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Fluorescent probes for living cells
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Summary

The functional characteristics of fluorescent probes used for imaging and measuring dynamic processes in living cells are
reviewed. Initial consideration is given to general design requirements for delivery, targeting, detectability and
fluorescence readout, and current technologies for attaining them. Discussion then proceeds to the more application-
specific properties of intracellur ion indicators, membrane potential sensors, probes for proteins and lipids, and cell

viability markers.
© 1998 Chapman & Hall

Introduction

As research in cell biology, neuroscience and im-
munology has progressed from purely structural
characterization of cells towards understanding dy-
namic processes, such as signalling, excitability,
growth and metabolic transport, fixed cell fluores-
cence detection techniques, such as immunofluores-
cence, have been augmented by new methodologies
suitable for application to living cells. In general,
fluorescence instrumentation used for measurements
on fixed cells does not require major modification for
live cell work, although the study of dynamic
processes creates substantial demands for temporal
resolution in both photometric and image data.
Instead, the primary experimental aspect that re-
quires modification is sample preparation and, in
particular, the design of fluorescent probes. Fluor-
escent probes are molecules designed to localize to a
specific region within a biological specimen or to
produce a spectroscopically observable response to a
specific stimulus. The function of the probe is to
identify a target specifically (a molecule, ion, orga-
nelle or other entity) in a complex specimen, enabling
the target to be detected and either quantitated by
photometry or visualized by microscopy. Although
endogenous fluorophores, such as NADH, flavins
and porphyrins, can be useful indicators of cellular
processes (Brandes & Bers, 1996; Masters & Chance,
1993), such intrinsic probes are generally rare. It is
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the design, synthesis and application of extrinsic
probes that transforms fluorescence from a phenom-
enon of incidental usefulness to the powerful and
versatile detection technique that it has become. This
article is intended to outline design criteria for live
cell fluorescent probes and to examine how these
criteria are fulfilled by some probes in current use.

Design criteria for live cell fluorescent probes

Four sets of design criteria must be addressed in the
development of fluorescent probes for application to
live cell systems:

¢ Delivery. The probe must be introduced in a
way that maintains the physiological and
structural integrity of the cell.

o Targeting. The probe must interact selectively
with a target ion, molecule, organelle or other
structure.

¢ Detectability. The spectroscopic characteristics
of the probe must be compatible with the
instrumentation that is to be used for detection.
The fluorescence output of the probe must be
sufficient to permit the detection of the target at
natural abundance levels.

¢ Fluorescence response. Interaction with the
target must be detectable either by imaging
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the spatial distribution of fluorescence or via a
spectroscopic response, such as a fluorescence
intensity change or a spectral shift.

Delivery

Probes with generally lipophilic structural character-
istics can often be introduced into cells merely by
adding a small amount of water-miscible stock
solution to the extracellular medium. Delivery of
more polar probes requires intervention using one of
several techniques. Bulk loading procedures are
necessary for the analysis of populations of cells by
flow cytometry and spectrofluorometry. These proce-
dures include loading in the form of membrane-
permeant acetate or acetoxymethyl ester derivatives
(Tsien, 1981), ATP-induced permeabilization (Stein-
berg et al., 1987) acid loading (particularly applicable
to plant cells; Bush and Jones, 1990), hypo-osmotic
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shock (Nolan et al., 1988), scrape loading and
electroporation (Bright et al., 1996). A recent promis-
ing development in this area has been the use of
cationic liposomes, a standard tool for DNA transfec-
tion, to load the F-actin probe BODIPY FL phallacidin
into live neuronal cells (Barber et al., 1996). Single-cell
loading procedures, such as microinjection and patch
pipette perfusion, are primarily applicable to fluor-
escence imaging applications in which the experi-
mental sample comprises only a few cells. Detailed
comparisons of loading techniques have been pub-
lished elsewhere (McNeil, 1989; Lee et al., 1993).

Targeting

In analysing the design of fluorescent probes, it is
useful to consider their molecular structure as
comprised of two components — a fluorophore and
a targeting group. This concept is illustrated in Fig. 1.

9 OCH,CH,0 a
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Fig. 1. Fluorescent probes derived from fluorescein. (A) 5-Dodecanoylaminofluorescein, a lipophilic membrane probe; (B)
fluorescein coupled to the hexapeptide formyl-Nle-Leu-Phe-Nle-Tyr-Lys, a fluorescent agonist for the chemotactic peptide
receptor of neutrophils; (C) Calcium Green-1, consisting of dichlorofluorescein coupled to the Ca?* chelator BAPTA; (D)
fluorescein di-p-D-galactopyranoside (FDG), a fluorogenic substrate for -galactosidase.
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Attaching fluorescent dyes to biological target mole-
cules yields probes that duplicate the transport and
metabolism of the native molecule, enabling the
cellular distribution of the target molecule or its
receptor to be mapped by fluorescence imaging. An
extensive array of reactive fluorophores is available
for probe synthesis (Table 1), usually via amine or
thiol derivatization (Haugland, 1996a,b; Waggoner,
1995). Fluorescent lipid analogues and receptor
ligands are examples of this approach, which has
been termed fluorescent analogue cytochemistry
(Wang, 1989). A second approach involves coupling
targeting groups and fluorophores, so that interaction
with a target ion, molecule or structure produces a
specific change in the fluorescence intensity or
spectra of the probe. These probes are highly
selective environmental sensors and are typified by
Ca?" indicators and fluorogenic enzyme substrates
(Fig. 1). However, it is not always practicable to
synthesize a targeting group chemically for every
species of biological interest. An alternative is to use
proteins as transducers. The major practical chal-
lenges in the design of fluorescent protein biosensors

Table 1. Spectroscopic parameters of selected fluorophores
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are to attach the fluorophore(s) to the protein in such
a way that (a) the modification does not significantly
perturb the interaction with the target molecule or
ion and (b) the interaction is transmitted to the
fluorophore resulting in a measurable fluorescence
change (Giuliano et al., 1995). Cyclic AMP (Adams et
al., 1991), inorganic phosphate (Brune et al., 1994) and
fatty acids (Richieri et al., 1992) are among the
growing number of species for which protein-based
fluorescent sensors have been developed (Giuliano ef
al., 1995). Limitations on the intracellular use of
protein-based sensors on account of the need for
microinjection seem likely to diminish with the
advent of green fluorescent protein (GFP) expression
techniques (see below). Fluorescent calcium indica-
tors consisting of fusions of GFP with Ca?*-binding
proteins have been described recently (Miyawaki et
al., 1997; Persechini et al., 1997).

