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1 Introduction

Changes in free calcium concentration play an important role
in many biological processes including muscle contraction,
neuronal activity, and the regulation of metabolism. There-
fore, much effort has been spent on the development of sys-
tems for imaging calcium fluxes. The two main challenges in
this area are(1) the imaging of intracellular calcium at frame
rates exceeding video rate, af® the quantification of intra-
cellular calcium. Although in recent years, the detection spee
in fluorescence microscopy reached the millisecond rafge,
the interpretation and quantification of the fluorescence inten-
sity measurements is not straightforward and can be hampere
by, for instance, nonhomogeneous staining of cells and pho-

tobleaching of the fluorescent dye.

Ratiometric imaging methods can be employed to quan-
tify calcium or other ions. Here, fluorescent probes are em-
ployed that exhibit distinct shifts in their spectral properties
upon binding to calcium ions. In general, two fluorescence
images are acquired, either at different excitation wavelength
using the same detection wavelength band, or at one excita-
tion wavelength using two different detection wavelength
bands. When probes exhibit shifts in the excitation or emis-
sion spectra upon changes in the biological conditions, the

Abstract. A fast fluorescence lifetime imaging (FLIM) system is devel-
oped that can acquire images at a rate of hundreds of frames per
second. The FLIM system is based on a wide-field microscope
equipped with a time-gated intensified CCD detector and a pulsed
laser. The time-gated detector acquires the signals from two time gates
simultaneously and is therefore insensitive to movements of the speci-
men and photo-bleaching. The system is well suited for quantitative
biological FLIM experiments and its performance is evaluated in cal-
cium imaging experiments on beating neonatal rat myocytes. Several
calcium sensitive dyes are characterized and tested for their suitability
for fast FLIM experiments: Oregon Green Bapta-1 (OGB1), Oregon
Green Bapta-2 (OGB2), and Oregon Green Bapta-5N (OGB5N).
Overall the sensitivity range of these dyes is shifted to low calcium
concentrations when used as lifetime dyes. OGB1 and OGB2 behave
very similarly and can be used for FLIM-based calcium imaging in the
range 1 to ~500 nM and OGB5N can be used up to 3 uM. The fast
FLIM experiments on the myocytes could be carried out at a 100-Hz
frame rate. During the beating of the myocytes a lifetime change of
about 20% is observed. From the lifetime images a rest calcium level
of about 65 nM is found. © 2004 Society of Photo-Optical Instrumentation Engineers.
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struct the intracellular conditions. However, the calibration of
the response of the ratiometric probes is not straightforward
and usually needs to be carried out on the specimen under
investigation. Calibration curves obtained from buffer solu-
tions may differ significantly from calibration curves recorded
in cells. In the case of calcium imaging, most of the ratiomet-

ric calcium probes require UV excitation, which is potentially

harmful for cells and may cause high levels of autofluores-
g cence.

Visible light excited calcium probes usually show no cal-
cium dependent changes in their excitation or emission spec-
ra. In general, only changes of their quantum yield and,
herefore, of their fluorescence intensity occur. A few methods
have been developed to extract quantitative data from mea-
surements with these dy@sThe disadvantage of all these
methods is that a calibration procedure needs to be carried out
on each specimen.

The fluorescence lifetime of fluorescent ion indicators can
also be employed for imaging. In general the fluorescence
lifetime is independent of factors that influence the fluores-
cence intensity such as dye concentration and fading due to
photobleaching. Fluorescence lifetime imagifgIM) can be
employed for quantitative calcium imagif§.Here, the(av-
erage lifetime is a direct measure of the ion concentration.

ratio of the two fluorescence images can be used to reCoN"ror several dyes it was demonstratétthat fluorescence life-

time based ion sensing does not require a calibration in cells;
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a calibration carried out on a series of buffers suffices.

