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Abstract

We describe the first fluorescence lifetime images of cells. To demonstrate this new capability we
measured Intracellular Images of Ca2* in COS cells based on the Ca2*-dependent fluorescence
lifetime of Quin-2. Apparent fluorescence lifetimes were measured by the phase-modulation
method using a gain-modulated image intensifier and a slow-scan CCD camera. We describe
methods to correct the images for photobleaching during acquisition of the data, and to correct for
the position-dependent response of the image intensifier. The phase angle Quin-2 images were
found to yield lower than expected Ca2* concentrations, which appears to be the result of the
formation of fluorescent photoproducts by Quin-2. Fluorescence lifetime imaging (FLIM) does
not require wavelength-ratiometric probes and appears to provide new opportunities for chemical
imaging of cells.

Measurement and imaging of intracellular concentrations of CaZ* are of considerable
interest because of me central role of (Ca2* in signal transduction and other cellular
processes [1-6]. Consequently, many laboratories have proposed improved methods to image
Ca?* [7-9]. At present, most [Ca?*] images are obtained using the wavelength-ratiometric
probes Fura-2 and Indo-1 [10-14]. Wavelength-ratiometric measurements are strongly
favored in fluorescence microscopy because it is difficult to measure and make quantitative
use of me intensity data [13-17]. The difficulty arises because the fluorescence intensity
does not accurately report the [Ca2*]. The fluorescence intensity reflects many factors
including [Ca2*], the local probe concentration, probe (binding to macromolecules [18,19],
and photobleaching during the experiments, all of which tender the intensity images subject
to error.

In the present report we describe a new imaging method which has the potential to
circumvent many of the difficulties associated with quantitative fluorescence microscopy
and imaging. Instead of creating an intensity-based image, we create images in which the
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contrast is based on the fluorescence lifetime in each region of the image. The concept of
fluorescence lifetime imaging (FLIM) is illustrated in Scheme 1. Suppose a cell contains
two regions in which the probe displays two decay times, 7, > z7. The intensity image
(lower left will not reveal the distinct decay times, but rather displays structure which
reflects the local probe concentration and/or quantum yield. In contrast, the lifetime image
(lower right) will not sense the local intensity, but will instead reveal the two regions of
interest. The advantage of FLIM is that the lifetime is typically independent of the local
intensity and the extent of photobleaching, assuming the measurements are within the
dynamic range of the apparatus and that any photoproducts do not contribute significantly to
the signal. Hence, the lifetime or decay time can be an absolute self-calibrating
measurement. If one knows the dependence of the lifetime on the analyte of interest, then
the lifetime image can be mapped to a concentration image. We note that for probes such as
Quin-2, where the Stokes’ shifts are large and the probes are highly charged, probe-probe
interactions are not expected for any practical probe concentration, particularly those which
may occur in the cells.

To illustrate the possibility and potential of FLIM, we describe imaging of the intracellular
Ca?* concentration of COS cells using the calcium indicator Quin—2. Quin-2 is less widely
used than Fura—2 because wavelength-ratiometric measurements of Quinr-2 are not practical
in cells [20,21], its intensity is about 30-fold lower than Fura—2, and it may photobleach
more rapidly than Fura—2. Hence, our ability to obtain lifetime images using Quin-2
represents a worse-case situation. Superior results can be expected with more intense and/or
photostable probes, or using visible wavelength Ca2* probes, such as Calcium Green, which
display changes in lifetime in the presence of Ca2* [22]. Importantly for FLIM, the
fluorescence decay time (lifetime) of Quin-2 increases 10-fold upon binding of

Ca?* [23,24], making it a valuable probe for fluorescence lifetime imaging. In FLIM, we
measure the lifetime or decay time at each pixel in the microscopic image [24,25]. Our
FLIM apparatus measures the mean lifetime by the phase-modulation method [26,27]. For a
single exponential decay the lifetime is the time zrequired for the intensity to decay to e1
of the initial value following &-function excitation (Scheme 2, left). The lifetime can also be
measured from the phase (6) and modulation (m) of the emission, relative to the intensity-
modulated excitation [28]. The present measurements are distinct from the standard phase-
modulation method [26,27] in that homodyne detection is used to measure the phase-
sensitive intensities, as shown by the dots in Scheme 2, right. These phase-sensitive
intensities are measured for a range of detector phase angles (6p, allowing determination of
0 and m by subsequent least-squares analysis of the phase-sensitive intensities. This
procedure is analogous to the use of phase-sensitive detection to suppress components in
mixtures [29]. The use of phase-modulation methods is advantageous for imaging because it
allows simultaneous data acquisition at all pixels [30], avoids the need for photon counting
detection [31,32], and avoids the need for pixel by pixel scanning [33-38]. Resolution of any
multi-exponential decays which may be present is not necessary. Calibration curves of phase
or modulation versus Ca%* concentration, at a single modulation frequency, allow calculation
of the Ca%* image from the phase and modulation images.

