Journal of Fluorescence, Vol. 3, No. 3, 1993

Fluorescence Lifetime Imaging of Intracellular Calcium
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Fluorescence lifetime imaging microscopy (FLIM) is a new methodology for studying the spatial
and temporal dynamics of macromolecule, molecules, and ions in living cells. In FLIM image
contrast is derived from the mean fluorescence lifetime at each point in a two-dimensional image.
In our case the lifetime was measured by the phase-modulation method. We describe our FLIM
apparatus, which consists of a fluorescence microscope, high-speed gated proximity focused MCP
image intensifier, and slow-scan CCD camera. To accomplish subnanosecond time-resolved im-
aging, the gain of the image intensifier is modulated with a high-frequency signal, resulting in
stationary phase-sensitive intensity images on the image intensifier. These images are recorded
using a cooled slow-scan CCD camera and stored in an image processor. The lifetime images are
created from a series of phase-sensitive images at various phase shift of the gain-modulation signal.
We demonstrate calcium concentration imaging in living COS cells based on Ca?*-induced lifetime
changes of Quin-2. The phase-angle image is mapped to the Ca’* concentration image using an
in vitro-determined calibration curve. The Ca?+ concentration was found to be uniform throughout
the cell. In contrast, the intensity image shows significant spatial differences, which likely reflect
variations in the thickness and distribution of probe within the cell.
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INTRODUCTION

Currently, most fluorescence microscopic measure-
ments are performed as steady-state measurements [1-
6]. The steady-state fluorescence images can be difficult
to interpret and quantify because there is no practical
way to determine local concentration of the probes in
various regions of the sample. Moreover, most fluoro-
phores photobleach rapidly, which further complicates
the ability to use the intensity images quantitatively. As
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a result of these difficulties, there have been extensive
efforts to develop probes and imaging methods that are
independent of the local intensity, such as the wave-
length-ratiometric probes for Ca?* and Mg?*. However,
in spite of extensive efforts, most currently useful ra-
tiometric probes require UV excitation. Those probes
that allow visible wavelength excitation, such as calcium
green, magnesium green [7], and sodium green [8], do
not display shifts of the excitation and/or emission wave-
lengths.

Recent advances in electronics, electrooptics,
acoustooptics, and laser technology have now made pos-
sible a new type of imaging microscopy. Instead of flu-
orescence intensities or intensity ratios, it is now possible
to measure the fluorescence lifetime at each point in the
image, a technique we call fluorescence lifetime imaging
microscopy (FLIM). Importantly, the use of lifetime im-
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aging circumvents the needs for wavelength-ratiometric
probes. Fluorophores that display a change in lifetime,
regardless of changes in the excitation or emission spec-
tra, are perfectly suitable for FLIM.

The rapid time scale of fluorescence emission im-
poses significant constraints on the methods for measur-
ing the decays. The emission typically occurs on the
picosecond-nanosecond time scale and can be a single-
or multiexponential decay. Due to the expense and com-
plexity, time-resolved measurements are performed mostly
as single-sample (single-pixel) measurements. Good ac-
counts of such measurements are given elsewhere [9,10].
Very little attention has been paid to lifetime measure-
ments microscopic samples [11,12]. The most recent ad-
vances in time-resolved fluorescence microscopy with
two-dimensional (2-D) imaging of fluorescence lifetimes
utilize high-speed 2-D images detectors. Several differ-
ent detection systems for creation images based on the
fluorescence lifetime have already been developed. A
comprehensive review of some of currently developed
FLIM techniques with respect to lifetime resolution, for-
mation of 2-D images, and measurement time has been
published recently [13].