Of course, the utility of fluorescent probes is not
restricted to the detection of a target ion or
molecule. If a permeability barrier impedes the
interaction of a probe with its target, then the
measured fluorescence will be determined by the

Fluorophore Applications® AP e X 1073 ApP Ar=A4  QYe  Solventf Notes

AMC Enzyme substrates 351 18 430 79 0.75  Methanol 1

BODIPY FL Reactive label, lipid analogues 505 91 511 6 0.94  Methanol

BODIPY TR Reactive label 588 68 616 28 0.84 Methanol

Calcein Cytoplasmic label 494 81 516 22 078 pH 9.0 2

Cy3 Reactive label 560 150 575 15 0.09  Ethanol 3

Cy5 Reactive label 658 250 677 19 040  Ethanol 3

Dil Membrane label 555 148 569 14 0.20 Lipid

Fluorescein Reactive label, enzyme 490 88 514 24 092 pH 9.0 4
substrates

FM 1-43 Membrane endocytosis sensor 479 40 598 119 0.30 Lipid 5

fura-2 Ca?* indicator 335 34 505 170 049 pH 72 + Ca%t 6

GFP (wild type)  Protein label 395 21 508 113 077 pH74 7

GFP (S65T) Protein label 489 39 511 22 066 pH 74 7

indo-1 Ca?* indicator 330 33 401 71 056 pH 72 + Ca%*t 6

C¢-NBD-PC Lipid analogue 475 20 540 65 0.31 Lipid

Oregon Green 514 Reactive label 506 88 526 20 096 pH 9.0 2

Rhodamine 110 Enzyme substrates 496 80 520 24 089 pH70

Carboxy SNARF-1 pH indicator 576 48 635 59 0.09 pH 10.0 4

Texas Red Reactive label 586 108 605 19 077 pH 70

TMR Reactive label 540 95 565 25 0.68  Methanol 8

aThis is not an exhaustive list and refers mainly to applications discussed in this article. A = absorption maximum (in nm);
Ar = fluorescence emission maximum (in nm). ‘“Molar extinction coefficient; multiply listed values by 1000 to convert to units of
cm~' M1, 9Fluorescence Stokes shift (nm). °Fluorescence quantum yield; values listed are for the free fluorophore in the solvent
specified and often change substantially in other environments, e.g. upon coupling to proteins. ‘Spectroscopic parameters are
independent of pH in the physiological range, unless otherwise specified.

Notes

. AMC = 7-amino-4-methylcoumarin.

. Parameters are not significantly pH dependent at pH > 5.
. Bioconjug. Chem. 4, 105-11 (1993).

. Parameters are pH dependent in the pH 5-9 range.

. Parameters are dependent on intracellular Ca®* concentration.
. Curr. Biol. 6, 178-82 (1996).
. TMR = tetramethylrhodamine.

ONUTHWN -

. ¢ and QY estimated based on data reported in Biochemistry 24, 5749-55 (1985).
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integrity of the barrier as well as by the abundance
of the target. Thus, fluorescent nucleic acid stains,
which, with some notable exceptions (Knowles et
al., 1996), are not membrane permeant, can be used
as indicators of membrane integrity and, therefore,
cell viability (Dive et al., 1990).

Detectability

Optimal detection of fluorescence involves several
factors relating to the probe, the sample and the
instrument being used.

Loading. Attempts to increase fluorescence signal
levels by raising the intracellular probe concentra-
tion are often counterproductive. Perturbation of the
physiological system being studied and cytotoxic
effects of the probe or its degradation products
generally dictate that the intracellular probe con-
centration be as low as possible. It is usually more
effective to focus on maintaining the probe concen-
tration after loading by minimizing leakage (see
Fig. 8).

Extinction  coefficient and  fluorescence  quantum
yield. The efficiency with which a fluorophore
absorbs and emits photons is represented by the
molar extinction coefficient (¢) for absorption and
the quantum yield (QY) for fluorescence. Fluores-
cence intensity per fluorophore is proportional
to the product of & and QY. The range of
these parameters among fluorophores of current
practical importance is approximately 10000 to
200000 cm~'M~! for € and 0.05 to 1.0 for QY (Table
1). Fluorescence quantum yields are often very
sensitive to environmental factors; extinction coeffi-
cients typically are not.
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Photobleaching. Under the high-intensity illumination
conditions used for fluorescence microscopy, the
irreversible destruction of the excited fluorophore
(photobleaching) often becomes the factor limiting
fluorescence detectability. Recent investigations have
provided a detailed description of the multiple
photochemical reaction pathways responsible for
photobleaching of fluorescein (Song et al., 1995,
1996). Some pathways involve reactions between
adjacent dye molecules, making the process consid-
erably more complex in labelled biological speci-
mens than in dilute solutions of free dye. Although
effective ‘antifade’ reagents are available, they are
usually incompatible with living cells; an exception
is the water-soluble vitamin E analogue Trolox
(Scheenen et al., 1996). Alternatively, a more
intrinsically photostable probe may be used (Fig. 2).

