents, such as those that induce DNA damage (5) —a
number of novel, 3D-based, cultures and assays are in develop-
ment but are not in routine use and are beyond the scope of this
chapter.

The SRB assay is a popular in vitro cytotoxicity assay devel-
oped by Skehan and colleagues (6). SRB is an aminoxanthene dye
that binds to basic amino acid residues in proteins through its
sulfonic groups. The binding of SRB is stoichiometric; therefore,
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the amount of colorimetric change gives an estimation of total
protein mass, which is directly proportional to cell number (7).
Caution should be used as there will be certain instances where
cell mass increases without a corresponding increase in cell num-
ber. For example, inhibition or alteration of the cell cycle process
through drug treatment, or changes in growth conditions, is a
known contributor to hypertrophy in certain cell types (8, 9). As
mentioned above, the main application of the SRB assay is in
chemosensitivity testing as it is particularly adaptable and suitable
for high-throughput systems such as drug screening. For radio-
sensitivity testing, colorimetric assays are often thought to be
inadequate due to the short duration of the assay; however it has
been reported, for the SRB assay, that if sufficient time is left to
allow delayed radiation-induced cell death (i.e., left for the equiv-
alent of six cell doubling times or the equivalent length of time
that it would take for the cells to form colonies of 50+ cells in a
clonogenic assay) then comparable survival curves can be achieved
(10). Caution needs to be used before application of this assay for
radiosensitivity measurements as there is still some concern that at
certain doses [i.e., high (>6 Gy) or low (<2 Gy)] it is insensitive,
i.e., it under or over estimates the survival compared to the
clonogenic assay (11, 12).

In comparison to MTT, SRB staining is not dependent on
mitochondrial function and so less variation is observed between
cell lines leading to less cell-line specific optimization (10). SRB
has better linearity and higher sensitivity than other colorimetric
assays, such as Lowry, Bradford, azure A, and thionin (6), and is
comparable to those achieved with standard fluorescent dye-
staining methods, such as DAPI and Hoechst 33342 (7). The
background staining due to fixation of medium components (fetal
bovine serum) and dislodgment of adherent cells can be improved
with optimization giving good signal:noise ratios and CV values
(13). From a practical perspective, it does not require any
specialized equipment apart from a multiwell plate reader
(see Subheading 2), has a stable endpoint that can be stored
indefinitely, akin to the clonogenic assay, and is therefore overall
very cost-effective. However, the multiple washing and drying
steps discourage some people using this assay. The TCA addition
must be carefully optimized to minimize the risk of loss of cells
during fixation and, as with the clonogenic assay, care must be
taken in the plating of cells to avoid artifactual results due to
uneven plating. Although the SRB is widely used for tumor cell
chemosensitivity testing, it is less sensitive with endothelial cells
due to their relatively lower protein levels (14).

If characterizing novel agents (radio- or chemotherapy), the
choice of assay will largely depend on the cell type being studied
but using both the SRB and clonogenic assays, at least for an
initial comparison, is recommended.
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2. Materials

2.1. Glonogenic Assay

2.2. Sulforhodamine
B Assay

. Appropriate cell culture medium.
. Phosphate-buftered saline (PBS).
. Trypsin/EDTA.

. 15,/50 ml sterile tubes.

. 'T25 tissue culture flasks or 100 mm cell culture treated dishes

or six-well plates (see Note 1).

. Dedicated clonogenic humidified incubator set at 37°C with

an atmosphere of 5-10% CO, depending on the cell type.

. Cell counting system (e.g., hemocytometer, Coulter counter,

Invitrogen “Countess” system).

. Saline (0.9% w/v).

9. Methanol.

10.
11.

12.

0.5% crystal violet in water (Sigma).

Appropriate colony counting device — marker pen, colony
counting pen, automated system (see Subheading 3).

Inverted phase contrast microscope.

. Appropriate cell culture medium.

PBS.

. Trypsin/EDTA.
. 15/50 ml sterile tubes.
. 96-Well flat bottomed polystyrene tissue culture plates.

. Cell counting system (e.g., hemocytometer, Coulter counter,

Invitrogen “Countess” system).

7. Dimethyl sulfoxide (DMSO).

o

13.
14.
15.

16.

. Ice-cold 50% (w/v) trichloroacetic acid (TCA).
. 1% (v/v) acetic acid.

10.
11.
12.

0.4% (w/v) SRB (Sigma) in 1% (v/v) acetic acid.
10 mM unbuffered Tris base solution.

Multiwell microplate reader (absorbance — 490-530 and
620 nm. Fluorescence — excitation 488 nm and emission

585 nm).
Gyratory plate shaker (optional).
Inverted phase contrast microscope.

Humidified incubator set at 37°C with an atmosphere of
5-10% CO, depending on the cell type.

Refrigerator set at 4°C.
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3. Methods

3.1. Clonogenic Assay

3.1.1. Seeding Approaches

3.1.2. Plating Before
Treatment

3.1.3. Plating After
Treatment

The method outlined below is for adherent cell lines. Suspension
cells can also be assessed via clonogenic assay using the adapta-
tions outlined in Subheading 3.1.4.

There are two different approaches to the seeding of cells that will
subsequently undergo clonogenic incubation (see Note 2). The
first approach is to harvest cells from logarithmically growing
stock cultures and plate them at the required final clonogenic
dilutions prior to treatment. Plates are initially incubated for long
enough to allow cell attachment, but treatment must be applied
before they have a chance to start proliferating, increasing the
number of potential colonies, and giving a false result. The initial
attachment period must be optimized for each individual cell line.
After treatment, the dishes are placed in an incubator for a time
equivalent to at least six potential cell divisions (to give colonies
of >50 cells). This method is often used for a quick screening of
the sensitivity of cells to different treatments.

The second, and more common, approach is to treat loga-
rithmically growing cells and subsequently replate for clonogenic
assessment (substantial differences are observed, for certain
agents, if plateau phase cells are treated). The replating may be
performed immediately after treatment or may be delayed to
examine for the effect of repair processes.

Irrespective of the method chosen, cells are generally plated
in triplicate and, to account for potential interexperimental differ-
ences in plating efficiencies, at two-cell densities (see Note 3).

1. Harvest exponentially growing cells as stated in
Subheading 3.1.1.

2. Count cells and plate an appropriate number of cells per dish /
flask (see Notes 4 and 5).

3. Allow time for the cells to adhere to the plastic (see Note 6).

4. Treat the cells as required for the experiment being careful
not to disturb the cells (see Note 7).

5. Place the cells in the incubator and leave until control dishes
have formed sufficiently large clones (see Notes 8-10).
Reminder: Experimental plates should NOT be disturbed
before the end of the appropriate incubation time as this can
cause cells to detach from initial colonies and form new colo-
nies that will skew results.

1. Harvest the cells quickly after treatment to stop any erroneous
results occurring due to cellular repair (see Note 11).
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3.1.4. Suspension Cells
and Difficult Cell Types

3.1.5. Fixation and Staining
of Colonies

3.1.6. Colony Counting
Approaches

2. Cell count and plate an appropriate number of cells based on
treatment severity to achieve the optimal number of colonies
(see Notes 3, 4, and 12).

3. Place the cells in the incubator and leave until control dishes
have formed sufficiently large clones (see Notes 8-10).
Reminder: Experimental plates should NOT be disturbed
before the end of the appropriate incubation time as this can
cause cells to detach from initial colonies and form new colo-
nies that will skew results.

Some cells when plated at low density do not form colonies and
therefore require additional steps to help ensure a good plating
efficiency. Human umbilical vein endothelial cells (HUVEC) are
routinely cultured on 0.2% gelatin and will form colonies as long
as flasks /dishes are also coated with gelatin — if the gelatin coating
is omitted then the plating efficiency can suffer. Three other alter-
native methods to enable successful colony formation and optimal
plating efficiencies are use of soft agar (especially for suspension
cells), incubating with conditioned media, or use a feeder layer.
The feeder layer may be a layer of cells such as fibroblasts that
have been irradiated to not divide anymore but still produce
growth-promoting factors.

1. Very carefully aspirate the medium from the plates/flasks so
as not to disturb the colonies (see Note 13).

2. Gently wash the plates /flasks with PBS.

3. Add methanol:saline (1:1) in a sufficient volume to cover the
colonies. Leave for 15 min.

4. Remove and add 100% methanol for a further 15 min.

5. Remove and add 0.5% crystal violet solution and leave to
allow sufficient staining (see Notes 14 and 15).

6. Remove the crystal violet solution (N.B. this can be reused)
and carefully rinse with an indirect flow of tap water.

7. Invert and leave to dry on the bench, at room temperature.

There are numerous ways in which the colonies can then be
counted. The simplest way is to take a pen and manually mark and
count each colony on the underside of the plate or to use a “col-
ony counter pen.”

Analysis machines are also available to enable automated
counting of colonies such as the gelcount system from Oxford
Optronix. These systems can give additional information on col-
ony size, statistical parameters such as colony OD and theoretical
colony “volume” alongside the higher throughput of plates, and
objective and consistent counting.



3.1.7. Calculating Plating
Efficiency and Survival
Fraction

3.2. Sulforhodamine B
Colorimetric Assay

3.2.1. Cell Plating

3.2.2. Cell Fixation
and Staining
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The plating efficiency (PE) is the number of colonies formed
under control conditions, i.e., it is the ratio of the number of
colonies to the number of cells seeded.

The PE is calculated from the untreated controls using the
following equation:

no. of colonies formed

PE x 100%

no. of cells seeded

The surviving fraction (SF) is the number of colonies that
form after the cells have been treated:

_ no. of colonies formed after treatment
no. of cells seeded x PE

SF

For radiation analysis, survival curves are usually plotted with
SF as a log scale and the treatment dose as a linear scale. A variety
of parameters can be assessed from such radiation dose survival
plots to gauge parameters such as inherent sensitivity, repair
capacity, etc. For example the mean lethal dose (37% of the origi-
nal starting number) D, or D, value can be calculated from the
linear, exponential, portion of the curve.

For chemosensitivity, the graph of survival can either be plot-
ted on a linear scale or, if the range of treatments is large, on a log
scale. From this, if a comprehensive dose range has been con-
ducted, the dose at which 50% cell death is achieved can be calcu-
lated (IC50).

1. Seed cells into a 96-well plate at optimal density in 180 pl.
This can range from 1,000 to 40,000 cells/well depending
on the cell line being used, the treatment and the assay time
course. On a separate plate, at least three wells must be set up
for a Day 0 estimation of cell population at time of treatment
(see Notes 5 and 16).

2. Incubate the plates at optimal growth conditions, i.e., 37°C,
5-10% CO, for 12-24 h.

3. Process wells set aside for Day 0 assessment — see
Subheading 3.2.2.

4. Add required drug treatments to each well in 20 pl volumes
so the final well volume equals 200 pl. Incubate cells for the
required time then proceed to cell fixation and staining.

The fixation procedure can be conducted in different ways
depending on whether the cell type being used is adherent (1a),
semi-adherent, or suspension (1b).
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1. (a) For adherent cells. Aspirate media and add 200 ul of PBS
to each well. Gently add 50 pl of ice-cold 50% stock of TCA
to each well, creating a final concentration of 10% TCA. TCA
concentration can be optimized for different cell lines (see
Notes 17 and 18). (b) For semi-adherent or suspension cells.
Gently add 50 pl of ice-cold 80% stock of TCA to each well
containing media making sure not to disturb the settled cells
(see Notes 17-19).

2. Place the plate at 4°C for 1 h to allow cell fixation (see
Note 18).

3. Discard supernatant and gently wash the plates 4-5 times
with tap water and air dry being careful not to disturb the
fixed cells. At this stage the plates can be storved indefinitely at
room temperature.

4. Add 100 pl of SRB solution [0.4% (w/v) SRB in 1% acetic
acid] to each well and incubate for 10 min at room tempera-
ture. SRB concentration can be optimized for different cell
lines (see Note 14).

5. Wash plates 4-5 times with 1% acetic acid to remove unbound
dye, invert, and air dry at room temperature. Az this stage
the plates can be stoved indefinitely at room temperature
(see Note 20).

6. Add 200 pl of 10 mM Tris base solution (pH 10.5) to each
well to solubilize the dye. The plate can either be placed on a
gyrator shaker for 5 min or if not available, left at room tem-
perature for 30 min with occasional shaking (see Note 21).

7. The plate absorbance should be read between 490 and
530 nm subtracting the background measurement at 620 nm.
Alternatively, the SRB can be measured fluorometrically at an
excitation of 488 nm and emission of 585 nm.

3.2.3. Calculation To calculate the percentage of cell growth inhibition, the following
of Percentage Cell calculations can be used.
Growth Inhibition If the mean OD of the sample is greater than ov equal to the
mean OD of the Day 0 sample:
meanOD, . —meanOD,, ,

1. % of control cell growth= x 100

meanOD —meanOD

negcontrol day 0

If the mean OD of the sample is less than the mean OD of the
Day 0 sample:

meanOD

meanOD,,

—-meanOD
— x 100

sample

2.% of control cell growth=

% growth inhibition=100-% of control cell growth
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Growth inhibition of 50% (GI50) is demonstrated when

calculation (1)=50. The drug concentration that results in total
growth inhibition (TGI) is obtained when the mean OD of the
sample =mean OD at Day 0. The concentration of drug resulting
in a 50% reduction at the end of the drug treatment as compared
to that at the beginning (LC50), indicating a net loss of cells, is
obtained when calculation (2)=-50.

4. Notes

1.

2.

3.

4.

5.

6.

Optimization of tissue culture plate/flask suppliers may be
required to achieve optimal plating efficiencies.

The choice of seeding approach will depend on the type and
severity of the treatment, e.g., if high doses of radiation are
being studied. Initial plating should be at a high enough den-
sity, but ensuring logarithmic growth, to recover enough cells
for analysis. Numerous plates may be required so that the
cells are not confluent prior to treatment. If cells are initially
plated at too high a density then it is also difficult, if plating
for colonies pre-treatment, to guarantee that colonies have
been formed from one cell rather than two sitting next to
each other. In these circumstances, most investigators prefer
seeding post treatment.

As a guide, the number of colonies that would be optimal to
achieve at the end of a clonogenic assay on each plate would
be 100 for a P100 dish (55 cm?) and 50 for a T25 flask
(25 cm?). This would give an average colony per area of two
colonies per square centimeter.

Accurate cell counting is essential to enable the correct num-
ber of cells to be plated. This will enable an accurate plating
efficiency (PE) to be determined from the untreated controls
and for the final survival calculations for the treated groups.
The number of cells that will need to be plated will depend
on the severity of the treatment being conducted. To begin
with, use different dilutions of control cells and those at the
maximum treatment dose to determine the most appropriate
seeding density.

Appropriate controls should also be included, i.e., untreated
cells, treatment with a drug that is known to have an effect
(positive control 1) and /or a control cell line that the outcome
of the treatment of interest is known (positive control 2).

An initial time course should be set up to establish the optimal
time to adherence, prior to treatment, for each cell type being
used.
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7.

10.

11.

12.

13.

14.

15.

To avoid disturbing the cells and potentially removing a
susceptible population, it is advised to add the treatment to
the existing media rather than replacing via aspiration or

pipetting.

. Sufficient colonies are generally termed those that contain in

excess of 50 cells. Colonies that contain less than 50 cells
should not be counted as they have lost reproductive integ-
rity. It is a good idea to determine the optimal time that the
control colonies require to form sufficiently large enough
colonies before starting any experiments. This can be done by
plating a range of cell dilutions for multiple time points, such
as 2, 3, or 4 weeks. At each time point, plates can be carefully
removed and stained to assess colony size.

. Ideally a separate incubator is used for the duration of the

clonogenic assay to prevent colonies being disturbed during
colony formation. Disturbance of the colonies, particularly
shortly after the start of the incubation period, will cause cells
to detach from initial colonies and form satellite colonies, giv-
ing artifactual increased colony numbers.

The incubator conditions need to be optimal for the growth
conditions of the cell line being used, i.e., if the cells are nor-
mally maintained at 37°C, 5% CO,, then these are the condi-
tions that should be adhered too. It is also important that the
incubator being used has a humidity tray to prevent drying/
evaporation of the culture medium, especially if dishes are
being used, as some cultures may be left for up to 4 weeks.

Minimize the amount of time the cells are handled before
plating to prevent changes in pH, temperature, and other
external influences altering the cells viability. Prepare all tissue
culture equipment and reagents prior to commencing.

For cell counting after treatment, trypan blue should not be
used as a total cell count is required, i.c., the total number of
alive and dead cells. If the dead cells are excluded in the count,
this will cause false results.

Following incubation, carefully remove the plates from the
incubator and treat with caution until the colonies are fixed.

The concentration and length of incubation of the crystal
violet solution or SRB dye used will depend on the cell line.
Optimize the concentration of the dye used first as prolonged
time in the solution may cause lifting and thus loss of the
colonies/protein.

There are different fixing and staining methods and another
common method is to wash with PBS and then add 6% glu-
taraldehyde with 0.5% crystal violet. Again, depending on the
cell type that is being used, the stain concentration and length
of incubation may have to be optimized.



16.

17.

18.

19.

20.

21.
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Ensure homogeneous plating in each well is achieved as this
is a common cause of error in these assays. During the plating
process make sure the cells to be plated are regularly mixed to
avoid problems.

TCA can fix both cells and media proteins so removal of the
media results in lower background levels enhancing the
sensitivity and reliability of the assay especially at low cell
numbers.

The TCA concentration can be optimized for individual cell
types. Loosely attached cells may require a higher TCA con-
centration and extended incubation at 4°C, whereas TCA
concentrations can be reduced for fully adherent lines. TCA
fixation is critical for a successtul assay.

Plates containing suspension or semi-adherent cells may be
centrifuged if a plate rotor is available prior to addition of the
TCA reagent. Care must still be taken in the addition of TCA
to prevent disturbance of the settled layer.

Insufficient removal of the SRB dye can cause an over-estima-
tion of the cell numbers present, however excessive, pro-
longed washing has the potential to bleach the protein-bound
dye or disrupt the fixed layer. It is advised to rinse several
times but quickly.

The pH of the solutions used is critical for the SRB dye steps.
Binding of the SRB occurs under mild acidic conditions but

is dissociated under basic conditions.
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Chapter 8

Annexin V/7-AAD Staining in Keratinocytes

Maya Zimmermann and Norbert Meyer

Abstract

Annexin V/7-amino-actinomycin staining is a convenient way to discriminate early apoptosis from late
apoptosis and necrosis. Early apoptotic cells express phosphatidylserines (PS) on the outer leaflet of the
plasma membrane. PS can be stained by labeled annexin V. Late apoptotic cells and necrotic cells lose
their cell membrane integrity and are permeable to vital dyes such as 7-AAD (DNA intercalator).

Key words: Apoptosis, Annexin V, 7-AAD, Vital dye, DNA intercalator, Phosphatidylserine

1. Introduction

Annexin V/7-amino-actinomycin (7-AAD) staining is a method
to discriminate between early apoptosis and late apoptosis and
necrosis. The word apoptosis has been introduced in 1972 to
describe a cell death with specific morphological features (1).
The term apoptosis is a morphological description of character-
istic aspects including rounding-up of the cell, plasma membrane
blebbing, reduction of cellular volume (pyknosis), condensation
of the chromatin, fragmentation of the nucleus (karyorhexis),
and loss of plasma membrane asymmetry. Necrosis is often
defined in a negative manner, as cell death lacking the character-
istics of apoptosis and autophagy processes (2). The morpho-
logical appearance is usually similar to that of oncosis meaning
cytoplasmic swelling, mechanical rupture of the plasma mem-
brane, dilation of cytoplasmic organelles (mitochondria, endo-
plasmic reticulum, and Golgi apparatus), and moderate chromatin
condensation.

Viable cells have an asymmetric distribution of different phos-
pholipids between the inner and outer leaflets of the plasma
membrane maintained by flippases. Phosphatidylserine (PS) is a

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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normal cell

phospholipid component of the cell membrane and usually
exposed on the cytosolic side of the membrane. When a cell
undergoes apoptotic cell death, PS becomes exposed on the outer
leaflet of the plasma membrane. Macrophages recognize PS on
the cell surfaces and subsequently engulf and phagocyte these
cells before membrane integrity is lost.

Annexin V has a high affinity to PS and binds therefore to
cells with exposed PS. Since annexin V can be conjugated to fluo-
rochromes it serves as a sensitive probe for flow cytometric analy-
sis of cells undergoing apoptosis. 7-AAD is a DNA intercalator
and used as a vital dye. As long as the cell keeps its membrane
integrity, 7-AAD cannot bind/intercalate to the DNA since its
penetration through the membrane is not possible. However,
when the membrane integrity is lost, 7-AAD becomes access to
the DNA cells (Fig. 1).

Therefore, viable cells are annexin V and 7-AAD negative,
carly apoptotic cells are annexin V positive and 7-AAD negative,
and late apoptotic and necrotic cells are annexin V and 7-AAD
positive. Annexin V/7-AAD staining does not distinguish between
cells that have undergone apoptotic death versus those that have
died as a result of a necrotic pathway since in either case dead cells
will be stained by both labeled annexin V and 7-AAD.

Finally, it should be noted that PS exposure can occur on cells
for phagocytic removal independent of apoptosis (3) and that PS
exposure can be compromised in cells in which autophagy is
impaired (4).

apoptotic cell dead cell

)

7
&
%2

annexin
TAAD j ,! i

Legend:

=40 phoshpholipids
==-+40 phosphatidylserine (PS)

VWA, DNA

Fig. 1. Viability and apoptosis detection by annexin V and 7-AAD staining. Annexin V binds to phosphatidylserine (PS) and
7-AAD intercalates with DNA. Neither annexin V nor 7-AAD can penetrate through an intact cell membrane. In normal cell,
PS exists only in the inner face of cell membranes. During apoptotic cell death, PS gets exposed at the outside of the
membrane. Therefore, viable cells are annexin V and 7-AAD negative, apoptotic cells are annexin V positive, and 7-AAD
negative and late apoptotic and necrotic cells are annexin V and 7-AAD positive.
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2. Materials

2.1. Keratinocyte
Culture

2.2. Annexin V

N O Ol W

. Keratinocyte-SFM medium (Invitrogen, San Diego, CA)

supplemented with 5 ng/ml human recombinant epidermal
growth factor (Invitrogen), 50 pg/ml bovine pituitary extract
(Invitrogen), and 2 uM l-glutamine (Invitrogen).

. Trypsin (0.25%) EDTA solution (Sigma—Aldrich, St. Louis,

MO).

. Trypsin neutralizing solution (Invitrogen).

. Cyclohexamide (CHX) (Sigma-Aldrich).

. Primary keratinocytes (Invitrogen) in passages 3-5.

. T-75 Tissue Culture Flask (Milian AG, Basel, Switzerland).
. 24-Well plates (BD, Franklin Lakes, NJ).

. Annexin V-FITC solution (Beckmann Coulter, Nyon,

and 7-AAD Staining Switzerland), concentration 2.5 pug/ml annexin V-FITC.
2. 7-AAD solution 50 mg/ml (Beckmann Coulter).
3. 10x Concentrated binding buffer (Beckmann Coulter)
diluted 1:10 in distilled water.
4. 2 ml tubes and FACS analysis tubes.
5. Flow cytometer and software (EPICS XL-MCL, Expo32
software, Beckman Coulter).
3. Methods

3.1. Keratinocyte
Culture and Splitting

. Take the vial with your keratinocytes out of the nitrogen stor-

age and thaw the cells in a 37°C water-bath until only small
pieces of ice remain.

. Transfer keratinocytes in a 1,000-ul pipette-tip to a T-75

Tissue Culture Flask with 40 ml 37°C preheated keratino-
cytes-SFM medium. Push the keratinocytes very slowly out of
the pipette-tip (one drop per second). Be very careful here!
(see Note 1).

. Place the T-75 Tissue Culture Flask with the keratinocytes in

an incubator with humidified atmosphere containing 5% CO,
at 37°C. Let the cells adhere to the bottom and proliferate.
Change medium every second day.

. When keratinocytes reach a confluence of 70-80%, discard

supernatant, add 5 ml preheated trypsin solution, and place the
T-75 Tissue Culture Flask for 3-5 min in the incubator at 37°C.
Keratinocytes will detach from the bottom (see Note 2).
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3.2. Annexin V and 1.

7-AAD Staining
Procedure

3.3. Flow Cytometry 1.

. Take the T-75 Tissue Culture Flask out of the incubator and

add 10 ml preheated trypsin neutralizing solution to stop
trypsin reaction.

. Transfer all volume from the T-75 Tissue Culture Flask and

centrifuge for 5 min at 350 x 4.

. Count the keratinocytes and transfer 3,000-5,000 cells per

well to a 24-well plate. Place the 24-well plate in the incuba-
tor and let the cell settle and proliferate (see Note 3).

. Stimulate keratinocytes with your stimulus so that cell conflu-

ence is less than 100% at the harvesting day. Use as negative
control untreated keratinocytes and as positive controls kera-
tinocytes stimulated with 10 and 100 ng/ml CHX for 4 days
(see Note 4).

Collect supernatants of keratinocyte cultures and store on ice
in order to collect the nonviable cells that have detached from
the plastic.

. Trypsinize keratinocytes grown in 24-well plates with 200 pl

trypsin solution for 5 min at 37°C in the incubator (see Notes
2 and 5).

. Add 400 pl of trypsin neutralizing solution to each well to

stop trypsin reaction.

. Transfer all volume from the wells to 2 ml tubes with the col-

lected supernatants and centrifuge for 5 min at 500 x g at 4°C
(see Note 6).

. Discard supernatants and resuspend cell pellets in ice-cold 1x

binding buffer to 5x 10°-~10x 10° cells/ml.

. Tubes should be kept on ice to arrest further progress of the

cells through the stages of viability, apoptosis, and necrosis.

. Add 20 pl of 7-AAD dye solution and 10 pl annexin V-FITC

solution to 100 pl of the cell suspension and mix gently.

. Incubate tubes on ice for 15 min in the dark.
. Add 400 pl of ice-cold 1x binding buffer and mix gently.
10.

Analyze cell preparations within 30 min by flow cytometry.
Store cells on ice (see Note 7).

Use logarithmic scale for FLL1 (525 nm), F1.4 (675 nm) and
sideward scatter (SS) and linear scale for forward scatter (ES).

. Create biparametric histogram with SS LOG versus FS LIN

and gate keratinocytes. For this you have to exclude small cell
particles of dead cells, which are recognized as a tail in the
lower part of the dot plot diagram (Fig. 2a). Use this gate for
the following apoptosis analyses.

. Set the flow cytometer such that the distribution of the

annexin V-FITC negative population is in the first two decades
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Fig. 2. Gating strategies for apoptosis analysis. Keratinocytes are gated to exclude small cell particles for the apoptosis
analysis, which are recognized as a tail in the lower part of the dot plot diagram (a). To set quadrants as statistic markers,
untreated keratinocytes were used as live cells (b, /left char) and for dead cells, keratinocytes were incubated with
100 ng/ml CHX (b, middle chart) for 4 days. The quadrants were set by gating at least 95% viable cells (quadrant 4) and
at least 95% dead cells (quadrants 2 and 3). When keratinocytes were incubated with 10 ng/ml CHX for 4 days (b, right
charf) the dot plot chart shows three different populations: (1) viable cells with low Annexin V and 7-AAD signal (quadrant
4), (2) apoptotic cells with high annexin V and low 7-AAD signal (quadrant 3), (3) necrotic cells with high annexin V and
high 7-AAD signal (quadrant 2). Example data of annexin V and 7-AAD staining of untreated keratinocytes and keratino-
cytes incubated with TNF-o (10 ng/ml) and IFN-y (10 ng/ml) for 4 days are presented (c).

of the FL1 parameter and the distribution of the 7-AAD
negative population is in the first two decades of the F14
parameter.

4. Untreated keratinocytes are used to set the fourth quadrant
by gating at least 95% viable cells and keratinocytes treated
with 100 ng/ml CHX for 4 days are used to set quadrants 2
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and 3 by gating at least 95% dead (early and late apoptotic or
secondary necrotic) cells (Fig. 2b) (see Note 4).

. The gating should be checked by analyzing keratinocytes

incubated with 10 ng/ml CHX for 4 days, which shows three
populations of live (quadrant 4), early apoptotic (quadrant 3),
and necrotic cells (quadrant 2).

. In quadrant 1, a fourth population of damaged viable cells

could be detected depending on cell type and on centrifuga-
tion conditions.

4. Notes

. Freshly thawed keratinocytes are very susceptible. A fast push

out of the pipette-tip will kill them.

. The incubation time for the trypsin solution can vary. It is

important to check under the microscope that the cells are
detached from the bottom before trypsin neutralization solu-
tion is added. Usually, it takes 3—5 min with freshly thawed
trypsin solution. Trypsin solution should be stored in the
freezer at -20°C and only aliquots should be thawed. For
trypsinizing, trypsin solution should be heated up to 37°C to
obtain the optimal enzyme activity. After thawing, it can be
kept in the fridge up to 4 weeks and heated up to ten times
without any noticeable activity loss.

. Itis recommended to use keratinocytes stimulated in 24- and

48-well plates to obtain an optimal cell number for flow
cytometry analysis.

. CHX-concentrations for apoptosis induction may vary in

your set up. Do not be afraid to use up to 1 ug/ml CHX to
induce cell death.

. If keratinocytes are cultured in medium containing serum

(e.g., transformed keratinocytes such as HaCaT), before
trypsinizing a washing step should be performed since serum
components inhibit trypsin.

. After harvesting, centrifugation of keratinocytes should not

be performed by less than 500 x g4 (dead cells could be lost).

. Measure samples immediately by flow cytometry analysis and

keep them in the dark at 4°C.
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Chapter 9

Measurement of Caspase Activity: From Cell
Populations to Individual Cells

Gabriela Paroni and Claudio Brancolini

Abstract

Caspases are critical regulators of the apoptotic program, responsible for the harmonic dismantling of the
cell. Cell death can occur by way of different options (necroptosis, necrosis, extreme autophagy) but
once caspases are fully engaged it will take the apoptotic route. Hence, in general, caspase activity is
inversely proportional to cell viability. Caspase activation can be measured by means of different tech-
niques. Here, we describe three different methodologies to measure/observe caspase activation. Two
approaches are recommended for studies on the whole cell population, whereas the third one is designed
for visualizing caspase activation in single live cells.

Key words: Caspase, Apoptosis, Mitochondria, Bortezomib, Immunoblot, Time-lapse

1. Introduction

Caspases (cysteine proteases specific for Asp residues) are critical
players in the cell death process. By cleaving a selected number of
cellular proteins these enzymes are the master regulators of the
type I programmed cell death (PCD) or apoptosis. Caspases are
not only involved in the control of apoptosis. Additional biologi-
cal functions, such as inflammation, innate immunity, and kerati-
nocyte differentiation, are directed by nonapoptotic caspases.
Moreover, it is now emerging that bona fide apoptotic caspases
can also play specific roles outside of the one-way journey to
peaceful death by apoptosis (1).

If caspases are unquestionably the master regulators of apop-
tosis (no-caspase implies no-apoptosis), cell death can still occur
in the absence of these enzymes. Hence many death processes
observed in the absence of detectable caspase activity or in the
presence of caspase inhibitors have been commonly grouped as

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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caspase-independent deaths. In many instances, but not all, the
caspase-independent deaths take on the necrotic signature. Our
knowledge on these caspase-independent deaths is scanty, mainly
because of the few markers available to follow and discriminate
the necrotic death process (2).

Caspases are synthesized as inactive zymogens and can be
divided into initiators and effectors depending on the timing of
activation. Initiator caspases (mainly 8 and 9) are monomers, acti-
vated earlier following adaptor-mediated oligomerization.
Effector caspases (mainly 3, 6, and 7) are dimers, activated after
cleavage mediated by initiator caspases. Once activated, effector
caspases process selected death substrates and other caspases, in
an amplificatory loop that causes cell fragmentation (1, 3).

Two main apoptotic pathways keep in check the caspase acti-
vation. The extrinsic pathway is triggered by the activation of a
family of death receptors at the cell surface and controls the acti-
vation of caspase-8, whereas the intrinsic pathway is triggered by
the release of killer mitochondrial proteins. Among these killers
cytochrome ¢ induces the assembly of the apoptosome and the
activation of caspase-9.

Caspases are structurally organized into three domains: an
N-terminal prodomain, a large subunit, and a small subunit. The
mature enzyme results from processing of the zymogens between
domains and the association of the two large and two small sub-
units to form the active tetramer (3). Caspase activation is consid-
ered a marker of apoptosis and can be measured by analyzing
caspase processing via immunoblot or substrate cleavage via fluo-
rogenic assays (see Subheadings 3.1 and 3.2). It is also possible to
study the timing of caspase activation at the single cell level,
in comparison with other apoptotic events, such as cell shrinkage,
loss of plasma membrane integrity, and mitochondrial membrane
potential decrease (see Subheading 3.3).

2. Materials

2.1. Cell Gulture

Before you make up any reagent or buffer, check the material
safety data sheet (MSDS) that must be available in every labora-
tory for each chemical.

1. Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza,
Cambrex) supplemented with 10% fetal bovine serum
(Euroclone), 2 mM glutamine (Lonza, Cambrex), and
100 U/ml penicillin-100 pg/ml streptomycin (Lonza,
Cambrex). Store at 4°C.

2. Phosphate buffer saline (PBS). To prepare a 10x stock solu-
tion, dissolve 80 g NaCl, 2 g KCl, 14.4 g Na,HPO,, 2.4 g
KH,PO, in 800 ml distilled water; adjust to pH 7.4 and to a
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2.2. Cell Lysis

2.3. SDS-PAGE

2.4. Imnmunoblotting

QN Ul W

—

total volume of 1 I; sterilize by autoclaving. Store at room
temperature (RT).

. Trypsin—EDTA.

. Bortezomib (1 pug/ml) (LC Laboratories).
. Etoposide (50 pg/ml) (Sigma).

. Cell culture-treated flasks and Petri dishes.

PBS.

. 1 M Tris—HCI, pH 6.8. Dissolve 12.1 g of Tris base in 80 ml

of distilled water. Adjust the pH to 6.8 with concentrated
HCI. Adjust the volume to 100 ml. Store at RT.

. 10% SDS. Dissolve 10 g of sodium-dodecyl-sulfate (SDS) in

1 1 of distilled water.

. Laemmli sample buffer. To prepare a 2x stock solution, com-

bine 4 ml of 10% SDS, 2 ml of glycerol, 1.2 ml of 1 M Tris—
HCI, pH 6.8, and 0.01% bromophenol blue. Finally, adjust to
10 ml with distilled water. Supplement the buffer with 2%
B-mercaptoethanol prior to use. Store at RT.

. Teflon cell scrapers.

. 30% Acrylamide /bis solution (29:1). Store at 4°C.
. 1.5 M Tris-HCI, pH 8.8. Dissolve 181.5 g of Tris base in

80 ml of distilled water. Adjust the pH to 8.8 with concen-
trated HCl. Adjust the volume to 1 L. Store at RT.

. 1 M Tris-HCI, pH 6.9. Dissolve 12.1 g of Tris base in 80 ml

of distilled water. Adjust the pH to 6.9 with concentrated
HCI. Adjust the volume to 100 ml. Store at RT.

4. N,N,N',N'-Tetramethylethylenediamine (TEMED).

. Ammonium persulfate. Prepare a 10% solution in water and

freeze it immediately in aliquots ready for use. Store at —20°C.

. Running buffer. To prepare a 10x stock solution, dissolve the

following compounds in 1 1 of distilled water: 30 g Tris base,
144 g glycine, 10 g SDS. Store at RT.

. Molecular weight markers (14 kDa up to 200 kDa, Sigma).

. Semidry transfer buffer. Add 5.82 g Tris base, 2.93 g glycine,

3.75 ml of 10% SDS to 800 ml of distilled water. Adjust to 11
with 200 ml of methanol. Store at RT.

2. Nitrocellulose membrane and 3MM chromatography paper.

. Ponceau solution: Dissolve 0.1% (w/v) Ponceau red in 5%

acetic acid solution. Store at RT.

. 5 M NaCl solution. 292.2 g of NaCl in 800 ml of distilled

water. Adjust the volume to 1 | with distilled water. Sterilize
by autoclaving. Store at RT.
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5.1 M Tris-HCI, pH 7.5. Dissolve 121.1 g of Tris base in
800 ml of distilled water. Adjust the pH to the desired value
by adding concentrated HCI.

6. Blocking buffer. Combine 20 ml 5 M NaCl, 25 ml 1 M Tris—-
HCI, pH 7.5, and 0.5 ml Tween-20 in 500 ml of distilled
water and dissolve no-fat dry milk to a final concentration of
5% (w/v). Store at 4°C.

7. Primary antibodies: anti-caspase-3 and caspase-7 (Signal
Transduction), anti-caspase-8 (Alexis), anti-PARP (Promega),
anti-caspase-2 (4), anti-caspase-9 (5).

8. Secondary antibodies: anti-mouse or anti-rabbit peroxidase-
conjugated.

9. Detection system: Super signal west pico chemiluminescent
substrate (Thermo Scientific).

10. Autoradiography films (Amersham hyperfilm GE Healthcare)
or alternatively the molecular imager Chemidoc (Bio-Rad).

2.5. Fluorogenic 1. Fluorescent plate reader (Molecular Device).
Caspase Assay 2. Multichannel pipettors.
3. Plate shaker.
4. Apo-ONE® Caspase-3 /7 reagent (Promega).
2.6. Time-Lapse 1. 35 mm Glass bottom Petri dishes (Wilco Wells B.V.).
Analysis 2. GFP-DD-TM, GFP-AA-TM expressing plasmids (6).
3. Transfection reagent: Lipo2000 (Invitrogen) or alternatively
and automated microinjection system (Zeiss).
4. Cell culture tested mineral oil (Sigma).
5. Confocal laser scanning microscope (Leica TCS-SP).
6. Time-lapse apparatus: Incubators for microscopes S-2 or
ML-Leica (Pecon), device supplying a heated CO,-air mix-
ture and a temperature controller (CTI-Controller 3700
digital and Tempcontrol 37-2 — Pecon).
7. Software for imaging analysis (MetaMorph).
3. Methods

Caspase activation can be analyzed by immunoblot using anti-
bodies able to recognize both the pro-form and the active enzyme
(processed domains) or the caspase-cleaved substrates. A list of
caspase substrates (The Casbah) is available at http://www.
casbah.ie database (7).

Since the apoptotic process is an asynchronous event, it is
advisable to collect samples at different time points from the
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addition of the apoptotic trigger. Generally, the ratio between the
pro-form and the cleaved-form of a caspase or of a caspase-
substrate can be considered a parameter of the apoptotic magni-
tude (Fig. 1). However, the simultaneous measurement of cell
death using alternative methods such as subGl content (with a
cytofluorimeter) or the trypan-blue assay, which scores plasma
membrane integrity, is helpful to corroborate the rate of caspase
or of the caspase-substrate processing.