INSTRUMENTATION AND METHODOLOGY
FOR FLIM

The electronic components and gain-modulated im-
age intensifier in our FLIM apparatus were described
previously [14,15]. This method uses a fluorescence mi-
croscopy, high-speed gated proximity focused MCP im-
age intensifier, and slow-scan CCD camera (Fig. 1). To
accomplish subnanosecond time-resolved imaging, the
gain of the image intensifier is modulated with a high-
frequency signal that is synchronized with the intensity-
modulated excitation. The voltage between the photo-
cathode and the MCP input surface is varied at the de-
sired frequency. The electronic gain is varied at a
modulation frequency equal to the light modulation fre-
quency or a harmonic of the pulse rate. This procedure
results in a stationary phase-sensitive intensity image on
the output screen of the image intensifier, which is re-
corded using a cooled slow-scan CCD camera and stored
in an image processor. The lifetime images are created
from a series of phase-sensitive images at various phase
shifts on the gain modulation signal. This method of
lifetime imaging has been evaluated using macroscopic
samples where the data were compared with standard
lifetime measurements [16,17].

Phase-Sensitive Image Detection

In our apparatus the two-dimensional sample is ex-
cited by the intensity-modulated laser light at circular
frequency w and modulation degree my. The sinusoidally
modulated emitted fluorescence is phase-shifted and par-
tially demodulated relative to the excitation. The phase
angle, 0g(r), and the fluorescence modulation degree,
mg(r), depend on the lifetime at each position, r, and on
the light modulation frequency,

tanbe(r) = wr,(r), me(r)=mg [1+w* i)' (1)

where 7,(r) and 7,,(r) are apparent phase and modulation
lifetimes at each position, ». For a single-exponential
decay, the phase and modulation lifetimes are equal and
independent of modulation frequency. Generally, the
emission kinetics are more complicated, and the inten-
sity decays are mostly multiexponential or nonexponen-
tial, especially in polymers and biological systems. For
a multiexponential decay, generally 7, < 7, and both of
these apparent lifetimes decrease with an increase in
modulation frequency.

The gain-modulation signal applied to the photo-
cathode of the image intensifier results in a time-varying
gain G(¢), with

G(t) = G, [1 + mpsin(wt — 8p)] 2)

where mp, is the gain-modulation degree, and 8y, is the
detector phase angle relative to the excitation phase an-
gle. The time-dependent photocurrent (intensity-modu-
lated fluorescence) is multipled by the time dependent
varying gain G(f), resulting in a DC signal and high-
frequency signals. However, due to the slow time re-
sponse of the image intensifier screen (~1 ms), the high-
frequency signals are averaged at-the output screen. The
time-averaged phase-sensitive intensity from the corre-
sponding position, #, is given by

185) = L) [1+3mom(r)eos(®6) ~6)] )

The phase-sensitive intensity at each position r depends
on the gain modulation of the detector mp, the modulated
amplitude of the emission m(r), and the cosine of the
phase-angle difference between the gain-modulation sig-
nal Oy, and the phase of the emission 8(r). The phase-
sensitive intensity images are constant intensity at each
position », where the values depend on the concentration
of the fluorophore ¢(r) and lifetime (7). It is not possible
to calculate the fluorescence phase angle 6(r) or modu-
lation m(r) images from a single phase-sensitive image.
However, the phase angle and modulation of fluores-
cence can be determined from a series of phase-sensitive
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Fig. 1. Instrumentation for FLIM. The excitation is presently the frequency-doubled output of a pyridine-1 dye laser, which is synchronously
pumped by a mode-locked Nd:YAG laser and cavity dumped at 3.81 MHz. The excitation light is expanded by a Newport LC0O75 (10X ) laser
beam expander. A Nikon Diaphot-TMD inverted fluorescence microscope is used, with Nikon Fluor 40 x, NA 1.3, and DM400 Nikon dichroic
beam splitter (DBS). The gated image intensifier (Varo 510-5772-310) is positioned between the target and the CCD camera. The gain of the image
intensifier is modulated using the output of a PTS 300 synthesizer with a digital phase shift option. The detector is a CCD camera (Photometrics,
Series 200, thermoelectrically cooled PM 512 CCD). The image processor is a 486DX/33MHz PC.

images by varying the phase angle of the detector, 8,
[Eq. (3)].

