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A simple and relatively inexpensive system is described for obtaining quantitative fluorescence measure- 
ments on single living cells loaded with a fluorescent probe to study cell physiological processes. The 
light emitted from the fluorescent ceils is captured by and transported through an optical fiber. After 
passage through appropriate filters the light is measured using a photomultiplier tube. The optical fiber 
is mounted in one of the microscope outlets. Signals derived from the photomultiplier are converted to 
voltage, amplified, and displayed on a recorder. In the excitation pathway a shutter control unit is 
mounted. With this control unit the period that the excitation pathway is 'opened' and 'closed' can be 
adjusted, to reduce cell damage and/or  bleaching of the probe. This option allows time-lapse recording 
of experiments up to 1 h. We have used this set-up with a single and dual emission fluorescent probe to 
determine intracellular calcium concentrations and pH, respectively. In Fluo-3-1oaded K562 target ceils 
bound to natural killer cells, a temporary rise in [Ca2+]i was accompanied by bleb formation. The simple 
construction of this set-up is interchangeable between different types of fluorescence microscopes and 
can easily be combined with other microscopy techniques, e.g., patch clamp. 
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Introduction 

In the last decade the use of fluorochromes in 
cell characterization and cell physiology studies 
has become a very valuable tool. Many new fluo- 
rescent probes with a great diversity of applica- 
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tions have been developed (for an overview see: 
Lansing Taylor and Wang, 1989; Tsien, 1989). 
For characterization studies, as in, e.g., im- 
munophenotyping of cells or localization of cell 
organelles, qualitative detection of the fluores- 
cence signal is, in most cases, sufficient. However, 
in order to study time-dependent physiological 
processes in single living cells, a quantitative de- 
tection system for continuous measurement is 
required. Nowadays many microscopic fluorime- 
try systems have been developed using photomul- 
tipliers or photodiodes for time-resolved quanti- 
tative fluorescence measurements on single cells 
(Nobiling and Biihrle, 1989; Vergara et al., 1991). 
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Using advanced cameras and computer systems, 
time-and space-resolved quantitative fluorescence 
measurements can be performed (Connor, 1986; 
Hiraoka et al., 1987; Vergara et al., 1991). With 
these systems detailed information can be ob- 
tained in relation to the quantity and localization 
of a probe inside single living cells. However, the 
systems available have several disadvantages: they 
are very expensive, the measurements performed 
are discontinuous instead of continuous and, fur- 
thermore, they are not easy to apply to different 
microscopes. This led us to develop a simple 
device for quantitative fluorescence microscopy. 
The following conditions had to be fulfilled: (1) 
the device had to be sensitive; (2) it had to be 
composed of inexpensive components; (3) it had 
to be compatible with different types of fluores- 
cence microscope. In the present paper the de- 
sign and properties of the device are described as 
well as its application to the study of intracellular 
calcium transients in single K562 target ceils dur- 
ing cytotoxic interactions with a natural killer 
cell. Dual emission fluorescence measurement 
was demonstrated using seminaphthorhodafluor 
1 (SNARF-1) loaded K562 cells. 

Materials and methods 

A device for quantitative fluorescence microscopy 
A schematic representation of the device is 

shown in Fig. 1. A fiber (the refractive indices (n) 
of core and cladding being 1.460 and 1.404, re- 
spectively; N.A. 0.40, Cunz, Frankfur t /M,  Ger- 
many) with a 600/xm core diameter and about 1 