The FLIM method can be extended to imaging of oxygen, pH, glucose, and antigen-
antibody binding based on the growing knowledge of the lifetimes of fluorescence sensors
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[22, 39-47]. An advantage of our method is the use of a slow-screen CCD detector, which
has many desirable features for quantitative fluorescence microscopy [48-53]. Also our
apparatus provides lifetime imaging on the nanosecond (ns) timescale, and is thus not
limited to detection of delayed luminescence or phosphorescence [54,55]. We note that the
detection of delayed luminescence is often an intensity measurement, and does not use the
lifetime to generate contrast. Adaptation of our FLIM methodology to cellular imaging
required the development of procedures to correct for photobleaching of the probe and for
the position-dependent response of the image intensifier.

Materials and methods

Instrumentation

The electronic components and gain modulated image intensifier for FLIM was described
previously [30]. This apparatus has now been installed on the side-port of a Nikon Diaphot-
TMD inverted fluorescence microscope, and is illustrated schematically in Figure 1. Epi-
illumination is accomplished using a Newport LC-075 (10x) laser beam expander and Nikon
Fluor 40, 40-fold magnification, NA 1.3 (Ph4DL) objective. The emission is isolated using
the side port with 2.5-fold magnification using a DM400 Nikon dichroic beam splitter. The
incident and/or scattered light is further rejected using a Corning 3-75 filter.

The microscopic sample is illuminated with an intensity-modulated light source, in this case
the ps pulses from a cavity-dumped dye laser which are intrinsically modulated at integer
multiples of the pulse rate [56]. The excitation is at 343 nm using 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 emission image is quantified using an image intensifier (Varo 510-5772-310) and slow-
scan CCD camera (CC200 from Photometries) with a PM 512, Prime Grade, CCD chip,
with a Metachrome UV extended response. The camera head is cooled with a three-stage
thermoelectric cooler LC200. The gain of the image intensifier is modulated at 49.53 MHz
using the output of a PTS-300 frequency synthesizer. The output of the frequency
synthesizer is phase-locked to the pulsed excitation by using the same 10 MHz master
oscillator for the frequency synthesizer which drives the image intensifier and the Nd: YAG
mode-locker (Fig. 1). The phase of the synthesizer output (6p) was varied using the digital
phase shift option of the PTS 300 frequency synthesizer. This method is considerably more
convenient and versatile than our earlier use of calibrated coaxial cables. Gain modulation of
the image intensifier is at an exact integer multiple of the pulse repetition rate (i.e.
homodyne detection), resulting in stationary phase-sensitive images on the phosphor of the
intensifier.

Image acquisition

For these experiments we collected two sets of phase-sensitive images, the first for a
spatially homogeneous standard (S) and the second for the labeled COS cells (obs). These
phase-sensitive images are corrected by subtraction of the background (dark) image,
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corrected for a non-linear response in our CCD camera and for the time-dependent
photobleaching, as described in the Results section, yielding:

1.6 1) =
KC(r) {A (1) + B (1) cos [0,(r) — O]} Eq.1
Iobs (GD’ r) = Eq.2

k C (1) {a(r) + b(r) cos [0, (r) — Op]}

In these expressions, k is a constant, Ci(r) are the concentration and/or intensity profiles of
the sample and 6p, is the phase of the frequency synthesizer output. The apparent
modulation at each point in the image (r) is given by:

m(r) = B(r) / A(r) Eq. 3

m, (r) = b(r) / a(r) Eq. 4

and the apparent phase angle images are 64(r) and 8,p5(r). We note that these apparent phase
and modulation images require correction for a variety of instrumental factors, as described
in the Results section. The phase-sensitive images of the standard and cells are collected
under identical experimental conditions, typically for 8-10 values of 8 ranging over 360
degrees.

The time required for acquisition of a single phase-sensitive or steady-state image depends
upon the excitation intensity, fluorescence properties of the probe, probe concentration, and
the efficiency of the light collection optics. In the present initial studies of lifetime imaging
of cells, most of these factors were not optimized. For instance, Quin-2 was excited at 343
nm, which was the practical lower wavelength limit of our dye laser and frequency doubler.
The frequency-doubled UV output was about 1 mW, and this output was decreased 2-fold or
more by the beam expander, and its poor transmittance below 400 nm. We estimate that the
samples were illuminated with 0.5 mW or less of 343 nm light. Also, the microscope did not
have quartz optics, and the collection efficiency of the fluorescence was poor. Because of all
these factors, the acquisition time for a single image ranged from 1-4 min. Readout and
storage time for a single image was about 20 s. The total data acquisition time for a lifetime
image was thus about 30-55 min. We expect this time to be considerably shortened in the
next generation FLIM instrument with improved optics, CCD and computer hardware.