Bortezomib
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Fig. 1. Evaluating caspase activation by immunoblot. Human fibroblasts expressing the
oncogenes E1A, Ras, and a dominant negative mutant of p53 were treated for the indi-
cated times with the proteasome inhibitor bortezomib (1 M). Processing of the indicated
caspases was analyzed by using the following antibodies and dilutions: anti-cas-
pase-2 (1/2,000) (4), anti-caspase-3 (1/1,000), anti-caspase-7 (1/1,000), anti-cas-
pase-8 (1/2,000), anti-caspase-9 (1/1,000) (5), anti-cleaved PARP (1/2,000). Equal
amounts of cell lysates were subjected to SDS/PAGE electrophoresis. The appearance
of cell death was scored by trypan blue staining.
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3.1. Measurement
of Gaspase Activation
by Immunoblot

3.1.1. Sample Preparation
for Scoring Caspase
Activation by Immunoblot

It is important to take into account that apoptotic cells
undergo clearance from neighboring cells or swell and release
components, in a process known as secondary necrosis. These
events and the asynchronous trait of the apoptotic process could
impair the detection of the caspase-cleaved forms, in a cell popu-
lation. In the case of adherent cells, collecting viable adherent
cells and floating dead cells separately can overcome this problem.
Moreover, it should be kept in mind that the caspase-cleaved
torms are inherently labile. Hence, when samples are collected at
a time point late after the induction of apoptosis, secondary
necrosis could play a relevant part thus affecting the majority of
the cells and influencing the detection of the caspase-processed
peptide-fragments. Sample collection at later times (after the
appearance of apoptosis) should be avoided, especially when mas-
sive cell death occurs.

1. Propagate the adherent cell culture by splitting cells with
trypsin—EDTA three times a week or as specifically required.
Use a volume of trypsin—-EDTA just enough to cover the cells
when culture vessel is tilted.

2. Seed 1-2 x 105 cells/ml in a 60-mm Petri dish for each single
data point of the experiment (see Note 1).

3. 2448 h after seeding change the medium and add fresh cul-
ture medium containing the vehicle alone (as a control) or
the specific apoptotic trigger. Make sure that drugs are given
to actively proliferating cells.

4. In order to evaluate the appearance of apoptosis over time,
harvest cells at different time points from drug addition.
Check for the effective appearance of apoptosis by light
microscopy. The media containing the floating apoptotic cells
can be collected in a 15-ml falcon tube. Wash the adherent
cells with 5 ml of PBS. After washing add the 5 ml of PBS
(which should contain poorly attached cells and debris) to the
falcon tube containing the floating apoptotic cells. Adherent
cells can now be scraped into 1 ml of ice-cold PBS. At this
point, it is possible to decide whether to keep the two samples
separate or, the healthy adherent cells can be mixed with the
floating dead cells. When apoptosis is induced at low levels it
is recommended to keep the two samples separated. Finally,
since caspase processed forms are inherently labile, samples
should be harvested rapidly and kept on ice.

5. Centrifuge the cell suspension 10 min at 800 x g, discard the
supernatant, and wash the resulting pellet with ice-cold PBS,
to remove serum. Resuspend the pellet in PBS and transfer it
to an Eppendorf tube. Centrifuge again (10 min at 800 xg)
and resuspend the pellet in Laemmli sample bufter (1x). For
the untreated cells, that should reach the confluence at the
harvesting time, add 300 ul of Laemmli sample buffer.
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An adequate volume of Laemmli sample buffer should be
added to the treated samples proportionally to the pellet vol-
ume or the cell number.

. DNA can be sheared through sonication (Bioruptor-

Diagenode) or by the use of a 29-gauge insulin-needle
syringe. If you are dealing with many samples sonication is
preferred for its reproducibility.

. Samples are boiled for 5 min and after cooling to room tem-

perature they are ready for separation on SDS-PAGE electro-
phoresis. Keep lysates in ice during loading procedure
(minimize the time) and at —-80°C for long-term storage (see
Note 2).

3.1.2. SDS-PAGE We describe the procedure for running a SDS-PAGE electropho-
resis using the Mini-Protean 3 apparatus (Bio-Rad). Volumes can
change accordingly for different suppliers.

1

. Assemble the glass and spacers for the polymerization of a

0.75-mm thick minigel.

. Prepare 5 ml of a 15% running gel by combining 1.1 ml dis-

tilled water, 2.5 ml 30% acrylamide-bis solution (29:1), 1.3 ml
1.5 M Tris—HCl solution pH 8.8, and 50 pl 10% SDS. Induce
gel polymerization by adding 50 pl of 10% ammonium per-
sulfate solution and 2 pl TEMED. Pour the gel, leaving space
for the stacking gel (1:5 of the glass height), and gently over-
lay with water. The running gel should polymerize in about
20 min.

. Pour off the water and prepare 2 ml of stacking gel by com-

bining 1.4 ml distilled water, 0.33 ml 30% acrylamide-bis
solution (29:1), 0.25 ml 1 M Tris—HCl solution, pH 6.8, and
20 ul 10% SDS. Induce gel polymerization by adding 20 pl of
10% ammonium persulfate solution and 2 ul TEMED. Pour
the stacking gel and gently insert the comb avoiding bubbles.
The gel should polymerize in about 20 min.

. Prepare the running buffer by diluting the 10x stock running

buffer in a measuring cylinder. Cover with parafilm and invert
to mix.

. Once the gel has completely polymerized, carefully remove

the comb, set the gel in the electrophoresis apparatus, and fill
the chambers with the running buffer 1x. Wash the wells with
a 2.5-ml syringe fitted with a 21-gauge needle.

. Load the samples and the molecular weight markers.

. Complete the assembly of the electrophoresis unit and con-

nect it to a power supply. Run the gel at 80 V during the
stacking and 180 V during the running gel. The run should
last one and a half hours.
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3.1.3. Measurement Proteins from the gel can be transferred to the nitrocellulose
of Caspase Activation membrane both by wet and semidry electrophoretic transfer
by Immunoblot procedures. Here, we describe the semidry transfer method,

which is quicker and useful for proteins with molecular weight
comparable to caspases and their cleaved fragments. For high
molecular weight proteins, such as particular caspase substrates,
the wet apparatus is highly recommended.

1. Prepare six 3MM paper sheets of the same dimension of the
running gel (approximately 5.5x8.5 cm), soak them in the
semidry transfer bufter.

2. Assemble the blotting sandwich on the bottom (anode) plate
of the apparatus, starting by laying three 3MM papers, next
roll over the sheets with a Pasteur pipette to eliminate excess

buffer.

3. Disassemble the gel apparatus and remove the stacking gel.
Wash the resolving gel in water and submerge it in a container
of transfer buffer.

4. Soak carefully the nitrocellulose membrane (5.5x8.5 cm) in
transfer buffer (it wets by capillary action) and lay it on the
top of three 3MM sheets.

5. Carefully put the gel on the top of the nitrocellulose
membrane.

6. Place the three remnant 3MM sheets on the top of the gel,
ensuring that no bubbles are trapped in the resulting sand-
wich. To eliminate excess buffer and bubbles roll over the
gel-paper sandwich with a Pasteur pipette.

7. Close the semidry apparatus and allow the transfer to occur
according to the apparatus manual instruction (usually 60 min
with a current of 0.8 mA /cm? is suggested). Remember: pro-
teins will migrate from the cathode (-) to the anode (+) verify
that the sandwich has been assembled correctly.

8. To verify that the transfer has properly occurred, disassemble
the sandwich, wash the membrane in water, and next soak it in
the Ponceau solution for 1 min. Wash the membrane in water
again. If the transfer had occurred correctly, proteins will be
red stained uniformly, in the different lanes (see Note 3).

9. The membrane is then incubated in the blocking buffer for
1 h at room temperature on a rocking platform.

10. Next incubate the membrane in blocking buffer supple-
mented with the desired primary antibody for 1 h at room
temperature or overnight at 4°C.

11. The primary antibody is then removed (see Note 4) and the
membrane is washed three times with the blocking bufter for
10 min.
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3.2. Measurement

of Caspase Activation
Using Fluorimetric
Assays

12. Incubate the membrane in blocking buffer supplemented
with the secondary antibody (horseradish peroxidase-
conjugated) for 1 h at room temperature.

13. The secondary antibody solution is then discarded and the
membrane is washed three times for 10 min in blocking buf-
fer (see Note 5).

14. After a final wash in PBS, the membrane is ready for the
chemiluminescence detection.

15. The SuperSignal reagents are mixed just prior to use accord-
ing to the manufacturer’s instructions. Prepare a volume
enough to wet and cover the membrane (usually 2 ml per
membrane) and place the liquid onto parafilm placed on a
smooth surface (the bench). The membrane is laid on the
solution, paying attention that the protein side of the mem-
brane is completely covered by the SuperSignal solution.

16. After a few seconds, remove the blot from the SuperSignal
solution, absorb the excess liquid with a 3MM paper, and
place it within an acetate sheet protector.

17. While in a darkroom, place the acetate protector containing
the membrane in an X-ray film cassette and cover the mem-
brane with an autoradiography film for a suitable exposure
time, typically from few seconds to some minutes. An exam-
ple of an immunoblot procedure with anti-caspase antibodies
is shown in Fig. 1. Alternatively, the chemiluminescent signal
can be captured digitally with a high quality detector pro-
vided with a CCD camera, such as the molecular imager
Chemidoc (Bio-Rad) (see Note 6).

Measurement of active caspase by using fluorescent probes can be
an alternative strategy to evaluate the induction of apoptosis in a
cell population. This assay can be chosen to corroborate the
immunoblot data on caspase activation. Moreover, when it is
coupled to a trypan blue analysis, which simply score cell death
without any hints on the kind of death process, it proves that
death is indeed apoptotic, with a very fast and simple procedure.
Measurement of active caspases is also an ideal assay for high-
throughput screening.

The best assays are based on probes that become fluorescent
after caspase cleavage. They are highly sensitive so few cells are
required to get a good signal, hence the assay can be performed
in 96-, 375-well plates culture. These probes usually contain a
tetra(penta) peptide mirroring the consensus site for caspase pro-
cessing (DXXD for caspase-3 and 7) that allows the release of a
fluorophore after caspase activation (8). Many of these reagents
are commercially available as kits or as fluorescent peptides. In the
laboratory, we routinely use the Apo-ONE® homogeneous cas-
pase-3/7 assay (Fig. 2).
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Fig. 2. Evaluating caspase activation by scoring caspase-3/-7 (DEVDase) enzymatic activity. (@) Human fibroblasts
expressing the E1A oncoprotein were treated for the indicated times with 1 uM of the proteasome inhibitor bortezomib.
The appearance of apoptosis was scored by trypan blue staining (mean +SD n=3). (b) Human fibroblasts expressing the
E1A oncoprotein were treated for the indicated times with 1 uM of bortezomib and caspase-3/-7 activities have been
measured with the Apo-ONE® kit. Some decrease in DEVDase activity can be appreciated at later time point from apop-
tosis induction (mean+SD n=3).

This assay includes a profluorescent caspase-3,/7 consensus
substrate: rhodamine 110, bis-( N-CBZ-L-aspartyl-L-glutamyl-1-
valyl-aspartic acid amide; Z-DEVD-R110). Upon cleavage on the
C-terminal side of the aspartate residue and removal of the DEVD
peptide operated by caspase-3/7 enzymes, the rhodamine 110
group becomes intensively fluorescent.

The assay includes a cell lysis buffer, which supports caspase
activity. Hence, the reagent is added directly to samples. It should
be kept in mind that since the amount of fluorescent product
generated is representative of the amount of active caspase-3/7
present in the sample, scoring apoptosis at later times from its
induction will result in a decrease in caspase activity, and thus in
fluorescent signal, due to apoptotic cell clearance or secondary
necrosis.

1. For the experiment in 96-well plates, at least a triplicate is
necessary for each data point.

2. Seed 100 pl of cell suspension at a concentration of
1x10°% cell/ml 24 h betore drug addition.

3. Prepare the following data points:
(a) Blank: Cell culture medium without cells.
(b) Negative control: Vehicle-treated cells.
(c) Samples: Treated cells.

The blank control is used as a measure of background fluo-
rescence associated with the cell culture medium and the Apo-
ONE® Caspase-3 /7 reagent. It should be subtracted from the
experimental values. Negative control reactions are useful for
determining the basal caspase activity of the cell line.
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3.3. Measurement

of Caspase Activation
at Single Cell Level by
Time-Lapse Analysis

In order to obtain a kinetic evaluation of the process, it is
suggested to analyze caspase activity at different time frames
from the apoptotic insult.

4. Add 100 pl of Apo-ONE Caspase-3/7 reagent to each well
of the 96-well plate containing 100 pl of media.

5. Gently mix the contents of the wells by using a plate shaker at
300-500 rpm for 30 s.

6. Incubate at room temperature in the dark for 30 min to 18 h
depending upon expected level of apoptosis.

The optimal incubation period should be determined
empirically. Minimal apoptotic induction and low cell number
may require an extended incubation time. Maximum recom-
mended incubation time is 18 h. Cover the plate with a plate
sealer if incubating for extended periods is required.

7. Repeatedly measure the fluorescence of each well over time.
The optimal emission and excitation wavelength depend on
the fluorophore. As explained above, the fluorophore in the
Apo-ONE® kit is rhodamine 110, which can be detected with
an excitation wavelength range of 485 + 20 nm and an emission
wavelength range of 530+25 nm. The amount of fluorescent
product generated is proportional to the amount of cas-
pase-3 /7 cleavage activity present in the sample (see Note 6).

Caspase activation can be observed and measured also at the sin-
gle cell level. Investigating caspase activation at the single cell level
is important to understand the reciprocal dependences among
cellular changes characterizing apoptosis and the timing of activa-
tion of these enzymes. Several groups have developed probes and
methods to monitor caspase activation in single cells. Generally,
these probes make use of the fluorescent resonance energy trans-
fer (FRET) technology. Cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP) are linked by a short peptide
containing different caspases consensus cleavage sites. A decreased
FRET activity results from the cleavage of the linker peptide and
it can be monitored as an indication of caspase activity (9).

We have used a different and simplified approach by generat-
ing a GFP fusion protein (TM-DD-GFP) harboring a mitochon-
drial transmembrane domain (TM) and a consensus sequence for
caspase cleavage (DD). This fusion represents a specific cas-
pase-3/-7 sensor located close to the core of the apoptotic
machinery: the outer mitochondrial membrane. Once caspases
are activated, the GFP domain is released from the outer mito-
chondrial membrane to the cytosol (5). Hence, there is a drastic
redistribution of the GFP fluorescence from a punctuate (mito-
chondria) to a diffuse staining (cytoplasm). This redistribution of
GFP fluorescence is an indirect marker of caspase activity.
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As a paradigm of studying the apoptotic process at a single
cell level, we report the simultaneous analysis of mitochondrial
membrane potential (Ay_) dissipation and of caspase activation,
after treatment of IMR90-E1A cells with the DNA damaging
agent ctoposide (Fig. 3).
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Fig. 3. Evaluating caspase activation in vivo at single cell level. (a) Selected time-lapse images of human fibroblasts
transformed with E1A oncogene (E1A cells) and expressing the caspase-3 probe GFP-DD-TM. Cells were incubated with
etoposide (50 uM) and TMRM (20 nM) to evaluate mitochondrial membrane potential. Times indicate hours after etopo-
side addition. Note the translocation of GFP fluorescence from a punctuate staining (mitochondria) to a diffuse cytosolic
activation which occurs upon caspase-3 activation. (b) Cytosolic translocation of GFP-DD-TM and decrease of mitochon-
drial TMRM uptake in single cells as markers of caspase activation and Ay, dissipation. Individual trace for TMRM
uptake and GFP localization of a typical E1A cell expressing GFP-DD-TM after treatment with 50 uM etoposide.
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3.3.1. Expression of the
Caspase-3/-7 Reporter
in Mammalian Cells

3.3.2. Time Lapse

3.3.3. Measure the Ay
Decrease by Single Cell
Image Analysis

1.

. Represent the background-corrected 11

Generate cell lines expressing the GFP-probe. Transient
transfection microinjection, or the isolation of stable trans-
fected cell lines are all useful strategies to express the GFP-
based caspase-3 /-7 sensors in the cell line of interest.

. Seed cells from 24 to 48 h before transfection or microinjec-

tion according to the cell type and the optimal transfection or
microinjection conditions. For this experiment, 35-mm glass
bottom dishes are required.

. Microinject or transfect the cells with the TM-DD-GFP

expressing plasmid. For microinjection a solution of 2 ng/ul
is required. For transient transfection an amount of plasmid
varying from 100 to 300 ng/35 mm dish is recommended.
As a control, transfect cells with a plasmid expressing the same
fusion protein mutated in the consensus caspase cleavage site
(TM-AA-GFP).

. 3 h after microinjection or approximately 12-18 h from trans-

fection, pre-incubate the cells for 2 h with the Ay _ sensitive
dye tetramethyl rhodamine methyl-ester (TMRM) and next
treat them with the apoptotic inducer. Mitochondrial depo-
larization associates with the decrease of TMRM uptake. The
optimal TMRM concentration should be determined empiri-
cally for each cell line used in your studies.

. Place the dish into the confocal microscope equipped with a

time-lapse apparatus. If the chamber does not include a
humidifier the media must be covered with cell-tested min-
eral oil to prevent evaporation.

. Acquire images using a 63x oil fluorescence objective every

2 min. To detect the GFP fluorescent fusion protein and
TMRM, use the excitation wavelength of a 488 nm Argon
laser and 543 nm HeNe laser, respectively.

. Use MetaMorph or similar software to perform image

analysis.

. For TMRM analysis in single cells draw a region (ROI)

around fluorescent mitochondria (MT) and measure the total
brightness (integrated fluorescence intensity or II) of such a
region (II

TMRM> :

. Subtract the background from the IL ., (Bk.,), acquired

by using a ROI positioned in a nonfluorescent region, accord-
ing to the following equation:

BK pyiry = (Hpop / Areayg, ) x Areay,

vy Values as the per-
centage of the average of at least 29 values detected before

the IL, ., started decreasing. The 1L, .., values have to be
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taken for 60 min before and 120,240 min after the beginning
of the Ay decrease (set to min 0).

3.3.4. Measure Caspase 5. Calculate the kinetics of GFP release by measuring the stan-

Activation by Single Cell dard deviation (SD) from the average pixel intensity of a ROI

Image Analysis positioned on the mitochondria and cytosol of individual cells
(ILp)-

6. Subtract the background from the I, (Bkg.,) image by
using a ROI positioned in a nonfluorescent region according
to the following equation:

BKpp = (yop / Areagy;) x Areagy,

Mitochondrial localized TM-DD-GFP (punctuate) contrib-
utes to a high SD of pixel intensities, whereas cytosolic, homoge-
neously distributed, GFP (diffuse) is represented by a low SD.

7. To better examine the relationship between Ay loss and cas-
pase activation, illustrate the punctuate—diffuse GFP values as
the inverse value of SD after background subtraction (1,/SD =y).
For direct comparisons and statistical analyses, transform the
single cell standard deviation traces in a 0—100% scale in which
0% equals to the first y punctuate value (y,,,) and 100% equals
the first complete diftusion value (y,,) according to the fol-
lowing equation:

(=0 )
Yo-100m =100 Lﬁj
gt — Ymr

A representation of the data obtained with this analysis is
shown in Fig. 3.

4. Notes

1. The number of cells to be seeded for each experiment should
be evaluated according to the growth rate of the cell line
used. Pro-apoptotic drugs should be administrated to prolif-
erating cells and sample collection should occur before
untreated cells reach over-confluence.

2. To avoid repeated freeze and thaw cycle of the extracts, pre-
pare some aliquots of the cellular lysates before storing them
at -80°C.

3. A superior immunoblot depends on the quality of the anti-
body and the concentration of the cellular lysates. After the
transfer to the membrane, the Ponceau staining can offer an
important test for the quality of the immunoblot. Lanes con-
taining the cellular proteins should be uniformly and intensely
red-colored respect to a white background.
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4. The primary antibody can be saved for subsequent experiments

by adding sodium azide (0.02% final concentration) and stor-
ing at 4°C (caution azide is highly toxic).

. It is advisable to try a titration experiment to determine the

optimal antibody dilution (for both primary and secondary
antibodies), which can change for cell line to cell line and
from the amount of proteins in the cellular lysates.

6. A broad caspase inhibitor such as Z-VAD.tmk (Z-VAD-

fluoromethylketone, Bachem) can be used to definitively
prove that the proteolytic cleavage of a death substrate or
even of a caspase, detected in immunoblots, is triggered by a
caspase activity. Z-VAD.fmk can also be employed as a con-

trol for the fluorogenic assay.
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Chapter 10

Rapid Quantification of Cell Viability and Apoptosis
in B-Cell Lymphoma Cultures Using Cyanine SYTO Probes

Donald Wlodkowic, Joanna Skommer, and Zbigniew Darzynkiewicz

Abstract

The gross majority of classical apoptotic hallmarks can be rapidly examined by multiparameter flow
cytometry. As a result, cytometry became a technology of choice in diverse studies of cellular demise. In
this context, a novel class of substituted unsymmetrical cyanine SYT'O probes has recently become com-
mercially available. Derived from thiazole orange, SYTO display low intrinsic fluorescence, with strong
enhancement upon binding to DNA and/or RNA. Broad selection of excitation/emission spectra has
recently driven implementation of SYTO dyes in polychromatic protocols with the detection of apoptosis
being one of the most prominent applications In this chapter, we outline a handful of commonly used
protocols for the assessment of apoptotic events using selected SYTO probes (SYTO 16, 62, 80) in con-
junction with common plasma membrane permeability markers (PI, YO-PRO 1, 7-AAD).

Key words: Flow cytometry, Apoptosis, Lymphoma, SYTO 16, SYTO 62, SYTO 80

1. Introduction

During the past decade, mechanisms underlying cell death have
entered into a focus of many researchers in diverse fields of
biomedicine. The gross majority of classical apoptotic hallmarks
can be rapidly examined by multiparameter flow cytometry (1).
As a result, cytometry became a technology of choice in diverse
studies of cellular demise, and diverse cytometric assays have been
introduced (1-3). To date, however, live-cell assays that are based
on cell permeant DNA probes suffered mostly from their
unfavorable spectral characteristics that necessitate UV excitation
source and dedicated optics. Excessive toxicity/phototoxicity
precluded also long-term studies such as cell sorting with
subsequent cell cultivation (4, 5).
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In this context, a novel class of substituted unsymmetrical
cyanine SYTO probes has recently become commercially avail-
able. Derived from thiazole orange, SYTO display low intrinsic
fluorescence, with strong enhancement upon binding to DNA
and/or RNA. This novel class of probes spans a broad range of
visible excitation and emission spectra: (1) SYTO blue (Ex/Em
419-452/445-484 nm); (2) SYTO green (Ex/Em
483-521,/500-556 nm); (3) SYTO orange (Ex/Em 528-
567,/544-583 nm); and (4) SYTO red (Ex/Em 598-654/
620-680nm) (4, 6-8). Exploitation of SYTO probes to cytometric
detection of apoptosis is a relatively new method (4, 6-8). This
methodology, however, is slowly gaining appreciation as an easy
to perform, live-cell assay (6-8). Importantly, we have recently
showed that cyanine SYTO dyes represent a promising class of
inert probes that do not adversely affect normal cellular physiol-
ogy (9). When preloaded or continuously present in medium,
SYTO do not interfere with cell viability, and their intracellular
retention permits straightforward and kinetic analysis of investi-
gational drug/compound cytotoxicity (9). Reduction of sample
processing achieved with these protocols is important for preser-
vation of fragile apoptotic cells. SYTO 16-based live cell sorting
represents also a novel approach to supravitally track progression
of apoptotic cascade in response to investigational anticancer
agents (9).

In this chapter, we outline a handful of commonly used pro-
tocols for the assessment of apoptotic events using selected SYTO
probes (SYTO 16, 62, 80) in conjunction with common plasma
membrane permeability markers (PI, YO-PRO 1, 7-AAD).

2. Materials

2.1. Detection

of Apoptosis Using
SYT0 16 and
Propidium lodide

1. Cell suspension (2.5 x 10°-2 x 10° cells/mL).
. 1x PBS.

3. 1 mM SYTO 16 stock solution in DMSO. Store protected
from light at -20°C. Stable for over 12 months. Caution:
although there are no reports on SYTO 16 toxicity, appropri-

ate precautions should always be applied when handling
SYTO 16 solutions.

4. 10 uM SYTO 16 working solution in PBS (prepare fresh as
required).

[\

5. 50 pg/mL propidium iodide (PI) stock solution in PBS.
Store protected from light at +4°C. Stable for over 12 months.
Caution: PI is a DNA binding molecule and thus can be
considered as a potential carcinogen. Always handle with care
and use protective gloves.



2.2. Detection

of Apoptosis Using
SYT0 62 and
YO-PRO 1

2.3. Detection
of Apoptosis Using
SYTO0 80 and 7-AAD
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. 30 mM Verapamil in EtOH (P-gp inhibitor). Store protected

from light at —~20°C. Stable for over 12 months.

7. 1.5 mL Eppendorf tubes.

\S)

w N

. 12x75 mm polystyrene FACS tubes.

. Cell suspension (2.5 x 10°-2 x 10° cells/mL).
. I1x PBS.
. 1 mM SYTO 62 stock solution in DMSO. Store protected

from light at -20°C. Stable for over 12 months. Caution:
although there are no reports on SYTO 62 toxicity, appropri-
ate precautions should always be applied when handling
SYTO 62 solutions.

. 10 uM SYTO 62 working solution in PBS (prepare fresh as

required).

. 1 mM YO-PRO 1 stock solution in DMSO. Store protected

from light at -20°C. Stable for over 12 months. Caution:
although there are no reports on YO-PRO 1 toxicity, appro-
priate precautions should always be applied when handling
YO-PRO 1 solutions.

. 10 uM YO-PRO 1 working solution in PBS (prepare fresh as

required).

. 30 mM Verapamil in EtOH (P-gp inhibitor). Store protected

from light at —20°C. Stable for over 12 months.

. 1.5 mL Eppendorf tubes.
. 12x75 mm polystyrene FACS tubes.

. Cell suspension (2.5 x 10°-2 x 10° cells/mL).
. 1x PBS.
. 1 mM SYTO 80 stock solution in DMSO. Store protected

from light at -20°C. Stable for over 12 months. Caution:
although there are no reports on SYTO 80 toxicity, appropri-
ate precautions should always be applied when handling
SYTO 80 solutions.

. 10 uM SYTO 80 working solution in PBS (prepare fresh as

required).

. 50 pg/mL 7-aminoactinomycin D (7-AAD) stock solution in

PBS. Store protected from light at +4°C. Stable for over
12 months. Caution: 7-AAD is a DNA binding molecule and
thus can be considered as a potential carcinogen. Always han-
dle with care and use protective gloves.

. 30 mM Verapamil in EtOH (P-gp inhibitor). Store protected

from light at —-20°C. Stable for over 12 months.

. 1.5 mL Eppendorf tubes.
. 12x75 mm polystyrene FACS tubes.
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3. Methods

3.1. Detection
of Apoptosis Using
SYTO 16 and PI

3.2. Detection
of Apoptosis Using
SYT0 62 and YO-PRO 1

The cytometric detection of SYTO 16 fluorescence loss is a
sensitive marker of early apoptotic events (Fig. 1a; see Notes 1-3)
(4, 7, 9). The following protocol describes a combined use of
SYTO 16 (Ex/Em 488/518 nm) together with a marker of
plasma membrane integrity: propidium iodide (PI; Ex/Em
488,/575-670 nm). Every assay allows for sensitive discrimina-
tion between viable, early apoptotic, and late apoptotic/necrotic
subpopulations based on differential SYTO staining profiles
(Fig. 1a; see Notes 3-5) (4, 9). The method presented below is a
single-step and time-saving assay. Minimized washing steps per-
mit maintenance of fragile apoptosing population in intact state
(see Note 5) (4, 7).

1. Collect cell suspension into 12x75-mm Falcon FACS tube
and centrifuge for 5 min, 243 x g at room temperature (RT).

2. Prepare staining mixture by adding 875 pL of PBS, 25 pL of
10 uM SYTO 16, and 100 pL of 50 png,/mL PI (final concen-
tration 250 nM SYTO 16 and 5 pg/mL PI).

3. Add 1 pL of 30 mM Verapamil to the staining mixture (final
concentration 30 pM; see Note 6).

4. Discard supernatant and gently resuspend cells in 100 puL of
staining mixture.

5. Incubate for 15 min at RT.
6. Add 500 uL of PBS.

7. Analyze on flow cytometer with 488 nm excitation line
(Argon-ion laser or solid-state laser) with emissions collected
at 530 nm (SYTO 16) and 575-610 nm (PI). Adjust the log-
arithmic amplification scale to distinguish between viable cells
(bright SYTO 16*/PI"), ecarly apoptotic cells (dim SYTO
167/PI"), and late apoptotic and /or necrotic cells with com-
promised plasma membranes (low SYTO 16*/PI*) (Fig. la;
sce Notes 7-9).

The principle of this assay is similar to the above described SYTO
16 protocol (see Notes 1-3). The main advantage of this protocol
is the minimal interbeam compensation required between SYTO
62 and YO-PRO 1 (see Note 10) (4, 8). Morecover, the use of
YO-PRO 1 (Ex/Em 491/509 nm) as a marker of plasma mem-
brane integrity allows for a more sensitive detection of early apop-
totic cells than propidium iodide (8, 10). Furthermore, other
channels from 488 nm excitation line are free to combine this
protocol with, e.g., immunophenotyping.
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Fig. 1. Discrimination of viable, apoptotic, and late apoptotic/necrotic cells using selected SYTO probes and plasma
membrane permeability markers: (a) SYTO 16 probe in conjunction with plasma membrane permeability marker pro-
pidium iodide (PI). Both probes were excited using 488 nm laser. SYTO 16 and PI fluorescence signals were logarithmi-
cally amplified using 530 and 575 nm band-pass filters, respectively. Debris were excluded electronically. Analysis based
on bivariate dot plots SYTO 16 vs. Pl is shown. (b) SYTO 62 probe in conjunction with plasma membrane permeability
marker YO-PRO 1. Probes were excited using 633 and 488 nm lasers, respectively. Logarithmically amplified fluores-
cence signals were collected using 660 and 530 nm band-pass filters, respectively. Debris were excluded electronically.
(c) SYTO 80 probe in conjunction with plasma membrane permeability marker 7-aminoactinomycin D (7-AAD). Both
probes were excited using 488 nm laser. SYTO 80 and 7-AAD fluorescence signals were logarithmically amplified using
575 and 677 nm band-pass filters, respectively. Debris were excluded electronically.
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3.3. Detection
of Apoptosis Using
SYTO 80 and 7-AAD

1. Collect cell suspension into 12 x75 mm Falcon FACS tube and
centrifuge for 5 min, 1,100 rpm at room temperature (RT).

2. Prepare staining mixture by adding 970 pL of PBS, 5 pL of
10 uM SYTO 62, and 25 pL of 10 pM YO-PRO 1 (final con-
centration 50 nM SYTO 62 and 250 nM YO-PRO 1).

3. Add 1 pL of 30 mM Verapamil to the staining mixture (final
concentration 30 pM; see Note 6).

4. Discard the supernatant and gently resuspend cells in 100 pL.
of staining mixture.

5. Incubate for 15 min at RT.
6. Add 500 uL of PBS.

7. Analyze on a flow cytometer with 488 nm (Argon-ion laser or
solid-state laser) and 633 /635 nm excitation lines. Emissions
should be collected at 530 nm (YO-PRO 1) and 660 nm
(SYTO 62) (see Note 10). Adjust the logarithmic amplifica-
tion scale to distinguish between viable cells (bright SYTO
62*/YO-PRO 1-), early apoptotic cells (dim SYTO 62*/dim
YO-PRO 1*), and late apoptotic and/or necrotic cells with
compromised plasma membranes (low SYTO 62*/bright
YO-PRO 1*) (Fig. 1b; see Note 10).

This assay utilizes a new orange fluorescent probe SYTO 80, and its
principle is similar to the above described SYTO 16 and SYTO 62
protocols (see Notes 1-3) (4). The main advantage of this protocol
is that channels from other excitation lines, e.g., 633 or 405 nm are
free to combine this protocol with, e.g., immunophenotyping.

1. Collect cell suspension into 12 x75-mm Falcon FACS tube and
centrifuge for 5 min, 1,100 rpm at room temperature (RT).

2. Prepare staining mixture by adding 875 pL of PBS, 25 pL of

10 uM SYTO 80, and 100 pL of 50 pg/mL 7-AAD (final
concentration 250 nM SYTO 80 and 5 ng/mL 7-AAD).

3. Add 1 pL of 30 mM Verapamil to the staining mixture (final
concentration 30 pM; see Note 6).

4. Discard the supernatant and gently resuspend cells in 100 pL.
of staining mixture.

5. Incubate for 15 min at RT.
6. Add 500 uL of PBS.

7. Analyze on flow cytometer with 488 nm excitation line
(Argon-ion laser or solid-state laser) with emissions collected
at 575-610 nm (SYTO 80) and 2670 nm (7-AAD). Adjust
the logarithmic amplification scale to distinguish between
viable cells (bright SYTO 80+/7-AAD-), early apoptotic cells
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(dim SYTO 80*/dim 7-AAD*), and late apoptotic and/or
necrotic cells with compromised plasma membranes (low
SYTO 80*/bright 7-AAD*) (Fig. 1c).

4. Notes

. The universal term “apoptosis,” has a propensity to misinter-

pret the actual phenotype of cell suicide program (1, 11-13).
Thus, the use of the generic term apoptosis should be always
accompanied by listing the particular morphological and/or
biochemical apoptosis-associated feature(s) that was (were)
detected (1-3).

. Morphological criteria (examined by the light, fluorescent,

and electron microscopy) are still the “gold standard” to
define the mode of cell death and confirm results obtained by
flow cytometry (1—4). Lack of microscopic examination may
potentially lead to the misclassification and false positive or
negative artifacts, and is a common drawback of the experi-
mental design (1-4). The best example of such misclassifica-
tion is identification of phagocytes that engulfed apoptotic
bodies as individual apoptotic cells (3).

. Following initiation of caspase-dependent apoptosis, cells

loaded with selected SYTO stains exhibit gradual reduction in
fluorescence signal intensity to dim values. This phenomenon
substantially precedes plasma membrane permeability changes
(4, 6, 7). Evidence from recently published data indicates an
overall higher sensitivity of SYTO probes in the detection of
early apoptotic events as compared to Annexin V-based assays
(4,7, 8). When progression toward the terminal stages of cel-
lular demise advances, loss of SYTO fluorescence intensifies,

and this usually coincides with the increased plasma mem-
brane permeability to PI and 7-AAD (4, 7, 8).

4. We have recently shown that SYTO 16 allows discrimination

between primary and secondary necrotic cells (7). Therefore,
SYTO 16 provides substantial enhancement over the stan-
dard PI exclusion assay in discerning cell demise mode by
flow cytometry (7).

. Importantly, SYTO probes prove in many instances inert and

safe for tracking cells over extended periods of time which
may open up new opportunities for single-cell analysis proto-
cols by both fluorescent activated cell sorting (FACS) and
Lab-on-a-Chip platforms (9).

. Recent noteworthy reports provided strong evidence that at

least some SYTO probes can be substrates for MDR efflux
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10.

pumps (e.g., P-glycoprotein; P-gp) (14, 15). Caution should
be, thus, exercised when using SYTO probes in cells with
active ABC-class transporters. It is always advisable to con-
firm MDR status of studied cell population. In cells with
active P-gp, its inhibition (e.g., by Verapamil hydrochloride,
PSC833, Cyclosporin A) is required to avoid masking of
apoptotic SYTOY™ subpopulation by SYTO™ subpopulation
engendered by an active dye efflux (14, 15). Truly apoptotic
reduction of SYTO fluorescence to dim values is not affected
by the presence of P-gp inhibitors (14).

. Both fluorophores are easily excited by 488 nm lasers. While

propidium iodide can be detected in both 575-610 and
>650 nm channels, SYTO 16 is detected using standard fluo-
roscein (FITC) band-pass filter at 530 nm. Due to the signifi-
cant spectral overlap of SYTO16 fluorescence in 575-610 nm
channels, special attention is required to apply proper com-
pensation between both channels. Adjust the logarithmic
amplification scale to distinguish between viable cells (bright
SYTO 16*/PI- events), apoptotic cells (dim SYTO 16*/PI-
events), and late apoptotic/necrotic cells with compromised
plasma membranes (SYTO 16-/PI* events) as presented in
Fig. 1a. In every cell system, there is a need to optimize con-
centration/incubation time of SYTO 16 probe as well as
PMT voltage to achieve maximal resolution between bright,
dim, and low/negative SYTO 16 events (7-9).

. One should always bear in mind that results obtained using

SYTO-based assays may vary when compared to assays detect-
ing different cellular processes. Results acquired with SYTO
probes should, therefore, never be considered conclusive
without verification by independent methods (4).

. Some apoptotic markers (e.g., loss of SYTO fluorescence to

dim values; Annexin Vimmunoreactivity or oligonucleosomal
DNA fragmentation) may not be detected in specimens chal-
lenged with divergent stimuli or microenvironmental condi-
tions (e.g., cytokines, growth factor deprivation, heterotypic
cell culture, etc.). It is always advisable to simultaneously
study several markers to provide a multidimensional view of
advancing apoptotic cascade (1-4). Multiparameter assays
detecting several cell attributes are the most desirable solu-
tion for flow cytometric quantification of apoptosis (1-4).

SYTO 62 fluorescence can be conveniently detected using a
standard allophycocyanin (APC) 660 nm band-pass filter. Use
of SYTO 62 and YO-PRO 1 requires minimal interbeam
compensation. Similar to SYTO 16, SYTO 62 dim (deemed
apoptotic) events will dimly stain with YO-PRO 1 as a result
of early loss in the plasma membrane function. Adjust the
logarithmic amplification scale to distinguish between viable
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cells (bright SYTO 62*/YO-PRO 1-), early apoptotic cells
(dim SYTO 62*/dim YO-PRO 1*), and late apoptotic and/

or necrotic cells with compromised plasma membranes (low
SYTO 62*/bright YO-PRO 17) (8).
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Chapter 11

Multiplexing Cell Viabhility Assays

Helga H.J. Gerets, Stéphane Dhalluin, and Franck A. Atienzar

Abstract

Today, obtaining mechanistic insights into biological, toxicological, and pathological processes is of
upmost importance. Researchers aim to obtain as many as possible data from one cell sample to under-
stand the biological processes under study. Multiplexing, which is the ability to gather more than one set
of data from the same sample, fulfills completely this objective. Obviously, multiplexing has several advan-
tages compared to single plex experiments and probably the most important one is that data on various
parameters at exactly the same time point on the same cells or group of cells can be obtained and conse-
quently this may contribute to saving time and effort and a reduction of the costs.

