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Chapter

Confocal Laser Scanning
Microscopy of Living Cells

Alexey Moshkov

Abstract

Living cells are distinguished in their ability to keep the structural stability
in the changing environment by means of energy supply. Understanding the
mechanisms of energy conversion is impossible without knowledge of the physi-
ological processes involved. This question is addressed to confocal laser scanning
microscopy (CLSM) that has become a leader among the group of light microscopy
method. The high resolution in CLSM images is reached without deconvolu-
tion procedures. Linear characteristics of its variable parameters are important
for quantitative image analysis. These properties of CLSM are indispensable in
the study of mitochondrial membrane potential (MMP) using fluorescent dyes.
Lipophilic rhodamine dyes freely pass the plasma membrane and accumulate in
the mitochondria according to electrical potential difference. CLSM images of
TMRE (tetramethylrhodamine, ethyl ester)-stained U937 cells were analyzed by
standard image processing procedures in Image] software. These procedures allow
the creation of mask, applying it to original image. Average fluorescence intensity in
selected regions was used as a measure of MMP changes during phytohemaggluti-
nin treatment. This value was decreased by 34% after 2 h of lectin treatment. Some
cells after mitogenic stimulation completely lost MMP. Deregulation of mitochon-
drial calcium handling and changes of cytoplasmic monovalent ion concentration
are considered as mechanisms of MMP decrease during lymphocyte stimulation.

Keywords: confocal microscopy, mitochondrial membrane potential, image
processing, image analysis, phytohemagglutinin, lymphocyte stimulation

1. Introduction

Before cultured cells were available, the main objects of cell physiology were
nerve and blood cells. The study of giant axons showed that excitability and irrita-
bility are the most important properties of living cells. Russian physiologist E. Bauer
used these properties to affirm the principle of “stable nonequilibrium” [1]. This
principle explains that in the changing environment, living systems maintain their
structural stability through energy supply. Instead of “energy,” however, he uses the
term “work” performed by system against equilibrium. Physiological implication of
this principle was found upon the study of nonequal redistribution of Na* and K*
ions in cuttlefish neuron during impulse propagation [2].

Physiological studies of living cells are always done in conjunction with light
microscopy methods. Later these methods got resolution sufficient to study cell
structures in molecular scale. The maximum resolution that allows observation of
hexagonal pattern on diatom algae is reached in basic microscopy by shutting the
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condenser [3]. Near-field scanning optical microscopy (NSOM) overcomes the dif-
fraction limit by using optical fiber for both illumination and scanning [4]. NSOM
was able to visualize small antibody-labeled domains on the plasma membrane of
living human skin fibroblasts [5]. The small thickness of these cells uses conven-
tional epi-fluorescence microscopy to study the mitochondrial membrane potential
(MMP) [6, 7] using the protocol of automated image analysis of mitochondrial
shape originally tested by confocal microscopy [8, 9]. The same functionality but
greater performance resides in the method of imaging flow cytometry. The method
allows fluorescence quantification using spot masks that are created independently
on pixel intensity. This method was applied for the characterization of MMP
changes involved in the malignant transformation of cancer stem cells. MMP
together with such parameters as glucose uptake, superoxide-anion production, and
mitochondria mass served as indicator of tumorigenesis [10].

Besides using CCD camera in conventional fluorescence microscopy, video
microscopy suggests built-in image processing algorithms that cause inadvertent
effect on pixel intensity, but with additional calibration procedure, absolute intensi-
ties are also measurable [11]. Instead of these algorithms, conventional microscopy
uses deconvolution to improve the quality of images as in confocal microscopy [12].
For example, deconvolution was applied to wide-field microscopy images to resolve
DNA replication units that are studied only by electron and structured illumination
microscopy [13]. Unlike these later methods, confocal and classical light microscopy
possesses the ability to study these structures in the living cells.