In our measurements we collect a series of phase-
sensitive intensities in which 6, is varied over 360°.
Figure 2 shows a selected phase-sensitivity images of
the Quin-2 in COS cells obtained using instrumentation
described in Fig. 1. The phase-sensitive images in Fig.
2 contain the primary information about the decay time

of the fluorescence at each position. These phase-sen-
sitive intensities were used to compute the phase-angle
and modulation images.

Phase and Modulation Images

The fluorescence phase angle is related to the de-
tector phase 8y, which includes a constant instrumen:al

6, = 50 deg 150

350

250

Fig. 2. Selected phase-sensitive intensity images of the fluorescence of Quin-2 within the COS cell obtained at a modulation frequency of 49.53
MHz, using instrumentation described in Fig. 1.
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phase shift 8; (electronic and optical pathways). Simi-
larly, the fluorescence modulation is affected by instru-
mental modulation m,;. To determine the instrumental
phase angle and modulation, which are need to calculate
the apparent lifetimes [Eq. (1)], a reference sample is
required, scattered light or fluorescence at a known phase
and modulation. In our experiment we used the fluores-
cent standard DMSS (4-diethylamino-w-methylsulfonyl-
trans-styrene) in PVA film, which has a mean lifetime
near 1 ns and an emission spectrum in the wavelength
range of Quin-2 [16]. Reference phase-angle and mod-
ulation images are necessary to correct for a constant
instrumental phase shift 6; and modulation m, and for
the nonideal response of the image intensifier.

Figure 3 shows a plot of the averaged phase-sen-
sitive intensities versus the detector phase angle visual-
izing the phase angle and modulation of Quin-2 relative
to the reference sample. For these plots, averaged in-
tensities were obtained for 5 X 5 pixels, using the same
spatial window for all data files (Quin-2 and reference).
The apparent phase angles and modulations are included
in Fig. 3. The instrumental phase shift 6; = 196.5°) and
modulation (m = 0.52) were calculated using known
values for DMSS (8; = 20.0°) and my = 0.90 at 49.335
MHz) [15] and its apparent values (216.5° and 0.47,
respectively). The phase-angle and modulation correc-
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tions with respect to the nonideal spatial response of
image the intensifier are described elsewhere [15].

One can imagine that such calculations are per-
formed on each pixel. The data sets for FLIM are rather
large (in our case, 512 X 512 pixels, resulting in about
520 kbyte storage per each image), which can result in
time-consuming data storage, retrieval, and processing.
To allow rapid calculation of images we developed an
algorithm that uses each phase-sensitive image only one
time. The task is to use a set of images taken at different
detector phase angles (Fig. 2) and generate three images.
The first of these desired images is of the phase of the
fluorescence, 8(), in Eq. (3). The second is an image
of the modulated amplitude of the fluorescence at a par-
ticular detector modulation frequency [i.e., the AC com-
ponent or m(r) in Eq. (3)]. The third is an image of the
steady-state or DC component of the fluorescence. To
allow rapid calculations of images, an algorithm has been
developed that uses a linearized version of Eq. 3 [16].

RESULTS

Intracellular Calcium Concentration Imaging

We used COS cells (from green monkey kidney
epithelium) to work out the technical requirements for
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Fig. 3. Plots of the averaged phase-sensitive intensities for Quin-2 in the COS cell (——) and for DMSS in PVA film as a reference) (—).
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FLIM imaging in a cellular system. COS cells were se-
lected for these experiments because they are relatively
flat in terms of their biological architecture, easy to grow,
and adhere moderately well to the glass surface. The
cells were loaded with the calcium probe Quin-2 by ex-
posure to Quin-2 AM. The fluorescence lifetime of Quin-
2 is strongly dependent on Ca®* [18-20]. The calcium-
induced change in the lifetime of Quin-2 results in a
dramatic change in phase angle and modulation versus
free calcium concentration in the range from 0 to 600
nM [18]. Phase-sensitive images were collected using
instrumentation described in Fig. 1 at a modulation fre-
quency of 49.53 MHz.