In this chapter, different endpoints were measured starting from two-seeded multiwell plates,
namely, cell viability, caspase-3 /7 activity, lactate dehydrogenase (LDH), adenosine triphosphate (ATP),
aspartate aminotransferase (AST), and glutamate dehydrogenase (GLDH) measurements. These different
endpoints were analyzed together to determine the cytotoxic properties of pharmaceutical compounds
and/or reference compounds. A 96-well plate was designed to allow appropriate measurement of five
doses of a compound in triplicate to determine the effect of the compound on the six different endpoints.
The first four endpoints (cell viability, caspase-3 /7 activity, LDH, and ATP) are discussed in detail in this
chapter. AST and GLDH measurements are not discussed in detail as these are fully automatic measure-
ments and thus behind the scope of this chapter.

As an illustrating example, the reference compound tamoxifen was used to evaluate its cytotoxic
properties using the hepatocellular carcinoma cell line HepG2 cells.

Key words: Cytotoxicity, Multiplexing, Screening, Cell based

1. Introduction

Multiplex recording implicates that different endpoints are
measured within the same sample. A multiparametric approach
has several advantages compared to single plex experiments. First
of all, since cells originate from the same subculture, differences
between cultures within one experiment can be excluded, reducing
test-to-test variability. Secondly, several endpoints are measured

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_11, © Springer Science+Business Media, LLC 2011
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on the same cells or group of cells which lead to lower consumption
of test compound, reduced handling time, and consequently lead
to a lower cost. Lowering compound consumption is very impor-
tant for the pharmaceutical industry because during early stages
of drug development (lead generation and lead optimization)
scarce amount of compound is available. Thirdly, the predictivity
of combined tests is better than in individual assays (1), and
fourthly, measuring only one parameter can be misleading (2). In
other words, the chance of detecting a toxic compound is far
greater if different parameters are measured at the same time
compared to measuring only one parameter per assay.

In this chapter, cell viability assays were multiplexed with dif-
ferent endpoints, such as caspase-3 /7 activity, lactate dehydroge-
nase (LDH), adenosine triphosphate (ATP), aspartate
aminotransferase (AST), and glutamate dehydrogenase (GLDH)
measurements. To measure all these endpoints, several kits of
Promega (Promega Corporation, Madison, WI) were used, in
detail; the CellTiter-Blue® Cell Viability Assay for cell viability
testing, the CellTiter-Glo® Luminescent Cell Viability Assay for
ATP measurement, the CytoTox-One™ Homogeneous
Membrane Integrity Assay for LDH measurement, and the Apo-
One® Homogeneous Caspase-3,/7 Assay for caspase activity. To
measure AST and GLDH contents, kits of Roche (Roche
Diagnostics GmbH, Mannheim, Germany) were used. All these
measurements and activities were measured in only two identical
seeded 96-well plates. To determine cell mortality, the LC50
value (i.e., the concentration killing 50% of the cells) was calcu-
lated from the cell viability assay, which is based on the reduction
of resazurin into a fluorescent end product, resorufin. To improve
the reliability of this LC50 value, the release of ATP, as an estima-
tion of the number of viable cells, is also taken into account to
measure the LC50 value. The release of LDH and AST was used
as a marker for membrane integrity (3). To investigate the mecha-
nism of cell death (apoptosis versus necrosis), caspase-3,/7 activ-
ity was measured as a marker for apoptosis, whereas necrosis was
more associated with the release of LDH and AST. GLDH, a
liver-specific enzyme found exclusively in the mitochondrial
matrix (4), was also measured to determine the effect of drugs on
mitochondria.

Well-designed cell-based in vitro screening systems that have
in vivo relevance can be used to significantly improve the com-
pound selection process to decrease the attrition rate during
drug development (2). Cytotoxicity tests, like the ones described
in this chapter, can be used to rank compounds and to select
the most promising candidates for further development.
Nevertheless, the main limitation is that these assays are low
throughput.



Multiplexing Cell Viability Assays 93

2. Materials

2.1. Cell Culture
and GCompounds

1. Human hepatocellular carcinoma (HepG2) cell line (European
Collection of Cell Cultures (ECCAC), Salisbury, UK).

2. Dulbecco’s modified eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 50 U/ml penicillin,
50 pug/ml streptomycin, 2 mmol /1 L-glutamine, and 1x non-
essential amino acids (NEAA). All purchased from Bio-
Whittaker Inc. (Walkersville, MD).

3. Solution of trypsin (0.25%) and 1 mM EDTA.

4. Dulbecco’s phosphate-buftered saline (DPBS) (Bio-Whittaker
Inc.).

5. Tamoxifen (Sigma—Aldrich, St. Louis, MO).
The dilution series of this compound will be explained in detail.

Six microliters of stock solution (in 25% dimethylsulfoxide
(DMSO)) are added to 300 pl cells. The dilution factor
is 6/306x25,/100 (25% DMSO final) or 1,/204. Final
concentration of solvent (DMSO) is 0.49%.

Final test concentrations in plate: 5, 10, 20, 40, and 80 uM.
Stock solution is 80 UM x 204 =16,320 uM.

MW=371.53.

Successive dilutions in 100% DMSO: Factor 2 in 100% DMSO
16.32 mM: 0.0606 g tamoxifen in 10 ml DMSO

8.16 mM: 1 ml 16.32 mM stock+1 ml DMSO

4.08 mM: 1 ml 8.16 mM stock+1 ml DMSO

2.04 mM: 1 ml 4.08 mM stock+1 ml DMSO

1.02 mM: 1 ml 2.04 mM stock+1 ml DMSO

Dilute stocks in 25% DMSO

4.08 mM: 500 ul 16.32 mM stock+1.5 ml DMEM

2.04 mM: 500 pl 8.16 mM stock+ 1.5 ml DMEM

1.02 mM: 500 pl 4.08 mM stock+1.5 ml DMEM

510 uM: 500 pl 2.04 mM stock+1.5 ml DMEM

260 uM: 500 ul 1.02 mM stock+1.5 ml DMEM

Add 6 pl of each dilution in 25% DMSO to 300 pl medium
to obtain the final concentrations of respectively 80, 40,
20, 10, and 5 uM in the plate.

6. DMSO (Sigma-Aldrich).
7. Triton X-100 (Sigma-Aldrich):

Add 6 plin 300 pl=dil. 1/51. Since solvent is water there is
no need for an intermediate solution.
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2.2. Cytotoxicity
Parameters

Successive dilutions: Factor 2 in water
0.51%: 255 pl Triton X-100 in 50 ml water
0.26%: 1 ml 0.51% stock + 1 ml water
0.13%: 1 ml 0.26% stock + 1 ml water
0.064%: 1 ml 0.13% stock+ 1 ml water.

Add 6 pl of each dilution to 300 pul medium to obtain the
final concentrations of respectively 0.01, 0.005, 0.0025,
and 0.00125% in the plate. These percentages corre-
spond to respectively 171.4, 85.7,42.9, and 21.4 uM.

Final test concentrations in plate: 0.01, 0.005, 0.0025, and
0.00125%.

Stock solution is 0.01%x51=0.51%.

. CellTiter-Blue® Cell Viability Assay (Promega):

(a) Kit content: CellTiter-Blue® reagent.

(b) Reagent preparation: The CellTiter-Blue® is ready for
use.

. CellTiter-Glo® Luminescent Cell Viability Assay (Promega):

(a) Kit content: CellTiter-Glo® Buffer and CellTiter-Glo®
Substrate (lyophilized).
(b) Reagent preparation:

— Thaw and equilibrate the CellTiter-Glo® Buffer and
Substrate to room temperature prior to use.

— DPrepare the CellTiter-Glo® reagent by transferring the
entire volume of CellTiter-Glo® Buffer into CellTiter-
Glo® Substrate vial.

— Mix by swirling.

. CytoTox-One™ Homogeneous Membrane Integrity Assay

(Promega):
(a) Kit content: Substrate mix (diaphorase, lactate, NAD+),
assay bufter, lysis solution and stop solution.
(b) Reagent preparation:
— Thaw and equilibrate the substrate mix and the assay
buffer to room temperature prior to use.

— Prepare the CytoTox-One™ reagent by adding 11 ml
of assay buffer to a vial of substrate mix.

— Mix by swirling.

. Apo-One® Homogeneous Caspase-3 /7 Assay (Promega):

(a) Kit content: 100x Caspase Substrate Z-DEVD-R110
and Apo-One® Homogeneous Caspase-3 /7 Buffer.

(b) Reagent preparation:
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— Thaw and equilibrate the Caspase Substrate to room
temperature prior to use.

— Prepare the Apo-One® Caspase-3/7 reagent by add-
ing the substrate to the buffer (ratio of 1:100).

— Mix.
AST (Roche Diagnostics):
(a) Kit reference number: 11876848
GLDH (Roche Diagnostics):
(a) Kit reference number: 1929992

3. Methods

3.1. Cell Gulture

A schematic overview of the plate design and the multiplexing
strategy is presented in Fig. 1.

Any kind of cell line can be used to seed the plates, however,
make sure that the cells have the potential to stick to the bottom
of the wells or that a coating is used to stick the cells to the bot-
tom of the plate. In the example shown in this chapter, the human
carcinoma cell line (HepG2) was used, therefore the handling of
this cell line is explained in detail.

1.
2.

10.

Prepare the DMEM culture medium.

Prewarm the medium and the trypsin—EDTA solution to
37°C.

. Aspirate the medium from the incubation flask and rinse with

10 ml DPBS.

. Aspirate the DPBS, make sure that no DPBS is left. If any

DPBS remains in the incubation flask this can interfere with
the trypsin~-EDTA solution treatment, which leads to an
insufficient detaching of the cells.

. Add 5 ml trypsin—-EDTA to the cells and incubate for 2-5 min

at 37°C (longer incubations could be detrimental for the
cells).

. Shake vigorously the plates so that cells can detach.

. Add 5 ml medium to the flasks and try to recover as many

cells as possible.

. Transfer the medium containing the cells to a 50-ml Falcon

tube.

. Rinse the flask with another 5 ml medium and add this into

the same Falcon.

Centrifuge the cells at 1,100 x4 for 10 min at RT.
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Fig. 1. Schematic overview of the plate design (a) and our multiplexing strategy (b). (a) Four different compounds were
tested on each plate (indicated with four different gray tones). Each compound was tested in five different concentrations
(c) in a 1/2-dilution series. Positive controls and wells without cells (blank wells) were also included in the design. Triton
X-100 (Tx) was used (wells in black) as the positive control in a ¥2 dilution series. (b) Two 96-well plates per time point
were filled with 50,000 HepG2 cells in 300 pl medium per well and allowed to attach overnight. The next day the com-
pounds were added to the plate, each concentration was done in triplicate (technical replicates), and the cells were
incubated for 2 or 24 h. Afterward, all the medium was collected in a deep well plate (in total 600 ul medium): 100 pl
returned to plate 1 and was used for cell viability testing; the same plate was later used to measure caspase activity;
100 pl medium returned to plate 2 and was used to measure ATP content; 100 pl of medium was added to a new plate
and was used to measure the release of LDH. Finally, 200 pl was transferred to a vial and was used to measure AST and
GLDH parameters. Each experiment was repeated three different times (biological replicates). M medium (reprinted from
(2) with permission from Elsevier).

11. Gently aspirate the supernatant and resuspend the pellet well
in 25 ml medium (a brief vortex can be used but longer vor-
texing could damage the cells).

12. Count the cells using a cell counter and calculate the number
of cells to be added to a new flask (175 ¢m?) until the next
passage (see Note 1).

(a) For 2 days: take 50,000 cells/cm?=8.75 million cells

per flask [amount of cells needed is 175 x 50,000 cells,
i.e., 8.75 million cells (in +60 ml of medium)]
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(b) For 3 days: take 30,000 cells/cm?=5.25 million cells
per flask

(c) For 4 days: take 20,000 cells/cm?= 3.50 million cells
per flask

(d) For 5 days: take 15,000 cells/cm?=2.63 million cells
per flask

Most compounds are not soluble in water, therefore DMSO is a
good alternative to dissolve the compounds. Because cells are sus-
ceptible to DMSO the final amount of DMSO in the well should
not be higher than 1%, however using only 0.5% DMSO is prefer-
able (according to our data) and 0.1% is optimal to minimize the
effect of DMSO (2). Ideally, prepare a stock solution of the com-
pound in 100% DMSO and make intermediate dilutions in cul-
ture medium to obtain a final concentration of maximum 0.5%
DMSO in the plate, or lower. This is explained in detail in
Subheading 2 for tamoxifen.

As a positive control, a 1/2-dilution series of Triton X-100 was
used, as explained in detail in Subheading 2. Final concentrations
of Triton X-100 in the plate were 10.7, 21.4, 42.9, 85.7, and
171.4 uM. Wells without cells were also used.

1. Seed two 96-well plates with an appropriate number of cells
in 300 pl medium per well and culture overnight at 37°C in
a humidified 5% CO, and 95% air atmosphere to equilibrate
and allow for attachment.

2. Treat the cells with the drug of interest for a certain time period.
Because of solubility problems, most drugs should be dissolved
in DMSO, make sure that the final concentration of DMSO in
the well is not higher than 0.5%. Depending on the cell type
used, a final DMSO concentration of 1% or more could damage
the cells particularly after long-term incubation.

3. After the drug incubation period, collect the medium from
the first plate to a deep 96-well plate and directly re-add 100 pl
of the conditioned medium back to the cells (see Note 2). Do
not throw the remaining medium as it will be used for other
endpoint measurements. The medium can be stored in the
deep well plate in the CO,-incubator and should be used
within 2-3 h.

4. Add 20 pl CellTiter-Blue® reagent to each well and gently
mix to ensure that the reagent is equally dispersed. Incubate
the plate for 1 h at 37°C in a humidified 5% CO, and 95% air
atmosphere (see Note 3).

5. Record fluorescence (560, /590, ) to measure cell viability.
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3.5. CellTiter-Glo®
Luminescent Cell
Viability Assay
Multiplexed with the
CytoTox-One™
Homogeneous
Membrane Integrity
Assay

3.5.1. CellTiter-Glo Assay

3.5.2. CytoTox-One Assay

6.

Re-use the plate and add 120 pl Apo-One Caspase reagent to
each well and incubate the plate for an additional hour at
room temperature under constant agitation. This will lyse the
cells. The volume of Apo-One Caspase reagent added to each
well should give a 1:1 proportion with the CellTiter-Blue
reagent volume already in the plate. The incubation period
can be extended up to 2 h but still under constant agitation
(see Note 4).

. Record fluorescence (560, /590, ) to measure the caspase

activity.

For more details of these two assays consult Promega

Technical Bulletin #317 and #295 that describes the CellTiter-
Blue and the Caspase-3/7 assays, respectively.

1.

3.

1

2.

2.

Seed a 96-well plate with an appropriate number of cells in
300 pl medium per well and culture overnight at 37°C in a
humidified 5% CO, and 95% air atmosphere to equilibrate
and allow for attachment.

. Treat the cells with the drug of interest. The time should be

the same as in step 2 of Subheading 3.4.

After the drug incubation period collect the medium from
the second plate to the same deep 96-well plate as used under
Subheading 3.4 (the medium will be mixed with the previ-
ously collected medium) and directly re-add 100 pl of the
conditioned medium back to the cells, this plate with cells
will be used to measure the CellTiter-Glo cell viability assay.
Part of the collected medium in the deep 96-well plate will be
used to measure the CytoTox-One assay, as for this assay no
cells are necessary, only the medium.

. Add 100 pl CellTiter-Glo reagent to each well containing cells

and gently shake the plate for 10 min at room temperature.

Record the luminescence.

. Fill a new, sterile 96-well plate with 100 pl of medium, taken

from the deep well plate, to each well.

Add 100 pl of CytoTox-One reagent to each well and incu-
bate the plate for 10 min at room temperature without
agitation.

. Stop the reaction by adding 50 pl of stop solution to each

well.

. Record the fluorescence (485, /530, ).

For more details of these two assays consult Promega

Technical Bulletin #288 and #3006 that describes the CellTiter-
Glo and the CytoTox-One assays, respectively.
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The supernatant remaining in the deep 96-well plate, which is
between 200 and 300 pl, can be used to measure other parame-
ters, like AST and GLDH. For these particular endpoints, the
remaining medium was added to a vial and put into the Hitachi
analyzer Modular P of Roche-Diagnostics GmbH (Mannheim,
Germany). The protocols to measure these endpoints are not dis-
cussed in detail in this chapter, because the measurements of these
endpoints were performed on a robot and thus behind the scope
of this chapter. Obviously, other parameters such as enzymatic
activities of alanine aminotransferase (ALT) and alkaline phos-
phatase (ALP) can also be measured on the same supernatant
using the Hitachi analyzer.

Figure 2 shows an example of the measurement of four differ-
ent endpoints when increasing amounts of tamoxifen were added
to the HepG2 cells.

In order to visualize the correlations between the six different
parameters and to study the consistency between the replicates, a
principal component analysis (PCA) was carried out as shown in
Fig. 3 for tamoxifen. PCA is a statistical technique used to reduce
the dimensionality of a dataset without much loss of information.
The outputs of PCA are maps of two types: correlation circles and
scatter plots of scores. The correlation circles are maps which
show the correlations between the variables. The scatter plots of
scores are the projections of the cloud of data points in the

Tamoxifen

normalized value

Fig. 2. Effect of tamoxifen exposure on HepG2 cells for 24 h on caspase, LDH, AST, and
GLDH measurements. HepG2 cells were cultured overnight at 50,000 cells per well in a
96-well plate. The cells were exposed to tamoxifen at different concentrations as indicated
in the graph. Parameters measured were LDH (filled triangle), caspase (cross sign), AST
(filled square), and GLDH (filled circle). The final DMSO concentration in the wells was
0.5%. For each parameter, the mean value of the control wells was set to 100%. The mean
value for the other concentrations was calculated proportionally to this control value. Each
experiment has been repeated three times (biological replicates) and the mean value is
represented in the graphs (reprinted from (2) with permission from Elsevier).
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Fig. 3. Principal component analysis (PCA) of tamoxifen after 24 h of incubation. HepG2
cells were exposed to different concentrations of tamoxifen (0, 5, 10, 20, 40, and 80 uM)
for 24 h. Afterward the cell viability, ATP, LDH, AST, GLDH, and caspase activity were
measured. A PCA plot of each concentration of the compound was created by integrat-
ing the six different parameters. More information concerning PCA plot is explained in
the text (reprinted from (2) with permission from Elsevier).

multidimensional space on the plane that show the maximum
information, i.e., the maximum variance. The relationships
between the parameters (7) were mainly studied on the circle of
correlation issued from a PCA carried out on the results of the
maximal concentration of each compound.

4. Notes

1. Before the start of the experiment, a dilution series of the cells
should be seeded into a 96-well plate and the cell viability
should be measured in order to determine the optimal num-
ber of cells per well. It is important that the cells at the den-
sity seeded can still proliferate and that they are not at
confluence. For the hepatocellular carcinoma cell line (HepG2
cells), the optimal number of cells was found to be 50,000
cells per well (2).

2. If cells were directly incubated in 100 pl of medium there is a
risk that some of the medium evaporates overnight and this
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would lead to an incorrect proportion between the amount
of medium and the amount of reagent added.

3. An incubation period of 1 h with the CellTiter-Blue® reagent
gave good result using the HepG2 cell line. However, the
incubation period can be extended up to 4 h, depending on
the cell line and the number of cells used and therefore this
should be determined empirically.

4. Always follow a sequential order of assay chemistry addition
when multiplexing a viability assay with a caspase activity
assay. This is required because homogeneous caspase assay
formulations contain agents that lyse cells (5).
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Chapter 12

Cytotoxicity Testing: Measuring Viable Cells, Dead Cells,
and Detecting Mechanism of Cell Death

Terry L. Riss, Richard A. Moravec, and Andrew L. Niles

Abstract

Testing the effects of compounds on the viability of cells grown in culture is widely used as a predictor of
potential toxic effects in whole animals. Among the several alternative assays available, measuring the
levels of ATD is the most sensitive, reliable, and convenient method for monitoring active cell metabo-
lism. However, recently developed combinations of methods have made it possible to collect more infor-
mation from in vitro cytotoxicity assays using standard fluorescence and luminescence plate readers. This
chapter describes two assay methods. The first utilizes beetle luciferase for measuring the levels of ATD as
a marker of viable cells. The second more recently developed multiplex method relies on selective mea-
surement of three different protease activities as markers for viable, necrotic, and apoptotic cells. Data
analysis from the measurement of three marker protease activities from the same sample provides a useful
tool to help uncover the mechanism of cell death and can serve as an internal control to help identify
assay artifacts.

Key words: Cell viability, Cytotoxicity, Apoptosis, Multiplexing, Luciferase, Luminescence,
Fluorescence, Membrane integrity, ATP

1. Introduction

In vitro cytotoxicity assays measure whether a test compound is
toxic to cells in culture, usually by determining the number of
viable cells remaining after a defined incubation period. The
desired approach is to use a convenient and cost-effective method
that predicts in vivo toxicity by measuring a surrogate marker to
indicate the viable cell number compared to untreated controls.
The methods of estimating the number of viable cells in culture
are usually based on measuring an indicator of metabolic activity.
Several methods have been developed to measure metabolically
active viable cells based on their ability to convert certain classes
of chemicals into forms that can be easily measured.

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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The MTT tetrazolium assay was the first convenient 96-well
method developed for screening large numbers of samples (1).
The MTT tetrazolium compound is reduced by viable cells into
an intensely colored formazan precipitate that subsequently is
solubilized into a uniformly colored solution with a second pro-
cedural step before 570-nm absorbance is measured using a plate
reading spectrophotometer. The colored product is directly pro-
portional to the number of viable cells.

Improved tetrazolium reagent chemistries (e.g., MTS, XTT,
WST) were developed that could be converted by cells directly
into aqueous soluble formazans, thus eliminating the solubiliza-
tion step required for the MTT reagent (2—4). The improved
tetrazolium reagents provided the first convenient “add—-incubate—
read” method of measuring viable cell number. Although the
sensitivity of detection is limited to approximately 1,000 viable
cells, these assays have been adopted by many cell biology labora-
tories but not by automated HTS laboratories.

Resazurin is a similar redox-sensitive dye that is reduced by
viable cells into a fluorescent compound, resorufin. The homoge-
neous add—incubate-measure resazurin reduction assay provides
greater sensitivity of detection than tetrazolium methods and has
been used successfully for high-throughput screening (5, 6).
However, the resazurin assay is hampered by limitations caused
by the intense blue color of the resazurin solution and the occur-
rence of fluorescence interference of test compounds with the
resorufin product.

The major disadvantages of the tetrazolium and resazurin
reduction assays are that they require a 1-4-h period of incuba-
tion with viable cells for conversion into the colorimetric or fluo-
rescent indicator; chemical interference is caused by reducing
compounds; and perhaps most importantly, the tetrazolium and
resazurin compounds used to indicate cell viability are themselves
toxic to cells.

Detection of ATP has become the gold standard cell viability
assay for high-throughput screening. The level of ATP is closely
regulated by viable cells. The process of cell death results in a loss
of ability to synthesize new ATP along with a rapid depletion of
cytoplasmic ATP by endogenous ATPases. These properties com-
bine to make ATDP a valid marker of viable cells in culture (7, 8).
Measurement of ATP is accomplished by taking advantage of the
properties of the firefly luciferase enzyme to generate a lumines-
cent signal (9).

Considerable effort has been devoted to optimize reagent
chemistries to make the modern version of the ATP assay the most
sensitive and the fastest method available for plate-based cell via-
bility assays. Assay sensitivity is achieved because of the extremely
low background luminescence which enables large signal to back-
ground ratios. Assay speed and convenience are achieved because
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a homogeneous single reagent addition protocol results in
immediate cell lysis and generation of a glowing luminescent
signal. Unlike the tetrazolium or resazurin reduction assays, the
need to co-incubate viable cells with assay reagent for hours is
eliminated, resulting in lowering the probability of artifacts.

The most significant advancement in ATD assay technology
resulted from the use of directed evolution to create luciferase
mutants that retain enzymatic activity in reagent formulations
containing ATPase inhibitors and harsh detergents to lyse cells
(10). The stable form of luciferase has been demonstrated to be
far less prone to artifacts caused by interference of compounds in
chemical libraries (11). The possibility of artifacts resulting from
luciferase inhibitors still needs to be addressed, but can be over-
come by counter screening using a different assay endpoint or by
using multiplexing techniques with more than one assay chemis-
try to measure different markers.

One recently developed method of multiplexing involves the
measurement of separate protease activities as markers of viable
and dead cells (12). A protease activity found predominantly in
intact viable cells is measured using a fluorogenic cell permeable
peptide substrate  (glycyl-phenylalanyl-aminofluorocoumarin;
GF-AFC). The GF-AFC substrate permeates intact cells where it
is cleaved to generate a fluorescent signal proportional to the
number of living cells. Upon cell death, the protease that cleaves
the GF-AFC substrate becomes inactive. A second protease activ-
ity released into the medium from dead cells that have lost mem-
brane integrity is measured using a nonpermeable fluorogenic
peptide substrate (bis-alanylalanyl-phenylalanyl-rhodamine 110;
bis-AAF-R110). Because the AAF-R110 substrate is nonperme-
able and cannot enter viable cells, the signal from this substrate is
selective for the dead cell population. The two substrates can be
combined and added as a single reagent to cells in culture and
incubated for 30 min to generate fluorescent signals proportional
to the number of viable and dead cells. The viable and dead cell
protease markers show excellent correlation with established
methods including measurement of ATP and release of lactate
dehydrogenase (13). The GF-AFC and AAF-R110 substrates are
compatible with other reagents to enable additional downstream
multiplexing to measure other parameters, such as a luminescent
reporter assay to measure gene expression or a luminescent cas-
pase assay as a marker of apoptosis.

Cells undergoing programmed cell death (apoptosis) in vitro
express various transient markers of the process and initially main-
tain an intact cell membrane; however, all cells undergoing apop-
tosis in vitro eventually undergo secondary necrosis to release
cytoplasmic components into the culture medium and thus would
be scored as dead/necrotic using a protease release assay. The
apoptotic cells present in a population can be detected by
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measuring caspase-3 activity. The caspase-3 executioner protease
is measured using a Z-DEVD-aminoluciferin substrate that is
cleaved by active caspase to release aminoluciferin that can be
detected using a beetle luciferase reaction to generate a lumines-
cent signal. Information regarding whether or not cells die via
an apoptotic mechanism is valuable for some cytotoxicity studies.
A method to multiplex the measurement of the number of viable,
necrotic, and apoptotic cells in the same sample in multiwall plates
is described in the protocols given below. Data analysis from the
measurement of three marker protease activities from the same
sample provides a useful tool to help uncover the mechanism of
cell death and can serve as internal control to help identify assay
artifacts.

2. Materials

1. Human K562 and murine L929 cells (American Type Culture
Collection, Manassas, VA) were maintained in stock culture
using standard cell culture techniques.

2. RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS).

3. Opaque-walled multiwell plates adequate for cell culture (see
Note 1).

4. Multichannel pipette (Rainin Instrument, Oakland, CA) or
similar automated pipetting station adequate for reagent
delivery into multiwell plates.

5. Reagent reservoirs compatible with multichannel pipettes.

6. ATP detection reagent (CellTiter-Glo Assay, Promega
Corporation, Madison, WI).

7. Reagent for multiplex detection of viable, necrotic, and apop-
totic cells (ApoTox-Glo Assay, Promega). This comprises
GF-AFC substrate (100 mM in DMSO), bis-AAF-R110 sub-
strate (100 mM in DMSO), and five bottles of Caspase-Glo®
3/7 substrate (lyophilized).

8. 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG,
Enzo Life Sciences International, Plymouth Meeting, PA)
and epoxomicin (EMD, La Jolla, CA) are dissolved in culture
medium at twice the highest concentration tested and serial
twofold dilutions are made in replicate wells across assay
plate.

9. Plate shaker for mixing multiwell plates.

10. Circulating thermal block 2,050 W to maintain constant
temperature of assay plates on the bench.
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11. Microplate reader (GloMax™ Multimodal, Promega,
Madison, WI or BMG LABTECH POLARstar OPTIMA,
BMG LABTECH, Durham, NC) capable of measuring lumi-
nescence and fluorescence at the following sets of wave-
lengths: (a) excitation 400 nm and emission 505 nm and
(b) excitation 485 nm and emission 520 nm.

12. GraphPad Prism™ software (GraphPad, La Jolla, CA).

3. Methods

3.1. ATP Assay
for Viable Cells

3.1.1. Reagent Preparation

3.1.2. Protocol for the Cell
Viability Assay

More detailed protocols with additional background information
on characterization of the assay chemistries, optional controls,
and examples of applications can be found in the technical manu-
als describing the CellTiter-Glo® Luminescent Cell Viability Assay
that measures ATP (http://www.promega.com/tbs/tb288 /
tb288.html) and the ApoTox-Glo™ Triplex Assay that measures
viable, dead, and necrotic cells (http: //www.promega.com/tbs/
tm322 /tm322.html).

1. Thaw the CellTiter-Glo® Buffer, and equilibrate to room
temperature prior to use. The buffer may be thawed and

stored at room temperature for up to 48 h prior to use
(see Note 2).

2. Equilibrate the lyophilized CellTiter-Glo® Substrate to room
temperature prior to use.

3. Transfer the entire liquid volume of buffer into the amber
bottle containing substrate to reconstitute the lyophilized
enzyme /substrate mixture. This forms the CellTiter-Glo®
Reagent containing detergent to lyse cells and luciferase and
luciferin as the key ingredients for the measurement of ATP.

4. Mix by gently vortexing, swirling, or by inverting the con-
tents to obtain a homogeneous solution. The substrate should
go into solution easily in less than 1 min.

1. Prepare opaque-walled multiwell plates with mammalian cells
in culture medium, 100 pl per well for 96-well plates or 25 pl
per well for 384-well plates (see Note 3). Multiwell plates
must be compatible with the luminometer used (see Note 4).

2. Prepare control wells containing culture medium without cells
to obtain a value for background luminescence (see Note 5).

3. Add serial dilutions of the compound to be tested to experi-
mental wells, and incubate at 37°C in a humidified 5% CO,
atmosphere according to culture protocol, usually 2448 h
(see Notes 6 and 7).
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4. Equilibrate the plate and its contents at room temperature for
approximately 30 min (see Note 8).

5. Add a volume of CellTiter-Glo® Reagent equal to the volume
of cell culture medium present in each well (e.g., add 100 pl
of reagent to 100 pl of medium containing cells for a 96-well
plate, or add 25 pl of reagent to 25 pl of medium containing
cells for a 384-well plate) (see Note 9).

6. Mix contents for 2 min on an orbital shaker to induce cell
lysis.

7. Allow the plate to incubate at room temperature for at least
10 min to stabilize luminescent signal (see Note 10).

8. Record the luminescence (see Note 11).

An example set of results from an ATP assay of 1929 cells
treated with various concentrations of TNFo is shown in Fig. 1.
Increasing the concentrations of TNFo result in a loss of cell via-
bility, a decrease in the amount of ATP per cell, and thus a reduc-
tion in the luminescent signal. Concentrations of TNFa above
5-10 ng/ml kill essentially all the cells using the assay conditions
described.
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Fig. 1. Viability by ATP detection of L929 cells treated with TNFot. Murine L929 cells were
plated in a 96-well plate at a density of 10,000 cells/80 pl and cultured in a humidified
incubator at 37°C, 5% CO, for 24 h. Serial dilutions of TNFo: (Promega Corporation,
Madison, WI) were prepared at 5x final concentration in culture medium containing 5 pg/
ml actinomycin D (Sigma, St. Louis, MO) and 20 pl added to each well. The plate was
returned to 37°C, 5% CO, for an additional 18 h. Following a 30-min equilibration at 22°C
using a circulating thermal block, an equal volume (100 pul/well) of CellTiter-Glo® Reagent
was added to each well and mixed by shaking for 2 min. The plate was incubated at 22°C
for 45 min prior to recording luminescence using a BMG LABTECH PolarStar plate lumi-
nometer. Four-parameter curve fit analysis was performed using GraphPad Prism soft-
ware (GraphPad, San Diego, CA). The EC,, of TNFo: for these conditions was 0.14 ng/ml.
The vehicle control of zero TNF (1,082,366 + 34,804 RLU) is not shown on the log scale.



3.2. Multiplexed
Protease Assays

to Measure Viable,
Necrotic, and
Apoptotic Cells Using
the ApoTox-Glo Assay

3.2.1. Reagent Preparation

3.2.2. Example Multiplex
Assay Protocol for 96-Well
Plate Format
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1. Thaw assay buffer, GF-AFC substrate, and bis-AAF-R110
substrate at 37°C in a water bath. Thaw Caspase-Glo® 3/7
buffer and substrate at room temperature.

2. Transfer 10 pl of each of the GF-AFC substrate and the bis-
AAF-R110 substrate into 2.0 ml of assay buffer. Vortex the
contents until the substrates are thoroughly dissolved. This
mixture will be referred to as the viability /cytotoxicity reagent
(see Note 12 for storage of reagents).

3. Transfer the contents of the Caspase-Glo® 3 /7 buffer bottle
into the amber bottle containing the lyophilized Caspase-
Glo® 3/7 substrate (Z-DEVD-aminoluciferin), luciferase,
and ATP. Mix by swirling or inverting the contents until the
substrate is thoroughly dissolved to form the Caspase-Glo®
3/7 reagent (see Note 13).

1. Set up 96-well assay plates containing cells in culture medium
at an appropriate density (see Note 14).

2. Add various dilutions of test compounds and vehicle controls
to appropriate wells for a final volume of 100 pl per well for
96-well format.

3. Culture cells at 37°C in a humidified 5% CO, atmosphere for
the desired test exposure period (see Note 15).

4. Add 20 pl of viability /cytotoxicity reagent containing both
GF-AFC and bis-AAF-R110 substrates to all wells and mix by
orbital shaking (300-500 rpm for 30 s).

5. Incubate for 30 min at 37°C (see Note 16).

6. Measure fluorescence at 400 nm excitation,/505 nm emission
wavelengths to determine free AFC as a marker of viable cell
number and 485 nm excitation/520 nm emission to deter-
mine free R110 as the marker of the number of necrotic cells
with a damaged membrane.

7. Add 100 pl of Caspase-Glo® 3 /7 Reagent to all wells and mix
by orbital shaking (300-500 rpm for ~30 s).

8. Incubate for 30 min at room temperature (see Note 17).

9. Measure luminescence using an integration time of 0.5-1 s to
determine the release of aminoluciferin indicative of
caspase-3 /7 activity as a marker of apoptosis.

The correlation between ATP detection and the activity of
proteases, which are able to cleave GF-AFC, as markers of cell
viability is shown in Fig. 2. The overlapping curves suggest a
similar responsiveness of the cells using both assays.

An example showing multiplex measurement of the three
protease activity as markers of viable cells, necrotic cells, and
apoptosis is shown in Fig. 3.



110 Riss, Moravec, and Niles
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Fig. 2. 17-AAG was twofold serially diluted in RPMI 1640+ 10% FBS in 50 pl in a 96-well
plate. K562 cells were added at a density of 5,000 cells/well in 50 . The plate was placed
at 37°C in 5% CO, for 72 h. CellTiter-Fluor substrate (GF-AFC) and CellTiter-Glo reagents to
detect ATP were prepared according to manufacturer and added in parallel wells.
Fluorescence (excitation 400 nm and emission 505 nm) and luminescence were measured
using a GloMax™ Multimodal instrument. Data were fitted using Prism™ software.
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Fig. 3. Epoxomicin was twofold serially diluted in RPMI 1640+ 10% FBS in 50 pl in a
96-well plate. K562 were added at a density of 5,000 cells/well in 50 . The plate was
placed at 37°C in 5% CO, for 24 h. ApoTox-Glo Reagents were prepared and added to
the plate wells sequentially according to manufacturer’s protocol. Fluorescence and
luminescence were measured using a BMG PolarStar™ instrument. Dose—response
data were fitted using Prism™ software.
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4. Notes

1. Store opaque-walled multiwell plates in dark and out of direct

exposure to room lighting which may contribute to back-
ground signal.

. Temperature fluctuations affect the rate of the luciferase reac-

tion and thus the intensity of the luminescent signal. If the
room temperature fluctuates, use a constant-temperature
incubator.

. Itis beyond the scope of this chapter to describe the details of

cell culture; however, it is worth noting briefly that for con-
sistent results, it is essential to follow a standard operating
procedure for culturing and harvesting cells used to set up
cytotoxicity assay protocols. The physiological condition of
cells used to set up assays is known to affect responsiveness to
toxins. Key parameters such as the density of the stock culture
of cells used to set up an assay or the density of cells in the
assay plates both can affect the measured IC,; concentration
of a toxin (14). Among the most critical assay parameters to
characterize during assay development is to determine the
length of exposure to compounds being tested before making
measurements of viability, cytotoxicity, or apoptosis. The
toxic effect of compounds is a combination of concentration
and duration of exposure. It is critical to understand that the
dynamic changes occur in cell populations that are treated
with a toxin. Those changes are dependent on the cell type
and density (14). Cell line authentication also should be part
of the standard operating procedures for all cell culture labo-
ratories. The misidentification and cross-contamination of
cell lines have been recognized as a significant problem (15).
The NIH has posted a notice regarding the authentication of
cultured cell lines (http://grants.nih.gov/grants/guide/
notice-files/NOT-OD-08-017.html).

. The number of cells to use per well will depend on several

factors including the cell type. The seeding density should be
empirically determined for each cell type for optimum perfor-
mance. A good starting point is 10,000 cells per well in 100 pl
for the 96-well format.

. Appropriate controls are required for proper interpretation of

data. It is recommended to set up a series of replicate wells on
each assay plate for each of the following controls. No-cell
control containing culture medium without cells to serve as
the negative control for determining the background fluores-
cence and luminescence. Untreated cells (vehicle) control con-
taining culture medium and untreated cells to serve as a
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10.

11.

12.

13.

14.

vehicle control. Add the same concentration and volume of
solvent (e.g., DMSO or culture medium) used to deliver the
test compounds. Toxin-treated positive control containing cells
in culture medium treated with a compound known to induce
toxicity or apoptosis in the cells used in your model system.
Optional test compound control containing wells without cells
containing the vehicle and test compound to test for possible
interference with the assay chemistries. This test is optional
and may be done in a follow-up assay only on compounds
found to be active in primary screening.