In order to correct for photobleaching, we collect steady-state intensity images between
every or every other phase-sensitive image. The RF output of the PTS-300 frequency
synthesizer cannot be set to zero. To maintain phase coherence of the PTS-300 output it is
necessary to keep all digits constant from 1 MHz to 1 Hz. Hence to collect the steady state
images, we set the frequency to 10 MHz above or below the experimental frequency of
49.53 MHz. This results in a steady state image at the phosphor with a gain nearly
equivalent to that of the phase-sensitive image.
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Calculation of the apparent phase and modulation images

Calculation of the apparent (A) phase and modulation images for the standard sample and
COS cells is performed in an identical manner, so only one case will be described (6(r) and
ma(r)). We obtain the apparent phase and modulation images by performing a linear least-
squares fit for each of the 262 144 pixels in the images. These fits could be performed using
Equation 1. However Equation 1 is a non-linear equation in the fitting parameters ma(r) and
0(r), which requires an iterative solution of a system of simultaneous equations [57]. These
simultaneous equations must be reevaluated from the data images for each step of the
iterative process, requiring a large amount of computer time and memaory. Hence, we used an
alternative form of Equation 1:

IO, 1) = ay(r) + a,(r) cosO, + b, (r) sinb, Eq.5

The advantage of Equation 5 is that it is a linear equation, and parameter estimation requires
only a single iteration.

Once the values of ag(r), a1(r) and by(r) are determined for a particular pixel, then the
corresponding values of the phase (6(r)) and modulation amplitude (ma(r)) can be
determined using:

0 3 kD (r)
A1) = —ta b, () Eq. 6
a,(1)* +b, (1) o7

These apparent (A) phase angles and modulations are transformed to absolute values by use
of the known phase and/or modulation of a standard image, as discussed in the Results
section. The process of evaluating ag(r), a,(r) and by(r) for each pixel involves the solution of
a standard matrix equation Ax = B (Eqs 8-10) for x by Cramer’s rule.

N N N
> (sinfey, ;1) ) sin[Bp.ilcos [0 Y. sin[6 ]
i=1 i=1 i=1
N N N
A=[Y sinf6y Jcos[Bp ;] Y (cos[Bp 1)’ D cos [0 ] Eq.8
i=1 i=1 i=1
N N
D sin[0p ] D cos [0 ] N
i=1 i=1

Cell Calcium. Author manuscript; available in PMC 2019 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LAKOWICZ et al. Page 6

b, (r)
x =3 (r) Eq.9

g (r)

on

I(BD’ D) sin [Gd’ i

_
Il
—

os]
I
.Mz

I(GD’ ;1) COS [Od’ J Eq. 10

~
I
—

N
2 16,0

i=1

The subscript i in Equations 8-10 refers to one of the N data images at a particular phase
shift (6p ;).

The pixels of the data images are processed in parallel into the three elements of the B
vector. These three images are then transformed into ag(r), a;(r), and by(r) images by
Cramer’s rule. These latter three images are then transformed into images of the
fluorescence phase (Eg. 6) and modulation (Eq. 7).

Occasionally we found that there was flattening of the peaks and valleys of the cosine data
used for the fits described in Equations 8-10 for individual pixels. When this occurred we
removed those values from the fitting process. Typically these were values above 16 000 and
below 400 CCD units. Phase angles and modulations were only calculated when the
numbers of phase-sensitive intensities for that pixel was greater than 7 (N = 7). We
determined that this effect was the result of a non-linear response of our particular CCD
camera head.

Cell cultures and labeling with Quin-2

We used COS cells to work out the technical requirements for FLIM imaging in a cellular
system. COS cells are widely used in biology because they are an excellent host cell in
which one can express cloned mammalian genes. These cells are an SVV40-transformed cell
line obtained from green monkey kidney epithelial cells. The COS cells were used in these
experiments because the cells are relatively plain in terms of their biological architecture and
are easy to grow. They have a low but measurable level of autofluorescence and a relatively
low level of resting [Ca%*];. These cells are available from the American Type Culture
Collection (ATCC), Rockville, MD, USA (CRL 1650 and CRL 1651) and are being used in
our laboratories routinely in unrelated experiments. The cells are relatively flat as they grow
and adhere moderately well to the glass surface. The cells are grown in DMEM (Dulbecco’s
Modified Eagle’s Medium) with 7% fetal calf serum at 35°C in 5% CO, atmosphere.