Excitation wavelength. To maximize fluorescence sig-
nals, the absorption maximum of the probe should
be matched closely to the output wavelength of the
excitation source. Flow cytometers and laser-scan-
ning microscopes commonly require probes that are
excitable by the 488-nm line of the argon-ion laser.
Excitation at longer wavelengths (>500nm) typi-
cally results in lower levels of background auto-
fluorescence (Beumer et al., 1995) and decreased
photochemically induced damage to the cell (Bloom
& Webb, 1984). Furthermore, at longer wavelengths,
light scattering by dense media is much reduced,
resulting in deeper penetration of excitation light
into thick tissue samples.

Stokes shift. When the fluorescence Stokes shift (the
wavelength separation of the absorption and fluor-
escence maxima) is small, it is difficult to maximize

Fig. 2. Photostability comparison of mitochondrial staining by MitoFluor Green (upper series) and Rhodamine 123 (lower
series). HeLa cells were stained with 100 nM MitoFluor Green or 500 nM Rhodamine 123 in growth medium for 20 min at
37°C. Cells were then rinsed and mounted in Hanks’ balanced salt solution (HBSS) with 10% calf serum. Samples were
continuously illuminated and viewed on a fluorescence microscope equipped with a fluorescein longpass filter set
(Omega Optical), a Star 1 CCD camera (Photometrics) and Image-1 software (Universal Imaging Corp.). Images acquired
0, 10, 30 and 60 s after the start of illumination (as indicated in the top lefthand corner of each image) illustrate the
superior image persistence produced by MitoFluor Green staining.
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excitation and detection of the fluorophore while at
the same time isolating the fluorescence emission
signal from scattered excitation light. For multi-
parameter fluorescence applications, in which two
or more physiological parameters are monitored
simultaneously (Chacon et al, 1994), an ideal
combination of probes would have strong absorp-
tion at a coincident excitation wavelength and well-
separated emission spectra. Unfortunately, it is not
easy to find fluorophores with the requisite combi-
nation of a large extinction coefficient (¢) and a
large Stokes shift (Haugland, 1990).

Fluorescence response

In some cases, a lack of fluorescence sensitivity to
environmental factors is advantageous, making the
representation of the intracellular distribution of a
probe obtained from fluorescence imaging relatively
unbiased. However, it is more often the case that
environmental sensitivity can be exploited to gener-
ate a change of fluorescence intensity or wavelength
in response to the interaction of the probe with its
target. Some examples are given below.

(A) The binding of Ca’*" to the BAPTA targeting
group of fura-2, Calcium Green-1 (Fig. 1) and other
calcium indicators reconfigures the nitrogen lone
pair electrons, resulting in spectral shifts and
increased fluorescence quantum yields (Fig. 3).

(B) Membrane probes, such as FM 1-43 (see
below), are often effectively non-fluorescent in
aqueous solution, resulting in high intrinsic sensi-
tivity, because the fluorescence background result-
ing from unbound probe is very low. Fluorogenic
enzyme substrates, which are non-fluorescent until
they are converted to fluorescent products by
enzymatic cleavage, are advantageous for the same
reason.

(C) Fluorophores, such as fluorescein and 7-
hydroxycoumarin that have strongly pH-dependent
absorption and fluorescence characteristics, can be
adapted for use as physiological pH indicators.
Furthermore, derivatization of the 3’- and 6’-hydro-
xyl groups causes fluorescein to adopt the non-
fluorescent lactone configuration that is also pre-
valent at low pH, yielding fluorogenic substrates for
B-galactosidase (FDG; Fig. 1), alkaline phosphatase
and other enzymes (see below).

(D) Fluorescence resonance energy transfer (FRET)
is a strongly distance-dependent electronic inter-
action in which emission of one fluorophore is
coupled to the excitation of another. FRET can be
exploited for monitoring a wide array of molecular
assembly or fragmentation processes, such as
membrane fusion (Uster, 1993), nucleic acid hybri-
dization (Sixou et al., 1994) and protein complexa-
tion (Bastiaens and Jovin, 1996), and has been used
to generate the fluorescence response of sensors for
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A Em =510 nm
39.8 uM free Ca?*
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Fig.3. (A) The Ca’"-dependent fluorescence excitation
spectral shift of fura-2 (emission detected at 510 nm). (B)
The Ca’"-dependent fluorescence quantum yield increase
of Calcium Green-1 (excited at 488 nm) is not accompa-
nied by a spectral shift.

Zn** (Godwin & Berg, 1996), cyclic AMP (Adams et
al., 1991) and membrane potential (Gonzalez &
Tsien, 1995).

Live cell probes
PROBES FOR INTRACELLULAR IONS

Ca®* indicators

Fluorescent calcium indicators represent the largest
single application of fluorescence detection techni-
ques in living cells. The development of these
indicators by Roger Tsien and colleagues in the
early 1980s involved three major technical accom-
plishments: (1) the synthesis of the chelating group
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BAPTA with Ca?t binding affinity matching typical
intracellular concentrations, high selectivity for Ca?*
over Mg?" and low pH sensitivity (Tsien, 1980); (2)
the use of cell-permeant acetoxymethyl ester deriva-
tives of the anionic indicators for the bulk loading of
cells (Fig. 4); and (3) the fusion of the BAPTA
chelator to a fluorophore producing a fluorescence
spectral shift in response to ion binding without
substantially ~diminishing the binding affinity
(Grynkiewicz et al., 1985). The Ca?* response of
spectrally sensitive indicators can be calibrated in
terms of a ratio of fluorescence intensities measured
at two different wavelengths, resulting in the
cancellation of artifactual fluorescence signal varia-
tions that might otherwise be misinterpreted as
changes in Ca?' concentration. Sources of these
artifacts include photobleaching, leakage of the
intracellular indicator, variable cell thickness and
non-uniform indicator distribution within cells. Un-
fortunately, indicators with long-wavelength excita-
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Fig. 4. Schematic diagram of the processes involved in
loading cells using membrane-permeant acetoxymethyl
ester derivatives of polar fluorescent indicators, exempli-
fied by fura-2. Note the generation of potentially toxic
byproducts (formaldehyde and acetic acid).
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tion and emission characteristics suitable for confocal
microscopy and flow cytometry do not usually
exhibit spectral shifts upon binding Ca®" (Fig. 3).
Simultaneous use of indicator pairs has provided a
solution to this problem in some cases (Lipp &
Niggli, 1993; Novak & Rabinovitch, 1994). More
recent developments in intracellular Ca?t indicators
have included conjugation of indicators to dextran
carriers, reducing problems of leakage and compart-
mentalization associated with acetoxymethyl ester
loading (Read et al., 1992) and targeting of indicators
to particular intracellular locations, such as the
plasma membrane (Lloyd et al. 1995; Etter et al.,
1996), mitochondria (Hajnoczky et al., 1995) or the
nucleus (Allbritton et al., 1994).