Discrimination of depth is a property of confocal microscopy that relies to confocal
diaphragm [14] and can be checked by measuring the point spread function (PSF),
which is defined as the image of a single point [15]. To see the changes on the image
of real object, which contains convoluted PSFs, is impossible unless deconvolution is
applied [12]. Special image processing algorithm is also applied in confocal micros-
copy for quantitative fluorescence analysis. This algorithm was applied in quantitative
studies of mitochondrial [Na*] ([Na*],,) and Ca** ([Ca*],,) and mitochondrial pH
(pHm) in MDCK cells stained with one of the ion-sensitive dyes [16-18]. Obtaining
information about cellular organelles such as mitochondria requires creation of mask.

The same analytical approach was applied for the study of MMP changes caused
by phytohemagglutinin (PHA) treatment in histiocytic lymphoma U937 cells. The
image of TMRE-stained cells was used for both creating the mask and obtaining
quantitative data. The value of average intensity obtained from masked image is
independent of the wide variation of MMP. Therefore, this image can serve asa
measure of MMP. To consider the effect of large mitochondrial depolarization
that occurs in cells after PHA treatment, data were presented as integrated density
divided by the number of cells on the image.

PHA is a lectin that stimulates growth and division of lymphocytes in the pro-
cess known as transformation [19]. Previous studies using indirect isotopic method
have not found considerable MMP change during mitogenic stimulation [20]. At
the same time, lectins are affecting all known metabolic pathways. Early response
in lymphocytes to PHA treatment includes stimulation of glycolysis [21], activation
of pentose-phosphate cycle [22], and activation of pyruvate dehydrogenase (PDH)
[23] that is a key enzyme to connecting glycolysis and citric acid cycle.

2. Principles of confocal laser scanning microscopy (CLSM)
The history of CLSM began when Marvin Minsky include in his patent letter

the scheme with epi-illumination with two pinholes that play the same role as in
“double focusing” scheme which have already been tested with a stage-scanning
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device [24]. Historical information and many technical details are not covered in
the present paper but can be found in an encyclopedia article written by Amos and
colleagues [14]. From a biological point of view, the development of CLSM began in
1987 when microscopes with laser beam deflection system were able to scan living
kidney epithelium cells [25] and spinal cord neurons [26].

The development of CLSM ranging from 1987 to 1995 is distinctive by exponen-
tial rise of citations for the query “microscopy AND confocal” (Figure 1). At this
period, the number of studies retrieved by the query “microscopy NOT confocal”
shows a rather decelerating trend. In 1995, the number of confocal microscopy
studies started to grow linearly, while many microscopic studies remain unpub-
lished. The second period ended with the new millennium when linear trend of
CLSM publications was accompanied by extensive growth of other microscopic
studies. The third period is therefore noticeable by concomitant development of
all microscopic methods. During this period, confocal microscopy constitutes
one sixth of microscopic papers. Indeed, this share would be greater if query is
restricted only to cytological area. It can be concluded that the first period caused a
10-year delay in the development of other microscopical methods, while the second
period caused its rapid growth.

Ideal confocal microscope has detector pinhole that is small enough to suppress
the diffraction in emission light path. This made its resolution equally dependent from
excitation and emission light paths [14]. Lateral resolution of real confocal microscope
is determined by the illuminating pinhole that participates in the formation of PSF
[15]. Therefore, lateral resolution of confocal microscope is given by formula

0.51 A
FWHMlateml = NA (1)

where FWHM is the distance between the points on distribution where its inten-
sity is half of that of the peak intensity, 4., is the wavelength of excitation light, and
NA is the numerical aperture of objective. At NA = 1.42 and 4., = 488 nm, lateral
resolution of confocal microscope is determined as 0.175 pm, while at 4., = 561 nm,
it reduced to 0.2 pm.
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Figure 1.