m long was mounted in one of the ocular tubes of 
a fluorescence microscope. The entrance surface 
of the fiber was polished and it was mounted 160 
mm behind the objective in the calculated image 
field where the incoming beam of light has low 
divergence and is captured entirely by the fiber. 
The diameter of the fiber permitted recording of 
the image of a single cell (for calculations: see 
results section). Loss of emitted light due to leaky 
waves can be excluded. At the opposite end, the 
transported light passes a diverging lens ( f =  20 
ram, Spindler and Hoyer, G6ttingen, Germany), 
followed by appropriate filter combinations: filter 
1 (Fluo-3 and F-18 emission) consists of OG515 
and KV520 filters and an short wave pass (SWP) 
filter of 550 nm; filter 2 (SNARF-1 with an emis- 
sion of 580 nm) transmits a band between 530-600 
nm, and consists of KV520 and OG530 filters and 
an SWP filter of 600 nm; filter 3 (SNARF-1 645 
nm emission) is transmitting between 600-650 
rim, and consists of an OG610 and an SWP 650 
nm filter (all filters were obtained from Oriel, 
Stratford, CT). The light then passes a converging 
lens ( f  = 60 mm) and finally reaches the cathode 
of a photomultiplier (PMT, type R928 Hama- 
matsu, Bridgewater, N J). The PMT signal is con- 
verted to voltage and after amplification it is 
recorded. At the excitation side the light (100 W 
mercury arc with a DC stabilized power supply) 
passes through the standard cubic dichroic mirror 
unit resulting in either blue or green excitation 
light (Olympus IMT2-DMB or IMT2-DMG, re- 
spectively). To reduce adverse effects of excita- 
tion light - bleaching of the fluorochrome or 
damage to living cells - the amount of excitation 
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Fig. 1. Schematic representat ion of the optical fiber device developed for quantitative fluorescence measurements  using an inverted 
microscope. M: microscope; HG: mercury arc lamp house; SCU: shutter  control unit; FIBER: optical fiber mounted on the side 
outlet (solid line) or on an ocular outlet (broken line); L I and L2: lenses with foci of 20 and 60 mm, respectively; Fl, F 2 and F3: 

emission filters (for details see text); PMT: photomultiplier. 



light is reduced as much as possible. Therefore,  
in the fluorescence illuminator the aperture and 
the field diaphragm are set to a minimal opening. 
For long term experiments, the standard excita- 
tion light shutter of the vertical fluorescence illu- 
minator is used. The shutter is attached to a 
linear stage (travel length 50 mm) and driven by a 
4 W DC motor (type 2140934, Maxon, Interelec- 
tric, Sachseln, Switzerland). The motor speed is 
controlled by a linear servo control module (type 
MMC QR 030 024-02LD00A, Maxon). With this 
control unit the excitation path can either be 
closed or opened continuously (manual mode) or 
with a defined repetition time and duty cycle 
(auto mode) with a range of a total time of 0-99 s 
and an open time of 0 -9  s. In the results shown 
here a neutral density filter is placed in the 
'opened'  position reducing the excitation light to 
25%. The device described here was used on an 
Olympus IMT-2 inverted microscope. In our set- 
up the fiber was placed in the side outlet. This 
had two advantages. Firstly, both eye pieces could 
be used for observation of the specimen and 
secondly, a better yield was obtained since 80% 
of the emitted light was detected instead of only 
50% if one of the eye pieces was used. 

Cell cultures 
The natural killer (NK) cell clone was cultured 

as described by Bolhuis et al. (1984). Once a 
week the NK cells were harvested and main- 
tained in 24 well dishes (Costar, Cambridge, MA) 
at a concentration of 5 × 105 cells/ml.  As culture 
medium (CM) RPMI 1640 without phenol red 
(Seramed, Berlin, Germany) was used. CM was 
buffered with 10 mM Hepes and 2 mM bicarbon- 
ate and supplemented with 10% heat-inactivated 
fetal calf serum (FCS, Gibco, Gaithersburg, MD), 
2 mM L-glutamine, 100 U / m l  penicillin G, 100 
/xg/ml streptomycin (Sigma Chem. Comp., St. 
Louis, MO). For culturing NK cells 25 U / m l  
human recombinant IL-2 (Cetus, Amsterdam, 
Netherlands, and a kind gift from Dr. R.L.H. 
Bolhuis) was added to CM. K562 cells were cul- 
tured in CM buffered only with 2.4 mM bicarbon- 
ate. The cultures were kept at 37°C in an incuba- 
tor with a humidified atmosphere and 5% CO 2. 
During the cytotoxic experiments all ceils were 
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kept in CM supplemented with calcium at a final 
concentration of 2 mM Ca 2+ (CM + ). 