Selection of a fluorescent calcium indicator for a
particular application involves the consideration of
three main criteria:

1. The form of indicator (acid, acetoxymethyl
ester or dextran). This choice is dictated by
the method of cell loading and the require-
ments for intracellular distribution and reten-
tion.

2. The measurement mode. This choice is dictated
primarily by whether quantitative (ratiometric
indicators preferred) or qualitative ion concen-
tration data is required. Excitation and emis-
sion wavelength preferences depend on the
type of instrumentation being used, require-
ments for the avoidance of autofluorescence
and the spectral properties of any other probes
being used simultaneously.

3. Dissociation constant (Ky). This choice is
dictated by the Ca®" concentration range of
interest. Indicators have a detectable response
in the concentration range from approximately
0.1 X Kq to 10 X Kg4.

Variations of these criteria among currently available
indicators are summarized in Table 2.

Indicators for other ions (H*, Mg**, Na*, K*, Zn** and
CI)

The development of indicators for intracellular Mg?",
Na' and K" has largely paralleled that of Ca*"
indicators. Indicators with excitation wavelengths in
the ultraviolet range (mag-fura-2 also known as
furaptra for Mg2+, SBFI and PBFI for Nat and K*
respectively) (Minta & Tsien, 1989; Raju et al., 1989)
have been followed by indicators excited in the
visible range (Magnesium Green and Sodium Green;
Amorino & Fox, 1995; Van der Wolk et al., 1995).
Magnesium indicators, such as mag-fura-2, are also
useful as low-affinity Ca’" indicators (Hofer &
Machen, 1993; Tse et al., 1994; Table 2). Furthermore,
many Ca?* and Mg?" indicators have higher binding
affinities for ions such as Ni*t, Zn?t and Cd?* than



Fluorescent probes for living cells 129
Table 2. Properties and forms of commercially available fluorescent Ca" indicators

ACID? AMP DEX¢ Mode Ky (nm)° Notes
fura-2 v v (+) v EX 340/380 145
bis-fura-2 v EX 340/380 370 1
fura-PE3 v v(+) EX 340/380 270 2
indo-1 v v (+) 4 EM 405/485 230
quin-2 v v(+) EM 495 60
BTC v v(+) EX 400/480 7000 3
mag-fura-2 v v (+) EX 340/380 25000
mag-fura-5 4 v (+) EX 340/380 28000
mag-indo-1 v v (+) v EX 405/485 35000
fluo-3 v v(-) EM 525 390 4
Calcium Green-1 4 v(-) v EM 530 190 4
Calcium Green-2 v v(-) EM 535 550
Calcium Green-5N v v(-) EM 530 14000
Oregon Green 488 BAPTA-1 4 v(-) v EM 520 170 5
Oregon Green 488 BAPTA-2 v v(-) EM 520 580 5
Oregon Green 488 BAPTA-5N v v(-) EM 520 20000 5
Magnesium Green v v(-) EM 530 6000
rthod-2 v v+ EM 570 570
Calcium Orange v v (+) EM 575 185
Calcium Orange-5N 4 v (+) EM 580 20000
Calcium Crimson v v(+) v EM 615 185
Fura Red v v+) EX 420/480 140 6,7
Texas Red + Calcium Green v EM 535/615 370 8

aAvailable in cell-impermeant acid form. PAvailable in cell-permeant acetoxymethyl ester form. Acetoxymethyl esters marked (4) are
fluorescent; those marked (—) are non-fluorescent (fluorescence of acetoxymethyl esters is a major source of error in Ca*"
measurements). “Available as dextran conjugate. dMeasurement wavelengths (in nm). EX, fluorescence excitation; EM, fluorescence
emission. Indicators for which a pair of wavelengths are listed have dual-wavelength ratio measurement capability. *Ca>* dissociation
constant. Units: nanomolar (10~°M). Generally measured in vitro at 22°C in 100 mM KCl, 10 mmM MOPS, pH 7.2. Values depend on
temperature, ionic strength, pH and other factors and are usually higher in vivo.

Notes

1. Similar Ca**-dependent fluorescence response to fura-2 but 75% greater molar absorptivity.

2. Zwitterionic analogue of fura-2 that is reported to exhibit less leakage and compartmentalization [Biophys. |. 69, 2112-24 (1995)].

3. See [Cell Calcium 15, 190-8 (1994)].

4. Calcium Green-1 is more fluorescent than fluo-3 in both Ca?*-bound and Ca?*-free forms. Magnitude of Ca?"-dependent fluorescence

increase is greater for fluo-3.

5. Molar absorptivity at 488 nm is approximately twice that of the corresponding Calcium Green indicator.
6. Can also be used in combination with fluo-3 for dual-wavelength ratio measurements; EX = 488 nm, EM = 530/670 nm [Cell Calcium

14, 359-72 (1993); Cytometry 17, 135-41 (1994)].