So far, a drawback of fluorescence lifetime imaging for Laser -2 PP Mic
biological studies is the comparatively slow acquisition rate: > =T ¥ )
typical acquisition times required for fluorescence lifetime
: : PMT+ v
images are on the order of many seconds. Two exceptions can .
be found in recent literature showing frequency-domain-based Disc. |_Bﬂ—> Opt.
FLIM at video rate(25 frames per sec''? del.
We previously implemented time-gating-based FLIM in y v
confocal® and multiphoton excitatidt microscopes. Despite y_Electr. Time gated
the fact that these are scanning microscopes, lifetime images del. detector

could be recorded in as little as 1 sec. In wide-field micros-
copy all pixels are acquired in parallel and therefore this Fig. 1 Schematic diagram of the fast FLIM microscope: PP—pulse
method is intrinsically much faster than point-scanning mi- picker; Mic.—microscope; PMT+Disc.—PMT and discriminator;
croscopy. In the wide-field fast FLIM microscope used here, Electr. del.—Electronic delay; BS—beam splitter; Opt. del.—optical
two time gates are employed. Both time gates are detecteddelay line.
simultaneously after every excitation pulse by the same detec-
tor. This makes the microscope insensitive to intensity varia-
tions introduced by instabilities of the light source, fading due microscope(Diaphot 300, Nikon, Japarvia an optical fiber
to photo bleaching, and movements of the specimen. (multimode, 0.2 mm, NA=0.16). The collected fluorescence
We investigated the feasibility of fast imaging of calcium emission is spectrally filtered by a dichroic mirrddM505,
fluxes by means of fluorescence lifetime imaging. This work Nikon, Japahand a long-pass filtefOG515, Schott, Mainz,
includes the characterization of the fluorescence lifetime be- Germany and split into two beams by a beam splitter with
havior of several Oregon Green Bapta based dyes. The viabil-87% transmission. This splitting ratio is chosen in order to
ity of the fast FLIM method is illustrated by the imaging of optimize the use of the 8-bit dynamic range of the CCD cam-
calcium fluxes in beating neonatal rat myocytes at a frame era. At this beam splitter ratio a 2.7-ns fluorescence lifetime
rate of 100 Hz. yields equal signals fot, and Ig. The reflected beam is
optically delayed by 5.05 ns by a relay lens system. The
. length of the delay line is fixed. Delayed and nondelayed
2 Material and Methods bea?ms are separa)t/ely focused onto thsé photocathode 31‘ the
2.1 Fast FLIM Setup time-gated image intensifier (V3063U-01W/NESA,
The fast FLIM setup employed here is based on a wide-field Hamamatsu Photonics K.K., Hamamatsu City, Japasich
epi_ﬂuorescence microscope_ It is equipped with a two- is fiber Coupled to a Generation 1 IntenSIf(é(’Xl490AD,
channel time-gated detector and employs a pulsed excitationDelft Electronics Products, Delft, The Netherlapdghe out-
source. The fluorescence lifetime is obtained from the ratio of Put of the last image intensifier is imaged onto a fast, frame-

the two gate intensitiek, and |y with the formula: transfer CCD camera(CA-DLA, Dalsa Inc., Waterloo,
Canada The chip size of the 8-bit CCD camera is X286
At pixels, the pixel size is 2816 um, and the maximum frame
Tf,=|n(|—/|), (1) rate amounts to 840 frames per sec.
AllB

The trigger signal for the gated image intensifier is ob-
whereAt is the time offset between the two gates. In the case tained from a photo multiplier tube(PMT) (R4832,

of a monoexponential decay this equation provides an exactHamamatsu Photonics K.K., Hamamatsu City, Japaat de-
fluorescence lifetime. In the case of multiexponential decay, tects a small fraction of the excitation light. The output of this
Eq. (1) yields an “average” fluorescence lifetin{e,e) . The PMT is discriminated by a Philips Scientific discriminator
exact value of this lifetime depends on the precise details of (Model 6915, Ramsey, NJ, USAand electronically delayed
the gate setting&ime offset of first gate, width of gates, and by a homemade delay unit. The length of the electronic delay
delay between gatgsMultiexponential decays can be re- can be optimized for different applications. The width of the

corded by increasing the number of gate¥® time gate is 5 ns. By triggering the time-gated image intensi-
In the wide-field FLIM setup a single time-gated intensi- fier at the right moment, two gated images are recorded si-
fied CCD camera detects both fluorescence intendifiesnd multaneously that contain the time-integrated signals from 0

I g simultaneously. This is achieved by splitting the fluores- to 5 ns(l,) and from 5 to 10 nglg).