The cells were grown in modified 50 mm culture dishes. The cells were plated onto 25 mm
circular glass coverslips that had been fixed to the bottom of the dishes below a 15 mm
circular cut-out. This permitted us to use a relatively high numerical aperture Nikon Fluor
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objective. The cells were loaded with Quin-2 by exposure to Quin-2/AM (25 pM) in
DMEM/HEPES for 30-60 min at room temperature. A second incubation period at 30-60
min in Quin-2 free DMEM/HEPES was used to allow for further de-esterification of the
‘trapped’ Quin—2/AM. Following both incubation periods the cells were rinsed in a modified
salt solution containing (in mM) 140 NaCl, 2.5 CaCls, 10 glucose, 10 HEPES, pH = 7.2.
This modified salt solution bathed the cells during all FLIM measurements which were
conducted at room temperature.

For ratiometric measurements of the resting [Ca2*]; the COS cells were loaded with Indo—1
salt by electroporation. This was accomplished by placing rectangles of cell-coated
coverslips in a 35 mm petri dish containing a solution of 135 mM KCI, 1 mM MgCl,, 10
mM HEPES, pH = 7.2, nominally calcium free and 1 mM Indo-1 salt (Molecular Probes). A
brief (t1/2 = 1 ms) high voltage (about 500 V) pulse was applied across the coverslip with
platinum wire electrodes placed 1 cm apart immersed in the solution [58]. Following the
electroporation, the cells were then washed in a normal extracellular solution (see above)
twice and placed in our standard superfusion bath on the stage of a Nikon Diaphot
fluorescence microscope. Approximately 10% of the cells survived as judged by the
retention of Indo—1, maintained normal cell morphology and continued healthy membrane
potential. Indo—1, a dual emission ratiometric [Ca%*] indicator was excited at 350 nm. A
xenon arc lamp (PTI, Princeton, NJ, USA) provided broad spectrum illumination that was
filtered with a combination of dichroic mirrors and narrow band interference filters. The 350
nm light was focused onto a liquid guide [59,60]. The fluorescence signal from the imaged
cell was measured at 400 nm and 500 nm. After background subtraction the fluorescence
ratio of resting cells was 0.475 £+ 0.017 (SEM, N = 10). Our calibration of the ratio [60]
indicates that the resting calcium in these COS cells was 229 +13 nM.

Correction for non-linearity of the CCD camera

Slow-scan CCD cameras have been widely used in fluorescence microscopy. The CCD
response is expected to be linear over a wide range of intensities, particularly when
accumulating images at low-light levels. Most reports confirm the expected linearity of these
detectors [48, 49, 61]. In our initial analysis of the FLIM images we noticed that the
modulation images (discussed below) displayed structure which was correlated with the
intensity images. This was surprising because we expected the FLIM images, whether
observed by phase or modulation, to be independent of the fluorescence intensity. Further
analysis and control experiments showed that this effect was the surprising result of a non-
linear response of the CCD camera to an intensity and/or accumulated charge. Discussions
with the manufacturer and their testing of the camera indicated that the response was indeed
non-linear, particularly at low levels of accumulated charge. This effect is apparently due to
aging-related problems with the output amplifiers and/or A/D convertor. According to the
manufacturer, this problem is not uncommon. We therefore recommend to other researchers
that they check the linearity of their CCD camera.

In our case, the non-linearity affected the modulation image in a manner that resulted in
larger modulations at higher intensities. The phase images were not significantly sensitive to
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the non-linear CCD response. Due to changes in technology it was not practical to repair our
CCD camera. Hence, all the steady-state and phase-sensitive images were corrected for this
effect on a pixel-by-pixel-basis.

Correction for photobleaching

Fluorescence lifetime images were obtained for a number of COS cells or cell clusters. To
illustrate these images we selected three cells, which are shown in Figure 2. The same cells
in the same orientation are shown in the subsequent color images. The Quin-2 intensity
images are shown in Figure 3. These three cells were from different COS cell preparations
and were measured at different times. The images were combined onto a single image for
concise presentation. Two of the cells (A and C) displayed moderately high intensities,
whereas the fluorescence intensity of cell B was about 5-fold smaller, The fluorescence
intensity images show wide variations in intensity (Fig. 3), as we have observed generally
with the AM-loading method [Kirby M.S. and Lederer WJ., unpublished observations].

Acquisition of all the phase-sensitive and steady-state images is moderately time consuming,
requiring 55 min of illumination for cells A and B, and 33 min of illumination for cell C.
The shape of the cells remained unchanged during the data acquisition, as did the
microscopic visual appearance, suggesting that the cells were not damaged by the
illumination during data acquisition. The fluorescence intensity of Quin-2 decreased by 30—
80% during the data acquisition. Such a decrease can alter the calculated phase and
modulation images because the fitting procedure assumes the intensity variations between
the images are due only to changes in 8P. Hence, it is necessary to correct for the loss of
intensity due to photobleaching. This correction is accomplished by collecting steady-state
intensity images between the phase-sensitive images, as is illustrated for a selected region of
cell C in Figure 4. The time axis represents the time for data acquisition, and assumes that
the phase-sensitive images are collected sequentially with increasing value of 6p. Depending
on the rate of photobleaching, the steady-state intensity images were collected after each
phase-sensitive images, or less frequently for slower photobleaching.