7. Mag-Fura Red has similar spectral properties with K4 (Ca*") = 17000 nm.
8. This indicator consists of Ca*"-sensitive Calcium Green-1 and Ca®*-insensitive Texas Red linked to the same dextran.

for their primary target ions; fortunately, the normal
intracellular concentrations of transition metal ions
are usually too low to cause distortions in Ca®" and
Mg?* measurements. On the other hand, elevated
intracellular concentrations of Ni?t, Zn?t, Cd?* and
other related cations resulting from channel
mediated influx can be readily detected using
indicators such as fura-2 and mag-fura-2 (Shibuya
& Douglas, 1992; Simons, 1993; Atar et al., 1995). A
protein-based Zn?* sensor has been developed
recently that exploits the conformational change
induced by Zn*" binding to a zinc finger peptide to
produce increased fluorescence energy transfer from
a fluorescein label to a rhodamine label attached on
the other side of the metal binding site (Godwin &
Berg, 1996). For measuring intracellular chloride, a
series of methoxyquinolinium dyes have been devel-
oped by Alan Verkman and colleagues (Verkman,

1990). One such indicator (MEQ) can be converted to
a transiently cell-permeant form by in situ reduction
(Biwersi & Verkman, 1991) and has been used in
conjunction with BCECF (see below) to investigate
the mechanism of intracellular pH control by plasma
membrane anion exchangers (Sekler et al., 1996).
The major intracellular pH indicators in current
use are 8-hydroxypyrene-1,3,8-trisulphonic acid
(HPTS, also known as pyranine) (Wolfbeis et al.,
1983), BCECF (Rink et al., 1982) and carboxy
SNARF-1 (Whitaker et al., 1991). All three indicators
exhibit pH-dependent spectral shifts in the normal
cytosolic pH range (~6.8-7.4) and can, therefore, be
used for dual-wavelength ratio measurements
(Owen, 1992; Overly et al.,, 1995) Unlike carboxy
SNARF-1 and BCECF, HPTS cannot be prepared as
a cell-permeant acetoxymethyl or acetate ester
precursor for bulk loading. Intracellular pH changes
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detected by fluorescent indicators and microelec-
trodes in side-by-side measurements have been
found to be very similar, although absolute values
may differ by about 0.1 pH units (Nett & Deitmer,
1996). Simultaneous measurements of intracellular
pH and Ca?' can be made using appropriately
chosen indicators pairs, for instance carboxy
SNARF-1 and fura-2 (Martinez-Zaguilan et al., 1996).

MEMBRANE POTENTIAL PROBES

Optical probes used in conjunction with imaging
techniques allow variations of membrane potential to
be mapped along neurons, within tissues or among
cell populations. Probes can be divided into two
categories based on their response mechanism. Fast-
response probes operate via a direct effect of the
surrounding electric field on the electronic structure
(and, consequently, the fluorescence) of the fluor-
ophore and are, therefore, capable of detecting
millisecond transient potential changes in excitable
cells (Loew, 1996). Slow-response probes operate via
potential-dependent changes in their transmembrane
distribution (a molecular level response as opposed
to electronic level for fast probes) and are suitable for
detecting changes in average membrane potentials of
non-excitable cells caused by respiratory activity, ion
channel permeability, drugs and other factors.

The magnitude of the potential-dependent fluor-
escence change generated by fast potentiometric
dyes is wusually small; ~2-10% per 100mV is
considered to be a good response. A novel tech-
nique based on fluorescence resonance energy
transfer between a potential-sensitive oxonol dye
in the membrane interior and a surface-bound
fluorescent lectin has produced millisecond fluores-
cence signal changes as high as 34% per 100 mV
(Gonzalez & Tsien, 1995). The ANEP (amino-
naphthethenylpyridinium) dyes, developed by Le-
slie Loew and colleagues (Fluhler et al., 1985) exhibit
consistently sensitive responses in a variety of
tissue, cell and model membrane systems (Loew et
al., 1992). ANEP dyes respond to alterations in
membrane potential with opposite changes in
fluorescence excited at approximately 440 and
505 nm (Montana et al.,, 1989; Loew et al., 1992),
permitting the wuse of ratiometric methods to
correlate the change in fluorescence signal with
membrane potential. Using these methods, Loew
and colleagues have been able to follow changes in
membrane potential along the surface of a single
mouse neuroblastoma cell (Bedlack ef al., 1992) and
to define differences between transmembrane po-
tentials of neurites and somata (Bedlack et al., 1994).
More recently, highly water-soluble ANEP dyes
designed for microinjection have been developed
to provide intensified voltage-sensitive signals from
remote neuronal processes (Antic & Zecevic, 1995).

JOHNSON

The methyl and ethyl esters of tetramethylrhoda-
mine (TMRM and TMRE) are currently the pre-
ferred dyes for the determination of membrane
potential by quantitative imaging (Gross & Loew,
1989; Loew, 1993). Determination of membrane
potential by the application of the Nernst equili-
brium requires that the transmembrane distribution
of the dye depends only on the membrane potential
and that other processes, such as dye aggregation
and potential-independent interactions with intra-
cellular components, contribute minimally. TMRM
and TMRE fulfill these requirements in several
respects (Ehrenberg et al., 1988; Farkas et al., 1989).
They are readily membrane permeant, and their
strong fluorescence means that they can be used at
low concentrations, thus avoiding aggregation. As
their fluorescence is relatively insensitive to envir-
onment, spatially resolved fluorescence of TMRM
and TMRE presents an unbiased profile of their
transmembrane distribution that can be related
directly to the membrane potential via the Nernst
equation (Loew, 1993, 1998).

The large internally negative membrane potential
of mitochondria is the basis for the selective
staining of this organelle by a variety of cationic
probes, including rhodamine 123 (Chen, 1989) and
CMXRos (Poot et al., 1996). Other cationic probes,
including nonyl Acridine Orange and MitoFluor
Green (Fig. 2), stain mitochondria via a potential-
independent mechanism, possibly involving inter-
action with the anionic phospholipid cardiolipin,
which is abundant in the inner mitochondrial
membrane (Rashid & Horobin, 1990).