. For screening large numbers of small molecule compounds,

replicates of a single concentration (usually 10 uM) instead of
serial dilutions can be used. However, measuring multiple
concentrations of unknown toxins using the quantitative
HTS (qHTS) approach provides several advantages including
the ability to identity toxins that may be missed using a single
concentration (16).

. Some cell types benefit from equilibration in the assay plates

to allow attachment before the addition of test compounds.
However, for some assays it may be more convenient to pre-
pare assay plates to contain serial dilutions of test compounds
prior to addition of cells. The order of those two steps should
be empirically determined depending on the model system.

. Equilibration to a constant temperature avoids artifacts caused

by temperature gradients between the edge and center of the
plate. This is important because the luminescent signal is
dependent on the rate of the luciferase enzymatic reaction
which is affected by temperature.

. Maintaining the 1:1 ratio of culture volume to CellTiter-Glo®

Reagent is important to achieve complete cell lysis and ensure
a stable glow luminescence signal.

Uneven luminescent signal within plates can be caused by
temperature gradients, uneven seeding of cells, or edge effects
in multiwell plates.

Instrument settings depend on the manufacturer. An integra-
tion time of 0.25-1 s per well should serve as a guideline.

Once prepared, the viability/cytotoxicity reagent containing
both substrates should be used within 24 h if stored at room
temperature. Unused viability /cytotoxicity reagent can be stored
at 4°C for up to 7 days with no appreciable loss of activity.

Reconstituted Caspase-Glo® 3 /7 reagent can be stored at
4°C for up to 7 days with minimal loss of activity.

It is recommended to empirically determine the optimal cell
number for each model system; however, a good starting
point is fewer than 20,000 cells per well in a 96-well plate and
fewer than 5,000 cells per well in a 384-well plate.
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15. In vitro cytotoxicity is dependent upon the concentration of
the toxic compound and the length of exposure to cells (14).
The kinetics of cell death can vary widely between individual
compounds and treatments. For example, if cells are treated
with a slow-acting apoptosis-inducing compound for only
2 h, it is possible that changes in viability, cytotoxicity, or cas-
pase activation will not be measurable, whereas longer expo-
sure times with the same compound will likely reveal
cytotoxicity. Alternatively, if cells are treated with a fast-acting
toxin and exposed for a long incubation period, viability val-
ues will be low, but cytotoxicity values may be underestimated
if the dead cell marker enzymatic activity diminishes after sev-
eral hours of incubation in culture medium. Testing multiple
concentrations will help reveal toxic effects if only a single
incubation period is used for testing. It is important to char-
acterize new compounds in multiple exposure periods (16).

16. Incubations of the GF-AFC and bis-AAF-R110 substrates
longer than 30 min may improve assay sensitivity and dynamic
range if low cell numbers are used. However, do not incubate
more than 3 h.

17. Incubation of the Caspase-Glo® 3/7 reagent longer than
30 min may improve assay sensitivity and dynamic range. Total
incubation time for the luminescent caspase assay depends upon
the culture system, but typically peak luminescent signal will be
reached in 1 h. For optimal results, the maximum recommended
incubation time is 3 h. In general, the luminescent signal
remaining at 3 h is greater than 70% of peak luminescence.
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Chapter 13

Fluorescein Diacetate for Determination of Cell Viabhility
in 3D Fibroblast-Collagen—GAG Constructs

Heather M. Powell, Alexis D. Armour, and Steven T. Boyce

Abstract

Quantification of cell viability and distribution within engineered tissues currently relies on representative
histology, phenotypic assays, and destructive assays of viability. To evaluate uniformity of cell density
throughout 3D collagen scaffolds prior to in vivo use, a nondestructive, field assessment of cell viability
is advantageous. Here, we describe a field measure of cell viability in lyophilized collagen—glycosaminoglycan
(C-GAG) scaffolds in vitro using fluorescein diacetate (FdA). Fibroblast-C-GAG constructs are stained
1 day after cellular inoculation using 0.04 mg/ml FdA followed by exposure to 366 nm UV light.
Construct fluorescence quantified using Metamorph image analysis is correlated with inoculation density,
MTT values, and histology of corresponding biopsies. Construct fluorescence correlates significantly
with inoculation density (p<0.001) and MTT values (p<0.001) of biopsies collected immediately after
FdA staining. No toxicity is detected in the constructs, as measured by MTT assay before and after the
FdA assay at different time points; normal in vitro histology is demonstrated for the FdA-exposed con-
structs. In conclusion, measurement of intracellular fluorescence with FdA allows for the early, compre-
hensive measurement of cellular distributions and viability in engineered tissue.

Key words: Quality assurance, Tissue engineering, 3D scaffold, Cell viability, Intracellular fluorescence

1. Introduction

Engineered tissues have the potential to replace or repair diseased
or damaged tissues. Their outcome in vivo is highly correlated
with their viability and function prior to implantation (1-3). A large
number of engineered tissues are fabricated by the inoculation of
single or multiple cell types onto three-dimensional (3D) tissue
engineering scaffolds (4-7). For example, engineered skin is
formed by serial inoculation of human autologous fibroblasts and
keratinocytes on a 3D collagen scaffold (8-11). Engineered blood
vessels can be made by inoculating vascular smooth muscle cells on
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3D polyurethane scaffolds (12). Autologous endothelial cell-seeded
heart valves are designed to minimize thrombogenicity postim-
plantation (13). Bone tissue has been engineered by seeding
human mesenchymal stem cells on decellularized trabecular bone
(14). As cell distribution, density, and viability are intimately
linked with tissue function, it is essential to evaluate uniformity
of cell distribution and viability within a 3D scaffold to assess
the suitability of engineered tissues for clinical application/
implantation. Quality assurance of engineered tissues is commonly
determined using histology, functional assays of differentiated
phenotypes, such as surface hydration or transepidermal water
loss for skin (15-17), contractility in response to endothelin-1 for
vessels (18), platelet activation and adherence assays for heart
valves (13), and metabolic viability assays such as the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (11, 14, 17, 19). These assessments are often destructive,
thereby reducing the tissue available for clinical use, and/or can
only assay a small fraction of the total tissue area. Thus, a nondestruc-
tive assay of cell viability in the entire engineered tissue would rep-
resent an important advancement in preclinical quality assurance.

Fluorescein has been used in the laboratory to assess the in vitro
viability of a wide variety of cell types and tissues including human
fetal cerebral cortical cells (20), human keratinocytes (21), and
ovine articular cartilage (22), and to assess skin flap viability (23)
and burn depth (24) in vivo. By virtue of its bipolar side chains,
fluorescein diacetate (FdA) easily penetrates the cell membrane.
FdA remains colorless until the acetate moieties in FdA are cleaved
nonspecifically, by intracellular esterases which convert the non-
fluorescent FdA to fluorescein (25). Metabolically active cells with
intact cell membranes can then be visualized under ultraviolet (UV)
light (26, 27); the intensity of fluorescence seen under UV light is
therefore directly proportional to the number of viable cells.

FdA staining and computer-assisted planimetry allow direct
visualization of cell distribution and viability in vitro. The FdA
assay accurately reflects the presence of viable cells when com-
pared to traditional destructive assays and can be used to predict
viability at a later time points with little to no cytotoxicity. Care
must be taken when performing the assay to properly quantify
scaffold autofluorescence and to calibrate the FdA intensity to
known cell densities.

2. Materials

2.1. Cell Culture
and Lysis

1. Dulbecco’s Modified Eagle’s Medium supplemented with 5%
fetal bovine serum (FBS) and 1% antibiotic—antimycotic for
dermal fibroblast culture.



2.2. 3D Collagen-GAG
Scaffolds

2.3. Cell-Scaffold
Construct Preparation
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. HEPES-buffered saline (HBS): HEPES is dissolved in tissue

culture water (see Note 1) at 30 mM, with 10 mM dextrose,
3 mM potassium chloride, 0.13 M sodium chloride, and
1 mM sodium phosphate heptahydrate, pH to 7.40, sterile
filter, and stored at 4°C.

. Solution of trypsin (0.025%) and ethylenediamine tetraacetic

acid (EDTA, 1 mM) in HBS.

. Water bath.

. Fetal bovine serum.

. Hemocytometer.

. Inverted brightfield microscope (Nikon, Melville, NY).
. Refrigerated tabletop centrifuge.

. Sterile stereological and aspirating pipettes.

. Fibrous collagen from bovine hide (Kensey Nash, Exton, PA)

dissolved in 0.5 M acetic acid at 0.6 wt/vol%.

. GAG-acetic acid solution: Chondroitin-6-sulfate dissolved in

acetic acid at 0.35 wt/vol%.

. Cold room (4°C) (see Note 2).
. Digital stir plate and stir bar.

. Syringe pump.

. 60 ml syringe.

. Casting frame: Rectangular metallic mold (aluminum plate

and bar stock, Lyon Industries, South Elgin, IL) formed out
of two sheets of metal separated by a 1-mm thick and 5-mm
wide rubber spacer (Small Parts Inc., Miramar, FL) fitted
around the edges of the metal. A cavity (20cmx 10 cm x 1 mm)
is created by the spacers.

. =80°C Freezer.

9. 95% Ethanol (EtOH) bath. 2 | of ethanol poured into a

10.
11.
12.

24 in.x 12 in. metal container.
Lyophilizer-Virtis Advantage XL (SP Industries, Gardiner, NY).
Vacuum oven.

Cryo-gloves.

. Cells from Subheading 2.1.

. 150-mm cell culture dish.

. Variable speed pipette-aid.

. Merocel (Medtronic/XoMed, Minneapolis, MN).
. N-terface (Winfield, TX).

. Blunt edge forceps.
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2.4. FdA Assay

2.5. Gorrelation of FdA
Assay to MTT Assay
and Total DNA Content

7. Bunsen burner.

8. Glass beaker containing 95% ethanol.

1. FdA dissolved in acetone at 5 mg/ml and stored protected
from light at 4°C.

. UV lightbox (Fisher BioTech).

. Camera hood (Electrophoresis Systems, Fisher).

. Polaroid black and white film type 667.

. Dell 1815 Scanner (see Note 3).

. Image Analysis software (Metamorph) (see Note 4).

N O\ U N

. Snapwell cell culture inserts and tissue culture plate (Corning,

. Sterile surgical gloves.

Nelie]

. Sterile 12 mm diameter biopsy punch (see Note 5).

1. Thiazolyl blue tetrazolium bromide (MTT) dissolved in
phosphate-buftered saline (pH 7.4) at 0.5 mg/ml, sterile fil-
ter, and stored at 4°C.

2. 2-Methoxy ethanol.

3. UV /VisSpectrophotometer with 548-nm filter (Spectracount,
Packard Bioscience Corporation, Meriden, CT).

4. Easy-DNA kit (Invitrogen).
. ND-1000 spectrophotometer (Nanodrop, Wilmington, DE).

ul

6. Statistical software (SigmaStat, San Jose, CA).

3. Methods

FdA rapidly penetrates the cellular plasma membrane and is
cleaved to form fluorescein. The FdA solution at 0.04 mg,/ml is
sufficiently concentrated to allow detection of cells above any
scaffold autofluorescence. Correlations between intensity of fluo-
rescence can be made with cell number, punch biopsy histology,
and viability. Assessment with FdA provides a global, nondestruc-
tive measure of cell distribution and viability within 3D
scaffolds.

We developed a standardized, quantitative assay using FdA to
evaluate fibroblast density and distribution across a collagen—
glycosaminoglycan scaffold. This assay was necessary for us to be
able to monitor cell inoculation uniformity when using larger sur-
face area scaffolds or different scaffold preparations. The methods
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described here outline the steps to prepare a standard collagen
scaffold inoculated with fibroblasts, and to evaluate its cell density
1 day later using the FdA assay. The fibroblast-inoculated scaf-
folds are immersed in the FdA solution at a nontoxic concentration,
photographed immediately under fluorescent conditions, and
rinsed prior to being returned to the incubator in fresh culture
media. We also outline the techniques for and results of correlating
the nondestructive FdA assay with the destructive MTT assay and
DNA content measurements with this construct. The toxicity of
the FdA assay has been evaluated with respect to keratinocytes,
fibroblasts, fibroblast-inoculated scaffolds, and keratinocyte—
fibroblast-inoculated scaffolds (28). Fluorescence can be quanti-
fied according to (1) the average over a defined surface area
(Fig. 2), (2) the degree of variability between the maximum and
minimum fluorescence over a given surface, or (3) the percent
surface area above a defined threshold fluorescence. By establish-
ing standard curves for fluorescence by inoculation density, MTT
assay, or total DNA content, a suitable threshold can be deter-
mined for specific cell-scaffold combinations.

1. The raw collagen from bovine hide is mixed with 0.5 M acetic
acid at 300 rpm on a stir plate within a refrigeration room
(see Note 6). Mix continuously for 24 h.

2. Calculate the amount of GAG-acetic acid solution required
for scaffold fabrication (add 1 ml of GAG solution for every
6.5 ml of collagen solution).

3. Fill the syringe with the appropriate amount of solution. Using
the syringe pump, slowly add (~12 ml/h) GAG-acetic acid
mixture to collagen—acetic acid solution. Mix for a total of 6 h.

4. Pour solution into a casting frame and freeze in the ethanol
bath at -80°C for 1 h.

5. Remove the top section from the casting mold (see Note 7)
and place the bottom section and frozen collagen—-GAG solu-
tion into prechilled lyophilizer.

6. Lyophilize the frozen solvent and place the resultant porous
collagen—GAG scaffold into vacuum oven set to 140°C and
30 mmHg for 24 h.

7. Cut collagen—-GAG scaffold to desired size and sterilize by
placing scaffold into a sterile culture dish filled with 70%
EtOH. Procedure performed in class I biological safety cabi-
net (BSC). Alternatively, the scaffolds may be packaged into
peel packs, and sterilized by gamma-irradiation (25 kGy) for
later use.

8. Rinse with HBS for 10 min, repeat four times followed by
2-30 min rinses in cell culture medium (see Note 8).
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3.2. Cell Harvesting

3.3. Preparation
of Fibroblast-Scaffold
Constructs

3.4. FdA Assay

. Warm fibroblast medium, HBS, and trypsin to 37°C in water

bath.

. Supplemented fibroblast culture medium is used to neutralize

trypsin in fibroblast cultures.

. Once fibroblasts have reached approximately 80% confluence,

remove from incubator, aspirate medium, and rinse once with
HBS for 2 min (see Note 9).

. Aspirate HBS, add trypsin to each flask, and reclose flask cap.

Place flasks in incubator for approximately 2 min.

. Tap side of flask with hand to detach cells from growth surface.

6. Add equivalent amount of supplemented medium to flasks,

rinse growth surface of flask with medium three times, remove
cell-containing medium, and place into sterile conical tube.

. Centrifuge at 1,000 rpm (200 xg) for 7 min.

. Resuspend and count cells using hemocytometer.

. Using flame sterilized forceps, place a sterile piece of Merocel

into a 150-mm culture dish. Immerse in cell culture medium.
Rinse twice.

. Place an 8 cm x 8 cm square of sterile N-terface on the Merocel

followed by the collagen scaffold (see Note 10).

. Aspirate excess medium from Merocel containing dish.

. Inoculate collagen scaffold with desired density of fibroblasts

(e.g., 1x10*/cm?).

. Add medium to dish until medium level reaches the top of the

Merocel. Do not allow medium to flow over the top of the
Merocel. Incubate at 37°C, 5% CO, for 3 h (see Note 11).

. Lift cell-scaffold constructs on the N-terface from the Merocel

and place into a 150-mm cell culture dish containing 50 ml
medium.

. Culture for up to 21 days with medium changed daily.

. Warm HBS and cell culture medium to 37°C.
. Wipe UV lightbox with 70% EtOH and place into BSC

(see Note 12).

. Using stock solution of FdA in acetone, mix a fresh dilution

0f 0.04 mg,/ml of FdA in HBS. Sterile filter into foil covered
bottle (see Note 13).

. Remove cell-collagen construct from incubator and aspirate

medium (see Note 14).

. Add FdA solution being careful to fully saturate all sides of

construct. Allow construct to soak in solution for 20 min at
room temperature.
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6.

7.

11.
12.

13.
14.

15.

Aspirate FdA solution and rinse cell-collagen construct
thoroughly with HBS.

Transfer cell-collagen construct to empty sterile 150-mm cell
culture dish and place dish on UV lightbox (see Note 15).

. Turn lightbox on for 20 s to convert the nonfluorescent FdA

to fluorescein.

. Wipe edges of camera hood with 70% EtOH.
10.

Place camera hood over the dish to block out all other light.
Turn on UV lightbox and take picture (1/8 s shutter speed)
after lightbox has been on for 5 s (see Note 16).

Allow photo to develop for 60 s.

While photos are drying, transfer cell-collagen constructs
back into cell culture dish containing medium and incubate.
After 3 h, change medium to ensure that there is no residual
FdA solution within the construct.

Scan photographs at 300 dpi in tiff format (Fig. 1).

Measure average fluorescence intensity using Metamorph
software (see Note 17).

In Metamorph, use the select area tool to select just the cell-
collagen construct within the photograph. Measure grayscale
intensity values including average, high, and low. The average
fluorescence intensity for the acellular grafts (0 cells/cm?) or
the background was subtracted from the cell containing
groups (Fig. 1).

Fig. 1 Qualitative assessment of collagen—GAG scaffolds inoculated with fibroblasts at variable densities; 0 cells/cm?
(a, ), 5E4 cells/cm? (b, f), 5E5 cells/cm? (¢, g), and 5E6 cells/cm? (d, h). Black and white photographs of fluorescein
intensity via exposure to FAA-HBS (5 mg/ml) for 20 min and H&E stained cross-sectional histology of collagen—GAG
scaffolds embedded in paraffin (a, e). Scale bar=200 um (a—d) and 1 cm (e-h). (Reproduced from ref. 28, with permission
from Mary Ann Liebert Inc.).
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3.5. Standard Curves
for FdA Intensity,
Inoculation Density,
DNA Content, and MTT
Assay

10.
11.

12.

13.

14.

15.

16.

. Prepare collagen scaffolds as in Subheading 3.3.

. Use sterile biopsy punch to cut 15 mm diameter circles in the

rinsed collagen scaffold or use a sterile scalpel to cut small
squares approximately 15 mmx 15 mm in size.

. Place sterile Snapwell inserts and 6-well plate into BSC and

remove lid.

. Using sterile technique, remove lower ring from Snapwell

insert (see Note 18).

. Place lower ring with collagen scaffold back onto upper

portion of insert affixing the collagen scaffold to the insert.

. Harvest cells following Subheading 3.2. Inoculate cells onto

collagen within Snapwell insert at 0, 5.0e3, 5.0e4, 5.0e5, and
5.0¢6/cm?. Adjust the total volume of inoculum to range
between 250 and 500 pl.

. Incubate for 1 day and perform FdA assay. Assay can be per-

formed with scaffolds in the inserts or scaffolds can be
removed prior to the assay.

. After the assay has been performed, return Snapwell inserts

to 6-well plate containing medium. Rinse twice with medium
(30 min per rinse, return plate to incubator after each
rinse).

. Remove cell-collagen constructs from Snapwell insert and

place into a new 6-well plate containing 4 ml of MTT-PBS
solution.

Incubate for 3 h.

Remove MTT-PBS solution and add 4 ml of methoxy etha-
nol in a chemical fumehood. Place on a plate shaker for 3 h at
room temperature.

Remove cell-scaffold constructs and read optical density on a
spectrophotometer at 590 nm.

Perform steps 1-8 again with a new set of fibroblast-scaffold
constructs.

After rinsing the constructs, remove the construct and per-
form the DNA quantification following the instructions pro-
vided by the Easy-DNA kit.

Use statistical software to correlate inoculation density, MTT
absorbance values, and DNA content with FdA intensity val-
ues. For fibroblasts on collagen scaffolds the relationship is
linear but this may not be true for all cell types on all types of
scaffolds (Fig. 2) (see Note 19).

The standard curves can then be utilized to extract additional
quantitative data from the FdA intensity values.
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Average Fluorescence Intensity

Fig.

100

r=0.853
p < 0.001

0 T T T
1e+3 1e+4 1e+5 1e+6 1e+7

Inoculation Density (cells/cmz)

2. Quantitative correlation between average fluorescein intensity measured with

Metamorph software and fibroblast inoculation density 1 day after fibroblast inoculation.
(Reproduced from ref. 28 with permission from Mary Ann Liebert Inc.).

4. Notes

. All solutions should be prepared in water with a resistance of

18.2 MQ cm. This is referred to as “water” in the text.

. Cold room can be substituted by a stir plate within a 4°C

refrigerator.

. Most general office scanners will suffice. Caution is taken to

avoid scanning the images at resolutions less than 300 dpi as
significant pixilation can occur.

. Other image software such as Image] may be used to calcu-

late average grayscale intensity.

. A biopsy punch is not essential. Collagen scaffolds can be cut

into small square pieces using a sterile scalpel and prep blade
or sterile scissors.

. The quantity of collagen—GAG solution required is propor-

tional to the area of collagen scaffold needed. 30 ml will form
approximately 15 cm?® (15x10x 0.1 cm), or 150 cm?.

. When removing frozen collagen—-GAG mold from casting

frame, caution is required to open frames quickly and gently
to avoid cracking.

. Any commercially available scaffold can also be utilized for

this assay. Be sure to quantify the autofluorescence for each
scaffold type used.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

All procedures involving cells and/or sterile scaffolds are
performed within a BSC using aseptic technique.

Flame sterilized instruments (forceps, scalpel, prep blade) are
used to manipulate sterile materials (collagen—GAG scaffolds,
Snapwell inserts, etc.). Sterile technique is assumed for all
procedures unless otherwise noted.

Cells will be incubated at 37°C, 5% CO,. Unless otherwise
noted these will be the incubation parameters.

To keep the cell-scaffold construct sterile, the entire assay will
be performed within the BSC. All instruments brought into
the safety cabinet will be wiped down with 70% ethanol prior
to set up.

FdA is very light sensitive. Both the stock solution and work-
ing solution are formed without laboratory lights on.

Once items are removed from the incubator they are placed
in the BSC. All procedures are performed in a BSC from this
point forward.

Fluorescein can be excited at a wide range of wavelengths,
with a maximal excitation at 494 nm (29). The FdA assay may
be used either qualitatively or quantitatively. Following cell
inoculation, cell adherence and localization on the matrix can
be visualized topographically and evaluated for uniformity for
quality control of the inoculation and collagen scaffold pro-
duction methods. Such a qualitative analysis would require
only a handheld Wood’s lamp to visualize the fluorescence, as
early as day 3 after inoculation. Alternatively, cell density and
distribution on the matrix can also be quantified, in order to
compare results between the groups.

Personal protective equipment (UV goggles or face shield) is
required to avoid physical injury due to the UV light.

Quantification requires strict adherence to sterile cell culture
techniques, including the use of a fluorescent UV light box
and black and white camera in the laminar flow hood. The
surface area which can be analyzed in this manner depends on
the size of the camera hood available to capture fluorescent
images. Once the photographic data is obtained, the fluores-
cence can be quantified using an image software program.
The localization of the fluorescence can also be quantified in
terms of the percent of the total surface area fluorescing over
a defined threshold.

Sterile gloves can be donned to remove the lower rig from
the Snapwell insert and for the insertion of the collagen—-GAG
scaffold.

The FdA assay can also be correlated to other biological prop-
erties such as total protein content.
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Chapter 14

Confocal Imaging Protocols for Live/Dead Staining
in Three-Dimensional Carriers

Benjamin Gantenbein-Ritter, Christoph M. Sprecher, Samantha Chan,
Svenja lllien-Jiinger, and Sibylle Grad

Abstract

In tissue engineering, a variety of methods are commonly used to evaluate survival of cells inside tissues
or three-dimensional (3D) carriers. Among these methods confocal laser scanning microscopy opened
accessibility of 3D tissue using live cell imaging into the tissue or 3D scaffolds. However, although this
technique is ideally applied to 3D tissue or scaffolds with thickness up to several millimetres, this applica-
tion is surprisingly rare and scans are often done on slices with thickness <20 um. Here, we present novel
protocols for the staining of 3D tissue (e.g. intervertebral disc tissue) and scaffolds, such as fibrin gels or
alginate beads.

Key words: Calcein AM, Ethidium homodimer-1, PKH26 tracker dye, Confocal laser scanning
microscopy, Hydrogel, Tissue, Cell viability

1. Introduction

Cell viability (CV) is an important parameter in tissue engineering
and culture studies to evaluate long-term survival of cells (1).
Currently, there are a number of assays available to determine CV
in tissue or three-dimensional (3D) scaffolds, including lactate
dehydrogenase (LDH) staining (2, 3), calcein AM with ethidium
homodimer-1 staining, e.g. Live /Dead® (CaAM /EthH), and cell
counting after scaffold /tissue digestion (4, 5). The CaAM/EthH
dyes can be used to stain living and dead cells directly in the tissue
or scaffold. The CaAM is enzymatically hydrolysed into calcein in
living cells, turning those fluorescent green. The EthH, on the
other hand, is only able to enter cells with a compromised mem-
brane and stains nucleic acid fluorescent red. It is also possible to
count cells after tissue/scatfold digestion using different dyes or

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_14, © Springer Science+Business Media, LLC 2011
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stains which differentiate living from dead cells, such as CaAM or
trypan blue (TB) (6). Live /Dead viability /cytotoxicity tests have
the advantage that the live cell staining is not dependent on cell
proliferation and is a non-radioactive assay unlike thymidine uptake
and °'Cr release assays (7-9). Stained cells can be observed under
epifluorescence illumination and counted to determine the per-
centage of viable (or non-viable) cells. For cells grown in multi-
well plates, an overall fluorescence per well can be determined
using a fluorescence plate reader. For 3D specimens, confocal laser
scanning microscopy (cLSM) has widely been applied. The pri-
mary advantage of the cLSM is its ability to produce optical sec-
tions through a 3D sample, e.g. a piece of tissue, that contain
information from only one focal plane. By moving the focal plane
of the instrument stepwise through the depth of the specimen, a
series (stacks) of optical sections can be collected (10, 11). Because
optical sectioning is non-invasive, the 3D distribution and relative
spatial relationship of stained living as well as fixed cells can be
observed with reasonable clarity. Another important feature is that
the computer-controlled cLSM produces digital images which are
amenable to image analysis and processing and can also be used to
compute surface- or volume-rendered 3D reconstructions of the
specimen. Accordingly, data from images can be processed and
converted into cell counts and live /dead cell ratios, respectively.

It seems evident that cLSM requires a more costly setup than
using simple cell counting with haemocytometer and TB exclu-
sion staining or applying LDH with cryosectioning and counter-
staining using propidium iodide. Table 1 summarises key features
of cell viability methods used for tissue engineering and lists
advantages and disadvantages.

Here, we provide hands-on protocols to set up the live /dead
protocol for 3D tissue, i.e. Calcein AM/ethidium homodimer-1
(CaAM/EthH) staining and describe in detail three protocols
for cell viability assessment: (1) staining protocol for tissue bits,
such as cartilage or intervertebral disc tissue, (2) a protocol to track

Table 1
Advantages and inconveniences of three commonly used microscopic methods
to determine cell viability

Backup of the Cell Cell Equipment Time
original carrier  morphology  distribution  costs consuming
LDH ++ + ++ + -
CaAM/EthH - ++ ++ = +
Trypan blue - - - - ++

LDH lactate dehydrogenase assay, CaAM/EthH calcein AM /ethidium homodimer-1, i.e. Live/Dead© assay
- Not appropriate, + useful, ++ very useful
“Histological sections can be kept for long-term usage
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exogenous mesenchymal stem cells labelled with red tracker dye
(PKH26) and endogenous cells within intervertebral disc tissue,
and (3) a protocol to stain cells in fibrin carriers or alginate beads.

2. Materials

2.1. Stage for 3D A stage for 3D scanning with good optical characteristics for
Scanning inverted microscopy can be produced with the following
materials.

1. Aluminium plate (dimensions 50 mmx80 mmx6 mm)
(Fig. la, b).

2. Metal drill to cut out a circular hole (@ 22 mm).

a 80 mm

50 mm

Fig. 1. Dimensions of simple custom-made sample holder (aluminium plate with 22 mm
@ drilled hole) used for improved 3D scanning. (a) schematic fop view and (b) side view.
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2.2. Staining of Larger 1.

Tissues
2
3
4
5
6
7
8
9
10.
11.
12.
2.3. PKH26 GCell 1.
Tracker Labelling

. Coverslip 30 mmx50 mm Nr.l (e.g. Gerhard Menzel

Glasbearbeitungswerk GmbH & Co. KG, Braunschweig,
Germany).

. Nusil© Medical Grade Silicon (MED-1137, Adhesive Silicone

Type A, Silicone Technology, Carpinteria, CA). The Nusil©
Medical Grade Silicon is dried for at least 72 h.

The complete sample holder is washed twice with methanol
and dried for 15 min before use.

Fresh intervertebral disc tissue, e.g. from bovine tails obtained
from local slaughter house (ideally within hours post-mortem
and skin removed).

. Betadine™ solution.

. 24-Well plate.

. Phosphate-buftered saline (PBS).

. Dulbecco’s Modified Eagle’s Medium (DMEM).

. Scalpel blade holders #3 and #4.

. Scalpel blades #10, #11, and #20.

. 1 mM Calcein AM (CaAM) stock solution. Stock solution

needs to be prepared in 100% dimethylsulphoxide (DMSO)
and stored in the dark at <-20°C.

. 1 mM ethidium homodimer-1 (EthHD) (see Note 1). Stock

solution needs to be prepared in 80% DMSO and 20% ddH,0.
Both fluorochrome stock solutions are stored protected from
light at <-20°C where they are stable for at least 6 months.

Staining solution: Prepare 1 mL of staining solution per sam-
ple (~3 mmx 3 mmx 3 mm), using serum-free DMEM. For
disc tissue, use 10 pM CaAM (1:100 dilution of stock solu-
tion) and 1 uM EthHD (1:1,000 dilution of stock solution).
Prepare the dye “cocktail” directly before staining, since
fluorescent dyes are unstable in contact with water. Keep in

the dark if possible.
Aluminium sample holder (see Subheading 2.1).

Inverted confocal Laser Scanning Microscope Axiovert220m
with motor-driven stage (LSM 510 series, Carl Zeiss, Jena,
Germany).

PKH26 Red Fluorescent Cell Linker Kit for general cell
membrane labelling (PKH26GL-1KT). This kit is for general
cell membrane labelling. It has been characterised in a num-
ber of model systems and has been found to be useful for
in vitro cell labelling, in vitro proliferation studies, and long-
term in vivo cell tracking.

2. Ethanol 100%.

. Foetal calf serum (FCS).
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. High glucose DMEM supplied with antibiotics.
. High glucose DMEM +10% ECS.
. Tyrode’s balanced salt solution (TBSS).

. Primary bovine bone marrow-derived mesenchymal stem

cells, which are <Passage 4 (see Note 2).

.1 mM (1 mg/mL) CaAM stock solution. Stock solution

needs to be prepared in 100% DMSO. Fluorochrome stock
solutions are stored protected from light at <-20°C where
they are stable for at least 6 months.

. 1 mM 4'-6-diamidino-2-phenylindole (DAPI) stock. Stock

solution is prepared by dissolving DAPI powder in distilled
H,O with vortex.

10x Trypsin/EDTA mix solution. Dilute 1:10 with TBSS.
6 mm biopsy punch.

Scalpel blade holder #3.

Scalpel blades #10 and #11.

Fresh intervertebral disc tissue from bovine tails and from
local slaughter house (ideally within hours post-mortem).

Hamilton syringe #1710 (5-100 pL range) (Hamilton).
Sharp-headed 22-G needle for Hamilton syringe.
Centrifuge to spin down cells at 400-500 x g.
Aluminium sample holder (see Subheading 2.1).

Inverted confocal Laser Scanning Microscope Axiovert220m
with motor-driven stage (LSM 510 series, Carl Zeiss, Jena,
Germany).

. Bovine cartilage, for instance, from the femoral condyles of a

4-month-old calf obtained from the local abattoir, cut in
small pieces (9-25 mm?); or approximately 10x10° primary
chondrocytes.

. Tyrode’s balanced salt solution (TBSS).

. Pronase I (Roche).

. Collagenase II (Worthington).

. High glucose DMEM supplied with antibiotics.
. Foetal calf serum (FCS).

. Dimethylsulphoxide (DMSO).

. Fibrinogen solution (Tisseel©, Baxter, Vienna, Austria),

50 mg/mL.

. Fibrinogen dilution buffer (Baxter, Vienna, Austria).
10.
11.

Thrombin solution (Tisseel©, Baxter), 10 U/mL (see Note 3).

Thrombin dilution buffer (Baxter, Vienna, Austria).
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12. Sterile mould to prepare fibrin gels (e.g. cylinder of dimensions
@ 8 mmx4 mm height, thus ~200 mm? volume).

13. Sterile punch that fits precisely the diameter of the mould to
remove the fibrin carrier.

14. 1 mM (1 mg/mL) CaAM stock solution (see Subheading 2.2,
item 8).

15. 1 mM EthHD stock solution (see Subheading 2.2, item 9).
16. 24-Well plate.

17. Scalpel blade holder #3.

18. Scalpel blades #10 and #11.

19. Aluminium sample holder (see Subheading 2.1).

20. Inverted confocal Laser Scanning Microscope Axiovert220m
with motor-driven stage (LSM 510 series, Carl Zeiss, Jena,
Germany).

3. Methods

3.1. Stage for 3D
Scanning

3.2. Staining of Larger
Tissues (e.g.
Intervertebral Disc
Tissue)

3.2.1. Preparation
of Tissue Samples

In fluorescent microscopy, it is important to work with the best
possible optics. Therefore, a custom-made sample holder is manu-
factured. A hole of 22 mm diameter is drilled into the 6-mm thick
aluminium plate. Using adhesive silicone, a coverslip is glued on
one side of the hole (Fig. 1). The sample holder prevents the sample
(e.g. disc) from drying out during the time at the cLSM. The objec-
tives are corrected for the thickness of the coverslip used. It is impor-
tant to make sure that the sample is not floating in the liquid
(e.g. PBS or TBSS). Furthermore, dirt particles or air bubbles
between the coverslip and the sample will change the optical result.

Here, we describe the staining of larger tissues, €.g. an interverte-
bral disc sample of 3 mmx 3 mmx 3 mm.

1. Freshly prepare intervertebral discs (IVD) from bovine tails
obtained from the local slaughter house under a laminar flow
or some protected area to prevent contamination. Disinfect
the tail with Betadine™ solution prior to dissection.

2. During dissection of the discs, frequently sprinkle the tail
with PBS to prevent dehydration.

3. Use a scalpel holder #4 with blade #20 to remove as much of
the soft tissue as possible from the caudal spine to ensure easy
localization of the IVD. Change blades frequently.

4. If necessary, remove the spinous and transverse processes of
the vertebrae by using bone removal pliers (see Note 4).
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. After removing the surrounding tissue, pass on to blunt

dissection to avoid cutting into the disc. Therefore, pull the
blade in a ~30° angle along the vertebrae and the IVD to
remove muscles, nerves, and blood vessels from the outer
annulus and the vertebrae.

. Dissect the disc with a scalpel holder #3 blade #10 by cutting

through the transition zone between disc and endplate.

. Separate the disc into nucleus pulposus (NP) and annulus

fibrosus (AF) tissue with a 6-mm diameter biopsy punch (see
Note 5).

. The following cuts are done with a scalpel holder #3 blade

#10 (each cut with a fresh blade). Cut the punched-out NP
sagittally into halves. Divide the donut-shaped AF in quarters
(triangles) and further dissected it into inner and outer AF.

. Distribute 1 mL staining solution per well into a 24-well

plate, cover the plate with aluminium foil, and keep it at 4°C
until use (use the same day).

Immerse the samples in 1 mL of the freshly prepared staining
solution in a 24-well plate (see Subheading 3.2.1) and incubate
for 2 h at 37°C in 90% humidity and 5% CO, (see Note 6).

After incubation, transfer the tissue into a fresh well plate,
wash 1x with PBS and immediately observe it by cLSM.

For this procedure the Argon and the HeNel laser on the
LSM 510 (Carl Zeiss, Gottingen, Germany) mounted on an
Axiovert200m equipped with the Software LSM510 (Version
3.2) are used.

. To visualise the green fluorochromes, the 488-nm wave

length of the Argon laser, a main beam splitter 488 /543, a
beam splitter 545 nm, and a band pass 505-530 nm are used
on the first channel.

. The 543-nm wave length of HeNel laser, a main beam split-

ter 488 /543, a beam splitter 545 nm, and a long pass 585 nm
are used on the second channel to image the red
fluorochromes.

. Stacks are taken with a 10x objective Plan Neofluar 10x,/0.3

(Carl Zeiss, Gottingen, Germany) at a 512 x512 pixels (field
size 0£921.4 umx921.4 um) with the pinhole at 1 Airy unit,
50% image overlap, and 5.68 um intervals. The stack thick-
ness is between 200 and 300 um.

. The tissue is removed from the well plate immediately before

live-cell scanning and placed onto the custom-made specimen
holder (Subheadings 2.1 and 3.1).

. Raw data are taken in .Ism file format, which can be used as

input for Carl Zeiss Original software or in software of other
producers (see Fig. 2).
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Fig. 2 (a) Representative scan of live/dead staining taken at 10x magnification through the nucleus pulposus of ovine
caudal intervertebral disc, (b) green channel, and (c) red channel.

3.3. PKH26-Labelled Staining and injecting mesenchymal stem cells into whole bovine
Cell Tracking caudal IVD and tracking the cells with cLSM.

3.3.1. Staining of 1. Wash cells with TBSS.

Mesenchymal Stem Cells 2. Trypsinize bovine mesenchymal stem cells (bMSCs) (between

with PKH26 Tracker Dye

Passages 2 and 4) at 80% confluency.

. Add 20 mL 1x trypsin/EDTA solution to each T-300 flask

and incubate at 37°C for 10 min.

. Stop trypsin reaction by adding 20 mLL. DMEM with 10%

FCS.

. Transfer cell suspension into 50-mL Falcon® tube. Count

number of cells and make sure the total number of cells for
staining is less than 1x 107,

. Transfer the desired amount of cells into new 15-mL Falcon®

tube.

7. Spin down cell suspension at 400 x g for 5 min.

10.

11.

12.

13.

. Wash cells with high glucose DMEM without serum and cen-

triftuge at 400 x4 for 5 min.