Loading procedures for Fluo-3, SNARF-1, and F-18 
Fluo-3 was used as Ca 2+ indicator (Kao et al., 

1989; Minta et al., 1989), and SNARF-1 was used 
to indicate the intracellular pH (Whitaker et aI., 
1988). Both Fluo-3 and SNARF-1 were readily 
loaded into the cells as acetoxymethylesters 
(Fluo-3-AM and SNARF-1-AM, Molecular  
Probes, Eugene, OR). For loading a 10/xM Fluo- 
3-AM working solution was prepared in CM that 
contained 0.5% (v/v)  of a solution of pluronic 
F-127 (Molecular Probes) in dry dimethylsulfox- 
ide (25% w/w).  The cells (107/ml) were mixed 
1 : 1 with the working solution and kept at 37°C in 
an incubator. During incubation the cells were 
gently agitated. After 60 rain the ceils were 
washed three times with cold CM and stored in a 
refrigerator until use. For loading of SNARF-1 
the same procedure was used except that K562 
ceils were loaded in CM without FCS. Nigericin 
(2 /xg/ml, Molecular Probes) was used as a pro- 
ton ionophore to obtain a calibration curve. Oc- 
tadecylaminefluorescein isothiocyanate (F-18), a 
stable membrane probe (Koolwijk et al., 1988), 
was used as described previously by Radogevic et 
al. (1990). 

Microscopy 
Experiments were carried out in a tempera- 

ture-controlled micro-incubator (Ince et al., 1983). 
Temperature  was controlled to either 25°C or 
37°C, via the top ring of the dish holder, resulting 
in stable temperature control of the sample. Ceils 
were placed in a teflon culture dish (Ince et al., 
1985). The bottom of the culture dish consisted of 
a coverslip coated with 0.001% poly-L-lysine 
(Sigma Chem. Comp.) which allowed cells to ad- 
here. The cell suspension was covered with 
Klearol (0.6-1 ml, Witco chemical, New York, 
NY) to reduce evaporation. Fluorescence mea- 
surements were carried out with a planapochro- 
mat × 40 UV dry objective with an N.A. of 0.85 
and coverslip correction between 0.11-0.23 mm 
(Olympus 31804). Cell morphology was observed 
with a planachromat x 4 0  phase-contrast objec- 
tive (Olympus 31612). 
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Cytotoxic interactions 
To study cytotoxic interactions, NK cells and 

K562 ceils were brought together in the teflon 
culture dish. K562 cells were attached to the 
poly-L-lysine-coated coverslips in about 15 min, 
whereas some of the NK ceils maintained their 
mobility, and their ability to form conjugates with 
K562 cells. Active conjugates were characterized 
by a change in shape of the NK cell (such as 
flattening) due to strong adherence to the K562 
cell. In such a conjugate, after 5-15 min, spheri- 
cal structures, so-called blebs, appeared from the 
membrane  of the K562 cell due to the cytotoxic 
action of the NK cell. Conjugates, consisting of 
an NK cell with a round appearance,  and a K562 
cell with no blebs were considered to be non-ac- 
tive conjugates. To study the [Ca2+]i in NK cells 
and K562 cells during cytotoxic interactions one 
of the cell types was loaded with Fluo-3. The 
conjugates formed consisted of one Fluo-3-1oaded 
and one unloaded cell. Changes in the Fluo-3 
signal were recorded over time in cells that were 
part  of active or non-active conjugates. Single 
ceils were used as controls. 

Results 

Specification of the optical fiber device 
A sensitive device for quantitative fluorescence 

measurements  was constructed using an optical 
fiber and a photomultiplier (PMT). In this set up 
noise was signal-limited. The fiber was positioned 
in the center of the insert. The center was marked 
by a cross in the photo frame reticle. It was 
established that the position of the fiber coin- 
cided with the center of the object plane. The 
field diameter  in which an object was measured 
with this fiber, was determined using fluorescent 
microbeads with a diameter  of 0.93 / ,m. A /xm 
scale was placed in the object plane and the 
focussed microbead was moved over certain dis- 
tances. Using a x 40 objective a sharp decrease of 
the fluorescence signal was observed if the bead 
was moved more than 5 / , m  from the center (Fig. 
2). This indicated that the effective field diameter  
in the object plane was about 10-12 ~m.  With 
the x 40 objective, a cell having a diameter  of 10 
/a.m produced an image of 400 /xm diameter 
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Fig. 2. Relat ionship between the f luorescence signal 
(FbeaO/Fma x) of a fluorescent microbead (¢, 0.93 p.m), and 
the lateral distance to the center  of  the object plane. The 
fluorescence signal was normalized to Fmax, the maximum 
signal of  the microbead centered in the object plane. Position- 
ing of the bead in the lateral direction was performed using 

an ocular with p~m scale. A 40 x objective was used. 