PROBES FOR PROTEINS AND ENZYMES
Green fluorescent protein

The green fluorescent protein (GFP) expression
system is perhaps the most important recent
development in fluorescent labelling technology.
This 238 amino acid protein from the jellyfish
Aequorea victoria incorporates an intrinsic fluorophore
formed post-translationally by spontaneous cycliza-
tion of a Ser-Tyr-Gly sequence (residues 65-67)
(Prasher et al., 1992; Heim et al., 1994). The crystal
structure of the protein (Ormo ef al., 1996) shows the
fluorophore located in the centre of an 11-stranded
B-barrel that completely shields it from the sur-
rounding solvent. Heterologous expression of the
cDNA for GFP provides the basis for its utilization
as a powerful non-invasive labelling tool, whereby
labelled proteins can be generated in situ within
living cells (Chalfie et al., 1994). GFP expression has
been demonstrated in a wide variety of cell types
and organisms, including mammalian cells, plants,
yeast, bacteria, nematodes, zebrafish embryos, mos-
quitoes and fruit flies. Primary applications are the



Fluorescent probes for living cells

detection of gene expression (Galbraith et al., 1995;
Anderson et al.,, 1996) and the imaging of intracellu-
lar protein localization and transport (Olson et al.,
1995; Stauber et al., 1995; Htun et al., 1996, Moores et
al., 1996). Co-localization of fluorescence from GFP
fusion proteins and organelle-selective probes pro-
vides a powerful method for detecting the targeted
translocation of proteins (Wang et al., 1996).

As implied by its name, the fluorescence of native
GFP has an emission maximum at 508 nm; the
excitation maximum is at 395nm, although a
weaker long-wavelength band (476 nm) allows ex-
citation by argon-ion laser sources at 488 nm (Heim
et al., 1994; Fig. 5). Site-directed mutagenesis of the
protein has produced a number of GFP variants
with modified spectral properties (Heim et al., 1994;
Heim & Tsien, 1996). For example, replacement of
serine-65 by threonine (S65T) shifts the excitation
maximum to 489 nm, yielding improved detection
sensitivity in flow cytometry using 488 nm excita-
tion (Heim et al., 1995; Ropp et al.,, 1995; Fig. 5).
Furthermore, some GFP mutants exhibit higher
expression levels than the native protein, also
resulting in greater detection sensitivity (Reichel et
al., 1996). The combined use of spectrally distinct
GFP mutants allows the simultaneous localization of
two or more proteins in imaging applications
(Rizzuto et al., 1996) and the detection of expression
from two different genes within the same cell by
flow cytometry (Anderson et al., 1996). Of course,
the elements required to construct GFP fusion
proteins are not always accessible, and the alter-
native approach of chemical derivatization of
purified proteins with reactive fluorescent labels

Fluorescence excitation
Fluorescence emission

T T T
350 400 450 500 550 600
Wavelength (nm)

Fig. 5. Normalized fluorescence excitation and emission
spectra of wild-type (——) and S65T mutant (- — —) green
fluorescent proteins (adapted from published data with
permission).
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(Table 1) followed by microinjection of the resulting
conjugate remains valuable (Wang, 1989). For
example, fluorescent labelling of protein kinase C
in conjunction with new quantitative imaging
techniques based on fluorescence energy transfer
has enabled observation of PKC translocation in
response to phorbol ester stimulation to be observed
in living fibroblasts (Bastiaens & Jovin, 1996).

Fluorogenic enzyme substrates. Fluorogenic substrates,
probes that are converted from a non-fluorescent to
a fluorescent form by the action of an enzyme, have
been developed primarily for hydrolytic enzymes,
such as glycosidases, peptidases and phosphatases,
and oxidative enzymes, such as peroxidases and
microsomal dealkylases (Haugland & Johnson, 1993;
Haugland, 1996¢). The primary applications of these
substrates are for the quantitative identification of
enzyme activity on a cell-by-cell basis, usually by
flow cytometry. Localization of activity within or on
the surfaces of cells has been precluded by the fact
that most substrates generate diffusible products.
Substrates that generate non-diffusible fluorescent
products have been developed more recently but
have so far been used primarily for the analysis of
fixed cells and tissue sections (Larison et al., 1995;
Chao et al, 1996, Pecorino, et al.,, 1996). The
following discussion presents three selected exam-
ples of enzymes that can be detected in living cells
using fluorogenic substrates.

B-Galactosidase. Fluorescein di-f3-D-galactopyranoside
(FDG; Fig. 6) was originally described in 1963
(Rotman et al., 1963) and subsequently developed
for detection of the Escherichia coli lacZ reporter
gene in transformed cells by flow cytometry (Nolan
et al., 1988; Roederer et al., 1991). The gus gene, in
conjunction with FDGIcU, a f-glucuronidase sub-
strate analogous to FDG, can be used as an
alternative reporter in cell types that are unable to
express lacZ (Lorincz et al., 1996). This method
illustrates some practical problems with the applica-
tion of fluorogenic substrates in living cells:

1. The substrate is not cell permeant and must be
loaded by transient hypotonic shock permea-
bilization.

2. The amount of substrate loaded is finite and
cannot readily be replenished. In cells with
high enzyme activity levels, measurements
must either be made very soon after loading
or in the presence of a competitive inhibitor to
prevent the fluorescence intensity from being
attenuated because of substrate depletion.

3. Analysis must be carried out at 4°C to
minimize efflux of the fluorescent product
(fluorescein).

Structural modifications to FDG have been made by
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researchers at Molecular Probes, Inc., adding lipo-
philic or thiol-reactive chloromethyl substituents (see
Fig. 6) to provide improved loading and product
retention. (Zhang et al.,, 1991; Plovins et al., 1994;
Brustugun et al., 1995).