Examination of the dependence of the steady-state images on the illumination time revealed
a monotonic decrease in intensity in all regions of the cell (Fig. 4, top left). We assumed the
intensity decrease was linear between each two phase-sensitive images. Hence, the phase-
sensitive images, corrected for photobleaching, were obtained by:

o HOyDF
oD = E o+ 50 - F,01W

Eq. 11

where the prime indicates the uncorrected phase-sensitive image collected at time t;, F1(r)
and F,(r) are the bracketing steady-state images collected at times t; and t,, respectively, and
Fo(r) is the initial steady-state image collected at the beginning of the experiment The factor
W is given by W = (t1 — t;)/(t, — tp).

An example of this linear correction procedure is shown in Figure 4, for three different sites
of cell C. The intensity at each site decreases in an approximately linear manner. The phase-
sensitive intensities, before and after correction, are shown in the lower panels of Figure 4. It
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is essential that the photobleaching correction be performed on a pixel-by-pixel basis. This is
illustrated in Figure 5, which shows the color-coded extent of decrease in fluorescence of all
sites in the cells. These data indicate that photobleaching rates differ by about 25% from
site-to-site in these cells. Position-dependent photobleaching has been observed previously
by Benson et al. [61] for a number of fluorophores. In the present experiments, it appears
that the photobleaching of Quin-2 is generally not correlated with the intensity. Prior to
correcting for the non-linear CCD response, the extent of photobleaching appeared to be
larger at regions of high intensity, an effect which we could not explain.

An important aspect of calculating the phase and modulation images is determination of the
spatial range of the images. It makes no sense to compute and display the FLIM images in
regions of low and/or insignificant intensity. We defined a spatial intensity mask to eliminate
all regions of the image which are less than 10% of the maximum intensity from the FLIM
calculations, one can easily conceive of more accurate and/or complex photobleaching
corrections and masking procedures, but the methods described above are adequate for our
purposes. We note that the future use of frame-shift CCDs may allow nearly simultaneous
acquisition of the steady state and phase-sensitive images, and eliminate the need for
extrapolating to times between successive phase-sensitive images.

Correction of position-dependent phase and modulation of the intensifier

In order to obtain correct phase and modulation images, it is necessary to correct for
electronic shifts within the apparatus and for the non-ideal response of the image intensifier.
To quantify these effects we used homogeneous solutions of fluorescence standards in PVA
films. The phase, modulation and apparent lifetimes of the standards, measured with
standard frequency-domain instrumentation [27,56] are given in Table 1. The intensity
decays of DPO and DMSS in PVA are not pure single exponentials, resulting in minor
differences between the apparent phase and modulation lifetimes. However, irrespective of
this minor complexity, the standards display known phase and modulation values at 49.335
MHz, which can be used to obtain corrected phase and modulation images of the COS cells
at 49.53 MHz. (This minor difference in frequency results from the use of two different
mode-locked and cavity-dumped laser sources. For FLIM the pulse repetition rate was 3.81
MHz, and for the frequency-domain measurements the pulse repetition rate was 3.795
MHz.)

The apparent phase and modulation images of the standards reveal that the response of the
image intensifier depends strongly on position. This is illustrated in Figure 6, which shows
that the phase angles decrease from the periphery to the central region of the photocathode.
The same effect is seen for either direction across the intensifier, and is seen for both
standards. This effect is present because of the time delay for the voltage to migrate across
the photocathode (an electronic shift within the photocathode), resulting in lower phase
angles in the central region where the gain-modulation voltage is most delayed. Note that the
phase angles in Figure 6 are apparent values which contain the electronic shift of the
apparatus as well as that of the image intensifier. The observed modulation images of the
homogeneous standards are also somewhat dependent on position. However, in this case the
dependence is more complex and cannot be as easily explained in terms of transit-time

Cell Calcium. Author manuscript; available in PMC 2019 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LAKOWICZ et al. Page 10

effects. Apparently, less obvious electro-optical phenomena affect the depth of modulation
of a gain-modulated image intensifier.