which fitted totally in the fiber used. 'Dep th  of 
focus' was determined by making a scan of a 
centered microbead (0.93 ~m)  in the z axis (Fig. 
3). With the x40  objective a value of 18 ~ m  was 
obtained. This high value was due to the low 
divergence of the imaging beam. Consequently, 
the effective volume from which the fluorescence 
signal was detected was calculated to have a 
maximum of about 1400 tzm 3. A spherical cell 
with a radius of 5 txm has a volume of 523 / ,m 3 
( ~  37% of the effective volume). This means that 
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Fig. 3. Relation of the fluorescence signal (Fbead/Fmax) of a 
microbead (¢, 0.93 p.m) centered in the object plane, and the 
distance in the z axis. The fluorescence signal was normalized 
to the maximum signal of  the centered microbead (Fmax). A 
depth profile of the fluorescence signal of the bead was 
obtained by displacement of the objective (40 X ) in the z axis. 



measuring the fluorescence signal of a cell with a 
diameter of 10 ~m, one has to account for a 
contribution of the surrounding culture medium 
of about 60% of the effective volume. 

Time-dependent changes of fluorochrome signals in 
unstimulated cells 

During continuous detection of fluorochrome 
light emission, time-dependent reduction of the 
fluorescence signal can be expected due to 
bleaching, leakage, or a combination of both phe- 
nomena. Due to the small area of measurement, 
reduction of the signal in our set up may also be 
caused by movement of a centered cell out of the 
object field or out of focus, for example due to 
vibration caused by the shutter, pipetting, or cell 
mobility. To study these possibilities immobile 
NK cells loaded with F-18 were used. From previ- 
ous studies (Rado~evic et al., 1990) we know that 
leakage of this dye could be neglected. A typical 
result is shown in Fig. 4. When cells were illumi- 
nated continuously, a decrease of the fluores- 
cence signal was observed (Fig. 4a). The rate of 
this decrease was reduced when illumination of 
the cells was interrupted at a certain frequency by 
a dark period (Fig. 4b). From these results it was 
concluded that signal reduction was caused by 
bleaching. As no steep decrease of the signal was 
observed the cell stayed in the object field. Thus, 
movement of the cell or of the microscope due to 
vibration of the shutter can be excluded, which 
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Fig. 4. Time-lapse recordings of the fluorescence signal of an 
F-18 loaded NK cell. a: shutter continuously open; b: shutter 

open for 5 s and closed for 15 s. 

149 

T 
E v 

0 ¢- 

t .  
0 

03 

b 

12 

. J  

i 
0 5 m i n  

12 

J 
0 S t a i n  

25°C 

\ 

25°c 

12 

25"(: 

L i 
0 5rain 

12 

I 37"C  

i I 
/ I  
t I 
t 

t 
) . _ J  ~\ 

5ra in  0 

Fig. 5. Changes of the fluorescence signals derived from 
Fluo-3 loaded K562 cells in conjugate with NK cells. Conju- 
gates were monitored for several minutes. Here, only parts of 
the recordings are shown which present the increase in the 
Fluo-3 signal. Parts in which the signal was stable are omitted. 
Of four different K562 cells conjugated to an active NK cell, 
the redrawn recordings are shown: three at 25°C ( ) 
and one at 37°C ( - - - - - ) .  Also the signal from a K562 cell 
conjugated to an inactive NK cell ( . . . . . .  ) is shown. The 
measurements were interrupted by phase-contrast observa- 

tions. The shutter was open continuously. 

implies that the optical fiber attachment to the 
microscope and the microscope stage are stable. 
Pipetting of additives, when carefully performed, 
had no effect on the fluorescence signal. 