cence image into two images, optically delaying one of the  All experiments are carried out with a #01.3 oil immer-
images, and finally focusing both images on different sections sion microscope objectivé-luor, Nikon, Japan The excita-

of the detector. A detailed description of the time-gated detec- tion wavelength employed in the imaging experiments is 460
tor can be found elsewhetéThe setup(see Fig. 1 consists nm and the maximum laser power at the specimen is on the

of a commercial titanium-sapphire laser with pulse wieth order of 0.5 mW(about 60 nW/pixel

ps (Tsunami, Spectra-Physics Inc., Mountain View, CA, Image acquisition is controlled by homemade software
USA). The fundamental output of the laser is frequency written in the C++ computer language. The images are ana-
doubled by a LBO crystalEKSMA, Vilnius, Lithuania and lyzed using homemade software written in the Interactive

the repetition rate is decreased to 8.2 MHz by a fast acousto-Data Languag€lIDL, Research Systems Inc., Boulder, CO,
optical modulator(MT-08, A.A.sa, St-Rey-Les-Chevreuse, USA). The main function of the program is to calculate fluo-
France. The excitation laser light is coupled into an inverted rescence lifetime images from the two time-gated images.

Journal of Biomedical Optics * November/December 2004 « Vol. 9 No. 6 1231



Agronskaia, Tertoolen, and Gerritsen

First, the CCD images are corrected for the background by acacCl, (1 mM), Tris (10 mM), MgCl,6H,0 (1 mM), and glu-

pixel-by-pixel subtraction of a background image. The back-

ground image is acquired using a specimen containing only

cose(1 gram/litey; the pH amounts to 7.2.
Neonatal rat myocytes are isolated from 3- to 4-day-old

water. After the background correction, the images corre- rats. Experiments are carried out on the third day after isola-
sponding to the two time windows are separated and alignedtjon. After extraction from the growth medium, the cells are
with respect to each other. The alignment is based on the carefully washed three times in Tris-buffer and incubated in a
following match procedure. Reference images are recorded of10-uM solution of Oregon Green Bapta-1-AM for 30 min at
2-pum fluorescent beads. The two bead images corresponding37 °C. After incubation the cells are washed three times to

to the first and second time gate, respectively, are shifted with remove excess dye. Measurements are performed in the same
respect to each other to maximize their overlap. To this end Tris-buffer at 37 °C.

the images are multiplied with each other and the position

with the highest correlation is taken to be the optimum posi-
tion. Other images are aligned with the offsets in xhendy
directions obtained from this optimum position. Before the

3 Results and Discussion

3.1 Optical Properties of Oregon Green Based

ratio is calculated a threshold is applied to the image corre- Calcium Probes
sponding to the second time V\_/indow. The t_hresh(_)ld amounts Fluorescent ion indicators usually exist in two states, the ion-
to about one tenth of the maximum value in the image. The bound state and the free state. In general these two states

fluorescence lifetime image is calculated by dividing the first
time window image by the thresholded second time window
image. Next, Eq(1) is used to convert the ratios into average

exhibit different photophysical properties. Many of the cal-
cium indicators exhibit different fluorescence lifetimes for the
free and ion-bound stdtend the average lifetime can be di-

fluorescence lifetimes. Alternatively, the relation between the rectly related to the calcium concentration. Therefore, FLIM
ratio and average fluorescence lifetime can be obtained from acan be used for the quantitative imaging of free calcium in

table containing the ratios for different lifetimes. The latter

(living) cells. Importantly, most calcium indicators that have

approach is used in the case of nonequal gate widths that argheir absorption bands in the visible part of spectrum can be

realized by letting the laser pulse fall within the first gate.

employed for fluorescence lifetime based quantitative calcium

Fluorescence intensity images are produced by addition of thesensing. Thus, using FLIM quantitative calcium imaging is

first and the second time-window images in correct propor-
tions (13% of the first time window and 87% of the second
time window).

possible without the need for UV excitation.
Here, we investigate the potential of Oregon Green based
calcium indicators for fast FLIM of calcium. The optical

The dimensions of the fluorescence lifetime and intensity properties of Oregon Green Bapta@GB1), Oregon Green

images are about 60120 pixels. These dimensions are lim-
ited by the size of the comparatively small CCD chip.

2.2 Spectral and Fluorescence Lifetime Measurements

Absorption spectra of reference solutions of the dyes at dif-

Bapta-2(OGB2), and Oregon Green Bapta-5/®GB5N) are
characterized. These dyes have their absorption maximum at
about 496 nm, and their dissociation constants are 170, 580,
and 20,000 nM, respectively.