The phase and modulation images of the standards (Fig. 6) can be used to obtain corrected
phase and modulation images of the COS cells. This procedure is illustrated schematically in
Figure 7. The phase angle image of the standard (64(r)) is related to the phase angle of the
standard (65) by:

0g(r) = g + O + 0;(r) Eq. 12

where O is the electronic shift of the apparatus and 6,(r) is the position-dependent response
of the image intensifier. The observed phase angle image of the cells is given by:

0, (1) = O(r) + O + 6,(1) Eq. 13

where 6(r) is the true phase angle image. Hence, the desired phase angle image of the cells is
given by:

0(r) = eobs(r) - GS(I’) + es Eq. 14
The corrected modulation image can be obtained similarly, but one must remember that the
modulation appears as a product Hence, the modulation image of the standard is given by:
mS(r) = kml(r) mg Eq. 15

where k is the constant, m(r) describes the position-dependent response of the intensifier,
and mg is the modulation of the standard. The observed modulation of the cell is given by:

m, (r) = kmy(r) m(r) Eq. 16
where m(r) is the true modulation image. Hence, the desired modulation image is given by:

mobs(r)

ms(r)

m(r) = mg Eq. 17

The portion of these expressions (Eqgs 14 & 17) for correcting for the phase (65) and
modulation (mg) of the standard are analogous to those described previously for frequency-
domain lifetime standards [62]. Once the phase and modulation images are known, they are
easily transformed into apparent phase (z,) and modulation (z) lifetimes using:

1
T (r)= atane(r) Eq. 18

1 1 1/2
'cm(r) =5 m(r)2 -1 Eqg. 19
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where w is the modulation frequency in radians/s. The phase and modulation images can
also be mapped to the [Ca2*] using an appropriate calibration curve.

An example of this correction procedure, as applied to one of the COS cells, is shown in
Figure 8. The observed phase angles are arbitrary due to the electronic shift, and also skewed
towards larger phase angles on the left-hand side due to the position-dependent intensifier
response. Application of Equation 14 results in phase angles corrected for both the
instrumental shifts and for the radial position-dependent response of the image intensifier.

The corrected modulation image is calculated in a similar manner. The observed modulation
of the standard (Fig. 8, middle), and the known value of mg, are used to calculate the
corrected modulation using Equation 17. In this case the modulation image (m(r) in Fig. 8)
retains some fine structure, which is apparently partly related to the intensity of the cell at
each point in the image (Fig. 8, lower panel). We suspect that the measured modulation of
the cell depends upon the light intensity, possibly because of an imperfect correction for
CCD non-linearity. Further experimentation and analysis are required to provide a
satisfactory correction for this effect.

Lifetime calcium imaging of COS cells

The procedures described above were used to create phase (Fig. 9) and modulation (Fig. 10)
images of the Quin-2 loaded COS cells. While the cells displayed wide variations in
intensity (Fig. 3), and moderate photobleaching (Fig. 5), the phase angles are relatively
constant throughout the cells, suggesting that the Ca2* concentration is uniform (see also
Table 2). This constancy of phase angle and [Ca%*] is in agreement with the result of
ratiometric imaging in diverse cells [63]. Non-uniformity of the [Ca2*] has also been
observed [64]. Apparently, less favorable results were obtained using the modulation data
(Fig. 10). The phase angle measurements appear to be reliable over a range of intensities,
and the phase angle alone is adequate to determine the Ca2* concentration.

In general, the modulation images agreed with the phase images, that is, the modulation is
higher where the phase angles are lower. An example is seen by comparing the upper region
of cell A in Figures 9 and 10. However, the modulation values typically indicate shorter
lifetimes than the phase values, and the modulation images were after found to display
regions larger than unity (Table 2). This impossible result must be due to some incorrect
experimental error, which is not surprising given the sensitivity of the modulation data to
absolute intensity values. We suspect this effect is the result of comparing the cellular
images with images of standards collected at different times and possibly altered conditions.
For future experiments, we intend to circumvent these difficulties using internal standards,
such as fluorescence microsphere with known lifetimes. Our previous experiments [22, 24,
25] used a standard within the macroscopic image, which was in effect an internal standard.
Consequently, such an effect was not noticed in our previous studies.