Aminopeptidases. Fluorogenic substrates for amino-
peptidases can be prepared by coupling the carboxy
terminus of an enzyme-specific peptide sequence to
the amine groups of 7-amino-4-methylcoumarin
(AMC) or rhodamine 110 (R110). These substrates
do not require invasive loading procedures and
exhibit little toxicity in several mammalian cell
types. R110-based substrates are analogous to
fluorescein-based glycosidase substrates (Fig. 6), in
that they require two successive cleavages to release
the final fluorescent product, which can be excited
at 488 nm for analysis by flow cytometry (Klingel et
al.,, 1994, Ganesh et al.,, 1995), As with FDG,
derivatization of the substrate with a thiol-reactive
chloromethyl group improves the cellular retention
of the fluorescent product (Fig. 6) (Rosser et al.,
1993).

Probes for oxidative activity. Dichlorodihydrofluores-
cein diacetate (H,DCFDA) is a freely membrane-
permeant probe that is converted to dichlorodihy-
drofluorescein (H,DCF) by cytoplasmic esterases.
The fluorescence increase resulting from oxidation
of H,DCF to fluorescein can be used to detect the
enzymatic generation of reactive oxygen species in
processes such as the oxidative burst response to
the stimulation of neutrophils (Bass et al., 1983;
Robinson et al., 1994). However, the sensitivity and
response time of this technique is impaired by the
location of the probe in the cytoplasm rather than at
the site of oxidative activity in the phagocytic
vacuole. Coupling H,DCF to an immune complex
overcomes this problem, producing a probe targeted
to the phagocytic vacuole via Fc receptor-mediated

internalization (Ryan et al., 1990). Furthermore,
cellular processing of the H,DCF-labelled immune
complex (FcOxyBURST Green; Molecular Probes,
Inc.) does not involve the acetate cleavage step
needed for the activation of H,DCFDA, providing a
further advantage in cells, such as monocytes, that
have low levels of esterase activity.

PROBES FOR LIPIDS AND MEMBRANES

Fluorescent lipid probes include lipophilic tracers for
long-term labelling of the plasma membrane, probes
that are more peripherally membrane associated for
intracellular labelling and detection of recycling
processes, and analogues of endogenous lipids for
investigating trafficking and metabolism (Fig. 7). The
highly lipophilic carbocyanine dye Dil is the pre-
eminent probe for plasma membrane labelling
(Honig, 1993). The properties of Dil that give rise
to its widespread utility include low cytotoxicity,
lack of physiological perturbation, fidelity of label-
ling (minimal transfer from labelled to unlabelled
cells) and strong, photostable fluorescence that is
relatively insensitive to environment. Applications
include neuroanatomical tracing (Honig & Hume,
1989; Honig, 1993), cell lineage tracing (Fraser, 1996),
transplant labelling and detection of lipoprotein
endocytosis, cell-cell fusion and adhesion. Micro-
injection of a concentrated solution of Dil in soybean
oil produces selective labelling of the endoplasmic
reticulum in living sea urchin eggs (Terasaki & Jaffe,
1991). Unlike Dil, the moderately lipophilic carbo-
cyanine dye DiOC¢(3) is readily internalized and can
be used to label the endoplasmic reticulum by
incubation in an extracellular staining solution
(Terasaki, 1989; Terasaki & Reese, 1992).
Phospholipid, sphingolipid and fatty acid analo-
gues incorporating the green fluorescent dyes
BODIPY FL and NBD are versatile tools for
dissecting pathways of lipid transport and metabo-
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Fig. 7. Fluorescent lipid probes. (A) C¢-NBD-PC; (B) BODIPY FL Cs-ceramide; (C) Dil; (D) DiOC4(3); (E) FM 1-43.

lism using fluorescence imaging and biochemical
analysis (Cornell-Bell et al., 1993; Kok & Hoekstra,
1993). The optical properties of the BODIPY FL
fluorophore are generally superior to those of NBD
(Table 1); in particular, it exhibits a fluorescence
emission shift from ~520nm to ~620 nm when it
becomes highly concentrated. Consequently, cells
labelled with BODIPY FL Cs-ceramide exhibit bright
red staining of the Golgi apparatus, the primary site
of metabolic accumulation (Pagano et al., 1991). The
same technique has also been used recently to
differentiate populations of endosomes based on
the sorting of BODIPY FL Cs-sphingomyelin (Chen
et al., 1997). Although NBD-labelled lipids exhibit
some unusual biophysical characteristics (Chatto-
padhyay, 1990), in some cases, they are metabolized
in a more native-like manner than their BODIPY FL-
labelled counterparts (Paul et al., 1996).

The cationic styrylpyridinium dye FM 1-43 is
highly soluble but non-fluorescent in water, becom-
ing strongly fluorescent on binding to membrane
surfaces. These characteristics have been very
successfully exploited for activity-dependent stain-
ing of motor nerve terminals (Betz & Bewick, 1992;
Betz et al., 1992). Trapping of the membrane-bound
dye in synaptic vesicles during endocytosis pro-
duces staining; nerve stimulation after the removal
of extracellular dye causes destaining as a result of
exocytosis, releasing the water-soluble dye into the
extracellular medium, in which it is non-fluorescent
(Henkel et al., 1996). FM 1-43 has also proved to be
highly effective for the detection of endocytosis and
exocytosis in non-excitable cells (Bi et al., 1995;
Whalley et al., 1995).