The absorption and the fluorescence spectra of all three
dyes are measured in 11 different calcium buffers in the free

ferent ion concentrations are measured with a standard specealcium concentrations range from 0 to 3@81. The absorp-

trophotometer(DW2000, SLM-Aminco, Urbana, IL, USA
Emission spectra are acquired using a Perkin El{Béelton,
Connecticut, USA LS 50 B spectrometer at an excitation
wavelength of 496 nm. The fluorescence lifetimes of the ref-

tion spectra of the dyes are not sensitive to the free calcium
concentration and the extinction coefficients at 496 nm are
found to be 70,000, 118,000, and 53,000 Mm* for

OGB1, OGB2, and OGB5N, respectively. As expected, there

erence specimens are measured using time-correlated singleare no calcium concentration dependent changes in the shape

photon counting(TCSPQ. The details of the TCSPC setup
can be found elsewhet&.

2.3 Sample Preparation
The potassium salts and acetoxymetfkM) esters of the

of the emission spectra of the dyes. The intensity of the emis-
sion increases with increasing free calcium concentraser
Table 1. It is important to note that up to calcium concentra-
tions of 0.6uM, OGBL yields the highest fluorescence signal
of all three dyes. The dissociation constants of the dye-
calcium complexes calculated from the emission intensities

calcium sensitive dyes Oregon Green 488 Bapta-1, Bapta-2,are 150 nM, 560 nM, and 2@M for OGB1, OGB2, and

and Bapta-5N, as well as the calcium calibration buffer kit are
obtained from Molecular Probg&ugene, OR, USA Stock
solutions of the potassium salts of the dy@smM) are pre-
pared in zero calcium buffers. Directly after preparation, the
stock solutions are diluted in 11 different buffdfsee C&™
concentration range 0 to 39.8 mNb a final dye concentra-
tion of 2 uM. Solutions of calcium dyes in buffers are stored
at 4°C.

The stock solution of Oregon Green 488 Bapta-1-AM is
prepared in DMSQ5 mM), immediately diluted to the final
concentration of 1QuM in Tris-buffer, and directly used. The
composition of the buffer is NaQl133 mM), KCI (5 mM),

1232 Journal of Biomedical Optics

OGB5N, respectively. These values are in good agreement
with the values provided by Molecular Probes, i.e., 170 nM,
580 nM, and 20uM.

In Fig. 2 the fluorescence intensity decays of the dyes are
shown. The decay curves are recorded using TCSPC. A biex-
ponential decay is required to describe the reqsiée Table
2). Fitting to a triexponential decay does not significantly im-
prove the quality of the fits as judged by tyé. Overall, the
quality of the fits is good(xy?=1.7 to 3.8. At the lowest
calcium concentrations the contribution of the long decay
component is very small and consequently the decay curves
are more difficult to fit. This results in systematic errors in the

November/December 2004 * Vol. 9 No. 6
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Table 1 Fluorescence intensity, integrated from 500 to 600 nm, of Table 2 Fluorescence lifetimes (7,,7,) and the amplitudes of the
Oregon Green Bapta-1, Oregon Green Bapta-2, and Oregon Green short fluorescence lifetime (A;) as a function of free calcium concen-
Bapta-5N in calcium buffers. tration of Oregon Green Bapta-1, Oregon Green Bapta-2, and Oregon

Green Bapta-5N.

Average fluorescence intensity (arbitrary units)

OGB1 OGB2 OGB5N
[Caljde (uM) OGB]1 OGB2 OGB5N

nont Ao Y Ao ot A
0 18 1 5 [Ca* Tiee (M) (ns) (ns) (%) (ns) (ns) (%) (ns) (ns) (%)
0.017 32 22 5 0 0.42 2.5 94 036 3.5 93 025 1.9 97
0.038 47 28 6 0.017 041 3.6 83 033 3.6 85 024 22 97
0.065 68 45 6 0.038  0.38 3.6 70 0.33 3.6 75 025 24 97
0.1 81 60 6 0.065  0.36 3.7 63 0.30 3.6 65 0.27 2.6 96
0.15 106 88 7 0.1 0.35 3.7 58 0.29 3.6 58 0.25 29 96
0.225 130 113 7 0.15 0.33 3.7 43 0.32 3.6 42 026 3.0 95
0.351 162 129 10 0.225 031 37 31 029 3.6 34 024 3.2 95
0.602 189 158 1 0.351 0.27 3.7 25 0.28 3.6 27 0.25 3.26 93
1.35 214 244 19 0.602 029 3.8 8 029 3.6 15 025 3.4 90
38.9 218 320 175 1.35 -+ 37 0 - 36 0 019 3.6 82