Relation between the studies done by confocal or other microscopical methods from 1972 to 2018 following the
records from PubMed. Trends of publications by year were downloaded from PubMed web page [27] after
placing queries: “confocal and microscopy” and “confocal not microscopy” and pressing the button “timeline” if
necessary. Three periods in CLSM development are marked on the graph (see text for discussion).
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In real confocal microscope, the detector pinhole determines its axial resolution.
The difference in axial resolution between confocal and conventional microscopy
can be demonstrated using thin fluorescent sheet. By switching microscope to
epi-fluorescent mode, no changes in fluorescence intensity are observed upon
moving the test object out of focus. Back to the confocal microscopy mode, fluores-
cence intensity will decrease in sigmoid manner, the slope of which will depend on
pinhole diameter [14]. Thickness of optical section is then given by the formula

0.67 )\ A/ 2
FWHM = ———~=« 14+ AU (2)
n - \n? - NA?

where n is the refractive index of immersion medium (z = 1.52), NA is the
numerical aperture of objective lens, and AU is the pinhole diameter in Airy units
(or simply “Airy”). Eq. (2) predicts that FWHM of optical section will increase
from 0.47 to 1.06 pm by changing AU from 1 to 3 units. Similarly changing AU from
1to 0.6 units will decrease FWHM from 0.47 to 0.39 pm, i.e., by 0.08 pm. These
theoretical calculations almost coincide with the data obtained in the real test.

In the current study, we use a step-function fluorescent object for testing the
limits of axial resolution of CLSM. The test object was prepared as described in [14]
but with the following modifications. Fluoroshield™ mounting media containing
20 pg/ml rhodamine 6G was placed between a microscopic slide and 24 mm squire
coverslip and left under 1 kg weight until drying. Fluorescence intensity profiles
were obtained by scanning fluorescent object in X,Z direction at different pinhole
sizes. As shown in Figure 2A, an increase of pinhole diameter from 1.05 to 3.0 Airy
widens fluorescence intensity profile and fluorescence background. Taking the
advantage of normal distribution of fluorescence values, we use Gauss function for
obtaining FWHM values of intensity curves. The effect of pinhole diameter ranging
from 0.45 to 4 Airy units on profile width is presented in Figure 2B.

Changes of profile width are correlated with the changes in the optical thickness
upon variation of pinhole diameter up to the 3 Airy units. Namely, changing of the
pinhole diameter from 1.05 to 3 Airy units increases the width of intensity profile by
0.6 pm. Changing pinhole in reverse order, from 1.05 to 0.65 Airy units, decreases
the width of intensity profile by 0.1 pm (Figure 2B).
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Figure 2.

Effect of pinhole diameter on the width of fluorescence profile vecorded across a layer of Fluoroshield™ media
containing 20 ug/ml rhodamine G. (A) Fluovescent intensity profiles of X,Z optical sections are vegistered by
Olympus FV3000 confocal microscope equipped with 60x/1.42 plan apochromat objective. Fluorescence was
excited at 488 nm and collected from 500 to 600 nm. Two fluorescent profiles obtained at pinhole diameters
of 210 and 600 pm (corresponding to 1.05 and 3 Airy units) arve shown. One curve is the mean of seven plots
generated using Image] program. Fluorescence intensity is kept constant by adjustment of laser power. (B)
FWHM is derived from the intensity profiles obtained at pinhole diameters of 0.45, 0.65, 0.8, 1.05, 3, and 4
Airy units.
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The absolute resolution values are usually different from those predicted by
Egs. (1) and (2). Practically it is determined by the measurement of PSF, which is
generated by microspheres with a diameter of 170 nm in lateral and axial planes. In
one practical study, FWHM was determined as 0.32 and 1.9 pm in X,Y or X,Z direc-
tions, respectively [18]. The high value of axial FWHM depth is explained by the
necessary use of high pinhole diameter in a study of mitochondrial pH in MDCK
cells. Pinhole diameter of about three Airy units was applied in this study to attenu-
ate laser power and minimize its photo-damaging effect on living cells [18, 28].

The resolution of CLSM in large extent depends on the quality of objective lens.
Using the correct objective in CLSM is especially important because lens parameters
are assumed in the design of particular confocal system. Choosing lens with the
same nominal parameters but designed for other microscopes results in more than
twice a decrease of resolution [29]. In addition, high-magnification oil-immersion
objectives work correctly in media with the refractive index being very close to
the refractive index of living cells. Any mismatch of the refractive index decreases
the quantity of excited fluorescence and, therefore, resolution of confocal system.
Water immersion objectives allow working with deeply lying cells [30].