. Resuspend cells in 500 uL. DILUENT C (provided by the

kit).
Prepare working dye solution by adding 490 uL. DILUENT

C+3 uL EtOH +2 pL dye making up a final dye concentra-
tion of 4 uM.

Mix the prepared 495 pL. working dye solution with the
500 pL cell suspension. Gently mix by inverting the tube two
to three times and turn the 15-mL Falcon® tube up side down
and incubate for 4 min at room temperature.

Stop the reaction by adding 1 mL FCS and incubate for
1 min.

Wash cells with 2 mL of DMEM with 10% FCS and centri-
fuge at 400 x g for 5 min.
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3.3.3. Preparation of
Tissue Samples
and Staining Solutions

3.3.4. Scanning Procedure
with the cLSM

14.
15.
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Transfer cells to new tubes and wash three times with TBSS.

Plate 2x10° PKH26 stained cells in T-150 flask in low glu-
cose DMEM and let them recover overnight before
injection.

. Wash labelled cells in T-150 flask with TBSS.
. Trypsinize PKH26 labelled cells using 15 mL of 1x trypsin/

EDTA solution.

. Stop trypsin reaction by adding 20 mL of DMEM with 10%

ECS.

. Count the number of cells; prepare an aliquot for injection at

1x10° cells and centrifuge at 400 x4 for 5 min.

. Resuspend the washed cells in 100 pL TBSS for injection.
. Inject 50 puL of cell suspension into the centre of the IVD

using 22-G 45°-sharp headed needle with the 100-pL
Hamilton syringe. The injection speed should be approxi-
mately 50 uL/min.

. The injected cells may be cultured for a certain time or imaged

immediately on the confocal laser scanning microscope as
described below.

. Remove endplates on both sides of the disc. Punch out

nucleus pulposus (NP) using a 6-mm biopsy punch and make
three more cuts with #11 scalpel blade in a triangle.

. Dissect discs further into inner annulus fibrosus (AF) and

outer AF. Cut inner and outer AF into four pieces.

. Immerse each intervertebral disc tissue in 1 mL of TBSS con-

taining 10 uL./mL CaAM stock (final concentration 10 uM)
in a 24-well plate.

. To ensure full penetration of the dye into the tissue, incubate

tissue with staining solution at 4°C for 3 h and then 1 h at
37°C (see Note 06).

. Take out the tissues and then incubate each of the tissue in

1 mL TBSS containing 2.5 uLL DAPI stock solution at 37°C
for 30 min.

. Transfer tissues and store in TBSS prior imaging.

. For this procedure the Argon, the HeNel, and the UV Laser

(351 and 364 nm) on the LSM 510 (Carl Zeiss, Gottingen,
Germany) mounted on an Axiovert200m equipped with the
Software LSM510 (Version 3.2) are used.

. The 351 and 364-nm wave lengths of UV laser are used on

the first channel to scan the blue fluorochromes. The optical
settings are main beam splitter UV /488 /543 /633 nm, the
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first beam splitter 545 nm, the second beam splitter 490 nm,
and a band pass 385470 nm.

3. To visualise the green fluorochromes, the 488-nm wave
length of the Argon laser, a main beam splitter
UV /488 /543,/633 nm, a beam splitter 545 nm, and a band
pass 505-530 nm are used.

4. The 543-nm wave length of HeNel laser, a main beam split-
ter UV,/488,/543,/633 nm, a beam splitter 545 nm, and a
long pass 560 nm are used to image the red fluorochromes.

5. Stacks are taken with a 10x objective Plan Neofluar 10x /0.3
(Carl Zeiss, Gottingen, Germany) at a 512 x512 pixels (field
size of 921.4 umx921.4 um) and 50% image overlap and
4.78 um intervals. The stack thickness is between 100 and
150 um (Fig. 3).

Fig. 3. (a) Representative scan of PKH26-labelled bovine mesenchymal stem cells (bMSCs) that were injected into a
bovine intervertebral disc and stained with calcein AM (green) and DAPI at day 0 after injection. (a) Composite image —
green and blue labelled cells mark living endogenous tissue and blue only denote dead disc cells. Red and green labelled
cells denote living exogenous cells and red only dead exogenous cells, (b) green channel, (c) red channel, and (d) blue
channel.
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6. The tissue is removed from the well-plate immediately before

live-cell scanning and placed onto the custom-made specimen
holder (Subheadings 2.1 and 3.1).

7. Raw data are taken in “.Ism” file format, which can be used as
input for Carl Zeiss Original software or in software of other
producers.

Bovine cartilage tissue pieces are washed with TBSS and pre-
digested in spinner flasks with 1 mg/mL pronase I in TBSS for
2 h at standard conditions (37°C, 5% CO,, 95% humidity). Pre-
digested cartilage is then washed with TBSS and digested with
600 IU/mL collagenase II in DMEM by stirring overnight
(14 h). After washing in TBSS, the primary chondrocytes are
expanded up to P2 in DMEM, 10% FCS, 1% antibiotic/antimy-
cotic solution and then frozen in DMEM containing 10% FCS
and 10% DMSO. Cells are thawed and expanded up to P8 in
DMEM, 10% FCS, 1% antibiotic/antimycotic solution in stan-
dard conditions for experimental use.

Fibrin carriers are polymerised in custom-made moulds of stain-

less steel (8 mm diameterx4 mm height; final volume of
201.05 mm?).

1. Fibrinogen and thrombin are prepared as intermediate solu-
tions as follows: Tisseel© fibrinogen original recipe is diluted
1:1 with fibrinogen dilution buffer (recipe can be obtained
from Baxter, Inc., Austria), resulting in a concentration of
50 mg/mL. Thrombin original concentration (500 U/mL)
is diluted 50 times with thrombin dilution bufter.

2. Primary chondrocytes are trypsinized from culture flasks.

3. Cells are washed in PBS and suspended in fibrinogen
solution.

4. Within 5 min, 100 uL of thrombin solution (10 U/mL) is
added to 900 pL fibrinogen/cell suspension.

5. Immediately, 230 uL of this solution are transferred into the
custom-made mould and left for 20 min at RT. The final cell
density in the fibrin carriers is ~7,000 cells/mm?, approxi-
mately corresponding to that observed in IVD and articular
cartilage.

6. The fibrin carriers can be either analysed directly by proceed-
ing to the staining section (see below) or cultured for some
time (see Note 7).

7. Remove the fibrin carriers from the culture media.

8. Cut fibrin carriers sagittally into halves with a scalpel blade
#11.
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10.

11.

3.4.3. Imaging Procedure 1.

. Immerse each half of fibrin carrier in 1 mL serum-free DMEM

containing 10 pL/mlL CaAM stock (final concentration
10 uM) and 1 uM EthHD in a 24-well plate.

To ensure diffusion of dyes throughout the sample incubate
it with dyeing solution for 3 h at 4°C followed by 1 h in at
37°C, 5% CO,, and 100% humidity.

Transfer and store samples in TBSS prior to imaging and
image immediately.

For this procedure, the Argon and the HeNel laser on the
LSM 510 (Carl Zeiss, Gottingen, Germany) mounted on an
Axiovert200m equipped with the Software LSM510 (Version
3.2) are used.

. To visualise the green fluorochromes, the 488-nm wave

length of the Argon laser, a main beam splitter 488 /543, a
beam splitter 545 nm, and a band pass 505-530 nm on the
first channel are used.

. The 543-nm wave length of HeNel laser, a main beam split-

ter 488 /543, a beam splitter 545 nm, and a long pass 585 nm
are used on the second channel to image the red
fluorochromes.

. Stacks are taken with a 10x objective Plan Neofluar 10x,/0.3

(Carl Zeiss, Gottingen, Germany) at a 512 x 512 pixels (field
size 0of 921.4 pumx921.4 um) with the pinhole at 1 Airy unit,
50% image overlap, and 5.70 um intervals.

. Scan the carriers from top and bottom surfaces to ~200 pm

depth at two random locations per side.

. Count red and green cells (see Note 8).

4. Notes

. Instead of the raw dyes for live-cell imaging, the dyes from

Molecular Probes™ (Molecular Probes) may also be used.
However, for certain applications in 3D tissue, we found it
convenient to modify the stock concentration of the CaAM/
EthHD. For IVD, we sometimes used a stock solution which
was 5x higher, thus 5 mM.

. Other primary cell types or cell lines may be used for

injection.

. The working concentrations of fibrinogen and thrombin can

be achieved by dilution of the original Tisseel© solution
(500 U/mL of thrombin and 100 mg/mL of fibrinogen)
with specially provided buffers from Baxter. We use a fibrinogen
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concentration of 50 mg/mL, which corresponded a 1:1 dilu-
tion, and a thrombin concentration of 10 U/mL (1,/50 dilu-
tion of the original thrombin solution).

4. Depending on the level of the IVD or the species, the spinous
processes of the vertebrae may obstruct the access to the tran-
sition zone between the disc and the cartilaginous end plates.
In bovine, this applies only for the more proximal vertebrae,
whereas in ovine, these processes are present throughout the
entire caudal vertebrae.

5. Depending on the disc size, biopsy punches of different diam-
eters are recommended: 6 mm punch: discs with a diameter
~15-20 mm; 5 mm punch: discs with a diameter
~9-14 mm.

6. The incubation time may vary with different type and size of
the tissue used for staining. This should be optimised in pre-
liminary experiments when using different tissues.

7. For the successful long-term culture of fibrin, addition of
aprotinin or caproic acid may be necessary to prevent degra-
dation of fibrin carrier through enzymatic activity (12, 13).

8. Red and green cells can be quantified per single image using
a custom-made macro in Image] software (deposited at NTH,
http: //rsb.info.nih.gov/ij/plugins /index.html). The macro
consists of a threshold step that passes a binary image with
pixels in the range of 100-255 to the plug-in “nucleus coun-
ter” (McMaster University, Biophotonics Facility, http://
www.macbiophotonics.ca/imagej), which then wuses the
“Otsu” method for particle counting. The minimum and
maximum island sizes are set to 7-50 and 15-100 pixels for
the red and green channels, respectively. The CV is then esti-
mated on a subset of ten consecutive images, starting at the
image with 50% or more of the maximum amount of the total
cells per image in a single stack.
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Chapter 15

Viabhility Assessment of Osteocytes Using Histological
Lactate Dehydrogenase Activity Staining on Human
Cancellous Bone Sections

Katharina Jahn and Martin J. Stoddart

Abstract

The assessment of viable osteocytes within bone tissue is of crucial importance. Osteocytes are the most
abundant cells in bone. Due to their interconnectivity in the bone matrix they are hypothesised to play
an important role in the maintenance of the extracellular matrix of bone. The death of osteocytes and the
resulting disturbance of the osteocyte-canalicular network are responsible for the “loss of function” seen
in several bone diseases. The lactate dehydrogenase (LDH) assay is a popular method to detect cell viabil-
ity in bone sections. The major advantage of the LDH assay is the stability of the LDH enzyme for up to
36 h after cell death, eliminating any false negative viability results due to processing of the tissue. Here,
we present a quick, reliable, and easy modification of the LDH assay using non-decalcified, thick, unfixed
cancellous bone sections for the quantification of osteocyte viability.

Key words: Lactate dehydrogenase, Viability, Cancellous bone, Osteocyte

1. Introduction

The use of LDH activity staining as measurement for osteocyte
viability goes back to 1982 when Wong et al. introduced this his-
tological method for the use on bone sections derived from
human femoral heads (1). He demonstrated that viable osteo-
cytes were stained positive for LDH activity, while it was already
known that necrotic tissue does not show LDH activity staining.
The clear advantage of the LDH viability staining for the use on
bone tissue is determined by the stability of the enzyme activity.
LDH activity can be detected up to 36 h after cell death. This
characteristic property of LDH enables the processing of minera-
lised bone tissue by cutting, drilling, or even freezing prior to
viability staining without the creation of false-negative results.

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_15, © Springer Science+Business Media, LLC 2011
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This property of the LDH enzyme is of crucial importance, as
bone possesses several characteristics that complicate viability
analysis. Firstly, the assessment of cell viability within 3D samples
of bone tissue is dependent on the reagent penetration. However,
reagent penetration within bone is rather difficult. Cortical and
even cancellous bone is considered as dense material due to the
mineralisation of the extracellular matrix and the fine lacunar-
canalicular-network. Secondly, additional misinterpretations of
viability assessments within a 3D sample may arise due to the pre-
dominant uptake of a metabolically active reagent by surface cells,
limiting the availability of reagent for the central cell population.
Both effects are responsible for the creation of false-negative
results within the centre of bone explants.

Lactate dehydrogenase (LDH, EC 1.1.1.27) is an ubiquitous
cytoplasmic enzyme. The enzyme can be found in almost all liv-
ing cells in a huge variety of organisms. The LDH enzyme is a
tetrameric protein, which consists of polypeptide subunits of
either type M or type H. Subunit M (M from muscle) is thought
to be responsible for the reaction of the glycolysis product pyru-
vate and reduced nicotinamide adenine dinucleotide (NADH) to
lactate and oxidised nicotinamide adenine dinucleotide (NAD")
under the absence of oxygen, whereas the subunit H (H for heart)
is more likely responsible for the reverse reaction (2) (Fig. 1).

The two polypeptide subunits M and H form in total five differ-
ent LDH isoenzymes, LDH-1 (four H-subunits) is predominantly
found in heart tissue, LDH-2 (three H- and one M-subunit) in the
reticuloendothelial system, LDH-3 (two H- and two M-subunits) is
found in lungs, LDH-4 (one H- and three M-subunits) in the kid-
neys, and LDH-5 (four M-subunits) is present in liver tissue as well
as striated muscles. In humans, the polypeptide subunit M is encoded
by LDHA (11p15.4) and subunit H by LDHB (12p12.2-p12.1).
A third isoform known as LDHC is thought to have arisen by
duplication of the LDHA sequence.

The classic example of the reversible LDH-driven reaction is
seen during anaerobic respiration in muscle cells, when ATP is
needed in large amounts while oxygen supply is restricted. Under
these conditions LDH converts pyruvate and NADH to produce
lactate and NAD*. However, the reaction products are in equilib-
rium, so that the reverse reaction is also catalysed. The possible

OH
LDH

HasC—C—COOH +NADH + H' 4= GH,— CH— COOH + NAD"

Pyruvate

Lactate

Fig. 1. Schematic illustration of the reversible reaction catalysed by the LDH enzyme.
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reaction mechanism involves the transfer of a hydride ion from
C4 of NADH to the C2 of pyruvate and at the same time one
proton is transferred from C2 of pyruvate to histidine 195 of the
enzyme. Histidine 195 and arginine 171 stabilise the position of
the substrate pyruvate /lactate by electrostatic bonding. Lactate is
an end product of anaerobic respiration and can either be trans-
ported outside of the cell or directly reconverted to pyruvate. The
majority of the produced lactate is transported to the liver, where
during the cori-cycle, lactate is reconverted to pyruvate due to
the action of the LDH enzyme. The produced pyruvate can then
be converted to glucose during gluconeogenesis using adenosine
triphosphate (ATP) of the liver. The so-produced glucose is trans-
ported back to the muscle where it is either stored in the form of
glycogen or is directly used to produce muscle ATP (3).

The LDH assay introduced within this chapter is using the
tetrazolium salt nitroblue tetrazolium (NBT) as third substrate
next to lactate and NAD*. The use of this particular substrate offers
further advantages of the method. Bone matrix, especially in a
highly mineralised state, is extremely autofluorescent complicating
the use of fluorescent viability dyes, such as fluorescein diacetate or
ethidium homodimer. During the LDH assay, the supplied tetrazo-
lium salt is converted by viable cells to the water-insoluble dark-
purple formazan. Due to the location of the LDH enzyme within
the cytoplasm, one cell can be easily distinguished from another.
Stoddart et al. demonstrated the use of the naturally occurring auto-
fluorescence of bone matrix as background emission increasing the
contrast to the positively dark-stained osteocytes that efficiently
block the autofluorescence (4). Fluorescence micrographs are
therefore taken at 450490 nm excitation and 515-565 nm emis-
sion using a beam splitter at 510 nm. Central regions of the bone
sections were visualised with these settings with a 20x objective
lens. Due to the achieved depth of field of 4.12—4.52 pm, dark
violet-stained osteocytes in focus could be accounted as viable
osteocytes per bone area.

2. Materials

2.1. Bone Explant
Preparation

1. 0.9% Sodium chloride solution pre-cooled to 4°C.
2. Hank’s balanced salt solution (HBSS).

3. Exakt 300 band saw.

4. 10 mm diameter diamond tipped core bit (Synthes).
5

. Annular saw (Leica).
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2.2. LDH Staining

2.3. Visualisation

1. Polypep base solution: 5% Polypep, 2 mM Gly-Gly and 0.75%
NaCl, pH 8.0 (stored at 4°C).

2. LDH staining solution: Add 60 mM lactic acid, 17.5 mg
B-nicotinamide adenine dinucleotide (NAD) (final conc.
1.75 mg/ml) to 10 ml polypep base solution. Adjust to pH
8.0 with 5 M NaOH. Add 30 mg NBT immediately prior
to use.

. Phosphate-buftered saline (PBS).

. 4% Phosphate-buffered formalin.

. Hydromount (National Diagnostics).
. Axioplan microscope (Zeiss).

. Zeiss filter set #10 (excitation BP 450-490 nm, beam splitter
FT510 nm, emission BP 515-565 nm).

6. Imaging and analysis software, e.g. Axiovision software
(Zeiss).

SN N N S

3. Methods

3.1. Preparation

of Fresh Cancellous
Bone Sections for LDH
Assay

Cytoplasmic LDH activity is used to determine the viability of
osteocytes within cancellous bone sections from human femoral
heads, though it is possible to use any type of bone from any type
of donor or donor site. Cancellous bone was processed to 250 um
thick, undecalcified, unfixed sections and used directly for LDH
staining and further analysis. However, Wong et al. have shown
that the method can be used on overnight decalcified bone sec-
tions as well (1). Furthermore, Noble and Stevens demonstrated
the use of the LDH assay on undecalcified cryosections (5). Their
method used a 40% polypep-based LDH solution for section sta-
bilisation during staining. Adapted from this method, we recom-
mend using a 5% polypep base solution for LDH activity
determination of osteocytes within 250 um thick sections of can-
cellous bone.

1. Human femoral heads will be used as cancellous bone mate-
rial for LDH viability assay. Therefore, cut the bone in 7-mm
thick sections using an “Exakt 300” band saw. Prepare can-
cellous bone cores of 10 mm diameter using diamond tipped
core bit. Cut the prepared cancellous bone cores to produce
250 um sections using an annular saw. All blades need to be
diamond-coated to enable cutting through the highly min-
eralised bone tissue. During all cutting and drilling proce-
dures, the bone explants need to be irrigated with sterile
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pre-cooled (4°C) saline to reduce the formation of bone
debris and heat-induced cell death.

. Collect the cancellous bone sections and place them individu-

ally in wells of 24-well plates. Sections need to be submerged
in HBSS prior to LDH staining.

. As basis solution for the LDH assay, prepare a 5% polypep

base solution (see Note 1). Polypep is a mixture of peptides,
which dissolved in water results in a viscous solution stabilis-
ing tissue sections. To prepare 100 ml LDH solution, weigh
out 0.66 g of the buffering substance glycylglycine and add
50 ml distilled or deionised water.

. The solution is made isotonic by the addition of 0.75%

sodium chloride (0.75 g/100 ml).

. Adjust the pH of the solution with 1 M NaOH to pH 8.0.
4. Add 5 g polypep to the solution and leave it for 1-2 h to stir

at room temperature, before adjusting to the final volume of
100 ml using distilled or deionised water. The prepared base
solution might be stored up to 6 month if kept at 4°C.

. The LDH assay solution is prepared fresh on the day of the

assay from the pre-prepared base solution. Add 60 mM lactic
acid as primary substrate to the solution. For a volume of 10 ml
LDH solution, add 54 mg lactic acid. Mix the solution.

. Add the second substrate, NAD*, in a concentration of 17.5 mg

per 10 ml to the solution and mix well. Both lactate and NAD*
are substrates in the LDH catalysed reaction which results in
NADH and pyruvate production due to enzyme activity.

. Due to the addition of lactic acid, the pH of the LDH solu-

tion needs to be readjusted to pH 8.0 prior to the addition of
the third and final substrate.

. Add 30 mg NBT per 10 ml solution to the LDH solution.

NBT is a light-sensitive substance, it is therefore necessary to
protect the solution from light during the procedure. Mix the
solution well to ensure complete dissolving of the NBT (see
Note 2).

. Cover cancellous bone sections with suitable volume of LDH

staining solution. For a 250 um thick section with 10 mm
diameter, use a 24-well plate and 500 pl LDH solution for
incubation. Allow the reaction to perform for 4 h at 37°C in
the dark (see Note 3). During this process, active LDH pre-
sent in viable cells converts the supplied substrates — lactate,
NAD*, and NBT - to produce pyruvate, NADH, and the
visible purple formazan salt which is deposited inside the
cytoplasm.
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3.3. Documentation 1. Wash off the LDH solution from the cancellous bone sections
and Quantification with several volumes of deionised water prior to a final wash
of Viable Osteocytes with 50°C warm PBS.

Within Human 2. Preserve LDH stained sections by the addition of 4% neu-
Cancellous Bone trally phosphate-buffered formalin at 4°C. Sections can be

stored up to 6 months prior to analysis.

3. Prior to visualisation, wash the fixed sections shortly in deionised
water. Place one section on a microscopic glass slide. Prior to
the addition of Hydromount prepare a frame of nail polish in
the size of the coverslip around the bone section. This will
reduce the amount of air bubble formation after mounting.
Cover the section with Hydromount. Apply a coverslip onto
the section and leave slides for 2—4 h at room temperature.

4. Visualise the LDH stained sections using a fluorescence micro-
scope. View slides at 20x lens magnification with Zeiss filter set
#10 (excitation BP 450490 nm, beam splitter FT510 nm,
emission BP 515-565 nm) to visualise the dark-stained osteo-
cytes blocking the green background autofluorescence of bone
(see Note 4) (Fig. 2a). This provides an image that can be more
casily analysed than brightfield images (Fig. 2b).

5. Take several micrographs in the centre of the sections. Analysis
can then be performed on “zvi”-format micrographs using

Fig. 2. Micrographs from LDH-stained human cancellous bone section. (a) Fluorescent micrograph (emission 515-565 nm)
showing dark-stained osteocytes blocking the natural autofluorescent of the extracellular matrix of bone. (b) Brightfield micro-
graph of the same region of interest demonstrating an uneven bone matrix illumination in comparison to micrograph (a).
Micrograph (a) was used for the determination of bone matrix area (¢) and viable osteocytes (d).
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the Axiovision software (Zeiss). Therefore, mark the extracel-
lular bone matrix area per micrograph using the outline tool
(Fig. 2¢). Then mark the dark-stained osteocytes within this
area (Fig. 2d). From this the ratio of viable osteocytes per
mm? bone matrix area can be calculated (see Note 5).

4. Notes

. The LDH viability assay on unfixed cryosections of bone tis-

sue is possible. Therefore, prepare a 40% polypep base solu-
tion by adding 40 g of polypep instead of 5 g per 100 ml base
solution. The addition of sodium chloride is not required for
this solution.

. The prepared LDH solution needs to be used immediately

after the NBT is dissolved. If the colour of the prepared solu-
tion changes from yellow to a brown tone, we recommend to
discard the solution and to prepare a fresh LDH solution.

. Seal the sections during incubation with the LDH solution.

The LDH solution is very viscous and may dry out quickly
during incubation at 37°C.

. For any LDH viability study we recommend to perform, next

to a viable control, a “dead control” sample. Two methods have
been used successful by our group to achieve consistent results —
over night heat incubation at 56°C, as well as short cycles of
repeated freeze (-196°C) and thawing (37°C). The LDH stain-
ing performed after 48 h of over night heat incubation demon-
strates the presence of empty non-stained lacunae (Fig. 3).

. To determine the ratio of live versus dead cells, stain the

unprocessed bone tissue with ethidium homodimer prior to
LDH staining. Dead cells will show a red-fluorescent nucleus.

Fig. 3. Micrographs from sections of human cancellous bone heat-incubated over night at 56°C for 48 h prior to LDH
staining. (a) Fluorescent micrograph (a; emission 515-565 nm) and brightfield micrograph (b) showing no positively

stained osteocytes.
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Chapter 16

Measuring Glutamate Receptor Activation-Induced
Apoptotic Cell Death in Ischemic Rat Retina Using
the TUNEL Assay

Won-Kyu Ju and Keun-Young Kim

Abstract

Glutamate receptor activation-mediated excitotoxicity has been hypothesized to cause cell death in
both acute and chronic neurodegenerative diseases including glaucoma. Although the precise mecha-
nisms of ischemia-induced neuronal death are unknown, glutamate excitotoxicity-induced apoptotic
cell death is considered to be an important component of postischemic damage in the retina. The
blockade of apoptotic cell death induced by glutamate receptor activation provides strong evidence
that glutamate excitotoxicity-induced apoptotic cell death may be a central mechanism of cell death in
ischemic rat retina. We have shown that there is TUNEL-positive apoptotic cell death in the outer
nuclear layer, inner nuclear layer, and ganglion cell layer of the ischemic rat retina at 12 h.

Key words: Retina, Ischemia, Glutamate receptor, Excitotoxicity, MK801, Apoptotic cell death,
TUNEL

1. Introduction

Ischemia-induced damage of the retina is a relatively frequent
event occurring in the course of a variety of pathological pro-
cesses. This and the accessibility of the retina for manipulation of
blood flow have promoted the use of different experimental models
to investigate neuronal responses following ischemia—reperfusion
injury (1-8). Since the retina is organized in discrete cell layers,
this model also facilitates to study the effects of transient ischemia
on different types of neurons. As in other central nervous system
tissues, retinal ischemia results in apoptotic neuronal cell death.
Most studies on the postischemic retina have reported that cell
death is pronounced in the inner retina, which comprises the
innermost ganglion cell layer (GCL) and the inner nuclear layer

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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(INL) containing the somata of amacrine, bipolar and horizontal
cells, and those of the retina-specific Muller glia (6, 9-11).
Although the precise mechanisms of ischemia-induced neuronal
cell death are unknown, excitotoxicity triggered by the overacti-
vation of glutamate receptors is considered to be a central com-
ponent of postischemic damage in the retina (1, 12, 13). The
preferential susceptibility of inner retinal neurons to ischemic
damage would be in line with this concept, since expression of
glutamate receptors is confined to neurons of the GCL and INL
(14, 15).

Apoptosis is the most common form of eukaryotic cell death
that can be classified by its morphological, biochemical, molecu-
lar, and functional aspects (16, 17). It has been reported that
apoptosis is accompanied by rounding-up of the cell, retraction of
pseudopods, reduction of cellular volume (pyknosis), chromatin
condensation, nuclear fragmentation (karyorrhexis), classically
little or no ultrastructural modifications of cytoplasmic organelles,
plasma membrane blebbing, and engulfment by resident phago-
cytes, in vivo (18). Commercial availability of enzymatic in situ
labeling of DNA strand breaks using terminal deoxynucleotidyl
transferase (TdT), which catalyzes polymerization of labeled
nucleotides to free 3'-OH DNA ends in a template-independent
manner (TUNEL-reaction), and fluorescein labels provide a pre-
cise, fast, and simple nonradioactive technique to detect and quan-
tify apoptotic cell death at single cell level in cells and tissues.

2. Materials

2.1. Transient Retinal
Ischemia

2.2. Tissue Preparation

2.2.1. Fixation

1. 3-Month-old female Sprague—Dawley rat (200-250 g, Harlan
Laboratories, Indianapolis, IN) (see Note 1).

2. Ketamine (100 mg/kg, Ketaset; Fort Dodge Animal Health,
Fort Dodge, IA). Store at room temperature.

3. Xylazine (9 mg/kg, TranquilVed, St. Joseph, MO). Store at
room temperature.

4. Sodium chloride is dissolved in sterilized water at 0.9%. Store
at 4°C.

5. MK801 (Sigma). Working solution (10 mg/kg) is prepared
by dilution in 0.9% saline. Store at 4°C.

1. Paraformaldehyde working solution (4%): 4 g Paraformal-
dehyde is dissolved in 60 mL of warmed (40-50°C), distilled
water, add two drops of 0.IN NaOH, and adjust up to
100 mL with 5x PBS. Filter with #1 Whatmann paper. The
working solution should be prepared freshly in each
experiment.
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2.2.2. Wax Embedding

2.2.3. Gelatin Coating

2.3. TUNEL Staining

[\

. 0.1N Sodium hydroxide. Store at room temperature.

. Ice-chilled 5x and 1x phosphate-buffered saline (PBS). Store
at 4°C.

. 30-gauge needle and perfusion motor (L/S Analog Console
Precision Pump Systems, Barnant Company, Barrington, IL).

. Scissors, forceps, and 100 mm dish.

6. #1 Whatmann filter paper.

. Ethanol is diluted with distilled water (50, 70, 80, 90, and
95%). Store at room temperature.

2. Cetyl alcohol. Store at 4°C (see Note 2).

. 500 g Poly(ethylene glycol) (400) distearate (PEGD;
Polysciences, Inc., Warrington, PA) is melted at 57°C and
then mixed with 55.5 g of cetyl alcohol with stirring on hot

plates at 60°C. Prepared pure wax can be labeled with pure
wax I and II. Store at 4°C (see Note 3).

. Intermediate wax solution is mixed with ratio 1:1 (100%
ethanol: pure wax) (see Note 3).

. Forceps.

6. 20 mL Disposable scintillation vials.

. Cryomold Biopsy, disposable vinyl specimen molds
(10 mmx 10 mm x5 mm) (Tissue-Tek, Torrance, CA).

.4.11 g Gelatin from porcine skin (type A) is dissolved in
heated distilled water (800 mL, final 0.05%, 40-50°C) with
stirring. Working solution should be freshly prepared for each
slide coating. When the gelatin is thoroughly dissolved, chro-
mium (IIT) potassium sulfate dodecahydrate (400 mg) is added
with stirring. Once the gelatin working solution is thoroughly
dissolved, the working solution is filtered with #1 Whatmann
filter paper. Store at room temperature (see Note 4).

2. #1 Whatmann filter paper.

—

. Microscope slides (Superfrost; Fisher Scientific) (see Note 5).

. Xylazine and ethanol.

. 0.1% Sodium citrate solution is prepared by dilution with
distilled water. Store at room temperature.

. 0.15% Triton X-100 solution is prepared by dilution with
0.1% sodium citrate solution. Store at room temperature.

. 20 mg/mL Proteinase K. The stock solution is prepared by
dilution with 10 mM Tris/HCI, pH 7.4-8. Store at -20°C.
The working solution (20 pg/mL) is prepared by dilution
with 1x PBS.
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. In Situ Cell Death Detection Kit (Fluorescence; Roche

Applied Science, Indianapolis, IN). Store at —15 to -25°C.
Kit contents: enzyme solution (TdT from calf thymus, recom-
binant in Escherichia coli, in storage buffer, 10x conc.) and
label solution (nucleotide mixture in reaction buffer,
1x conc.).

. 3,000-3 U/mL DNase I recombinant in 50 mM Tris—HCI,

pH 7.5, 1 mg/mL. Store at -20°C.

. 1% BSA dissolved in PBS and aliquoted with 1 mL in 1.5 mL

Eppendorf tube. Stable at -20°C for up to 1 year.

. 10 mg/mL Hoechst 33342 (trihydrochloride, trihydrate) for

nuclear staining. Working solution is freshly prepared by
diluting 1:10,000 in PBS. Store at 4°C.

. Fluoromount-G (Southern Biotech, Birmingham, AL) for

antifade mounting. Store at room temperature.

3. Methods

3.1. Transient Retinal
Ischemia

3.2. Tissue Preparation

. Female Sprague—Dawley rats, 3 months old (200-250 g in

weight), are anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (20 mg/kg) by intraperitoneal
(IP) injection.

. A cannula is inserted into the anterior chamber that was con-

nected by flexible tubing to a reservoir as shown in Fig. 1.

. By raising the reservoir, intraocular pressure is elevated above

systolic blood pressure (100-120 mmHg) for 60 min. Animals
are allowed to recover for 3-24 h.

. The light-adapted rats are anesthetized with isoflurane

followed by an IP injection of a mixture of ketamine /xylazine
as above.

. Both eyes are enucleated and then the rats were killed by

CO, inhalation.

. The retinas are dissected from the choroid and fixed in 5 mL

of 4% paraformaldehyde in 1x PBS (pH 7.4) for 4 h at 4°C.

. After 1x PBS rinse, retinas are dehydrated through 5 mL of

graded series of ethanol (50, 70, 80,90, 95, and 100%) at room
temperature, immersed in intermediate wax solution, pure wax
I solution, and pure wax II solution at 37°C. The retinal tissues
are then embedded in pure wax and placed at room tempera-
ture. The wax blocks for retinal tissues are stored at 4°C.

. The wax blocks for retinal tissues are cut by 5—7-um thickness

using microtome (Reichert-Jung 2030; McBain Instruments,
Chatsworth, CA).
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3.3. TUNEL Staining

fluid reservoir

flexible tube —~

microneedle

flow lock

Fig. 1. Diagram of the instrument system used to elevate acute intraocular pressure.

. The retinal sections are attached onto gelatin-coated glass

slides using the water floating method (see Note 6).

. The slides that have retinal tissues are stored at 4°C until use.

. The retinal tissue sections are dewaxed with xylene, and rehy-

drated with a graded series of ethanol (100, 95, 90, 80, and
70%) and distilled water. Each step is processed for 5 min at
room temperature.

. After 1x PBS rinse for 10 min, the sections are incubated with

proteinase K working solution (20 pg/ml in PBS) for
7-10 min at 37°C (see Note 7).

. The sections are rinsed with 1x PBS three times for 5 min.

4. Prepare a TUNEL reaction mixture with 10 pL. of enzyme

solution (vial 1) and 490 pL of label solution (vial 2) and
mix well to equilibrate components at room temperature
(see Note 8).

. Each section is incubated with 50 pL. of a TUNEL reaction

mixture in a humidified chamber for 60 min at 37°C
(see Note 9).

. The sections are rinsed with 1x PBS three times for 5 min.
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Fig. 2. Blockade of glutamate receptor activation blocks apoptotic cell death in ischemic rat retina. (a) There were no
TUNEL-positive cells in the normal retina. (b) In ischemic retina of rats receiving vehicle, apoptotic cell death was present
in the ONL, INL, and GCL (arrows). (¢) MK801 treatment prior to ischemia blocked apoptotic cell death in all layers. ONL
outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer.
Size bar represents 20 um (a—c). The images were obtained on a Nikon Eclipse fluorescence microscope using a 40x
lens as described (1). The sections were counterstained with the nucleic acid stain Hoechst 33342/PBS. (Reproduced
from ref. 1 with permission from Molecular Vision).

7.

8.
9.

10.

The sections are incubated with 1 pg/mL Hoechst 33342 in
1x PBS for 10 min at room temperature to stain the nuclei.

The sections are rinsed with 1x PBS three times for 5 min.

The sections are mounted with Fluoromount-G and stored at
4°C until imaging.

The images are captured under fluorescence microscopy (Eclipse
microscope, model E800; Nikon Instruments Inc., Melville,
NY) equipped with a digital camera (SPOT; Diagnostic
Instrument, Sterling Heights, MI). Excitation at 494 nm induces
the Fluorescein (green emission) for the TUNEL-positive cells,
while excitation at 350 nm induces Hoechst 33342 (blue emis-
sion). Software is used by Simple PCI version 6.0 software
(Compix Inc., Cranberry Township, PA). An example of the
signal for TUNEL-positive cells is shown in Fig. 2.

4. Notes

. All procedures concerning animals were in accordance with

ARVO Statement for the Use of Animals in Ophthalmic
Vision Research and under protocols by institutional IACUC
committees at the University of California San Diego. The
Sprague—Dawley rats were housed in covered cages, fed with
a standard rodent diet ad libitum, and kept on a 12-h

light/12-h dark cycle.
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2. Cetyl alcohol should be melted in an oven at 60°C overnight
for mixing with PEGD.

3. PEGD (500 g) should be melted in an oven at 60°C over-
night. Both pure wax I and II, and intermediate wax solu-
tions can be melted at 50°C in the oven overnight for use in
an experiment the following day. Both wax solutions can be
reused. Stable at 4°C for up to 1 year.

4. The gelatin should not be added to distilled water that exceeds
50°C because high temperature can denature the gelatin.

5. Glass slides should be clean before coating. The slides can be
placed in gelatin working solution for 2 min, removed from
solution, covered by aluminum foil, and dried in refrigerator
for 1 h. When slides are completely dried, they can be placed
in gelatin coating solution for an additional two times, allowed
to dry between each coating, and kept to dry completely in
refrigerator for overnight. Stable at 4°C for up to 6 months.

6. Because the melting point of wax is 37°C, distilled water at
room temperature should be used to spread and attach intact
tissue sections onto glass slides.

7. The incubation time for proteinase K is important because
proteinase K working solution can induce detachment of reti-
nal tissues from coated glass slides. We have found 7 min is
the best incubation time to preserve tissues on glass slides.

8. The TUNEL reaction mixture should be prepared immedi-
ately before use and kept on ice until use. The dilution rate for
TUNEL reaction mixture will depend on the tissue samples.
In retinal tissues with thickness of 7 um, the recommended
concentration from Kit was very strong and we have found
that the best dilution rate of the TUNEL reaction mixture is
1 (enzyme solution) to 10 (label solution).

9. Two negative controls and a positive control should be included
in each experimental setup according to In Situ Cell Death
Detection Kit. For negative control, the sections are incubated
with 50 pL of label solution instead of TUNEL reaction mix-
ture. For positive control, the section is incubated with micro-
coccal nuclease or DNase I recombinant (3,000-3 U/mL in
50 mM Tris—-HCI, pH 7.5, 1 mg/mL bovine serum albumin,
Roche Applied Science). The samples should be put under alu-
minum foil and the room lights dimmed for subsequent steps.
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Chapter 17

Exploiting the Liberation of Zn?* to Measure Cell Viability

Christian J. Stork and Yang V. Li

Abstract

Zn?* ions are a critical component of cellular machinery. The ion is required for the function of many cell
components crucial to survival, such as transcription factors, protein synthetic machinery, metabolic
enzymes, hormone packaging, among other roles. In stark contrast to the cells’ necessity for a sufficient
Zn* supply, an excess of free Zn?* is a situation that results in acute toxicity. Under normal conditions,
free Zn?* levels in the cell are extremely low; whereas estimates of free Zn?* are in the subpicomolar range.
In this way, the detection of elevated intracellular Zn?* can be exploited as a highly sensitive and specific
signal to indicate neuronal dysfunction. We have shown that the relationship between intracellular Zn**
accumulation and the development of cellular injury/death to be ubiquitous among each of five tissue
types tested; demonstrating the broad application and utility of the present technique.