Figure 4A shows that the local intensity varies dra-
matically throughout the cell. The phase-angle and mod-
ulation images (Figs. 4B and C, respectively) display
relatively constant values throughout the cell (average
values, 38.0° for phase angle and 0.74 for modulation
from about 80% of the cell), suggesting that the Ca?*
concentration is uniform. This result demonstrates not
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only the relatively uniform concentration of calcium in
the cell, but also the ability of the FLIM method to
provide reliable lifetime images over a wide range of
probe concentration and/or intensities. This constancy is
in agreement with the result of ratiometric imaging in
comparable cells [21].

Transformation of a phase-angle and/or modulation
image into a [Ca?*] image requires calibration curves.
The calibration curves were determined from phase and
modulation measurements of Quin-2 in cuvettes using
EGTA/Ca-calibrated buffers under the same conditions
used for cellular imaging. Ca?*-dependent phase-angle
values of Quin-2 at 49.335 MHz (Fig. 5) were used t0
transform phase-angle image into the [Ca?+] image. The
average value of the Ca®* concentration for the central
80% of the cell is 16.7 = 2.3 nM. This apparent [Ca**]
is in agreement with other measurements using Quin-2
[22-24]. However, the expected concentration is higher
than 100 nM, and such higher values are usually ob-
served with Fura-2 or Indo-1. Also, significant discrep-
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Fig. 5. Phase and modulation calibration curves for Quin-2 obtained using calibrated Ca/EGTA buffers (100 mM KC1, 10 mM MOPS, 0-10 mM
Ca EGTA, pH 7.2).

ancies in the measured cytosolic free Ca*+ concentrations
were observed with various methods, and Quin-2 yielded
the lowest [Ca?*] [25]. These led us to question whether
Quin-2 was forming fluorescent photoproducts during
illumination of the labeled cells. We have found that,
with the extent of illumination, the phase angle and mod-
ulation changed continually, which indicates the for-
mation of fluorescent photoproducts. A multiexponential
analysis of intensity decays of Quin-2 before and after
photobeaching and its effect on calibration curves are
presented elsewhere [15]. The average Ca** concentra-
tion determined for this cell using the phase-angle cali-
bration curve after about 60% of photobleaching is
155 =36 nM. Based on these results, it is essential that
the Ca2+* probes be examined for phototransformation
effects, whether the [Ca?*] values are determined by
FLIM or wavelength-ratiometric methods. More detailed
information on these cellular imaging experiments has
been reported elsewhere [15].

SUMMARY

We demonstrated imaging of intracellular Ca?+ using
our approach to FLIM. The ability to obtain calcium
images using Quin-2 suggests that the method will be
useful for many types of chemical imaging. The lifetime
measurements and multiexponential analysis can reveal
whether the probes photobleach, which will not cause a
change in lifetime, or undergo transformation to flu-
orescent products, which will alter the calibration curves.
We note that even the most widely used probe, Fura-2,
has been reported to undergo phototransformation to spe-
cies that are not sensitive to Ca?+ [26].

We know that the lifetimes of other probes are sen-
sitive to analytes of interest. For instance, it is possible
to use the nonratiometric probes calcium green, orange,
and crimson [27] for lifetime imaging of Ca®* using
visible wavelength excitation and emission. The dual
wavelength-ratiometric pH probes of the SNAFL and
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SNAREF series display pH-dependent lifetimes, and the
apparent pK, can be shifted by 4 pH units by selection
of the emission wavelengths [28]. There are also chlo-
ride probes such as SPQ and MQAE based on collisional
quenching [29], and Mg?* can be imaged using mag-
nesium green [30], Mag-Quin-2, and Mag-Quin-1 [31].
Hence, FLIM offers many opportunities for chemical
imaging of cells.
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