Transformation of a phase angle image into a [Ca2*] image requires a calibration curve, the
calibration curves were determined from phase and modulation measurements of Quin-2 in
cuvettes using different Ca?* concentration buffers, at the same conditions as used from
cellular imaging, that is, 343 nm excitation, a Coming 3-75 emission filter, at room
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temperature. Calcium dependent phase and modulation values of Quin-2 at 49.335 MHz are
shown in Figure 11. Using these phase values (solid line), we computed the [Ca%*] images
shown in Figure 12. The average values of the Ca2* concentration, for the central 80% of the
cells, are summarised in Table 2. The apparent [Ca2*] range from 10-20 nM, in agreement
with other measurements using Quin-2 [65]. However, the expected concentration is 100
nM or higher. Hence we performed separate wavelength-ratiometric measurements using
Indo—1 to determine the average Ca%* concentration in these cells. Labelling with Indo-1
was accomplished by electroporation [58]. Using our ratio-calibration curve [60], these
measurements revealed Ca2* concentrations near 229 13 nM (SEM, n = 10). This value is
quite similar to the resting calcium observed in diverse cultured and freshly dissociated cells
measured with the potassium salts of Indo-1 or Fura—2. Hence, it appears possible that the
low apparent Ca2* concentration obtained from the FLIM measurements are the result of use
of the AM-loading method [8, 63, 66, 67]. It should also be noted that the apparent Ca2*
dissociation constants of Quin-2 are near 29 and 10 nM as seen from the phase and
modulation data respectively, (Fig. 11), whereas it is 70 nM or larger as seen by the intensity
measurements [24]. Hence, the low apparent Ca2* concentration could be a result of being
above the useful range of Quin-2 when used as a lifetime probe. More probably, the low
apparent Ca2* concentration is the result of a Ca2*-dependent phototransformation of Quin—
2 (below). We note that the combined use of FLIM and wavelength-ratiometric methods may
provide insights into the origin of these discrepancies. For instance, the use of multi-
frequency FLIM could allow the resolution of multi-exponential decays on a pixel-by-pixel
basis. Such data, when combined with knowledge of the lifetime of various forms of Quin—
2, should reveal if such species are present in the AM-loaded cells.

Effects of Quin—2 photobleaching and phototransformation on Ca2* images

Our analysis of the data described above led us to question whether Quin—2 was forming
fluorescent photoproducts during illumination of the labeled cells. Such products could
potentially explain the low apparent Ca2* concentrations revealed by the phase angle
images. Formation of fluorescent photoproducts of Fura—2 has been reported by Becker and
Fay [68]. Since it is difficult to perform lifetime measurements in the microscope, we used
out standard frequency domain instrumentation [27, 56]. To mimic the intense illumination
obtained with the microscope, we focused the 343 nm output of a Pyridine 2 dye laser into a
small volume cuvette containing Quin—2 with varying amounts of Ca%*. These conditions
resulted in a rapid decrease in the Quin-2 intensity, ami the Ca?*-containing samples
appeared to bleach somewhat more rapidly than Ca%*-free Quin—2. More importantly, the
phase and modulation of Quin-2 emission changed continually with the extent of
illumination, which indicates the formation of fluorescent photoproducts with lifetimes
distinct from those displayed by Quin-2.

Frequency-responses of the Quin—2 emission before (open circles) and after (filled circles)
photobleaching are shown in Figure 13. These ‘after photobleaching’ measurements were
performed where about 60-70% of the intensity was lost, a value comparable to that
observed during cellular imaging. In all cases the frequency responses shift due to higher
frequency following focused illumination, with the extent of the shifts being greater at
higher Ca%* concentrations. The multi-exponential analyses of these frequency-responses
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are shown in Table 3. The shift towards shorter mean decay times (z = Xf;t;) is the result of

an illumination-dependent loss of the 10.4 ns component associated with the CaZ*-bound
form of Quin-2 [23, 24]. This effect can be seen by examining the amplitudes (a;) of the
10.4 ns form, which decrease several-fold following illumination (Table 3). The intensity
decay also appears to become more heterogeneous following focused illumination. This is
seen from the double exponential fit, which is more satisfactory prior to photobleaching
(Table 3).

These light-dependent changes in Quin—2 could explain the low apparent Ca2*
concentrations observed in the COS cells from the FLIM data. This is illustrated by the
dashed lines in Figure 11, which shows the Ca2* calibration curve which we estimate would
apply following photobleaching of Quin-2. Examination of Figure 11 reveals that
photobleaching of Quin-2 results in decreased phase angles (dashed line), which will map to
lower Ca2* concentrations when using the original calibration curve (solid line). Similarly,
the modulation increased on photobleaching (dashed line), and these values will also map to
lower Ca2* concentrations (solid line).

We used the calibration curve for Quin-2, obtained after photobleaching and/or
phototransformation, to determine the CaZ* concentration images (Fig. 14). In this case the
[Ca?*] range from 49-261 nM, in agreement with the Indo-1 results, which we note were
obtained for different COS cells than were used for FLIM. The average values of [Ca2*] are
summarised in Table 2. Based on these results, it is essential that the Ca2* probes be
examined for phototransformation effects, whether the [Ca2*] are determined by FLIM or
wavelength-ratiometric methods. Additionally, it seems clear that there is a need for a Ca2*
probe which displays higher photostability.

Discussion

We demonstrated the possibility of imaging intracellular Ca2* using FLIM.. The ability to
obtain these images using Quin-2 suggests that the method will be useful for many types of
chemical imaging. The emission of Quin-2 is known to be weaker than Fura-2 or Indo-1,
and Quin-2 is also thought to be more sensitive to photobleaching. Hence, it should be
possible to readily use the FLIM method with more highly fluorescent probes or those which
display less photobleaching or photodecomposition.