Key words: Zinc, Cell death, Cytotoxicity, Fluorescence, Brain slice

1. Introduction

Zinc (Zn*) is required for the function of many enzymes, and
plays a vital structural role in many other proteins (1). The levels
of intracellular Zn*" have been shown to be meticulously regu-
lated, where free Zn?* is essentially absent from the intracellular
environment with estimates in the subpicomolar range (2, 3).
This facet of Zn** homeostasis means that the detection of
elevated intracellular Zn?* serves as a very sensitive marker of
neuronal dysfunction.

The neuronal accumulation of Zn?* released into intracellular
sources upon injurious stimuli is a well-documented phenome-
non. Following transient forebrain ischemia, chelatable Zn?* was
shown to accumulate specifically in degenerating neurons in the
hippocampus, cerebral cortex, and other brain regions (4).
Apparent in more than just necrotic cell death, the increase of
intracellular Zn?* has also been reported in neurons undergoing
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apoptosis after target removal (5). The event of Zn** accumulation
during cell death has even been reported in cultured cortical neu-
rons exposed to chemically induced apoptosis (6). The evidence
from multiple laboratories thus clearly documents the occurrence
of Zn** elevation in the cellular signaling of apoptosis and the
pathology of necrosis; demonstrating that the accumulation of
intracellular Zn** occurs ubiquitously in the cascade of cellular
demise (4-10). In this way, elevated intracellular Zn?* specifically
indicates the development of neuronal death. Furthermore, con-
sidering that the levels of intracellular free Zn?* are so extremely
low in healthy neurons (less than one ion of free Zn?* per cell),
the detection of elevated Zn?* in neurons also serves as a highly
sensitive means of detecting cell death.

While working with a rat hippocampus slice model of isch-
emia, researchers in our laboratory consistently observed a subset
of neurons to be brightly labeled by the extracellular forms of fluo-
rescent Zn?* indicators. This was an unusual observation because
the extracellular forms of these indicators are charged species and
as such are normally excluded from the cell by the nonpolar plasma
membrane (11, 12). It was hypothesized that the selectively
labeled neurons were injured or dead and had lost membrane
integrity; allowing the charged dye species to enter the newly per-
meable membrane to fluorescently label-free Zn**. Such locally
elevated Zn** levels were seen to persist in dead and dying neurons
for hours after injury. These results led us to conclude that Zn?**
was being liberated from intracellular sources throughout cell
death, and that this event could be exploited as a means of labeling
injured cells. To confirm that the cells being labeled by the Zn**
indicator were indeed injured or dead, we employed the conven-
tional cell death indicator propidium iodide (PI) (see Fig. 1).
Overall, the results confirmed the detection of elevated intracel-
lular Zn?* to be both a specific and sensitive means of identifying
neurons undergoing both apoptosis and necrosis (13).

The current method describes the preparation of brain slices
for observation of neuronal injury by confocal fluorescence
microscopy.

2. Materials

2.1. Animal
Preparation

1. Male Sprague—Dawley rats weighing between 200 and 300 g
are used as the source of tissue.

2. Ketamine HCI (10 ml/kg).
3. Cyanomethacrylate glue (“superglue”).

4. Vibratome (Vibratome, Bannockburn, IL) equipped with a
Vibratome 900R Media Cooling Unit (Vibratome,
Bannockburn, IL) (bath temperature is maintained at 2—4°C).
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Fig. 1. Microscopic fluorescence images of rat hippocampal sections stained with NG and PI. (a—¢) are images of pyra-
midal cells of a hippocampal CA1 section viewed at 100x. (a) NG stained cell bodies green with emission at 505 nm;
(b) Pl stained red nuclei with emission at 645 nm; (¢) composite overlay fluorescence images showing colocalization of
PI nuclei within cell bodies labeled with NG. (d—f) are images of pyramidal cells in the same type of preparation, but
labeled with the live cell stain Calcein-AM in addition to PI. (d) The image of cells stained with Calcein-AM; (e) the PI
stained nuclei of the same area; (f) the composite image showing anticolocalization of Calcein-AM labeled cells in appo-
sition to Pl-stained nuclei. (Reproduced from ref. 13 with permission from Elsevier Science).

2.2. Tissue Section
(Slice) Preparation

. Artificial cerebrospinal fluid (ACSF) prepared fresh: 121 mM

NaCl, 1.75 mM KCI, 2.4 mM CaCl,, 1.3 mM MgCl,, 26 mM
NaHCO,, 1.25 mM KH,PO,, and 10 mM glucose; equili-
brated with 95% O,/5% CO,.

. Newport Green (NG, a zinc indicator. Invitrogen , Carlsbad, CA)

is dissolved in dH,O at 1 mM, stored in aliquots at -20°C,
protected from light, and added to fresh ACSF at a concen-
tration of 10 pM on the day of the experiment.

. Propidium iodide is dissolved in dH,O at 1 mg,/ml (1.5 mM)

and stored at 2-6°C, protected from light (PI is a potential
mutagen and should be handled with, and disposed of, with
care). Solutions are stable for 6 months. PI is diluted to a
concentration of 5 ug/ml in fresh ACSF on the day of the
experiment.

. Permeabilizing solution for use as a positive control: 0.5%

(v/v) Triton X-100 in ACSF.
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2.3. Confocal
Fluorescent Imaging
System

1. Inverted Zeiss Axiovert LSM 510 Confocal Microscope (or
other inverted microscope).

2. Zeiss 40x (1.3 NA) oil immersion, and 10x (0.3 NA) objec-
tive lenses (or other objectives).

3. Series RC-20 Small Volume Imaging Chamber (Harvard
Apparatus, Holliston, MA) setup with appropriate perfusion
lines (generally 1,/8 ID tubing).

4. Peri-Star Pro 4-channel peristaltic pump (World Precision
Instruments, Sarasota, FL) (or other peristaltic pump). Flow
rate should be adjusted to 2 ml/min. Two of the channels are
used to circulate the normal ACSF, where one channel drives
fluid from the ACSF reservoir to the imaging chamber, and
the other channel drives fluid from the chamber to a waste
container, and the remaining two channels are set up to
deliver the NG-ACSF and any experimental solutions.

3. Methods

3.1. Preparation
of Tissue Samples

The measurement of cellular injury by this technique is done by
exploiting the progressive liberation of Zn** upon cell injury/
death in addition to the concomitant loss of membrane integrity.
After preparation, slices should sit for 30 min in ACSF (equili-
brated with 95% O, /5% CO,) at room temperature to allow for
recovery from slicing.

Tissue slices are examined while being perfused (2 ml/min)
with ACSF (equilibrated with 95% O,/5% CO,) on the stage of
an inverted confocal fluorescent microscope. Fluorescent record-
ings are made under baseline conditions (prior to dye addition) to
determine any contribution by tissue autofluorescence.

1. Male Sprague—Dawley rats weighing between 200 and 300 g
are used as the source of tissue. Rats are anesthetized by intra-
peritoneal injection of ketamine HCI (1 mg/g body wt.) then
decapitated and the brain is quickly removed and immersed in
ice-cold ACSF (equilibrated with 95% O, /5% CO,) for 5 min.
The cerebellum of the chilled brain is cut away in the coronal
plane and then a single drop of cyanomethacrylate glue (“super-
glue”) is used to mount the brain to the cutting platform. The
mounted brain should have its anterior pole oriented upward,
and the cutting blade should approach from the brain’s supe-
rior portion to make coronal sections (orientation is important
as initiating cuts from the inferior portion will destroy the brain
tissue) (see Fig. 2). Once mounted, the brain is then placed
into a prechilled ACSF bath of a Vibratome equipped with a
Vibratome 900R Media Cooling Unit.
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b -Vibratome Blade-

-Vibratome Stage-

Fig. 2. The brain orientation for vibratome slicing is depicted. (a) Shows the top view of the rat brain. The dashed lines
indicate where to cut the brain for mounting on the vibratome stage. After these cuts are made by hand, a drop of glue
is placed on the vibratome stage and the brain is mounted on the vibratome stage as shown in (b) with the anterior facing
upward. Coronal sectioning of the brain is then done, where the vibratome blade is made to approach the mounted brain

as depicted in ().

3.2. Confocal
Fluorescence Imaging

2.

w

Tissue slices are made (sliced along the coronal plane) at
250 um thickness (see Note 1), from which the hippocampi
are isolated (see Note 2) and then transferred to an equilibra-
tion chamber with room temperature ACSF (bubbled with
95% 0O,/5% CO,). Slices are equilibrated for at least 30 min
at room temperature prior to usage in order to promote
recovery from the slicing procedure.

. On the stage of an inverted confocal fluorescent microscope,

the tissue perfusion/recording chamber is secured and per-
fused with ACSF (bubbled with 95% O, /5% CO,) by a peri-
staltic pump at a constant rate (2 ml/min).

. Following the equilibration period, hippocampus slices are

placed into the recording chamber and secured with the tis-
sue holder. Slices are perfused with ACSF constantly, and
experimental agents are applied by dilution in ACSF where
the perfusion intake line is switched from the normal ACSF
to ACSF containing the experimental agent at the desired
final concentration, and switched back to normal ACSF at the
desired timepoint.

. The tissue slices are treated with the desired experimental

agents by switching the perfusate to ACSF containing the
agent at its final concentration. After the desired exposure time,
the perfusate is switched back to regular ACSF (see Note 3).
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4. At the time the researcher desires to analyze cell viability, the

perfusate is switched to ACSF containing 10 uM NG and
5 ug/ml PI (see Notes 4-6). Sections are allowed to equili-
brate in the dye /ACSF for 5 min prior to imaging to allow
for tull dye saturation of the slice.

. Select a region of the slice, and record fluorescent images.

Images are recorded using a high numerical aperture (NA)
objective, a 488-nm laser line for NG excitation, a 543-nm
laser line for PI excitation, an HFT UV /488,/543,/633
dichroic, and two emission filters (BP505-530 for NG and
BP560-615 for PI) (see Note 7).

. As a reliable positive control, some slices should be exposed

to permeabilization solution for 1 min during imaging. The
observation of'a dramatic increase in NG-positive cells can be
useful to verify the capabilities of the image acquisition sys-
tem. The level of NG-positive cells observed at 5 min after
exposure of slices to the permeabilizing solution can be con-
sidered to represent a condition of maximum cell death.

4. Notes

. When preparing tissue slices on a Vibratome, a good method

for transferring newly cut slices from the Vibratome slicing
bath to the equilibration chamber uses Q-tips; where the slice
is picked up (in solution) by gently draping over the rounded
cotton tip, and transferred to the new chamber.

. In this work, the isolation and assay of neurons in hippocam-

pus slices is highlighted. However, the present assay has been
validated for use with tissue slices of the cerebral cortex, cer-
ebellum, and kidney (see ref. 13).

. During a switch between solutions, one must take care not to

introduce air bubbles into the perfusion line intake, as air
bubbles negatively impact image acquisition. One strategy to
avoid bubbles during a solution switch is to briefly pause the
peristaltic pump while the intake line is transferred between
solutions. Another strategy is to pinch the intake line prior to
its withdrawal from “solution 1” and release it once the line
is fully submerged in “solution 2.” Additionally, one other
source of air bubble introduction can be a result of placing
the perfusion intake line too close to the O,/CO, outlet used
for equilibrating the ACSF solution.

. To minimize the amount of dye to be used, as little as 10 ml

of dye solution will suffice if recirculated through the imaging
chamber.
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5. When employing this method with a cell type or tissue not

previously documented, it is recommended that PI (5 pg/ml)
be added to the NG solution and colocalization be demon-
strated as a control. The addition of PI is otherwise not
necessary for the current method to work.

6. Although the present protocol describes the usage of NG as

the Zn?* indicator, this method has been shown to work with
at least two other extracellular Zn?* fluorescent indicators;
namely, ZinPyr-4 (Neurobiotex, Galveston, TX) and FluoZin-3
(Invitrogen, Carlsbad, CA) have also been demonstrated to
function in a similar manner as NG (see ref. 13).

. The settings for excitation laser intensities and detector set-

tings should be determined with NG/PI-labeled tissue and
then the same intensity settings should be tested with unla-
beled tissue in order to ensure that there is negligible contri-

bution of autofluorescence to the measured signal.
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Chapter 18

Noninvasive Bioluminescent Quantification of Viable Stem
Cells in Engineered Constructs

Karim Oudina, Adeline Cambon-Binder,
and Delphine Logeart-Avramoglou

Abstract

Bioluminescence from murine stem cells tagged with the luciferase gene reporter and distributed within
three-dimensional scaffolds of two different materials is quantified in vitro and in vivo. The luminescence
emitted from cells adhering to the scaffolds tested is monitored noninvasively using a bioluminescence
imaging system. Monitoring the kinetics of luciferase expression via bioluminescence enables real-time
assessment of cell survival and proliferation on scaffolds both in vitro and in vivo over prolonged (8 weeks)
periods of time.

Key words: Bioluminescence imaging, Material scaffold, Noninvasive, Cell quantification, Cell survival,
Cell proliferation, Tissue engineering, Real-time assessment

1. Introduction

Cell-based tissue engineering strategies rely on a combination of
cells, material scaffolds, and techniques that enhance the survival
and function of transplanted cells including tissue-progenitor
cells. Current practice for the assessment of cell numbers within
porous, three-dimensional (3D) matrices is a difficult task relying
on methods that prove destructive to the sample for cell removal,
collection, and analysis.

Cell assays that use reporter molecules whose activity can be
measured, and often imaged, continuously in living cells have
been developed. Combined with recent developments and avail-
ability of imaging systems of great sensitivity, these new technolo-
gies provide noninvasive methods to assess cellular and/or
molecular processes within a live organism while preserving tissue
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integrity in real time (1). Specifically, optical bioluminescence
technology involving the genetic labeling of cells with a luciferase
reporter-gene was successful in tracking viable cells on material
scaffolds either prior to, or after, implantation in animals for tis-
sue engineering purposes (2-6). Bioluminescence refers to the
enzymatic generation of visible light through the oxidation of an
enzyme (such as luciferase)-specific substrate in the presence of
oxygen and, usually, adenosine triphosphate (ATP) as a source of
energy. Photons emitted from cell-containing material constructs
implanted in the animal model are detectable by ultrasensitive
light detectors. A major advantage of using the luciferase enzymes
as optical indicators in live mammalian cells and tissues is inher-
ently low background, resulting from near absence of endoge-
nous light emission from mammalian cells and tissues as well as
from synthetic material scaffolds (1, 7).

The present assay quantifies the bioluminescence of murine
stem cells tagged with the luciferase gene reporter and distributed
inside scaffolds of either soft, translucent hydrogels or hard,
opaque ceramic materials. Evaluation of luminescence emitted
from cells adhering onto these material scaffolds is performed
noninvasively using a bioluminescence imaging system. In vitro
quantitation of photon fluxes (as an indicator of the number of
viable luminescent cells) enables noninvasive quality control of
viable cells seeded within constructs prior to implantation as well
as real-time monitoring of cell survival, and proliferation in cell-
containing constructs in vitro (for instance, in a bioreactor). In
vivo quantitation of photon fluxes by measurements on the same
animals over a period of time enables noninvasive and real-time
monitoring of the fate of cells present on each synthetic material
scaffold implanted in animals.

2. Materials

2.1. Preparation
of Cell Constructs

1. Murine mesenchymal stem cells (C3H10T1/2) are geneti-
cally modified using lentiviral vectors encoding the firefly
luciferase. A clonal line (referred to as C3H10-Luc) from
these cells, exhibiting the highest luciferase expression, is
selected and used for experiments (see Notes 1 and 2).

2. “Complete DMEM,” consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal calf
serum (FCS), penicillin (100 U/ml), and streptomycin sul-
fate (100 ug/ml).

3. Trypsin EDTA (1x) solution.

4. Disk-shaped AN69 hydrogels (diameter 6 mm; height 2 mm),
with pores (mean diameter of 500-1,000 um) and porosity of
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2.2. Implantation
of the Gell Constructs

2.3. Bioluminescence
Acquisition
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77% are fabricated and kindly provided by Dr. Honiger,
Saint-Antoine Hospital, Paris, France. The ANG69 polymer is an
acrylonitrile and sodium methallyl sulfonate co-polymer (8).

. Cube-shaped (3 x 3 x 3 mm?), porous [with mean diameter of

100-300 um and porosity of 49% (Biocoral®, Inoteb, Inc.,
Levallois-Perret, France)] scaffolds of natural Porites coralline
ceramic. The scaffolds consisted of 99% calcium carbonate in
the form of aragonite (9, 10).

. Peroxyacetic acid solution (Dialox™, Bioxal — S&M, Paris,

France). A 10% Dialox™ solution in physiological saline
(0.15 M NaCl) is used.

. Nude mice, 9 weeks old, each one weighting 20-22 g (Janvier;

Orleans, France) (see Note 3).

. Ketamine (Ketalar®; Panpharma, Virbach, France).
. Xylazine (Rompun® 2%; Bayer, France).
. Povidone—iodine (Betadine®; Vetoquinol, France).

. Ethicon nonabsorbable vicryl 3-0 sutures (Johnson and

Johnson, Belgium).

. Phosphate bufter saline (PBS); pH 7.4.
. DMEM without phenol red (w/o0 PR) supplemented with

10% ECS, penicillin (100 U/ml), and streptomycin sulfate
(100 ug/ml), and 25 mM HEPES.

. D-Luciferin, potassium salt (Interchim, Montlugon, France),

stored at —20°C in the dark, dissolved in PBS (concentration
of 20 mg,/ml), and sterilized using 0.2-um pore diameter fil-
ters. Either use this solution immediately or freeze aliquots at
-20°C in the dark till future use (see Note 4). For in vitro
imaging, prepare a solution (1,500 ug/mlin DMEM medium
without phenol red; referred to as “5x luciferin solution”).
For in vivo imaging, use a 20 mg/ml solution.

. Isoflurane Belamont (Nicholas Piramal India Limited,

London, England) liquid for inhalation by experimental
animals.

. IVIS Lumina bioluminescent imaging system (Xenogen —

Caliper Lifescience, Trembley-en-France, France). The pres-
ent system is equipped with a back-thinned, back-illuminated
charge coupled device (CCD) camera cooled at -90°C (Peltier
effect) with a (£/0.95-f/16) 50-mm lens and controlled by
imaging software (Living Image® Software, version 3.1)
(see Note 5). Imaging may be performed using other biolu-
minescent imaging systems.
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3. Methods

3.1. Preparation of Cell
Constructs

In order to assess, either in vitro or in vivo, the viability of cells on
constructs, transgenic cells expressing /uc, the firefly luciferase
gene (see Note 6), under the control of a constitutively active
promoter (such as CMV or MLV promoters) must be prepared.

Using viral transduction (e.g., rMLV-LTR-Luciferase retrovi-
ral vectors), most of the cell types used in tissue engineering,
including mesenchymal stem cells, can be stably transduced with
the luc gene reporter. Following genetic labeling, the lumines-
cent stem cells are distributed inside the scaffold materials to
obtain cell-containing constructs. The two biomaterial scaffolds
used in this study are (1) a soft, translucent polymeric hydrogel
and (2) a hard and opaque ceramic scaffold. Upon addition of the
substrate luciferin, the light generated by the photoprotein
expressed inside the luminescent cells, and then transmitted
through the scaffolds and the animal tissues can be monitored
externally using the CCD camera. Scaffolds without cells provide
the negative controls for light emission from the cell-containing
constructs. Emitted photons are integrated by the camera over
time; the signal intensity is reported as “photon flux.” Despite
signal attenuation (due to the presence of the scaffold material)
observed in comparison to the signal obtained with cells in sus-
pension (not on the scaffold), the luminescence signal still cor-
relates with the number of cells present on each material scaffold
tested, both in vitro and in vivo (see Note 7) (6).

1. The AN69 hydrogels are sterilized via immersion in 10%
(v/v) Dialox™ in physiological saline for 24 h followed by
thorough rinsing using sterile, physiological saline. Each scaf-
fold is then placed in individual 15-ml propylene tubes.

2. Coralline ceramic scaffolds are sterilized by autoclaving (at
121°C for 30 min). Prior to cell seeding, these coral scaffolds
are immersed and kept in DMEM (containing 10% FCS)
under slight vacuum for 30 min. Then, each scaftfold is placed
in individual 15-ml propylene tubes.

3. The C3H10-Luc cells are first rinsed with PBS, then treated
with trypsin—-EDTA (5 ml/175 cm? cell culture flask) at 37°C
for 5 min. Complete DMEM (15 ml/175 cm? cell culture
flask) is added, the cells are counted, collected by centrifuga-
tion (300 x4 for 5 min), and are resuspended in DMEM w /0
PR (see Note 8) (but containing 10% FCS, antibiotics, and
25 mM HEPES) to obtain a range of cells (specifically, 1 x 10°,
2x10°¢ and 3x10° cells/ml) in suspension. Aliquots (50 ul)
of these cell suspensions (containing either 5x10% 10° or
1.5x10° C3H10-Luc cells) are delivered onto each material
scaffold. The constructs thus obtained are maintained first
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under a slight vacuum at room temperature for 15 min, and
then under standard cell-culture conditions for 4 h. At that
time, 2 ml of DMEM (w/o0 PR/10% FCS/Antibiotics/
HEPES) are added and the cell constructs are maintained
under standard cell culture conditions for 24 h before either
in vitro bioluminescence analysis (see Subheading 3.3.2) or
in vivo implantation (see Subheading 3.2).

3.2. Implantation 1. The European Guidelines for Care and Use of Laboratory
of the Cell Gonstructs Animals (EEC Directives 86,/609 /CEE of 24.11.1986) are
observed during all aspects of the animal studies.

2. Anesthetize mice by intraperitoneal injection of Ketalar
(1 mg/10 g of body weight) and xylazine (0.1 mg/10 g of
body weight). Disinfect the surgical implantation site (mouse
back) using a povidone—iodine solution.

3. Using sterile surgical instruments, perform small incisions on
both sides of the vertebral axis of each animal, create pouches
between the muscles and the aponeurotic layer, and carefully
insert the cell constructs (two per mouse; see Notes 9 and 10).
The soft tissues at the implantation sites are closed with inter-
rupted nonresorbable sutures.

4. Image the animal (at day 0) (see Subheading 3.3.2) immedi-
ately after surgery. At that time, the animals are still anesthe-
tized (see Note 11).

5. Place each animal back in its cage near a heater (at low-to-
medium setting) and carefully observe the animals till full and
successful recovery from the surgical procedure and related
anesthesia. Inject subcutaneously sterile physiological saline
as needed to avoid dehydration of the animals.

3.3. Bioluminescence The instructions that follow are pertinent to the use of an IVIS
Acquisition Lumina bioluminescent imaging system. These comments can be

3.3.1. Parameters Setting adapted, however, using other bioluminescence imaging systems.

1. Initialize the imaging system and check the temperature of
the camera (which should be in the -90°C to -105°C range
depending on the imaging system used in the study).

2. Select the field of view; set the size of the stage area to be
imaged by adjusting the position of the stage and lens.

3. Take a photograph of the subject(s) inside the chamber before
photon acquisition and adjust the position of the subject(s)
on the stage as needed.

4. For the first acquisition of a luminescent subject, select the
“Auto-exposure,” which automatically sets the exposure time,
binning, and lens aperture to keep the signal within an opti-
mal range. When not available, adjust the following settings
manually:
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3.3.2. In Vitro Imaging

(a) Exposure time is the length of time that the shutter of the
camera is opened during acquisition of the luminescent
image. Since the observed signal level is directly propor-
tional to the exposure time, adjustment of the exposure
time to obtain a signal above the noise [that is, above
600 counts with the IVIS Lumina equipment (see Note
12)], but less than the CCD camera saturation (approxi-
mately 60,000 counts). Integration times less than 0.5 s
are not recommended (due to the finite time required to
open and close the lens shutter); there is little benefit in
using exposure times greater than 10 min.

(b) Binning (low, medium, or high) controls the pixel size
on the CCD camera. Increasing the binning increases the
pixel size and the signal-to-noise ratio (sensitivity), but
reduces the spatial resolution.

(¢c) The lens aperture controls the amount of light detected
and the depth of field. Usually, luminescent images are
taken with a large aperture (f/1) to maximize sensitivity.

. The biodistribution kinetics of the luciferin substrate within

the cell-containing implanted constructs depends on the type
(e.g., hydrogel versus ceramic, extent porosity, etc.) of the
scaffold material as well as on the mode of delivery (local,
intravenous, or intraperitoneal) of the luciferin substrate. For
these reasons, each new in vitro and in vivo experiment
requires a preceding kinetic study which is absolutely neces-
sary in order to determine the lapse-time after which the peak
of light emission appears. To this goal, acquire a sequence of
images from one cell-containing construct with constant
setting parameters starting immediately after the luciferin sub-
strate addition to the subject. Keep the determined lapse-time
(between luciferin injection and photon acquisition) constant
for all measurements taken during the study.

. Once determined, exposure conditions (specifically, aperture,

stage position, binning, and time after luciferin injection) are
kept identical for all measurements during an experiment.

. Under sterile conditions, place each cell-containing scaffold

(constructs) into individual wells of a 96-well, black plate
containing 200 ul of DMEM w /0 PR /10% FCS /Antibiotics/
HEPES (see Note 13).

2. Add 50 pl of p-luciferin 5x solution per well. Adjust the final

volume of the luciferin-containing medium in each well in such
a way that each construct is completely immersed. The final
concentration of luciferin is 300 pg/ml (see Notes 4 and 14).

. Immediately image the constructs-containing plate using the

medium-binning setting of the instrument for an exposure



Noninvasive Bioluminescent Quantification of Viable Stem Cells in Engineered Constructs 171

CORAL ANG9
5.10° 10° Min = -27

3000

2000

1000

Caounts
Color Bar
Min = 226
Max = 3784

Image
Min = -2.04a6
Max = 5.06e9

4.0

3.0
x10

20

piseciem”2/se
Color Bar

Min = 2.53e8
Max = 4.75a9

Fig. 1. Representative bioluminescent images using the IVIS Lumina BLI system. (a) In
vitro bioluminescent image of a 96-well black plate containing either coral scaffolds or
AN69 hydrogels either unseeded or seeded with 5x 10% 1x10°, or 1.5x 10° C3H10-
Luc cells. (b) In vivo bioluminescent image of C3H10-Luc cell-containing constructs
subcutaneously implanted in the back of Nude mice (3 days postimplantation). Circles
represent the standard regions of interest (ROl) manually delineated surrounding each
implant. Data from each ROI are reported as “photon fluxes” that represent the emitted
photon counts per second per centimeter square per steradian (p/s/cm?/sr).

time of 5 min (see Notes 15 and 16). An image acquisition of
cell construct-containing plate is shown in Fig. la.

4. To remove the substrate, aspirate the luciferin solution and
rinse the scaffolds with fresh complete medium three times
under sterile conditions. Cell constructs are ready for either
further in vitro tissue culture or in vivo implantation.
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3.3.3. In Vivo Imaging

3.3.4. Bioluminescence
Analyses

1. Place three mice in an induction chamber and anesthetize
them using 4% isoflurane in 50% oxygen and 50% air, each at
a flow rate of 2 1 /min.

2. Inject an aliquot (50 pul) of p-luciferin (20 mg,/ml) subcuta-
neously in each mouse in the area surrounding each implant
(see Notes 4, 14, and 17).

3. Place the three mice (they are monitored at the same time) in
the chamber of the imaging system in the prone position, and
place their noses in a nose cone so that the mice continue to
inhale isoflurane (1% with 1 1/min of O, /air) and thus remain
anesthetized (see Notes 18 and 19). Ten minutes after the
p-luciferin injection, image the animals using the medium-
binning setting for a 10-min exposure (see Notes 15 and 20).
The acquisition time may be reduced to 1 min when the
obtained images are over saturated (see Note 21). An image
acquisition of cell construct-containing mice is shown in
Fig. 1b.

4. Remove the animals from the chamber of the imaging system
and place them back in their cages; carefully observe all ani-
mals till full and successful recovery from the anesthesia.

5. In order to monitor in vivo the fate (specifically, survival, pro-
liferation, and death) of cells on the implanted constructs for
long (8 weeks) periods of time in the same animal, image the
animals at day O (day of implantation) and then twice-a-week
for an 8-week period postimplantation (see Note 11).

Light emission is quantified using Living Image software. Each
frame depicts the bioluminescent signal in pseudocolor, which is
generated using an arbitrary color palette representing standard
light intensity levels with blue being the least and red the most
intense level, super-imposed on the respective gray-scale
photographs.

1. Manually delineate standard regions of interest (ROI) sur-
rounding each implant on the bioluminescent images. Data
from each ROI are reported as “photon fluxes” that represent
the emitted photon counts per second per centimeter square
per steradian (p/s/cm?/sr).

2. Subtract the signal background (obtained from measure-
ments using scaffolds without cells) from the respective
measurements from cell-containing constructs. Examples of
pertinent in vitro and in vivo results are shown in Fig. 2 and
examples of the time-courses of the in vivo cell proliferation
on each material scaffold implanted in animals are shown in
Fig. 3.
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Fig. 2. In vitro and in vivo bioluminescence detection in C3H10-Luc cells on scaffolds using the IVIS Lumina BLI system.
Representative bioluminescent images of 5x 104 to 1.5 x 10° C3H10-Luc cells adhering to either coral scaffolds (a, b) or
AN69 hydrogels (c, d) (each n="5) are shown in this figure. The cells were imaged before implantation in mice (a, ¢) and
in vivo the day of implantation (b, d). The rainbow pseudocolor scale (ranging from 5 x 10% to 3 x 10° and from 5 x 10° to
10° p/s/cm?/sr for in vitro and in vivo, respectively) was adjusted for all images. The results show the bioluminescent
signal (p/s/cmz/sr) from C3H10-Luc cells on either coral scaffolds (e) or AN69 hydrogels (f) in vitro before implantation
(black diamonds), in vivo the day of implantation (black triangles). Values are average +SD; n=5 for each condition
tested (from (6), © 2009 Mary Ann Liebert, Inc., publishers. Reprint with permission).

4. Notes

1. The results obtained from either the in vitro or in vivo studies
quantified the bioluminescence signal from many (six logarith-
mic dilutions of luminescent) cells in order: (1) to determine
the threshold of detected luminescent cells (a minimum of 30
C3H10-Luc cells could be detected above background in vitro)
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Fig. 3. Time-course of the in vivo proliferation of C3H10-Luc cells on scaffolds during 59 days of implantation. These are
representative BLI images of cell proliferation in subcutaneously implanted coral scaffolds (a) and AN69 hydrogels (b).
Two implants were chosen for each scaffold material tested and illustrate the lowest (specifically, implants #4 and #8 for
the coral scaffolds and the AN69 hydrogels, respectively) and highest (implants #2 and #11 for the coral scaffolds and
the AN69 hydrogels, respectively) cell proliferation results obtained in the study. The rainbow pseudocolor scale (ranging
from 5x 10% to 3 x 10° p/s/cm?/sr) was adjusted for all images. After subtracting the signal background of empty scaf-
folds, the photon fluxes (p/s/cm?/sr) quantified from BLI images of C3H10-Luc cells on either coral scaffolds or AN69
hydrogels were normalized to the respective values obtained on the day of implantation of each seeded scaffold and were
plotted versus days postimplantation (c, d) (from (6), © 2009 Mary Ann Liebert, Inc., publishers. Reprint with
permission).

and (2) to establish the correlation between the emitted signal
and the cell number (this correlation was linear in the range
of 10-10° C3H10-Luc cells).

2. In vitro assess the stability of /uc expression in genetically mod-
ified cells as a function of cell passage. In addition, assess the
stability of the Luc expression in multipotent progenitor cells
during their differentiation toward lineage committed cells.
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3.

10.

11.

Light is transmitted more efficiently through the tissues of
white or hairless (such as nude) mice because melanin (of the
skin pigment) absorbs substantial amounts of light and
because light is also scattered significantly by dark animal fur.
When using animals with dark fur, it is recommended to use
a depilatory cream and shave the fur from the body region in
which the cell-containing constructs are implanted.

. Because p-luciferin is both light and oxygen sensitive, it

should be stored as small aliquots in vials covered with foil.
Repeated freeze—thaw is not recommended.

. Imaging may be performed using other bioluminescent imag-

ing systems.

. The firefly luciferase enzyme is widely used for in vivo BLI

because it emits light over a broad spectrum which peaks at
560 nm and includes a significant fraction of light above
600 nm. The emitted bioluminescent light is not absorbed by
hemoglobin within the aforementioned region of the spec-
trum and is, therefore, much more readily transmitted
through biological tissues (1). Another luciferase used in
studies with mammalian cells is the Renzlla luciferase, which
emits blue light with a peak of 480 nm; the substrate of this
enzyme is coelenterazine. Therefore, firefly and Renilin
luciferases may be distinguished spectrally. However, because
the Renilln luciferase emits blue light, and biological tissues
exhibit high adsorption within this region of the spectrum,
this enzyme has had limited in vivo applications (11).

. Transmission of light through synthetic material scaffolds (as

well as through mammalian tissues) is affected by both light
scattering and absorption (1). Scattering occurs when light
hits cell and cytoplasmic organelle membranes. Light absorp-
tion depends both on the type of the synthetic material scaf-
folds (within which luminescent cells are seeded) (6) and on
the surrounding tissues (in which hemoglobin, melanin, and
other pigment macromolecules may be present).

. The presence of phenol red decreases the transmitted light

signal because the red color absorbs part of the emitted
photons.

. To limit light absorption by surrounding tissues in vivo, a

superficial implantation site is preferable.

Ensure separation of the two implanted cell-containing con-
structs to minimize interference of the transmitted biolumi-
nescence signals from multiple samples (a minimum of 10 mm
is reccommended).

Variations in the number of cells seeded onto each scaffold
are accounted for when reporting cell survival as a function of
time by normalizing the photon fluxes obtained over time to
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12.

13.

14.

15.

16.

17.

18.

19.

those obtained at the beginning of the study. The accuracy of
the first measurement is, therefore, critical. We have com-
pared the BLI signals from cell-containing constructs acquired
immediately after implantation (the number of implanted
cells is identical to the number of seeded cells but the sub-
strate may leak from the incision site while the postsurgery
trauma milieu may affect light emission) to those acquired at
day 1 (postsurgery trauma is negligible but the cell numbers
may have already changed). The best accuracy (evaluated
from correlations between the in vitro signals before implan-
tation and the in vivo signals postimplantation) is obtained
when the animals were imaged on day 1 postsurgery.

These counts are proportional to the number of photons
detected per pixel.

Because some plastic materials (such as translucent polysty-
rene) strongly reflect and scatter incident light, opaque (either
black or white) plates should be used instead. In addition,
opaque plates avoid interference of signals emitted from dif-
ferent construct-containing wells. An alternative approach is
to position black partitions between the construct-containing
wells of a translucent plate.

Since the concentration of luciferin (used in excess to opti-
mize the enzymatic reaction) slightly affects the level of the
bioluminescent signal, the same luciferin concentration
should be used for all experiments.

A number of parameters, such as the extent of labeling by the
luc gene reporter, the cell number, etc., affect the level of
the bioluminescent signal and, therefore, the exposure time
during the acquisition of the luminescent image.

There is no time lapse between addition of the p-luciferin sub-
strate and sample imaging because results of time-course exper-
iments established that the maximum bioluminescence signal
occurred within the first 2 min after the luciferin addition.

Because vascularization of the implanted constructs does not
occur before 2 weeks postimplantation, the luciferin substrate
is administrated locally (close to the implants) and is not
injected systemically.

Place black partitions between two mice positioned laterally
next to one another.

Care should be taken to position each mouse with the con-
structs containing the luminescent cells in such a way that the
camera can detect the maximum emitted photons. For
instance, the BLI signal from implants positioned laterally in
the mouse will be underestimated because the light source
will radiate with an angle to the vertical axis and to the camera,
which is located at the top of the chamber.
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20. The light emission kinetics were previously determined using
cell-containing scaffolds implanted in mice, locally injected
with luciferin, and sequentially imaged for an acquisition time
of 5 min, at 5-min intervals for a total of 20 min (6). The
optimal bioluminescence signal occurred at the interval of
10-15 min postadministration of luciferin in the animals.

21. Light emission from an implant displaying a very strong BLI
signal may overlap with emission with the weak signal from
an implant on the other side of the same animal; in this case,
the weak signal will be overestimated. In order to measure
accurately the light emission from the implant with the weak
signal, administer the luciferin substrate locally and acquire
the signal from the two implants sequentially starting with
the weaker signal. It should be noted, however, that such a
protocol is not applicable if the luciferin substrate is adminis-
tered systemically; in that case, it is still possible to shield the
implant with the highest signal using black cardboard or a
similar material.
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Chapter 19

Raman Micro-Spectroscopy as a Non-invasive
Cell Viability Test

Sophie Verrier, Alina Zoladek, and loan Notingher

Abstract

The number of techniques to identify, quantify and characterise cell death is rapidly increasing as more is
known about the complex mechanisms underlying this process. However, most of these techniques are
invasive and require preparation steps such as cell fixation, staining or protein extractions. Non-invasive
analysis of living cells represents a key point in cell biology, e.g. in toxicology studies or in tissue engineer-
ing. In this chapter, we report the usefulness of Raman spectroscopy as a non-invasive method to distin-
guish cells at different stages of cell cycle and living cells from dead cells. Throughout two examples, we
show the performance and the use of Raman spectroscopy as a new non-invasive method to assess cell
viability.

Key words: Raman spectroscopy, Cell death, Apoptosis, Non-invasive

1. Introduction

Apoptosis is a natural cellular process known as programmed cell
death. This process involves many biochemical modifications
within the cells, leading to morphological changes, such as shrink-
age of'the cell, loss of cell junctions, membrane blebbing, chroma-
tin condensation and relocalisation at the nuclear periphery (1).
Three major components of the cell are atfected during apop-
tosis: DNA, proteins and lipids. The DNA double strand under-
goes cleavage at the linker regions between nucleosomes, leading
to multiple fragments of 150-200 bp (1). Apoptosis can induce
protein degradation, modifications or activation (e.g. poly(ADP-
ribose) polymerase, caspases) (2, 3). Lipids are also heavily involved
in apoptosis, as the asymmetric distribution of the membrane phos-
pholipid phosphatidylserine (facing the cytoplasmic compartment
in healthy cells) is disturbed in apoptotic cells. This leads to the

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_19, © Springer Science+Business Media, LLC 2011
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exposure of the phosphatidylserine, the signal for phagocytic
removal of apoptotic cells (4).

On the other hand, necrotic cell death is described in a more
passive way. It is mostly characterised by the absence of apoptotic
parameters.