38.9 - 37 0 - 37 0 - 37 0

* amplitude of the long component (A,) of the fluorescence lifetime 7, is equal to

fitted lifetimes and amplitudes. When the calcium concentra- (150_ ) (%)
tion goes down, the relative amplitudes of the short and long
lifetime components go up and down, respectively.
The behavior of OGB2 is very similar to that of OGB1. A
systematic error is observed at low calcium concentrations buti" the range from 1 to 10M. Most of the fluorescence

the fluorescence decays of these two dyes can be fitted withintensity and lifetime measurements on this dye presented
the same set of fluorescence lifetimes of 0.33 ns and 3.7 nshere are carried out at comparatively low calcium concentra-
without a significant decrease of the quality of the (fi? tions. Consequently only small effects of calcium are ob-

=1.81t0 3.9. The lifetime values are in a reasonable agree- Served(see Table 1 and Fig.)2
ment with the values of 0.7 and 4.0 ns that are reported for Al the fluorescence decays of OGBSN reveal a short de-

OGB1 by LakowicZ cay component of about 0.25 ns that appears to be insensitive
The analysis of the fluorescence decay behavior of to the free calcium concentration. The long decay component,

OGBSN is consistent with that of OGB1 and OGB2. This dye however, has small amplitude and .the' fitting procedure yie_lds
is developed for the detection of free calcium concentrations Values that apparently increase with increasing free calcium
concentratior(see Table R This again seems to be due to the

systematic errors discussed above. In order to improve the
accuracy of the fitting procedure a global fit is carried out of
_ all 11 decay curves with the same two fluorescence decay
N [Ca™]  (uM): components. The global fit yields very acceptable fits with
AN free ’ lifetimes of 0.25 and 3.65 ns. The quality of the fits as judged
~ 0 by the x? increases by less than 20% for the individual decay
\v.\‘ 58 i . 01 curves.
[, ‘ The above findings indicate that the bound and free OGB
AT dye molecules have distinct fluorescence lifetimes. The rela-
] ] tive amplitude of the free fluorescence lifetime component
10' 4 ‘ ; : (A,) is a direct measure of the fraction of free dyes molecules

] in solution and the fraction of calcium bound dye molecules
amounts tal —A;(A,).

In Fig. 3 theA; of OGB1, OGB2, and OGB5N as a func-
tion of the free calcium concentration is depicted. The figure
does not show significant differences between the behavior of
Fig. 2 Fluorescence decays of Oregon Green Bapta-1, Oregon Green OGB1 and OGB2. The am_pMUd_eS Af andA, of both dyes
Bapta-2, and Oregon Green Bapta-5N measured by TCSPC in differ- are reduced to 50% of their maximum value at about 160 nM.
ent calcium buffers. The similarity in the lifetime behavior of OGB1 and OGB2

GB:1_, OGB-2 . ,OGB-5N
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Fig. 3 Amplitude of short fluorescence lifetime component of OGB1
(0.33 ns), OGB2 (0.33 ns), and OGB5N (0.25 ns) as a function of free
calcium concentration. Note the similarity between OGB1 and
OGB2.

suggests that the difference in thg of these dyes is only due
to the difference in the quantum yield of the free and bound
forms of the dyeg® For OGB5N the amplitudes are reduced
to 50% of their original value at a calcium concentration of
7.5 uM.

3.2 Calibration of the FLIM Setup

In the fast FLIM setup the fluorescence lifetime is determined
from the ratioR of the fluorescence intensities accumulated in
the two time windows. The windows have equal widths of 5
ns (FWHM) and the start of the windows is separated by 5.05

6
s]A TCSPC FLIM
2 . 0GBl w O
; 2Aa| |ocB2 e O
A A
éék OGBSN
2 fé
o
2 fa
i=] A
< T
~ o4 v
07 g 'y
py: o) } A
04 088 8 R
03 : I . | S
0.1 1 10 100 1000 10000 100000
2+
[Ca™ ], (nM)

Fig. 4 Measured gate intensity ratios of Oregon Green Bapta-1
(squares), Bapta-2 (circles), and Bapta-5N (triangles) as a function of
free calcium concentration. The closed symbols represent the ratios as
calculated from measured fluorescence decays (TCSPC), the open
symbols represent the ratios measured with the fast FLIM.

range, however, hardly changes with the shift of the delay
time.