3. Using CLSM in studies of mitochondria

Earlier confocal systems have difficulties in using multiple dyes. Therefore,
studies were done in parallel samples assuming that experimental conditions
equally apply for both dyes. SNARF-1 (seminaphtorhodafluor-1, free form) was
used for the study of pH of luminal solution along colon crypt. Using CLSM local-
ization SNARF-1 was compared with the localization of dye Lucifer yellow [30].
Pseudo-ratiometric approach utilizes cells stained simultaneously with two dyes
localized in the same cellular compartment. MitoTracker Green (MTG) resides in
the mitochondria and therefore can be colocalized with the dye of interest [16-18].
As the latter were used one of the following dyes, Rhod-2 (AM), CoroNa Red, or
SNARF-1 (AM), accumulated in the mitochondria and giving information on cyto-
plasmic concentrations of [Na*],,, [Ca*"],, and pHy, respectively. By using Fura-2
(AM), it was shown that during metabolic inhibition, the main source for transient
increase in cytoplasmic Ca** concentration ([Ca**].) is the mitochondria [16], and
only functionally active mitochondria can have buffering capacity to Ca** [31].

A large number of studies are directed to understand mitochondrial heterogene-
ity, which is manifested as the differences in shape and size of the mitochondria
in a single cell [8, 9] or morphological differences between cell types [32]. Some
cell mitochondria appear as network but in others as discrete individuals [32].
Fission and fusion that maintain the dynamic structure of mitochondrial network
are mechanisms involved in the regulation of cell proliferation and apoptosis [33].
These processes are sensitive to cell metabolic state and MMP. Elongated mitochon-
dria are dominant in mouse embryonic fibroblasts grown in conditions promoting
oxidative phosphorylation. The addition of glucose suppresses elongation and
causes fragmentation [34]. In the study, reviewed in the next section, the attempt
was made to uncover the dynamic nature of MMP changes and its role in maintain-
ing mitochondrial network structure.

4. Using CLSM in quantitative MMP studies

In studies of MMBP, it is important to consider the thickness of optical section
because it determines the affectivity of detection of mitochondrial fluorescence.
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FWHM of optical section that is calculated by Eq. (2) is almost fit to the dimen-
sions of the mitochondria in U937 cells. Electron microscopic studies follow that
the mitochondria in U937 cells are spheroidal in structures with a diameter of
0.6-0.8 pm [35]. Therefore, CLSM is effectively collecting fluorescence from the
mitochondria of TMRE-stained U937 cells. The mitochondria in lymphocytes

have a diameter of only 0.3-0.4 pm [19, 36, 37], and the affectivity of collection of
mitochondrial fluorescent signal is less than U937 cells. The mitochondrial shape is
also considered in choosing the right procedure for image processing. Thus, differ-
ent procedures are required for the study of mitochondria in U937 cells or in skin
fibroblasts having threadlike appearance [38].

Using CLSM in the study of MMBP, it is possible to select for analysis the whole
cell area. This selection includes nonmitochondrial compartment that constitutes
about 95-98% of the total cell volume [10, 20]. Its signal can be set as a back-
ground and subtracted from total fluorescence. The example of this approach is
found in a study of MMP changes in lamprey hepatocytes during prespawning
migration. As can be expected, CLSM gave results similar to that of flow cytom-
etry [39]. The reason why this approach is chosen by authors is the absence of
parallel control samples that are necessary for analytical procedures involving
image processing.

Another simplified approach is based on staining of cells with TMRE and MTG
and using MTG as reference. For example, TMRE/MTG fluorescence ratio was
decreased in the muscle cells of zebrafish embryo after chronical treatment by
rotenone [40]. The utilization of MTG as reference dye however is limited because
its uptakes in some types of cells depend on MMP [41]. Therefore, MTG is generally
used for the creation of mask [16-18]. By combination of these approaches, it was
shown that both TMRE/MTG ratio and MTG signal increased during malignant
transformation of mesenchymal stem cells [10].