The number of techniques to identify and quantify cell death,
particularly via apoptosis is rapidly increasing as more is known
about the complex mechanisms, which underlie this process.
However, most of these techniques are invasive and require prep-
aration steps such as cell fixation, staining or protein extractions.

Raman-spectroscopy is a well-established analytical tool and
is based on the interaction of electromagnetic radiation with the
sample molecules. A Raman spectrum represents a chemical fin-
gerprint of the sample. A classic Raman set-up is shown in Fig. 1.
Typically, a near-infrared laser is directed via a series of mirrors
through a microscope onto the sample, resulting in light scatter-
ing. As a result of the interaction with the sample, a small portion
of the scattered photons have a shifted frequency. After filtration
of the non-shifted photons, only the photons with altered fre-
quencies are directed to the detector. Each chemical bound results
in a defined frequency shift of the photons. For example a Raman
shift of 1,005 cm™ correspond to the phenylalanine, the intensity
of the peak is relative to the concentration (5). This technique has
three main advantages over conventional biological assays when
applied to the study of living cells (6): (1) it is rapid (1-3 min),
(2) no labels are required so it is non-invasive, and (3) no damage
is induced to the cells if suitable laser wavelength and intensities
are used.

Raman spectroscopy has proven to be able to detect in situ
and real-time biological changes related to cell cycle and cell death
(7, 8). By measuring the magnitude of the 782-788 cm™ Raman
band of DNA, the distribution of DNA has been imaged in apoptotic
cells, showing the fragmentation of the nucleus (9). The application
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Fig. 1. Simplified schematics of a Raman System.
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of Raman micro-spectroscopy as a detection system in a cell-based
integrated biosensor has also been investigated (8).

In this chapter, we explored the use of Raman micro-
spectroscopy as a non-invasive method to monitor cell death and
provide two examples. We induced cell apoptosis using Triton
X-100 and etoposide treatment and analysed cell death using
Raman micro-spectroscopy. Even though not reported in the
present chapter, and in order to establish a correlation between
spectral changes and molecular changes within the cell, established
biological methods (Western blotting, DNA integrity DNA-ladder
kit and immunocytochemistry) were used in parallel.

2. Materials

2.1. Cell Gulture

2.2. Gell Treatment

2.3. Raman
Spectroscopy:
Instrumentation

1. Human epithelial lung carcinoma cells (A549 cell line)
American Type Culture Collection (ATCC, USA).

2. Human breast cancer cells (MDA-MB-231 cell line) European
Collection of Animal Cell Culture (ECACCQC).

3. Ham’s F-12 Kaighn’s Modification cell culture medium (F12-K)
supplemented with 10% foetal calf serum (FCS).

4. MEM culture medium supplemented with 10% DMSO, 30%
foetal calf serum and 1% L-glutamine at 37°C and 5% CO,,.

5. Penicillin-Streptomycin 100 U/mL.

6. Sterile solution of trypsin (0.25%) and ethylenediamine
tetraacetic acid (EDTA) 1 mM.

7. Phosphate Buffer Saline at pH 7.4 (PBS).

8. Polystyrene plastic culture dishes for cell amplification (see
Note 1).

9. MgF, cover slides (Global Optics, UK).
10. Fused silica cover-slips.
11. 24-well plates.

Cell death was induced with the following products diluted as
described in the corresponding example.

1. Triton X-100 (example 1).
2. Etoposide (VP16, Sigma) (example 2).

1. Raman spectrometer’s major components (Commercial systems:
Renishaw inVia, Horiba LabRam Inv) (see Note 2).

(a) Laser as excitation source (see Note 3)
(b) Wavelength selectors (see Note 4)
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(c) Samples illumination system and light collections optics
(see Note 5)

(d) Detector. Usually photosensitive CCD arrays are used to
detect the Raman spectrum

(e) A computer with appropriate software for collection of
data
2. Principal Component Analysis (PCA) software (Matlab
Statistical toolbox, Mathworks).
3. GRAMS /32 software (Thermo Galactic).
4. For long-lasting experiments, full incubator enclosure or

heated stage can be assembled to the whole system (Solent
Scientific, UK).

3. Methods

The Typical Raman spectrum of a live cell is shown in Fig. 2. The
Raman spectrum consists of peaks corresponding to vibrational
frequencies of various cellular components. A more detailed peak
assignment can be found in reference (6).

However, Raman spectroscopy applied to cell biology ques-
tions is still at early stage of development. Depending on the
application, a pre-processing is required for the baseline correc-
tion and normalisation of the intensity, the measurement’s set-up,
and the data analysis methods have to be adapted (see Note 6). In
this paragraph, we describe the methods through two examples.

3.1. Example 1: 1. Upon arrival, human epithelial lung carcinoma cells (A549)
Assessment are grown as monolayer in F12-K medium supplemented
of Apoptosis with 10% FCS (37°C, 5% CO, humidified atmosphere).

for Adherent Cells 2. When cells reach 85% of confluence, A549 are detached from
the surface using trypsin—EDTA and seeded at the density of
15,000 cells/cm? on fused silicate substrate that are placed in
wells of a 24-well plate. F12-K 10% FCS medium is added
and cells are cultured for 3 days as mentioned in step 1.

3. For cell death induction, the cell culture medium is removed
and replaced by treatment medium consisting in F12-K 10%
FCS containing 100 uM Triton X-100.

4. Control cells receive normal cell culture medium and are
analysed in the same way.

5. Raman spectroscopic measurements of the cells treated with
100 uM Triton X-100 are performed after 0, 24, 48, and
72 h of treatment (Fig. 3). WST-1 cell viability assay and
DNA integrity assay are performed in parallel to control cell
apoptosis.
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Fig. 2. (a) Typical average spectrum of a cell with major peak assignment. (b) Spectra of
major biomolecules found in cells.

6. Raman spectra of cells are measured by 785-nm diode laser
using a Renishaw RM2000 with Leica microscope and immer-
sion objective (Leica 63xNA=0.9, 2 mm working distance).

7. Since the treated cells are round and reduced in size, the
spectra are measured by focusing the laser spot (6 umx2 pm
line) on the centre of the cell.

8. Ten cells, randomly chosen are measured at each time point.

9. An average Raman signal from the entire cell is obtained by
the use of expanded (in planar plate) laser focal spot. In this
method the average acquisition times per cell are usually in
the range of tens of seconds.



184 Verrier, Zoladek, and Notingher

0.075 -
DNA

0.06 -

0.045 -

Intensity (Arb. Units)

=]
o
=)

F

0.015 -

Mbw\k

A

<J:l§

DNA
Prot

600 800

1000 1200 1400 1600 1800

Wavenumber (cm™)

Fig. 3. Raman spectra of A549 cells treated with 100 M Triton X-100 with corresponding light transmission microscopy
pictures. (a) 0 h, (b) 24 h, () 48 h, and (d) 72 h post treatment (asterisks: floating cells, black arrows: membrane retrac-
tion, white arrows: cellular membrane convolution) (adapted from Verrier et al. (10) with permission from John Wiley and

Sons).

10. The signal of the fused silica and cell culture media are measured

11.

12.

13.

using the same set-up.

All Raman spectra are processed: contributions of fused silica
substrate and media are subtracted, each spectrum is norma-
lised using the area of the 1,449 cm™! band (C-H vibrations
corresponding to all cellular components), and a multipoint
baseline is used.

The area of individual vibrational bands was computed using
the curve-fitting option of GRAMS /32 software (Thermo
Galactic).

Raman spectra of the treated cells indicate significant bio-
chemical changes related to DNA, proteins, and lipids (Fig. 4).
Changes associated with the DNA structure and integrity is
indicated by an 80% decrease in the 788 cm™ peak (phospho-
diester bonds O-P-0) after 48 h, which was confirmed by
DNA integrity assays. A decrease in the magnitude of Raman
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Fig. 4. Variation of DNA and protein Raman peaks of A549 cells as a function of 100 uM Triton X-100 exposure time (filled
square: measured values, filled circle: values corresponding to dead cells) (adapted from Verrier et al. (10) with permission

from John Wiley and Sons).

3.2. Example 2:
Time-Course Study
of Apoptosis

peaks corresponding to proteins, such as 1,342 cm™ (44%)
and 1,005 cm™ (45%), is explained by protein cleavage fol-
lowing caspase activation. An increase in lipid concentration
is found, indicated by the increase in lipid contribution to the
1,660 cm™ band and by the appearance of the ester peak at
1,743 cm™ band. The increase in lipid concentrations sug-
gested production of apoptotic bodies (10).

. Upon arrival, human breast cancer cells (MDA-MB-231 cell

line) are grown in MEM culture medium supplemented with
10% DMSO, 30% foetal calf serum and 1% L-glutamine at
37°Cand 5% CO,.

. For a time course experiment requiring analysis of the same

cells, Raman microscope is equipped with an environmental
enclosure (Solent Scientific, UK).

. For Raman micro-spectroscopy measurement, 10,000 cells /cm?

are seeded on a 0.17-mm thick MgF, coverslip, fitted in a
customised made sterile titanium chambers with open bot-
tom window (coverslip holder) as shown in the Fig. 5 and
grown until reaching 50% confluence.

. For cell treatment, the growth medium is replaced by etopo-

side-containing medium (300 pwm in full cell growth medium).

. During the whole experiment, cells are maintained in a

controlled atmosphere at 37°C and 5% CO, suitable for cell
culture (see Fig. 5).
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Fig. 5. Coverslip holder, schematic representation.

6.

10.

11.
12.

13.

14.

15.

Raman spectral images are collected every hour over a period
of 6 h on the same cells at each time point of the
experiment.

. The measurements are carried out on a home-build inverted

Raman microscope (IX71, Olympus, UK) with a high preci-
sion step-motor stage (Prior, Cambridge, UK) using a 785-nm
laser line for excitation of the Raman spectra (XTRA, Toptica
Photonics, Munich, Germany).

. Spectrometer is equipped with 830 lines/mm grating (spec-

tral resolution of ~1.5 cm™ in the 600-1,800 cm™ region)
and water-cooled deep-depletion CCD (Andor Technologies,
Belfast, UK).

. A water-immersion 60x objective, (NA 0.90, Olympus) is

used for focussing the laser beam on individual cells as well as
for collection of the Raman scattered photons.

Raman spectra are collected from ~1 pum regions of cell by
using a diffraction-limited laser spot. The cell is scanned in a
raster pattern with small step increments.

Step size is 1 wm and acquisition time for each pixel 1 s.

All analysis processes were performed in Matlab
(Mathworks).

Background spectra are removed from the data set by the
given threshold. Pre-processing of the spectra included
smoothing, baseline correction and normalisation of spectra.

Images were obtained by calculating the ratio between the
peak intensity corresponding to lipids (C=C symmetric
stretching at 1,670 cm™) and proteins (phenylalanine breath-
ing mode 1,003 cm™).

Images are constructed from point spectra collected at difter-
ent spatial positions within a cell. Such high spatial resolution
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Fig. 6. Raman spectra at various locations within a cell after 6 h exposition to etoposide (reprinted from Zalodek et al. (11)
with permission from Wiley Blackwell).

16.

allows spectra acquisition at the sub-cellular organelles level,
with features dominated by few biochemical components.
Commonly, collection of hundreds or thousands of spectra is
required to completely characterise a cellular system. The
acquisition time of each spectrum is 1 s. Since a complete
Raman spectrum is associated with each pixel, Raman maps
can be used to generate chemical images revealing the structure
and arrangement of sub-cellular organelles, and can provide
insight into cellular biochemical dynamics (Fig. 6). In addi-
tion, spectra from different cellular locations can be averaged
to generate a spectral biochemical representation of the cell.

Raman spectral images corresponding to lipids are built by
calculating the ratio between the peak intensity correspond-
ing to lipids (C=C symmetric stretching at 1,670 cm™) and
proteins (phenylalanine breathing mode 1,000 cm™). Raman
spectral images show high accumulation of lipids in apoptotic
cells compared to control untreated cells. The concentration
of lipids increases particularly at 4-6 h (Fig. 7).

4. Notes

. For measurements, polystyrene or glass substrates cannot be

used due to large amount of background produced that may
overwhelm weak Raman signals from the cell background.
For measurements, cells are grown on Raman transparent
substrates, usually MgF,, CaF,, or quartz.
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Fig. 7. Time-course optical and label-free Raman spectral images of breast cancer cells untreated and exposed to
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300 M etoposide (reprinted from Zoladek et al. (11) with permission from Wiley Blackwell).

2. Commercial systems are now available (http://www.horiba.
com, http: /www.renishaw.com, http: //las.perkinelmer.com,
http: //www.thermo.com, http: /www.witec.de/en, http://
www.deltanu.com, http://www.ramansystems.com, http://
www.princetoninstruments.com), but they mostly use up-
right setup and are designed for wide applications. However,
numbers of studies, including experiments on living cells, are

reported on home-build setups.

If required for particular experiments or applications,
Raman system could be combined with other imaging meth-
ods like fluorescence imaging or Rayleigh scattering imaging.

3. The correct selection of the laser wavelength and power is an
important consideration for Raman spectroscopy. The inten-
sity of Raman signal, the autofluorescence of the sample and
damages associated with the absorption and heating, has to
be considered. As most biomolecules exhibit a minimum
absorption of light in the Near Infra Red (NIR) domain, exci-
tation wavelength in this region (usually 785 nm lasers) will
minimise the risks of sample heating and/or photochemical

interactions.

4. The purpose of filters is to simply cut off non-Raman scatter-
ing and stray light, while spectrometer is use to spatially
spread the light scattered from sample as a function of

wavelength.
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5. Sample illumination system and light collection optics refers

to a microscope fitted with the appropriate objective and set
of lenses to guide the light. In most of published work on
using commercially available Raman Microscopy for cells
studies, up-right microscopes in conjunction with water
immersion objectives are employed dipped in the fluid (PBS
or culture medium). The immersion of the objective in the
cell culture medium or physiological fluids enables higher
Raman signal strength when compared to signal obtained
using inverted microscopes, where optical losses occur. These
losses are mainly due to the reflections at ditferent interfaces
(e.g. cell-chamber window, or coverslips on which cells are
cultured). However, the use of the inverted Raman micro-
spectrometer offers more flexibility for performing Raman
spectral imaging and long-time experiments on living cells,
since cells are not disturbed during experiments and issues
related to bacterial contamination are avoided.

. The measurement method is to be chosen according to the

application.
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Chapter 20

Closed Ampoule Isothermal Microcalorimetry
for Continuous Real-Time Detection and Evaluation
of Cultured Mammalian Cell Activity and Responses

Olivier Braissant and Alma U. “Dan” Daniels

Abstract

Closed ampoule isothermal microcalorimetry (IMC) is a simple, powerful, nondestructive, and convenient
technique that allows continuous, real-time detection and evaluation of cultured cell activity and
responses. At a selected set temperature, IMC measures the heat flow between a sample and a heat sink
and compares it to the heat-flow between a thermally inactive reference and the heat sink. Since heat flow
rates are proportional to the rates of chemical reactions and changes of state, IMC provides a means for
dynamically following these processes in any type of specimen — including ones containing cultured cells.
The ability of IMC instruments to provide measurements in the microwatt (UJ/s) range allows one to
detect and follow the activity (including replication) of low numbers of cells in culture (ca. 103-10°,
depending on cell type). Closed ampoule IMC is increasingly being used in medical and environmental
sciences. While a closed ampoule imposes limitations, it conversely provides simplicity and excellent con-
trol. Also, it is still usually possible with closed ampoules to follow mammalian cell activity and replication
for several days. This chapter provides an overview of IMC measurement principles and provides exam-
ples of the use of IMC for evaluating cultured human and other mammalian cell activity and responses.

Key words: Microcalorimetry, Cell culture, Cell proliferation rate, Cell growth rate, Cell metabolic
rate, Biocompatibility assay, Osteocyte, Fibroblast, Lymphocyte, Virus

1. Introduction

1.1. Overview Isothermal calorimetry studies of biologic processes began in the
of Isothermal cighteenth century. The first isothermal calorimeter, devised by
Microcalorimetry Lavoisier and Laplace, used ice to maintain a constant tempera-

ture. A living animal was placed on the ice and the amount of ice
melted in a given time was measured as an indication of the rate
of metabolic heat produced (1). Related modern calorimeters are
of course much more sophisticated and sensitive. Isothermal

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
DOI 10.1007/978-1-61779-108-6_20, © Springer Science+Business Media, LLC 2011
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1.2. Recent Use
of Isothermal
Microcalorimetry
for Biological
Applications

microcalorimetry (IMC) is defined as the measurement of heat
production or consumption at rates within the uW range at essen-
tially constant temperature (2). In modern IMC instruments,
phase transition of a substance is of course not used anymore as a
monitoring method. However, for IMC instruments which pro-
vide a differential scanning calorimetry (DSC) mode, it is still
used as a means for producing a known amount of heat to assure
that internal calibrations of heat flow are accurate (3). For IMC
instruments without a DSC mode, many isothermal reactions can
be employed for fundamental calibration (4).

Most modern IMC instruments are beat conduction calorime-
ters in which heat is allowed to flow to a heat sink maintained with
extreme accuracy at a constant temperature. A thermoelectric mod-
ule (comprised of Peltier or Seebeck elements) interposed between
the specimen and the heat sink registers any slight temperature dif-
ference between the two as an electric signal. A similar measure-
ment can be made between a thermally inactive reference specimen
and the heat sink, providing a differential comparison to increase
accuracy. In beat compensation IMC instruments, a constant tem-
perature is maintained and heat production or consumption is
compensated either by using the thermoelectric module described
above and /or using an electric heater (5). In both heat conduction
and heat compensation IMC instruments the conduction- or
compensation-related electric signal is recorded and then reported
as heat flow, using the calibration data. IMC instruments also
incorporate high-quality amplifiers to produce a final heat flow-
related signal, which is easily recorded and manipulated.

Isothermal microcalorimetry has been widely used to evalu-
ate dynamic chemical processes such as cement hydration and to
investigate stability of drugs or explosives over time at constant
temperature. However, the recent development of multichannel
(i.e. multicalorimeter) instruments (see Fig. 1) has made this tool
more and more attractive for biological studies (6).

Isothermal microcalorimetry has been used for many different
types of biological studies. Many studies have focused on micro-
bial activities in environmental or medical samples as recently
reviewed by Braissant et al. (7) and Wadso (8). In addition, IMC
measurements of microorganism metabolism and growth are
increasingly used — e.g. by von Ah et al. (9) and others (10, 11)
to test antimicrobial agents. It is possible with IMC to rapidly
determine the antibiotic inhibitory concentrations. Also at subin-
hibitory concentrations one can document differences in antibi-
otic mechanisms (9). With respect to animal cells and particularly
human cell lines microcalorimetry has also proven to be a valu-
able tool for investigating the efficiency of antiviral agents (12,
13). Similarly, separated organelles such as mitochondria can also
be studied using IMC, as demonstrated by An-Min et al. (14).
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Fig. 1. Examples of commercially available isothermal microcalorimetry (IMC) instru-
ments with multiple microcalorimeters or calorimeters, and ampoules for closed
ampoule studies. All instruments and ampoules: Waters/TA, New Castle DE USA (images:
courtesy of Waters/TA) (a) General view of a TAM III® equipped with various microcalo-
rimeters. (b) Top view of a TAM 48® with its array of 48 microcalorimeters (i.e. 48 indi-
vidual measuring channels). (c) Top view of a TAM Air® showing its eight individual
differential calorimeters. (d) 3- and 4-ml disposable glass ampoules. (e) 4-ml stainless
steel ampoules. (f) 20-ml disposable glass and polyethylene ampoules.
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1.3. Advantages of IMC

Since the 1980s IMC has also been extensively used to study
blood cells. This may be partly because large numbers of red
cells are easily obtained. Studies on whole blood and on sepa-
rated blood components (i.e. erythrocytes, lymphocytes, granu-
locytes, and platelets) have shown that erythrocytes are
responsible for 50% of the total heat output of blood, whereas
lymphocytes, granulocytes, and platelets account for 20, 20, and
10%, respectively (15). Differences in heat production rate of
blood cells can potentially reveal the presence of several diseases.
An elevated heat production rate by erythrocytes has been
shown to be indicative of anemia (15). Similarly it was demon-
strated that non-Hodgkin’s lymphoma resulted in an elevated
heat production by lymphocytes (16). The same study empha-
sized the link between malignancy of tumor cells and heat pro-
duction rate per cell. Malignant cells produced more metabolic
heat than normal cells.

Many other mammalian cells and mammalian cell cultures
have been investigated with respect to their production of heat
and therefore cell metabolic activity using IMC (17). For exam-
ple, adipocyte thermogenesis was studied in rat and human cells
(18, 19). In vitro studies on adipocytes from obese patients also
concluded that an altered cellular metabolic efficiency is an impor-
tant pathogenic factor in obesity (20). Similarly a study focusing
on hepatocytes showed that microcalorimetry could be a valuable
tool for investigating carbohydrate and fat metabolism using such
cultured cells as a model. However, West and colleagues (21)
noted that among mammalian cells there is a discrepancy in heat
production rate between cultured cells (e.g. in vitro studies) and
cells in vivo (calculated data for the same mammal).

At the tissue level, a study of biopsies of urogenital tract
organs showed that it was possible to rapidly discriminate tumorous
samples from nontumorous samples using IMC (22). The
diagnostic results obtained using IMC in this study were in accord
with those obtained by histologic assessment and impulse cyto-
photometry. Analogous to determining the effects of antibiotics
on microorganisms in culture, initial results suggest that IMC can
be used for evaluating and comparing effects of antitumor agents
on tumor cells in culture (authors’ unpublished data).

All the reports of IMC studies performed using mammalian
cells emphasize the relative simplicity of IMC methods. Simplicity
and other advantages of IMC as a method for studying cultured
cell dynamics are described in the next section.

Sensitivity. With a sensitivity on the order of 0.2 pW, IMC can
detect the heat produced by a small number of living cells.
Considering that a typical single mammalian cell produces
1-100 pW when active (17), only 2,000-200,000 cells are neces-
sary to produce a detectable signal.
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1.4. Limitations
of Isothermal
Microcalorimetry

Accuracy. IMC instrument thermostats can be set at any tem-
perature within an instrument’s performance range (e.g.
15-300°C) with a maximal error of 0.02°C. Fluctuations around
the set point are between 1073 and 10-°°C. During cell growth,
the temperature of the microcalorimetric ampoule is maintained
within 0.1°C of the set temperature. Baseline drift of IMC instru-
ments is typically ~0.2 uW,/24 h. Therefore, for intermediate
heat flow ranges (e.g. 20-100 uW) over a few days, heat flow rate
measurements can be expected to be accurate within ~1% or less.
This provides an excellent means for following metabolism and
growth of cultured cells over a period of days since mammalian
cell cultures of the size range described above, growing in 4- or
20-ml calorimetry ampoules, have heat production rates of
0.2-50 pW (authors’ general experience).

Continuous real-time data. IMC provides a continuous real-time
electronic signal proportional to the heat production rate of cells
in a microcalorimeter ampoule. The signal must be interpreted
carefully, and often requires additional measurements from which
to interpret its meaning (e.g. ATP assays, MTT assays). However,
insight into dynamically changing processes such as “glycolytic
oscillation” (23) can be obtained since the typical heat flow rate
sampling frequency is 1 Hz (i.e. 1 data point/s).

Simplicity and passivity. Cells or cell cultures for IMC studies are
just placed in a disposable glass ampoule under aseptic condi-
tions, with air or a specific gas mixture in the head space. No fluo-
rescent or radioactive labeling of cells or culture media components
is needed. The ampoule is then sealed and placed in one of the
measuring channels (microcalorimeters) of an IMC instrument,
and heat flow measurements are made as long as there is a heat
flow signal of interest (e.g. from hours to days). The signal can be
evaluated as it occurs and /or recorded for later evaluation. With
both microorganisms and mammalian cell cultures in liquid
media, flow-through and flow-stop systems can and have been
used. However, they trade control for experimental complexity
(24). Sterilization of flow systems is fastidious and time consum-
ing, and raises safety concerns with pathogenic organisms, or cell
cultures deliberately infected with viruses. Also, adhesion of
microorganisms to the internal surfaces of the flow system poten-
tially compromises interpretation of results (25 ) unless once wants
to study biofilm formation (26). Finally, since heat flow measure-
ments are passive and external, the undisturbed cells and media
contained in the sealed ampoule are available for other assays after
IMC measurements are finished.

Although IMC is a highly sensitive and simple method, it has sev-
eral limitations that must be taken into account when planning an
experiment. The most important limitations are described below.
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Equilibration. To obtain the sensitivity and accuracy described
above, IMC requires that the sample and (optionally) a thermally
inactive reference specimen are precisely at the selected tempera-
ture during measurements. In most cases, this requires an overall
initial equilibration time of ~1 h, during which data cannot be
collected. Flow systems can reduce this time, but introduce the
complexities described above. This starting time limitation is not
so serious for following the growth of freshly resuspended and
diluted mammalian cell cultures. The growth rate is lower than
for microorganisms, and there is thus little growth-related heat
flow during equilibration. That is, the heat signal remains close to
baseline while equilibration is taking place.

Changes over time in the culturve envivonment. The specific IMC
research technique described here is closed ampoule IMC of cells
in culture. Thus chemical changes such as oxygen depletion and
accumulation of metabolic waste products within the ampoule have
to be taken into account in interpreting results. Oxygen solubility
in water solutions is low. Consequently, in sealed ampoules filled
with unstirred liquid medium, dissolved oxygen will be consumed
by cells, and the medium will eventually become anoxic. However,
the authors have found that a thin-layer liquid- or solid-media cell
culture (ca. 1 ml, containing, e.g. osteosarcoma cell lines or
periosteal cells) placed in a 20-ml microcalorimetric ampoule with
air in the head space allows sufficient oxygen diffusion from the
head space into the medium to provide growth conditions similar
to those obtained in 6- or 12-well plates. Also, using a so-called
nano-calorimeter having a sensitivity of ~20 nW, 150-200 ul of cell
culture placed in a smaller 4-ml microcalorimetry ampoule also
provides similar conditions (authors’ unpublished data).

Nonspecificity of IMC data. Finally it must be noted that the heat
flow signal is a nonspecific, net signal related to the sum of all
chemical and physical processes taking place in an IMC ampoule.
As a consequence, unknown phenomena may produce some of
the heat measured, and there may be simultaneous exothermic
and endothermic processes taking place, as described by Lewis and
Daniels (27). For example, culture medium chemical degradation
(often of serum components) can result in a heat flow signal sig-
nificantly higher than the baseline. Such degradation can last over
several days or weeks (Fig. 2a). Similarly, for some experiments
such as implant material cellular biocompatibility tests it may be
necessary or desirable to sterilize the material specimens using
gamma radiation. During IMC measurements, oxidation of free
radicals produced in polymeric materials by this type of steriliza-
tion can also produce a signal significantly higher than the base-
line. For example, see Fig. 2b in Wads6 (8). As illustrated by these
two examples, the experimental design must include appropriate
controls and reference specimens to avoid systematic errors.
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1.5. Summary
and Expected Future
Developments
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Fig. 2. Examples of extraneous (non cellular) thermal activity from ampoule contents and
materials. Heat signals obtained from (a) sterile medium containing 10% horse serum
and (b) sterile microcalorimetric ampoules having undergone gamma irradiation.

Sealed ampoule isothermal microcalorimetry (IMC) is a simple to
use and highly versatile tool that can accommodate almost any
type of cell in (or on) a culture medium, plus a known quantity or
concentration of liquid or solid substance (or virus) whose inter-
action with the cells is of interest. Air or a specified gas mixture
can be used in the ampoule headspace. The sensitivity of IMC
allows detection and continuous monitoring of cell growth, met-
abolic rates, or other heat-producing or -consuming activities of
low numbers of cells (ca. 103-10°%, depending on cell type) in real-
time. In addition, IMC is a growing field, and many different
experimental techniques and instrument configurations are
emerging. The latter include enthalpy arrays (28, 29) and calo-
rimeters on micro-chips (30, 31). It seems likely that isothermal
microcalorimetry (IMC) will be used increasingly in biological
research and clinical diagnostic settings.
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2. Materials

2.1. Example:
Monitoring
Lymphocyte Activity
(Modified After
Murigande et al. (32))

2.2. Example:
Monitoring Virus
Infection in
Mammalian Cells
(Modified After Heng
etal. (13))

2.3. Example:
Monitoring Growth

of $a0S-2 (Human
Sarcoma Osteogenic)
Cells as a Materials
Biocompatibility Assay
(Authors’ Unpublished
Procedure)

. Heparinized tubes for blood collection.

. Calcium and magnesium-free phosphate buffered saline

(CMF-PBS).

. Histopaque 1077.
4. M199 or RPMI-1640 medium containing 10% autologous

serum or 10% heat inactivated fetal calf serum. No antibiotics
are added since lymphocytes are sterilely withdrawn out of a
healthy patient (i.e. without bacterial blood infection).

. IMC Instrument. There are several microcalorimeter instru-

ment companies (e.g. Thermal Hazard Technology, Masscal,
Waters/TA Instruments). However, TAM® instruments
(Waters/TA Instruments, New Castle DE USA) are used
here to illustrate the choices and methodology.

. 4-ml microcalorimetric ampoule (see Note 1).

. BHK-21 Cells.
. MEM medium (pH 7.2-7.4) plus 10% heat inactivated fetal

calf serum, penicillin 100 U/ml, and streptomycin 100 pg,/ml.

. Calcium and magnesium-free phosphate buffered saline

(CME-PBS).

. Trypsinizing solution (0.1% trypsin/0.04% EDTA in Ca**

and Mg?* free phosphate-buffered saline, PBS: 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 1.76 mM
KH,PO, at pH 7.40).

. IMC Instrument. There are several microcalorimeter instru-

ment companies (e.g. Thermal Hazard Technology, Masscal,
Waters/TA Instruments). However, TAM® instruments
(Waters/TA Instruments, New Castle DE USA) are used
here to illustrate the choices and methodology.

. 3-ml glass ampoule.

. Virus: foot-and-mouth disease virus (FMDV).

. $a0s-2 (human sarcoma osteogenic) cells.

. McCoy’s medium (pH 7.2-7.4) containing 15% heat inacti-

vated fetal bovine serum, penicillin 100 U/ml, and strepto-
mycin 100 pg/ml.

. Hank’s balanced saline solution without Ca?* or Mg?**.
. Trypsinizing solution (0.1% trypsin/0.04% EDTA in Ca?

and Mg?* free phosphate-buffered saline, PBS: 137 mM
NaCl, 2.7 mM KCl, 10 mM Na HPO,, and 1.76 mM
KH,PO, at pH 7.40).
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5. IMC Instrument. There are several microcalorimeter
instrument companies (e.g. Thermal Hazard Technology,
Masscal, Waters/TA Instruments). However, TAM® instru-
ments (Waters/TA Instruments, New Castle DE USA) are
used here to illustrate the choices and methodology.

6. 20-ml microcalorimetric ampoule.

3. Methods

3.1. Methods
Overview: Sealed
Ampoule IMC
Measurements of Heat
Flow Related to
Cultured Mammalian
Cell Processes

Using IMC to monitor cultured human or other mammalian cell
activity.

Since heat flow is produced by many cellular processes, many
different types of IMC cultured mammalian cell experiments are
possible. Below we first present a methods overview, which is fol-
lowed by three different specific examples. However, it should be
noted that many other types of cultured buman cell studies can be
performed using IMC.

Sealed ampoule IMC measurements themselves are simple,
innately highly reproducible, and do not require much prepara-
tive work. Their usefulness and repeatability depend on whether
both cultured cell specimens and materials with which they will
interact that are introduced into the IMC ampoules are
well-characterized and consistent in both replicate and deliber-
ately varied experiments.

First in IMC, an experimental temperature is selected (e.g.
37°C), and the IMC instrument thermostat is set at that tempera-
ture. Typically, if this is a new temperature setting, one must wait
a few hours until the heat flow signal from empty channels (calo-
rimeters) returns to baseline.

After the sample (e.g. cells or cell culture — with or without
drugs or other additives of interest, medium alone, other control
or reference materials) is inserted into a microcalorimetric ampoule,
the ampoule is sealed. Each ampoule is then lowered into its own
microcalorimeter channel, down to a thermal equilibration posi-
tion if one is specified by the instrument manufacturer. (Some
instruments do not have an equilibration position and ampoules
are lowered directly to the measurement position. Similarly some
instruments require a reference ampoule filled with a thermally
inactive material of same heat capacity and heat conductivity as the
sample to be introduced in another microcalorimeter channel in
parallel with the specimen ampoule). Lowering the ampoule first
to an equilibration position allows the ampoule and its contents to
come to a temperature close to the set temperature. This results in
less extraneous heat flow when the ampoule is finally lowered to
the measurement position. Ampoules are left in the equilibration
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position, for ca. 15 min (depending on the sample volume, heat
capacity, and heat conductivity).

Next, the ampoule is lowered down to the measurement position.
In spite of prior equilibration this usually results in a large change
in the heat flow signal because of the small (W) amounts of heat
flow being measured. Before starting measurement, one must
again wait for relatively complete thermal equilibration, usually
15 min to 2 h or more (depending on the sample volume, heat
capacity, and heat conductivity). The necessary amount of time
can be determined using ampoules containing material which is
not thermally active and has an overall (ampoule plus contents)
heat capacity approximately the same as an ampoule containing
an active specimen. Finally, heat flow measurements can then take
place and be recorded continuously (for hours or days) until the
investigator elects to remove an ampoule from the instrument.
These steps are summarized in Fig. 3. Also, general measures
must be taken in order to avoid specious heat signals (see Note 1).

) c
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0.5 1.0 1.5 20 25
Time in hours

Fig. 3. Example of a typical microcalorimetric measurement for an ampoule containing
a specimen whose heat output is slowly declining. The arrow indicates the introduction
of the sample into the microcalorimeter down to the equilibration position. (a) Time
interval in equilibration position. (b) Time interval for lowering the ampoule into the
measuring position and again reaching equilibration. (¢) Elective time interval in which
measurement takes place. At the end of (¢) the ampoule is removed and the microcalo-
rimeter signal returns to baseline (modified from Monti and Wadsd (33)).
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3.2. Example:
Monitoring
Lymphocyte Activity
(Modified After
Murigande et al. (32))

3.2.1. Isolation of (Human)
Peripheral Blood
Mononuclear Cells

3.2.2. IMC Measurements
of Lymphocyte Heat Flow

3.3. Example:
Monitoring Virus
Infection in
Mammalian Cells
(Modified After Heng
etal. (13))

3.3.1. Cell Culture
and Preparation

Start with an IMC instrument (see Note 2) set and calibrated at
the desired temperature (e.g. 37°C).

1. Withdraw ca. 40 ml of blood from a healthy donor in heparinized
tubes.

2. Dilute 1 volume of blood sample with 2.5 volumes of PBS.

3. In a sterile conical tube (Falcon) add 10 ml of Histopaque
1077 and 40 ml of the diluted blood.

4. Centrifuge for 30 min at (ca. 365 x4).

5. Remove the plasma (i.e. the first liquid layer) and collect the
peripheral blood mononuclear cells in a new tube.

6. Wash the cells with PBS and centrifuge at (ca. 400xy) for
10 min. Repeat this operation two times.

7. Resuspend the cells in an appropriate volume of M199 or
RPMI-1640 medium augmented with 10% autologous serum
or 10% heat inactivated fetal calf serum to obtain a final cell
concentration of ca. 2.55x 105 cells/ml.

1. Transfer an appropriate volume between 0.5 and 3 ml of the
resuspended peripheral blood mononuclear cells into a 4-ml
microcalorimetric ampoule. The amount of cells in the
ampoule should be between 2.5x10° and 7.5x10° cells. (If
desired, also prepare ampoules with inert reference speci-
mens: usually uninoculated medium of the same volume.)

2. Seal the ampoule (see Note 3).

3. Insert the ampoule in the calorimeter following equilibration
procedures described in the Subheading 3.1.

4. Measure activity as long as desired (e.g. 5 days, Fig. 4a).

An example of the type of data obtained with this procedure
is shown in Fig. 4a.

Start with an IMC instrument (see Note 2) set and calibrated at
the desired temperature (e.g. 37°C) as described in
Subheading 3.1

1. BHK-21 Cells are cultured in T-25 culture flasks filled with
complete MEM medium at 37°C and under 5% CO,
atmosphere.

2. Check for the desired degree of cell confluency and absence
of signs of contamination.
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3. Remove the spent medium and wash the culture with 1-2 ml
of calcium and magnesium-free PBS (CME-PRBS).

4. Add 1 ml of 0.25% trypsin solution in PBS to the culture
flask.

5. Gently rotate the flask to cover the monolayer with trypsin.

6. Once the cells are detached and floating, centrifuge and resus-
pend them in an appropriate volume of MEM medium with
added heat-inactivated fetal calf serum, penicillin, and
streptomycin.

7. Count the cells with a hemocytometer and adjust the cell
concentration to 10° cells/ml using prewarmed medium.

8. Transfer 1 ml of the cell suspension to a microcalorimetric
3-ml glass ampoule and allow to grow for 24 h at 37°C and
under 5% CO, atmosphere.

3.3.2. FDMV: Virus 1. Once ca. 80% confluency has been reached, remove the spent
Infection medium.

2. Add an appropriate amount of virus (based on the tissue cul-
ture infectious dose — for FDMYV virus this is ca. 500,000 PFU
or 50 pl of TCIDS50 virus stock= 107 PFU /ml). Incubate for
1 hat 37°C.

3. Add 1 ml of MEM medium along with heat inactivated fetal
calf serum, penicillin, and streptomycin.

3.3.3. IMC Measurements 1. Seal the microcalorimetric ampoules (see Note 3) containing
the infected cells. If required, prepare an inert reference using
uninoculated medium.

2. Insert each specimen ampoule (and reference ampoules if
required) into separate microcalorimeter chambers, following
equilibration procedures described in the Subheading 3.1.

3. Measure activity as long as desired.

An example of the type of data obtained with this procedure
is shown in Fig. 4b.

<
<

Fig. 4. Examples of heat flow data obtained following protocols of the type described in Subheading 2. (a) Monitoring
lymphocyte activity. Figure modified from (32) showing heat flow from lymphocytes (initial amount 2.5 x 10° cells) over a
period of days when stimulated with various amounts of phytohemagglutinin (PHA) (original data from (32)).
(b) Monitoring virus infection in mammalian cells. Example is adapted from Fig. 1 in (13), showing heat flow from BHK-21
cells at 37°C. (a) FMDV infected cells (plain line), (b) infected cells with 1.0 wg/ml interferon (dashed line), (c) uninfected
cells with 1.0 ug/ml interferon (dashed line), and (d) uninfected cells without interferon (dashed line). (€) Monitoring
growth of Sa0S-2 (human sarcoma osteogenic) cells (authors’ data). Plain dark line: cells in culture, Plain grey line:
inoculated control, dashed line: accumulated heat (J) vs. time, base on heat flow curve obtained during growth.
Accumulated heat vs. time is analogous to conventional growth curves showing, e.g. the accumulated number of cells.
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3.4. Example: Start with an IMC instrument (see Note 2) set and calibrated at
Monitoring Growth the desired temperature (e.g. 37°C) as described in
of $a0S-2 (Human Subheading 3.1.