An unfortunate property of Quin-2 appears to be its formation of fluorescent photoproducts
under the intense illumination present in a fluorescent microscope. These new emissions can
distort the phase and modulation calibration curves, and thus the Ca* images. However,
such product formation may not be a property of all Ca2* probes. However, we note that
even the most widely used probe Fura—2 has been reported to undergo phototransformation
to species which are not sensitive to Ca2*, and thus alter the wavelength-ratiometric
calibration curves [68]. Importantly, the FLIM measurements revealed the existence of these
products, which may also account for the reported difficulties in using Quin-2 as a Ca2*
wavelength-ratiometric indicator. The lifetime measurements and multi-exponential analysis
can reveal whether the probes photobleach, which will not cause a change in lifetime if the
probe emission is the dominant signal, or undergoes transformation to fluorescent products
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with different emission and/or Ca2* binding properties and thus alter the calibration curves.
The combined use of FLIM, frequency-domain and wavelength-ratiometric measurements
should help clarify which probes are most reliable for Ca2* imaging of cells.

We now know that the lifetime of other probes are sensitive to analytes of interest For
instance, the lifetimes of the non-ratiometric probes Calcium Green, Crimson, and Orange
(Molecular Probes, Eugene, OR, USA) were recently shown to be dependent on Ca2* [22].
Hence, it will be possible to image Ca2* using visible wavelength sources such as an argon
ion laser. Additionally, it will be possible to image pH using visible wavelengths and probes
of the SNAFL and SNARF series which can be excited with a green He-Ne laser at 543 nm
[47] and to image CI™ based on its collisional quenching of quinolines [69]. A borderline
lifetime probe is available for K* [70], and additional probes for K* [71] and other analytes
remain to be tested. Hence, FLIM offers many opportunities for chemical imaging of cells.
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Fig. 1.
Apparatus for cellular FLIM. M, Mirror, DBS, dichroic beam splitter; F, filter, L, lens; w,

modulation frequency; 6p, phase angle of the frequency synthesizer output. See Materials
and methods for additional details.

Cell Calcium. Author manuscript; available in PMC 2019 December 12.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

LAKOWICZ et al.

Fig. 2.
Light microscopy images of COS cells. The lower images indicate the area, shape, and
orientation of the cells in the subsequent color images.
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FLUORESCENCE INTENSITY IMAGES OF QUIN-2 IN COS CELLS

Fig. 3.

Quin-2 fluorescence intensity images of the three COS cells. According to the
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PERCENTAGE PHOTOBLEACHING OF QUIN-2

Fig. 5.
Decrease of the fluorescence intensity of Quin—2 due to photobleaching.
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Fig. 6.

Position-dependent, phase (top), modulation (middle) and intensity (bottom) of the standard
fluocophores as seen by the gain-modulated image intensifier at 49.53 MHz. The values
shown are for an average of 10 pixels of a row (R) or column (C) of the CCD image. See
Table 1.
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Fig. 7.
Procedure for correcting for the position-dependent phase and modulation of the image-

intensifier and the lifetime of the standard fluorophore.
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Fig. 8.
Calculation of the position dependent phase and modulation of a Quin-2 labeled COS cell.

The data shown are the average of columns 235-240 of cell C (Fig. 5).
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PHASE ANGLE IMAGES OF QUIN-2 AT 49.53 MHz

Fig. 9.

PHASE ANGLE

( DEG )

SERBNERBYSRARIE

Page 26

Phase angle images of the emission from Quin—2 in COS cells, measured at 49.53 MHz.
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MODULATION IMAGES OF QUIN-2 AT 49.53 MHz

Fig. 10.

Modulation images of the Quin—2 emission from COS cells, measured at 49.53 MHz.
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Fig. 11.

Phase and modulation calibration curves for Quin-2, 49.335 MHz. The dashed line shows
the estimated phase and modulation calibration curves following phototransformation of
Quin-2 by a focused laser beam. The rising and falling curves are the phase and modulation,

respectively.
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Ca?* CONCENTRATION IMAGES IN COS CELLS

Fig. 12.
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Calcium concentration image of the COS cells, as obtained from the pre-photobleaching

Quin-2 calibration curve (Fig. 11).
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Fig. 13.
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Frequency-domain intensity decay data for Quin—2, before (open circles) and after (filled

circles) photobleaching. The multi-exponential decay parameters are given in Table 3.
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Ca’' CONCENTRATION IMAGES IN COS CELLS

Fig. 14.
Calcium concentration images of the COS cells, as obtained from the after photobleaching

Quin-2 calibration curve. (Fig. 11).
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Scheme 1.
Comparison of intensity and lifetime imaging of cells.
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Scheme 2.

Pulse and phase-modulation lifetime measurements.
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