In the calcium imaging experiments described here, a time
offset of —1.0 ns is chosen between the laser pulse and the
opening of the image intensifier. At this setting the first time
window ranges from 0 to 4 ns and the second time window
ranges from 4 to 9 ns.

Figure 4 shows measured and calculated valueR @dr
OGB1, OGB2, and OGB5N in different calcium buffers. The
calculated ratios are obtained by convoluting the detector re-
sponse with the TCSPC measured fluorescence decay curves

ns. The setup can be optimized for different applications by ysing a time offset of-1 ns. The calculated and measured
choosing different offsets in time between the opening of the data agree very well. Compared with thg values of the
first gate and the laser pulse. If the first gate is opened beforedyes, the calcium sensitivity range of the rafifetime) mea-

the arrival of the laser pulse, the width of the first time win-
dow is effectively decreased.

surements is shifted to lower free calcium values. The 50%
points of the ratios are now at 5, 13, and 100 nM of free

The response of the time-gated detector is obtained by calcium for OGB1, OGB2, and OGB5N, respectively.

measuring reflected laser light at a number of different time

The —1.0-ns time offset between the laser pulse and the

offsets between the laser pulse and the opening of the firstopening of the image intensifier results in nonequal gate

time window!’ The response to the Oregon Green dyes is

widths, therefore the analytical expression in EL. for the

calculated by convoluting the fluorescence decays obtained bydetermination of théaverage fluorescence lifetime cannot be
TCSPC with the detector time response. Next, the fluores- ysed. Here, the average lifetimes are calculated for all OGB
cence intensities accumulated in the first and second timedyes in all calcium buffers using Table 2 and

window are calculated for different time offsets between the
excitation pulse and the start of the first gate, taking into
account the beam splitting ratio of 6.5.

The results of these calculations show that the highest in-

tegrated fluorescence intensity, the highest valug, @ind the
highest sensitivity oR to the free calcium concentrations are

A Ti‘l‘Az' T%
A171+A27'2 ’

where A, , and 7, , are the amplitudes and lifetimes of the
individual components. The relation between the measured

)

Taver—

all obtained at different time offsets. The highest fluorescence gate intensity ratiogR) and the average fluorescence lifetimes
intensities for all OGB dyes are obtained when the image of all OGB dyes is shown in Fig. 5. Interestingly, all three
intensifier is opened about 1 ns before the arrival of the laser dyes show a similar relation between the rd&@nd the av-
pulse(delay time is—1 n9. Here, the delay time is defined as erage fluorescence lifetime. This is explained by the fact that
the time with respect to the moment that the gate opens, i.e.,in all these cases we are dealing with the same family of dyes.
when the gain of the intensifier reaches 50% of its final value. Oregon Green Bapta-1 and Oregon Green Bapta-5N only dif-

The highest values dR are found when the image intensifier
opens at the moment of the arrival of the laser putiay
time is 0 ng. The highest dynamic range & is obtained

fer in their calcium sensitivegBaptg part. Oregon Green
Bapta-2, however, contains two Oregon Green fluorophores
and the interactions of the two fluorophores could influence

when the image intensifier is opened 1.5 ns before the arrival the fluorescence lifetime and therefore the r&idNeverthe-

of the laser pulsgdelay time is—1.5 n9. The sensitivity

1234

less, OGB2 shows exactly the same relation between the ratio
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5.5 indicator for following such fast changes in free calcium con-
5.0 = OGBI | centration. The drawback of employing the neonatal myocytes
45 o OGB2 H is that the peak calcium concentration amounts to about 1.5
40 # OGBSN uM, well above the maximum of the sensitivity range of
3.5 OGBL1 in lifetime imaging.
K= 3.0 3 The fast FLIM setup can acquire fluorescence lifetime im-
s > B ages at frame rates of up to 840 Hz. However, in practice the
= ?2 i frame rate is limited by the amount of fluorescence signal
1'0 ] emitted by the specimen. The highest usable frame rate in the
05 = 2l experiments on the OGB1 stained myocytes is 100 Hz. Here,
oio i ml the maximum laser power at the specimen amounts to only
00 05 1.0 1.5 20 25 30 35 40 about 60 nW per pixel. This is well below the saturation
. power of the dye. Therefore, much higher frame rates are in
aver. principle possible by increasing the laser power at the speci-
men.