Sarcoma Osteogenic)

Cells as a Materials

Biocompatibility Assay

(Authors’ Unpublished

Procedure)

3.4.1. Cells Culture 1. Culture cells in 6-well plates using complete McCoy’s medium
and Preparation at 37°C and under 5% CO, atmosphere.

2. Remove the spent medium and wash the culture with 0.5-1 ml
Hank’s balanced saline solution without Ca?* or Mg?*.

3. Add 0.5 ml of trypsinizing solution.

4. Gently rotate flask to cover the monolayer with trypsinizing
solution.

5. Upon cell dispersion, centrifuge and resuspend the cells in an
appropriate volume of complete McCoy’s medium to obtain
a final cell concentration of comprised between 1x10° and
2x 105 cells/ml.

3.4.2. IMC Measurements 1. In a previously prepared 20-ml microcalorimetric ampoule
(see Note 3) containing a sterilized material specimen to be
tested, add 1 ml of cell suspension (1x10°-2x10° cells).
Prepare a control ampoule without material. If required, pre-
pare an inert references using uninoculated medium.

2. Insert the specimen ampoule (and a reference ampoule if
required) into separate microcalorimeter chambers, following
equilibration procedures described in Subheading 3.1.

3. Measure activity as long as desired (e.g. days).

An example of the type of data obtained with this procedure
is shown in Fig. 4c.

4. Notes

1. Avoiding specious IMC heat flow signals.

There are two common sources of specious heat flow signals
that can be avoided through experience and good
practice.

First, the ampoule must be completely sealed —i.e. not allow
any leakage of vapor from the ampoule during measure-
ment. If leaking occurs, the result is a large endothermic
(negative) heat flow signal, which completely overshadows
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any exothermic heat from the living cells. A screw top
which is insufficiently tightened is one source. A less obvi-
ous one is insufficient crimping of the metal collar used to
seal the rubber septum on glass ampoules. This is a rela-
tively frequent occurrence for new users. Also, injecting
substances through the rubber septum with a needle-
equipped syringe could result in a septum which leaks.
The use of small diameter needles such as 29 or 30 G
found on insulin syringes usually solves the problem.

Second, the ampoule must be free of external contamination,
which could produce a specious heat signal if the con-
taminate changes chemically (e.g. oxidizes) or physically
(e.g. vaporizes) after the ampoule is placed in a calorim-
eter chamber. Thus the ampoules should be not only
internally but also externally clean, and handled in such a
manner as not to contaminate them. With the nanocalo-
rimeters, it is possible to detect a heat flow signal coming
from oxidation of oils transferred to the ampoule exterior
by handling the ampoules with bare fingers.

2. IMC Instruments

The general principles, advantages and limitations of the IMC
method and instruments were described in the main text.
Instruments best suited for applied biology (for example,
monitoring cultured human or other mammalian cell
activity and growth) are those having multiple calorime-
ters, which allow several specimens to be evaluated simul-
taneously at a given temperature (6). However, there are
several instrument configurations, and the user must
select the combination which fits the need. The configu-
ration variables are: number of ampoules which can be
evaluated simultaneously, ampoule internal volume, mea-
surement sensitivity, and differential measurement capa-
bility. Also, instruments which accommodate more
ampoules at once or provide more sensitivity obviously
do so at added cost. The authors currently use instru-
ments from the TAM (thermal activity monitor) series
produced by Waters/TA (New Castle DE USA). They
provide examples below of available configurations for
different purposes.

The TAM 48® has 48 separate microcalorimeters, each of
which can accept ampoules of either 3 or 4 ml capacity.
There is also a TAM III®, which can be equipped with up
to 4 so-called nanocalorimeters, which also accept
ampoules of 3 or 4 ml capacity. The nanocalorimeters are
roughly one order of magnitude more sensitive than the
microcalorimeters in the TAM 48®. The nanocalorime-
ters offer an additional possible advantage. Each nano
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calorimeter accepts a pair of ampoules, and the resultant
heat signal is the differential of the two ampoules. Thus
the nanocalorimeter heat signal can be, for example, the
difference between an ampoule containing cells and cul-
ture medium and a “blank” ampoule containing only cul-
ture medium.

Alternatively, if more culture medium or more head space is

advantageous, the TAM III® can be equipped instead
with up to 12 larger single microcalorimeters, which
accept 20 ml ampoules. The TAM III® can also be
equipped simultaneously with various combinations of
microcalorimeters (e.g. 3 or 4 ml capacity, 20 ml capac-
ity) and nanocalorimeters (3 or 4 ml capacity).

There is also a relatively low-cost TAM Air®, which accepts

20 ml ampoules. Although the TAM Air® instrument’s
calorimeters are less sensitive (i.e. the measuring range is
between 4 uW and several mW), the instrument is config-
ured like the TAM III® nanocalorimeters in that it reports
the differential heat signal from pairs of ampoules (up to
eight pairs).

Each ampoule-accepting chamber of the instruments of the

type described above is a flat-bottomed empty stainless
steel tube. (The electronic components which measure
heat flow to/from an ampoule are arrayed outside the
tube, under and around the sealed bottom.) Except for
being at a common temperature, each of an IMC instru-
ment’s calorimeter chambers is essentially a separate
instrument. Ampoules can be introduced, heat flow mea-
sured, and ampoules are removed at any time from any of
the chambers with negligible effect (i.e. signal cross-talk)
on heat flow measurements in any of the other calorime-
ter chambers.

3. IMC Ampoules.

The calorimetry instrument manufacturers (e.g. Waters/TA)

also supply an array of standardized sealable ampoules for
closed ampoule calorimetry, as illustrated in Fig. 1. The
glass and polyethylene ampoules shown are intended for
single use. The glass ampoules are sealed with an elasto-
meric septum by crimping an aluminum collar, and this
is accomplished with a specially designed crimping tool.
If desired, it is possible to inject substances through the
septum after sealing, using a needle-equipped syringe.
The polyethylene ampoules have a screw-on top. The
stainless steel ampoules are intended for repeated use (after
careful cleaning to remove any residues). They have screw-
on tops with an internal elastomeric seal. The examples
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below employ glass ampoules of the following capacities:
4 ml (see Subheading 3.2), 3 ml (see Subheading 3.3),
and 20 ml (see Subheading 3.4). The glass ampoules are
often preferred because they are easily sterilized. The
Waters/TA glass ampoules and seals can be autoclaved
20 min at 121°C.
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Chapter 21

Digital Image Processing of Live/Dead Staining

Pieter Spaepen, Sebastian De Boodt, Jean-Marie Aerts,
and Jos Vander Sloten

Abstract

The quantification of live and dead cells in a substrate is often an essential step in cell biology research. A
staining protocol that acts differently on live and on dead cells is applied and the number of cells visible
is counted using a microscope. Often this counting is done manually or only evaluated qualitatively. If
the number of samples to be analyzed is large, counting live and dead cells will become a labor intensive,
and in some cases an unreliable, process. The manual procedure also discards potentially relevant infor-
mation on the cells beyond their live or dead classification. For example, cell size, shape and distribution
cannot be measured manually. Thus, developing a software routine to replace the counting process can
result in an increase of both efficiency and quality of the data gathering process. Whether or not the time
and/or money spent on creating a dedicated computer algorithm is worthwhile, depends on a large
number of factors of which some are specific to the samples and some to the technical expertise available.
In a large percentage of cases, creating a computer algorithm may be easier than expected. In order for
the reader to correctly asses the difficulty level of his/her specific case, an outline on how to tackle the
problem is presented within this chapter. The basic concepts of digital imaging, explained in a possible
step by step approach, is offered. It is important to be able to estimate the difficulty level for each specific
case. Based on a series of questions the potential of creating a computer algorithm can be offset by the
costs to be expected.

Key words: Image analyses, Image processing, Live /dead, Quantification

1. Introduction:
Basic Concepts

of Digital Images _ ) o _
Most information on basic digital imaging can be obtained from

a multitude of textbooks (1-5) as well as excellent online infor-
mation such as http://micro.magnet.fsu.edu/primer/index.
html. Although the transition of the analogue to the digital imag-
ing era effectively enabled the quantification of our visual percep-
tion, it does not come without drawbacks. During the digitalization
process, the continuous analogue signal we perceive is replaced

Martin J. Stoddart (ed.), Mammalian Cell Viability: Methods and Protocols, Methods in Molecular Biology, vol. 740,
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1.1. Image Brightness
and Bit Depth

by a digital counterpart that only has a distinct number of
representational levels. The discretization process is applied on
both the intensity and the spatial representation of the image.
A good understanding of the impact of both procedures is key in
good decision making during the digital image capturing process.
In order to display the concepts of the digitalization process,
explanatory one dimensional examples of a voltage signal in time
are used as well as two dimensional, true image, examples.

A continuous analogue voltage signal as depicted in Fig. 1 (right)
contains an infinite number of signal intensities. A digital version of
that signal only allows for a fixed number of distinct voltage levels.
In order to convert the analogue signal in to its digital representa-
tion a decision on the number of levels used has to be made.
Because the digital signals are to be stored and converted on a
binary processor, the number of levels used to represent the image
is chosen to be equal to the number levels possible for several bit
depths. Since a bit can either be 0 or 1, the use of two bits corre-
sponds to 2x2=22=4 different levels. Each bit added multiplies
the available discretization levels by two: three bits amounts to
22x2=23=8 different levels and 4 bit results in 2*=16 different
levels. The effect of the number of discretization levels on the accu-
racy of the digital representation can be seen in Fig. 1 (left).

The number of bits used is limited by the physics of the analogue
to digital converter used, which converts the analogue input signal
to the closest digital equivalent. Secondary, using a higher bit

Electric voltage Image RGB value

Amplitude

Amplitude

8 bit/channel 4 bit/channel
L|_.,_’ - - '
2 bit/channel 1 bit/channel

Fig. 1. Left: Analogue voltage signal (top) and resulting signal after digitalization (bottom). Right: Effect of bit depth of digital
RGB image quality. At 2 bit/channel, the cell texture appears unnatural. At 1 bit/channel cells disappear from the image.
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depth results in more memory use and increases computational
effort of post processing. For image representation the effect of bit
depth can be seen in Fig. 1. An 8-bit digitizer will have 256 gray
values to describe each pixel and a 12-bit digitizer will have dis-
tinct 4,096 different values. When digitizing a signal, having a
high bit depth is not all that counts. Since these bits will be evenly
distributed along the whole of the dynamic range of the signal
only a portion of them will be in the range of interest. If we would
like to measure a voltage signal of +10 uV with a 12-bit system
designed for a +10 V signal, we will only have 2 bits
(0.010 V/10 Vx22=4 levels) describing the signal of interest.
Signal conditioning prior to analogue to digital conversion is key
in obtaining good results. For image analysis purposes this means
setting up exposure such that image contains both very dark and
very bright pixels. The human eye perceives a 2% intensity differ-
ence in gray levels as just noticeable resulting in roughly 50 differ-
ent gray levels within the intensity range of a monitor, suggesting
a 6 (64 levels) bit representation to be adequate. In order to avoid
visually obvious gray level steps after an image has been post pro-
cessed, 8- or 10-bit resolution is suggested. For digital image anal-
ysis, however, even a higher bit depth can be useful. It will allow
computer algorithms to detect differences smaller than those
detectable by the human eye. Despite the fact that this sounds
promising, looking for these small variations can prove to be dif-
ficult and may require image processing to boost the differences
up to a visible level. As described later, boosting images can result
in unwanted emphasis of noise (e.g. Fig. 2, row 3). Noise itself is
also often a limiting factor on the usefulness of a high bit depth.
Adding additional bits to a noisy signal will not increase the infor-
mation present in the digital signal. The ratio of intensity range
over noise can give a first indication on meaningful bit depth.

Most live /dead staining images are color images and are gen-
erally represented by the Red—Green—-Blue (RGB) color model,
which means that an image is an overlay of a Red, a Green, and a
Blue part. Each of these parts is represented by a number of bits.
A 24-bit RGB representation will use 8 bits for each color and can
represent 256 x256x256=16,777,216 different colors. A 32-bit
color space is most often a 24-bit color space with 8 bits for addi-
tional non-color data. Higher bit depths (3x12 and 3x14) can
be found in current digital cameras and 3 x 16 bit representation
is finding its way into imaging software. Since on screen represen-
tation of the image is limited to 24-bit color space, the main
advantage of high bit depth has to be found in its ability to retain
better image quality after extensive processing.

Aside from the discretization process to translate an analogue sig-
nal into the binary world, a second discretization process is
inevitable.
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Fig. 2. Manipulation of the gray value histogram and the effect on the image quality.

In image analysis this second discretization is determined by
the spatial resolution of the camera system. The effect of under-
sampling an image can be seen in Fig. 3. Not only does the digi-
talization process introduce a discretization step, but due to the
physics involved, the microscope itself also limits the optical reso-
lution. In order to capture the full potential of the microscope,
at least two or preferably three pixels should be available for each
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200x200 100x 100 67 x67
S0 x50 25x25 13x13

Fig. 3. The effect of spatial resolution on image quality. The effect of undersampling: At 25 x 25 pixels, there are less then
20 pixels/cell and image analysis will be less accurate. At 13 x 13 individual cells become undistinguishable.

resolvable unit. When imaging cells, which are two-dimensional
objects, this means that one cell should at least consist of
3x3=9 pixels. When the images will be used for image analysis,
at least 20 pixels per cell is preferable (Fig. 3). Based on the aper-
ture, all magnifications and the physical size of the camera, an
optimal number of pixels that make up the camera sensor can be
calculated. Adding pixels beyond this optimal number will not
increase the amount of information available in the end product.
Table 1 gives an overview of commonly used objectives and optimal
camera resolutions.

In general, digital cameras used in microscopic imaging are
specifically designed for this purpose, but consumer-grade digital
cameras can already deliver useful images. Scientific digital cam-
eras, however, have a higher sensitivity, which allows imaging at
low light intensities and detects difference in intensity not visible
to the human eye. A good indicator of a camera’s sensitivity is the
quantum efficiency (QE), a measure of the percentage of incident
photons that is detected by the camera in a specified spectrum
of light. Also important is the camera’s signal/ noise ratio (S/N), a
measure of the variation of a signal that indicates the confidence with
which the magnitude of the signal can be estimated. The effect of
S/N level on image quality is illustrated in Fig. 4. Light has an
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Table 1

Optimal resolutions for a 2/3” CDD and
1x magnification of the video coupler

Objective Optimal resolution
2x, NA 0.06 1,910x1,430
2x, NA 0.08 2,590 x 1,940
2x, NA 0.10 3,140x 2,360
4x,NA 0.14 2,200x1,650
4%, NA 0.16 2,590%1,940
4x,NA 0.18 2,930%2,200
10x, NA 0.30 1,910x1,430
10x, NA 0.35 2,200x1,650
10x, NA 0.40 2,590%1,940

Using a higher resolution will not yield additional infor-
mation. Objective magnification only, does not include
eyepiece magnification

S/N=10000

S/N=10 S/N=2

Fig. 4. Images with a decreasing S/N level.
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inherent noise component, which cannot be reduced, but noise
also derives from a variety of other sources such as the output
amplifier. In electronic devices this can often be reduced by low-
ering the operating temperature. This is why most microscope
cameras have an internal cooling. It is the high QE and S/N, and
not so much the spatial resolution, which determines the quality
and also the price of a microscope camera. Often scientific digital
cameras are capable of detecting light in a broader spectrum,
unveiling new information, which is not visible to the human eye.
Images captured outside of the visible spectrum have to be
mapped into the visible spectrum in order to be seen. The invisi-
ble part is added to some visible part of the spectrum, potentially
masking information already present in this part of the spectrum.
In spite of the broader spectrum available, live /dead images typi-
cally use the visible part of the spectrum.

Camera software often allows pixel binning, which means
that adding the signal of multiple neighboring pixels improves
the signal-to-noise ratio and shortens the exposure time. The
main disadvantage is the reduced resolution of the final image.
When for example applying 2 x 2 binning, the signal of 4 pixels is
added, but the resolution will be four times lower than the sensor
resolution. For fluorescent images which generally have low
intensity, binning is often used when a high spatial resolution is
not needed.

The main tool to assess whether or not an image processing step
will improve the end results is the image histogram (e.g. Fig. 2).
The histogram displays the gray or color level, typically between 0
and 255, histogram of an entire image or a selection of an image.
During conversion of the image to a binary representation selected
intensity values, or value clusters, which should correspond to the
cell area will be represented by one and others, which are part of
the background by zero. In order for the cells to be retained in the
binary data the difference between the cells and the background
has to be as big as possible. The more certain intensity levels can
be assigned to originate from pixels that are part of the cells, and
not the background, the better the binary representation will be.
In the image histogram, this will typically be visible as distinguish-
able regions. The bigger the intensity difference between the cell
regions and the background regions, the more feasible it will be to
extract them. Displaying the histogram of only a part of an image
will help in understanding which intensity levels to look for in the
overall image histogram. In some cases, the analysis of the image
histogram will yield that there is a significant intensity level between
the cells and the background, but no discernible zones in the overall
image histogram. In most cases, non uniform lightning conditions
will be the cause. This can be verified by looking at histograms
from different parts of the background.
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1.4. Separating Live
and Dead Cells

Original image

}

Blue channel

Because different excitation and emission filters are needed for
imaging live and dead cells in one object, the three RGB color
channels of the image are taken subsequently and even use a dif-
ferent exposure time depending on the color channel. Depending
on the camera software, the images of the live and dead cells are
even stored as separate images. For qualitative interpretation these
two images can be merged into one, but for image processing it
is better to keep them separate (Fig. 5). In an RGB image, only
the red channel is used to quantify the dead cells and only the
green channel is used for the live cells. Extracting live and dead
cells from one image can best be done with two separate image
processing sequences.

The first reason is that both have different shape in the image.
The calcein, which stains the live cells is present everywhere in the
cell’s cytoplasm, producing an intense uniform green fluorescence
in live cells. Ethidium homodimer-1 which stains the dead cells is
fluorescent only when attached to the DNA. This results in only
the round nucleus of dead cells staining red. The live cells appear
in different morphologies and are more likely to touch, which
causes additional challenges for image processing. Dead cells
appear as more or less equally sized disks and are generally more
clearly separated from one another.

The second reason is that depending on the substrate the
cells are attached to, the background in the green and in the red

Red channel
1500
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Gray value
Green channel
1000
800 / Background
=
2 600
° Live cells
2 400
o
200
0
0 100 200

Gray value

Fig. 5. Separation of live and dead cells by use of red and green color channel. Live and dead cells often have different
morphology and contrast with the background. The latter can be seen in the histograms.
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color channel are often very different. This is because many materials
are to some extent autofluorescent at the same wavelengths as the
calcein or Ethidium homodimer-1. This means that they have
similar fluorescent properties as one of these two molecules,
which leads to a decreased contrast between the cells and the
background and makes segmentation of the cells more difficult.
Because this level of auto-fluorescence is different for the red and
the green part of the spectrum, the contrast with the background
intensity can be totally different for live and dead cells and might
require different image processing sequences.

2. Overall Steps for
Image Processing

2.1. Removing
Imperfections

The goal of image processing and image analysis is to allow for
(statistical) data processing of features seen in (microscopy)
images. Image processing includes all operations on the image
and results in new images that have an improved visibility of the
cells. During the image analysis that follows, numerical data is
extracted from the processed images. From live /dead images, the
cell viability [number of living cells /(number of living cells + num-
ber of dead cells) x 100%] is the most commonly reported vari-
able. But the same image processing that is required to calculate
the viability enables much more elaborate image analysis to deter-
mine cell size and morphology or the local distribution of cell
viability and cell density. This local information can then be cor-
related with the local environmental conditions like nutrient or
growth factor concentrations.

For verification purposes it is often useful to, in a final step,
create a visual overlay of the extracted data on the images. A gen-
eral guideline for image processing and analysis is:

1. Correct or tone down imperfections, defects, and artifacts.
. Enhance the cells and suppress nonrelevant information.
. Convert the image to a binary representation of the cells.

. Perform measurements on binary image.

[S2 U NV I 8

. Overlay extracted information for visual verification.

An example of live /dead image processing using image]J can
be found at the end of the chapter. The steps within this example
are referenced to as examples of the principles explained in the
next sections. For the original image, see Fig. 6.

Sometimes only part of the image, which is referred to the region
of interest (ROI) is needed for quantification of the live and dead
cells. If this is so, it is important to first crop this ROI from your
images and to use only this part for image analysis. In this way,
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Fig. 6. Example: Original RGB image.

Fig. 7. Example step A: Image — Color — Split channels. Select the green channel for
live cells.

the effects of inhomogeneous lighting or irregular backgrounds
are minimized. Depending on illumination, focus, sample prepara-
tion, and equipment used the quality of microscopic images may
vary widely. The first step after cropping the ROI form the image
is the removal of inhomogeneous lightning, noise, and images
defects. Often only one color of a full color image is selected in
further calculations [Fig. 5, example step A (see Fig. 7)].

If possible remove nonuniform lighting before image capture:
a more homogenous image to start the processing on will have a
better chance of successful feature extraction. If this is not
possible, capturing an image with the sample removed and sub-
tracting this image from the original images will produce more
homogenous lightning. If a prerecorded background is not
available the background area of the image itself can be used to
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Fig. 8. Example step B: Process — Subtract background: set (rolling ball radius:
100 pixels). Example step C1: Image — Adjust — Brightness/Contrast: set (min=4,
max = 80).

generate a background image [example step B (see Fig. 8)].
Several toolkits can be found on-line that allow the user to select
a number of control points of a specific size and use these points
to produce and subtract a background. Care has to be taken to
allow for difference between different images of set. If lightning con-
ditions are not uniform across all images taken, the background
image has to be adapted accordingly.

After removing the background the image histogram can be
stretched and shifted to make use of the full dynamic range. This
is most commonly achieved by adjusting the brightness and con-
trast (Fig. 2). Care must be taken that the peaks in the histogram
that correspond to the cells do not move out of scale as in Fig. 2,
row 3. Adjusting the brightness and contrast [example step Cl
(see Fig. 8)] does not change the amount of information present
in the picture, it merely enhances the visibility of certain details.
During the adjustment, the original intensity level is replaced
with a new one. Since the number of intensity levels is discrete
and finite, changing the intensity level of some pixels will lead to
others being be pushed out of bounds or (re)grouped. Changing
brightness and contrast is therefore an irreversible process. The
same goes for gamma corrections (Fig. 2, row 4). Gamma cor-
rections allow to redistribute the in origin evenly spaced intensity
levels. In some cases, more intensity levels are wishful to repre-
sent either the brighter or the darker part of an image. If only
brightness and contrast are available to stretch and shift the his-
togram, demanding more intensity levels for the dark or bright
part of the image could push the other extreme of the histogram
beyond the bounds. This would result in a loss of information.
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When using a gamma value of less than 1, dark features in the
images become brighter, but the contrast in the very bright and
midtone values is lost. For gamma values between 1 and 3 bright
features become more dark at the expense of contrast for dark
and midtone values.

After these simple image adaptations more advanced filters
can be used. In contrast with brightness, contrast and gamma
corrections, these filters will not only take into account the inten-
sity values of the individual pixel but also the values of the neigh-
boring pixels. The intensity value of a pixel is replaced by a
weighted sum of the intensity of the pixel itself and its surround-
ing neighbors. The size of the neighborhood can vary between
different filters and different filter settings. The average or median
and the unsharp mask filter, shown in Fig. 9, are two commonly
used filters. Both the average and median filter aim to remove noise
(which is visible as individual speckles) by replacing the intensity

3x3 median filter

3x3 average filter

—

011(0.41(0.11
011041011
0.11]10.11{0.11

Unsharp mask filter

—

-0.33|-0.33 |-0.33

-0.33 |3.667 | -0.33

-0.33|-0.33 |-0.33

Fig. 9. Examples of commonly used filters. A median filter can be use to remove white
and black pixels that originate from broken camera pixels. An average filter can be used
to reduce random noise. The unsharp mask filter can be used to restore the sharpness
after median or average filtering.
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value of a pixel with the average (or median) of the surrounding
neighborhood, varying the size over which the average (or median)
is taken between 3x3 to 7x7 or even larger [example step C2
(see Fig. 10)]. In some cases, applying the same filter multiple
times will further improve the image quality. Removing the dust
speckles using an average filter does come at the cost of overall
sharpness, the processed image will be free of noise spots but have
a more blurry appearance, and neighboring cells are more diffi-
cult to distinguish. In such cases an unsharp mask filter may be
useful [example step C3 (see Fig. 11)]. In spite of its name, the
unsharp mask filter actually highlights details resulting in more
crisp and sharpened images. The procedure uses two steps. First a
blurred version of the image is created using a Gaussian filter.
This filter cancels out all high frequency content (all sharp edges)

Fig. 11. Example step C3: Process — Filters — Unsharp Mask: set (radius: 6 pixels,
mask weight: 0.90).
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2.3. Segmenting
the Image

of the images. The amount of blurring can be controlled by the
Gaussian filter settings. A scaled version of the blurred image is
than subtracted from the original. This scaling factor provides the
user with a second control parameter. The presence of these user-
adjustable controls is the main advantage of the unsharp mask
filter over other sharpening techniques. Furthermore, because
the low frequency content (slow variations) in the images is can-
celed out, the unsharp mask filter can also be used to remove slow
variations in background. The amount of sharpening can be cho-
sen conservatively. Overuse of the unsharp mask filter will blow up
noise out of proportion. It is for this reason that sharpening filters
such as the unsharp mask filter must be used conservatively.

After carefully adjusting the image to enhance the intensity of the
cells and suppress nonrelevant information, the image can be seg-
mented [example step D (see Fig. 12)]. During this process the
intensity value of a pixel is replaced by a 1 or a 0. The most simple
case is the one of a grayscale image for which all intensity levels
above, or below, a fixed threshold are set to 1 (Fig. 13). A slightly
more complex approach requires the setting of two threshold lev-
els: intensity values above the lower threshold and below the
upper threshold are set to 1 and all others are set to 0. This
method is used when the features of interest have an intermediate
intensity value and both darker and brighter backgrounds have to
be ignored. This can be useful when certain regions in the back-
ground are autofluorescent and have a higher intensity than the
cells. The threshold values of the former segmentation methods can be
chosen to be fixed for all images to be processed or dependant of
some image parameter such as overall brightness. If the background
and intensity corrections of the image processing are successful
and coherent for all images to be processed, setting fixed threshold,

Fig. 12. Example step D: Image — Adjust — Threshold: set (min: 246, max: 255).
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Grayvalue

Erode 2 x 3pixels Dilate 3 pixels

Fig. 13. Gray value image and image after gray value thresholding (fop). Eroding removes
small particles and separates touching cells. Dilatation is performed to restore the size
and shape of the cells.

if possible, values will yield a more robust processing method.
Creating an intensity histogram of one or more selected features,
without background, helps in the selection of proper threshold
values. As discussed further on, an additional filtering of the seg-
mented image clears up some of the inevitable thresholding inac-
curacies. Some of the more easily removable slip-ups are small
speckles of wrongfully categorized pixels and holes inside the cells
(as long as there is no connection between the hole and the out-
side of the cell). Cells that connect to each other prove more dif-
ficult to separate and should be avoided. As mentioned earlier this
is what makes cell segmentation on live cells more difficult com-
pared to dead cells. Typically, more out of focus cells also yield a
bigger challenge in selecting correct threshold values.

In order to assess the quality of the segmentation, several cri-
teria have to be taken into account. After segmentation particles
are defined. A particle is a group of pixels that are directly con-
nected to each other. Most software packages offer several defini-
tions of a particle (or hole): (empty) pixels connected along a side
(one pixel has four neighbors) or (empty) pixels connected along
a side or via a corner (one pixel has eight neighbors). Later in the
process, different properties for the particles are calculated, so
ideally each cell should already be represented by one individual
particle. If not the filtering process has to eliminate particles that



224

Spaepen et al.

do not represent a cell, connect separated particles that represent
the same cell, close holes located inside particles, expand or shrink
the particles to best mach the complete surface of the cell and
split particles that overlay multiple cells. The order in which these
steps are completed is not fixed and requires some trial and error.
Often a step has to be repeated once more after further steps have
processed the image.

Removing unwanted particles can be done based on their cal-
culated properties. Most commonly used parameters are surface
area, roundness factor (to separate round cells from elongated
artifacts), and perimeter. All particles of which a parameter is not
within a selected range are removed. Keep in mind that some
particles do not correctly represent a specific cell yet, setting the
boundaries for a specific parameter has to be done accordingly.
Often the particles that contain pixels at the boundary of the
image are removed. Because this could be a cell that is entirely in
the image, the shape and size can be different from the cells in the
center of the image, which can lead to errors in the further image
processing.

Attached cells that have a spread out morphology can have a
nonuniform intensity and the darker regions might become black
after thresholding, leading to holes inside particles. Filling holes
inside particles [example step E1 (see Fig. 14)] will allow for a
correct representation of among others the surface area of these
particles. This surface area can be used in future filtering steps or
could also provide a means to discriminate the results of different
experimental conditions. If the outer edge of the cell-particle is
only represented by a single line of pixels on one point and pixels
are connected via corners also, closing holes can result in unex-
pected results.

Fig. 14. Example step E1: Process— Binary—Fill holes. Example step E2:
Process — Binary — Erode. Example step E2: Process — Binary — Erode. Example step
E3: Process — Binary — Dilate.
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Eroding particles [example step E2 (see Fig. 14)] can be useful
to split a particle that represents two, or more, overlapping cells
(Fig. 13). During the eroding procedure the outer pixels of the
particle are set to zero. Removing pixels along the perimeter will
eventually lead to a split up into two separate cells. This process
can lead to unwanted small isolated particles of pixels that used to
be part of the original particle. Filtering the image based on par-
ticle size will remove such artifacts.

Dilatation of the particles [example step E3 (see Fig. 14)] can
be used to better correspond to the actual surface area of the cell.
It is also useful to replace several small particles, all representing
the same cell, with one larger particle. As soon as two particles
make contact, consider the different definitions of contact, they
will join to create one single particle. As a side effect of expanding
cells, jagged edges become more smooth.

More robust splitting algorithms divide particles representing
cells into separate particles. These algorithms refine the rough
shrinking process by using additional information like local perim-
eter curvature. Most software packages provide such procedures,
but their result is unpredictable. Avoiding overlapping particles, if
possible, remains the better option.

The filtering process [example step F (see Fig. 15)] does not
have a specific order of filters to be applied. Often more stringent
boundaries for a specific property can be applied once the parti-
cles represent the cells more closely. An example of this process
could be an image with a large, elongated particle all along the
edge of the image in which in the inside is filled with particles
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Fig. 15. Image — Lookup Tables — Invert LUT. Example step F: Analyze — Analyze
Particles — set (size: 60, show: outlines).
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2.4. Performing
Measurements
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Live Dead 2.tif 111 33363.000 300.568 4.1 0
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Fig. 16. Report results, results of six different images are shown.

representing cells. These cell-particles have holes inside and some
non cell representing particles, both smaller and bigger, are also
present. Thresholding on size will remove the outer, enclosing
particle and some of the smaller particles, but because of the holes
in the cell-particles, not all small non-cell-particles can be removed.
Filling the holes after the removing the large edge particle, fol-
lowed by a second filtering on size will remove the last unwanted
particles

Once the segmentation process is completed successfully the
extraction of quantifiable parameters is easy [example step G (see
Fig. 16)]. All software packages will present the user with a vast
number of available parameters, ranging from the simple number
of cells to an extensive representation of the shape and size of
each individual cell. Although the simple number of live and
dead cells will mostly suffice, it is worthwhile to explore the
options: subtle differences between experimental conditions can
be picked up.

3. Assessing the
Difficulty Level

When analyzing a digital image to detected particular cells against
a particular background, no one definitive approach can be made.
Existing or commercially available algorithms will therefore often
fail to recognize the cells without major adaptation. Creating spe-
cific algorithms with specific settings will be necessary for each set
of images. A step by step approach with reasonably high success
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rates is available. Everything starts with the digital image taken.
Imaging cells for automatic cell detection demands a more careful
approach. With the comments above a well founded decision on
the imaging parameters can be made. These parameters should be
kept as constant as possible when taking multiple images to make
the image analysis more robust. A first assessment of the difficulty
level of the project at hand will also direct towards good images.

If using a higher magnification (which produces better qual-
ity images, e.g. well separated cells) the downside of having a
smaller sampling size can be counteracted by selecting multiple
images for each sample. Since the processing will be done auto-
matically, recombining information is merely a matter of good
bookkeeping and only requires the additional time of creating the
images. To make overview images, use a magnification where one
cell is made up of at least 10-20 pixels. As mentioned earlier, the
spatial resolution will otherwise be too low to quantify individual
cells in the image.

What are the potential benefits?

Do I have to process large numbers of samples for live /dead
staining? If so, an automated procedure will improve efficiency.
The question on what is a large number, depends largely on the
expertise and support available.

Can I benefit from additional information like size or distri-
bution along the image? One of the major benefits of image anal-
ysis is the possibility of studying the images in more detail. In the
case of live /dead staining, in depth information on e.g. the distri-
bution of live /dead staining can be vital. Time spent on develop-
ing counting algorithms can already be justified if additional data
allows for a more comprehensive understanding of the
experiments.

Is the inter-operator variability of the current methodology
too high? Manually assessing viability from live /dead images can
be difficult. If the background is of almost the same color as the
cells or a lot of cells are present in different focal planes, judgment
calls have to be made in order to decide on which cells to count
and which not. Training multiple operators to have, and keep
over time, the same judgment can be very challenging. Although
these images can be among the most difficult to analyze with an
automated procedure, the benefits of receptivity can outweigh
the costs of algorithm development and the risk of systematic
error introduction.

What are the potential costs? In general, the better the images
look to the eye, the easier it will be to extract the information
needed. In order to assess the potential costs several questions
have to be answered.

Are the images expected to be (almost) identical for all experi-
mental conditions and is the background uniform within and
between images? The more lightning conditions can remain identical
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between images the more reliable the counting algorithm will be.
For some experimental conditions, it can be challenging to achieve
uniform background conditions due to e.g. different substrate
thickness. Using some form of background correction can coun-
teract these situations.

Is there a good contrast between the cells and the back-
ground? The higher the contrast between cells and background
the more easy the separation of the cells from the background will
be. Assessing the contrast can be done using a histogram of a cell
and its immediate surroundings. A good separation between
intensities representing the cell and those originating from the
background is preferable.

Are there many overlapping cells? Separating highly overlap-
ping cells is difficult. Some image processing software supply ded-
icated algorithms, but success is not guaranteed. Avoiding
overlapping cells by choosing different magnifications or differ-
ent concentrations when possible will reduce the time needed for
algorithm development substantially.

Are the edges of the cells well defined? The more defined the
edges of the cells are the more accurate any measurement, e.g.
surface or roundness, on the cells will be. Opting for a higher
magnification and compensating the smaller field of view with
additional images can improve cell edge definition.

What kind of experience and software can I rely on? The third
factor to keep in mind when assessing whether or not to develop
an analysis algorithm is the experience and software you can rely
on. Large portions of the image analysis up to the point of image
segmentation can be done in a large number digital imaging pro-
grams targeted at the digital photography enthusiasts. Most of
these programs, however, do not offer extensive segmentation
algorithms or particle analysis, which can be found in imaging pro-
grams targeted at scientific research. Both open-source and com-
mercial applications exist. Splitting up the analysis process with a
part on nonscientific and a part on scientifically oriented software
can speed up development. Several software options might be
available. Without any attempt of being complete, Matlab, Vision
assistant, Image] (which is free and open source), and Image Pro
Plus can be seen as some of the most commonly used software
environments for cell image analysis. The background and aim of
these programs differ and so does their interface. Image] and
Image Pro Plus can easily be used to do simple image analysis,
without the need for any software development experience
whatsoever. The entry level effort is very low and a lot standard
procedures are offered. If the specific conditions and are not cov-
ered by a standard routine, creating new routines or making sub-
stantial changes to existing routine requires the additional effort
of learning a, sometimes specific, scripting language. The required
effort to acquire the necessary skills can become very large.
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Other software, such as Matlab, is used in a much wider field.
It targets all engineering problems and not solely image analysis.
Additional packages that contain commonly used routines for
image analysis can be bought or found and freely downloaded.
Adjusting algorithms can be easily done in the Matlab environ-
ment, but even solving the simplest of questions will require train-
ing in the specific syntax and programming structures of Matlab.
If no programming experience is present only very high potential
gains can outweigh this effort. The Vision assistant, which is com-
monly part of academic Labview licenses holds the middle ground.
It is targeted toward the development of all types of image analysis
routines and provides a large number of standard algorithms. But
due to its graphical programming environment, no syntax or pro-
gramming structure has to be learned. A simple chain graphically
representing the sequence of the algorithms to be applied suffices.
Which tool is best suited depends largely on the background of
the user and the support available.

The more answers to the questions above are positive, the
higher the efficiency of introducing automatic counting proce-
dures. Obviously more experienced users will be able to create
successful algorithms for more complex cases. The most difficult
problems are these of overlapping cells in nonuniform lighting
conditions across the image. Even more important than the num-
ber of samples to be processed is the potential of the additional
information, aside from the simple number of live and dead cells,
that can be extracted. The size and shape distribution of the cells
or their spatial distribution may hold key elements to discriminate
experimental group.

4. Conclusion

Given the proper care in image acquisition, a vast majority of
live/dead counting can be done using straightforward image
processing techniques. Implementing these algorithms can be
done in a variety of software environments of which some are
designed to be used by users not trained for software develop-
ment. A number of the standard image processing software
targeted at the market of digital imaging enthusiasts, and even
some dedicated engineering software, do not rely on any pro-
gramming experience of the user whatsoever. Since there is no
rule stating that biologists cannot be good at taking and post-
processing pictures in day to day life (some argue that biologist
take better pictures then engineers), there is no reason they
should not be able to implement good live/dead algorithms.
Starting within software environments specifically designed to
limit the a priori programming experience will help to get familiar



with the specific benefits and potential pitfalls of digital imaging
processing. The authors hope that by summarizing some of the
knowledge on digital imaging and by providing a five-step guide-
line for the development of successtul counting algorithms, the
reader will venture (further) on the path of digital image analysis
and thus gather higher quality data on their research topic more
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efficiently.
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