Good substitute for MTG is mitochondria-specific green fluorescence proteins
(GFP). MitoAcGFP1 located in mitochondrial matrix was used for the study of
mitochondrial [Ca**],, [6]. Photoactivatable GEP was used for tracking individual
mitochondria in order to relate their MMP to fission events [42, 43]. Data obtained
in later studies lead authors to the conclusion that depolarization triggers fission
of the mitochondria and fission serves as the quality control for its functional
properties [43]. However, the applicability of GFP is limited by insufficient level
of expression in some cell types [32, 42]. Rhodamine ester dyes were also used
as reference dye in the study of [Ca*'],, [31]. Evidence was provided that TMRM
(tetramethylrhodamine, methyl ester) is not liable to auto-quenching and there-
fore suitable both for the creation of mask and determination of MMP [6]. This is
especially important because data obtained using dye rhodamine 123 do not allow
their interpretation in terms of MMP.

CLSM experiments with living cells are preceded by cell staining. During stain-
ing, TMRE dye almost completely uptakes the cells; hence, it is important to keep
constant the dye-to-cell ratio. This ratio should also be equal in control and treated
cells. During image acquisition it is possible to use previously saved settings. The
function of “auto-exposure” can be used only once with living cells at the begin-
ning of the study [44]. The reason for this is to keep cells from overexposure
from laser irradiation. The optimum settings however allow keeping the dynamic
range of detector maximum and preventing most of the pixel on image from
saturation. Fluorescence intensity is almost linearly dependent on laser power
and nearly exponentially—on voltage of photomultiplier tube (PMT). Therefore,
it is generally recommended to set PMT voltage first and then adjust laser excita-
tion intensity [44]. With calibration, PMT voltage also can be varied and used for
adjustment [18, 28].
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5. Digital image processing in quantitative MMP studies

Examples of image processing that can be found in the earliest studies are
threshold, gradient filtering, and segmentation. These procedures are applied to
images resulted from summing of intensity along the Z-axis [26]. Graphical filters
are specific instruments used to eliminate noise or other unwanted information
from image. “Rolling ball” algorithm uses rank operators to remove pixels exceeding
the local background level and replaces them with pixels of neighborhood intensity.
The processed image is then subtracted from the original image [45]. “Top hat”
filter is used for processing such complex structures as mitochondrial network in
human skin fibroblast [8, 9]. “Rolling ball” filter is suitable for images of U937 cells
containing the mitochondria of elliptical shape.

5.1 Image processing in quantitative MMP studies

For demonstration of image processing in our study, U937 cells were treated
with PHA (30 pg/ml, 2 h) and stained with 25 nM of TMRE dye. Cell suspension
was placed in Plexiglas holder and scanned in the middle plane of the most cells.
Histogram equalization was used to check the amount of TMRE in nonmitochon-
drial compartment. This was done by running command “enhance contrast” in
Image] program. Apart from the mitochondria and cytoplasm, small fluorescence
is present in the nucleus (Figure 3A and B). To remove background fluorescence,
images were processed by “subtract background” algorithm in Image]J program
that utilizes “rolling ball” operator [46]. On the next step, the processed image is
subjected to thresholding, which is used to suppress variations at the background
level [45]. Image] program allows obtaining quantitative data after setting a thresh-
old and execution of commands “create selection” and “analyze stack.” However,

EQH MSK merge

Control

Figure 3.

Demonstration of using image processing for quantitative study of MMP changes in U-937 cell during PHA
treatment. Cells were incubated without (A-C) or with p-PHA (30 ug/ml) for 2 h (D-F) in atmosphere of 5%
CO2 and stained with 25 nM TMRE for 30 min at 37°C. Excess of media was removed by centrifugation. 20 ul
of cell suspension is placed on coverslip and a 1% gelatin solution is attached to Plexiglas holder sealed from
another side with coverslip. Fluorescence was excited by 561 nm diode laser and collected at 575-675 nm through
pinhole of 178 mm (0.73 Airy units). (A, D), raw images after histogram equalization (EQH); (B, E), masked
version of this images (MSK); (C, F), merged images of MSK (ved pseudo-color), and EQH (green pseudo-
color). Red pixels colocalized with green pixels in an area of high intensity except the blurved vegions that are
present in some cells. Arrows indicate small aggregates of agglutinated cells.
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for demonstration of validity of this procedure, binary mask (mask) was applied