Changes of the fluorescence signal in stimulated 
cells 

During the cytotoxic interaction of NK cells 
and K562 cells intracellular events were studied 
using fluorescent probes. Interactions between 
the cells leading to formation of conjugates were 
followed using phase-contrast microscopy. When 
an active conjugate was found, the loaded cell of 
that particular conjugate was centered in the 
cross of the photo frame reticle. Phase-contrast 
illumination was turned off and detection of the 
fluorescence signal commenced. Morphological 
changes occurring in the ceils during fluorescence 
detection could be observed by interruption of 
the measurement. In Fig. 5 parts of the Fluo-3 
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signals derived from conjugated K562 cells are 
shown. These measurements on target cells form- 
ing part of active conjugates were started before 
bleb formation of the K562 cell was observed. No 
changes in Fluo-3 fluorescence signals were then 
detected (Fig. 5, dotted line). In some cases con- 
jugated K562 cells showed a rapid increase in the 
Fluo-3 fluorescence signal (Fig. 5, solid lines). 
The increase was temperature independent,  
whereas the decrease of the signal was faster at 
37°C (Fig. 5, broken line). During the descending 
phase at 25°C it was possible to make fluores- 
cence measurements and alternately look at the 
conjugates by phase-contrast. In these experi- 
ments we observed that an increase in the Fluo-3 
signal was accompanied by bleb formation of the 
conjugated K562 cell. After the Fluo-3 fluores- 
cence had returned to normal values, bleb forma- 
tion continued. It was thus concluded that in 
so-called active conjugates during the initial phase 
of bleb formation in the target cell a temporary 
rise of the [Ca 2÷]i level occurred. In a target cell 
conjugated with a cytotoxic T lymphocyte, the 
increase of the [Ca2+] i is more permanent  (Poenie 
et al., 1987) in contrast with our result. These 
authors did not report bleb formation. In suspen- 
sions of K562 cells mixed with NK cells the 
[Ca2+]i in the target cell population was also 
reported to be increased (McConkey et al., 1990). 
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Fig. 6. C a l i b r a t i o n  curve  o f  S N A R F - 1  l o a d e d  K562  cells. T h e  

i n t r ace l l u l a r  p H  of  the  cells  was  c l a m p e d  to the  i n d i c a t e d  p H  

va lues  us ing  n iger ic in  c o n t a i n i n g  p o t a s s i u m  buffers ,  n = 4 for  

e a c h  p H  va lue ,  

Since in the latter study bulk measurements were 
performed the transient character of the calcium 
rise could have been masked since the cytotoxic 
interactions do not occur synchronously. 

p H  measurements on single cells using dual emis- 
sion detection 

To demonstrate ratio measurements, SNARF- 
l-loaded K562 cells were used. The calibration 
curve was established as previously described 
(Rabinovitch and June, 1990). K562 cells were 
suspended in nigericin containing buffers of 
known pH. Fluorescence signals were recorded 
using alternately filters 2 and 3 to detect the 580 
nm and 645 nm signal, respectively. The ratio of 
the fluorescence signals as a function of the intra- 
cellular pH is shown in Fig. 6. This result is in 
agreement with those obtained by Van Erp et al. 
(1991) and Martinez-Zaguilan et al. (1991). 

Discussion 

In this paper a device is described for quanti- 
tative fluorescence measurements by microscopy 
on single living cells during cell physiological pro- 
cesses. Due to its simple construction this low- 
budget device can be built in almost any labora- 
tory environment and costs about 10-20% of the 
commercially available photomultiplier systems. 
Application of the device to different types of 
microscope is easily accomplished by transferring 
the fiber insert. A motorized shutter control unit 
mounted at the back of the microscope body in 
the excitation light path permits quantitative 
time-lapse measurements to be performed for 
prolonged periods with minimum bleaching and 
cell damage due to the light source. We have 
used this device to demonstrate its convenience 
in different applications that are used in the 
current research field of fluorescent ion probes. 
It can be used for single emission detection stud- 
ies as we have shown with the calcium sensitive 
probe Fluo-3. As ratio probes are preferred for 
many quantitative applications, we also per- 
formed studies using the pH-indicator SNARF-1. 
It was shown that dual emission detection can be 
carried out easily and, if desired, ratio measure- 
ments can be optimized using a dichroic mirror in 
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the light emitted from the fiber and a second 
PMT. After dividing the two signals immediate 
registration of the desired fluorescence ratio sig- 
nal would be possible. It is concluded that the 
simple low-budget device described can be a use- 
ful tool for performing quantitative fluorescence 
studies on living cells with standard fluorescence 
microscopes and can be used as an additional 
technique in, for example, patch-clamp studies. 
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