Fig. 5 The relation between the gate intensity ratio and the average he di . f the fi lifeti .
fluorescence lifetimes for Oregon Green Bapta-1 (M), Oregon Green The dimensions of the fluorescence lifetime images are

Bapta-2 (O), and Oregon Green Bapta-5N (4) in different calcium about 60<120 pixels (corresponding to 3462 Mmz for a
buffers. 40X objective. These comparatively small dimensions are
limited by the size of the CCD chif128x126 pixel3 and can
be increased by employing (fast CCD camera with larger

R and the average fluorescence lifetime as OGB1 and chip size. Increasing the chip size, however, requires higher
OGB5N. Therefore, we conclude that little or no interaction |aser powers to realize the same frame rate. A chip with di-
occurs between the two fluorescent groups in OGB2. mensions of 51512 pixels would require, for instance, 8

The Oregon Green Bapta dyes can be employed for quan-mw of excitation power at the specimen to realize the same
titative, fluorescence lifetime based calcium sensing. The us-frame rate.
able calcium range of the dyes when used in fluorescence |n Fig. 6a), a series of five images of a myocyte is shown.
lifetime mode is shifted to low free calcium concentrations The upper row shows fluorescence intensity images, the
compared to when used in fluorescence intensity mode. Thismiddle row fluorescence lifetime images, and the lower row
shift in sensitivity range is caused by the fact that the short free calcium concentration images. The images are part of a
lifetime component of the fluorescence decay has a low quan-1000-frame-long sequence recorded at a 100-Hz frame rate.
tum yield. Consequently, the average fluorescence lifetime |n Fig. 6a), images are shown that are acquired 1.97, 2.02,
and also the ratid? is dominated by the long lifetime, high 2,06, 2.16, and 2.60 seconds after the start of the measure-
quantum-efficiency component, at comparatively low Ca con- ment. These times correspond with the situations where the
centrations. Such shifts in sensitivity range are common in ce|| is in rest, the fluorescence intensity reaches about a quar-
FLIM-based calcium sensing. ter of its peak value, the fluorescence intensity reaches about

The dye with the largest lifetime response in the range of half of its maximum value, the peak of the fluorescence in-
0.1to 1uM of [C& " Jiee is OGB5N (see Fig. 4 However,  tensity is reached, and when the rest situation is reached again
the fluorescence intensity of this dye is about 10 times lower respectively.
than that of the other OGB dyesee Table L Therefore, The fluorescence lifetime images are much more homoge-
OGB5N is not very well suited for fluorescence lifetime based neous than the intensity images_ While the fluorescence inten-
calcium imaging at high frame rates. We notice no significant sity of the OGB1 stained cells is clearly higher in the center of
differences between the lifetime behavior of OGB1 and the cell, the fluorescence lifetime images are reasonably ho-
OGB2. Both dyes can be employed for the quantification of mogeneous over the complete cell. The heterogeneity in the
free calcium in the range from 1 to500 nM. OGB1 yieldsa  fluorescence intensity is due to variations in the thickness of
stronger fluorescence signal than OGB2 in the fluorescencethe cell and to an inhomogeneous distribution of the OGB1
lifetime sensitivity range of the dyes. Therefore, we have used gyer the cell.

OGBL for the fast FLIM measurements presented here. This  The ELIM-based measurements have a somewhat lower
limits the detectable calcium concentration range in the imag- dynamic Ca range Compared with the intensity measurements.

ing experiments to concentrations belevb00 nM. This is expected from the characterization of OGB1. Further-
] ) more, OGB1 saturates at about 500 nM. Consequently, the

3.3 Calcium Imaging peak[ Calee values of 1.5uM cannot be quantified.

The suitability of the fast FLIM setup for the imaging of fast In Fig. 6(b), the fluorescence intensity and the fluorescence

calcium fluxes is evaluated. To this end neonatal rat myocyteslifetime averaged over the whole cell are shown for a 1-sec
stained with Oregon Green 488 Bapta-1-AM are employed. time period that includes the time points of the images in Fig.
This is a convenient test system since the neonatal myocytes6(b).