to histogram-equalized image (HEQ ) rather than to original image (RAW). This
operation gives possibility to see variations within regions, which appeared uniform
in the original image [45]. The procedure of histogram equalization is similar to the
linear contrast stretch used in other works [6]. The resulting masked images (MSK)
contain nonzero pixels that correspond to mitochondrial compartment (Figure 3B
and E). Histogram equalization emphasizes mitochondrial heterogeneity and proves
the absence of fluorescence in cytoplasmic compartment. However, HEQ images do
not give possibility to see the difference of intensities between control- and PHA-
treated cells because changes of intensity caused by this procedure are specific to
each image [45].

Using merged images it is possible to see similarity between MSK and nonzero
regions of HEQ image. As it can be seen in Figure 3C and F, colocalization is
present in all regions except blurred parts that are present in both control- and
PHA-treated cells. Good correlation between MSK and HEQ is also seen by “Color
inspector 3D” plug-in in Image]J program. The presence of cell groups that mark the
beginning of agglutination process was noticed on the image of PHA-treated cells
(Figure 3F, arrows). At this period, however, agglutinated cells are lying in plane of
imaging available for study.
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Figure 4.

Quantification of MMP changes in U937 cells during PHA treatment (30 ug/ml, 2 h). (A-C) quantitative
data rvetrieved from images acquired in one (B, C) and three (A) experiments. Data ave expressed as means
+SD. The number of images that is used in the analysis is shown near each bar. (A) Average TMRE fluorescence
intensity found in selection area. (B) Mean cell fluovescence calculated as integrated density divided by the
number of cells. (C) Mean area of selection calculated as total selection avea divided by the number of cells.

(D) Protocol of imaging processing and analysis. Most important opevations ave shown by arrows, while its
vesults ave indicated in boxes: RAW, original image; EQH, oviginal image after histogram equalization; BS
and BIN, images after running “subtracted background” and “threshold” commands, respectively; mask, mask
image; MSK, image obtained by multiplying EQH image by mask image. Dot lines show the operations used for
the creation of masked image (MSK).
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5.2 Study of MMP changes during PHA stimulation

For quantitative analysis of MMP changes, two analytical values were used.
Average intensity is a measure of absolute MMP, but it underestimates changes
of MMP if they occur below the threshold level (Figure 4A). The relative value is
obtained by the division of integrated density to cell number considering the pres-
ence of cells with completely depolarized MMP. This value is applied more specifi-
cally and therefore was named “mean cell fluorescence” (Figure 4B). The decrease
of average intensity caused by PHA treatment is lower than the corresponding
decrease of mean cell fluorescence by 5%. This dissimilarity shows the presence
of cells whose fluorescence changed below the detection limit. The changes in the
selection area are calculated as the total selection area on images divided by the
number of cells attributing to these fluorescent images (Figure 4C).

The relation between these analytical options can be understood from the sche-
matic representation of full analytical process shown in Figure 4D. It started from
original image (RAW), the duplicate of which passes three steps until it resulted in
the generation of mask or the selection of congruent regions on RAW image with
output of numerical results. Histogram equalization, background subtraction,
and thresholding were done similarly to those published in earlier works [6, 28].
The method presented in Figure 4D also gives possibility to control mitochondrial
selection area and compare it with already known morphological data. From the
data presented in Figure 4C and from known value of cell area (120 pm?), it can
be concluded that selected area constitutes about 10% of cell area. This is close,
for example, to a value of 8% in tumorigenic cell lines obtained by electron-micro-
scopic examination [10].

6. Role of mitochondria in response of lymphoid cells to PHA treatment

The decrease of average fluorescence intensity by 34% after 2 h of PHA treat-
ment is attributed to the changes of absolute MMP value. While our data were
obtained on the early stage of stimulation, they can be correlated with data on
metabolic shift that occurs in lymphoid cells after prolonged treatment. These data
suggest that the role of the mitochondria in total energy balance decreases during
stimulation. It was shown that glycolytic activity in lymphocytes increases by 36
times but the respiratory activity is only by 43% [21]. In thymocytes that obtain
energy mainly by glucose oxidation, lectin treatment leads to the deceleration of
this pathway [47]. On the contrary, in mesenchymal stem cell, mitochondrial activ-
ity is increased during malignant transformation [10].