CYTOPLASMIC LABELS

The strategy of loading polar fluorescent indicators
into cells in the form of membrane-permeant
precursors that are subsequently activated by intra-

cellular esterases (Fig. 4) can be used to produce
stable cytoplasmic labelling, to the extent that the
fluorescent product is retained by the cell (Fig. 8).
Furthermore, enzymatic generation of a well-retained
fluorescent product from a non-fluorescent precursor
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Fig. 8. Retention characteristics of cytoplasmic labelling
probes. Cells of a human lymphoid line (GePa) were
loaded with the following cell-permeant acetoxymethyl
ester or acetate derivatives of fluorescein: calcein AM (@),
BCECF AM (O), 5-chloromethylfluorescein diacetate ([J),
carboxyfluorescein diacetate (M) and fluorescein diacetate
(A). After incubation in a 4 uM staining solution for
30 min at 37°C, cell samples were immediately analysed
by flow cytometry to determine the initial average
fluorescence per cell. Retained cell samples were subse-
quently washed twice by centrifugation, resuspended in
medium, maintained at 37°C and then analysed by flow
cytometry at various intervals during the next 2h. The
decrease in the average fluorescence intensity per cell in
these samples relative to the initial samples indicates the
extent of dye leakage.
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is indicative of cell viability. Fluorescein diacetate is
the prototype of a family of probes with these
characteristics, the premier example of which is
calcein AM (Fig. 9). As labelling is dependent on
the membrane permeability of the acetoxymethyl
ester or acetate precursor and on accessibility to
intracellular esterases, it is not successful in all cell
types (Kaneshiro et al., 1993). This technical problem
does have advantageous aspects; certain cell types
can be labelled selectively and differentiated from
others by calcein AM labelling (Weston & Parish,
1992; Eddleman et al., 1995). Calcein fluorescence is
not appreciably sensitive to cytoplasmic pH or other
environmental factors, and labelling does not inter-
fere with the functional properties of cells (De Clerck
et al, 1994), leading to a wide assortment of
applications:

e Cell viability. Intracellular calcein retention is
sufficient to monitor cell-mediated cytotoxicity
over periods of several hours (Fig. 8); labelling
has no effect on killer cell-target cell conjugate
formation (Callewaert et al., 1991; Lichtenfels et
al., 1994).

e Chemotaxis. Unlike BCECF AM, labelling with
calcein AM does not affect the migration of
leukocytes in response to chemotactic stimuli
(Denholm & Stankus, 1995).

e Cell-cell communication. Communication via
gap junctions can be detected by calcein
transfer from labelled to unlabelled cell popula-
tions (Tomasetto et al., 1993; Lampe, 1994).

e Cell volume. Because calcein is well-retained
and homogeneously distributed, its concentra-
tion (and therefore fluorescence intensity) with-
in the cytoplasm is inversely proportional to
cell volume (Alvarez-Leefmans et al., 1995;
Farinas et al., 1995).

e Multidrug resistance (MDR). The P-glycoprotein
transporter responsible for the multidrug resis-
tance of malignant cells extrudes non-fluores-

cent calcein AM but not its fluorescent
Il I I Il
(CH,COCH,OCCH,),NCH, CH,N(CH,COCH,0CCH,),
CH,CO

Esterase

JOHNSON

hydrolysis product. Intracellular accumulation
of calcein can, therefore, be used to measure P-
glycoprotein expression and inhibition levels
(Homolya et al., 1993; Holl6 et al., 1994).

For long-term tracing applications, such as tracking
cell migration during development or after trans-
plantation, intracellular retention of calcein is
insufficient. For these applications, probes modified
by the addition of thiol-reactive chloromethyl sub-
stituents that result in conjugation with glutathione
and other intracellular peptides (Fig. 6B) have
been developed. An example of this approach is
5-chloromethylfluorescein  diacetate  (CellTracker
Green; Molecular Probes Inc.; Fig. 8, Knecht &
Sheldon, 1995); other examples include fluorinated
derivatives of fluorescein diacetate (Gee et al., 1996)
and the amine-reactive carboxyfluorescein diacetate
succinimidyl ester (Paramore et al., 1992). Other
probes providing the stable retention and low
cytotoxicity necessary in these applications are the
plasma membrane label Dil (see above) and micro-
injected fluorescent dextran conjugates (Fraser,
1996).

Summary and prospectus

The objective of this article has been to illustrate the
scope and versatility of fluorescent probe applica-
tions in living cells. Many important applications,
notably probes for nucleic acids, channels and
receptors and photoactivated ‘caged’ probes, have
not been covered. For more detailed presentations
of these topics, readers are referred to compre-
hensive surveys published elsewhere (Mason, 1993;
Haugland, 1996d). However, among the extensive
array of fluorescent probes that is now available,
none has yet been developed that works in every cell
type, every time. In particular, differences in
membrane permeability, enzyme activity and intra-
cellular compartmentalization have made it difficult

s + n
(TOCCH,),NHCH, CH,NH(CH,CO"),

2)2

Calcein AM
Non fluorescent

Calcein
Fluorescent

Fig. 9. Conversion of calcein AM to calcein by intracellular esterases. Note the non-polar structural characteristics of
calcein AM, which result in membrane permeability, in contrast to the polar character of calcein.
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to extend the applications of probes from mamma-
lian cells to plant cells, bacteria and yeast. An
appreciation as to how probes are designed and
operate can help researchers to analyse and solve
these technical problems, as well as stimulating the
development of new probes and new applications.

New fluorescence imaging techniques currently
under development, including two-photon excitation
microscopy (Xu et al., 1996), fluorescence lifetime
imaging microscopy (Wang et al., 1992) and optical
near-field microscopy (Haydon et al., 1996), will
certainly require adaptations to be made to existing
probes or the design and synthesis of completely
new ones. Probes for fluorescence detection of many
key biological molecules, such as ATP, acetylcholine
and glucose, and processes such as protein phos-
phorylation remain to be developed (Czarnik, 1995).
Among other developments that can be anticipated
are techniques for loading and detecting probes in
thick tissue samples and for highly localized
detection of ions and molecules within single cells,
including the use of targeted probes and submicron-
sized fibre optic sensors (Tan et al., 1992).
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