contract spontaneously at a frequency of about 0.5 to 1.5 Hz The average contraction frequency of 14 myocytes
(at 37 °Q. The contraction is accompanied by an increase of amounts to about 1:0.2 Hz, one cell contracted with a fre-
the freeCa’ 2 concentration in the cells from100 nM in rest quency of 0.4 Hz and two cells contracted with a frequency of
to >1.5 uM in the peak®~*The concentration rise time is in  about 2 Hz. In Fig. 7, 10-sec time traces of the average fluo-
the order of 10 to 100 ms. The response time of Oregon Greenrescence intensity and the average fluorescence lifetime of
Bapta 1 is approximately 5 n#étherefore, this dye is a useful ~ whole cells are shown for three different cells. The cells con-
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Fig. 6 Images recorded at a 100-Hz frame rate of a neonatal rat myo-
cyte stained with Oregon Green Bapta-1. (a) Upper row: fluorescence
intensity images; middle row: fluorescence lifetime images; lower
row: free calcium concentration images calculated from the lifetime
images. (b) Fluorescence lifetime and intensity as a function of time,
averaged over the whole myocyte.

tract with different frequencies and also the spatial distribu-

tion of the calcium fluxes of the cells differ.

the fluorescence lifetime traces is not affected by the pho-
tobleaching and remains at the same level.

The average relative change of the fluorescence intensity
amplitudes due to the beating of the myocytes amounts to
23+8% (total number of measured cells is)1& he relative
change of the fluorescence lifetime is*18%.

The fluorescence lifetimes can be converted into calcium
concentrations. The average rest value of the fluorescence
lifetime amounts to 3.20.1 ns(ratio 0.57-0.03. This cor-
responds to about 6515 nM of free calcium based on the
calibration from Fig. 4. This calcium concentration is compa-
rable with the rest calcium concentrations published for adult
rat myocyte$2?2325The peak calcium level, however, can-
not be determined due to saturation of the fluorescent probe at
~500 nM (R=0.42, 7,6~ 3.7 NS)

4 Conclusions

Here, the potential of fast fluorescence lifetime imaging is
investigated. We found that the fast FLIM setup can record
fluorescence lifetime images of Oregon Green Bapta-1 stained
myocytes at a detection rate of up to 100 Hz. To the best of
our knowledge, such high FLIM frame rates have never been
achieved before. The present limit of the detection rate is due
to excitation power limitations and an increase of laser power
should enable even higher frame rates.

Oregon Green Bapta dyes are suitable for fast fluorescence
lifetime imaging of calcium. There is not much difference
between the Oregon Green Bapta-l and Oregon Green
Bapta-2 dyes for use in lifetime imaging. Both dyes can be
used for fluorescence lifetime imaging of calcium concentra-
tions in the range 1 to 500 nM. The Oregon Green Bapta-5N
dye can be used for fluorescence lifetime imaging of calcium
at higher concentrations of up to sevegdll. However, the
fluorescence intensity of this dye is low in this calcium range.

Oregon Green Bapta-488 dyes are known to be very photo
unstable€® In our measurements the fluorescence intensity of
the dye drops by 13% in 10 sec at a moderate laser power

Figure 7 clearly demonstrates that the fluorescence lifetime
based images are not sensitive to fading due to photobleach
ing. While the average fluorescence intensity traces drop by
13+4% in about 10 sec due to photobleaching, the baseline of

level (30 W/cnf). Nevertheless, photobleaching effects do not
‘affect the fluorescence lifetime images of Oregon Green
Bapta-1.

The rest calcium concentration of the neonatal rat myo-
cytes is estimated to be about 65 nM. The dye calibration
procedure on the series of buffers with varying calcium con-

2 §; gzg centration may yield different values from a calibration in
T3 gSO\N\J\N\[\N\J\M\W\mA cells; however, there are several indications that the calibra-
l}g:‘z‘ 0 tion is reasonable. First of all the rest value of the free Ca
2 T concentration is within the range.of values reportedlln I|t.era-
z ;t; 7% ture (50 to 200 nl_\/). _Second, ea_rller work on the cahbrgtlon
V§'317 §4O~WWWM of fluorescence lifetime based ion concentration sensing re-
p‘“z»‘z‘ =30 vealed that calibrations in buffer compare well with calibra-
PP LiLd E ‘ tions carried out in cell$® Whether this is also the case for
—agd 1234567890 @soo 233436789100 the Oregon Green Bapta dyes needs to be confirmed.
& SN
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