The difference in selection area between control- and PHA-treated cells
(Figure 4C) suggests that MMP in some cells is completely lost. These changes
could be related to the changes of [Ca®*]. because it is known that [Ca*]. is
increased after mitogenic stimulation [48]. The mitochondria play essential role
in the regulation of [Ca**]. [31, 49]. During metabolic inhibition in MDCK cells,
[Ca*].is transiently increased. Restoration of normal [Ca®*]. occurs by coupled
action mitochondrial Na*/Ca®* and Na*/H* exchangers. Metabolic inhibition
decreases proton gradient on mitochondrial membrane [18] and reduces outward
Na* and Ca** movement mediated by these transporters. As a consequence, Na* and
Ca’* concentration in mitochondrial matrix is steadily increased [16, 17].

Similar situation may exist in stimulated lymphoid cells where the magnitude
of proton electrochemical gradient is compromised by the changes of pH... The Na*
content in lymphocytes is increased rapidly after PHA treatment with maximum of 2 h
[50]. Both K* content and influx are also increased during mitogenic stimulation [50].
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Figure 5.

Effect of PHA treatment (30 pg/ml, 1 h) on fluorescence of ANG dye. Cells stained with ANG-AM (1 uM)
during the last 40 min of PHA treatment (37°C). ANG fluorescence was excited using a 488 nm laser, and
emission was detected in the FITC channel with a 525/40 nm bandpass. Data were analyzed using CytExpert
2.0 Beckman Coulter software. The major cell populations were selected for analysis using forward/side scatter
plot. Data weve obtained using the same samples as data presented in Figuves 3 and 4B and C.

Therefore, the increase of cytoplasmic [Na*] ([Na‘].) in response to lectin treatment
is mediated by Na*/H" exchanger. This view agrees with the increase of pH. in both
thymocytes and lymphocytes after lectin treatment [51, 52]. To test whether these
changes take place in U937 cells during PHA stimulation, we performed investigation
of [Na*]. by Na-sensitive dye Asante Natrium Green-2 (ANG). As followed from

the flow cytometric data, the fluorescence of ANG was increased after 1 h of PHA
treatment (Figure 5). The mean ANG fluorescence increased by PHA treatment
from 1.89E+05 to 2.59E+05 relative units. Assuming that changes of fluorescence are
proportional to the changes of concentration, [Na*]. will increase from 30 mM in
resting U937 cells to 38 mM upon PHA treatment.

The demonstrated increase of [Na']. in PHA-stimulated U937 cells may be
considered as part of the regulatory mechanism involved in the increase of [Ca*],.
The increase of [Ca*'], in many cell types causes activation of mitochondrial
dehydrogenases [49] and accounts for the rapid activation of mitochondrial PDH
in response to lectin action [23, 53]. The increase of [Ca®*],, can also lead to mito-
chondrial injury that was confirmed by serious ultra-structural changes observed in
human lymphocytes after 3 days of lectin treatment [36, 54]. The deleterious effect
of lectins on mitochondrial morphology, however, was absent in other experiments
[19, 37, 54]. Controversy of results obtained in these studies can be explained by
the complexity of regulatory mechanisms controlling mitochondrial Ca** and Na*
homeostasis. This reason can also be applied in our study in which a large variation
in the number of cells with complete mitochondrial depolarization was noticed.

7. Conclusions

The role of the mitochondria in energy supply is determined by the functional
state of the cells. This problem is usually addressed by biochemical, polarographic
and optical methods which measure ATP production and oxygen consumption in
the living cell. In many studies, it is also corroborated by parallel measurement
of mitochondrial membrane potential (MMP). This article describes fluorescent

10
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method of measuring MMP in cancer cell using potential-sensitive dye TMRE.
This method can distinguish fluorescence of TMRE in mitochondrial and nonmito-
chondrial compartment by using standard software for image analysis.
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